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Welcome to Asymmetric Planetary Nebulae 5

On behalf of the scientific organizing committee, it is a pleasure to present the proceed-
ings of APN5.

The intricate structures shown by many planetary nebulae have for many years
presented one of the most vexing problems in astrophysics. The origin and development
of the asymmetries, both on large and small scales, is still not understood. Similar
structures are now seen in a variety of circumstellar environments, including nova shells
and SN1987A. Common physics act in these different classes of objects. The origin
of the asymmetries has been sought in, amongst others, the interaction with binary
companions and the effect of magnetic fields.

The rapid development of the field, and its application in many areas of astro-
physics, have been the subject of a series of meetings, starting at Oranim, Israel, 1994.
Subsequent meetings in the series were held at Boston, USA (1999), Mount Rainier,
Seattle, USA (2004), and Los Cancajos, La Palma (Spain), 2007. This, the 5th APN
meeting, was held in Bowness-on-Windermere (UK), 2010.

Planetary nebulae meetings have often been associated with volcanoes. One can
speculate why - perhaps an appreciation of natural beauty, or a wish to work away fom
the madding crowd. APN3, APN4, and APN5 were all held next to - or on- volcanoes,
although different from the previous two, the APN5 volcano was an ancient and safely
extinct one. The Lake District volcano dates from the closure of an old ocean, Iapetus.
Iapetus is in astronomy better known as the peculiar moon of Saturn, with one side 7
times brighter than the other - a bipolar if ever there was one. We now know that one
side of Iapetus collects ice ejected by the cryo volcanoes of Enceladus, thus extending
the link between asymmetry and volcanoes from Earth to space!

These proceedings contain evidence of rapid progress in the field, with some ran-
domly chosen highlights: the detected expansion of nebulae in new HST images, the
detection of compact dust disks around central stars, and the developing magnetic jet
models, as well as the contributions by Martin Huarte-Espinosa and Cezary Szyszka
for awarded prizes for the best talk and best poster by young researchers.

Some of the people who initiated the field are no longer with us. APN4 was ded-
icated to the memory of Hugo Schwarz. Franz Kahn, of the University of Manchester,
who died in 1998, gave the summary of the first APN meeting. His talk is reproduced
in these proceedings. John Dyson, also of Manchester (later moving to Leeds) died
shortly before this meeting. An obituary written by Tom Hartquist is also included
here. All are sorely missed; the work presented here is a tribute to their inspiration.

Finally, the series will not end at APN5. The next meeting, APN6, is expected
to take place in Mexico. Whether it will again involve a volcano remains to be seen.
That it will show progress far beyond APN5 is not. New facilities will reveal aspects
of the stars and nebulae we do not even know about yet. The big questions are be-
coming clear: the problems of angular momentum, magnetic fields, interacting winds,
the mutual interaction between star and circumstellar medium, all combine to create an
astrophysics of complexity. We are lucky to be working in this world.

Albert A. Zijlstra
Chair
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In memoriam
John Edward Dyson (7 January 1941 - 3 February 2010)

John was born in West Yorkshire and remained true to his roots during his entire life.
He was proud that even while studying for his first degree in Kings College London,
he never lived south of the Thames. He travelled extensively and from 1966 to 1967
worked at the University of Wisconsin and starting in 1977 made many extended visits
to Max Planck Institutes in Munich and Garching. However, John spent the majority
of his career in Manchester, where in February 1966 he completed his PhD under the
supervision of Franz Kahn and from late 1967 until April 1996 was on the academic
staff. He became Professor of Astronomy in 1993. John spent the rest of his full-time
career as the Professor of Astronomy in Leeds where he became a Research Professor
upon his formal retirement in 2006.

In his work John identified key pictures and processes, elucidated them, and then
explained a wide variety of phenomena in terms of them. His work on wind-blown
bubbles over more than three decades exemplified this characteristic. He and J. de Vries
introduced similarity solutions for such bubbles in 1972 and were the first to compare
the results of such models with observations. John applied similar models to a wide
variety of phenomena including Herbig-Haro objects and other jet- related phenomena
and to AGN line forming regions. His approach was that of a deep thinker who saw
connections. His intuition and analytical skills were formidable, and he collaborated
effortlessly with observers as well as other theorists and computational astrophysicists.

He published more than a dozen papers, not counting book reviews, with ”plan-
etary nebula”, ”planetary nebulae”, or the names of specific planetary nebulae in the
titles. He published many more papers on related problems. Before the use of High
Performance Computing became common, many theorists modelled the dynamics of
nebulae as though the nebulae are composed of smooth media or of two smooth media
divided by a shock. John recognised that the media are clumpy and made many con-
tributions to the study of the evaporation of clumps, the effects of evaporated material
on global nebular flows, and the intermediate scale structures that develop around the
clumps. In short, he was a theorist who was willing to deal with the complexities of
reality. His first paper on the photoevaporation of clumps was published in 1968, and
his final paper on the hydrodynamic destruction and shaping of clumps, to which he
attributed many of the beautiful tails seen in planetary nebulae, was published in 2009.
According to John, the existence of subsonic global flows in the cores of planetary neb-
ulae and the properties of warmer transsonic flows in the haloes are due to the mass
transfer between clumps and the more diffuse phase flowing between them. He also
invoked mass transfer in his model of the jet formation of FLIERS. He was not content
merely to accept that clumps exist in planetary nebulae and study the consequences.
Rather, he tried to understand the origin of the clumps in terms of the magnetohydro-
dynamic instability of the outflows of evolved stars and wondered about the possible
relationship to the formation of maser spots in AGB outflows.

John’s selflessness and patience in collaborations provide an example to us all.
He encouraged others and was free with his praise. He understood that one makes false
starts and mistakes in creative scientific discussions, and made others comfortable when
they thought out loud with him. John liked people and this made working with him very
easy and delightful for his colleagues. He made friends and influenced science on six

ix
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continents. John’s wit is famous. He made us all smile, laugh, and enjoy life much
more.

Tom Hartquist, May 2010



Closing summary
of the Asymmetric Planetary Nebula 1 conference∗

F. D. Kahn
Department of Physics & Astronomy, The University, Manchester M13 9PL, England

Abstract. It has always been known that planetary nebulae are not ideal smooth
structures with spherical symmetry. The participants at this meeting have at last come
to grips with this realisation. The summary talk explores a few of the implications.

1. Introduction

The consensus has taken some time to mature, but it is now generally agreed that plan-
etary nebulae (PNe) develop at a late stage in the evolution of a star, that the material
that they consist of was originally emitted by the star as a slow wind during a protracted
mass loss phase, and that the complex structures that are seen in PNe form as a result
of the interaction between the earlier slow wind and the later fast wind which overtakes
it. The central stars, the planetary nebula nuclei (PPNi), are usually on the asymptotic
giant branch (AGB) when the mass loss begins in earnest, and have evolved from main
sequence stars of relatively low mass, less than about 8M�. Stars with larger main se-
quence mass end their evolution in a different way, and eventually become supernovae
of Type II.

In most such supernovae the final explosion takes place while the central star is
a red supergiant surrounded by the material emitted in a slow wind. But Supernova
1987A, the supernova explosion that we know best, was different. Here the central star
was more compact at the time of outburst: its spectral type was B, rather than M, and
the implication is that the circumstellar medium was not simply a featureless pool of
cool stellar wind, but should have been sculpted into more interesting configurations by
the interaction of the fast wind, emitted during the B star phase, with the preceding slow
wind1. Since 1987 it has been possible to observe more distant parts of the remnant as
the light from the explosion has reached them. It has become clear that ring structures
are present in the wind, and as time passes they have revealed themselves as being more
and more intricate2.

Supernovae were not really on the agenda of this conference, and much of the
physics that underlies is radically different from the physics of PNe. But the gas dy-
namics of the winds of their precursors looks very much like a scaled-up version of the
gas dynamics governing the winds in PPNe, and it would be foolish for us to ignore
the very useful lessons to be learnt from the study of the early evolution of supernova
remnants. The remnant of 1987A, with its interlinked rings, is anything but spherically
symmetrical. Nor are the majority of PNe that we know about.

∗Reproduced with the kind permission of the Israeli Physics Society
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2. Proto Planetary Nebulae

The gas that forms the PPN is emitted when the central star has reached an advanced
state of evolution, with a compact core and an extended envelope that reaches out to
a distance of the order of 1 AU. The escape velocity from the surface of the star is of
the order of 30 km s−1. The slow wind carries away mass at a prodigious rate, around
10−4M�/yr−1, but the terminal velocity of the wind is low, only some 10 km s−1. It
is not known how precisely the gas acquires the energy to escape from the star, but
there have been numerous suggestions. They include radiation pressure on dust grains
(Sun Kwok)3, radiation pressure on molecules (Hollis Johnson)4 and the passage of
shock waves through the extended atmosphere of the star (Shimon Asida)5. This last
proposal is particularly interesting, since it can lead quite naturally to an anisotropic
wind. If the central star is rotating, then the escape velocity from the surface is smallest
in the equatorial plane. The arrival of a pulse of shock waves from below gives extra
energy to the material at the top of the atmosphere. In general the result will be that
a fountain of gas will leave the surface of the star, and then fall back again because
it has insufficient energy to escape. But occasionally the gas near the surface may be
given enough energy by a pulse that is particularly strong. This will happen most easily
near the equator, where the energy required is smallest, and the combined effect of all
these pulses is to produce an outflow of gas which is strongest there. Most theoretical
explanations for the shapes of PNe start with the assumption that the outflow of the
superwind is biased in some such way.

Observations made by means of IRAS confirm that PPNe are indeed aspherical
more often than not. Susan Trammel6 has reported on the results of polarization mea-
surements in the infra-red. She found that 24, out of a sample of 31 AGB stars that
were observed, showed polarization in various spectral lines, and of course polarization
implies anisotropy.

Departures from isotropy will necessarily be present in cases where the PPN is
part of a binary. The evidence was reviewed by Howard Bond7 and Zhenwen Han8.
In some cases (15 are known) the PPNi belong to close binaries, and about half the
pairs have orbital period less than 100 yr. An interesting speculation is that, at least in
some cases, the formation of a common envelope releases sufficient energy to drive the
superwind.

Any PPN that forms around a binary star may have a nested shell structure, for at
least part of its existence. This effect has been described by Noam Soker9; his contri-
bution was not explicitly on the programme of the meeting, but preprints are circulated,
and the phenomenon is important enough to be discussed further here. So let the two
stars have a combined mass M, let the primary have mass f M, and let the separation
between the stars to be α. The angular velocity of the system is given by

Ω2 =
GM
a3 (1)

To pluck some figures from the air, set f = 0.75, M = 1M� and α = 1015cm, then
Ω = 3.6 × 10−10s−1, and the orbital period is 576 years. The orbital speed of the
primary is 0.9 km s−1, and the terminal wind speed is V = 10 km s−1. Shell formation
occurs at axial distance

ω =
V2

(1 − f )αΩ2 − (1 − f )α, (2)
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here 3 × 1016 cm. The wind takes 1000 years to reach this distance in the equatorial
plane, and longer away from the equator. Shell formation does not take place at high
latitudes, at polar angles for which

θ < θe = sin−1 αΩ

V
∼ 5o10′

(
with the present values

)
.

Eventually second, third and later shells form in any allowed direction; the spacing
between them is

D =
2πV
Ω

= 1.75 × 1016cm

here. Now the gas in the wind has a finite thermal speed cs, say 0.2 km s−1 at a temper-
ature of 10 K, and so that shells will expand again to fill the empty space around them,
in a characteristic time

texp =
D

2cs
= 4.4 × 1011s ∼ 15000yr.

Under these conditions, the PPN may be expected to have a shell-like structure starting
at distance 03 × 1016 cm and possibly extending to an outer distance Vtexp ∼ 4.4 ×
1017cm(∼0.15pc). In typical cases the superwind blows for a time of order 104 year
and the PN that forms later has linear dimensions of order 0.1 pc.

Shell formation can only occur if the sound speed cs is small enough, considerably
less than the variation in speed brought by the orbital motion of the star that emits the
wind. This same reason limits the allowable strength of any toroidal magnetic field
present in the superwind if the shells are to survive. The Alfven speed vA at radial
distance r in the wind is related to the field strength Bφ by

v2
A =

B2
φ

4πρ
=

B2
φr2V

Ṁ
. (3)

If vA is to be smaller than 0.2 km s−1, say, then, with our present values, Bφ the
magnetic field strength would have to be less than 1.5 × 10−4 or 1.5 × 10−5 gauss,
at 1016 or 1017 cm, respectively. In general Alfven waves will remove any shell-like
corrugations just as effectively as sound waves do, so that these shells cannot coexist
with strong toroidal fields.

The creation of toroidal field structure in PPNe was described at the meeting by
Roger Chevalier10. The same process has in the past been invoked to explain magnetic
fields in the Crab Nebula, and will (possibly) apply also to any rotating star that has a
bipolar magnetic field and undergoes mass loss.

The wind flows out radially and, as a star turns underneath, with angular velocity
ω, the lines of force are distorted into the azimuthal direction. It is, of course, assumed
that the wind material is a good conductor of electricity, so that the lines of force are
frozen into the material. The radial component of the field will then vary inversely as
r2 at any given polar angle θ. The radial field component becomes

Br = B(θ)
(r∗

r

)2
(4)

at radial distance r, the azimuthal component is

Bφ(r, θ) =
Brωr sin θ

V
=

B(θ)ωr2
∗ sin θ

Vr
(5)
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and eventually dominates the magnetic field, except in directions close to the rotation
axis.

If the radial component B∗ at the stellar surface changes over the azimuthal an-
gle ∆φ∗, then the distant field along a given radial direction will change over a radial
distance V∆φ∗/ω. The winding up of the lines of force might subsequently produce re-
versals in the toroidal field, but they will be removed by reconnection. Stretches of the
wind can thus become field free and the gas density must increase there so as to support
the magnetic pressure from the surrounding medium. John Dyson and Tom Hartquist11

have frequently emphasised the great importance of clumps in cosmical gases; possibly
the superwind acquires its clumpy structure like this.

The energy needed to create the toroidal field comes from the superwind. The
magnetic energy required, in the conical shell between polar angles θ and θ + ∆θ, is

∆Wmag = 2π sin θ∆θ

∫ re

r∗

B2
φ

8π
r2dr =

B2
∗(θ)ω

2r4
∗ sin3 θ (re − r∗)∆θ

4V2 ; (6)

here re is the outer radial distance to which the field has been carried. The superwind
transports energy into this shell at rate

2π sin θ∆θ
ρV3

2
r2
∗

and in time re/V the total energy supplied is

∆WS W = π sin θ∆θ ρV2r2
∗re. (7)

Clearly the process continues only if

∆WS W ≥ ∆Wmag

or

sin θ ≤
V2(4πρ∗)1/2

ωr∗B∗(θ)
, (8)

and it follows that
Bφ ≤ (4πρ∗)1/2Vr∗/r. (9)

This description can really be trusted only if the magnetic energy that is needed
remains much below the kinetic energy content of the wind. Departures from spherical
symmetry will occur when these two quantities become comparable.

Magnetic fields have been detected in maser sources located in PPNe. Typical
field strengths are of the order of 10−3 gauss corresponding to energy densities of order
4 × 10−8 erg cm−3. With the values adopted here, the energy density in the superwind
is 2.4× 10−6 erg cm−3 at 1016 cm distance, and varies like r−2. The toroidal field would
be strong enough to explain any such source, out to a distance of a few times 1016 cm.
If there were several such sources in the same PPN they would not show a consistent
field direction, as seems to have been observed by Wang and Hu12, of Beijing.

There is another possible configuration for the superwind and the magnetic field.
Any star on the AGB has a very deep convective mantle. It has been known for a very
long time that convection cells expel magnetic flux, and that the field lines are crowded
into the space between the cells – see, for example, the classical paper by Weiss13 on
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the solar convection zone and its magnetic field structure. The superwind therefore
takes off from the stellar surface which is largely free of magnetic field, and where
the magnetic flux emerges along a network of well-defined lines. The wind will then
pull the lines of force outwards, but because of field freezing the lines of force will be
continued to sheets. If there is pressure equilibrium the field strength B at distance r
from the star will be given by

B2

8π
=

Ṁc2
s

4πr2V
. (10)

With the usual values, and the (isothermal) sound speed cs set equal to 0.2 km s−1,
as before, the field is found to be

B = 0.2 mgauss

and therefore too small to be of interest–unless the wind is very much warmer. Such a
model cannot be used to explain the observations.

3. Shaping the Planetary Nebula

The superwind continues to blow until the envelope of the progenitor star is almost
completely eroded. According to Detlev Schönberner14 the central star (or PNN) begins
to evolve away from the AGB when the mass of its envelope has been reduced to about
10−3M�. It then moves to the left in the HR diagram, from low towards high surface
temperatures, and the track is horizontal because the luminosity of any given PNN is
determined only by the mass of its degenerate core. The release of nuclear energy
ceases when the envelope becomes too sparse, below 10−4M�, and so the luminosity
drops. The life of a planetary nebula is therefore confined to the time tev taken by the
journey of the central star from right to left in the HR diagram. In the standard model
which seems t be favoured the central star has a core mass Mc of 0.61 M�. The evolution
time, tev, about 104 years in this case, depends sensitively on Mc; when Mc = 0.84 M�,
tev is only 300 yr. Nature seems to operate a selection effect which picks out PNNi with
a mass around 0.6 M�. The dynamics of the evolution of a PN is driven by the fast wind
from the central star, and the speed only really picks up when the PNN gets hot, with
surface temperatures above 30000 K. A star with a core mass of 0.6 M� spends several
thousand years in this range of temperatures, enough time for the fast wind to expand
the PN to a diameter of order 0.1 pc. A PNN with a more massive core, say 0.84 M�,
would be more luminous and would have a faster wind, so the expansion would go
faster, but the dependence of tev on Mc is very strong and the increase in speed cannot
compensate for the reduction in the lifetime, by a factor 30, of the central star. As a
result the PN grows only to an insignificant size before the central star fades. If, on the
other hand, the core mass is rather smaller, then the star is significantly less luminous,
and the fast wind much weaker. There is a marked reduction in the velocity difference
u − V between the hot shocked stellar wind and the superwind, so that the pressure in
the shocked superwind also falls, by an even larger factor. The final consequence is
that the shocked shell in the superwind – that is the planetary nebula as we observe it
– becomes much less opaque to the Lyman continuum radiation from the central star.
Instead of being ionization bounded, the PN soon becomes density bounded, and much
less bright. These general properties apply, whether the PN is symmetrical or not.
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The arguments used so far are based on a simple, perhaps too simple premise. It
has been taken for granted here that only two kinds of wind are involved, that they have
sharply different properties, and that the interaction between them will determine all the
interesting dynamics that follows. In this way it can be argued that all the anisotropies
and asymmetries are introduced through the superwind, which is cold and sluggish.
The later fast wind will be much hotter once it has been shocked, and will therefore
be more volatile. It follows that pressure waves will even out any density differences
within it, in a period short compared with the evolution time of the PN. In reality the
history of a PN is more complex; the wind speed does not change instantaneously, but
increases from around 10 km s−1 to the order of 1000 km s−1 on the same time scale as
the evolution of the PNN across the HR diagram. Meanwhile the mass loss rate drops
by three or four orders of magnitude, and the mechanical luminosity of the wind rises
by an order of magnitude or so. Finally there is a decrease, by one or two orders of
magnitude, in the rate at which momentum is carried away from the star into any given
solid angle.

Once again the flow pattern leads to the formation of a shell, because a faster wind
behind tries to overtake a slower wind ahead. A shell can form in the wind at the time

t = τ + V(τ)/V̇(τ) (11)

from gas emitted at time τ, with speed V(τ). The time t has a minimum with respect to
τ when

0 =
dt
dτ

= 2 −
VV̄
V̇2

, (12)

and let τ = τs and t = ts then. The time ts defines the earliest instant that shell can form.
Any gas that was emitted earlier than or later than τs will eventually be wept up into a
shell.

For an illustration let the wind speed depend on τ like

V = VA + (VB − VA)(τ/tev)n (13)

where VA and VB are, respectively, the speeds of the superwind and the fast wind. It
then follows that (

τs

tev

)n

=
n − 1
n + 1

VA

VB
+ 0

(
VA

VB

)2 . (14)

If the wind speed rises linearly with time, the shell forms immediately. Shell
formation is delayed if the speed picks up more gradually, so that τs/tev equals 0.058
or 0.28, for n = 2 or 4 respectively. The speed of the fluid element where the shell first
forms is 23.3 km s−1 or 16.1 km s−1 respectively, in these two cases. The ratio of wind
speeds has been taken to be VB : VA = 100 : 1 for this illustration. In any case the
shell begins to form long before the stellar wind has picked up full speed.

At first the shell remains thin: it is bounded inside and outside by low velocity
shocks which do not heat the gas much. Any thermal energy is rapidly radiated away,
so that the shocked gas is compressed to a small volume. Even later on the shell itself
advances at only a few tens of km s−1 into the superwind, the outer shock remains well
cooled throughout, but conditions gradually become different on the inner side, where
the incident wind speed increases to hundreds of km s−1. Eventually the shocked gas
there fails to cool radiatively and starts to expand back towards the centre. The PN
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at this stage has approached a little closer to the idealised model. In this description
there is an inner region where the stellar wind blows freely, until it runs into the inward
facing shock. Beyond here the hot shocked stellar wind (HSSW) forms a bubble, which
is more or less isobaric. The temperature in the HSSW decreases with increasing radial
distance because the gas there was shocked earlier on, when the wind speed was lower.
Eventually we reach the parts that were never heated much, have now cooled off entirely
and have formed a shell. Outside this shell lies the primeval, untouched superwind.
This picture has recognisable similarities with the primitive models which describe the
expansion of a HSSW straight into a superwind, and where the shocked gas from the
PPN forms a thin but massive shell.

An important physical process has been left out of this description: not a word
has been said yet about photo-ionization, the dominant effect in all PNe. As the PPN
grows progressively hotter, it changes the state of ionization of the gas in the nebula
and naturally affects the spectrum of the radiation that the gas emits; but there are also
dynamical consequences. Nothing much will change in the inner part of the evolving
nebula, where the gas is hot and ionized anyway. But the Lyman continuum photons
from the central star will start to ionize the shocked shell that has formed further out:
the ionization takes place from inside and eats its way outward. The newly ionized
gas is hotter than it was before and has to expand, and the outer shocked shell thickens
as a result. It makes little difference whether the PN is spherically symmetrical or
anisotropic: qualitatively the sequence of events is much the same in all cases.

Garrelt Mellema15 reported to the conference on calculations done by himself and
Adam Frank on a generalized interacting wind model (GIWM). As usual a hot shocked
wind pushes its way outward, and the superwind that surrounds it is anisotropic. This
process had previously been described in the simple treatment by Kahn and West16,
who had confined their attention to the dynamics of thin shells of shocked gas. Such an
approach is not adequate, because the shell grows to a finite thickness on being ionized.
Another complication is that the shell is no longer homogeneous, but now has cool
dense gas on the outside and warm (104 K) gas of lower density inside. Finally the
growing pressure in the ionized part tends to smooth out the jagged parts and to remove
isotropy.

Are the theoretical constructs good enough to bear detailed comparison with obser-
vation? Bruce Balick17 thought so several years ago and showed how many apparently
different classes of nebulae could be accommodated within the same restricted set of
dynamical models, given a little optimism and the eye of faith. There is no doubt that
basically Bruce was on the right lines; some of the finer features probably need rather
more attention, but he established his main point which was that a great deal depends
on the angle from which PN is viewed.

In this connection it is interesting that Michael Bremer18 has developed a method
by which a 3-D model of a PN can be reconstructed from a 2-D image, given only that
the nebula obeys some simple form of symmetry.

4. Further Asymmetries, as Observed

As time goes on the observational astronomers grow bolder and present ever more out-
rageous images of PNe. So Hugo Schwarz19, for example, showed images of M2-9 in
which there is a central star and an inner feature which at present lies to one side but ro-
tates with a 35 year period. At greater distances from the centre there are two long arcs,
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apparently stationary and symmetrically placed relative to the PNN. The temptation is
to seek a model which explains such observations in terms of precessing jets, possibly
jets that consist of fast moving material. Their only possible source would be the central
star, yet Giora Shaviv20 showed us clearly hot spots, which might be possible sources
of such jets, disperse very rapidly on compact stars, unless there is a physical means to
lock them into place. Matt Bobrowsky21 produced a set of astonishing images. One of
them, taken with HST, showed a PN with an outer bright shell which looked very much
like the skin of a balloon that had just burst. Presumably the HSSW inside had pushed
its way out through the cool gas of the PPN and compressed it into the shell which is
observed; on one side the expanding shock must have reached the edge of the PPN, or
at least a place where there was a steep decrease in density, and so the hot gas from
the interior had begun to escape and torn open the shell. Another picture, also from
HST, showed a nebula where two collimated flows moved in opposite directions, with
a typical speed of 60 km s−1, and were surrounded close to the centre by a torus, also in
a state of expansion but moving more slowly.

5. The Search for Plausible Models

It is obvious, in the light of such evidence, that some new ideas need to be explored in
order to explain the observations. Various speakers, notably Mario Livio22, emphasized
that many properties of PNe could probably be traced back to the binary nature of their
nuclei. For example the superwind would carry away angular momentum, after inter-
acting with the secondary in the binary pair. Two effects follow: the transfer of angular
momentum reduces the separation of the binary pair and perhaps ultimately releases
an amount of energy which will be significant dynamically. The flow of the wind is
also disturbed and the resulting redistribution of velocities will lead to the growth of
interesting looking structures.

But here I want to return to Noam Soker’s idea that a PPN will have a shell-like
structure if its central star is one of a binary pair. How does the presence of shells affect
the evolution from PPN to PN?

If the shells are not too widely spaced, then the evolution of the PN will be approx-
imately the same as in a PPN with a smooth density distribution. In the simple model23

the density in thePPN is given by

ρ =
µ

4πr2 ≡
ṀS W

4πVr2 (15)

where ṀS W is the mass loss rate into superwind and V the wind speed. The HSSW
drives a blast wave into the PPN, with speed

u =

(
2LW

3µ

)1/3

(16)

and here LW = 1
2 ṀS WV2. Now keep the spherical symmetry to begin with, but dis-

tribute the gas into shells, each with mass ∆M, spaced distance ∆r apart, so that

∆ =M
∆r
r
. (17)
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The blast wave picks up these shells one after another, and consolidates than into one,
provided that spherical symmetry is preserved. When a new shell is added, the velocity
change is

∆u = −u
∆M

M
= −u

∆r
r
. (18)

Now in lowest order the speed u must be the same as it was for a PPN with a smooth
distribution of density. This loss of speed must be made up before the blast wave hits
the next shell on the way out. The available time is

∆t = ∆r/u (19)

to first order, and so the necessary outward acceleration is

|∆u|
∆t
≡ f =

u2

r
. (20)

In other words the shell bounding the hot bubble is accelerated outwards, for periods
∆t at a time, and then suffers a recoil when a new shell is added from the PPN. The
system is subject to the Kelvin-Helmholtz (KH) instability during the period of outward
acceleration, because the HSSW, where the density is low, pushes on a gas of higher
density in the shell and accelerates it outwards. In a real PN there will be an HII
layer sandwiched between the hot wind bubble and the cool gas in the shell, but this
circumstance does not affect the argument: the progression from low density yo high
density is still in the same sense.

It can easily be shown that the thickness of the cold layer is

D ≈
c2

s

u2 r (21)

as long as the shell is largely non-ionized, and cs here is the sound speed in the neutral
gas. The growth time of the KH instability is

tKH =

(
D
f

)1/2

=
csr
u2 . (22)

The shell will break up if

tKH �
∆r
u
≡ ∆t

or
∆r
r
�

cs

u
. (23)

In a realistic case
cs

u
=

0.2km s−1

30km s−1 = 0.015

so break up should occur unless the spacing of shells is extremely fine.
Up to this point the PPN has been treated as though it were spherically symmetri-

cal. In the case described by Noam Soker9, though, the shells form best in the equatorial
regions and not at all along the axis of rotation of the binary system. The process of
the break-up is modified as a result. The instability is driven by the excess pressure
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which builds up when the main shell is suddenly retarded on picking up another new
shell from the PPN. The excess pressure persists for a period of order ∆r, and provokes
the KH instability, as described before. But if the PPN has a shell structure, which is
pronounced in the equatorial regions and absent near the poles, then the excess pressure
in the HSSW will relieve itself in a time of order

trel ∼
r
ch
,

ch being the sound speed in the HSSW. The KH instability will or will not have time to
develop according as

r
ch
∼ trel ≷ tKH =

csr
u2 (24)

or
u2 ≷ csch. (25)

Typical values to substitute here are

u = 30 km s−1, ch = 500 km s−1, cs = 0.2 km s−1.

Given these parameters, the left hand side is larger in relation (25), the instability per-
sists and the nebular material breaks up into clumps.

What is the effect of this disruption on the overall structure of the PN? There seem
to be two possibilities.

The HSSW largely sweeps past the clumps and therefore accelerates less material
in the equatorial regions than near the poles. The PN therefore expands outwards at
higher speed in the equatorial region and develops a butterfly shape.

However there is an alternative. The HSSW ablates enough cooler gas from the
clumps and reduced its specific entropy so much that radiative cooling sets in in earnest.
The equatorial regions of the PN will therefore be momentum driven and will lag behind
while the polar regions are still energy driven. The PN should then evolved into the
composite shape, shown us by Matt Bobrowsky21, and look rather like a bagel, with a
Frankfurter stuck through the hole.

There will clearly have to be another conference on this subject.
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Abstract. On June 17-19, 2009 a workshop took place in Rochester, NY, USA, to
define key problem areas in the field of planetary nebulae and the evolution of interme-
diate mass stars. The overarching aim was to determine groups of projects that could be
achieved with current and next generation of observational and computational facilities.
A second aim was to seed medium and large collaborations that could develop, propose
and carry out these projects. This white paper is designed to stimulate conversations in
view of the forthcoming meeting on Asymmetric Planetary Nebulae 5, which will take
place in June 2010∗. In this document we summarise the discussions of three panels,
each involved in one of the areas of AGB, post-AGB/PPN and PN research.

1. Background and introduction

Stars between ∼1 and 10 M� undergo two phases of expansion, one after core hydrogen
runs out, called the red giant branch (RGB), and a second following core helium burn-
ing, called the asymptotic giant branch (AGB). At the end of the AGB phase the stellar
wind (with speeds of 10–15 km s−1 and mass-loss rates ∼10−7 M� yr−1) unexpectedly
increases in intensity with mass-loss rates surging to as much as 10−4 M� yr−1 (11).
This superwind phase quickly depletes the AGB envelope until the envelope mass falls
below 10−3–10−4 M�. At this point the star’s structure changes as the photospheric ra-
dius shrinks and stellar effective temperature rises. The mass-loss rate of the star drops

∗This treatise was revised after the end of the APN5 conference.
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to ∼ 10−8 M� yr−1 while the wind speed increases to ∼200–2000 km s−1. The evolving
wind parameters should lead to violent circumstellar gas dynamics as fast wind plows
up the material ejected during the super- wind phase. The resulting sculpted circum-
stellar gas distribution is then ionised by the heating central star, at which point we call
it a planetary nebula (PN; 14).

The range of PN shapes are explained by the interactive wind model (IWM; 20).
The superwind is assumed to depart from spherical symmetry so that the resulting neb-
ula should not be spherical. Later modifications, known under the name of Generalised
ISW (GISW; for a review see Balick & Frank 2002) has achieved some success in
terms of modelling PN gas density structures, kinematics and morphology (at least for
the main body of the PN). However, these models assume both superwind triggering
and superwind geometry both of which are key features that a complete model would
explain. We can all agree that a complete model for the evolution and shaping of PN
needs to explain the surge in mass-loss rate called the superwind, and the origin of
AGB and post-AGB mass-loss geometries, rather than assume them. The question then
becomes what mechanisms lead to a consistent model of both stellar and nebular evo-
lution.

For the last two decades the community has debated whether stellar rotation and
global magnetic fields can be sustained in single AGB stars and thus confer non-
spherical morphologies to PN (e.g., 28; 52; 50; 7; 8; 59, but see also Bond et al. 1).
Recently, the debate has been rekindled (51; 29) by the argument that in a large ma-
jority of cases, single AGB stars are unlikely to be able to sustain large-scale magnetic
fields for long enough to affect shaping. This time limit comes because the field drains
the star of angular momentum on short time scales and quenches its own growth. As
the models of, e.g., Garcia-Segura and collaborators have shown, magnetic fields can
be an effective ingredient in shaping many PN, but in those models the magnetic field
strength was assumed constant and did not include feedback of the field on the stellar
envelope and envelope on the field. When one includes the feedback it appears that,
without an additional source of angular momentum, the field would vanish before the
post-AGB phase. An angular momentum source could effectively be provided by a
stellar or sub-stellar companion. To these theoretical concerns, we add a long list of
observational conundrums, which will be explained in detail in Sections 2, 3 and 4.

An overarching issue that has plagued all research in PN and adjacent evolution-
ary phases has been the lack of homogeneous samples. This has in part been due to
the notorious difficulty to determine distances to PN. Today, thanks to surveys such as
the MASH surveys, PN samples have not only been incremented and completed with
fainter specimen, but a new distance method has been calibrated that can determine dis-
tances with precisions of ∼20%. This new method has allowed the creation of volume
limited samples, a tremendous new asset in studying PN. In addition, the techniques
used to vet PN for inclusion in the new distance scale, have allowed to generate new
ways of excluding PN mimics from the sample, increasing the purity of the samples to
be used in further studies.

These difficulties and the increasing competitiveness of major observational plat-
forms, dictate a need to form medium-to-large collaborative efforts to tackle problems
via concerted observational programs. Below we summarise the recommendations of
three panels, each reviewing issues and solutions in three separate evolutionary phases:
the AGB phase, the post-AGB (pAGB) or pre-PN (PPN) phase and the PN phase proper.
Most of these efforts will be the most productive provided that they are executed by co-
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ordinated teams of people with a wide range of perspectives and skills. This balanced
team approach is not only synergistic, it also is essential if large amount of scarce
telescope time is to be obtained at key facilities and funds are to be found for capital
investments in computers. Wherever possible the foundations of the research programs
should be built on surveys conducted by students on smaller telescopes equipped with
modern IR and optical cameras, narrow- or medium-band filters or good spectrographs,
and adequate available time to take risks. The engagement of students and a multi-
faceted community in research initiatives are key investments for continued vitality in
this field.

2. The AGB panel

The key mechanisms responsible for PN shapes has roots in the AGB. The key unre-
solved issues for AGB stars is how their superwinds are triggered and what mechanisms
change their mass-loss geometries.

2.1. Major unsolved problems in the AGB phase

AGB superwinds: if AGB star progenitors are more massive than 2.5 M�, it is possible
that a simple Reimers-type mass loss (31) can eject the required amount of mass in a
relatively short time at the end of the AGB phase. However, on average, most PN evolve
from less massive progenitors even in the younger Galactic thin disc (25). As a result
we are still in need of a mechanism that can initiate the superwind for the bulk of the
population. It is possible that the mass necessary for a single star to initiate its own
superwind might be chemistry and metallicity dependant. If so, carbon-rich AGB stars
would have a greater ease in promoting the superwind (and could do so at lower mass)
than oxygen-rich ones, and Magellanic Clouds stars would always find it more difficult
to promote the superwind and would only do so at larger mass (22). While it is hard to
imagine that binary interactions are the only way to enhance AGB mass loss, common
envelopes and other types of close binary interactions have the capability of initiating a
superwind phase and remove the AGB envelope.

AGB superwind geometry: for a long time it was thought that the AGB mass-loss
geometry was spherical (30, and references therein) with very few systems deviating
from sphericity (e.g., V Hya, X Her 18; 17). The change to axi- or multi-symmetric
mass loss happened at some point during the post-AGB evolution. Now we are finding
that many AGB stars already possess a non-spherical mass loss (5). Future work will
reveal how many and what types of AGB stars have non spherical mass loss and the
relationship between asymmetries in mass loss and the presence of a binary companion.

AGB binaries. AGB star binaries of interest to the current problem are those where a
companion is close enough so that Roche Lobe overflow, tidal capture or wind accretion
are likely to take place upon further expansion of the stellar envelope. However, the
difficulty of detecting faint companions directly in the proximity of very bright, windy
and dusty AGB stars has limited the number of systems known (see also Jorissen &
Frankowski (16) for a review of how to detect binary AGB stars). RV surveys (9) have
shown that of 1500 F-K IV-II stars, 11-24% are spectroscopic binaries, while for the KII
stars alone, which are more likely to be on the AGB, the fraction is 7-18%. Some AGB
stars in binaries have been known for a while (most notably, Mira; 19; 58), others are
suspected from secondary indicators (e.g. BM Gem; 15). Recently Sahai et al. (44) has
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demonstrated that a large majority of AGB stars with Hipparcos astrometry containing
a “multiplicity” flag, do actually contain a hot companion. It therefore appears that we
are making progress on a full characterisation of AGB binarity.

Homogeneous AGB samples. How can we design observing projects to answer the
questions above that are free from biases? AGB stars being probed today for asymmet-
ric structures seem to always be special: they are either the brightest or those already
selected because of some other characteristic. Some techniques, such as maser detec-
tion, only work in the brightest objects. How do we select the next samples of AGB
stars that can be probed for the onset of asymmetry? What new techniques will allow
us to push the envelope of delectability for structures, companions, and magnetic fields
in AGB stars?

2.2. Projects: AGB panel

• AGB companion detection and detection of past mergers: the determination of
companions near the AGB stars down to the planetary limit is needed. What is
the AGB binary fraction, period and mass ratio distribution? How many AGB
stars have swallowed a companion?

1. Can pulsations tell us about companions?
2. Huggins et al. (2009) has shown a method to detect companions by measuring
the shapes of AGB star halos.
3. Radio/LOFAR: detection of Jupiter/brown dwarf planetary magnetospheres
around early AGB stars.
4. Radio/ALMA: imaging to detect companions and polarisation of sources with
the intention of detecting structures.
5. NIR interferometry : detection of companions and structures.
6. Adaptive optics (AO) imaging and coronography: companion detection.
7. Optical spectroscopy: radial velocity (RV) survey for companions to AGB
stars.
8. Optical photometry to detect transitting companions to AGB stars
9. Optical astrometry: detection of companions.
10. UV spectroscopy; COS on HST: excess UV to detect hot companions to AGB
stars.
11. X-rays/XMM/Chandra: detection of X-rays in AGB stars as proxies for mag-
netic fields?

• Detection of magnetic fields. Those stars with fields need to be mapped at high
resolution in order to determine field configurations and strengths. While current
observations of masers show a consistent magnetic field geometry from close
to the stellar surface to the outer envelope, the observation sample is still small
and potentially biased. Observations are thus needed to extend the sample and
combine both maser and other molecular line magnetic field tracers to confirm
that the masers probe the large scale magnetic field geometry. Simultaneously,
the link between fields detected via the masers and/or other field probes and the
properties of the circumstellar environment as a whole must be determined. In
view of the likely required source of angular momentum to maintain magnetic
fields, those stars with strong magnetic fields should be specifically searched for
the possible existence of a companion.
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1. X-rays; XMM/Chandra: detection of X-rays in AGB stars as proxies for mag-
netic fields.
2. Radio; VLA/VLBA/Merlin ALMA (archival): detect magnetic fields via mm-
size grain alignment. Zeeman splitting on CN lines by the Goldreich & Kylafis
(13) method.

• A survey of rotation rates in AGB stars, using modest sizes telescopes with
good spectrographs, should be carried out by looking for broadening of pho-
tospheric absorption lines (as, e.g., was done for V Hya, where the equatorial
rotation speed was found to be 23 km s−1). A study of 67 AGB stars only found
V Hya as a case of rotational broadening (probably an observational limitation as
it is difficult to detect rotational broadening of <

∼ 10 km s−1).

• The onset of axisymmetry: catching the change. We need to detect the earliest
moments of when mass loss becomes axisymmetric. What are the first structures
that appear in the early transition phase (wide cones, jetlets, tori)? Early struc-
tures would be small and would typically happen in the midst of the AGB dusty
envelope. What are the first signs of interaction with a companion? What are the
techniques to carry out these observations?

• Miras. We should carry forward a particularly intensive area of study of Miras,
because these objects are at the end of the AGB evolution when the superwind
takes place. In particular, objects such as V Hya, π Cru and AFGL3068 should
have dedicated observing campaigns with matching theoretical efforts that inte-
grate missing data/knowledge into what we know. What is the role of OH/IR
stars in these studies?

• Circular rings and arcs (AGB and PPN): We know these rings are not explained
by thermal pulses, so what is the explanation? Could they derive from shocks
driven by an orbiting companion? Can magneto hydrodynamics (MHD) mod-
els generate a list of probable mechanisms? Would adaptive optics (AO) ob-
servations of the arks add critical information (asymmetric rarefaction/kinematic
structures, local instability driven sub arcs, arc width variations). Arc charac-
teristics such as expansion, spacing as a function of stellar distance, statistics,
lifetimes, evolution, have never been systematically probed. What is the relation-
ship between arcs and binarity (is there a difference between arcs detected around
known AGB binaries and those around other AGB stars)?

• Dust: the interplay of carbon and oxygen-rich dust types, or hydrogenated vs.
non hydrogenated carbon dusts should be used as a way to connect to the evo-
lution of the object. Dust evolution is unfortunately more complex and small
changes in the dust environment lead to large changes in the dusts observed. Can
dust type be meaningfully connected to stellar classes or to classes of other char-
acteristics? For example, we know that some central stars of PN (mostly of the
[WR] type) have dual dust chemistry. What can AGB stars tell us about this?
What is the relationship between PAH and a companion presence? Why do car-
bon stars have silicates only sometimes and why do some carbon-rich AGB stars
fail to show PAHs? Can we compare the dust chemistry of AGB stars with and
without discs?
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3. The post-AGB and pre-PN panel

The circumstellar envelopes (CSEs) of the vast majority of AGB stars are largely spheri-
cal and expanding slowly (5–15 km s−1), whereas HST surveys have shown that the vast
majority of young PN are aspherical, and likely to possess fast outflows ( >

∼ 100 km s−1)
directed along one or more axes. PPN are transition objects between the AGB and PN
phases, and HST surveys of PPN show that these already possess, to a very large degree,
the basic geometrical shapes and symmetries seen in PN. Hence, in order to understand
the formation of asymmetrical PN, we must first understand the formation of asymmet-
rical PPN.

3.1. Major unsolved problems in the pAGB and PPN phases

Aspherical PPN morphologies & jets. The significant changes in the circumstellar
envelope (CSE) morphology during the evolutionary transition from the AGB to the
post-AGB (pAGB) phase require a primary physical agent or agents which can break
the spherical symmetry of the radiatively-driven, dusty, mass-loss phase on the AGB. In
the GISW model, a fast (>1000 km s−1) isotropic wind from the PN central star expands
within an equatorially-dense AGB CSE, and hydrodynamic simulations reproduce a
variety of axisymmetric shapes. But the complexity, organisation and frequent presence
of point symmetry in the morphologies of young PN, strongly suggests that the primary
agent for breaking spherical symmetry are jets or high-speed collimated fast winds
(CFW), operating during the early post-AGB or late AGB evolutionary phase (36). The
CFWs are likely to be episodic, and either change their directionality (i.e., wobbling
of axis or precession) or have multiple components operating in different directions
(quasi)simultaneously.

Direct evidence for CFWs during the PPN phase has come from sensitive molecu-
lar line observations which reveal the presence of very fast (few×100 km s−1) molecu-
lar outflows in PPN, with huge momentum excesses which showed that these winds are
not radiatively driven (3). In a few cases, the collimated wind is seen in stars which are
bona fide AGB stars: e.g., the extreme carbon star, V Hya, have been “caught in the act”
of ejecting a very fast (250 km s−1), highly collimated blobby outflow (40). An HST
survey for such “nascent PPN” has revealed several new candidates with collimated
structures (34).

Thus, the primary shaping of PN must begin prior to the PN phase (43), and it is
plausible that the variety of PN shapes and structure may be explained by variations of
the properties of the CFW (direction, strength, opening angle, temporal history) inter-
acting with a spherical AGB envelope. However, assuming this plausibility is borne out
by simulations, we still have to address the question: what is the engine for producing
CFW’s? Can CFW’s be produced by single stars or is a binary companion essential? If
point-symmetric shapes result from the flow collimator precessing or becoming unsta-
ble, then what causes the destabilisation? Single-star models for CFWs have invoked
stellar rotation, strong magnetic fields, or both, and binary models have invoked the
angular momentum and/or the gravitational influence of a companion.

Equatorial waists & discs. Most bipolar or multipolar PPN and PN harbour over-
dense, dusty equatorial waists. In PPN, the waists display convex (relative to the nebular
centre) sharp outer (radial) edges in absorption, with radii typically >

∼ 1000 AU. Very
infrequently, the waist appears as a disc with a sharp outer boundary seen in emission
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at few×100 AU (e.g., 32; 21). The waist region can show complex symmetries: e.g.,
complex (double?) torii in He 2-113 and IRAS 19024-0044 (38; 41); point-symmetric
microstructure in He 2-47 (33); central star offset by few×100 AU from the symmetry
centre in MyCn 18 (37).

Significantly smaller equatorially-flattened structures or discs (∼50 AU) are found
in a large sub-class of young pAGB stars (hereafter disc-prominent pAGB stars, 10),
many of which are RV Tauri stars, and show photospheric depletion patterns similar
to those seen in the ISM. The depletion is believed to result from a poorly understood
process in which the circumstellar dust is trapped in a disc, and the dust-depleted gas
is accreted back onto the star. Mid-IR spectroscopy with ISO and Spitzer has shown
the ubiquitous presence of abundant crystalline silicates in these objects implying the
presence of dust processing in long-lived discs with composition very similar to that
seen in planet-forming discs around young stars and in comet Hale-Bopp (e.g., 12).
But direct support for the disc being bound is limited to one pAGB object: the Red
Rectangle (closest known PPN with a binary central star 4).

The origin of the small, likely Keplerian, discs and the larger, dusty waists in
pAGB objects is a mystery, and the connection between these two (if any) is unknown.
Compression of the AGB wind towards the equatorial plane by a fast wind with a rela-
tively large opening angle (49) is unlikely to work in most bipolar nebulae which appear
to be highly-collimated, momentum-driven shells. Although compact ( <

∼ 1 AU) discs
form readily around a companion via Bondi-Hoyle accretion of the primary AGB star’s
dusty wind (23), these simulations have so far not been able to produce the much larger
circumbinary discs or the dusty waists which we observe in pAGB objects.

A large fraction of PPN and some PN show Hα emission lines with a narrow,
intense emission core and very broad weak wings (extending up to few×1000km s−1on
each side of the centre); the observational evidence suggests that these arise in or around
the central star (47). No profound explanation has yet been proposed for these very
broad wings, although possible mechanisms include emission from a very high velocity
outflow, Raman scattering and/or Keplerian rotation in a dense disc. Thus an improved
understanding of this emission is likely to provide us new insights into the otherwise
difficult to probe central regions of PPN, which are the likely launch sites of the CFWs
(35).

Finally, a new puzzle has arisen with the discovery of large sub-millimetre ex-
cesses in both the disc-prominent pAGB objects as well as a few PPN (10), which im-
ply the presence of fairly substantial masses of very large (∼few×100 − 1000 micron)
grains (42; 46). This discovery also opens up a new opportunity: namely the study of
important physical processes related to dust grain evolution such as coagulation in an
environment similar to, but much simpler than proto-stellar discs. Post-AGB discs will
allow us to probe the very early stages of grain coagulation, i.e. on time-scales (1000
years), not possible with studies of planet-forming discs which are typically >

∼ 106 yr
old.

Binarity: mass loss & evolution. Binarity can strongly influence mass loss in evolved
stars. Perhaps all asymmetric PN and PPN involve binaries (25; 26; 51) but testing such
a hypothesis requires a far better knowledge of the incidence of binarity in these objects
than available currently. Direct observational evidence of binarity has been very hard
to come by due to observational limitations. In the case of PPN, optical radial-velocity
measurements have not been successful so far due to pulsational stellar variability; new
techniques are needed.
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Binarity may cut short the primary’s AGB evolution as appears to be the case for
disc-prominent pAGB stars, where the primary and companion stars are presently not
in contact, but show orbits which are too small to accommodate a full-grown AGB star,
and the disc sizes are large enough that they must be circumbinary. But no theoretical
models exist to explain the formation of these systems.

3.2. Projects: post-AGB and PPN panel

• New surveys of PPN and nascent PPN should be carried out, which will re-
main unsurpassed in providing large field-of-view images with very high dynam-
ical range because of their very stable PSFs, at ∼100 mas resolution (crucial
for detecting faint circumstellar structures next to bright central stars). Current
surveys (55; 43) have provided a modest sample of resolved objects ( <

∼ 50); sig-
nificantly better statistics are needed to determine the fraction of objects with
morphologies which are likely to provide the strongest tests for theoretical for-
mation and shaping models. These include objects with, e.g., multipolar shapes
(e.g., IRAS19024+0044), quadrupolar shapes (e.g., IRAS19475+3119), trun-
cated outer waists (e.g., IRAS17106-3046), haloes with circular arcs and/or search-
light beams (e.g., Egg Nebula) (41; 45; 21; 36). These surveys will require optical
and NIR imaging with HST and JWST.

• Multi-epoch high-resolution images of PPN, spaced by >
∼ 5-10 yr should be

used to trace nebular proper motions in well-resolved PPN. Both STIS/HST and
ground-based observations in the NIR with integral-field (e.g., OSIRIS/Keck)
or long-slit spectrographs (e.g., NIRSPEC/Keck) behind AO should be used to
probe radial velocities. Combining the radial velocity and proper motion data will
enable us to map the 3-dimensional kinematics in PPN at high spatial resolution
– such data are crucial for probing jet acceleration and kinematics close and far
from the launch sites. These surveys will require optical and NIR imaging with
HST and JWST.

• Probe the launch regions of fast collimated outflows in nascent PPN. Near-
IR and mid-IR interferometry; specially those which provide closure-phase data
(VLTI/ AMBER, ISI/Mt.Wilson), low-resolution (R∼530) spectral data (VLTI/ MIDI),
and real images (upcoming 6-element reconfigurable Magdalena Ridge Observa-
tory Interferometer [MROI], New Mexico), with resolutions ranging from 0.1 to
100, should be used determine in particular the disc temperature, geometry and
density structure.

• Search for binaries in edge-on PPN. It is possible that objects with optically
bright central stars which have been the subjects of existing studies, are being
viewed along/near an unfavourable (for detecting RV variations) polar line-of-
sight. For PPN with edge-on waists where the central stars are obscured or heav-
ily extinct in the optical, but for which the RV variation signal is maximum, a
feasibility study should be carried out to see if near-IR metallic lines can be used
for RV monitoring.

• A spectroscopic survey of a distance-specific sample of pAGB objects (i.e., in
the LMC and SMC) should be carried out: high-resolution optical, near-IR and
mid-IR spectra are needed. We note that mid-IR to far-IR spectra/spectral energy
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distributions (SEDs) of some objects already available via IRS/Spitzer observa-
tions of the LMC and SMC via the SAGE Legacy and various GO programs (e.g.;
56; 57; 2).

• A pilot survey of spectroscopic monitoring of the broad Hα emission lines
in PPN should be carried out - a few observations indicate that the line shapes
do vary significantly. If the peak of the emission component is found to show
periodic radial velocity variations, that would suggest a Keplerian disc origin for
the Hα emission.

• Studies of key objects such as the “water-fountain” PPN, which are distin-
guished by the presence of very high-velocity red- and blue-shifted H2O and/or
OH maser features should be carried out at radio, millimetre and sub-millimetre
wavelengths. These are arguably amongst the youngest PPN and therefore most
likely to show active jet sculpting: e.g., IRAS16342-3814 shows H2O maser fea-
tures with radial velocities separated by more than 250 km s−1(6) and the telltale
“corkscrew” signature of a precessing jet in near-IR AO/Keck images (41). The
H2O masers in these sources lie on the opposite sides of a bipolar jet, and being
very bright and compact, are unsurpassed tracers of the jet proper motions. Such
proper motion measurements (together with radial velocity data) obtained with
the NRAO Very Long Baseline Array (VLBA) over several epochs can (a) deter-
mine the geometric parallax of sources with unparalleled accuracy to ∼10 kpc,
and (b) determine the high-velocity jet’s 3-D motions (e.g., whether or not the jet
is precessing). High spectral resolution monitoring using the Green Bank Tele-
scope can accurately determine accelerations and decelerations in the jet radial
velocity. Such measurements will greatly constrain theoretical models of how
these high velocity jets sculpt the circumstellar medium in the evolution of these
objects to PN.

Upgrades to the sensitivity of the VLBA will enhance the continuum sensitivity
to extragalactic sources as fiducial markers for the the measurement of proper
motions, and allow geometric parallaxes to be measured to 10 or 15 kpc over a
1-year period. This improvement will not only facilitate parallax measurements
for water-fountain PPN, but for optically invisible dust-obscured AGB stars as
well, which harbour masers in their shells.

• Surveys of thermal molecular gas emission in the outflows of PPN and disc-
prominent pAGB objects should be carried out in 12CO and 13CO J=2-1 lines
with ALMA, which will provide an unprecedented dynamic range with the abil-
ity to produce 0.1 arcsec resolution images of all features above 0.1% peak in-
tensity. Measurements of the 13C/12C ratio in the nebular material will help to
distinguish between different origins – ratio would be significantly enhanced if
material comes from the evolved primary, but typical of interstellar values if due
to planet/main-sequence companion material. At 100 mas resolution in mm-
wave molecular transitions of high-density tracers, we should see evidence for
the high-velocity jet’s interaction with the remnant AGB gas at ∼100 AU (or
better, depending upon the distance) from the star. Such imaging is needed to
separate the disc/torus and outflow components, and determine the kinematics of
the former” expansive or Keplerian rotation (or a combination).
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• Surveys of high-J emission lines of CO and other molecules in PPN with
HIFI/Herschel should be carried out to probe the physical conditions (kinemat-
ics, density, temperature) of the outflows close to the central source. Such obser-
vations coupled with low-J observations from ground based telescopes can help
trace the mass loss history in PPN and nascent PPN.

• An EVLA survey of PPN and disc-prominent pAGB objects should be used to
detect radio/millimetre/sub-millimetre continuum emission from the large grain
component in these objects, which is likely to be present in the discs/torus re-
gions.

• Characterisation of magnetic fields in discs and outflows of well-resolved
PPN using the full polarisation measurement capability of ALMA via (a) polar-
isation of the sub-millimetre dust continuum resulting from aligned grains (e.g.,
detected via large-beam observations in a few objects), and (b) polarisation of
molecular line emission resulting from the Goldreich-Kylafis effect.

• Surveys of X-ray emission towards the central stars in PPN can provide us
with a unique probe (a) of magnetic fields in the outflow engine vicinity (dissi-
pation of a solar analog dynamo-generated field should result in a non-thermal
X-ray luminosity of 1032 erg s−1 from the central stars in very young PPN), and
(b) the shock-interaction physics which shapes these objects. In contrast to PN,
only one PPN (Hen 3-1475) has been detected so far (39); the emission results
from shocked gas. The lack of PPN detections in X-rays is most likely due to the
rapid cooling of the shocked, dense regions produced by the CFWs operating dur-
ing the PPN phase leading to relatively small emission measures. An increased
sensitivity mini-survey, i.e., with long integration times (>50 ksec) using current
facilities such as Chandra and XMM-Newton need to be carried out are needed
to study the physics of the shocks interactions in PPN which are involved in the
shaping. These can later be followed up by bigger surveys using the International
X-ray Observatory.

4. The PN panel

4.1. Major unsolved problems in the PN phase

The PN panel concluded that it is time to go “back to the star” — i.e., a coordinated,
multi-wavelength observational campaign targeting the central stars of planetary nebu-
lae (CSPN) is necessary, if we are to make further progress in our understanding of the
mechanisms that shape planetary nebulae.

How do we connect the PPN to PN phase? What happens to the morphologies when
photoionisation starts. What is the relationship between stellar classes (stellar parame-
ters, chemical abundances, state of their winds) and nebular parameters? At first glance
it appears that PN morphology and class does not depend on the type of central star.
However a closer look reveals trends and relations between stellar type and PN type
(e.g., 24). The lack of systematic surveys which can relate a sufficient number of PN
type to central star parameters limits our ability to connect the star and the nebula.

How do the main features of PNe originate and evolve. At what stage in the post-
AGB evolution of the star, do all the various PN components form (e.g. low-ionisation
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structures). Which (if any) arise because of a binary interaction that took place during
the AGB phase of the star? It has been demonstrated that connecting nebular kinematics
to stellar (and binary) parameters of the CSPN is an effective way to link the nebular
material to the stellar evolution. However there are only a handful of nebulae with
sufficient data to complete a kinematic study, limiting the usability of this method.

The role of binarity. What is the binary fraction and period distribution of CSPN.
What is the post-common envelope (very short period) binary fraction and why does it
appear that the period distribution known today is too short compared to the predictions
of common-envelope models?

4.2. Projects: PN panel

• A multi-epoch blue/UV photometric and spectroscopic survey of a large
sample of CSPN, at moderate resolution, that will enlarge the database on phys-
ical characteristics of CSPN and their possible binarity. There is a considerable
lack of high quality and consistent photometric and spectroscopic information on
CSPN in the wavelength regimes where CSPN fluxes peak. A comprehensive
blue/UV spectroscopic survey would provide basic stellar parameters such as lu-
minosities, log g values, C/O abundance ratios,and reddening. Ideally these data
would be obtained at multiple epochs for each object. These spectroscopic data
are essential in order to better understand the photospheric and wind characteris-
tics of WR-type , PG1159 and “normal” CSPN at different evolutionary stages.
At the same time, dedicated programs of photometric monitoring are needed so
as to establish a much larger sample of close binary central stars and thereby
relate binary parameters and PN characteristics.

A key resource for the UV spectroscopic observations of CSPN is the new COS
spectrograph on HST. It reaches a magnitude faster than STIS for point sources
that are not embedded in bright nebulosity. Whether STIS or COS, HST is the
only UV facility to be in routine use for the next decade or until HST’s demise,
whichever is first. The next UV facility is in the early planning stages and may
not be in use until 2030. Thus the next decade is a unique window of opportunity
for insights into CSPN through UV observations. Telescope time will be fiercely
competitive, so an expert team of observers and stellar modellers must be formed
within our community with urgency.

The panel suggests that (e.g., at the APNV meeting) a request be issued for exist-
ing spectra of CSPN to be made available in a public archive. A depository and
curator for this potential data archive is needed. In addition, a team with clear
long-term objectives is needed to assure that stellar monitoring programs will be
conducted systematically so that the archive becomes rich in key data.

• An imaging/photometry survey to detect and characterise dusty debris or
accretion discs surrounding CSPN. The discovery of a mid-to-far-IR excess at
the central star of the Helix (54) opens up a new means to probe for the presence
of discs within PN. In the case of the Helix, the disc is most likely a residual
debris disc that orbited the PN progenitor star and survived the star’s post-main
sequence evolution. Such a “primordial” debris disc may or may not have influ-
enced the Helix PN’s shaping, and would be very different in origin and structure
from the accretion discs that are thought to be generated via CSPN binary inter-
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actions and are invoked to explain the formation of collimated outflows and jets
in PPN and PN.

Telescopes such as Gemini – particularly those with wave-front correction – pro-
vide ground-based opportunities for this sort of a comprehensive imaging survey
in the mid and near IR where the CSPNe are likely to be easily visible. Many
of these telescopes also have complementary imaging systems in various bright
recombination and forbidden lines from complementary volumes of low (Heo),
moderate (He+), and high (He++) ionisation. Studies of shocks are possible with
these and [Fe II] lines at 1.3 and 1.6 microns.

The unprecedented mid-IR (∼10 micron) to sub-millimetre imaging photometry
capabilities of the forthcoming SOFIA, JWST, and ALMA facilities loom as im-
portant tools to establish the prevalence and, eventually, the origin and evolution
of such dusty discs around CSPN. A comprehensive mid-IR to sub-millimetre
survey of CSPN would detect dusty discs and characterise their SEDs, so as
to distinguish between unresolved, lightweight, gas-poor debris discs and the
larger-scale, massive and gas-rich, (perhaps) spatially extended dusty discs and
tori resulting from binary interactions. Time on these facilities will be scarce, so
proposals from coordinated teams of expert users and students will have distinct
advantages. In addition, theoretical work on 3-dimensional radiation transfer in
dusty media is necessary to connect and interpret the radio / IR / optical observa-
tions. Such expertise is becoming widely available around the world, and PN are
an ideal application of the technology.

• An X-ray imaging spectroscopic survey of PN†: We seek to obtain a complete,
volume-limited X-ray emission survey of PNe that will sample both the thin and
thick Galactic discs and therefore will represent a wide progenitor mass range.
We estimate such a survey (e.g., of all PNe within ∼ 2 kpc) will require an even-
tual total time allocation of ∼ 5 Msec on contemporary X-ray observatories. The
resulting suite of high-energy spectral and temporal diagnostics for a represen-
tative sample of CSPNe will provide unique constraints on circumstellar mag-
netic fields, accretion discs, wind shocks, and/or binary companions at PN cores,
thereby relating CSPN binaries to (potentially) related systems such as symbiotic
stars and SN Ia progenitor binaries. Specifically, hard but “flickering” point-
like X-ray sources would be indicative of the presence of accretion discs (53);
soft and constant point-like X-ray sources would be indicative of shocked CSPN
winds; and strongly time-variable (flaring) point sources would most likely origi-
nate in the coronae of late-type companions (27). Such detections of X-rays from
the cores of the PN, in combination with future characterisation of binary CSPN
as described in this document, would open a new era in the study of common
envelope evolution, would inform studies of magnetically active binaries in gen-
eral, and would provide motivation for and constraints on future models of X-ray
production from main sequence stars.

†As this article was nearing completion, a team that formed at the Rochester meeting was awarded a Cycle
12 Chandra Large Project (570 ks) to survey 21 high-excitation planetary nebulae within ∼ 1 kpc. A
second (overlapping) team then was awarded a Herschel Large Project (711 ks) to perform far-IR imaging
and spectroscopy of a subset of the nebulae targeted by the Chandra survey during initial Herschel open
time observing.
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• An HST/WFC3 snapshot survey of low ionisation, very young PN in various
narrow band and broad band filters, to assess the timescales of stellar ejection and
subsequent flow collimation processes. Recent morphological studies of PPN
imply that the shapes of stellar ejecta morph into simpler shapes with time per-
haps abetted by the onset of the disruptive shocks preceding ionisation fronts and
rapid local pressure changes that follows the passage of the ionisation front. The-
oretical models need to be generalised from one dimension using sophisticated
numerical schemes for shocks and radiation transfer of stellar photons. System-
atic imaging and kinematic/proper motion surveys of PPN and newly ionised PN
are needed to guide and constrain the models. These efforts will require large
teams that contain within them the many types of expertise needed to move the
field forward, and to justify scarce time on key facilities. At the same time, small
telescopes and strategic student projects can lay a firm foundation for the more
challenging observations.

• High-resolution imaging of young and compact PN need the highest possible
spatial and spectral resolution at visible wavelengths. The newly installed Wide-
Field Camera 3 on HST is ideal since it has a large complement of narrow-band
filters that isolate key emission lines for mapping ionisation structures, such as
[OI], [OII], and [OIII]. The camera also has filters that isolate key “diagnostic”
lines such as [NII] λλ5755,6583 and [SII] λλ6717,6731, so that physical con-
ditions can be mapped in detail at pressure “boundaries” where temperatures,
densities, and streamline vectors my change precipitously. In this way the mod-
els of the origin and persistence of collimated outflows and the roles of binary-
companion tidal effects can be very usefully constrained.

• Mapping the internal kinematics of young PN in order to identify the types
and locations of forces that act on the outflowing gas. This complementary and
coordinated program of ground-based, high-dispersion spectroscopy (preferably
with integral field units) should go alongside the imaging campaigns.

• Early reconnaissance surveys. Prior ground-based spectroscopy or narrow-
band photometry may be needed to uncover many more compact and low-ionisation
(presumably nascent) PN targets. This survey is ideal for smaller telescopes and
student projects.

• Mapping nebular interfaces. It is clear that young PN are richer in complex
symmetries than their evolved counterparts. In particular, many or possibly most
are bipolar, and the bipolar lobes are associated with H2 emission. The excitation
of H2 implies that the H2 is found in shocks associated with photo-dissociation
fronts at boundaries between the ionised nebula and a molecular medium. Thus
careful studies of H2 kinematics will reveal the nature of nebular interactions with
the surrounding but largely invisible medium. Large ground-based telescopes
operating at their diffraction limit are an exciting possibility for mapping H2 flows
in the next decade.
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5. All panels: Theory

• Binary population synthesis: what can we expect from the population of PN as
a whole if certain evolutionary channels prevail over others? In particular what
are chemical markers of binary evolution?

• Binary theory: what can hydro/magneto-hydro simulations supported by ana-
lytical theory tell us about the evolution of these complex systems? What ob-
servable effects can we expect from early interaction between an AGB star and
a companion? How do companions alter the rotation and mass loss properties of
AGB stars? What is the time evolution of an AGB star + close companion?

• Central engines & fast collimated outflows: several observational challenges
are in need of detailed simulations for their interpretation. Examples include
the launching mechanisms that can account for the huge momentum ‘excesses’
in molecular outflows, how mass transfer systems might provide the shears and
stresses that generate strong magnetic collimators, stellar rotation might create
the dusty discs that are so frequently seen in PPNe, and dynamo fields might
appear briefly at the stellar surface to launch brief jets or clumps.

• The creation of dusty discs near the AGB tip: dusty discs, many with sharp
outer edges, are so common in PPNe that a theoretical understanding of their for-
mation and launching is urgently needed. Whether single stars can create these
discs from surface rotation or field emergence is problematic and must be re-
solved. The binary environment offers tantalising advantages for disc formation;
however, models that can follow the growth and dynamics of AGB envelopes
in a close binary environment will need to be very sophisticated. Can orbiting
companion objects shape the disc after its formation?

• Impacts of the onset of ionisation on realistic PPN geometries: GISW models
have provided a firm ground for much more complex radiation hydro modelling
with ionisation dynamics. Ionisation physics has been incorporated into 1-D hy-
dro models by M. Steffen and his colleagues. Their models have shown that
reverberating pressure waves rearrange and greatly complicate simple wind out-
flows. The extension of radiation hydro into 3 dimensions will permit a study of
the impact of ionisation fronts and the shocks that precede them on realistic PPN
morphologies. Does radiation heating of the nebular interior drastically soften
PPNe? What are the observable consequences of the expanding wind-heated in-
terior bubble on the nebula shell? What happens when the hot bubble pierces the
edge of he PN?
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Abstract. In this review we cover the detection, identification and astrophysical
importance of planetary nebulae (PN). The legacy of the historic Perek & Kohoutek
and Acker et al. catalogues is briefly covered before highlighting the more recent but
significant progress in PN discoveries in our Galaxy and the Magellanic Clouds. We
place particular emphasis on the major MASH and IPHAS catalogues, which, over the
last decade alone, have essentially doubled Galactic and LMC PN numbers. We then
discuss the increasing role and importance that multi-wavelength data is playing in both
the detection of candidate PN and the elimination of PN mimics that have seriously
biased previous PN compilations. The prospects for future surveys and current efforts
and prospects for PN detections in external galaxies are briefly discussed due to their
value both as cosmic distance indicators and as kinematical probes of galaxies and dark
matter properties.
Keywords. Stars: post-AGB – planetary nebulae: general – surveys: general

1. Introduction: the astrophysical value of planetary nebulae

Planetary nebulae (PN) are amongst the most photogenic and complex of celestial phe-
nomena but are also amongst the most important to properly understand. This is be-
cause their brief flowering provides a unique window into the late-stage evolution of
low- to intermediate-mass stars. They are important probes of nucleosynthesis pro-
cesses, mass-loss physics and Galactic abundance gradients, and, because their pro-
genitor stars dominate all stars above one solar mass, PN are responsible for a large
fraction of the chemical enrichment of the interstellar medium, including the seeding
of pre-biotic carbon between the stars.

Furthermore, their rich emission-line spectra enable detection to large distances.
These emission lines allow the determination and analysis of chemical abundances and
permit the estimation of shell expansion velocities and ages, and so probe the physics
and timescales of stellar mass loss (e.g. Iben 1995). The measured radial velocities can
trace the kinematic properties of observed PN, enabling us to decide if they belong to a
relatively young or old stellar population. The kinematic properties of PN in galaxy ha-
los also give strong constraints both on the mass distributions and formation processes
of giant elliptical galaxies (e.g. Bekki & Peng 2006; Douglas et al. 2007), making
them useful kinematical probes for understanding the structure of galaxies, and to test
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whether a galaxy contains a substantial amount of dark matter (e.g. Romanowsky et al.
2003; Herrmann & Ciardullo 2009).

The PN formation rate also gives the death rate of stars born billions of years
ago. They thus directly probe Galactic stellar and chemical evolution (Maciel & Costa
2003). Their beautiful, complex morphologies provide clues to their formation, evolu-
tion, mass-loss processes, and the shaping role that may be played by magnetic fields,
binary central stars (e.g. Moe & De Marco 2006; Frew & Parker 2007; De Marco, Hill-
wig & Smith 2008; De Marco 2009; Miszalski et al. 2009a,b) or massive planets (e.g.
Soker & Subag 2005). As the central star fades to become a white dwarf and the nebula
expands, the integrated flux, surface brightness and radius change in ways that can be
predicted by current stellar and hydrodynamic theory (e.g. Perinotto et al. 2004).

Importantly, the ensemble PN luminosity function (PNLF; Ciardullo 2010) in a
given galaxy is sufficiently well behaved that it can act as a powerful distance cali-
brator, or standard candle, to determine the scale of the Universe to better than 10%
(e.g. Ciardullo et al. 2002; Feldmeier, Jacoby & Phillips 2007), but how and why it
works so well is not properly understood. Unravelling the detailed form of the PNLF
in resolvable populations of different metallicity in the Galactic Bulge (Kovacevic et al.
2010), LMC (Reid & Parker 2010) and the local Galactic disk (Frew 2008) is helping to
address this issue. In all these ways PN are powerful astrophysical tools making them
valuable targets for discovery in our own Galaxy, the Local Group, and beyond.

2. The first PN discoveries 1764–1999: from Herschel to Acker and Kohoutek

The first known observation of a PN, the now famous “Dumbbell” nebula or M 27, was
undertaken by Charles Messier in 1764. By 1800, a further 33 PN had been added,
primarily by William Herschel, and thereafter the class was incrementally added to in
a largely ad-hoc manner over the next two centuries. The seminal catalogue of Perek
& Kohoutek (1967), followed by the ESO PN catalogues of Acker et al. (1992, 1996)
and the essentially equivalent catalogue of Kohoutek (2001), compiled these hetero-
geneous samples of principally optical discoveries into catalogues of between ∼1000
and ∼1900 ”true” and candidate PN, assembled from all sources of discovery going
back to Messier. They include the bright PN found in the NGC and IC catalogues,
plus major samples from Minkowski (1946, 1947), Haro (1952), Abell (1966), Wray
(1966), Henize (1967), Longmore (1977) and Lauberts (1982), amongst others, found
either from objective-prism surveys or Schmidt telescope direct broad-band imaging
photographic surveys in B (and R). The B-band includes not only the strong Hβ line
4861Å but the key [O iii] 5007Å emission line in the filter wing which is the strongest
optical line in unreddened PN spectra, resulting in the bulk of the early discoveries.

These discovery papers have been supplemented by numerous investigations over
the period between 1980 and 1999 that uncovered small samples, or even individual
PN (e.g. Dengel, Hartl & Weinberger 1980; Cappellaro et al. 1994; Kraan-Korteweg
et al. 1996). These lists were supplemented by small but targeted narrow-band surveys
at longer wavelengths such as Hα (Beaulieu, Dopita & Freeman 1999) which has the
advantage of partly alleviating the effects of dust when searching in high-value discov-
ery zones such as the Galactic Bulge. The scientific legacy of the Perek & Kohoutek
and Acker et al. catalogues is reflected in the 650 and 500 citations each has cur-
rently received in the literature, powerfully demonstrating the utility that the provision
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of consolidated object catalogues can have for facilitating investigations by others. We
also note the parallel discoveries of pre-PN and post-AGB stars over the same period,
especially following the IRAS mission, as summarised by Szczerba et al. (2007).

3. A new golden age of PN discoveries: 2000–2010

Modest PN discovery programmes continued after the release of the updated Kohoutek
catalogue such as the [O iii] CCD surveys of Boumis et al. (2003, 2006) and the [S iii]
survey of Jacoby & Van de Steene (2004). This latter survey uncovered 94 candidate
PN, with identifications assisted via follow-up 6 cm radio and Hα observations. The
painstaking work of scrutinising the extant wide-field Schmidt surveys for faint PN has
also continued until quite recently, though with diminishing returns (e.g. Kerber et al.
2000, and references therein), assisted via the serendipitous PN discoveries of Whiting
et al. (2002, 2007) in searches for dwarf galaxies. Such careful scrutiny of wide-field
legacy Schmidt surveys has enjoyed a more recent renaissance through the work of
the so-called Deep Sky Hunters (Jacoby et al. 2010) where a valuable new sample
of ∼100 new PN has been uncovered. The online availability of survey imaging data
has enabled teams of amateur astronomers to combine efforts to search for very low-
surface brightness PN at higher galactic latitudes not covered by the recent Hα surveys.
Miszalski et al. (in preparation) is also applying semi-automated search techniques to
these legacy surveys with some modest success via the so-called Extremely Turquoise
Halo Objects Survey (ETHOS), while Gomez et al. (2010) are utilising SDSS data to
look for halo PN. These are all valuable additions.

However, it is the recent advent of powerful, high-resolution, narrow-band Hα
surveys that has led to a new golden age of PN discovery that is still ongoing. To date,
most of these new PN discoveries have been made from the SuperCOSMOS Hα Survey
(SHS) covering 4000 square degrees of the Southern Galactic Plane and Magellanic
Clouds (Parker et al. 2005), undertaken on the Australian Astronomical Observatory’s
UK Schmidt telescope. This survey opened up significant new discovery space for both
compact and extended low-surface brightness PN thanks to a spatial resolution of ∼1′′
and a sensitivity to ionized hydrogen of ∼2–5 Rayleighs. The discoveries are described
in the Macquarie/AAO/Strasbourg Hα catalogues of Parker et al. (2006a; MASH-I)
and Miszalski et al. (2008; MASH-II) which list ∼900 and ∼350 spectroscopically
confirmed Galactic PN respectively. Equivalent discoveries of ∼500 PN in the LMC
are described by Reid & Parker (2006a,b). The success of the SHS directly inspired the
similar INT Photometric Hα Survey in the northern hemisphere (IPHAS; Drew et al.
2005) which is also providing a rich seam of ongoing PN discoveries (e.g. Mampaso
et al. 2006; Sabin 2008; Viironen et al. 2009a,b; Sabin et al. 2010), so that the total
number of Galactic PN is now nearly 3000 (Frew & Parker 2010a).

The MASH catalogues alone represent the culmination of a 10 year programme
of survey searches, candidate identification, and subsequent confirmatory spectroscopy
from 350 nights won on 2-, 4- and 8-m optical telescopes, supplemented by radio and
space telescope data. Note that the PN identification criteria described by Frew &
Parker (2010a,b) were widely applied during generation of the MASH catalogues. On-
going refinement of these data sets continues such that overall contamination in MASH
by non-PN is low. Furthermore, both MASH and now IPHAS PN catalogues contain
samples that are generally more evolved, of lower surface brightness, and are more
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Figure 1. A montage of selected MASH-I PN presented as a combined Super-
COSMOS data colour composite. Red: Hα, Green: SR and Blue: BJ

obscured than those listed in the previous compilations. Consequently, a more repre-
sentative sample of the true, underlying Galactic PN population across a broader range
of evolutionary state is provided. Important samples of local (<2 kpc) but extremely
low-surface brightness evolved PN have been identified (e.g. Pierce et al. 2004; Frew,
Madsen & Parker 2006; Frew 2008) while the true PN nature of other faint nebulae has
been revealed (e.g. Frew, Parker & Russeil 2006).

Furthermore, the Perek & Kohoutek and Acker et al. compilations comprise many
PN samples from data with widely varying sensitivity, selection technique, detection
efficiency, and spatial coverage. Our inability to fully understand the complex selec-
tion effects of these heterogeneous samples renders them problematic for generating a
reliable PN luminosity function, for proper kinematical modelling, or for the estima-
tion of key parameters necessary to understand their detailed evolution. Such problems
are greatly reduced in the MASH and IPHAS samples, which provide the largest, least
biased and most homogeneous samples of PN currently available in our Galaxy and
the LMC. It is essential that any statistical study of the properties of Galactic PN (e.g.
Stanghellini & Haywood 2010) incorporate MASH and IPHAS PN.

3.1. The importance of pure and representative PN samples

A key point to appreciate is that the utility of PN as astrophysical tools, as elucidated
earlier, is predicated on correct identification (e.g. Acker & Stenholm 1990; Zijlstra,
Pottasch & Bignell 1990). As we show in detail in Frew & Parker (2010a, and 2010b,
these proceedings) it has become increasingly clear that many object types can mimic
PN. The availability of wide-field imaging surveys of high resolution and sensitivity
across different wavelength regimes in the optical, MIR and radio in particular, not
only provide new discovery media but also give enhanced opportunities to explore the
broader multi-wavelength properties of PN and their mimics than hitherto possible (e.g.
Parker et al. 2006a; Cohen et al. 2007). This has enabled more powerful diagnostic
tools to be developed to discriminate between bona-fide PN and interlopers. Again, the
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reader is referred to the recent review by Frew & Parker (2010a) where such mimics
and the improved tools to identify them are discussed in depth.

We are now unearthing significant numbers of contaminants in previously exist-
ing catalogues. This somewhat undermines the integrity and scientific value of studies
based on these previous heterogeneous compilations. As an example, Cohen et al.
(2010) use MIR data from GLIMPSE to explore previously known and MASH PN at
low Galactic latitude where the selection criteria of Frew & Parker (2010a) were broad-
ened to incorporate GLIMPSE data. This led to only a 5% fraction of MASH PNe being
eliminated as contaminants, compared to ∼45% culled from the previously known PNe
across the same survey region. This illustrates the uneven nature of the pre-MASH
catalogues whose entries were not always subjected to robust diagnostic techniques. It
is extremely important that these new selection criteria are brought to bear on the pre-
MASH catalogues, to avoid biasing the interpretations and analyses performed on these
data. For example, Kwok et al. (2008) base a detailed MIR analysis on 30 PN, taking
their PN identifications as given. However, application of our new discriminatory tools
reveal 16 to be H ii region contaminants (Cohen et al. 2010). Furthermore, in the con-
struction of a carefully evaluated sample of PN within a nearby 1.0 kpc local volume,
Frew (2008) found that a significant number of objects, perhaps up to 20%, are, in fact
Strömgren spheres around hot pre-white dwarf or subdwarf stars. These stars are sim-
ply ionizing the surrounding ambient ISM through which they are passing; see Frew &
Parker (2006), Madsen et al. (2006), and Frew et al. (2010) for specific examples.

An important goal is the determination of the total PN population in our Galaxy.
Estimates of this number have a direct bearing on our understanding of stellar evo-
lution theory, Galactic chemical enrichment rates, and Galactic ecology. Important
related questions concern the formation mechanisms of PN. For example, is a common
envelope origin (Moe & De Marco 2006, De Marco 2009, and these proceedings) a
pre-requisite for generating most PN? Are different evolutionary pathways to PN-like
nebulae possible (Frew & Parker 2010a)? Although the current number of Galactic
PN is only around 3000, this is double what it was just a decade ago as a result of the
MASH surveys in the southern hemisphere (Parker et al. 2006a; Miszalski et al. 2008),
and now from the equivalent IPHAS survey in the north (Sabin et al. 2010; Viironen
et al. 2009a, b). However, this is still far short of our best estimates of the expected
Galactic PN population based on population synthesis models or extrapolations from
local space densities (see Jacoby et al. 2010). We still urgently need to improve the de-
tection completeness for Galactic PN. Progress is being made (e.g. refer to the previous
review of Parker et al. 2006b) and with new results and surveys coming on stream, the
diversity of pathways to PN formation may be finally revealed.

4. The power of multi-wavelength observations: refining existing samples and
uncovering hidden populations

The large majority of Galactic and Magellanic Cloud PNe have been historically dis-
covered in the optical domain, first with broadband imaging and objective prism tech-
niques, then using [O iii] narrow-band imaging. More recently, as illustrated by the
large numbers of MASH and IPHAS discoveries, deep Hα narrow-band imaging has
been used to isolate what is normally the second most intense optical emission line in
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unobscured PNe. The success of these surveys is due to the ability to find PN in more
dusty regions where this line can be much stronger.

Kistiakowsky & Helfand (1993) were the first to conduct searches for PN in ob-
scured regions using narrow-band filters to isolate lines further to the NIR so as to be
less affected by dust with later important work also conducted by Jacoby & Van de
Steene (2004). Large numbers of candidate PN have also been selected via IRAS mid-
infrared colours (e.g. Preite-Martinez 1988; Pottasch et al. 1988; Ratag et al. 1990;
Garcı́a-Lario et al. 1997) but success rates for confirming these as PN via follow-up
spectroscopy have been quite modest to date (e.g. Súarez et al. 2006). The avail-
ability of large-scale, wide-field Galactic surveys at high angular resolution in several
optical and near/mid-infrared and radio passbands (e.g. SHS, IPHAS, SDSS, 2MASS,
UKIDSS, GLIMPSE, MIPSGAL, MSX, AKARI, MOST, NVSS) provides unprece-
dented opportunities to combine multi-wavelength detections to refine selection tech-
niques to effectively eliminate contaminants (Frew & Parker 2010a).

4.1. The value of mid-IR surveys

Mid-IR imagery allows the detection of extremely reddened PN invisible at optical
wavelengths (e.g. Cohen et al. 2005; Phillips & Ramos-Larios 2008). Such new data
allow us to investigate quantitative differences in PN multi-wavelength characteristics
(e.g. Cohen et al. 2007, 2010) and relate these to the PN age, type and chemistry. Ac-
counting for the non-ionised component of PN via MIR data also improves the deriva-
tion of mass-loss estimates and other key physical parameters, helping us to better
understand the role of PN in the chemical evolution of our Galaxy. Recently, Carey
et al. (2009) and Mizuno et al. (2010) have noted over 400 compact (<1′) ring, shell,
and disk-shaped sources in the Galactic plane at 24µm in Spitzer MIPSGAL images.
We believe that many of these will turn out to be strongly reddened, high-excitation
PN with only a minority being circumstellar nebulae around massive stars (cf. Gvara-
madze, Kniazev & Fabrika 2010; Wachter et al. 2010). PN can be strong mid-IR
sources because of PAH emission, fine-structure line emission, and molecular and ther-
mal dust emission within the PN shells, and in any circumnuclear disks. Cohen et al.
(2010) analysed 136 optically detected PN and candidates from the GLIMPSE-I survey
with the goal of developing robust, multi-wavelength classification criteria to augment
existing diagnostics and provide pure PN samples. The ultimate goal is to recognise
PN using only MIR and radio characteristics. This will then enable us to trawl for PN
effectively even in highly obscured regions of the Galaxy that are impossible to access
using traditional techniques. We expect to uncover a rich population of hidden PN.

5. The future of PN surveys and key science projects

Despite the recent significant progress in PN surveys much work still remains to be
done in realising the full astrophysical potential of this fascinating phenomenon across
different galaxies and environments. This can only be done in an unbiased way when
truly representative samples are available. Many outstanding problems remain, such
as resolving the role and importance of binary central stars and establishing clear links
between central star properties and their PN — currently only ∼25% of PN central
stars have been unequivocally identified, while the proportion with spectra is even less
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(e.g. Weidmann & Gamen 2010). Additionally, the importance and evolutionary role
of the [WR] class remains elusive — see DePew et al. (2010, and these proceedings).
Furthermore, only ∼150 Galactic PN have accurate abundances, while the origin and
development of the complex morphologies and asymmetries, on both large and small
physical scales, is poorly known. A more complete inventory of Galactic PN is urgently
needed as our current best estimates of the Galactic PN population range from 6000 to
30,000, still way in excess of those actually discovered, although the known LMC sam-
ple is now getting close to the best population estimates (see Reid & Parker 2006b).
Immediate progress will come from the essentially complete IPHAS Hα survey where
large numbers of PN candidates are now being followed-up spectroscopically. Con-
firmatory spectroscopy is also needed for the newly found DSH, SDSS, ETHOS and
other candidate objects. However, infrared spectroscopy will be needed for most of the
new GLIMPSE and MIPSGAL discoveries which have no optical counterparts, though
some of the less reddened examples can be identified in the optical (e.g. Fesen & Mil-
isavljevic 2010). The honing of MIR identification techniques (e.g. Cohen et al. 2010)
offers prospects for finding PN in external galaxies at greater distances with the James
Webb Space Telescope. Finally, future narrow-band and multi-waveband surveys of the
Galactic plane (VPHAS+, VVV, etc.) and out-of-plane regions (e.g. SkyMapper) will
provide excellent additional discovery capability. The future is bright.
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Abstract. Pre-Planetary Nebulae (PPNe) are believed to represent a relatively short,
intermediate evolutionary phase in the evolution of AGB stars to Planetary Nebulae
(PNe). Our unbiased, high-resolution imaging surveys with HST of young PNe and
PPNe show very strong morphological similarities between these classes. We therefore
extend our morphological scheme for PPN classification to young PNe, preserving vir-
tually all of the primary and secondary descriptors, and adding a few new ones. These
morphological surveys tell us that the primary shaping of PNe begins during the PPNe
and/or late-AGB phase – we have therefore been searching for the clues to PNe shaping
mechanisms in these latter objects. Amongst the clues which we have uncovered in our
multiwavelength studies, we discuss the following: (i) FUV excesses in cool AGB stars
as indicators of binarity (ii) Hα emission with very broad wings and P-Cygni profiles
as probes of the region where the fast post-AGB outflows that do the shaping are most
likely launched from, and (iii) equatorial waists with large-sized dust grains and large
masses in PPNe.
Keywords. Planetary nebulae – Pre-Planetary nebulae – Stars: AGB

1. Introduction

The interaction of collimated (episodic) fast winds (CFWs) or jets, operating during
the pre-planetary nebula (PPN) or very late-AGB phase, with the surrounding AGB
circumstellar envelope, is most likely the primary mechanism whereby most planetary
nebulae (PNe) acquire their aspherical shapes (Sahai & Trauger 1998). The formation
of the dense waists seen in PNe likely occurs during the early PPN or late-AGB phase.
Waists and lobes are perhaps formed nearly simultaneously, as suggested by Huggins
(2007) from a study of a small sample, with waists forming a bit earlier (the expan-
sion timescales are ∼ f ew × 100 to 1000 yr). We need to focus our attention on the
PPN and very late-AGB phases if we are to successfully resolve fundamental issues in
the formation of aspherical PNe. These issues are (i) the origin and properties of the
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fast outflows (∼ f ew × 100 km s−1) which carry out the shaping, (ii) the origin and
properties of equatorially-dense structures, i.e., the waists (bound/ expanding), (iii) the
role of magnetic fields (e.g., in launching, accelerating and collimating outflows), and
(iv) the role of binarity, which is widely believed to be the underlying cause (e.g., de
Marco 2009), as it can induce stellar rotation and generate magnetic fields, lead to the
formation of accretion disks, and result in common envelope ejection.

2. Clues to Shaping Mechanisms

We report here on a multi-wavelength program of studying the early evolutionary phases
– namely the PPN and late AGB phases – where the transformation to asphericity be-
gins, in order to uncover clues to the shaping mechanisms. As part of this program, a
systematic characterization of the observed morphologies of PPNe using HST imaging
was presented by Sahai et al. (2007a) using a scheme with 4 primary classes (B: bipolar,
M: multipolar, E: elongated, and I: irregular), and a number of secondary descriptors,
relating to, e.g., the presence of point-symmetry, ansae, halos, etc. We have now shown
that this scheme can be adapted to the morphological classification of young PNe as
well (Sahai, Morris & Villar 2010), by adding 3 new primary classes – R (round),
L (collimated lobe pair, but not pinched-in at the waist), and S (spiral arm), and ad-
ditional secondary descriptors (Sahai, Villar & Morris 2010, Sahai, Morris & Villar
2010). Many of the latter are related to the central region: the differences in this region
between PNe and PPNe may be explained as an evolutionary effect due to (i) the ioniz-
ing flux and (ii) hydrodynamic action of the fast radiative wind from the PNe central star
on this region. In contrast, the morphologies seen during the nascent PPN phase, based
on our HST imaging survey, are rather different, with compact (. f ew × 0.1′′), one-
sided collimated structures being predominant, suggesting that the collimated-outflow
phase has just begun (Sahai 2009, Sahai et al. 2010).

