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ATIS’TRACT

we apply OUI’  Iuwllts to ol)servations  of Low SIJOC]<S al 1(1 Obt ail] tll iit the size of t!hc clumps

in (Y CaI]L is comptitil)lc  w i t h  tile TA1 if its viscosit~’ is due to turl)l~lellcc  ill the mixiug

layu I)dwum the shockd  aml)imt mdium  fluid w(I the SIIOC1<CX1 wind f luid.
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1 .  lNTR.OIIUCTI()~

TIlc’lw m’c m a n y  Cxalllpks of’ bow Shdcs gcmmtd I)y Stcllal’  will(ls. Runaway on stars

tmvcrsing the (liff’use iukrstdlar medium gmmatle lmrsec-simxl Imw s h o c k s  ( V a n  Tluren

:111(1  McCray, 1988),  mamples  lmiug  0 C a m  w(1 ~ O p h . Il)si(lr  Dldcwuhir  clouds, newly

f o r m e d  013 stars often  form cometary  compact HI1 legions, w h i c h  arc WC1l cxplaiued  M

lK)W  shocks (Van ~urcn ci d., l~go; MZK I,OW et ( / / . , 1991 ), NTcwr the g a l a c t i c  centm,

wkrc mass losing supmgiants interact with the galaci ic ccnkter’s W’in(l, a bow shock is seen

around IRS 7 (Yuscf-7kdch  and Morris 1992, SerdJylI, I,acy  MI(1 Acl]termm 1W2).

T h e  ixltcractlion  region lx:twwm  the wind an(l  the circmnstclkw shockc(l  gases is Ixmn(kxl

l)y two shocks in which the flows  slow (1OWI1  from supersonic to su}wonic velocities. !l’k

wi(ltlh of the intmdicm region depmds on tllc effici(wcy  d’ the cool ing  processes  as well

W+ on t,llc  Mttcll  IIUIM1)C)IS  of the illtcractillg  flows. For cfficicllt  coolillg  the illkmctiou  zone

mrrows wi th  inc.rcasing  Mach numlRr, Imxmling  ill the lilnit  i]lfillitcsimdly  thin,  T h e

win(l  vdocitics  of 013 stars are N 1000 -- 3000 kill s–] , whidl lcm(l  to very  high post-shock

tc!lll]>c?r~~tlllrc’s  d the wind shock . A variety of’ cooli]lg  mech:misllls  are likely  to opcmte,

tmlollg  t,hrl]l turl)ulcmt  mixing via l<c:l\~ixl-IIc:llllllolz  illstlitbilitlirs,  llIcrlld  cmduc. tim and

rdid)ioll  10 SSCS, msultillg  in ti lIimww  interaction r(’gion. Studies of the closely related

Stldh  win(l  l)uIJ})Ics  i]l(licatc that strcmg  losses calI  indeed occur (V.ml Ilurcll 1986).

Ill tin carlim p a p e r  (Dg;mi, Van  Buren & ~oricg:i-  Crespt) 1 9 9 5 ; llcl’dtlel  pqm’  I )  we

prcscvlt,  ii lixlcxu  st,al)ilit,y wdysis  of thin isot,llermd bow shocks. JII that  study  we fol low

SOkcr (1990)  amd ca lcu la te  tk cwduticm of shod uavelcwgtlh  ])(’ltlllll.~atiolls  in the zero

thicluwss  shell  iil~l~roxilll:itioll. WC find  that  the moti(m is u]lstablc  ill  this limit. Moreover,

the std)ility  propdies  (Iepcnd ml one dimmsimless  ])uamettcr  LJ* /uu, WIHC v, is the stelltir

velocity an(l VL(, is the’ will(l  velocity. Bow shocks Tvith fast will(ls  for which v, /vu, << 1

arc’ ]llorc’  stlal)lc tl]lan lmw  shocks with slow winds  i.r. ‘V* /21t[,  >> 1. 111 the Salllc  papcl’  WC!

compim’ OUY rcwults  with rc>al b o w  slmcks  tixl(l  fill(l  indeed  t h a t  ilIe  IRS 7 l)OW shock for

which V* /I~tl,  >> 1, is more clumpy  than bow  shocks around mnaway 011 stars for wllicll

‘V* /’u,,, << 1.

