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hester, Oxford Street, Man
hester, M13 9PL, UKa.zijlstra�man
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.ukSummary. This papers provides a summary of the resear
h presented at the meet-ing on Asymmetri
 Planetary Nebulae IV, La Palma 2007.1 The problemThis is the fourth meeting on asymmetri
al planetary nebulae. A topi
 whi
h man-ages to attra
t a large attendan
e four times within 15 years is 
learly 
onsideredintriguing, as well as unresolved. So what are the questions that are being addressed?And from the resear
h presented at this 
onferen
e, 
an we �nd some indi
ationstowards their solutions?The fundamental questions have not 
hanged sin
e the �rst 
onferen
e of theseries. What is the origin of the asymmetri
 stru
tures evident in most, if not all,planetary nebulae (PNe)? When do the asymmetries �rst appear? And how do theyevolve during the subsequent planetary nebula phase? A related question, surpris-ingly di�
ult to answer, is how 
ommon are the various types of asymmetries. Someof the proposed explanations for the asymmetries are so general that the existen
eof any symmetri
 PN would be unexpe
ted!The monologue below present a personal, and 
ertainly biased, summary. Itshould not be used for original 
itations: referen
e should be made to the individualpapers in the pro
eedings. To avoid the impression of a stand-alone s
ienti�
 paper,I have avoided the use of 
itations all-together. The reader is referred to the entirepro
eedings for more general, and probably more valid, information.2 Data2.1 CataloguesA major advan
e presented at this meeting is the number of newly dis
overed PNein the galaxy. The majority of these 
ome from the wide-�eld Hα surveys of theGala
ti
 plane. In the south, the MASH survey has been spe
ta
ularly su

