A&A 673, A162 (2023)
https://doi.org/10.1051/0004-6361/202345869
© The Authors 2023

tronomy
Astrophysics

Prediction of gamma-ray emission from Cygnus X-1, SS 433,
and GRS 1915+105 after absorption

Th. V. Papavasileiou1 , 0. T. Kosmas2, and I. Sinatkas'

! Department of Informatics, University of Western Macedonia, Fourka Area, 52100 Kastoria, Greece
e-mail: th.papavasileiou@uown.gr
2 Department of MACE, University of Manchester, Sackville Street, George Begg Building, M1 3BB Manchester, UK

Received 9 January 2023 / Accepted 4 April 2023

ABSTRACT

Context. Stellar black hole X-ray binary stars (BHXRBs) are among the most luminous and powerful systems located in our Milky
Way and in other galaxies of the Universe. Their jets are prominent sources of particles (e.g., neutrinos) and radiation emissions in
energy ranges detectable by terrestrial and space telescopes, even from galaxies deep in the space. A significant factor, however, would
be the photon absorption effect that occur due to scattering on the lower end of the energy radiation of the system’s surroundings.
Aims. We aim to study in detail and extract predictions for the emitted gamma-ray intensities and integral fluxes of the jets emanating
from BHXRB systems Cygnus X-1, GRS 1915+105, and SS 433. Toward this end, we also investigate the severe effects of gamma-ray
absorption that eradicate part of the produced intensity spectra. Furthermore, we explore the jet regions that are most likely to emit
unabsorbed gamma-rays capable of reaching detectors on Earth. Our goal is to calculate the integral fluxes before and after absorption
for the abovementioned systems and compare the results with the very-high-energy gamma-ray observations of sensitive telescopes
such as the MAGIC, H.E.S.S., Fermi-LAT, and so on.

Methods. The implemented gamma-ray emission mechanisms initiate from the p—p scattering process inside the hadron-dominated
jets following the well-known shock-wave particle acceleration. In addition, we estimate the optical depths of three absorption pro-
cesses between gamma-ray photons and (i) accretion disk X-ray emission, (ii) black hole corona photons, and (iii) donor star thermal
emission. We also examine the dependence of the absorption optical depths on various parameters, such as the disk’s temperature,
coronal radius and, donor star luminosity.

Results. We find that disk absorption is dominant for distances of z < 10! cm from the black hole, while the donor star absorption
dominates for 10'° < z < 10'2cm. Beyond that jet point, the absorption effects become significantly weaker. Cygnus X-1 presents
the highest gamma-ray integral flux across the jet length, while GRS 1915+105 emits the least due to its weakly collimated jets. The
jets of SS 433 emit gamma-rays only for z > 10'° cm due to severe disk absorption fueled by the system’s super-Eddington accretion

limit.

Key words. acceleration of particles — accretion, accretion disks — stars: black holes — X-rays: binaries — opacity —

radiation mechanisms: non-thermal

1. Introduction

In recent decades, the investigation of particle and radiation
emissions from black hole binary stars has attracted much atten-
tion among researchers dealing with compact systems located
inside galaxies — specifically, in our Galaxy and neighboring
ones such as the Large Magellanic Cloud, the Messier, and oth-
ers. Their magnetohydrodynamical plasma outflows (jets), emit-
ted from the central region of the compact objects, are often
considered as leptonic and hadronic matter that is accelerated
and collimated by the system’s magnetic field. Geometrically,
these jets may, to a good approximation, be described as conic
(Romero et al. 2017) with the half-opening angle (¢) dependent
on the magnetic field intensity, B.

Concerning the detection of gamma-rays from the SS 433
black hole microquasar, up to now, several attempts have been
made with many Cherenkov telescopes (HEGRA, MAGIC,
INTEGRAL, etc.). In a recent effort by MAGIC, there was
no clear signal traced for very-high-energy (VHE) gamma-
ray emission (Ahnen et al. 2018). However, upper photon flux
limits such as ®, < 107"?phem™s™', were established
for E, ~ 10*GeV by the HEGRA and MAGIC telescopes

(Aharonian et al. 2005; Saito et al. 2009; Ahnen et al. 2018). On
the other hand, theoretical predictions for this system suggest
gamma-ray production at distances z > 10'3 cm (Bordas et al.
2010). In addition, emission in the TeV regime was observed
from SS 433 by HAWC (Abeysekara et al. 2018), although they
likely stem from the jet interaction region with the interstellar
medium. The suggested mechanisms are charged-leptons accel-
eration (e.g., synchrotron radiation, inverse Compton scattering)
in addition to hadron (e.g., 7, 17) decays.

For the Cygnus X-1 system, there have been multiple recent
attempts carried out to observe high-energy gamma-ray emis-
sions. In particular, the Fermi-LAT detected radiation in the
E, ~ 0.06—20 GeV range, with luminosity L = 5.5x 103 ergs™!
associated with the system’s relativistic jets (Zanin et al. 2016)
during their hard X-ray period. This spectrum fits a power-
law distribution (OCE;"), with @ =~ 2.3. Furthermore, indica-
tions suggest that the emission region is constrained to dis-
tances z = 10''~10'3 cm from the black hole object (Zanin et al.
2016). Moreover, other emissions reported are likely associ-
ated with the three flaring events that occurred between 2009
and 2010 than with the system’s hard state. Additionally, during
another flaring activity in 2006, the MAGIC telescope detected
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gamma-ray emission from Cygnus X-1 in the high-energy
regime (£, > 102GeV; Albert et al. 2007) that confirms,
for the first time, an unbroken power-law spectrum from an
X-ray binary system (i.e., XRB). However, this was not asso-
ciated with a steady gamma-ray emission event. Recently, there
was another attempt towards observing VHE gamma-rays (E, >
200 GeV) by the MAGIC Collaboration (Ahnen et al. 2017) that
was proven fruitless and led to the establishment of an integral
flux upper limit of @, < 2.6 x 107> phecm™2s71.

Regarding the weakly collimated jets of the GRS 1915+105
system, significant VHE gamma-ray attempts at observation
have failed. Thus, through the measured integral fluxes, only
upper limits were established as ®, < 2.3 x 10~ phem™2s™!
for E, = 0.1-10 GeV (Bodaghee et al. 2013, Fermi-LAT), @, <
0.61 x 10712 ph cm~2s7! for E, > 410GeV (Szostek et al. 2009;
Acero etal. 2009, HE.S.S), ®, < 7.3 X 10713 ph cm2s7!
for E, > 560GeV (Abdalla et al. 2018, H.E.S.S.), and ®, <
1.1 x 1073 phem™2s7! for E, > 1101 GeV (Schiissler et al.
2015, H.E.S.S.). In brief, we can conclude that there is a
lack of persistent high-energy gamma-ray observations for the
GRS 1915+105 binary system.

In the present work, we attempt to obtain predictions for
integral gamma-ray fluxes emitted from the jets of the afore-
mentioned black hole X-ray binary systems, Cygnus X-1,
GRS 19154105, and SS433, by implementing the recently
redefined parameters for these systems. With this intention,
we employed a hadronic model that assumes a cold-matter-
dominated jet, similarly to the work of Bosch-Ramon et al.
(2006) and Reynoso & Romero (2009). We used a multi-zone
approach since our focus is on multiple non-overlapping accel-
eration zones over the extended length of the jet (also discussed
in our previous works Papavasileiou et al. 2021a, 2022). This
model is based on the decay of neutral pions (my) produced from
p—p scatterings of cold jet protons with accelerated (relativistic)
ones. As is well known, the hadron acceleration takes place in
well-defined jet regions at various distances from the black hole.