2.1. Binarity in Cool AGB Stars

The search for binarity in AGB stars is of critical importance for our understanding of
how planetary nebulae acquire the dazzling variety of aspherical shapes which charac-
terises this class. However, detecting binary companions in such stars has been severely
hampered due to their extreme luminosities and pulsations. We have carried out a small
imaging survey of AGB stars in ultraviolet light (using GALEX) where these cool ob-
jects are very faint, in order to search for hotter companions. We discovered significant
far-ultraviolet excesses towards nine of these stars, and concluded that the far-ultraviolet
excess most likely results either directly from the presence of a hot binary companion,
or indirectly from a hot accretion disk around the companion (Sahai et al. 2008). In
3 out of the 4 stars modelled, the companion luminosities were found to be too low
for main-sequence stars with the derived effective temperatures, implying that the FUV
emission likely came from hot accretion regions around the companion stars. We are
carrying out a Cycle 5 GALEX program to obtain UV spectroscopy of these stars and
determine the nature of the FUV excess (emission lines and/or continuum). Amongst
the detected objects, V Hya, which has the largest FUV flux, as well as the highest
FUV-to-NUV flux ratio amongst all our targets, is well known for its collimated, high-
velocity, outflows , an extended dusty torus, and an inner hot disk (Sahai et al. 2003,
Hirano et al. 2004), and is thus the best example to date of an evolved star with an
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active, collimated outflow, dense equatorially-flattened structures possibly related to a
central accretion disk, and an inferred binary companion from our UV excess measure-
ments.

2.1.1. Survey for High-Velocity Outflows in FUV-Excess Binary Stars

With the goal of searching for objects in which the mass-loss process may have been
affected by binarity, we have carried out CO J=2-1 and 1-0 observations of our sample
of candidate binary AGB stars. Specifically, the accretion disk around a binary compan-
ion can drive a high-velocity collimated outflow. However, evidence for such outflows
is indirect; this phase is so short that few nearby AGB stars are likely to be caught
in the act (Sahai et al. 2003), V Hya being one of these. Our sample of 22 objects
included, in addition to our 9 GALEX survey objects, new cool AGB stars with far-
UV fluxes from the GALEX archive. We found 2 objects, RW Boo and RU Her, with
CO J=2-1 line profiles that show intriguing evidence of high-velocity outflows from
the presence of extended emission in the wings of the lines (Fig. 1). For example, in
RW Boo, the double-peaked CO J=2-1 line shape, the sloping wings extend about (10–
14) km s−1 beyond these peaks, bear a remarkable resemblance to the CO single-dish
profile for V Hya (Kahane et al. 1996).

Figure 1. CO J=2-1 spectra of 2 targets from our survey, RW Boo and RU Her,
which show the presence of weak (likely sensitivity-limited) emission in the wings
of the lines – intriguing evidence of high-velocity outflows in these objects.

2.2. Dusty Equatorial Waists/ Disks and Large Grains

Dusty equatorial components are an important morphological feature of aspherical
PPNe and PNe. Observationally, there appear to be two manifestations of an equatorial
dust component around pAGB stars, namely (1) as waists of bipolar/multipolar PPNe
with sizes of about 1000 AU, and (2) as medium-sized (50 AU) “circumbinary” disks
in binary pAGB stars (e.g., Van Winckel et al. 2009). The origin of these circumbinary
disks and large dusty waists remains a mystery. Current models based on Bondi-Hoyle
accretion from an AGB wind around a companion only produce small-sized (∼1 AU),
relatively low-mass accretion disks (Mastrodemos and Morris 1998), whereas common
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envelope ejection will likely result in significantly larger masses and overall expansion
motion.

PPNe appear to be different in their morphologies, compared to the binary pAGB
objects, which generally appear to lack extended nebulae – except for HD44179 or 89
Her (Cohen et al. 2004, Bujarrabal et al. 2007), no extended nebulosity is seen optically,
or in mm-wave continuum/CO emission (e.g., AC Her, U Mon, RV Tau are unresolved
in our CARMA observations with sizes < (1 − 2)′′, Sahai & Schnee 2010). But the
waist regions of PPNe share observational similarities with the disks in binary pAGBs:
both show (i) large submm excesses (de Ruyter et al. 2005, Sahai et al. 2006, Sánchez
Contreras et al. 2007), which have been inferred to arise from large (mm-sized) grains,
and (ii) crystalline silicate features (Gielen et al. 2008, Sahai et al. 2009). Both the
mineralogy and grain sizes show that dust is highly processed, implying that the age of
this component should be larger than that needed for such processing and grain growth
(& 2000 yr; Jura 2001). We thus need to probe the mass, kinematics and structure of
the disk/waist regions in order to test formation models.

We have therefore begun a pilot study of these large-grain disks/waists with the
EVLA, using multi-band observations (X: 3.6 cm, Ka: 0.9 cm, Q: 0.7cm) with the goal
of defining the long-wavelength SED in order to robustly characterize the large-grain
component, and constraining any contribution of free-free emission to the submm fluxes.
The 11 objects selected for this study include both PPNe and binary post-AGB stars
with detected submm and/or mm-wave continuum fluxes; several of which have been
detected for the first time in our 3 mm OVRO SNAPshot survey of PPNe (Sánchez
Contreras & Sahai 2010). Preliminary analysis of the recently acquired X-band data
show no X-band flux (with 1σ upper limits 18–32 µJy) from the PPNe IRAS 22036,
IRAS 19548, IRAS 20000, and the binary pAGB star AC Her, suggesting that free-
free emission is unlikely to be the main contributor to the submm emission. E.g., for
IRAS22036, F(3.6cm) < 96µJy (3σ), setting an upper limit of 160 mJy for free-free
emission at 0.88 mm, compared to an observed flux of 290 mJy.

2.3. Broad Hα emission

There are no direct probes of the central regions of PPNe, from where the high-velocity
outflows are presumably launched. Our optical spectroscopic survey of a sample of
young PPNe (Sánchez Contreras et al. 2008) has revealed the widespread presence
of very broad Hα emission, often with blue-shifted (P-Cygni type) absorption features
(e.g., Fig. 2). The Hα line-shape is most simply interpreted in terms of the following
model – the broad emission profile arises from a compact central source; this emission
(and stellar continuum) is scattered by dust in the walls of the nebular lobes, and the
blue-shifted absorption is due to neutral or partially ionised outflowing gas in the lobes
absorbing the scattered photons. Such a model has been successful in producing a
detailed fit to the spatio-kinematic distribution of the blue-shifted absorption in the Hα
line profiles observed with STIS/HST in the PPN Hen 3-1475 (Sánchez Contreras &
Sahai 2001). Thus the broad Hα emission feature is a potential probe of the central
region and we are carrying out similar STIS observations of a small sample of PPNe
(GO 11634, PI: Sánchez Contreras) – but we need to understand the mechanism which
produces it.

Such profiles had already been observed in young PNe, and Raman scattering
of Lyβ (which leads to Hα with a width a factor 6.4 larger than the Lyβ width and
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a λ−2 wing profile) was proposed as the best mechanism to explain them (Arrieta &
Torres-Peimbert 2003; ATP03). However, it is not possible to conclude that this is the
mechanism for our PPN sample (see Sánchez Contreras et al. 2008 for details). The
main difficulty is that a necessary condition for the Raman scattering mechanism is
the availability of a relatively strong Lyβ flux, which is not expected in PPNe with rela-
tively late-type central stars (A-G spectral types: IRAS 08005, 22036, 22574), yet these
objects show broad wings. Other line-broadening mechanisms include electron scatter-
ing and emission from a rotating disk or a fast stellar wind. Rotating disks around the
central stars of young PNe which have masses in the range M=0.6–0.83M�, and radii
R=(1–18)R� produce velocities, Vmax < 400(M R)1/2 km s−1 (ATP03), which are too
low to account for the broad line-widths. Since PPN central stars are much cooler, they
are significantly larger, hence Vmax is even lower! The extreme densities required for
electron scattering (e.g., ne > 1012 cm−3 in M 2-9; ATP03) also make that an implau-
sible mechanism. Outflow models are attractive because they have also been proposed
for explaining Hα profiles with broad emission wings in other stellar objects with (i)
companions: symbiotic stars (e.g. Skopal 2006), or (ii) disks: T Tauri stars (Edwards et
al. 1987). Similarly, for the young PN Hen2-90, which also has an Hα profile with very
broad wings, as well as an extended, linear, knotty jet (Sahai & Nyman 2000), Costa
et al. (1993) propose a fast outflow model. The very high outflow speeds observed in
most of these objects then require the presence of a compact stellar companion such as
a white dwarf.

Figure 2. Hα line profiles towards the PPNe, (left) IRAS 08005, and (right)
IRAS 22036, showing borad wings and blue-shifted absorption (adapted from
Sánchez Contreras et al. 2008).

We conjecture that the broad wings might arise as a result of Lyβ emission from
a compact, hot ionized region around the central star, which is then Raman-scattered
off the neutral fast outflow (the signature of the latter is the blue-shifted absorption
feature in the Hα profiles, Fig. 2). In this case, the mass-loss rate needed in this neutral
outflow has to be substantial. Scaling from the scattering column density, Ns = 1020

cm−2 required to achieve the Raman conversion efficiency needed to produce the very
broad observed line-widths (see Fig. 1 of Lee & Hyung 2000), we find that dMs/dt =
0.9 × 10−6M� yr−1(0.1′′/θ) (D/3 kpc) (Vexp/250 km s−1) (Ns/1020cm−2), where θ is the
size of the ionized region, and Vexp is the outflow velocity. Although we do not know
the nature or origin of such an ionized region in PPNe, it may already be produced
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during or before the late-AGB phase: Sahai et al. (2003) found such a region in V Hya,
which they modelled as an expanding disk.

3. Concluding Remarks

We are still far from understanding the mechanisms which produce aspherical PNe,
and we need to focus our efforts as a community on PPNe and nascent PPNe, both
observationally and theoretically. One of the least understood, but potentially most
exciting clues of the launch site of the fast post-AGB outflows that do the shaping, is
the broad-wing Hα emission which we find in PPNe. Observational surveys of Hα in
PPNe and young PN with class-E and R morphologies, as well as in nascent PPN, will
be helpful in understanding its origin. High angular resolution (< 0.3′′) interferometric
mapping (e.g., in the submm with ALMA, or cm-wavelengths with the EVLA) of the
large-grain emission will help in understanding the origin of equatorial waists in these
objects.
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Abstract. The transition from Asymptotic Giant Branch star to Planetary Nebula is
short-lived and mysterious. Though it lasts only a few thousand years, it is thought to be
the time when the asymmetries observed in subsequent phases arise. During this epoch,
the star is shrouded in thick clouds of dust and molecular gas; infrared observations
are needed to reveal these objects at their most pivotal moment. I present preliminary
results of a Spitzer study of targets spanning the range from post-AGB stars to Planetary
Nebulae with the goal of determining the genesis of asymmetry in these objects.
Keywords. Planetary Nebulae – stars: AGB and post-AGB – infrared: stars

1. The Evolution of Intermediate-Mass Stars

The life cycle of a star and the manner of its ultimate demise depends on its mass.
Intermediate-mass stars gradually fling their outer layers into space, forming planetary
nebulae.

At the end of the Giant phase, the envelope of intermediate mass stars (defined
as 0.8–8M�) expands and the core contracts, resulting in a degenerate C/O core. This
is the beginning of the Asymptotic Giant Branch (AGB) phase; the star will start to
burn nuclear fuel in shells surrounding the spent core. During this stage, there is a
slow, dense and (presumably) spherically symmetric stream of material leaving the star
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called the AGB wind. This wind is interspersed with shells of enhanced density due
to pulsation. These shells have been observed in many Planetary Nebulae such as the
Cat’s Eye Nebula (Balick et al., 2001).

As the mass loss process continues, the thick cloud of dust and gas it creates begins
to obscure the star itself in visible wavelengths (Garcı́a-Lario, 2006). Eventually, the
central star will have lost so much mass that the AGB wind will cease; this marks the
beginning of the post-AGB phase (Kwok et al. 1993). Though we can conjecture about
what happens next, observations are difficult due to the obscuration of the central star.
However, post-AGB stars observed in the mid-infrared with IRAS apparently fit into an
evolutionary sequence with effective temperatures steadily increasing until the star is
hot enough to ionize its envelope (spectral types marching from K, G, F, A to B). Near
the earliest onset of ionization, the star becomes a Transition Object, sometimes called
a proto-Planetary Nebula. The transition phase lasts mere thousands of years.

The planetary nebula phase commences when the star ionizes its envelope. The
ionized material is optically thin, so the central star re-emerges in visible wavelengths
once the ionization front has traveled sufficiently far out into the envelope. Morpholo-
gies of these young PNe are diverse: bipolar, elliptical, point-symmetric and spherical.

Though few AGB stars have been spatially resolved, they are generally assumed
to have spherically symmetric outflows (as long as they are single). Yet when the star
emerges just a short time later, it is suddenly the central star of a spectacular, and often
highly asymmetric, Planetary Nebulae. Somehow, during this phase of mere thousands
of years, the structure of the winds, and perhaps the star itself, change fundamentally.
What happens behind that dark cloud of dust and gas is revealed in infrared observations
with the Spitzer Space Telescope.

2. The Sample

A sample of targets was chosen to span the entire temporal sequence from star to neb-
ula. This sequence was divided into three constituent epochs: post-AGB stars, true
Transition Objects, and Planetary Nebulae. Each of these epochs were the subject of an
observational program on Spitzer, divided as follows: 26 post-AGB stars, 36 Transition
Objects, and 18 Planetary Nebulae.

The post-AGB sample was designed to catch stars that are nearing the end of the
post-AGB phase, that is, stars that are on the brink of ionizing their envelopes. To
find such stars, we started from targets that were characterized as post-AGB candidates
based on their IRAS colors (Suarez et al. 2006) and then further constrained them to
have a central star of spectral type A and a far-IR excess typical of PNe (Parthasarathy
2000). The spectral type condition should limit the sample to objects with very hot
central stars, which should be those that are at the very end of the post-AGB phase.
Type A stars should not generally be hot enough to ionize surrounding material.

To isolate true Transition Objects, i.e. stars that have just begun to ionize their cir-
cumstellar envelopes, a sample of post-AGB candidate (again selected based on IRAS
colors and infrared excess) with slightly hotter spectral type B central stars were cho-
sen. These stars should be just hot enough to emit ionizing radiation. As an independent
measure of ionization, these objects were observed with the VLA; 16 of the 36 were
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detected, confirming the presence of ionized shells (Umana et al. 2004; Cerrigone et al.
2008).

The chosen Planetary Nebulae all have H-deficient central stars of late, carbon-rich
Wolf-Rayet spectral type ([WC 8–12]). These PNe may also have in common a pecu-
liar spectroscopic property: simultaneous evidence for both oxygen-based crystalline
silicates and carbon-based PAHs in their dust.

3. Dust Chemistry

An important observational aspect of these stars is their dust chemistry, that is, if the
dust around them is Oxygen-rich or Carbon-rich. This distinction is a consequence of
the high binding energy of CO; since the CO molecule will form first, only the more
abundant of C or O will be left to form other dust grains. All AGB stars start out O-rich;
stars with roughly 1.5–4M� can become C-rich via the Third Dredge Up.

In Carbon-rich sources, we see Polycyclic Aromatic Hydrocarbon (PAH) features
at 3.3, 6.2, 7.7, 8.6 and 11.3 µm (Hrivnak et al. 2007), as well as an SiC feature at 11.3
µm (Speck et al. 2009). Oxygen-rich sources have silicate features at ∼10-18 µm and
show evidence for water ice. A small minority of stars show evidence of both PAHs
and silicates in their dust (called dual-dust objects), a phenomena which has yet to be
understood. These dual dust spectra could be indicative of either an O-rich environment
preserved in a disk while the rest of the envelope transformed to C-rich or simply the
formation of PAHs in a C-rich environment as a result of the photo-dissociation of CO
molecules.

Interestingly, Cerrigone et al. 2009 found that approximately 40% of the Transi-
tion Object sample were dual-dust objects, a striking contrast to the global occurrence
of ∼ 10% among PNe. The authors noted that this might be due to a selection effect,
in particular the choice of objects with a far-IR excess which may be indicative of the
presence of a disk. Additionally, 70% of those dual-dust objects were radio-detected in
free-free emission, hinting at a potential correlation between ionization and the dual-
dust phenomenon. Modeling of the PAH features resulted in the conclusion that the
PAH molecules are located in the outflows, far from the central star. For the detailed
analysis, see Cerrigone et al. 2009.

The PNe sample was chosen with this peculiarity in mind: Cohen et al. 2002 found
that four out of six PNe with central stars of type [WCL] in their study were dual-dust
objects; the PNe sample was designed to further explore this apparent connection.

4. Observations & Results

The sample of 80 targets were first observed with Spitzer; follow-up observations of 30
targets were performed using the Magellan I & II Telescopes at Las Campanas Obser-
vatory in Chile.

The three programs that were taken with Spitzer (Werner et al. 2004) that form the
basis of this project were completed in 2009. The sample comprises about 75 targets
in total. All have infrared spectra covering 5–40 µm measured on the Infrared Spec-
trograph (IRS) (Houck et al. 2004) and were also observed with the Infrared Array
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Figure 1. Planetary Nebula Abell 30 in optical taken at Kitt Peak (left) and with
IRAC (right). Optical image credit: Allan Cook/Adam Block/NOAO/AURA/NSF

Camera (IRAC) imager (Fazio et al. 2004), which images each object in four broad-
band channels centered at 3.6, 4.5, 5.8, and 8.0 µm .

The Magellan Clay telescope with the MMIRS (McLeod et al. 2004) was used
to obtain near-infrared (H and K band) spectra of the observable subset of the Spitzer
sample. In addition, the Magellan Baade telescope was used to image the subset of
sources in the Spitzer sample that have extended emission using near-Infrared narrow-
band filters that isolate H2 and Brγ emission with PANIC (Martini et al. 2004).

Results of the Transition Object program have been published by Cerrigone et al.
2009. The imaging search (with IRAC and PANIC) for faint, extended emission around
the post-AGB sample yielded a null result in most cases; SED and spectral analysis of
the data is underway. A sample IRAC image from the Planetary Nebula program is
shown in Figure 1.
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Abstract. In this paper we will discuss the images of Planetary Nebulae that have
recently been obtained with PACS and SPIRE on board the Herschel satellite. This
comprises results for NGC 650 (the little Dumbbell nebula), NGC 6853 (the Dumbbell
nebula), and NGC 7293 (the Helix nebula).
Keywords. Planetary Nebulae

1. Introduction

We have obtained Herschel PACS and SPIRE images of planetary nebulae (PNe) as
part of the MESS (Mass loss of Evolved StarS) guaranteed time key program. The
aims of this program are threefold: (1) study the time dependence of the mass loss
process via a search for shells and multiple shells, (2) study the dust and gas chemistry
as a function of progenitor mass, and (3) study the properties and asymmetries of a
representative sample of evolved objects. This program will be discussed in more detail

∗ Herschel is an ESA space observatory with science instruments provided by European-led Principal
Investigator consortia and with important participation from NASA.
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Figure 1. NGC 650. Left: PACS 70 µm, middle PACS 160 µm, right: ground-
based Hα image (Lars Ø. Andersen, Lars Malmgren, Frank R. Larsen, NOT). A
manual shift of 4.5′′ was applied to the WCS of the PACS images.

in a forthcoming paper (94). During the science demonstration phase of Herschel we
obtained PACS and SPIRE images of NGC 6720, which have been discussed in van
Hoof et al. (98). The detailed match between the H2 and dust emission in this object
appears to be the first observational evidence that H2 forms on oxygen-rich dust. The
most plausible scenario is that the H2 resides in high density knots that were formed
after the recombination of the gas started when the central star entered the cooling track.
Models indicate that a substantial amount of H2 could have formed since that time and
that the formation may still be ongoing at this moment.

Below we will present preliminary reductions of PACS and SPIRE data of 3 other
PNe that we obtained during the routine phase.

2. Data Reduction

Poglitsch et al. (96) describe the standard data reduction scheme for PACS scan maps
from so-called “Level 0” (raw data) to “Level 2” products. The level 1 and 2 products
that are part of the data sets from the Herschel science archive have been produced by
execution of these standard pipeline steps. We do not use the standard products, but use
an adapted and extended version of the pipeline script suited to our needs starting from
the raw data. In particular the deglitching step(s), and the “high pass filtering” need
special care.

When the central source is bright, the deglitching task incorrectly masks a sig-
nificant number of frames of the source as glitches. A second pass (called “2nd level
deglitching” is needed to remedy this. The purpose of the high pass filter is to remove
the 1/ f noise from the images. At the moment the task is using a median filter, which
subtracts a running median from each readout. This works well for point sources, but
causes significant problems for extended sources (resulting in negative “shadows” in
the image). To prevent the artefacts, any part of the source needs to be masked from the
median filter. We are currently still experimenting with various algorithms to achieve
this in an optimal way. We are also looking into using MadMap as an alternative al-



Imaging PNe with Herschel-PACS and SPIRE 25

Figure 2. NGC 6853. Left: PACS 70 µm with H2 contours overlaid, right:
ground-based H2 2.12 µm image (I. Gatley, M. Merrill, NOAO).

gorithm. In addition, as the standard pipeline script operates on a single Astronomical
Observation Request (AOR), while our observations are always the concatenation of 2
AORs (a scan and a cross-scan) an additional step is also needed to combine the two
scans. The pointing accuracy of Herschel is within specifications, but is however not
negligible compared to the PACS beam size. Hence manual adjustments of the world
coordinate system (WCS) may also be necessary when comparing with other (ground-
based) images. A more in-depth discussion of the PACS data reduction will be given in
Groenewegen et al. (94).

The standard SPIRE photometer data processing pipeline, described by Griffin
et al. (92, 93), is sufficient to reduce our SPIRE photometric imaging data. The calibra-
tion steps for these data are described by Swinyard et al. (97).

In Figs. 1, 2, and 3 we present preliminary reductions of the PACS scan maps of
NGC650, NGC 6853, and NGC 7293. The reduction of the SPIRE maps of NGC 7293
is final.

3. Outlook

Both NGC 7293 and NGC 6853 are well evolved PNe with central stars that are cur-
rently on the cooling track (95). So both nebulae are in a similar evolutionary state
compared to NGC 6720. Especially NGC 7293 is almost an “older twin”. Also in these
objects we see that the distribution of the H2 closely follows the dust. This suggests
that in these objects the H2 has also been formed in high density knots. We will model
these PNe in detail to test whether the scenario that we proposed in van Hoof et al. (98)
can also explain the H2 formation in these objects. Also in NGC 650 we see that the gas
and dust show a very similar distribution. It is not yet clear however if this H2 formed
in a similar fashion, or whether it is leftover AGB material.

In addition to the scan maps presented in van Hoof et al. (98) and this paper,
we will also obtain Herschel images of NGC 650 (SPIRE), NGC 3587 (PACS, SPIRE),
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Figure 3. NGC 7293. Top row: PACS 70 & 160 µm, H2 2.12 µm (courtesy A.
Speck, KPNO), bottom row SPIRE 250, 350 & 500 µm.

NGC 6543 (PACS, SPIRE), NGC 6853 (SPIRE), NGC 7027 (PACS), IRAS 22036+5306
(PACS). For all targets we will obtain PACS images in the 70 and 160 µm bands, while
SPIRE images will be obtained in all 3 bands: 250, 350, and 500 µm. The final goal
of the program is to study the structures of their dust shells in order to learn about the
(post-) AGB mass loss processes.
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Origin of Morphological Structures of Planetary Nebulae
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Abstract. Infrared and submm observations have revealed that for many bipolar and
multipolar planetary nebulae, most of the masses reside in the equatorial region and the
spherical envelope. It is suggested that the optically bright lobes are in fact low-density
cavities cleared out by fast outflows and photoionized by UV photons leaked from the
torus.
Keywords. Planetary nebulae – Infrared

1. Introduction

Planetary nebulae (PNs) are classified according to their apparent morphology (107;
99; 105) and such classifications are used to infer their 3-D intrinsic structure (102).
In the previous ASPN meetings, the question of fraction of bipolar nebulae has been
extensively debated. Although the number of PNs with apparent bipolar morphology
is small, their actual numbers can be much higher due to limitation of sensitivity and
dynamic range. For example, the equatorial region of a bipolar nebula is often much
brighter than the lobes, and in a sensitivity-limited image, the bipolar nature would be
missed. The invention of CCDs has led to the realization that some elliptical PNs are in
fact bipolar (e.g., NGC 650-1). The effect of orientation is another problem. Near face-
on equatorial rings would appear to be elliptical, even though the intrinsic structure of
the PN is bipolar (e.g., NGC 6720, NGC 7293).

Our recently acquired ability to image PNs in the infrared has also led to the dis-
covery of some hidden bipolars. Figure 1 shows the Spitzer IRAC 8 images of IRAS
17351−3130 and M1−41. The bipolar morphology of these objects is revealed by dust
emission in the lobes. Without the infrared image, this object would be classified as
having a ring morphology, but actually the ring is the equatorial region of the bipolar.

2. Revelation of “Dark Matter”

Although the optical lobes of bipolar nebulae are bright and spectacular, they are not
where the majority of the nebular masses lie. From the optical images of many bipolar
nebulae (e.g., NGC 2346, NGC 6302), it is clear that the equatorial region is confined
by unseen external material. Molecular hydrogen images of bipolar PNs suggest that
the lobes are ionization bounded and H2 emission can trace the boundaries through
shock excitation (103). Mid-infrared and submm observations have revealed that most
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Figure 1. GLIMPSE 8 µm image of IRAS 17351-3130 (left) and composite color
image of the PN M1-41. Bipolar lobes can clearly be seen in both objects. Images
made by C.H. Hsia.

of the mass is in fact hidden in the equatorial region in the form of neutral (molecular)
matter. Figure 2 shows that the mid-infrared image of the bipolar nebula NGC 6302
has a very different morphology from its optical image. Most of the infrared light is
emitted from the equatorial region. Molecular mapping of NGC 6302 shows that it
has a massive expanding molecular torus (100). In NGC 2346, the equatorial region
manifests itself in the mid-IR and dominates emissions in the 24 and 70 µm images
whereas the spherical AGB remnant dominates the emission at 160 µm (108).

The role played by the equatorial torus in the collimation of the fast outflow is of
particular interest. Figure 3 shows the 18 µm image of the multipolar proto-planetary
nebulae (PPN) IRAS 16594−4656 (109). Dust emission is seen predominantly in the
equatorial region and along the edges of the lobes. We see that the lobes are still closed
(unlike most bipolar PN which have open ends), indicating that the fast outflow has not
yet broken through the circumstellar envelope. Also shown in Fig. 3 is the PPN IRAS
17441−2411. The bright torus in the infrared image corresponds to the dark lane in the
optical image of this object (110).

3. Kinematic Components of PN

From optical, infrared, and mm molecular line observations, we have learned that a
PN system consists of several kinematic components. There is an extended, spherical
component (remnants of the AGB wind) which is expanding at ∼10 km s−1. The dy-
namical age of this component is ∼ 104 yr. A later-developed equatorial outflow has
velocities of ∼ 102 km s−1 and has a dynamical age of ∼ 103 yr. Directional outflows,
possibly collimated by the torus, have velocities of ∼ 103 km s−1 interact with the AGB
remnants and sweeps up the material leaving behind a low-density cavity. Depending
on the evolutionary stage of the nebula, some of these kinematic components may be
ionized. The first to be ionized are the lobes, and then the ionization will gradually
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Figure 2. Comparison between the optical (left) and the infrared (right) images of
NGC 6302. The color image on the right is a composite of 3.6, 5.8, and 8 µm IRAC
images from Spitzer observations. Images made by C.H. Hsia.

Figure 3. Gemini 18.3 µm image of the PPN IRAS 16594-4656 (left) and Gemini
11.7 µm image of the PPN IRAS 17441-2411 (right). See Volk et al. (2006, 2007)
for details.
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propagate through the torus. The high density of the torus makes it bright in the visible.
A complete mapping of the kinematic structure of PN therefore requires integral field
spectroscopy in the optical (for the ionized components) and interferometric molecular
mapping for the neutral components.

4. A Model of Multipolar PN

One of the mysteries of multipolar nebulae is that the lobes are of approximately the
same size (for examples see He 2-47 and M1-37 in Sahai (106) and NGC 2440 in Kwok
(104)). This is difficult to understand in a multi-ejection model as the ejection has to
happen almost simultaneously in multiple directions. An alternative hypothesis was
proposed by Kwok (104) which the multiple lobes are not regions of high density but
rather cavities carved out by high-velocity outflows. In this picture, most of the masses
are contained in a spherical envelope. A later-developed equatorial torus channels the
fast outflows through the poles and create bipolar cavities. When the central star is hot
enough, UV photons that leak out from the poles will photoionize the cavities, making
them optically bright. However, if the torus has holes, then there can be multiple pairs
of lobes. A theory on how such holes can be developed from instabilities in dissociation
fronts was recently developed by Garcı́a-Segura (101).

5. Conclusions

Although we have traditionally classified PNs by their optical morphology, we have
learned from observations in the infrared and submm wavelengths that the optical im-
ages may not correspond to the distribution of matter density. A full understanding of
the morphology of PNs has to come from multi-wavelength observations so that the
ionized, molecular, and solid-state components can all be mapped. These images have
to be supplemented by spectral data so that the true 3-D structure can be reconstructed
from kinematic models.

Acknowledgments. I would like to thank Yong Zhang and Chih-Hao Hsia for help-
ful discussions. This work was partially supported by the Research Grants Council of
the Hong Kong Special Administrative Region, China (project no. HKU 7031/10P.)
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Abstract. We have, for the first time, compiled a nearly complete census of planetary
nebulae (PNe) centred on the Sun. Our goal is the generation of an unbiased volume-
limited sample, in order to answer some long-standing statistical questions regarding
the overall population of Galactic disk PNe and their central stars. Much improved
discrimination of classical PNe from their mimics is now possible based on the wide
variety of high-quality multiwavelength data sets that are now available. However,
we note that evidence is increasing that PNe are heterogeneous, and probably derived
from multiple evolutionary scenarios. We give some preliminary data on the relative
frequencies of different types of PNe in the local Galactic disk.
Keywords. Stars: AGB and post-AGB – planetary nebulae: general

1. Introduction

Planetary nebulae (PNe) are an important, albeit brief, evolutionary phase in the life-
times of a significant fraction of Milky Way stars. While their formation is broadly
understood (e.g. Balick & Frank 2002), the exact mechanism(s) required to manufac-
ture the multitude of PN morphologies remains unclear, as does the ultimate fate of
our own Sun. To help answer these questions, we have compiled the most complete
volume-limited census of PNe out to 2.0 kpc from the Sun ever compiled (Frew &
Parker 2006, Frew 2008), containing 210 PNe. We have recently extended the census
out to 3.0 kpc (Frew & Parker 2010b) which doubles the number to over 420 PNe,
though this enlarged sample is less complete at the faint end of the PN luminosity func-
tion (Ciardullo 2010). This number can be compared to the known Galactic population
which currently totals nearly 3000 PNe (Frew & Parker 2010; Jacoby et al. 2010).

Volume-limited samples are fundamental in astronomy, but not easy to produce.
The ability to generate this PN census rests, in large part, on the application of our new,
empirical Hα surface brightness – radius (SB-r) relation which we have shown can pro-
vide distances accurate to 20–30% (Frew & Parker 2006; Frew 2008). Our technique is
currently the only statistical method that is applicable to the very faintest, senile PNe,
which are selected against in extant radio surveys. Such faint PN numerically domi-
nate any volume-limited sample, so it is crucial to include them in order to generate
an unbiased census which can then be used to answer some long-standing statistical
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questions regarding the overall population of Galactic disk PNe and their central stars
(CSPN). Estimates of the local volume density, scale height, and total number of PN
in the Galaxy also rest on having an accurate census of nearby nebulae (see Frew &
Parker 2007, for a discussion).

Surprisingly, and somewhat distressingly, there remains a lack of consensus over
the precise definition of a PN, a situation that lingers even after several decades of
intensive effort∗ (for a fuller discussion of this problem, see Frew & Parker 2010a). It is
commonly argued that the ‘planetary nebula’ moniker has a distinct physical meaning,
and should be restricted to the ionized shell ejected at the end of the AGB phase, or
by a common-envelope ejection (De Marco 2009, and references therein). This is an
important point, as in many symbiotic systems, which are often confused with PNe, the
gas is thought to be donated by a companion giant, and not derive from the precursor
of the white dwarf (WD) which is usually present in these systems (Corradi 2003).

Besides our development of the Hα SB-r relation, we have also refined a range of
multiwavelength classification tools to weed out the many mimics that have contami-
nated both Galactic and extragalactic PN catalogues in the past. We have recently used
mid-IR and radio diagnostics to identify contaminants (Cohen et al. 2007, 2010). Based
on an overview of the literature, extensive experience in the compilation of the MASH
catalogues (Parker et al. 2006; Miszalski et al. 2008), as well as insights from the
solar neighbourhood PN census, Frew & Parker (2010a) provided a phenomenological
definition, listing a summary of the various observable properties manifested by PNe.

2. Identifying PNe

A review of the history of PN surveys is presented by Parker & Frew (2010, these pro-
ceedings). PNe have been confused with many different types of objects, as diverse as
HII regions, massive star ring nebulae, Herbig-Haro objects, B[e] stars, reflection neb-
ulae, supernova remnants, symbiotic outflows, and galaxies. We recommend that the
following diagnostic criteria be examined, the exact combination depending on whether
the candidate nebula is compact or extended. These criteria have been rigorously ap-
plied to our local volume sample (as discussed by Frew & Parker 2010a). They include:

• Presence of a hot (bluish) star that is relatively faint compared to the nebular flux.
Non-blue stars may be either reddened single stars or binary stars with a cooler com-
panion; in the latter case, a UV excess can provide evidence for the true ionizing star
(e.g. Frew et al. 2010b). The properties of the ionizing star, if known, should be exam-
ined, including its evolutionary age and position in the HR diagram.
• Nebular morphology and the ionization structure, including the consistency of any
ISM interaction with the proper-motion vector of the ionizing star.
• Nebular emission-line ratios, using diagnostic plots where applicable (see Frew &
Parker 2010a).
•Near-IR and mid-IR colours; use a range of diagnostic plots (Schmeja & Kimeswenger

∗During the 1967 IAU PN symposium, R. Minkowski responded to a query from D.S. Evans, stating: As
to the question of how to define a planetary nebula, there is no better way than to accept any object in a
catalogue of planetary nebulae if nobody has serious objections (Osterbrock & O’Dell 1968: 290).
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Likely	  PNe	  

Figure 1. A montage of selected “PNe” from the literature, all presented at the
same physical size; the scale bar represents 1 pc. We find that size appears to be a
simple, but powerful discriminant between pre-PNe and most bona fide symbiotic
outflows like BI Cru and He 2-104.

2001; Corradi et al. 2008; Cohen et al. 2007, 2010).
• Available time-domain photometric data to search for variability of the ionizing star,
exhibited by close-binary CSPN or symbiotic stars.
• Strength of the radio and mid-IR flux densities (especially useful if a constraint on
the distance is available).
• Systemic radial velocity of the nebula (does it differ from the RV of the ionizing star?)
and the line width — is the nebula expanding or is the line width consistent with an HII
region or static ISM? Alternatively, are broad Hαwings seen in compact objects, as this
may be indicative of a symbiotic or B[e] star.
• Physical nebular diameter, which should be ≤5 pc, but a distance estimate is required.
While there is overlap in the sizes of PNe, Population I ring nebulae, and resolved sym-
biotic outflows, we find bona-fide pre-PNe (Sahai et al. 2007; Szczerba et al. 2007) to
be generally smaller than symbiotic outflows (Figure 1).
• Ionized mass, which should be between 0.005 and 3M�, but the distance needs to be
known.
• Local environment. For example, YSOs, and T Tauri stars are usually associated with
HII regions, molecular clouds, and areas of heavy obscuration or dark lanes.
• Galactic latitude. PNe have a larger scale height than HII regions, SNRs, and massive
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stars, and are more likely to be found away from the Galactic plane.
•Abundances of the nebular gas – check for N enrichment, which would indicate either
a PN, a nova shell, or massive star ejecta.

No one criterion is generally enough, so we use the overall body of evidence to
define the status of a candidate nebula (see Frew & Parker 2010a, for further details). As
an illustrative example of our multiwavelength approach, the emission nebula around
the sdOB star PHL 932 is detailed by Frew et al. (2010a), and convincingly shown to be
a HII region; it should be expunged from current catalogues of PNe. We have discarded
another dozen objects from the 1.0 kpc census (e.g. Sh 2-174 and Abell 35, amongst
others; Frew 2008). The reader is also referred to Frew & Parker (2006), Parker et al.
(2006) and Madsen et al. (2006) for other examples of nearby PN impostors.

3. Do PNe Form a Heterogeneous Class?

Even after removal of the obvious contaminants from PN catalogues, there is increasing
evidence that the class itself is a ‘mixed bag’ (Frew & Parker 2010a), and that several
stellar evolutionary pathways may produce nebulae best catalogued as PNe. Current
work suggests that PN-like nebulae may arise from the following channels:

• Post-AGB evolution of a single star (or member of a wide, non-interacting binary),
producing a conventional or classical PN.
• Short-period binaries that have passed through a common-envelope (CE; De Marco
2009). Their PNe appear to have distinct observational properties (Bond & Livio 1990;
Frew & Parker 2007; Miszalski et al. 2009b, 2010). Some post-CE PNe seem to con-
tain two hot subdwarfs (Hillwig 2010); the formation mechanism(s) of these, and the
putative PNe around the classical novae V458 Vul and GK Per remain unclear (Wesson
et al. 2008; Rodrı́guez-Gil et al. 2010). Also noteworthy is the re-interpretation of
V605 Aql (in Abell 58) by Lau, De Marco & Liu (2010) as a possible nova in a PN.
• Longer-period interacting binaries, a subset of which appear to be related to the fam-
ily of highly-collimated bipolar nebulae which host central stars exhibiting the B[e]
phenomenon, with or without symbiotic characteristics.
• The so-called ‘born-again’ phenomenon, where a final helium flash produces a H-
deficient star and surrounding knots inside a pre-existing, old PN (Zijlstra 2002), how-
ever there seem to be problems with this scenario (Lau et al. 2010).
• Scenarios that produce the rare O(He) stars; K 1-27 is the archetype of the class. They
are possibly the long-sought successors of the R CrB stars (Rauch et al. 2008), which
may result in turn from a double-degenerate merging process (Clayton et al. 2007).
• Evolution of a super-AGB star (Poelarends et al. 2008), but there are no confirmed
examples known.

There is also great variation in the spectral types of CSPN. Up to 20% are H-
deficient, including those where Wolf-Rayet features are present — these are denoted
[WR] to differentiate them from their Population I cousins. Almost all [WR] CSPN
belong to the [WC]/[WO] sequence except for the rare [WN] objects N 66 in the LMC
(Peña et al. 1995; Hamann et al. 2003), PM 5 in the Galaxy (Morgan, Parker &
Cohen 2003), and two recently discovered Galactic CSPN belonging to a proposed
new [WN/WC] class: PB 8 (Todt et al. 2010) and Abell 48 (DePew et al. 2010); the
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origin of these peculiar stars is unclear. N 66 surrounds a [WN4-5] star and has been
suggested to be the product of a high-mass progenitor, but a binary evolution channel
may be more likely (see Hamann et al. 2003, for a discussion).

4. Relative Numbers

It is difficult to ascertain the relative contributions of these various evolutionary path-
ways to the PN population until a complete spectroscopic survey of all nearby CSPN
has been undertaken. Based on a preliminary 1.0 kpc volume-limited sample, Frew
& Parker (2007) found 22 ± 9% of local CSPN are close binaries and are presumably
derived from a post-CE evolutionary channel (De Marco 2009). We find the fraction of
[WR] CSPN to be 7 ± 3%, and H-deficient CSPN to be about 20% of the total. Some
nearby PNe possess unresolved high-density cores, which we have termed ‘EGB 6-like’
CSPN (Frew & Parker 2010a). Two are known within 1.0 kpc, so the fraction is ∼2/55
or 4 ± 2%. This is a lower limit, as not all local CSPN have adequate spectroscopy.

Within a larger sample of 210 PNe within 2.0 kpc (Frew 2008), some rarer sub-
classes make an appearance. There are but one or two born-again objects (Abell 30 and
Abell 78), one PN with an O(He) nucleus (K 1-27), one putative PN with a [WN] CSPN
(PM 5), another with a [WN/WC] nucleus (Abell 48; DePew et al. 2010), and one or
two highly collimated outflows associated with [Be] stars (which may not be true PNe),
e.g. M 2-9. More robust estimates of these relative proportions will follow from a more
detailed analysis of our enlarged 2.0 and 3.0 kpc samples.

5. Future Work

The total number of Galactic PNe is now nearly 3000, with the potential to grow more
over the next few years (Parker & Frew 2010a; Jacoby et al. 2010). New discoveries
from IPHAS (Viironen et al. 2009; Sabin et al. 2010) plus new candidates found at
mid-IR wavelengths (e.g. Mizuno et al. 2010) should substantially add to the total. It
is important that newly discovered nebulae be correctly classified, and it pays for the
specialist to be cognisant of the full zoo of potential mimics. Much improved discrim-
ination of true PN from their mimics is now possible based on the range of online UV,
optical, near-IR, mid-IR, and radio data-sets that are available. While data-mining has
its place, we caution that unusual objects be classified on a case-by-case basis.

One outstanding question from the two most recent APN meetings is the role of
binarity in the formation and shaping of PNe (De Marco 2009, 2010), so we intend to
carefully survey our samples for new close binaries to better ascertain the proportion
of post-CE PNe in the local Galactic disk. This number can then be confronted with
model predictions made by other authors (e.g. Soker 1997; Moe & De Marco 2006).
Our preliminary disk post-CE estimate of ∼22% is in agreement with the estimate of 17
± 5% for a large, but flux-limited sample of Galactic bulge CSPN (Miszalski 2009a).
We lastly note a surprising diversity of emission-line stars in PN-like nebulae, but the
links between these nuclei and some symbiotic and B[e] stars is still unclear. A com-
plete spectroscopic survey of all local CSPN is needed to better quantify the observed
diversity of spectra. In particular, multiwavelength follow-up of unusual CSPN is re-
quired to confront evolutionary theory, and in this sense, they are much more valuable
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than the more routine objects. We look forward to the day when a precise taxonomy of
the ‘PN phenomenon’ is attained, but a consensus appears elusive at this point in time.
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Abstract. We present preliminary results of an analysis of the iron depletion factor
into dust grains for a sample of 20 planetary nebulae (PNe) from the Galactic bulge. We
compare these results with the ones we obtained in a prior analysis of 28 Galactic disk
PNe and 8 Galactic H II regions. We derive high depletion factors in all the objects,
suggesting that more than 80% of their iron atoms are condensed into dust grains. The
range of iron depletions in the sample PNe covers about two orders of magnitude, and
we explore here if the differences are related to the PN morphology. However, we do
not find any significant correlation.
Keywords. Planetary Nebulae – Dust

1. Introduction

Asymptotic giant branch (AGB) stars suffer mass loss episodes during the late stages
of their evolution. The combination of high densities with relatively low temperatures
makes the atmospheres of these stars favourable sites for grain formation, and in fact
they are considered one of the most efficient sources of dust in the Galaxy (see, e.g.,
127). Planetary nebulae (PNe) are created when AGB stars reach temperatures high
enough to ionize the material previously ejected. Several authors have studied the dust
present in PNe, but it is not clear how much dust they have and whether it is destroyed
or modified during their lifetimes (119; 116; 125).

We study the dust in PNe through the analysis of the iron depletion factor, the
ratio between the expected abundance of iron and the one measured in the gas phase.
The abundances of refractory elements like iron have been calculated from ultraviolet
absorption lines in several interstellar clouds toward different lines of sight, and the
low values obtained, compared to the solar ones, are generally interpreted as due to
depletion into dust grains (see, e.g., 118). Iron is mostly condensed into grains and has
a relatively high cosmic abundance. Those two facts together make iron an important
contributor to the mass of refractory grains (121), and hence the iron depletion factor is
likely to reflect the abundance of refractory elements in dust grains. Besides, in ionized
nebulae iron is the refractory element with the strongest lines in the optical range of the
spectrum.

In a previous work (113), we performed a homogeneous analysis of the iron abun-
dance in a sample of 28 Galactic disk PNe and 8 Galactic H II regions. We obtained
very low iron abundances in all the objects, implying that more than 90% of their total
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iron abundance is condensed into dust grains. This suggests that iron depletes very effi-
ciently in AGB stars and molecular clouds, whereas refractory dust is barely destroyed
in the ionized gas of PNe and H II regions. Here, we extend our analysis to include 20
Galactic bulge PNe (observed by Wang & Liu 126), and study the dependence of the
results on PN morphology.

2. The analysis

In H II regions and low ionization PNe, Fe++ and Fe+3 are the dominant ionization
stages of iron. Due to the faintness of [Fe IV] lines, the gaseous iron abundance is
usually calculated from the Fe++ abundance and an ionization correction factor (ICF)
derived from photoionization models. However, for the handful of objects with mea-
surements of [Fe III] and [Fe IV] lines, a discrepancy has been found between the
abundance calculated with the aforementioned method and the one found by adding the
abundances of Fe++ and Fe+3. Rodrı́guez & Rubin (120) studied this discrepancy and
derived three correction schemes that take into account what changes in all the atomic
data involved in the calculations would solve the discrepancy: (1) a decrease in the col-
lision strengths for Fe+3 by factors of ∼2–3, (2) an increase in the collision strengths
for Fe++ by factors of ∼2–3, or (3) an increase in the total recombination coefficient
or the rate of the charge-exchange reaction with H0 for Fe+3 by a factor of ∼10. Since
these three possibilities are equally plausible, and since the discrepancy could be due
to some combination of them, the real value of the iron abundance will be intermediate
between the extreme values derived with the three correction schemes.

As in our previous work, we select PNe with a relatively low degree of ioniza-
tion (I(He II λ4686)/I(Hβ) . 0.3, see Delgado-Inglada et al. 113), and with moderate
electron density (below 25 000 cm−3), since high densities can be associated with large
density gradients that introduce large uncertainties in the calculations. Besides, the ob-
jects have spectra with all the lines we need to calculate the physical conditions and
the abundances of Fe++, O+, and O++. We calculate a mean electron density and two
electron temperatures (using the usual [N II] and [O III] diagnostic line ratios) for the
low and high ionization regions; and with them we derive the O+, O++, and Fe++ abun-
dances. To derive the total oxygen abundances we use the ICF from Kingsburgh &
Barlow (115) and for iron the three ionization schemes of Rodrı́guez & Rubin (120).
See Delgado-Inglada et al. (113) for more details on the procedure and on the atomic
data we use. The uncertainties in all the quantities were estimated via Montecarlo sim-
ulations (Delgado-Inglada & Rodrı́guez, in prep.).

3. Results

Figure 1 shows the values of the Fe/O abundance ratio (left axis), and the depletion
factors (right axis) for Fe/O: [Fe/O] = log(Fe/O) − log(Fe/O)�. We use the solar abun-
dance from Lodders 117, log(Fe/O)� = −1.22 ± 0.06, as the expected total abundance.
Filled symbols in this figure indicate the values derived using the correction scheme
defined by point (3) above, while empty symbols represent the values obtained with the
other two correction schemes. The real values are expected to be in the range defined
by these three values. We find that both PNe and H II regions have consistently high
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depletions factors, with more than 80% of their iron atoms condensed into dust grains.
The differences between the Fe/O values derived with the three correction schemes de-
pend on the degree of ionization of the objects: the higher the degree of ionization, the
greater the difference in Fe/O values. Hence, the iron abundance is better constrained
for the objects with log(O+/O++) & −1.0, where the differences between the correction
schemes are ≤0.5 dex. No matter which correction scheme we consider, the range of
depletions is wide in this region, with a difference in the iron abundance of a factor of
∼100 between the objects with the lowest and the highest value. Although these varia-
tions should be reflecting real differences between the objects, we do not find any clear
correlation between the iron abundances and parameters related to the nebular age (such
as the electron density or the surface brightness of the PN) or with the dust chemistry
(Delgado-Inglada & Rodrı́guez, in prep.). The first result suggests that no significant
destruction of dust grains is taking place in these objects, and the second one argues for
a similar efficiency of iron depletion in C-rich and O-rich environments.

Figure 1. Values of Fe/O (left axis) and the depletion factors for Fe/O ([Fe/O] =
log(Fe/O) − log(Fe/O)�, right axis) as a function of the degree of ionization. Three
values of Fe/O are shown for each object, derived using the three correction schemes
of Rodrı́guez & Rubin (120). The PNe are classified according to their origin (disk
or bulge) and their morphology. See the text for more explanations.

Here, we explore the relation between the iron abundances of the sample PNe and
their morphological types. There is some observational evidence that the morphological
type of a PN is related to the progenitor mass. Symmetric PNe (round or elliptical
nebulae) might descend from low mass progenitors, and asymmetric PNe (bipolar or
more complex objects) might have the most massive progenitor stars (see, e.g., 111;
123). Asymmetric PNe have also been associated with binary systems (see, e.g., 111;
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122; 112), and with stellar rotation and/or magnetic fields (see, e.g., 114). Although
the reasons behind the shaping of PNe are still a matter of debate, we study here if
there is a correlation between the morphologies and the iron depletion factors. Figure
1 shows the PNe morphologies given by the Planetary Nebula Image Catalog of Bruce
Balick (PNIC∗) and by Stanghellini et al. (124) for the 34 objects with available images.
Two of them are classified as round, 26 as elliptical, four as bipolar, one as irregular,
and one more as complex. This figure shows that there is no obvious trend relating
the morphological type and the amount of iron condensed in dust grains. For example,
elliptical and bipolar PNe are distributed in the whole range of depletions. The three
correction schemes used in the abundance determination give consistent results on this
issue.

4. Conclusions

We derive the iron abundance in a sample of 20 Galactic bulge PNe, and compare
the results with the ones previously obtained for 28 Galactic disk PNe and 8 Galactic
H II regions. We find high depletion factors in all the objects: less than 20% of their
expected total number of iron atoms are measured in the gas phase. This result suggests
that iron depletion into dust grains is an efficient process in AGB stars, whereas dust
destruction is not very efficient in the subsequent PN phase. Although the range of
depletions in the sample PNe is wide, covering around two orders of magnitude, we do
not find any correlation between the iron depletion factors and the morphology of the
PNe. Further details of the analysis will we presented in Delgado-Inglada & Rodrı́guez
(in prep.).
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Abstract. The Planetary Nebulae Luminosity Function (PNLF) describes the col-
lective luminosity evolution for a given population of Planetary Nebulae (PN). A major
paradox in current PNLF studies is in the universality of the absolute magnitude of
the brightest PNe with galaxy type and age. The progenitor central-star mass required
to produce such bright PNe should have evolved beyond the PNe phase in old, red
elliptical galaxies whose stellar populations are ∼10 Gyr. Only by dissecting this re-
solved population in detail can we attempt to address this conundrum. The Bulge of our
Galaxy is predominantly old (150) and can therefore be used as a proxy for an elliptical
galaxy, but with the significant advantage that the population is resolvable from ground
based telescopes. We have used the MOSAIC-II camera on the Blanco 4-m at CTIO to
carefully target ∼80 square degrees of the Galactic Bulge and establish accurate [Oiii]
fluxes for 80% of Bulge PNe currently known from the Acker and MASH catalogues.
Construction of the [Oiii] Bulge PNLF has allowed us to investigate placement of PNe
population sub-sets according to morphology and spectroscopic properties the PNLF
and most importantly, whether any population subset might constitute the bright end of
the LF. Our excellent, deep data also offers exciting prospects for significant new PNe
discoveries and [Oiii] morphological studies.
Keywords. Planetary nebulae – Luminosity function

1. Introduction

For the past ∼20 yrs, the [Oiii] PNLF has developed into a well-established and widely
used reliable extra-galactic distance indicator, permitting accurate distance measure-
ment for galaxies out to the Fornax and Virgo clusters (136; 133; 134). Ciardullo,
Jacoby, & Ford (129) published the refined fit to the luminosity function:

N(M) ∝ e0.307M(1 − e3(M∗−M)) (1)

When the distance to the population is accounted for, the fit to the bright-end
cut-off is found to have a precisely defined absolute magnitude of M∗ = −4.47+0.02

−0.03
(128). Except for a weak metallicity dependence (132), this bright-end cut-off is found
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to be invariant to galaxy type or age. This fundamental inconsistency was outlined by
Ciardullo et al. (130).

The central stars of the brightest planetaries have luminosities of ∼6000 L�, which
infers masses of >0.6 M� (140) and consequently that they evolved through the main-
sequence with a mass >2 M� (149). Stars with these relatively high masses only live
for ∼1-2 Gyr and therefore we do not expect to detect such stars in old populations such
as elliptical galaxies that are ∼10 Gyr old and have undergone no recent star formation.
However, they are nonetheless observed in such old populations (for a more detailed
discussion see Jacoby 135).

This paradox has seriously inhibited our understanding and interpretation of the
observed invariability of the PNLF bright-end cut-off to population age. We propose
to address this problem via construction of a new, significantly deeper Bulge PNLF to
identify whether the bright-end of the luminosity function is comprised of PN that have
evolved from old, population-II stars via some peculiar path to enhanced luminosity,
e.g. through binarity (130), or whether it is primarily populated by younger, higher
mass, bipolar nebulae of Type-I (148).
2. Optical observations and correcting for extinction

We obtained [Oiii] photometry for 435 previously known and MASH PN (146; 141) in a
10◦ ×10◦ region toward the Galactic Bulge (138). From these data, we measured [Oiii]
fluxes and angular diameters, both of which were in agreement to within the errors of
the most trusted literature sources. Previously, only 48 PN in this region had published
[Oiii] fluxes, so we are increasing the number of PN with fluxes by a factor of eight.
These data provide accurate fluxes and diameters for the largest sample of PN towards
this region of the Bulge ever published.

Optical observations made toward the Galactic Bulge are subject to a large amount
of patchy and highly variable interstellar absorption and scatter due to dust along the
line-of-sight. It is therefore important to ascertain the magnitude of extinction towards
PN individually. We note that by correcting for the amount of dust towards each PN,
we are also correcting for the dust internal to the nebula shell. This is not done for
extragalactic PNLF studies, where a singular global extinction correction is applied
to all PN. Accounting for this in PN that have evolved from high-mass central stars,
where their inherently large dust content would usually act to self-extinct their bright
[Oiii] emission, may prove detrimental and place them at a significantly higher value
than M∗. This has also been observed when correcting the extinction towards individual
PN for PNLF construction in the Bulge of M31.

To deredden our fluxes we undertook spectroscopic observation of ∼400 PN to-
wards the Galactic Bulge (see Miszalski et al., 2009a). For ∼350 of these objects which
also had [Oiii] photometry, we obtained Balmer decrement measurements with which
to derive extinction estimates. These data are given in Kovacevic et al. (139).

3. The new Galactic Bulge [Oiii] PNLF

Previously defined criteria to identify and exclude disc PN from any Bulge PNLF con-
struction are more assumption than fact, having never undergone rigorous testing. We
re-evaluate and re-define the criteria required for PN Bulge membership in terms of
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Figure 1. The [Oiii] luminosity function for Galactic Bulge Planetary Nebulae.

location, radio flux, radial velocity, surface brightness and radio and optical angular
diameters.

With this disc-cleaned sample, we present a new, preliminary version of the [Oiii]
PNLF (Fig. 1). After fitting equation 1 to the distribution, we calculate the bright-end
cut-off has an absolute magnitide of −4.38 ± 0.13, assuming a distance to the Galactic
Centre of 7.52 kpc (144). This agrees, to within the errors, with the canonical value of
M∗ = −4.47+0.02

−0.03 (128). The high-resolution of the MOSAIC-II Imaging has permitted
preliminary elucidation of morphology of some Bulge PN for the first time. This, to-
gether with SHS Hα images (145) and other imagery where it exists in the literature,
will enable us to assign more conclusive morphological classifications from a multi-
wavelength approach.

Interestingly, within our sample, we find that neither Type I nor bipolar PN popu-
late the bright-end in agreement with Jacoby & De Marco (137). Instead they dominate
the faint end of the SMC PNLF, perhaps as a consequence of fast evolution and a high
amount of dust present.

4. Future work

Our [Oiii] data not only allows for accurate measurement of fluxes, diameters and iden-
tifcation of morphologies of PN, but also, the sensitivity attained has permitted the dis-
covery of faint nebular extensions pertaining to previous periods of mass loss in some
PN. This is exemplified by the case of IC 4673 (see Fig. 2), where a halo surrounds the
PN (131) together with external east-west arcs which could signifiy the presence of a
binary central star (143). The depth of the survey data has also allowed for discovery
of numerous faint new PN candidates. The [Oiii] images of PN and extensions around
PN will be made available online in the near future.
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Figure 2. A faint halo of emission and external arcs detected around IC 4673.
Inset image taken from Schwarz, Corradi, & Melnick (147).

5. Conclusions

We provide accurate [Oiii] fluxes and angular diameters for the largest sample of PN in
the 10◦ ×10◦ region toward the Galactic Bulge ever obtained. We obtained optical spec-
troscopy to provide accurate measurement and derivation of the reddening corrections
towards ∼350 of the PN with [Oiii] fluxes. The general criteria considered for Bulge
membership was re-defined, and implemented to exclude any disc PN. This cleaned
sample was then used to construct our preliminary new Galactic Bulge PNLF.

This is the deepest Bulge PNLF ever constructed, ranging over 8 orders of magni-
tude and is complete to 4 magnitudes below M∗. The fit to the bright-end cut-off has an
absolute magnitude of M∗ = −4.38 ± 0.13, using a distance of 7.52 kpc. After a brief
analysis of high quality spectra from the literature, the PN constituents residing in the
brightest bins are not found to be of Type-I or have bi-polar morphology.

Acknowledgments. AVK acknowledges Macquarie University for a PhD scholar-
ship and the Astronomical Society of Australia for travel assistance.
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A New Luminosity Function for PNe in the Large Magellanic Cloud
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Abstract. A deep AAO/UKST Hαmulti-exposure stack of the LMC’s central 25deg2

was used to uncover several thousand candidate emission line sources. Follow-up con-
firmatory spectroscopy by the 2dF and FLAMES multi-object spectroscopy systems on
the AAT and ESO VLT led to the discovery of 460 new LMC PNe while independently
recovering all 169 previously known PNe in the LMC’s central area.

This work is now being extended to the outer regions of the LMC through access
to the Magellanic Cloud Emission Line Survey (MCELS) data where several thou-
sand additional compact emission candidates have been found. Subsequent preliminary
follow-up spectroscopy on the 2dF AAOmega system on the AAT has so far led to a
further 90 new faint PNe being discovered from the first half of our observing program
which aims to cover 56 deg2 of the outer LMC. Again all 68 previously known PNe in
the region surveyed so far were independently recovered.

Our new LMC planetary nebula luminosity function (PNLF), complete to 7 mag
below the brightest and based on PNe within the central 25 deg2 region, will be extended
to include the new discoveries in the outer LMC. This will provide a unique probe into
the LMC’s chemical and dynamical evolution. The shape of the function depends on the
central star mass and on the variation of the nebula optical depth with time. This makes
the overall shape of the [O iii] 5007 PNLF an important diagnostic for galactic chemical
evolution. In particular, the faint end of the function reflects core stellar evolution. For
the first time we present and compare the [O iii] 5007 PNLF corrected for foreground
reddening with the same objects corrected for internal extinction.
Keywords. Planetary nebulae – Luminosity function

1. PNe survey extended to the outer LMC

Reid & Parker (2006b)[RPb] previously used their deep AAO/UKST Hαmulti-exposure
stack of the LMC’s central 25 deg2 (Reid & Parker 2006a, RPb) to discover 460 new
PNe confirmed by 2dF while independently recovering all 169 previously known PNe
in the central area. A large fraction of new LMC PNe are ≥ 3× fainter than those
previously known, tripling numbers accrued from all surveys over the last 80 years.
These data have led to significant advances in our understanding of the kinematical
sub-structure of the central LMC including improved determination of LMC rotation,
inclination and transverse velocity (RPb) as well as better elucidation of the old stellar
population and a significantly improved PNLF (Reid & Parker 2010). Crucially, how-
ever, these data refer only to the LMC’s central zone which may not be representative
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of outer regions. The Magellanic Cloud Emission-line Survey (MCELS)∗, provides the
base data for significantly improved, more complete results across the entire LMC as it
incorporates the outer ∼56 deg2 not previously covered.

Using the UM/CTIO Curtis Schmidt telescope coupled to a 2K x 2K CCD, the
MCELS data consists of an Hα, [SII] 6716-6731 and [OII] 5007 map of the LMC.
Despite relatively large 3 arcsec pixels, MCELS has a good capability to detect faint
Hα emitters. In the combined images (shown in Figure 1) the Hα map is coloured red,
the [SII] map is coloured green and the [O iii] map is coloured blue. Careful matching of
intensities allows candidate planetary nebulae to appear pink. A white centre indicates
a bright candidate.

Figure 1. Left to right: Discovery images of RP2243, RR2110 and RP6291.

Figure 2. AAOmega B-band (left) and R-band (right) spectroscopic confirmations
of PN RP2243.

Spectroscopic confirmation of the entire MCELS candidate PNe sample, uncov-
ered by our processing techniques (RPb) for zones outside the original AAO/UKST
survey region (see Figure 2) will allow precise determination of the PN distribution and
kinematics across the entire LMC, never possible before for a whole galaxy. Following
our initial confirmatory spectroscopy, we have already been able to confirm more than
90 new LMC PNe together with hundreds of other new emission sources.

∗see http://www.ctio.noao.edu/mcels/
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2. A new deep PNLF for the central 25 deg2 of the LMC

We have been able to provide the most complete, deep and accurate PNLF ever as-
sembled for an outer galaxy. This can be used to accurately predict the number of
stars in the PN evolutionary stage in each luminosity bin compared to the luminosity
and mass of the whole galaxy. This is not currently possible for any galaxy other than
the LMC/SMC, as dust obscures too much of our own Galaxy and other galaxies are
too distant to identify faint PNe. The well determined 49.2 Kpc LMC distance (Reid
& Parker 2010), modest, 35 degree inclination angle and disk thickness (∼500pc van
der Marel & Cioni 2001), mean that LMC PNe are effectively co-located. With low
extinction, we can better estimate absolute line fluxes.

The PNLF for the central 25 deg2 of the LMC (shown in Reid & Parker 2010) is
derived from an homogeneous sample of previously known and new RP LMC PNe. To
use the PNLF for distance determination, the data have only been corrected for line of
sight reddening, binned into 0.2 mag intervals and plotted in log space.

Only foreground reddening is used to determine extragalactic distances. This is
because none of the measured PNLFs and simulations to date have included the effects
of circumstellar dust which plays a large part in determining the observed brightness
of the PNLF bright end. In order to make the correct comparison, our PNLF (see
Figure 9 in Reid & Parker 2010) for distance determination has only been corrected
for foreground reddening. The contribution of Galactic dust was removed assuming a
foreground reddening value of E(B-V) = 0.074 (Caldwell & Coulson, 1986).

The [O iii] 5007 PNLF may be represented by an exponential curve with a sharp
truncation designed to accommodate the bright end (Ciardullo et al. 1989):

N(M) ∝ e0.307M{1 − e3(M∗−M)} (1)

In this equation, the key parameter M∗ is the absolute magnitude of the brightest possi-
ble PN in the system. The limit to the high luminosity of the [O iii] 5007 line is mainly
due to the initial mass of the progenitor star and its evolution to a white dwarf as a
function of time in the ranges of 3-11 Gyrs (Jacoby, 1989). This PNLF model has been
demonstrated as an excellent standard candle when compared to other distance indica-
tors (Ciardullo, 2006). In order to reveal the effects of dust, internal to the LMC and
the environment of each individual PN, we include another PNLF (Figure 3) where the
same objects have been corrected for what we will refer to as ‘internal extinction’ using
the Balmer decrement. Both functions have been plotted on the same scale in order to
clearly demonstrate the offset caused by extinction.

With most external galaxies, it is almost impossible to correct each observed PN
for the effects of internal extinction. Remarkably however, Figure 3 implies that the
one dimensional PNLF of external galaxies can be modeled by simply applying a mean
offset, since the shape of the observed and de-reddened PNLFs are essentially identical.
This result is rather surprising since although individual object extinctions vary between
0 < cHβ < 1.3 (0 - 2 mag), the PNLF responds as though each PN has cHβ = 0.4.

PNe in the brightest 4 magnitudes have low to medium extinction (0 to 0.6) while
PNe with medium to high extinction (>0.6) are only found > 4 magnitudes below the
brightest. These highly reddened faint PNe probably have intrinsically fainter cores,
evolving over a longer timescale. It is therefore possible that the dust properties of these
objects may be rather different to those of the higher-core mass objects. Most of the
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Figure 3. Comparison of the LMC PNLF corrected for foreground reddening and
then corrected for internal extinction. Despite variations in cHβ ranging between 0
and 1.4 for individual objects, the overall PNLF simply shifts 1 magnitude brighter
after correction for internal extinction.

PNe are located in the low to medium extinction range. This suggests that, regardless
of the diminishing intrinsic luminosity as a consequence of age, a large proportion
of these PNe with high-mass cores have evolved fairly rapidly and their surrounding
circumstellar envelope, which provides the extinction, have remained of similar opacity.

A new updated PNLF covering the entire LMC using our new discoveries, com-
plete to 7 mag below the brightest, will provide a unique probe into the LMC’s chemical
and dynamical evolution. The mass and metallicity of the progenitor star largely de-
termines the maximum [O iii] line luminosity of the PN (Dopita et al. 1992). This
makes the overall shape of the [O iii] PNLF an important diagnostic for galactic chem-
ical evolution. The bright end does not carry information about the underlying stellar
populations. The faint end should reflect core evolution as well. With confirmatory
spectroscopy for over a hundred newly discovered and 130 previously known PNe in
the LMCs outer structure, we now have the kinematic and abundance data required to
probe the structure and origin of the entire LMC system (e.g. Jacoby 1999).
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Abstract. We analyse a large sample of galactic planetary nebulae based on their
chemical composition and morphology. A recent morphological classification system
is adopted, and several elements are considered, namely He, N, O, S, Ar, Ne, and C in
order to investigate the correlations involving these elements and the different PN types.
Special emphasis is given to the differences between symmetric (round or elliptical)
nebulae and those that present some degree of asymmetry (bipolars or bipolar core
objects). The results are compared with previous findings both for PN in the Galaxy
and in the Magellanic Clouds.
Keywords. Planetary Nebulae – Abundances – Morphology

1. Introduction

Planetary nebulae (PN) may have different morphological aspects, as made evident
by many classification schemes proposed since the pioneering work of Curtis (1918).
Different morphologies are probably related to different physical origins, which may
include the effects of different stellar masses, binary evolution, magnetic fields, etc. As
a consequence, the observed variety of PN morphologies is associated with different
physical properties, which include their chemical abundances. In this work, we con-
sider a large sample of PN in the Galaxy for which high resolution optical images and
accurate abundances are available, and investigate the relationship between the morpho-
logical characteristics and the chemical abundances, especially concerning symmetric
and asymmetric nebulae.

2. Morphology, abundances, and stellar evolution

Generally speaking, the observed morphologies of PN can be interpreted either as the
result of projection effects on a basic tridimensional structure or as a result of different
physical processes affecting the PN origin and evolution. Recent work seems to favour
the second approach, so that we will adopt the scheme proposed by Stanghellini et al.
(1993) and later updates, and look for correlations involving the morphologies and the
nebular chemical abundances. The PN types are: Round (R), Elliptical (E), Bipolar (B),
Bipolar-core (BC), and Point symmetric (P). Although some nebulae do not fit exactly
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in this scheme, most objects for which detailed high-resolution images are available
can be classified in one of these types.

According to some previous results on the relationship between the morphology
and the evolution of intermediate mass stars (IMS) that originate the planetary nebulae,
bipolar nebulae seem to be formed by relatively massive progenitor stars, those closer
to the high mass limit of the IMS. This is consistent with some characteristics of these
nebulae, such as a lower scale height relative to the galactic plane or higher helium and
nitrogen abundances. The He and N enhancements can be expected in bipolar nebulae if
they are originated from the higher mass IMS, for which the dredge-up and Hot Bottom
Burning (HBB) processes lead to a reduction in the C abundances, while the He/H and
N/O ratios are enhanced. On the other hand, most elliptical and round PN seem to be
formed by lower mass stars, those closer to one solar mass on the main sequence.

3. The sample

In this project we take into account elements that are manufactured by the PN progen-
itor stars (He, N, and C), as well as some elements that are not (O, Ne, S, and Ar).
We have inspected many high resolution images and compared our results with previ-
ous classifications in the literature. The results reported here refer to two samples of
galactic PN, which are probably the largest samples for which both the morphology and
chemical abundances have been analysed: Sample A, with 234 nebulae, includes PN in
the Milky Way disk, as recently analysed by Maciel et al. (2003) [see also Maciel et
al. (2010) and references therein], and Sample B, which includes the PN of Sample A,
supplemented by several galactic objects for which recent abundances have been deter-
mined in the literature. This sample is in principle less accurate than Sample A, but is
considerably larger, presently including 372 nebulae.

4. Results

The main results are shown in Tables 1 and 2, and in Figure 1. For the sake of com-
pleteness, we have included the less accurate C/H data from the literature, in view of its
importance in reflecting the nucleosynthesis of PN progenitor stars. From Table 1 we
note that symmetrical PN (R, E) are more frequent in the Milky Way than asymmetric
(B, BC, P) objects, both for Sample A and B. From these samples, bipolars correspond
to approximately 25% of all galactic nebulae. As a comparison, the corresponding num-
bers for the Magellanic Clouds from Stanghellini (2009) are 46% (S) and 54% (A) for
the LMC and 64% (S) and 36% (A) for the SMC. However, it should be mentioned that
the samples considered are not complete, which also applies to the Magellanic Clouds.

Table 2 shows the elemental abundances defined as usual, ε(X) = log (X/H) + 12.
It can be seen that both samples A and B reveal the same trends, that is (i) there is a con-
tinuous increase in the He/H abundances in the sequence Symmetric – All – Asymmetric
PN, that is, asymmetric nebulae have systematically larger He/H abundances than sym-
metric objects; (ii) the same is true for the N/H and N/O ratios, and (iii) the inverse
is true for the C/H ratio. Exactly the same trends are observed in Magellanic Cloud
nebulae for the ratios C/H, N/H, and N/O, according to Stanghellini (2009). Therefore,
these trends appear to hold for objects of different metallicities. These results confirm
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Table 1. Distribution of the galactic PN according to the morphological types

Type Sample A Sample B

Round = R 24.8 21.2
Elliptical = E 31.2 30.1
Bipolar = B 16.2 16.7
Bipolar Core = BC 6.4 7.0
Point-symmetric = P 3.0 1.9
Unclassified = U 18.4 23.1
Symmetric = S 56.0 51.3
Asymmetric = A 25.6 25.5

Table 2. Average abundances of symmetric and asymmetric galactic PN

Sample A Sample B

He/H: All 0.114 ± 0.024 0.113 ± 0.025
Symmetric 0.107 ± 0.018 0.104 ± 0.019
Asymmetric 0.129 ± 0.027 0.132 ± 0.027
O/H: All 8.63 ± 0.26 8.59 ± 0.28
Symmetric 8.60 ± 0.26 8.55 ± 0.28
Asymmetric 8.66 ± 0.27 8.64 ± 0.25
S/H: All 6.88 ± 0.35 6.87 ± 0.37
Symmetric 6.82 ± 0.29 6.82 ± 0.24
Asymmetric 6.92 ± 0.40 6.92 ± 0.38
Ar/H: All 6.39 ± 0.31 6.37 ± 0.33
Symmetric 6.33 ± 0.29 6.30 ± 0.31
Asymmetric 6.48 ± 0.31 6.47 ± 0.32
N/H: All 8.14 ± 0.44 8.10 ± 0.46
Symmetric 8.02 ± 0.39 7, 94 ± 0.43
Asymmetric 8.34 ± 0.42 8.37 ± 0.40
Ne/H: All 7.96 ± 0.26 7.94 ± 0.31
Symmetric 7.95 ± 0.24 7.91 ± 0.28
Asymmetric 8.01 ± 0.28 8.02 ± 0.30
C/H: All 8.67 ± 0.37 8.66 ± 0.39
Symmetric 8.74 ± 0.28 8.71 ± 0.34
Asymmetric 8.47 ± 0.47 8.51 ± 0.45

that the asymmetric nebulae are probably originated from the higher mass IMS, while
the symmetric objects come from progenitor stars with lower masses.

Figure 1 shows the differences ∆ε = ε − ε(all) for all elements for Sample A. It
can be seen more clearly that the He and N abundances increase for asymmetric PN,
while the opposite is true for C. A similar behaviour occurs for the elements that are not
produced by the PN progenitor stars (O, S, Ne, and Ar). However, the abundance varia-
tions of these elements are relatively small, and probably reflect the fact the asymmetric
nebulae are formed by more massive, younger stars, which are themselves formed out
of an enriched interstellar medium. In the case of He, it should be recalled that the
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Figure 1. Abundance variations between symmetric and asymmetric PN.

abundance uncertainties are about a factor 3 smaller than for the heavier elements, so
that in practice the variation in the He abundances in Figure 1 could be better repre-
sented by the dashed line shown in the figure. These trends are in good agreement with
recent theoretical models by Marigo (2001) and Karakas & Lattanzio (2007).

It should be noted that some bipolar nebulae do not show He or N enhancements,
which may be explained by their origin being related to common envelope as a con-
sequence of binary star evolution. The fact that there is some measurable He and N
enhancements in most B or BC nebulae suggests that common envelope evolution is
probably a secondary aspect of PN formation. For example, in Sample A, 72% of the
B/BC nebulae have enhanced He/H abundances (He/H > 0.120), while for 28% of the
objects the He/H ratio is normal, that is He/H < 0.120, suggesting that about one third
of the bipolar nebulae have common envelope origin.
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Mass loss at the AGB and beyond and the asymmetry conundrum
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Abstract. In this review I will summarize what the observations of the molecular
envelopes around AGB and early post-AGB stars tell us about the way these objects
loose mass. Although there is growing observational evidence of the effects of the
binarity on the the mass loss at the AGB, the problem of explaining the shapes and
dynamics of pPNe still persists, at least from a statistical point of view.

Keywords. Planetary Nebulae – Stars: AGB and post-AGB

1. Introduction: molecules in the envelopes of AGB and early post-AGB sources

One of the yet most intriguing aspects of stellar evolution is how stars like our Sun
can lead to the formation of Planetary Nebulae (PNe), which probably are amongst the
most bizarre objects we can find in Space. Our current understanding is that PNe are
the result of the (post-AGB) evolution of the circumstellar envelopes (CSEs) around red
giant and super-giant stars, which in turn are the result of the heavy mass loss that these
stars undergo while at the AGB and red super-giant (RSG) phases. In addition, this
mass loss process is the main agent driving the ultimate evolution of low/intermediate
mass stars, specially at the very end of the AGB, where mass loss rates as high as
several 10−5 M� yr−1 can be attained. Furthermore, when these CSEs are lost in the
ISM, modify the chemical composition of the latter, resulting and increasing metallicity.
These envelopes are also the main factories for the formation of space dust grains.

The evolution of these nebulae/envelopes includes a drastic transformation both in
shape and kinematics, from the simple spherical and radially expanding CSEs, to the
full variety of forms and velocity fields displayed in the PN zoo. It is believed that this
metamorphosis is due to a mechanism that either starts operating at the late AGB or
early post-AGB phases, or, if present before, it does not reveal itself till these stages of
late stellar evolution.

To better study this transformation process and the mechanism behind, we must
target nebulae around AGB stars, i.e., regular CSEs, or early post-AGB stars, the so
called pre-Planetary Nebulae (pPNe). In either case, the central stars are still too cool
to ionize the nebulae around them, and so CSEs and pPNe mostly consist in molecular
gas and a just bit (1% or even less) of dust grains. This is only true for distances to the
central object smaller than the photo-dissociation radius, and may not hold for stars with
very hot companions. Due to this composition, the best way to study these objects is by
means of molecular line observations, since they trace the most abundant component of
the envelopes. In fact, by observing the molecular gas, we can not only know about the
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mass of the envelope (and its gravitational energy), but also about its dynamics (linear
momentum and kinetic energy), temperature (by studying and modeling the excitation
of the gas), and chemical composition. Some molecules can also tell us about the
properties of the magnetic field in these objects and their central stars (see contribution
by W. Vlemmings in this volume). As compared with dust studies, molecular line
observations of CSEs and pPNe are less affected by extinction problems (and when
they exist it can be easily modeled), and can provide high spatial (sub-arcsecond) and
spectral (better than 1 km s−1) resolution images of these objects.

The best tracer of the molecular gas is CO. This is the most abundant circumstellar
molecule, apart from H2, regardless of the chemical composition. In addition, CO has
the largest photo-dissociation radius, and can probe the CSE up to distances of several
1016 cm (and the mass loss history for the latest several thousand yr) for high mass loss
rates. Furthermore, CO is very easy to interpret and model, allowing a very reliable
determination of the parameters of the envelope from the observations. I will mainly
focus on CO observation in this review.

These observations reveal that, although inhomogeneities are present at small
scales, envelopes around AGB stars are in general quite spherically symmetric at larger
scales. Quasi-periodic variations in the mass loss rate are also detected, but yet preserv-
ing the overall roundish shape of these envelopes. This may not be case of semiregular
variables and symbiotic systems, were a significant prevalence of aspherical structures
is being detected. On the contrary, pPNe appear as much bizarre as PNe, displaying a
large variety of shapes and kinematics: self-similar structures in which the expansion
velocity is proportional to the distance to the central stars, hour-glass structures, Ke-
plerian rotating disks, jets working their way out inside fossil AGB CSEs, multipolar
winds, etc. In summary, from the point of view of the molecular line observations, the
enigma of the AGB-CSE⇒ pPN⇒ PN transformation is still present.

2. Are the CSEs of AGB stars indeed round ?

On first place, we should address the question of whether CSEs around normal AGB
stars are really round, as opposite to those of post-AGB sources. Based on the results
from the large sample mapped by Neri et al. (179) more than 10 yr ago, the answer
would be definitively yes. However these observations have just 5′′ to 12′′ resolution,
and we may wonder what would happen if we had a closer look at these objects. Let’s
take for example the case of IRC +10216 (a.k.a. CW Leo). This is by far the best studied
AGB envelope, and the prototype of a massive C-rich CSE. If we have a look very close
to the star, in the layers were the envelope is affected by the periodic pulsations, K-band
Speckle interferometry shows an evolving clumpy structure, far from being spherically
symmetric but showing no other particular symmetry: the result of a random ejection
of blobs of matter (see 183).

If we move farther out, where the final expansion velocity has been reached, the
envelope displays a set of (disrupted) concentric arcs both in the light reflected by the
circumstellar dust (174) and in the emission of some molecules (Dinh-V-Trunh & Ling,
2008). A roughly spherical symmetry dominates the envelope, though the presence of
these rings speaks in favor of episodes of enhanced mass loss, or rather of the pres-
ence of a companion (see review by A. Raga in this volume). The CSE is mostly
isotropic even chemically (as several cyanopolynes show ring link distributions), im-
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plying a fairly good spherical symmetry in density, temperature, and even chemical
abundances. Yet farther out, where molecules become destroyed and the CSE interacts
with the ISM, images still show the signatures of an envelope that is round at a large
scale (180). We can also map the cold dust in the outskirts of the envelope, since this
solid phase survives beyond the photo-dissociation radius. A recent APEX/LABoCa
image of IRC 10216 at 870 µm by (173) reveals a quite round structure at scales of
100′′.

Another well studied example is the O-rich envelope around WX Psc (a.k.a. IRC
+10011). Again, close to the star, where pulsation affects the CSE layers, the dust
is not fully formed, and the expansion of envelope has not yet attained its terminal
velocity, high resolution VLBA images of SiO masers show an evolving clumpy struc-
ture, far from being perfectly spherically symmetric, but showing no other permanent
symmetry (see 182). More examples can be found in the works by Cotton, Boboltz,
Diamond, Wittkowski and others using the VLBA (sometimes in combination with the
ESO/VLTI), and more recently by Kamohara, Rioja, Kobayashi and others using the
Japanese VERA array (see review by M. Wittkowski in this conference).

Farther out, when the final expansion has been reached, the bulk of the envelope
can be studied by high (spatial and spectral) resolution images of low-J rotational tran-
sitions of CO, as Castro-Carrizo et al. (164) have done using the IRAM telescopes
in the COSAS program. Results for WX Psc show an envelope quite round at the
center but displaying some less regular structure in the outer shells. Once again, the
APEX/LABoCa map of the cold dust in the sub-mm wavelength by Ladjal et al. (173)
looks very round too.

Obviously just a few examples is not enough. What we need is a statistical ap-
proach to the problem, and this is the main objective of the COSAS program, a CO
Survey of AGB (and beyond) Stars. This is an IRAM large program aiming to map
the 12CO J=1–0 and 2–1 emission in a sample of 45 evolved stars, with spatial res-
olutions of about 1′′–2′′. Somehow it is an improved version of the work by Neri et
al. COSAS combines the high spatial resolution of the IRAM Plateau de Bure In-
terferometer (PdBI), with the ability of mapping large structures of the IRAM 30 m
Millimeter Radio Telescope (30m-MRT). All the flux lost by the PdB interferometer
is recovered by the addition of the maps from the 30m-MRT, so both the details and
the large structures in the envelopes are present in the maps. The results of the survey
will be published in 3 papers, the first of which is already in press (see 164). This first
paper includes the results from a total of 9 regular variables (i.e. Mira and OH/IR stars),
namely: IK Tau, TX Cam, CRL 2362, χCyg, V Cyg, S Cep, R Cas, OH 104.9+2.4, and
the aforementioned WX Psc. These stars show envelopes that are round or just slightly
elongated, but other features like rings, arcs, spirals, inner winds are also present. In
all cases, the expansion velocities are standard for AGB envelopes, and the associated
mass loss can be simply explained by photon pressure on the basis of linear momentum
conservation.

For example, for IK Tau a roundish shape is found both in the inner and outer
parts of the envelope. The outer halo is very clumpy and a strong self-absorption is
seen in the blue end of the line, that could be due to a slightly faster wind present in
the inner shells of the envelope (although radiative transfer effects could also explain
it). A similar feature is also detected in the CSE around χCyg. In R Cas the envelope
is round and very clumpy, but azimuthal averaged profiles reveal the existence of two
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rings of enhanced emission, very similar to the ones detected in some AGB and post-
AGB sources in dust scattered light. TX Cam also displays a very round envelope, but
a hook-like feature is detected at the center of the nebula. This feature could be a spiral
structure similar to the one detected in CRL 3068 (177). These two types of structures
(rings and spirals) can be produced by the presence of long period companions in the
system (see Raga in this proceedings). The carbon star V Cyg has a CSE that shows
a triangular shape in its outer layers, but note that in this case there is some degree of
interstellar contamination in the maps.

2.1. The case of semi-regular variables

Special attention should be given to giant semi-regular variables (SRs). These are AGB
stars showing a regular variation in the optical, but with less amplitude than Miras
(< 2.5 mag), SRa variables, or slightly irregular variations, SRb, SRc and SRd variables.
A priory this difference should not affect the mass loss geometry and kinematics, though
it may be the case that slow amplitude pulsators drive less powerful winds. However,
the CSEs around SR variables show a very distinct characteristic. So far, all these CSEs
mapped in CO using mm-wave interferometry display a clear axial symmetry; a very
striking result.

In the first COSAS paper there are two SRb’s, RX Boo and X Her. In both cases, a
hour-glass structure, expanding at moderate velocities, is found, very much like the one
detected in the post-AGB low mass source 89 Her (Bujarrabal et al. 2005). In RX Boo,
this bipolar structure is surrounded by a larger spherical halo, but in X Her this standard
CSE component is absent. A similar result has been found for the SRb IRC +50049,
to be included in the second COSAS paper (Castro-Carrizo, private communication).
Other three SRb’s, BM Gem, UU Aur and RT Vir, are also included in the COSAS
sample, but their maps remain yet to be analyzed.

Hirano et al. (170) mapped the envelope around the SRa V Hya, and they found
that it consists in a rotating disk plus a bipolar outflow expanding at relative high ve-
locities. A similar structure was also found in the case of the SRb π1 Gru by Chiu et al.
(165). Bergman et al. (161) claimed the detection of a Keplerian rotating disk in the
SRb RV Boo, and Winters et al. (184) and Libert et al. (175) have reported the detection
of slowly expanding hour-glass components in the envelopes of the SRb EP Aqr and the
SRc RS Cnc respectively.

The sample is starting to be statistically significant; we already have results for 8
sources, and 3 more are awaiting data reduction. There is a striking large prevalence
of bipolar nebulae and/or equatorial disks, however I would not dare to conclude on
whether this axis-symmetry is an intrinsic characteristic of the CSEs of SR variables,
or if this result is contaminated by a strongly biased sample (sometimes authors prefer
to map sources with known peculiar CO line profiles resulting in peculiar CO maps).
As for the origin of the axial-symmetry in these envelopes, I must recall that at least for
V Hya we know that there is a 17 yr secondary variability period that has been attributed
to the presence of a (common envelope) binary system (160).

2.2. The case of bona fide binaries: o Cet and symbiotic systems

Speaking of binaries in AGBs, we can not forget the case of symbiotic and alike systems
(composed by a Mira and a hot secondary companion), since they are obvious test
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beds for the influence of binarity on the mass loss of the red giant. We have very
different scenarios regarding the molecular CSE in binaries: there are cases in which
the companion does not destroy the molecular gas, as in o Cet (Mira), and where the
secondary is so hot that molecules can only survive very close to the AGB star and
do no form a fully developed CSE (at least not a standard one), such as in the case of
true symbiotics. o Cet was mapped in CO by Josselin et al. (172), who found that the
molecular envelope is rather small and shows a clear axis-symmetric structure, with
a thick equatorial disk and two emptied lobes, i.e. a sort of hour-glass shape. On
the contrary, Bujarrabal et al. (163) have studied the two true symbiotic systems with
stronger IR excess, R Aqr and CH Cyg, founding that the line is so weak that it must
arise from a molecular envelope with a size similar to that of the orbit of the secondary,
or even somewhat smaller: i.e., apparently molecules do not survive in these systems
beyond the orbit of the hot component.

In spite of this, o Cet and R Arq show a strong similitude. In both cases, the very
inner layers of the molecular CSE are very similar to those of normal AGB stars. This
is shown by the VLBI observations of SiO masers in these sources (Cotton et al. 2004),
which display the typical ring of knots, and where the presence of the companion does
not show up conspicuously. Also in the two cases, a large scale bipolar structure can be
seen in the optical, proving that the presence of the companion is really influencing the
way these systems lose mass at larger scales in a similar way (176; 171).

3. CO observations of pPNe

In 2007, at the previous APN conference in La Palma, I already reviewed the status
of the molecular line observations of post-AGB sources (158). I must admit that the
scenario has not changed significantly in the last three years. I will update the list of
post-AGB sources with CO interferometric maps, commenting on the observations of
new sources, of new improved maps, and on the observations of the warm molecular
gas, a piece of information that is sorely needed, and that is being collected right now
by means of the observations of higher-J CO rotational transitions.

As of APN IV, the compilation of post-AGB stars with detailed maps of their
molecular nebular content consisted in 37 sources, including low-mass objects, that
might not result in the formation of a true PNe (such as the Red Rectangle), and yellow
hyper-giants (which are really post red super-giants). By that time other sources such
V Hya and π1 Gru were also considered as pPNe because of their bipolar nature, but I
have removed them from the list in view of the results being obtained for other SR vari-
ables. Including the only new addition, IRAS 08544−4431, and the sources removed,
the updated list of sources contains 36 entries and it is presented in Table 1.

The only really new addition to the list, IRAS 08544−4431, has been observed
in CO by Dinh-V-Trung (167). The observations lack of resolving power because the
envelope is rather compact, and so the author concentrates on the study of the line
profile. From this profile it is claimed that source would very similar to 89 Her, i.e.
consisting in low velocity bipolar lobes plus a slowly expanding equatorial component,
and maybe a central rotating component. Let me also record a new improved CO map
of IRAS 07134−1005 by Nakashima et al. (2009), and new VLA maps of HC3N J=5–4
and NH3 in CRL 2688, by Dinh-V-Trung & Lim (169) and Dinh-V-Trung et al. (168)



64 J. Alcolea

Table 1. List of early post-AGB (pPNe) and post-RSG (YHG) sources for which
interferometric CO maps have been performed (though not all the maps have been
published).

