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tion with the interstellar medium (ISM) 
annot be ignored inmodels of planetary nebula (PN) evolution and shaping. Re
ent resear
h has shownthis intera
tion begins during the asymptoti
 giant bran
h (AGB) phase of evolution.We have run extensive 3D simulations, following the AGB and PN phases, using a"triple-wind" model whi
h in
ludes a slow symmetri
 AGB wind, fast symmetri
post-AGB wind and a third wind re�e
ting the linear movement through the ISM.A wide range of stellar velo
ities, 
onstant mass-loss rates and ISM densities hasbeen 
onsidered.We �nd ISM intera
tion strongly a�e
ts the outer stru
tures. The simulationspredi
t parse
-size shells to be 
ommon: previously su
h shells have been attributedto mass-loss modulations by thermal pulses. The majority of PNe will have tailstru
tures and the stru
ture and brightness of an
ient PNe is largely determined bythe ISM intera
tion during the AGB. Cases 
omparing our simulations to observa-tions of the AGB star R Hya and the PN Sh 2-188 have given an ex
ellent �t of ourmodel to available data.In some 
ases, instabilities laun
hed from the bow sho
k ahead of the star 
anform vortex stru
tures downstream, enhan
ing mixing and returning angular mo-mentum to the ISM, essential for the formation of the next generation of stars.1 Introdu
tionPlanetary nebulae (PNe) display a wide variety of shapes some of whi
h, e.g. round,
an be simply understood in terms of the symmetri
 intera
ting stellar winds (ISW)model [16℄. Many theories have been introdu
ed to explain more 
omplex shapessu
h as hour-glasses and butter�ies e.g. adding an asymmetri
 slow wind to theISW model [14, 1℄ invoking a binary 
ompanion to the 
entral star [21℄ or magneti
�elds [11℄. Observations of PNe have shown several 
ases where the only departurefrom symmetry is in the outer shell. Intera
tion with the interstellar medium (ISM)has been postulated to be the 
ause of these asymmetries.



640 Wareing et al.Early studies of the PN�ISM intera
tion [12, 19, 13℄ 
on
luded that a nebulawill fade away before any disruption of the shell be
omes noti
eable. In 
ontrastto this, many PNe with large angular extent were found to show signs of PN�ISMintera
tion, in
luding all with 
entral stars with a proper motion greater than 0.015ar
se
 yr−1 [3℄. Hydrodynami
al models [20℄ of the intera
tion revealed that the PNshell is �rst 
ompressed in the dire
tion of motion, then in later stages signi�
antlyde
elerated with respe
t to the 
entral star. Both of these studies 
on
lude that theintera
tion with the ISM be
omes dominant when the density of the nebular shellhas dropped below a 
ertain 
riti
al limit, typi
ally nH = 40 
m−3 for a PN in theGala
ti
 plane.Villaver et al.[23℄ (hereafter referred to as VGM) pointed out that previous stud-ies of the PN�ISM intera
tion had ignored the pre
eding asymptoti
 giant bran
h(AGB) stage of stellar evolution. VGM performed 2D hydrodynami
 simulationsand found that 
ru
ially the intera
tion is de�ned during this stage where the slowwind is shaped by the ISM; the PN then forms in this pre-shaped environment. Em-ploying a 
onservative relative velo
ity of the 
entral star to the ISM of 20 kms−1and a low density of the surrounding ISM of nH = 0.1 
m−3, they found that the PNis brightened on the upstream side of the nebular shell and 
on
luded that PN�ISMintera
tion provides an adequate me
hanism to explain the high rate of observedasymmetries in the external shells of PNe. Further, stripping of mass downstreamduring the AGB phase provides a possible solution to the problem of missing massin PNe.VGM found that simple hydrodynami
 simulations 
an reveal mu
h informationregarding the PN�ISM intera
tion. In order to investigate the intera
tion further,we have developed a 'triple-wind' model in
luding an initial slow AGB wind, a sub-sequent fast post�AGB wind, and a third wind throughout re�e
ting the movementthrough the ISM. Employing a parallel 3D hydrodynami
 s
heme to simulate ourmodel, we have performed a 
omprehensive set of 92 simulations investigating thePN�ISM intera
tion. We have used our simulations to interpret the stru
ture of theextreme PN Sh 2-188 [25℄, the stru
ture around the AGB star R Hya [26℄ and in-vestigate vorti
es laun
hed from the head of the bow sho
k [27℄. In this 
onferen
epaper, we 
onsider these results and summarize our paper on the generalization ofthe PN-ISM intera
tion [28℄.2 The hydrodynami
 s
heme and triple-wind modelThe numeri
al s
heme, CUBEMPI, used in our simulations to solve the hydrody-nami
s equations employs a se
ond-order Godunov method due to [10℄. It is posed in3D Cartesian 
oordinates, fully parallel and in
ludes the e�e
t of radiative 
oolingdue to [18℄ above 104-K. We have used a numeri
al domain of 2003 
ells. Full details
an be found in [24℄.In our 'triple-wind' model, the simulation is performed in the frame of referen
eof the star, whi
h is pla
ed at 
ell 
oordinates (50, 100, 100). Mass loss is e�e
ted byresetting the values of the hydrodynami
 variables at the start of every timestep in avolume-weighted spheri
al region of radius 5 3
4