In our investigation, we also consider the damaging effect of
ambient photon fields emitted by the system’s environment. That
includes the overheated accretion disk, the black hole’s corona
and the system’s donor star. Towards this purpose, we adopt a
geometrical analysis similar to that of Cerutti et al. (2011), and
Bottcher & Dermer (2005). We note that in our previous works
(Papavasileiou et al. 2021a, 2022), we calculated gamma-ray
and neutrino intensities for the extragalactic BHXRB LMC X-1
that also emerge through the p—p collision channels, while con-
sidering the p—y interactions as well.

Our goal is to explain the lack of VHE observations from
the three widely studied XRBs and the significance of the vari-
ous absorption mechanisms. For that purpose, we prioritized the
geometrical aspects of those components and consider several
intrinsic parameters that are neglected in many model studies,
especially in the case of the accretion disk, which constitutes the
most crucial source of photon absorption.

The rest of the paper is organized as follows. Initially, in
Sect. 2, we present the employed hadronic model for gamma-
ray production. In Sect. 3, we discuss three different kinds of
absorption from the accretion disk, corona, and the donor star,
along with their dependence on the distance from the black hole
and including other sensitive parameters. In Sect. 4, we calculate
the expected gamma-ray intensities before and after absorption,
along with the respective integral fluxes for the three black hole
X-ray binary systems: Cygnus X-1, SS433, and GRS 1915+105.
Finally, in Sect. 5, we summarize the main conclusions extracted
from the present investigation.
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2. Particle acceleration and gamma-ray production
2.1. Proton acceleration and cooling

The hadronic jets are characterized by the hadron-to-lepton ratio
ax = Ly/L., where L, (L) stands for the proton (electron)
kinetic luminosity. For high values of this ratio, the protons of
the jet essentially carry most of its kinetic luminosity. A por-
tion of the hadronic jet content (defined by a parameter g)
accelerates through shock-waves to relativistic energies due to
the known second-order Fermi mechanism in a zone that begins
from zy, measured from the compact object and is extended up
to Zmax (One-zone approximation; Khangulyan et al. 2007). The
relativistic protons collide with the cold (non-accelerated) ones
inside the jet resulting in a multi-species (pions, muons, neutri-
nos, gamma-rays, etc.) reaction chain.

In the model employed (Reynosoetal. 2008; Reynoso
& Romero 2009; Reynoso & Carulli 2019), the jets are deemed
conic along the ejection z-axis with a half-opening angle &
(Marshall et al. 2002), as illustrated in Fig. 1. The accelera-
tion rate within the zone between zp and zpy.x is given by
(Gallant & Achterberg 1999):

_1 _ nceB
ace = E ’

ey

with e being the electron/proton charge and 5 the accelera-
tion efficiency (see Table B.1; Begelman et al. 1990). The sys-
tem’s magnetic field B is equal to B = +/8mp(z), where
the parameter p; denotes the kinetic energy density of the jet
(see reference Reynoso et al. 2008; Reynoso & Romero 2009;
Smponias & Kosmas 2011, 2013; Kosmas & Smponias 2018).
The resulting distribution in the jet’s rest frame is given by
N'(E") ~ E'? [GeV~! cm™] (power-law). In the above model,
about 10% of the system’s Eddington luminosity is essentially
transferred into the jets for acceleration and collimation, namely,
Ly = 0.1 Lggq (Kording et al. 2006).

Naturally, acceleration is not the only energy-altering mecha-
nism affecting jet particles. Protons (and the other produced par-
ticles) lose energy due to collisions with the rest of the jet’s con-

tent (tlfjp1 ), synchrotron radiation emission (t;ylnc), jet’s (adiabatic)

expansion towards the ejection axis (t;d1 ), etc. The associated rate
of each mechanism is given as follows:

2u,

-1 b

=2 2

ad 3Z ( )
1 A

t;pl = En(z)CO';;el(E), 3)
4 (m.\3 orB?

-1 e T

P : 4
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where vy is the jet’s bulk velocity, y = E /mc? and o, the
well-known Thomson cross-section, as listed in Table B.1. The
inelastic p—p collision cross-section, O'i)l;)el, is provided in the
Appendix B.1. It should be mentioned that, given the definition

of tl;pl, the cold proton density n(z) is expressed as:
(1 - Qre])Lk
ng)=——5———, 5
@ Tompc?nr(z)?vy )

where I', represents the Lorentz factor corresponding to the jet’s
velocity. For a thorough discussion of the above mechanisms, the
reader is referred, for instance, to Papavasileiou et al. (2021b),
and references therein.
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Fig. 1. Shematic approach of a black hole X-ray binary system.

The proton’s maximum energy En,x can be found by equat-
ing the energy-gain and energy-loss rates as

tz:clc(EmaX) = i)is(EmaxL (6)

definition which is applied below (see Sect. 2.2).

2.2. Particle energy distributions

A power-law source function that satisfactorily describes the
accelerated relativistic protons was proposed in previous works
(Achterberg et al. 2001; Kirk et al. 2000) and expressed as:

O(E',2) = 0y (%")3 B, ™

where z (zo £ z < zZmax) denotes the distance from z of a verti-
cal on the z-axis level inside the emission (acceleration) region
of the jet. The normalization constant Qp emerges through the
proton total luminosity integration (see Appendix A.1). Further-
more, the transformation of Eq. (7) to the observer’s reference
frame is written as (Torres & Reimer 2011):

-2
31! (E —BpcosiVE? — mzc“)

2
\/sin2i+l"i<cosi— BrE )

VE>—mct

where I, denotes the Lorentz factor that corresponds to the jet’s
bulk velocity, vy, = Byc, and i the angle between the jet-axis
and line-of-sight direction (also known as the inclination of the
system), as illustrated in Fig. 1.

By assuming steady-state jets, the proton energy distribution
N(E, z) is provided by the solution of the relevant transfer equa-
tion (Romero et al. 2003; Zhang et al. 2017):

ON(E, z)b(E,z)
OE

The injection function Q(E,z) is taken from Eq. (8) and rep-
resents the proton production rate (in GeV~'cm™s™!). The

, ®)

O(E.2) = Qo(%o)

+1'N(E,z) = Q(E, 2). ©)
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Fig. 2. Proton energy distribution for different values of the param-
eter g assuming z = 5Rsq/tané ~ 10° cm for the binary system
Cygnus X-1.

energy-loss rate due to the aforementioned cooling mechanisms
of the particles (protons) is b(E) = dE/dt = —Ef is. In addi-
tion, the particle reduction rate (due to their escape from the
jet or decaying in the case of pions and muons) inside the jet
is given by ™! = 1 + #;! . For the escape rate, it holds that
t;slc ~ ¢/(Zmax — 2). At this point, it is worth noting that the inde-
pendence (from time) of particle distributions inside the jet in
the assumed steady-state approximation of Eq. (9) is justified
due to the time-scale of the astrophysical phenomena as well as
the discussed mechanisms.
The general solution of Eq. (9) is written as

Emax
N(E,z) = O(E', 2)e " EEVIE, (10)
| b(E) | Jg
where
Er dE”f_l
(E,E") = _ 11
(E.E) fE TBE | (th)

In Fig. 2, we illustrate the proton energy distributions N(E, z)
that correspond to six values of the free parameter g,.;. We imple-
mented the highest value in our results that constitutes an upper
limit to gamma-ray production efficiency, but we also made a
comparison with lower, more realistic g values as well.