essful. Inthe north, IPHAS is beginning to do the same work. Be
ause the Gala
ti
 
entre is
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ated in the southern hemisphere, southern surveys will be able to dis
over moreobje
ts. However, the extin
tion is more favourable in the north, so that northernsurveys will be more 
omplete. At present some 3000 PNe may be known in theGalaxy. Based on previous experien
es, some fra
tion of these will be re
lassi�edas di�erent types of emission line obje
ts at a later time. Still, given that the totalnumber of PNe in the galaxy has been estimated as between 8000 and ∼45000, asizable fra
tion of the total is beginning to be known.Our knowledge on the pre
eding evolutionary phase, represented by the post-AGB obje
ts, is more restri
ted. This phase is shorter-lasting than the PN phase(although this depends on the 
ore mass) and therefore fewer obje
ts are expe
ted:perhaps 1000�5000 in the Galaxy. The Torun 
atalogue 
urrently 
ontains over 200pAGB obje
ts. These obje
ts are more di�
ult to 
lassify than are PNe, and a largerfra
tion of mis-
lassi�ed obje
ts may be present.2.2 Classi�
ation s
hemesThe most basi
 �and perhaps the most 
ru
ial� task is to 
lassify the asymmetriespresent in the nebulae. Various s
hemes have been proposed, both at this meetingand in the past. No realisti
 study of the asymmetries 
an be made without su
hs
hemes. Still, the problems are major. With the 
urrent detail in the imaging data,the temptation is to 
lassify all these details, and it may be di�
ult to distinguishthe fundamental 
hara
teristi
s from the less important details. The sheer numberof parameters required to des
ribe the morphologies makes the detailed s
hemesdi�
ult both to apply and to use.Further development of the s
hemes should be done keeping a number of issuesin mind. First, observed morphologies will appear very di�erent (and may be moreextreme) in s
attered light (as in pAGB stars) from dire
t emission (as in PNe),and may be signi�
antly wavelength dependent. Se
ond, velo
ity stru
tures are asimportant as density stru
tures. Thirdly, the 
lassi�
ation should ideally be basedon theoreti
al models of the development of asymmetries.2.3 Te
hniquesOn the imaging side, advan
es have been spe
ta
ular. HST has been leading thepush for better angular resolution, with the ACS giving the best quality images.It is however no longer the instrument giving the best resolution. Ground-basedadaptive opti
s is still limited to the infrared and to small �elds of view, but withinits parameter range surpasses HST. Opti
al interferometry rea
hes resolutions of 10mas or better, but only for simple stru
tures and infrared-bright obje
ts. The powerof this method is shown by the dis
overy of solar-system-sized disks far within themu
h more extended pAGB obje
ts and PNe. With the development of laser guidestars, multi
onjugate AO and opti
al interferometry with more baselines and usingshorter baselines, the quest for resolution will be
ome more dominated by ground-based observations.Spa
e observatories are important for wavelength ranges where ground-basedobserving is not possible or too badly a�e
ted by the atmosphere. Spitzer is 
urrentlya 
lear example, although its imaging is a�e
ted by low spatial resolution. GALEX
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ilities in
lude the SMA, as pre
ursor to ALMA.On the spe
tros
opi
 side, the same observatories mentioned before have addednew 
apabilities, where espe
ially the Spitzer IRS should be mentioned. In the op-ti
al, the main advan
e is provided by integral-�eld spe
tros
opy. For extended ob-je
ts, this is likely to make the traditional long-slit te
hnique obsolete for mostappli
ations.3 ResultsIt is not di�
ult to pi
k out important new results presented at this meeting: thedi�
ulty lies in only pi
king a few!3.1 Stru
turesThe most surprising dis
