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ABSTRACT

Context. High-mass microquasars may produce jets that will strongly interact with surrounding stellar winds on binary system spatial
scales.

Aims. We study the dynamics of the collision between a mildly relativistic hydrodynamical jet of supersonic nature and the wind of
an OB star.

Methods. We performed numerical 3D simulations of jets that cross the stellar wind with the code Ratpenat.

Results. The jet head generates a strong shock in the wind, and strong recollimation shocks occur due to the initial overpressure of
the jet with its environment. These shocks can accelerate particles up to TeV energies and produce gamma-rays. The recollimation
shock also strengthens jet asymmetric Kelvin-Helmholtz instabilities produced in the wind/jet contact discontinuity. This can lead to
jet disruption even for jet powers of several times 10% erg s™'.

Conclusions. High-mass microquasar jets likely suffer a strong recollimation shock that can be a site of particle acceleration up to
very high energies, but also eventually lead to the disruption of the jet.
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1. Introduction

Jets of X-ray binaries (microquasars) are produced close to the
compact object (black hole or neutron star) via ejection of mate-
rial accreted from the stellar companion. Jet synchrotron emis-
sion was extensively observed (Ribé 2005), and its phenomeno-
logical properties and connections with other energy bands were
thoroughly analyzed (Fender et al. 2004). The occurrence of col-
lisionless shocks in microquasar jets can lead to efficient par-
ticle acceleration (Rieger et al. 2007) and non-thermal emis-
sion of synchrotron and inverse Compton origin and, possibly,
from proton-proton collisions (see Bosch-Ramon & Khangulyan
2009, and references therein). To understand the dynamics of
these jets, numerical simulations of their propagation were per-
formed (Peter & Eichler 1995; Velazquez & Raga 2000; Perucho
& Bosch-Ramon 2008; Bordas et al. 2009) together with sev-
eral analytical treatments (Heinz & Sunyaev 2002; Heinz 2002;
Kaiser et al. 2004; Nalewajko & Sikora 2009; Araudo et al.
2009). Most of these works were valid for microquasars in gen-
eral, although jets of high-mass systems require a specific treat-
ment due to the strong stellar wind.

Perucho & Bosch-Ramon (2008) — PBR0O8 from now on —
studied how the strong wind of an OB star can influence the jet
dynamics at scales similar to the orbital separation (~0.2 AU).
Simulations in two dimensions of a hydrodynamical jet in-
teracting with an homogeneous (i.e. not clumpy) stellar wind
were performed in cylindrical and slab symmetries. The results
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showed that a strong recollimation shock is likely to occur at jet
heights ~10'? cm, which could lead to efficient particle acceler-
ation and gamma-ray emission, which was detected in several
high-mass X-ray binaries (HMXB) (LS 5039, LS I +61 303,
Cygnus X-1, Cygnus X-3; Aharonian et al. 2005; Albert et al.
2006, 2007; Tavani et al. 2009). It was also found that jet dis-
ruption could occur for jet kinetic luminosities as high as Lj ~
10% erg s™! because of jet instabilities produced by the strong
and asymmetric wind impact. Such a L;j-value is ~0.1-1% of
the Eddington luminosity, which is typical for an X-ray binary
with persistent jets (see Fig. 1 in Fender et al. 2003). All this
means that the role of the stellar wind in high-mass microquasars
(HMMAQ) is not only to feed accretion, but it may be also rele-
vant for particle acceleration within the binary system (i.e. in
strong recollimation shocks) and a detectable jet at larger spatial
scales. However, although the assumptions in PBROS of a hydro-
dynamical jet and a homogeneous wind seem reasonable at the
involved jet heights of ~10° Rgeh (Sikora et al. 2005) and under
moderate clumping (see Owocki & Cohen 2006), the assump-
tion of 2-dimensional symmetry is far less realistic. Therefore,
3-dimensional (3D) simulations of the wind impact on the jet are
necessary to understand the non-thermal phenomena occurring
in HMMQ.