ells at the position of the 
entral star.The wind has been modeled with a spheri
ally symmetri
 
onstant mass-loss rate

Ṁ with 
onstant velo
ity v and temperature T . Density in the sour
e volume hasbeen de�ned by Ṁ/(4πvr2) where r is the physi
al radial distan
e from the 
entral
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 variables are set a

ordingly. Simulation of movementthrough the ISM is a
hieved by �owing ISM material in at the (x = 1) boundarywith a velo
ity ve
tor vx, vy, vz = (vISM,0,0). The ISM density and temperatureare 
onstant. All other numeri
al boundaries have 
onditions allowing material to�ow out of the domain freely. Gas pressures in the model are 
al
ulated assumingan ideal gas equation of state.3 Model parametersWe have held the following parameter values 
onstant: for the slow AGB wind avelo
ity of vsw = 15 kms−1 and a temperature of Tsw = 104 K; for the fast post�AGB wind a mass-loss rate of Ṁfw = 5×10−8 Ṁ , a velo
ity of vfw = 1000 kms−1 anda temperature of Tfw = 5× 104 K; and for the ISM a temperature of TISM = 8000K,
hara
teristi
 of the warm inter
loud medium [5℄. In the model, the swit
h betweenthe AGB wind and the post�AGB wind is instantaneous and o

urs after 5 × 105years of AGB evolution. In view of the still 
onsiderable un
ertainties on the detailedproperties and evolution of these winds, more detailed temporal variations have notbeen modeled.In our simulations, we have varied three parameters: relative velo
ity of the starto the surrounding ISM vISM, slow wind mass-loss rate Ṁsw and ISM density ρISM.We have 
onsidered a range of vISM from 0 kms−1, testing the implementation of thetriple-wind model and its ability to simulate a spheri
al nebula, up to 200 kms−1,in 25 kms−1 steps in order to fully 
over the range of velo
ities of PN-forming starsin the Galaxy. We have used three 
onstant values of ISM density nH = 2, 0.1 &0.01 
m−3 to investigate the range of densities in and just above the Gala
ti
 plane,where most PNe are found. We have used values of the AGB wind mass-loss rate of10−7, 5×10−7, 10−6 & 5×10−6 Ṁ up to vISM = 75 kms−1. Above this velo
ity, wehave not used a mass-loss rate of 10−6 Ṁ due to time and 
omputational 
onstraints.4 Results and Dis
ussionThis se
tion summarizes work published more fully in [28℄. The reader is referred tothat paper for fuller details.4.1 The four stages of intera
tionHow a PN will intera
t with the ISM is set during the AGB phase. VGM's work wasthe �rst to highlight this important point. During the AGB phase, the expandingAGB wind forms a bow sho
k ahead of the 
entral star at a point of ram pressurebalan
e against the on
oming ISM. Initially, the PN expands within this bubble ofundisturbed AGB wind material and this we de�ne as the �rst stage of PN�ISMintera
tion, Wareing-Zijlstra-O'Brien (WZO) stage 1. The PN is as yet una�e
tedby the ISM intera
tion whi
h is radially further from the 
entral star. The AGBwind bow sho
k may be observable as a faint ar
 around the PN. In the 
ase of aslow-moving star with a large bow sho
k, this stage 
an last for the entire lifetimeof the PN and it is unlikely a PN�ISM intera
tion will ever be observed. However,
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entral star is moving even at average speed, the PN�ISM intera
tion 
anbe
ome rapidly apparent. We show this stage in Figure 1(a). Chara
teristi
 of thisstage is a shell of swept-up ISM, up to a few p
 away. This has been 
alled a 'wall'[30℄. On sky images, this may also show up as an area of redu
ed emission aroundthe PN, lo
ated within the wall. There is some eviden
e for su
h 
avities [29, 9℄.
PN

