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ABSTRACT

We continue our study of the stability of thin isothermal bow shocks. We follow the
trausverse accelaration instability ( hereafter TAI) found in the lincar analysis, to the

nonlinear regime. We use numerical simulations to solve the nonlinear Euler equations.

We find that thin isothermal bow shocks are indeed unstable also in the nonlinear regime.
The growth rates for the instability are higher for larger values of v, vy, as expected from

the linear analysis.

We apply our results to observations of bow shocks and obt ainthat the size of the clumps
i« Cam is compatible with the TAT if its viscosity is due to turbulence in the mixing

layer between the shocked ambient medium fluid and the shocked wind fluid.




1. INTRODUCTION

There are many examples of bow shocks generated by stellar winds. Runaway OB stars
traversing the diffuse interstellar medium generate parsec-sized bow shocks (Van Buren
and McCray, 1988), examples being « Cam and ¢ Oph. Insidemolecular clouds, newly
formed OB stars often form cometary compact HIl regions, which are well explained as
bow shocks (Van Buren ef al., 1990; Mac Low et (/ /., 1991). Ncar the galactic center,
where mass losing supergiants interact with the galactic center’s wind, a bow shock is seen

around IRS 7 (Yusef-Zadch and Morris 1992, Serabyn, Lacy and Achterman 1992).

The interaction region between the wind and the circumstellar shocked gases is bounded
by two shocks inwhich the flows slow down from supersonic to subsonic velocities. The
width of the interaction region depends on the efficicncy of the cooling processes as well
as on the Mach numbers of the interacting flows. For eflicient cooling the interaction zone
narrows With increasing Mach nunber, becoming in the Iimit infinitesimally thin, T he
wind velocities of OB stars are ~ 1000 -- 3000 km s’, which lead to very high post-shock
temperatures at the wind shock. A variety of’ cooling mechanisms are likely to operate,
among them turbulent mixing via Kelvin-Helmholz instabilities, thermal con duction and
radiation 10 sses, resulting in a narrow interaction region. Studies of the closely related

stellar wind bubbles indicate that strong losses can indeed occur (Van Buren 1986).

In an carlier paper (Dgani, Van Buren & Noriega- Crespo 1995; hereafter paper 1) we
present a linear stability analysis of thin isothermal bow shocks. Tuthat study we follow
Soker (1990) aud calculate the evolution of shod wavelength perturbations in the zero
thickness shell approximation. We find that the motion is unstablein this limit. Moreover,
the stability properties depend on one dimensionless parameter v, /vy, where v, is the stellar
velocity and v, is the wind velocity. Bow shocks with fast winds for which v, /vu, << 1
arc more stable than bow shocks with slow windsi.c. v, /v, >> 1. 111 thesaine Paper we
comparce our results with real bow shocks and find indeed that the IRS 7 bow shock for
which v, /vy >> 1, is more clumpy than bow shocks around runaway OB stars for which

Vy /'uu, << 1.

The instability we found in paper T is of a very similar nature to the colliding wind binary
instability desceribed by Dgani, Walder & Nussbawmer (1993) (- see also Dgani 1993, Dgani
& Soker 1994). Tt arises from the fact that density fluctuations in the bow shock surface
lead to fluctuations in the transverse acceleration. When the wind streamn collides with

the ambient mediwm stream, the shocked slab tends to oscillate qway from the equilib-
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rium posit ion, accelerated outward by the oblique accretion of t h ¢ streams, We t herefore

namedathis instability in paper | the transverse acceleration instability (1'Al),

Recent high resolution two dimensional numerical calculations of red supergiant bow shocks
show§ ‘that as the cooling in the shocks increases the shocked region oscillates (Brighenti
& D’Freole 1995). The reason for the instability that appeared in their calculations is
not completely clear. It may be related to internal shear motions inside the shell asin
the case of Vishniac’s nonlinear thin shell instability NTST ( Vishniac 1994). The high
resolution model of Brighenti & 1)’ Ercole for a slow moving star has v, /v, = 2 while their
high resolution model for a fast moving star has v, /v, = 8. It scems that the cooling
model of the slow moving star shown in their Fig. 2 is more stable than the one with the
fast mewing star shown in their Fig.3in accordance with the TAI. However the v, [V = 2

model is not thin. In this paper we calculate thin models.

Here we perform pressureless 2D numerical simulations in order to investigate the nonlinear
regime of the TAIl. In§ 2 we w(]v)resent the models. 1 1§ 3 we show numerical results and

discuss possible applications.