ThL* insta])ility  wc founcl  in paper 1 is of a vay si]nilttr  llatl~rc  to I1lC colliding wind I)inary

inst[il)ility  (lcscrild by  Dgani, Walder & NTUSShmIt’I  (1993) ( sfc also  D&ani 1993, Dgmi

& Soker 19!)4). Itf uiscs from tllc fact thtit  (lmsity  f luc tua t ions  ill  tllle bow shock  s u r f a c e

lWM1 to fluct)uatiom  in t h e  trusverse  accdcratlion, WheIl tlle will(l  strc’wll  collides with

the  aml)icnt me(lium s t ream,  tllc shocked  sld~ tm(k to oscil]at( away  from the quilil)-
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rium posit im, accelerated outward by  the ol)lique accret im of t h c streams, We t herefme

[
mmld. this imtd)ility  ill paper I the transverse accelcratick]l  imh;il)ility  (’l’AI), K

R.eumt high resolution two dimensioml  numerical calculations  of red supergimt  bow  shocks

Y
show,  ‘tlmt as the c.oolillg  ill the shocks  increases the SIIOC1{CX1 region  osci l lates  (Drig]lenti

& D’rhcolc  lYW). Tllc reason for t h e  iustfil)ility  that a.ppczire(l ill  their cdculaticms  i s

Hot Completc!ly clear. I t  IIlay lx’ rc!lated  to illterd  shear mofimls  imik tlm s h e l l  as ill

t h e  case d Vishniac)s  nonlinear  thin shell  illstal)ilit~” ~TSI ( Vislmiac  1994).  T h e  h i g h

rmolutiwl model  of Ilriglmltli  & I)) FJrcok~  for a slow Il)oving  star l]as V* /vlL, = 2 while their

hig]l  resolution  mdcl for it, fiist,  Illovillg  star h a s  v, /Z~u, L 8. It scum tlmt  tile c o o l i n g

mo(lel of tllc’ s low Illoviug star showIl  in their Fig. 2 is mom stld~lc thm the me with the

fast mewing star SILOWM  ill their F’ig.3 in accor(hc.e ~~ith the TAI. However the v, /v,,,  = 2

model  is not thin.  III this paper we calculate thin modds.

Hcm we pcrfcnm  pressmdess  2D numerical  sinlulaticms  in order  to i]lvcstigate  the nonlinear
Y“

regime of the TAI. In ~ 2 wc wdkent the Hlodels.  1 H $ 3 we SIIOW IImllericd  results and

discuss possildc  applicaticms.

2 .  T]]]? NUMERICAI, hfODF;I,S

ItTc use tflle p a r t i c l e  in CCJ1l (PIC) mctllod  to study  1 llc bow SIIOCI: ilow. We lleglec.t tile

pressure’,  which is cquivdmt  to u isothcrmd  ilow wit 11 very high Mach uunlher.  The PIC

n u m e r i c a l  Illcthod  is (lc’sc.ribc!d  in I~ivio  et d. ( 1986) for the Cartesiml case,  It, i s  adap ted

to c.ylill(lrical  cxxmlillates in Dgmi & IJivio ( 1 990). g ‘he Fhleri:m  cells  iu tile present,  case

arc Iloroi(ls M1(l tllc pa r t i c l e s  are rings  about,  the axis colulcctillp;  t,llc  two stars (see e .g . ,

I1;w1ow 19G4). TILe cylill(lricd  clmrac.ter of t i l e  prol )lelu i s  thus  Id,aille(l,  TIIC physical

vari  al )les arc! cdculatlwl at each tlillle step, ill e a c h  {all, I)y avel.agillg  over  the partidcs

residilg  in that,  cd l .  The  phys ica l  va r i ab les  o f  mdI particle  tme chmgd as a result of

iIlterac{,ioll  with all tlIc ot,ller  particles in the cell, T1l is intcractiwl causes the particles to

10SC  their tlrtmsvcww momentum when they reach the collision surface,  mm though  thcm is

110 pl(’ssulc. ~’]l~! st~~!l@ll of tll(! illtC~~lctiOll  is (~CteHllillC’(1  l)Y tw[) p~~l[tl~l~h’s,  {~A ~~11(1 (k ~j

(sc’e J,ivio  c!t al. 198G), which esscvltidly  Cmltrol  the lt,cal an(l glol~al  averages inside  a cell.