In this letter we present the results of 3D simulations of hy-
drodynamical jets interacting with a typical OB star wind. We
find that even jets with ; as high as several times 10°® erg s™!
may be disrupted, since the lower wind-jet momentum transfer
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due to wind sidewards escape is balanced by enhanced devel-
opment of disruptive instabilities. The simulations also show a
strong recollimation shock that could efficiently accelerate parti-
cles. A deeper treatment of the radiative counterpart of the sim-
ulations presented here is in preparation (Bosch-Ramon et al.,
in preparation).

2. Simulations

We performed 3D simulations of two supersonic hydrodynam-
ical jets with L; = 10% (Jet 1) and 10¥ erg s7! (Jet 2).
The medium is an isotropic wind (as seen from the star) of a
mass-loss rate of 107 M, yr™! and a constant velocity of 2 x
10® cm s~! (PBROS). The companion star is assumed to be lo-
cated at Ry, = 2 X 10' cm from the base of the jet in a direction
perpendicular to the jet axis. Both jets are injected at a distance
to the compact object of zo = 6 x 10'° cm with an initial jet
radius R; = 6 X 10° cm. Their initial velocity, temperature and
Mach number are 0.55 ¢ (1.7 x 10! cm s71), 10'° K and 17, re-
spectively. The initial densities and pressures for the jets 1 and 2
are p; = 0.088 py, and p, = 8.8 py,, and P;; = 71 erg cm~3 and
Pj, = 7.1 x 10* ergem ™3, respectively; py = 3% 107> gem™ is
the wind density at zyp. We used the coordinate z for the direction
of the initial propagation of the jet, x for the direction connect-
ing the jet base and the star, and y for the direction perpendicular
to z and x. We assumed that the magnetic field has no dynamical
influence in the evolution of the jet, the wind is continuous and
homogeneous and the compact object is at the same orbital po-
sition during the simulation time, ~103 s, much smaller than the
orbital period.

We used a finite-difference code named Ratpenat, which
solves the equations of relativistic hydrodynamics in three di-
mensions written in conservation form using high-resolution-
shock-capturing methods. Ratpenat was parallelized with a hy-
brid scheme with both parallel processes (MPI) and parallel
threads (OpenMP) inside each process (see Perucho et al.
2010). The simulations were performed in Mare Nostrum, at the
Barcelona Supercomputing Centre (BSC) with up to 128 proces-
sors. The numerical grid box expands transversely 20 R; on each
side of the axis, which amounts to a total of 40 R;, and 320 R;
along the axis. The numerical resolution of the simulation is of
four cells per initial jet radius. This means that the final box
is 160 x 160 x 1280 cells. An extended grid is used in the
transversal direction, composed by 80 cells with an increasing
size, which brings the outer boundary 80 R; farther from the axis.
The resolution is low at zyp due to the amount of computational
time needed to perform the simulations, but because jets initially
expand, the effective resolution at the z of interest (~10'> cm) in
the main grid is ~16 cells per R;. To check possible resolution
problems, a double resolution simulation of Jet 2 was performed
up to one half of the jet final distance (which required 10 times
longer). The accumulated error in this first portion of the sim-
ulation is negligible for our purposes in all the hydrodynamical
variables.

3. Results

Jet 1 propagates up to z < 1.6 x 10'2 cm after ~1.25 x 107 s. Just
after injection, the difference between the velocity of the jet head
and that of the backflow generates a low density region around
the jet base, and the backflow material fills it very slowly. The jet
expands initially in this region, mixing with some of the cocoon
material and finally generating a thick shear layer with positive
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Fig. 1. Jet 1, cuts of axial velocity (in cm s™') and rest-mass density
(in g cm™3) along the propagation axis. The upper two panels show a
cut perpendicular to the star-jet plane, whereas the bottom panels show
a cut in this plane. The scale of the figure respects the proportion with
Fig. 3.

velocities. The backflow interacts strongly with this outer region,
generating instabilities that grow in the shear layer. These insta-
bilities are quite asymmetric due to the nature of the cocoon in
the plane of impact of the wind (see Fig. 1). After expansion, the
central region of the jet becomes underpressured with respect to
its surroundings and recollimates until the formation of a recon-
finement shock. This shock is quasi-steady, i.e. propagates very
slowly from zg ~ 2 x 10'! cm to 4 x 10'! cm, as the pressure
in the cocoon drops (see next section). Downstream of the re-
confinement shock, the instabilities, which were growing in the
shear layer, propagate to the whole section of the jet as the inter-
nal jet flow is decelerated and becomes more sensitive to pertur-
bations. This process ends up in the mixing and deceleration of
the jet flow at z > 10'? cm.

