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SUPER WINDS AND RADIO EMISSION IN X-RAY BINARY SYSTEMS

L. Abaroal? and G.E. Romero!?
RESUMEN

Hemos propuesto recientemente que las binarias con colisién de viento siper criticas (SCWBs) pueden ser
escenarios apropiados para acelerar particulas y producir radiacién no térmica. En estas binarias de rayos X
(XRBs), el viento de la estrella donante de masa colisiona con el viento eyectado del disco stiper critico del
agujero negro estelar. Como consecuencia de esta colisién se generan ondas de choque, en donde se aceleran
particulas y se produce radiacién de origen no térmico a través de distintos procesos radiativos. En particular,
estimamos que, en la banda de radio del espectro, la luminosidad puede alcanzar valores de L ~ 1034 ergs™!.
El principal componente de estos procesos es el super viento expulsado del disco de acreciéon. Ademas, algu-
nas propiedades de la fotosfera asociada al viento, tales como su geometria o distribucién de temperaturas,
también contribuyen en la posterior absorcién y reprocesamiento de la radiacién no térmica. En este trabajo,
describimos de manera mas detallada el viento lanzado del disco de acrecién, con el propdsito de tener un mejor
entendimiento de los procesos mencionados.

ABSTRACT

We have recently proposed that supercritical colliding wind binaries (SCWBs) are suitable scenarios for particle
acceleration and nonthermal radiation. In these X-ray binary systems (XRBs), the wind from the companion
star collides with the wind ejected from the super-Eddington accretion disk of the stellar black hole. Strong
shocks are generated in this collision, leading to the acceleration of particles and subsequent broadband emission
through different nonthermal radiative processes. In particular, we estimate luminosities of the order of L =~
103 ergs™! in the radio band. One of the major components in these processes is the power provided by the
super wind expelled from the disk. Furthermore, some properties of the wind photosphere, such as its geometry
or its temperature distribution, also contribute to the absorption and reprocessing of the nonthermal radiation.
In this work, we perform a more detailed description of the powerful wind launched from the accretion disk, in
order to obtain a better understanding of the above-mentioned processes.
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1. INTRODUCTION

Supercritical colliding wind binaries (SCWBs)
have recently been proposed as suitable scenarios
for particle acceleration and nonthermal emission
(Abaroa et al. [|2023). These systems are X-ray bi-
naries composed of a star and a stellar black hole
accreting at super-Eddington rates. At these ac-
cretion rates, the radiation pressure on the surface
of the disk overcomes the gravitational attraction,
and matter is expelled in the form of a strong wind.
If the donor star is a hot early-type star, its wind
can collide with that of the accretion disk, giving
rise to a SCWB. Such systems have strong shocks
and are particle accelerators and nonthermal emit-

that of colliding wind binaries (CWBs), in which
the powerful winds from two massive stars collide.
Contrary to the SCWBs, these systems are widely
studied through both, observational and theoretical
tools (Benaglia & Romero [2005; De Becker & Raucq|
1[2013; Benaglia et al. |[2015; Pittard et al. |2021).
The most luminous radio-emitting CWB is WR140,
with a total radio luminosity of ~ 2.6 x 10%? ergs™1!,
whereas [Abaroa et al. | (2023) showed that SCWBs
from nearby galaxies can produce radio luminosities
of the order of ~ 103*ergs™'. However, few X-ray
binaries are identified as supercritical, and most of
them are extragalactic sources, while there are tens

of identified CWBs (De Becker & Raucq |[2013).

ters (Abaroa et al. |2022] 2023).
The collision of winds in SCWBs is similar to
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Another important difference between CWBs and
SCWBEs is that the former has a relatively faint emis-
sion at high energies (with only two cases confirmed,
1 Carinae and WR11), whereas the latter should ex-

hibit gamma-ray emission of ~ 103 ergs™1.

We also showed that the radio luminosity of

1
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SCBWs is typically a fraction ~ 107° of the power
of the disk-driven wind, so the investigation of the
wind expelled from the accretion disk is essential to
understand the radio luminosity of these sources.

In this work, we develop a more detailed descrip-
tion of the wind launched from the surface of the
accretion disk of the black hole in SCBWs. A bet-
ter understanding of this wind can help to improve
the investigation of the subsequent collision of winds
in SCBWs. We start, in §2, by describing the model
we use to investigate the properties of the disk-driven
wind. In §3 we show the results and in §4 we close
with a summary and conclusions.

2. MODEL

We assume that the X-ray binary is composed of
a Population I star and a non-rotating stellar mass
black hole (BH) in a close orbit.