IRAS name AFGL/CRL HD number GCVS other names
IRAS 04296+3429
IRAS 04395+3601 CRL 618 V353 Aur Westbrook Nebula
IRAS 06176–1036 CRL 915 HD 44179 V777 Mon Red Rectangle
IRAS 07134–1005 HD 56126 CY CMi
IRAS 07399–1435 CRL 5237 QX Pup OH 231.8+4.2
IRAS 08544–4431 V390 Vel
IRAS 09371+1212 Frosty Leo
IRAS 16342–3814 OH 344.1+5.8
IRAS 17423–1755 Hen 3–1475
IRAS 17436+5003 CRL 5384 HD 161796 V814 Her
IRAS 17534+2603 89 Her

CRL 2688 V1610 Cyg Egg Nebula
IRAS 18276–1431 CRL 5497 V445 Sct OH 17.68–2.03
IRAS 18448–0545 CRL 5296S HD 173819 R Sct
IRAS 18450–0148 W43A OH 31.0+0.0
IRAS 18560+0638 CRL 2290 V1366 Aql OH 39.7+1.5
IRAS 19024+0044 M 2–39, Starfish Nebula
IRAS 19114+0002 CRL 2343
IRAS 19134+2131
IRAS 19244+1115 CRL 2340 V1302 Aql IRC +10420
IRAS 19255+2123 K 3–35
IRAS 19292+1806
IRAS 19343+2926 M 1–92, Minkowski’s Footprint
IRAS 19374+2359
IRAS 19475+3119 HD 331319 M 2–42
IRAS 19500–1709 CRL 5568 HD 187885 V5112 Sgr
IRAS 19520+2759
IRAS 19548+3035 CRL 2477
IRAS 20028+3910 M 2–43
IRAS 21282+5050
IRAS 22223+4327 V448 Lac
IRAS 22036+5306
IRAS 22272+5435 HD 235858
IRAS 23304+6147 M 2–47
IRAS 23321+6545 M 2–48
IRAS 23541+7031 CRL 3181 M 2–56

respectively. However, these observations do not change our previous understanding of
these sources.

Other CO observations that have just become available, but that were included in
my APN IV list, are those corresponding to the first release of the COSAS program,
which include CRL 2477, IRAS 19475+3119, IRAS 20028+3910, IRAS 21282+5050,
and IRAS 23321+6545 (164). Four more post-AGB sources (that I have already in-
cluded in my list) will be released in the following papers; namely Hen 3–1475, OH 17.68–
2.03, IRAS 19500–1709, and IRAS 22223+4327 (the data is already collected but the
analysis is not yet finished). 4 out of these 5 pPNe in this COSAS I paper display sig-
natures of axis-symmetry. In the remaining source, CRL 2477, the molecular nebula
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consists in a round envelope with no signs of high velocity winds; i.e., in this case we
are just observing the fossil AGB envelope.

IRAS 21282+5050 is a C-rich pPN displaying a rounded AGB-like halo and a
barrel-shaped inner cavity, very probably excavated by a bipolar post-AGB flow. IRAS
19475+3119 is a highly bipolar pPN showing an axial linear velocity gradient, very
much resembling the case of M 1–92 (159), but lacking the equatorial flat component
dividing the two lobes. IRAS 23321+6545 is an O-rich pPN displaying a rounded
halo and a high velocity bipolar outflow running inside, which results in a strong self-
absorption in the blue wing of the CO lines. This is also the case of the last target in this
COSAS I pPN sample, IRAS 20028+3910, another O-rich pPN displaying a rounded
outer halo with a central high velocity bipolar outflow.

These strong self-absorption features, also present in IRAS 17436+5003 and IRAS
19500–1709 (Alcolea, private communication), are interpreted as due to the presence
of fast outflows that are still making its way through the slower and colder AGB CSE
remnant, as it is also the case of the well studied envelopes CRL 618 and CRL 2688
(see 181; 166, respectively). In these cases it is expected the presence of active shocks
as the fast bipolar flow carves holes in the fossil AGB envelope, which should be be
better probed by higher-J CO transitions. Interestingly, Nakashima et al. (178) have
mapped the CO J=6–5 line in CRL 618 using the SMA, finding that the warm regions
probed by this line are simply those closer to the central star.

The study of the existence and properties of these regions of warm gas in pPNe
(and also in AGB envelopes) is a long standing issue, since they are very difficult to
observe from the ground due to the relatively high opacity of the atmosphere in the
sub-mm and far-IR ranges (where the high-J rotational lines of CO lie). This is one of
the major topics addressed by two key programs being carried out with Herschel/HIFI,
HIFIStars and SUCCESS (by V. Bujarrabal et al. and D. Teyssier et al. respectively).
First HIFIStars results on CRL 618 by Bujarrabal et al. (162) demonstrate that the inner
layers of this pPN are indeed hotter than what it was thought before. Other pPNe, as it
seems to be the case of OH 231.8+4.2, lack this warm component of the envelope (see
poster 3 by Alcolea et al.). It is expected that results on the full pPNe sample included
in these two programs will become available in the next two years.

3.1. Some statistics

If from table 1 we only select those post-AGB sources (i.e., we exclude YHGs) for
which the available CO mapping is of relatively good quality (20 sources in total), we
note that just . 10% of the sources are simply spherical balls of gas with no traces of
post-AGB high velocity winds, and hence do not present momentum excess problem. In
these sources the envelope would just be the the former AGB CSE, still in expansion.

About 25% of pPNe do not display high velocity CO emission but show axial sym-
metry, as in the cases of 89 Her, the Red Rectangle, IRAS 08544–4431, Hen 3−1475,
and IRAS 07134–1005. These sources have a dominant equatorial disk component,
and sometimes a hourglass-like extended envelope. In another 25% of the sources,
the molecular envelope is dominated by a high velocity gas component, characterized
by a (Hubble-like) linear velocity gradient (i.e. self-similar structures), testifying in
favor of a rapid formation of the nebula, and the absence of strong interaction be-
tween the AGB and post-AGB winds at present. Examples are M 1−92, OH 231.8+4.2,
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M 2−56, Frosty Leo, and IRAS 19475+3119. Here, almost the whole CO nebula has
momentum excess. Finally, the remaining 40% of the sources appear to be envelopes
in which the fast bipolar post-AGB flow (also showing the momentum problem) its
presently carving its way through the fossil AGB envelope, as in CRL 618. This
would also be the case of IRAS 17436+5003, IRAS 23321+6545, IRAS 21282+5050,
IRAS 20028+3910, 1RAS 19500−1709, CRL 2688, and IRAS 22036+5306.

As we can see, most pPNe are axially symmetric, contrarily to what happens for
AGB envelopes in general, though there are exceptions such as some well known bi-
naries and at least some SR variables. Although these connections should be further
explored, I still believe that at present we have problems in explaining the main charac-
teristics of the pPN population from the simple evolution of the envelopes around AGB
stars.
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Abstract. We present recent studies using the near-infrared instrument AMBER of
the VLT Interferometer (VLTI) to investigate the structure and shaping processes within
the extended atmosphere of AGB stars. Spectrally resolved near-infrared AMBER ob-
servations of the Mira variable S Ori have revealed wavelength-dependent apparent
angular sizes. These data were successfully compared to dynamic model atmospheres,
which predict wavelength-dependent radii because of geometrically extended molecular
layers. Most recently, AMBER closure phase measurements of several AGB stars have
also revealed wavelength-dependent deviations from 0/180 deg., indicating deviations
from point symmetry. The variation of closure phase with wavelength indicates a com-
plex non-spherical stratification of the extended atmosphere, and may reveal whether
observed asymmetries are located near the photosphere or in the outer molecular layers.
Concurrent observations of SiO masers located within the extended molecular layers
provide us with additional information on the morphology, conditions, and kinematics
of this shell. These observations promise to provide us with new important insights
into the shaping processes at work during the AGB phase. With improved imaging ca-
pabilities at the VLTI, we expect to extend the successful story of imaging studies of
planetary nebulae to the photosphere and extended outer atmosphere of AGB stars.
Keywords. Planetary Nebulae – Stars: AGB and post-AGB
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1. Introduction

Asymptotic Giant Branch (AGB) stars are low- and intermediate-mass stars, such as
our Sun, in their final phase of evolution that is driven by nuclear burning. Mass-loss
becomes increasingly important toward the tip of the AGB evolution, when the “super-
wind” phase occurs. The superwind mass-loss reduces the convective stellar envelope
until the star starts to shrink. Then the star evolves at almost constant luminosity to
higher effective temperatures, passes the post-AGB phase, and becomes a planetary
nebula (PN). In this phase the now hot inner star ionizes its envelope, which is a rem-
nant of the superwind mass-loss during its AGB and post-AGB phases (e.g. 190).

While the mass-loss process during the AGB phase is the most important driver for
the further stellar evolution toward the PN phase, the details of the mass-loss process
and its connection to the structure of the extended atmospheres and the stellar pulsation
are not well understood and are currently a matter of debate, in particular for oxygen-
rich AGB stars (e.g. 209; 191).

In the past decade, imaging studies of PNe and protoplanetary nebulae (pPNe)
have revealed a great diversity of morphologies. This variety of shapes of pPNe and
PNe is seemingly caused by processes at the end of the AGB evolution, but the details
of the shaping processes are not well understood (e.g. 185).

Interferometric techniques at optical and radio wavelengths have proven their abil-
ity to provide important observational constraints on the atmosphere and mass-loss pro-
cess of AGB stars by resolving the stellar disk and the circumstellar environment (e.g.
201; 203; 195; 200). Deviations from circular symmetry have been detected in the
circumstellar environment (CSE) of AGB stars at radio as well as optical wavelengths
(e.g. 204; 202).

Most recent studies using the near-infrared (AMBER) and mid-infrared (MIDI)
instruments of the VLT Interferometer (VLTI) have added important information to
our understanding of the pulsation and mass-loss of AGB stars thanks to their spectro-
interferometric capabilities (197; 198; 199; 208; 207; 196; 186).

Here, we describe our most recent observations of the structure and morphology of
the extended atmosphere of AGB stars using the VLTI/AMBER instrument, and their
implication on the mass-loss process and the onset of asymmetric shapes during the
AGB evolution.

2. Observations

The first AMBER observations of an AGB star were obtained on 12 October 2007 on
the Mira variable S Ori (period 414 days 205), and are described in (207). These ob-
servations used the low resolution mode of AMBER with a spectral resolution of ∼35
and utilized the fringe tracker FINITO and three VLTI Auxiliary Telescopes (ATs) po-
sitioned on stations E0, G0, and H0 with ground baselines of 16 m, 32 m, and 48 m.
Since then, we have obtained additional AMBER observations of the Mira variables
S Col (325 d), T Col (225 d), W Vel (394 d), RW Vel (443 d), R Cnc (361 d), X Hya
(301 d), and RR Aql (394 d) between September 2008 and June 2010. These observa-
tions used in addition to the low resolution mode the medium resolution modes of AM-
BER with a spectral resolution of ∼1500 in the near-infrared H and K bands, and also
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Figure 1. VLTI/AMBER visibility function of S Ori compared to simple models
of a uniform disk and a Gaussian disk, as well as compared to the dynamic atmo-
sphere model (207).

utilized additional AT configurations. These observations will be described in detail
in forthcoming papers. Some of these observations were coordinated with concurrent
VLBA observations of the SiO and H2O maser emission. In addition to Mira variables,
AMBER data on OH/IR stars have been obtained in April 2008 (Ruiz Velasco et al.,
these proceedings).

3. Modeling

Few dynamic atmosphere models for oxygen-rich Mira stars are available. The P and
M model series (194; 193) are complete self-excited dynamic model atmospheres of
Mira stars designed to match the prototype oxygen-rich Mira stars o Cet and R Leo.
They have been used successfully compared to VLTI/VINCI broadband interferomet-
ric data of o Cet and R Leo (210; 187). Compared to o Cet and R Leo, our target stars
have slightly different periods, masses, and radii. However, the general model results
are not expected to be dramatically different for our target stars compared to o Cet and
R Leo (cf. the discussion in 208). As a result, the P and M model series were chosen as
the currently best available option to describe Mira star atmospheres. Wittkowski et al.
(208) have added an ad-hoc radiative transfer model to these model series to describe
the dust shell as observed by the mid-infrared interferometric instrument MIDI. How-
ever, at near-infrared wavelengths, the contribution of the dust shell can be neglected
for our target stars. Gray et al. (189) have combined these hydrodynamic atmosphere
models with a maser propagation code in order to describe the SiO maser observations
that have been coordinated for some of our target stars.

4. Results

Fig. 1 shows the AMBER visibility data of S Ori (from 207). The visibility data of S Ori
show significant wavelength-dependent features clearly deviating from uniform disk
(UD) and Gaussian models of constant diameter on all three baselines. This indicates
variations in the apparent angular diameter. For comparison, γ Eri, a regular M giant,
was observed during the same night with the same instrument settings, and did not show
such deviations from a UD curve, confirming that the features seen for S Ori are not
instrumental or atmospheric effects.
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Figure 2. VLTI/AMBER visibility function of R Cnc compared to a simple model
of a uniform disk, as well as compared to a dynamic atmosphere model.

Model M18n provided the best formal fit to our S Ori visibility data out of the
available phase and cycle combinations of the M series. The synthetic visibility values
based on the M18n model compared to our AMBER observation are also indicated in
Fig. 1, showing that our AMBER visibility data could be described well by the dynamic
atmosphere model series. The deviations of the model visibilities from a uniform disk
of constant diameter is caused by molecular layers (most importantly CO and H2O)
lying above the continuum-forming layers. At spectral channels, where the molecular
opacity is low, we see a larger contribution from the photosphere, and the target appears
smaller. At spectral channels where the molecular opacity is larger, we see a larger
contribution from the extended atmospheric molecular layers, and the target appears
larger.

In summary, our AMBER observations of S Ori generally confirmed the predic-
tions by the M model series and we found that the observed variation of diameter with
wavelength can be understood as the effect of phase-dependent water vapor and CO
layers lying above the photosphere. We also concluded that more such observations
on more targets and at more phases were needed to confirm and constrain the model
predictions in more detail.

Since the work described in Wittkowski et al. (207), we have obtained additional
AMBER data of more targets and at more phases, as described in Sect. 2. Fig. 2
shows as an example the visibility function of the Mira variable R Cnc obtained with
the medium resolution model of the AMBER instrument (spectral resolution ∼1500).
These data confirm the conclusion from (207) that Mira variables show wavelength-
dependent angular diameters when observed with spectro-interferometric techniques
that can be explained by molecular layers lying above the continuum- forming pho-
tosphere, and that are consistent with predictions by dynamic model atmospheres. In
addition to these AMBER observations, Chiavassa et al. (186) have obtained AMBER
data of the very cool late-type star VX Sgr, and Ruiz Velasco et al. (these proceedings)
have obtained AMBER data of three highly evolved AGB stars of OH/IR type. All
these data show similar characteristics of the AMBER visibility function. The charac-
teristic ’bumpy’ AMBER visibility curves indicating the presence of molecular layers,
thus seems to be a common feature of evolved oxygen-rich stars.

5. Shaping processes

Fig. 3 shows the AMBER closure phase measurement corresponding to the visibility
curves of Fig. 2. The interferometric closure phase is a measure of the point symmetry
of a source. Values of 0◦ and 180◦ indicate point symmetry, other values deviations
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Figure 3. VLTI/AMBER closure phase of R Cnc.

from point symmetry. R Cnc shows closure phase values that are significantly different
from 0◦and 180◦, thus indicate a significant deviation from point symmetry. The R Cnc
closure phases vary with wavelength. At wavelengths around 2.25µm, where the visi-
bility values show a maximum corresponding to a small angular diameter, the closure
phase shows values of about 40◦. Shortward of 2.25µm, where the visibility decreases
and where the water vapor opacity becomes larger, the closure phase increases to 90◦.
Longward of 2.25µm, where the visibility decreases both due to CO and water vapor,
the closure phase increases to 150◦, with closure phase peaks marking the peaks of the
CO bandheads. A similar characteristic signal of the closure phases are seen for other
targets of our sample.

The interpretation of the closure phase measurements is work in progress. They
might indicate a complex non-spherical stratification of the photosphere and extended
atmosphere, and may reveal whether observed asymmetries are located near the photo-
sphere or in the outer molecular layers. These observations thus promise to lead to new
insights into the shaping processes at work during the AGB phase. As an example, the
detection of photospheric convection cells and corresponding clumps in the molecular
layer that have characteristics as those predicted by 3D atmosphere models (e.g. 188)
would point to a process of large-scale photospheric convection. Random clumps in
the molecular shell may point to highly temporally and also spatially variable chaotic
mass ejections caused by perturbations in the oscillations (192) or by magnetic fields
(e.g. 206).

6. Summary

AMBER spectro-interferometry shows wavelength-dependent apparent sizes of AGB
stars, including Mira variables and OH/IR stars. These observations are generally con-
sistent with dynamic model atmosphere predictions that include molecular layers, in
the infrared most importantly CO and H2O, lying above the continuum-forming photo-
sphere. AMBER closure phase measurements of a sample of resolved Mira variables
indicate deviations from point symmetry. A characteristic wavelength dependence of
the closure phase values indicates a complex non-spherical stratification of the extended
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atmosphere. A detailed interpretation of these measurements is needed, and may reveal
whether asymmetric structures originate at the photosphere or at more extended layers,
and how they develop from smaller to larger scales. Advanced imaging capabilities
with the VLTI thanks to improved baseline configurations and 2nd generation instru-
ments combining a larger number of beams will allow us to obtain model independent
images of the extended atmospheres of AGB stars. We are thus at a turning point in the
history of knowledge of AGB stars, where imaging studies can be extended from pPNe
and PNe to layers of AGB stars at the photosphere and at molecular layers close to the
photosphere, and thus reveal the shaping processes at work during the AGB phase.
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P., Coudé du Foresto, V., Traub, W. A., Millan-Gabet, R., & Lacasse, M. G. 2004, A&A,
426, 279

Quirrenbach, A., Mozurkewich, D., Armstrong, J. T., Johnston, K. J., Colavita, M. M., & Shao,
M. 1992, A&A, 259, L19

Ragland, S., Le Coroller, H., Pluzhnik, E., Cotton, W. D., Danchi, W. C., Monnier, J. D., Traub,
W. A., Willson, L. A., Berger, J., & Lacasse, M. G. 2008, ApJ, 679, 746

Reid, M. J., & Menten, K. M. 1997, ApJ, 476, 327
— 2007, ApJ, 671, 2068
Samus, N. N., Durlevich, O. V., & et al. 2009, VizieR Online Data Catalog, 1, 2025
Suzuki, T. K. 2007, ApJ, 659, 1592
Wittkowski, M., Boboltz, D. A., Driebe, T., Le Bouquin, J., Millour, F., Ohnaka, K., & Scholz,

M. 2008, A&A, 479, L21
Wittkowski, M., Boboltz, D. A., Ohnaka, K., Driebe, T., & Scholz, M. 2007, A&A, 470, 191
Woitke, P. 2006, A&A, 460, L9
Woodruff, H. C., Eberhardt, M., Driebe, T., Hofmann, K., Ohnaka, K., Richichi, A., Schertl,
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Abstract. Planetary nebulæ (PNe) form in the remains of the final stages of mass-
loss on the preceding asymptotic giant branch (AGB). In order to understand the stellar
evolution and the formation and evolution of PNe, it is important to treat the AGB wind
properly. I here present the key concepts of our unique approach of measuring the
mass-loss evolution of the AGB wind, using observations of faint halos of PNe. Both
densities and kinematics can hereby be measured. In comparison to more commonly
used methods we measure the gas directly, and thereby avoid the need for supplemen-
tary models. I also present an approach to extend stellar wind models to allow the
formation of the massive winds that we observe.
Keywords. Planetary Nebulae

1. Introduction

Low- to intermediate-mass stars, with a main-sequence mass of 0.8 M� ∼< M ∼< 8 M�,
lose most of their envelopes during the time on the thermally pulsing asymptotic giant
branch (TP-AGB). The increasing rate of mass loss dominates time scales of stellar
evolution as the stellar wind changes the star more rapidly than nuclear burning in the
stellar core does. The matter of the stellar wind is enriched with synthesized elements,
which are dredged up from the core during the evolution. These winds are also sites
of strong dust formation and determine properties of the physical environment where
planetary nebulæ (PNe) form subsequently. Because most stars pass through this phase
mass loss from AGB stars contribute significantly to the chemical evolution of the in-
terstellar medium (ISM) and the galaxy. Recent reviews of mass loss from cool stars
are given by, e.g., Willson (240), Höfner (222), Zijlstra (242), and van Loon (237).

When the (central) star is not concealed by a massive envelope anymore it heats
up and can, under the right circumstances, ionize the matter of the AGB wind. The
shape of the then formed and ionized PN shows a variety of geometries (see e.g. 211).
PNe with a spherical or elliptical geometry consist of a central part with a relatively
bright rim and a fainter attached shell, where both are built-up in an interplay between
photoionization and wind interaction (see, for example, 218; 225; 217; 226; 228). The
matter in the central parts of these objects has been restructured during their formation
and this mass can therefore not be used to measure properties of the last period of more
spherically symmetric mass loss on the AGB. As the PN evolves the region outside the
PN proper is eventually ionized, and an AGB halo forms (see e.g. 235). Such a halo is
relatively unaffected by the PN formation processes, and therefore still contains directly
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accessible information of mass loss on the previous AGB. The least affected region of
mass loss in the halo is, moreover, the inner part. In the outer halo it is expected that
wind interaction, between periods of (the last) thermal pulse(s) and intermediate periods
of mass loss, has modified the flow.

AGB halos of old PNe are very faint; the halo of these objects must not be con-
fused with the faint recombining shell, where the degree of ionization is also unknown.
Furthermore, for example Villaver et al. (238) and Wareing et al. (239) study the in-
teraction between the outer parts of the PN and the ISM (also see the contributions of
either author in these proceedings). They find that the nebula can become asymmetric
when the spherically symmetric structure of an AGB wind moves through the ISM. For
such objects (which fraction is about 20% of all objects, 239) it is important to mea-
sure the mass loss in the wake of the interaction. Soker (234) discusses the transition
from more spherically symmetric outflow on the AGB to axisymmetric outflow that is
often observed in the central parts of PNe, and Huggins et al. (223) study the role and
properties of asymmetries in envelopes of AGB stars – and PN halos – to detect binary
systems.

Studies of the mass-loss evolution on the AGB through observations of PN halos
can provide accurate density structures that can be used to improve other studies, which
depend on the mass distribution at the tip of the AGB. They are also useful to evolu-
tionary studies of the star and galaxies, which depend on the final, and most massive,
stages of mass loss. In this paper I present some of the key concepts of our observa-
tional method to measure the mass-loss evolution in PN halos in § 2. In § 3 I present
an approach to model the formation of the most massive winds on the AGB, which are
seen in these observations.

2. Measuring the mass-loss evolution using observations of halos of PNe

Sandin et al. (232) study four halos of Galactic Disk PNe and measure the mass-loss
evolution and other properties after the last thermal pulse at the tip of the AGB. Our
new approach uses the novel method of integral field spectroscopy (IFS). Based on the
approach of Plait & Soker (229) this method allows the radial gas-density structure –
i.e. the mass-loss evolution – to be measured directly. No fitting procedure is neces-
sary using supplementary models, with additional assumptions, as is the case with the
other two spectroscopic methods, which instead make use of the spectral energy dis-
tribution of the dust (cf., for example, the review of 236, and references therein) and
high-resolution measurements of carbon monoxide (cf., for example, the review of 233,
and references therein). A limitation of the PN-halo method is that it only works when
observing the final stages of AGB mass loss, since the matter only becomes ionized
during the PN phase. It obviously also only works with stars that form a PN (and later
also a halo).

Since the PN forms in the AGB wind, it seems realistic to assume that every PN
is, eventually, surrounded by a halo; although, this is not what is observed. Corradi
et al. (215, 214) find 24 Galactic Disk AGB halos, which are either circular, slightly
elliptical, or highly asymmetric. This is about 60% of the sample of elliptical objects in
their study. Sandin et al. (232) find two additional halos; Corradi et al. (215) mark one
of these objects, IC 3568, to not have a halo. Reid & Parker (230, SMP27) identify one
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additional AGB halo in the Magellanic clouds. Although relatively few AGB halos are
known it appears that they are a common phenomenon, where their detection is mainly
limited by their brightness.

Sandin et al. (232) assume a constant outflow velocity of 10 km s−1, when they
calculate a mass-loss history from the density structure. These estimates would be
more accurate if a radial outflow velocity structure is measured also throughout the
halo. The resulting Doppler line broadening, due to the low velocities, is moderate,
which is why such work is tricky. Nevertheless, Guerrero et al. (221, who also summa-
rize previous kinematic measurements) present an approach that can be used to make
such measurements. Radial density and temperature structures, which are both pro-
vided from measurements of the PN halo, are required to deconvolve the kinematic
measurements when determining the radial velocity structure.

3. Modeling the formation of massive stellar winds at the tip of the AGB

In order to model the formation of massive stellar winds at the tip of the AGB it is
necessary to enhance current models of dust-driven winds. Normally these models use
a radial domain that extends from above the region where pulsations form (at about 0.8–
0.9 stellar radii) out to 10–60 stellar radii (see the discussion in, e.g., 231). The amount
of mass present in the model within this domain – about 10−3–10−2 M�, using gray
or frequency-dependent opacities, respectively∗ – is not enough to calculate mass-loss
rates of the order ∼> 10−5 M� yr−1 with any reliability. For example, it normally takes
about 102 years of evolution to start a dynamic model from a hydrostatic initial model.
A sketch of the radial structure of the extended AGB star is shown in Fig. 1, which
illustrates that the radial domain of wind formation models merely include a small part
of the star.

By including more of the central parts of the star in the wind-formation model
it becomes possible to model also the highest mass-loss rates – and thereby provide a
mean to understand observations at the tip of the AGB. The inclusion of the convective
envelope in the model requires the use of either a three-dimensional approach (such as
is presented in the first-time study of 219) or a description of turbulent energy (see e.g.
224; 220; 213; 241; 216), which implies three free parameters (227) that replace the
two free parameters of the piston (i.e. the moving inner boundary) of current models.
It may turn out that dust cannot itself drive the strongest winds observed, in this case
it may be necessary to find and include another, complementary, driving mechanism in
the models.
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Figure 1. A sketch of the AGB star that divides it into separate radial domains.
Starting from the outside with the circumstellar envelope (CSE; on the right-hand
side) it encloses the wind formation region, the convective envelope, the periodi-
cally active hydrogen- and helium-burning shells, and the inert core. Long-period
pulsations form in the outer parts of the convective envelope, and dust forms in the
wind-formation region. The star ends with the ISM on the outside of the CSE.
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Abstract. Maps of water and hydroxyl masers in the winds of AGB stars reveal
subtle asymmetries. Multi-epoch observations show that most circumstellar envelopes
supporting bright masers are close to spherical but with uneven filling. The dominant
wind direction is radial and there is no significant rotation or other signs of companions
at a velocity resolution ≤ 0.2 km s−1. The stars do appear to possess dynamically signif-
icant magnetic fields but the origin of these is not fully understood. Future observations
will test the suggestions from current data, that clumping scales and asymmetries are
determined at the origin of mass loss, from the stellar surface itself.
Keywords. Planetary nebulae – Stars: AGB and post-AGB

1. Introduction

The most extreme bipolar PN undoubtedly require companions for shaping but not all
stars are in binary systems. AGB (and more massive) stars with no detectable compan-
ions, and stringent upper limits on rotation, also have asymmetric winds. We present
observational evidence for this and discusses possible causes and future investigations.

2. Maser observations

We have monitored H2O and OH masers in six AGB stars, RT Vir, U Ori, U Her, IK Tau,
R Crt and W Hya, between 1993-2002. MERLIN∗ has a resolution of 10–20 mas at the
H2O frequency of 22 GHz, and 150–250 mas at the OH mainline frequencies of 1.665

∗The UK radio interferometer, operated by the University of Manchester on behalf of STFC
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and 1.667 GHz, and detects all the emission. The EVN (European VLBI Network) has a
resolution around 20 mas at 1.6 GHz, but some extended OH is resolved out. Between a
few tens and a couple of hundred H2O maser clumps are identified in each circumstellar
envelope, each spanning about 1–2 km s−1 and a few AU. They form a shell between
about 5 and 50 stellar radii (the stellar radius is typically one or two AU) with a volume
filling factor of a few percent or less. The OH mainlines are expected to appear further
out but in some cases overlap the H2O maser region, probably interleaving the denser
H2O maser clouds.

3. Accelerating expansion

In many cases some of the H2O maser clumps can be identified at more than one epoch
not more than 18 months apart. This provides proper motion measurements, such as
the example shown for RT Vir in Fig. 1. Compared with the Doppler velocities this
provides a 3D picture of the circumstellar envelope velocity field. These show that the
wind is accelerating radially away from the star but there is no sign of any systematic
rotation above a limit of a few tenths of a km s−1, giving a limit of about 1 km s−1 at the
stellar surface. The east side of the CSE in Fig. 1 has more red-shifted emission than
the west side, but the most extreme red- and blue-shifted emission comes from closer to
the line of sight towards the star at the centre, and the velocity asymmetry is probably
due to the shell being elongated, i.e. spheroidal rather than spherical.

Figure 1. Proper motion vectors measured from six observations of RT Vir H2O
masers during 10 weeks (247) are shown on the left. A single epoch (243) is shown
on the right.

4. Asymmetries – transient or persistent

The exponential nature of maser amplification exaggerates small changes in physical
conditions. Fig. 2 shows that U Ori H2O maser emission has a roughly elliptical dis-
tribution but the direction of elongation changes. The brightest emission is at a similar
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distance from the centre but a different position angle. Some clumps of OH masers
persist for at least a year. More extended emission is seen in the more sensitive 1998
MERLIN+EVN data, whilst the 1999 data are EVN only. It is often the case that
VLBI hot-spots show an elongated distribution within a more spherical shell detected
by MERLIN observations with higher surface-brightness sensitivity.

Figure 2. Four epochs of H2O maser observations of U Ori are shown on the left.
One epoch is overlaid on two epochs of OH mainline observations on the right.

The aim of our project is to use multi-epoch monitoring to investigate whether any
asymmetries are persistent, and consistent with the CSE velocity field as deduced from
Doppler and proper motions. This has been seen in supergiants (e.g. Etoka & Diamond
245, Murakawa et al. 246) but we can’t be sure whether this is also the case in AGB
stars until all epochs of data have been reduced fully. The H2O maser shell of IK Tau
is fairly spherical (Yates & Cohen 253, Bains et al. 243) but the OH mainline masers
(Fig. 3) have a morphology suggesting a biconical outflow seen close to face-on.

These results suggest that AGB CSEs have a modest equatorial density enhance-
ment where H2O masers and strong acceleration are favoured by a denser, dustier en-
vironment. OH seems initially to have a spherical distribution but is more likely to
develop asymmetries whilst still on the AGB; IK Tau, for example, seems to resemble
the models of Zijlstra et al. (254).

5. Origins of asymmetry and future work

Zeeman splitting of the OH lines (249; 250) and H2O (252) has been measured in
several AGB stars, demonstrating the presence of magnetic fields strong enough to
shape the outflow. However, the origin of such a field remains controversial in the
absence of significant stellar surface rotation, although local enhancement of a weak
dynamo looks promising (Soker & Zoabi 248; Thirumalai & Heyl 251). One possibility
is the interplay between a rotating, degenerate core and large surface convection cells.
The size of H2O maser clouds varies with the stellar size, corresponding to a birth size
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Figure 3. MERLIN observations of IK Tau at 1667 MHz (left) show surprisingly
extended emission at the extreme velocities, incompatible with a uniform spherical
shell. Traces of an inner shell are seen, also shown on the right (OH in purple scale),
overlapping the H2O masers (yellow components).

roughly 10% of the stellar diameter, consistent with convection models (albeit mostly
tailored to RSG stars, e.g. Chiavassa et al. 244).

We are planning to continue investigations by a series of linked monitoring pro-
posals. Combinations of e-MERLIN, EVLA, ALMA and VLTI data will resolve the
radio photosphere at increasing radii with increasing frequency, i.e. deeper layers of
the star are seen at mm wavelengths than at cm wavelengths. Appropriately timed ob-
servations will track disturbances through the stellar surface (as well as yielding tem-
perature maps). A persistent axis of symmetry would suggest a magnetic dipole, whilst
localised variations could be used to distinguish between convection and complex pul-
sation modes. We can then use coordinated SiO (VLBA), H2O (e-MERLIN) and OH
(e-MERLIN and EVN) maser observations to track individual clumps as they cross the
crucial transition zones e.g. dust formation, eventually supplemented by ALMA images
of dust and thermal lines as well as high-frequency masers.
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Abstract. Water fountain sources are a class of post-AGB stars that exhibit highly
collimated H2O maser jets. These jets are likely associated with the origin of asymmet-
ric PNe. Magnetic fields are found to play an important role in collimating these jets.
We measured the Zeeman splitting of the 1612 MHz OH masers in W43A, which is an
archetype of this class of objects. A magnetic field of 100µG was derived for the OH
maser region of this source. Additionally, we performed kinematical re-construction
of the OH maser region of this source. Our results show that the OH masers are most
likely distributed in the equatorial region of the circumstellar envelope . The equatorial
enhancement of the OH masers could be due to the presence of a binary companion.
Keywords. Planetary nebulae – Magnetic fields – Post-AGB stars

1. Introduction

Water fountain sources are a class of post-AGB objects where the H2O maser velocity
range exceeds that of OH maser in the CSE (258). High resolution H2O maser obser-
vations trace highly collimated jets in the inner envelope of these objects. Therefore,
these objects can not be understood by the standard expanding shell model. The origin
of these jets is not clearly understood. Theoretical models show that magnetic fields
can have an important role in collimating these jets (261). An archetype of this class
is W43A, for which interferometric observations showed highly collimated H2O maser
jets, with a 3D outflow velocity of 145 km/s (257). Polarization observations of the
H2O masers of W43A revealed a strong magnetic field apparently collimating the jet
(263).

The bipolar jets observed in water fountain sources are thought to explain the onset
of asymmetric planetary nebulae (PNe) (262). This is significant because the majority
of the observed planetary nebulae show elliptical or bipolar structures (259). During
the post-AGB phase, the jet-like outflows, carve out polar cavities in the AGB wind.
These cavities provide the morphological signature to produce the a-spherical PNe.
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Blue shifted peak

Figure 1. The 1612 MHz spectra of W43A.

Figure 2. The spatial distribution of the OH and H2O maser features of W43A.
OH maser positions are overlaid on H2O maser features (263).

2. The magnetic field of the 1612 MHz OH masers of W43A

We performed polarization observations of the 1612 MHz OH masers of W43A with
MERLIN. Fig. 1 shows the total intensity, polarization intensity and circular polariza-
tion profiles. The brightest peak is red-shifted and the blue-shifted peak has a much
lower brightness; ∼ 30 times weaker. The peaks in the polarization intensity and circu-
lar polarization profiles show 12% linearly and 10% circularly polarization.

Fig. 2 shows the spatial distribution of the OH maser features of W43A together
with H2O maser positions. The offset positions are with respect to the reference feature.
H2O maser features are indicated by filled circles and OH maser features are shown as
triangles. Red and blue colors indicate the red-shifted and blue-shifted features. This
map clearly shows that H2O maser occurs at the tips of a jet and the OH masers occur
at a projected distance much closer to the star.

The actual measurement of the magnetic field strength may depend on a number
of conditions, but is estimated to be 100 µG (255). This value is consistent with the
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expected magnetic field strength of 70 µG extrapolated from H2O maser observations
(263).

3. Kinematical re-construction of the OH maser region of W43A

The spatial distribution of the OH and H2O maser region of W43A (Fig. 2) reveal
that the CSE of this source has deviation from spherical symmetry. We performed
kinematical reconstruction to investigate the morphology of the OH maser region of
this source. We wanted to understand why the OH maser features are offset from each
other and in particular why this offset is reversed compared to that of the red- and blue-
shifted H2O masers.

The H2O maser jet of W43A is located in a bipolar outflow with 39◦ inclination
from the plane of the sky (257). The expansion velocity of the OH maser region of
W43A is ∼ 18 km/s (255). This implies that the OH maser region is not entrained by
the fast post-AGB wind. We considered two scenarios of an equatorial distribution and
a bi-conical outflow for the OH maser region of W43A. We determined the velocity
coherent path length along the line of sight for various opening angles in the equatorial
region or bi-conical outflow.

We applied isotropic or latitudinal dependent velocity fields increasing towards
the equatorial plane or the polar region. Fig. 3 displays the offset between the blue-
shifted and red-shifted peaks assuming a shell radius of 3×1016 cm (256). Our results
show that if the masers are confined within ∼ 30◦ from the equatorial plane, separation
between the red- and blue-shifted masers can reproduce the 650 AU observed for the
OH maser region of W43A (Fig. 3). The velocity fields in this scenario must be either
isotropic or latitudinal dependent enhanced towards the equatorial region.

The distribution of the OH masers in an equatorial outflow could be due to the
presence of a binary companion. (260) show that the common envelope evolution of
a low mass companion can produce the equatorial outflow. Additionally, in this sce-
nario the bipolar H2O maser outflow of W43A, can be explained by the dynamo-driven
magnetic field caused by the in-spiral of the companion into the envelope.

4. Conclusions

We presented the detection of the magnetic field of ∼ 100 µG in the OH maser region
of W43A surrounding the collimated jet. This confirms that a large scale magnetic field
is present in W43A, which likely plays a role in collimating the jet.

The OH maser distribution of W43A shows non-spherical morphology. We sug-
gest that there is an equatorial distribution for the OH maser region of W43A. This
could have been caused by the presence of a binary companion close to the CSE of
W43A.
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Abstract. In order to better understand the formation of asymmetric structures in
planetary nebulae (PNe), we have studied two of the three planetary nebulae that are
known to harbor water maser emission: K 3−35, IRAS 17347−3139. These objects
show a clear bipolar morphology with a narrow waist; the water maser emission arises
from the central region and in the case of K 3−35 it is also found located at the sur-
prisingly large distance of 4000 AU from the central star (near the tips of the bipolar
lobes). Several mechanisms have been proposed to explain the bipolar morphology of
PNe. In the case of K 3−35 we believe that we may be observing some of them at the
same time: (i) a disk-like structure traced by the H2O masers, (ii) a precessing bipolar
jet probably due to the presence of a binary companion and (iii) circular polarization
in the OH 1665 MHz masers, which suggests the presence of a magnetic field. A de-
tailed modeling of all these observational results might shed light on the formation of
asymmetric structures in planetary nebula. On the other hand, we also present the first
high angular resolution images of the ionized gas (in radio continuum at λ = 1.3 and
0.7 cm) of IRAS 17347−3139. The results support the presence of a collimated wind
which might be shaping the bipolar lobes. Additionally, the 0.7 cm images show an
equatorial structure that has been interpreted as a high density ionized torus in which
the water maser emission would be arising.
Keywords. Planetary Nebulae
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1. Introduction

The mechanisms that lead to the formation of collimated outflows in PNe and their
role in the global shaping of these objects are still a matter of debate. Magnetic forces
and binary systems have been invoked to explain jets and bipolar morphologies in PNe
(see review by 264). However, due to the short time scale of the phase in which the
asymmetries are developed (∼1000 years) and to the high degree of absorption of light
in the circumstellar envelopes (CSEs) in these objects, the observations necessary to
test the models are generally difficult and consequently scarce. In this regard, the maser
emission has proven to be a very powerful tool to study the CSEs of AGB, post-AGB
stars and PNe. It traces regions that are located just tens of AU from the star to regions
in the outer parts of the CSE at ∼104 AU. Furthermore, the polarization of the maser
emission can reveal the presence of magnetics fields that permeate the CSE. While
maser emission of SiO, H2O and OH has been commonly observed toward the oxygen-
rich CSEs of AGB and post-AGB stars, only H2O and OH maser emission has been
found in PNe. Particularly, the H2O maser emission was not expected to be present in
PNe due to the lower density of the circumstellar gas and the high degree of ionization.
However, (266) discovered water masers for the first time toward the young PN K 3−35.
These authors also found that the OH 1665 MHz maser emission in this source, which
seems to be tracing an equatorial torus, shows a high degree of circular polarization
(&50%). This suggests the presence of a magnetic field in the equatorial region of this
nebula. However, the spatial and spectral resolution of their observations did not allow
to draw clear conclusions. After the discovery of water masers in K 3−35, a survey
toward highly obscured young PNe was carried out by (265). They observed 27 objects
and found one positive detection toward the PN IRAS 17347−3139. The water masers
in this source appeared distributed in a ring-like structure whose center is offset ∼0.′′15
from the peak of the radio continuum at 1.3 cm. These authors proposed the possibility
that these masers could be arising in one member of a binary system while the radio
continuum would be associated to the other member. In addition, the spectral index
of the radio continuum of IRAS 17347−3139 was found to be very similar to that of
an ionized expanding wind. However, the observations did not have enough angular
resolution to clearly determine the parameters of such wind.

In this work we present higher angular and spectral resolution VLA observations
of the OH 1665 MHz maser emission toward the PN K 3−35 (§2). We also present
VLA radio continuum images of the PN IRAS 17347−3139 (§3) in which we resolve
for the first time the ionized component of this nebula.

2. Zeeman pair in the PN K 3−35

On 2002 March 31 we carried VLA observations of the four OH transition at λ∼18 cm
in the A configuration, achieving an angular and spectral resolution of ∼1′′ and 0.14
km s−1, respectively. Both right circular polarization (RCP) and left circular polariza-
tion (LCP) were observed simultaneously. Then, we created the Stokes I = (IRCP +
ILCP)/2 and Stokes V = (IRCP − ILCP)/2 data sets, where IRCP and ILCP are the intensi-
ties in the right and left circular polarizations, respectively. Figure 1 shows the spectra
and distribution of the OH 1665 MHz masers spots toward the K 3−35. The circles and
triangles indicate the LCP and RCP maser spots, respectively. These maser spots ap-
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Figure 1. Spectra, spatial distribution and position-velocity diagrams of the OH 1665
MHz masers toward K 3-35. The OH maser spots have been plot with a color-coded velocity
shown on the right of the Figure. The circles represent the left circular polarization (LCP) and
the triangles the right circular polarization (RCP) features. Three different groups of masers
been marked with colored squares in both, the spectra and the maser distribution plot. The
orange square marks the region where we suggest there is a Zeeman pair (see §2). The oval in
the Stokes V spectrum shows the typical “S” shape fingerprint of the Zeeman splitting. The
black cross indicates the position of the peak of radio continuum at 1.3 cm.

pear grouped in three spatial regions with different characteristic velocities: one close
to the 1.3 cm continuum emission peak (∼ 17.1 km s−1, marked with a green square),
and the other two located toward the southeast (∼ 15.0 km s−1, blue square) and south-
west (∼ 18.6 km s−1, red square) of the peak of the radio continuum. We notice that
the positions of the RCP and LCP maser spots with velocities ∼ 17.5 to 18.0 km s−1

overlap each other (within 0.′′01). Moreover, Stokes V spectrum exhibits the typical
“S” shape of the Zeeman splitting in that same velocity range (marked with an oval in
Figure 1). Assuming that this is indeed a Zeeman pair, we used the following expres-
sion to obtain the magnetic field along the line of sight (BLOS): V = b c/ν0 dI/dv BLOS
Hz µG−1 (267), where dI/dv is the velocity derivative of the Stokes I spectrum, ν0 is
the frequency of the transition, c is the speed of light, and b is the splitting coefficient
(b = 3.270 for the OH 1665 MHz transition). By computing dI/dv we find that BLOS '

0.9 ± 0.1 mG, at a distance ∼ 0.′′03 from the 1.3 continuum peak. When this value
is plotted in a B - r diagram, as that presented by (268), we find that the value of the
magnetic field in K 3−35 is in agreement with a B ∝ r−2 dependance, i.e. a solar-type
model.

3. Ionized torus and bipolar lobes in IRAS 17347−3139

On 2005 January 27, we used the VLA in the hybrid configuration BnA, to carry out
continuum observations of the PN IRAS 17347−3139 at λ = 3.6, 1.3 and 0.7 cm. The
radio continuum emission at 3.6 and 1.3 cm shows a bright central region and a fainter
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Figure 2. Grey contours: ra-
dio continuum emission of IRAS
17347−3139 at wavelength 1.3 cm.
Contours are −0.53, 0.53, 1, 2, 3,
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Jy/beam. Black contours: radio
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ibilities to those with a uv baseline
longer than 500 kλ. Contours are
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50, 60, 70, 80, 90, 99 per cent of
2.6 ×10−2 Jy/beam. The masers re-
ported by (265) are indicated by the
crosses. Grey scale: HST IR image
of IRAS 17347−3139 at 1.1 µm ob-
tained with the NIC1 in the F110W
filter.

extended structure elongated in the northwest-southeast direction (P.A. = −30◦). Par-
ticularly, in the image at 1.3 cm, the extended emission shows a double horn structure
in the nortwest-southeast direction with an opening angle of about 30◦ (see Figure 2).
Our high angular resolution images reveal the presence of two structures elongated
in more or less perpendicular directions. In fact, a Gaussian fitting to the continuum
emission of IRAS 17347−3139 shows that the central compact structure is elongated
in the direction with P.A.' 50◦, while the extended structure is elongated in the direc-
tion with P.A.' −30◦. These directions correspond to those of the dark lane and the
bipolar bright lobes observed in the IR images, respectively. This alignment suggests
that the radio continuum emission could be arising from two different components: an
equatorial ionized torus-like structure (which is evident from the 0.7 cm image), and
two ionized bipolar lobes. We have superimposed the water maser emission found by
(265) on the radio continuum emission at 0.7 cm from our observations (see Figure 2).
In order to do this, we have shifted the positions of the observations of (265), so that
the position of the continuum peak emission of their observations coincides with that
of our observations at λ ' 1.3 cm. From Figure 2 we find no clear evidence of the
presence of a secondary companion associated with the maser emission as suggested
by (265), although this possibility cannot be completely ruled out. If we consider that
the emission at 0.7 cm is tracing an ionized torus around the central star(s), the relative
positions of the maser and the continuum emission suggest that the water masers arise
from the outer parts of the ionized torus.
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Magnetic fields around (post-)AGB stars and (Pre-)Planetary
Nebulae
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Abstract. Observational evidence for strong magnetic fields throughout the en-
velopes of evolved stars is increasing. Many of the instruments coming on line in
the near-future will be able to make further contributions to this field. Specifically,
maser polarization observations and dust/line polarization in the sub-mm regime has
the potential to finally provide a definite picture of the magnetic field strength and con-
figuration from the Asymptotic Giant Branch (AGB) all the way to the Planetary Nebula
phase. While current observations are limited in sample size, strong magnetic fields ap-
pear ubiquitous at all stages of (post-)AGB evolution. Recent observations also strongly
support a field structure that is maintained from close to the star to several thousands of
AU distance. While its origin is still unclear, the magnetic field is thus a strong candi-
date for shaping the stellar outflows on the path to the planetary nebula phase and might
even play a role in determining the stellar mass-loss.
Keywords. Planetary Nebulae – Stars: AGB and post-AGB – Magnetic fields

1. Introduction

Strongly asymmetric planetary nebulae (PNe) have been shown to be common. The
research into their shaping processes has become a fundamental part of our attempts to
further the understanding of the return of processed material into the ISM by low- and
intermediate-mass stars at the end of their evolution. Whereas the standard interacting
winds scenario (283) can explain a number of the PN properties, an important discovery
has been that the collimated outflows of the pre-PNe (P-PNe), where such outflows
are common, have a momentum that exceeds that which can be supplied by radiation
pressure alone (274). The source of this momentum excess has been heavily debated
during the past several years, with the most commonly invoked cause being magnetic
fields, binary or disk interaction or a combination of these (e.g. 271). Due to a number
of similarities with the jets and outflows produces by young stellar objects, the study
of P-PNe outflows provides further research opportunities into a potentially universal
mechanism of jet launching.

Here I will review the observational evidence for strong magnetic fields in PNe as
well as around their AGB and post-AGB progenitors. I will give an overview of the
methods that can be used to study magnetic fields, especially in light of the plethora
of new instruments that will be available shortly. Finally, I will discuss a number of
questions related this topic that we can expect to be answered with the new instruments
in the next few years.
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2. Observational Techniques - Polarization

With the exception of observations where the magnetic field strength is estimated as-
suming forms of energy equilibrium, such as synchrotron observations, the magnetic
field strength and structure is typically determined from polarization observations.

2.1. Circular Polarization

Circular polarization, generated through Zeeman splitting, can be used to measure the
magnetic field strength. It measures the total field strength when the splitting is large
and the line-of-sight component of the field when the splitting is small. The predomi-
nant source of magnetic field strength information during the late stages of stellar evolu-
tion comes from maser circular polarization observations, and particularly the common
SiO, H2O and OH masers. These can show circular polarization fractions ranging from
∼ 0.1% (H2O) up to ∼ 100% (OH) and are, because of their compactness and strength,
excellent sources to be observed with high angular resolution. Unfortunately, the analy-
sis of maser polarization is not straightforward (For a review, see 291), and it has taken
a long time before maser observations were acknowledged to provide accurate mag-
netic field measurements. More recently, the first attempts have been made to detect
the Zeeman splitting of non-maser molecular lines in circumstellar envelopes, such as
CN (280). As many of these occur at shorter wavelength in the (sub-)mm regime, the
advent of the Atacama Large (sub-)Millimeter Array will further enhance these types
of studies.

2.2. Linear Polarization

Linear polarization, probing the structure of the plane-of-the-sky component of the
magnetic field, can be observed both in the dust (through aligned grains) and molecular
lines (through radiation anisotropy - the Goldreich-Kylafis effect). Typical percentages
of linear polarization range from up to a few percent (e.g. dust, CO, H2O masers)
to several tens of percent (OH and SiO masers). Again the interpretation of maser
polarization depends on a number of intrinsic maser properties, but in specific instances
maser linear polarization can even be used to determine the full 3-dimensional field
morphology. In addition to the geometry, the linear polarization of most notably dust,
can also be used to obtain a value for the strength of the plane-of-the-sky component of
the magnetic field. This is done using the Chandrasekhar-Fermi method, which refers
to the relation between the turbulence induced scatter of polarization vectors and the
magnetic field strength.

3. Current Status - Evolved Star Magnetic Fields

3.1. AGB Stars

Most AGB magnetic field measurements come from maser polarization observations
(SiO, H2O and OH). These have revealed a strong magnetic field throughout the cir-
cumstellar envelope. In Figure 1, I have indicated the magnetic field strength in the
regions of the envelope traced by the maser measurements throughout AGB envelopes.
While a clear trend with increasing distance from the star is seen, the lack of accurate
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Figure 1. Magnetic field strength vs. radius relation as indicated by current maser
polarization observation of a number of Mira stars. The boxes show the range
of observed magnetic field strengths derived from the observations of SiO masers
(282; 279), H2O masers (293; 295), OH masers (e.g. 286) and CN (280). The thick
solid and dashed lines indicate an r−2 solar-type and r−1 toroidal magnetic field con-
figuration. The vertical dashed line indicates the stellar surface. CO polarization
observations will uniquely probe the outer edge of the envelope (vertical dashed dot-
ted line).

information on the location of the maser with respect to the central stars makes it dif-
ficult to constrain this relation beyond stating that it seems to vary between B ∝ R−2

(solar-type) and B ∝ R−1 (toroidal). Future observations of CO polarization might be
able to provide further constraints.

As the masers used for these studies are mostly found in oxygen-rich AGB stars,
it has to be considered that the sample is biased. However, recent CN Zeeman splitting
observations (280) seem to indicate that similar strength fields are found around carbon-
rich stars.

Beyond determining the magnetic field strength, the large scale structure of the
magnetic field is more difficult to determine, predominantly because the maser obser-
vations often probe only limited line-of-sights. Even though specifically OH observa-
tions seem to indicate a systematic field structure, it has often been suggested that there
might not be a large scale component to the field that would be necessary to shape the
outflow (289). So far the only shape constraints throughout the envelope have been
determined for the field around the supergiant star VX Sgr (Fig.2), where maser obser-
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Figure 2. (left) The dipole magnetic field of the supergiant VX Sgr as determined
from a fit to the H2O maser magnetic field observations (295). (right) Positions
and polarization of the VX Sgr v = 0, J = 5 − 4 29SiO masers observed with the
SMA (294). The masers spots are plotted with respect to the peak of the continuum
emission. The black vectors are the observed polarization vectors scaled linearly
according to polarization fraction. The long dashed inner circle indicates the star
and the solid circle indicates the location of the 43 GHz SiO masers. The short
dashed circle indicates the minimum radius of the 28SiO masers. The dashed lines
indicate the position angle and its uncertainty of the inferred orientation of the dipole
magnetic field of VX Sgr observed using H2O and OH masers(295; 290).

vations spanning 3 orders of magnitude in distance are all consistent with a large scale,
possibly dipole shaped, magnetic field.

3.2. Post-AGB Stars and P-PNe

Similar to the AGB stars, masers are the major source of magnetic field information of
post-AGB and P-PNe, with the majority of observations focused on OH masers. These
have revealed magnetic field strengths similar to those of AGB stars (few mG) and a
clear large scale magnetic field structure (e.g. 270).

The most promising results have come after the detection of the so-called ’water-
fountain’ sources. These sources exhibit fast and highly collimated H2O maser jets that
often extend beyond even the regular OH maser shell. With the dynamical age of the jet
of order 100 years, they potentially are the progenitors of the bipolar (P-)PNe. Although
the masers are often too weak for a detection of the magnetic field, observations of the
arch-type of the water-fountains, W43A, have revealed a strong toroidal magnetic field
that is collimating the jet (Fig. 3 and 292).

3.3. Planetary Nebulae

During the PN phase, masers are rare and weak and until now only the PN K3-35 has
had a few mG magnetic field measured in its OH masers (284). Fortunately, there are
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Figure 3. (top left) Total power (I) and V-spectrum for one of the H2O maser
features in red-shifted lobe of the collimated jet of W43A including the best model fit
of the V-spectrum corresponding to a magnetic field (292). (top right) Confirmation
of the magnetic field from single-dish GBT observations in the blue-shifted side of
the lobe. As expected for being toroidal, the magnetic field reverses sign across the
blue-shifted masers (269). (bottom) The H2O masers in the precessing jet (dashed-
dotted line) of W43A (indicated by the cross) and the toroidal magnetic field of
W43A. The vectors indicate the determined magnetic field direction, perpendicular
to the polarization vectors, at the location of the H2O masers. The ellipses indicate
the toroidal field along the jet, scaled with magnetic field strength ∝ r−1.

a few other methods of measuring PN magnetic fields. The field orientation in the dust
of the nebula can be determined using dust continuum polarization observations and
current observations seem to indicate toroidal fields, with the dust alignment likely oc-
curring close to the dust formation zone (287). Faraday rotation studies are potentially
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also able to study the magnetic field in the interaction region between the interstellar
medium and the stellar outflow.

In contrast to AGB stars, the central stars of PNe also show atomic lines that
can be used to directly probe the magnetic fields on the surface of these stars. While
measurements are still rare, observations of for example the central star of NGC 1360,
indicate a field of order several kG (281).

4. Origin of the Magnetic Field

Despite the strong observational evidence for evolved star magnetic fields, the origin of
these fields is still unclear. In single stars, differential rotation between the AGB star
core and the envelope could potentially result in sufficiently strong magnetic field (273).
However, as the energy loss due to a rotating magnetic field drag drains the rotation
needed to maintain the field within several tens of years, an additional source of energy
is needed (e.g. 285). If AGB stars would be able to have a sun-like convective dynamo,
magnetically dominated explosions could indeed result from single stars. Alternatively,
the energy could be provided by the interaction with a circumstellar disk, although the
origin of the disk is then another puzzle.

Another explanation for maintaining a magnetic field is the interaction between
a binary companion or potentially a heavy planet, with common-envelope evolution
providing paths to both magnetically as well as thermally driven outflows (285). A
companion could be the cause of the precession seen in a number of water-fountain and
(P-)PNe jets. However, to date, the majority of the stars with measured magnetic fields
do not show any other indication of binarity.

Table 1. Energy densities in AGB envelopes
Photosphere SiO H2O OH

B [G] ∼ 50? ∼ 3.5 ∼ 0.3 ∼ 0.003
R [AU] - ∼ 3 ∼ 25 ∼ 500

- [2 − 4] [5 − 50] [100 − 10.000]
Vexp [km s−1] ∼ 5 ∼ 5 ∼ 8 ∼ 10
nH2 [cm−3] ∼ 1014 ∼ 1010 ∼ 108 ∼ 106

T [K] ∼ 2500 ∼ 1300 ∼ 500 ∼ 300

B2/8π [dyne cm−2] 10+2.0? 10+0.1 10−2.4 10−6.4

nKT [dyne cm−2] 10+1.5 10−2.8 10−5.2 10−7.4

ρV2
exp [dyne cm−2] 10+1.5 10−2.5 10−4.1 10−5.9

VA [km s−1] ∼ 15 ∼ 100 ∼ 300 ∼ 8



Magnetic fields around (post-)AGB stars and (Pre-)Planetary Nebulae 97

5. Effect of the Magnetic Field

Until a more complete sample of magnetically active AGB stars, post-AGB stars and
(P-)PNe is known, it is hard to observationally determine the effect of the magnetic field
on these late stages of evolution. Starting with the AGB phase, a number of theoretical
works have described the potential of magnetic fields in (at least partly) driving the
stellar mass-loss through Alfvén waves(e.g. 276), or through the creation of cool spots
on the surface above with dust can form easier (288). As current models of dust and
radiation driven winds are still unable to explain especially the mass-loss of oxygen-
rich stars, magnetic fields might provide the missing component of this problem, with
tentative evidence already pointing to a relation between the magnetic field strength and
mass-loss rate.

Other theoretical works have focused on the magnetic shaping of the stellar winds
(e.g. 275; 278; 277). But to properly determine the possible effect of the magnetic
fields, it is illustrative to study the approximate ratios of the magnetic, thermal and
kinematic energies contained in the stellar wind. In Table.1 I list these energies along
with the Alfvén velocities and typical temperature, velocity and temperature parameters
in the envelope of AGB stars. While many values are quite uncertain, as the masers that
are used to probe them can exist in a fairly large range of conditions, it seems that the
magnetic energy dominates out to ∼ 50 − 100 AU in the circumstellar envelope. This
would correspond to the so-called ’launch’ region of magneto-hydrodynamic (MHD)
outflows, which typically extend to no more than ∼ 50Ri, with Ri the inner-most radial
scale of launch engine (e.g. 272). A rough constraint on Ri thus seems to be ∼ 1−2 AU,
close to the surface of the star.

6. Outlook

While progress in studying the magnetic fields of evolved stars has been significant, a
number of crucial questions remain to be answered. Several of these can be addressed
with the new and upgraded telescopes in the near future. For example, the upgraded
EVLA and eMERLIN will uniquely be able to determine the location of the masers in
the envelope with respect to the central star, giving us, together with polarization obser-
vations, crucial information on the shape and structure of the magnetic field throughout
the envelopes. ALMA will be able to add further probes of magnetic fields with for ex-
ample high frequency masers and CO polarization observations, significantly expand-
ing our sample of stars with magnetic field measurements. With the ALMA sensitivity,
polarization will be easily detectable even in short observations and thus, even if not the
primary goal, polarization calibration should be done. The new low-frequency arrays
can potentially be used to determine magnetic fields in the interface between the ISM
and PNe envelopes through Faraday rotation observations.

With the advances in the search for binaries and the theories of common-envelope
evolution and MHD outflow launching, the new observations will address for example:

• Under what conditions does the magnetic field dominate over e.g. binary inter-
action when shaping outflows?

• Are magnetic fields as widespread in evolved stars as they seem?
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• What is the origin of the AGB magnetic field - can we find the binaries/heavy
planets that might be needed?

• Is there a relation between AGB mass-loss and magnetic field strength?

Acknowledgments. WV acknowledges the support by the Deutsche Forschungs-
gemeinschaft (DFG) through the Emmy Noether Research grant VL 61/3-1, and the
work by the various researchers that have been crucial in the development of the area
of evolved star magnetic field research (including those that I neglected to reference in
this review).
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Abstract. Low- and intermediate-mass stars are one of the important dust sources in
the interstellar medium (ISM) of galaxies. The compositions of dust ejected from these
stars are likely to affect those in the ISM. We investigate dust in post-Asymptotic Giant
Branch (AGB) stars, which are in a late evolutionary phase for low- and intermediate-
mass stars, and which produce a wide variety of dust grains. We are particularly tar-
geting post-AGB stars in the Large Magellanic Cloud (LMC), which has about half of
the solar metallicity, to investigate the effects of sub-solar metallicity on dust composi-
tions. Using the Spitzer Space Telescope, we obtained 5–30 µm spectra of 24 post-AGB
candidates in the LMC. Five are C-rich post-AGB stars, and this presentation focuses
on spectra of these stars. We found that rare dust features in the Milky Way, such as a
21 µm unidentified feature are commonly found in LMC post-AGB stars. The 6–8 µm
spectra are compared with those of Galactic objects. Four spectra match the Galactic
templates of polycyclic aromatic hydrocarbon (PAH) features. However, we found the
three objects show 7.85 µm feature which have not been found in Galactic post-AGB
stars. Low metallicity conditions definitely affect the dust formation process and com-
positions.
Keywords. Planetary nebulae – Post-AGB stars – LMC

1. Introduction

There are four key aspects regarding dust grains to be investigated in AGB stars, post-
AGB stars and planetary nebulae (PNe). First, the dust grains maintain the thermal
balance within the nebulae, absorbing UV and optical photons, and sometimes pro-
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ducing large infrared excesses (308). Second, dust grains are an important catalyst for
molecular formation. In particular, chemical reactions on grains are required to pro-
duce molecular hydrogen (304), including in PNe (296; 325). Third, dusty disks and
tori might trigger asymmetry in post-AGB stars and PNe. Finally, these evolved stars
are one of the important contributors of dust found in the interstellar medium (ISM) of
galaxies (300; 313). The importance of dust is reported in the White Paper developed
during this conference.

Our work is specifically directed to comparing dust found in circumstellar en-
velopes (CSEs) of AGB/post-AGB/PNe to the dust in the ISM. As such, we will be
able to reveal if dust has been subsequently processed in the ISM. Our main focus is
the dust in post-AGB stars, where wide varieties of dust species have been detected.

Our targets are post-AGB stars in the LMC, our neighbouring galaxy. One of
the advantages is that the distance of post-AGB stars in this galaxy are independently
measured, whereas the distance is an unknown parameter for the Galactic post-AGB
stars. This is ideal since it allows one to trace the stellar evolution on an HR diagram.
Secondly, the LMC provides a laboratory at sub-solar metallicity. Dust grains contain
metals and so the mass and composition of dust might change according to the metal-
licity. Finally, the close distance is favourable for resolving the constituent stars in the
galaxy, and recent advances in observational techniques in the infrared enable us to
carry out detailed studies of objects belonging to this galaxy for the first time.

In this paper, we report our observational studies of dust in the LMC, indicating
the effects of metallicity on the dust grains in the post-AGB stars.

2. Observations

We have obtained spectra of 24 post-AGB candidates in the LMC, using the Infrared
Spectrometer (IRS; 306) on board the Spitzer Space Telescope. We used the low-
spectral resolution mode for the majority of targets. The spectral resolution was λ/∆λ=60–
130. We have chosen the targets largely based on infrared brightness, using the Spitzer
imaging survey data of the LMC (SAGE; 315). Matsuura et al. (314) describe the
details of the sample selection and provide an observing log.

Mid-infrared spectroscopy is a powerful tool to distinguish object types (AGB,
post-AGB, PNe, and R CrB) of infrared-bright evolved stars, as well as chemical types
(oxygen-rich or carbon-rich; no obvious S-type stars found). Figure 1 shows the spectra
of the 24 targets we observed. We describe the characteristics and categorise post-AGB
objects in our paper; we found 5 carbon-rich (hereafter, C-rich) post-AGB stars and 2
oxygen-rich (O-rich) post-AGB stars. Other types we found among our sample were 8
C-rich AGB stars, 2 R CrB candidates, 3 C-rich PNe, 3 young stellar objects (YSOs)
and 1 luminous blue variable (LBV). There are no O-rich AGB stars in our sample.

The largest category in our sample is C-rich AGB stars. The stars we detected
are special amongst C-rich AGB stars, the so-called ‘extremely red objects’ (EROs)
(303). The spectral energy distributions peak in the 10–20 µm range, often with a SiC
dust feature at 11.3 µm in absorption. C-rich stars commonly show C2H2 in absorption
(311). EROs still show C2H2 in absorption, but very weakly. Some of them (e.g.
IRAS 05189−7008 in Figure 1) have a secondary peak in the optical, showing that the
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central star has partially cleared out its optically-thick circumstellar envelope. It is
likely that these stars are transiting from the AGB to the post-AGB phase.

Gielen et al. (301) and van Aarle et al. (324) have studied post-AGB stars in the
LMC, and their targets are mostly binary objects. They found more to be O-rich than
C-rich. Our targets are not selected based on suspected binarity. Although the samples
are small, it is possible that binarity and chemical types may be related.
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Figure 1. Spitzer IRS spectra of LMC IR bright objects, overlaid on photometric
data at 1–24 µm. Object classifications show CAGB (C-rich AGB), CPN (C-rich
PN), CpAGB (C-rich post-AGB), LBV (luminous blue variable), OPN (O-rich PN),
OpAGB (O-rich post-AGB), R CrB, YSO (young stellar object).

3. Dust features in C-rich post-AGB stars

Figure 2 presents the Spitzer IRS spectra of the five C-rich post-AGB stars, showing a
variety of emission features. The next section discusses the features related to PAHs,
which dominate. The 30 µm feature probably arises from MgS (302). The features at
6.9 µm and 7.3 µm are likely to be from aliphatic carbon (299; 309), although there
might be some contributions of PAHs to the 6.9 µm feature (323).

The spectra in Figure 2 also show a feature centred at 15.8 µm (e.g. IRAS 05092
and J052520.70) and the unidentified ‘21 µm’ feature, which actually peaks at 20 µm
in these spectra. The carrier of the 21 µm feature remains a point of controversy (e.g.
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326; 307). The details of this feature in our sample will be presented by Volk et al.
(327). The carrier of the 15.8 µm and 21 µm features may be related (307; 328).
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Figure 2. Spectra of C-rich post-AGB stars in the LMC.
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4. Polycyclic Aromatic Hydrocarbons (PAHs) and other features at 6–9 µm

To examine the details of PAH and other small features, we subtract ‘continua’ from the
observed spectra. Matsuura et al. (314) provide details of this process. Figure 3 plots the
continuum-subtracted spectra. Peeters et al. (317) and Hony et al. (305) have analysed
PAHs in Galactic objects, including post-AGB stars, PNe, and HII regions, and these
authors classified them into classes, A, B and C. Figure 3 shows their template spectra.
The classes can be distinguished by the number of peaks and the peak wavelength, as
indicated in the figure. Both classes A and B show features peaking at about 7.65 and
7.85 µm, with the 7.65 µm peak dominating in class A and the 7.85 µm peak dominating
in class B. In class C, only a single peak appears at about 8.3 µm.

Among our sample, two spectra can be classified into A, and another two into
B. Three further objects show similar profiles to class C, as they have a broad single
feature between 7 and 9 µm. However, their peak wavelengths are shorter than those
found in class C. These three spectra do not fit within the current A-B-C classification
system. We label these three as ‘others’, having two peaks at about 6.3 and 7.85 µm.

In the spectra of these three ‘others’, the 6.3 µm feature is due to PAHs. However,
that feature is broader than normally observed and much more symmetric. Overall, the
behaviour of this feature is analogous to the behaviour of 7-9 µm feature, and together
these suggest a carrier that differs in some way from a normal PAH mixture.

The 7.7–7.8 µm feature could arise from PAHs (318; 319) or the vibrational tran-
sition of -(CH2)n- in aliphatic carbon (322). However, the width of the feature probably
requires multiple components rather than a solitary aliphatic-carbon band.

Although Galactic class C and LMC objects with the 7.85 µm feature have central
stars with similar spectral types (F and G; 317; 320), the wavelength of the feature dif-
fers. It could be due to the difference of PAH compositions between LMC and Galactic
objects. Whereas in class A and B PAHs, there is no difference between LMC and
Galactic objects. The difference is found only in stars with spectral classes of F and
G-type.

Among C-rich post-AGB stars, we did not find any difference in the strength of
PAHs between Galactic and LMC objects. This is consistent with what Bernard-Salas
et al. (298) found in PNe. Among objects with 21 µm features, which are a sub-class
of post-AGB stars, PAHs are stronger (327). At lower metallicity, PAHs could be
formed reasonably well. This is because C2H2, which is a parent molecule for the
PAH formation (297), is abundantly found in AGB stars in lower metallicity galaxies
(310; 312; 321) since carbon atoms are synthesised within these stars and since the
oxygen abundance is low, resulting in a high excess of available carbon.

Acknowledgments. We acknowledge the financial support of NASA grant (JPL-
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A VISIR/VLT imaging survey of post-AGB stars
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Abstract. We observed 86 evolved stars using the mid-infrared imager VISIR on the
VLT, to look for departure from spherical symmetry morphologies in their envelopes.
The observations were taken with exceptionally low water vapor at Cerro Paranal, lead-
ing to diffraction-limited images for this first 8m class mid-infrared imaging survey of
post-AGB stars. We resolved some detached shells or dusty torii in some envelopes.
The nebulae with detached shells are all spherical or bipolar,while the nebulae around
resolved core are either bipolar or multipolar. Most of the resolved objects appear to be
non spherical, which could be a sign of interaction with a binary companion.
Keywords. Planetary nebulae – Stars: AGB to post-AGB stars

1. Introduction

The departure from spherical symmetry during the late stages of the evolution of low
and intermediate mass stars occurs in the inner parts of their circumstellar envelopes.
To observe the inner part of these envelopes, we need mid-infrared observations, as
the dust optical depth is smaller at longer wavelengths. Mid-infrared observations of
AGB and post-AGB stars have been made in the past. But the only survey has been
made with 3-m class telescopes (335) and present a lack of angular resolution for the
morphological study of the observed objects, a selection bias as they observed known
bipolar nebulae and consists of only 17 resolved sources. Some work has been done
using 8-m class telescope, but always focusing on particular individual bright well-
known objects (e.g. 336).

2. Observations and data reduction

We observed 86 evolved stars using VISIR/VLT. The observations presented here come
from three ESO programs, two in standard mode (380.D-0630(A), 081.D-0616(A)),
and one in burst mode (081.D-0130(A)). All the stars were observed with 3 filters:
PAH1 (8.59µm, half band width 0.42µm ), SiC (11.85µm, 2.34µm) and NeII (12.81µm,
0.21µm). The burst mode observations were taken during the driest night ever recorded
at Cerro Paranal, leading to excellent diffraction-limited images (∼ 0.3 arcsec). We
selected all the post-AGB star candidates observable from Paranal with an IRAS 12
µm flux higher than 10 Jy from the Torùn post-AGB star catalog (Szcerba et al., 2007).
We also observed the post-AGB stars from the catalogs by Meixner et al. (335) and
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Table 1. Log of our VISIR observations. Target shapes are defined as S, dS, CS,
B, El, M, DL, RC: spherical, detached shell, central source, bipolar, elliptical, mul-
tipolar, Dark Lane visible (cold dusty disc) and resolved core respectively. PAGB,
RSG and WF refer to Post-AGB, Red Supergiant and Water-fountain respectively.

Source α(J2000) δ(J2000) IRAS12(Jy) shape type
IRAS07134+1005 07 16 10 +09 59 47 24.51 dS,CS, El CPAGB
IRAS10197−5750 10 21 33 −58 05 48 200.0 M, RC C/O PAGB
IRAS15103−5754 15 14 18 −58 05 20 10.8 B, DL? WF
IRAS15445−5449 15 48 19 −54 58 20 6.8 B, DL? WF
IRAS16279−4757 16 31 38 −48 04 04 43.0 M,CS OCPAGB
IRAS16333−4807 16 37 06 −48 13 42 9.3 M,CS WF
IRAS16342−3814 16 37 40 −38 20 17 16.2 B, DL WF
IRAS16594−4656 17 03 10 −47 00 27 44.9 B, RC CPAGB
IRAS17163−3907 17 19 49 −39 10 37 1240 S,dS PAGB
IRAS17311−4924 17 35 02 −49 26 26 18.3 DL PAGB
IRAS17347−3139 17 38 01 −31 40 58 18.99 B OPPN
IRAS17441−2411 17 47 08 −24 12 59 42.8 B PAGB
IRAS18450−0148 18 47 41 −01 45 11 23.3 CS WF
IRAS19016−2330 19 04 43 −23 26 08 12.6 El PAGB
IRAS19114+0002 19 13 58 +00 07 31 31.3 CS, S OPAGB/RSG
IRAS19244+1115 19 26 48 +11 21 17 1346.0 S OPAGB/RSG
IRAS19374+2359 19 39 36 +24 06 28 23.62 El OPAGB
IRAS19386+0155 19 41 08 +02 02 31 17.4 El PAGB
IRAS19454+2920 19 47 24 +29 28 12 17.27 El CPAGB
IRAS19500−1709 19 52 52 −17 01 50 27.8 El, dS CPAGB
IRAS20043+2653 20 06 23 +27 02 09 17.89 El OPAGB
IRAS23166+1655 23 19 12 +17 11 35 706.0 El CPAGB

Bujarrabal et al. (330) observable from Cerro Paranal. We added some water fountains
and the brightest AGB stars we could observe. Our sample consists of 12 AGB stars,
52 post-AGB, 2 Planetary Nebulae, 2 RCrB, 8 RV Tau and 10 water fountain sources.

3. Observed Morphologies

55 of the stars we observed appeared unresolved even with a 8m-class telescope. Among
the 33 resolved targets, we observed 14 elliptical, 7 bipolar, 4 multipolar, 4 spherical, 1
asymmetrical (an HII region) and a squared (a Be star) nebulae. Amongst the 52 post-
AGB objects we observed, 34 are point sources, 14 elliptical, 3 spherical, 7 bipolar and
4 multipolar. Most of the post-AGB stars we observed are thus non-spherical. This is
also the case for the water fountains that are all bipolar or multipolar.

For five objects (IRAS 07134+1005, IRAS 17163−3907, IRAS 19114+0002, IRAS
19374+2359 and IRAS 19500−1709), we clearly resolved a detached shell, character-
istic of the post-AGB phase. All these nebulae are either spherical or elliptical. IRAS
19500−1709 was observed at similar wavelengths with OSCIR on the Gemini South
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telescope, but no detached shell was resolved (332). They predicted the presence of a
detached shell using a radiative transfer model, with a size similar to the one we ob-
served. This shows that the excellent weather conditions we had during our observing
run enabled us to achieve the best possible angular resolution from a ground-based 8m
class telescope in the N band. This shell was ejected when the mass-loss phenomenon
ceased. We measure a diameter of the inner detached shell of ∼0.4 arcsec. Assuming
an expansion velocity of the shell of 11km.s−1 and a distance of 4 kpc leads to the
conclusion that this shell was ejected ∼1400 years ago.

Four of the observed stars (IRAS10197−5750, IRAS 16594−4656, IRAS 17311−4924
and IRAS 17411−2411) show a clearly resolved central dusty torus. All these nebulae
are clearly bipolar or multipolar. The observed torii are perpendicular to the bipolar
nebula, and have certainly played an important role in their shaping. Our multi wave-
lengths observations will bring important constraints on the dust mass and temperature
in these torii and a better understanding of their influence in the shaping.

Some of our sources are clearly bipolar or multipolar, with an unresolved core
(IRAS 16279−4757, IRAS 17347−3139). These objects will be perfect targets for in-
terferometric observations with the Very Large Telescope Interferometer (VLTI). VLTI/MIDI
observations of the planetary nebulae Menzel 3 and M2-9 have enabled us to discover
and study dusty discs in the core of these objects (331). Observations of similar struc-
tures in the core of post-AGB objects will allow us to study the formation and evolution
of discs after the AGB phase.

We finally obtained the first resolved images of the water fountains sources IRAS
15103−5754, IRAS 15445−4449 and W43A. These three objects are clearly bipolar.
The edges of the bipolar lobes of IRAS 15445−4449 are terminated by spurs that could
be either jets or the projection of a biconical structure on the plane of the sky. The jets
are perpendicular to the equatorial plan of the nebula and are certainly due to the jets
inferred by the water maser that shaped the bipolar nebula around IRAS 15445−4449.
A dark equatorial lane, due to a thick cold dusty disc, is also observed in this nebula.
The presence of such a disc and bipolar jets could indicate the presence of a binary
system in the core of this nebula, responsible for the shaping of the nebula.

IRAS 16279−4757 and IRAS 10197−5750, classified as bipolar from mid-infrared
observations using TIMMI on the ESO 3.6 m telescope (334; 333), appear to be multi-
polar on our high angular resolution images. This indicates that high angular resolution
observations are crucial to understand the morphologies of these objects.
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Figure 1. VISIR images of the 23 largest evolved stars we observed in three differ-
ent filters, centered at 8.59, 11.85 and 12.81µm (PAH1, SiC and NeII respectively).
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Abstract. Point-Symmetric Planetary Nebulae (PSPNe) are an important part in
morphological classification as they exhibit features (e.g. collimated jets, knots) that
can directly be associated to physical processes such as precession, binarity or magnetic
action. This connection seems more obvious than when it comes to bipolar Planetary
Nebulae (PNe) for example, and PSPNe have often been referred to as a proper class.
We present a cross-analysis of a group of PSPNe as well as a more detailed physical
and kinematical analysis of three cases displaying what we consider to be different
type of point-symmetry. The combination of the high resolution spectroscopy with the
morpho-kinematical tool Shape is giving new insights in the understanding of those
complex structures.
Keywords. Planetary Nebulae

1. Introduction

Point-symmetric PNe are characterized by an S-shaped structure with the central star
being the point of reflection and collimated outflows apparently tracing successive
mass-loss events (e.g. PC 19, IC 4634). The variation in position angles and radial
velocities of the symmetric pairs of outflows/jets is likely to be the sign of the occur-
rence of precession (340). Another important aspect is the absence of waist which
makes the difference with bipolar PNe. The origin of PSPNe is generally linked to the
presence of a wobbling accretion disk inducing episodic precessing jets (342) or the ac-
tion of magnetic fields through magnetic collimation around a precessing star (339). In
both cases binarity would play a role as the precessing accretion disk would arise from
the orbital movement in the (close) binary system (345) and the mass-loss variation
would then be due to tidal forces. In the case of magnetic action, by spinning up the
primary’s envelope, the secondary causes a dynamo effect inducing the jets (343).The
systematic analysis of such complex structures is therefore the key to the understanding
of the processes responsible for their morphology.
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2. PSPNe as a morphological class?

The well defined shapes and patterns exhibited by PSPNe have granted them the de-
nomination of morphological class alongside round, elliptical and bipolar PNe (344).
However, we studied a sample of 23 PSPNe specifically answering the description men-
tioned above and we did not find any particular trend in their location above the plane
that would be related to a common progenitor mass, as it has been proven for the other
morphological classes (338). Indeed PSPNe are spread at various galactic heights from
|z| ' 25 pc to |z| ' 600 pc. The analysis of the radial velocity range (from 2 to 161
km s−1) and as well as the expansion velocity range (with a mean value of 29 km s−1)
do not reveal any particular tendency. Moreover, point symmetry (via the presence of
point-symmetric micro-structures) is found in diverse asymmetrical PNe (e.g. KjPn8,
He 3-1475). Therefore, and in agreement with Guerrero et al. (341), PSPNe cannot be
established as a proper class based on these grounds alone.

3. Morpho-kinematical analysis

In order to understand the dynamics of point-symmetric PNe we performed high reso-
lution spectroscopic analysis with the echelle spectrometer MEZCAL mounted on the
2.1m telescope of the Observatorio Astronómico Nacional at San Pedro Mártir (Baja
California, Mexico). We present 3 PNe showing different aspects of point-symmetry:
NGC 7354, NGC 6309 and Pe 1-17. The data obtained were subsequently modelled
with the morpho-kinematical software Shape (347; 346) which aims at the reconstruc-
tion of the PNe’ 3D morphology.

3.1. NGC 7354

This PN is composed of a set of axisymmetric structures at different position angles and
only the jets can be qualified as point symmetric. Contreras et al. (337) gave a detailed
description of this planetary nebula and discussed the kinematical characteristics of the
four main structures defining the PN (Fig 1): an outer shell expanding at 45 km s−1

(de-projected radial velocity), an elliptical inner shell expanding at 35 km s−1, a set of
equatorial bright knots with velocities between 25 and 44 km s−1 and a pair of jets with
an expanding velocity of 60 km s−1, each one.

There is so far no evidence for the presence of a stellar companion in NGC 7354
but a possible scenario, according to the authors, would involve a binary system in
common-envelope phase and the presence of a precessing accretion disk.

3.2. NGC 6309

NGC 6309 shows two point-symmetric arms composed of four pairs of symmetric knots
around a bright elliptical structure which is in fact a torus expanding at Vexp ' 25 km s−1

(348). From the modelling it appears that a simple bipolar system cannot reproduce
the observed structure and the best fit is found using a quadrupolar model as we have
two lobes at two different position angles (Fig.2). The PN could be the result of the
interaction of precessing jets (issued from high velocity bipolar collimated outflows
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Figure 1. Left panel: Hα and [NII]6584 narrow-band images of NGC 7354 (from
the Nordic Optical Telescope, NOT) displayed with different contrast levels and un-
sharp masking (lower row) to highlight the different structures. Right panel: Results
of the Shape reconstruction.

ejected during the proto-PN phase) with the interstellar medium. In the long run the bow
shocks/knots merged into a single shock front structure forming the non-homogeneous
bipolar lobes which are symmetric respective to the central star.

Figure 2. The bipolar lobes in NGC 6309 (left panel) are in fact the result several
precessing collimated outflows from a quadrupolar system (right panel).

3.3. Pe1-17

This PN is considered as a very unusual and complex case of point-symmetry (341),
indeed there is no visible central star and each opposite pairs of knots indicates a differ-
ent geometric center. Our recent high resolution spectroscopic observations suggest that
Pe1-17 may possess a ring related to its two brightest central structures and the analysis
of [OIII] images shows an outer bipolar structure (Fig.3). A full scenario explaining
such a structure is still missing nevertheless one should also consider that Pe1-17 may
not be a PsPN but a bipolar PN experiencing anisotropic outflows.
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Figure 3. Left and middle panels: Pe1-17 in [NII] and [OIII] emission respec-
tively (NOT images). The high contrast in the [NII] image underlines the knotty
morphology of the nebula and the bipolar outer structure is shown in [OIII]. Right
panel: Preliminary Shape model with the new ring structure.

4. Conclusion

We presented different types of point-symmetry in three planetary nebulae which are
likely to be linked to physical parameters such as binarity and precession. The degree
of implication of the latter is however still not clear. Although PSPNe do not seem to
form a main morphological class, the analysis of their kinematics and the use of 3D
modelling to determine the exact morphology of those objects is one of the keys to con-
strain the exact role of each physical parameter and (maybe) derive a common ground
for PSPNe formation.
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Planetary Nebula Models: From Core to Outflow

Adam Frank

University of Rochester

Abstract. We review models of Pre-Planetary Nebula (PPN) and Planetary Nebulae
(PN). The emphasis in this review is on the role of binary companions and magnetic
fields. We first compare models for the direct shaping of the nebula via winds, jets
or bullets. While it appears that continuous flows in the form of spherical winds or
collimated jets play a role in some systems, there is strong theoretical evidence that
explosive releases of mass and energy in the form of bullets are responsible for many
PPN flows. We then review the role of binary evolution and PPN/PN shaping. We
look at both the ability of the binary to create equatorial density distributions in the
AGB wind and the more direct role they may play in creating collimated fast winds via
accretion disks. Finally we review the role of magnetic fields in shaping PPN/PN. We
emphasize that magnetic fields must both launch and collimate the winds of PPN and
this fact restricts possible theoretical accounts of those objects which produce PPN and
evolve into PN.
Keywords. Planetary nebulae

1. Introduction

Since the onset of high resolution observational platforms, such as the Hubble Space
Telescope, the field of planetary nebula (PN) studies has confronted a growing list
of paradoxes or dilemmas which have yet to find coherent resolution. The dominant
paradigm of single star evolution coupled with hydrodynamic interacting wind scenar-
ios (e.g., Icke, Balick & Frank 1992, Frank & Mellema 1994) is only able to explain a
subset of the total mature PN population and fails entirely to explain the properties of
PPN (Sahai & Trauger 1998).

Since the inception of the APN series of conferences the field has seen a vari-
ety of new ideas that attempt to explain the formation and shaping of PN together in
the context of binary stellar evolution. This so-called ”Binary Hypothesis” (DeMarco
2009) relies both on the presence of a companion and the generation of strong mag-
netic fields. As evidenced by numerous talks at this conference rapid progress is being
made in identification of the key players observationally in this paradigm. Binaries
with highly bipolar nebula are be discovered as are Keplerian disks and magnetic fields
are being observed in a growing number of objects. While these advances mark only
the beginning of our ability to directly test the Binary Hypothesis the represent real
and compelling progress. This is an exciting time in PN studies as the new mecha-
nisms being explored speak directly to some of the most important unsolved problems
in astrophysics such as the nature of dynamo generated magnetic fields, accretion disk
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formation processes, collimated stellar explosions, stellar evolution in the context of
binary stars and the interaction of jets and outflows with surrounding environments.

Further progress forward, however, requires systematic exploration of both obser-
vational and theoretical issues. In this review I look back at theoretical models for PN
formation over the last decade or so. I attempt to present a partially systematic outline
of how different models address issues related to the nature of the PN central engine,
binarity and magnetic fields. I apologize in advance for omissions driven by space con-
cerns. I will not be able to cover many topics such as the interaction of the ISM with
PN (Wareing et al 2007, Villaver 2003)

2. Jet Models

The original Generalized Interacting Stellar Winds model explored by Balick, Icke and
others (see Balick & Frank 2002 for a review) assumed a spherical fast wind driven
from CSPNe expanding into an aspherical AGB wind. While these models were able
to produce a wide range of morphologies they could not recover wasp waisted nebula.
Also while they were able to generate hot, low density jet flows via shock focusing at
the inner shock they were less successful at recovering dense, colder jets like those seen
in YSOs. Since many PPN and young PN show evidence for such narrow jets Sahai
& Trauger (1998) suggested that collimated PN flows created at, or near, the central
engine were the real drivers of early PN morphology. Since that time a number of
authors have explored Jet-PN models.

In Soker (2002) the issue of jets driving PN morphologies was explored analyt-
ically delimiting different evolutionary pathways based on jet and AGB wind proper-
ties. Numerical models of PN jet-driving were first carried forward by Lee & Sahai
(2003). In their work a central collimated wind was driven into a spherical AGB wind
environment. They characterized the jet by three parameters: opening angle; veloc-
ity; mass-loss rate. The angular distribution of ρ jet and V jet where controlled using a
exp[(θ/θ f )2] function as opposed to the top-hat distributions often used in YSO mod-
els. Thus these models were not jets but Collimated Fast Winds (CFWs). The result-
ing models were compared with observations using synthetic observations in various
forbidden lines. Comparisons of the model with observations of CRL 618 were gen-
erally favorable showing ring-like structures forming as decelerated jet material was
shunted into the surrounding cavity. Best fits with the observation were achieved with
jet velocities of V jet = 300kms−1, much lower than the typical CSPN winds speeds of
Vwind = 1000kms−1. The authors concluded that the jet in CRL 618 cannot be radia-
tively driven and also infer that it is unsteady or episodic.

In Lee & Sahai (2004) the issue of magnetic fields within the jets was explored in a
series of simulations meant to model the ”naked jet” PN He2-90. Assuming a low AGB
mass-loss rate such that the jets appear without a surrounding cavity, the authors found
that recovering observations demanded strong β = Pg/PB ∼ 1 within the jet implying
that such fields were likely to play an important role in jet-launching. The authors
found that the jets needed periodic variability in the their inflow conditions to match
observations which, together with the strong fields, implicated some form of accretion
process at work.
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The link between jets and accretion disks in producing precession has been noted
a number of times by different authors. In Velazquez et al (2004), 3-D simulations were
used to study He3-1475 concluding that a precessing jet with a time-dependent ejec-
tion velocity, propagating into a pre-existing AGB wind successfully explained both
the morphological and the kinematical characteristics. Best fit periods invoked in these
models were τpre = 1500y and τepi = 120y. Similar models have been applied to K3-
35 (Velazquez et al 2002) finding shorter precession periods τpre = 100y. Future work
should attempt more systematic understanding of the mechanisms generating preces-
sion within the assumed disks.