2.3. Gamma-ray emission

In general, gamma-ray photons are products of neutral pions (7°)
and eta-mesons (77) decay described by the reactions

- v+, (12)
n—ovy+y. (13)

The decay of neutral pions (products of the inelastic p—p col-
lisions) composes the leading contributing process to the jet’s
gamma-ray emission. Recent simulations have shown that the
respective gamma-ray spectra, as functions of the energy E, =
xE,, are fitted by the expression such as that proposed in
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Kelner et al. (2006)

4
Fy(x,E,) = BYIHTX (%)

(e T - Toesa ) O
where the involved parameters are given by
B, =0.011L% + 0.14L + 1.3, (15)
By = 1/(0.008L* + 0.11L + 1.79), (16)
ky, = 1/(0.014L? + 0.049L + 0.801). an

In addition, it holds L = In(E,/1000). These results are consis-
tent with proton energies in the range of 0.1 TeV < E,, < 10° TeV.
Besides providing 7°, Eq. (14) also describes the contribution of
n mesons decay, which is approximately 25% when x ~ 0.1.

In the gamma-ray energy range of our interest, £, >
100 GeV, the gamma-ray emissivity, produced at a distance z
along the jet’s axis, is given by:

E,
0,80 = o [, La(2.2)
Emax
E, E,
x F ( < )Uggel)( T ),

where we also make use of the proton energy distribution cal-
culated through Eq. (10) and the inelastic p—p cross-section of
Eq. (B.1). Here, Eax is the proton maximum energy resulting
from Eq. (6). The respective intensity is obtained again through
integration over the acceleration zone. For E, < 100GeV, the
delta-function approximation is employed.

Finally, integration over the acceleration zone gives the total
derived intensity as

(18)

"Tmax

I,(Ey) = fv 0,(E,,7)d*r = mtan® ¢ 0,(Ey,2)7%dz.  (19)

20

The gamma-ray photons, however, go through various absorp-
tion processes that reduce the initially produced intensity
1, to

I =17, (20)
where 7 denotes the total optical depth of the photon cloud
through which the gamma-ray photons pass. We note that the
required calculations were performed with the aid of an algo-
rithm developed by our group (in C-language, which employs
the Gauss-Legendre numerical integration of the GSL library)
and the use of the parameter values listed in Table 1.

3. Gamma-ray absorption

As mentioned before, various sensitive telescopes have detected
gamma-rays emitted from relativistic collimated jets of
BHXRBs. These detectors observe different intensity regions
and energy ranges that cover high detection efficiency.

In this subsection, we discuss the gamma-ray absorption due

to e* — e~ pair production represented by:
y+y—oe+e, 21

taking place in the environment of the binary system. The reaction
between two photons, the directions of which form an angle 6y,
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Table 1. Important parameters that stay constant for all calculations
independently of the binary system.

Parameter Value Units
;. 100 -
qrel 0.1 -

n 0.1 -
R. 6R, cm
L. 5x10%  ergs™!
Rin 6R, cm

is shown in Fig. 1. The corresponding cross-section of this reac-
tion is given in Appendix B.2. As can be seen, for gamma-ray
photons in the energy range of our interest (102 GeV<E, <
107 GeV), a lower energy photon field would be necessary to
annihilate them.

3.1. Accretion disk absorption

The accretion disk consists of overheated matter and gas rotating
together with the system’s black hole. The mass accretion rate
M. is defined as the rate at which mass from the donor star
accumulates onto the equatorial region of the black hole in a
binary system. Due to the presence of the magnetic field and
high temperature, the disk emits soft X-ray radiation capable of
absorbing a portion of the jet-produced energetic photons. In the
model employed in this work, the disk is geometrically thin with
high optical thickness as described in Cerutti et al. (2011), which
follows the disk-@ model of Shakura & Sunyaev (1973).

The corresponding optical depth, 74k, for gamma-ray
absorption is given by the integration over the X-ray photon
energy, the distance that the high-energy photon travels from the
emission source to the observer /, and the disk’s solid angle (i.e.,
its radius, R, and angle, ¢) as:

2 out
o = —_(1-
Tdisk = f f f fem P dQ( cos 8y)
X o-w Rde¢>dedl (22)
where €, = 2m§c4/Ey(1 — cosfp). The minimum energy

range concerning E, = 10°~10" GeV is €nin = 107*-10¢eV. In
Eq. (22), p corresponds to the collision point distance from the
central object and D denotes the distance between the disk’s sur-
face element and the collision point of the two photons. At the
same time, w refers to the angle between p and the z-axis.

The above quantities are connected with the following
relations

p=(2+P+20kcosi) 23)

D= (R +p> - 2Rocosy) ", (24)
Lin

Y = cos™! ( sin ;cos ¢)’ 25
+lcosi

w = COS_l (%)’ (26)

where, ¢ is the angle between the direction of p and the disk’s
radius R, while i denotes the angle to the observer’s line of sight.

In the aforementioned analysis, for a well-collimated jet (i.e.,
small half-opening angle £) in Cartesian coordinates, it holds
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Fig. 3. Optical depth for disk absorption in the binary system

Cygnus X-1 as a function of gamma-ray photon energy: (a) for different
values of z and (b) for different values of inner disk temperature when
7 =5Rsq/tané ~ 10° cm.

x, y < z. Therefore, only the implication of the z-axis of the
jet enters our calculations (i.e., x =~ y =~ 0), see also reference
Cerutti et al. (2011). Assuming thermal equilibrium between
the infinitesimal surface elements, the emitted photon density
by each of them follows the black-body radiation spectrum
as

dn B 2 €2
dedQ ~ B33 T® — 17

27

where 7 (R) = €/kgT(R) with kg being the Boltzmann constant
(see Table B.1). As can be seen, the temperature depends on the
radius R. The disk is estimated to begin at the black hole’s last
stable orbit, which for a stationary object is Ri, = Risco = 6 R,
with R, = GMgn/c? being the respective gravitational radius.
The outer disk radius associated with a donor star that nearly fills

its Roche lobe (i.e., by 90%) is approximately R,y ~ 10'>cm
(Eggleton 1983). Beyond that distance, the disk does not con-
tribute much to the absorption in the energy range of our interest.

A realistic temperature dependence on R is given by
(Gierlinski et al. 1999):

(28)

B 3327 — 2))}1/4

_ r—2/3
T(I") = Tg [ ( 21/2)_‘3/2

(7 —2)3
where the dimensionless radius is 7 = R/R,. The highest tem-
perature closest to the black hole is written as

. 1/4
MM,
Tg — (3G BH accr) , (29)

8mosgRy

where ogp is the Stefan-Boltzmann constant (see Table B.1). The
optical depth is primarily sensitive to this temperature, which
depends on the system’s accretion rate, Meer. The emission
originating from the inner regions of the disk is suitable for
lower energy gamma-ray photon annihilation. On the contrary,
the outer regional emission tends to absorb higher energy (i.e.,
>TeV) photons.

