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Abstract: In the last few decades, galactic stellar black hole X-ray binary systems (BHXRBs) have
aroused intense observational and theoretical research efforts specifically focusing on their multi-
messenger emissions (radio waves, X-rays, y-rays, neutrinos, etc.). In this work, we investigate jet
emissions of high-energy neutrinos and gamma-rays created through several hadronic and leptonic
processes taking place within the jets. We pay special attention to the effect of the black hole’s spin
(Kerr black holes) on the differential fluxes of photons originating from synchrotron emission and
inverse Compton scattering and specifically on their absorption due to the accretion disk’s black-body
radiation. The black hole’s spin (dimensionless spin parameter a) enters into the calculations through
the radius of the innermost circular orbit around the black hole, the Rjsco parameter, assumed to
be the inner radius of the accretion disk, which determines its optical depth 7y;s. In our results, the
differential photon fluxes after the absorption effect are depicted as a function of the photon energy
in therange 1 GeV< E < 103 GeV. It is worth noting that when the black holes” spin («) increases,
the differential photon flux becomes significantly lower.

Keywords: stellar black holes; galactic XRBs; Kerr black holes; black hole spin; photon jet emissions;
photon flux

1. Introduction

In the last few decades, one of the powerful techniques to test the Kerr nature of
astrophysical black holes, based on the study of the electromagnetic reflection spectrum of
accretion disks, is considered X-ray reflection spectroscopy (see, for example, Refs. [1-9]).
As it is well known, the accretion disk of black holes emits thermal photons that can exhibit
inverse Compton scattering off free electrons in the compact object’s corona, which is a hot
and optically thin medium close to the stellar black hole object.

Stellar-mass black holes are formed either from the gravitational collapse of massive
stars or from the merger of two neutron stars. For our purposes, stellar-mass black holes
have masses ranging from Mpy ~ 3Mg up to Mpy ~ 50M), specifically similar to the
mass of the donor star of the BHXRB system.

In this work, we deal with uncharged (Q = 0) black holes which are classified in two
categories, i.e., Schwarzschild black holes (non-rotating, | = 0) that were the first exact
solution of Einstein’s field equations found by Karl Schwarzschild in 1916, and Kerr black
holes (rotating, | # 0) that were found by Roy Kerr (1963) (see Ref. [10]). We mention
that charged (Q # 0) black holes are either Reissner—Nordstrom (non-rotating, | = 0) or
Kerr-Newman (rotating, | # 0) types (see Ref. [11] pp. 33-58). The Kerr-Newman metric
of a charged spinning black hole is the most general BH solution, which was found by Ezra
“Ted” Newman in 1965 (see Ref. [12]). It is worth mentioning that all astrophysical black
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holes (BHs) can be described by the Kerr metric with only two parameters: (i) the black
hole mass (Mpy,) and (ii) the black hole angular momentum (J).

In the present work, we study jet emissions of radiation and neutrinos created through
several hadronic and leptonic processes occurring inside the jets. We focus on the effect of
the black hole’s spin (Kerr black holes) on the differential photon fluxes and specifically on
the absorption effect which is mainly due to the accretion disk’s black-body radiation. We
mention that the black hole’s spin (dimensionless spin parameter a.) enters this type of
calculation through the radius of the innermost circular orbit around the black hole, i.e.,
the Rjsco geometrical parameter, assumed to be the inner radius of the accretion disc. This
parameter determines the optical depth, T 4, of the accretion disc.

Recently, progress has been made in measuring the spins of stellar-mass BHs in the
Milky Way Galaxy (see Ref. [13] and references therein). Independent determinations of
the BHs’ spins are of fundamental importance for testing general relativity (GR) and for a
deep understanding of space and time.

The rest of this paper is organized as follows. In Section 2, we make a brief description
of the state of the art of Kerr black holes with the assumed metric. In Section 3, analytic
calculations of the emitted photon differential flux carried out within the above model are
presented and discussed. In addition, the absorption effects due to photon annihilation and
e™, e pair creation are considered. Finally, in Section 4, the extracted conclusions from the
aforementioned investigation are summarized and future work that is planned is briefly
shortly discussed.

2. Background—Description of the Model

In this section, we discuss the radius of the innermost stable circular orbit in the
Kerr geometry—the Kerr Rjsco—the main interactions that take place inside the jets, the
transfer equation which describes the particles’ energy distribution inside the jets, the
source function of gamma-rays, the intensity and integral flux of gamma-rays, and the
absorption of photons.