overy presented at this meeting may be the 
ompa
t disksor �attened shells found inside PNe and related obje
ts, with size s
ales of order50AU. Their role in shaping of the extended nebulae is not 
lear: they may beremnants of the shaping pro
ess, rather than originators.Major advan
es have also been made in measuring the parameters of the �ows.We now know mu
h better, for instan
e, what the densities are within the polar�ows as 
ompared to the equatorial torii. A parallax distan
e to a water fountainnebula is also an important result. Velo
ity �elds are beginning to be determined.The role of asymmetries within AGB envelopes, as pre
ursors to the PNe, hasbe
ome more un
ertain. In the past, a 
ommon feeling was that the asymmetriesdeveloped only after the AGB phase. But the dis
overy of asymmetri
 shells forsome AGB stars shows that the development of the asymmetries, at least for some
ases, o

urs earlier than was thought a de
ade ago. However, an unbiased survey ofAGB shells still needs to be done. The best eviden
e for symmetry during the AGB
omes from the 
on
entri
 shells seen around AGB and post-AGB stars. It shouldhowever be noted that these only require velo
ity symmetry: a spheri
ally symmetri
but time-variable velo
ity �eld 
an 
ause swept-up, 
on
entri
, symmetri
 shells todevelop, even when the density �eld (or mass loss rate) is dire
tion dependent. Thus,the eviden
e for symmetri
 AGB winds is mu
h stronger for their velo
ity �elds thanfor their density distributions.3.2 EvolutionThe theoreti
al models for the evolution of the asymmetri
 stru
tures are well devel-oped and show many details whi
h resemble those observed in reality. Some multi-polar stru
tures appear to be reprodu
ed in models using a warped, 
ompressibledisk. The velo
ity �elds are not always published, but are available from the model
al
ulations. The main parameter in the models is the initial asymmetry, whi
hbe
omes ampli�ed in the subsequent evolution.Dire
t eviden
e is now available for the evolution of the PNe stru
tures. Expan-sion has been seen using images taking a few years apart: the high angular resolutionnow available 
an make su
h work routine for many nearby nebulae. The 
hanges
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ture of M2-9 over de
ades should be noted: these re�e
t not theevolution but the orbital motion of the illuminating star. The temporal 
hangesprovide a powerful tool with wide-ranging appli
ability.The newly-named 'jet lag' 
an also be in
luded in the eviden
e for evolution.The kinemati
 ages of the jets appear to be somewhat younger than those of the
on�ning tori. This implies that the tori form �rst and the jets are a subsequentaddition.The importan
e of ISM intera
tion has be
ome 
lear. This dominates the lateevolution of PNe, and 
auses rebrightening of evolved nebulae. AGB envelopes arenow also known to exhibit ISM sweep-up, leading to large (parse
-size) shells and/orbow sho
ks.The development of the observed morphologies is best illustrated with the �gurepresented by Al
olea (these pro
eedings) based originally on work by Fong. It showsthe presen
e of tori and jets, 
orrelated with the position on the post-AGB tra
ks.This is potentially the best way to show the morphologi
al evolution. This, andthe other results, need to be 
ompared with the theoreti
al models for stru
tureevolution, providing a 
hallenge for the 
oming years. The result of this will be anunderstanding of the initial asymmetries whi
h drive the later evolution.4 OriginThe two main models for the development of the asymmetries are both still alive. Thetraditional model is one where the AGB mass loss be
omes equatorially enhan
ed,either gradually over time, or suddenly at the end of the AGB. The bipolar �owsoriginate later in this model, when a faster wind blows into the pre-shaped eje
ta.The se
ond model uses a se
ondary wind in the system. This star develops ana