The orbital semi-axis a, the stellar radius, and
the mass ratio of the system, ¢ = M, /Mgy, satisfy
(Eggleton |[1983]):

R - a 0.49 ¢*/3
10706 ¢2/3 +-In (1 + ¢1/3)’

(1)

where M, is the mass of the star and Mppg the mass
of the BH. Hence, the star overflows its Roche lobe
Ry, transfers mass to the BH through the Lagrange
point, and an accretion disk is formed due to the
angular momentum of the system.

We assume a Newtonian potential for the gravity
field, since we are interested in weak-field processes.

2.1. Accretion disk

We adopt cylindrical coordinates with axial sym-
metry along the z-axis, neglect the self-gravity of
the disk, and consider a non-magnetized disk with
a super- Eddmgton accretion rate at the outer part,
Minput = Minput/ Mgqaq > 1, where Mmput is the in-
put mass per time unit in the accretion disk. The
Eddington rate is given by

with Lgqq the Eddington luminosityﬂ n =~ 0.1 the
accretion efficiency, ¢ the speed of light, and Mgy
the black hole mass.

The critical radius, given by

Terit ™~ 40 minput Tg, (3)

3The Eddington luminosity is defined as the luminosity
required to balance the attractive gravitational pull of the
accreting object by radiation pressure.

separates the disk in two regions: a standard outer
disk (Shakura & Sunyaev |/1973)) and a radiation-
dominated inner disk with advection (Fukue |2004]).
In relation , Ty = GMBH/C2 is the gravitational
radius of the BH, with G the gravitational constant.

In the disk model the advection is parameterized
as a fraction f of the viscous heating, Q.qv = fQvis-
The disk becomes geometrically thick in the inner
region, where the ejection of winds by the radiation
force helps to regulate the mass-accretion rate onto
the BH (Macc) at the Eddington rat

Because of the high opacity, the disk is optically
thick. We assume that it radiates locally as a black-
body. The radiation intensity of a plasma element in
the comoving frame with the outer and inner parts
of the disk, at a radius rq measured on the equatorial
plane, is given by:

1 3C;(Z\4BH Minput

3 fin; Td > Terit
T 8mry

3=
~
I
I

IO Ol

**fLEdd, ra < Terit,

(4)
where /c3 = H/rq = tand, with H the disk height
scale, § the disk opening angle, and fi, = 1—rin/rq =
1 (as rq > rept, then rq > ry,). Here, c3 (as well as
¢1 and ¢o used in the next section) is a coefficient that
depends on the advection parameter, the adiabatic
index of the gas 7, and the viscosity « (see Appendix
in [Fukue |[2004). We adopt a disk with f = 0.5
and o = 0.5; that means, we assume equipartition
between advection and viscous heating. The index
~ = 4/3 corresponds to a radiation-dominated gas in
the inner disk. These values lead to a disk-opening
angle of § = 30°.

2.2. Radiation fields

In order to obtain the radiative contribution of
each plasma element, Q = (rq, ¢q, H), of the disk
surface, at any point, P = (r, ¢, z), above or below
the disk, we make a transformation of the intensity
between the inertial and comoving reference frames.
Azimuthal symmetry allows us to perform the cal-
culations for any constant value of ¢; therefore, we
do it in the rz plane (¢ = 0).

The relativistic Doppler factor D provides
the transformation between the reference frames
(McKinley ||1980):

L
(1 + Zred)4 ’

4 Myee = Minput in the outer region of the disk and Macc =

I=D% = (5)

Minput”'d/rcrit in the inner region (Fukue ||2004).
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where 204 is the redshift factor given by (Watarai &
Fukue |{1999))

(rcosga — ra)v, — (rsinga)vg + (2 — H)vecs

Zred = —
re: CD

(6)
In this expression, D is the distance between P
and Q, vy = covk is the azimuthal velocity and
v, = —ciavkg is the radial velocity, with vg =
/GMpgy/rq the Keplerian velocity. We want to no-
tice that we only consider the inner part of the disk
for these calculations, because the intensity decays
with 7%
The radiation-field tensor is given by (Rybicki &
Lightman |/1996))

Qv c 7Y
RMY = (i N a,@) c/]] 77dQ (7)

where [ is the intensity given by Eq. This is a
symmetric tensor of rank 2 and therefore we calcu-
late ten elements in total: one for the energy density
E, three for the flux vector F'*, and six for the stress
tensor P*?. In Eq. m j* and j¥ are the direction
cosines in Cartesian coordinates, and 2 is the solid
angle subtended by Q.