2.1. Kerr RISCO

In previous works (see Refs. [14-16]), the black hole of the binary system was supposed
to be a Schwarzschild black hole, with its only property being that of the mass. However,
this case is not realistic, as most of the black holes, besides possessing mass M, also have
angular momentum J. For this reason, in this work, we consider the black hole to be a Kerr
black hole, one that has mass and is rotating.

The line element of the Kerr geometry (see Ref. [11] pp. 49-52 and also Ref. [17]),
describing the space-time around a Kerr black hole, is

2 4 in® § 2
ds? = c2 (1 — 27 )de2 4 Hecgin “atdg £ dr?
—p%d6? — (72 +a? + zym’ﬂ) sin® 0d¢?

where y = rg = %5 = i—ZM and o = ﬁ are constants. Furthermore,

1)

p? =1* +a*cos’, A =r*—2ur+a’

The above expression for ds? is known as the Boyer-Lindquist form and that for (t,7,6, ¢)
as Boyer—Lindquist coordinates. It is useful to define the dimensionless spin parameter
ay = /. The larger this parameter, the more aspherical the line element. The case
of a, = 1 corresponds to an extreme Kerr black hole. Schwarzschild black holes are the
special case for a, = 0.

We are now going to derive the innermost stable circular orbit, Rjsco, around a Kerr
black hole. To do so, we work on the equatorial plane; setting 8 = 71/2 in the Kerr line
element of Equation (1), we obtain
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2 3uac 2 2ua’
ds? :c2<1—‘u>dt2+ PO dtdp — " ar® — <r2+a2+”>d¢2 )
r r A r
from which we can read the covariant metric components g, and calculate the contravari-
ant metric components g"V. We take a particle with unit rest mass such that p# = %. Since
the metric does not depend explicitly on t and ¢, we obtain p; and py that are conserved:

pr =k, pp=—h (©)

where k and h are constants that represent the energy and the angular momentum of the
particle. We use the fact that g"'p,py = c. Since pp = 0 and substituting Equation (3),
after some elaboration, we obtain the energy equation:

1/ dr\? 1,
2(dT> + Veps(rih, k) = ¢ (k*—1) 4)
where we have identified the effective potential per unit mass as
2 2 _ ,2:2(12 2
) etk —atct (k" —1)  p(h— ack)
Veff(r,h,k) = —7 + 2”2 - 7’3 (5)
2
Circular motion occurs when (g—;) = 0, and to remain in a circular motion, the radial
acceleration g—z must also vanish. In terms of the effective potential, we require
: 122 AVers
Verp(rih k) = 5¢ (k" —1) and e 0 (6)
For a circular orbit to also be stable, we require that
42Veys
= 7
g2 =0 (7)

From this, we obtain an implicit equation for the coordinate radius of the innermost
stable circular orbit, see Ref. [11] pp. 49-52 and also Ref. [17]:

r? — 6ur — 32 + 8a/ur = 0 (8)

where the upper sign corresponds to an orbit of a co-rotating particle, with respect to the
black hole’s spin, and the lower sign to an orbit of a counter-rotating particle. The solution
to Equation (8) (see Ref. [18]), the R;sco, is found to be

Risco = #{3+ 2 F (3 21)(3+ 21 +22,)]'%} ©9)

where
zi=1+(1- 0&)1/3 (1) + (1 - )]
2, = (302 +z%)1/2

In the limit .. = 0, we recover Rjsco = 6rg, the Schwarzschild case. In the extreme
Kerr limit &, = 1, we find Rysco = 97, for the counter-rotating orbit and Rjsco = r¢ for the
co-rotating case. We conclude that Rysco strongly depends on the spin (angular momentum)
of the black hole and, respectively, whether the particle is counter- or co-rotating. This
radius plays a crucial role when we calculate the absorption from the accretion disc as, in
our model, it is the inner radius of the accretion disk, R;;,.
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2.2. Main Reactions Inside the Jets

For the production of gamma-rays and neutrinos, two chains of reactions take place
inside the jet. Specifically, the relativistic protons of the jet interact mainly with the cold
hadronic matter of the jet, as well as with photons created from internal and external
emission sources (see Refs. [19-21]).

