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Relativistic stellar jets: dynamics and non-thermal radiation
Estimates on the dynamical impact of the stellar wind in low- and high-mass microquasars
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Abstract. Relativistic stellar jets, produced in binary systems called microquasars, propagate through media
with different spatial scales releasing their energy in the form of work and radiation from radio to gamma rays.
There are several medium-interaction scenarios that these jets can face. In particular, in relativistic stellar jets
the presence of a star is an unavoidable element whose importance deserves to be studied. In the case of high-
mass stars, their powerful winds are likely to interact dynamically with the jet, but also low-mass stars in the
post-main sequence phase can present dense winds that will act as an obstacle for the jet propagation. In this
work, we present a semi-qualitative discussion on the importance of the star for the evolution of relativistic
stellar jets.

1 Introduction object, a neutron star or a black hole, which accretes mate-
rial expelled by the stellar companion. The companion, as
Relativistic stellar jets are produced in binary systemsmentioned, can be a low- or a high-mass star. The combi-
called microquasars that consist of a a compact object andation of accretion, magnetic fields, and possibly the black
acompanion star. As their extragalactic relatives, relativis-hole rotation, gives rise to the bipolar jets characteristic of
tic stellar jets are to cover a long way through a complexmicroquasars. These jets are typically seen in radio, and
medium, not only inhomogeneous in density but also with appear to share the same basic physics with those found in
non-negligible velocities. As shown in a series of papersradio-loud AGN. For a relatively early but thorough classi-
on numerical studies of relativistic stellar jets [4, 6, 17— cal review on microquasars we refer to [14]; interestingly,
19], the stellar winds and the external medium on largesome microquasars had been known as radio emitters for
spatial scales are expected to have a relevant dynamicahther long, as it is the case of SS 433, whose extended
role in the propagation and termination of relativistic stel- radio jets were detected in 1979 [22].
lar jets, as well as on their radiative output. As already mentioned in Sect. 1, several works have
In this paper, first we briefly discuss the physical sce-been devoted to study numerically the dynamical impact
nario of the sources that host stellar relativistic jets. Then,of the external medium on the microquasar jet. In partic-
we study in a semi-qualitative manner the malfifieets of  ular, some of these works [17—-19] studied the jet-medium
the medium on the innermost regions of these jets. Bothinteraction on the scales of the binary system in high-mass
types of microquasars, those hosting a high- and a lowmicroquasars. This case is particularly clear in what refers
mass star, are considered. to the degree of medium influence, given the powerful
This is the first time (to our knowledge) that the winds winds of massive stars. It is however less obvious, and to
of low-mass stars are discussed as relevant dynamical olsur knowledge not considered in some detail so far, the in-
stacles for jet propagation on the spatial scale of the binarfluence on the jet exerted by the matter lost by a low-mass
system. star in its post-main sequence phases, say a red giant.
We provide in the following some context for both

. high- and low-mass microquasars.
2 Microquasars J q

Microquasar is a term broadly adopted in the nineties 2.1 High-mass microquasars

and later on to designate a class of X-ray binaries pre-AI houah i handful of hiah .
senting radio jets, applied first to 1E 27@B42 and though just a handiul of high-mass microquasars are

GRS 1915105 due to morphological and kinematical "”QW”’ these sources are likely powerful high-energy
similarities with active galactic nuclei (AGN). Namely, emitters and certainly powerful non-thermal sources, as

microquasars are binary systems that consist of a compaépeir ra_di_o [€.. 12] and hard X'r@ft gamma-ray [e.0.
10] activity shows. Actually, despite the relatively small

3e-mail: vbosch@am.ub.es number of high-mass microquasars, there are already two
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of them that present gamma-ray emission: Cygnus X-3,does not need to be the case under the light of the fol-
which has been clearly detected in the GeV range [1, 23]Jowing considerations. Giants present strong mass-loss
and Cygnus X-1, which over the years has provided with arates, of~ 107 My/yr, and more evolved stars show
number of marginal detections in both the TeV [2] and the even stronger mass-loss rates when in the asymptotic gi-
GeV [11, 21] ranges. Given that non-thermal processesant branch. Although these post-main sequence winds are
and in particular those leading to gamma-ray production,slow, of~ 10 knys, and so carry small momentum as com-
require of rather extreme conditions, such as féstient  pared to the jet, these winds may still be relevant from the
particle acceleration and large energy budgets, high-maspoint of view of the mass with which they fill the binary
microquasars are attractive objects from the point of viewsurroundings.
of physics.