3. Clump Models

While scenarios in which a continuously (though perhaps modulated) outflow from the
central engine have proven successful in recovering aspects of PPN morphologies, a
number of authors have challenged the jet model. Since many PPN and young PN show
evidence for very short nebular acceleration timescales (of order tacc ∼ 100y; Bujarrabal
et al 2001) the possibility that PPN are driven by a single impulsive (explosive) event
has gained credibility with increased studies. Such explosive models may also offer
a means for creating multipolar flows if the eruption creates a collimated spray of
bullets. Theoretical support for this scenario comes from MHD models in which a
winding toroidal field gains enough energy to breakthrough it overlying atmosphere in
a post-AGB star (Matt et al 2004).

Poludnenko et al (2004) explored ”radiative bullet” models for both PN and the
”strings” of eta Car showing that long cavities are evacuated as the cooling bullet plows
through the ambient medium and breaks up. The stronger the cooling that occurs in
the bullet at the head of the flow the more the jet fragments into dense knots. These
initial 2.5-D studies also demonstrated that bullets naturally produce Hubble-like flows
in the cavities they create because the heads of the cavity remain the only place were
fast moving material interacts with the ambient medium. In Raga et al (2007, 2008)
these results were confirmed and expanded upon. 3-D simulations demonstrated the
ongoing fragmentation which occurs as the bullet progresses producing an ensemble
of fragments of varying size. The V ∝ R behavior still occurred in these higher di-
mensional studies indicating such kinematics was like to be robust. Shocked cloud and
photo-ionized cloud synthetic observations were generated showing a transition from
spectra similar to those of shock wave models (for simulations with lower photoion-
ization rates) to spectra similar to those of photo-ionized regions (for simulations with
higher photoionization rates). In general observations favored ionization based mod-
els however it the authors concluded it was difficult to tell explicitly which situation
dominated.

Dennis et al (2009) presented 2.5-D and 3-D hydrodynamic simulations which
directly compared jet and bullet models. The simulations drove both jet and bullet
into environments appropriate to AGB winds. Bullets were found to account as well
or better than jets for PPN morphology in two distinct ways. Firstly, the simulations
showed that over the same distance, the frequency of occurrence of ablation events
which lead to structures reminiscent of rings seen in observations, is greater for the case
of the bullet model than for the jet models. This was particularly evident in synthetic
maps of emission. Outflow collimation is also better preserved over the course of the
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simulation in the case of the bullets as instabilities at the head of the continuously
flowing jet can, in some cases, widen the bow shock beyond what is seen in PPN flows.
It is also notable that, in many cases, the jet models produce synthetic emission maps
in which the body of the jet is apparent. This is not the case for bullet models and is not
the case for most highly collimated PPN flows.

Additionally, kinematical evidence in the form of synthetic position-velocity (PV)
diagrams indicate that clumps preserve “Hubble-Flow”-like kinematics better than do
jets in spite of the greater frequency of ablation events. Indeed, PV diagrams for the jet
indicate a complete absence of any such behavior, while a clear linear trend is evident
in the case of the clump when the angle of projection is taken to be non-zero, so that the
contribution of the axial component of velocity to the line-of-sight velocity predomi-
nates. The authors found that the linear V ∝ R behavior could be reasonably recovered
with a analytic model of a cylindrically symmetric disk with surface density χ(r) and
velocity V(R, t). The equation of motion for a differential ring of the disk under the ram
pressure of the ambient gas of density ρ is given by:

ρv2(r, t) = −χ
dV
dt
. (1)

which yields a V(R) curve with small concave curvature for small R while becoming in-
creasingly linear with increasing R implying that a correlation between the kinematical
ages of PPN outflows and the extent to which they are observed to exhibit Hubble-flow.

4. The Role of Binaries

The role of binaries in shaping PNe and driving the late stages of evolution for low and
intermediate mass stars remains one of the most important, unresolved questions in the
field. As Soker, DeMarco, Villaver and others have pointed out the term ”binary” must
be used with some latitude as numerous lines of evidence indicate that even planetary
mass objects can effect the evolution of the central mass loosing star. In terms of the PN
shaping models, the most important role of the companion object is to store, and later
transfer, angular momentum (and rotational energy) to the central object. Mass trans-
fer is also an important effect that must be considered in terms of the development of
accretion disks. The development of dynamo processes driven by angular momentum
transfer is also of vital importance as the magnetic fields generated by these dynamos
are the likely agent accelerating the flows (see next section). There are a variety of
”channels” by which a binary can evolve and produce a bipolar PPN/PN. The articula-
tion of the these various evolutionary pathways remains one of the most important tasks
for the community (see Moe & DeMarco 2008 and references therein). To explain the
dramatic PPN morphologies and their momentum excess (see below) however more
complex outcomes from binary evolution may be required.

Common Envelope evolution is one of the principle channels for binary PN pro-
ducing evolution. In CE scenarios the secondary spirals into the primary releasing
energy through frictional dissipation and blowing off the common envelope. Depend-
ing on the initial parameters of the binary a variety of final configurations may result
(as has been explored by Soker in a variety of papers). Of particular importance is the
dichotomy between a final state consisting of rapidly rotating merged single object that
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has ejected much of the original star and a final state consisting of two stars with form-
ing a mass transfer/accretion disk system. The different end states can have profound
effects on the type of outflow system that is formed.

In Nordhaus & Blackman (2006) the effect of low-mass (< 0.3M�) companions
(planets, brown dwarfs and low-mass main-sequence stars) embedded in the envelope
of a 3.0M� was studied during three epochs of its evolution [red giant branch, asymp-
totic giant branch, interpulse AGB]. The results showed that common envelope evolu-
tion can lead to three qualitatively different consequences: (i) direct ejection of envelope
material resulting in a predominately equatorial outflow, (ii) spin-up of the envelope re-
sulting in the possibility of powering an explosive dynamo-driven jet and (iii) tidal
shredding of the companion into a disc which facilitates a disc-driven jet.

The actual effect of the binary on nebular shaping comes through the outflows
which are generated by the interaction of the two stars. If the primary is simply spun up
by the secondary then enhanced equatorial mass loss is to be expected which speaks to
GISW models (see Dukestra & Speck 2006). Gravitational focusing by the secondary
can lead to more dramatic consequences. This process has been explored via simula-
tions in a number of studies over the last decade beginning with the work of Mastrode-
mos and Morris (1998, 1999). More recently Gawryszczak et al (2002) explored the
creation of both spiral patterns in the AGB wind as well as the development of pole to
equator density contrasts. Huggins et al (2009) also explored the links between the re-
sults of such simulations and observations of AGB envelopes. These models were then
taken as initial conditions for GISW simulations in which a spherical fast wind from
the CSPN created bipolar nebula from inertial gradients in the circumstellar medium.

More direct effects from binaries come about when a collimated fast wind (CFW)
is driven off of the secondary as it orbits the AGB primary. The CFW is assumed to
originate from an accretion disk which forms either via Roche lobe overflow or, more
likely, via capture of the AGB wind material. This process and its consequences were
explored analytically in Soker & Rappaport (2000). The first 3-D numerical simulations
were carried out by Arrendondo-Garcia & Frank 2004 who confirmed the Soker &
Rappaport prediction that the critical parameter governing the flow was the ratio of
momentum between the AGB wind and the CFW from disk. If Ṁ jV j/ṀagbVagb > 1
then the AGB wind can ”blow down” the CFW/jet leading to complex morphology.
Binaries can also effect shaping via orbital motion of the jet producing star as has been
studied by Raga et al 2009.

The role of excretion torii is an area which deserves special note. The relationship
between dense equatorial structures and collimated outflows observed in many PPN re-
mains an open question. Huggins et al (2007) offered a cogent analysis of the timing
of the torii/jets and found that the equatorial features appear to precede the bipolar out-
flows by 1000 years or less. Theoretical studies attacking this issue include a series of
papers using 2.5-D simulations Akashi & Soker (2009) that explored the consequences
of CFWs on the morphology. Their models did not track the full behavior of the or-
biting stars but did show how interactions between the CFW and AGB wind could
produce features like an equatorial torii that could, in some cases, backflow to perhaps
form disks. Also noteworthy are fully 3-D studies by Rijkhorst et al (2005) which
demonstrated how warped disks confining an outflow could produce point-symmetric
structures.
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5. The Role of Magnetic Fields

Interest in the role of magnetic fields in launching and shaping PPN has grown since
the recognition of their nearly universal ”Momentum Excesses”. The momentum ex-
cess occurs when linear momentum observed in PPN outflows is higher than can be
accounted for by radiation driving from the central star even when multiple scattering
is included. These momentum excesses are typically of order 1000 or higher (Bujarra-
bal et al. 2001). In addition magnetic field measurements, while difficult, have been
made in both nebular systems and their central engines. Fields have been observed in
4 central stars as well as in a variety of AGB, pAGB/PPN and PN (Vlemmings: these
proceedings).

Models invoking weak magnetic fields, beginning with the analytical work of Luo
& Chevalier (1994) have shown that a rich variety of shapes can be produced via hoop
stresses in the imposed toroidal fields (Garcia-Segura et al. 1999). These models were
critical in demonstrating how magnetic fields can allow theory to recover the extreme
bipolarity seen in many PNe. They can not however explain the observed momentum
excesses.

To explain both the launching and collimation of PPN models which include the
generation of the field at the source are required. Magneto-centrifugal launching (MCL)
of magnetic winds (which collimate into jets) have a rich history in other fields such as
YSOs and AGN. In a series of papers Blackman, Frank and collaborators have explored
the ability of MCL models to be adapted to PPN and PN environments. These studies
invoke either a disk around the primary (formed through break-up of the secondary;
Blackman et al 2001, Reyes-Ruiz & Franco 1999) or a disk forming around the sec-
ondary (Frank & Blackman 2004). A third route for magnetic launching occurs when
dynamo processes within the secondary create a strong toroidal field. When the energy
in the field exceeds the gravitational energy a kind of ”magnetic bomb” occurs which
ejects the remaining AGB atmosphere (Blackman et al 2001). Simulations of this pro-
cess have shown the development of strong bipolar morphologies with characteristic
Hubble Flow kinematics.

Assuming far stronger fields embedded in the AGB atmospheres recent studies
(Garcia-Segura et al 2005) have also found extreme bipolar morphologies reminiscent
of nebula like He3-401. In addition a detailed study of NGC 1360 with magnetic field
driven flows was able to recover kinematics and morphologies of NGC 1360 (Garcia-
Diaz et al 2008) by following the evolution of the nebula after the magnetized wind was
shut off.

Of particular importance in assessing the nature of magnetically driven PPN/PN
models is the ability of the central engine to maintain a strong field at the epoch of
nebular formation. This has been a point of some contention. As Soker and others have
pointed out single stars are unlikely to be capable of maintaining the differential rotation
needed for power dynamos (at the level necessary to drive strong flows) across the entire
AGB. Thus it is likely that some form of binary interaction will be needed to spin up the
AGB envelope and re-power dynamo field generation. Nordhaus et al (2007) explored
the creation of fields via dynamos in a number of initial AGB conditions and found that
binary interactions were indeed required to create fields of appropriate magnitude to
drive high momentum outflows.
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Recognition of the importance of magnetic launching of PPN flows opens the po-
tential that the observed morphologies are not driven by kinetic energy dominated winds
but by Poynting Flux Dominated Flows (PFDFs: Nakamura & Meier 2004). Such jets,
sometimes called magnetic towers because of the dominance of the Bφ components
have been studied in a number of other contexts such as Gamma Ray Bursts and AGN.
These PFDFs have also been studies directly in laboratories plasma experiments. In
PFDF flows the electromagnetic energy flux, FP ∝ E × B, overwhelms the kinetic en-
ergy flux, FK ∝ ρV2. Such flows have the potential to find strong application in PPN
environments since the provide a means of driving highly collimated flows even when
”wind” densities are quite low. Studies by Huarte-Espinoza et al (in preparation) have
articulated morphologies of PFDFs when radiative cooling of the swept up medium is
important.

6. Conclusions

As the presentations at this conference demonstrate the PN community has made rapid
progress in the last five years in our efforts to test the Binary Hypothesis. It may well
be that in another 10 years people will no longer speak of the PN as the ”the future
of the Sun”. On the other hand we may find that there simply are not enough binaries
or they have the wrong properties to produce the classes of objects we see and their
frequencies. In either case it is an exciting period when new discoveries are challenging
us to go beyond accepted assumptions and see our science through fresh eyes.

From this review we can identify a few key questions for future studies

• Are high momentum PPN outflows continuous or explosive events?

• Can we cleanly articulate the different pathways for binary stars to produce out-
flows?

• Can we cleanly articulate the different pathways by which magnetic fields power
outflows?

• How are magnetic fields generated in AGB/PPN/PN systems?

• Thinking long terms how can we simulate the 3-D ”multi-physics” of the central
engine (Binary + Magnetic Fields)?

Of particular importance in this period is the recognition that PN science has strong
ties to many other domains of astrophysics. In many ways the emergence of the Binary
Hypothesis with its emphasis on magnetic launching and collimation puts PN into the
spectrum of objects from YSOs to Micro-Quasars to AGN which create outflows by
processing rotation into outflow through magnetic mediation. These links with other
environments should be kept in mind as we both learn from and realize what we can
bring back to these other research domains.
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Integral field spectroscopy of IRAS 18276-1431 and IRAS
16342-3814

T.M. Gledhill & K.P. Forde
Centre for Astrophysics Research, University of Hertfordshire, Hatfield, AL10
9AB, UK

Abstract. We use integral field spectroscopy to detect the K-band ro-vibrational
emission lines of H2 in IRAS 18276-1431 and IRAS 16342-3814, two post-AGB ob-
jects associated with collimated outflows. In IRAS 18276 the H2 emission arises in
shocks within dense, clumpy material in the cavity walls, whereas in IRAS 16342 the
emission is seen at the lobe tips and appears to be tracing the working surface of a fast
outflow. In both objects we detect the CO bandheads and Na I doublet in emission
suggesting hot, low-ionization gas close to the source. These features are also seen in
pre-main sequence jet sources and we draw parallels between the two classes of object.
Keywords. Planetary nebulae – post-AGB

1. Introduction

Imaging studies of pre-PN (before the star begins to ionize its environment) have re-
vealed complex structural symmetries (bipolar, multipolar, point symmetric), already
present when the environment is still dusty and molecular (e.g. Sahai et al. 2007). The
shaping appears to be mediated, at least in the case of more extreme outflows, by the
appearance of axial jets which carve out cavities in the molecular envelope (Sahai &
Trauger 1998). How the jets are launched or collimated is unknown although they are
often accompanied by a circumstellar disc of gas and dust which obscures the star.

The situation is remarkably similar to that in which accretion-driven jets from pre-
main sequence stars carve bipolar outflows and interact with their environment to from
shock-excited structures such as Herbig-Haro objects. Shock-excited H2 is detected
around both young and evolved stars, tracing the working surfaces of collimated out-
flows. Pre-main sequence jet sources (e.g. HH34 IRS, HH26 IRS) can also display
emission from the first overtone bands of CO as well as atomic lines such as the Na
I doublet at 2.2 µm, indicating a hot, low-ionization inner disc (e.g. Antoniucci et al.
2008) close to the star.

Here we use integral field spectroscopy (IFS) with the SINFONI instrument on
VLT to map the K-band molecular emission in the bipolar post-AGB objects IRAS
18276-1431 and IRAS 16342-3814, finding evidence for shock-excited H2, CO over-
tone and Na I emission.
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2. IRAS 18276-1431

Figure 1. The near-IR spectrum of IRAS 18276-1431 integrated over the object
showing the 1− 0 and 2− 1 H2 ro-vibrational lines, CO first overtone bandheads and
Na I lines. Other features result from telluric correction residuals. See Gledhill et al.
2010.

The near-IR spectrum of IRAS 18276 from 1.95 to 2.45 µm is shown in Fig. 1.
The continuum rises steeply through the K-band, indicating a very red central source,
and is scattered into our line of sight by dust in the bipolar lobes (as indicated by linear
polarization of up to 50 per cent; Gledhill 2005). Superimposed on the continuum we
see H2 emission lines corresponding to the 1 − 0 S- and Q-branch and 2 − 1 S-branch
transitions. The diagnostic ratio of the flux in the 1 − 0 S(1) and 2 − 1 S(1) is 9.3 ± 3.2
integrated over the object, which is typical of shock excited emission. An otho-to-para
ratio of 3.02± 0.18 and vibrational and rotation temperatures of ≈ 2000 K also indicate
shock excitation. A marginal detection of the 3 − 2 S(3) line is also consistent with
shocks and we find no evidence for UV-pumped fluorescence in this object. Compari-
son of the observations with shock models (Gledhill et al. 2010) favours C-shocks with
either a planar or curved (bow) shock geometry, into high-density gas (> 107 cm−3)
with shock velocities in the range 25 − 30 km s−1. These models assume a transverse
magnetic field of 4 mG which is consistent with previous polarimetric observation of
the OH maser emission (Bains et al. 2003).

The rising continuum is evidence for the presence of warm dust around the star.
Using the model of Sánchez Contreras et al. (2007) in which the continuum is com-
posed of 20 per cent star light and 80 per cent dust emission with both traversing an
optical depth to the observer of τ2.12µm ≈ 3.7, then our K-band continuum slope implies
a blackbody temperature of ≈ 450 K for the warm dust.

Our IFU observations show that the first overtone CO bandheads are detected in
emission (Fig. 1) and that this emission has the same spatial distribution as the contin-
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uum, so that it too originates from an unresolved source in the central region, obscured
from direct view, and is scattered into our line of sight by dust grains in the bipolar
lobes. The v = 2 − 0 12CO bandhead peak is red shifted by a LSR-corrected velocity
of 156± 15 km s−1 or 95± 15 km s−1 relative to the systemic velocity (from OH maser
observations; Bains et al. 2003). As the CO emission is seen via scattering by dust in
the bipolar lobes, and the same red shift is measured in both lobes, we interpret this
shift as the radial velocity from the star of the dust grains responsible for the scattering.
This allows us to estimate the axial outflow velocity of the dust as Vaxial = 95 km s−1.

The detection of CO bandhead emission is very interesting as it signifies the pres-
ence of hot (> 2000 K) and dense (> 1010 cm−3) molecular gas in a compact central
region. The most likely location for this collisionally excited gas is close to the central
star, within a few stellar radii, and may be evidence for a circumstellar disc of molecular
material. We also note the detection of the Na I doublet in emission, at 2.2 µm, which
provides further evidence for high-density low-ionization gas in the central region. The
Na I line also has the same spatial distribution as the continuum indicating that it too is
scattered.

3. IRAS 16342-3814

The bipolar water maser source IRAS 16342-3814 is known to possess a high speed
collimated outflow, with material in the jet head moving at ≈ 155 km s −1 (Claussen,
Sahai & Morris 2009). Infrared imaging observations show dramatic corkscrew fea-
tures which have been interpreted in terms of a precessing jet actively carving cavities
into the dusty molecular envelope (Sahai et al. 2005).

Figure 2. The near-IR spectrum of IRAS 16342-3814 (north-east lobe) showing
the 1 − 0 and 2 − 1 H2 ro-vibrational lines, CO first overtone bandheads and Na I
lines. Note the similarity with Fig. 1.
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The SINFONI spectrum for this object is shown in Fig. 2 (integrated over the
NE lobe) and it bears a strong resemblance to that to IRAS 18276-1431. We detect
strong H2 emission lines, which again bear the hallmarks of shock excitation, with a
1 − 0S(1)/2 − 1S(1) ratio of 13.7 ± 5.6, averaged over the object. We find no evidence
for UV-excited emission. Each H2 line is seen to be doppler split, with blue-shifted
emission arising in the SW lobe and red-shifted emission in the NE lobe. The peaks
of the 1 − 0S(1) line are separated by 1.715 × 10−3 µm corresponding to a velocity
separation of 242 km s−1. Relative to the systemic velocity of 42 km s−1 the emission
peaks are shifted by 110 (SW lobe) and 133 km s−1 (NE lobe). The tilt of the nebula
axis to the plane of the sky as indicated by maser proper motion observations (Claussen
et al. 2009) is 44 degrees, so the blue- and red-shifted radial velocities correspond to
outflow velocities of 158 and 192 km s−1 for the SW and NE lobes respectively. Our
IFU data shows that the H2 emission is concentrated towards the lobe tips, and therefore
probably traces the current working surfaces of the jet (Gledhill & Forde 2010, in prep).

CO bandhead emission is seen longward of 2.3 µm as well as the Na I doublet
feature at 2.22 µm. These features are again present in the scattered continuum and
hence originate from the central obscured region, being scattered into our line of sight
by dust in the bipolar lobes.

4. Summary

The similarity of these post-AGB K-band spectra with those of pre-main sequence jet
sources associated with Herbig-Haro objects raises the interesting possibility that, in
some cases at least, outflows and jets at both ends of the main sequence may share
fundamentally similar physical characteristics and may arise under similar conditions.
In the case of YSOs, jets are thought to be launched from regions close to the accretion
disc, possibly along magnetic field lines. The detection of CO and Na I emission in
scattered light indicates that the origin is a compact circumstellar region, rather than
photospheric, presumably located close to the jet source. Continued monitoring of
these objects will allow us to determine whether these emission features are temporal
or associated with longer-lived and more stable configurations such as circumstellar
discs.
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Fast, gusty winds blowing from the core of the pPN M2-56
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Abstract. We report multi-epoch, spectroscopy and imaging of the pPN M 2-56, a
unique, key object that enables witnessing the current, variable post-AGB wind activ-
ity at its core and tracking the rapid evolution of the circumstellar material shocked
by short-lived, post-AGB mass ejections. Some of the results from our work (fully
described in 401) include the discovery of: (1) proper motions and other structural
changes in the fast, shocked-lobes, (2) an intense burst of Hα emission from the core
that had vanished in <3 yr, which we interpret as an indication of a sudden, bipolar mass
ejection at high velocity (500 km/s), (3) an equatorial outflow with a linear velocity gra-
dient that suggests simultaneous bipolar and equatorial mass ejections, etc. Our data
unveil the complex post-AGB mass-loss history of this object, whose rapid evolution
is driven by multiple episodes of mass outflow, not regularly spaced in time, leading to
different nebular components. The successive multiple post-AGB winds in M 2-56 are
characterized by ejection speeds increasing with time. In contrast, the mass-loss rate
and linear momentum show a time decreasing trend.
Keywords. Planetary Nebulae

1. Introduction

In spite of the growing evidence of jet-like ejections in pPNs, their origin, nature
(episodic or continuous?), typical mass-loss rates, life-times, etc, are still very poorly
known. Detailed studies of pPNs are crucial to obtain information about the prop-
erties and dynamics of post-AGB winds and their evolution. Optical spectroscopy is
particularly useful for probing the post-AGB winds and their interaction with the CSE
formed in the previous AGB phase. This work focuses on M 2-56, a pPN around a
B-type central star (398). Its optical spectrum indicates major excitation by shocks
(399; 402; 400). Interferometric CO mapping shows an hourglass-like envelope sur-
rounding the optical nebula (397). The East side of the nebula tilted towards us. The
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morphology and expansive dynamics of the molecular flow is the result of the inter-
action between fast, post-AGB jets and the slow AGB CSE. Such an interaction took
place approximately 1400 yr ago in a relatively short time, ∼<300 yr.

2. Observations and Results

We report multi-epoch, optical images and long-slit spectra of M2-56. The R-band
and Hα images were acquired in 2009 with the 2.5m Isaac Newton Telescope (INT, La
Palma, Spain). We used HS T archive images through filters F656N (Hα, observed in
1998) and F606W (V band, observed in 2002). Long-slit spectra were obtained with
IDS, at INT, and ALFOSC, at the Optical Telescope (NOT, La Palma, Spain), in 1998,
2000, and 2009. Observational details are given in (401).

Figure 1. Left) Ground-based, Hα and R-band images of M 2-56 (top and bottom,
respectively). The faint, extended east and west outer lobes (eOL and wOL) and field
stars are labeled. Middle) F656N (Hα) and F606W HS T images (top and bottom,
respectively). Right) Inset of the HS T images. The bright, compact east and west
inner lobes are labeled (eIL and wIL).

We find two pairs of nested lobes similarly oriented but with different sizes and
a large contrast in surface brightness (Fig. 1). The bright inner lobes (ILs), which can
only be spatially resolved in the HS T images, display closed, bow-like ends, which
very likely represent shock fronts. The faint, more extended outer lobes (OLs), barely
detected in the HS T images, enclose the inner ones. The string of knots at the tips of
the ILs in 2002 is located ≈0.′′13 ahead the same structure as it was observed in 1998.

The Hα spectrum along the lobes has a wide profile with a complex spectral and
spatial distribution consistent with an expansive kinematics (Fig. 2). Within the ILs and
the OLs the velocity increases with the distance to the center, however, the ILs show
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Figure 2. Long-slit Hα spectra along the nebula symmetry axis observed in 1998,
2000, and 2009. The vertical line shows the LSR systemic velocity, −27 km/s. The
intense, blue-shifted emission feature F1 and its broad wings observed in 1998 are
indicated by arrows.

Figure 3. Long-slit spectrum observed in 2009. We report brightening of the scat-
tered continuum and Hα emission, and the emergence of scattered FeII, SiII lines
(shock tracers) from the nucleus.

expansion velocities larger than the OLs. Consistent with the large speeds reached by
the ILs (of up to ∼350 km/s at the tips), we have measured the expansive proper motions
of the knots (∆θt∼0.′′03 yr−1) by comparing the two-epoch HS T images (Fig. 1). The
position-velocity diagram of the [SII]λλ6716, 6731Å doublet and their intensity ratio
(Fig. 10 of 401) unveils a dense equatorial outflow.

We have discovered significant changes with time in the line and continuum emis-
sion spectrum of M 2-56. In 1998, we detected a burst of Hα emission (referred to as
”feature F1”) at the nebula center. Feature F1 displays broad wings (FWZI∼1000 km/s)
and has its intensity peak blue-shifted by ∼110 km/s from the systemic velocity. The
blue wing is depressed relative to the red one, which is interpreted as a blue-shifted
(P-Cygni like) absorption in the profile at Vr∼−430 km/s. Feature F1 was not present
neither in the spectrum acquired in 1989 by (399) or in our 2000 and 2009 datasets. We
believe that the Hα emission burst observed in 1998 is the consequence of a fast, dense,
and short-lived post-AGB wind recently ejected.

In 2009, the Hα emission from both the approaching and receding lobes is on av-
erage red-shifted, which indicates that in 2009 a significant fraction of the Hα emission
in the lobes is scattered, i.e. is not locally produced in the lobes but rather arises at a
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nuclear HII region and is reflected by the nebular dust. At the center, the Hα emis-
sion has a broad (FWZI>1300-2500 km/s) asymmetric profile. A number of emission
lines have recently emerged, including several FeII, FeI, and SiII permitted transitions.
These lines most likely arise at the nebula nucleus and their emission is scattered by
circumstellar dust. Finally, in 1998, the continuum emission, dominated by the stellar
photospheric continuum scattered off by the nebular dust, arises from a central com-
pact region that is unresolved in our data. In 2009, a relatively faint, red continuum is
observed not only at the center but also along the OLs (Fig. 3).

3. Nebular components: formation and evolution of M 2-56

Our data probe several nebular components, namely, two pairs of nested, co-axial lobes
with different sizes and a large contrast in surface brightness (the OLs and ILs), a com-
pact bipolar flow (the F1-wind), and an equatorially expanding central structure. A
compact circumstellar structure obscuring the star (cocoon?) and a nuclear HII re-
gion, both spatially unresolved, are also inferred from our data. Recent brightening of
the scattered stellar continuum and scattered Hα emission along the lobes is reported,
both results pointing to a decrease of the optical depth of the circumstellar material
enshrouding the star.

The kinematical ages of the main nebular components are different from each
other: tk∼1400 yr for the molecular bipolar flow, tk∼300-400 yr for the OLs and the
equatorial flow, tk∼40 yr for the ILs, tk∼<10 yr for the F1-wind, and even smaller for the
compact cocoon and HII region. The rapid evolution of M 2-56 is driven by multiple
episodes of mass ejection, that is, through a gusty or episodic post-AGB wind, that has
led to the nested bipolar morphology of the nebula and the younger nuclear components
discovered in this work. The detection of FeII lines indicates the presence of shocks
at the stellar neighbourhood resulting from current stellar wind activity. The various
post-AGB mass ejection events experienced by M 2-56 did not happen at regular time
intervals, in particular, the time span between two consecutive post-AGB ejections has
shortened with time. The successive multiple post-AGB winds are characterized by
ejection speeds increasing with time from 200 to ∼> 500 km/s (and possibly >1000 km/s
at present). In contrast, the mass-loss rate and linear momentum may show a time
decreasing trend. None of the post-AGB ejections probed by our optical data could
have transferred its large linear momentum (≥2 M� km/s; 397) to the molecular out-
flow and, therefore, a primer more energetic post-AGB ejection is necessary to explain
the dynamics of the molecular envelope.

Acknowledgments. This work has been supported by the Spanish MICINN through
grants AYA2009-07304, and CONSOLIDER INGENIO 2010 (ref.: CSD2009-00038).
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3-D Study of the Glowing Eye Nebula, NGC 6751

Clark, D. M., Garcı́a Dı́az, Ma. T., López, J. A., Steffen, W. G., and Richer, M.
G.
Instituto de Astronomı́a, Universidad Nacional Autónoma de México, Apdo
Postal 877, Ensenada, Baja California, México

Abstract. In these proceedings we present a detailed, multiwavelength spectral and
image analysis of the complex planetary nebula, NGC 6751. This PN consists of mul-
tiply shells and a bipolar outflow. Using the Manchester Echelle Spectrometer (MES)
at San Pedro Mártir Observatory in Baja California, we acquired optical, high spectral
resolution, longslit observations across this nebula, with particular focus on the highly
structured inner region near the bipolar outflows. We used the interactive morpho-
kinematic reconstruction software Shape to derive the 3-D morpho-kinematic model of
the nebula that closely resembles the observed profiles and image of NGC 6751. The
inner region consists of a filamentary bubble surrounded by a clumpy ring. The ring
is tilted with-respect-to the line-of-sight and is encircled by a disk-like structure. Ema-
nating from the central regions are two, point-symmetric outflows which flow into two
lobes seen in a ground based, Gemini image. Farther out are a faint inner halo and a
fragmented outer halo. This nebula lies in the galactic plane and appears to be moving
through a gas-rich environment. Deep, ground-based images indicate a veil-like struc-
ture to the NE, which is most likely nearby ISM. Our spectra indicate a large velocity
difference between this gas and NGC 6751, confirming that this structure is indeed ISM
material.
Keywords. Planetary Nebulae

1. Introduction

NGC 6751 is an impressive and intricate planetary nebula (PN), that has been given the
name the ”Glowing Eye Nebula” due to the appearance of the central bubble as seen in
high resolution images. This PN has been observed across a wide range of wavelengths
from the mid-infrared (Spitzer) to the optical (HST) and at various levels of spatial
resolution. This makes NGC 6751 an ideal target for studying the kinematics of a PN
and its environment. The Manchester Echelle Spectrometer at San Pedro Mártir (MES-
SPM) is a perfect instrument for this work. Using narrow-band, MES-SPM images we
compared these with images taken by HST, Gemini and Spitzer to get a first pass on
the form of this PN. Combining this with the high-resolution spectral capability of this
instrument, we made the most detailed study to date of the kinematics and structure of
NGC 6751. We also sought to confirm that the emission to the NE of the PN is not
associated with the nebula as suggested by Chu et al. (403).
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2. Observations

This study is primarily based on high resolution, long slit spectra acquired with MES-
SPM at San Pedro Mártir Observatory in Baja California, Mexico. MES-SPM was
installed on the 2.1 m telescope using the f/7.5 secondary. We acquired all spectra
using a SITE detector consisting of 1024 × 1024 pixels, binned 2 × 2 and observed
through a Hα+[NII] filter. We chose 9 slit positions across the field. Slit a passes
through the center of the nebula with a position angle (PA) equal to 0◦. Previous,
spectral observations of this PN indicated an outflow along a line at a positional angle
(PA) of ∼ 100◦ (407). Thus, we chose to position slits b–i parallel to an axis at this
PA in order to study the extent of this outflow region. Slit b, to the N, passes through
the extended emission and slits c and i pass through the inner halo. All spectra were
wavelength calibrated using observations of a ThAr lamp.

Supplemental data included deep Hα+[NII] and [OIII] images taken with MES-
SPM (Figure 1). We also included a Gemini, GMOS image taken in three filters, Hα,
[SII] and [OIII], for a total observing time of one hour∗. This image was provided
to us by Christopher Onken from the Australian Gemini Office (Gemini Program II
GS-2009A-Q-22, PI Terry Bridges). This image won the 2009 Gemini School Astron-
omy Contest and was submitted by high school student Daniel Tran. Image credits
are Daniel Tran (PAL College), Travis Rector (U. Alaska Anchorage), Terry Bridges
(Queen’s U.) and the Australian Gemini Office. In addition, we made use of an 8µm,
Spitzer image taken from the archives†, an image from the Hα composite full sky map
(405) and an optical, HST image taken from the gallery of the Hubble Heritage Project‡.

3. Morphology and Kinematics

Deep, narrow band images show NGC 6751 to have a detailed, complex structure. A
thick, knotty ring surrounding an inner, filamentary bubble is especially evident in the
HST and Gemini images. The MES-SPM, [OIII] image brings out the inner halo and
the bipolar outflow is quite obvious in the MES-SPM, Hα+[NII] image (see Figure
1). The Gemini image further reveals that the outflows are extending into two lobes
of material. The MES-SPM images and Gemini image show a filamentary outer halo
beyond the central regions of the nebula.

We found that the PN is best described by five components. These include a central
bubble, tilted ring (∼ 10◦), disk, bipolar outflow and inner halo. Using slits a and
g, which pass through the central star, we measured a systemic velocity of Vsys = -
31.7(±2) km s−1. The central bubble is expanding at Vexp = ∼ 42 km s−1 (where Vexp =
Vhel - Vsysl), which is relatively high for this type of structure (408). Images, such as the
HST or Gemini images, suggest that there is filamentary material central to the bubble.
However, an inspection of our spectra indicate that the filaments are on the surface of
the bubble and could be dense material here. Just outside of the central bubble is a

∗http://www.gemini.edu/node/11329

†The Spitzer Space Telescope is operated by the Jet Propulsion Laboratory, California Institute of Tech

‡HST image credit: NASA, ESA, and the Hubble Heritage Team (STScI/Aura)
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Figure 1. Here we compare various observational views of NGC 6751 with our
Shape model. a) HST image, b) SPM, Hα+[NII] image, c) [NII] spectra for slit g, d)
SPM [OIII] image, e) Shape model, f) model PV diagram.

ring of material. Our spectra indicate the ring is expanding at Vexp ≈ 40 km s−1 in the
east and Vexp ≈ 7 km s−1 in the west. The ring itself is surrounded by a disk of knotty
material. This could be gas in the ring that has been swept back and is being photo
evaporated by the emission from the central star. The bipolar outflow is expanding at
Vexp ∼79 km s−1. The outer halo is expanding rapidly with Vexp = 16 km s−1, while the
inner halo is expanding more slowly, with Vexp = 2 km s−1.

We made a 3-dimensional, morpho-kinematic reconstruction of NGC 6751 using
the program Shape (409). With this program, various forms can be filled with particles
and each particle system can be given a separate velocity law to describe how the nebula
is expanding. An artificial slit can then be placed on the 3-D representation of the nebula
to make artificial spectra. These spectra can be compared with real, high-resolution
spectra to search for the best structural description of a PN. A similar procedure was
followed by Garcı́a-Dı́az et al. (406) to model the PN, NGC 6337.

To make our reconstruction of NGC 6751, we used slits a and c–i. In this work,
we applied a Hubble flow type velocity law to the particle systems used. This velocity
law can be described as v = k · r/r0, where k is a constant, r is the distance from the
source and r0 is the radius at which the velocity k is reached. The central bubble was
modelled using a filled sphere and we modelled the inner halo using a thin shell. Tori
were used to model the ring and disk surrounding the ring. We found the ring is tilted
out of the plane of the sky in the east by ∼ 10◦ and also appears to be slightly warped
about the N-S axis. Segments of spheres described the bipolar outflows. Interestingly,
we found that the outflow is inclined by 23◦ ± 5◦ with-respect-to the plane of the sky,
which is not perpendicular to the ring as one might expect.
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Aside from our Shape reconstruction, we also explored the nature of the extended
emission to the NE. A Spitzer 8µm image shows that this emission continues farther
to the N. It is also quite evident that NGC 6751 is in a gas rich environment as seen
in Hα images from the full sky survey in Hα (405). Our spectra that pass through this
region to the NE indicate the emission has a range in heliocentric velocity from 26–34
km s−1. Considering the heliocentric, systemic velocity of this PN is -41(± 2 km s−1),
the velocity of the extended emission is quite different, indicating it is not related to
the nebula. This confirmed the observations by Chu et al. (403), which also showed no
relation between this emission and the PN.

4. Conclusions

In this work we investigated the 3-dimensional structure and kinematics of the PN, NGC
6751 using high resolution, [NII] spectra taken with MES-SPM. Using the software
Shape, we searched for the best structural description of the nebula. We found that this
PN consists of a central bubble expanding at ∼42 km s−1, a warped ring tilted by 10◦
out of the plane of the sky, and a clumpy disk just outside of the ring. Two bipolar
outflows extend to the east and west side of the nebula, with an expansion velocity of
∼79 km s−1 and inclined by ∼23◦ to the plane of the sky. These outflows can be seen
in Gemini and HST images of the PN. Outside of the central region is an inner halo
expanding at ∼15 km s−1 and farther out is a clumpy, outer halo. The inner halo is quite
evident in MES-SPM [OIII] images.

To the NE of the PN there appears extended emission. We compared the velocity
of this emission with the systemic velocity of NGC 6751 and found they differ by ∼70
km s−1. This confirmed the observations by Chu et al. (403) that this emission is not
associated with the nebula. Spitzer 8 µm and Hα images (405) of the surrounding field
of NGC 6751 indicate this nebula is in a gas rich environment.

Details of this work will appear in the October issue of the Astrophysical Journal
(404).
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Abstract. In the present work, we use a photoionisation code to study the H2 emis-
sion of the Helix nebula (NGC 7293) cometary knots, particularly that produced in the
interface H+/H0 of the knot, where a significant fraction of the H2 1-0 S(1) emission
seems to be produced. Our results show that the production of molecular hydrogen in
such region may explain several characteristics of the observed emission, particularly
the high excitation temperature of the H2 infrared lines.

Keywords. Planetary Nebulae

1. Introduction

High-resolution images of the Helix nebula (NGC 7293) have shown that the H2 emis-
sion arises from its large population of dense globules embedded in the ionised gas (e.g.
419), the so-called cometary knots (CKs). CKs are structures that resemble comets, par-
ticularly in images taken in Hα, [N ii] λ6583, and H2 1-0 S(1) lines. The bright cusp
points towards the central star and the tail in the opposite direction, which can indicate
that the excitation is connected with the central star (422; 423).

The H2 emission is intense in a thin layer on the surface of the CKs towards the
central star. There is no evidence that this emission is produced by shocks (422; 420).
Models of photodissociation regions (PDRs; 414; 423) are unable to reproduce the high
excitation temperature of H2 emission (∼900-1800 K) estimated by Cox et al. (414) and
Matsuura et al. (420). Recently, Henney et al. (417) showed that advection can cause the
ionisation and dissociation front to merge, leading to enhanced heating of the molecular
gas.
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In this work, we show that the partially ionised region can account for a significant
part of the observed H2 emission and naturally explain its high excitation temperature.
Our models are briefly described in Section 2; a more detailed description will be pub-
lished in a forthcoming paper (412). Results are presented in Section 3.

2. Models

We use the photoionisation code Aangaba (415) to simulate the ionising spectrum,
physical conditions, density of the species, and line emissivities around and inside the
H+/H0 interface of the Helix nebula CKs. The H2 micro-physics is included in the code,
as described in Aleman & Gruenwald (410, 411).

We assume that the central star radiates as a blackbody with T? = 120,000 K and
L? = 100 L� (418; 423). We also assume that the density of the diffuse gas is uniform
and equal to 50 cm−3 (421). The elemental abundances for the Helix were determined
by Henry et al. (418) for He, O, C, N, Ne, S, and Ar. For Mg, Si, Cl, and Fe, we
adopt averages for PNe from Stasińska & Tylenda (424). We use amorphous carbon
dust (with 0.1µm radius) for our calculations, but as discussed in Aleman & Gruenwald
(410) the choice of compound among the ones available in the code will not cause sig-
nificant changes on the results presented below nor will affect our conclusions. The
distance to the Helix is assumed to be 219 pc (416). The CKs are simulated as an
increase in the density profile of the Helix nebula model at a given distance from the
central star. The emissivity along the radial direction (through the CK symmetry axis)
is calculated by the photoionisation code. An IDL routine was developed to simulate a
three-dimensional CK, allowing the calculation of line surface brightness by the inte-
gration of the emissivity in the line of sight inside a CK, which is assumed to be seen
edge on. We construct a grid of CK models with different core densities, density pro-
files, dust-to-gas ratios, and distances from the central star. We assume that the density
profile has a density increase from the diffuse gas to the CK core value within a given
distance. We call this region the CK interface. We study four types of density increase
with distance, but here we only present the results for the exponential increase (more
results will be included in 412). Calculation are stopped where the gas temperature,
which generally decreases with the distance to the central star, reaches 100 K. In each
model, the dust-to-gas ratio and the chemical composition of the CKs are assumed to
be the same as in the diffuse gas.

3. Results

3.1. Warm H2 1-0 S(1) emission

The emissivity of the H2 1-0 S(1) line, as well as for other rovibrational lines, in the
CKs is important in a warm region, where temperatures are between 300 and 7000 K.
In the region considered in this work, the peak in the 1-0 S(1) emissivity occurs where
the density is around 40% of the core density. The contribution of colder regions should
be more important for pure rotational lines of the v = 0 level. This component of the
H2 emission may explain the excitation temperatures around 900-1800 K found by Cox
et al. (414) and Matsuura et al. (420).
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Figure 1. Left Panel: H2 excitation diagram. The effective column density was
calculated where the 1-0 S(1) surface brightness is maximum. Open symbols repre-
sents observations and filled symbols models. Lines are Boltzmann distributions for
the temperature indicated. Right panel: H2 1-0 S(1) surface brightness of a cometary
knot as a function of its distance to the central star. Sets of solid, dashed, and dot-
dashed curves represent models with interface thickness of 0.5, 0.2, and 0.01′′, re-
spectively. Different curves within each set represent CK radius of 0.5, 1.0, and 2.0′′,
with the surface brightness increasing for larger CK radius. Dots represent measured
values. The error in the distance is estimated assuming that the Helix symmetry axis
is inclined 37 ◦ with respect to the line of sight

The left panel in Fig. 1 shows the H2 excitation diagram. Observational values
were obtained by Matsuura et al. (420). Values calculated with an appropriate model
are also included. The agreement between the excitation temperatures of the model and
the observations is evident. Lines represent Boltzmann distributions for three different
temperatures as indicated within the plot. The column densities obtained from the lines
of the bands 1-0 and 2-1 are well represented by a excitation temperature of approx-
imately 2000 K. A similar value was obtained by Matsuura et al. (420). The column
densities obtained from lines 0-0 S(2) to S(7) are well represented by Boltzmann distri-
bution at a temperature of 1000K, which is close to the excitation temperature of 900K
obtained by Cox et al. (414) from ISO observations of the Helix.

3.2. H2 1-0 S(1) surface brightness

The right panel of Fig. 1 shows the H2 1-0 S(1) line surface brightness as a function of
the CK distance to the central star. Dots represent measurements for some representa-
tive CKs of the Helix nebula. We identified 10 isolated CKs commonly detected in Hα
and H2 images. We measured 2.12 µm H2 intensities from the images obtained by Mat-
suura et al. (419). To calibrate the data for point sources on the local scale, we use five
stars within the observed field to measure the zero-pint. We assume that the 2MASS
K′-magnitude of these stars are the same as the magnitudes in H2-filter. We apply the
25-pixel radius of aperture photometry and take the 35–50 pixel ring as background
measurements. The pixel scale is 0.117′′.

Curves in the right panel of Fig. 1 show the H2 1-0 S(1) surface brightness as a
function of the distance from the central star for CKs with different interface thickness
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and radius. The surface brightness was calculated was averaged over the same aperture
as the measurements to allow direct comparison. The surface brightness decreases with
the decrease of interface thickness, the increase of the CK radius, and the increase of the
distance from the central star. The observed surface brightness also presents a decrease
with distance to the central star trend. The interface can account for the whole or a
significant part of the observed surface brightness.

An important parameter to the ionization structure of the CKs is the distance from
the central star, since the ionising spectrum may change significantly with the optical
depth. CKs farther from the central star have smaller ionised zones. If the CK is beyond
the Helix ionisation front, there is practically no ionised region and the intensity of 1-
0 S(1) drops dramatically, since there is not enough radiation or temperature to excite
significantly the upper vibrational levels of the molecule. Our results support that the
central star’s radiation field plays a major role in the CKs H2 emission.

We also study the effect of the dust-to-gas ratio and nK . The 1-0 S(1) peak bright-
ness is slightly higher for models with higher dust-to-gas ratio (the increase caused
by changing the dust-to-gas ratio from 10−3 to 10−2 is about 20%) and higher nK (the
difference between models with nK = 105 and 106 cm−3 is up to 40%).

As pointed out by Burkert & O’Dell (413), the interface between the diffuse gas
and the CK core may provide important clues about the mechanisms that shapes and
sustain the CKs. Our models show that there are significant differences in the results
depending on the assumed density profiles of this region. Images that could resolve the
interface of the CK in great detail are then essential to improve or knowledge about the
CKs and PNe.
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Abstract. In this contribution we analyse the physical and chemical conditions of the
planetary nebula NGC 40 through spatially-resolved spectroscopic maps. This parame-
ters were derived by using the 2d neb, a new algorithm based on the well-established
iraf nebular package, which was developed to enable the use of the spectroscopic maps
to easily estimate the astrophysical quantities of ionised nebulae. From these maps, we
conclude that Te[N ii] shows only a slight temperature variation from region to region,
and that Ne[S ii] has a much more prominent spatial variation. Maps of the chemical
abundances also show significant variations, suggesting that spatial resolution is crucial
for a complete study of the physical and chemical properties of planetary nebulae.

The techniques and results described in this contribution are part of a project we
are starting aimed at looking for an ionisation-correction factor (ICF) scheme that pro-
perly account for asymmetrical nebulae. This procedure requires good quality spectros-
copic data –like those we discuss here– as well detailed 3D photo modelling.

Keywords. Planetary Nebulae

1. Revisiting the ICF scheme and the spectroscopic mapping of NGC 40

Accurate ICFs are the key to determine reliable elemental abundances for ionised ne-
bulae, for which it is usually the case that only one or two ionisation stages of a given
element can be observed. The present ICFs used to account for the unseen ionisation
fractions of planetary nebulae (PNe) optical spectra were derived using 1D photoio-
nization codes, under the assumption that all the PNe are spherical (e.g., Kingsburgh
& Barlow 433). In order to find a set of more reliable equations that can safely be
applied to the case of asymmetrical PNe it is mandatory to revisit the ICF formulation.
To map the PNe, multiple long-slit (434) and IFU (Integral Field Unit; e.g., Monteiro
et al. 2010 in prep., on NGC 3242) spectroscopy are needed. As non-spherical PNe are
in focus, the 3D photoionization code MOCASSIN (431) fulfills our proposal in terms
of theoretical ionisation structure predictions.
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In recent years IFU data are becoming popular for studying PNe (e.g., Monreal-
Ibero et al. 437; Sandin et al. 442). In particular, Tsamis et al. (444) used this tool for
a few PNe. The latter authors pointed out, from their IFU data, the variation on the
discrepancy of the O++ abundances obtained from the collisionally excited lines and
optical recombination lines, also establishing correlations between the ionisation state
of the gas and the O++ discrepancies.

Similar kinds of data can be produced by a spectroscopic mapping technique de-
veloped by Monteiro et al. (2004), in which multiple parallel long-slit spectra of a
nebula are interpolated to create emission-line maps. Both types of data enable bet-
ter spatially resolved analysis of ionised nebulae than those based on single long-slit
spectra. Spatially resolved data are also critical in constraining photoionization models
which are now fully 3D and can produce a great number of observable quantities, in-
cluding projected images for each emission line, sometimes constrained by this kind of
data (e.g., Morisset & Georgiev 439).

1.1. Observations and data treatment

Our Hα (30 s exposure) image and optical long-slit spectra were obtained on 2005
October 28th, at the 2.56 m Nordic Optical Telescope (NOT), with ALFOSC, which
pixel scale is 0.189′′ pixel−1. The 16 (3 × 300 s) parallel spectra were obtained with a
long-slit of 1.3′′ in width, a spectral coverage from 3850 Å to 6850 Å, and a reciprocal
dispersion of 3.0 Å pixel−1; separated by a fix distance of 3′′. Figure 1 (top-left panel)
shows our Hα image, and also the relative slit positions across the nebula.

The data reduction was performed using the standard procedures for images and
long-slit spectroscopy of iraf, including flux calibration. The latter were used with the
emission-line mapping technique to obtain the spectroscopic maps of NGC 40. These
emission-line maps correspond to the 120′′ × 47′′ field of view of Figure 1 (top-right
panel). Maps we constructed were corrected for the effects of field rotation due to the
Alt-Azimuth nature of the telescope as well as for differential atmospheric refraction,
using the tables of (432), and also submitted to signal to noise ratio cut, which avoids
pixels with spurious information (more details in Leal-Ferreira et al. 434). To check the
accuracy of the technique we compared fluxes measured directly from a single slit and
those of the corresponding location in the spectroscopic map. In more than 75% of the
cases, the discrepancies are lower than 10%.

2. The 2d neb

To perform the usual diagnostic calculations for the emission-line maps, efficiently, we
develop a number of IDL routines. The set of routines we built compose the 2d neb

package (434). The 2d neb package was built based on tasks of the iraf stsdas.analysis
nebular package –following the recipes given by De Robertis et al. (430) and Shaw &
Dufour (443)– adapted to work with 2D images. As such, all the results generated by
these tools are 2D maps created in fits file format.

The routines that compose the first part of the package are based on the Oster-
brock & Ferland (440) formalism, and are responsible for calculating the extinction
coefficient, c(Hβ), and correcting the data for reddening.
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The remaining routines of 2d neb were based on the temden, ionic and abund
tasks of the iraf facility. These routines are responsible for solving the equation of
statistical equilibrium. The atomic data used in our tools are read from iraf’s atomic
data directory. The electron temperatures (Te) and densities (Ne) are determined from
the solution of the equations of statistical equilibrium. This package also calculates
chemical abundances (ionic and total). The effective recombination coefficient for the
Hβ and the He main transitions, not included in the iraf’s atomic data directory, were
taken from Benjamin, Skillman & Smits (1999). Total chemical abundance derivation
uses the ICF formalism of Kingsburgh & Barlow (433).

3. Spectroscopic mapping results and discussions

Hα, Hγ and Hδ maps (weighted by their fluxes) and the Cardelli et al. (427) extinction
curve were considered in deriving the c(Hβ) map. The variation of c(Hβ) across the
nebula can be seen in Figure 1, middle-left panel. It clearly shows that c(Hβ) is not
constant throughout NGC 40. The mean value of this map is 0.42. In studying a
portion of the nebula Clegg et al. (428) found c(Hβ)=0.70. In our map this region
corresponds to an area where c(Hβ) values are higher than average –with minimum
and maximum values of ∼0.22 and ∼1.03, respectively– whose median, 0.62, is in
agreement with Clegg et al. (428). Pottasch et al. (441) and Aller et al. (425), using data
from various regions of the nebula, found c(Hβ)=0.605 and c(Hβ)=0.33, respectively,
both in reasonable agreement with our map. As we have access to the spatial variation
of c(Hβ), it is clear to us why previous works found so different c(Hβ).

Our Te[N ii] map (Figure 1, bottom-left panel) shows only a slight variation from
region to region, from ∼8,000 K up to ∼9,500 K. On the other hand, these variations
are much less prominent than those found in the Ne[S ii] map (Figure 1, middle-right
panel), 1,000 ≤ Ne[S ii] ≤ 3,000 cm−3. This density map also shows that there is a trend
to lower density regions on the west side of the nebula, but it does not shows any trend
for the outer regions compared to the inner ones. The mean Ne[S ii] (1,650 cm−3) and
Te[N ii] (8,850 K), from the spectroscopic maps, are in good agreement with other
results from the literature (429; 435; 441; 428; 425). And, on the other hand, the maps
show spatial variations that were not addressed by previous works.

Concerning the element abundance of helium, He/H (Figure 1, bottom-right panel,
not show this map, but the He+/H+), we found that 9.32 × 10−2 and 1.18 × 10−1 should
correspond to the lower and upper He abundance limits of NGC 40. These values are
already corrected by the significant presence of He0, and are also similar to the previous
results found by Liu et al. (436), who adopted the same ICF scheme to account for the
unobserved amount of He0 in the total helium abundance of NGC 40.

We aim at putting together all the 3D model fitting data that already exist for PNe,
and those we are getting for PNe with high quality observation constraints. This, as
well as the building of a grid of MOCASSIN models spanning a wider range of phys-
ical parameters (central star temperature, nebular density distribution, and ionisation
parameter) will finally allows to find a new set of ICFs with which to determine ele-
mental abundances of N, O, Ne, S, Ar, and S of asymmetric nebulae.
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Figure 1. The Hα image and spectroscopic maps of NGC 40. Top-left: NOT Hα
image, with the parallels slit positions superposed. Top-right: The Hα spectroscopic
map here computed. Middle-left: The c(Hβ) map. Middle-right: The Ne[S ii] map,
in cm−3. Bottom-left: The Te[N ii] map, in K. Bottom-right: The ionic abundance
map of He i, which is the dominant ion in the He/H of this PN.
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Abstract. The evolution of (single) low and intermediate-mass stars from the main
sequence to the post-AGB phase is reviewed. These stars evolve through core H and
He-burning before entering the asymptotic giant branch (AGB) phase. During the AGB,
recurrent mixing events may occur that can significantly change the composition of
the envelope, with enrichments in carbon, nitrogen, and heavy elements synthesized
by the slow neutron capture process observed. The details of dredge-up are still not
well understood but likely depend on mass, metallicity, and evolutionary state. The
AGB phase is terminated once mass loss has eroded the envelope and envelope ejection
occurs. The brief post-AGB phase is characterized by stars evolving at near constant
luminosity toward higher effective temperatures. If the ejected envelopes have sufficient
time to become ionized by the hot central stars then it will be observed as a planetary
nebula (PN). Abundances of post-AGB stars and planetary nebulae can be used as AGB
model constraints and as probes of PN evolutionary pathways.
Keywords. Planetary nebulae – Stars: evolution, AGB to post-AGB

1. Introduction

Before stars turn into asymmetrical planetary nebulae (PNe) they first evolve through
the asymptotic giant branch (AGB) phase of stellar evolution. All stars in the mass
range from about 0.8M� to ∼8M�, including our own Sun, will become AGB stars.
The AGB is the last nuclear burning phase of stellar evolution for this mass range and
is brief, lasting less than 1% of the main sequence lifetime. AGB stars are evolved ob-
jects and are found in the high-luminosity, low temperature region of the Hertzsprung-
Russell (HR) diagram. AGB stars have evolved through core H and helium (He) burn-
ing and are now sustained against gravitational collapse by alternate H-shell and He-
shell burning. AGB stars are often observed to be chemically different from their less
evolved counterparts and show enrichments in carbon, nitrogen, fluorine, and heavy
elements synthesized by the slow neutron capture process (the s process; see 448; 461,
for recent reviews). In particular, AGB stars can become C-rich where C/O ratios ≥ 1.

Many AGB stars are also observed to be losing mass rapidly through slow, dense
outflows, where typical mass-loss rates are Ṁ ∼ 10−5M� year−1 with velocities ∼10
km/second. After the AGB phase is terminated, low to intermediate mass stars evolve to
become post-AGB stars and possibly planetary nebulae (PNe), if the ejected envelopes
have sufficient time to become ionized by the hot central stars before dissipating into
the interstellar medium (446; 480). The composition of the bare central star may re-
veal information about the nuclear burning shells and this information is invaluable to
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Figure 1. HR diagram for a 1.8M�, Z = 0.01 model. The evolutionary track has
been plotted from the zero-age main sequence to the tip of the AGB. The x-axis is
the effective temperature of the model star, shown in units of log10 Teff , whereas the
y-axis is the luminosity, in units of log10(L/L�).

constrain models of AGB stars. Likewise, the illuminated PN is comprised of material
from the deep convective envelope, hence nebular abundances reveal information about
the efficiency of mixing events and chemical processing that took place during previous
evolutionary phases, in addition to the initial composition of the parent star.

In this paper we will use the latest theoretical models to journey from the main se-
quence through to the post-AGB phase, with a focus on the surface abundance changes
caused by stellar evolution. For a more in-depth look at the evolution of these stars we
refer to Karakas (464).

2. From the main sequence to the asymptotic giant branch

All stars begin their nuclear-burning life on the main sequence, burning H to He in their
cores. In Fig. 1 we show the theoretical evolutionary track of a 1.8M�, Z = 0.01 star
from the main sequence to the tip of the AGB (using data from 466). This model shows
behaviour typical of a low-mass star (∼ 1− 3M�). Intermediate-mass stars have initial
masses & 3 − 8M�, depending on metallicity, Z, and evolve in a similar way with a
couple of exceptions that we mention below.

The 1.8M� star begins burning H in a radiative core which quickly becomes con-
vective once the central temperature exceeds ≈ 20 × 106 K, causing activation of CNO
cycle reactions. Following core H exhaustion the core contracts and H burning is es-
tablished in a shell as the star crosses the Hertzsprung Gap. As the star ascends the
first giant branch (FGB), the inward movement of the convective envelope reaches re-
gions where partial H burning occurred during the main sequence. Thus the products
of H burning (e.g., 3He, 4He, 13C, and 14N) are mixed to the stellar surface. The most
striking change is a reduction in the 12C/13C ratio from its initial value of 89 to ≈ 22.
The FDU leaves behind a sharp composition discontinuity exterior to the position of
the H-burning shell. In the lowest-mass stars the relatively long giant branch lifetime
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allows the H-shell to reach the composition discontinuity and erase it. This does not
occur in intermediate-mass stars, which leave the FGB before the H-shell can erase the
discontinuity.

During the ascent of the FGB, the He core of the 1.8M� star continues to con-
tract and heat and becomes electron degenerate. Neutrino energy losses from the centre
cause the temperature maximum to move outward. The FGB lifetime is terminated
when the temperature reaches about 100 million K and the triple alpha reactions are ig-
nited. The temperature and density are essentially decoupled and this leads to a violent
helium ignition that is referred to as the core helium flash. The maximum initial mass
for the core He-flash to occur, is ≈ 2M� at solar composition. Following the core He
flash, the star settles down to a period of quiescent core He-burning for about 100 Myrs.

In intermediate-mass stars, the contracting He cores do not become electron de-
generate and the ignition of 4He occurs quiescently in the centre. Note that if over-
shooting is included in stellar models the core H and He burning lifetimes are longer,
because more fuel is added to the core, and the core masses at the base of the AGB are
larger (e.g., 481). The properties of the C-O core left after core He-burning depend on
a number of factors including the numerical treatment of convection, the inclusion of
convective overshoot, and the uncertain rate of the 12C(α, γ)16O reaction (463).

2.1. Extra mixing on the FGB

Prior to the TP-AGB, the surface composition of a star will be altered by the first and
possibly second dredge-up events. Theory predicts that the surface 12C/13C ratio in-
creases with decreasing mass after the FDU. These predictions have been found to be
inconsistent with observations for low-mass field stars (e.g., 458; 460), as well as for
Population II giants in globular clusters, where the deviation between theory and obser-
vation is more extreme (459; 451). The observations of low 12C/13C and C/N ratios have
been interpreted as evidence for non-convective extra mixing taking place between the
base of the convective envelope and the H-shell. Observations indicate that the conflict
between theory and observation does not arise until after the deepest first dredge-up,
hence this mixing most likely takes place after the H-shell has erased the composition
discontinuity left by the FDU. The physical mechanism that causes the extra mixing
is still uncertain and most algorithms used in deep mixing models are parameterized
in some way to reproduce the observed data. In recent years thermohaline mixing has
received much attention (455; 450; 476) and is currently the most likely candidate for
extra mixing on the FGB.

Note that the effects of rotation and magnetic fields are often ignored in stel-
lar models of low and intermediate-mass stars (there are exceptions including 462;
472; 479; 449). Rotation may have an important influence on surface abundances in
intermediate-mass stars of ≈ 3M� (e.g., 449). We discuss this idea below in the con-
text of Type I PNe.

3. During the AGB

Following core He exhaustion the star ascends the giant branch for the second time. The
strong expansion of the star caused by the structural re-adjustment to He-shell burning
causes the H-shell to be extinguished as the star begins the ascent of the AGB. With
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Figure 2. Schematic structure of an AGB star showing the degenerate C-O core
surrounded by a He-burning shell above the core, and a H-burning shell below the
deep convective envelope. The burning shells are separated by an intershell region
rich in helium (∼ 75%) and carbon (∼ 22%), with a few percent each (by mass) of
16O and 22Ne. From (467).

the entropy barrier of the H-shell gone, the convective envelope moves inward. In low-
mass stars the envelope does not penetrate as deeply as during the FDU. However in
intermediate-mass stars this inward movement results in the second dredge-up (SDU)
and large increases in the surface 14N abundance. There is a critical minimum mass
below which the SDU does not occur (≈ 4.5M� at Z = 0.02). Following the SDU, the
H-shell is re-ignited and the first He-shell instability soon follows. The star is now on
the TP-AGB, where the structure is qualitatively the same for all masses (Fig. 2).

Briefly, during the TP-AGB phase the He-burning shell becomes thermally unsta-
ble every 105 years or so, depending on the core mass. The energy from the thermal
pulse (TP) drives a convective zone in the He-rich intershell, that mixes the products
of He-nucleosynthesis within this region. The energy provided by the TP expands the
whole star, pushing the H-shell out to cooler regions where it is almost extinguished
and subsequently allowing the convective envelope to move inwards (in mass) to re-
gions previously mixed by the flash-driven convective zone. This inward movement
of the convective envelope is known as the third dredge-up (TDU), and is responsible
for enriching the surface in 12C and other products of He-burning, as well as heavy
elements produced by the s process. Following the TDU, the star contracts and the
H-shell is re-ignited, providing most of the surface luminosity for the next interpulse
period. The cycle of interpulse–thermal pulse–dredge-up may occur many times on the
AGB, depending on the initial mass and composition, as well as on the mass-loss rate.
In the 1.8M� example, the star experiences 12 TPs in total and only becomes C-rich at
the 9th TP. This model is predicted to leave AGB with a H-exhausted core of 0.585M�,
where this final value greatly depends on the assumptions made about the occurrence
of the TDU and the mass-loss rate.
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In intermediate-mass AGB stars (M & 4M�) the convective envelope can dip
into the top of the H-shell, resulting in nuclear burning at the base of the convective
envelope. This phenomena is known as hot bottom burning (HBB) and can also dra-
matically alter the surface composition. This is because the convective turn-over time
of the envelope is ≈ 1 year, hence the whole envelope will get processed through the
hot region a few thousand times per interpulse period. Note that the TDU still occurs
in these stars hence HBB can lead to significant amounts of primary 14N production.
Intermediate-mass stars enter the AGB with core masses& 0.8−1.2M� and will evolve
more rapidly than their lower mass counterparts.

The details of AGB nucleosynthesis depends on a number of factors including
the efficiency of the third dredge-up, the minimum core mass for thermal pulses, the
minimum H-exhausted core mass for the onset of the TDU, and on the minimum mass
for the onset of HBB. All of these quantities in turn depend on the stellar mass and/or
envelope mass, and these change during evolution along the AGB. HBB for example,
will be shut off once the envelope mass drops below some critical value as a result of
strong mass loss. The mass-loss rate also determines the total number of thermal pulses
and this then sets the level of enrichment in the envelope. All of these quantities de-
pend on large uncertainties related to the stellar modelling. Most of these uncertainties
stem from our inability to accurately model convection in stellar interiors (457; 482),
although other inputs such as the mass-loss rate and opacities also play an important
role (e.g., 483).

The study by Marigo (470) showed that inclusion of C-rich low-temperature opac-
ities was an important addition to the modelling of TP-AGB stars. That is because
the C dredged into the envelope forms C-bearing molecules (such as CO, CN) that
lead to a strong increase in the opacity. The increase in the opacity cools the star
and expands it, leading to an increase in the mass-loss rate which shortens the AGB
lifetime. However, most models computed up until about that time used scaled solar
low-temperature opacities (e.g., 456) that did not reflect the “true” composition of the
outer layers. Most AGB star models now include such low-temperature C-rich opacity
tables (453; 484; 483; 466).

4. Post-AGB stars and planetary nebulae

We can now apply our knowledge of AGB evolution to study post-AGB stars and plan-
etary nebulae. Here we discuss PNe; we refer to e.g., Werner & Herwig (486), Bonačić
Marinović et al. (447), and Karakas et al. (466) for discussions about post-AGB star
abundances.

4.1. The s-process in low-metallicity PN

Abundances derived from PN spectra provide a complimentary data set to the abun-
dances derived from the spectra of cool evolved stars. Recent observations have shown
that some PNe are enriched in heavy elements that can be produced by the s-process
including Ge, Se, Kr, Xe, and Ba (474; 478; 473). Sterling & Dinerstein (478) ob-
tained Se and Kr abundances for 120 Galactic PNe and investigated trends between s-
process enrichments and PN morphology and other nebular and stellar characteristics.
It was found that while some PN have large enrichments of Se and Kr (e.g., [Se,Kr/O]
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Figure 3. The surface abundances of neutron-capture elements around the first
s-process peak. The solid lines show results for the 1.25M�, [Fe/H]= −2.3 model
(solid line), and the 2M�, [Fe/H]= −2.3 model (dashed line). An α-enhanced initial
abundance pattern was used (e.g., [O/Fe] = +0.4), and scaled solar for elements heav-
ier than iron. Abundances are taken at the tip of the TP-AGB after the last computed
thermal pulse. The boxes represent the range of observed Se and Kr abundances for
the full PN sample from Sterling & Dinerstein (478). Figure from Karakas & Lugaro
(468).

> 1), Type I PN have lower s-process abundances, on average, than the sample as a
whole. In Karakas et al. (469) we compared nucleosynthesis predictions from models
of intermediate-mass AGB stars to the results of Sterling & Dinerstein (478), and in
Karakas & Lugaro (468) we presented results for lower mass AGB stars. In Karakas
& Lugaro (468) we also presented predictions for low metallicity low-mass AGB stars.
Recently, Otsuka et al. (473) obtained s-process abundances for the metal-poor BoBn1,
showing that the PN is highly enriched in Kr, Xe, and Ba.

In Fig. 4 we show the s-process abundance distribution for two low-metallicity,
low-mass AGB models. For these models we choose an initial α-enhanced abundance
pattern (e.g., [O/Fe] = +0.4), which results in initial heavy element abundances with
[X/O] = −0.4 when measured relative to oxygen. In Fig. 4 we show the observed Se
and Kr abundance distribution from the Sterling & Dinerstein sample, noting that the
sample consists of Galactic PNe with higher metallicities than used in the AGB models
presented here. From Fig. 4 we see that the relative ratio of Zn/O is sub-solar, with
[Zn/O] ∼ −1 (starting at [Zn/O] = −0.4) from both models. If we examine the oxygen
abundance, we find that a significant amount of this element is dredged to the surface,
that is, [O/Fe] = 0.87 for the 1.25M� model, and [O/Fe]= 1.20 for the 2M� case. In
both cases, Zn is actually produced by the s-process but in smaller quantities to oxygen,
hence the [X/O] ratios do not reflect the degree of production. For example, the final
[Zn/Fe] = 0.45 for both models. Note that in both models the iron abundance remains
essentially unchanged.

Our results indicate that for the lowest metallicity PNe, the dredge-up of oxygen
implies that this element is no longer a suitable proxy for the initial metallicity of the



Evolution from the main sequence to post-AGB 153

progenitor star. Argon is sometimes used in place of oxygen, under the assumption
that it remains unchanged by AGB nucleosynthesis which indeed seems to be the case
(469). Zinc is also a potentially useful reference element because it does not condense
into dust as easily as iron (e.g., 485), and can be observed in PNe (454). However Zn
is at the beginning of the s-process chain and our results show that it can be produced
in observable quantities in low-metallicity AGB stars.

4.2. Type I planetary nebulae

The composition of Type I PNe provides important constraints on nucleosynthesis and
mixing in AGB stars. These PNe tend to exhibit bipolar morphologies and have high
He/H and N/O ratios characteristic of proton-capture nucleosynthesis, suggesting they
are descendants of AGB stars with initial masses ∼2.5-8M� (477). In the Milky Way,
the spatial distribution and kinematics of Type I PNe indicate that they are a young
population (e.g., 452).

There is a problem, however, with the idea that most Type I PNe originated from
intermediate-mass AGB stars. AGB stars with HBB produce the high He/H and N/O
ratios observed in Type I PNe but these stars have massive cores and it is not clear if a
& 0.8M� central star will have time to ionize the surrounding medium to form a PN.
Ruling out the most massive AGB stars with HBB leaves the lower end of the mass
range, i.e., the 2.5 to 4M� objects. These stars do not experience HBB so it is not clear
where the high He/H and N/O ratios came from. Note that the 2.5−4M� range are also
not predicted to experience efficient extra mixing during the giant branches either (e.g.,
455).

Some fraction of Type I and bipolar PNe presumably formed via binary evolution
(475; 445; 471), although it is unclear how this would lead to the high He/H and N/O ra-
tios observed. One way for the these objects to obtain high He and N would be through
rapid rotation during the main sequence. During core H-burning, rotation mixes pro-
cessed material to layers further out than they would otherwise be found. Hence the
FDU would mix material more highly enriched in N than found in models with no ro-
tation (see discussion in 469). Binary evolution would then terminate the AGB before
many thermal pulses and dredge-up events have taken place, limiting the enrichment of
s-process elements as required by observations (478). Rapid rotation may also inhibit
the production of s-process elements during the AGB phase (462).

5. Conclusions

Before stars turn into planetary nebulae they first evolve through the AGB. It is dur-
ing the AGB that the richest nucleosynthesis occurs, driven by instabilities of the He-
burning shell and brought to the stellar surface by mixing episodes. It is during the
AGB when stars shed much of their outer envelopes to the interstellar medium, making
these objects important sources of dust and gas in galaxies. The expanding envelope
may become a PN if the hot central stars has sufficient time to ionize the gas before
it dissipates into the interstellar medium. The PN is comprised of material from the
deep convective envelope, hence nebular abundances should reveal information about
the efficiency of mixing events and chemical processing that took place during previous
evolutionary phases, in addition to the initial composition of the parent star.
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We use the latest theoretical models to examine the evolution of stars from the
main sequence through to the post-AGB phase, with an emphasis on surface abun-
dances changes caused by stellar evolution. The comparison of stellar models with
observations of AGB stars and their progeny have allowed for much progress in our
understanding of these fascinating objects. However many model uncertainties still
persist, such as our inability to model convection in stellar interiors and uncertainties
regarding mass loss. Much work is also to be done in finding the origin of extra mixing,
and examining the effects of rotation and magnetic fields on the evolution of low and
intermediate-mass stars.

Acknowledgments. I would like to thank the organisers for inviting me to a won-
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The connection between sequence D and sequence E red giant
variables and asymmetric planetary nebulae

C. P. Nicholls and P. R. Wood
Research School of Astronomy & Astrophysics, Mt. Stromlo Observatory,
Cotter Road, Weston Creek ACT 2611 AUSTRALIA

Abstract. Red giant stars showing Long Secondary Periods, known as sequence D
variables, make up about 30% of all luminous AGB stars. This is similar to the fraction
of planetary nebulae that are known to be asymmetric. One of the models for sequence
D variables is that they are binaries, a favourite explanation for asymmetric planetary
nebulae. However, recent observations of the sequence D stars rule out binarity as an
explanation for their behaviour. If there is a connection between sequence D variables
and asymmetric planetary nebulae, it is not due to binarity.

Sequence E variables are ellipsoidal red giant binaries, in which a red giant is
distorted by its unseen orbiting companion. We have used the observed frequency of
sequence E binaries relative to non-variable red giants to estimate the fraction of low
mass stars in the LMC that terminate their red giant evolution by a common envelope
event, most likely producing a strongly asymmetric planetary nebula.
Keywords. Planetary Nebulae – Stars: AGB and post-AGB – Binaries: close – Stars:
oscillations.

1. Introduction

Variable red giants lie on several sequences in the period–luminosity plane (Wood et
al. 1999). Most of these sequences represent stars pulsating in different radial modes,
but two of these sequences are more enigmatic. Sequence D corresponds to stars which
show a Long Secondary Period (LSP) in addition to a radial overtone pulsation, while
sequence E is made up of red giant binaries.

Stars on sequence E show regular light variations with periods of 50–400 days and
light amplitudes < 0.3 mag in the MACHO red (MR) band. They populate both the
RGB and AGB. Their light curves often display minima of unequal depths, a feature
Soszyński et al. (2004) noted is a hallmark of ellipsoidal variation. Ellipsoidal variables
are close binaries where one star has evolved to the red giant phase and partially fills
its Roche Lobe. This and the small orbital separation means the red giant is distorted
into an ellipsoid, or pear-like shape. Therefore while the star’s radial velocity curve
is dominated by its orbital motion, the light variations are caused by the change in
apparent surface area. Because of this, ellipsoidal variables show two cycles in light
variation for every single cycle of velocity variation.

We recently presented the first radial velocity curves of sequence E variables (493).
These confirmed that sequence E stars are ellipsoidal binaries, as their light curves
execute two cycles of variation for every cycle completed by their velocity curves (see
fig. 1 of that paper). Additionally, the amplitudes showed by the velocity curves are
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Figure 1. A typical sequence D light curve.

consistent with those expected for close binaries with roughly solar-mass components
(mean full velocity amplitude found in the 493, sample is 43.3 km s−1).

Stars on sequence D are nowhere near as easy to interpret. Their primary oscil-
lation is known to be radial pulsation in an overtone mode, but the LSP has defied
explanation for over a decade (491; 499; 489; 494, Ita et al. 2004). It is by no means an
insignificant variation, with light amplitude up to 1 mag in MR, periods of 250–1400
days and affecting ∼30% of variable AGB stars. Although several models have been
proposed to explain LSPs, all have at least one fatal flaw.

Fig. 1 shows a typical sequence D lightcurve, in which both variations are clearly
visible. Even a cursory examination reveals the obvious irregularities in LSP period and
amplitude, which are shown to greater or lesser degrees by all stars studied. In (494)
we showed that sequence D stars have a small radial velocity variation at the period of
the LSP.

2. Sequence D stars: connections to APN?

As the LSP has both light and radial velocity variations, one of the most popular models
for its cause is an orbiting companion. In (494) we showed sequence D stars have
several properties that are at odds with this model.

Fig. 4 of (494) shows a histogram of the velocity amplitudes for sequence D stars.
It shows the velocity amplitudes of the LSP variation as small and similar; the median
of the distribution is 3.53 km s−1. This is unexpected for a sample of binaries, where a
wider distribution and larger values would be more likely.

In a binary, the primary’s velocity amplitude, along with the period, dictates the
mass of its companion. A back-of-the-envelope calculation with typical sequence D
parameters (LSP = 500 days, ∆v = 3.5 km s−1, Mtot = 1.5 M�) yields an orbital separa-
tion of ∼1.4 AU and a companion mass of ∼ 0.09 M�. And because velocity amplitudes
are remarkably similar across the sequence D sample, so are companion masses. This
uncanny similarity is not the sole problem, for (490) show that there is an observational
deficit of stars with companions near ∼ 0.09 M�, as compared to both larger and smaller
companions. This is known as the ‘Brown Dwarf Desert’. Indeed using their results
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we calculate that only 0.86% of main sequence stars should have companions between
0.06–0.12 M�. Therefore it is difficult to see how ∼30% of all stars could have LSPs
caused by brown dwarf sized companions.

Fig. 9 of (494) shows the distribution of angle of periastron for sequence D stars.
Angle of periastron, a measure of orbital orientation, should be uniformly distributed
for binaries. Our distribution has a median of 227◦ and is biased towards higher angles.
A K–S test gives the probability that our distribution is consistent with the uniform
distribution as 1.4× 10−3. In other words, it is extremely unlikely that sequence D stars
are binaries.

Sequence D stars are now known to show a mid-IR excess compared to stars with-
out LSPs, indicating the presence of dust around these stars (498). This suggests that
dust is either a cause or a product of the LSP. In fact, fig. 3 of that paper suggests that the
dust around sequence D stars resides in a disk or other asymmetrical distribution. From
this evidence it is tempting to suggest that sequence D stars have dusty disks. However,
dusty disks are known to be a feature of binary systems, and we have presented con-
vincing evidence above that sequence D stars are not binaries. Although the percentage
of red giants with LSPs is similar to the percentage of PN that are asymmetric, if these
two objects are related we can categorically state that it is not through binarity (at least
if we discount the possibility that AGB stars generate ∼ 0.09 M� companions between
the main sequence and the AGB). Perhaps the existence of asymmetric dust around
sequence D stars can provide a link.

3. Predicting the fraction of PN that have close binary central stars

If red giants are precursors of planetary nebulae (PN), it follows that close binary red
giants – like our sequence E stars – are the precursors of close binary PN. Recently,
close binary interaction has been a favourite mechanism for the formation of asym-
metric PN (APN) (487). Therefore, using the observed fraction of red giants that are
sequence E stars, we can predict what fraction of PN have close binary post-common
envelope central stars. By comparing this fraction with the observed fraction of PN
that are asymmetric, we can comment on the likelihood of close binary interaction as a
means of forming APN.

On the brightest 1 mag of the LMC RGB, Wood et al. (1999) found that 0.5% of
stars were sequence E variables with amplitudes ∆MR > 0.05 mag. Similarly, using
the OGLE catalog, (495) found that 1–2% (which we take as 1.5%) of red giants were
sequence E variables with amplitudes ∆I > 0.025 mag.

To be an observable ellipsoidal variable, a red giant must substantially fill its
Roche Lobe. To find the minimum fractional filling required for a system to be detected
as an ellipsoidal variable, we used the program Nightfall to model partial-Roche Lobe
filling systems with the same parameters as our sequence E stars. We found that the
minimum fractional filling for a detectable variation is ∼0.5, and the required filling
factor varies with the inclination of the system.

We then made a Monte Carlo simulation of 106 binaries in which the larger star
had a mass of 1.5 M�. The period and mass ratio distributions were taken from (488),
and each system was given a random orbital axis alignment. All stars in the simulation
were evolved up the giant branches. Stars that filled their Roche Lobes below the RGB
tip (Mbol = −3.59) were assumed to leave the RGB in a common envelope (CE) event
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but not to become PN: their central stars would be unable to heat up quickly enough to
ionise their ejected envelope before it dispersed. These systems would perhaps become
something like RV Tauris. Stars that reached the AGB tip (Mbol = −5.1) without fill-
ing their Roche Lobes were assumed to become PN via the superwind, as single stars
would. These became wide binary PN. However stars that filled their Roche Lobes be-
tween the RGB tip and the AGB tip were assumed to end their red giant phase in a CE
event and become close binary post-CE PN.

In order to calculate the fraction of close binary post-CE PN, we measured the
fraction of simulated stars that had detectable ellipsoidal variations in the top 1 mag-
nitude of the RGB. We then added single stars to our simulation until this measured
fraction was equal to the observed fraction of ellipsoidal variables in this range (0.5%
or 1.5%, for Wood et al. 1999 and 495, respectively). We then divided the number of
simulated stars that became binary post-CE PN by the total number of simulated stars
that became PN, to get the fraction of post-CE PN.

We found that if we assume Wood’s 0.5% sequence E stars, we should expect 7.9%
of PN to be post-CE binaries. If we instead assume Soszyński’s 1.5%, we calculate that
13.4% of PN should be post-CE binaries. In either case, short-period post-CE binaries
are a small fraction of PN central stars.

4. Conclusions

We have used the fraction of red giants that are ellipsoidal variables to predict the
fraction of PN that should have close binary post-CE central stars. We find fractions
of 7.9% or 13.4%, depending on the observations used. We conclude that short-period
post-CE binaries are a small fraction of PN central stars. If close binary interaction is a
cause of APN, then not all APN can be caused by close binary interaction.

Our work with sequence D stars has showed that the LSP variation is unlikely to
be caused by binarity. Therefore if there is a link between LSPs and APN, it is not
due to binarity. Perhaps the presence of asymmetric dust around sequence D stars can
provide a link to APN.

Acknowledgments. This paper has made use of the eclipsing binary program Night-
fall, written by Rainer Wichmann and available at
http://www.hs.uni-hamburg.de/DE/Ins/Per/Wichmann/Nightfall.html.
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The Evolutionary History of the R Coronae Borealis Stars
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Abstract. The RCB stars are hydrogen-deficient carbon stars which undergo large
declines in brightness at irregular intervals due to the formation of dust. For about
thirty years, there have been two scenarios suggested to explain the evolution of the R
Coronae Borealis (RCB) stars. These are a double degenerate white dwarf (WD) merger
and a final helium shell flash. The preponderance of observational evidence seems to
support the WD merger although a few RCB stars may also be produced through the
other channel.
Keywords Planetary nebulae – RCB stars

1. Introduction

The unexpected discovery that the R Coronae Borealis (RCB) stars have isotopic abun-
dances of 18O which are up to 500 times those seen in other stars has increased the
likelihood that these rare hydrogen-deficient carbon stars are the result of a double de-
generate white dwarf (WD) merger rather than a final helium shell flash (507; 506; 512).
The RCB stars and the related hydrogen-deficient carbon (HdC) stars (which do not
form dust) are a rare class of extremely interesting transition objects which have the
potential to reveal critical details of the late stages of stellar evolution. In particular,
both the RCB stars and Type Ia supernova may be the product of a white dwarf (WD)
merger. These stars form a small group of carbon-rich supergiants which are defined by
extreme hydrogen deficiency and unusual variability, characterized by large declines
of up to 8 mag due to the formation of carbon dust at irregular intervals (504). Two
scenarios have been proposed for the origin of an RCB star:

1. Double Degenerate WD Mergers (DD): Webbink (523) proposed a model
where RCB stars evolve from the merger of a He-WD and a CO-WD. After a common
envelope phase the members of the binary system, now on a much shortened period,
coalesce through loss of angular momentum from gravitational wave radiation (515;
522). As the two WDs approach one another, the He-WD is disrupted. A fraction of
the helium is accreted onto the CO-WD and starts to burn, while the remainder forms
an extended envelope around the CO-WD. This structure, a helium-burning shell in
the center of a hydrogen-deficient envelope, is believed to be that of an RCB star. WD
merging times might not be as long as previously thought which makes the DD scenario
a valid and alternative to the FF scenario for the formation of RCB stars (516; 514; 506).
This type of merger may result in a Type Ia SN if the total mass of the DD system is
greater than the Chandrasekhar limit, or in an RCB star if the mass is too small.
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2. Final Helium Shell Flash (FF): An evolving planetary nebula (PN) cen-
tral star could expand to supergiant size by a FF (510; 521). The possible connection
between RCB stars and PNe is compelling, because the central stars of three old PNe
(Sakurai’s Object, V605 Aql and FG Sge; 509; 505; 513) have had FF outbursts, that
transformed them from hot evolved central stars into RCB-like stars that form dust. On
the other hand, there is evidence that the star acquires RCB characteristics only for a
short time: V605 Aql looked like a cool (∼5000 K) RCB star in 1921, but today, less
than a century later, it has a Te f f ∼95,000 K (505; 508). This rate of evolution is too
rapid to be consistent with lifetimes suggested for the RCB stars. Sakurai’s Object may
be evolving quickly to higher temperatures as well (502; 517). This is supported by
recent FF stellar models which indicate that the post-FF-RCB stage may only last a few
years (518).

2. RCB Star Evolution

During the WD merger, dynamically accreting material may provide a suitable environ-
ment for a significant production of 18O. We have found that 18O can be overproduced
in an environment of partial He-burning in which the temperature and the duration of
nucleosynthesis are consistent with those inferred from our WD merger models (506).
A similarly high abundance of 19F has also been found (520). The production of signif-
icant amounts of 18O and 19F during a FF is not expected. The CNO abundances in the
RCB stars are also more consistent with DD rather than FF evolution (501; 511). On
the other hand, five RCB stars, including R CrB itself, show enhanced Li abundances,
which favours the FF scenario (501). Hydrogen burning will destroy any Li that was
present in a star when it formed. So any Li present in the RCB stars must have been
created during the DD or FF event that led to the RCB star. But the temperature and
densities required for the production of 18O will destroy any Li present. So Li is not
expected to be a product of the WD merger. However, Sakurai’s object, which resulted
from a FF, and is now in an RCB-like phase, has shown an increasing abundance of Li
as well as hydrogen deficiency (500; 502). The obvious conclusion is that there might
be (at least) two evolutionary channels leading to the RCB stars, perhaps with the DD
being the dominant mechanism.

All of the RCB stars show small amplitude pulsations (519). These pulsations
result from the kappa-mechanism and the strange-mode instability. Models of the pul-
sations are consistent with RCB stars having masses of 0.8–0.9 M� (522). This is
significantly more massive than the average for a WD (∼0.6 M�) (503). In fact, the
mass inferred for the RCB stars is consistent with that predicted for the merger of a
CO- and a He-WD (∼0.8–1.1 M�) (514).
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Abstract. Over the past decade, the number of planetary nebula central stars (CSPN)
known to exhibit the Wolf-Rayet (WR) phenomenon has grown substantially. Many of
these discoveries have resulted from the Macquarie/AAO/Strasbourg Hα (MASH) PN
Survey. While WR CSPN constitute a relatively rare stellar type (.10% of CS), there
are indications that the proportion of PN harbouring them may increase as spectroscopy
of more central stars is carried out. In addition, with new and better distances from the
Hα surface brightness-radius relationship of Frew (2008), we can attempt a dynamical
age sequence which may provide insight into the evolution of these stars.
Keywords. Planetary nebulae

1. Introduction

Among central stars of planetary nebulae (CSPN), there exists a class of H-deficient
objects that exhibit high mass-loss rates (& 10−6 M� yr−1) due to strong, fast stellar
winds. Their spectra resemble those of massive Wolf-Rayet stars, but these CSPN
evolve from low- and intermediate-mass main sequence stars instead of massive O stars.
They are designated as [WR] stars to differentiate them (553).

The [WR] class is subdivided into an oxygen sequence (designated [WO]), a car-
bon sequence ([WC]) and two controversial subclasses, the [WN] and [WN/WC] types.
Nitrogen lines are enhanced in the latter two, accompanied in the [WN/WC]s by higher
carbon abundances (552). Massive WOs and WCs possess surface abundances that dif-
fer from those of WNs. These stars are believed to represent an evolutionary sequence
in which progressively deeper layers of the star are exposed through strong wind-driven
mass loss (e.g. 524, and references therein). Thus, WCs and WOs possess different sur-
face abundances than WNs. C/He ratios were at one time thought to be less in late-type
[WC]s than in early types (e.g. 527), but as noted by Crowther (524), the lack of com-
mon diagnostics between late and early types could be a source of error. More recent
studies find that chemical abundances appear to be similar across [WC]s and [WO]s
(He:C:O ∼ 50:40:10 by mass for both; 525), and their subclasses are primarily distin-
guished by temperature and degree of ionization. PB 8, the lone published [WN/WC]
type, has a much higher mass fraction of H (40%) than [WC]s and [WO]s (552).
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The first scenario proposed to explain the formation of [WR] CSPN was the so-
called “Born-Again Scenario” (e.g. 551; 541), in which a CSPN undergoes a thermal
pulse that throws it back into the AGB. Possible [WR] evolutionary paths are differen-
tiated according to the stage at which the thermal pulse occurs: the Asymptotic Giant
Branch Final Thermal Pulse (AFTP), which occurs at the end of the AGB phase; a
Late Thermal Pulse (LTP), which occurs when the star has left the AGB but has not yet
ceased H-burning; or a Very Late Thermal Pulse (VLTP), which occurs when the star
is already on the WD cooling track. See Herwig (540) for a more detailed discussion.
Formation through a binary interaction has also been proposed (e.g. 528; 526). Hajduk
et al. (538) conclude that emission-line stars are less likely than “normal” H-rich PN to
be found in binary systems, or else have larger orbital separations. This may suggest
that [WR]s result from a binary merger.

