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Microquasars are binary systems consisting of a compact object and a star that present relativistic
jets. When the companion is a high-mass star, significant interaction between the stellar wind
and the jets is expected. In this work, an overview of the different effects that a strong stellar
wind may have in microquasar jets is given. Both analytical estimates and numerical simulations
performed in the last years are reviewed. The results of a model for the non-thermal emission of
such jets at large scales are also shown and discussed. Observational studies of two high-mass

microquasars, Cygnus X-1 and Cygnus X-3, are compared to the model predictions.
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1. Introduction

Microquasars are binary systems that consist of a compact object (CO), either a black hole
or a neutron star, which accretes matter from a companion star. The companion may be a low- or
a high-mass star. In the former case, the systems are called low-mass microquasars (LMMQ); in
the latter, high-mass microquasars (HMMQ). The action of the accretion process, magnetic fields
and possibly the CO rotation leads to the formation of bipolar jets launched from the CO, in which
particles are accelerated to very high energies. These jets are typically seen in radio, although they
are also a site for gamma-ray emission. For a classical review on microquasars, we refer the reader
to [1].

In HMMQ, the stellar wind can have a strong effect on the jet propagation, both because
the jet has to propagate through a medium filled with wind material, and because it may be both
significantly bent from its initial direction, and recollimated, by the lateral impact of the wind. At
large scales, orbital motion could also influence the dynamics of the jet by producing a helical
pattern on the latter. This effect has been studied in [2]. Previously, several works studied the
interaction of HMMAQ jets with stellar winds by means of both analytical and numerical methods
(e.g. [3-10]).

In this paper we review some previous works and study how the stellar wind and orbital motion
affect the non-thermal emission of HMMQ jets. First, the different effects resulting from jet-
wind interactions are studied both at the binary system scale and further away. Then, we present
the results of a newly developed model for the large scale non-thermal emission of HMMQ jets,
affected by strong stellar winds and orbital motion. Finally, a discussion is provided, with reference
to the observations performed so far and future possibilities.

2. Jet-wind interaction

In what follows an overview of the different effects that the stellar wind can have in HMMQ
jets is given by taking into account analytical and numerical results obtained by previous works.
Jets are usually assumed to have, at their launching site (i.e. their base), a constant, mildly rela-
tivistic velocity v; along the z-axis, and conical shape with half-opening angle 6. The numerical
simulations discussed here and carried out in the past are typically performed for an O-type com-
panion star with an isotropic wind. Values for the wind velocity and mass-loss rate of the star are
in the range vy =2 —2.5 x 108 cm s~! and M, = 1075 — 107% M, yr—!, respectively. The orbital
separation is @ = 2 — 3 x 10'> c¢m, similar to that inferred from the period in Cygnus X-1 (see,
e.g. [11]). Different jet powers are considered in the simulations.

2.1 Recollimation shocks

As the jet propagates away from its launching site, it may reach a point were its lateral ram
pressure, proportional to z~2, will become smaller than the wind ram pressure exerted on the jet,
which remains approximately constant for z < a (e.g. [10]). At this point, the jet lateral expansion
in the star direction will be stopped by the wind, and an (asymmetric) recollimation shock will
develop. It may be the case, however, that a very powerful jet never has a lateral pressure lower
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than its surrounding medium, preventing the formation of such a shock. Analytical approximations
show that the condition for a recollimation shock to form is the following [2, 10]:
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where P, is the jet power, 7; is its Lorentz factor and f; = vj/c.

This condition is in accordance with the results of 3D relativistic simulations (e.g. [6]), which
predict the formation of recollimation shocks at the binary scale and the development of significant
I are disrupted very close to the CO,

within a few times 10" cm, due to the action of the stellar wind (see [4], for 2D simulations).
1

instabilities downstream. Weak jets, with B < 10% erg s~

For very powerful jets, with P, 2 10°® erg s~! no recollimation is predicted by non-relativistic

simulations [10], as expected from Eq. (2.1).
2.2 Jet bending

Jet bending due to the impact of the wind may also be computed in an analytical way. To
this end, a parameter is introduced corresponding to the ratio between the wind momentum rate
intercepted by the jet, and the jet momentum rate:
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From this expression, one can obtain the bending angle of the jet with respect to the z-axis as (see

appendix in [2] for the system of equations to be solved):
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Significant jet bending is observed in simulations by [9, 10] for jet powers between 103> —
1038 erg s~!. In the lower end of this range, bending angles of up to ¢ = 65° are obtained, with the
jet being totally disrupted as already discussed in the previous subsection. On the other hand, for
the highest values of the jet power, the bending is only of a few degrees.