In most BHXRBS, the disk total luminosity does not exceed
the Eddington limit, Lgisx = 1038 erg s~L. For this reason, we
mainly utilized the approximation: M., ~ 1078 Mg yr~!. The
temperature associated with the innermost stable orbit falls in
the range of T ~ 10°-107 K.

Figure 3 illustrates the calculated optical depth of absorp-
tion due to the accretion disk for different distances z from
the black hole. As expected, the absorption is much higher for
smaller distances of the emission source to the center (Fig. 3a,
for z = 107 cm). It is aptly predicted that a value of 7 > 107 is
more than enough to extinguish a substantial part of the gamma-
ray emission flux in any system. Seemingly, the emission from
the disk loses its dominant role in absorption among its sur-
roundings for greater distances. That is a common characteristic
for all energy values presented.

Gamma-ray absorption peaks at energy values that do not
surpass E, = 10°GeV and then declines inevitably. Disk soft
X-ray emission cannot engage in annihilation with the produced
gamma-ray photons when E, < 1GeV while they emerge at
z > 108 cm unless the disk’s inner region reaches unnaturally
high temperatures.

As a second step, we also calculated the optical depth for sev-
eral values of T, within the presumed range of 10°~10" K, asso-
ciated with the emission of € ~ 1keV soft photons. The results
are presented in Fig. 3b, in which we notice that greater disk
temperatures translate to a significant enhancement in absorp-
tion, especially for 7 > 1 x 107 K. More specifically, with an
increase in temperature to Ty =~ 5 X 107 K, the absorption peak
becomes three orders of magnitude higher. Of course, the tem-
perature depends on the mass accretion rate (see Eq. (29)), which
is mainly considered constant in this case. Even though it could
realistically and periodically variate with time, the dynamic
interaction between the accretion disk and the system’s corona
is rather well maintained (Mastichiadis et al. 2022).

The different spectrum phases the system might experience
(e.g., as in the case of Cygnus X-1) can be attributed to variations
in its mass accretion rate leading to an impact on the unabsorbed
gamma-ray flux. We must point out that a slight inaccuracy in
the temperature calculation could lead to a substantial deviation
in the resulting optical depth.
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Fig. 4. Optical depth for corona absorption in Cygnus X-1 as a function
of the distance, z, for different values of gamma-ray photon energy.

3.2. Absorption of the black hole’s corona

The black hole’s corona in an X-ray binary system plays a vital
role in many mechanisms capable of altering the energy of par-
ticles and photons produced inside or outside the jet. The corona
takes a spherical shape around the central object and consists
mainly of high-energy electrons which can cool down via syn-
chrotron radiation mechanism or inverse Compton scattering
(i.e., by distributing their energy to low-energy photons pro-
duced elsewhere in the system).

The corona emission (non-thermal hard X-rays) is of energy
range that may absorb high-energy gamma-ray radiation from
the jet. Moreover, the optical depth for this interaction, if z < R.,
with R. being the corona radius, would involve two parts. The
first corresponds to the case where the gamma-ray photon is still
inside the corona (i.e., for p < R.), while the second corresponds
to the case when the photons escape the corona region (i.e., for
p > R.) and are heading towards the observer. They are, respec-
tively, written as

) I Gnax T . )

Toor = 50 f f (;l (1 = cos by)oy, sin Gydbyde, (30)
€min 0 €
+00 €max d u

7ou = f f ZR0M (1 _ cos By, ded. G1)
lo €min dE

In the above relations, [ represents the distance between the
collision point and the spot where the photon crosses the corona.
The distance [, between this spot and the source of emission is
written as

AN11/2 .
lp = [Rg -7 (1 - cos’ l)] — ZCOSI. 32)
Furthermore, in Eq. (31), the angle 6, between the directions of

two colliding photons and the distance p between the collision
point and the system’s black hole are given by

I+1 '
6 = cos™! (—+ 0 ZCOS’), (33)
o
p=[+10) +2 +2: + lp)cosi] (34)
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Fig. 5. Optical depth for corona absorption in Cygnus X-1 as a function
of gamma-ray photon energy for different values of the corona radius
given in R,.

In this work, we adopt the assumption (Cerutti et al. 2011)
that the hard X-ray energy density is homogeneous and isotropic
inside the spherical region of the corona and descends radially
outside the corona. Hence, we have

dl’lin

= K€, 35
i o€ (35)
2
R
dnout — KO(_C) 62, (36)
de P

where K, is the normalization constant that is given in
Appendix A.2.

By making use of Egs. (30) and (31), we calculate and
demonstrate in Fig. 4 the total optical depth 7o = 7. + 700 and
its dependence on E, and z. In both cases, there is an apparent
linear dependence on a logarithmic scale. Absorption from the
corona becomes increasingly irrelevant as the gamma-ray energy
and the source distance from the black hole grows. It peaks at
around T, & 5, far below 74 for the same z. Admittedly,
corona absorption is never the dominant one because, in every
z, it is overshadowed by either disk or donor star absorption. In
Fig. 4, a significant behavior of 7., is found for z = 10°~10% cm
when the emission source locates itself inside the corona. In
principle, there is a much bigger chance for the photon to be
absorbed while traveling inside the corona.

Figure 5 shows the optical depth for several values of the
corona radius starting from R. = 6 R,. Clearly, for small-scale
and more condensed coronas, the absorption is more signifi-
cant, although the behavior concerning the energy dependence
remains unaffected. Beyond a point, further expansion of the
coronal sphere shows no significant deviation in the gamma-ray
absorption.

3.3. Donor star absorption

The binary system’s companion star fuels the mass accretion
process onto the compact object, yet its contribution is not lim-
ited only to the mass. The stellar wind originating from the donor
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star has a crucial role in the dynamics of the binary system.
It could also penetrate the jet at a higher altitude and provide
another p—p interaction mechanism that would result in gamma-
ray and neutrino emission (Romero et al. 2007).

In this work, we are primarily interested in the donor
star’s contribution to gamma-ray absorption, as demonstrated
in Bottcher & Dermer (2005). Due to its temperature, the com-
panion star emits thermal black-body radiation that can anni-
hilate higher energy (beyond TeV) gamma-ray photons. In our
present study, this is the mechanism with the most dominant role
in higher distances from the black hole. The respective optical
depth is given by (Bottcher & Dermer 2005):

+00 +00 dnph
Tdonor = d—(l — COS 90)0’7yd6dl,
0 €min €

where €min = 2m2c¢*/E, (1 — cos6). The following expressions
provide the angle 6, here, and the distance D between the donor
star and the collision point

(37

90:COS_1(l"‘ZCOSi_SSi“iCOS“), (38)
D
L) 5 . .. 1/2
D:[s +I°+z +2l(zcosz—ssmzcosa)] , 39)
2 1
@=ag+ o (40)
Py ¢

The system’s separation (i.e., the distance between the two stel-
lar components) is indicated by s. At the same time, @ — ay is the
angular distance the star has covered from its initial phase a to
the final phase « (i.e., at the moment of emission of the gamma-
ray photon to the moment of photon collision at a distance, /,
from the source).