A by-product of many searches for [WR]s among the CSPN are weak emission-
line stars or WELS, some of which are also H-deficient (543). These objects exhibit
weaker emission lines at many of the same high-ionization wavelengths as [WR]s, but
are likely less massive, evolutionarily unrelated objects, as evidenced by differences in
Galactic scale height z (529). Overall, a near-complete volume-limited 1 kpc sample
suggests that 7±3% of CSPN belong to the [WR] class, and ∼20% of CSPN are H-
deficient (535).

2. New [WR]/WELS Discoveries

Recently 33 new [WR]/WELS and emission-line star candidates have been discovered
in the course of the Macquarie/AAO/Strasbourg Hα (MASH; 547; 544) survey (531).
Of these, 19 are objects first found by us within the MASH sample, and 14 are previ-
ously known objects whose [WR] or WELS nature was discovered serendipitously by
us in the course of spectroscopic follow-up of MASH objects. See DePew et al. (531)
for observational details and preliminary analysis. The 17 MASH [WR]s detailed in
that paper, added to the 7 previously found in the MASH survey (546; 548; 545), make
a contribution of 24 new objects to the list of [WR]s by our group. With the 6 serendip-
itous discoveries, this represents an increase of ∼40% in known [WR]s. Within the
MASH sample, there is also one [WN] subclass object (PM5; 545) and one probable
[WN/WC] object (Abell 48; 530).

3. The [WN] Stars

Massive WN stars possess significant amounts of hydrogen that will be lost with the
surface nitrogen as they proceed toward the WC and WO phases. The existence of an
actual [WN] sequence is open to debate, however. While hot bottom burning (HBB)
should strongly enhance nitrogen in the more massive CSPN progenitors (& 4 M�;
542), there is confusion over whether the two currently designated [WN]s, PM5 for
example (545) and LMC-N66 (550) are truly CSPN. The high expansion velocity of
the main shell of PM5 (∼165 km s−1) is far higher than the vexp of other known PN,
and is more consistent with a massive WR ring nebula. LMC-N66 could be a peculiar
binary system (539).
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Figure 1. At left, the spectrum and image of MPA1611-4356, a new MASH PN
classifiable as [WC/O4]. At right, the preliminary [WR] subclass-dynamical age
relationship. Subclass index corresponds to: [WO1]=1, . . . , [WO4]=4, [WC4]=5,
. . . , [WC11]=12.

There exists only one published member of the [WN/WC] class, PB 8 (552). The
[WN/WC] class exhibits compositions and spectra similar to a massive WR transition
type denoted as WN/WC. These objects have strong nitrogen lines, but also possess sig-
nificant carbon abundances (1.3% by mass, as compared to 2% of nitrogen). Strangely,
PB 8 is not a Type I nebula (552), as would normally be expected around a high-mass
central star which has undergone HBB. This may not be a completely anomalous result
however, as Abell 48 (also not a Type I PN; 530) appears to possess a [WN/WC] CS as
well (530).

4. Towards An Evolutionary Subclass Sequence

Distance is one of the most crucial and elusive parameters required for a determina-
tion of luminosity, mass and other important properties of a star. The new surface
brightness-radius relationship found in Frew & Parker (534) and Frew (533) provides
a new, robust method for determining distance to PN. This relation is very easy to use,
requiring only the Hα flux, the extinction, and the angular dimensions of the PN.

Between 19-23 April 2010, we observed a selection of PN on the Wide Field
Spectrograph (WiFeS; 532) for chemical abundance determinations at Siding Spring
Observatory. From these observations we obtained the global R[NII] ratio ( I(λλ6548,84)

I(λ6563) ).
We used this value to deconvolve the [N II] contribution and extract the Hα flux using
data from the SuperCOSMOS Hα Survey (SHS; 549) and the Southern Hα Sky Survey
Atlas (SHASSA; 536). For those PN with nebular vexp in the literature, Hα surface
brightness and distance were calculated and a dynamical age derived. A preliminary
plot of [WR] subclass versus dynamical age is shown in Figure 1, where a clear trend is
evident. More in-depth results will follow (529). While the analysis is not yet complete,
it appears as though the late types are significantly younger than the early types, as
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previously suspected (e.g. 537). However, more data points are needed to firm up this
result.

5. Conclusions

The provenance of [WR] CSPN is still uncertain. However, a larger sample size, arising
largely from our new discoveries over the past decade, will enable us to fill in some of
the gaps in our understanding. The [WN] and [WN/WC] classes in particular will
benefit from new survey data.

In addition, using the SB-r relation of Frew (533), we can determine more accurate
distances to PN in our sample, allowing us to establish dynamical ages. The resulting
evolutionary sequence, though somewhat crude, may in the future serve to inform stel-
lar models for this rare class of objects.

Acknowledgments. KD thanks Macquarie University for an MQRES PhD schol-
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UV Spectroscopy of the Central Star of the Planetary Nebula A 43
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Abstract. About 25% of all post-AGB stars are hydrogen-deficient, e.g. the PG 1159
stars with a typical abundance pattern He:C:O = 33:50:17 (by mass). Only four of about
40 known PG 1159 stars exhibit H in their spectra. The exciting star of the planetary
nebula A 43 is one of these so-called hybrid PG 1159 stars. We present preliminary re-
sults of an on-going spectral analysis by means of NLTE model-atmosphere techniques
based on UV spectra obtained with FUSE, HST/GHRS, and IUE as well as on optical
observations.
Keywords. Planetary Nebulae – ISM: planetary nebulae: individual: A 43 – Stars:
abundances – Stars: atmospheres – Stars: evolution – Stars: individual: WD 1721+106
– Stars: AGB and post-AGB

1. Introduction

PG 1159 stars are hydrogen-deficient post-AGB stars. They have temperatures between
75 000 K and 200 000 K and their surface gravities log g range between 5.5 and 8.0.
They experienced a Final Thermal Pulse (FTP), that mixed the envelope and the in-
tershell (Fig. 1), and became a born-again star (560). Depending on the occurrence of
this FTP a maximum remaining hydrogen content of about 20% (by mass) is possible.
This maximum value is predicted for the AGB Final Thermal Pulse (AFTP) scenario,
where the FTP happens at the end of the AGB phase and the masses of the mixing
shells are nearly the same. When the FTP happens later, it is called Late Thermal Pulse
(LTP) and the hydrogen content of the star is about 1% due to the smaller envelope
mass at the time the FTP happens. An even later FTP (a Very Late Thermal Pulse oc-
curs on the white dwarf cooling sequence) causes a complete burning of the hydrogen.
Most PG 1159 stars experienced a LTP or VLTP. Only four stars show hydrogen lines
in their spectra which is a hint for an AFTP. Three of these so-called hybrid PG 1159
stars (namely the central stars of Sh 2−68, A 43, and NGC 7094) are surrounded by a
planetary nebula. One of these hybrid PG 1159 stars, A 43, is used as an example to
introduce the spectral analysis technique in Sect. 3. Then our preliminary results are
discussed in Sect. 4. The opportunity to access TMAP or already calculated TMAP
spectra via the VO service TheoSSA is described in Sect. 5.
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Figure 1. Structure
of a post-AGB star.
The intershell and the
hydrogen-rich shell are
mixed by a FTP.

2. Observational data

To perform a precise analysis, observed spectra with a high S/N ratio and resolution are
required. Moreover, these spectra should cover a wide wavelength range. Because of
the high temperature of PG 1159 stars, their maximum flux is located in the UV. A lot
of strategic lines is located in this wavelength range, and thus, these spectra are very
important for our analysis. To determine the surface gravity, optical spectra are advan-
tageous. For our analysis, we retrieved FUSE, GHRS, and IUE spectra from MAST
(standard pipeline reduction, Table 1). The spectra for the optical wavelength range
were obtained with the 3.5 m telescope equipped with the TWIN spectrograph of the
German-Spanish Astronomical Center on Calar Alto on April 13-14, 2001. They were
reduced with the Image Reduction and Analysis Facility (IRAF, http://iraf.noao.edu/).
To determine the interstellar extinction we used the UV spectra as well as brightnesses
in the optical and infrared wavelength range and considered the Fitzpatrick law (1999).
The resulting reddening is EB−V = 0.265 ± 0.035.

Table 1. Log of our UV observations.

Instrument Obs ID Obs Start Time (UT) Aperture Exp. Time (sec)

FUSE B0520201000 2001-07-29 20:41:47 LWRS 11438
FUSE B0520202000 2001-08-03 22:18:20 LWRS 9528
GHRS Z3GW0304T 1996-09-08 07:00:34 2.0 4243
IUE LWR08735 1980-09-06 21:45:21 LARGE 3600
IUE SWP10245 1980-09-28 21:50:02 LARGE 5100

3. Spectral analysis

The spectral analysis was performed with the Tübingen NLTE Model-Atmosphere
Package (TMAP) which was developed over the last 25 years. It uses an Accelerated
Lambda Iteration (ALI, see e.g. Werner & Dreizler 559; Werner et al. 558; Rauch &
Deetjen 557). Hydrostatic and radiative equilibrium and plane-parallel geometry are
assumed. About 1000 atomic levels can be considered as NLTE levels and thousands
of individual lines can be calculated.



UV Spectroscopy of the Central Star of the Planetary Nebula A 43 171

Figure 2. Section of the FUSE observations of A 43 compared with a TMAP
(blue) and TMAP/OWENS model (red).

In the UV range numerous interstellar lines overlay the photospheric lines. The
program OWENS was used to calculate the interstellar line-absorption spectrum. With
OWENS various interstellar clouds, that consider different temperatures, radial and
turbulent velocities, chemical compositions, and column densities can be modeled.

We used the parameters determined by Ziegler (priv. comm.) for the so-called
spectroscopic twin of A 43, namely NGC 7094, as start values for our analysis (Teff =
105 kK, log g = 5.4). First, we checked these values with H+He models. Then we
calculated more detailed model atmospheres for the newly determined values and in-
cluded the elements H-Ni. After fitting the effective temperature and surface gravity,
the elemental abundances are fine-tuned. In the UV range this is done in an iterative
process with TMAP and OWENS until the interstellar as well as the photospheric lines
reproduce the observed lines (Fig. 2).

4. Preliminary results and discussion

The analysis yields slightly different values Teff = 105 kK±10 kK, log g = 5.6 ± 0.3,
and different abundances (Table 2). Within the error limits these parameters agree with
those of the CSPN of NGC 7094. A mass of 0.53 M� (evolutionary tracks, Miller Berto-
lami & Althaus 555, 556) and a distance of 2.2 kpc were determined.

Table 2. Abundances of the CSPN of A 43, X is given in mass fractions, [X]
denotes log abundance

solar abundance . The typical error range is ≈0.3 dex.

H He C N O F Si P S

X 0.24 0.56 0.19 2.4E-4 1.8E-3 2.8E-6 1.8E-3 1.3E-6 1.2E-3
[X] −0.483 −0.350 1.909 −0.491 −0.516 0.694 −0.560 −0.593 −0.378
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Figure 3. Location
of A 43 and related ob-
jects in the log Teff-log g
plane.

4.1. The German Astrophysical Virtual Observatory

The German Astrophysical Virtual Observatory (GAVO) aims to make astronomical
data accessible. It is funded by the Federal Ministry for Education and Research
(BMBF) and operates within the International Virtual Observatory Alliance (IVOA).
In the framework of a GAVO project the model-atmosphere code TMAP was made
accessible in different ways via TheoSSA (Theoretical Simple Spectra Access). It pro-
vides:
• SEDs (TheoSSA, http://vo.ari.uni-tuebingen.de/ssatr-0.01/TrSpectra.jsp?)
• Simulation Software (TMAW, http://astro.uni-tuebingen.de/∼TMAW/TMAW.shtml)
• Atomic Data (TMAD, http://astro.uni-tuebingen.de/∼TMAD/TMAD.html)
It is controlled via a web interface where the fundamental parameters like Teff or log g
are entered. As a result a table of already available spectral energy distributions (SEDs)
within a parameter range is given which can be downloaded directly. If a requested
SED is not available, it can be calculated via TMAW, the web interface of TMAP. The
database is growing in time because newly calculated SEDs are automatically ingested.
In this way, the TMAP code can easily be used for spectral analysis by everybody.
This simplifies getting reliable fluxes of central stars that are e.g. necessary to model
planetary nebulae properly.

Acknowledgments. TR is supported by the German Aerospace Center (DLR) un-
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Modeling Ejecta of Massive Stars

Rich Townsend
Department of Astronomy, University of Wisconsin-Madison, Sterling Hall,
475 N. Charter Street, Madison, WI 53706, USA

Abstract. In this review I describe the various ways in which massive stars can
shed matter. At first take, these stars seem to share little in common with the planetary
nebula phenomenon. Their mass loss typically takes the form of periods of continuous
outflow, rather than the discrete outbursts that form PNe shells. Nevertheless, the ejecta
of massive stars tend to be highly structured in space and in time, and it seems likely that
some of the mechanisms responsible for this may also explain the diverse morphologies
seen in PNe.
Keywords. Planetary nebulae

1. Foreword

Throughout my discussion, I’ll be placing deliberate emphasis on four key questions.
What causes the structure we see in the ejecta of massive stars? What tools can we use
to model this structure? How have these tools so far been applied? And, what problems
do we still face?

Due to limitations on page space, and moreover on the boundaries of my own
knowledge, I shall cravenly pass over the most extreme forms of massive-star mass
loss: binary interactions, giant eruptions and supernovae.

2. Massive-Star Winds

Although making up a small fraction of the mass in galaxies, massive stars∗ are respon-
sible for a preponderance of the radiant energy generation. This is a reflection of their
immense luminosities, which — with a main-sequence scaling L∗/L� ∼ (M∗/M�)3 —
can reach up to a dizzying million-times solar, for the stars at the top end of the mass
range (M∗ ∼ 100 M�).

These luminosities give rise to strong wind outflows. In contrast to the wimpy
(Ṁ ∼ 10−14 M� yr−1) winds of the Sun and other cool main-sequence stars, which are
accelerated by the gas pressure of a hot corona, massive-star winds are driven radia-
tively by the direct conversion of photon momentum into flow momentum. Mass-
loss rates range up to 10−5 M� yr−1, and typical terminal velocities v∞ ∼ 1, 000 −

∗Here, defined loosely as those having spectral types O and B on the main sequence.
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2, 000 km s−1 are factors of a hundred times the sound speed — that is, the winds are
hypersonic.

A necessary condition for a radiation-driven wind to arise is that the outward radia-
tive force exceed the inward pull of gravity. This familiar breaching of the Eddington
limit is usually framed as Γe > 1, where

Γe =
κeL∗

4πGM∗c
(1)

is the ratio of radiative and gravitational accelerations. However, the presumption in
this expression is that the radiative force arises from Thomson scattering of continuum
photons (as represented by the opacity κe). While such continuum-driven winds can
occur in extreme cases (for instance, the Great Eruption of η Car; see 597), massive-star
winds are more typically driven by line opacity associated with resonance-scattering
transitions.

Within the Castor et al. (565, hereafter CAK) formalism for these line-driven
winds, the Eddington parameter above is replaced by

Γ` =
1

1 − α
ΓeQ̄

(
dv/dr
ρcQ̄κe

)α
(2)

where the notation follows Owocki (586), and in particular Q̄ is a measure of the total
line opacity in the wind, in units of κe (see 572). The term in parentheses is the recipro-
cal of the Sobolev optical depth; through the appearance of the spatial velocity gradient
dv/dr, it represents the degree to which the wind is able to Doppler-shift lines out of
their own shadow.

The inverse dependence of the radiative acceleration on the density ρ naturally
introduces a negative feedback loop that helps to self-regulate the wind. If too much
mass is launched from the surface, the acceleration declines to a point where Γ` drops
below unity; the wind then stalls and falls back to the stellar surface. Accordingly,
the mass-loss rate Ṁ of a radiatively driven wind is not a free parameter, but instead
established by this self-regulation process — that is, Ṁ is an eigenvalue of the system.
In the idealized point-star case, this eigenvalue is given by CAK theory as

ṀCAK =
L∗
c2

α

α − 1

(
Q̄Γe

1 − Γe

)(1−α)/α

, (3)

and solution of the equation-of-motion for Ṁ = ṀCAK gives a wind terminal velocity
that scales with the escape velocity,

v∞ =

√
α

1 − α
vesc =

√
α

1 − α
2GM∗

R∗
. (4)

(586) provides an excellent review of the formalism leading to these various results.

3. Line-Deshadowing Instability

Although the CAK formalism envisages steady, smooth outflows, in reality line-driven
winds exhibit significant structure and variability, on scales both small and large, and
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with morphologies that can be regular/symmetric or stochastic. As I shall discuss in
subsequent sections, the structure in many cases arises via imprinting from an external
agent such as pulsation or rotation. However, there is also an intrinsic instability in ra-
diative line driving that leads to the spontaneous generation of structure. The instability
reveals itself in a linear perturbation analysis (e.g., 581), indicating a perturbed radia-
tive force that is directly proportional to the perturbed velocity; this simply reflects the
amount of additional opacity that is Doppler shifted out of its own shadow at the blue
edge of line profiles. The growth timescale of this so-called line-deshadowing instabil-
ity (LDI) is τgrow ∼ 10−2 τwind, which — with wind flow timescales τwind = R∗/v∞ ∼
0.5 d — is very short.

The Lucy & Solomon (581) analysis suggests instability at all length scales; but
a more-careful investigation (see 591) shows that the LDI operates only for velocity
perturbations whose physical length scale is shorter than the Sobolev length `Sob =
vth/(dv/dr) . At larger scales, the perturbed line force is proportional to the perturbed
velocity gradient (as one might expect from eqn. 2), and the wind is stable. Accord-
ingly, the LDI is primarily responsible for the generation of small-scale structure in
line-driven winds.

Numerical simulation of the LDI can be computationally expensive, as the Sobolev
approximation (which assumes `Sob is small compared to any structure in the wind)
cannot be used. 1-D hydro simulations by (569) indicate that the instability breaks up a
smooth CAK wind solution into a sequence of reverse shocks, where fast, low-density
wind material runs into the back of slower-moving, high-density material. These wind
shocks are considered a likely source for the soft, broad-lined X-ray emission observed
in many single OB stars (e.g., 588, and references therein).

Extending the simulations to 2-D, (567) find that the shell-like shocks produced by
the LDI are fragmented by Rayleigh-Taylor instabilities, and the wind structure rapidly
becomes incoherent down to angular scales approaching the grid scale. These results
are difficult to reconcile with observations of clump-induced stochastic variability in
massive-star winds (e.g., 599), suggesting that there’s something still missing from the
simulations. Lateral forces from side-scattered radiation are a likely candidate, since
they will tend to retard the shell fragmentation process (e.g., 586). However, inclusion
of these forces will require multi-D radiation hydrodynamics, which for the time being
lies beyond our computational grasp.

4. Cyclical Wind Structure

In addition to the stochastic structure caused by the LDI, massive-star winds show evi-
dence for larger-scale structures that recur periodically or episodically. These structures
usually manifest themselves as discrete absorption components (DACs) that migrate
blueward through the absorption troughs of ultraviolet P Cygni line profiles (e.g., 577).
Puzzlingly, the typical lifetime of DACs is significantly longer than wind flow times,
suggesting that they are caused not by embedded clumps, but instead by patterns in the
wind that remain coherent over large spatial scales and long time scales.

The IUE Megacampaign observations of the B0.5Ib supergiant HD 64760, span-
ning almost 16 days, revealed a pair of DACs with lifetimes on the order of ∼ 10 d
(594). However, superimposed over these DACs is a 1.2 d-periodic modulation in the
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depth of UV line profiles, phase-locked over a wide range of blueshift velocities. Be-
cause the period is close to one-quarter of the star’s rotation period, these periodic
absorption modulations (PAMs) have been hailed as the indirect evidence of a ‘photo-
spheric connection’ between surface and wind structure. Support for the existence of
this connection has come from a more-recent study of HD 64760 by Kaufer et al. (578),
who find that the star’s wind-sensitive Hα line is variable on a 6.8 d period, correspond-
ing to the beat period between photospheric non-radial pulsation modes (the issue of
pulsation is discussed further in §5). How this 6.8 d period is related to the 1.2 d PAM
period is, however, still unclear.

What causes DACs and PAMs? Mullan (582, 583) first suggested that DACs
are the signature of co-rotating interaction regions (CIRs) — rotating spiral structures
formed by the collision between fast and slow wind streams, which trace back to some
kind of inhomogeneity in the photospheric wind-launching. However, based on kine-
matical models, Fullerton et al. (570) have convincingly argued that it is PAMs rather
than DACs which are the observational manifestation of CIRs.

5. Rotational Wind Sculpting

Massive stars are systematically rapid rotators: the observational survey by Howarth
et al. (576), covering 373 O- and B-type stars, reveals a distribution of equatorial rota-
tion velocities veq peaking at ∼ 100 km s−1, and extending all the way up to the critical
limit ∼ 500 km s−1. What effect does this rapid rotation have on the stars’ winds? Phys-
ical intuition suggests that the reduction in the effective (Newtonian plus centrifugal)
gravity will make it easier to launch a wind from the equator of a rotating star, than
from the poles. Thus, we should expect oblate mass loss around more-rapid rotators.

This expectation is at first glance lent support by a simple extension of eqn. (3),
giving a latitude-dependent mass flux

ṁCAK(θ) =
F
c2

α

α − 1

(
Q̄Γe

1 − Γe

)(1−α)/α

, (5)

where now

Γe(θ) =
κeF
geffc

, (6)

and F and geff are the local radiative flux and effective gravity, respectively. These
expressions indeed seem to indicate that a lowering of geff will push Γe closer to unity,
in turn upping the local mass flux.

However, as Cranmer & Owocki (566) first pointed out, the von Zeipel (608) grav-
ity darkening law — which establishes the proportionality F ∝ geff — means that Γe
is constant over the stellar surface. The elevation of F at the stellar poles (due to the
higher effective gravity) then means an enhanced mass flux there, and an overall prolate
mass-loss morphology. Moreover, the wind terminal velocity v∞ (cf. eqn. 4) will also
be larger over the poles than at the equator, due to the higher escape velocity. Smith
et al. (596) presents evidence for both of these effects in the present-day wind of η Car.



178 Rich Townsend

6. Rotation and Disks

The preceding section points toward bipolar outflows from rotating massive stars. How,
then, do some show the clear signature of equatorial disks — in particular, the enig-
matic Be stars, whose disks are revealed in Hα emission lines (e.g., 593)? Bjorkman &
Cassinelli (563) proposed that wind streams launched off the surface of rapidly rotating
B-type star are focused toward the equatorial plane by angular momentum conserva-
tion, where they will collide and form a disk. This kinematical wind-compressed disk
(WCD) model was initially confirmed in hydrodynamical simulations by Owocki et al.
(589). However, when gravity darkening and stellar oblateness were incorporated in
the simulations, Cranmer & Owocki (566) found that the polar-enhanced mass loss dis-
cussed above tends to reduce the density of the equatorial disk. Moreover, when the
simulations were further extended to incorporate non-radial line forces (arising from
the velocity gradient between equator and pole via the dv/dr term in eqn. 2), Owocki
et al. (590) showed that the formation of a WCD is completely inhibited.

Progress in finding an alternative narrative for Be-disk formation was driven by
observations constraining the disk velocity structure as Keplerian, with radial outflow
speeds on the order of a couple of km s−1 or less (e.g., 574). These observations
prompted a reevaluation of a seminal paper by Lee et al. (580) advancing a viscous
decretion model. Decretion disks operate much like accretion disks, in that they trans-
port angular momentum away from the star; the key difference is that mass is injected
at the inner boundary of a decretion disk, and at the outer boundary of an accretion disk.
In both cases, the disk velocity structure is Keplerian.

Smooth particle hydrodynamics simulations confirm the viability of the viscous
decretion model (e.g., 584). However, a missing component to the model is a pre-
scription of how stellar material is lifted into (Keplerian) orbit at the inner edge of the
disk. This process requires angular momentum — and elucidating the mechanism that
supplies the angular momentum can be regarded as the key to understanding the Be phe-
nomenon. Radiative driving (as envisaged in the WCD model) is generally unsuited,
because it is difficult for photons to impart an azimuthal force (see, however, 573, for
an interesting counter-example). Magnetic fields have been considered; however, as
discussed below in §7, they appear better-suited to producing rigid disks.

This leaves rotation itself as the most promising mechanism for supplying the nec-
essary angular momentum. Of course, if all of the angular momentum is to come from
rotation, then Be stars must be spinning at their critical velocity — an unlikely sce-
nario. We therefore require an additional agent to supply the velocity boost into orbit.
For agents relying on gas pressure to accelerate material, an upper limit on the mag-
nitude of the boost is approximately the photospheric sound speed a; thus, the star’s
equatorial velocity must be within one to two a of the surface orbital velocity, which
in massive stars translates to 90 − 95% of critical. Historically, the consensus had been
that Be stars do not rotate this close to critical. However, Townsend et al. (602) demon-
strate that gravity darkening can cause a significant underestimation of the projected
equatorial velocity veq sin i measured from line widths, and that in fact observation of
Be stars are consistent with (although do not prove) rotation in the required 90 − 95%
critical window.

A specific instance of the ‘rotation-plus-gas-pressure’ mechanism for disk forma-
tion was suggested by Osaki (585), who proposed that photospheric g-mode pulsation
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waves in a near-critical star can launch equatorial material into orbit. Owocki (587)
has supported this pulsation-driven orbital mass ejection (PDOME) model using 2-D
(equatorial-plane) hydrodynamical simulations, in particular confirming Osaki’s stip-
ulation that prograde-propagating waves are required for disk formation (since they
supply angular momentum in the requisite prograde direction). These theoretical de-
velopments tie in nicely with observational work by Rivinius et al. (595) indicating that
g-mode pulsation is ubiquitous in early-type Be stars. One remaining puzzle, however,
is that the modes detected by these latter authors appear to be universally retrograde
rather than prograde. My own suspicion is that so-called ‘Yanai modes’ (e.g., 598),
which exhibit retrograde phase propagation but transport angular momentum in the
prograde direction, may therefore have some role to play.

The Be stars should not be confused with objects exhibiting the B[e] phenomenon.
Although the latter show similar signatures of circumstellar material, they differ by dint
of their forbidden emission lines and their IR excesses indicative of hot dust. More-
over, B[e] stars are a very heterogeneous group, spanning a broad range of evolutionary
phases from pre-main sequence to PN. Within this group, massive stars are represented
by the supergiant B[e] stars, characterized by fast polar winds and dense equatorial
disks which appear to be outflowing rather than Keplerian (see, e.g., 579, and refer-
ences therein). One formation mechanism for these disks is rotation-induced bistability
(592): the lower effective temperature at the (gravity-darkened) equator produces a
higher opacity, which in turn allows a greater line-driven mass flux there (due to the Q̄
term in eqn. 5). Since the disks are outflowing, there is not the same angular momentum
requirement as with Be-star disks.

7. Magnetically Channeled Winds

Massive stars aren’t expected to harbor magnetic fields, owing to the absence of a signif-
icant outer convection zone to serve as a field-generating dynamo. Nevertheless, a sub-
set show evidence for strong (∼ kG), ordered (typically, dipole) magnetic fields which
are stable over timescales of decades (see, e.g., 609). Because massive-star winds are
highly ionized, there is a strong coupling between wind and field, with each competing
to determine the morphology of the other. ud-Doula & Owocki (604) investigate this
coupling using 2-D magnetohydrodynamical (MHD) simulations of radiation-driven
winds in the presence of a dipole field. A key result from these simulations is that the
global flow morphology is determined by a single parameter

η∗ =
B2
∗R

2
∗

Ṁv∞
(7)

representing the ratio between magnetic and wind-kinetic energy densities adjacent
to the stellar surface. When η∗ � 1, the wind dominates the field, and the latter is
stretched out into a split-monopole configuration with radial field lines and an equato-
rial current sheet. Conversely, in the η∗ � 1 limit the field remains relatively unaffected
by the wind, with field lines remaining closed out to the Alfvén radius RAlf ≈ η

1/4
∗ R∗.

In the latter ‘strong confinement’ case, wind streams flowing from opposite foot-
points of closed magnetic loops collide near the loop summit. In their seminal mag-
netically confined wind shock (MCWS) paradigm, which foreshadowed the MHD sim-
ulations, Babel & Montmerle (562) proposed that the kinetic energy of the colliding
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streams is thermalized in shocks, heating the material to temperatures ∼ 106 − 107 K
where X-ray emission becomes significant. A follow-up paper (561) argues that the
hard X-rays of the O6V star θ1 Ori C arise in this manner (interestingly, this paper
pre-dated the actual detection of the star’s ∼ 1.1 kG field by 568). Subsequent analysis
of the star’s X-ray emission-line spectrum, coupled with MHD simulations of the wind
shocks, has lent strong support to the basic MCWS paradigm (see 571).

More-recent MHD simulations have explored the impact of magnetic-axis-aligned
rotation (605; 606). As the post-shock material cools radiatively back to photospheric
temperatures, it accumulates in the equatorial plane to form a rigidly rotating disk sup-
ported against the inward pull of gravity by centrifugal and magnetic forces. Eventually,
sufficient material builds up to overwhelm the magnetic field, which then reconnects.
During such a centrifugal breakout episode (see 607), material in the disk is flung away
from the star and escapes to infinity.

This narrative runs contrary to the magnetically torqued disk model introduced by
Cassinelli et al. (564), in particular showing that disks formed with the aid of magnetic
fields tend to be rigid rather than Keplerian, and are thus unsuited to explaining the
Be phenomenon. In fact, the MHD simulations lend support to the alternative rigidly
rotating magnetosphere (RRM) model developed by Townsend & Owocki (600) to de-
scribe the distribution of circumstellar material in the idealized limit η∗ −→ ∞ where
field lines are completely rigid. This limit is effectively realized in the chemically pecu-
liar He-strong stars, whose ∼ 10 kG fields and low mass-loss rates combine to produce
confinement parameters in the η∗ ∼ 105 − 107 range.

Applied to the B2Vpe star σ Ori E, the RRM model can simultaneously reproduce
the observed 1.2-d periodic Hα and photometric variations (601). Building on this suc-
cess, Townsend et al. (603) have created a rigid field hydrodynamics (RFHD) approach
for simulating the time-dependent flow along an ensemble of rigid field lines. RFHD
models provide a 3-D, dynamical picture of a star’s magnetosphere, including the colli-
sion shocks anticipated in the MCWS paradigm, at a tiny fraction of the computational
cost of equivalent MHD simulations; however, they remain restricted to cases where
η∗ � 1. An initial application to σ Ori E (575) shows promise in reproducing the star’s
observed X-ray emission.

Acknowledgments. I gratefully acknowledge support from NASA grant
LTSA/NNG05GC36G.
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Abstract. Eta Carinae, one of the most extreme and fascinating objects in our
Galaxy, is a supermassive interacting binary at the centre of a bipolar nebula, expand-
ing at about 500 km s−1. Finding the mechanisms behind Eta’s appearance, behaviour
and evolution is the main goal of this investigation. I have constructed a large series
of numerical models of dual-wind binary stars, of which I present here one that prob-
ably comes close to the Eta Carinae parameters. I presume that the gaseous ‘skirt’
surrounding Eta is an equatorial ‘excretion disk’ formed by the interacting binary, that
the bipolar ‘Homunculus’ nebula above and below this plane is due to the collision
between the material ejected in the 1840 ‘Giant Eruption’ and the disk, and the ‘Lit-
tle Homunculus’ similarly in the smaller 1890 eruption. I have extensively explored
the general types of flow pattern expected here. My Theory Group is working towards
3D radiation-hydrodynamics simulations for quantitative comparison with Eta, which
many believe to be a key to understanding a variety of hitherto unexplained phenomena
in and around massive stars, be they binary or single.
Keywords. Bipolar nebulae: individual: ηCar – Stars: binary – Stars: atmospheres –
Stars: evolution – Stars: individual: ηCar

1. Introduction

The object called Eta Carinae is, astrophysically speaking, one of the most spectacular
in our Galaxy. We know that it is a supermassive interacting binary at the centre of a
huge bipolar nebula, expanding at 500 km s−1, but for the rest we know rather little for
sure. This is all the more embarrassing because Eta is quite close: 2.3 kpc (see e.g.
(611), http://etacar.umn.edu/, (616) and (614)).

The bipolar nebula, called ‘Homunculus’, consists of two cauliflower-shaped bub-
bles joined in the plane of a fragmented disk-like gas cloud called ‘skirt’. The bipolar
shape is almost certainly caused by the well established interacting-winds mechanism
(612), but the origin of the skirt (which focuses the outflow into its bipolar form) is
unclear.

A rough consensus on the observed or inferred properties of Eta Carinae would
read as follows. The primary star, η Car A, is the cooler and massive one: 35,000 K at
about 90 M�, losing 2 − 3 × 10−4 M�/yr at 550 km s−1. The secondary is hotter and
less massive: 41,000 K and 30 M�, losing 10−5 M�/yr at 3000 km s−1. The observed
extreme velocities, which should correspond to the terminal velocity of the wind, range
from -1000 to +500 km s−1. The speed of sound in the photosphere of the primary
would then be about 19 km s−1, giving a Mach number M ≈ 26 for the outflow, and
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M ≈ 150 for η Car B. The binary period is 5.54 yr, with the orbital plane coinciding
with the Homunculus ‘skirt’ and a semimajor axis of 15.4 AU. Because of the evidence
that near pericentre the primary star penetrates the wind bubble of the secondary (617),
the eccentricity must be large, at least 0.8 and possibly larger.

These numbers are of great importance in simulations, because they determine
the density, outflow speed, Mach number and temperature (or pressure) in the flow, and
therefore to a large extent the hydrodynamic behaviour. My series of simulations shows
that the absolute numbers are less important for the appearance and behaviour of the
overall flow patterns than the ratios of these various numbers are. For example, the
ratio of the stellar masses and the ratio of their outflow speeds and densities are more
important than the actual numbers separately. This allows a ready comparison between
various simulations, details of which will be submitted for publication elsewhere. The
presumed η Car A Mach number of M = 26 is on the high end of the range I have
explored in my binary wind computations. At the ZAMS temperature of 56,000 K, this
would be aboutM = 20; with the more S Dor-type value 20,000K we haveM = 35.
These three cases would be drastically different from a hydrodynamic point of view, an
aspect I will explore in detail later.

Finding the mechanisms behind Eta’s appearance and behaviour is the main goal
of this investigation, including conjectures about the evolutionary status and history of
the binary. I hope that the interaction between Eta’s stars will serve as a probe of their
properties, thereby helping us to gain insight into the Luminous Blue Variable (LBV)
physics and related phenomena.

2. Numerical Model

In the past two years, I have run a large series of hydrodynamical models of stars
that both have a substantial stellar wind. With my 2D FCT/LCD code (613) I have
investigated the effects of eccentricity, launching temperature, Mach number etc. on the
flow patterns, with special attention being paid to the behaviour of the discontinuities
and the free-free emission.

Table 1 lists the main properties of the simulation depicted in Figs. 1-4. While the
outflow speeds are somewhat smaller than what is usually adopted for Eta, the main
features of the flow are robust. In particular, the formation of the S-shaped shock wall
during apastron always happens like this, as does the breaking-through at periastron.

Table 1. Parameters of the present simulation.

a e P M1 M2 dM1/dt dM2/dt M v1 v2

15.4 AU 0.8 5.54 yr 90 M� 30 M� 2.5e-4 Mo/yr 1e-5 Mo/yr 2.0 180 AU/yr 30 AU/yr

The global behaviour of circular binaries is, that in between the stars a triple layer
of discontinuities forms, namely a shock around each star, and in between these shocks
a contact discontinuity. This sandwich fans out into an Archimedean spiral due to the
orbital motion. The stagnation point between the stars, which has a saddle-point flow
pattern, swings around the centre of mass. From this saddle point the gas streams
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Figure 1. Eight flow pattern snapshots of the Eta simulation with equal time spac-
ing around the orbit. From left to right, top to bottom: orbital phases 0.98, 0.11,
0.23, 0.35, 0.49, 0.60, 0.73 and 0.86. The colours indicate the flow variables: red,
mass density; green, gas pressure; blue, absolute value of the velocity.

outward with increasing velocity, making the contact discontinuity extremely unstable
so that a long train of partly supersonic eddies propagates along it.

Double-wind binaries with high eccentricity (above 0.4 or 0.5) show a basically
similar behaviour, with one important difference: while the stars dwell near their apas-
tron the triple-layer forms as in the circular case, but when the stars approach perias-
tron they slam through this self-made wall, leading to a strong crescent-shaped shock
wave that drives mass from the system in a very non-axisymmetric way. Further-
more, the extremely strong shocks that are formed when the stars break through this
wall produce strong free-free radiation. Finally, if the mass loss is large (in excess of
1−2×10−4M�/yr) that radiation is absorbed by the gas compressed between the shocks,
and even the stellar ionizing luminosity may be trapped in that layer.

3. A Possible History of the Binary

Eta’s remarkable behaviour has been known for a century and a half. Its spectacular
properties have revealed themselves gradually during that time. Why then should it be
a good subject now? After all, most of the physics and quite a bit of the observations
have been in hand for a while.

Fact is, that so far modeling efforts have had limited success. This is partly due
to the difficulty of guessing the dominant mechanisms that are responsible for Eta’s
behaviour, and partly due to the corresponding uncertainty about interpretation of the
main observed features. There is not even unanimity about some of its basic properties.

It is not surprising that a full hydrodynamic model of Eta does not yet exist,
given the magnitude of the task: a search through a model space of three dimensional
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(radiation-) hydrodynamics with a large range of physical parameters of the gas state,
mass loss rates, orbital parameters, etc. If, as many investigators suppose and I hope,
Eta is closely related to other Luminous Blue Variables and S Doradus stars (e.g. (618)),
which are probably precursors to particularly violent classes of super- and hypernovae,
these models will have much wider significance.

Figure 2. Flow pattern
close to apastron, orbital
phase 0.49. The white
lines accentuate the
strongest gradients of
the gas pressure, which
are mostly those where
shocks occur. In models
with a faster wind of the
secondary, the opening
angle of the standoff
shock around that star is
much closer to 180◦.

Figure 3. Flow pattern
just before periastron,
orbital phase 0.98. The
breaking-through-the-
wall is most dramatic
at this point of the
orbit. Due to lack of
numerical resolution,
it is impossible to say
what happens exactly
at the radius where the
winds are launched.

The question then is: how did Eta become what it is? My current working hypoth-
esis is as follows. Eta began as a very close binary star with a circular orbit in which
each star had a mass close to the Eddington limit. The stellar winds, which must have
been very substantial, collided and formed what we now see as the ‘skirt’. One of these
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stars expelled a large fraction of its mass in the 1840 event. This mass loss, with the
impulsive effects of the blast shell on the companion, produced a very eccentric but
still-bound binary. The blast itself was shaped by the skirt into its bipolar shape by the
same constrained-outflow mechanism that is common in planetary nebulae (612).

Thus, I find that an enormous amount of mass must have been lost in order to
obtain an eccentricity in excess of 0.8, of the order of 70-80 M� or thereabouts. This
implies that the star that exploded was the one we now call the ‘secondary’. The result-
ing runaway speed due to the mass-loss kick was of the order of the pre-blast orbital
speed which, for a binary consisting of two 100 M� stars separated by 2 AU, should
be observable today. Moreover, the direction of this runaway velocity is related to the
direction of the major axis, providing a check for my supposition. An eccentricity of
0.9 is practically impossible if, as most authors believe, the present masses of the two
stars are similar to those listed in Table 1, unless the smaller 1890 explosion happened
at or very near periastron.

Figure 4. Flow pattern
after periastron, orbital
phase 0.11. The present
numerical resolution
(1000 × 1000 grid) is
a compromise between
resolution, coverage of
both peri- and apastron,
and computer time. Re-
cent runs by Clementel’s
parallel FCT/LCD code
at four times higher
resolution show that the
images depicted here are
substantially correct.

The equations summarized by Bekenstein (610) for the changes in orbital param-
eters may be written as follows:

a0 = a(2 − µ0)(1 + Π2)−1,

e2 =
[
(µ0 − 1)2 + Π2

]
(1 + Π2)−1,

µ0 ≡ M0/M,
Π ≡ p/M1V (1)

in which a0 is the semimajor axis before the 1840 event and a the value thereafter,
M0 is the total mass of the binary before and M the total mass afterwards, M1 the
mass of the present secondary after the event, V the initial orbital speed, and p the
momentum deposited on the primary star due to the passage of the blast wave from the
present secondary, star 2. If the post-event eccentricity e is larger than about 0.5, the
contribution due to p is insignificant unless it is so improbably large that Π ≈ 1.
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The properties of the binary in this scenario can be made to fit numerically, but
it remains an enigma what caused the exploding star to behave in this way. I am not
aware of any phase in the evolution of massive stars in which they eject something like
70 M� and leave 30 M� behind. While near-Eddington stars are fully convective and
could be expected to do strange things, I have not found this type of behaviour in the
literature. On the other hand, the existence of a pre-supernova bipolar nebula around
SN1987A might indicate that Eta is not alone in this respect.

Figure 5. Flow pattern
after periastron, orbital
phase 0.11, of a sim-
ulation with parameters
close to those of Figs.1-
4 but with a resolution
near periastron twice as
high. The flow pattern
around the two stars is
so well resolved that it
can be observed how the
orbital motion folds the
stellar bow shock back
so that it intersects itself.
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Abstract. This paper discusses the problem of an isotropic wind ejected from a star
in orbital motion around a companion. As a result of the orbital motion, a spiral shock
structure is formed in the wind. The structures predicted from the models are compared
with the remarkable spiral structure of AFGL 3068.
Keywords. Planetary nebulae – Binaries – AFGL3068

1. Introduction

The talk at the meeting covered jets and winds ejected from a stellar source in motion
around a binary companion. As the work on jets (prepared for this conference) has
already been published (Raga et al. 2009), the present paper is focused on the problem
of an isotropic wind ejected by a star in orbital motion.

In this paper we consider the most simple problem in outflows from binary sources :
an isotropic, constant velocity wind ejected from one of the components of the binary.
This problem was first studied by Soker (1994, formation of caustics on the orbital
plane), and then by Mastrodemos & Morris (1999, 3D SPH simulations) and He (2007,
3D momentum conservation model). We present a new analytical model (section 2)
and 3D numerical simulations (section 3) of this flow.

This problem has been given new life by the remarkable observation of a spiral
structure in the stellar wind envelope of AFGL 3068 (see Mauron & Huggins 2006). In
section 4 we present a comparison between our models and the observations of AFGL
3068, through which one obtains estimates of the orbital parameters and masses of the
binary that could give rise to this remarkable object. Finally, the results are summarized
in section 5.
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Figure 1. Single time-frame of the density stratification obtained from the circular
orbit model described in the text. The right frame shows the density stratification on
the orbital plane, and the left frame the stratification on a plane which includes the
orbital axis (only the region on one side of the orbital plane is shown). The axes
are labeled in units of the orbital radius. The red curves are the analytical solution
for the same parameters. In the analytical solution, the dense regions bounded by 2
shocks (found in the numerical simulations) are a single, unresolved thin layer.

Figure 2. Single time-frame of the orbital plane density stratification obtained
from the models with eccentricities e = 0 (left), 0.4 (center) and 0.8 (right). The
axes are labeled in units of the semi-major axis.
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2. The analytical model

Interestingly, it is possible to construct a simple, analytical model for the case of a wind
source in a spherical orbit that satisfies the condition vorb � vw (where vw is the wind
velocity and vorb the orbital velocity of the wind source). In this limit, the orbital radius
rorb is small compared to the sizes of the shock structures produced in the wind, and the
displacement of the wind source can be neglected (the effect of the orbital motion being
limited to changing the velocity of the point from which the wind is being ejected). This
model was described in a partial way by Cantó et al. (1999).

A two-shock “working surface” rotating spiral structure is formed on the orbital
plane, starting at a radius

R0 = rorb

(
vw

vorb

)2

=
τorbvw

2π

(
vw

vorb

)
, (1)

where rorb is the radius and τorb the period of the circular orbit. The double-shock spiral
has a step

∆r = 2π
(

vw

vorb

)
rorb = τorbvw , (2)

the second equality having been derived previously by Mauron & Huggins (2006).
Combining equations (1-2) we then obtain :

vw

vorb
= 2π

R0

∆r
. (3)

Perpendicular to the orbital plane, the two-shock structure is anchored on the or-
bital plane spiral, and has a circular shape on planes which include the orbital axis.
The two-shock structure is interrupted when it intersects a cylinder of radius rmin = R0
(where R0 is given by equation 1) around the orbital axis. Therefore, a shock-less wind
region is left within a cylinder of radius R0 around the orbital axis.

3. Numerical simulations

Figure 1 shows a comparison between the analytical model described above and a single
time-frame obtained from a 3D numerical simulation. The flow has been computed
for parameters vw = 1, τorb = 2π and rorb = 1. The simulation is isothermal, with
a c0 = 10−3 (isothermal) sound speed, and has been computed on a 5-level binary
adaptive grid (with a maximum resolution of 0.78rorb along the three axes) with the
yguazú-a code (see Raga et al. 2000). From Figure 1 it is clear that the analytical
model predicts shock structures that agree well with the numerical results on the orbital
plane and in a plane that includes the orbital axis.

We have also computed simulations of winds from a source in an elliptical orbit.
We computed models with vw = 1, τorb = 2π, a = 1 (a being the semi-major axis of
the orbit) and eccentricities e = 0, 0.4 and 0.8 (the e = 0 model being the same one that
has been shown in Figure 1).

The resulting density stratifications on the orbital plane are shown in Figure 2. It is
clear that the inner part of the spiral structure becomes progressively more distorted as
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the eccentricity increases, but the outer parts of the spiral remain basically unchanged
even in the higher eccentricity (e = 0.8) model.

Finally, we have taken the e = 0, circular orbit model, and calculated predicted
intensity maps for observers at angles i = 0, 30◦, 60◦ and 90◦ with respect to the orbital
axis. The resulting maps are shown in Figure 3. These maps show that for orientation
angles i ≤ 60◦ an almost undistorted spiral structure is observed. Only in our i = 90◦
map (i. e., with the orbital axis on the plane of the sky) we do obtain an intensity map
in which the shock-less axial region (see Figure 1) is evident.

These results show that the spiral shock structure produced as a result of an orbital
motion of a wind source is a surprisingly robust feature. Firstly, a clear spiral structure
is produced for orbits with eccentricities e ≤ 0.8. Secondly, even though the shock
structure is interrupted close to the orbital axis (see Figure 1), this “orbital axis hole” is
evident in the predicted intensity maps (Figure 3) only in the case in which the orbital
axis lies very close to the plane of the sky. For other orientations of the orbital axis, the
intensity maps show a clear spiral structure.

4. Application to AFGL 3068

Mauron & Huggins (2006) presented an archival HST image of AFGL 3068 (from the
HST program 10185, PI R. Sahai, see also Morris et al. 2006). This red (F606W filter)
image shows a remarkable spiral structure around the IRAS source, to which Mauron
& Huggins (2006) fitted an Archimedes spiral. Both the image and the fit are shown in
Figure 4.

Mauron & Huggins (2006) interpret this spiral in terms of the wind from an orbit-
ing source model of Soker (1994). They suggest that the observed emission is due to
light from an external source which is reflected by the dusty wind from AFGL 3068.
It is clear that the observed spiral has a remarkable similarity to the model predictions
(see Figures 3 and 4). In the following, we calculate the parameters of the proposed
AFGL 3068 binary that are deduced from an application of the analytical model (of
section 2) to the observed spiral structure.

From the spiral fit (and using the distance of 1080 pc to AFGL 3068), one obtains
the step of the spiral ∆r ≈ 2′′.29 = 3.71 × 1016 cm (see Mauron & Huggins 2006)
and from the distance between the center of the spiral and the point (almost directly
West from the source) at which the spiral becomes visible one obtains R0 ≈ 2′′.78 =
4.50 × 1016 cm.

Considering the vw = 14.1 km s−1 outflow velocity from AFGL 3068, one then
obtains an orbital period τorb = 835 yr from equation (2) (see Mauron & Huggins
2006). Using the observed values of vw, ∆r and R0, we can then use equation (3) to
derive an orbital velocity vorb = 1.85 km s−1 for the primary star of the binary (i.
e., the wind source). Therefore, assuming a circular orbit we obtain an orbital radius
rorb = τorbvorb/(2π) = 52 AU for the primary.

For an assumed circular orbit, we then have the relation

m
(1 + M/m)2 =

vorbrorb

G
= 0.20M� , (4)
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Figure 3. Intensity maps for the e = 0 model (circular orbit, see Fig. 1) for
inclination angles i = 0 (top left), i = 30◦ (top right), i = 60◦ (bottom left) and
i = 90◦ (bottom right) between the outflow axis and the plane of the sky. The maps
are displayed with a logarithmic scale. The maps were computed assuming that the
emission coefficient and the opacity are both proportional to the number density of
the flow.
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Figure 4. HST image of AFGL 3068 and least squares fit to the spiral structure
(see Mauron & Huggins 2006). The original image is shown on the left frame,
and a spatially filtered image (in which the diffraction spikes which cross the image
were removed by interpolating linearly across the structures, and a wavelet filtering
technique was used to smooth structures smaller than ∼ 6 pix≈ 0′′.3 across) on the
right. The images have a size of 25′′.5 along the two axes.

where M is the mass of the primary (the wind source), m ≤ M is the mass of the
secondary and G is the gravitational constant.

We can also use the fact that Morris et al. (2006) detected a companion at a
projected distance of 109 AU from the primary. Considering that this is a lower limit
for the separation d between the two stars (in an assumed circular orbit), we obtain a
mass ratio

M
m

=
d

rorb
− 1 ≥ 1.1 . (5)

If we take M/m ∼ 1.1 as an estimate for the mass ratio, from equation (4) we obtain
m = 0.88M� and M = 0.97M�. For a somewhat higher, M/m = 1.5 mass ratio we
would obtain m = 1.25M� and M = 1.9M�.

5. Conclusions

In this paper, we have presented an analytical model and 3D gas-dynamic simulations
of an isotropic wind ejected from a star in orbital motion around a companion. We
find that a spiral structure is produced on the orbital plane, with circular prolongations
(on planes that include the orbital axis) that end at a finite distance from the orbital
axis. This structure is found for a circular orbit, and is maintained for orbits with
eccentricities of up to e = 0.8.

Interestingly, when computing predicted intensity maps one finds that they show
a spiral morphology for all cases except when the orbital axis lies close to the plane of
the sky (in which the axial “holes” in the shock structure are apparent). Therefore, the
robustness of the predicted spiral structure (present for a large range of eccentricities
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and orientations of the optical axis with respect to the line of sight) indicates that such
structures might be observed in binary stellar wind sources.

The evident example of this kind of structure is AFGL 3068, a giant star (whose
photosphere is not directly visible at optical wavelengths) which shows an envelope
with a remarkable spiral structure (Mauron & Huggins 2006). This structure has a
strong resemblance to the predictions from our numerical simulations. We then apply
to AFGL 3068 the relations (from our analytical model) giving the starting point and
the step of the spiral, and through them obtain the orbital period and radius, as well as
a relation involving the masses of the wind source and its binary companion.

The fact that the obtained masses are completely reasonable for a giant star and
a somewhat lower mass companion indicates that the proposed interpretation of the
spiral structure of AFGL 3068 is likely to be correct. Further possible applications of
this model will be studied in the future.
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grants 61547, 101356 and 101975. PJH acknowledges support from NSF grant AST
08-06910.

References
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González, A. 2009, ApJ, 707, L6
Soker, N. 1994, MNRAS, 270, 774



Asymmetric Planetary Nebulae V
A. A. Zijlstra, F. Lykou, E. Lagadec and I. McDonald
Jodrell Bank Centre for Astrophysics, Manchester, UK c© 2011

196

The Turbulent Destruction of Circumstellar Clouds

J.M. Pittard1, S.A.E.G. Falle2, T.W. Hartquist1, and J.E. Dyson1

1School of Physics and Astronomy, The University of Leeds, UK
2Department of Applied Mathematics, The University of Leeds, UK

Abstract. The interaction between an astrophysical cloud and a shock has been
extensively studied using numerical hydrodynamics. However, the full development of
turbulence in what is usually a high Reynolds number interaction is prevented by the nu-
merical viscosity inherent in hydrodynamical simulations. To overcome this limitation
we have incorporated a subgrid compressible k-ε turbulence model into our numerical
code. We first demonstrate its exceptionally good convergence, and then show the re-
sults of an investigation into the mass-loss rates and lifetimes of clouds as a function
of their density contrasts, χ, and the Mach numbers of the shocks, M. We finish by
discussing the formation of tails in shell-cloud interactions.
Keywords. Planetary nebulae

1. Introduction

The multi-phase nature of circumstellar, interstellar and intergalactic environments, to-
gether with the high-speed flows which occur in them, lead to ubiquitous interactions
between clouds (also referred to as clumps, globules and knots) and shocks, shells,
winds and jets. Material stripped off clouds by the passage of a fast wind or shock is
frequently manifest as a long tail behind the cloud. Tails also form where the mass-loss
is driven by photoevaporation if the clouds are subject also to a strong wind.

The interaction between a wind and individual clouds is perhaps best seen in the
stunning observations of planetary nebula (PNe), of which NGC 7293 (the Helix neb-
ula) is a beautiful example. In this source, long molecular tails and bright cresent-
rimmed clouds are spectacularly resolved (642; 633; 637). Two different models have
been proposed to explain the tails in PNe. In “shadow” models the tail forms due to
the shielding of the direct radiation field of the central star (e.g. 636; 642). In contrast,
“stream-source” models assume that the tail forms from material photoablated from the
cloud (628; 630; 647; 629). The correct model is still disputed (see Dyson et al. 2006
and O’Dell, Henney & Ferland 2007, and references therein). However, observations of
the dynamics of the tails favour stream-source models: i) there is no evidence for sig-
nificant ionized gas velocities perpendicular to the tails (639), in contrast to the shadow
model of López-Martin et al. (636); ii) the flow accelerates along the tails (by about
8 − 14 km s−1, 638).

In contrast, observational studies of the interaction between a shock and a cloud
have typically focused on supernova remnants, and on clouds in the Cygnus loop in
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particular (e.g. 631; 627; 635; 646; 640). In some interactions a bowshock is clearly
visible, while in others it is not. Possible explanations for the lack of a bowshock are the
earliness of the interaction (634), a smooth cloud density profile (641), a high ellipticity
of the cloud (640), or the effects of thermal conduction (645), cosmic rays (e.g. 651) or
strong turbulence (648).

An extensive literature of numerical hydrodynamic investigations of shock-cloud,
wind-cloud and jet-cloud interactions now exists. The effects of radiative cooling, ther-
mal conduction and ordered magnetic fields have all been considered (e.g. 644). Insight
into the behaviour and evolution of clouds subject to a variety of internal and exter-
nal conditions has been obtained. However, existing simulations are for much lower
Reynolds numbers than typically occur in astrophysical environments. Therefore, the
formation of fully developed turbulence is prevented, the turbulent mixing of cloud
material into the surrounding medium is limited and the destruction of a cloud is hin-
dered. The problem is overcome through the use of a subgrid turbulent viscosity model,
designed to calculate the properties of the turbulence and the resulting increase in the
transport coefficients that the turbulence brings. In this way, a high Reynolds number
flow can be emulated. In this contribution we report on simulations of shock-cloud and
shell-cloud interactions which include a k-ε subgrid turbulence model.

2. The Numerical Setup

Any numerical study must necessarily focus on a limited region of parameter space. We
therefore assume that magnetic fields, thermal conduction and self-gravity are unim-
portant. In our shock-cloud simulations the gas is assumed to behave adiabatically and
the cloud is assumed to be small, so that the post-shock quantities are time indepen-
dent. We assume that the cloud is spherical, and simulate the interaction using a 2D
rz-axisymmetric grid. A shock of Mach number M propagates along the z-direction,
parallel to the axis of symmetry. The cloud has a smooth edge and an initial radius,
rc, of one grid unit. The density contrast of the cloud to the ambient medium is χ and
the velocity of the shock is vb. The grid is large enough to ensure that the cloud is
well mixed and dispersed by the flow before the shock encounters the grid edge. All
calculations were performed for an ideal gas with γ = 5/3. The interaction is studied
in terms of the “cloud-crushing” time, tcc = χ1/2rc/vb, which is the characteristic time
for the cloud to be crushed by the shocks driven into it (634). Further details, including
the full set of equations solved, can be found in Pittard et al. (648).

Our shell-cloud simulations incorporate a cooling function and heating term such
that the cloud equilibrium temperature is 8 K, while the ambient medium and swept-up
shell are maintained at 8000 K. The hotter gas in the bubble interior (which drives the
shell) has a temperature in excess of 106 K and a cooling time much longer than tcc.

3. Shock-cloud Interactions

3.1. Convergence Tests

We first wish to demonstrate that our calculations are performed with sufficiently high
spatial resolutions that key features of the interaction are resolved. Previous work has
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Figure 1. Convergence tests for a shock-cloud interaction with χ = 103 and with-
out (solid lines) a k-ε model. The time evolution of the core mass (panel a) and the
mean velocity of the cloud (panel b) are shown. The results from simulations with a
subgrid turbulence model (dashed lines) display much tighter convergence (see 648).
The results from the simulations without the subgrid model converge on the subgrid
model results.

found that quantities which are sensitive to small scales, such as the mixing rate be-
tween cloud and ambient gas, require about 100 cells per cloud radius for convergence
(634; 641).

Fig. 1 shows the evolution of the core mass (see Pittard et al. 2009 for the defini-
tion of the core mass) and mean cloud velocity as a function of spatial resolution. We
find that these quantities are poorly converged in low resolution simulations that do not
include a subgrid turbulence model (see also 650). In contrast, including a subgrid tur-
bulence model leads to results which are much less dependent on the spatial resolution
(for additional convergence tests see 648). Of particular note is the fact that the results
from simulations without the subgrid model approach those with the subgrid model as
the resolution of the former models increases. This gives us confidence that the subgrid
model results are correct. All of the following results are from simulations that include
the subgrid turbulence model.

3.2. Mass-loss Rates and Cloud Lifetime

With the assumptions in Sec. 2 the time evolution of the cloud in units of tcc becomes
independent of the shock Mach number at high Mach numbers (this is called “Mach
scaling” - see 634). However, significant differences in the interaction occur at lower
Mach numbers. For instance, when M < 2.76 the post-shock flow is subsonic and
a bow wave rather than a bow shock forms upstream of the cloud. The growth of
Rayleigh-Taylor (RT) and Kelvin-Helmoltz (KH) instabilities is slower due to the lower
velocity shear at the cloud surface, and it takes longer for the cloud to be accelerated
and destroyed. Fig. 2(a)-(c) shows the evolution of the core mass of the cloud as a
function of M and χ.

The lifetime of the cloud core (defined as the time at which material in the core has
sufficiently mixed with ambient material that its concentration is everywhere less than
50%) as a function of M and χ is shown in Fig. 2(d). The numerical results are com-
pared against those from the analytical formula proposed by Hartquist et al. (632). We
find good agreement for clouds with density contrasts χ ∼ 103 hit by shocks with Mach
numbers M < 10. However, there is a significant and increasing divergence between
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the numerical and analytical cloud lifetimes as the shock Mach number increases past
M = 15. Note that the numerical results are consistent with Mach scaling, whereas the
analytical formula is not. There is also serious disagreement at moderate Mach num-
bers (1.5 < M < 7) and low density contrasts (χ ∼ 10). The reason for these differences
is due to the fact that Hartquist et al. (632) assume that the mass-loss is primarily driven
by pressure gradients, whereas in reality mass is lost from the cloud as a result of KH
instabilities. We further note that a prominent tail behind the cloud only forms if the
cloud density contrast is sufficiently high, with a minimum χ ∼ 103 needed.
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Figure 2. Panels (a)-(c): Time evolution of the core mass, mcore, for various Mach
numbers (1.5, 3, and 10, as indicated) and density contrasts from the numerical sim-
ulations with the k-ε subgrid model: (a) χ = 10, (b) χ = 102, (c) χ = 103. Panel (d):
Comparison of the cloud lifetime (defined as the time when the “core” disappears)
from the numerical simulations with the k-ε subgrid model and the lifetime obtained
from the analytical result of Hartquist et al. (632), as a function of the shock Mach
number, M, and the cloud density contrast, χ. The results from models with χ = 10,
102 and 103 are shown with pluses, crosses and asterixes, respectively. Adapted from
Pittard et al. (649).

4. Shell-cloud Interactions

A recent investigation by us has revealed a totally new mechanism for the formation of
tails (Pittard 2011, submitted), which we now discuss. Fig. 3 shows the interaction of
an isothermal shell with a dense spherical cloud. The calculation is performed in 2D
with rz-axisymmetry and 128 cells per cloud radius on the finest grid. The shell has
an adiabatic Mach number of 1.5 with respect to the ambient medium. The pressure
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and density jump in the shell is γM2
a = M2

i = 3.75 (where Mi is the isothermal Mach
number of the shell).

A key parameter is the ratio of the column density through the shell to that through
the centre of the cloud. In Fig. 3 this ratio is σsh/σcl = 7.5 × 10−3. Hence the cloud
is relatively unaffected by the initial passage of the shell. However, the jump in the
external pressure starts to compress it. This compression is nearly isotropic, due to
the low Mach number of the interaction and the high density contrast of the cloud. The
cloud then exits through the back surface of the shell to reside in the low density interior
of the hot bubble.

The most interesting, and unexpected, aspect of the interaction is the formation of
a tail behind the cloud. This is mainly composed of material initially in the shell, with
only very small amounts (less than a few percent concentration at z > 5 rc downstream
of the cloud) of material ablated or stripped from the cloud. It appears that part of
the shell adjacent to the cloud moves in the lateral direction onto the axis due to the
pressure gradient which exists across its face as it sweeps over the cloud. A large eddy
forms which causes this material to lose speed relative to the rest of the shell (some
material near the axis actually moves back towards the rear of the cloud). This material
is subsequently compressed against the axis by the hot, subsonic flow which overtakes
it. The pressure gradient across the face of the shell diminishes as the shell moves
further downstream, and the focusing becomes more gradual. The focussing doesn’t
appear to be dependent on the exact shape of the leading edge of the shell, which at
various times is either leading or lagging on axis compared to off-axis.

A 3D simulation of this interaction reveals the same features, while an exploration
of parameter space reveals that tails can form in this way under a variety of conditions,
so this mechanism appears to be relatively robust. The tails exhibit a large length-to-
width ratio which can reach nearly 50:1 at late times. The acceleration is approximately
constant along the tail. While our models are not specifically of the Helix tails, the lin-
ear velocity increase along the tails is similar to observations (Meaburn, private com-
munication). Due to the lack of material being stripped off the cloud, the tail eventually
dissipates and detaches from the cloud (by t ∼ 3 tcc). The axial velocity profile perpen-
dicular to the tail shows a near constant speed at a given downstream position, which
indicates efficient momentum transfer across the tail.

5. Summary

We have presented results of shock-cloud and shell-cloud interactions simulated using
a k-ε turbulence model. We have determined the lifetime of clouds hit by a shock and
have discovered a new mechanism for producing tails behind clouds.
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Spain

2Instituto de Ciencias Nucleares. Universidad Nacional Autónoma de México,
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Abstract. A fraction of all Planetary nebulae and Proto–Planetary nebulae show
high velocity knots (Fast Low Ionization Emission Regions or FLIERs), with line ra-
tios and radial velocities which differ significantly from the surrounding nebular gas.
The spectra of these features show evidence of shock excitation. However, the actual
physical/dynamical configuration of FLIERs is not clear at all.

We present the results of axisymmetric simulations of an initially spherical cloudlet,
moving away from a photoionizing source. These simulations include a detailed cal-
culation of both the transfer of ionizing radiation and the non-equilibrium ionization
state of the gas. From these simulations, we predict the spectra of a bow-shock that is
illuminated by an ionizing flux from the post-shock direction, which we compare with
the observed properties of FLIERs.
Keywords. Planetary Nebulae

1. Introduction

A fraction of Planetary Nebulae show small scale structures that have significantly dif-
ferent line ratios and/or larger radial velocities than their surroundings. Of particular
interest are the string of knots which appear as symmetrical pairs, point-symmetrical
features or jet structures, which move supersonically with respect to the main body of
the nebula, and are often referred to as FLIERs or LIS (Low Ionization Structures).

Balick, Goncalves and coworkers explored the spectroscopic properties of FLIERs
(or LIS) in a group of PNe. Balick et al. (1993, 1994), Corradi et al. (1996), and
Goncalves et al. (2001, 2004, 2009) found that FLIERs have dimensions of ∼ 1016

cm, are much lower in ionization, higher in velocity (with Doppler shifts ± 25 to 200
km s−1) and about the same in density and temperature compared with the regions
around them. The small sizes and high outflowing velocities of the FLIERs strongly
support that these microstructures are associated to outward–flowing bullets or clumps.
Consequently, the emission observed at the FLIER would form in a bow shock which
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is irradiated by the central star (i.e., the central star is an ionizing photon source that
will modify the ionization and excitation structure of the shock).

2. Physical Conditions and excitation of FLIERs

Our characterization of the irradiated shocks is based in three nebulae which have bow
shock-like features outside the main body of the nebula and for which images of sev-
eral emission lines have been obtained with the HST (i.e., IC 4634, NGC 7009, NGC
6543). From the HST images of IC 4634 we obtained the Hα, [O III] 5007Å, and [N
II] 6583 Å surface brightness distribution along the axis that passes throught the outer
FLIER and the central star of IC 4634 (see figure 7 of Raga et al. (2008)). From these
distributions, it is clear that the [O III] and Hα emission extend away from the head of
the FLIER towards the central source, and that both differ from the [N II] distribution,
which shows a more compact structure. The [N II] distribution peaks at larger distances
from the central source than the Hα and [O III] 1-D profiles. Also note that the observed
Hα distributions peak at larger distances than the [O III] 5007 Å distributions.

To characterize the spectra of the irradiated shocks in PNe, we present a set of
diagnostic diagrams involving several emission line ratios commonly used to discrim-
inate photoionized nebulae from shock-excited objects. In figure 1, we present these
diagnostic diagrams including ground-based spectrocopic data (in red) and spectra syn-
thesized from the WFPC2 HST images (in green) of different regions of NGC 6543,
NGC 7009, and IC 4634. The open symbols correspond to rims and shells included
to trace the locus of normal photoionized gas. The observations of irradiated shocks
are plotted as filled symbols. We see that there is a considerable overlap in the values
of the [O III]/Hα ratios between photoionized gas and irradiated shocks. From figure
1, we conclude that the spatially integrated emission of irradiated shocks are charac-
terized by a considerable change in [N II]/Hα, [O I]/Hα, and [S II]/Hα emission line
ratios, with values in between the values expected for a pure shock-excited objects and
photoionized nebulae, and [O III]/Hα values from 1.5 to 6.

3. Numerical simulations

Since the Asymmetrical Planetary Nebulae IV Conference, we have computed a series
of axisymmetric numerical simulations of a dense cloudlet moving away from an ion-
izing source throught a uniform medium (Raga et al. 2008). We use a time-dependent
gasdynamic code with an adaptative grid (CORAL) that includes radiative, dielectronic
and charge exchange recombination, collisional ionization and photoionization for sev-
eral species. We include the radiation field from the central star that penetrates the
recombination region from the post-shock to the pre-shock region. The version of the
CORAL code that we have used is described in detail by Mellema et al. (1998).

In the initial configuration we had a spherical cloudlet of density nc = 103 cm−3,
temperature Tc = 104 K, radius rc = 1016 cm, which moved at a velocity Vc =
40, 70, 100 and 150 km s−1. The remainder of the computational domain is filled with a
uniform , stationary medium of density nenv = 102 cm−3 and temperature Tenv = 104 K.
We adopted the abundances of Kingsburgh and Barlow (1994). For the photoionizing
source, we assumed a blackbody source with a luminosity of 5000 L�, and effective
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Figure 1. Diagnostic diagrams including several de-reddened and predicted
emission-line ratios. The red symbols correspond to ground-based spectroscopic
data of NGC 6543 (circles), NGC 7009 (triangles) and IC 4634 (squares). The green
symbols are synthesized spectra of different regions of NGC 6543, NGC 7009 and IC
4634 obtained from WFPC2 HST images. The filled symbols correspond to FLIERs,
the open symbols correspond to rims and shells. Blue symbols are the predicted
emission line ratios from Raga et al. (2008). The models with nc = 102 cm−3 are
shown as black symbols (see text); Vc = 40, 70 km s−1, (triangles), 150 km s−1

(squares), 200 km s−1 (stars).

temperatures of 5x104 and 7x104K. The source was located at a distance D = (0.3, 1, 3)
x 1018 cm to the left of the computational domain.
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We computed 11 simulations with the same values of nc, Tc, rc , nenv , Tenv and
stellar luminosity, but with different combinations of the initial cloud velocity, stellar
effective temperature, and distance D to the ionizing source (values listed above). The
choosen parameter combinations results in an ionization parameter µc values that range
from 10−4 to 10−2, where µc = F∗/ncc, F∗ is the ionizing photon flux, and c is the
light speed. We also computed 4 models with a larger value of the ionization parameter
of the undisturbed cloudlet (µc = 0.10), with a spherical cloudlet of density nc = 102

cm−3, temperature Tc = 104 K, radius rc = 1016 cm, which moved at a velocity Vc =
40, 70, 150 and 200 km s−1, with a stationary medium of density nenv = 10 cm−3 and
temperature Tenv = 104 K.

3.1. Results of the Numerical models

From the ionization and temperature stratifications obtained in our simulations, we
computed emission line coefficients for Hα (considering the recombination cascade
and collisional excitations from n=1→ 3), and the [O II] 3726+29, [O III] 5007, [O I]
6300, [N II] 6583, [S II] 6716+30 forbidden lines (solving the appropriate 5-level atom
problems). These emission coefficients can be integrated along the line of sight to pro-
duce emission line maps. The predicted spectrum of the shocked cloudlet for each of
the 15 numerical simulations at two intergration times, have been obtained integrating
the computed emission-line coefficients over the entire emitting volume (or, equiva-
lently, integrate the predicted emission maps over the plane of the sky) to compute the
emission line luminosities.

3.2. A comparison with observed properties of FLIERs

Figure 7 of Raga et al. (2008) shows the normalized emission-line brightness dis-
tributions along the symmetry axis passing through the t = 400 years intensity maps
obtained for a model with µc = 10−2. In this figure, we observe that the [N II] emission-
line distribution peaks at larger distances than the other two ”1D” profiles. Also note
that the Hα and [O III] brightness distributions extend away from the head of the bow
shock, in good agreement with the observed behaviour. However, the predicted [O
III] distribution peaks at larger distances from the central star than the Hα distribution,
which is the opposite to what is observed.

In the diagrams of figure1, we have included the predictions of our models. The
predicted emission line ratios are shown in blue (numerical simulations with a high-
density cloudlet) and in black (numerical simulations with a low-density cloudlet).
From this figure, we see that the predicted line-ratios cover regions of the diagnostic dia-
grams which are similar to the regions covered by the observed line-ratios. The shocked
cloudlet models with Te f f = 50000 K (shown as solid circles) produce emission line
spectra that -specially for those with the lowest ionizing parameters- are similar to that
of ”pure” shocked spectra. For other values of the initial parameters, i.e. for higher
values of the of the incident ionizing photon-flux, the emission line ratios range for typ-
ical values of shock-excited spectra to values similar to that of ”normal” photoionized
nebulae. In these diagnostic diagrams, we see that the models apear to have too low
[O III]/Hα line ratios, such that the points corresponding to FLIERs systematically fall
just to the right of the predicted points.
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Finally, we have computed some models with a low density cloudlet and a high
ionizing photon-flux (shown as black symbols) and Vc = 40, 70, 150 and 200 km s−1.
As shown in figure1, for some parameters, the predicted [O III]/Hα line ratios reproduce
the values observed in FLIERs. These models fail to reproduce the [N II]/Hα and [S
II]/Hα line ratios observed in some FLIERs (which in many cases are larger than the
predicted values).
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Abstract. We present a new analysis of kinematic data of the young planetary neb-
ula BD+30 3639. The data include spectroscopic long-slit and internal proper motion
measurements. In this paper we also introduce a new type of mapping of kinematic
proper motion data that we name “criss-cross” mapping. It basically consists of finding
all points where extended proper motion vectors cross or converge. From the cross-
ing points a map is generated which helps to interpret the kinematic data. From the
criss-cross mapping of BD+30 3639, we conclude that the kinematic center is approxi-
mately 0.5 arcsec off-set to the South-East from the central star. The mapping does also
show evidence for a non-homologous expansion of the nebula that is consistent with a
disturbance aligned with the bipolar molecular bullets.
Keywords. Planetary Nebulae

1. Introduction

BD+30 3639 is a young planetary nebula that has been observed in detail with a variety
of observational techniques. It shows extended emission in radio up to X-rays. The
structure is, however, substantially different in the various wavelength regions. Some
of the most striking features are as follows. The basic projected structure is a nearly
rectangular ring, with some emission inside. The ring is not uniform along its perime-
ter, but shows reduced brightness especially in the south-western region. A fainter halo
has been observed to go out to at least twice the distance of the ring (Harrington et al.,
1997). The infrared continuum emission roughly traces the optical rectangle and its
halo. Molecular hydrogen emission is distributed very unevenly in large clumps within
the halo (Shupe et al., 1998). The molecular CO lines show a pair of high-speed bul-
lets moving in opposite directions (Bachiller et al., 2000). Extended X-ray emission
has been observed inside the optical rectangle with a brightness gradient going roughly
from south-west to north-east (Kastner et al., 2000). Figure 1 (left) is a composite im-
age that shows images taken in the different wavelength regions joint within a single
frame. Proper motion, combined with Doppler-velocity measurements and an accurate
3D model of the object may help improve the distance determination of the object.
Li, Harrington & Borkowski (2002, hereafter LHB) have obtained two HST narrow-
band images that were observed with a separation of 5.663 years. They determined the
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Figure 1. On the left several types of maps have been combined: optical (grey,
from LHB), H2 (contoured grey, from Shupe et al., 1998), CO (contour, from
Bachiller et al., 2000) and the criss-cross map (red, this work). On the right the
angular deviation from the radial direction of the internal proper motion vectors is
plotted against position angle. Data from LHB are in green and model values from
this work are in red and blue.

expansion of the nebula along many angular sectors as well as local proper motion vec-
tors of substructure at nearly 200 positions. With their measurements and an ellipsoidal
model of BD+30 3639 they determine a distance of 1.2 kpc.

One of their results is that the expansion seems to be somewhat faster along posi-
tion angles (PA) around 40◦ and 220◦. This coincides approximately with the position
angles of the CO outflows. LHB concentrate on the variation of the magnitude of the
proper motion vectors as a function of position angle and distance from the central star.
In the present paper, in order to further improve the 3D model and the distance determi-
nation, we analyze their proper motion vectors with emphasis on the direction, i.e. their
deviation from the radial direction, as a function of position angle and distance from
the central star. We first describe a new method to visualize and analyze such data in
the form of what we call “criss-cross mapping”. A detailed 3D model and the distance
determination will be presented in a separate paper.

2. Criss-cross mapping

In order to aid in the interpretation of current and future internal proper motion mea-
surements in expanding nebulae we introduce “criss-cross” mapping. The basic idea is
to emphasize regions where velocity vectors converge and intersect. Note that a radially
expanding nebula will have all its velocity vectors intersect at the position of the cen-
tral star. If there are systematic deviations from radial expansion, the intersection point
might shift or be transformed into some extended pattern. Such a pattern might reveal
helpful information. We therefore define the criss-cross mapping in its most basic form
as follows:
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Replace every proper motion vector with a thin line that extends over the complete

Figure 2. Straight lines have been overlayed on all proper motion vectors of Fig. 3
from LHB (left). The resulting line image has then been convolved with a gaussian
kernel to produce the criss-cross map in the middle, which is also shown in red in
Figure 1 (left) of this work. On the right is the corresponding criss-cross map from
our Shape model.

area covered by the nebula. Assign a finite constant brightness to every such line. Gen-
erate an image by adding together all lines. Finally, the result is convolved with a
suitable kernel, like a gaussian with a width that is larger than the average separation
between the vectors. In the regions where vectors converge the resulting image will
increase in brightness and prominently reveal the regions where most velocity vectors
meet. Details of the mapping theory and extensions to the scheme presented here will
be published elsewhere (Steffen & Koning, submitted). We have implemented this sim-
ple procedure in the software Shape, which allows one to generate criss-cross maps
from observations and models for immediate comparison.

3. The direction of proper motion vectors in BD+30 3639

From Figures 3 & 4 of LHB we determined the PAs and deviation δ from the radial
direction by direct measurement. We estimate the error in the measurement to be of
the order of 2◦ in PA and δ. The distribution of δ as a function of PA is plotted in
Fig. 1 (right). We find that the distribution is not random around zero, as would be
expected for a radial expansion with some random measurement errors. Instead, the
deviation from radial direction follows approximately a sinusoidal pattern.

4. Modeling

We have used the 3D morpho-kinematic modeling and reconstruction software Shape
(Steffen et al., 2011) to reconstruct the 3D structure of BD+30 3639 based on the avail-
able imaging and internal proper motion from LHB and P-V diagrams from Bryce &
Mellema (1999). For this initial reconstruction, we only used the [NII] data as a ref-
erence, since they are expected to be more thinshell like in structure, rather than span
a significant range in distance for every given direction from the central star. Working
with thin shells reduces ambiguities in the reconstructions.
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In this paper, we concentrate on explaining the sinusoidal pattern in Fig. 1 (right).
We found two quite different explanations. Steffen, Garcı́a-Segura & Koning (2009,
SGK) showed that the hydrodynamics of bipolar planetary nebulae is likely to have a
non-homologous expansion with a poloidal velocity component. Since BD+30 3639
has a bipolar molecular ejection, we investigated whether the observations could be
explained by a velocity field similar to those found by SGK. We find that the observed
deviations from a radial velocity pattern can be explained if a cylindrical component
is added to a homologous velocity field starting at some distance from the central star.
Furthermore, the cylindrical component on the far side of the nebula is much smaller
than on the near side. Alternatively, the observed velocity vectors correspond mainly
to structure on the near side. Although there is obscuration in the nebula, we find these
solutions rather unlikely.

The second solution was found after introducing the new criss-cross mapping.
Fig. 1 (left) shows the criss-cross map for BD+30 3639 superimposed on the observa-
tional composite image. There are well defined peaks at approx. 0.5 arcsec from the
central star. This map shows that the kinematic center of expanding nebula is not lo-
cated at the position of the central star. Figure 2 (right) is a model map which includes
a 0.5 arcsec shift of the velocity field in the direction as deduced from the observed
criss-cross map. In addition to a homologous velocity component, there is a random
noise in the velocity vector components of 4 km/s in each cartesian direction, as well
as a cylindrical velocity component of 12 km/s along the direction of the molecular
outflows. The cylindrical component is suppressed near the equatorial ring. The sub-
structure of the observed and modeled criss-cross maps is similar. However, the model
map lacks the northern peak that is present in the observed map.

5. Discussion and Conclusions

The application to BD+30 3639 of our new criss-cross mapping technique leads us to
conclude that the kinematic center is offset from the central star. The lines connecting
the molecular outflow with the central star and the peaks of the criss-cross map sug-
gests the tails of the outflows might be directed towards the newly deduced kinematic
center (Fig. 1). This conclusion does require confirmation, since the elliptical beam
of the molecular map is approximately aligned with the direction between the south-
ern outflow and the peak and structure of the criss-cross map. This problem does not,
however, occur for the northern component, which shows a similar alignment with the
criss-cross structure.

Reasons for the offset of the kinematic center could be motion of the central star
within the nebula. There is, however, no evidence for that, since the star appears to be
well centered on the optical image of the nebula. Another option is the presence of a
secondary object that is responsible for the ejection of the bipolar molecular outflow.
The distance of the object would be of 600 AU or more from the central star. The fact
that such an object has not been detect so far sets strong constraints on its nature. The
molecular outflow might have distorted the velocity field producing the observed offset
and deviations from a homologous expansion.
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Abstract. Proto-planetary nebulae (pPN) and planetary nebulae (PN) seem to be
formed by interacting winds from asymptotic giant branch (AGB) stars. The obser-
vational issue that most pPN are bipolar but most older PN are elliptical is addressed.
We present 2.5D hydrodynamical numerical simulations of episodic cooling interacting
winds to investigate the long term evolution of PN morphologies. We track wind ac-
celeration, decrease in mass-loss and episodic change in wind geometry from spherical
(AGB) to collimated (pPN) and back to spherical again (PN). This outflow sequence
is found to produce realistic PN dynamics and morphological histories. Effects from
different AGB distributions and jet duty cycles are also investigated.
Keywords. Planetary Nebulae

1. Introduction

Planetary Nebulae are thick ionized plasma clouds that expand at ∼ 20 km s−1 away
from an old, hot, intermediate-mass star. The nebulae show bipolar, elliptical, point
symmetric, irregular, spherical and quadrupolar morphologies (for a review see 671).
The interacting stellar wind model (ISW; 679) suggest that spherical PN form by the
collision of the dust slow dense shell around an AGB star and the tenuous fast wind
that it blows at the post-AGB phase. As opposed to PN, AGB envelopes are typically
spherical, therefore, PN must be shaped as they evolve, by some mechanisms which
are not clear yet (671). Generalized ISW models propose that bipolar PN form by the
interaction of the post-AGB fast wind and either a toroidal AGN envelope (e.g. 676)
or an aspherical AGB wind (e.g. 678). A binary system may cause asymmetries in
the AGB wind; where either an AGB interacts with a companion or an AGB and its
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companion share a common envelope evolution (for a review see 675). Magnetic fields
(e.g. 672), the rotation of the AGB (e.g. 677) and photoionization heating from the
central star (e.g. 680) have also been considered in PN shaping.

Jets are evident in high resolution sensitive observations of many pPN and young
PN (e.g. 670; 682). The outflows appear to be bipolar, collimated and launched at
∼ 200 km s−1 from the vicinities of the central star. Jets are thought to shape PN, to
form knots in the nebulae and also to yield point symmetric objects (e.g. 683).

Here we present numerical simulations of episodic interacting winds to address
the observational issue that more than 50 % of pPN are bipolar but more than 50% of
older PN are elliptical.

2. Model and methodology

Numerical simulations of interacting stellar winds are presented. We track wind ac-
celeration, mass-loss history and episodic change in wind geometry. The equations of
radiative hydrodynamics are solved in two-dimensions, with axisymmetry conditions,
using the adaptive mesh refinement (AMR) code AstroBEAR (673). We use the ta-
bles of Dalgarno & McCray (674) to simulate optically thin cooling, ionization of H
and He, and H2 chemistry too. No gravitational or viscous or magnetic processes are
considered.

The computational domain is a square representing 1 pc2. We use extrapolation
boundary conditions in the upper, the lower and the right domain edges, and reflec-
tive conditions in the left edge. Cylindrical coordinates are used with the origin at
the middle of the left boundary, r ∈ (0,

√
2) pc and θ ∈ (−π/2, π/2) rad. The grid has

1282 coarse cells and two AMR levels; an effective resolution of ∼ 400 AU. We use
BlueHive∗, an IBM parallel cluster of the Center for Research Computing of the Uni-
versity of Rochester, to run each simulation for about 20 hrs, using 16 processors.

2.1. Wind episodes

We consider three wind episodes: the isotropic AGB wind, the collimated jet and the
isotropic fast (post-AGB) wind. The AGB is the initial condition. Simulation 1 follows
the interaction of the AGB wind and the jet, whereas Simulation 2 follows the inter-
action of the AGB and the fast wind. Simulation 3 tracks the interaction of the AGB
wind, the jet which is ejected afterwards and the fast wind which comes after the jet
(see Table 1).

The AGB wind is set throughout the domain with an ideal gas equation of state
(γ = 5/3), a temperature of 500 K, a radial velocity of 10 km s−1 and a mass-loss of
10−5 M� yr−1. The jet is injected for 108 yr, only, in cells where r < 6000 AU, with
a collimated horizontal velocity of 200 km s−1, the AGB’s temperature and half of the
AGB’s density. The isotropic fast wind is continuously injected at r < 6000 AU, with a
mass-loss that decreases in time from 5×10−7 to 5×10−9 M� yr−1, following the model

∗https://www.rochester.edu/its/web/wiki/crc/index.php/BlueHive Cluster
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of Perinotto et al. (681). The fast wind accelerates from 200 to 2000 km s−1, maintain-
ing a constant ram pressure, and we keep a Mach 20 condition in the injection region.

Additionally, Simulations 4, 5, and 6 follow the interaction between the jet, the
fast wind or both, respectively (see Table 1), and an initial AGB with a pole-to-equator
density contrast of 1/2. We use the toroidal density distribution in equations (1) and (2)
of Frank & Mellema (676)†. Finally, in Simulation 7, the fast wind interacts with a
spherical AGB wind having a pole-to-equator velocity contrast of 2. This is modeled
by multiplying the AGB’s radial velocity by 1 + e−[tan−1(|y/x|)/0.3]2

(see Table 1).

Table 1. Simulations and parameters.

Simulation AGB wind Jet duration Fast wind duration
form [×108 yr] [×1000 yr]

1 spherical 1 0.0
2 spherical 0 13.0
3 spherical 1 10.7
4 toroidal ρ 1 0.0
5 toroidal ρ 0 3.8
6 toroidal ρ 1 6.0
7 aspherical v 0 13.0

3. Results and discussion

We present a summary of the simulation results, for details see Huarte Espinosa et al.
2010 (in prep.). Figure 1, top row, shows the evolution of Simulation 1. The jet collides
with the AGB envelope, drives a bow shock and forms a central elliptical cavity. Jet
injection ceases at 108 yr and gas expands passively afterwards. The lobe develops a
bipolar morphology with a monotonically increasing aspect ratio (i.e. the ratio of its
longer dimension to its shorter dimension) that reaches 4.5 in 13,283 yr. Conversely,
Simulation 2 (middle row) follows the ISW model (679) closely. The fast wind quickly
overtakes the AGB envelope, drives a bow shock on it, and a hot bubble (107−8 K) forms
between the envelope and the working surface of the fast wind. Gas is then pushed
supersonically onto the envelope, producing a compressed, spherical and efficiently-
cooling shell expanding at ∼ 20 km s−1. In Simulation 3 (bottom row), the jet forms a
central bipolar cavity which is then blow form within by the isotropic fast wind. A hot
bubble forms in the swept up region, bound by a compressed shell that quickly adopts
an elliptical morphology and expands at ∼ 20 km s−1 with a widely constant aspect ratio
of 2. Simulation 3 shows how bipolar young PN transform into old larger elliptical
nebulae, in agreement with observed PN morphological histories. In Simulations 4,
5 and 6 (not shown), the toroidal AGB envelope funnels any subsequent stellar outflow
towards the pole and yields narrow-waisted bi-polar or bi-lobed objects consistently.
The long term morphologies correlate with outflow histories. An elliptical rhombus-
looking shell forms quickly and slowly expands homogeneously in Simulation 7 (not

†We use the referred equations for α = 1/2 and β = 1.
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shown), where the radiative hydro evolution occurs as in Sim. 2, but for the differences
in the shell shape. In complementary simulations: gas was allowed to expands passive
between the jet and the fast wind episodes; Sim. 3 was allowed to expand for longer (up
to 26,500 yr); gas temperature was suddenly raised to 10,000 K everywhere, to crudely
simulate the effects of photoionization from the central star. We found mild results in
these experiments relative to the ones in Table 1.

Simulation 1: AGB wind→ jet

Simulation 2: AGB wind→ fast wind

Simulation 3: AGB wind→ jet→ fast wind

Figure 1. Evolution of the gas density in logarithmic contours. A jet produces a
narrow bipolar shell. An isotropic fast wind forms a spherical shell. A jet followed
by a fast wind yields an elliptical shell.
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Abstract. Since being named ’wonderful’ in the 17th century for its peculiar bright-
ness variability, Mira A has been the subject of extensive research and become the
prototype for a whole class of ’Mira’ variables. The primary star in a binary system,
Mira A is reaching the end of its life and currently undergoing an extended period of
enhanced mass-loss. Recent observations have revealed a surrounding arc-like structure
and a stream of material stretching 12 light years away in opposition to the arc. In this
conference paper, I will present our recent modelling of this cometary appearance as a
bow shock with an accompanying tail of material ram-pressure-stripped from the head
of the bow shock and predict the form of the PN which Mira A will eventually produce,
drawing parallels with the highly evolved PN Sh 2-68.
Keywords. Planetary Nebulae

1. Introduction

Mira is now known to be the brighter star (Mira A) in a binary system and is the proto-
type for the class of ‘Mira’ variables: pulsating variable stars with very red colours and
pulsation periods longer than 100 days. Reaching the end of its life, Mira has evolved
off the Main Sequence and along the red giant branch. It is currently evolving along
the asymptotic giant branch (AGB) on route to becoming a white dwarf before fading
to obscurity. On the AGB, the star is losing mass via a relatively slow wind (5 km
s−1) which carries away approximately 3 × 10−7 solar masses of material per year, as
inferred from CO line observations (Ryde et al. 2000). The second star in the binary
system, Mira B, is accreting some of the ejected AGB material, but the orbital distance
is so large that only a small fraction of the ejected AGB wind material is accreted. Mira
B is usually classed as a white dwarf, but this is now somewhat controversial (Karovska
et al. 2005; Ireland et al. 2007). What can be inferred is that any stellar wind from Mira
B, whilst potentially fast, is most likely to be insignificant in mass flux and energy terms
when compared to that of Mira A and unlikely to illuminate the surrounding structure
owing to the small extent of the ionized zone around it (Matthews & Karovska 2006).

