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Abstract: A black hole’s spin effects on the jet emissions of high-energy neutrinos and γ-rays from
black hole X-ray binary systems (BHXRBs) are investigated. The BHXRBs consist of a stellar black
hole, a companion (donor) star, a BH accretion disk, a BH corona, and two jets emitted from the
black hole perpendicular to the accretion disk. For their description, properties of the accretion disk,
specifically the accretion disk’s inner radius Rin and the accretion disk’s temperature profile T(R),
play key roles since they depend on the black hole’s dimensionless spin parameter α∗. In this work,
we focus on the main reaction mechanisms taking place inside jets from which high-energy γ-rays
and neutrinos are created. The intensities and integral fluxes of neutrinos and γ-rays are obtained by
integrating the respective source functions. Lastly, the γ-ray absorption due to e−-e+ pair production
is considered, particularly absorption from the accretion disk. For concrete applications, we have
chosen the BHXRB systems MAXI J1820+070, XTE J1550-564, and XTE J1859+226.

Keywords: stellar black holes; Kerr black holes; black hole X-ray binaries; jet emissions; gamma-ray
absorption; neutrino emission intensities; gamma-ray emission fluxes; black hole spin effects

1. Introduction

In recent years, multi-messenger emissions from black holes have attracted the intense
interest of researchers dealing with galactic and extragalactic structures [1,2]. Among them,
gamma rays and neutrinos possess prominent positions because appreciably sensitive
ground-based and space-based telescopes are in operation or have been designed to operate
in the near future [3–5].

In general, there are two classes of multi-messenger emission sources distinguished
by the scale and energy-emission range. In the class of extragalactic sources, active galactic
nuclei (AGN) with a supermassive black hole at their center emit extremely high-energy
gamma-rays, neutrinos, etc. [6,7], while Galactic sources usually emit gamma-rays, neu-
trinos, X-rays, radio waves, etc., which are in the observation spectrum of operating
telescopes [8,9].

Our interest in the present work is focusing on high-energy gamma-ray and neutrino
jet-emissions emanating from rotating (Kerr) black holes, specifically those of galactic stellar
black hole X-ray binaries (BHXRBs). Among the relevant sources, MAXI J1820+070 [10,11],
XTE J1550-564 [12,13], and XTE J1859+226 [14,15] are included, in which spin has been
recently observed. Rotating stellar black holes (Kerr BHs) are characterized by their spin,
which, in the above systems, covers a rather wide range. The most important parameter
entering the description of the above emissions is the black hole’s dimensionless spin
parameter α∗.

We specifically calculate high-energy gamma-ray and neutrino intensities and fluxes
within the context of the lepto-hadronic jet model. This model starts from the fundamental
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reaction mechanisms that lead to the production of high-energy gamma-rays and neutri-
nos [16–18]. In the calculations performed up to now, we have not taken into account the
black hole’s spin; however, in the systems mentioned above, the spin may significantly af-
fect the emitted gamma-ray spectra due to various absorption mechanisms [19–22], among
which the most significant are absorptions due to the accretion disk, the black hole corona,
and the donor star’s wind. In the case of the accretion disk, the key role is played by the
inner radius (Rin) of the disk, which is located at the radius of the innermost stable circular
orbit (RISCO), see, e.g., [23,24], and the disk’s temperature profile [25,26].

The remainder of the article is structured as follows. In Section 2, the accretion disk’s
properties are summarized, stressing the accretion disk’s inner radius and its temperature
profile. Next, in Section 3, the main reaction mechanisms inside the jets are presented, and
the transfer equation, which describes the energy distribution of each kind of particle, is also
included. The calculations of the expected intensities and integral fluxes are explained in
Section 4, as well as the absorption effects on the gamma-rays. In Section 5, the three BHXRB
systems studied in this work, i.e., MAXI J1820+070, XTE J1550-564, and XTE J1859+226,
are presented by concentrating on their main properties. Detailed results of high-energy
neutrino and gamma-ray intensities, as well as the corresponding fluxes, are discussed for
each system. In Section 6, a technique of measuring the black hole’s spin α∗ in BHXRBs
that came out of our present investigation is proposed. Lastly, in Section 7, we summarize
the main conclusions extracted from the present work and discuss future prospects.

2. Spin-Induced Modifications of the Accretion Disk’s Properties

In this section, we will discuss two main properties of the accretion disk necessary for
our analysis: the accretion disk’s inner radius and temperature profile.