2.3 Orbital effects

If the jet is not disrupted within the binary scale, the combination of orbital motion and jet
bending results in a force, combination of the Coriolis effect plus wind ram pressure, that renders
the jet helical. If the bending is significant, i.e. ¢ > 6, this effect becomes prominent. Otherwise,
for ¢ < 6;, the conical expansion of the jet should smooth out the helical pattern and shape the
geometry of the whole structure. We note that in these inequalities, and below, we consider for
simplicity the jet expansion rate equal before and after bending within the binary system. Other-
wise, the half-opening angle after recollimation is the one to be compared with ¢.

A helical pattern would appear in both a ballistic and a non-ballistic jet, although the presence
of wind material in the medium favours the second option. In order for the jet to follow a ballistic
trajectory, its power should satisfy the following condition [2]:

i— 1 6 M, v 1/3
AR 107 J 3 - ! 2.4
=1 1B \0.1rad 1076 Mg, yr~! 2x 108 cms—! ergs (2.4)
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which is not the case for the situations that we will study hereafter.

At small scales, however, the effect of orbital motion on the jet trajectory is negligible. A
determination of the distance travelled by a non-ballistic jet in the star-CO direction before being
significantly deviated due to Coriolis forces, may give us an idea of the scale at which orbital motion
becomes relevant for jet propagation. A rough estimate of this distance, obtained by equating the
jet momentum flux, and the wind momentum flux in the jet flow frame, is the following [2]:

dum ~ 1.8 % 1013 x.—1/2< Vw ) ( @ ) cm, 2.5)

2x 108 cms~! 1.4x 1075 rad s~!

where o is the orbital angular velocity normalized to a period of 5 days. This expression is valid as
long as the initial 6; is not significantly changed by interaction with the wind, and dy, > a. The
distance along the z-axis where the orbital motion starts to dominate is just Zym = dim/tan@.

3. Non-thermal emission from a helical jet

A semi-analytical model for the emission of non-thermal radiation, from radio to gamma-
rays, of helical jets affected by the stellar wind was developed in [12]. The jet (counter-jet) is
studied from the starting point of the helical structure, defined by dym and zwm (—Zwm), up to
where the radiation output becomes very small. The particle distribution along the jet is computed
considering synchrotron, inverse Compton (IC) with stellar photons, and adiabatic energy losses,
and assuming a particle injection at the helical jet onset proportional to E~2. The available power
for accelerating non-thermal particles is taken as 1% of the total jet power. Both synchrotron and IC
emission mechanisms are considered, as well as gamma-ray absorption by the stellar photons via
electron-positron pair production (see, e.g. [13]). Different magnetic fields and system orientations
with respect to a distant observer are studied. The main parameters used in the model are listed in
Table 3. From Eq. (2.3), this set of values yields ¢ =~ 20°. Moreover, condition in Eq. (2.4) is not
met, meaning that the jet propagates in a non-ballistic way. For more details about the model we
refer the reader to [12].

Parameter Value
Star temperature T, 4x10*K
Star luminosity L, 103 erg s~!
Wind speed vy  2x108cms™!
Wind mass loss rate My 107 Mg yr!
Jet power P 3x10%ergs™!
Initial jet Lorentz factor 2
Half-opening angle 6; 0.1 rad
Orbital separation a 3% 102 cm
Period P 5 days
Distance to the observer  d 3 kpc

Table 1: List of the main parameters used in the non-thermal emission model.
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Figure 1 shows the synchrotron and IC spectral energy distributions (SED) of photons with
energy € for different values of the magnetic field B at the helical jet base. The jet and counter-jet
SEDs are shown separately. The inclination of the system with respect to the observer is taken as
i =30° and the orbital phase is oc = 0.25, with @ = 0 corresponding to the CO inferior conjunction
(i.e. CO in front of the star), and @ = 0.5 to the superior conjunction (CO behind the star). The
effect of gamma-ray absorption, which is highly dependent on i and ¢, is also observed in the
figure. The magnetic field at the helical jet base is parametrized through the ratio of magnetic
pressure to stellar photon energy density, 1, as:

B2 L,

87 Bagep?

e (3.1)

where D, is the distance from the star to the jet base.