In binarigs hosting a massive star and an accretingg The impact of the star in the jet
compact object, accretion generally takes place through
wind-capture. The stellar winds in high-mass stars are fast
and dense, with mass-loss ratds> 10’ My/yr and ve-  We consider now when the medium can be relevant for
locitiesv ~ 2000 knjs [15], so the expelled stellar mate- the propagation of a jet in both low- and high-mass micro-
rial can be relevant as an obstacle for the jet given both itqquasars. This is going to be a semi-quantitative discussion
high densities and thrust. This is already indicated by sim-with some simple but illustrative estimates. We address
ple arguments, which we will present below. These simplethe reader to the available, already cited, numerical sim-
arguments are complemented of course by the numericallations for theoretical support that complements what is
simulations referred above, which confirm the strong wind discussed here (at least in what concerns high-mass sys-
influence. Finally, it is noteworthy that some evidence tems).
of wind-jet interaction may have been already found [e.g.  After being launched, the jet crosses a region that is ex-
24]. pected to be dynamically dominated by the accretion disc

Note that the importance of the star is two-fold in high- or emanations from it, say a corona or a heavier and slower
mass microquasars, because in addition to the dynamicalutflow as those found in AGN [e.g. 9]. Putting aside the
impact of its wind, one has to account for the strong radi- difficulty of disentangling the jet and its boundary with this
ation ultraviolet bath of the binary surroundings, relevantdisc outflow, which is likely to be smooth, it is expected
for non-thermal radiation processes (as shown for instanc¢hat the momentum and energy injection into the system is
in [3] and references therein). dominated by the jet. Therefore, either when crossing the
system for the first time, or when interacting with the stel-
lar wind in a sort of stationary fashion, we consider here
that it is the jet what directly interacts with the stellar wind,

. . . even if the former is contaminated by material of accretion
One of the first microquasars to be discovered was y

GRO J165540. This source presented superluminal mo—dlsC ongin.
tion very similar to the radio components or blobs detected
in AGN jets [13]. This binary has a low-mass star in a

post-main sequence stage of its evolution. In fact, most ofrhe jet has to face regions loaded with the stellar wind

the known microquasars harbour a low-mass star, and agaterial when crossing the binary regardless of the type of
GRO J165540, several of them also have evolved stellar the stellar companion:

objects. For instance, GRS 19485, GX 339-4, and For typical red-giant parameters and assuming a jet

XTE J1550-564 have sub-giant or giant stars as stellar|ength-to-radius ratio of 10, the mass accumulated in front

companions [7, 8, 16]. In addition, it would seem rea- of the jet is roughly

sonable that the brightest X-ray binaries were powered )

by giant companions, because in that case a mass trans- Muj ~ 10°°M_7Romaz7" g, 1)

fer larger than those of main sequence stars is expecte\q,herew = (M/107

[e.g. 20, 25]. Therefore, it seems rather natural that SEVR h13 = (Rorn/ 1013

eral already known bright microquasars have post-mainu7 = (/107 cm/s) the wind velocity.

sequence ;tars: ) . For a typical high-mass star, the mass of the medium
Unlike in high-mass systems, in low-mass micro- i front of the jet is

guasars the compact object accretion and jet activity are _

fueled through Roche-lobe overflow. Given the faint Myj ~ 10°*"M_7Rorb135™ 0, 2

2lke to AGN. which ate basicall Just accradon jection \ETets = (¢/10°cmys). We are neglecting here thées
! y) ) of wind focusing due to the gravitational field of the com-

Sources. Neverthelgss, f[he rolt_a of th? companion may def)act object, the formation of accretion streams, or orbital
serve further attention, in particular if it is in a phase of

motion.
strong mass loss. . . Finally, let us estimate the jet mass inside the binary
Up to now, the role of the star in low-mass micro-

. . region:
quasars has been basically restricted to be a mass donorg

for matter accretion in the compact object. However, this M; < 4 x 10" LigeRomaa(ljz — 1) g < Myj,  (3)

environment

2.2 Low-mass microquasars

3.1 The wind as an obstacle

My/yr) is the wind mass-loss rate,
cm) the binary separation distance, and
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whereLjgs = (Lj/10°®erg/s) is the jet power andl; = of heat, shocks, turbulence, and non-thermal particles
(T'j/2) the jet Lorentz factor. [see also 18]. As shown in [19], wind inhomogeneity
The jet-to-wind mass ratio on the binary scales is thenwill enhance the jet disruption processes sharpening the
~ 1074, This comparison already shows that the jet headperturbations. Note that mass-entrainment due to the
will have to sweep large amounts of matter when crossingwind-jet lateral interaction will make the jet slower and
the binary system, stering strong deceleration and form- heavier.
ing a strong shock in the stellar wind. Unless the jetis  One can estimate thefect of the wind lateral interac-
strongly magnetized or hot, it is also expected the forma-tion on jet bending through a bending angle prescription
tion of a reverse shock in the jet itself. Also, the jet may o .
be disrupted when crossing its dense environment, or may 0 ~ P,/Pj ~ 0.3M_7V,g Lsz. (6)
be perturbed enough when propagating through the stel-
lar wind that the development of strong instabilities may Such a bending should be followed by asymmetric recol-
break it when the jet head is already far from the binary limation shocks.
(this scenario was explored in [17]). In the specific case of low-mass microquasars with
The impact of the medium mass will likely overcome evolved stars, the wind will tend to be weaker than in high-
internal jet dissipationféects, such as internal shocks, dur- mass systems because of a lower velocity. However, even
ing the initial phases after jet launching unless jet produc-so, the wind momentum and energy fluxes seem to be still
tion is very irregular. It seems then likely that when the jet important enough to undertake specific studies of this is-
is just formed and its head crosses the regions surroundsue.
ing the binary system or slightly farther, the radiation pro-
cesses will be mostly sustained by the interaction with the . .
environment. 4 Discussion
Once the jet has left the binary system, the density in
both the jet and the wind goes as1/d?, with d being
roughly the distance to the star. This implies that a jet
that were substantiallyfiected within the binary by the
medium should still beféected by it even if the medium . :
density got diluted. Only very powerful ejections that been substantiallyffected by the stellar wind.