The first chain of reactions begins with the proton—proton, p — p, collisions which are

pp — pp+an’ + prt
pp — pn+nrt +an® + gt (10)

pp — nn+ 27" +am’ + Bt

where & and p are multiplicities depending on the proton energy (see Ref. [22]).
The second chain of reactions begins with proton—photon, p — -y scatterings, which are

py — nm"

py — pr’ (11)
py — prlmt

Subsequently, the pion decay processes take place as follows. The neutral pion decays
to two gamma-ray photons:

i — v+ (12)

While the charged pions decay to muons and muon-neutrinos, the muons (antimuons)
decay to electrons (positrons) and electron-neutrinos (electron-antineutrinos):

nt —utv, — et + vy 13
T — U Uy — e Wl + 7y

2.3. The Transfer Equation

The governing equation that describes the matter inside the jet, in its simplest form, is
the steady-state transfer equation (see Refs. [23-25]):

ON(E,z)b(E,z)
oE

where its solution N(E, z) is the energy distributionof the particles inside the jet. Q(E, z) is
the particle source function giving the respective production rate. b(E) is the energy loss
rate, which has the form b(E) = dE/dt = —E - t; ', with tfosl . being the rate that the particles

loss’

lose energy. The rate t ! is given as the sum ¢! = t;;] + t;glc, with ;! = ¢/ (zmax — 20)

being the rate that the particles escape the acceleration zone and t{;c

The solution of the transfer equation is (see Refs. [26-28]):

+t7IN(E,z) = Q(E, z) (14)

their decay rate.

1 Emax ’
_ / —7(E,E") 3/
N(E,z) = o] /E Q(E',z)e dE (15)

where
o(E,E') = /E, B (16)
' e |b(E")|
The transfer equation is to be solved numerically. For each particle in the chains of
reactions, we have a different transfer equation. The particles that are produced from others

have a dependence on them through their source function. So, the set of transfer equations
becomes a set of coupled equations.
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ON(E,t,z)

In recent research, a more general form of the transfer equation is being used [29,30],
that is,

ot

F,(x,E,) = B

n o(T(t,z)v(t,z)N(E, t,z2)) L ON(E,t,z)b(E,t,z)

-1 .
9z 5E +tN(E,t,z) = Q(E, t,2) (17)

The first term in this equation represents the temporal evolution of the energy distribution,
and the second term represents the propagation of particles along the jet, where I'(¢, z) is the
Lorentz factor along the jet and v(t, z) its bulk velocity. Calculations including contributions
from such terms of the transfer equation are going to be published in future works.

2.4. Gamma-Ray Source Function

In this subsection, we see the form of the source function of gamma-rays. For the
source function of the other particles in the chains of reactions, one can see [31,32]. We
have assumed that gamma-rays are mainly produced by 7° decay. Besides this decay,
gamma-rays can also be produced by the # meson decay as

n—y+ (18)

The gamma-ray spectra are calculated for photons of energy E, = xE, through the
expression (see Ref. [33])

Y

Inx ( 1— xPr >4< 1 4pyaPr _ Ak o xPr (1 — 2xﬁ7)> (19)

x 1+ kyxPr (1 — xPr) Inx 1—xP 1+ kqyxPr(1— xP)

where B, = 1.3+ 0.14L +0.011L2, B,, = 1/(0.008L2 +0.11L + 1.79), and k,, = 1/(0.014L* +
0.049L + 0.801), where L = In(E,, /1 TeV). These results are consistent with proton energies
in the range 0.1 TeV< E, < 10° TeV. Equation (19) includes the contribution of i decay.

In the energy range E, > 100 GeV, the gamma-ray source function is

1 dx E E inel) [ E
E,z) = N (22,2 )y (2, 22 ol (22 20
Qy(Ey,z) = cn(z) /Ew/EE’” po p( p Z) 7<x 2 >‘Tpp p (20)
The inelastic cross-section for the p — p scattering is given by (see Refs. [33-35])
, Eo\4\ 2
ar(]zgel)(]gp) = (0.251% + 1.88L + 34.3) (1 - (E”“> ) x 107%cm? (21)
p

where L = In (E, /1000), with E, in GeV and Ey, = 1.2 GeV being the threshold energy for
the production of a single neutral pion. For E,, < 100 GeV, the delta-function approximation
is used.

2.5. Intensities and Integral Fluxes

If we integrate the source function of Equation (20) over the acceleration zone, we
obtain the respective intensity (see Refs. [36,37]) as

Zmax

Iyo(Ey) = /VQy(Ey,z)dSr = mtan® & . Q4 (E,,2)z%dz (22)

0

where the second equality holds because of the conical geometry of the jet.
However, part of the photons emitted from the jet can be absorbed due to e™ — ¢~
production through the interaction:

Y4+ —et +e (23)

This can take place if a photon emitted from the jet interacts with a lower-energy photon
emitted from the accretion disk, the donor (companion) star, or the corona. This leads to the
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corresponding optical depths Tyisk, Tgonor, and Teor, which depend on various parameters of
the binary system.
So, their initial intensity I, o will be reduced to

Ly = L ,e Tl (24)

where 1, is the sum of all the optical depths.
The corresponding photon integral flux emitted is calculated through

Eumax | (E )dE
b, — NS v 2
7 /100 47d? (25)

2.6. Absorption from the Accretion Disk

In this subsection, we discuss the photon absorption due to the interaction described
by Equation (23). The accretion disk consists of overheated matter and gas rotating around
the system’s black hole. The mass accretion rate M_cer is defined as the rate at which mass
from the donor star accumulates in the equatorial region of the black hole in a binary
system. For the accretion disk of the system, we use the Shakura-Sunyaev “standard” disk
model (see Ref. [38]), the best known and studied theoretical model. In this model, the
accretion disk’s inner radius is located at R;;, = Rysco.