2. Recent Observations

During routine inspection of incoming UV images taken with the Galaxy Evolution
Explorer satellite (GALEX), Martin et al. (2007) discovered a nebulosity near the lo-
cation of Mira. Deeper observations revealed an arc-like feature to the South and a
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Figure 1. The mosaic’d UV images of the cometary structure surrounding the
Mira system taken with GALEX. Note the consistency of the proper motion (PM)
with the head of the bow shock. This figure is a reproduction from Wareing et al.
(2007b), which is a version of the original observation published by Martin et al.
(2007). Please consult these references for full details.

stream of material stretching northward of the location of Mira, extending over a total
length of two degrees on the sky. Using the revised Hipparcos-based distance (Knapp
et al. 2003) to Mira of 107 pc, Martin et al. estimated the spatial extent of the tail to be
approximately 4pc. They found that the direction of the space velocity of 130 km s−1

was consistent with the head of the arc-like structure and postulated that the feature is
a bow shock caused by motion through the interstellar medium (ISM). The nebulosity
in the North is a tail of material ram-pressure stripped from the head of the bow shock.
A mosaic of the deeper UV observations is reproduced in figure 1.

Martin et al. estimated the age of the tail to be 30,000 years, based on the time
taken for Mira to travel the length of the tail and inferred that features in the tail pro-
vide an unprecedented record of Mira’s wind-ISM interaction over that period. They
suggested that the density variations along the tail reflect changes in the mass-loss rate,
in particular reflecting thermal pulsing events (Vassiliadis & Wood 1993). Their search
for counterparts at other wavelengths revealed only the knots behind the bow shock
show Hα emission, with optical spectroscopy providing evidence that they have been
shocked and ionized by the post-bow shock flow. Finally, Martin et al. consider in some
depth the mechanism of the far UV emission observed from the tail. Ruling out dust
scattered emission and ambient interstellar radiation, they propose that the emission is
excited collisionally by the interaction of H2 in the cool wake with hot electrons in the
post-shock gas resulting from the bow shock which also entrains and deccelerates the
wind. This they find consistent with the estimated age of the tail of 30,000 years.

3. A bow shock and tail model of Mira

Drawing a parallel between R Hya, the other example of an AGB star with a bow
shock, and Mira, the author developed a model tuned to the parameters of Mira and
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Figure 2. A slice through the density datacube 185,000 years into the AGB evo-
lution at the position of the central star, parallel to the motion through the ISM.

performed hydrodynamic simulations following the AGB phase of evolution (Wareing
et al. 2007b). The simulations fitted the position of the bow shock ahead of Mira A, the
width of the bow shock across the position of Mira A and the length of the tail, although
required a considerably longer time of approximately 450,000 years to produce the tail.
The simulations were unable to reproduce the narrow tail and the author postulated that
the first gap seen 1/3 of the way downstream from Mira could be explained by the
star’s possible recent entry into the Local Bubble, a low-density region of about 100 pc
across in which the Sun is also located. An approximate 3D map of the Local Bubble
is presented by Lallement et al. (2003): on their maps Mira would be located close to
the edge but inside of this shell. This would also explain the narrowness of the tail,
which is not reproduced by the author’s previous simulation: as Mira moved though
interstellar space, a smaller bow shock formed much closer to the star with a narrow
tail, as observed beyond the gap under discussion here. Approximately 8pc downstream
from its current location, Mira entered the lower density Local Bubble. The bow shock
expanded according to the new ram pressure balance, during which time little material
was ram-pressure stripped into the tail, directly leading to the gap in the tail. This also
supports the low density of nH=0.03 cm−3 of the local medium predicted by the author’s
previous simulation.

Our recent simulations test this Local Bubble idea. This model has the same pa-
rameter values as the models in Wareing et al. 2007b, except the ISM density is initially
25 times higher at nH=0.75 cm−3. Then, after 190,000 years of AGB evolution, the ISM
density drops over the next 10,000 years to the level predicted by the current position of
the bow shock, corresponding to Mira entering the Local Bubble. figure 2 above shows
a point in the evolution before Mira enters the Local Bubble, demonstrating how the
narrowness of the tail comes from the bow shock being much closer to the star. These
results are consistent with Raga et al. 2008, who model the effect on the wind of the
binary partner, and the poster produced by Raga et al. for this conference elsewhere in
this volume, where they also test the idea of Mira entering the Local Bubble.

4. Future evolution of Mira and a comparison to Sh 2-68

The presence of bow shocks ahead of AGB stars was predicted before the observations
of R Hya and Mira; simulation of the planetary nebula (PN) Sh 2-188 (Wareing et al.
2006) found that the only way to create the apparent shape of the nebula was to model
both the PN phase of evolution and the preceding AGB phase of evolution. It was
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Figure 3. The four stages of PN-ISM interaction, as taken from Wareing et al. 2007a.

during the AGB phase that the shape of the PN was crucially defined by the bow shock
which formed against the oncoming ISM. So Mira’s planetary nebulae will be similar
to Sh 2-188 with the shape of the nebula already defined by the bow shock and tail we
currently observe.

figure 3 illustrates the probable future of Mira. At the end of the AGB stage,
the fast, hot, much lower density wind Mira will start to produce will sweep up the
surrounding material into a complex nebula (stage (a)). After the swept up shell has ex-
panded far enough to reach the bow shock, its progress in that direction will effectively
be stopped, whilst still expanding unhindered downstream (stage (b)). The interaction
with the bow shock will introduce (another) asymmetry to the nebula, restricted to the
outer parts of the nebula. Given how close the bow shock is to Mira, it’s likely the
PNe will reach this stage in a relatively short time of a few thousand years. As the
PN-ISM interaction progresses, ram-pressure stripping of material from the head of the
bow shock transfers the shell material towards the tail and the highest density regions
(naively then also the brightest regions) are around the nebula, rather than at the head
of the bow shock (stage (c)). As Mira is moving so quickly though the ISM, the system
will evolve quickly through these stages of PN-ISM interaction, reaching the final stage
(d) when the shell has been completely disrupted and all that is left is remnants of the
structure in the tail. The PN Sh 2-68 (Kerber et al. 2002) is thought to be in this stage
of evolution, with PN shell-like remnants in the area of a tail compared to the proper
motion of the central star. A paper is in preparation on the structural appearance of this
nebula.

On a final note, it is worth remarking the major question over Mira’s tail which
has not yet been answered. That is, the source of the curvature of the tail. If the tail
represents several hundred thousand years of evolution, the simplest interpretation is
that the galactic orbital motion of Mira is responsible for this curvature. Further work
is in progress to investigate this possibility, although it is difficult to reconcile timescales
with orbital motion and it possible that just a general background flow of ISM material
is causing the apparent curvature.
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Observations of dusty torii and compact disks around evolved stars:
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Abstract. The recent high angular resolution observations have shown that the tran-
sition between a globally symmetrical giant and a source surrounded by a spatially
complex environment occurs relatively early, as soon as the external layers of the stars
are not tightly bound to the core of the star anymore. In this review, the emphasis
will be put on the delineating the differences between the torus and disk classification
through the presentation of many examples of near-IR and mid-IR high angular res-
olution observations. These examples cover the disks discovered in the core of some
bipolar nebulae, post-AGB disks, the dusty environment around born-again stars and
recent novae, and also the disks encountered around more massive evolved sources. We
discuss the broad range of circumstances and time scales for which bipolar nebulae with
disks are observed.
Keywords. Planetary Nebulae – Infrared interferometry – Stars: evolution

1. Preamble: Direct detection of binarity with high spatial resolution imaging

A major breakthrough on the study on asymmetrical Planetary Nebulae (PNs) has been
the recognition by a large part of our community of the growing importance of binary
systems as main shaping agent of the bipolar and asymmetrical PNs. Companions
encompassing a large range of mass, from the stellar objects to jovian-mass planets
are suspected to deeply influence the ejecta when the star reaches the AGBs or even
as early as the RGB (707). This interaction can potentially influence dramatically the
fate of the star, leading to poorly known evolutionary paths, influencing deeply the time
scales of the different evolutionary stages, eventually bearing only little similarities
compared to the time scales involved for the evolution of a single, naked star (720;
759). Nevertheless, it is still far from excluded that a single star may also provide the
conditions for the shaping of an asymmetrical nebula, if it expels at one time or another
some mass with a significant pole-to-equator density gradient (698).

Many detections of companion of PNs central stars were reported during this con-
ference (699; 742, De Marco, Hrivnak, Hajduk, Miszalski...these proceedings) some
based on difficult long-term spectral monitoring, and many on the recent extensive
photometric campaigns from automated telescopes. The high spatial resolution tech-
niques may at first sight represent a large potential for detecting some well-separated
(2-100 milli-arcsecond, hereafter mas) companions, but they suffer from intrinsic con-
straints that do not allow them to currently play a significant role in that domain. Adap-
tive optics on 8m-class telescopes are mostly limited in terms of spatial resolution,
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whilst optical interferometry has strong limitations in terms of contrast and imaging ca-
pabilities. The brighter the circumstellar environment and the central source, the harder
will be the detectability of a small point-like structure in the close vicinity. The best
case is the detection of low Te f f companions (∆ ∼5mag, d∼10-100mas) around hot,
and preferentially naked sources for which it is easy to separate the SED of the stellar
components. For a review of the methods used for detecting companions around low to
intermediate mass stars, the reader is referred to Jorissen & Frankowski (731).

2. Defining the different kind of equatorial over-densities

Whatever the origin of the shaping process of an asymmetrical planetary nebula, an
equatorial over-density of material is often involved in the models, and a growing num-
ber of observations unveil their presence at many stages of the star evolution. A wealth
of new high spatial resolution techniques are now routinely available for the observer,
namely the adaptive optics techniques, the speckle and lucky imaging techniques (often
called the ’burst modes’) in the optical and the infrared, and also the interferometry in
the optical, infrared, millimetric and radio wavelengths. All these techniques have their
own spatial resolution, sensitivity, contrast and astrometric constraints to the point that
it is often quite difficult to compare and put into context the outcome of these obser-
vations. Hence, the vocabulary can often be somehow misleading. The detection of
disks around evolved sources, as in post-AGB stars, may be closely associated with a
high probability to see a binary system. However, this claim is highly dependent on the
kind of structure encompassed in the ’disk’ denotation, and one shall in the following
sections precise further the equatorial overdensities, dividing them into the ’torus’ (or
’outflowing wind’), and the ’stratified disks’ families. The detection of compact, hot,
dust-less accretion disks whose SEDs peak in the UV/B and that are hardly detectable
by the above mentioned infrared techniques is out of the scope of this review.

2.1. Dusty torii: wind related equatorial overdensities

An equatorial overdensity is a region of higher density and lower expansion speed
compared to the polar circumstellar regions. The kinematics of such a structure is
dominantly radial, and the total angular momentum carried by the structure is limited.
Equatorial overdensities are short-term structures (these are deflected winds), e.g. if
the mass-loss ceases, then the fate of the material is to rapidly expand and vanish. The
increase of density toward the equatorial plane can be ascribed easily by a dependence
on the co-latitude of the star in spherical coordinates, and there is no mass nor energy
storage in the structure.

To date, the best examples of such torii originate from millimetric interferome-
try that associates a good spatial resolution (∼1”) and an excellent spectral resolution
(i.e. 1 km.s−1). One can cite as good example of expanding torii, Dinh-V-Trung et al.
(713) or Peretto et al. (750). In the near- or mid-IR, it is more difficult to access the
density distribution of the circumstellar material due to opacity effects. Nevertheless,
if the scale height of the structure is comparable to its radial extension, without clear
sign of marked density increase toward the equatorial plane, the torus hypothesis can be
favored (761; 735). Long slit spectroscopy can provide further evidence for this classi-
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fication when a significant expansion velocity (i.e. ∼15-40 km.s−1) of the structure can
be measured (729; 730).

2.2. Stratified disks

A disk exhibits a clear vertical stratification whose scale height is governed by the
gas pressure only. Its aperture angle is very small (i.e. less than ∼10 degrees) and
its kinematics is dominated by (quasi) Keplerian velocities, with a small expansion
component (≤10 km.s−1). Thus its lifetime is much longer than structures blown within
a wind, competing or even exceeding the reference time scale of a PN lifetime of a few
tens of thousand years (758).

The density structure of a Keplerian disk is best ascribed in cylindrical coordinates
with a radial law in the equatorial plane, and a vertical stratification perpendicular to
this plane, for the hydrostatic equilibrium.

Such a model is used in a wealth of astronomical contexts, and in particular for the
formation of Young Stellar Objects (YSOs). Some examples of application of a similar
model can be found in this list: di Folco et al. (712); Fedele et al. (718); Wolf et al.
(763); Dominik et al. (715).

The density law used in this model is

ρ (r, z) = ρ0

(R∗
r

)α
exp

−1
2

(
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(
r
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where r is the radial distance in the disk’s mid-plane, R∗ is the stellar radius, β defines
the flaring of the disk, α defines the density law in the mid-plane and h0 is the scale
height at a reference distance (often 100 AU) from the star. Until recently, such Kep-
lerian disks could only be studied by millimetric interferometry at the highest possible
spatial resolution and for the closest targets. One of the best example of such disks
is the Red Rectangle (762; 700). Again, the great advantage of such a technique is to
provide both the spatial distribution and the kinematics of the source (701).

In absence of any information on the kinematics in the infrared due to the limited
spectral resolution of optical interferometric observations, one has to rely on some in-
direct evidence to claim for the discovery of a stratified dusty disk, namely one has to
prove at least that the disk opening angle is small, or better, that the density law fol-
lows radially and vertically the model described above. This is a possible task when
the disk is seen close to edge-on. In this case, the radial and vertical directions are well
separated on the sky. The best example is the discovery of the edge-on disk in the core
of Menzel 3, very well fitted by a stratified disk model (704). However, our group has
conducted some tests trying to invert the disks parameters from artificial interferomet-
ric datasets (Niccolini et al., A&A, accepted). When the disk is seen at low inclination,
many degeneracies appear between the parameters of the vertical density law (such as
the flaring parameter β), and the parameters of the radial law. Moreover, the size of the
dust grains and and their composition affect also critically the fits.

To improve the constraints on the disk temperature law, a good approach is to
perform near-IR and mid-IR observations using the AMBER and MIDI instruments of
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the VLTI respectively. The post-AGB binary IRAS 08544-4431 was studied this way
(710) and the same strategy is used for YSOs (734). It is more difficult to model the
near-IR interferometric data due to the potential spatial complexity of the dusty disk’s
inner rim, and an intense theoretical and observational effort is currently performed,
mainly in the YSOs community to better understand the so-called ’puffed-up inner
rims’ (716; 732; 755). A better determination of the spatial properties and fine chem-
ical content of the dust forming region is a challenge for the future. Other interesting
targets are the double-chemistry sources such as BM Gem, in which a companion has
recently been discovered (728; 749; 748). These sources seem to harbor systemically
an equatorially enhanced circumstellar environment, but there is no firm confirmation
yet that the structure is best described by a torus or a disk.

3. Disk evolution

3.1. Stratified disk and binarity

Stratified disks detected in evolved systems are potentially highly correlated with bina-
ries as demonstrated by Van Winckel and collaborators on the environment of binary
post-AGBs (722; 759; 760; 708, Gielen et al. these proceedings). Grain growth, set-
tling, radial mixing and crystallization are efficient in such an environment and the
circumbinary disc of these sources seems to be governed by the same physical pro-
cesses that govern the proto-planetary discs around young stellar objects. It seems that
another distinctive character of these long-lived stratified disks as seen in the infrared
would be their content in highly processed grains (743; 722; 727). The key point for
the stabilization of the disk is to provide enough angular momentum (697; 753). A star
may (hardly) supply this angular momentum via magnetic fields (719; 757). But even
in this case the formation and stabilization of a Keplerian disk remains a challenge. Of
course, this argument does not apply to the accretion disks encountered around YSOs,
for which the difficulty in the contrary is to understand how the excess of angular mo-
mentum is dissipated. The angular momentum provided by a low-mass stellar or even
sub-stellar companion may potentially have a dramatic influence on a growing RGB or
AGB star (747; 699; 746; 745; 754). The presence of a stratified disk, and the associated
Lindblad resonances, seem to be a key ingredient in the orbital evolution of the binary
system. Without this ingredient, it is difficult to reproduce the observed morphology of
the eccentricity - period diagram (Dermine T. et al., in press)

My personal opinion is that the discovery of a stratified disk with proven Keple-
rian kinematics is directly connected to the influence of a companion, albeit the few
exceptions presented above, namely the Young Stellar Objects or the critical velocity
rotating massive sources. This hypothesis must be confirmed by further observations.

3.2. Time scale of formation

When dealing with the theoretical building-up of a disk, time matters, and any con-
straint on the time-scale on which the observed structures were formed is of importance.
An interesting study was presented by Huggins (726) on the close time-scale connec-
tion between jets and torii, based on many kinematical studies. π1 Gruis is a good
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example of a recently formed structure (752; 705). OH231.8+4.2 is another example
of a similar process caught in the act in IRAS16342-3814 (717; 737; 711).

Some recent examples show how fast may be the building up of an equatorial over-
density. The born-again stars, V605 Aql (724) and the Sakurai’s Object are surrounded
by an equatorial overdensity with a large scale height that may be described as a torus
(703). In the case of the Sakurai’s object, the torus was detected in 2007, about 10 years
after the dust began to form. A dense equatorial structure was formed even faster, in
less than 2yrs, around the slow dust-forming nova V1280 Sco (702, Chesneau et al. in
preparation). There is no doubt in this case that the slow (∼500km.s−1) ejecta from the
outbursting nova were deeply affected by the common envelope phase that lasted more
than tens of orbital period of the companion, leading to the fast formation of a bipolar
nebula (see also Evans, these proceedings).

These examples show that as soon as the primary in a binary system gets larger
and increases its mass-loss rate when evolving, the influence of a companion can rapidly
focus the ejected material onto the equatorial plane of the system, leading to an equato-
rial overdensity, as already investigated theoretically (736; 756). This physical process
depends on many parameters (mass ratio, orbital parameters, mass-loss rate of the pri-
mary...), but the efficiency is such that a statistically large number of targets might be
deeply affected at one stage or another (699).

3.3. Time scale of dissipation and fate

The observations of the inner circumstellar structures around evolved sources have been
to date too scarce to put them into an evolutionary sequence. As written above, the
torii are supposed to expand and dissipate much faster than the Keplerian disks. One
may even consider the extreme case in which a binary system surrounded by a stable
circumbinary disk continuously replenished by the interaction of the stars may remain
virtually unchanged for time scale as long as many 105-106years, as proposed for the
Red Rectangle. An attempt of making a unified picture of the evolution of an interacting
binary system involving the presence of a torus is presented in Frankowski & Jorissen
(720).

What is the fate of a stratified disk? An ’old’ dissipating disk can see its density
and kinematical structure deeply affected by the fast evolving wind of the central star.
Gesicki et al. (721) performed an in-depth kinematical study of the dissipating disk in
the core of the M2-29 nebula (723). The torus found around Hen2-113 might also be
dissipating under the influence of the fast radiative wind emitted by the Wolf-Rayet star
in the core of the nebula (735).

4. Stratified disks around massive stars

There is now a large bunch of evidence that the disks encountered around Be stars and
at least some B[e] supergiants are rotating close to Keplerian velocities (739). The
Be stars are proven statistically to represent the tail of the fastest rotators among B
stars, and their disks of plasma may be explained without invoking the influence of a
companion, by a combination of an extreme centrifugal force at the equator and some
pulsation properties of the star which leads to erratic ejection of material with high
angular momentum (706; 725). By contrast, there is still no consensus for the more
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massive supergiant counterparts, the B[e] stars that are surrounded by dense disks of
plasma and dust. The dust survives much closer to this hot star than expected so far
(738; 740; 714).The B[e] supergiant’s rotation rate is strongly decreased by the increase
of their radius while leaving the main sequence, and the rotation alone is probably far
from being sufficient to explain the formation of a disk without invoking the influence
of a close companion (741). Note also, that dusty circumbinary disk are commonly
encountered around interacting binary systems (744).

The example of the A[e] supergiant HD 62623 is informative in this context (738,
Millour, Meilland et al., submitted). HD 62623 is an A supergiant showing the charac-
teristics of the ’B[e]’ spectral type, namely a spectrum dominated by strong emission
lines and a large infrared excess. Spectrally and spatially resolved observations of AM-
BER/VLTI in the Brγ line have shown that the supergiant lies in a cavity, and is sur-
rounded by a dense disk of plasma. The Brγ line in the location of the central star is in
absorption showing that the star is not different from a normal member of its class such
as Deneb (A3Ia), albeit with a significantly large vsini of about 50km.s−1. By contrast,
the Balmer and Bracket lines are wider (vsini of about 120km.s−1), and the AMBER
observations demonstrated that they originate from a disk of plasma, most probably
in Keplerian rotation (Millour, Meilland et al. submitted). In absence of any proof of
binarity, it is often difficult to understand how such a dense equatorial disk could have
been generated. However, HD62623 is a known binary with a stellar companion that
orbits close to the supergiant with a period of about 136 days (751). The mass ratio
inferred is very large, and the companion is probably a solar mass star. Plets et al. (751)
proposed that an efficient angular momentum transfer occurs near the L2 Lagrangian
point of the system, propelling the mass lost from the supergiant by its radiative wind
and probably also by strong tides into a stable dense circumbinary disk (709, in the con-
text of an AGB star). A similar idea was proposed by Dermine et al. (709) in relation
with radiation pressure acting on the wind of AGB stars and modifying the Roche lobe
geometry, therefore probably easing the formation of a circumbinary disk.

The comparison between the disks encountered around low and intermediate mass
stars and those observed around the B[e] supergiants, a rare spectral type among the
zoo of massive stars might not appear relevant at first sight. Yet, recent Spitzer obser-
vations of 9 LMC B[e] stars showed an interesting homogeneity of their spectra, and a
great similarity with the spectra of post-AGBs harboring dense dusty disks (733). This
tightens further the connection between B[e] stars and binarity.

Acknowledgments. This article benefited from fruitful discussions with many per-
sons, and in particular Alain Jorissen.
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Abstract. In this work we present the results of our study on a particular class
of Galactic and extragalactic evolved stars, which are part of a binary system, and sur-
rounded by a stable dusty disc. By combining spectroscopic, photometric and interfero-
metric observations with detailed models describing dust properties and disc structure,
we investigate the exact disc composition and structure. With this study we hope to
trace the evolution of these evolved binaries and their disc, and determine the impact of
the disc on the entire system.
Keywords. Planetary Nebulae – Stars: AGB and post-AGB – Binaries

1. Late phases of stellar evolution

One of the major questions in current research is whether the predominantly symmetri-
cal outflows during the AGB phase can produce the observed wide variety in proto-PNe
(PPNe) and PNe shapes and structures, including spherical, point symmetric, axisym-
metric and bipolar nebulae. During this short transition time, the star and its circum-
stellar envelope must be subject to fundamental and rapid changes in structure, mass
loss and geometry (765; 779).
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Figure 1. Spectral energy distributions of a typical outflow source (HD 187885,
left) and a disc source (TW Cam, right). The outflow source is characterised by a
double-peaked SED, dominated by cool dust, which resides at larger distances from
the central star. The disc source shows a very broad infrared excess, showing the
presence of both hot and cool dust.

There is now growing evidence that the processes in the strongly bipolar PPNe and
PNe occur because of strong interactions in a binary system (e.g. 767). Many of these
PNe have structures, such as bipolar lobes, jets, rings, dusty discs and tori, which are
often explained by common envelope binary interactions, which is a badly understood
process by itself.

Direct evidence for the suspected high binary rate in PNe however is still lacking,
but this is no longer the case for post-AGB stars (780). Optically-bright post-AGB stars
are thus invaluable to study the transition region between the AGB and the PNe phase.

2. Binary post-AGB stars

With the discovery of the first binary post-AGB stars, it became clear that these evolved
stars have common observational characteristics, such as a broad infrared excess.

The observed broad IR excess in these binary post-AGB stars points to the pres-
ence of both hot and cool dust around the star (Fig. 1). De Ruyter et al. (769) showed
that, for all stars, the hot dust is close to sublimation temperature (∼ 1500 K). An
outflow model is not adequate to explain the presence of such hot dust, since the near-
infrared excess is expected to disappear within years after the cessation of the dusty
mass loss. Also, the post-AGB stars are currently too hot to produce a strong dusty
outflow. The dust must thus reside in a long-lived, stable reservoir close to the star.
This leads us to suspect that these objects are surrounded by a stable Keplerian disc.

The specific observational characteristics allowed for systematic search for these
visually bright objects and, so far, more than 70 Galactic objects have been discovered
(769). For these stars our group started an extensive multi-wavelength study, including
radial velocity monitoring, high-spectral resolution optical and infrared studies, sub-
millimetre observations, and high-spatial resolution interferometric studies.
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The formation of the disc is still a badly understood process, probably a result
of non-conservative Roche Lobe overflow during the evolution in a binary system (see
Verhoelst et al., these proceedings). To detect this binary motion, we started an ex-
tensive radial velocity monitoring programme, which confirmed the binary hypothesis
and gave a typical semi-major axis for the orbit of around 1 AU (780). Given the ef-
fective temperature of the central star and its high luminosity, all the discs must be
circumbinary, since the orbits all lie well within the sublimation radius of the dust.
The mass functions calculated from the orbit indicate that the companion is likely a
main-sequence star.

So far we have orbital parameters for about 30 sources, with orbital periods rang-
ing from 100 to 2000 days and high eccentricities, up to 0.6 (see Gorlova et al., these
proceedings). This is surprising, since theory predicts efficient circularisation by tidal
forces on very short time scales.

All orbits discovered so far are too small to have accommodated a full-grown AGB
star. This implies that the system must have been subject to severe binary interaction,
while the evolved star was at giant dimension.

2.1. The circumbinary disc

The presence of the circumbinary disc has an impact on several observational charac-
teristics of the post-AGB star:

• The strong infrared excess, LIR/L∗ > 40% for most stars, shows that significant
amounts of circumstellar material are present, to reprocess the incoming stellar
light. Surprisingly, a very low total reddening towards these stars is observed.
This is clear evidence for a non-spherical circumstellar environment (CE).

• The binary disc sources are characterised by a depletion pattern in their photo-
spheres (e.g. 781; 775). Generally, a lack of carbon or s-process enhancement is
found. These stars apparently did not undergo a third dredge-up process on the
AGB, even though they have initial masses which would theoretically make them
evolve to carbon stars. The abundance pattern is the result of gas-dust separation
in the CE, followed by a re-accretion of the gas component, which is now poor
in refractory elements. Waters et al. (782) already proposed that the most likely
circumstance for this process to occur is when the dust is trapped in a disc.

• Recent interferometric studies indeed confirm the very compact nature of the
circumstellar material (770; 771). All disc sizes are very similar, with N-band
sizes between 30 − 50 AU, although the geometrical location of different dust
components can differ significantly. Some objects show crystalline dust species
close to the inner rim, others show strong processing throughout the disc.

• Kinematical information of a few objects detected in CO shows typical rotation
velocities instead of outflows (e.g. 766), again confirming the presence of a Kep-
lerian disc.

• Submillimetre measurements (768, Gielen et al. in prep.) indicate the presence
of large grains (> cm-size) in the CE. A disc is an ideal environment for grain
growth, since it is a long-lived stable reservoir, with relatively high densities.
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Figure 2. Left: Result from our full-spectrum fitting. The observed spectrum
(black) is plotted together with the best model fit (red solid line) and the continuum
(black solid line). Right: Result from our 2D disc modelling. Observations are
represented by crosses; the underlying Kurucz model is given by the dotted line.
The full line represents the SED of the disc model.

These large grains have smaller dust-settling times, causing the disc to be inho-
mogeneous, consisting of small hot grains in the surface layer of the disc and a
cool mid-plane of mainly large grains.

2.2. Similar sources in the LMC

The first extragalactic RV Tauri stars, pulsating post-AGB stars with alternating deep
and shallow minima in their lightcurves, in the LMC were discovered by the MACHO
experiment (764). Recent chemical studies on a few RV Tauri stars (778; 773), selected
from those reported by Alcock et al. (764), show that, like in the Galaxy, the disc
candidates display the depletion pattern in their photospheres.

More recently the SAGE (Surveying the Agents of Galaxy Evolution) Spitzer
LMC survey (776) observed the LMC, using all photometric bands of Spitzer IRAC/MIPS
instruments. Thanks to the release of this database we found that the LMC post-AGB
objects have infrared excesses similar to the Galactic sources. Also, a search for other
post-AGB disc sources in this survey, based on their location in colour-colour diagrams,
resulted in a list of about 650 disc candidates (van Aarle et al., these proceedings).
Thanks to the follow-up SAGE-Spec programme we also have Spitzer IRS spectra for
the LMC objects (774).

3. Disc composition

To study the mineralogy of the disc, we used Spitzer mid-infrared spectra. So far, we
have spectra for 33 Galactic and 24 extragalactic LMC sources. Using a full-spectral
fit routine (see Fig.2), we determined the parameters, such as composition and temper-
ature, of the dust responsible for the observed spectra (772).
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All sample stars show signatures of oxygen-rich dust species in their infrared spec-
tra, more specifically amorphous and crystalline silicates. Only four stars display evi-
dence for polycyclic aromatic hydrocarbons (PAHs).

The magnesium-rich end members of crystalline silicates seem to prevail in the
spectra, with strong emission due to forsterite, and to lesser extent enstatite. From our
full spectral fitting we also find that the amorphous dust might be Mg-rich. Detailed
chemical studies of these stars (e.g. 775; 773) have shown that the stellar photospheres
are devoid of iron, with the iron instead being locked up in the dust of the disc. If no
iron is detected in the observed dust species, this could imply that iron is stored in the
form of metallic iron or iron oxide, which have no distinct observable dust signatures.

We find that the discs are the ideal environment for strong dust grain processing to
occur, both in grain growth and crystallinity. For our sample stars, the mass fraction in
crystalline grains ranges from 10 to 70%, which is much higher than what is observed
in outflow sources. The observed peak-to-continuum ratio shows that, on average, grain
sizes above 0.1 µm prevail. There thus seems to be a removal of the smallest grains in
the disc surface layers. Several sources show strong crystalline emission features at
longer wavelengths, coming from rather cool crystalline dust grains in the disc. Crys-
talline dust is typically formed close to the inner rim, where temperatures are high
enough for crystallinisation to occur. The presence of cool crystalline grains shows
that either radial mixing must be very efficient or that the grains have a crystallinisation
process which is already efficient at low temperatures.

So far, no clear difference is found in the disc composition of the Galactic and ex-
tragalactic sources. Also, no correlation is found between the observed dust parameters
and other characteristics, such as the central star or binary orbit.

4. Disc geometry

To determine the structure of the discs, we performed 2D disc modelling on the ob-
served photometry and spectroscopy of the Galactic and LMC disc sources (see Fig. 2),
using the MCMax radiative transfer code (777). We found that a good fit is obtained
with a passively irradiated, self-shadowed disc with a puffed-up inner rim. The inner ra-
dius of the disc is found slightly below the dust sublimation radius, but the outer radius
is unfortunately less-well constrained. Typical values for the inner and outer radius are
2-20 AU and 100-500 AU, respectively. Dust masses range from 10−6-10−4M�, with a
surface density powerlaw > −2, using a gas-to-dust ratio of 100.

5. Conclusions

Our studies show that, both in our Galaxy and beyond, circumbinary discs around
evolved stars are clearly present, and are a common by-product of binary evolution.

Both from our mineralogy study and from our disc modelling, we found that the
chemical and physical properties of these discs around evolved binaries are very similar
to those seen in proto-planetary discs around young stars, which is remarkable since
these discs have very different formation histories. All discs are oxygen rich, and thus
formed when the star was oxygen rich. In both disc types, dust processing is very
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effective: large grain sizes prevail and the crystallinity is very high. The observed
correlation between the evolutionary phase and the disc parameters found for young
stars, is not yet observed in our limited sample of evolved binary stars.

Clearly, many open questions still remain on the formation, structure and evo-
lution of these circumbinary discs around evolved stars, and the impact the disc has
on the evolution of the central binary system. The interaction in the binary system
is fundamental in trapping part of the dust in a stable circumbinary environment, and
determines the further evolution of the binary star and the disc.
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Abstract. We present the discovery of dusty, edge-on discs around evolved stars at
different evolutionary stages. Characterising the dusty discs provides invaluable con-
straints on the processes that lead to these impressive nebulae. M2-9 and Sakurai’s
Object were observed with MIDI on the Very Large Telescope Interferometer (VLTI)
providing a resolution of 0.01 arcsec in the mid-infrared. The first object contains a
disc composed of silicate dust, while the second contains a disc-like structure of car-
bonaceous material. The dusty discs are aligned with the minor axis of the bipolar
nebula (or a density enhancement on the round nebula of Sakurai’s Object) and their
inner rim radii are less than 100AU. The properties of each disc have been explored
with the means of radiative transfer modelling.
Keywords. Planetary nebulae – post-AGB stars – Techniques: interferometry

1. Planetary nebulae shaping and discs

Since APN4 three years ago, it is now well accepted that bipolar planetary nebulae
(PNe) are primarily shaped by binaries, whether that is by tidal forces or magnetic field
interactions between the components. We are investigating the significance of dusty
discs in the cores of PNe, the recurrency of such structures and their importance in
the shaping mechanisms. The predictions have shown that they might assist in the
collimation of stellar ejecta (787).

2. Infrared interferometry

Dusty structures, such as discs (torii, spirals etc.), are rather small in size (approx.
1/1000) compared to the planetary nebulae that surround them and most cannot be
resolved even with the largest of optical telescopes (θ ∼ 0.1′′).
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This restriction can be lifted with the introduction of infrared interferometry. We
have used the VLTI and its instrument MIDI (789), a 2-beam recombiner with a max-
imum baseline of 200m and a spectral resolution of R=230, that produces spectrally
dispersed visibilities in the N band (8-13.5µm).

The source’s information can be recovered from the visibilities, namely the Fourier
Transform of the source’s brightness, a complex function with an amplitude’s absolute
value ranging between 0 < |V2| < 1. Sources with amplitude near zero are considered
resolved, while those with a value near one are unresolved.

In order to reconstruct a source’s image from the interferometric data, one must
be able to recover both amplitudes and phases from the Fourier plane. The presence
of a disc can be inferred by the decrease in visibility over a clockwise rotation of the
projected baselines above the core of a bipolar planetary nebula from the polar axis
toward the equatorial plane. Due to atmospheric effects, the phase signals recorded
by MIDI are corrupted and image reconstruction is strictly model dependent. For our
observations of dusty discs in planetary nebulae, we used MC3D, a Monte Carlo radia-
tive transfer code (792; 791) that enabled us to reproduce the observed visibilities and
spectra by assuming the chemical composition of the discs, as well as defining their
geometric properties.

3. M2-9

This extremely bipolar planetary nebula with a tight waist was a follow-up observation
to its spectrophotometric twin Menzel 3 (784). It is a young PN with a lighthouse
beam that indicates a period between 90-120 years for a binary system composed of a
red giant (primary) and a white dwarf (secondary) with an approximate separation of
15 AU.

As in the case of Menzel 3, MIDI has detected a disc around the core of M2-9
(Lykou et al., A&A accepted). The disc is composed of amorphous silicates with small
traces of forsterite. Its geometric size is 15-900 AU with an enclosed dust mass of
1.5 × 10−5 M�. We adopted a new distance of 1.3 kpc from our model fitting to the
observed visibilities (Fig. 1) in accordance with new estimations (R. Corradi, private
communication). The disc is still evolving as it is truncated by the companion, which
in turn is expected to be surrounded by an accretion disc.

4. Sakurai’s Object

An eruptive event in 1995 gave birth to Sakurai’s Object, when a pre-WD star experi-
enced a helium flash and re-ascended the AGB. The star is hidden behind a dusty cloud
of carbonaceous material since 2002. Its flux has dropped significantly since then and
its blackbody peak has moved towards longer wavelengths, indicating an expanding
and cooling cloud (see Fig.1 of Chesneau et al. (783)). MIDI resolved a disc-like struc-
ture in 2007 of 65-500 AU, with a dusty component of 6 × 10−5 M� of amorphous
carbon (783).

The round planetary nebula (∼10,000 years old) that engulfs Sakurai’s Object was
found to have a certain density enhancement in [OIII] (785) at a position angle of ap-
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Figure 1. Modeled visibilities (dash-dot) vs. MIDI data in the N band for M2-9.
Respective projected baselines are indicated within each plot.

proximately 132o. Interestingly enough, the modeled disc required an inclination of
132o to fit the observational data. As such, the disc is aligned to the pre-existing asym-
metry of the PN (see Fig.3 & 4 by Chesneau et al. (783)). It is though trivial to define
which mechanism initiated the creation of the disc, whether it was a binary companion,
a fast-rotating core or accretion from a pre-existing disc.

5. Aperture Masking

A new development in interferometry was introduced during the last two decades: con-
verting a single-dish telescope into an interferometer. The technique is called aperture
masking, whereas a mask is incorporated to the telescope optics and speckle patterns are
recorded in lieu of images. We have used the Sparse Aperture Masking (SAM) mode on
the NACO instrument of the VLT (790) with circular aperture multi-hole masks, which
by the use of baselines from 0.5 to 8m, offers optimal Fourier plane coverage, allows
the recovery of both amplitudes and closure phases∗ and thus enables the reconstruction

∗That is the sum of phases of each baseline forming a triangle. Deviation from 0o, or 180o, in the observed
spatial frequency domain is indicative of an asymmetry.
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of diffraction limited images. We have observed a plethora of evolved stars at different
evolutionary phases, one of those being the variable star V Hya.

V Hya displays a double periodicity with a short period of 529 days (∆m ∼ 1.5)
and a long period of 6,300 days (∆m ∼ 6). Radio observations have revealed a CO disc
as well as a jet, perpendicular to the disc (786). Lagadec et al. (788) has identified an
elongation of dust in the mid-infrared in the direction of the jet. Our observations are
expected to provide the first images of the complex dusty structure around the star and
results are expected shortly.

Acknowledgments. F. Lykou would like to thank the Royal Astronomical Soci-
ety for funding the travel expenses and A. Zijlstra for trusting her organisational and
photographic skills for this conference.
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A circumbinary dust disc in the making: the semi-detached evolved
binary SS Leporis
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Leuven, Belgium

Abstract. In the past few years, dusty discs have been observed around several
evolved objects. Around post-AGB binaries they appear more often than not, and they
have been seen at the center of planetary nebulae. The formation of such discs could,
according to theory, occur in different ways, among which a common envelope phase
or wind accretion when one component of a binary system ascends a giant branch.
However, observational counterparts of these proposed evolutionary events are sparse,
and in none of them, a dusty disc has been directly observed. We present a combined
interferometric and spectroscopic analysis of the A+M binary SS Leporis, and show
it to be forming a circumbinary dust disc through non-conservative mass transfer. We
discuss a possible cause for the low detection rate of such systems so far, and we touch
upon the characteristics of the disc, with important implications on the theory of dust
grain processing.
Keywords. Planetary Nebulae – Infrared interferometry

1. Introduction

In the last editions of this conference series, the role of binarity in the shaping of
asymmetrical Planetary Nebulae is becoming more and more accepted. Especially the
toroidal or disc-like circumbinary structures that may result from binary interaction can
help channel later mass loss into bi- or multi-polar shapes. Although the end products
of different kinds of binary interaction are well observed, systems currently undergoing
such an interaction event are sparse. Here, we present our results on the Roche-lobe
overflowing system SS Leporis.

2. Disentangling the SED with interferometry

In this contribution, we take as starting point our analysis of the A+M binary SS Lep as
described in (802), which we briefly summarize below.

Our current view of SS Lep is actually an extension of the scenario proposed by
(803) and (794), who put together the composite spectrum (A-type primary with TiO
bands in the red, indicating an M-star companion) and the orbital information (P =
260 days, e = 0.132, and a mass function f (M) = 0.24) with the variable shell spectrum,
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Figure 1. The Spectral Energy Distribution (SED) of SS Lep. The blue dotted
line represents the photosphere of the A-type star, the orange dashed line is the con-
tribution of the M giant, the green dash-dot-dot line represents the near-IR excess
seen in the interferometry, and the red dash-dot line contains the excess at longer
wavelengths. The sum of all these is shown with the solid line.

and proposed a Roche Lobe overflow (at periastron) model as developed by (799) for T
CrB.

The exact evolutionary phase, pre- or post-main sequence (MS), was a matter of
debate until hipparcos finally put the system at ∼ 330 pc, confirming a post-MS status.

Still, with only spatially integrated photometry, it is impossible to derive the stellar
parameters of the giant star and the properties of the dusty circumstellar environment
detected by (793) with sufficient accuracy to confirm the proposed scenario (Fig. 1). To
that end, we used VINCI/VLTI interferometry at 2.2 µm, which put tight constraints on
the diameter of the M star and its flux contribution at that wavelength (Fig. 2), confirm-
ing it to be filling its Roche lobe. Moreover, the interferometry revealed the presence of
a hot circumbinary structure, which must be in a disc-like geometry to be compatible
with the low extinction toward the central stars.

3. Discussion

As detailed below, SS Lep is an intriguing target, both in the context of binary interac-
tion after the MS, and in order to study the physical process that come with such mass
transfer such as the formation and evolution of circumbinary dust discs.
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Figure 2. VINCI near-IR interferometry on SS Lep. The green dotted line rep-
resents the well resolved component, which we interpret as the inner rim of the
circumbinary dust disc. The orange dashed line corresponds to the M giant, and the
blue dot-dash line to the A-type star. The sum is shown with a solid line.

3.1. Binary interaction

From a theoretical point of view, it has long been assumed that mass transfer from
a convective (giant) star could not be stable, and would lead to a common envelope
phase with severe orbit shrinkage on very short time scales. More recently, it was sug-
gested that non-conservative mass-transfer, with the creation of a circumbinary disc,
could somehow stabilize the orbit, and this appears to be the case in SS Leporis. More-
over, since the giant in SS Lep is particularly cool, the classic Roche description should
probably be replaced with a formalism including the effects of radiation pressure and
pulsation as presented by (795), although the relatively stable near-IR light curve speaks
against strong pulsational behaviour in SS Lep.

The orbital characteristics (e.g. period and eccentricity) and circumbinary disc re-
semble very much those of the post-AGB binaries with stable, Keplerian circumbinary
dust discs (801). We can therefore postulate that SS Lep is a progenitor to such post-
AGB systems, although we have no indications that the giant in SS Lep is on the AGB
rather than on the RGB. (798) present an intriguing explanation for the lack of SS Lep
analogues: in large surveys, based on colour-magnitude diagrams, SS Lep would ap-
pear like its progeny: a luminous A-type giant and a near-IR excess already starting in
the near-IR. However, in SS Lep, the luminous A-type giant is a MS star, inflated and
overluminous due to the accretion, rather than an actual post-AGB star. It remains to
be studied whether this possible confusion between progenitor and progeny is affecting
our statistics.
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Figure 3. MIDI interferometry of the disc around SS Leporis

3.2. Disc evolution

Hitherto unpublished MIDI interferometry (Fig. 3), can be modelled with a wavelength-
independent uniform disc (UD) or gaussian disc (GD), with a diameter or FWHM of
41 mas or 26 mas respectively. The fact that these diameters do not depend on wave-
length, although the N-band spectrum shows a clear silicate emission feature, hints at
a well developed disc with a puffed-up inner wall and shaded region, as seen in Post-
AGB binaries with discs (796). Due to this very steep temperature gradient in the
surface layer of the disc, the observed size becomes independent of wavelength. While
in those Post-AGB binaries the spectra are rich in crystalline features (797), the spec-
trum of SS Lep appears entirely amorphous (800). This is strong evidence that the dust
in these discs is formed as amorphous grains, and crystallinity appears only with time
after long exposure to the stellar or accretion radiation field.

Acknowledgments. TV and BA acknowledge support from the Flemish Fund for
Scientific Research (FWO-Vlaanderen).
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Abstract. Spitzer Space Telescope observations of the Helix Nebula’s hot (Teff ≈

110 000 K) central star revealed a mid-IR excess consistent with a continuum emission
from a dust disk located at 35−150 AU from the central white dwarf (WD), and the
dust is most likely produced by collisions among Kuiper Belt-like objects (814). To
determine how common such dust disks are, we have carried out a Spitzer 24 µm survey
of 71 hot WDs, and detected 9 WDs with clear IR excess, 7 of them still surrounded
by planetary nebulae (PNe). Inspired by the prevalence of WDs with mid-IR excesses
being central stars of planetary nebulae (CSPNs), we have examined archival Spitzer
IRAC and/or MIPS observations of 66 PNe and found IR excesses for six, and possibly
more, CSPNs. We have obtained Spitzer IRS, Gemini NIRI and Michelle, and KPNO
echelle spectra of some of these CSPNs to determine the nature of the IR emission. We
report the results in this paper.
Keywords. Planetary Nebulae

1. Dust Disk around the Central Star of the Helix Nebula

The central star of the Helix Nebula is a hot white dwarf (WD) with an effective tem-
perature of ∼ 110 000 K. Its Spitzer Space Telescope MIPS 24 and 70 µm observations
have revealed a compact source coincident with the central WD. A follow-up Infra-Red
Spectrograph (IRS) observation of the central point source has confirmed that the mid-
IR emission originates from a dust continuum with a temperature of 90−130 K, and an
emitting area of 4−40 AU2. Only an extended object, such as a dust disk, can explain
these properties. The location of the dust, 40−100 AU, corresponds to the location of
the Kuiper Belt in the solar system, and the dust disk was suggested to originate from
collisionally disrupted Kuiper Belt-like objects (KBOs) dynamically rejuvenated in the
AGB and post-AGB evolutionary stages (814).
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2. Spitzer MIPS 24 µm Survey of Hot WDs

To search for more dust disks similar to that around the WD in the Helix Nebula, we
have carried out a Spitzer MIPS 24 µm survey of 71 hot (∼ 100 000 K) WDs. A compact
source coincident with the WD is detected in 9 cases; in 7 of these, the star is still
surrounded by a PN (Chu et al, 2010, in preparation). We have constructed the SEDs
of these WDs using optical and near-IR photometry from the literature. All detections
show excess emission at 24 µm. Two example SEDs, along with the follow-up spectra
and 24 µm images, are shown in Figure 1, and described below.

Sh 2-216, at a distance of 219 pc (808), is the closest PN. The SED of its central
star (CSPN) follows the blackbody curve from optical to IRAC bands, but shows large
excess at 24 µm. The Spitzer IRS spectrum is dominated by featureless continuum
emission, which starts rising at ∼10 µm. Such SED is similar to that of the Helix
nebula’s CSPN.

The HST observations of CSPN K1-22 resolved a red companion 0.35′′ away from
the CSPN (804). The SED in Figure 1 shows V and I magnitudes from each star individ-
ually, the remaining magnitudes are for the two stars combined. The two solid curves
show contribution of the two components, based on HST photometry from Ciardullo
et al. (804), and the dashed curve shows the sum of these two components. The IR flux
densities are all higher than the expected photospheric emission of these two stars. The
IRS spectrum shows a weak continuum component, as well as a strong [OIV] 25.89
µm emission line component, both of which may be contributing to the observed 24
µm excess. High-resolution mid-IR imaging is necessary to resolve whether the 24 µm
source is centered on the CSPN, or its red companion.

3. Spitzer Archival survey of CSPNs

Since most cases of hot WDs exhibiting 24 µm excesses are still surrounded by PNe, we
have used archival Spitzer IRAC (3.6, 4.5, 5.8, and 8.0 µm) and MIPS (24, 70, and 160
µm) observations of PNe to search for CSPNs with IR excesses. We have examined
images of 66 resolved PNe, and selected 18 in which the nebular emission was not
too confusing or dominant in the central region, and the CSPN was detected in most
IRAC bands. For these 18 cases, we have carried out photometric measurements, and
constructed the SEDs. Six of these CSPNs show convincing IR excesses.

In the case of NGC 6804 (Figure 1), prominent IR excess is seen starting from J
band throughout all IRAC channels. The SED does not exclude the possible presence
of a cool (Teff ≈ 1500 K) companion; however, a companion alone cannot account
for all of the observed IR excess, and furthermore, no companion has been detected
around this CSPN (804). Figure 1 presents a follow-up Spitzer MIPS 24µm image,
which shows a central source coincident with the CSPN. The SED displays a follow-up
Gemini NIRI 1–5 µm spectrum, which reveals a rising continuum, as well as a compact
emission line source. Furthermore, Gemini Michelle 8–15 µm spectrum exhibits a
silicate emission feature at 10 µm.



IR Excesses of CSPNs 249

4. Possible Origins of IR excesses

The differences between the SEDs of our targets imply different properties of the disks,
if not even different origins of excess emission. We need to consider origins other than
the collisional disruption of KBOs that can produce the observed IR excesses.

4.1. Post-AGB Binary Evolution

It has been suggested from an analysis of broad-band SEDs of 51 post-AGB stars that
Keplerian rotating dust disks are common among binary post-AGB stars (807). van
Winckel (815) showed that post-AGB stars displaying SEDs of warm dusty disks are
all single-lined spectroscopic binaries and the hot dust persists in the system because it
is trapped in a stable circumstellar or circumbinary orbit.

Seven out of 9 hot WDs with 24 µm excesses from our survey and the CSPNs
with IRAC and/or MIPS excesses found in the Spitzer archive are all in PNe and thus
represent the youngest WDs that have just evolved past the post-AGB phase. One of
them (NGC 2346) has a confirmed binary companion (813) and SED that resembles
those of post-AGB binaries; thus, one cannot help asking whether some of these 24
µm and/or IRAC excesses are also related to the IR excesses of binary post-AGB stars
reported by de Ruyter et al. (807).

However, it is difficult to identify and confirm the presence of a close companion
of a CSPN via direct imaging (804); and irregular spectral variations due to winds
hamper the detection of periodic radial velocity variations (806). If a dust disk trapped
in a stable orbit around a binary system persists throughout the PN phase, its presence
can serve as a powerful diagnostic for the binarity of a CSPN.

4.2. Compact Unresolved Nebulosity

Another possibility is that the observed excess comes from a compact nebulosity with
high dust-to-gas ratio, which is seen in the born-again PNe Abell 30 and Abell 78
(805). This central emission enhancement originates from knots seen in [OIII] λ5007
Å and He II λ4686 Å, but undetected in Hα (811; 809). This observed morphological
difference implies H depletion in the central region (812), which can occur in born-
again PNe (810). We have carried out KPNO echelle spectroscopy of the hot WDs with
24 µm excesses and CSPNs with IRAC excesses, covering both Hα and [OIII] λ5007
Å lines. In all observed cases, each [OIII] feature has its Hα counterpart. Therefore,
born-again scenario cannot explain the observed IR excesses of most of our targets.

5. Summary

The discovery of a dust disk around the CSPN of the Helix nebula through its 24 µm
excess has inspired us to conduct a Spitzer 24 µm survey of hot (Teff ≈ 100 000 K)
WDs. Out of 71 targets observed, 9 show 24 µm excesses, 7 of them in PNe. To
find more cases of CSPNs with IR excess, we have searched the Spitzer archive, and
found 6 targets with convincing IR excesses. While some SEDs are similar to that of
the Helix CSPN and show excess emission only in mid-IR, others show excess starting
at shorter wavelength. Similarly, while some mid-IR spectra are dominated by dust



250 Bilikova, et al.

Figure 1. Spitzer 24 µm images (top) and SEDs (bottom) of CSPNs Sh 2-216 and K1-
22 from Spitzer 24µ survey, and NGC 6804 from Spitzer archival search. The SEDs are
constructed with optical photometry from literature, 2MASS JHK, IRAC photometry and
Spitzer MIPS 24 µm data. The IR spectra from Spitzer IRS are shown in purple for CSPN
Sh2-216 and K1-22, and Gemini NIRI and Michelle spectra are shown in purple for NGC
6804. For CSPN Sh2-216, the smoothed IRS spectrum is shown in red.

continuum, others show strong emission lines superposed on dust continuum. The
dust around the Helix central star was suggested to be produced by collisions among
KBOs (814). However, other mechanisms that could produce IR excess, such as binary
interactions, need to be considered as well. Future modeling of the mid-IR SEDs is
needed to evaluate the origins of the observed excess emission.
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Abstract. We report on our radial velocity monitoring project of a wide range of
evolved stars where binarity was proposed to explain some of their peculiarities. Our
spectrograph HERMES is a new optical echelle spectrograph mounted on the 1.2m
Mercator telescope on La Palma, built by a consortium of Belgian Institutes (KULeu-
ven, ULB, Royal Observatory) with contributions from the Geneva Observatory and
Landessternwarte Tautenburg. By combining high S/N single observations with low
S/N time-series, we aim at quantifying the orbital and chemical characteristics of ev-
ery distinct subgroup. The final goal is to gain insight in the diverse binary interaction
processes relevant at late stages of stellar evolution. We discuss our project, the unique
capabilities of HERMES, and present the first results of our program.
Keywords. Planetary Nebulae – Stars: AGB and post-AGB – Binaries

1. Introduction

One of the reasons that we are now already on the 5th version of the APN series, is that
the impact of binarity on our global understanding of the late stellar evolution is still far
from clear. A rich zoo of peculiar evolved objects is predicted to be born from the inter-
actions between the loosely bound envelope of a (super)giant, and the gravitational pull
of a companion (e.g. 823; 816; 819, and references therein). Unfortunately, the many
parameters involved in these models are not well constrained by observations. Here
we report on our project to overcome this and bring the different classes of (suspected)
evolved binaries into an evolutionary connection.

We started a radial velocity (RV) survey of ∼300 post-Main Sequence stars to de-
tect the possible orbital motion and quantify the orbital parameter distributions. The
stars were selected based on either of the following criteria: 1) photometric binaries,
in particular eclipsing, ellipsoidal, and the RV Tau variables of type “b” (with a long
secondary period in addition to the pulsation one); 2) objects with peculiar infrared
excesses or molecular outflows; 3) extrinsically polluted chemically-peculiar stars and
stars depleted in refractory elements; 4) brighter end of central stars of planetary neb-
ulae, in particular cases of asymmetric nebulae; 5) hot sub-dwarf stars with FGK com-
panions; 6) symbiotic systems.
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2. HERMES the New Echelle Spectrograph

Our survey is based on data obtained with our new echelle fiber-fed spectrograph HER-
MES mounted on the 1.2 m Flemish telescope on La Palma (www.mercator.iac.es).
The instrument provides a resolution R∼80,000, a continuous wavelength coverage of
3800-9000Å and allows the observation of objects down to 12.5 mag in a single expo-
sure. The absolute precision of a single RV measurement is ∼200 m/s, which is limited
by the pressure fluctuations during the night in the spectrograph room. The internal
precision, defined by the accuracy of the arc spectrum calibration, is better than 10 m/s.
The instrument is described in Raskin et al. (2010, A&A submitted).
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Figure 1. A sample radial velocity curve (top panel) derived from the HERMES
spectra by cross-correlating them with a G2 mask. An RV point is obtained by fitting
a CCF (bottom panel) with a Gaussian and determining its minimum (dashed vertical
lines). The “error bars” here represent the FWHM of the Gaussian fit. TX Oph, an
RV Tau star with a photometric P=70/135 d, with its complicated CCFs illustrates
the challenges of disentangling the binary motion from pulsations in some of these
semi-regular pulsating stars.

A Python-based pipeline extracts a wavelength-calibrated and a cosmic ray cleaned
spectrum. A separate routine is provided for measuring RVs, by means of a cross-
correlation with the spectral mask corresponding to the spectral type of the star. An
example of this procedure is shown in Fig. 1. An S/N=30 in the spectrum is usually
sufficient to obtain a cross-correlation function (CCF) with a well pronounced mini-
mum. Higher S/N is needed for hot, metal-poor, and fast rotating stars. In pulsating
stars, and stars with circumstellar gas, CCF profiles may show several components.
Frequent sampling and a long time-line of our survey (several years) should mitigate
these complications. We are in the process of optimising the masks to the spectral pe-
culiarities of all individual objects. The survey started in April 2009. Here we report
on a few exciting results based on the data obtained until May 2010.
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3. The First Results

3.1. Post-AGB Stars with Disks

There are 39 stars in this subgroup. They were selected, with a few exceptions, based
on the locus on the IRAS color-color diagram occupied by the RV Tau stars (821).
Abundance analysis of e.g. Giridhar et al. (818), Maas et al. (822) have demonstrated
that many of these systems are depleted in refractory elements. Van Winckel et al.
(824) demonstrated for the low-amplitude pulsators that they are all binary systems.
The current understanding is that these systems went through a mass exchange phase
and some mass was trapped into a circumbinary disk (817). In the disk refractory
elements condensed into grains and the depleted gas subsequently fell back on the star,
creating the observed abundance anomalies.

With 8 spectra per star on average, we detected variability (at the level of >1 km/s)
for all stars that had a reasonable coverage, except for HD340949, HD53300 (IRAS
flux is confused), and IRAS 17449+2320 (possibly a B[e] star). Further monitoring
is needed to verify whether the detected variations are due to orbital motion. The two
most obvious cases are shown in Fig. 2. AU Peg has been discussed in the literature,
and the ambiguity remains as to whether it is a low-mass Population II Cepheid or a
short-period Classical Cepheid. The short orbital period of 53 days points to a sub-AU
separation, which must have induced the mass exchange with the companion already on
the red giant branch. On the other hand, variability in BD +46 442 has not been reported
so far. Based on the large integrated distance and variations in Te f f not exceeding 200
K (as measured by us using the line ratios calibrations of Kovtyukh (820)), we conclude
that the RV curve of BD +46 442 represents an orbital motion. This star also shows
a spectacular double-peak emission in Hα, that changes into a P Cyg profile on the
descending part of the RV curve.

Figure 2. Two examples of the regular RV variations that we uncovered in the
course of the first year of our binary survey. AU Peg is a known short-period pulsator
(P=2.4 d) and a single-line spectroscopic binary with a Porb =53.3 d, as also seen in
our RV curve. BD +46 442 is a poorly studied star for which we find RV variations
with an amplitude of 47 km/s and a period of 140 d.

Finally, we confirm binarity of non-dusty but strongly depleted star BD +39 4926.
It may present an example of the late stage in the evolution of these binary systems
when the circumbinary disk has dispersed, or even a missing link with the Barium (Ba)
phenomenon discussed in the following section. Combining our observations with the
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Utrecht Echelle Spectrograph data, we obtain a new value for the orbital period of 873
d and a non-negligible eccentricity e =0.1 ± 0.05 (Jacobs et al. 2010, in preparation).

3.2. New Orbital Solutions for Barium Stars

Ba giants are thought to have been polluted by the s-process elements from their invis-
ible white dwarf (WD) companions when the latter were AGB stars. The process of
mass exchange (either via the wind capture or the Roche lobe overflow) should have
circularized the orbits, which disagrees with observations (Fig. 3). WD kicks have been
invoked to explain the eccentric orbits (Izzard et al. (2010), astro-ph 1008.3818).

Figure 3. An eccentricity vs. orbital period diagram for Ba stars (strong - blue
diamonds, mild - red and black circles). The lines designate multiple possible orbital
solutions for mild Ba stars as recently deduced from the HERMES+CORAVEL data.
From Dermine & Jorissen et al. (2010), in preparation.

4. Conclusion

The radial velocity monitoring program is scheduled to run for several years. The final
observational output will be a better overview of binary rates and the distribution of
orbital elements of the different classes. The ultimate goal of the project is to constrain
possible evolutionary connections between the different classes and to quantify our
understanding of the diverse binary interaction processes.
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New results on planetary nebula shaping and stellar binarity

Orsola De Marco

Macquarie University

Abstract. The question of what physical mechanisms shape planetary nebulae into
their observed morphologies remains open. However, intensified efforts since the last
meeting in this series, Asymmetrical Planetary Nebulae IV, in July 2007 have yielded
some excellent results. In this review we concentrate on those developments that have
taken place in the last three years, with emphasis on results obtained since the review
by De Marco (2009).

1. The Problem of Shaping a non-Spherical PN

Approximately 80% of all planetary nebulae (PN) exhibit morphologies that diverge
greatly from a spherical shape (867). Despite advancements in the last 10 years, a
convincing answer to what the shaping agent might be is still lacking (for a review see
835). Stellar or even sub-stellar companions have the capacity to interact with upper
asymptotic giant branch (AGB) stars and shape the ejected envelope either by strong
interactions such as common envelopes (866; 871) or wider binary interactions such as
wind accretion and gravitational focussing (e.g., 856; 857; 841).

However, the fraction of stellar companions to the progenitors of AGB stars that
may interact with them is of the order of 30% (840), so how can the fraction of non
spherical PN be as high as 80%? This discrepancy could be explained if not all the 1-
8 M� stars result in a PN. Moe & De Marco (863) and Moe & De Marco (864) argued,
based on population synthesis, that only ∼20% of intermediate mass stars make a PN,
with the remainder transiting between the AGB and white dwarf (WD) phases with
invisible, or under-luminous nebulae.

Soker & Subag (874) predicted that deep searches could find the brightest among
these under-luminous PN and that they would be spherical (and of course that spherical
PN have no binaries in their centres). This prediction has been partly borne out by the
MASH survey (867; 862), the deepest PN survey to date that doubled the fraction of
spherical PN from ∼10% to ∼20% and by the Deep Sky Hunters survey, that found a
similar fraction in the very faint population (853). These are, in the binary hypothesis,
the bright end of the under-luminous, spherical PN formed by single stars and non-
interacting binaries.

A main priority established by the community during the Asymmetrical PN IV
meeting has therefore been to find more binaries in order to relate their parameters to
the PN morphology and to determine the PN binary fraction and period distribution. A
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great deal of success has been enjoyed in the former search (see § 2), while progress
has been slow in the latter (§ 3).

2. The growing (and shrinking) binary list

In Table 1 we present new PN that have a highly probable or confirmed binary central
stars (for the list of previously known ones see De Marco et al. 835). Below, we discuss
some of them, as well as some that did not make the list, but are likely binaries.

• Hajduk et al. (851) announced the first binary, Wolf-Rayet type ([WC7]) cen-
tral star. Its PN (PN G221.8-04.2, aka PHR J0652-0951 and PM 1-23) is similar to
A 63, showing an edge-on waist of what may have been a bipolar structure. For as-
sumed primary and secondary masses of 0.6 and 0.3 M�, respectively, the orbital sep-
aration would be ∼3 or 5 R�, depending on whether the variability is from irradiation
(P=0.63 days) or ellipsoidal effects (P=1.2 days). The primary Roche lobe radius would
be at 1.3 or 2.2 R�. Although the primary radius would be ∼0.3 R� (this is the radius
of NGC 40, a slightly hotter [WC8] star (855)), a [WC] stellar atmosphere actually ex-
tends past the nominal radius value (see, e.g., 834), so the primary should be filling its
Roche lobe. Of the 33 [WC] and “week emission line stars” studied by Hajduk et al.
(851), only this PN revealed a periodically-variable central star, from which the authors
concluded that the short-period binary fraction among the hydrogen-deficient central
stars may be lower than for the hydrogen-normal ones. This may be in line with a
predominant merger origin of these stars (831) or indicate that the observational biases
that affect the [WC] class are different.

• NGC 6804 and NGC 7139 have a strong IR excess (825) that may be indicative
of a companion. We have not included them in Table 1 because a fit to the data imply
“secondary” temperatures of only 1500 K, too cool for a late M companion and possibly
too bright for a sub-stellar companion. This temperature, however, is at the condensa-
tion limit for dust and possibly unbelievable. Better data are needed to constrain the
fits.

• Frew & Parker (845) introduced a new class of PN that have a high density, un-
resolved nebulosity coincidental with the central star. They called this class EGB6-like
objects because this PN was the first to have such nebulosity identified. Interestingly,
this PN central star was later resolved by the Hubble Space Telescope (HST) to have a
companion and the nebulosity was found to be around the companion, not the central
star (827). Other objects were recently detected to have such high density unresolved
nebulae, usually from the fact that the [OIII] line at 4363 Å is stronger than the Hγ line
at 4340 Å, indicative of high densities. These include NGC 6804 (De Marco et al., in
preparation), Bran 229 (845), M 2-29 (848), PHR J1641-5302 (868; 845), A 57 and
PHR J1553-5738 (Miszalski et al., these proceedings), to name a few. Approximately
a dozen EGB6-like objects are known today. Both Bond (827) and Gesicki et al. (848)
argue that such high density material may be distributed in a disk like structure, or else
it would disperse. In the case of EGB6, this disk would be around the companion and
would have formed by accretion of AGB primary envelope gas. It is likely that such
structures have arisen by binary interactions.

• NGC 2346 (a binary, 858), M 2-29 (a suspected binary, 850; 848) and CPD-
56 8032 (a [WC10] with a detected dusty disk; De Marco et al. 832) have lightcurves
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showing deep irregular declines, possibly associated with dust emission or a patchy
dusty disk.

•Wesson et al. (875) discovered a PN around the V 458 Vul (nova Vul 2007), the
second such association after GK Per (826). Rodrı́guez-Gil et al. (869) determined the
period of the binary to be 0.068 days, the shortest period known for a binary central
star, and found the binary to be composed of a WD primary and a post-AGB secondary.
Another line of evidence associates novae with PN: the high abundance of neon in the
hydrogen-deficient ejecta of A30 and A58 (876; 875) interpreted by Lau et al. (854) as
the products of a nova explosion that took place shortly after the final helium shell flash
(852).

• Santander-Garcia et al. (these proceedings) determined that the secondary star
in the binary central star of PN Hen 2-428 is evolved. In agreement with Hillwig (these
proceedings), they also determined that about a third of the known central star binary
sample (836; 860) has degenerate companions, likely too large compared to the predic-
tions of Moe and De Marco (2010) of ∼5%.

• Hajduk et al. (these proceedings) announced the detection of a 0.2-mag sinu-
soidal variation with a period of 20.1 days for the central stars of PN G249.8-02.7
(PHR J0755-3346), the longest period irradiated central star binary. The variability
amplitude appears too large for such a long period, unless the secondary’s radius is
quite large and/or the central star very hot. We have not listed this PN in Table 1 be-
cause the star may not be associated to the nebula (Miszalski, private communication).
The binary in the middle of PN K 1-16 (Table 1) also has a long (21.3 days) photometric
period, which may or may not be caused by the binary motion.

• Østensen et al. (865) detected periodic light variability in the central star of
the PN DSH J1919.5+4445 (Patchick 5; Jacoby et al. 853) a faint, high excitation,
elliptical PN with a hint of bipolarity. The asymmetric lightcurve has a period of 1.1
days and an amplitude of only 0.05 magnitude, the smallest known. The central star is
a hot subdwarf. Such small amplitude could only be explained with an almost pole-on
viewing angle and/or a small secondary radius.

• A35 was demoted from PN status by Frew (843, see also Frew& Parker 2010).
It is more likely to be a Strömgren sphere around a binary star comprising a G subgiant
and a hot component that has left the AGB relatively recently. Finally, four PN from
the list of De Marco et al. (835) should not be considered binaries until more data is
obtained: PHR J1744-3355, PHR J1801-2718, PHR J1804-2645 and PHR J1804-2913
(Miszalski et al. these proceedings).

3. The PN Binary Fraction and Period Distribution

So far we know that 12-21% of all PN have post-common envelope central stars, with
periods ∼<3 days (860). This number is not the definitive central star binary fraction
for several reasons: (i) The photometric variability technique to detect these binaries is
biased to short periods (likely shorter than about 2 weeks; De Marco et al. 836). We still
do not know how many binary central stars have periods longer than ∼2 weeks. (ii) The
survey of Miszalski et al. (860) was affected by a brightness bias and was carried out
only in the Galactic Bulge. (iii) Some of the binaries detected by them have been later
questioned (Miszalski et al., these proceedings). (iv) Finally, the period distribution of
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Table 1. New or updated binary central stars (update on De Marco et al. 835).

PN name Type1 Period Morph.2 Reference
(days)

V 458 Vul S1 0.068 B:W: Rodrı́guez-Gil et al. 869
Te 11 El: 0.12 E Miszalski et al. these proceedings
NGC 6778 I: 0.15 BPJ Miszalski et al. these proceedings
He 2-428 El 0.18 RW Santander-Garcia et al., these proceedings
K 6-34 I 0.20 B:RJ: revised by Miszalski et al. (861)
Lo 16 EcI 0.49 PJ Frew 843 and Frew et al., in prep.
ETHOS 1 I 0.53 BJ Miszalski et al. 2010, submitted
PM 1-23 I: 0.63 W Hajduk et al. 851
Necklace3 I 1.16 RJB Corradi et al. 829
MPA J1508-6455 I: 12.50 B Miszalski et al. these proceedings
A 14 Cool,S1: ? BR De Marco et al., in preparation
Bran 229 Cool ? R:P Frew & Parker (845), Frew et al., in prep.
A 70 Cool,UV ? R Miszalski et al., in preparation
K 1-6 Cool,UV ? E Frew et al. (846)
1Legend: S1: single-lined spectroscopic binaries: El: ellipsoidal variability; I: irradiated;
Ec: eclipsing; Cool: only a cool stars is known in the system; UV: a hot component is identified
in the UV. “:” means that the designation is uncertain.
2Legend: E: elliptical or indistinct; B: clear, bipolar lobes; R: clear ring(s); W: very likely that PN
is the edge-on waist of a faded bipolar; J: presence of one or a pair of jets or jet-like structures.
P: point symmetry. “:” means that the designation is uncertain.
3IPHASXJ194359.5+170901.

the binaries found by Miszalski et al. (860) implies that there is a dearth of binaries
in the 3 day to 2 week period range. It is however possible that post-CE binaries with
periods in the 3-day to 2 week gap are more plentiful than found by Miszalski et al.
(860), but their irradiation properties may be different due, for instance, to the lack of
synchronisation of the orbital and spin period of the secondary for these slightly longer
period binaries. This would leave the entire secondary irradiated, reducing the contrast
between day and night sides. Although this sounds plausible, the period distribution
of central stars is similar to that found via radial velocity technique for the WDs by
Schreiber et al. (870, see also Hillwig, these proceedings). That technique would not
suffer this bias.

Radial velocity surveys of central stars of PN are affected by dramatic wind vari-
ability that induces spectral line changes that masks even strong periodic binary signals
(833; 839). So the best method to determine the binary fraction with the least number
of biases is to test for near-IR excess of a volume-limited sample. With this method
we cannot detect periods, although we can get an approximate idea of the companion
mass. This method detects unresolved binaries: for a PN at 1 kpc, the orbital separation
can be as wide as 500 AU. As a result we will include central star binaries whose sepa-
ration may be too wide for an interaction having taken place. After detecting the binary
fraction in this way, it may not be trivial to account for the fraction of these binaries
that has suffered an interaction.

In Fig. 1 (kindly provided by M. Moe) we show the detectability of companions
in the I and J bands. From this figure it is clear that to detect faint companions one has
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to use intrinsically faint central stars. Precision photometry is also needed such that the
PN has to be faint in order to afford good background subtraction. The J band is more
sensitive, but logistically problematic (IR and optical photometry of the same targets
is needed), such that observing in the I band is a more practical approach. Finally, the
H band can provide some confirmation as well as an idea of the spectral type of the
companion. While the H band can be contaminated by hot dust the J band is unlikely
to be.

We have initiated a search using the NOAO 2.1 m telescope in 2007. So far we
have found I-band excesses indicative of companions brighter than M5V, in 19-42%
of the central stars of PN observed (5-11 out of 26) at the 3-1σ level (Passy et al., in
preparation). Frew & Parker (844) used the 2MASS and DENIS databases showing that
53% of 34 objects in a volume-limited sample have a J-band excess down to ∼M6V,
at the 2σ level. Combining these results and de-biasing them to include companions
down to the M9V limit using the companion mass distribution for the WD population
(842), we conclude that (52±10)% of all central stars have a stellar companion closer
than ∼500 AU. This is tantalisingly higher than predicted by the current PN formation
scenario (35%; Duquennoy & Mayor 840). However, with a small sample size we can-
not call this a solid result, because small number statistics reject the classical scenario
with only 1-2σ confidence.

Figure 1. Contour plots of the I-band (left) and J-band (right, solid) excesses
expected for companions of different spectral types and for primaries of different
intrinsic V brightness (MV ). The J band offers increased companion detection sen-
sitivity over the I band. The decrease in I/J excess for earlier companions is due
to a contamination of the V band by the companion that results in a higher implied
reddening resulting in turn in higher predicted (single star) J magnitudes and lower
excess. The degeneracy in companion spectral type can however be resolved using
the J − H colour (dashed contours). Figure courtesy of M. Moe

The period distribution of central stars of PN will be very hard to determine. For
the short period central star binaries known to date a histogram of the known periods
can be found in Miszalski et al. (these proceedings) and Hilliwg (these proceedings).
Like the post-CE binary period of WDs (870), the post-CE period for central star of PN
peaks at shorter periods than is predicted by any theory of common envelope evolution
(e.g., 830).
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4. Shaping PN with Planets and Brown Dwarfs

Brown dwarfs and super-Jupiter companions at separations in the range ∼2-30 AU may
also shape PN (e.g., 872). The actual limits are extremely uncertain. Companions closer
than the lower limit will interact on the red giant branch and either be unavailable to
interact later on during the AGB evolution or even prevent the AGB ascent altogether.
Companions farther than the upper limit have no influence on the AGB star.

We already know that the reservoir of brown dwarfs may be small (also called
the brown dwarf desert; Grether & Lineweaver 849) although it is slightly larger for
larger separations (∼10% 859). However, we do not know how frequently planetary
companions at the appropriate orbital separations exist around intermediate mass stars.
Bowler et al. (828) determined that (26±9)% of stars having a main sequence mass of
1.5 < M/M� < 2.0 host massive planets at large separations (but still less than 3 AU).
The new finding is not only of a larger fraction of planet-hosting stars, but also puts the
planets at larger orbital separations, where they can more easily be available to shape
winds from AGB stars.

De Marco et al. (835) pointed out that aside from our ignorance of planetary com-
panion frequency, we also did not know what effect, if any, such low mass companions
would have on an AGB star. Geier et al. (847) discovered an 8-23-MJ companion in a
2.4-day period orbit around the post-red giant branch subdwarf B star HD149382. This
companion must have been in a common envelope with its primary and been able to
eject the envelope.

Based on the morphological considerations of Soker (873) and Soker & Subag
(874) and the population study of Moe & De Marco (863), as well as from the most
recent planetary statistics De Marco & Soker (838) argued that the fraction of PN that
have been shaped by planets is of the order of 20%. If we consider that only 20% of
all intermediate mass stars make PN, then one would also conclude that the fraction of
intermediate mass stars that interact with a planet-mass companion on the AGB is of
the order of 4%.

5. What can be achieved by Asymmetrical Planetary Nebula VI

At the current rate of discovery, by the next Asymmetrical PN conference in 2013 we
should be able to have:

• Precision (1-2%) photometry of 50-75 central stars of PN in the B, V and I-band
as well as accurate J-band photometry for one third to one half of them. This will
refine considerably the current, extremely imprecise estimate of the overall PN binary
fraction.

• A doubling of the sample of central stars binaries form ∼50 to ∼100. Most of
them will be short period binaries as they are easier to detect and will therefore provide
only a biased view of the PN binary population. However such a large sample will
allow us to draw statistical conclusions regarding the association between binarity and
bipolar morphology (see initial results by Miszalski et al. (861))

• At least 20 objects with determined masses and inclinations via radial velocity
analysis and stellar atmosphere modelling. There are currently only 6 central stars of
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PN for which such parameters are known. A larger sample can help characterise the
efficiency of the common envelope ejection (837; 877).
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The binary central stars of PNe with the shortest orbital periods
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Abstract. Close binarity can play a significant role in the shaping of planetary neb-
ulae (PNe) as the system evolves through the common-envelope phase. We present the
detection of two of the shortest orbital periods among PN binary central stars. These are
Hen 2-428, a bipolar PN, and V458 Vul, a recent nova surrounded by a mildly bipolar
planetary nebula. The properties of the central stars of these systems, of their nebulae
and their possible fate are discussed.
Keywords. Planetary Nebulae – Binaries

1. Introduction

The link between the shaping of bipolar planetary nebulae and their central stars (CSPN)
is still poorly understood. The distinct theoretical approaches to explain their shaping
(see the review by 878) fall into two broad categories: a) rapid stellar rotation and/or
magnetic fields (e.g. 883; 879), and b) a close interacting companion to the star (e.g.
Nordhaus & Blackman 889, for a review see de Marco 882). This binary hypothesis is
currently gaining ground as the number of close binary systems at the cores of bipolar
PNe is growing (e.g. Miszalski et al. 2009b).

In this context, our group found several new close-binary CSPNe during recent
photometric observing runs at the 1.2-m Mercator telescope (888). One of the main
goals of these runs was to test the hypothesis that certain morphological features of
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PNe such as rings and/or jets could be related to close binarity. Some of the newly
detected binary CSPNe show orbital periods as short as a few hours.

In this work we discuss the extreme case of the shortest orbital periods of binary
CSPNe through the examples of Hen 2–428, a bipolar PN, and V458 Vul, a CSPN
which recently underwent a nova eruption and shows the shortest orbital period of this
kind of object so far.

Figure 1. Left: Close-up 2 hour-deep image of Hen 2–428 in Hα with the
INT/WFC. North is up and East is to the left. There is no apparent trace of ancient
polar jets (not even at a larger scale). Right: Close-up 36 min image of V458 Vul
with the INT/WFC. North is up and East is to the left.

2. Hen 2–428

This nebula consists of a pair of open lobes emerging from a central waist shaped as
a ring inclined 68◦ to the plane of the sky. A 2-hour deep Hα image (see Fig. 1)
taken with the Wide Field Camera (WFC) at the 2.5-m Isaac Newton Telescope (INT)
reveals no apparent trace of ancient polar jets in the system. Hen 2–428 was studied
in detail by (893), who already hinted at the possibility of this system actually hosting
a binary core. Among the properties which lead to that suggestion were the extremely
low abundance of every element except He (in particular, the oxygen abundance is as
low as [O/H]∼7.8); the unresolved nebular core with an electron density of ne=103.3−6
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cm−3, indicative of strong mass loss or exchange phenomena taking place; and a central
region with ne>1010 cm−3 where the Ca ii triplet arises in emission, which could be
explained by the presence of an accretion disc.

The following results are preliminary and will be further analysed and discussed
in Santander-Garcı́a (in preparation).

2.1. Observations

We carried out I-band photometry of Hen 2–428 with MEROPE on the Mercator tele-
scope on the nights of August 28 and 30, 2009. Once we detected a photometric vari-
ability as large as ∼0.36 mag between different short blocks, we monitored the system
for a continuous, 4 hour period on September 2, 2009. Later, on May 1, 2010, we
carried out a 2.25 hour spectroscopic monitoring with Intermediate dispersion Spectro-
graph and Imaging System (ISIS) on the 4.2-m William Herschel Telescope (WHT),
with the R600B and the R316R gratings in the blue and red arms, respectively, and a
slit width of 1 arcsec. The resolution was, respectively, ∼1.5 and ∼3 Å.

2.2. Results

The light curve of Hen 2–428 in the I-band, folded on the period determined below, is
shown in Fig. 2. We performed a period analysis using Schwarzenberg-Czerny’s (896)
analysis-of-variance (AOV) method as implemented in the MIDAS/TSA context. The
AOV periodogram shows the strongest peak at ∼11.379 cycles d−1, which corresponds
to a period of 0.0879 days, or 2.1 hours. However, the light curve shows a clear ellip-
soidal modulation with the two minima showing almost equal depths (in a very similar
case to MT Ser, the nucleus of Abell 41, Bruch et al. 880). This, together with the
confirmation of the orbital phase given by the spectra (see below), leads us to consider
a period twice as large as being the orbital period of the system.

A sine fit to the whole data set results in P∼0.17 d (∼4.2 hours), and an I-band
amplitude of ∼0.18 mag. We take the observed CSPN variability as a clear indication of
binarity, the brightness modulation being the result of ellipsoidal modulation of one or
both stars (i.e. the star is gravitationally distorted, close to or filling its Roche lobe and
thus presents the observer at Earth a varying surface along its relative orbital position,
and therefore a varying flux). This is supported by the modelling of the light curve
presented below.

The spectroscopic monitoring, carried out with the WHT/ISIS for approximately
two thirds of a complete orbital period, shows an apparent double S-wave pattern which
could be interpreted as two different He ii 468.6 nm components in absorption. This
would indicate that Hen 2–428 hosts in fact a double-degenerate nucleus with two white
dwarves. However, the S/N ratio of the spectra are too low to either unambiguously
ascertain the presence of the two absorption components or carry out precise mea-
surements of the Doppler shifts which could lead to mass ratio and orbital parameter
constraints, for which an 8-meter class telescope will be needed.

On the other hand, a preliminary modelling of the light curve, made both with
PHOEBE (Prša & Zwitter 891) and the LCURVE code developed by Tom Marsh (Cop-
perwheat et al. 881) provides a fair fit to the data (see Fig.2). Although the lack of
constraints such as the orbital velocities and the mass ratio results in a degeneracy of
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Figure 2. I-band light curve of Hen 2–428, folded on the period of 4.2 hours
determined in the text. A preliminary model of the light curve is shown as a thick
red line.

most of the model parameters, the following results hold for every possible set of pa-
rameters: (a) the light variations are due to ellipsoidal modulation, (b) the system is a
contact binary in which both components fill their Roche lobe, (c) the Teff of both stars
are similar within a few thousand Kelvin and (d) the inclination of the orbital plane
ranges between 40◦ and 70◦, close to the 68◦-inclined equatorial ring of the nebula.

3. V458 Vul

V458 Vul (see Fig. 1) is a system which underwent a fast nova eruption on the summer
of 2007. It was the subject of a work by (898), in which they reported the discovery of a
∼ 14000 year-old, wasp-waisted PN surrounding the nova progenitor. Their photoioni-
sation model revealed that the ionising source must have a temperature of Teff ∼90,000
K, a luminosity of Lbol ∼3000 L� and a radius of R∼0.23 R�. These values lead,
through the use of H-burning tracks, to a mass for the ionising source of M∼0.58 M�.
On the other hand, fast nova theoretical models (e.g. Yaron et al. 899, Prialnik & Kovetz
890), together with some observations (892) point to a mass of M>1 M� for the nova
progenitor to be able to trigger the thermonuclear runaway, which is clearly at odds
with the value found via the H-burning tracks.
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3.1. Observations

In an attempt to measure a precise orbital period we started a time-resolved spec-
troscopic campaign searching for the orbital signature in the radial velocities of the
emission lines. The spectroscopic data were obtained with the Intermediate Dispersion
Spectrograph (IDS) on the INT and ISIS on the WHT, both on La Palma. The total time
on target was 39 hours, over 9 different nights in the period June 4, 2008 – August 31,
2009. The instrumental setup covered a range of gratings and resolutions, for details
see (894).

3.2. Results

The average optical spectrum of V458 Vul taken on 2008 June 4 (day 301 after the nova
explosion) showed the flat-topped emission line profiles characteristic of this class of
objects. However, the round-topped profile of the He ii 541.2 nm line attracted our
attention during a first visual inspection of the line shapes. We found the Doppler
shift of this line to vary between ∼-200 and ∼200 km s−1 This radial velocity variation
indicated that at least one of the components of the He ii 541.2 nm emission forms
in a binary system at the core of the planetary nebula. By November 2008, the He ii

468.6 nm also showed a clear modulation, once the line thinned out (i.e. shed some
nova ejecta emission).

The radial velocity data, combining the measurements from the He ii 541.2 nm
and He ii 468.6 nm lines was subjected to the same AOV period analysis as Hen 2–428.
The periodogram exhibits a narrow spike at 14.68 cycles d−1. A sine fit to the whole
data set resulted in P = 0.06812255±0.00000017 d (98.1 min). This makes V458 Vul
the binary CSPN with the shortest orbital period known so far.

This finding presents us with an intriguing discrepancy: a nova with such a short
orbital period must be an old system, of the order of Gyr, much older indeed than
the 14000 yr old PN we observe. This discrepancy is easily removed, however, by
assuming the observable PN to be the second one of the system (the resulting ejecta
after a second common-envelope stage). Furthermore, this is fully consistent with the
measurements and modelling presented by 898: we have a double-degenerate nucleus
consisting of two white dwarves, one with M∼0.58 M�, the present ionising source,
and another one, the nova progenitor, with M>1 M�.

Hence, the total mass of V458 Vul may well be above 1.6 M�, above the critical
Chandrasekhar mass, indicating that it may become a Type Ia supernova, if the white
dwarf manages to accumulate mass in the presence of nova eruptions.

The aforementioned results are discussed in greater detail in (894).

4. Summary and final thoughts

We have determined the orbital period and nature of the central stars of Hen 2–428
(0.18 days) and V458 Vul (0.068 days), the latter of which is also a SN Ia candidate.
V458 Vul is the CSPN with the shortest orbital period known so far, while the period
of Hen 2–428 figures among the shortest orbital periods known (after Te 11, 0.12 days,
Miszalski et al. 888; Pe 1-9 and BMP 1800-3408, 0.14 days, Miszalski et al. 2009a;
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NGC 6778, 0.15 days, Miszalski et al. 888; SBS 1150+599A, 0.16 days, Tovmassian
et al. 897 and de Marco 882).

On the other hand, both of the discussed objects appear to be double-degenerate
close-binary CSPNe, a class of objects which might indeed be quite common (e.g.
MT Ser, Bruch et al. 880; TS 01, Tovmassian et al. 897; NGC 6026, Hillwig et al.
2010a; but see also Hillwig 2010b), amounting up to 33% of the sample in Miszalski
et al. (2009a).

Building a larger sample of this class of close-binary CSPN is important, not only
to better assess their fraction in the total number of PNe, but also because they can
provide us with vital information about the role of the second common-envelope stage
and Roche-lobe filling (or contact binarity) in the evolution and shaping of PNe, and
because some of them might be SN Ia candidates.

Acknowledgments. MSG thanks Tom Marsh for the use of his code, and the SOC
of the APN V conference for the invited talk.
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Hillwig, T. C., Bond, H. E., Afşar, M., & De Marco, O. 2010a, AJ, 140, 319
Miszalski, B., Acker, A., Moffat, A. F. J., Parker, Q. A., & Udalski, A. 2009a, A&A, 496, 813
Miszalski, B., Acker, A., Parker, Q. A., & Moffat, A. F. J. 2009b, A&A, 505, 249
Miszalski, B., Corradi, R. L. M., Jones, D., Santander-Garcı́a, M., Rodrı́guez-Gil, P., & Rubio-

Dı́ez, M. M. 2010, Asymmetric Planetary Nebulae 5, A. A. Zijlstra, F. Lykou, E. La-
gadec and I. McDonald (eds.), published by Ebrary (Palo Alto CA, USA), p. 330

Nordhaus, J., & Blackman, E. G. 2006, MNRAS, 370, 2004
Prialnik, D., & Kovetz, A. 1995, ApJ, 445, 789
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Are PPNe Shaped by a Binary? Results of Long-Term Radial
Velocity and Light Curve Studies

Bruce J. Hrivnak

Dept. of Physics & Astronomy, Valparaiso University, Valparaiso, IN 46383
USA

Abstract. We have carried out long-term photometric and radial velocity monitoring
of a sample of proto-planetary nebulae (PPNe). While pulsational variations are seen
in all of them, only one of the seven monitored for radial velocity variations shows
evidence of a binary companion (P≈34 years). The high precision and long time scale
(18 years) of the velocity monitoring allow us to set significant constraints on any un-
detected binaries; in general, they must be low mass (< 0.25 M�) or of long period (>
30 years).
Keywords. Planetary Nebulae – Binaries

1. Why Search for Binaries in PPNe?

The proto-planetary nebula (PPN) and planetary nebula (PN) phases immediately fol-
low the asymptotic giant branch (AGB) phase in the evolution of intermediate- and
low-mass stars. During the AGB phase, the star loses a significant fraction of its mass.
If the evolution of the central star and the expansion of the nebula have similar time
scales, a visible nebula will be seen. Many PNe and PPNe show elliptical or bipo-
lar structures with axial symmetry (900). A leading hypothesis to explain this shape
involves a binary companion (905). We are engaged in a long-term photometric and
radial velocity study to search for such binaries in PPNe to help clarify the shaping
mechanism(s).