‘III all the sixllulaticms  wc’ have set, CYB =. 1, w]licll  is the maxiIl]uI]l  due,  im(l ckA = 0 . 0 1 .

These lmmmeters are Klatcd  to the numerical viscosity. TIIe 1’1 C scheme ill c.cmlpariscm

with eltilmrat)c’  high rc’solution  Illetlhc)(ls  for  lly(lr~)(ljrll:illlics, lms tllc  ti(lvalltagc  of allowiug

free strc’mlillg  of particles until they hit, trhc collision surface. !l’he d)sellcc of pll’ssure

f o r c e ’ s  i s  tllc cssellce  of t)lle  isotlllmlllal  M  = cm iimv tlmt we wli]lt to illvmtigate  in t i l e

—
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II OIIli IIear  rcginlc. A  silllilar numerical  scheme was  USC(1  to study  the xlodillcar  regim(!  of

the imdjd)ilitics  in the llollcli-IIoylc-l,  ~’ttletoll  type accreticm ilmv cmto a c o m p a c t  ol)ject

(Soker  1991) and in the plmar col l iding wind l)imry flow (I)gmli St Soker  1994) .

ThL: gcwmetqr of our proldem  is depicted iu Fig. 1 of 1 mpcr  1. We ddine  the cylindrical co-

ordinate (r, z), c.mtcrcd d the wind source, where z is the coor(lillatc  along  the symmetry

a x i s  and r is the disttmcc  from the symmetry  axis. We ex]wss all quantit ies in units in

w h i c h  the stm(ld (listancc Ito, the  wind  vdocity, VI(,, ad ifhc wi]l(l  dcmsity  at a stan(lofl’

distmce  froxM the wind sourc.c po(li?  o), are tlakm to 1)(: uxlity.

we pll%cllt 5 lu l l s . In Hmlcl A ,  the standard  model,  we Msumc t h a t  V* = v,,,. The grid

ext,mlds  from r = 0,0 to r = 2 .4  MI(1 from z = 0 . 0 1  to z = 1 . . 3 .  ‘1’lw dls lmvc Cclud sizes

All = AZ == 0.02, md the time step is At = 3.3334. 10-t. TIIC wind particlc!s  are illjec.ted

from a sphere  d radius 0,9 around the wind source  in the rwlid dircc.ticm from the source.

The aml)iut m e d i u m  p a r t i c l e s  arc illjcctcd  from the plane z L - 1.3 ixl the –.5 directicm.

Startilg  at t=O with am empty grid we inject  144 win(l  particles ~]ld 144 mlll)icmt mdium

p:diclc~s  at cdl tilnc st q].

3 .  NUMER.ICIAI, RESUI,TS

Tile iuitid pcrturlmtiom  in density  alolg tllc I)mv S11OC1C result,  fiwlll fluctuat,iolls  in tllc

nunll  H of part iclcs  in a(ljacmtl dls.

)
/

In F ig .  2  wc present  the s u r f a c e  dmsity  o o f ’  mdl A, as a function  of the Ahc ~uq$h ‘~’

c o o r d i n a t e  1 from 1 L 0.1 to 1 L 2 along the bow  sI]oc1{. ‘J’hc  mass varial)lc used ill the

numuic.d  cdculatiom  is rdatld  m WI(1 not to a to 01 )tlain o wc (lcvi(lc by  the r coordinate.

Whcm  1 << 1 7.<< 1 w1(l  the dcvisicm  is not well (lcfinc(l. This rerolls ill  errors for the surface

(Icmsity a limr 1  =. 0, lVC therefore  S11OW a as a fml(tio)l of’ 1 flm]ll 1  =- 0,1  to 1 = 2 .  ‘1’hc
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first 5 p:mels are snapshots d 5 different  tillic:s  after tile flow is well tlevcloped,  while in the

last pmlc!l tile b plots arc plotted togc?t’her. It is evi(lult from Fig. 2 tlla,t  the pdurl.)aticm

grow in sim along tlhc } )ow s11oc.1{. PVC show a two (Iimensiomd grayscak  image ill Fig.