At the end of the simulation, the velocity of the bow shock
at jet head is ~3 x 108 cm s~!. The fit for the bow-shock ad-
vance velocity results in a fast decrease with time: vy oc 17096,
Figure 1 shows two axial cuts of Jet 1 with axial velocity (two
upper panels) and rest-mass density (two lower panels), along
the plane perpendicular to the star-jet plane (upper) and in this
plane (lower) at the last snapshot. The deviation caused by the
wind thrust can be observed in the plane xz, which is the plane
formed by the optical star and the jet. The low velocity of the
jet head at the end of the simulation along with its final (destabi-
lized) structure implies that the jet will be disrupted and will
not propagate out of the binary system as a supersonic and
collimated flow. Figure 2 shows transversal cuts of the axial
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Fig. 2. Transversal cuts for the axial velocity, Mach number and tracer in Jet 1 at z ~

higher than 20 (the wind).

velocity, Mach number and tracer' at z =~ 1.3 x 102 cm. In this
figure we can see the deformation of the bow shock caused by
the wind thrust. The jet has been entrained up to its axis by the
wind material (fi.x < 1). The maximum velocity in the jet fluid
is still relatively fast (~1.5 x 10'° cm s~!) despite the irregular
morphology and mixing, but the average Mach number is close
to one.

The evolution of Jet 2 is similar to that of Jet 1 from a qual-
itative point of view. It propagates up to z ~ 2 x 10'> cm in
~210 s. The jet expands more at the base because it is initially
denser (more overpressured), the velocity of the jet head is faster
than in Jet 1, and the cocoon at this z is consequently filled more
slowly. Therefore, the reconfinement shock is stronger and oc-
curs at larger z (see next section). The location of the shock
changes with time from z ~ 6 x 10'' cm to 10'? cm (see Fig. 3).
The effect of the wind in the direction of the jet propagation is
small, as seen in Figs. 3 and 4. In the latter, the structure of the
bow shock at z ~ 1.3 x 10'? cm is observed to be more symmet-
ric than that in Jet 1 (Fig. 2). Figure 4 shows that the jet core is
unmixed (f = 1) and that the flow velocity is still as high as that
in the injection point. At the end of the simulation, the velocity
of the bow shock is ~8.4 x 10° cm s~!, which is close to its ini-
tial speed (=9. x 10° cm s™!). However, the differences in the the
physical conditions in the cocoon on both sides of the jet cause
the development of asymmetric Kelvin-Helmholtz instabilities
in the shear layer. Their propagation to the whole jet after the
reconfinement shock triggers helical motions and distortions in
the flow.

At z 2 Rom, we expect the density of the stellar wind to be
ocz~2. This implies a pressure drop and a jet adiabatic expansion.
The helical instability triggered at z < Ry, will then develop
in these changing conditions and may slow its growth (Hardee
2006). How much it will affect the stability of the jet flow in an
expanding jet yet remains to be studied. However, since the in-
stability reaches nonlinear amplitudes, the process is irreversible
and we do not expect it to disappear. Therefore L; = 10°7 erg s™!
seems to be close to the minimum jet power to propagate out of
the binary region without disruption.

4. Discussion

The performed simulations show that a recollimation shock
likely forms when the jet is crossing the wind. As mentioned,
this shock can trigger particle acceleration, and could also en-
hance instabilities that would destroy the jet. However, the jet-
wind interaction simulated here is time-dependent, and the study
of the stationary case calls for a specific simulation. Still, it is

! The tracer, f = [0, 1], is a variable that indicates the composition
of the fluid in a given cell (see e.g., Perucho et al. 2005), with a value
of 0 corresponding to pure wind material, 1 to pure jet material, and any
value between 0 and 1 indicating the relative amount of jet material in
a cell where mixing has occurred.
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Fig. 3. Same plots as in Fig. 1 for Jet 2.

worthwhile to estimate here analytically whether the shock re-
mains inside the binary region when the jet head is already out-
side. This will depend on whether the wind ram pressure can
substitute the cocoon pressure to keep the recollimation shock
inside the system.