shockbow
direction of motion

(a) (b)

(c) (d)Fig. 1. A simple illustration of the appearan
e of a PN during the four stages ofPN�ISM intera
tion. The dire
tion of motion is to the left and thi
ker lines indi
atethe brightest regions. Panel (a) illustrates stage WZO 1, (b) stage WZO 2), (
) stageWZO 3 and (d) stage WZO 4. The position of letters (a), (b), (
) and (d) indi
atethe position of the 
entral star at ea
h stage.Stage WZO 2 is entered when the PN has expanded far enough to intera
t withthe bow sho
k formed during the AGB phase of evolution. As the PN sho
k mergeswith the AGB wind bow sho
k, driving another sho
k through it, the density andtemperature of the material in
rease a

ordingly. This is shown in Figure 1(b). If
vISM is predominantly in the plane of the sky, we would observe part of the nebularshell brighter than the rest. If, however, vISM is almost all along the line of sight tothe PN, the whole stru
ture would brighten and it would be di�
ult to identify thisPN as undergoing a PN�ISM intera
tion until later in its evolution when distortionsof the PN shell may reveal its true nature. This stage is relatively short lived and
an be as short as a thousand years or so in our simulations with the largest vISM.The third stage of intera
tion, WZO 3, is de�ned by the geometri
 
entre of thenebula moving downstream away from the 
entral star as shown in Figure 1(
). Theshift of the geometri
 
entre due to the de
eleration of the PN shell in the dire
tionof motion is guaranteed to o

ur and provides a measurable e�e
t of this intera
tion.During this stage, and beginning during the se
ond stage, it is di�
ult to estimatethe age of the PN from its apparent diameter on the sky. The AGB�ISM intera
tionhas 
o
ooned the PN inside the AGB wind bow sho
k and this 
onsiderably inhibitsthe expansion of the PN shell during stages two and three. Identi�
ation of thear
 of nebular shell moving downstream yet still inside the AGB wind bubble andthe 
entral star would provide an estimate of the radius of the PN as this part of