Due to the presence of the magnetic field and high temperature, the disk emits soft
X-ray photons capable of absorbing the gamma-ray photons when they collide with an
angle 6y. The cross-section of this interaction is (see Ref. [39])

et
2m3ct

a-p)|6-pim (175) -2s2-p)] o

where € is the energy of the less energetic photon originating from the accretion disk. Also,

0yy(Ey,€,00) =

1 €E, (1 —cosbp)
=4/1-2, — v\ =P
p s ° 2m2ct
For pair creation to occur, s > 1.
The disk optical depth 7, is given by integrating over the X-ray photon energy, the
distance that the high-energy photons travels from the emission source to the observer I,
and the disk’s radius R and angle ¢:

© 27 Rout oo dp 0 Cos w
Tk = /0 /0 /R ) / | Zedt (1 - cos 600y, - RdedRdgdl 27)
where €, = 2m2c*/E, (1 — cos ), p is the collision point distance to the central object,
D is the distance between the disk’s surface element and the collision point, and w is the
angle between p and the z axis.

Analytically, the above quantities are

1/2 1/2
0= <22+12+lecosi) , D = (R2+p2—2Rpcos1/))
§ = cos~! (lsinicoscp) w0 — cos-1 (Z—l—lcosi)
o ’ 0

where ¢ is the angle between p and R, and i is the inclination angle of the jet’s axis to the
observer’s line of sight. If we assume thermal equilibrium between the infinitesimal surface
elements of the disk, the emitted photon density follows the black-body radiation spectrum:

dn 2 €2
dedQ) ~ W23 ¢T(R) _1

(28)
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where 7 (R) = €/kpT(R) with kg being the Boltzmann constant and h the Planck constant.
As we have already mentioned, the disc begins at R;;, = Rjsco, with Rysco given by
Equation (9).

For the temperature of the disk T(R), we use the temperature profile which is obtained
by the Paczyrniski-Wiita potential (see Ref. [40]):

GMbh
r—rs

Ppyy = — (29)

The latter equation gives the temperature profile (see Ref. [41]):

F—2/3 3327 -2)\]"*
T(r) =T, [?(? 5 (1 _ 21/(27?3/2 ))1 (30)

where 7 = r/rq. Furthermore, the dependence on the black hole’s mass and the accretion
rate is sustained through the following constant:

N\ 1/4
3GMpyM
87ospry '

TD:

For a more realistic description of the accretion disk around a rotating black hole, we
could incorporate the potential proposed from Mukhopadhyay [42]. From this potential,
we can extract a temperature profile for the accretion disk [43] as

T0) =T, (4@;?2 B E(?)>1/4 (1 ) 733((?:3)>1/4’ an

where we have defined the following functions:

- 7_'2 —20(*\/7;"‘06%
VT —2) +

N 2R(7) oo 32 .
€0 = g e v 2 R

In future works, we will use the above temperature profile in our calculations [44].

3. Results and Discussion

The results obtained in this work refer to an ideal BHXRB system with parameters
commonly found in typical BHXRBs. We set different values for the spin parameter of
the black hole of the system in order to determine what effect it has on the results while
changing it. The main parameters of the system are found in Table 1.

For the above parameters, we calculate the luminosity of the disk (Lg;s) as a function
of the photon energy of the disk’s black-body spectrum, which is depicted in Figure 1 for
various values of the dimensionless spin parameter a,. As can be seen, the luminosity
becomes significant for larger energy values as a increases. This occurs because as a
increases, the Rjsco becomes smaller, so the disk’s inner radius (R;;,) is located at a smaller
radius where its temperature is higher. As a result of this, the black-body spectrum of the
accretion disk increases.
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Figure 1. The luminosity (L) of the disk with respect to photon energy (E) for various values
of .

Table 1. Main parameters of the ideal BHXRB system.