From Falle (1991), we know that z; o« P;'?, with P, the
pressure of the cocoon, if the jet power and mass flux are kept
constant. Thus we need to know how this pressure changes
with time. Following Scheck et al. (2002) and Perucho & Marti
(2007), we find that P, o t'%/2 for a homogeneous ambi-
ent medium, where vy, o< 1%; and P, o 2 when the ambient
medium density decreases as p, o z72. This implies z, oc ¢!/Z+/4
and oct, respectively. This result can be tested using our simula-
tion, in which the ambient medium is still roughly homogeneous
(at z S Rowp). For Jet 2 the recollimation shock forms at z = 6 X
10 cmats ~61s. At ~210s, taking into account that the
velocity is basically constant (@ = 0), zi(t2)/z(t1) = (t2/t1)"/%,
which results in z,(t,) = 1.1 x 10'? cm, in agreement with the
simulation. We can then extrapolate to find out the time (73)
at which the shock would reach z = 2 x 102 cm. Taking
t = 210 s, and z,(t,) = 1.1 x 10'2 cm we obtain for p, o« 772
t3 =~ 21 ~400s.

We now calculate the time at which the pressure of the co-
coon will fall below the pressure of the shocked wind. This
is the time from which the recollimation shock will be deter-
mined by the latter, which is P, ~ 10% erg cm™> (see PBROS).
Taking into account that the mean pressure in the cocoon is
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Fig. 4. Same as in Fig. 2 for Jet 2 at z ~ 1.5 X 10'2> cm. The Mach number is saturated for values higher than 20 (the wind).

P. ~ 103 ergcm™ at 1, = 210 s, pressure equilibrium with the
shocked wind will be reached at t ~ /P.o/Py t2 =~ 31t,. This
means that Jet 2 is around the limit to keep the recollimation
shock inside the system by the wind ram pressure alone, under
the simulated conditions. For hotter or denser jets, the recollima-
tion shock can move out of the region of interest at a finite time,
whereas for colder or lighter jets, this shock will stay inside the
binary system. This allows for continuous production of ener-
getic emission, but puts the jet in danger of disruption. An X-ray
binary in which a disruption of the jet could be taking place is
LS 5039 (Moldén et al. 2008; Rib6 et al. 2008), but higher an-
gular resolution observations are required for a proper probe of
the jet-wind interaction region.

The scenario considered in this work could take place in sev-
eral HMXB in the Galaxy. The luminosity function derived by
Grimm et al. (2003) predicts ~3 HMXBs with Lx = 10% erg/s.
Following Fender et al. (2005), an HMXB with a 10 M., black
hole could produce a jet with a kinetic power between 10°> and
10°® erg/s, which is in the range of the simulations performed
here. Although Grimm et al. (2003) do not offer a specific pre-
diction for Lx < 10* erg/s, extrapolating the given luminosity
function we deduce that there is room for ~10 sources in our
Galaxy whose jets could be disrupted by the stellar wind. These
objects may be bright at high energies, but faint or even quiet
in radio.

Several improvements are required to make 3D HMMAQ jet
simulations more realistic: to study a stationary case at the bi-
nary scales; to perform detailed calculations of the radiation pro-
duced in the jet-wind shocks; to introduce an inhomogeneous or
clumpy stellar wind; to follow the jet head up to z > Ry to
study the effects of the decreasing wind density; and to account
for the effect of the magnetic field on the dynamics of these jets,
since the configuration of the magnetic field in the jet affects its
stability (Hardee 2007; Mizuno et al. 2007). All this is ongoing
work to be presented elsewhere.

Acknowledgements. M.P. acknowledges support from a “Juan de la Cierva” con-
tract of the Spanish “Ministerio de Ciencia y Tecnologia™ and from the Spanish
“Ministerio de Educacién y Ciencia” through grants AYA2007-67627-C03-01,
CSD2007-00050 and AYA2007-67752-C03-02. The authors acknowledge
the Barcelona Supercomputing Center for support and the “Red Espafiola de

Supercomputacién” for the computing time allocated for this project. V.B-R.