PN-ISM intera
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tion. This radial distan
e 
ouldprovide an estimate of the true PN age. This third stage 
an be open-ended andonly in the higher vISM 
ases is the PN a�e
ted enough by the intera
tion to be
ome
ompletely unfamiliar and enter the fourth stage of intera
tion before it fades away.Even in the highest velo
ity 
ases, the third stage lasts at least 10 000 years. It ispossible that in the most extreme 
ases, the PN shell will 
ontinue to appear 
ir
ularas the nebula is swept downstream of the 
entral star. Sh 2-68 is an example of anebula where the 
entral star is thought to have deserted its PN [15℄. The 
entralstar has the largest value of proper motion measured via ground-based observationsat 53.2 ± 5.5 mas yr−1.In the fourth and �nal stage of PN�ISM intera
tion, WZO 4, the PN no longerappears 
ir
ular. The fast wind has formed a bow sho
k ahead of the star and thelittle remaining AGB material in the vi
inity of the star is being swept downstreamwith turbulent areas of high density and temperature as shown in Figure 1(d). Atthis time, the observable stru
ture may not be identi�ed as a PN. Further, the
entral star appears to have long sin
e left these regions.Central stars of PNe whi
h show eviden
e of intera
tion should have a propermotion 
onsistent with the observed distortions a
ross the plane of the sky if thenebula is 
lose enough and the 
entral star is moving fast enough in the right dire
-tion to have an appre
iable angular motion over time. [3℄ performed an investigationof PNe with known large angular motion and revealed many show signs of being inWZO Stage 2.4.2 Missing massThe intera
tion with the ISM 
onsiderably alters the amount of mass within the ob-served nebula: the ram-pressure stripping of material downstream during the AGBphase removes mass from the 
ir
umstellar region during the AGB phase. Our simu-lations show that up to 90 per 
ent of the mass eje
ted from the star during the AGBphase 
an be left downstream forming the tail behind the nebula. This e�e
t mayprovide a solution to the missing mass problem in PNe whereby only a small fra
tionof the mass eje
ted during the AGB phase is observationally inferred to be presentduring the post�AGB phase. Our simulations 
learly support VGM's 
on
lusion thatPN�ISM intera
tion at low speeds 
an provide an explanation of the missing massphenomenon. Further, we show that this e�e
t is even more pronoun
ed at highspeed.5 Sh 2-188Sh 2-188 was thought to be a bright one-sided ar
-like PN when new observationstaken as part of the Isaa
 Newton Group Photometri
 Hα Survey of the NorthernGala
ti
 Plane (IPHAS) [8℄ revealed a faint ring-like 
ompletion of the ar
 and a tailstret
hing away in opposition to the bright ar
. Our model revealed this PN to bea strong PN�ISM intera
tion where the 
entral star is moving at 125 kms−1 in thedire
tion of the bright ar
 relative to the ISM and the nebular shell is intera
tingwith a bow sho
k formed during the AGB phase between the slow wind and theISM. In Figure 2 we show the IPHAS observation of Sh 2-188 next to the result ofour simulation. We have dis
ussed this 
omparison elsewhere [25℄.
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Fig. 2. A �gure showing the IPHAS image of Sh 2-188 in the left panel and in theright panel a sli
e through the density data
ube of the simulation at the position ofthe 
entral star parallel to the dire
tion of motion, 20,000 years into the post-AGBphase of evolution, aligned to the dire
tion of proper motion. For full details, referto [25℄.6 R HyaRe
ent IR observations of the AGB star R Hya as part of the MIRIAD programme[22℄ have revealed an ar
-like stru
ture to the North West of the star. We haveinterpreted this stru
ture to be a bow sho
k ahead of the star [26℄. The existen
eof this AGB bow sho
k has 
on�rmed the hypothesis that the major shaping e�e
tfor the PN�ISM intera
tion o

urs during the AGB phase of evolution. In Figure 3we show the MIRIAD observation from [22℄ next to the result of our simulation. Wehave dis
ussed this 
omparison elsewhere [26℄.7 Vorti
es in the wakes of AGB starsIn our simulations, we see instabilities at the head of the AGB wind bow sho
kforming von-Karman like vorti
es downstream. Some stru
ture in the bow sho
k ofSh 2-188 indi
ates the development of su
h stru
tures. Further, re
ent observations[17℄ have revealed a 4 degree tail behind the Mira system. This tail 
ontains a ring-like stru
ture whi
h 
an be understood as a vortex moving downstream. When thePN shell expands far enough to intera
t with these vorti
es, typi
ally during stage 3or 4, it is a�e
ted and the PN shell would be distorted and brightened a

ordingly.We have dis
ussed the importan
e of these vorti
es for the lo
al ISM elsewhere [27℄.Inhomogeneities in the ISM 
ould be expe
ted to seed more instabilities for vorti
es.A
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Fig. 3. A �gure showing the MIRIAD image of R Hya in the left panel and a sli
ethrough the density data
ube of the simulation at the position of the 
entral starparallel to the dire
tion of motion, 40,000 years into the AGB phase of evolution,aligned to the dire
tion of proper motion. For full details, refer to [26℄grant-funded post-do
toral resear
h at the University of Man
hester. The numer-i
al 
omputations were 
arried out using the Jodrell Bank Observatory COBRAsuper
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