BHXRB Parameter Symbol (Units) Value
Black hole mass My, (M) 20
Donor star mass M;Mp) 15

Distance to Earth d(kpc) 2
Donor star luminosity Lstar(Lo) 104
Donor star temperature T4(K) 10,000
Jet’s inclination i(°) 30
Jet’s Lorentz factor Ty(c) 2.29
Jet’s half-opening angle ¢ 2.0
Black hole’s spin parameter Ky +0,0.6,0.9
Mass accretion rate M(Mgqq) 0.07
Jet’s emitting region height Zp(cm) 108

Seperation distance of the

system s(cm) 3.16 x 1012

We also consider that the jet’s hadron-to-lepton ratio is oy = L,/L, = 1, where L, (L)
stands for the proton (electron) kinetic luminosity. At this point we assume that a small
portion of the particles, g, = 104, is accelerated in the acceleration zone of the jet.

In general, in BHXRB systems the acceleration zone of the jet is taken to be from
zp = 10® cm (where z represents the distance from the center of the black hole to the start of
the acceleration zone) up to zyux = 5 * zp (Where z;,4x denotes the distance from the center of
the black hole to the end of the acceleration zone). The acceleration efficiency is taken to be
n=0.1.

For these parameters, we now calculate the exponential of minus all the optical depths
that are found in Equation (24), which is shown in Figure 2. What we can see is that the
larger the spin parameter, the larger the absorption, and when we go to negative values of
a4, the absorption is even smaller.
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Figure 2. The exponential of minus the sum of the optical depths (¢~ ") with respect to photon
energy (E) for various values of .

Considering a leptonic model, the radiation emission is produced by synchrotron
emission from accelerated jet electrons and protons, and inverse Compton scattering [45]
between disk photons and jet electrons. We have calculated the differential flux after
absorption. It is depicted in Figure 3. We observe that the larger the spin, the lower the
differential flux, while for negative values of «., the differential flux is larger.

-5
10 =09 ----
e, o= -0.6
-10 Q= 0.0 -----
‘r_‘—-\ 10 ~~~ o= 0.6 E
| ‘c‘\ o= 09 ——
) _ R
9 107F :
S . 0
i 10™ 3
> 25
o 107F 1
M 30 R
= “e ]
= 10
e?‘ ~~§ - ~
-35 . .
= 10 E N N T %
10_40 n n PR | n n L] n L P
0 1 2 3

log(E [GeV])

Figure 3. The differential flux (d®, /dE) of synchrotron emission from accelerated jet electrons and
protons and inverse Compton scattering between disk photons and jet electrons with respect to log E
for various values of a.

We can conclude that for larger values of the spin parameter, we have more absorption
and thus a lower differential flux. This can be explained by the value of the R;sco. For more
negative values of the spin parameter, the Rjsco is larger, so the accretion disk is smaller,
and in this way, it absorbs less photons from the jet. On the other hand, going to larger



Particles 2024, 7

801

References

positive values of the spin parameter, the Rjsco becomes smaller, so the accretion disk is
larger and has higher temperatures, and in this way, it contributes more to the absorption.

In order to determine a more concrete conclusion from our results, our model should
be applied to real observed BHXRB systems. Such systems could be the MAXI J1820+070
(see Refs. [46-54]), the XTE J1550-564 (see Refs. [55-59]), and the XTE ]J1859+226
(see Refs. [60-63]). These three systems have different values of w., while their other
parameters are close, so by performing calculations for them, we can further determine the
effect of the black hole’s spin on the emitted spectra.

4. Conclusions

In this work we first addressed the Rjscp in the Kerr geometry which depends on the
dimensionless spin parameter a,. We presented the main interactions that take place inside
the jets leading to the production of gamma-rays, and the transfer equation that describes
the particles’ energy distribution. Also, we discussed the gamma-ray source function, from
which the gamma-ray intensity as well as integral flux emanate. Further, we examined how
photons emitted from the jet can be absorbed due to et — e~ pair creation.

Moreover, we obtained results for an ideal BHXRB system. Specifically we studied
the accretion disk’s luminosity, the absorption, and the differential flux remaining after the
absorption effect. Having performed calculations for various values of the spin parameter
., we concluded the following. When the spin has more negative values, the absorption
effect becomes weaker and, thus, the differential flux is larger. When the spin parameter
increases (becomes more positive), a larger luminosity of the accretion disk occurs; therefore,
the absorption effect is more intense and, thus, the differential flux becomes smaller.

Our next goal is to apply our model to real observed BHXRB systems, such as the
MAXI J1820+070, the XTE J1550-564, and the XTE J1859+226, in order to obtain results for
their neutrino and gamma-ray intensities and integral fluxes expected to be observed at
Earth (see Ref. [44]).
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