The radiation field density corresponding to the donor’s ther-
mal emission is expressed as

drpn 15 LyaT* , @)
de  4ndce2D*(e” - 1)

where 7 = €/kgTeq is dimensionless and T is the donor star’s
effective surface temperature that depends on its evolutionary
phase and stellar type. For a more detailed analysis, the reader is
referred to Bottcher & Dermer (2005).

In Fig. 6a, we illustrate the T dependence on gamma-ray
energy, calculated through Eq. (37). It is evident that the star’s
contribution to pair production is insufficient compared to the
disk. Gamma-ray photons with E, < 10GeV remain unal-
tered, passing through the donor star’s emission regardless of the
stellar type.

Moreover, the big step from z = 10'2 to z = 103 cm is
remarkable. The system’s separation being of similar magni-
tude to z (i.e., s ~ 102 cm) emerges as the explication. There-
fore, separation is no longer dominant in every relation featuring
both z and s (i.e., considering smaller distances of the collision
points from the source). The drop in absorption for higher z (i.e.,
nearly z = 10'* cm) is not as steep as the respective one in the
case of the disk. It becomes apparent that the stellar absorption
dominates over the disk one for z > 10'°cm. As we show in
Sect. 4, this is crucial for the post-absorption gamma-ray inten-
sity graphs.

Additionally, as the photon-emitting source moves further
away from the center, the respective energy range (which is grad-
ually affected by the stellar thermal emission) narrows (i.e., for
z > 10" cm, it affects photons with E, > 100 GeV).
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Fig. 6. Optical depth for donor star absorption in Cygnus X-1 as a
function of gamma-ray photon energy: (a) for different values of z and
(b) for different values of donor star luminosity where Lp = Ly /Lo
when z = 5 Rse,/ tan & = 10° cm.

Focusing on the functional dependence of Eq. (37), we notice
that the donor star’s stellar type (i.e., temperature, radius, lumi-
nosity) predominantly affects the value of 74onor. For this reason,
we plot in Fig. 6b the optical depth as a function of E,, for vari-
ous orders of magnitude of the donor star’s luminosity (given in
comparison to solar luminosity). Each order of magnitude corre-
lates with a different stellar type (A, O, B, etc.) associated with
the effective stellar temperature. The most common companion
stars in binary systems are the supergiants (O-type and B-type)
that belong to the last order of magnitude for Lp in Fig. 6. For
greater stellar temperatures, Tqonor beCcOmes comparable to 7.
As in graph (a), the drop is not so steep to be considered negli-
gible for relatively cold stars.

4. Results and discussion

The method described in this paper was applied to the Black hole
X-ray binary systems: Cygnus X-1, SS 433, and GRS 1915+105.

A162, page 7 of 14
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Table 2. Black hole binary systems and their respective parameters
used in this work.

Parameter Cyg X-1 SS433 GRS Units
1915+105
Mgy 21.2 15 12.4 M,
Maonor 40.6 21 0.5 M,
Type (0] A K -
d 222 55 8.6 kpc
i 27.51 78.8 60 °
Pory 5.5998 13.082 33.85 days
Mocer 1078 104 1078 Mgy yr™!
Lar 3.5x10° 3.16 x 10* 102 L,
Tew 31138 8000 5000 K
s 3.65x 107 537x 102  7.19x 10" cm
Uy, 0.92 0.26 0.43 c
& 1.2 0.6 5 °
Rout 1.07x 10" 1.69x 102  4.17 x 10" cm

Notes. (1) Cyg X-1, (2) SS433, (3) GRS 1915+105.

References. (1) Miller-Jones et al. (2021), Brocksopp et al. (1999),
Stirling et al. (2001), Tetarenko et al. (2019), (2) Bowler (2018),
Hillwig et al. (2004), Cherepashchuk (2021), (3) Reid et al. (2014),
Steeghs et al. (2013), Punsly & Rodriguez (2016).

These systems were chosen on the basis of the richness of
their observations and their relatively small distances from Earth
(2-8kpc), as well as some existing theoretical studies focused.
These systems have different companion star types (i.e., O-, A-
and K-type, respectively) that indicate the impact of the donor
star’s absorption on the emitted gamma-ray intensities. The sys-
tem parameters used in our present calculations are listed in
Table 2.

We note that for SS 433 and GRS 1915+105, explicit star sur-
face temperatures and luminosities are not quoted in the bibliog-
raphy; thus, for our purposes, we implement the values that most
likely fit their spectral analysis and stellar type assumptions. The
donor star of SS 433 is a cooler type A supergiant (Hillwig et al.
2004), while the GRS 1915+105 has a much smaller K-type
giant that appears in the hotter region of the Hertzsprung-Russell
diagram (Reid et al. 2014).

Furthermore, we compared our results with gamma-ray
observations for the aforementioned BHXRB systems, focusing
on the VHE regime. We should point out, however, that most
gamma-ray telescopes are optimized for measurements below
E, =~ 10TeV. Therefore, detection signals beyond this energy
are unlikely to be recorded, although some telescopes, such as
HAWC, are aimed at this purpose.

4.1. Cygnus X-1

Cygnus X-1 is one of the brightest X-ray Galactic sources
detectable from the Earth and the first source to have been
broadly accepted as a BHXRB. It was initially believed
to be located at a distance of 1.86kpc from the Earth
(Reid et al. 2011), but recently the distance was reassessed by
Miller-Jones et al. (2021) to be at 2.22 kpc. In addition, new esti-
mations have led to the revision (see Table 2) of the mass pre-
dictions by Orosz et al. (2011). The system’s companion star is
the type O blue supergiant HDE 226868 and has a nearly cir-
cular orbit (it never eclipses). At the same time, the mass trans-
fer from the donor to the accretion disk is greatly facilitated by
the donor’s stellar wind (see Table 2 for more parameter val-
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Fig. 7. Optical depth for all kinds of absorption for varying inclinations
of Cygnus X-1 when z = 5 Rge/ tané ~ 10° cm.

ues). Moreover, Cygnus X-1 is the most persistent and brightest
source of hard X-ray emission (i.e., € > 30keV). These photons
are probably produced by the inner parts of the accretion disk
and boost their energy through Compton scattering with corona
electrons or reflection from the disk’s surface.

Recently, a debate was provoked by Krawczynski et al.
(2022) regarding the system’s angle to the line of sight and
the question of whether it is indeed above 45°. This led to
Zdziarski & Egron (2022) adopting both values (i.e., i = 27°
and 45°) for the purposes of their study. In order to cover all
possibilities, we calculated the optical depths for all kinds of
absorption for varying inclinations (Fig. 7). Most importantly,
greater angles increase pair production and the energy range of
affected photons by shifting the respective cutoff towards lower
energies.

A notable characteristic of the system is that it demonstrates
two highly distinct X-ray states, namely, the hard and the soft.
The hard X-ray state is the most common where the system
spends most of the time and is associated with stable jets and
a strong, compact corona responsible for the X-ray spectrum’s
hardening. On the other hand, the soft state is accompanied by
broader spectrum variability attributed to the transitional phase
of the corona regeneration process (Fender et al. 2004). In this
state, radio emission is not detected (Brocksopp et al. 1999).
There is also an intermediate state with a really short duration
on the order of a few days. The system’s jets extend up to a dis-
tance of z = 10" cm (Gallo et al. 2005).