Page 4 of 4

acknowledges support by the Ministerio de Educacién y Ciencia (Spain) un-
der grant AYA 2007-68034-C03-01, FEDER funds. V.B.-R. thanks Max Planck
Institut fuer Kernphysik for its kind hospitality and support.

References

Aharonian, F., Akhperjanian, A. G., Aye, K.-M., et al. 2005, Science, 309, 746

Albert, J., Aliu, E., Anderhub, H., et al. 2006, Science, 312, 1771

Albert, J., Aliu, E., Anderhub, H., et al. 2007, ApJ, 665, L51

Araudo, A., Bosch-Ramon, V., & Romero, G. E. 2009, A&A, 503, 673

Bordas, P., Bosch-Ramon, V., Paredes, J. M., & Perucho, M. 2009, A&A, 497,
325

Bosch-Ramon, V., & Khangulyan, D. 2009, Int. Journ. Mod. Phys. D, 18, 347

Falle, S. A. E. G. 1991, MNRAS, 250, 581

Fender, R. P., Gallo, E., & Jonker, P. G. 2003, MNRAS, 343, 99

Fender, R. P, Belloni, T. M., & Gallo, E. 2004, MNRAS, 355, 1105

Fender, R. P, Maccarone, T. J., & van Kesteren, Z. 2005, MNRAS, 360, 1085

Grimm, H. J., Gilfanov, M., & Sunyaev, R. 2003, MNRAS, 339, 793

Hardee, P. E. 2006, in Relativistic Jets, The Common Physics of AGN,
Microquasars and Gamma-Ray Bursts, ed. P. E. Hughes, & J. N. Bregman,
AIP Conf. Proc., 856, 57

Hardee, P. E. 2007, ApJ, 664, 26

Heinz, S. 2002, A&A, 388, L40

Heinz, H., & Sunyaev, R. 2002, A&A, 390, 751

Kaiser, C. R., Gunn, K. F., Brocksopp, C., & Sokoloski, J. L. 2004, ApJ, 612,
332

Marti, J. M2, Miiller, E., Font, J. A., Ibdfiez, J. M?, & Marquina, A. 1997, ApJ,
479, 151

Mizuno, Y., Hardee, P. E., & Nishikawa, K. I. 2007, ApJ, 662, 835

Moldén, J., Ribs, M., Paredes, J. M., Marti, J. M., & Massi, M. 2008,
Proceedings of the VII Microquasar Workshop: Microquasars and Beyond
[arXiv:0812.0988]

Nalewajko, K., & Sikora, M. 2009, MNRAS, 392, 1205

Perucho, M., & Marti, J. M. 2007, MNRAS, 382, 526

Perucho, M., & Bosch-Ramon, V. 2008, A&A, 482, 917 (PBROS)

Perucho, M., Marti, J. M., & Hanasz, M. 2005, A&A, 443, 863

Perucho, M., Marti, J. M., Cela, J. M., et al. 2010, A&A, submitted

Peter, W., & Eichler, D. 1995, AplJ, 438, 244

Owocki, S. P, & Cohen, D. H. 2006, ApJ, 648, 565

Ribo, M. 2005, ASPC, 340, 421 [arXiv:astro-ph/0402134]

Ribo, M., Paredes, J. M., Moldén, J., Marti, J., & Massi, M. 2008, A&A, 481,
17

Rieger, F. M., Bosch-Ramon, V., & Duffy, P. 2007, Ap&SS, 309, 119

Scheck, L., Aloy, M. A., Marti, J. M., Gémez, J. L., & Miiller, E. 2002, MNRAS,
331,615

Sikora, M., Begelman, M. C., Madejski, G. M., & Lasota, J.-P. 2005, ApJ, 625,
72

Tavani, M., Bulgarelli, A., Piano, G., et al. 2009, Nature, 462, 620

Velazquez, P. F., & Raga, A. C. 2000, A&A, 362, 780



	Introduction
	Simulations
	Results
	Discussion
	References 