2. THE NUMERICATL MODFEILS

We use the particle in cell (PIC) method to study t he bow shock flow. We neglect the
pressure, which is equivalent to an isothermal flow wit h very high Mach number. The PIC
numerical methodis desceribed in Livio et al. (1986) for the Cartesian case. It is adapted
to eylindrical coordinates in Dgani & Livio (1 990). T ‘he Fulerian cells in the present case
are toroids and the particles are rings about the axis counccting the two stars (see e.g.,
Harlow 1964). The cylindrical character of tile prolblem is thus retained. The physical
vari albles are caleulated at cach time step, in each cell, by averaging over the particles
residing in that cdl. The physical variables of each particle arc changed as a result of
interaction with all the other particles i the cell. Th is interaction causes the particles to
lose their transverse momentum when they reach the collision surface, even though there is
no pressure, The strength of the interaction is determined by two parameters, @4 and a g
(see Livio et al. 1986), which essentially control the local and global averages inside a cell.
In al the simulations we have set, ap = 1, which is the maximum due, andea— 0.01.
These parametersare related to the numerical viscosity. The Pl C scheme in comparison
with claborate high resolution methods for hydrodynamices, has the advantage of allowing
free streaming of particles until they hitthe collision surface. The absence of pressure

force’s is the essence of the isothermal M = oo flow that we want to investigate in tile

>
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nounlincarregime. A similar numerical scheme was usecd to study the nonlinear regime of
the instabilities in the Bondi-Hoyle-I. yttleton type aceretion {low onto a compact object
(Soker 1991) and in the planar colliding wind binary flow (Dgani & Soker 1994).

The geometry of our problem is depicted in Fig. 1 of haper 1. We define the cylindrical co-
ordinate (r, ), centered at the wind source, where z is the coordinate along the symmetry
axis andr is the distance from the symmetry axis. We express all quantities in units in
which the standofl distance Lo, the wind velocity, vy, and the wind deusity at a standofl

distance from the wind source po(Rp) , are taken to be unity.

We present & lulls. Tnmodel A, the standard model, we assume that v, = v,,. The grid
extends from 7 = 0.0 tor = 2.4 and from z= 0.01 to z = 1..3. The cells have equal sizes
AR = Az= 0.02, and the time step is At = 3.3334. 1073, The wind particles are injected
from asphere of radius 0.9 around the wind source in the radial direction from the source.
The ambient medium particles are injected from the plane z:= - 1.3 in the —Z£ direction.
Starting at t=—0 with an empty grid we inject 144 wind particles and 144 ambient mediuin

particles at each time st ep.

In model B we increased the number of particles injected per time step by two compared
to model A. In model C we increase the cell size, namely AR = 0.04. In Models D) and I
we explore the eflects of changing v, /vy, In Model D we have v, /v, = 2, and in Model I,
vy [vw = 1/2. The expected diflerence between models D and E is small (see discussion in
section 3). Tt would be desirable to have larger differcuces in the ratio v, /vy, but due to
the Courant-Friedrich-Levy condition larger diflerences in v, /v, would require too much
computer time and memory. The parameters for the 5 models are presented in Table 1.

In the table N;,,; is the nuunber of particles injected per time step.
ing 3

3. NUMERICAL RESULTS

The initial perturbations in density along the bow shock result from fluctuations in the
number of particles in adjacent cells.

-

-~
In Fig. 2 we present the surface density o of’ model A, as a function of the dde length ™

coordinate !from 1 =— 0.1 to 1 = 2 along the bow shock. The mass variable used in the
numerical calculations is related or and not to o to 01 Htain o we devide by the 7 coordinate.
When 1 << 1 r <1and the devision is not well defined. This rerolls in errors for the surface

density o near 1 = 0. We therefore show o as a function of {{rom 1 - 0.1tol= 2. The
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first b panels are snapshots at b different times after the flow is well developed, while in the
last panel tile b plotsare plotted together. Tt is evident from Fig. 2 that the perturbations
grow in size along the howshock. We show a two dimensional grayscale iinage in Fig.
3 of’ the development of the perturbations with time. The horizeutal axis represents the
coordinate along the bow shock while the vertical coordinate represents the time. The
propagation and dispersion of individual perturbations is casy to follow. In our case the
perturbation waves move with the fluid velocity (¢s= O). It is clear that in general the
perturbations grow as they propagate along the bow shock which can be seen by noting

that the contrast between white and black is larger on the right hand side of the figure.

In order to check the effects of the number of particles in the grid on the growth rate of
the HIO(ICS, we use the saine grid as in model A, but inject 576 prarticles per time step in
model Binst cad of 288 particles per time step inmodel A, As a result the total munber
of particles inthe grid increased from ~320000 to ~640000. The evolution of the surface
density o along the bow shock is depicted in Fig. 4, presented al the same time sequence
asn Fig. 2. We see that the growth rate is similar to that of model A. This model shows
nore st ructure and is less noisy than model A, but the growth rate of the perturbations

as well as their dominant length scale are siiilar in hoth models.