2. Photometric Search for Binaries in PPNe

A binary companion can be detected photometrically due to an eclipse, an irradiation
of the cooler star by the hotter star, or an ellipticity in the larger star (PPN) caused by
the tidal effect of the companion. Such methods have been used successfully by Bond
(902), Miszalski et al. (910), and others to identify binary companions to the central
stars in ∼40 PNe, with periods ranging from 1 to 8 days. On this basis, they determine
that 10−20 % of PNe have close binary companions.

We have carried out photometric monitoring since 1994 of ∼30 PPNe, using the
0.4-m telescope at Valparaiso University. All vary, but this is clearly shown to be due to
pulsation. See Hrivnak et al. (907) and Hrivnak (906) for examples of the light curves
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and detailed evidence for the pulsational nature of these variations. No photometric
evidence for binarity of PPNe has been found.

3. Radial Velocity Search for Binaries in PPNe

Radial velocity variations provide another way to search for binarity in PPNe, partic-
ularly those with intermediate periods in the range of a few months to a few decades.
Such searches have been carried out for PNe (e.g., 904), but they are complicated by in-
trinsic variations and winds, and they have not proved to be successful. To illustrate the
magnitude of the velocity variation expected, if we assume MPPN = 0.62 M�, Mcomp
= 0.50 M�, and a PPN of spectral type G just within its Roche lobe, then the orbital
period P = 1.0 year and the orbital velocity is 13 km s−1. If the separation is larger and
P = 30 years, then the orbital velocity is 4.5 km s−1. The observed radial velocity will
be reduced by sin i, where i is the inclination with respect to the plane of the sky, but
even if i = 30◦, sin i = 0.5 and thus the effect is not so large.

Our study was carried out at the Dominion Astrophysical Observatory with the
1.2-m telescope. We observed seven bright PPNe (V=7-11 mag) of spectral types F
and G; they thus have many sharp lines, an advantage compared to the very hot central
stars of PNe. The velocities have a precision of ∼0.7 km-s−1. We carried out an ini-
tial study from 1991−1995 and then reinitiated the program in 2007, in collaboration
with D. Bohlender, A. Woodsworth, S. Morris, and C. Scarfe. The targets are IRAS
07134+1005, 17436+5003, 18095+2704, 19475+3119, 19500−1709, 22223+4327,
and 22272+5435. We obtained 35 to 80 observations of each of these targets through
the end of 2009. Three of the targets also have substantial data sets in the literature:
IRAS 07134+1005 (909; 901), 17436+5003 (903), and 22272+5435 (913),

4. Radial Velocity Results: Perhaps One Binary

All of the PPNe vary in velocity over a range of 10−14 km s−1, and for most of these
we could find a period, which in all cases was similar to the photometric period of the
target (35−150 days). This can be seen in Figure 1.

Only one object showed clear evidence for a long-term variability that might be in-
terpreted as due to binary motion. That is IRAS 22272+5435, which shows a significant
change in average velocity of −2.2 km s−1 between its 1991−1995 and its 2005−2009
observations. The data suggest a period of 34±11 years, with a velocity semi-amplitude
of K = 1.8±0.5 km s−1. We interpret this as most likely due to the motion of the PPN
around the barycenter of a binary star system. This velocity curve is shown in Figure 1.
With some reasonable assumptions (MPPN=0.62 M�, e=0.0), and i = 25◦ determined
from the infrared study by Ueta et al. (911), this results in Mcomp = 0.51 M� and a =
11 AU = 2300 R�.

While the other six do not show evidence of binary motion, we must consider
observational bias in the selection of the targets. Since they are all bright, then we are
unlikely to be observing them edge-on through the torus but at some lower inclination,
closer to the plane of the sky. Nevertheless, one can still set useful constraints on the
parameters of any undetected binaries. These are shown graphically in Figure 2. For
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Figure 1. Radial velocity curves for four of the bright targets. On the right are
shown the velocities over the entire observing interval (1991−2009) while on the left
are shown the velocities during the shorter interval 1991−1995 to better display the
pulsational nature of the variations. On the right hand figure of IRAS 22272+5435
is shown the curve of the 34 year period.

example, if Mcomp = 0.4 M� and assuming a detection limit to K = 2.0 km s−1, then
Porbit ≥ 3.5 years if i ≥ 15◦ and Porbit ≥ 24.5 years if i ≥ 30◦. In fact, mid-infrared and
visible HST images of most of these six objects suggest they are at some intermediate
orientation rather than pole on, so these provide significant constraints. These results
are discussed in more detail by Hrivnak et al. (908).

5. Summary and Future Work

Our photometric observations show clear evidence for pulsation, but no evidence for
binarity. The radial velocity observations show evidence for binarity in only one case
among the seven studied, with a period of ∼34 years. They also set significant con-
straints on the properties of any undetected binaries; such binaries must have low mass
companions (<0.25 M�) or long periods (> 30 years). Thus they do not rule out brown
dwarf or planetary companions. However, these results rule out the idea of these PPNe
evolving from the post-AGB binaries of the type found by Van Winckel (912), and they
rule out their evolving into the short-period central stars of binary PNe.
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Figure 2. Non-detection constraints on possible binary companions and periods,
assuming that MPPN = 0.62 M� and a detection limit to K = 2.0 km s−1. The numbers
on the curves represent i in degrees. Non-detections imply that undetected binary
companions lie in the parameter space below the curves.

We are continuing the radial velocity monitoring of these seven bright PPNe to
search for lower mass or longer period binaries or to further constrain their properties,
and to also better determine the properties of the one likely binary. Perhaps more sig-
nificantly, we have begun a program to monitor the velocity of three edge-on PPNe for
which the central stars are seen in the near-infrared. For these there is no ambiguity in
i. This is carried out in collaboration with F. Kerber (ESO) and K. Hinkle (Gemini).
Hopefully we will have new results to report at APN6!
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Abstract. The rare post-AGB objects in the Galaxy display very diverse observa-
tional characteristics. Despite the very detailed studies of many of them, there is no
consensus on how the individual objects may be linked by evolutionary channels. With
poorly known distances and hence luminosities, it is, however, most difficult to interpret
the results on the individual post-AGB stars in the broader theoretical context of (chem-
ical) stellar evolution. In this contribution we will report on our project to overcome
this problem by focusing on a large sample of post-AGB stars with known distances:
those in the LMC. Via cross-correlation of the SPITZER SAGE catalogue with optical
catalogues we selected a sample of 1900 LMC post-AGB candidates based on their [8]-
[24] colour index and estimated luminosity. We determined the fundamental properties
of the central stars of 90 of these objects using low resolution optical spectra that we
obtained at Siding Spring and SAAO. About half of the objects in our sample show an
SED that is indicative of a disc rather than an expanding and cooling AGB remnant.
Our final catalogue of good candidate post-AGB stars will be presented and evaluated.
Keywords. Planetary Nebulae – Stars: AGB to post-AGB – Binaries

1. Introduction

Our understanding of the evolution of post-AGB stars is limited. The unknown distance
and hence luminosity (which is an indication of the initial mass) of the bulk of these
objects and the large variety in observed morphologies (e.g. 914, and references therein)
as well as in the observed chemical diversity (e.g. 920, and references therein) make
it difficult to interpret all results in terms of theoretical post-AGB evolution. This is
even more complicated by the fact that we don’t know whether the relatively small,
Galactic sample of post-AGB stars is representative or dominated by spectacular but
very enigmatic examples. We plan on overcoming these problems by performing a
systematic study of a significant sample of post-AGB stars at a known distance: those
in the LMC. This galaxy is very suitable for this purpose because of its proximity
(50 kpc, 917), favourable angle (35◦, 922) and low interstellar extinction.
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Based on the shape of their SED, post-AGB stars can be subdivided into two major
groups. The first group has a double peaked SED where the peak at higher wavelengths
corresponds to a freely expanding, detached shell of dust. The central star is visible as
a second peak at lower wavelengths if the optical depth in the line of sight is not too
large. For the second group of objects, this dust excess already has an onset in the near
infrared, which indicates that the dust is still close to the central star. This is indicative
of a dusty disc rather than an outflow. It turns out that for Galactic post-AGB stars,
objects of the second type are observationally proven to be binaries. The existence of
both groups of objects will be mirrored in our selection criteria.

2. Sample selection

To construct our catalogue of post-AGB candidates, we make use of the Surveying
the agents of a galaxy’s evolution (SAGE) legacy project of Spitzer. SAGE accurately
mapped the 7 × 7 deg2 central region of the LMC in the photometric filters of IRAC
at 3.6, 4.5, 5.8 and 8.0 µm and the 24, 70 and 160 µm MIPS filters. About 6.9 million
sources were observed with IRAC and 40 000 with MIPS during two epochs in 2005.
We use the SAGE second release data products (september 2009) which combines both
visits of the survey and is immediately merged with data from the 2MASS survey in J,
H and K.

2.1. Selection

We constructed our own version of the SAGE catalogue by taking only those objects
that have an 8 µm detection in the IRAC archive and are measured during at least one
epoch at 24 µm in the MIPS catalogue within a search radius of 3” from the IRAC
detection. This initial catalogue contains 25 194 objects.

Figure 1. Colour-colour plot of K-[5.8] versus [8]-[24]. The small grey dots are
the SAGE catalogue we constructed, the black crosses represent the 11 RV Tauri
stars from the OGLE-III catalogue (921) that are detected at 8 and 24 µm and the
black dots are the Galactic disc sources from (916) folded on the Spitzer filters. The
black dashed line indicates the colour cut we are using to select likely post-AGB
candidates.



278 van Aarle et al.

The selection criteria we use to construct our catalogue of post-AGB candidates
are based on what is known about Galactic post-AGB stars. As can be seen in Figure 1,
the bulk of the known Galactic post-AGB stars with a circumstellar disc have F(24) >
0.4 × F(8), with F(24) the flux at 24 µm. This criterion selects both post-AGB sources
with a disc and a freely expanding, detached shell as the latter have colder dust in their
system and hence live up to F(24) > F(8). 16 570 objects from our catalogue fulfil this
criterion.

These objects were cross correlated with three optical catalogues using a search
radius of 1.5”. We found that 566 objects of our sample have a match in the UBVR CCD
survey of the Magellanic clouds (919), 6767 in the LMC stellar catalogue of (924) and
4759 sources are also listed in the Guide Star Catalog version 2.3.2 (GSC2.3) (STScI,
2006) (918). Only the objects with a listed U, B, V , R or I magnitude in at least one of
these catalogues were retained. This left 8626 objects in our sample.

Figure 2. Histogram of the roughly calculated luminosities of all objects in our
sample before the luminosity cut. The dashed gray lines indicate a lower and upper
limit for the luminosity of post-AGB stars at 1000 and 35 000 L� respectively.

Supergiants and young stellar objects (YSOs) are obvious intruders in our list as
they display similar infrared colours, but their characteristic luminosities differ from
those of post-AGB stars. We hence estimated the luminosity of all post-AGB candidates
by fitting up to three black bodies to the photometry. We did this without dereddening,
since the spectral type of the objects is unknown. The histogram of the calculated
luminosities (see Figure 2) shows three clearly distinct peaks of which the one in the
middle corresponds to the luminosity range of post-AGB stars as is expected from the
evolutionary tracks of (915). We get rid of the supergiants by imposing an upper limit
of 35 000 L� for the luminosity based on the evolutionary tracks for a 7 M� post-AGB
star from (923) or (915). The YSOs are removed from the sample by an arbitrary lower
limit of 1000 L�. Some luminous YSOs will remain since this is not a strict condition.
Our final sample now contains 1892 objects.

2.2. Post-AGB subtypes

To get an idea of the number of post-AGB candidates with a disc and those with a
shell, we introduce some additional colour criteria. We already had a lower limit for
post-AGB candidates with a disc of F(24) > 0.4 × F(8) (see Section 2.1) and impose
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an upper limit of F(24) < 3 × F(8). The latter implies that the star emits more flux
at 8 than at 24 µm and that the dust is close to the star. Post-AGB stars with a freely
expanding, detached shell have cooler dust that is located further away. A lower limit
of F(8) < F(24) is hence imposed for these objects. Both limits introduce a grey zone
in between where F(8) < F(24) < 3 × F(8) with objects that live up to all criteria and
of which the subtype should hence be confirmed by inspection by eye. According to
these colour cuts, our final sample contains 675 objects with a disc, 673 sources with a
shell and 538 objects that fall in the grey zone inbetween.

3. Low resolution, optical spectra

Our list of post-AGB candidates is at this point still polluted by many other types of
objects with similar colours like background galaxies, compact HII regions, PNe, lu-
minous YSOs and some remaining supergiants. The additional info we need to remove
them from the sample can be obtained by taking low resolution, optical spectra of the
post-AGB candidates. So far, we obtained spectra for 107 of the 1892 objects at the
ANU 2.3m Telescope, Siding Spring Observatory in Australia and the SAAO Radcliffe
1.9 m Telescope. These spectra were used to confirm the membership of the LMC of
the different objects and determine their spectral type. 16 objects were discarded and
all spectral types from O to M were detected.

4. Conclusions

We constructed a catalogue of 71 high probability and 1780 candidate post-AGB stars
in the LMC, while beforehand only about 30 where known. For the bulk of these,
spectra are still needed to fully characterise their nature since other types of objects
might display similar colours. As in the Galaxy, objects with a disc turn out to be
frequent: about half of the objects in our sample have an SED indicative of a disc. The
full catalogue will be published shortly.
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Abstract. A number of efforts are underway to detect close binary stars in plane-
tary nebulae. The primary goal of these studies is to determine the binary fraction of
central stars. The next stage is a detailed analysis of the binaries to determine physical
parameters for the systems. These analyses can be combined with population synthe-
sis models, common envelope evolution models, and observed properties of nebulae
to further understand the impact of binarity on PN formation. I discuss the sample of
known close binary central stars in relation to other close binaries with a white dwarf,
cataclysmic variables, supernova Ia progenitors, and double degenerate systems.
Keywords. Planetary Nebulae – Binaries

1. Introduction

In our quest to understand the shaping of planetary nebulae (PNe) and how binary stars
play a role in that process, it is important to characterize the discovered binary systems.
The masses of the component stars, binary separation, evolutionary state of both stars,
stellar temperatures and radii, and observed inclination are all important pieces in un-
derstanding the connection between binary system and the ejected nebula. In addition
to understanding the physical parameters of the binary systems, it is important to know
how the observed binary systems compare to what I will call post common envelope
binaries (PCEBs) that do not have a visible PN. These field binaries can help us to
determine if our sample of binary central stars of PNe (CSPNe) represent the overall
evolutionary sample, or if they comprise a distinct subset.

Here I discuss the known binary star sample as a set, focusing on close binary
CSPNe. The sample of 36 close binary CSPNe comes from De Marco, Hillwig, &
Smith (925) and Miszalski et al. (928). I compare the current sample to the known
PCEB stars; specifically those with at least one white dwarf (WD) component. I also
look more closely at the class of binary stars observed in each case. Below I discuss
three distinct classes: 1) WD–main sequence (MS) detached systems, 2) WD–MS semi-
detached systems or cataclysmic variables (CVs), and 3) double degenerates (DDs).

2. Comparison to Detached White Dwarf–Main Sequence PCEBs

While a significant amount of work has been done to discover and study MS–WD
PCEB systems, there are still only a small number with known orbital periods. The
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Figure 1. A histogram of the log of the orbital period in days of the known sample
from SDSS of detached WD–MS PCEBs (solid green) and the CSPNe (hatched).

Sloan Digital Sky Survey (SDSS) has provided an excellent source for these PCEBs
(936). Figure 1 shows a histogram of the WD–MS PCEB systems with known orbital
periods from Zorotovic et al. (936) plotted as a function of the log of the orbital period
in days along with the distribution of WD–MS CSPNe with known orbital period. The
distributions of field and PN close WD–MS binaries appear to be in good agreement.
The two CSPNe with orbital periods close to ten days suggest a possible long orbital
period tail, but the total numbers will have to increase significantly before such a dif-
ference between the two could be confirmed. If there is a tail, it makes up only a small
fraction of the total systems.

Also apparent is that the majority of systems in both distributions have orbital
periods < 1 day. In the case of the CSPNe, which have been discovered through pho-
tometric variability, it is possible that observational selection effects could play a role
and that longer period systems do exist, though De Marco et al. (925) demonstrate that
this is unlikely. Such a selection effect is unlikely for the PCEB distribution however,
as these systems were discovered via radial velocity variability and the SDSS data are
of high enough resolution to allow detection of significantly longer orbital periods.

3. Comparison to Cataclysmic Variables

Recently, the classical nova GK Per (933) and recent nova V458 Vul (931) have had
reports of faint PNe surrounding them. Also, observations of the binary CS of Hen
2-428 suggest that it may be a semi-detached system (932).

In Figure 2 we have plotted the complete distribution of close binary CSPNe in a
histogram along with the SDSS sample of 137 CVs from Gänsicke et al. (926), which
is the best available unbiased sample of CVs (though perhaps with low sensitivity to
long period CVs). The two samples show a very small overlap. Furthermore, the period
region in which they do overlap is above the CV period gap where a semi-detached state
would only occur for relatively high mass secondary stars (typically > 0.5 M�). Based
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Figure 2. A histogram of the log orbital period in days of the known sample of
CVs from SDSS (solid blue) and all close binary CSPNe (hatched).

on these distributions we expect that very few CSPNe systems would have evolved
directly into contact, and that most systems reach a semi-detached state after magnetic
or gravitational braking has reduced their orbital period. This result is in agreement with
the small number of known CSPNe in semi-detached systems and with the conclusions
of Gänsicke et al. (926) for PCEBs in general.

4. Double Degenerate Binary Central Stars

In the context of CSPNe, I will use “double degenerate” to mean a binary system in
which the two stars are either WDs or pre-WDs (technically not degenerate yet, but
will become so). One reason to understand the fraction and classification of DD bi-
nary CSPNe is their possible relationship to type Ia supernovae (SNIa). Another is
that the fraction of helium WDs versus carbon-oxygen WDs combined with population
synthesis calculations can help us determine typical evolutionary channels for CSPNe.

To date three DD CSPNe have been firmly identified in the literature: the CSs
of Abell 41 (934), PN G135.9+55.9 (935), and NGC 6026 (927). To this list we can
add the CSs of Hen 2-428 and V458 Vul (932; 931). The calculated masses for each
component in all of the systems are too massive to be He WDs (for which M . 0.46
M�). A possible exception is the CS of NGC 6026 where the published mass range
does include He WD mass values. The dominance of CO WDs contradicts models
in which most WDs in DDs will be He WDs (e.g. 930). Therefore, either the four
studied systems represent a significant departure from the true sample or CSPNe are
intrinsically different than field WDs. If the small sample does not represent the true
distribution of WDs in PNe it may either be due to a random selection of only high
mass systems or due to an observational bias toward the higher mass CO WDs.

Each of the four known DD CSPNe has a light curve dominated by ellipsoidal
variability. These are the only well-studied binary CSPNe showing this type of light
curve. Through binary system modeling we find that it is very difficult to have a light
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Figure 3. A histogram of in log orbital period of the known sample of CSPNe
(hatched) with known or suspected DD systems (solid purple).

curve dominated by ellipsoidal variability in non-DD systems. Also, light curves with
two eclipses of nearly equal depth (nearly equal temperature stars) will also be DD
systems. In the sample of known close binary CSPNe (925; 928) we find that nine of
the 36 systems have light curves dominated by ellipsoidal variability or show two nearly
equal-depth eclipses (see histogram in figure 3). So one-quarter of the known binary
CSPNe are known or suspected double-degenerates. From a statistical standpoint this
suggests again a possible difference between DDs in CSPNe and those in field stars.
The Supernova Ia Progenitor Survey (SPY 929) finds from a radial velocity survey that
15% of all field WDs are DDs, whereas for an assumed close binary fraction of 20%
we find only 5% of all CSPNe to be DDs.

The distribution and classification of DD CSPNe suggests that PNe may harbor
a different distribution, with more massive components, than field PCEBs. If after
enlarging the sample this still holds, CSPNe would provide a good test ground for SN
Ia searches and for exploring DD evolutionary channels in general.

Acknowledgments. This research was supported in part by NASA through the
American Astronomical Society’s Small Research Grant Program.

References

De Marco, O., Hillwig, T., & Smith, A.J. 2008, AJ, 136, 323
Gänsicke, B. et al. 2009, MNRAS, 397, 2170
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Abstract. The All Sky Automated Survey (ASAS) survey monitors the brightness of
the objects up to 14 magnitude of the southern hemisphere. The collected data allows
for analysis of the variability of bright central stars of the planetary nebulae. We present
the first results of our research.
Keywords. Planetary Nebulae, Binaries

1. Planetary nebulae in large photometric surveys

Large photometric surveys provide large and consistent data sets for studying all kinds
of PNe photometric variability on a timescale from hours to decades. They allow for
extensive study of binary nuclei of planetary nebulae, help to eliminate mimics from
the PNe sample, or to detect transient events. Up to now, data from MACHO, OGLE,
ASAS and WASP has been used (948; 943; 944; 941). We present the first results of
our search using the ASAS survey.

2. Data reduction and analysis

The ASAS (All Sky Automated Survey) survey monitors brightness of 107 stars brighter
than 14 magnitude in two observing stations located in Chile and Hawaii (947). Two
wide field instruments observe simultaneously in V and I bands. The V data is available
in the ASAS All Star Catalogue. The photometry is given for five different apertures.
The images are under-sampled and the image scale is 15 arcsec/pixel.

We have searched for variable central stars using an online ASAS All Star Cata-
logue in the (only available) V band. We used the positions of the planetary nebulae
using the SIMBAD database. We searched for data for all Galactic PNe using search
radius < 15 arcsec. We used Period04 program (942) and the analysis of variances
(AoV) method (945) for the data analysis.
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3. Short period binaries

Few known binary central stars have been observed with the ASAS survey. They are
listed in Table 1.

LoTr 1 is known to possess a binary nucleus due to its composite spectrum, al-
though its photometric variability was attributed to the starspots on the rotating cool
companion (937; 949). Additional variability on the timescale of years may be present
in the LoTr 1 and NGC 6026 light curves.

We tentatively classify a bright star near the center of the PN G249.8–02.7 as a
true central star (946). The DSS image presents the bright star and the nebula (Fig. 1).
The eastern part of the nebula may be brighter due to the interaction with the ISM. If
this star is confirmed, it will become the photometric CSPN binary with the longest
period known.

SuWt 2 binary (Fig. 2) consists of two eclipsing A-type stars. The hot star is
presumed to be the third component of the triple system (940).

Table 1. Short period binary CSPNe observed with the ASAS.

Name RA DEC Period [d]

GLMP 160 06 54 13.43 -10 45 38.2 0.631520 ± 0.000061
LoTr 1 05 55 06.61 -22 54 02.4 6.425 ± 0.001

NGC 6026 16 01 21.13 -34 32 35.8 0.528083 ± 0.000035
PN G249.8–02.7 07 55 55.5 -33 46 00 23.066 ± 0.008

SuWt 2 13 55 43.23 -59 22 39.9 4.909855 ± 0.00008

4. A prolonged minimum in CPD–56o8032

Few CSPNe showing long term brightness variations are within ASAS sensitivity lim-
its, i.e. IC 4997 (Fig. 3), NGC 2346, M 2-29 and CPD–56o8032. CPD–56o8032 is
classified as a [WC10] star containing dusty disk (938). Cohen et al. (939) reports three
dimmings of the object in the extent of over 10 years, followed by fast recovery, in
addition to a slow overall decline. The ASAS data partially overlays with the Cohen
et al. (939) lightcurve, starting with the third minimum and providing an evidence for
the fourth minimum shortly after the previous one (Fig. 4). The fourth minimum is the
longest among all the observed minima and lasts for about 5 years now.
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Abstract Service were used to access data and references. This work was financially
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Figure 1. The DSS image of PN G249.8–02.7.
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Figure 2. The phased light curve of SuWt 2.
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Figure 3. The lightcurve of the central star of the young planetary nebula IC 4997.
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Figure 4. The AAVSO (upper) and ASAS (lower) lightcurve of the central star of
CPD–56o8032.
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Abstract. Barium stars are thought to be formed by accretion of material from the
wind of an s-process-rich asymptotic giant branch star onto a main sequence star in a
binary system. The accretor then evolves up the giant branch and, as it cools, absorption
lines of barium are prominent in its spectrum. This is the barium star we see today.
Barium stars are excellent probes of binary-star physics because orbital periods and
eccentricities are known for nearly all of them, i.e. the sample set is complete. Binary-
star theory predicts that barium stars with periods shorter than a few thousand days
should circularise by tidal interaction, but the observed stars are often highly eccentric.
We investigate a potential source of their eccentricity: white dwarf kicks. We can
reproduce the observed period-eccentricity distribution if we introduce a moderate kick
speed of a few km/s together with efficient angular momentum loss in stellar winds
and efficient common-envelope ejection. Many open questions remain which are key
to the wind-accretion mechanism by which barium stars and other chemically-peculiar
binaries such as CH and carbon-enhanced metal-poor (CEMP) stars form.
Keywords. Planetary nebulae – Binaries

1. Introduction

The barium stars are a class of chemically peculiar stars which show strong absorption
lines of barium in their spectra. They have G and K spectral types and are ascending
the giant branch for the first time. They have not made their own barium, rather it
accreted from the wind of a companion asymptotic giant branch (AGB) star which is
now a white dwarf. The implication is that barium stars are all binaries, a fact borne
out by observations (968).

Qualitatively, the barium-star formation mechanism is apparently well understood.
Quantitative predictions of the properties of barium stars, such as orbital periods, ec-
centricities and surface abundances, have been calculated by e.g. Pols et al. (970).
These models show that barium-star binaries with periods less than a few thousand
days should circularise rapidly because of tidal dissipation. Also, barium stars should
have periods in the range of about one hundred days up to several centuries. Fortunately
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for theoreticians, observations of barium stars do not agree with the predictions! The
data of Jorissen et al. (966), which include almost all barium stars, show that barium
stars at all periods can be eccentric – some with e & 0.9 – and the maximum period
is at most a few times 104 days. More recent data from the HERMES collaboration
(Dermine and Jorissen, in preparation) may extend the period maximum slightly, but
these stars are still rare when the simulations predict they should be relatively common.

The imagination of stellar modellers knows no bound and hence there are many
possible explanations for the discrepancy between theory and observation. Ideas in-
clude mass transfer at periastron (971), interaction with a circumbinary disk (956, Der-
mine et al., in preparation), an improved treatment of mass transfer in binaries (951)
and weak tides (Nordhaus, this volume). We investigate a new idea, that of white dwarf
kicks. This idea has the support of observations of globular clusters in which young
white dwarfs are found to have a systematically larger velocity than old white dwarfs
and main sequence stars, the simplest explanation for which is a kick at the birth of the
white dwarf (i.e. the end of the AGB) of a few km s−1 (954). Kicks also increase the
longevity of globular clusters (959; 957). The cause of the kick is unknown, perhaps it
is related to asymmetric AGB mass loss, but because the globular cluster binary fraction
is small it must occur in both single and binary stars. We show that a natural conse-
quence of the kick is the eccentricity observed in the barium stars but that problems
with the models remain.

2. Barium star populations with white-dwarf kicks

We simulate populations of barium stars with the population nucleosynthesis code of
Izzard et al. (965, 963, 964) which is based on the stellar evolution prescription of
Hurley et al. (960). Our model includes tidal interactions according to Zahn (973) and
Hut (961), wind loss from Vassiliadis and Wood (972), wind accretion (952) and an
α-λ common-envelope model (960). AGB evolution is fitted to the models of Karakas
et al. (967) with s-process elements from Busso et al. (953). The initial metallicity
is set to Z = 0.008 with the scaled solar abundance mixture of Anders and Grevesse
(950). Barium stars were selected as G/K spectral-type, post-main sequence stars with
[Ba/Fe] ≥ 0.2. Full details of the model can be found in Izzard et al. (962). With the
default model parameters our results are similar to those of Pols et al. (970), as shown
in Fig. 1.

We apply white dwarf kicks in random directions with a fixed speed σWD at the
end of the AGB phase of the primary star. It is difficult to constrain σWD but values
from 2 to 4 km s−1 well fit the observed barium-star eccentricities. To remove the period
gap at ∼ 103 days because of spiral-in during the common envelope phase we increased
the efficiency of common-envelope ejection by allowing a small fraction (< 10%) of
the recombination energy of the stellar envelope to contribute to the ejection process.

The remaining problem is the long-period tail predicted to extend out to 105 days.
We solve this by increasing the efficiency of orbital angular momentum loss during
the (non-conservative) wind accretion process. If the specific angular momentum of
the wind lost from the system is twice the specific orbital angular momentum then the
predicted periods much better agree with the observations, as shown in Fig. 2.
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Figure 1. Our canonical barium star population model together with the observa-
tions of Jorissen et al. (966, +++ symbols) and the HERMES collaboration (××× symbols,
Dermine and Jorissen, in preparation) and 56 Uma (from 958,��� symbol). Note the
problems: we predict too many long-period (eccentric) barium stars, all the barium
stars with periods less than 4, 000 days are circular and there is a period gap because
of common-envelope spiral-in at ∼ 103 days.

3. Future work

White dwarf kicks provide a solution to the barium-star eccentricity problem, but open
many cans of worms in the process. Several poorly-understood processes contribute
to the problem. Each presents its own difficulties but also opportunities for a better
physical understanding of binary-star phenomena in general.

The origin of the kick is not obvious because the evidence for kicks is circum-
stantial and comes only from studies of globular clusters. Field white dwarfs may also
be kicked but given the small kick speed (a few km s−1) relative to typical field star
speeds (tens of km s−1) it would be undetectable. Asymmetric mass loss around AGB
stars might give some clues as to whether kicks truly occur or not, but it is difficult to
disentangle the effect of an asymmetric wind from the interaction of a wind with a non-
uniform interstellar medium. AGB winds are generally thought to be spherical, at least
at the end of the AGB. This contradicts the effect we seek in the barium stars because
we must have the kick at or near the end of the AGB to avoid tidal circularisation. We
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Figure 2. Our barium star population with 4 km s−1 white dwarf kicks, efficient
common-envelope ejection and efficient orbital angular momentum loss during the
non-conservative mass-transfer phase. Observations are as in Fig. 1. The eccentricity
distribution much better matches the observations, the period gap at 103 days has
been closed and the long-period tail largely removed.

have that studies of asymmetric planetary nebulae will lead to some progress on this
front.

Our model of AGB wind accretion is wrong! We apply the Bondi and Hoyle (952)
formalism for lack of a better alternative, but this is strictly only valid for winds which
are fast relative to the orbital speed. In barium stars the orbital speed and wind speed
are similar. Three dimensional models such as those of Mohamed and Podsiadlowski
(969) and Mohamed (this volume) seem to be the best solution to this problem but it
remains to apply these results to population synthesis studies.

Is it valid to extract so much angular momentum from the binary during the mass
transfer phase? This may be possible if there is some kind of magnetic locking of
material out to a large radius (similar to magnetic braking) or if material is lost from
one of the outer Lagrange points. Other possibilities remain, including circumstellar
and circumbinary disks. Post-AGB binaries show evidence of such disks (e.g. Van
Winckel, this volume) and a similar period-eccentricity distribution to the barium stars,
this is probably no coincidence. It may also be that mass loss from AGB binaries is not
at all as expected from the Roche potential model (955).
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Finally, our dubiously-efficient common-envelope evolution phase solves the prob-
lem of the ∼ 1000 day period gap, but does not predict eccentric barium stars at periods
less than 1000 days. Is it possible that stars can exit the common envelope in an eccen-
tric orbit? If so, a radical rethink of our basic understanding of the physics at work in
common envelopes is required.

The results of our study on the barium stars should be of interest to those who
study their low-metallicity cousins, the CH and carbon-enhanced metal poor (CEMP)
stars. These are thought to form by the same wind-accretion mechanism so any clues
we can obtain from the barium stars may be of vital importance in the understanding of
these relics of Galactic history.
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Two Populations of Companions around White Dwarfs: The Effect
of Tides and Tidal Engulfment
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Abstract. During post-main-sequence evolution, radial expansion of the primary
star, accompanied by intense winds, can significantly alter the binary orbit via tidal
dissipation and mass loss. The fate of a given binary system is determined by the
initial masses of the primary and companion, the initial orbit (taken to be circular),
the Reimers mass-loss parameter, and the tidal prescription employed. For a range of
these parameters, we determine whether the orbit expands due to mass loss or decays
due to tidal torques. Where a common envelope (CE) phase ensues, we estimate the
final orbital separation based on the energy required to unbind the envelope. These
calculations predict period gaps for planetary and brown dwarf companions to white
dwarfs. In particular, the lower end of the gap is the longest period at which companions
survive their CE phase while the upper end of the gap is the shortest period at which a
CE phase is avoided. For binary systems with 1 M� progenitors, we predict no Jupiter-
mass companions with periods .270 days. For binary systems consisting of a 1 M�
progenitor with a 10 Jupiter-mass companion, we predict a close, post-CE population
with periods .0.1 days and a far population with periods &380 days. These results are
consistent with the detection of a ∼50 MJ brown dwarf in a ∼0.08 day orbit around the
white dwarf WD 0137-349 and the tentative detection of a ∼2 MJ planet in a ∼4 year
orbit around the white dwarf GD66.
Keywords. Planetary Nebulae – Binaries

1. Introduction

For low-mass stars (initially .8 M�), post-main sequence (post-MS) evolution is char-
acterized by expansion via giant phases accompanied by the onset of mass-loss. During
the Asymptotic Giant Branch phase (AGB), dust-driven winds expel the stellar enve-
lope as the star transitions to a white dwarf (WD). Before formation of the WD remnant,
the spherical outflows observed during the AGB phase undergo a dramatic transition to
the highly asymmetric and often bipolar geometries seen in all post-AGB and young
planetary nebulae (PNe; Sahai & Trauger 985). This transition is often accompanied
by high-speed, collimated outflows. For recent reviews see van Winckel (988) and de
Marco (976).

A central hypothesis to explain shaping in post-AGB/PNe is that a close compan-
ion is necessary to power and shape bipolarity. This is supported by observations of
excess momenta in all post-AGB outflows relative to what isotropic radiation pressure
can provide (975). Additionally, maser observations show magnetic jet collimation
in AGB and young post-AGB stars (989; 984; 990; 974). Such collimation supports
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Figure 1. The period gap for low-mass companions around white dwarfs. The
orbit of a companion located initially at ai decays and plunges into the giant star.
Depending on the mass of the companion and stellar structure at plunge time, the
companion may or may not survive the CE phase. Companions slightly exterior to
ai avoid engulfment and never enter a CE; their orbits expand due to mass-loss. The
gap is set by the final maximum semimajor axis which survives CE evolution (amin)
and the final minimum semimajor axis which avoids tidal engulfment (amax).

the binary hypothesis because it is difficult, if not impossible, for single AGB stars to
generate the large field strengths needed to power the outflows (980; 981). If a close
companion is present, strong interactions can transfer energy and angular momentum
from the companion to the primary or outflow. In particular, if the companion is en-
gulfed in a common envelope (CE), rapid in-spiral can cause significant shear inside
the CE (979; 982). Coupled with a strong convective envelope, large-scale magnetic
fields are amplified and are sufficient to unbind the envelope and power the outflow
(980). The recent detection of a white dwarf with an orbiting ∼50 MJ brown dwarf
in a ∼2 hour orbit demonstrates that low-mass companions can survive common enve-
lope phases (CEP) (977). The detection of a planetary companion (Msini = 3.2 MJ)
around the extreme horizontal branch star V391 Pegasi in a ∼1.7 AU orbit (∼3.2 year
period; Silvotti et al. 986) and the tentative detection of a ∼2 MJ planet in a &2.7 AU
orbit (&4 year period; Mullally et al. 978) around the white dwarf GD66 provide fur-
ther motivation for studying post-MS orbital dynamics. For more detail on the work
summarized in this proceeding, we refer the reader to (983).

2. Tides and Mass-loss

As the binary system evolves, mass-loss and tidal torques are in competition. Mass lost
from the system acts to increase the semimajor axis while tidal torques decrease it. For
each primary and companion, we compute the evolution of the orbit from the zero-age
main sequence through the post-main sequence. If the companion is tidally engulfed
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Figure 2. The predicted period gaps for a 1 M� progenitor with 1 MJ (left) and
10 MJ (right) companions. The symbols represent different Remiers η values for the
various tidal prescriptions (983). For the 1 MJ system, no companion survives CE
evolution. Thus, we predict a paucity of 1 MJ companions with periods .270 days.
For the 10 M� system, several companions survive CE evolution and are located in
short-period orbits. The predicted period gap occurs between ∼0.1 and 380 days.

(i.e. plunges into the primary star), it enters a common envelope with the primary. If
the companion evades tidal engulfment, mass-loss continues and the orbit expands until
the end of the evolutionary model. We take the companion to be tidally locked to the
primary, as is expected; in other contexts, this assumption might be testable (987).
For a detailed description of the mass-loss prescriptions, tidal formalisms and orbital
assumptions employed see (983).

For each stellar model, companion mass, and tidal theory, we calculate the max-
imum initial semimajor axis, ai,max, that is tidally engulfed (see Fig. 1). Companions
initially located exterior to ai,max evade tidal engulfment and move outward while com-
panions located interior to ai,max plunge into their host star. Upon tidal engulfment, the
companion enters a common envelope with the primary star (979). The companion in-
spirals until it is either tidally disrupted or supplies enough orbital energy to overcome
the binding energy of the envelope and survive the CE phase.

3. Period Gaps for Planets and Brown Dwarfs Around White Dwarfs

We calculate the minimum period gap expected for a given binary system by assuming
that all of the orbital energy released during in-spiral goes toward ejecting the CE. This
gives an upper bound on the inner orbital radius at which we would expect to find
companions that have survived a CE phase (see Fig. 1). The outer orbital radius is the
minimum position for which a companion evades tidal capture but migrates outward
due to mass-loss from the primary. These calculations predict period gaps for planetary
and brown dwarf companions to white dwarfs.

Our minimum period gaps are presented in Fig. 2. We note that no Jupiter-mass
companions survive CE evolution. Thus, we predict a paucity of Jupiter-mass com-
panions with periods .270 days around white dwarfs. Additionally, our results predict
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that there should be a paucity of 10 MJ companions with periods between 0.1 days and
380 days.

4. Conclusions

By utilizing stellar evolution models from the ZAMS through the post-MS, we have
followed the orbital dynamics of binary systems in which the companion is a planet or
brown dwarf. Dynamically, the orbital evolution is subject to mass-loss (which acts to
increase the separation) and tidal torques (which act to decrease the separation). For
various tidal prescriptions and mass-loss rates, we determined the maximum separation
for which companions might be tidally engulfed (i.e. plunge into the primary star).
These results serve as initial conditions for the onset of the common envelope phase for
low-mass companions.

For a binary system consisting of a 1 M� primary with a 1 MJ companion, we pre-
dict a paucity of Jupiter-mass companions with periods below ∼270 days. For a 1 M�
primary with a 10 MJ companion, the gap occurs between ∼0.1 and ∼380 days. Note
that our estimated gaps are conservative and are obtained by finding the minimum gap
that might be expected for a range of mass-loss rates and a range of assumptions about
tidal dissipation. It is unlikely that the true gaps would be narrower than the ranges
quoted above, but they easily could be wider. As our knowledge of stellar evolution
and tidal dissipation improves, so will our estimates of the ranges for these gaps. Fi-
nally, we note that the results of surveys searching for low mass companions to white
dwarfs might help to constrain theories of both stellar evolution and tides.
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Abstract. Detached, symbiotic binaries are generally assumed to interact via Bondi-
Hoyle-Littleton (BHL) wind accretion. However, the accretion rates and outflow ge-
ometries that result from this mass-transfer mechanism cannot adequately explain the
observations of the nearest and best studied symbiotic binary, Mira, or the formation
of some post-AGB binaries, e.g. barium stars. We propose a new mass-transfer mode
for Mira-type binaries, which we call ‘wind Roche-lobe overflow’ (wind RLOF), and
which we demonstrate utilising 3D Smoothed Particle Hydrodynamics (SPH) simula-
tions. Importantly, we show that the circumstellar outflows which result from wind
RLOF tend to be highly aspherical and to be strongly focused towards the binary or-
bital plane. Furthermore, the subsequent mass-transfer rates are at least an order of
magnitude greater than the analogous BHL values. We discuss the implications of these
results for the shaping of bipolar (proto)-planetary nebulae and other, related systems.
Keywords. Planetary Nebulae; Binaries: symbiotic; Accretion, accretion disks; hy-
drodynamics; Stars: mass loss, winds, outflows

1. Introduction

The binary, Mira, consists of a cool but very luminous, pulsating AGB star (o Ceti)
and a hot companion thought to be a white dwarf (J. Sokoloski, this volume) with a
separation of a ∼ 100 AU (998). Over the past decade, the system has been both
spatially and spectrally resolved from radio to X-ray wavelengths, with some surprising
results; e.g. HST and Chandra images have revealed strong asymmetries in Mira’s outer
atmosphere and the presence of a hook-like extension from Mira A towards Mira B
(994; 995). The circumbinary envelope has also been shown to be highly aspherical,
with possible dust clumps towards Mira B (996) and evidence for a bipolar outflow
(993).

These observations pose a considerable challenge for current mass-transfer theo-
ries – given the large binary separation, Bondi-Hoyle-Littleton (BHL) wind accretion
cannot account for such a strong binary interaction, and since Mira’s radius (R∗ ∼ 1 -
2 AU) is at least of order of magnitude smaller than its Roche-lobe radius (RL & 30
AU), the interaction cannot be attributed to standard Roche-lobe overflow (RLOF). In
(1000), we proposed a new mass-transfer mode, “wind RLOF”, in which the slow Mira
wind, rather than the star itself, filled the Roche lobe and then flowed onto the com-
panion through the inner Lagrangian point, L1. Utilising a simple parametrisation for
the Mira wind, we showed that this scenario develops when the wind acceleration zone
lies close to, or is a significant fraction of, the primary’s Roche-lobe radius, resulting in
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Figure 1. Density [left] and opacity [right] cross-sections in the orbital (xy) plane
for models M1 and M2, binaries with separations a = 20 AU [top row] and 60 AU
[bottom row], respectively. The simulations (each with at least N ∼ 4.5 × 105 par-
ticles) were computed in the co-rotating barycentric frame in which both stars are
stationary and the positions of the primary and secondary remain fixed at (-7.5, 0, 0)
and (12.5, 0, 0) for the 20 AU model, and (-22.5, 0. 0) and (37.5, 0, 0) for the 60 AU
model. Time, t, is in units of Πorb.

greatly increased accretion rates than typical BHL values, and in an equatorial outflow
(i.e. with most of the material in the orbital plane).

2. Wind RLOF: Formation of Arcs, Spirals, Cavities and Detached Shells

To explore the details of wind RLOF, we have now incorporated a wind acceleration
prescription (physically motivated by Mira observations and including radial pulsa-
tions, radiative cooling and dust formation) into the GADGET2 smoothed particle hy-
drodynamics code (1002). Each binary model consists of two point masses, a 1 M�
Mira and a 0.6 M� white dwarf, in circular e = 0 orbits with separations between a = 5
- 60 AU. A wide range of mass-loss rates and outflow velocities are achieved by inject-
ing the wind particles at the oscillating surface of Mira A with a piston velocity of 2
km s−1, a pulsation period of Πpuls = 332 days, and various C/O ratios for carbon- and
oxygen-rich dust (see (999) for details).
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Figure 2. Density profiles in the binary orbital (xy) [top] and vertical (xz) [bottom]
planes for systems with different eccentricities: e = 0.0 [left], e = 0.4 [middle], and
e = 0.8 [right], respectively. All models have the same semi-major axis a = 20 AU.
Time, t, is in units of Πorb (70.7 years).

Fig. 1 shows two models of an oxygen-rich Mira losing 10−6 M�yr−1, a dust for-
mation radius at Rdust ∼ 6 R∗, and a slow wind vw ∼ 4 km s−1, similar to that observed in
Mira. The outflow geometries shown are characteristic of two different mass-transfer
regimes: model M1 exemplifies systems in which the dust forms beyond the Roche-
lobe (i.e. Rdust/RL & 1) and model M2, those in which Rdust/RL < 1.

Model M1 (a = 20 AU), with Rdust/RL ∼ 1.18, demonstrates mass-transfer via
wind RLOF. In this case, the majority of the wind does not have sufficient velocity to
escape spherically from the primary’s Roche lobe, but instead it is first drawn into the
potential well of the secondary through L1 and then onto the surface of this star via
an accretion disk. The material which does escape (primarily from disk outflows due
to angular momentum transfer) has been gravitationally focused, and forms a highly
equatorial outflow traversed by spiral shocks (the density contrast at r > 50 AU is
ρequator/ρpole & 10). Dust grains condense behind these shocks in the dense, cooling
gas, forming dusty, spiral arms and arcs that trace dust-free cavities. The companion
accretes ∼ 50% of the mass lost by the primary – much more than the typical BHL
fraction of a few %.

The outflow geometry of model M2, with Rdust / RL ∼ 0.4, is more spherical though
still containing asymmetries. Dust shells are ejected periodically (∼ every 50 years) and
are distorted as they expand towards the companion. A dusty extension forms beyond
the latter as each shell collides with the accretion wake. The mass-transfer rate is an
order of magnitude greater than the BHL estimates (although it should be noted that
only 0.43 orbital periods have been simulated here) and increases periodically during
each passage of a shell.
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Detailed studies of the effect of orbital eccentricity on wind-interacting binaries
are also currently underway. As shown in the evolution of binaries with a faster 11
km s−1 wind (see Fig. 2), the Archimedes spiral which was produced in the circular
binaries becomes distorted in models with larger eccentricities, and at e = 0.6 the spiral
shock wraps back on itself and transitions to an “interrupted” shell structure (this tran-
sition occurs as well at smaller e, but only for smaller a). The accretion rate becomes
strongly modulated, sharply peaking just after periastron passage and then decreasing
non-linearly back to its low state. Both of the above effects are likely to be more pro-
nounced in eccentric Mira-type binaries with slower winds, and where the mass-transfer
mode is likely to switch from BHL-type flows to wind RLOF at apastron and periastron,
respectively, during each orbit (Mohamed & Podsiadlowski, in preparation).

3. Implications

The physical Mira system appears to exhibit characteristics of both models M1 and
M2. While the stream connecting the two stars and the bipolar outflow are both natural
consequences of model M1, i.e. wind RLOF, model M2 may additionally explain the
enhancement of dust emission beyond the companion and the observed detached, dusty
shells (991). The fluctuations in the accretion rate produced by the passage of these
shells may account for the mysterious variability (with a ∼ 14 year period) exhibited
by Mira B (1004; 1003).

Finally, wind RLOF has implications for several related systems; the creation of a
highly aspherical mass-loss geometry, previously only thought to be significant in bi-
naries with a < 10 AU (997; 992), may be closely related to the origin of the equatorial
outflows, disks and dusty torii observed around post-AGB stars and also be important
for shaping bipolar (proto)-planetary nebulae. The higher mass-transfer rates of wind
RLOF also have far-reaching consequences for a wide range of accretion-dependent
phenomena, e.g. for symbiotic binaries as progenitors of supernovae Ia (see (1000) for
a discussion about SN 2002ic), and may explain the formation of eccentric barium stars
(see (999) and R. Izzard, this volume).
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with financial assistance to attend the conference, and Paul Taylor for helpful com-
ments. All figures were produced with the SPLASH visualisation code (1001).

References

Chandler, A. A., Tatebe, K., Wishnow, E. H., Hale, D. D., & Townes, C. H. 2007, Astrophysical
Journal, 670, 1347
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Asymmetry in Common Envelope Ejecta

Ben Fitzpatrick and Philipp Podsiadlowski

University of Oxford, Sub-department of Astrophysics, Denys Wilkinson
Building, Keble Road, Oxford

Abstract. We have performed a parameter study of common envelope ejecta mor-
phology using the smoothed particle hydrodynamics code Gadget2. We use simple
single polytrope models to assess the effects of deposition energy, angular momentum
and envelope structure on the final ejecta morphology. For small core deposition ener-
gies, ejecta is bipolar in both centrally condensed and flatter density profiles (polytropic
index 3 and 1.5 respectively). The centrally condensed envelope structure produces
ejecta that is strongly peaked at 45 degrees from the rotation axis, given significant
angular momentum. The flatter density profile envelope produces double-lobed like
ejecta, where the largest mass per solid angle is at the poles. Both envelope structures
produce increasingly spherically symmetric ejecta given larger deposition energies. We
explore the possibilities that this has for the formation of bipolar planetary nebulae.
Keywords. Planetary nebulae – Circumstellar matter

1. Introduction

The origins of bipolar planetary nebulae are not well constrained; a single star losing
mass on the AGB, in the absence of sufficient equatorially enhanced circumstellar ma-
terial, cannot produce strongly bipolar mass loss without rapid rotation. This requires
angular momentum addition, whether by tidal spin-up from a companion or by a merger
with a stellar or planetary companion (e.g. Soker 1009; Nordhaus 1006). Significant
mass loss from post-main sequence stars can also occur as part of a merger which leads
to a common envelope phase, in which a relatively compact companion enters the enve-
lope (1008; 1007). Angular momentum is deposited in the envelope as the companion
spirals in, and energy can be released thermally in a dynamically short timescale during
the final fast spiral in / core merger phase.

We investigate the ejecta produced by driving shocks into oblate, spun-up en-
velopes with different density profiles in order to qualitatively study the likelihood of
common envelope production of bipolar PNe.

2. Method

We construct two 50 solar mass, 30 solar radii envelopes with polytropic indices n = 1.5
and n = 3 by solving the Lane-Emden equations. The low index (n = 1.5) has a much
flatter density profile, whereas the high index has much more mass in the central regions
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than in the outer envelope. We then add angular momentum on dynamical timescales
to each model as a solid body, following the methodology of Morris & Podsiadlowski
(1005). The high index model develops a partially toroidal density distribution at large
radii, whereas the low index model becomes more oblate. At given values of angular
momentum in the models, we add varying energies Edep to the particles in the inner 5
solar radii as Edep = αEbind, where Ebind is the gravitational binding energy of the star
at the time of energy addition. An adiabatic index of γ = 5

3 is used in the simulations.

3. Results

The following results have on the y-axis descending values of α = 0.1, 0.15, 0.2, 0.3
and, on the x-axis, momentum values left to right of L = 4.4 × 1054, 5.6 × 1054, 4.4 ×
1054, and 5.6 × 1054 g cm2 s−1. The larger value is approximately half the total amount
of angular momentum that can be added to these models in this way. The left two
columns are n = 1.5 models and the right two n = 3.0.

The bipolarity of the ejecta for lower deposition energies can be seen from Figure
2 which displays the mass distribution by altitudinal angle measured from the z-axis. As
each bin in the histogram represents equal solid angle, it can be seen that while there is
some mass loss near the equatorial plane, the greatest density of ejecta is at or above π/4
from the rotation axis (z-axis). Figure 2 demonstrates the higher momentum in these
regions as well, which would be less suppressed than the slower moving equatorial
ejecta by any circumstellar material, and thus enhance bipolarity.

We see the appearance of inner bipolar structures in some ejecta in Figure 1. These
are not formed by the initial shock, but by the inflation of the hot gas in the deposition
region causing a second mass loss event. Provided that the deposition region is not
asymptotically point-like, we expect this to be reasonably robust. Smaller deposition
regions will cause stronger shocks for the same deposition energy.

4. Conclusion

We find that distinctly different envelope structures can produce bipolar ejecta under
our methodology. Although the model is simplistic and makes no allowance for the
gravitational and hydrodynamic influence of the spiralling-in secondary other than in
angular momentum addition, it is a qualitative demonstration of the types of ejecta pro-
duced by reasonably weak shocks propagating into high angular momentum envelopes.
The bipolarity of the ejecta under certain parameters in mass and momentum reinforces
the role of common envelope processes as a possible cause of bipolar planetary nebu-
lae. The differing morphology produced by varying envelope structures suggests that
given a CE origin for a particular PN, the envelope structure of the PN progenitor could
be deduced.
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Figure 1. Particle position plots in cylindrical coordinates of unbound ejecta at late times t ≈ 40 tdyn. The
left two columns have n = 1.5 and the right two n = 3. Lower deposition energies produce slower moving
ejecta, as expected, and there is a clear morphological difference between the two polytropic indices.
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Figure 2. Histograms of mass per solid angle vs altitudinal angle of unbound ejecta at late times t ≈
40 tdyn, colour coded by radial velocity. Velocities less than 300 kms−1 are in red, less than 450 kms−1 in
yellow, less than 600 kms−1 in green, and more than 600 kms−1 in blue. The high index models can produce
ejecta strongly peaked at π/4 from the poles.
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Drawing parallels between planetaries and novae

A. Evans

Astrophysics Group, Keele University, Keele, Staffordshire, ST5 5BG, UK

Abstract. We present a brief overview of classical nova eruptions. There is a number
of similarites between the evolution and environments of novae and planetaries, and
observing and understanding the evolution of nova eruptions may give clues to the
formation and evolution of planetary nebulae.
Keywords. Planetary Nebulae – Novae

1. Introduction

Classical novae (CNe) are a subset of the cataclysmic variables (CV; 1047). Their out-
bursts occur in semi-detached binaries, in which a Roche-lobe-filling secondary trans-
fers matter onto the surface of a white dwarf (WD) via the L1 point. Conditions in
the accreted material eventually become suitable for a thermonuclear runaway (TNR)
on the WD surface. Following the TNR ∼ 10−5 . . . 10−4M� of material is ejected at
∼ 300 . . . 3000 km s−1 (1013). Therefore CN nebulae are short-lived compared with,
and less of a ‘spectacle’ than, Planetary Nebulae (PNe).

The WD in a nova binary may be a CO WD (MWD <∼ 1.2M�) or a ONe WD
(MWD >∼ 1.2M�). CN explosions on CO WD result in lower ejected velocities, and tend
to be dust-producers; those on ONe WD result in higher velocities, little or no dust, and
display coronal emission. In the latter forbidden neon lines (such as [Ne ii]12.8 µm,
[Ne v]14.32 µm) are often prominent; these are the ‘neon novae’ (see Fig. 1).

The ejected material is enriched in CNO, Ne, Mg, Al, S, Si (see e.g. 1031). This
is partly a consequence of the TNR, but also due to the fact that some of the WD is
dredged up into accreted envelope. Determination of the mass ejected in a CN eruption
is important for two reasons, of relevance to broader areas of astrophysics: (i) if the
ejected mass exceeds that accreted then the WD mass will decrease over time, but this
means that CNe may be more significant contributors to Galactic chemical evolution
than previously thought; (ii) if the ejected mass is less than that accreted then the WD
mass will increase, with implications for a subset of CNe as progenitors of Type Ia
supernovae. Observationally, it seems that more mass is ejected than expected on the
basis of TNR but the jury is still out on this issue.

Apart from extra-galactic surveys, the discovery of CNe is (currently) somewhat
haphazard, and is dominated by the amateur community. However this is likely to
change dramatically in the foreseeable future when large-scale surveys such as those
proposed with the LSST come on-stream.
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Figure 1. Spitzer IRS spectra of the CO nova V1186 Sco (solid line) and the neon
nova V1187 Sco; note the stronger Ne lines in the latter (from 1042).

2. The evolution of a CN eruption

The CN ‘cycle’ may be summarised as follows (roughly in time order):

• mass transfer from the secondary onto the WD;
• thermonuclear runaway;
• fireball (optically thick) phase as material lifts off the WD;
• common envelope phase, while binary is engulfed by the ejecta;
• the ejecta become optically thin at visible wavelengths;
• free-free phase, during which the ejected mass can be determined (1027);
• nebular phase, during which elemental abundances in the ejecta can be deter-

mined (1027; 1044);
• dust phase (for CNe on CO WD) (1027; 1024);
• coronal phase (for CNe on ONe WD);
• fine structure line phase (when abundances may also be determined);
• return to ‘quiescent’ (inter-outburst) state.

Once the eruption has subsided mass transfer resumes and the cycle starts over again;
the system will experience another eruption in >

∼ 104 years’ time. All novae are recur-
rent, but those that recur on a human timescale (<∼ 100 years as opposed to >

∼ 104 years)
are classified as recurrent novae (see 1023, for a recent review).

The energetics of a CN eruption are determined by the ‘speed class’; this is char-
acterised by the observational parameter tn, (n = 2 or 3), the time in days for the visual
light curve to fall by n magnitudes from maximum (see Fig. 2; see 1041, for a compre-
hensive discussion of CNe light curves).

Following the nova eruption the stellar remnant emits at ∼ LEdd appropriate for
the WD mass (Mbol ' −6 . . . − 9), so they are visible out to the Virgo cluster. Fur-
thermore, as the absolute visual magnitude at maximum (' Mbol) depends in a simple
way on tn (see 1048; 1045, for reviews) CNe are a useful rung on the cosmic distance
ladder. During the nova eruption the bolometric luminosity of the stellar remnant is
∼ constant, so that as the mass-loss declines, the pseudo-photospheric radius collapses
and the effective temperature rises.
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Figure 2. Schematic multi-frequency light curve of a classical nova eruption; the
energetics of the eruption is determined by tn, the time (in days) for the light curve
to decline by n (=2 or 3) magnitudes. Adapted from (1014).

It is interesting to compare the evolution of a CN eruption with that of a PN as
summarised in the Rochester white paper (1011): “. . . at this point the star’s structure
changes as the photospheric radius shrinks and Teff rises, the mass-loss drops while
wind speed increases, fast wind ploughs up material ejected during super-wind phase,
the resulting gas then ionized by the central star”. A CN eruption therefore resembles
in many ways the formation of a PN, but in fast-forward.

3. The CN progenitor

Unlike recurrent novae, whose inter- and pre-eruption behaviour can in principle be
studied in detail, comparatively little is known about the pre-outburst behaviour of CNe;
however there do exist a number of observational clues.

3.1. The circumstellar environments of CN progenitors

(1051) have drawn attention to short-lived narrow absorption lines in the post-outburst
spectra of CNe. They conclude that the material responsible is unconnected with the
eruption, lies well outside the outburst ejecta, and must therefore be located in the
circum-binary environment and lost from the binary prior to eruption. Williams et
al. suggest that these lines arise in material lost from the secondary star (possibly by
‘leakage’ through the L1, L2, L3 points), perhaps in mass-transfer events that trigger
the CN eruption. There is also a hint that abundances of species such as Sc, Ti, V in
this material may be enhanced relative to solar; if confirmed this would imply that CN
outbursts may occur in systems containing evolved secondaries.

There is evidence that the CN V445 Pup (see below) had substantial circum-stellar
reddening prior to its 2000 eruption.

3.2. Are there CNe with PNe?

The WD (CO/ONe) progenitor in a CN system had mass <
∼ 8M�. So clearly a close

binary containing a WD means that the WD progenitor in a CV has already shed a PN.
Is there any evidence that CNe are associated with PNe? There are two good candidates,
but both are oddballs.
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Figure 3. The PN surrounding nova V458 Vul, flash-ionised by the 2007 eruption
(see 1049; 1050, for details).

GK Per (1901). GK Per is an Intermediate Polar (see below), and (apropos the above)
has an evolved (K2IV) secondary (1010). The ‘PN’ associated with GK Per was identi-
fied in IRAS data (1012); it has also been identified at optical (1015) and sub-millimetre
(1043) wavelengths. (1020) however argued that the putative PN may not have origi-
nated directly from the WD, but is the result of Roche Lobe overflow from an evolved
secondary onto the WD, converting the latter into a ‘born-again’ AGB star.

V458 Vul (2007). This was a ‘fast’ nova, with ejection velocities in the range 1500 . . .
2000 km s−1. A pre-existing PN was identified from pre-outburst IPHAS images and the
2007 CN eruption flash-ionised the PN (1049). The orbital period (98 min, towards the
low end of CN orbital periods; 1048) was determined by (1039). For further discussion
see (1040) and (1050).

4. Shaping of nova ejecta

In CNe we know that the stellar component is a binary, the orbital periods (with a few
outliers at the high end) ranging from ∼ 1.4 . . . 8 hours (1048); compare this with the
3 hours . . . 8 days (likewise with a few outliers) for the ‘close’ binary components of
PNe (1019). While there are clearly strong selection effects it is evident that there is
considerable overlap between the orbital periods of CNe and close PN binaries. Novae
with long (>∼ 100 days) periods are recurrents, the secondary being a red giant; there is
also of course a population of PNe central stars with long periods (1018).

The binarity of CNe is an obvious candidate for shaping the nebular remnant,
and this property has been foremost in trying to understand the shaping of CN shells.
For example, the shaping might take place during the common envelope phase (see
1032, for an early discussion). (1035) have folded in the effect of WD rotation into the
common envelope phase, but either way resulting in a prolate nebula.

The dependence of the axial ratio of the nebular remnant on the CN speed class
is shown in Fig. 4, in which there is a very strong indication that ellipticity decreases
towards ’faster’ novae. This can be probably be traced to the fact that slower CNe have
lower ejection velocities, allowing greater time for the ejected material to interact with
the binary during the common envelope phase (see 1014, for a recent review of CN
remnants).
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Figure 4. Observed dependence of CN remnants’ axial ratio against speed class,
t3; open squares have been corrected for inclination, where known (1014).

In some CV the white dwarf is magnetic. If the field is sufficiently strong (>∼ 107 G;
the ‘Polars’) the accretion flow occurs directly onto the magnetic pole(s) of the WD (see
1047, for details). A weaker field (106 . . . 107 G) will still disrupt the inner accretion
disc (the ‘Intermediate Polars’, IPs). About a dozen CNe are known or suspected IPs,
while only one (V1500 Cyg) is a known Polar. (1033) have suggested that, if the
magnetic WDs in CNe are rapid rotators, a consequence is that the ejected shells are
asymmetric.

A further cause of asymmetric shells might be the fact that the TNR might be lo-
calised, rather than spherically symmetric, subsequently spreading over the WD surface
(1034); for a more recent discussion of this see (1028).

Finally we note that little attention seems to have been given to the effect of pre-
exisiting material (such as that identified by 1051, see above) on the shaping of ejecta.
In particular it would be interesting to follow the evolution of the nebular remnants of
the CNe in Williams et al.’s study.

Figure 5. High spatial resolution observations of the early shaping of CN ejecta.
Top, 2.2 µm VLT observations of V445 Pup over the period 2005–2007 (1052); bot-
tom, the expansion of V1280 Sco at 2.2 µm as seen with VLTI (1017)
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Early shaping

Observational evidence is now beginning to throw light on the shaping of CN ejecta at
early times in the eruption (for the shaping of recurrent nova ejecta, see (1037) for an
observational view, and (1021) for a theoretical view). The exquisite high spatial res-
olution observations, obtained with VLT/VLTI, are now providing evidence for nebula
shaping at very early times in the eruption. Such data are available for two recent CNe,
but they tell a very different story.

V445 Pup. This was, uniquely, a ‘helium’ nova, with apparently a complete absence
of hydrogen in the ejecta. It showed a highly collimated bipolar shell (possibly the most
highly collimated seen in any CN), reminiscent of PNe and p-PNe (Fig. 5); however
the outflow velocities were consistent with a CN rather than a PN (1052). There is
an equatorial dust ‘waist’, with (as already noted) substantial circum-stellar reddening
before outburst. Woudt et al. argue that the waist is not the cause of the collimated
ouflow, rather a consequence (cf. 1046), and that the real cause of the collimation may
become apparent as the dust waist disperses.

V1280 Sco. This CN was discovered 12 days before maximum, and there was a dust-
formation event ∼ 20 days after visual maximum (1016; 1030). VLTI observations
were carried out over the period 11. . . 133 days post-outburst and the diameter of the
dust shell at 8 µm, 10 µm and 13 µm increased uniformly over this period (1016, see
Fig. 5). Observations of this type, combined with expansion velocities, are clearly
valuable in determining CN distances. Furthermore, as emphasised by (1016), the high
spatial resolution observations that are now possible have the potential to investigate
the earliest stages of the formation of CN nebulae.

5. Dust in CNe

CO novae produce a range of dust types, including silicates, hydrocarbons (or hy-
drogenated amorphous carbon) and SiC (1026; 1027; 1024). Indeed in view of the
overabundances in the ejecta, which are unique to each object, it may be that the dust
composition in CNe outflows may be impossible to specify unambiguously, for ex-
ample silicates may have hydrocarbon and/or N inclusions (1022). See (1038) for an
early (observational) discussion of the effect of N inclusions in hydrocarbons on the
wavelengths of aromatic features in PNe, and (1036) for a more recent (and general)
discussion.

In order for dust to form, the ejected material must go from plasma, to atomic, to
molecular, to grains very quickly; for example (see above) the CN V1280 Sco formed
dust ∼ 20 days after eruption. The key molecule in the chemistry that leads to grain
formation is H2; while this is observationally elusive, there is now ample observational
evidence for diatomic molecules (see 1024, for a recent review). Molecule (and dust)
formation requires the presence of dense clumps in the ejecta (similar to those famously
sported by the Helix Nebula), to shield molecules and nucleation sites from ionizing
radiation; indeed there is evidence for clumping in CN shells when they are resolved
(see 1014).

CNe often display the ‘chemical dichotomy’ frequently seen in post-AGB stars etc.
Whereas in evolved stars this is likely due to the ejection of material having different
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C:O ratios at different stages of the stars’ evolution, in CNe it is most likely due to
the fact that CO formation does not go to saturation (so the C:O ratio paradigm is
irrelevant); in addition clumping and structure in the ejecta are almost certainly a factor
in determining the chemistry.

The infra-red spectra of a number of CNe have shown aromatic features (see Fig. 6
and (1029) for examples). These features in CNe resemble those in Peeters et al.’s
(2002) ‘Class C’, which are normally associated with cool (<∼ 104 K) post-AGB stars
evolving from the AGB to the PN phase; this seems inconsistent with the high (∼ 105 K)
temperatures of the stellar remnants of CNe. This paradox is resolved if the carrier of
the aromatic emitter in CNe is still buried in dense clumps, and hence unaffected by the
hard radiation field of the stellar remnant.

Figure 6. Aromatic features in nova dust. Left, V705 Cas, right, DZ Cru (1022;
1025).

The chemistry that leads to grain formation in CNe is poorly understood, and
pushes interstellar chemistry networks to the limit; as these networks evolve to better
understand dust nucleation and formation in CNe there will inevitably be a benefit to
our understanding of chemistry and dust formation in PN and p-PN.

6. Summary

There is a number of parallels between the evolution and environments of PNe and
CNe, and the latter are therefore potential laboratories for studying several phenomena
in PNe. These include common envelope evolution, extreme photochemistry with non-
solar abundances, dust formation and remnant shaping. In CNe however we can observe
many of these phenomena in real time.

A glance at the agenda for the Rochester workshop (1011) highlights a number
of key questions and projects to further understand the PN phenomenon; these include
both theoretical and observational challenges, with an eye on facilities that will soon
come on-stream. With a few obvious exceptions many of these questions and projects
not only apply to CNe, but the application of these ideas to CNe themselves could well
help to answer some of the questions about PNe. There is considerable opportunity for,
and merit in, dialogue between the PN and CN communities.
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Abstract. We report studies of several novae which are known or suspected to be
recurrent. We discuss our morpho-kinematical modelling of the evolution of the optical
spectra taken early after outburst for two recent novae. In the case of the known RN
RS Oph, this is also coupled with HST imaging. Results support the hypothesis that
remnant shaping occurs very early in a nova outburst and we also derive the structures
(including inclination) and velocity field of the remnants. Overall, these results empha-
sise the need for coordinated imaging and spectrometry, although not always possible,
if we are to truly understand remnant shaping in these systems, together with the wider
implications for studies of shaping mechanisms in Planetary Nebulae.
Keywords. Planetary Nebulae – Novae

1. Introduction

The classical nova (CN) outburst is due to a thermonuclear runaway on the surface
of a white dwarf (WD; see e.g., 1055; 1060, these proceedings) occurring within the
matter accreted from a close companion star. A related class of objects are the recurrent
novae (RNe), which have high mass WDs, probably close to the Chandrasekhar limit, to
account for the short recurrence time-scales, and high accretion rates (e.g., 1075; 1079).

Classical nova remnants show a range of morphologies whose basic origin has
been modelled via a combination of a common envelope phase and binary motion (e.g.,
1068, and references therein). In the case of RN RS Oph-type remnants, shaping is
suggested to be due to interaction of the ejected material with the pre-existing red-giant
wind.

This paper will focus on our work with morpho-kinematical modelling, using
Shape (see poster 32; 1078; 1077) of three novae to determine their 3D morphology (in-
cluding inclination) and velocity field with a combination of Hubble Space Telescope
(HST) imaging and ground-based spectrometry for RS Oph (Section 2) and in the case
of V2491 Cyg and V2672 Oph using solely Hα line profiles (Section 3). Finally in
Section 4 we summarise our findings.
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2. The Expanding Nebular Remnant of the 2006 Outburst of RS Ophiuchi

RS Oph is one of the most well studied RNe, with six previous recorded outbursts
and two further ones suggested (e.g. 1071; 1072; 1066; 1073; 1059). From its latest
outburst, beginning 2006 February 12.83 (1064), RS Oph was quickly followed with a
multi-frequency campaign from the radio to X-ray (e.g., 1074; 1065; 1056; 1057).

RS Oph was observed at around 155 days after outburst with HST imaging and
ground-based spectrometry (1069). These observations were used to derive the physi-
cal parameters of the object. Figure 1 shows the results of this modelling, constraining
a model with an outer dumbbell and high density inner hour glass structure. The higher
density was required to replicate the lower expansion velocities observed in the spec-
trum. The inclination of the system was derived to be 39+1

−10 degrees, comparable to
estimates of the inclination of the central binary of Dobrzycka & Kenyon (1058). At a
distance of 1.6±0.3 kpc (Bode 1054; see also Barry et al. 1053) the implied maximum
expansion velocity of the system is 5100+1500

−100 km s−1 (the range in velocity arise from
the 1σ errors on the inclination). The observed apparent asymmetry of the ejecta in
the ACS/HRC image is suggested to be due to the effect of the finite width and offset
from the [O III] line’s rest wavelength of the F502N filter. The model was then evolved
to 449 days after outburst (the second HST epoch). The results implied that the outer
dumbbell structure expanded linearly while the inner hour glass structure shows some
evidence for deceleration. However, since only lower quality WFPC2 imaging was
available at that time, the results are open to over-interpretation.
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Figure 1. Top: synthetic image without the HST F502N ACS/HRC filter profile
applied (left), enlarged ACS/HRC image at t = 155 days after outburst (middle) and
synthetic image with the ACS/HRC F502N filter profile applied (right). Bottom:
best fit synthetic spectrum (black) overlaid with the observed spectrum (red). To
the right is the model structure for RS Oph (outer dumbbell and inner hour glass).
Images reproduced from Ribeiro et al. (1069).
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3. Early Spectrometric Evolution of V2491 Cygni and V2672 Ophiuchi

V2491 Cyg and V2672 Oph are two particularly interesting novae that have been sug-
gested to be RNe candidates and that underwent their outbursts on 2008 April 10.8
(1062) and 2009 August 16.5 (1063) respectively. V2491 Cyg is only the second nova
with recorded pre-outburst X-ray observations (after V2487 Oph - a RN; e.g., 1067).
V2672 Oph shows very similar characteristics to the RN U Sco. It displayed a photo-
metric plateau phase, a He/N spectrum classification, extreme expansion velocities and
triple peaked emission line profiles during the decline phase (1061).

Using the Meaburn Spectrograph on the Liverpool Telescope (1076) we observed
V2491 Cyg from 2 to 31 days after outburst and with the Asiago-AFOSC at 108 days
after outburst. With the lack of resolved imaging to complement our spectra we first
assumed some structures which have been previously observed in CNe (Figure 2). We
modelled the Hα emission line at 25 days after outburst and then evolved our models to
the later date (day 108). The effects of optical depth were investigated and we found that
the line shape did not change considerably. We found that two models produced similar
results at 25 days after outburst (polar blobs and equatorial ring and the dumbbell with
an hour glass). However, when both models were evolved to day 108 we found that due
to the contribution of [N II], which was not detected at the earlier date, the best-fit model
was that for the polar blobs and an equatorial ring. We suggest that the inclination angle
of the system is 80+3

−12 degrees and a maximum expansion velocity of 3100+200
−100 km s−1

(see 1070, for further details).

b)

c)

a)

d)

-4000 -2000 0 2000 4000
-4000 -2000 0 2000 4000

Figure 2. Model fit to V2491 Cyg. Left: model structures used to replicate the
emission lines; a) polar blobs with an equatorial ring; b) outer dumbbell with an inner
hour glass; c) prolate shell with tropical rings; and d) prolate shell with an equatorial
ring. Middle: best fit synthetic spectrum (dashed black) to the observed spectrum
(solid black) on day 25 after outburst for the polar blobs (short-dash-long-dash red)
and equatorial ring (dot-dashed green) structure. Right: observed spectrum at 108
days after outburst compared with the evolved model spectrum.

Similarly, we applied the techniques above to V2672 Oph and found that the best
fit model was for polar blobs and an equatorial ring with an underlying prolate structure
whose density appears to decline faster with time than that of the other components.
The inclination of the system is suggested to be 0±6 degrees and a maximum expansion
velocity of the polar blobs of 4800+900

−800 km s−1 (1061).
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4. Conclusions

We have investigated the evolution of three novae to derive their 3D geometry (includ-
ing inclination) and expansion velocities. We show that the best way to have a true grasp
of these parameters is with combined multi-epoch imaging and spectrometry. Caution
should be exercised when dealing solely with spectrometric data and any model should
ideally have predictions. Useful lessons may be learnt from the study of remnant shap-
ing in novae that may be applied to that in PNe (1060), particularly of course those with
binary star nuclei.
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Abstract. Following the Swift X-ray observations of the 2006 outburst of the recur-
rent nova RS Ophiuchi, we developed hydrodynamical models of wind driven shocks
to estimate the ejecta mass and velocity. We present here synthetic X-ray spectra com-
puted from our hydrodynamical calculations which we compare to the Swift data. An
extensive set of simulations was carried out to find a model which best fits the observa-
tions. We find a good fit at high energies but require additional absorption to match the
low energy emission. We estimate the ejecta mass to be in the range (2−5)×10−7M�and
the ejection velocity to be close to 10,000 km s−1. We also find that estimates of shock
velocities derived from gas temperatures via standard model fits to the X-ray spectra
are much lower than the true shock velocities.
Keywords. Planetary Nebulae

1. Introduction

RS Ophiuchi (RS Oph) is one of the most well-studied recurrent novae (RNe). The
central binary system comprises a white dwarf (WD) and a red giant (RG). A nova out-
burst involves mass transfer from the companion to the WD. The build-up of pressure
in the accreted hydrogen leads to a thermonuclear runaway ejecting a shell of material
into the circumstellar medium (1091). Novae which have been observed in outburst
more than once are called RNe. The shock interaction of the ejecta with the surround-
ing medium heats the gas to temperatures of 107 − 109 K, yielding hard X-ray radiation
(Lloyd et al. 1087; O’Brien et al. 1089). RS Oph has undergone six recorded outbursts
between 1898 and 2006. The distance to RS Oph is 1.6 kpc (1081; 1080) and the mass
of the WD is close to the Chandrasekhar limit. In 2006, RS Oph was detected in X-rays
just 3 days after outburst using the Swift (1082) and RXTE (1090) telescopes. The Swift
observations were performed every one or two days during the first 100 days, covering
all the phases of the remnant’s evolution.

In order to interpret the new observations, we developed hydrodynamical models
for RS Oph (1092). We used a 1D Eulerian second order Godunov code with radiative
cooling to simulate the outburst where mass-loss in the form of a fast wind from the
WD ran into a surrounding slow RG wind. This allowed us to determine that the ejecta
had a low mass (∼ 2 × 10−7M�) and a high ejection velocity. We take the study further
by calculating full X-ray spectra directly from our hydrodynamical results using the
xspec software.
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2. Synthetic X-ray spectra for RS Oph (2006)

Our hydrodynamical simulations predict the physical conditions of the hot shocked gas
at any time during the outburst. We grouped the grid data into 30 logarithmically-
divided temperature bins from 104 to 109 K, weighting each shell’s contribution by its
emission measure (EM). These were then fed as a 30-component MEKAL plasma into
xspec to compute the X-ray spectrum. The interstellar hydrogen absorption column is
nH = (2.4 ± 0.6) × 1021 cm−2 (1086). We also included circumstellar absorption due
to the RG wind surrounding the hot shocked gas behind the forward shock (FS). Only
the unshocked neutral part of the RG wind contributes to absorption. It is however non-
trivial to know the ionisation state of the RG wind at all times, and we thus simply used
upper and lower extremes; a fully neutral or fully ionised RG wind.

A full exploration of the model parameter space was undertaken with 88 simula-
tions carried out in total. We extracted fluxes from our models (1–10 keV) for direct
comparison to the observed Swift fluxes between days 3 and 100. We also examined
all the spectra by eye to ensure that we had not excluded runs which had the correct
spectral shape but were lying either above or below the Swift data at all epochs. We
find our best fitting model to be run 81 (see Fig. 1). Its main characteristics are its low
ejected mass Mej = 2.7 × 10−7M�and high fast wind velocity V2 = 104 km s−1.

The majority of the runs produce too many low energy X-rays. In order to nat-
urally increase the absorption, we increased the slow wind mass-loss rate but this has
a strong effect on the shock dynamics. With a denser RG wind, high shock velocities
(consistent with observations) can only be obtained by vastly increasing V2. This leads
to an overestimate of the soft and medium energy count rates. An alternative solution
is to include some additional ad-hoc absorption during the calculation of the spectrum
(shown as bold solid lines in Fig. 1). This allows us to produce good agreement between
the synthetic spectra and the Swift observations. Such additional absorption could be
due to the presence of a dense gas torus close to the binary core, as suggested by the
observations of Evans et al. (1085); Bode et al. (1083); O’Brien et al. (1088).

3. Shock velocities

Fig. 2 shows the FS velocities (dots) of run 81. These are compared to the shock ve-
locities estimated in Bode et al. (1082) from single-temperature fits to the Swift spectra
(empty squares with error bars) and to the IR velocities from Das et al. (1084) (trian-
gles) measured from the full width zero intensity (FWZI) of the Oi and Paβ emission
lines. The model velocities are much higher than the Bode et al. (1082) velocities. The
IR velocities are in better agreement with the model. We also show in Fig. 2 the gas
velocity just after the reverse shock (stars), which is in very good agreement with the IR
velocities at early times. Taking the FWZI of the IR lines probes only the fastest mov-
ing material in the system, which suggests that the IR line widths are first dominated
by the post reverse shock gas and only later by the post FS gas.

In order to investigate the differences between the simulation shock velocities and
the Swift X-ray velocities, we fitted MEKAL models to our synthetic spectra for run
81. We then estimated FS velocities using the fit temperatures and these are plotted
in Fig. 2 (empty circles). These new velocities are in very good agreement with the
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Figure 1. Left: Run 81 synthetic X-ray spectra at days 3, 5, 11, 18, 29, 50, 75 and
100. The thin solid and dashed lines represent a fully neutral and ionised RG wind,
respectively. The bold solid line is the spectrum including additional absorption. The
black crosses are the Swift data. The dot-dash line in the top left panel is the post-
shock material’s contribution to the total spectrum. Right: (a) EM as a function of r
inside the hot shell for run 81 at day 3. The data are greyscale coded to represent what
percentage of the total EM each temperature bin contributes. (b) Gas temperature as
a function of r. The data are greyscale coded according to temperature bin. Gas
density (c) and velocity (d) as a function of r.

observed Swift X-ray velocities at early times (t < 5 days) and are much lower than the
shock velocities found in the hydrodynamic simulation.

Fig. 1a shows the EM as a function of r inside the remnant for run 81 at day 3. The
greyscale represents the percentage of the total EM contained within each temperature
bin. The lower panels show the temperature (b), density (c) and velocity (d) of the gas.
The major contribution to the total EM is located around the CD, while the broader
forward shocked region (T ∼ 108 K) contributes only a few percent. This implies that
the total X-ray emission is dominated by CD material at lower temperatures and that
the contribution from the hotter shocked gas is small.

The dot-dash line in the top left panel of Fig. 1 shows the X-ray spectrum emitted
by the post-FS gas; the contribution to the total X-ray spectrum is small at low energies
but is high for energies above 5 keV. The post-FS gas spectrum is much flatter than the
total X-ray spectrum; by fitting a single temperature MEKAL model to the post-FS gas
spectrum at day 3 we obtain a temperature of 13.5 keV, translating as a shock velocity
of 3400 km s−1which is entirely consistent with the real shock velocity measured in the
simulation. This flat post-FS spectrum gets drowned by the bright but cooler emission
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Figure 2. Run 81 FS velocities compared to observations. The empty squares are
the Swift data, the triangles the IR data (filled = Oi; empty = Paβ) and the dots the
model. The empty circles are the velocities derived from the T fits to our synthetic
spectra. The stars are the gas velocity behind the reverse shock.

from the CD which changes the shape of the X-ray spectrum and therefore changes the
fit temperature. Fitting temperatures to the total observed spectra in order to estimate
post-shock temperatures and therefore shock velocities is thus unreliable.

4. Conclusions

We have calculated synthetic X-ray spectra of RS Oph from our hydrodynamical mod-
els using the xspec code and compared them to Swift observations. We found the mass
ejected in the outburst to be around (2−5)×10−7M�. This ejected mass is thought to be
lower than the mass accreted between two successive outbursts, which implies that the
WD (which is close to 1.4M�) is growing in mass, making RS Oph the best SN Ia pro-
genitor candidate ever found to date. Another important conclusion is that the emission
from the post-shock material is negligible compared to that of the regions around the
CD, and that fitting emission models with single temperatures to X-ray spectra greatly
underestimates immediate post-shock temperatures and hence FS velocities.
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Abstract. In general, the spectrum of exploding objects consists of different com-
ponents of radiation, whose contributions are a function of the outburst evolution. Ex-
treme conditions that develop during outbursts, can be derived from the spectral energy
distribution (SED) throughout a very large range of energies. Here, I illustrate the multi-
wavelength modeling the X-ray – IR SED of the ‘Z And-type’ of outbursts, observed
in the light curve of the classical symbiotic star AG Dra, and the ‘nova-like’ outburst
produced by the recurrent symbiotic nova RS Oph.
Keywords. Planetary Nebulae

1. Introduction

Stellar explosions represent an important phase of the stellar evolution, during which a
significant amount of particles and photons can be injected into the interstellar medium.
There are very large number of different types of outbursts, e.g. eruptions of young
single stars and those detected in more evolved systems, usually binary or multiple
systems. For example, cataclysmic variables can produce classical nova explosions
with optical brightening of around 11 mag, while symbiotic stars produce the so-called
‘Z And-type’ of outbursts, characterized with a 1-3 mag increase of the optical light.

During the outburst event the liberated radiative energy can be transferred through-
out the outer layer of material, and thus being converted to lower energies, and/or can
ionize directly the circumstellar material, which can re-process it via the recombina-
tion and bremsstrahlung acts. Also a conversion of the kinetic energy of particles to
radiation due to shocks can be important mainly at the beginning of explosion, having
pronounced signatures at the hard X-ray domain. On the other hand, the post-outburst
circumstellar material can condense in dust particles, be warmed by the remnant radi-
ation from the exploded object, and thus can re-process it effectively into significantly
longer wavelengths. As a result, the observed spectrum will be composed of different
components of radiation, whose contributions evolve in time and depend of the type
of outburst. Their extraction from the composite spectrum, observed at a given stage
of the outburst evolution, can aid us to understand better the nature of outbursts and
physical processes giving rise the observed result.

In this contribution I will introduce modeling the X-ray–IR SED for two different
types of outbursts. The first one is that of the Z And-type, observed in the light curve of
the classical symbiotic star AG Dra, and the second one is the nova-like outburst pro-
duced by the recurrent symbiotic nova RS Oph. Both types of outbursts are produced
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by the white dwarf (WD) accretor in a symbiotic binary system. The former results
most probably from a transient increase in the accretion rate due to an accretion disk
instability, while the latter is produced by a thermonuclear runaway, when the pressure
at the base of the long-term accreted envelope exceeds a critical value. To point the evo-
lution in the multi-band SED I will present two models for each object corresponding
to different levels of their optical brightness.
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Figure 1. Top: The ‘Z And-type’ of outbursts in the light curve of AG Dra. The
panel shows a detail around the 2003 burst with timing of the XMM-Newton (long
thin lines) and the FUSE (short thick bars) observations. Bottom: Spectral energy
distribution during the burst (left) and quiescent phase (right). Open/filled squares
are the observed/corrected X-ray fluxes. They are in units of erg cm−2 s−1 Å−1.

2. Disentangling the composite spectrum

According to the nature of the objects, which outbursts are the subject to our studying, I
will assume that their composite spectrum within the supersoft X-ray to infrared region,
F(λ), can be compared with the radiation from a hot stellar source, FH(λ), and that from
the irradiated circumstellar matter, FN(λ), which is of nebular nature. Because of the
presence of a cool giant in these systems, its radiation has also to be included. As a
result, their observed spectrum at any stage of their evolution can be expressed as

F(λ) = FH(λ) + FN(λ) + FG(λ). (1)
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For the sake of simplicity, I approximate fluxes from the hot stellar source with a black-
body radiation that is attenuated by bound-free absorptions in the X-ray domain (e.g.
1097) and by scattering on the dust grains from the far-UV spectrum to longer wave-
lengths. To correct the observed X-ray fluxes for absorptions I used the tbabs absorption
model for ISM composition with abundances given by (1103). To approximate the neb-
ular continuum, it is quite satisfactory to assume that the nebular emission is generated
by processes of recombination and thermal bremsstrahlung in the hydrogen plasma,
which radiates under conditions of the Case B. The stellar radiation from the giant
can be estimated by using the optical and near-IR photometric fluxes from quiescent
phase. Then a synthetic spectrum, which matches best the photometric fluxes, defines
the giant’s effective temperature.

Having defined the model SED (Eq. (1)), the measured fluxes, covering the X-
ray–IR range, are used to calculate a grid of models. The best model, i.e. the set
of fitting parameters given by 2 temperatures, effective radius of the stellar source,
emission measure of the nebula and the absorption of the X-ray photons parametrized
by the neutral hydrogen column density NH, is selected from the grid with the aid of a
standard χ2 function (see 1102, for details).
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Figure 2. Top: The BVRC light curves of the recurrent symbiotic nova RS Oph
covering its recent ‘nova-like’ explosion, which occurred on 2006 February 12.83.
Bottom: Spectral energy distribution as measured at the beginning of the outburst, on
day 3.8 (left), and on day 26, when the soft X-rays from the white dwarf penetrated
the CSM to the observer for the first time from the blast.
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3. Z And-type of outbursts

This type of outbursts is observed in light curves of all active symbiotic stars. It is
characterized with a 1-3 mag brightening in the optical, accession to the maximum
lasting from days to a few months and the return to quiescence on around one order
of magnitude longer time-scale. Multiple maxima are often observed. For the purpose
of this contribution I selected the case of AG Dra, because this symbiotics produces a
strong X-ray emission, which amount varies with the star’s brightness. During outbursts
it disappears entirely (1100). AG Dra is a yellow S-type symbiotic binary comprising a
K2 III giant and a WD on a 549-day orbit (1099).

Results of the modeling the supersoft X-ray to near-IR SED of AG Dra during
the maximum of its 2003 burst and the following quiescence are depicted in Fig. 1.
The model shows that the optical bursts are associated to an increase in the nebular
component of radiation and disappearance of the supersoft X-rays. The effect is caused
by the enhanced wind from the hot star, whose particles give rise to the optical bursts by
reprocessing high-energy photons from the Lyman continuum to the optical/UV. This
process also explains the anti-correlation between the supersoft X-ray and optical/UV
fluxes (1102, and references therein).

4. Nova-like outbursts

RS Oph is a recurrent symbiotic nova. Its nova-like outbursts are characterized with the
optical brightening by about 7 mag and the recurrence period of about 20 years. The
binary comprises a K7 III giant and a WD on a 456-day orbit (e.g. 1099). The WD’s
mass is very close to the Chandrasekhar limit (e.g. 1096).