retion disk during the AGB, and a jet forms. The jet from the se
ondary starshapes the AGB eje
ta, and 
ompression from the jet may form the torus. In thismodel the shaping o

urs earlier.A third model invokes 
ommon envelope evolution. This model di�ers in that thedriving me
hanism for the mass loss is the 
ommon envelope, not radiation pressure.The eviden
e 
urrently does not de
isively favour any of the models. The 'jetlag' found here suggests the tori may form before the jets, slightly favouring the�rst model. The fra
tion of post-
ommon-envelope binaries among PNe is roughly10%, and so the third me
hanis is likely to present a real but minority evolutionary
hannel. The se
ond me
hanism operates among symbioti
 systems (e.g. V Hya) butit is not proven that these evolve into PNe. It is plausible that all three me
hanismsoperate, hopefully not in the same obje
ts!Magneti
 �elds were given less attention at this meeting than previously. The
urrent impression is that magneti
 �eld by themselves are unable to 
ause theobserved morphologies. Whether this shows a lasting 
hange of opinion remains tobe seen. The presen
e of magneti
 �elds is not in doubt, as for instan
e shown bythe polarization measurements presented at this meeting whi
h show a 
ombinationof toroidal and stret
hed dipole �elds.Angular momentum in a rotating star is of limited use in shaping a nebula, as ittends to be qui
kly lost as the AGB wind develops. The fa
t that horizontal bran
hstars in globular 
lusters rotate, but post-AGB stars do not, provides eviden
e for
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e of angular momentum is needed. During most ofthe stellar evolution, most of the angular momentum is in '
old storage', as orbitalmotions of planetary or stellar 
ompanions. It 
an be made available either through
ommon envelope or merger events (the 'minority' 
hannel) or by intera
tion be-tween the extended atmosphere and wind from the AGB star, and the 
ompanion.This last model has the strong point that the radius in
rease during the �nal phaseof the AGB when the wind develops, explains the in
reased intera
tion�thus theangular momentum is made available at just the right moment.A vote during the last session of the meeting showed that many people feltmodels should integrate both binary intera
tion and magneti
 �elds, rather than
hoosing between them.5 Stellar evolutionAn important question is whi
h progenitors belong to whi
h PNe. What are theinitial masses, and what are the initial binary fra
tions and parameters?An important 
onstraint on the �rst question 
omes from the nebular abun-dan
es. Nitrogen enri
hment is indi
ative of se
ond dredge-up and indi
ates a pro-genitor mass above 2M⊙. A 
arbon-ri
h nebula also indi
ates a more massiveprogenitor, although the mass range di�ers a lot between the Galaxy and lowermetalli
ity systems (su
h as the LMC, SMC), and even between the inner and outerGalaxy. s-pro
ess elements are underexplored, but provide important tra
ers of thenu
lear burning 
onditions, and 
an now be dete
ted in PNe. Detailed models forthe expe
ted 
hemi
al enri
hment as fun
tion of mass and metalli
ity are now avail-able. The �nding that 
arbon-ri
h PNe in the LMC are more likely to be bipolar isa good indi
ation that progenitor mass is important.The evolution following a very late thermal pulse (VLTP) is poorly understood.It leads to the eje
tion of a new, hydrogen-poor nebula lo
ated inside the older, �rstPN. It appears that the new nebula is often bipolar, while the earlier nebula is moreor less round. The shaping me
hanism is not known, but rotation of the stellar 
oremay be more important during a VLTP event. The 
ore is largely deta
hed fromthe stellar envelope during the AGB. A surprising �nding regarding the abundan
esof the VLTP eje
ta is that re
ombination lines indi
ate a C/O∼ 0.05. This needsfurther work: if 
on�rmed, either the mixing inside a VLTP star is very in
omplete,or the eje
ta predate the event.Improved numbers on binary fra
tions were presented at the meeting. In avolume-limited sample, about half the obje
ts show photometri
 indi
ations for a
ompanion, and roughly a quarter shows some eviden
e for 
lose 
ompanions. Of thestars where 
lose binaries are proven (∼15%) periods are in the range 0.2�4 days,with NGC 2346 at 16 days as the ex
eption. The short-period obje
ts have 
ertainlypassed through a 
ommon envelope phase.Among post-AGB stars, out best estimate for the binary fra
tion is 100%. Buttheir periods are of order 1 yr, and show essentially no overlap with the knownperiods among PNe, as if they tra
e di�erent populations. Among early-AGB stars,about 10% are believed to be binaries but their periods are in ex
ess of 10 yr. It is fairto 
on
lude that we do not yet understand the observation evolutionary sequen
esfor binaries.
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e stars, 10-15% of starsare expe
ted to experien
e 
ommon envelope evolution on the AGB, whi
h is sim-ilar to the observed frequen
y of post-CE systems among PNe. Common envelopeevolution is expe
ted to lead to fast eje
tion of the envelope. The detailed propertiesof post-CE eje
ta should di�er of those of other PNe: no large envelope is expe
ted,and the out�ows are 
loser to ballisti
. Observationally, PNe around su
h systemsshow rather irregular stru
tures, with eviden
e for highly 
ollimated jets. It is not
lear whether dust would be expe
ted to form in these eje
ta.Of parti
ular interest is the 
ase of 
ommon-atmosphere evolution. The extendedatmospheres around AGB stars double the stellar radii and greatly in
rease the
han
e of intera
tion. Models for how su
h systems evolve are still being developed.Intera
tion between a 
ompanion and a stellar win 
an o

ur over very large dis-tan
es. Mira has a 
ompanion at some 100AU whi
h is a

reting from the wind andpossible shaping the out�ow as well.The models for how the binaries evolve are impressive and make strong predi
-tions. If we 
ould de�ne observational sequen
es of how the intera
tions o

ur andevolve, and how the binary separation evolves, it would allow immediate 
omparisonwith the models.The AGB mass loss still presents a major un
ertainty. Of relevan
e to this meet-ing is espe
ially the e�e
t of binarity on mass loss and mass-loss rates. Extensivemodels exist for mass loss rates for single AGB stars, and the expe
ted rates aresu�
ient to form PNe. The PNe surrounding post-CE systems show that 
ommon-envelope eje
tion 
an also form a PN. However, we do not yet know how fast theeje
tion is and what mass-loss rates are rea
hed. During the merger, the 
ompanionis strongly ablated and the material lost is a mixture of gas from both stars. It wouldbe interesting to �nd eviden
e for this in the abundan
es.We would also like to know how 
ir
umbinary disks form, and what fra
tion of theeje
ta es
apes and what fra
tion is 
aught. The fa
t that the disks sometimes have adi�erent 
hemistry from those of the 
urrent AGB star suggests that the formationof the 
ir
umbinary disk may happen at a parti
ular time and not afterwards.6 Related obje
tsThe physi
al pro
esses a
ting on and 
ausing the asymmetri
 PNe also o