2.3. Particles in the photon field

We now calculate the trajectory and velocity of
the particles ejected from the disk when they interact
with photons of the radiation field. The equation of
motion under a relativistic, radiation treatment, is
given by (Kato & Fukue |2020)):

0P,
Ju= O

where f,, is the four-force per unit volume. The effec-
tive potential ®, is the sum of gravitational (®4) and
centrifugal (®.) potentials. The semicolon (;) in the
second term refers to the covariant differentiation of
the energy-momentum tensor.

As we consider a disk with axial symmetry, the
gravitational potential cancels out in the azimuthal
coordinate: 0®4/0x* = (0Pg/0r,0,0P,/0z). Fur-
thermore, the centrifugal potential acts only in the
radial direction: 9®./0z* = (12/r3,0,0), with [ =
rﬁwK being the specific angular momentum of the
disk, and wg the angular velocity.

The equations of motion of the ejected particles
can be found working with Eq. (see Egs. 11-13
in [Abaroa et al. |[2023). We solve these equations
numerically and assume that the kinematics of the
disk-driven wind is roughly described by the trajec-
tory and terminal velocities obtained for the test par-
ticles. As the accretion rate in the inner region of the

+RY 8)

Wiy

disk is regulated at the Eddington rate, the mass loss
in the wind is of the order of the super-Eddington
accretion rate, Mgy ~ Minput-

2.4. Wind emission

We calculate the thermal emission of the photo-
sphere of the disk-driven wind assuming a spherically
symmetric wind that expands with constant velocity
equal to its terminal velocity. Since the mass-loss
rate of the disk is much higher than the critical rate,
the wind is optically thick and therefore we assume
that it radiates locally as a blackbody. The temper-
ature measured by an observer at infinity is given by
(Fukue |[2009):

¢ Lgaq
(1 —BcosO)*47R?’

(9)

4
O'TTph =

where ¢ = E /Lgaq is the normalized comoving lumi-
nosity, 5 = vy /c the normalized velocity, © the an-
gle of the flow with respect to the line of sight, and
R = /7?2 + 22, with r and z the being cylindrical
coordinates. We assume that the comoving luminos-
ity is equal to the Eddington luminosity (é = 1), as
is commonly done in supercritical wind-models (e.g.,
Fukue ([2009).

The apparent photosphere of this wind is defined
as the surface where the optical depth Tnoto is equal
to 1 for an observer at infinity. If the velocity of
the wind is relativistic, the optical depth in the ob-
server frame depends in general on the magnitude of
the velocity and the viewing angle. The location of
the apparent photosphere from the equatorial plane
Zphoto is:

Tph — / ’YW(l — ﬂCOS C"')) Rco pcodz - 17 (10)

Zph

where 7y, is the wind Lorentz factor, k¢, the opac-
ity in the comoving frame, and p., the wind density
in the comoving frame. As we assume a fully ion-
ized wind, the opacity is dominated by free electron
scattering (Keo = op/myp).

3. RESULTS

In this section, we present the results we obtained
for the radiation field produced by the accretion disk
and the ejected wind, following the model described
in the previous section. We apply our model to a
black hole and accretion disk with the parameters
shown in Table Il
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Parameter Value Units
MBH 10 M@
Minpus 102 Mrad
Tg 1.5 x 10° cm
Mgaq 22x1077 Mg yr!
Vs 5 x 109 cm st
Ly 1.5 x10%  ergs!
@ 0.5 —

f 0.5 —

o 4/3 -

TABLE 1

PARAMETERS ADOPTED IN OUR MODEL
FOR THE BLACK HOLE, THE ACCRETION
DISK, AND ITS WIND.

3.1. Radiation field

We solve Eq. to find the elements of the
radiation-field tensor, that is, the energy density,
flux, and pressure produced by the accretion disk.
Fig. shows the spatial distribution normalized
components of the radiation-flux vector (in cylin-
drical coordinates). Horizontal and vertical axis
are coordinates in a meridional plane, in units of
Schwarzschild radius. We note that, in the inner-
most part of the disk, the azimuthal component of
the flux is far more relevant than the radial and verti-
cal components. This is mainly because of the semi-
relativistic angular velocity of the accretion disk in
the vicinity of the black hole, where some radiation
is blueshifted and some is redshifted, resulting in dif-
ferential azimuthal fluxes.