In this work, we calculated gamma-ray intensities emitted
from the Cygnus X-1, along with the effects of absorption mech-
anisms. More specifically, in Fig. 8, we present the results for
two different values of z (z = 107 and z = 10'°cm), show-
ing the impact of the absorption of the disk, corona, and donor
star on gamma-ray emission produced inside the jet. As is evi-
dent from Fig. 8a, the disk vastly dominates and shapes the
I, curve for lower z values. That can be verified by glancing
at the respective optical depth graphs in the previous sections.
The corona, nonetheless, does not affect the emission. However,
being injected by all these spare e*e™ pair-products of photon
annihilation (i.e., from other kinds of absorption as well) could
lead to its significant reinforcement.
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photon energy for (a) z = 107 cm and (b) z = 10'° cm. The solid line

(blue) corresponds to the obtained intensity by ignoring all types of absorption, while the dashed line refers to an intensity affected only by corona
absorption. The dash-dotted line (orange) represents gamma-ray intensity exposed only to the donor star’s radiation. A red solid (or dashed) line
demonstrates intensity post-absorption from the accretion disk. Finally, gamma-ray intensity, including all the discussed absorption mechanisms,

is represented by the black dashed (or solid) line.

The donor star’s thermal radiation absorbs mostly lower
energy gamma-ray photons of ~10°GeV. For z = 107 cm, the
donor’s impact is greatly minimized by the superiority of the
disk’s soft X-ray density. The final intensity at its peak (it occurs
for E, = 3 x 10°GeV) formed by photons escaping the disk
photons consists of only 0.01% of the respective non-absorption
intensity. Notably, the lower energy gamma-ray intensity is
highly attenuated for smaller distances.

In Fig. 8b, which corresponds to a significantly higher source
distance (z = 10'9cm) from the black hole, we see that a
substantial decline mainly in the disk’s contribution to higher
energy photon annihilation occurs that holds especially for E, >
10° GeV. The gamma-ray photon production reduces with the
distance but not notably. The conclusion is that for z > 10! cm,
the donor star is taking over from the disk in shaping the gamma-
ray intensity curve. The aforementioned curve is shifted down as
it is not yet utterly unaffected by the accretion disk’s optically
thinner photon density. For £, > 10° GeV, the intensity remains
unaffected.

Figure 8 also presents the respective post-absorption inten-
sities corresponding to a very high system inclination (i.e., i =
80°). Therefore, smaller angles shall dictate gamma-ray inten-
sity curves in between (i.e., the black lines in graphs a and b).
Greater alignment with the jet axis diminishes the photon anni-
hilation efficiency (see graph b). It also offers a better oppor-
tunity to study jet mechanics combined with amplified Doppler
boosting.

The difference regarding the maximum gamma-ray energy
is attributed to more intense energy-loss interactions of the rel-
ativistic protons inside the jet. As mentioned in Sect. 2, Ep,x
depends on the sign between the energy-gain (Fermi accelera-
tion) and the energy-loss rates due to particle collisions, syn-
chrotron emission, and so on.

4.2. 85433

The SS 433 is a Galactic XRB located at a distance of 5.5 kpc
from Earth (Romney et al. 1987). The system’s companion

star is an A-type, relatively cool supergiant (see Table 2)
with a slightly eccentric orbit around the central object
with a period that seems to increase marginally with time
(Cherepashchuk et al. 2021). This is a strong indication that the
central object is, in fact, a black hole, clarifies prior ambigui-
ties among the community as to whether the central object is a
neutron star instead of a black hole.

The SS 433 is one of the most exotic binary systems, known
for the fact that it does not preserve a constant inclination angle,
instead precessing with a 162.25 day-period over a 20° cone
around an axis. The angle between the axis and the line of sight is
given in Table 2 (Cherepashchuk 2021). In most similar sources,
jets are only occasionally observed. However, in SS 433, they
persist over many years with no apparent velocity variation,
which is possibly due to the system’s super-Eddington accretion
limit. In addition, the supergiant companion star transfers mass
at an incredibly high rate to the black hole, which is also the
reason for the significant presence of a wind coming from the
accretion disk. It has also been suggested that SS 433 is an ultra-
luminous X-ray source (i.e., ULX), as viewed from the outflow
axis (Begelman et al. 2006).

Furthermore, the system’s jets extend at very large distances
from the center (z ~ 10?°cm). This is due to the supercriti-
cal accretion rate that results in very high jet collimation (small
half-opening angle). In addition, many observations and spectral
analyses verify the existence of baryonic content in the system’s
jets, which qualifies it as a concrete example where the hadronic
model can be applied (Reynoso et al. 2008; Ahnen et al. 2018).

In Figs. 9a,b, we demonstrate the gamma-ray intensities pro-
duced in SS 433 and then subject to different origins of absorp-
tion. They refer to two distinct values of z, as done in the case
of Cygnus X-1. Graph a clearly shows the lack of gamma-ray
emission after absorption from the disk. Gamma-ray radiation
is extinct for z < 107 cm, which is due to the system’s super-
Eddington accretion limit (Fabrika 2004), as shown in Table 2.
The unusually high M., of SS433 drastically increases the
disk’s temperature T, and, simultaneously, the opacity of the
soft X-ray photon density emitted. The respective optical depth
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Fig. 9. Gamma-ray intensity emitted by system SS 433 as a function of photon energy for (a) z = 10’ cm and (b) z = 10'° cm. The line colors and

types are the same as the respective graphs for Cygnus X-1.

increases by 2—3 orders of magnitude, enough to annihilate any
nearby high-energy photon.

Regarding the donor star absorption, we notice the
increased steepness of the corresponding curve as compared to
Cygnus X-1 and the more considerable depth in an extensive
energy range compared to the former. However, considering the
cooler star in SS433, we would expect the opposite, but the
higher inclination (79° to 30°) seems to have a more significant
impact on determining the final intensity curve assuming similar
stellar luminosity.

Increasing the source distance from the compact object by
three orders of magnitude (i.e., z = 10'° cm), the disk’s involve-
ment decisively reduces the intensity (see Fig. 9b). Actually, the
gamma-ray radiation survives for E, > 10*GeV. Concerning
the corona’s impact, it is not very important, as in the case of
the Cygnus X-1 system. Of course, it relates to the assump-
tion that most corona parameters are constant in our calcula-
tions (see Table 1). As can be seen from Fig. 5, even altering
these parameters would have no noticeable impact. Instead, with
higher z, the corona is proven to be increasingly irrelevant to
the total absorption, which could potentially change by consid-
ering other energy-altering mechanisms that might contribute
to an optically thicker corona. In brief, gamma-ray absorption
is dominant for E, < 10°GeV in the lower jet regions, how-
ever, below a specific value of disk temperature, lower energy
emission (E, < 500MeV) is possible from the base of the jet
(Rasul et al. 2019). Regarding higher energy gamma-ray emis-
sion, it is certainly not ruled out with respect to observations, as
seen in Fig. 9.