3 of’ the tlc:~’c:lc)]>lllc:llt  of the perturbations with time. The horizcmtal axis  represents the

coor(limtc  ahmg the lww shock while the vertical cwordilltitlc rcprcsmts the tlimc. ‘rhc

propq+iitioll  tmd (lispcrsicm  of indivi(lud  ~)crtl~rl);~.tic)lls  is CIti,sy  t(.) fo l low.  In our case  tile

pcrturlmtion  waves move with the fluid velocity (c$ == O). It is clear that in general the

]>c~rtlllrl)a.tic)lls  g r o w  as they p r o p a g a t e  alo]lg  the bow shock  whicl)  can Lw seen  by mtillg

that  tlllc cmlt)rast  I)ctwecll  wllit,c tincl  black is larger  011 the right  I]w1(l si(le of the figure.

111 order  to chcc.k t h e  efhts of the number o f  particlm in the gri(l  ON the growth rate of

the lllO(lCS 1 we Ilst: the Salllc grid  M in H1o(1cI A, but, ixlject G7G 1 )alticlcs  pcr til~lc s t ep  in

]M.Mlel  1] inst, m(l of 288 pdiclcs  pcr t ime  step in mfdel  A. As a result  the total IlumlH

of particles ill the grid illcrmse(l  from w320000  to NG40000.  The cvolut,  ion of the surface

(lcusity  a along the lmv shock is  depicted ill Fig. 4, prescmted  at tjllc  same time scqumce

as iu Fig. 2. M’c sw that, the growth rate is siluila.r  to that  of uwtld  A. This modd s h o w s

lllorc st, ruct[uc  WI(I is lCSS  uoisy thtm mode] A, l~ut the growt]l rate of tllc perturbaticnls

Lis well as the i r  (lominant  lculgtlll  scale are silllilar  ill Imth nlodels.

T h e  chwugc  of the cdl size efIects k growth rate d“ the surface (lulsit)y  pmturl)aticms as

cm be swm ill Fig. L, which shows tlhc surface dmsiiy  for  model C, ])rcscmtc(l  at the same

t ime squuce  as H1o(Ic:1 A, The perturbation growth  in this case is smaller thm in model

A. This result, is ill accordimc.c  with the linear adysis , which SI1OWS that the growth rate

y//

111 Ol(lc’r to Colllparc  J.)d!wcx?l / mdcls D a n d  F; wc r e c a l l  scmle of our  results ill paper T. T h e  ~.

(3.1)

Whelc  /(, ~,~ = (11 + /2)/2.  ~(t) is an increasing  funct ion of  v*/v,,,.  In Fig. 6 we plot C as a

fmlctioll  of v, /v,[, for  the wglc t? = 60° for which  1 . -1 .  T_lsillp;  cqmiticm  (3.1) Mid Fig. 6,

the allll>lit,u(lc  growth  for a lmw  shock with [J* /uL(, I 0.5 is 1.4 times smaller than  that  of

a lww shock with L)* /vu, = 2.
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WC will Now apply  the numerical cdculaticms  present d here to ruIMway  011 stars like n

Cam. 111 h i g h  msolusion  IRAS images  of a CWH clm]lps of the size of 0,1 of the stand off

(list)amcc  RO q>pear, We will uow usc a dilllcm+iolld  a]gumellt  to SIIOW tllatl the size of tile

cluulps  ill  c~ Cam is colllpatil)lc  wit, h the ‘JAI, if its \’iscosit,y is (Iue to turbulc!llcc  iu tlw

mixing layer Imtlwccm  the S11OC.1KK1 ambient mcdimu fluid and the shock-xl  wind fluid.

lJIi(lcr  the assumption  of isdhcrmd  f low the> expcci c(1 wi(ltll  of tile l)OW shock  i s  6 N

IV1-2 RO Whmc M is the Mach numl.mr  and R(, is thal stand ofl distance  of the how shock