3.2. Wind photosphere

Fig. [2] shows the geometry of the wind photo-
sphere and its comoving temperature (color bar).
The photosphere has a spheroidal shape, with a
height of zp, ~ 600 and a temperature of the order
of Thn ~ 5 x 10° K. We also calculate the spectrum
of the photosphere, in the observer and comoving
reference frames (Fig. [3). We note that there are no
significant differences between both reference frames.
This is because the velocity of the wind, despite be-
ing semi-relativistic, does not have a Lorentz factor
high enough for the relativistic effects to be relevant.
This is also why the photosphere has a spheroidal
shape and it is not sunk at the top (compare with,
e.g., Figure 1 from Fukue [|2009).

3.3. Particles in the wind

The initial condition imposed on the particles
ejected from the accretion disk is that they only

have an azimuthal component of the velocity. Ini-
tial radial and vertical velocities are assumed to be
zero, because on the surface of the disk vg > v,,v..
The wind launched from the radiation-dominated re-
gion of the disk will be determined by the radia-
tion forces acting on the particles on the disk sur-
face and along their subsequent trajectories. These
forces will have contributions from different parts
of the disk in relative motion with respect to the
particles. Fig. [4] shows the components of the ve-
locity for a test particle launched from a distance
r = 40r, of the black hole. The azimuthal compo-
nent reaches its maximum when launched, but soon
tends to zero. The radial velocity reaches a con-
stant value of v, ~ 45.000 kms~!, and the verti-
cal v, ~ 18.000 kms~!. As seen from the figures,
the radial component will dominate the trajectory
of the test particle at infinity. The stationary state
is reached when the intensity of the radiation field
becomes negligible, at a distance of ~ 2007 from the
black hole. From there on, the ejected particles can
be treated as a gas outflow with two components:
an equatorial wind with a velocity of ~ 4.5 x 10* km
s~!, and a bipolar outflow moving at ~ 2 x 10* km
s7L.

4. SUMMARY AND CONCLUSIONS

Moderate supercritical black holes can supply
enough power to launch very powerful winds that
will reach the donor star in X-ray binaries. These
dense and semi-relativistic winds will collide with
those of the star, where shocks should form. Parti-
cles can be accelerated in these shocks and produce
nonthermal radiation. Synchrotron radio emission
is of particular interest because should be detected
in some nearby sources with ALMA in the sub-mm
range or with VLA at longer wavelengths.

Hypercritical sources (103_4MEdd) could dis-
play radio luminosities higher than those found by
Abaroa et al. |(2023). The energy available to pro-
duce such luminosities is primarily provided by the
kinetic luminosity of the disk-driven wind. Then, a
proper investigation of this wind is necessary to shed
light on the transfer of the power of the wind to rel-
ativistic particles. Two improvements that can help
to this goal are: i) taking into account general rel-
ativistic effects, for a more accurate description of
the particles ejected from the innermost part of the
accretion disk, and ii) making a full fluid treatment
of the launching and propagation of the disk-driven
wind.

Nevertheless, we note that a simplified and con-
servative wind model like the one we apply in this
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Fig. 1. Cylindrical components of the flux vector of the radiation field tensor. The vertical axis is the z-distance and
the horizontal axis is the r-distance from the black hole, measured in units of Schwarzschild radius. From left to right:
radial, azimuthal, and vertical components. The color bar gives the normalized value of each flux component. Small
loops at the surface of the accretion disk are due to numerical fluctuations and have no physical meaning.
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Fig. 2. Wind photosphere in three dimensions (Carte-
sian coordinates in units of gravitational radius). The
photosphere has a spheroidal shape with a height of
Zph ~ 6007, and a mean temperature of T ~ 5 x 10°K.
The top of the photosphere is not sunk because of the
low value of the Lorentz factor.

work is suitable for the prediction of the order of
magnitude of the radio luminosity of these peculiar
systems. These estimates show that their detection
is feasible.

In future works, we will explore the contribution
of these systems to the population of cosmic rays
in the host galaxy. Most of the protons accelerated
in the colliding wind region will be advected away
without significant energy losses. Such protons will
be transported to the region where they will interact
with the interstellar medium. There they might be
re-accelerated producing a source of cosmic rays and
perhaps a gamma-ray halo through pp — pp + 7°
interactions. Re-accelerated electron and secondary
pair from the hadronic interactions can also produce
a radio halo surrounding these sources, as observed,

40 comoving frame
observer frame —
",,/’"
351
FI(l)
=
)
—
=30
=4
o)
ie)
25f
20—2 -1 0 1 2 3 4

logyg (E/eV)

Fig. 3. Spectrum of the radiation produced by the wind
photosphere in the comoving reference frame (solid line)
and the observer frame (dots). Both curves are almost
equal, because of the low value of the Lorentz factor.

for instance, in the extragalactic microquasar S26.
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