4.3. GRS 1915+105

The GRS 1915+105 system is a BHXRB located at a distance
of 8.6 kpc in our Galaxy (Reid et al. 2014) that hosts a medium-
sized black hole and a low-mass companion star (see Table 2)
which is a Kl-type giant (Steeghs et al. 2013). This system
has some characteristics that make it unique. First, it has the
longest orbital period ever observed among low-mass XRBs
(Steeghs et al. 2013). This results in the largest accretion disk
size-wise that constitutes a huge mass supplier to the compact
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object. The GRS 19154105 was the first source in the Galaxy
to exhibit apparent super-luminal motion of its relativistic jets
(Mirabel & Rodriguez 1994).

The system used to emit consistently 10%—-100% of its
Eddington luminosity in the X-ray band. In 2018, however, it
experienced an outburst that caused a drop of nearly an order of
magnitude concerning the total luminosity. General alterations
followed it regarding its flaring activity and accretion states. As
a result, GRS 1915+105 has descended into a low-luminosity
hard X-ray state that is assumed to end in the near future. More-
over, the system constitutes a perfect example for studying the
accretion process and the geometrical properties of an accretion
disk due to its vast size and convenient angle to the line of sight
(Koljonen & Hovatta 2021).

In Fig. 10, we illustrate the gamma-ray intensities produced
in the relativistic jets of GRS 1915+105. The most notable dif-
ference compared to previous black hole binary systems is the
negligible influence of the donor star on the gamma-ray emis-
sion curve. That is due to the star’s temperature (as a K-type
giant; see Table 2), which is comparably small. Eventually, the
emission from the accretion disk is the only one that absorbs
high-energy photons from the jet. Since the system’s accretion
disk is unusually large, photons from its outer regions mostly
annihilate the higher energy-band photons compared to the inner
disk regions. Nonetheless, for Rqy > 10'0 cm, the impact on the
optical depth is insignificant. For z ~ 107 cm, the only gamma-
ray photons that survive belong to the range E, = 10°-10° GeV,
just as in the case of Cygnus X-1 (both having similar accretion
rates).

4.4. Gamma-ray emitted integral fluxes

The respective gamma-ray integral fluxes emitted from the sys-
tems discussed in this work are calculated via the relation:

0, = [ BEME,
1

00 4r d2 ’ (42)

where d denotes the distance to the Earth of the studied system
(see Table 2).
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Fig. 10. Gamma-ray intensity emitted from the GRS 1915+105 system as a function of photon energy for (a) z = 107 cm and (b) z = 10'° cm. The
line colors and types are the same as the graphs for Cygnus X-1 and SS 433.

In Fig. 11, we show the integral fluxes emitted from the
binary systems: Cygnus X-1, SS433, and GRS 1915+105 for
various particle acceleration distances measured from the center
of the compact object (black hole). Specifically, we demonstrate
the respective integral fluxes before and after the absorption pro-
cess in order to emphasize the effect of the system’s surroundings
on the emission detection possibilities. The initial fluxes resolve
in a declining linear behavior related to the conic-like jet shape.

All the relevant cooling mechanisms that determine the max-
imum proton energy and shape the corresponding particle dis-
tributions decline massively with the jet expansion (i.e., due to
a decrease in cold proton density) and become irrelevant. The
result is that the value of Eny is stabilized for z > 103 cm.
In addition, the acceleration mechanism grows more inefficient
with the distance from the center. In order to uphold the gamma-
ray production process for z > 10'cm, other mechanisms
should also make a contribution, such as the ones described by
the leptonic models or a more strictly collimated jet. In the same
graph, we plot the upper limits for each system we discuss in
Sect. 1, for comparison.

As implied from Fig. 11, the system with the highest gamma-
ray flux (even after absorption) is the Cygnus X-1, which main-
tains a relatively high flux from the most significant part of the
jet’s length. Only for z ~ 10'' cm occurs an evident decrease
attributed to the donor star radiation that takes over the absorp-
tion process combined with the drop in gamma-ray production
rate. When the corresponding optical depth also reduces signif-
icantly, the gamma-ray flux increases. These results are con-
sistent with those of Zanin et al. (2016), concluding that the
emission region is constrained to z = 10''~10'3 cm since disk
absorption is weak enough at those distances and the donor star
emission cannot absorb efliciently for £, < 20GeV. Further-
more, our results exceed the 95% CL (i.e., confidence level)
upper limit of ®, < 2.6 x 1072 phcm™2s7! for E, > 200 GeV
(Ahnen et al. 2017). However, we employed a relatively high
value for the portion of relativistic particles inside the jet (i.e.,
qrel)-

On the contrary, SS433 does not exhibit sufficient photon
flux for z < 10'” cm due to the disk absorption, as seen in Fig. 9.
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Fig. 11. Gamma-ray integral fluxes for various distances z for binary
systems Cygnus X-1, SS433, and GRS 1915+105. The dashed lines
correspond to emissions not affected by absorption from the sys-
tem’s surroundings. In contrast, the solid lines represent the gamma-
ray fluxes after absorption from the accretion disk, corona, and
donor star. The fluxes are integrated for E, > 10°GeV. The
upper limits among the three systems are also demonstrated as:
(1) Cygnus X-1, Ahnen et al. (2017), (2) SS 433, Ahnen et al. (2018),
(3) GRS 1915+105, Abdalla et al. (2018).

For greater distances, however, the behavior of the integral flux
is similar to the respective Cygnus X-1 flux, which agrees with
the findings of Bordas et al. (2010), regarding the emission from
z > 10" cm. Our predictions for SS433 are in agreement with
the 99% CL upper limit of @, < 2 x 1072 phcm™s7! set by
Ahnen et al. (2018) for E, > 300 GeV. Specifically, it is only for
z = 10"3 cm that the integral flux comes close to it.

Finally, gamma-rays from the jets of GRS 1915+105 are
hardly detectable. This is attributed to the greater half-opening
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Fig. 12. Differential flux for gamma-rays emitted from the jets of
Cygnus X-1 at z = 10'°cm. The 95% CL upper limits of Albert et al.
(2007) and Ahnen et al. (2017) are also plotted. They refer to power-law
spectra with a photon index of I' = 3.2.

angle (see Table 2) and system inclination. Comparisons with
the established upper limits, such as the 99.9% CL @, < 0.61 x
1072 phem™s7! of Acero et al. (2009) for E, > 410GeV and
the respective 99% CL limit @, < 7.3 x 107" phem™s7! for
E, > 560GeV by Abdalla et al. (2018) verify our results as
can be seen in Fig. 11. Although they were estimated based
on a more restricted photon energy range (>400 GeV), the less-
energetic photons that would otherwise contribute most to the
integral fluxes are those that are mostly annihilated. The inte-
gral fluxes presented in this work may be assumed as the upper
limits for gamma-ray emissions due to the relatively high free-
parameter values implemented.

In Fig. 12, we calculate the corresponding differential fluxes
before and after absorption for Cygnus X-1 at a distance z =
10'9cm. The distance was chosen based on the peak integral
counterpart of Fig. 11. The comparison with the 95% CL ULs
(i.e., upper limits) of Albert et al. (2007) and Ahnen et al. (2017)
indicates that absorption plays an integral role in the unsuccess-
ful attempts at detection of VHE emission from Cygnus X-1. The
same could also be insinuated for SS433 and GRS 1915+105.
That holds for the low-inclination case where the optical depth
is reduced. Otherwise, the differential flux would be much lower.