ur invarious types of related obje
ts. The 
ommon theme is mass loss and mass transferin a binary system. Mass loss o

urs in evolved stars of both low and high mass,with a wealth of evolutionary sequen
es. Whether only the physi
s is related, or thatasymmetri
 PNe �t on one or more of these sequen
es, is an important questionwhi
h remains to be answered.The most 
losely related systems are the symbioti
 stars. Their binary parame-ters are often known (unlike for PNe), and they provide important laboratories tostudy the physi
s and the importan
e of a

retion disks, high energy pro
esses andmass transfer.High-mass obje
ts are also important. They are rare but easy to study dueto their luminosity. The best known obje
t is η Car. Its nebula shows a stronglyasymmetri
 morphology, with some (perhaps super�
ial) similarity to Roberts 22.Stri
t periodi
ity in η Car provides the eviden
e for a binary 
ompanion. The eje
ta
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h more massive than for PNe, but more important may be the intera
tionbetween di�erent shells, possibly from di�erent eruptions. SN1987A shows a verydi�erent 
ir
umstellar environment to η Car, showing that high-mass stars also showa variety of evolutionary sequen
es. Be
ause high-mass systems are rare, the detailsof the di�erent types of intera
tions are perhaps more easily studied for lower-massstars.The question arises whether only evolved stellar systems show these physi
alpro
esses. Pre-main sequen
e stars also experien
e mass eje
tion, however their en-vironment is made more 
ompli
ated by the re
ent or on-going a

retion and theinvariable presen
e of 
ir
umstellar disks. In some 
ases, PNe 
ould also show reli
original disks.7 The FutureThe 
onferen
e showed real progress in the �eld. What used to be viewed as thestudy of separate, non-representative obje
ts showing rare evolutionary events, hasover the past de
ade be
ome the most important area of a
tivity within the �eld ofPNe. The study of a few disparate obje
ts has be
ome a strong and uni�ed line ofresear
h.So what are the main questions we would like to see answered or at least ad-dressed over the next few years? And what are the te
hniques we should use?In my opinion, the following are important questions raised at this meeting, forwhi
h only partial answers are available:1. What are the binary parameters of the asymmetri
 PNe? Or 
an we �nd eviden
eof single stars within asymmetri
 PNe? The proposed binary 
ompanions haveproven surprisingly elusive, and nothing is known about 
ompanions with orbitslarge than a few days.2. What is the role of magneti
 �elds? Their presen
e in the 
ir
umstellar nebulaeis now well established, and the �eld stru
ture appears to be related to thenebular morphology. But the intera
tion between the �eld and the morphologyis still un
ertain.3. What is the role of the 
ompa
t disks whi
h are being dis
overed? They are tiny
ompared to the size of the PN, but are they left over from the original shapingpro
ess? And is there any eviden
e for a

retion from these disk?4. What is the per
entage of stars for whi
h the mass loss rate (as opposed to themorphology) is a�e
ted by a binary 
ompanion? This will in
lude all obje
ts forthe mass eje
tion followed a 
ommon envelope phase.As to te
hniques, two 
lear points arose from the meeting. First, there is thegrowing importan
e of integral �eld spe
tros
opy. It is now possible to measure notonly the morphology, but also the velo
ity �elds. Se
ond, theory and observationsneed to be used together. For the observers, it is important to obtain those datawhi
h will are important tra
ers of the physi
al pro
esses. From the theoreti
alwork, it is important to �nd those tra
ers. Papers based on theoreti
al modelling
an only present a fra
tion of the information whi
h is present in the models: the
hoi
e should be based on predi
tive power and observational testability.