crossed the system not noticing the stellar wind would re-, Alter crossing th.e b”.‘arY’ itis expectable that a signif-
main undfected all the way up to their termination regions. !cant_fractmn of the jet kinetic energfas peen coqverted
into internal energy of some sort, making the jet more
prone to the influence of a dynamic environment. The den-
3.2 The stellar wind versus the jet: energy and sity and pressure of the environment decrease outwards,
momentum and the medium4{ected jet, likely trans-sonic at least in
some regions, is bent and its injection point changes along
Since the stellar wind also carries momentum and energyhe orbit. All this will lead to: a medium negative pres-
into the system, one can compare their injection by thegyre gradient accelerating the jet flow away from the star;
wind and the jet into the binary: stronger jet bending due to théfect of Coriolis forces;

A strong momentum rate for the wing{) impact-  jet precession due to orbital motion; and generation of
ing on the jet would lead to strong bending and its likely snocks, instabilities, and thus further kinetic energy dis-
destruction. Comparing momentum rates through the jekjpation. Not only in the binary region, but also further up,
section as seen from the star and the compact object, ONgay up ta; Torb < 10T cm? (1 and T, are the jet speed
can estimate that the jet will acquire a lateral momentumgnd the orbital period, respectively), the jet should be still
from the wind of the order of its own for strongly dfected by the dynamics of the stellar wind to-
gether with the orbital motion. The related angular scales
can be probed with radio interferometry.

Under such conditions, the energy of the jet may still be Therefqre, under theﬁects (.)f the environment a mi-
large enough to create a hot bubble that would eventua”ycroquasar jet can be partially disrupted and mass-load. On

expand leaving the system. This however may not be IOOSpther hand, even under disruption and orbital motion and

sible if the energy injected by the stellar wind is higher Lﬂgﬁg fr?vcéi ct:f VJ;: d(;ag |nt1?]aetes amsggﬂglﬁfafgg]gﬁf{;
than that of the jet. This case would correspond to a jet ) y y Y

plane plus the density and pressure gradients of the stellar
power : .

surroundings. One can then conclude that, at milliarcsec
and arcsec scales, the jet cannot be laminar nor ballistic,
Nevertheless, even powerful jets, with ~ with plenty of candidate sites for energy dissipation and
10°%M_7vg ergs, may sifer important dynamical ef- thereby particle acceleration. In this regard, bending and
fects by perturbations in pressure exerted by the wind
representing a _SUbStantlaI fraction of the Jet ram pressure&arded. We nevertheless assume here that at the relevant distances
Such perturbations can develop non-linearly unfieet- (2 10° G Mgy /c?) the jet is already matter-dominated.

ing the whole jet dissipating its kinetic energy in the form  2This corresponds to arcsec angular distances at few kpc distances.

Numerical studies on scales a bit larger than the binary
system, including orbital motion and the complex wind
structure in the system, are missing. Nevertheless, one can
explore and try to foresee the evolution of the jet if it has

Lj ~ pwC ~ 3x 10°*M_svg erg/s. (4)

Lj ~ 3x 10**M_7vgerg/s. (5)

1A magnetically dominated jet on these scales cannot be dis-
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asymmetric recollimation shocks inside the system may[6] Bosch-Ramon, V., Perucho, M., Bordas, P., A&28,
already reprocess up to a fractierd of the jet luminosity. 89 (2011)

The radiative importance of the interaction of the jet [7] Chaty, S., Mirabel, I. F., Goldoni, P., MNRAS31,
with the stellar wind in both low- and high-mass micro- 1065 (2002)
quasar is determined by the fraction of jet reprocessed eng] Greiner, J., Cuby, J. G., McCaughrean, M. J., Castro-

ergy that will go to non-thermal particles. In addition, the ~ Tirado, A. J., Mennickent, R. E., A&&73, L37 (2001)
emissivities and radiation-channel relative importance will [9] King, A. L., Miller, J. M., Raymond, J., et al. Apg62,

be determined by the target field densities (matter, radia- 103 (2013)

tion and magnetic field) and the impact of adiabatic cool-[lo] Laurent, P., Rodriguez, J., Wilms, J., Scier8s2
ing. Both leptonic and hadronic processes may take placeé ,3g (2011’) ' o o '

in microquasars, and the morphological, variability and 11] Malyshev, D., Zdziarski, A. A., Chernyakova, M
spectral properties of the non-thermal emission can be aL MNRAS43A: 23-’80 (2013) T T

complex as the medium in which it is produced [see e.g.[lz] Marti. J.. Paredes. J. M.. Peracaula. M. AGHS
5. 476 (2001)

[13] Mirabel, I. F., Rodriguez, L. F., Natur871, 46
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