Here, we assume a highly efficient jet concerning particle
acceleration. However, in a more realistic scenario, the pho-
ton production rate could not produce fluxes well above the
established upper limits. That leaves the upper jet regions and
their interaction with the interstellar medium the only viable
solution for producing detectable VHE emission. Indeed, there
was detection of such emission localized in the lobes of SS 433
(Abeysekara et al. 2018) attributed to magnetically accelerated
electrons.

Predictions of the incoming gamma-ray flux from SS433
by Reynosoetal. (2008) indicate a high value of @, =
10" phem™2s7!'. Although they implemented a much lower
value of gy = 107, the flux dependence on it is linear on a
logarithmic scale. Therefore, adjusting those predictions to our
parameter values would fit our z = 10” cm estimation of Fig. 11
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without considering photon absorption (when the precessional
phase nears O or 1). However, we predict a much lower pho-
ton flux after absorption from the disk because of the integration
over the whole disk surface, including the highly heated inner-
most regions.

Cygnus X-1 emission was modeled by Kantzas et al. (2020)
using a multi-zone lepto-hadronic model. Their study was
focused, however, on lower energy emissions in order to explain
the observational data and, thus, do not include absorption
effects given the circumstantial conditions of the observations.
The same holds for the proposed 2D time-dependent radia-
tion model by Zhang et al. (2014) that focuses on lepton accel-
eration through a first-order Fermi mechanism. It refers to
higher jet emission regions (i.e., z > 10'' cm) neglecting disk
absorption.

5. Summary and conclusions

Galactic stellar black hole X-ray binaries are some of the most
exotic and compelling astrophysical systems consisting of a cen-
tral compact object (stellar black hole or a neutron star) in a
common orbit with a companion (donor) star (often a giant or
supergiant star). Due to the strong gravitational attraction, mass,
and gas are extracted from the companion star and accumulate
around the compact object, thus forming an overheated X-ray
source in the form of an accretion disk. At the same time, plasma
outflows are ejected in the form of two opposite collimated and
accelerated jets perpendicularly to the plane of the disk. The jets
can be ejected to distances z > 10'7 cm.

Finally, due to an interaction with the interstellar medium,
they are resolved in two radio lobes that appear uniquely distinct
in the observations. Moreover, the bulk-like jets are being accel-
erated to relativistic velocities and, with the right system incli-
nation, can be traced back to Earth, where spectral detection and
analysis are possible. These systems function as Galactic particle
accelerators and multi-wavelength emitters. Inside the jets, fur-
ther particle acceleration is possible in zonal regions of the jet
through shock-waves (second Fermi mechanism) that produce
highly energized distributions of electrons and protons.

In this work, based on established lepto-baryonic models
where accelerated protons collide with the thermal protons of
the jet, we attempted to calculate the gamma-ray emission from
the systems mentioned above. The proton-proton scattering pro-
duces secondary particles: pions, kaons, etas, and muons. Their
decay leads to the emission of neutrinos and gamma-ray photons
that reach the Earth’s detectors. Our primary focus is calculat-
ing gamma-ray intensities originating from neutral pion decay
and considering the influences of the disk, the corona, and the
donor star on these intensities. Each of the latter components
emits lower energy photons (soft and hard X-rays), capable
of absorbing gamma-rays during their journey from the source
point inside the jet to the terrestrial detector.

We also calculated the optical depths for absorption due to
the disk, corona, and donor star emission for various source dis-
tances from the black hole center. In addition, we explored the
dependence of each absorption type on the most sensitive param-
eters (disk temperature, corona radius, and donor’s stellar type).
Then, we applied the absorption effects on the gamma-ray inten-
sities produced in three concrete BHXRB examples, namely,
Cygnus X-1, SS433, and GRS 1915+105.

From the above investigation, we conclude that the disk
absorption dominates over source distances up to z ~ 10'° cm
from the black hole. For 109 < 7z < 10'2cm, the donor star
absorption takes over unless there is an unusually high mass
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accretion rate, as in SS 433, or there is a much greater binary sep-
aration. Beyond this point (z > 10'3 cm), the absorption effect
of the donor star decreases radically but remains the dominant
one over the corona and mainly over the disk one as well. The
absorption overall decreases with the distance from the black
hole, as does the gamma-ray production.

The Cygnus X-1 presents the highest gamma-ray integral
flux from the individual binary systems studied, with relatively
weak disk absorption and sufficient donor emission. On the
other hand, the GRS 1915+105 emits the least radiation, while
it presents the weakest absorption due to both the disk and the
donor star. The reason is the angle to the line of sight and the
jet’s half-opening angle in Table 2. However, the latter is a dubi-
ous parameter that cannot be easily determined. Considering the
lack of VHE observations that cannot be attributed to absorption,
an insufficiency in terms of gamma-ray production is possible.
Concerning the SS 433, this system is subjected to the most sub-
stantial absorption, mainly due to its super-Eddington accretion
rate and inclination in the case of donor star absorption. Despite
that, SS433 is a more powerful emitter in the VHE regime
than the GRS 1915+105 for distances z > 10''cm from the
compact object. Notably, from a quantitative point of view, we
may consider several other mechanisms contributing to the total
gamma-ray emissivity. Our results, however, have great qualita-
tive value when focusing on the dominant gamma-ray emission
and absorption mechanisms that are assumed.
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Appendix A: Normalization constants
A.1. Proton source function

The normalization constant for the relativistic proton source
function depends on the lower and upper limit of their energy,
as follows:

— 8‘]rLk
7 zor2In(Emex [ Eminy’

(A.1)

where ry is the jet radius that corresponds to zp. In addition,
E}"™ = 1.2GeV is the minimum proton energy that is sufficient
and necessary for the Fermi mechanism to occur.

A.2. Corona photon density

The normalization constant for the corona’s photon density is
given by
4L,

—

min

Ko = (A2)

B 47rc (Elé’l"ldx

)%
where L, is the total corona luminosity (see Table 1) and (€, —
€nax) = 10 keV-100 keV is the hard X-ray energy range.
Appendix B: Cross-sections

B.1. p-p interaction

The inelastic cross-section for the p-p scattering is given by
(Kelner et al. 2006)

oiel(E,) = (0.25L7 + 1.88L + 34.3)
(2]
EP

x 1072 cm2,
where L = In(E,/1000), with E, in GeV and E;, = 1.2GeV,
which is the threshold for producing a single neutral pion.

X (B.1)
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Table B.1. Constants that are used in the calculations.

Constant  Value Units

c 2.998 x 10'° cms™!

M 1.989x 1033 ¢

G 6.674 x 107 emPgls7?

e 4803 x 10719 starC (cm3/2g1/2s‘1)
h 6.626 x 10727 ergs

kp 1.381 x 10716 ergk~!

or 6.652x 1072 cm?

OsB 5.670 x 107 ergs‘16111‘2K‘4

B.2. y-y interaction

The cross-section of the interaction between two photons
resulting in pair production is given below (Gould & Schréder
1967):

4
Ty (E,. €, 6) = % (1-5)
x|(3-8") ln(%) -28(2 —,82)} , (B2

where 6 is the angle between the two photons and € the energy
of the less energetic photon. In the above cross-section, 5 is given
by

1
B=4/1--, (B.3)
s
where
el (1 —cosbp)
=" B4
2m2c* (B.4)

For annihilation to happen, it must be s > 1.
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