The IC light curve for € > 100 GeV is shown in Fig. 2. Both the absorbed and unabsorbed
cases are shown for comparison, and two different inclinations are considered in order to assess
the importance of the orientation in the IC emission and gamma-ray absorption. If absorption is
not taken into account, emission peaks around the superior conjunction of the CO, where IC is
more important. However, absorption via pair production with the stellar photons is also maximum
around the same orbital phase, and for this reason a dip is obtained instead. The symmetric shape of
the light curve is explained because most of the IC emission comes from the regions very close to
the helical jet base. Nevertheless, if higher jet powers were considered, in accordance to Egs. (2.2)
and (2.5), the helical structure would start further away from the binary system. In this case, IC
emission would come from a more extended region, leading to an asymmetric light curve.
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Figure 1: Synchrotron and IC SEDs of the jet (solid
lines) and the counter-jet (dashed lines), for i = 30°,
o = 0.25, and g = 10~ (blue lines), 1072 (green
lines), and 1 (red lines). Black dotted lines show the
unabsorbed IC emission.

Figure 2: Light curve of total IC emission (jet +
counter-jet) at € > 100 GeV, for i = 30° (red lines)
and 60° (blue lines), and np = 10~2. The unab-
sorbed light curves are also shown (dotted lines).

Sky maps of the synchrotron emission at 5 GHz for g = 1072, i = 60°, and 4 different orbital
phases, are shown in Fig. 3. In order to distribute the emission along the jet over its physical
sky-projected area (our model gives just the path of the helical expanding jet), the emission is
convolved with a 2D Gaussian with standard deviation ¢ = rj/2, where r; is the jet radius at each
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point. Moreover, the resulting maps are again convolved with a Gaussian with FWHM = 1 mas
in order to mimic the response of a radio, very long baseline interferometer (see, e.g. [14]). The
total received spectral flux density for each map is 7.4 mJy, within the sensitivity limits of current
instrumentation. Note that this number would increase for a higher magnetic energy parameter as
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Figure 3: Sky maps at 5 GHz for i = 60° and 1z = 10~2. From left to right, orbital phases of 0, 0.25, 0.5
and 0.75 are shown. Contour levels: 0.032, 0.1, 0.32 and 1 mJy/beam. The beam size is 1 mas.

4. Summary and discussion

We have shown different ways in which a stellar wind could affect the jets in a HMMQ. Ana-
Iytical estimates and hydrodynamical 3D simulations predict the formation of recollimation shocks
for moderate jet powers, which could be efficient sites for particle acceleration. The combination
of jet bending by the lateral impact of the wind, and orbital motion, makes a non-ballistic helical
jet a likely possibility in HMMQ, as already stated by [2]. There are currently 2 known sources
that could fulfil the conditions for such a jet pattern to manifest: Cygnus X-1 and Cygnus X-3.
Radio observations of the latter jets [15, 16] seem to indicate that such a behaviour is taking place,
although the causes of the helical pattern are still uncertain. For Cygnus X-1, observations are not
clear enough to determine whether a helical jet is present or not [17].

Significant emission from radio to gamma-rays is predicted by the model for the non-thermal
radiation of a helical jet, even for a modest non-thermal energy fraction (1%). Most of this emission
originates at the helical jet onset, where synchrotron and IC mechanisms radiate very efficiently.
For a source at a distance of a few kpc, however, fluxes detectable with current instrumentation
are predicted coming from an extended region, in which a hint of a helical structure may be appre-
ciated in the light curve and the radio morphology. This is so even for moderate magnetic fields.
Modulation of the gamma-ray emission due to orbital motion, with important absorption effects,
is expected from HMMQ with a dym-value similar to that considered in this work. Both the radio
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morphology and the gamma-ray light curve, even when this model does not try to fit any specific
source, are not in contradiction with observations of Cygnus X-1 and Cygnus X-3 [15,16,18,19].
More detailed modelling, along with future high-resolution radio observations, and high-energy
light curves, could provide a way to properly characterize and disentangle the emission from a
helical jet.
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