Here I modeled the SED of the RS Oph spectrum at the beginning of its 2006
explosion, on day 3.8, and on day 26, when the soft X-ray radiation from the burn-
ing WD was detected for the first time (1101). At day 3.8, RS Oph was measured
at the Keck Observatory at the N band, from 8 to 12.5 µm (1095). These data were
complemented with photometric fluxes from (1098) and (1094), and a low resolution
spectrum obtained on day 4 (1093). The model SED revealed the presence of a cool,
Th = 6700 ± 200 K, pseudophotosphere with the effective radius, Reff

h = 163 ± 14 R�,
and a strong H I/He II nebular continuum radiation corresponding to the emission mea-
sure of 1.3 ± 0.2 × 1062cm−3. The observed large amount of the nebular emission
excludes a spherically symmetric expansion of the WD pseudophotosphere, because its
low-temperature radiation is not capable of producing the required flux of the ionizing
photons. At day 26, the XMM-Newton spectrum from day 26.20 (Hanke, private com-
munication) was complemented with the IUE spectra from day 26.0 of the 1985 out-
burst, and the multicolour photometry from the literature as for day 3.8. The best model
SED of the X-ray – IR observed fluxes corresponded to NH = 7.4 ± 0.5 × 1021 cm−2,
Th = 310 ± 10 kK and Reff

h = 0.6 ± 0.04 R�. At both days, large quantities of funda-
mental parameters required highly super-Eddington luminosity for the exploding WD
for the distance to RS Oph of 1.6 kpc.
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Prediction of close binarity based on planetary nebula morphology
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Abstract. A thorough search of the OGLE-III microlensing project has more than
doubled the total sample of PNe known to have close binary central stars. These dis-
coveries have enabled close binary induced morphological trends to be revealed for the
first time. Canonical bipolar nebulae, low-ionisation structures and polar outflows are
all identified within the sample and are provisionally associated with binarity. We have
embarked upon a large photometric monitoring program using the Flemish Mercator
telescope to simultaneously test the predictive power of these morphological features
and to find more close binaries. Early results are very positive with at least five bi-
naries found so far. This suggests our method is an effective means to expedite the
construction of a statistically significant sample of close binary shaped nebulae. Such
an authoritative sample will be essential to quantify the degree to which close binary
nuclei may shape PNe.
Keywords. Planetary Nebulae – Binaries

1. Introduction

The pioneering work of H.E. Bond and collaborators (Bond 2000) clearly established
the existence of close binary central stars of planetary nebulae (CSPN). These binaries
evolved through a common-envelope (CE) phase (Iben & Livio 1993) to typically con-
sist of a low-mass, main-sequence companion that orbits around a hot pre-white dwarf
in less than ∼1 day. Termination of the CE phase is marked by the ejection of the CE
to form a short-lived PN (t ∼ 104 years). The presence of a nebula therefore guarantees
a post-CE binary is ‘fresh out of the oven’ and ready for use as an ideal probe of the
poorly understood post-CE period distribution (e.g. Miszalski et al. 2009a). Further-
more, the same sample is uniquely placed to scrutinise theoretical predictions that the
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Figure 1. Discovery timeline of the 40 close binary CSPN known (left) and their
orbital period distribution (right). We have added objects in Tab. 1 and excluded
four objects that require further study: PHR 1744−3355, PHR 1801−2718, PHR
1804−2645 and PHR 1804−2913 (Miszalski et al. 2009a, 2009b).

CE phase produces a density contrast responsible for shaping bipolar nebulae (Bond &
Livio 1990; Miszalski et al. 2009b).

The discovery of many new close binary CSPN is fundamental to develop the full
potential of these powerful probes of CE evolution. A meagre 15 close binary CSPN
were known before 2008 (Fig. 1) leaving their period distribution and the Bond (2000)
10–15% binary fraction rather uncertain (De Marco et al. 2008). Morphological trends
amongst the sample were also somewhat inconclusive with a surprising lack of bipolar
morphologies except for NGC 2346 (Bond & Livio 1990). The paucity of close binaries
may be explained by limitations in the discovery technique used to find them as well as
a general lack of attention to multi-epoch central star studies in the PN literature (the
nebula is the focus of most studies). All of these binaries were discovered by observing
periodic photometric variability caused by irradiation effects, ellipsoidal variation or
eclipses. The method is straightforward in the absence of bright nebulae and is the only
reliable way to find close binaries. Disadvantages include insensitivity to wider binaries
(De Marco et al. 2008) and the sometimes slow survey progress due to the quite varied
orbital period range of hours to days.

2. Advances from the OGLE-III Microlensing Survey

Microlensing surveys are a revolutionary new means to find close binary CSPN. Their
extensive time-series photometry and large areal coverage circumvent most limitations
of previous searches for close binaries. Of the 15 known binaries only Hf 2-2 was dis-
covered in this way (Lutz et al. 1998). Miszalski et al. (2008b, 2009a) conducted the
first detailed study of PNe in any microlensing survey by investigating ∼300 Galactic
Bulge PNe in OGLE-III (Udalski et al. 2002). Beneficial to this work was the inclu-
sion of faint MASH and MASH-II PNe well-matched to the OGLE-III survey depth
(Parker et al. 2006; Miszalski et al 2008a). An unprecedented haul of 21 new periodic
variables were found which gave a close binary fraction of 17±5%. Another major
result is the independent finding that post-CE population synthesis models overpredict



336 B. Miszalski et al.

the observed period distribution in agreement with other studies (Rebassa-Mansergas et
al. 2008; Davis et al. 2010). The vast majority of these new variables have since been
spectroscopically confirmed as CSPN (Miszalski et al. 2009b).

With the enlarged sample came the opportunity to revisit the previously ambigu-
ous observed morphologies of post-CE PNe. The previous lack of canonical bipolars
was altered by the discovery of the first close binary with P < 1 day in the canonical
bipolar PN M 2-19 (Miszalski et al. 2008b). An implication of this discovery is that
the CE phase need not necessarily be avoided to produce a bipolar PN as had been sug-
gested for NGC 2346 (Soker 1997, 1998). With improved images for 30 post-CE PNe
Miszalski et al. (2009b) found ∼30% of nebulae had canonical bipolar morphologies.
If inclination effects are considered, then this may be as high as 60–70%, suggesting
that CE evolution has a strong preference for producing bipolar nebulae. In addition to
the underlying bipolar shape, Miszalski et al. (2009b) recognised the elevated presence
of poorly understood low-ionisation structures (LIS, Gonçalves et al. 2001) in ∼30%
of the sample and suggested they have a binary origin. Figure 2 portrays the two main
types of LIS: (i) a ring or partial ring of knots or filaments (presumably in the orbital
plane), and (ii) the shocked tips of polar outflows or jets (presumably collimated and
ejected by the binary e.g. Nordhaus & Blackman 2006).

Figure 2. Sab 41, NGC 6337 and the Necklace all share rings of low-ionisation
filaments and presumably polar outflows (arrowed). These features are most evident
in [NII] emission (black) against the main nebula bodies in [OIII] (white).

The real test for the trends identified by Miszalski et al. (2009b) comes with addi-
tional observations. The high bipolar fraction is supported by López et al. (2010) who
find the general kinematic signature of a torus in many post-CE PNe. Even though the
sample size of post-CE PNe is still very small, we have since made further discover-
ies that strengthen the trends identified by Miszalski et al. (2009b). Here we describe
our work to specifically target PNe befitting these trends for photometric monitoring.
In other words, we are exploring whether we can predict the presence of a close bi-
nary based on the nebula morphology alone. If confirmed this method offers a way to
simultaneously (a) test the morphological trends of Miszalski et al. (2009b), and (b)
fast-track the discovery of more close binary CSPN!

3. Prediction of close binarity: The case for a morphologically biased survey

With the close binary fraction of 17±5% now well established by the morphologically
unbiased survey of Miszalski et al. (2009a), it would be counterproductive to repeat this
work. Only radically different surveys that target morphologically peculiar sub-samples
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have the potential to accelerate the construction of a statistically significant sample of
close binary CSPN. A significant sample could be drawn from either a volume-limited
sample (e.g. 40–50 PNe expected amongst 200 PNe within 2kpc, Frew & Parker 2007)
or a much larger magnitude-limited general sample (∼> 200 binaries expected). Building
this sample is fundamental to provide the direct evidence needed to resolve the debate
concerning the shaping of nebula morphologies (Balick & Frank 2002). In the short
term the sample may be perceived to be ‘biased’, but as we already have an unbiased
survey in Miszalski et al. (2009a), this is an entirely justified sacrifice to make in
order to accumulate enough objects suitable for detailed physical study (e.g. Mitchell
et al. 2007; Jones et al. 2010) and to search for other trends (e.g. are nebula or torus
dimensions correlated with CE ejection efficiency, mass or orbital period?). As a matter
of course non-detections will contribute to an important control sample.

4. Mercator observations

We have applied our survey strategy to Northern PNe accessible from La Palma with the
1.2-m Flemish Mercator telescope. During an 11 night run starting 24 August 2009 we
targeted ∼20 PNe that fit the trends identified by Miszalski et al. (2009b). Full details of
all objects monitored will be published elsewhere pending analysis of additional 2010
data. The results of our survey were overwhelmingly positive with ∼70% of targets
showing variability of some kind, of which five were found to be periodic proving their
binary nature. The basic details of these binaries are given in Tab. 1 and Fig. 3 shows
lightcurves of four from 2009. Two of these, the Necklace (Fig. 2) and ETHOS 1, were
selected for their impressive jet systems. Hen 2-428 was selected based on its canonical
bipolar morphology and suspicions of binarity (Rodrı́guez et al. 2001), while Te 11
was selected because of its extremely peculiar morphology (Jacoby et al. 2010). A
discovery from our 2010 run, NGC 6778, is also mentioned since its underlying bipolar
morphology, pair of jets and extensive LIS filaments (Miranda et al. 2010) make it an
exemplary supporting case.

Table 1. Recently discovered close binary central stars.
PN G Name Period References

(days)
034.5−06.7 NGC 6778 0.15 (1), (2)
049.4+02.4 Hen 2-428 0.18 (1), (3)
054.2−03.4 Necklace 1.16 (1), (4)
068.1+11.0 ETHOS 1 0.53 (1), (5)
203.1−13.4 Te 11 0.12 (1)
221.8−04.2 PHR 0654−1045 0.63 (6)
316.7−05.8 MPA 1508−6455 12.50 (7)
349.3−04.2 Lo 16 0.49 (8)

(1) this work; (2) Miszalski et al. in prep.; (3) Santander-Garcı́a et al. 2010; (4)
Corradi et al. 2010a, 2010b; (5) Miszalski et al. 2010b; (6) Hajduk et al. 2010; (7)
Miszalski et al. 2010a; (8) Frew et al. in prep.
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Figure 3. Lightcurves of the 2009 Mercator discoveries. The Necklace and Te 11
lightcurves include some additional photometry from the Isaac Newton Telescope.

The most significant aspect of the Necklace, ETHOS 1 and NGC 6778 is the com-
bination of jets and a binary nucleus. These outflows were likely ejected as part of CE
interactions that in some cases could be dynamo driven (Nordhaus & Blackman 2006).
Emission line ratios of the ETHOS 1 jet tips closely match the FLIERS in NGC 7009
and agree well with predicted ratios of shocks in strongly photoionised environments
(Dopita 1997; Raga et al. 2008). Are all FLIERS launched by binaries or could they be
produced by other mechanisms? Only with surveys such as ours can we start to answer
this longstanding question (Soker & Livio 1994).

Also listed in Tab. 1 are some other pertinent close binary discoveries made re-
cently. PHR 0654−1045 is exceptional since its [WC7] nucleus seems to be the only
close binary with a [WR] component (Hajduk et al. 2010). The frequency of close bi-
naries with [WR] components is unknown since the fractions of Hajduk et al. (2010) in-
clude very undersampled lightcurves and they did not consider the indeterminate binary
status of most [WR] sources in OGLE-III as many have very bright nebulae (Miszalski
et al. 2009a). We also added MPA 1508−6455 from Miszalski et al. (2008a, 2010a)
and Lo 16 whose binary status was announced by D. J. Frew at the MASH workshop
(Parker 2010). Together with NGC 6778, Lo 16 fits the pattern of Fig. 2 exceptionally
well (Frew & Parker 2007; Frew et al. in prep.).

5. Conclusions

We have begun to test whether the provisional morphological trends identified from a
sample of 30 post-CE PNe by Miszalski et al. (2009b) are associated with binarity.
These include canonical bipolar nebulae, low-ionisation structures and polar outflows.



Prediction of close binarity 339

Photometric monitoring of a biased sample of Northern Galactic PNe with the Flemish
Mercator telescope has found at least 5 new close binary CSPN. New PNe surveys are
essential to this effort as 3/5 were only discovered in 2009. All have a bipolar mor-
phology, polar outflows or jet systems appear in 3/5, while 2/5 show low-ionisation
filaments. These results are most encouraging and suggest that with further observa-
tions we can dramatically increase the known population of post-CE PNe in less time
than traditional surveys. Only with a statistically significant sample of post-CE PNe
can we begin to assemble the direct evidence needed to resolve the debate surrounding
the shaping of PNe (Balick & Frank 2002).

Acknowledgments. BM kindly thanks the SOC for an invited talk. The team
wishes to thank Hans Van Winckel for his enthusiastic interest in our project.
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The kinematics and morphology of PNe with close binary nuclei
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Abstract. We have obtained images and long-slit, spatially resolved echelle spectra
for twenty four planetary nebulae (PNe) that have confirmed close binary nuclei. The
sample shows a variety of morphologies, however toroids or dense equatorial density
enhancements are identified, both in the imagery and the spectra, as the common struc-
tural component. These toroids are thought to be the remnant fingerprints of the post
common envelope phase. Based on the characteristics of the present sample we suggest
a list of additional PNe that are likely to host close binary nuclei.
Keywords. Planetary nebulae – Binaries

1. Introduction

The presence of fast, collimated, bipolar outflows or jets, and point-symmetric and
poly-polar structures in PNe has led for nearly two decades to the suggestion that close
binary nuclei should be playing a decisive role in their formation and shaping (e. g.
Soker & Livio 1994). Furthermore, evolution paths and population synthesis calcula-
tions critically depend on the actual ratio of binary to single core PNe. However, find-
ing these binary systems has proven to be an observational challenge, but after years of
dedicated efforts a list of PNe with reasonably confirmed close binary nuclei has been
gradually obtained and this has been nicely summarized by De Marco (2009) and ref-
erences therein. With this group of identified targets available we set out to investigate
its detailed morphological and kinematical characteristics.

2. Observations

High-resolution spectroscopic observations and monochromatic images were obtained
at the Observatorio Astronómico Nacional at San Pedro Mártir (SPM), Baja Califor-
nia, México and at the Anglo-Australian Observatory. The observations were obtained
with the Manchester Echelle Spectrometer (MES-SPM) on the SPM telescope and with
UCLES on the AAT for the southernmost targets. In both cases we used a 90 Å band-
width filter to isolate the 87th order containing the Hα and [N II] λλ 6548, 6584 Å,
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nebular emission lines. The SPM spectra have a projected slit length of 5.′32 on the sky
and those from UCLES approximately one arcmin. In both cases the spectral resolution
is ∼ 11 km s−1. For the SPM targets we also used MES in its imaging mode to obtain
monochromatic images. An additional source of high quality images has been provided
by the web based planetary nebulae image catalogue (PNIC) compiled by Bruce Bal-
ick (www.astro.washington.edu/users/balick/PNIC/) and its modified version by Brent
Miszalski (www.aao.gov.au/local/www/brent/PNIC/).

3. The sample

The twenty four PNe observed in our sample are listed below, grouped by their main
large-scale morphology, those marked with an asterisk (*) contain collimated bipolar
outflows.

• Ring, Toroid, Cylindrical : NGC 6337*, Hf 2-2, M 3-16, NGC 6026, A 63*, A
46, A 65, Sp 1, SuWt 2, NGC 2438, Ha Tr 4.

• Elliptical with marked equatorial density enhancements: A 41, H 2-29, M 2-19,
H 1-33.

• Bipolar: PN G 136, NGC 2346, K 1-2*.

• Irregular, Diffuse, Double Shell, Filamentary Bubble: Ds 1, Lo Tr 5, Lo Tr 1,
NGC 1514, HFG 1, A 35.

The first group comprises 46% of the sample, whereas the second group 17%, the
third 12% and the fourth 25%. It is clear that this is a mixed sample and prone to the
uncertainties of small numbers statistics. Yet this sample seems strongly dominated
by rings, toroids, cylindrical shapes and pronounced equatorial density enhancements,
somehow in contrast with the expectations for this particular group as described in the
introduction. These results agree with those from Frew and Parker (2007) derived from
a smaller sample. Long-slit spectra serve as an excellent tool to unveil the presence of
collimated outflows and also toroidal or ring-type structures from the additional infor-
mation provided in the emission line profiles (see Figure 1). The kinematics of these
PNe does not show particularly high expansion velocities, they all seem rather stan-
dard, with expansion velocities of the order of Vexp = 30 ± 5 km s−1. Only three
members of this sample are known to host bipolar, collimated outflows, NGC 6337, A
63 and K 1-2, being NGC 6337 the most complex one (Garcı́a-Dı́az et al. 2009). Other
examples of this group have been discussed during this meeting, such as Hen 2-428
(Santander-Garcı́a et al. 2010) and the Necklace nebula, (R. Corradi et al. 2010), both
are dominated by toroidal structures at the equator, in the latter a collimated bipolar
outflow has also been found.

4. Discussion

From a similar sample, Miszalski et al. (2009) consider that PNe with close binary
nuclei show a clear tendency for bipolar shapes once inclination effects are taken into
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Figure 1. Examples of images and long-slit spectra for three PNe with close bi-
nary nuclei. The location of the slits is indicated on the image for each object. NGC
6337 is shown in the top panel. This nebula is dominated by a ring structure which is
clearly replicated in the spectra. This object also has a complex collimated outflow.
In the middle panel is Hf 2-2 that also shows clearly the toroidal structure in the im-
age and the spectra from both slits. The bottom panel shows NGC 2348 deliberately
in an image from the digital sky survey that only shows a filled envelope, this case
exemplifies how the ring structure is clearly revealed again in the long-slit spectra.

account. The present sample size does not allow yet to draw firm conclusions on the
influence of close binary nuclei on the shaping and evolution of PNe. New members
of this group are currently being actively sought with modern techniques and it is an-
ticipated that many more members of this group will be found in the near future. From
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the diversity of the members studied in the present sample it can only be expected that
more PNe within the categories described above will accumulate until a clearer trend
coupled to a better understanding of the binary interaction processes on the shaping
mechanisms of the PN can be envisaged.

For the moment, the simplest interpretation to the present results is to assume
that PNe with close binary nuclei are post common envelope systems that have pre-
dominantly ejected the primary’s envelope along the equatorial plane, producing the
equatorial density enhancement or toroidal structures observed. Gravitational focusing
along the equator from a close low-mass companion can also play an important role,
(see e.g. the review by Podsialowski (2007) and Nordhaus, Blackman & Frank (2006)).
Once the toroid is formed, at the early stages of PN evolution, the fast isotropic stellar
wind is deviated towards the polar regions. Depending on the amount of envelope mat-
ter that has been deposited on the equator (i.e. the efficiency of the envelope ejection)
the resultant main morphology will appear as toroid-dominated, elliptical with a thick
waist or bipolar, with the first two gradually evolving towards the latter as a function of
time. It is important to note that under this interpretation the common envelope process
is mainly responsible for distributing the isotropic envelope over the equator producing
the toroidal structures, not an axisymmetric (e.g. bipolar) nebula per se. This large-
scale mechanism does not consider the production of fast, bipolar, collimated outflows
or point-symmetric and poly-polar structures that must be formed through additional
processes, that are also likely related to detailed conditions of the binary nature, its
mechanism of interaction and the presence of collimating magnetic fields. Thus for a
better evaluation and prediction of the likely effects of binary nuclei on PNe shaping
we need a larger sample of confirmed close binary nuclei. Additionally, we need a
much better understanding of the detailed outcome of the common envelope process as
a function of mass ratio and its dependency on the moment at which this happens during
the system’s evolution. We also need a better understanding of the shaping effects on
the nebula by wider binaries, e.g. Frankowski & Jorissen (2007). For the time being,
if the characteristics of the members in the present sample are indeed indicative of the
likely presence of close binary nuclei, we suggest to study the following candidates: K
1-9, A 13, Lo 18, SuWt 3, A 47, He 2-70, Hf 4, He 2-163 and Al 1.
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Abstract. We present the first detailed spatio-kinematical analysis and modelling
of the planetary nebula Abell 41, which is known to contain the well-studied close-
binary system MT Ser. This object represents an important test case in the study of the
evolution of planetary nebulae with binary central stars as current evolutionary theories
predict that the binary plane should be aligned perpendicular to the symmetry axis of
the nebula.

Longslit observations of the [Nii]6584 Å emission from Abell 41 were obtained
using the Manchester Echelle Spectrometer on the 2.1-m San Pedro Mártir Telescope.
These spectra, combined with deep, narrowband imagery acquired using ACAM on
the William Herschel Telescope, were used to develop a spatio-kinematical model of
[Nii]6584 Å emission from Abell 41. The best fitting model reveals Abell 41 to have a
waisted, bipolar structure with an expansion velocity of ∼40 km s−1 at the waist. The
symmetry axis of the model nebula is within 5◦ of perpendicular to the orbital plane of
the central binary system. This provides strong evidence that the close-binary system,
MT Ser, has directly affected the shaping of its host nebula, Abell 41.
Keywords. Planetary nebulae – Binaries

1. Introduction

Abell 41 (PN G009.6+10.5, α = 17h29m02.03s, δ = −15◦13′04.4′′ J2000), discovered
by (1159), was classified by Bond & Livio (1162) as elliptical under the classification
scheme of Balick (1160). However, deeper Hα+[Nii]6584 Å imagery reveals “that the
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Figure 1. A deep ACAM-WHT image of A 41 in the light of [Nii]6584 Å showing
the positions of the 5 MES-SPM longslits.

nebular morphology exhibits an ‘H’ shape with the addition of fainter material forming
a continuous loop” (1173).

Photometric analysis of the central star of the planetary nebula (CSPN), MT Ser,
revealed it to be a close binary, showing minima at regular intervals of 2h43m (1164).
Bruch et al. (1163) confirmed the binary nature of MT Ser but were unable to accurately
determine its orbital parameters because they found two different models which fit the
observed data. (a) The binary consists of a hot sub-dwarf and a less evolved secondary,
in which case the period is 2h43m and the variations are due to a reflection effect (incli-
nation, i = 42.52◦±1.73◦). (b) The binary consists of two evolved, hot sub-dwarfs with
a period of 5h26m where the variability results from partial eclipses and ellipsoidal vari-
ations (i = 65.7◦±0.9◦). They determined the optimum parameters for each model, but
concluded that only radial velocity observations would be able to distinguish between
the two. Subsequent observation and modelling by Shimanskii et al. (1174) confirmed
the presence of two sub-dwarf components, but gave no independent confirmation of
the orbital inclination. Only the second model of Bruch et al. (2001, i = 65.7◦±0.9◦) is
consistent with photometric observations and the detection of two hot sub-dwarf central
stars, indicating that this is the most reliable model of the CSPN.

In these proceedings we present a spatio-kinematic model, derived from longslit
spectroscopy and narrowband imaging, with the aim of understanding the relationship
between the nebula and MT Ser. A more complete discussion of this work can be found
in (1168).

2. Spatio-kinematic modelling

Spatially-resolved, high spectral-resolution echelle spectroscopy of the [Nii]6584 Å
line acquired using the Manchester Echelle Spectrograph on the 2.1-m San Pedro Mártir
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Figure 2. The synthetic shape model for the [Nii]6584 Å emission from A 41.

telescope (MES-SPM, Figure 1), in combination with deep narrowband imagery ob-
tained using ACAM on the 4.2-m William Herschel Telescope (WHT-ACAM), have
been used to develop a spatio-kinematic model of A 41. The modelling was performed
using shape (1175). Further details of the observations and modelling process are found
in Jones et al. (1168).

This best fit model comprises a bipolar shell waisted by an equatorial ring with an
expansion velocity of ∼40 km s−1. The model nebula is slightly asymmetric in that the
northern lobe is shortened by 15%, has a narrower opening angle and has a slight shear
with respect to its southern counterpart. No symmetric model could be found which
reproduced the observed PV arrays. The nebular inclination angle, as defined by the
un-sheared southern lobe, is determined to be 66◦ ± 5◦, in excellent agreement with the
inclination of the CSPN (see section 1). The model nebula is shown at the observed
orientation in Figure 2. The synthetic position-velocity arrays can be found, along with
their observed counterparts, in Jones et al. (1168).

2.1. Systemic velocity and kinematical age

Comparison of synthetic model spectra to their observed counterparts provides an un-
ambiguous measure of the nebular systemic heliocentric radial velocity (Vsys), unaf-
fected, for example, by brightness variations or nebular asymmetry (1167). Using our
best-fit model, Vsys is determined to be 30 ± 5 km s−1 in good agreement with the value
of 30 km s−1 determined by Beaulieu et al. (1161).

The nebular expansion velocity, determined by the kinematical modelling, can be
used to calculate a kinematical age for the nebula. This, however, requires the distance
to the nebula to be known. The distance to A 41 is a matter of some debate with values
in the literature ranging from ∼1 kpc (1164) up to 9.0 ± 0.4 kpc (1174), this probably
results from the notorious variation in results from different methods of distance deter-
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mination (see e.g., 1165). Therefore, rather than favour one particular distance estimate
over another we quote a kinematical age per kiloparsec of ∼ 800 years kpc−1.

3. Conclusions

Using high-resolution longslit spectroscopy and deep imaging, a spatio-kinematical
model of A 41 has been developed which clearly shows that the nebula is aligned
with the binary central system exactly as predicted by current theories of PN shap-
ing by binary CSPN. This is only the second nebula to have this link observationally
constrained (after A 63, 1172). The kinematical data confirm A 41 exhibits a waisted,
bipolar structure, with some small deviations from perfect axisymmetry. The presence
of an equatorial ring is also confirmed, adding further weight to the link between ring
structures and central binary stars as commented on by Miszalski et al. (2009, 2010)
and López et al. (1169).

Further kinematical investigations, such as this and others presented in these pro-
ceedings (e.g. 1166, 1176), coupled with in-depth studies of the CSPN of other PNe
with confirmed close-binary CSPN, are necessary to investigate the full extent of the
influence of central star binarity on PN nebular shaping. Only once a significant sta-
tistical sample has been acquired can generalisations be made about the role of CSPN
binarity in PN evolution.
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Abstract. We present the discovery of a new planetary nebula from the IPHAS
survey. The remarkable morphology of its inner regions, which display a bright knotty
ring surrounded by high excitation gas, led to the object’s nickname, the “Necklace
nebula”. The finding of a binary central star with an orbital period of 1.16 days makes
it a new clear example of strongly aspherical mass deposition - both in the form of a
slow equatorial outflow and fast polar ejections - resulting from the common-envelope
phase.
Keywords. Planetary nebulae – Binaries

1. IPHAS and planetary nebulae

A large number of new planetary nebulae (PNe) are being discovered by the Hα CCD
imaging survey of the Northern Galactic Plane (IPHAS, Drew et al. 2005). The IPHAS
candidate PNe are selected among other ionized nebulae mainly according to their mor-
phologies and lack of a clear association with star forming regions. As expected, the
new IPHAS PNe are generally low surface brightness nebulosities that escaped detec-
tion in previous explorations of the Milky Way. This is why one is happily surprised
(and often irresistibly captivated) when relatively bright nebulae are found. Examples
are the so-called “Princı́pes de Asturias” PN (IPHASXJ012507.9+635652, Mampaso
et al. 2006) and the “Necklace” nebula (IPHASXJ194359.5+170901). Both are bright
enough to be easily seen in the sky maps of Google Earth (produced from the DSS
plates) with distinctive orange and blue colours, respectively.

The Necklace nebula was found on the IPHAS plates by one of us (LS) in 2006:
fascinated by its morphology, we collected over the following years new data aimed
at investigating its nature and properties. We present in the following a summary of
its most remarkable characteristics, referring the reader to the article by Corradi et al.
(2010) for further details.

An image of the Necklace nebula is presented in Fig. 1. The nebula consists of
a bright, high-excitation inner body, inside which a well-defined ellipse of knots is lo-
cated. This ring is most visible in low-ionization [N II] light. Faint lobes extend in
the perpendicular directions and culminate in low-ionization caps. Study of the kine-
matics of the nebula demonstrates that the knotty ellipse (“the necklace”) is indeed a
circular ring inclined at ∼59 degrees to the plane of the sky, and expanding at a speed
of 28 km s−1. The polar caps recede from the central source at a speed of around
100 km s−1. The main nebula is of very high excitation (He II4686 is stronger than
Hβ), most of its oxygen being in ionization stages higher than O2+. Abundances are
standard for PNe.

2. The binary central star of the Necklace nebula

The morphological characteristics of the Necklace nebula, and in particular the high
velocity polar caps and the inner ring, made it a prime target in our morphology-based
search for binary central stars of PNe (see Miszalski et al. 2010 and Santander–Garcı́a et
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Figure 1. Image of the Necklace nebula from the 2.6m Nordic Optical Telescope
(courtesy of Daniel Lopez, IAC). The field of view is 150x150 arcsec2. North is up
and East left. The blue colour is a combination of Hα and [O III]5007 images, the
red colour is [N II]6583.

al. 2010). It was then included in our photometric monitoring program at the 1.2m Mer-
cator and other telescopes in the Canary Islands. The i-band lightcurve, presented in
Fig. 2, shows a clear and ample sinusoidal modulation over a 1.16 days cycle, that
we ascribe to strong irradiation by the hot PN core of the facing side of a cool nearby
companion. This is confirmed by the spectrum of the central star, which displays typi-
cal irradiation features such as narrow C III, C IV, and N III emission lines, as well as
broader lines from a flat H I Balmer sequence in emission, over a warm (6000-7000 K)
continuum.

Thus, the Necklace nebula is another clear demonstration of the ability of post-
common-envelope (CE) binaries to produce highly aspherical nebular geometries. In
this case, most of the mass is lost in an equatorial (the orbital?) plane, but fast gas
ejections in the polar directions are also produced. It is plausible that the equatorial
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outflow forming the ring of knots is the result of the envelope ejection at the end of the
short CE phase, while the polar caps are collimated mass loss from an accretion disc
around the secondary star prior to the CE phase, but other interpretations are possible
(see Corradi et al. 2010). In any case, the well-defined geometry and kinematics of
the Necklace nebula make it an excellent target for detailed study of the relationship
between central star binarity and PN shaping, one of the main topics of this series of
conferences.

Our first next step will be to determine more orbital parameters by means of a
radial velocity study of the stellar components. As high-resolution spectroscopy of
such faint stars require 8m class telescopes, international collaborations as proposed
during the group sessions in the last two days of APN5 might help a lot to accomplish
the goal. Thanks to all the organizers, and especially to Orsola De Marco and Bruce
Balick, for promoting such a nice experience that we hope will be repeated in the next
APN conferences.

Figure 2. SDSS i-band light curve of the Necklace nebula, folded on the computed
orbital period of 1.16 days. Figure adapted from Corradi et al. (2010)
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Abstract. Multi-epoch HST images have been obtained for the pre planetary nebulae
CRL618, CRL2688, and Hen3-1475. Each object shows clear and idiosyncratic expan-
sion patterns. CRL618 consists of several well defined fingers with sharp tips. The
lengths of the tips have increased by identical factors, ∼7%, over the course of seven
years, suggesting a common expansion age of 100 years. The corresponding proper
motions range up to ∼400 km s−1 assuming a distance of 900 pc. Trailing filaments
of starlight-scattering dust expand at a far lower rate, ∼1–2%, in the same time. The
bright lobes of CRL2688 expand uniformly at a rate of 2.6% in seven years, suggesting
a brief ejection 250 y ago. Surprisingly, the set of concentric and nearly circular arcs
that surround the lobes also expand uniformly, but at a third of the rate of the lobes.
Thus it appears that the arcs were all formed in a brief event 750 years ago rather than
episodically over several hundred years as is commonly believed. Finally, Hen3-1475
shows two expanding components. The first consists of a symmetric pair of two large
arcs of dust extending over 5000 AU on opposite sides of the nucleus that expand ra-
dially and uniformly at 2% per decade (assuming a distance of 5 kpc). This implies
speeds at the leading edge of the arcs as high as 1000 km s−1. The second component is
pairs of bright knots seen best in emission-line images. These move along and through
the dust arcs at even higher proper motions leaving no disturbances in their wakes. The
innermost pair of knots is being launched from the tips of a pair of narrow emission-line
cones that straddle the nuclear region and whose base seems anchored to the nucleus.
Keywords. Planetary Nebulae – Stars: evolution

1. Introduction

The partial resolution of the Hubble Space Telescope enables structural changes to be
monitored in nearby planetary nebulae (“PNe”) and prePNe over the course of a decade.
The observable proper motions form a valuable new type of data set that can be used to
evaluate the predictions of hydrodynamic models of nebular evolution.
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We have repeated previous observations of the prePNe CRL618, CRL2688, and
Hen 3-1475 using the same filters and about the same S/N using Wide Field Camera
3 (“WFC3”). Each target shows clear and highly idiosyncratic expansion patterns that
are presented here for the first time.

The most recent epoch of observations were obtained in August 2009 using the
newly installed Wide Field Camera 3 (“WFC3”) in the Hubble Space Telescope. The
data are excellent in quality. Our processing of the images was delayed until the most
accurate geometric distortion corrections for the camera were released in March 2010
since such corrections are vital for comparing the new images with those from older
cameras on HST.

2. Observations and Analysis

Our Cycle 17 observations were patterned after previous images in the HST archives
dating back to 1996. We used the same filters and exposed to approximately equal S/N
noise levels. OH231.8+04.2 (QX Pup) was a fourth target; however, the S/N of our
exposures was not adequate to reliably monitor changes in its structure.

Once high-quality geometric distortions were obtained for WFC3 we worked with
Drs. Max Mutchler and Howard Bushouse of STScI to recalibrate all of the images
from every epoch using the most recent camera calibration files for WFPC2, ACS, and
WFC3. The resulting sets of images were divided into sets, one each for every target
and matched filter. The sets of images were spatially aligned. In order to correct for
various camera-filter throughput efficiencies, we renormalized the image intensities to
match the fluxes of the three brightest field stars. The “signal” of change was generated
by subtracting all pairs of images within the set. Changes were obvious in both the
nebular structure and the surface brightnesses.

The changes appear, at first glance, to be dominated by radial expansions about
the nebular center. Thus we adopted an analysis procedure that makes the initial and
very simple assumption that the overall expansion is uniform in which the magnitude
of proper motion of every feature scales with the offset of the feature from the nebula
center. Deviations from this assumed pattern will be visible in the image residuals after
we applied the method of analysis that we describe next.

The earliest of the two epoch was magnified by an amount 1 + M, where M is the
structural scale increase over the time interval between image epochs. M was varied
by trial and error until the difference image showed minimal systematic residuals. In a
few cases we had to spatially shift one of the images by a small fraction of a pixel to
best null the difference image. This showed that field stars were highly unreliable
spatial fiducially over the course of a few years since their motions were both random
and secular, the latter being the possible result of the proper motion of the target. In
order to get a flat null difference it was often necessary to multiply the intensities of the
earlier image by factors as large as 1.05. These changes are probably real since they
differed from object to object but not from filter to filter. All of the results below are
new and still subject to critical evaluation. An uncertainty analysis is in progress.
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3. Results

3.1. CRL618

The first-epoch images in the HST archives consist of narrow-band F631N, F656N, and
F673N images and F547M from 1998-10-23 and a very deep wideband F606W image
obtained 2002-07-30 using the high-resolution camera in ACS. F547M is dominated by
dust-scattered stellar light. The F606W filter passband includes a series of red emission
lines as well as continuum. The new WFC3 images were obtained on 2009-08-07 in
F656N, F658N, F673N, F953N, F547M, and F606W. The F953N filter is dominated by
light from the central star which is otherwise very faint or undetected in bluer filters.
We find that the F658N and F656N (Hα) images are very similar expect that F656N
contains bright scattered stellar Hα emission near the center of CRL618.

The overall expansion pattern of CRL618 is best traced using the F656N expo-
sures from 1998 and 2009 and the F606W filter image from 2002. Five thin finger-like
features dominate the nebular structure (three on the east side and two on the west).
Each of the fingertips increased their radial distance from the nebular center by 7% in
seven years. Thus their expansion age is ∼100y. At the distance of 900 pc to CRL618,
the tips furthest from the center, 8′′ or 7000 AU, have proper motions corresponding to
∼ 500 km s−1.

The tips of the fingers are associated with shocks with speeds of 75–200 km s−1

(Sánchez-Contreras & Sahai 2004) that are seen as knots of Hα and [NII]. The knots
appear to fade and reappear at larger distances when images from 1998, 2002, and 2009
are made into a movie. The timing of fading and reappearance of the tips is different in
each finger. [SII] and [OI] form into a network of filaments that fill the fingers behind
the fingertips, as expected for post-shock gas. Their recombination times are thus well
in excess of 100y, suggesting that their density < 100 cm−3. The network of filaments
expands uniformly at a rate of ∼2% in seven years, so the filaments do not keep pace
with the knots. This is predicted in the hydrodynamic models of Dennis et al. (2008).

3.2. CRL2688

CRL2688 consists of a pair of bright dusty lobes with an orthogonal lane of deep ex-
tinction that hides the central star at visible wavelengths. In H2 the dark lane is seen
to consist of finger-like features that resemble those in CRL618. Outside the lobes
and the fingers are a variety of concentric filaments shaped like circle segments with
regular separations and often called “rings”. The rings are believed to be the result of
episodic mass loss during the AGB ascent, though we shall argue against this interpre-
tation shortly. All of the visible light is dust-scattered starlight. Correspondingly, our
images were obtained through the same wide-band filters used for earlier images found
in the HST archives, F606W and F814W.

The lobes and the surrounding rings are sharply delineated. Blinking the images
from various epochs shows a clear large-scale expansion pattern. We have magnified the
deep, high-spatial resolution ACS-HRC F606W images of 2002 and subtracted them
from the 2009 WFC3 images through the same filter. The lobes vanish in the differ-
ence images when the 2002 image is magnified by factor of 1.026 and its intensities
are scaled by 20%. Thus the lobes appear to have been formed 250y ago in a brief
event. Similarly, the concentric arcs disappear with a magnification factor of 1.009 and
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intensity scaling of 1.15 (a ring of radius of 5′′ has a proper motion of 14 km s−1). We
will be analyzing the HST data more carefully to see if the standard model of repeated
ejections is more consistent with the observations.

WFPC2/WF images of CRL2688 date as far back as 1995. Although a pattern of
expansion is plainly visible over 14 years, the poor PSF of the images yields consistent
but more uncertain results than those reported here.

3.3. Hen 3-1475

Hen3-1475 is one of the most enigmatic nebulae, and its identification as a pre-PN is
not grounded in hard facts. Distance estimates range from 5 kpc (Riera et al. 1995) to
8 kpc (Borkowski & Harrington 2001; “BH01”). BH01 argue that at the far distance
Hen3-1475 is located in the bulge where its luminosity is far too large to be a PN pre-
cursor with a typical mass. In any case the morphology of the core of the nebula bears
a remarkable resemblance to OH231.8+04.2 and M1-92, so the physical processes that
collimate the outflow may share similarities other than scale. The outflow from the nu-
cleus consists of an extensive and sinewy ensemble of cloudlets that are very prominent
in continuum images suggesting that they are seen in scattered starlight. The outermost
of these cloudlets have proper motions of ±500 km s−1 relative to the core.

Two sets of small knots identified as I–I′ and M–M′ by BH01 are seen most promi-
nently in emission-line filters. Two thin emission-line thin cones that appear like “wish-
bones” emanate from the core of Hen3-1475 with their apex pointed outward. The tip
of the northwest wishbone is coincident with a compact x-ray source.

After just three years of imaging and despite its distance, Hen3-1475 shows knots
with proper motions of ∼0.1 mas y−1 (BH01). Our 13-year time baseline reveals a great
amount of detail in structural changes within the nebula. For example, the entire ensem-
ble of dust-scattering cloudlets expands uniformly at a rate of 2% per decade, implying
a kinematic age of ∼500 y. The pair of inner knots at or near the tips of the wishbones, I
and I ′, show no measurable proper motions whatsoever. Instead they brighten and fade
in a manner suggesting that some non-radiating form of energy released from the core
has traveled outward along or within wishbone, exciting the ambient gas in the process.
That is, we may be witnessing the propagation of a disturbance rather than true motions
(BH01). On the other hand, studies of the Doppler shifts in the immediate vicinity of
I and I ′ show a sudden velocity drop by ∼800 km s−1 beyond the tip of the wishbone
(BH01), as if mass at high speeds abruptly decelerates, dumping its mechanical energy
into heat or light.

The next larger set of knots called M and M′ by BH01, are spatially resolved in
all epochs. These knots are clearly changing their shape and size over time. M and
M′ move relatively slowly along and through the ensemble of cloudlets. They seem to
move relatively slowly the outflowing dust cloudlets at their location, possibly shock-
exciting local gas in the process.
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The Expanded Very Large Array and Observing AGB Stars, pPNe
and PNe

Mark J Claussen
National Radio Astronomy Observatory, 1003 Lopezville Road, Socorro, NM
87801 USA

Abstract. The Expanded Very Large Array (EVLA) is beginning to come on-line,
with early science observations begun in March 2010. I describe and extol the charac-
teristics of the EVLA as it pertains to the Asymmetric Planetary Nebulae. In doing this,
I will also report on the how the science commissioning of the EVLA is progressing
and how the commissioning effort is organized around what we call Open and Resident
Shared Risk Observing. The ten times increase in continuum sensitivity of the EVLA
over the VLA will enable many new, exciting observations on AGB stars, pre-planetary
nebulae, and planetary nebulae. Although the sensitivity of spectroscopy will not be
improved by the EVLA over the VLA, many exciting projects will be opened up be-
cause of the large simultaneous bandwidths and many spectral channels of the EVLA,
as compared with the VLA.
Keywords. Planetary nebulae – Interferometry

1. The EVLA Project

The Expanded Very Large Array (EVLA) is a 90M USD upgrade of the Very Large
Array, begun in 2001. It will be completed in 2012, on time, on specifications, and on
budget. The EVLA will multiply by orders of magnitude the observational capabilities
of the the VLA. The key goals are:

• Full frequency coverage from 1 to 50 GHz.

• Up to 8 GHz (per polarization) instantaneous bandwidth.

• A new correlator with unprecedented capabilities.

• ∼3 µJy (1σ, 1 hour) point-source continuum sensitivity over most of the fre-
quency range.

• ∼1 mJy (1σ, 1 km s−1, 1 hour) line sensitivity over most of the frequency range.

Figure 1 shows a table of overall performance goals for the EVLA.
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Parameter VLA EVLA Factor

Continuum Sensitivity (1-σ, 1 hr.) 30 µJy 3 µJy 10 

Maximum BW in each polarization 0.1 GHz  8 GHz 80 

# of frequency channels at max. BW 16 16,384 1024 

Maximum number of freq. channels 512 4,194,304 8192 

Coarsest frequency resolution 50 MHz 2 MHz 25 

Finest frequency resolution 381 Hz 0.12 Hz 3180 

# of full-polarization spectral windows 2 64 32

(Log) Frequency Coverage (1 – 50 GHz) 22% 100% 5 

Figure 1. The performance goals of the EVLA as compared with the VLA.

2. EVLA Milestones and Growth

As of fall 2010, all twenty-eight antennas have been mechanically and digitally con-
verted to EVLA standards. The final antenna was completed in May 2010. The VLA
correlator was shut down on January 11, 2010, and the new EVLA correlator was awak-
ened in mid-February. The new correlator, which makes using the broad bandwidths
(and lots of spectral channels) possible, is the Wideband Interferometric Digital Archi-
tecture (WIDAR) correlator, which was contributed directly by the EVLA’s Canadian
partners at HIA/DRAO. Scientific commissioning of correlator modes began in earnest
soon after the turn-on, and commissioning began with work on 1 - 2 GHz bandwidths
using 8-bit high-speed samplers.

Two “early science” programs called Open Shared Risk Observing (OSRO) and
Resident Shared Risk Observing began in March 2010, and will continue through the
end of the construction project (end of CY 2012). Further details on these programs
will be given below. The full bandwidth of the EVLA (8 GHz per polarization) requires
high-speed, 3-bit samplers; prototypes of these samplers are currently (fall 2010) being
tested on four antennas of the array. We expect that the production 3-bit samplers will be
available on all antennas of the array in mid-to-late 2011. The receiver implementation,
which includes wide-band receivers for all frequency bands, and also two completely
new receiver systems (2 - 4 GHz and 26.5 - 40 GHz) should be completed by the end of
2012. Figure 2 shows a graphical timeline of the EVLA wideband receiver availability.
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Figure 2. EVLA Wideband Receiver Availability. Note that this plot does not
show 18 - 26.5 GHz (K band) or 40 - 50 GHz (Q band) as both those receiver bands
were available as soon as the antennas were outfitted as EVLA antennas (i.e. all
antennas already have those receivers).

2.1. The WIDAR Correlator

The WIDAR correlator, the heart of the EVLA project, is a 10 petaflop special-purpose
computer, and was designed and built by the Canadian HIA/DRAO. The major capa-
bilities of this fantastic machine are:

• 8 GHz instantaneous bandwidth, with full polarization.

• 16384 minimum, 4.2 million maximum frequency channels.

• 64 independently tunable full polarization “spectral windows”, each of which
effectively forms an independent “sub-correlator”

• Extensive special modes: pulsar gating/binning, phased array, VLBI-ready, burst
modes, and more.

The fundamental capabilities of WIDAR will be developed first, with more specialty
modes later.

2.2. Early Science Programs

During the scientific commissioning phase, there are two early science programs on the
EVLA, which commenced in March 2010 and will continue through December 2012.
The first of these is called Open Shared Risk Observing (OSRO), and is essentially a
“business as usual” protocol. The observing setups will be very similar to the VLA,
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although already an increase in bandwidth up to two spectral windows of 128 MHz
(maximum) each is available. Up to 512 spectral channels (total) can be used for spec-
troscopy with decreasing (from 128 MHz) total bandwidths by factors of two.

The second early science program is called Resident Shared Risk Observing (RSRO).
This is a program where observers must be resident in Socorro, NM for at least three
months, assisting NRAO staff in testing, commissioning, and expanding the capabil-
ities of the EVLA and WIDAR. The participants in this program will have access to
more extensive observing capabilities and their length residency will be proportional to
amount of requested observing time.

For further details of these programs, please see the web pages:
http://science.nrao.edu/evla/earlyscience/osro.shtml and
http://science.nrao.edu/evla/earlyscience/rsro.shtml

2.3. WIDAR and Early Science Growth 2010 - 2012

The growth of observational capabilities is expected to be rapid through the end of CY
2012. All initial observations will be with the “fundamental homogeneous correlator
setup”, with all spectral windows adjacent, each with the same bandwidth and chan-
nelization, and arranged, for continuum observations, to maximize the total bandwidth
coverage. Resident observers in the RSRO program will have access to 2 GHz band-
width per polarization, using all antennas by mid-to-late 2010 and 8 GHz bandwidth
per polarization, using all antennas, by the end of 2011.

Recirculation in the WIDAR correlator, which will give increased spectral resolu-
tion, should be available by early-to-mid 2011, and independent spectral tuning by mid
2011. Flexible resource allocation (i.e. trading spectral windows for even more spectral
resolution) should be available by late 2011.

3. EVLA Observations of Asymptotic Giant Branch (AGB) stars, pre-Planetary
Nebulae, and Planetary Nebulae

The EVLA will be able to advance the study of AGB stars, pPNe and PNe, as well
as using these objects as tracers in the Galaxy, in several ways. These divide into
continuum and spectroscopic observations, and in the two sub-sections below I will
give some examples of what the EVLA can do for studies of these objects. Note that
attendees of this conference will likely think of many more projects that can use the
EVLA to advance our knowledge of these sources; the suggestions that I present here
are just the tip of the iceberg.

3.1. EVLA Continuum Observations

Because of the great increase in continuum sensitivity, observations using the EVLA
should be able to detect radio continuum emission over the entire range of frequen-
cies (wavelengths from 20 to 0.7 cm). This will allow the detection and imaging (for
large enough sources) all planetary nebulae throughout the Galaxy in the EVLA sky.
Compact PNe could be used as kinematic/dynamic tracers of the Galaxy and the Bulge,
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using the high angular resolution of the EVLA in its wider configurations which allows
for proper motions to be measured.

Detections of the radio continuum in PNe will allow the study of free-free ioniza-
tion in PNe and perhaps in some pPNe or transition objects. For PNe, we will be able
to determine physical parameters such as ne and Te. In some sense this will be a rejuve-
nation of the radio continuum study of PNe when the VLA first began operation — but
with much higher sensitivity, so that many faint PNe can have these physical properties
measured. In addition, many PNe in regions of high extinction should be discovered.
In pPNe and young PNe, ionized gas from jets (which have an important role in the
sculpting of PNe) can be studied, and again at high angular resolution. Continuum
emission from dust (i.e. large grain emission) can be studied from central objects of
both pPNe and PNe. For well-resolved PNe, the nebular expansion can be measured,
and assuming a kinematical model, expansion distances can be estimated. Finally, at
high frequencies, the radio photospheres of a large number of AGB stars will be de-
tected, allowing the temperature and perhaps structure of these radio photospheres to
be determined with moderate accuracy.

Spectroscopic observations using the EVLA will indeed open up a new vista in
AGB stars, pPNe, and PNe molecular line research. Many nearby objects can be ob-
served over a large bandwidth, allowing for many species and transitions to be detected
simultaneously, giving input into chemical and ionization models of the circumstellar
envelopes. As an example, Figure 3 shows the spectra (made from spectral images) of
the SiS J = 2→1 and HC3N J = 4→3 transitions from the well-known carbon AGB star,
IRC+10216. Observations of the emission from these two lines were made simultane-
ously with the EVLA. Eventually spectral imaging surveys of lines across an entire 8
GHz of bandwidth with 1 km s−1 will be able to be made simultaneously. Masers (e.g.
OH, H2O, SiO), as well as thermal lines can be detected and imaged in a large number
of sources.

Radio recombination lines from the ionized gas in PNe can be observed. The
EVLA doesn’t provide increased sensitivity for spectroscopy, but several recombination
lines from a given receiver band (e.g. there are six recombination lines in the 2 - 4
GHz band) could be observed simultaneously and stacked, providing an increase in
sensitivity. One may observe hydrogen, helium, and possibly radio recombination lines
in PNe and use these lines to study the kinematics of the ionized gas.

Depending on the sensitivity required for lines and continuum emission, both
could be observed simultaneously.

4. Summary

The EVLA became ready for science observations with all antennas and unprecedented
new capabilities in March 2010. Wide-band (full tuning range) receivers are available
on all antennas: the highest frequency bands (18 - 50 GHz) will be completely installed
in early 2011; the 4 - 8 GHz band receivers will be completely finished by mid 2011,
and the remaining four receiver bands will have all receivers installed in 2012.

Early science opportunities from March 2010 through December 2012 include
basic modes via the OSRO program where the observer can observe remotely with
the EVLA and advanced modes via the RSRO program where the observer comes to
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Socorro to participate in EVLA scientific commissioning. The RSRO program includes
2 GHz bandwidth on all antennas by mid-to-late 2010 and 8 GHz bandwidth on all
antennas by late 2011. Increasing spectral resolution and tuning flexibility, through
the RSRO program will continue through 2011 and 2012, and specialty modes will be
implemented using the RSRO program, guided by user interest.

Acknowledgments. I thank the Scientific Organizing Committee of the APN 5
conference for allowing me the opportunity to present this information about a trans-
formational new instrument (the EVLA) for the studies of AGB stars, pre-planetary
nebulae, and planetary nebulae, and I hope many of the attendees will be users of
the EVLA in the future. The National Radio Astronomy Observatory is a facility of
the National Science Foundation operated under cooperative agreement by Associated
Universities, Inc.
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Prospects for Asymmetric PNe with ALMA

P. J. Huggins

Physics Department, New York University, New York NY 10003, USA

Abstract. Millimeter and sub-millimeter observations have made fundamental con-
tributions to our current understanding of the transition from AGB stars to white dwarfs.
The approaching era of ALMA brings significantly enhanced observing capabilities at
these wavelengths and promises to push back the frontiers in a number of ways. We
examine the scientific prospects of this new era for PNe, with an emphasis on how de-
velopments may contribute to the goals of the asymmetric PNe community.
Keywords. Stars: AGB and post-AGB, Stars: mass-loss, circumstellar matter, plane-
tary nebulae: general

1. Introduction

The Atacama Large Millimeter/sub-millimeter Array (ALMA), is a new, major, inter-
national telescope that is currently being built in northern Chile. It will provide sig-
nificantly enhanced observing capabilities over existing instrumentation in the mm and
sub-mm wavebands, and is expected to make important contributions to many areas of
astronomy. ALMA’s ability to make high quality, high resolution images in lines and
the continuum will provide a new tool to probe the structure and origin of asymmetric
planetary nebulae (APNe). This paper outlines prospects for APNe with ALMA. Sect. 2
reviews the contributions of mm and sub-mm observations to our current understanding
of the field; Sect. 3 describes ALMA’s main characteristics; and Sect. 4 considers what
it might do for APNe.

2. APNe at mm and sub-mm Wavelengths

The most important contributions of the mm and sub-mm wavebands to our current
understanding of APNe have been made using molecular line observations. The low
lying rotational transitions of CO, J = 1–0 at 2.6 mm (115 GHz), J = 2–1 at 1.3 mm
(230 GHz), and J = 3–2 at 0.87 mm (345 GHz), have been especially useful in probing
the kinematics, distribution, and mass of the molecular gas. Numerous lines of other
molecular species have been detected in spectral scans of some well-studied objects,
e.g., AFGL 618 (1207) and NGC 7027 (1212) and these lines provide valuable diag-
nostics of physical and chemical conditions. There is an interesting, evolving chemistry
in the AGB-PN transition (1187), and the atomic fine structure lines of C I, which are
useful probes of photo-dissociation regions, are detectable in the sub-mm (1188; 1210).
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The history of APNe observations in the mm and sub-mm can be divided into two
phases. In the first phase, the observations were made using single-dish telescopes. The
angular resolution for single-dish observations is set by the diffraction of the telescope
(∼ λ/D, where D is the diameter and λ the wavelength) typically ∼10–60′′; the unit
of information is the spectrum; and spatial information is obtained by moving the tele-
scope. One basic contribution of the single-dish work has been in setting the baseline
for mass-loss on the AGB. Early detections (e.g., 1199) spawned numerous surveys,
so that we now know the expansion velocity and mass-loss rates of many AGB stars.
A second contribution of single-dish observations has helped develop one of the cen-
tral ideas of PN formation: the ejection of neutral gas in the transition from the AGB.
The neutral gas can be traced from the AGB, through pre-PNe, to bona fide PNe (e.g.,
1195), and it makes a direct connection to the ionized nebulae and their asymmetric
structures. A good example is the CO distribution in the Helix nebula (1211). A further
contribution of single dish observations has been the discovery of high velocity wings
in the spectra of pre-PNe and young PNe. This has revealed a new ejection mechanism
with a momentum excess which we associate with the launching of jets (1189) but do
not fully understand.

Figure 1. Examples of CO line interferometry of APNe. Left: Image in CO (1–0)
integrated intensity of the disk in KjPn 8 (1192). Right: CO (2–1) intensity contours
of the waist in He 3-1475, superposed on optical HST image (1198).

The second phase of mm and sub-mm observations of APNe has involved the
use of interferometers (notably BIMA, OVRO, SMA, and the IRAM Plateau de Bure)
which provide images/data cubes at higher angular resolution than single-dish tele-
scopes, from ∼5′′ to as high as ∼0.5′′. CO line interferometry of the circumstellar
envelopes of AGB stars (e.g., Fong et al. 1191, Castro-Carrizo et al. 1190, see also
Alcolea, this volume) shows that most (though not all) envelopes are roughly spheri-
cally symmetric, but exhibit multiple arcs and other asymmetries. This sub-structure in
the envelopes is also seen in images of dust-scattered light at optical wavelengths (e.g.,
1202; 1203).

CO line interferometry of pre-PNe and young PNe, especially in conjunction with
optical HST imaging, has produced striking results. Two examples, observed with the
Plateau de Bure interferometer in the CO (1–0) and CO (2–1) lines, are shown in Fig. 1.
Recent examples in other CO lines include: 13CO (2–1) in M1-92 (1185), CO (3–2)
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in IRAS 22036+5306 (1208), and CO (6–5) in CRL 618 (1205). These and similar
observations provide a common picture of early PN formation consisting of enhanced
mass-loss in slowly expanding equatorial tori, with molecular gas entrained in jets along
bi-polar or multi-polar axes.

The results to date reveal a rich phenomenology on size scales of 1016–1017 cm
which is partly explored but not understood. A number of physical processes may
be responsible for the outflows that produce the asymmetries. For example, a torus
could be produced by rapid rotation, a magnetic explosion, gravitational focusing by a
companion, leakage from Roche lobe overflow, or ejection during a common envelope
phase. However, there is a lack of quantitative prediction that can clearly discriminate
between the various scenarios. The advent of new opportunities to study these phenom-
ena at higher resolution with ALMA offers the possibility of important breakthroughs.

3. ALMA

ALMA is a large, imaging interferometer that will operate in the mm and sub-mm
wavebands. It is an international collaboration of North America, Europe, Japan, and
Taiwan, in co-operation with Chile. The telescope, which is now being built, will be
a significant advance on current mm and sub-mm instrumentation in terms of angular
resolution, wavelength coverage, and sensitivity. Part of the array is expected to become
available for early science in 2011.

Table 1. Characteristics of ALMA

number of antennas 50 (12 m) + ACA
frequency range 31–950 GHz
maximum baselines 0.2–16.3 km Brms = 0.079–6.6 km
primary beam (θp) 21′′ × 300/νGHz
synthesized beam (θs) 0.08′′ × 300/νGHz × 1 km/Brms
continuum sensitivity1 0.10 mJ
line sensitivity2 0.10 K (θs = 1.5′′) – 709 K (θs = 0.018′′)
1 Band 6 (211–275 GHz), t = 60 s 2 Band 6, t = 60 s, ∆V = 1 km s−1

For technical information about ALMA, a useful introduction for newcomers is the
document: Observing with ALMA – A Primer, by Doug Johnstone and colleagues. This
and other technical information, including an exposure calculator, can be found at the
websites of the ALMA Regional Centers. Additional technical information, and many
interesting scientific perspectives can be found in the volume: Science with the Atacama
Millimeter Array: A New Era for Astrophysics edited by Bachiller & Cernicharo (1186).

Some of the principal characteristics of ALMA that determine how it might be
used to observe APNe are listed in Table 1. The main array will consist of at least 50 ×
12 m antennas, augmented by an additional small array of 7 m and 12 m antennas – the
Atacama Compact Array (ACA) – that can be used for wider field observations, and for
total power measurements.

ALMA will be equipped with an extensive complement of receivers that will even-
tually cover almost the entire mm and sub-mm frequency range from 31 to 950 GHz.
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The initial receiver development is for wavebands in the range 84 to 720 GHz. The
array is located at a high (5,000 m), dry site to minimize atmospheric effects. Even so,
the atmospheric transmission at frequencies above about 400 GHz is typically less than
50%, so this needs to be taken into account in planning observations.

The field of view of ALMA (the primary beam, θp) is determined by the diffraction
of the individual 12 m antennas. θp = 21′′ at 300 GHz and varies as ν−1. Thus the field
of view is very small by the standards of optical imaging. The field can, of course,
be extended by making additional, adjacent observations (mosaicing) at the expense of
additional observing time.

The angular resolution of ALMA (the synthesized beam, θs) is determined by
the diffraction of the array (see Table 1). θs varies as ν−1, and at a given frequency
can be varied by a factor of ∼10 according to the chosen array configuration, which is
characterized by the rms baseline Brms. Common setups are likely to have a synthesized
beam of ∼0.1′′, so the impact of the instrument in terms of angular resolution will be
somewhat similar to the impact of the HST at optical wavelengths. At the highest
frequencies and most extended baselines, the resolution is better than 0.01′′, although
this is likely to be used only for special applications.

The resolution of the array is not an independent quantity, because it is closely
linked to the sensitivity of the observations. In measuring the surface brightness of a
spectral line, the noise level (in K) varies according to the expression:

∆Trms ∝
θ 2

p

θ 2
s

1
η

1
√

N(N − 1)
1√
Np

Ts
√

∆ν t

where the first factor on the right hand side is the ratio of the primary beam to the
synthesized beam, η lumps together various efficiencies, N is the number of antennas,
Np is the number of polarizations, and the last factor is the usual radiometer equation,
with Ts the system temperature, ∆ν the observing bandwidth, and t the observing time.
Thus the noise level is proportional to the inverse square of the synthesized beam. For
specificity, some numerical examples for the sensitivity in Band 6 (211–275 GHz) are
given in Table 1, for an observing time of 60 s, and (for a spectral line observation) an
effective resolution of 1 km s−1. The back-end of the ALMA system (the correlator) is
extremely flexible and is likely to cover all the spectroscopic requirements of the APN
field. The sensitivity in the continuum is particularly high because of the wide (8 GHz)
bandwidth available.

From the equation above, it can be seen that the large number of antennas (N =
50) plays an important role in the sensitivity of the array. The corresponding number
of baselines, given by N(N − 1)/2, is even larger (1225). This means that the u − v
(Fourier) plane is well sampled, and leads to high quality imaging, even in snapshot
(short-exposure) modes. Overall, the gain in sensitivity compared to the state-of-the-
art Plateau de Bure interferometer (at ∼ 230 GHz for the same synthesized beam, etc.)
is a factor of ∼15–20. The images shown in Fig. 1 could in principle be obtained in
observing times ∼1 min. Thus ALMA is indeed a major development in mm and sub-
mm instrumentation.
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4. Strategies and Projects

There are many ways in which the capabilities of ALMA can be used to study APNe.
Strategies range from using the speed of the instrument to carry out snapshot surveys,
to exploiting the highest resolution modes to probe details of objects of special interest.
Here we outline some of the possibilities, with an emphasis on the scientific objectives.

4.1. AGB Stars

(1206) has reviewed the general prospects for AGB stars with ALMA, and the reader
is referred to his paper for details. Important developments will be observations of the
dust forming regions, and sensitive studies of the chemistry. For APNe, one interest-
ing aspect is that the photospheres and close environs of the nearest AGB stars will be
resolved in the continuum with ALMA in the highest resolution configurations. This
is a new type of probe at these wavelengths and may have an important bearing on
understanding early APN formation. Low luminosity companion stars will not be di-
rectly detected in the glare of the AGB star, but they could generate detectable regions
of ionized gas under some circumstances, as in the case of Mira at longer wavelengths
(1201).

4.2. AGB Envelopes

As the precursors of APNe, the circumstellar envelopes of AGB stars provide a number
of important constraints on the origins of PN asymmetries. First, there is good evi-
dence from optical HST imaging for incipient core activity in some AGB envelopes,
as discussed by Sahai (this volume). This activity may be caused by young or weak
jets, or some other type of activity which has not yet fully developed. Thus it would
be important to determine how widespread this core activity is, and to characterize its
structure and kinematics. This could be done using CO line observations of envelope
cores at high resolution.

A second perspective on AGB envelopes is directly concerned with probing the
presence of a binary companion. If axisymmetry is induced by interaction with a com-
panion, the secondary star must have been present throughout the entire AGB phase
and should leave its imprint on the circumstellar envelope, as emphasized by Huggins
et al. (1197).

One way the imprint is effected is that the reflex motion of the AGB star induces
a spiral pattern in the circumstellar envelope (e.g., Mastrodemos & Morris 1200, see
also Raga, this volume). A clear example of the spiral pattern has been seen in the
circumstellar envelope of AFGL 3068 (1203; 1204) in dust-scattered light observations.
This pattern may also be detectable in CO or some other line affected by the weak spiral
shock. The radial wavelength of the spiral is λ ∼ VP where V is the expansion velocity
of the envelope, and P is the period of the binary. For AFGL 3068 P ∼ 800 yr and
V ∼ 14 km s−1. At a distance of ∼ 1 kpc, the angular separation of the arms is ∼ 2′′.
Thus the pattern is in principle relatively easy to resolve at high resolution in other
nearby systems with intermediate or long periods.

A related signature of a companion star is the degree to which its gravitational
field flattens the AGB envelope. This global shaping of the envelope is the simplest
characteristic of a binary companion to observe on a large scale. The magnitude of the
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effect, which depends on the companion mass and separation and the wind velocity, has
been discussed in detail by Huggins et al. (1197). The angular size of an AGB envelope
in CO for a mass-loss rate ∼>10−5 M� yr−1 is ∼>25′′/Dkpc where D is the distance. Thus
envelope shapes can be measured for large numbers of AGB stars to probe this effect.

4.3. Magnetic Fields

The role of magnetic fields in AGB stars and PNe has long been a controversial topic.
The problem used to be magnetic fields versus binary companions for shaping PNe,
but now that companions seem to be fairly common, and their interactions can generate
magnetic fields, the issue has changed focus. There is probably a consensus that MHD
is needed to launch and form jets (Frank, this volume). The main issue seems to be:
what else do magnetic fields do?

Radio astronomers have long reported the presence of dynamically important mag-
netic fields in maser spots in AGB envelopes (e.g., Bains, this volume). However, the
spots are small, so there is a question whether the strong fields are local or global. Her-
pin et al. (1193) have recently reported magnetic field measurements using mm CN
emission (which is not in spots) at levels equivalent to the fields in the spots. Hence the
fields may be globally important. ALMA’s ability to measure polarization and thereby
to map the magnetic field strength and geometry is likely to be important in sorting out
this issue. See Vlemmings (this volume) for more details.

4.4. Shaping in Pre-PNe

One of the most direct applications of ALMA to the problems of APN formation will
be in characterizing the early jet shaping in pre-PNe. As explained in Sect. 2, there is
already a generic picture (at least for a subset of PNe), based on current interferometry,
as shown in the left hand panel of Fig. 2.

Figure 2. Left: Schematic picture of the early shaping of PNe by jets and equa-
torial outflows. Right: Correlation of the kinematic ages of jets and equatorial tori
(from 1194).

This picture is only partly explored by current observations. The detailed proper-
ties accessible to line observations with ALMA include: the geometry and kinematics
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of the jets and equatorial outflows, the energy and momentum budget, and possible
connections with extended circumbinary disks, which are common in other classes of
post-AGB stars. A systematic investigation of these and related properties is likely to
provide important clues on the physics that controls the outflows. For example, one
result based on current mm interferometry is that the kinematic ages of jets and tori are
correlated (Fig. 2). They have nearly the same ages, and are therefore ejected nearly
simultaneously (1194). This points to a fundamental connection between the outflows.
It rules out some classes of physical model, and even suggests that slight timing differ-
ences between jets and tori can probe the properties of unseen accretion disks that are
believed by some to be responsible for launching jets. Much more detailed information
along these lines is expected to be very productive.

4.5. Globules and Debris Disks

ALMA also has interesting applications in fully developed PNe. One is probing the
excess long wavelength continuum emission from debris disks surrounding the central
stars of some PNe. The first of these was detected using Spitzer observations of the
Helix nebula (1209). The estimated size is ∼100 AU. Although the dust continuum is
expected to be falling in the sub-mm and mm wavebands, the emission from the nearest
examples is detectable with ALMA and the structure should be resolved.

A second application to bona fide PNe is the small scale structure in the neutral
gas – the globules, as exemplified by those in the Helix nebula. The Helix globules
are about 1′′ in diameter with extended tails, and have already been partially resolved
using mm interferometry in CO (1196). A full characterization of the internal structure
and kinematics of the globules and their tails is entirely feasible in the Helix and other
nearby PNe, and would be an important step in refining our understanding of their
origins.

5. Concluding Remarks

ALMA will be a significant advance on current mm and sub-mm instrumentation, and
it will have considerable impact in many areas of astronomy. For APNe, there are major
unsolved problems, especially with the physical processes that generate the asymme-
tries. Several aspects of these are well suited to ALMA’s capabilities. Some approaches
are direct extensions of current interferometric observations to higher resolution and
sensitivity (e.g., CO imaging), and some are new types of probes (e.g., line polariza-
tion). Overall the prospects are excellent for taking the field of APNe forward to the
next level.
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Abstract. I offer a brief retrospective of the Asymmetrical Planetary Nebulae (APN)
conference series, and present a Highly Skewed and Biased selection of results pre-
sented at the fifth meeting in the series. These results highlight clear progress in un-
derstanding the roles of stellar binarity, disks, and magnetic fields in shaping planetary
nebulae. Looking ahead to APN VI, I present a set of challenges to the community of
researchers who study APN and related objects (symbiotic star nebulae, novae ejecta,
SN Ia remnants, etc.).

1. Preamble

At the close of this, the fifth meeting in the Asymmetrical Planetary Nebulae (APN) se-
ries, it was easy to be demoralized by the daunting astrophysical problems still posed by
these tremendously photogenic objects. Take the Red Rectangle, for example (Fig. 1).
Is the confirmed presence of a binary companion orbiting its progenitor post-asymptotic
giant branch (post-AGB) star (1230) both necessary and sufficient to explain its pinched
waist and overall, profound degree of axisymmetry? What mechanisms might explain
the formation of the long-lived molecular disk that is known to orbit the central binary
(1213)? How did the nebula come to have such delicate, sharply defined geometric
structures?

Thankfully, this is just a conference summary; I don’t have to try to answer these
questions. I just get to raise them, and to point out that they (and many other fundamen-
tal questions concerning APN) remain unanswered, despite five conferences devoted to
the subject. But don’t be demoralized. We’ve actually come a long way in our under-
standing of APN. To demonstrate this, I first offer some historical context gleaned from
previous APN conference summaries (§2), including a review of the nagging ques-
tions that emerged from APN IV (thereby necessitating APN V). This is followed by a
Highly Skewed and Biased selection of results presented at APN V that I feel go a long
way toward answering those nagging questions (§3), including a digression concerning
the strange, isolated field star BP Piscium and how its disk/jet system might inform fu-
ture studies of APN. I finish — alas — by summarizing some new (and old) problems
that are apparent as we emerge from APN V and ponder APN VI (§4). I present these
in the form of several challenges, including one overarching, Grand Challenge, to the
community of APN researchers.
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Figure 1. Left: Hubble Space Telescope Heritage Project image of the Red
Rectangle (from http://heritage.stsci.edu/heic/1007/index.html). According to Noam
Soker, no APN meeting would be complete without an image of this object. Right:
position-velocity (P-V) maps of the Red Rectangle’s pinched waist obtained via ra-
dio interferometry of CO emission (top two panels) and simulated CO P-V maps ob-
tained from a model invoking Keplerian rotation (bottom two panels), demonstrating
that the post-AGB star within this pre-PN is orbited by a (circumbinary) molecular
disk (from 1213)

2. Some Historical Context

The stated aim of the first APN meeting (organized and hosted by APN pioneer Noam
Soker in Haifa, Israel in 1994) was “to discuss the physical processes that cause plan-
etary nebulae to acquire non-spherical structures, with emphasis on the role of binarity
in the creation of axisymmetric structures.” The conference summarizer was none other
than F.D. Kahn of Manchester — which, in a sense, brings us full circle to APN V and
its gracious Manchester hosts. Prof. Kahn’s eloquent, equation-studded summary paper
(1217) is dense with concise descriptions of potential mechanisms that might generate
axisymmetries in planetary nebulae (PNe) and their proto-PN antecedents. It is well
worth a fresh read, 15 years later; the formalism developed therein is straightforward
and (to this observer’s poorly trained eyes) appears sound.

The summarizer of the second APN meeting — the late, great Hugo Schwarz —
shrewdly titled his conference summary paper “Conference Impression” so as to avoid
the impression that he was attempting to summarize the entire conference. In that pa-
per (1226), Hugo collects 50 terms used at APN II to describe the dizzying array of PN
morphological features that appear in ground-based and Hubble Space Telescope imag-
ing. Mercifully, some of this terminology has fallen into disuse (e.g., nipples, SLOBS),
while the more useful terms endure (e.g., blobs, knots, FLIERS). Most notably, Hugo
wrote, “my overall impression is that binaries are needed for the most extreme bipolars
and perhaps for all bipolars...” and he implored the APN community: “We must go out
and find those binaries!”
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As we will see, I find the subsequent progress in this last (binary) respect to be
a prime reason for optimism that we might eventually tackle the Challenges posed in
§4. That said, it is important to keep squarely in mind this sage observation by Harm
Habing, from his summary of APN III (1214): “The event called ‘inspiration’ may
happen when scientist A gets an idea because of a brilliant or stupid remark she heard
when scientist B gave a summary.” Harm, like Hugo, was cautioning that the reviews
and prognostications in summary talks (and subsequent conference summary papers,
like this one) are highly subjective and, hence, should be taken with a very large grain
of salt. Well, if summaries by the likes of Habing, Schwarz, Kahn, and Zijlstra (see
next) might suffer from this deficiency, then I can only pity the poor reader who does
not exercise even more caution in reading this paper. In particular, I offer a blanket
apology to all those hard-working researchers whose excellent work was on display at
APN V but (through sheer inattentiveness or ignorance on my part) is not mentioned
below.

3. Exciting Results at APN V: a Highly Skewed and Biased Selection

In making the following (Highly Skewed and Biased) selection of results that stood out
as particularly significant at APN V, I have tried to keep in mind the questions raised by
APN V’s esteemed lead science organizer and Lake Country tour guide, Albert Zijlstra,
in summarizing APN IV (1231). In posing his (four) questions, Albert presciently
honed in on a few key areas that were ripe for further investigation (here I paraphrase):
(1) Can we find the binaries that are suspected to lurk within (and ultimately determine
the shapes of) the vast majority of PNe, and/or can we constrain PN central binary
system parameters? (2) Do magnetic fields play an important role in shaping PNe?
(3) What are the basic parameters describing the disks evident within certain PNe, and
what are the origins and fates of such disks? (4) How might binary companions affect
a PN progenitor’s mass loss?

3.1. Can We Find Binary Systems within PNe?

Answer: a definitive “yes.” Since APN IV, our fearless leader in the relentless pursuit
of evidence for binarity among PN central stars (CSPNe) has been Orsola De Marco.
Her PLAnetary Nebula Binaries (PlaNB∗) project is now in full swing, and its influ-
ence (direct and indirect) could be found throughout APN V. In addition to the numer-
ous PLaNB-related discoveries of binary CSPNe from photometric and radial velocity
monitoring programs (Santander-Garcia et al.; Hrivnak; Hillwig; Miszalski; Jones;
Hajduk et al.†), there were (at least) the following: a successful search for tell-tale
FUV excesses (indicative of hot companions) in the spectral energy distributions of
AGB stars (Sahai et al.); the use of so-called “Sequence E” Large Magellanic Cloud
(LMC) variable stars (whose variability can be traced to binarity) to attempt to predict
the fraction of bipolar PNe in the LMC (Nicholls et al.); the X-ray detection of spun-
up, late-type, main sequence (MS) or post-MS companions to PN central stars (Montez

∗http://www.wiyn.org/planb/

†Work presented at this meeting and/or in these proceedings is indicated by the lead researchers’ names in
boldface.
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et al.); and the ongoing characterizations of post-AGB binaries via their radial velocity
variations (Van Winckel, Gorlova, et al.).

So it may not be long before we have indeed established that all bipolar PNe harbor
central binaries, as Noam, Hugo, and others began to assert more than two decades ago.
Indeed, one recommendation I would have for attendees of APN VI is that they spend
at least one session sitting next to Romano Corradi — and, as images of bipolar PN are
paraded on-screen, count the number of times he whispers, “We just found that one’s
got a central binary, too.”

3.2. What Is the Role of Magnetic Fields?

The presence of magnetic fields within certain PNe is increasingly well established,
and the fields are increasingly well characterized. This was clear from the excellent
review by Wouter Vlemmings, in which he demonstrated (among other things) how the
magnetic field strengths measured thus far for AGB stars and young PNe display a clear
trend of decreasing field strength with increasing envelope radius. Such (polarization-
based) results unfortunately can be extracted only in cases in which the geometries,
temperatures, and densities are conducive to maser emission or to strong far-IR/submm
continuum emission from cold dust. The presence of X-ray sources at the cores of
some PNe, meanwhile, is likely indicative of energetic magnetic reconnection events
near the driving source of the outflowing envelope. On the other hand, in many (if not
most) cases it is likely that the X-rays arise not from the mass-losing star but from its
companion’s accretion of ejected material, either directly (in the case of a white dwarf
companion) or indirectly (in the case of a spun-up, late-type companion; see §3.1).
Clearly, there is much more to be done in this (magnetic field) realm (§4.1).

3.3. What Is the Structure, Origin, and Fate of Disks?

Just as binary systems are popping up in almost every axisymmetric PN if we look
carefully enough, detections and potential detections of disks were a recurrent theme at
APN V. High-resolution mid-IR imaging reveals compact sources at the cores of many
bipolar and elliptical nebulae associated with post-AGB stars and pre-PNe (Lagadec
et al.). This suggests there exist unresolved (or at least compact), long-lived, massive
reservoirs of warm dust — i.e., disks — in these objects, and therefore that (at least in
some cases) the dust may actually orbit the central stars. The evidence for long-lived,
orbiting disks seems even more clear-cut in the case of the class of post-AGB stars that
lack extensive circumstellar nebulosity, many (perhaps all) of which are suspected or
confirmed binaries (Gielen). The mid-IR spectra of such objects bear striking simi-
larities to those of T Tauri stars, for which the presence of orbiting, dusty disks — in
some cases, orbiting circumbinary disks — is now well-established (e.g., 1224, and
references therein).

Confirming that a post-AGB or pre-PN disk is in fact bound to the central star(s)
will require the exceptional velocity and angular resolution that only a facility like
ALMA might provide, e.g., in molecular line imaging (Huggins). Meanwhile, near-IR
interferometry allows us to place constraints on the detailed radial and vertical density
structures of disks (Chesneau). These results should, in turn, provide indications as to
whether or not a given disk is really better described as a torus, and (hence) whether the
equatorial density enhancements in post-AGB nebulae are bound or expanding struc-
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tures. In this respect, it is noteworthy that evidence (from mid-IR imaging photometry)
is now accumulating that certain PN central stars may retain dusty vestiges of Kuiper
Belts and Oort Clouds that encircled the stars in their former lives on the MS (Bilikova
et al.). If this interpretation of mid-IR excesses at PN central stars is correct, it would
still remain to establish whether and how such (bound) structures — and/or the plane-
tary systems (or, perhaps, binary interactions; §3.4.1) that likely spawned them — are
capable of shaping the evolving star’s AGB and post-AGB winds.

3.4. How Do Binary Companions Affect Mass Loss?

Meanwhile, increasingly sophisticated numerical simulations are confirming the extent
to which (and manner in which) a binary companion can shape AGB and post-AGB
mass loss and, in so doing, are clarifying the likely observable consequences. In partic-
ular (as predicted more than a decade ago by 1221) it appears that wide binaries likely
produce tell-tale “death spiral” patterns in AGB star ejecta, and that such a pattern may
hold clues to the central binary’s separation (Raga; Mohamed et al.). The generation
by binaries of such spiral ejecta patterns, which can appear as multiple thin dust shells
(depending on binary separation and viewing geometry), might finally solve the conun-
drum of the concentric ring systems that are a feature of so many PNe and have been
the subject of an enlightening theoretical tussle for more than a decade (e.g., 1229, and
references therein).

However, the answer to the question actually posed by Albert at APN IV — “What
is the percentage of stars for which the mass loss rate (as opposed to the morphology)
is affected by a binary companion?” — remains elusive. New “elapsed time” Hubble
Space Telescope imagery of complex bipolar pre-PNe like AFGL 2688 and AFGL 618
(Balick) dramatically reveals the large proper motions of shrapnel flying outward in
Hubble-like flows through slower-moving, quasi-spherical ejecta shells (i.e., the “AGB
rings” mentioned above). Certain helpless observers have been wondering for years
whether such rapid structural upheaval in a pre-PN or PN might be taken as evidence
that we are witnessing the onset of a common envelope phase in the evolution of a bi-
nary system (1220). The investment of renewed effort in detailed modeling of common
envelope processes — like that which Fitzpatrick et al. presented at APN V — would
certainly be welcome.

3.4.1. Digression: the Strange, Isolated Field Star BP Psc

This summarizer is always intrigued by objects whose classification as pre-MS vs. post-
MS is (at least temporarily) problematic. It seems such objects (e.g., OH231.8+4.2; see
discussion in 1223) can help shed light on the APN phenomenon. A case in point
is the enigmatic object BP Psc (1232). At first glance, this emission-line field star
appears to belong to the rare class of “isolated” classical T Tauri stars (cTTS), i.e.,
late-type, actively accreting pre-MS stars located degrees away from any known star-
forming molecular clouds. Like isolated cTTS (1218, and references therein), BP Psc
displays double-peaked CO emission lines in the radio, indicating the star is orbited
by a Keplerian molecular disk that is the potential site of giant planet formation. Even
more remarkable, the BP Psc star/disk system drives a pair of pc-scale jets of the sort
usually associated with very young (age < 1 Myr), deeply embedded young stellar
objects (YSOs; Fig. 2). Such a jet system had never before been detected in the case of
an isolated cTTS (whose ages are ∼ 10 Myr).
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Figure 2. Composite wide-field image of BP Psc, showing its pc-scale jet system.
A deconvolved near-IR Keck Telescope adaptive optics image covering a one square
arcsec field at the central star is displayed in the inset; the Keck image demonstrates
that BP Psc is occulted by a dusty circumstellar disk viewed nearly edge-on. Imaging
and spectroscopy of circumstellar CO emission indicates the disk is in Keplerian
rotation. Adapted from Zuckerman et al. (1232).

Indeed, the presence of jets actually made us suspicious as to the nature of BP Psc.
Looking more closely, it turns out that many characteristics of the star are inconsistent
with youth. Unlike isolated cTTS, BP Psc is not associated with any known young
stellar association; its weak 6708 Å Li line is suggestive of an age >

∼ 100 Myr; its
photospheric lines are similar to those of evolved G giants; its molecular disk chemistry
is anomalous; and, last but not least, its X-ray luminosity is two orders of magnitude
smaller than typical of pre-MS stars. These characteristics, combined with evidence for
rapid stellar rotation, led us to conclude that BP Psc is most likely a first-ascent giant
that has recently engulfed a companion or (perhaps) a giant planet (for the gory details,
see 1232; 1219, and references therein).

There are many things that the APN community might take away from the curious
case of BP Psc (some of which we already knew). For example:
• Companion engulfment (i.e., the onset of common envelope) has many potentially
observable consequences, among other things mass accretion, disk and jet formation,
and spin-up of the cannibalistic primary star.
• Some (close) binaries likely interact catastrophically well before the evolving primary
arrives on the AGB (a fact that has many interesting implications; see, e.g., 1227).
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• Post-MS binary interactions might eventually lead to the formation of “second-generation”
planets in the dusty disks generated by such interactions (e.g., 1216; 1222).
• Perhaps most intriguingly, in a highly axisymmetric or asymmetric PN whose central
star appears to be single, the progenitor may have had a “past life” as a close binary
whose catastrophic interactions left behind a disk that eventually influenced the PN’s
morphology.

4. Looking Ahead

As we look ahead to APN VI, I can identify three Serious Challenges and one Grand
Challenge facing the APN community.

4.1. Serious Challenges

4.1.1. Disks and the Disk-jet Connection

Given the rapid rate of discovery of disks around post-AGB stars and within (bipolar)
pre-PNe and PNe, one might fairly ask: where are the jets? Here, BP Psc and a few
analogs (e.g., Hen 2-90; 1225), as well as YSO disk/jet systems, appear particularly
relevant. In BP Psc (as in YSOs and even active galactic nuclei), accretion evidently
drives the jet activity. Hence, it would seem prudent to give a closer look to the central
stars of PNe in which we suspect jets are actively shaping the nebulae, so as to identify
potential stellar accretion signatures. The innermost regions of PNe can present far
more complex environments than the inner disk regions of YSOs, however, such that
standard young star accretion diagnostics (e.g., circumstellar UV excess, Hα equivalent
width, and near-IR excess) will be exceedingly difficult to measure. Therefore we must
also continue to work harder to understand (from both theoretical and observational
points of view) the detailed structure of circumstellar and circumbinary disks in post-
AGB systems and within pre-PNe and PNe, so as to understand whether such structures
may in fact constitute long-lived (orbiting) sources of accreting material.

Where jets themselves are concerned, we have much to learn from the YSO com-
munity; there are almost as many proposed YSO jet launching and collimation mecha-
nisms as there are YSO jets (i.e., X-wind, disk wind, stellar wind, etc.; see, e.g., reviews
in 1228). Then again — given these ongoing, contentious debates in the YSO jet world
— we also should have much to teach the YSO community, via insights gained from
the identification and study of jets within APNe.

4.1.2. Marrying Big Databases and Big Number Crunching

APN V showcased the recent explosion of high-quality observational databases, both
focused/special-purpose (e.g., MASH, SuperWASP, SAGE, GLIMPSE) and generic/multi-
mission (e.g., MAST, HEASARC). A parallel explosion of high-fidelity numerical sim-
ulation codes and “power tools” — with an equally bewildering array of acronyms
(SPH, Mohamed & Podsiadlowski; Gadget2 SPH, Fitzpatrick; 2.5-MHD & AMR,
Huarte-Espinosa et al.; SHAPE, Steffen) — was also on display. It is therefore quite
apparent that the latter should be put to wider use, so as to make predictions that the
former can put to the test. As we develop and apply such “brute force” methods to gain
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insight into our favorite class(es) of object, we should also be looking toward the Grand
Challenge described in §4.2.

4.1.3. What Is the Role of Magnetic Fields?

As previously noted (§3.2), both the uniquity and global strengths of magnetic fields
remain poorly established — or simply undetermined — for the vast majority of PNe
and their AGB/post-AGB star progenitors. Hence, the role, if any, of magnetic fields in
shaping PNe remains quite uncertain. Clearly, this is an area in which both observers
and theorists need to focus more attention. And, here again, the star formation com-
munity is way ahead of us. Perusing the abstracts from the recent (May 2010) meeting
Magnetic Fields from Core Collapse to Young Stellar Objects‡, and reading between
the lines, it quickly becomes apparent that cloud core magnetic fields are becoming so
well characterized, theoretically and observationally, that those star formation theorists
who attempt to include all the relevant magnetic field physics are having severe prob-
lems generating stars with circumstellar, proto-planetary disks — thereby denying our
very existence. We APN researchers can only hope to be as successful.

4.2. A Grand Challenge

For some time now, Adam Frank has been exhorting the PN community to identify
— and then set out to tackle — its next Grand Challenge. I have a suggestion. This
suggestion is motivated by the APN community’s remarkable progress in honing in
on binarity as the primary mechanism ultimately responsible for PN shaping, on the
one hand, and by Iben & Tutukov’s remarkably thorough treatment of the problem of
Supernova (SN) Type I progenitors (1215), on the other. The Iben & Tutukov paper
features an ingenious and instructive set of “decision trees” describing the evolutionary
paths followed by binary stars for a range of initial masses, mass ratios, and separations
(see, e.g., their Figs. 1-4, 6).

Given the tremendous progress in “astroinformatics” and “astronumerics” over
the past ∼ 25 yrs (§4.1.2), it seems we are now on the verge of being able to con-
struct a far more comprehensive and detailed set of binary star “decision trees.” Such
trees might resemble the original Iben & Tutukov concept but, at each decision point,
their input and output would now be based on high-fidelity, detailed numerical sim-
ulations; and the predictions of such simulations should be testable (falsifiable) via
present and future generations of large, easily manipulated, self-documenting obser-
vational databases. In such a conception, the input to each decision point is a binary
system (wherein the secondary could just as well be a massive planet as a low-mass
star; Nordhaus); the output is a “new” (modified) binary, or perhaps a single (spun-up)
star; and the “decision points” are our beloved APN themselves (or, in some cases, their
“mimics” [Parker; Frew]). The resulting, overarching decision tree might eventually
constitute a sort of Binary Star Genome, and APNe and their close cousins (symbiotic
star nebulae [Sokoloski], novae ejecta [Evans; Ribeiro], SN Ia remnants; etc.) would
then play the role of phenomes, i.e., the specific, short-lived expressions of binary star
evolution.

‡http://cc2yso.uwo.ca/abstracts.shtml
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False analogy? Perhaps. But recall the words of Harm Habing: a good review
is one “that broadens the perspective of at least some people in the audience.” If any-
one’s perspective has been broadened by my remarks, however stupid, then I have done
my job — apart from one final, unquestionable assertion (quoting 1217): “There will
clearly have to be another conference on this subject.”
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