(van  13111CII  d d, 1 9 9 0 ) .  ‘3’11(:  turbulcmt  viscosi ty  ill the stlalldard  nlixing  length  theory

(Raga wt al) is  of t h e  order  of vl ~ Vfli wliere 1, i s  t h e  size of t h e  largest eddies  and

vl is  the turl)ulcxlt  vdocity. We assume that i,lle  t,ul buht,  velocity  is  of  the same order

of malgni tfudc as the sound spc!d  l)cca,use  superscmi  c turhulcut  eddies  are likely  to I)(:

dissipatd  vu-y  ciIic.icultly  ( d u e  to the productlioll  of SllOdi w a v e s ) .  Taking If to bc the

wi(lth of tile lmw shock  6 we obtt~,in  vf w V* 6/lM.

TIKI numerical viscosity v~1 associated with the (PIC) schema  is fro]ll  (limcmional  umsi&:r-

ations  of the or(lcr of (A R,)2 /At(Sokcr 1986). M is lJOIII1(lC(l 1)~’ th(’ Co~lri~Ilt,- Fric:(lric  ll-I,c:\ray

condition Af <  AIi/v,,, aJ W1lCIC V,,lar is tile maximuu  vcloc.ity  ill  I,llc grid.  In o u r  CMC

v ,,1 ([ ~. x V* ,so t,lmt v,, N A R.v* . T h e  llullwricd  viscosi  ly is of th( same or(lcr as the turbu-

lmt ON(J if Ali! N J/J4, Our resolut ion is  AR =. 0.02HI’0 so vr~ N vl for  M = 3 rek:vant  for (Y

Chl.

Our llmlels  show th{it the (lomimmt wave lmlgth of the ]Jeltlllll)titic)lls is of the order of

0.1 Ii’. (see Figs 2,3,4).  The c.lmups  scml in the I)ow s11oc.1{  of o Ca~lL have this size, It could

l)C tlllat tlhc’sc clumps result  from this  illstaj)ility.

The rcseuch (lcsc.rilml  in this paper was  carried out l)~r the ,Jet Pm] mlsion Idwrat,ory,  C;al-

ifomia lm+t,itut,c  of TechIIology,  ull(lm a umtract  with the Ntitiolml  Acrolmutics  MI(1 Space

A(llllillistrtit,ic)ll.  11..1).  tllald<s the S w i s s  Ntitiolld  Fomldtitiou  fo] its support,  M1(l the visit-

ing  scientist progr:ull  at ,JPI,. AN-C is sulqmrtd  lrj the NASA I,oIlg  Term Astrophysics

Plwglanl.
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m! parameters  charac.imizing  the four YUIM
_——.. .— .—— --

model  A Illo[lc’1  B lJlOdd  [~ Hlo(l_d_I ) __ _._uls:l—E——— .—

V* /2h11 1 1 1 2 (-).L

AR 0.02 0.02 0.0’1 0.02 0.02

At 3.3 x 10- 3 3.3 x 10- 3 6.6 x 10- ‘] 1.G x 10-”3 3.3 x 1~-3

Ni~~  j 288 576 288 2&3 288
_.— _—— —.. — - .: -:= —.- =—. - -—
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FIGURE CAPTIONS

Fig .  2 :  The  sur face  (ltmsity  for mode]  A. III the last pallcl  all tllc p r e v i o u s  panels are

plotted k)gcther,
q /’/

Fig. 3: Gray scdc s]>ztc~~c:rs~ls-tilllc:  plotl  for  tllc surfww density  of HIUIC1 A. The hcmiz  filtd
Afl }\

axis is ille z prc~jcctlioll  of 1 tile c.oordillatc  alcnlg t<llc 1 mw sl]ock.

Fig. 4: The surface  density  for l]lodcl  Il.

Fig. 5: TIc surface density for model C.

Fig.  G: Diagram  of the rclatiouship  Id,wecm tlllc  ire-+{  aljility  grow’tll r[itcl  C(l), m d e r i v e d

from the linear  adysis of paper 1, versus  I)* /2J1,, for 1 L 1.

F i g .  7: The time avcriigcxl  rd[itive  pdurhations  in 1 llc sulfac.e  (Imsity for 1110(1(:1s I) and

17,.
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