The chauge of the cell size effects the growth rate of the surface density perturbations as
can be scenin Fig. b, which shows the surface density for model C, presented at the same
time sequence as model A, The perturbation growthin this case is smaller than in model
A. This result, is inaccordance with the linear analysis, which shows that the growth rate
is propotional to the square root of the wave number. In thie numerical simulations, the

Ve ¢
. N . . 7 . !
wave number is fixed by the cell sizes and it decreases as the cell s}mes nicrease. A
i
\/

A}
Tn order to compare betweerd models ) and E we recall some of our results in paper I. The \
perturbation amplitude of a parcel of material flowing from 1, to l; along the bow shock
was shown in paper T to be (Eq. 4.1 in paper I):

o [ 468 ] = [ Bt Gttvnertta = 2 @)
A(l]) vio

where ly e = (I + l2)/2. C(1) is an increasing function of v, /vy.In Fig. 6 we plot C as a
function of v, [vy for the angle 8 — 60° for which 1.-1. Usiug cquation (3.1) aud Fig. 6,
the anplitude growth for a bow shock with v, /v, : 0.5 is 1.4 times smaller than that of
abow shock with v, /vy, = 2.

In Fig. 7 we show the relative perturbations in the swrface density averaged over time for




models D and E after the flows have been well established. Model 1) shows larger relative
perturbations as expected. The growth of the relative perturbations with v, /v, for I =1
which was calculated above is a bit higher than what the two models show. Due to the
viscosity in the code the perturbation growth rate for both cases is smaller than the linear

growth.

We will now apply the numerical calculations present ed here to runaway OB stars like a
Cam. In high resolusion IRAS images of o Camn clumps of the size of 0.1 of the stand off
distance Ro appear. We will now use a dimensional arguinent to show that the size of the
clumps in a Cam is compatible wit, h the ‘JAIL, if its viscosity is due to turbulence in the

mixing layer between the shocked ambient mediwmn fluid and the shocked wind fluid.

Under the assumption of isothermal flow the expect ed width of tile bow shock is § ~
M2 RoWhere M is the Mach number and Ry is that stand ofl distance of the bow shock
{Van Buren et al. 1990). The turbulent viscosity inthe standard mixing length theory
(Raga wt al) is of the order of vy ~ vy where Iy is the size of the largest eddies and
vy is the turbulent velocity, We assume that the tur bulent velocity is of the same order
of magnitude as the sound speed because supersoni ¢ turbulent eddies are likely to be
dissipated very cfliciently (due to the production of shock waves). Taking I to be the

width of the bow shock § we obtain vy~ v, §/M.

The numerical viscosity 1, associated with the (PI1C)schema is from dimensional consider-
ations of the order of (A R)? /At(Soker 1986). At is bounded by the Courant -Friedri ch-Levy
condition At < AR/v,, qp where vy, 18 the maximum velocity in the grid. ITn our case
Vmaar®Vysothat v, ~ A Rv, . The nunecrical viscosity is of the same order as the turbu-
lent one if AR~ é/M.Our resolution is AR = 0.02Rgso v, ~vdor M = 3 relevant for o

Can.

Our models show that the dominant wave length of the perturbations is of the order of
0.1Rg(sec Figs 2,3,4). The cluiups seen in the how shock of a Cam have this size. It could

be that these clunps result from this instability.

The research described in this paper was carried out by the Jet Propulsion Laboratory, Cal-
ifornia Tustitute of Technology, under a contract with the National Acronautics and Space
Adininistration. R.D. thanks the Swiss National Foundation for its support and the visit-
g scientist program at ,JPL. AN-C is supported by the NASA Long Term Astrophysics

Program.
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TABLIE 1

The parameters characterizing the four runs

~ model A model B model C model 1) model
vy [V 1 1 1 2 0.5
AR 0.02 0.02 0.04 0.02 0.02

At 33 x 10- ®33 x 10- ®6.6x 10- *1.6x107* 33 x 103
Nin, 288 576 288 288 288
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FIGURE CAPTIONS

Fig. 1: The geometry and the coordinate system are showi.

Fig. 2: The surface deusity for model A. Tn the last pancl all the previous panels are
plotted together.

V4
‘(} 7 ()
Fig. 3: Gray scale spaceygasatstime plotf for the surface density of model A. The hOl’iZ'ﬂltﬁl

axis 1s the z projection of "I the coordinate along the 1row shock.
Fig. 4: The surface density for mmodel B.
Fig. 5: The surface density for model C.

Fig. G: Diagram of the relationship between the inst ability growth rate, C(1), as derived

from the lincar analysis of paper T, versus vs /vy for 1 = 1.

Fig. 7: The time averaged relative perturbations in 1 he surface density for models I and

1.
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