2.1. Inner Radius of the Accretion Disk around a Kerr Black Hole

A crucial parameter usually employed to treat the physics around Kerr black holes is
the radius attributed to the innermost circular stable orbits, RISCO, of particles around the
black hole on its equatorial plane. It is given by the following expression [24]:

RISCO = rg{3 + Z2 ∓ [(3 − Z1)(3 + Z1 + 2Z2)]
1/2}, (1)

where

Z1 ≡ 1 +
(

1 − α2
∗
)1/3[

(1 + α∗)
1/3 + (1 − α∗)

1/3
]

,

Z2 ≡
(

3α2
∗ + Z2

1

)1/2
.

The gravitational radius is rg = GMBH
c2 , with MBH of the mass the black hole. In Equation (1),

the minus (−) sign corresponds to the co-rotating case of the particle and the black hole,
while the plus (+) sign corresponds to the counter-rotating case.

This radius greatly depends on the spin of the black hole, which is represented by the
dimensionless spin parameter α∗ =

cJ
GM2

BH

, where J is the angular momentum of the black

hole. In the limit α∗ = 0, we recover RISCO = 6rg corresponding to the Schwarzschild case,
while the extreme Kerr limit α∗ = 1 yields RISCO = rg for the co-rotation case (i.e., between
the accretion flow and the black hole), and RISCO = 9rg for the counter-rotating orbits.
This radial limit plays a crucial role when accounting for the absorption induced by the
accretion disk, as it is assumed to replicate its respective innermost boundary as follows:

Rin = RISCO. (2)

2.2. Disk Temperature Profile Derived from the Pseudo-Newtonian Potential

Acquiring the disk temperature profile requires the angular velocity of the disk, which
is defined as follows [25]:
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ωdisk =

(

1
r

dΦ

dr

)1/2

, (3)

where Φ denotes the gravitational potential. Then, the emitted luminosity of the disk per
surface area is calculated as follows:

Fdisk =
−Ṁ(j − j0)

4πr

dωdisk

dr
, (4)

where Ṁ is the accretion rate at which mass from the donor star accumulates to the
equatorial region of the black hole in a binary system, j = ωdiskr2 is the specific angular
momentum of the disk at radius r, and j0 is the specific angular momentum of the disk at
Rin. Finally, the radial temperature emerges from the Stefan-iBoltzmann law as follows:

T(r) =

(

Fdisk

σSB

)1/4

, (5)

where σSB is the Stefan–Boltzmann constant.
Integration of the black hole’s rotation urges the need for an appropriate gravitational

potential. In this work, we employ the potential proposed by Mukhopadhyay in [26]. It is
derived directly from the Kerr metric that yields a centrifugal force, given per mass units,
as follows:

F =
c2

rg

(

r̄2 − 2a∗
√

r̄ + a2
∗
)

r̄3
(√

r̄(r̄ − 2) + a∗
)2 . (6)

The radius is written in units of the gravitational radius as r̄ = r/rg. The analytical form of
the potential is algebraically complicated and, thus, replaced with the numerical integration
of the below expression:

Φ = −
∫ R∞

Rin

Fdr. (7)

For the extraction of this pseudo-Newtonian potential, the general relativity formalism
concerning the Kerr geometry is implemented. It works for every value of α∗, including the
negative spin values corresponding to the retrograde case, and retains a maximum error of
10% regarding the occurring energy dissipation distribution and the mechanical energy
at RISCO.

Using Equations (3)–(5) and (7), we obtain the spin-dependent temperature profile of
the accretion disk as follows [27]:

T(r) = To

(

4R(r̄)2

3r̄4 −L(r̄)
)1/4(

1 − R(r̄in)

R(r̄)

)1/4

, (8)

where we have define the following functions:

R(r̄) =
r̄2 − 2α∗

√
r̄ + α2

∗√
r̄(r̄ − 2) + α∗

,

L(r̄) = 2R(r̄)

3r̄3
(√

r̄(r̄ − 2) + α∗
)

(

2r̄ − α∗√
r̄
− 3r̄ − 2

2
√

r̄
R(r̄)

)

.

Furthermore, the dependence on the black hole’s mass and the accretion rate is sus-
tained through the following constant:

To =

(

3GMBH Ṁ

8πσSBr3
g

)1/4

.
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In most BHXRBs, the total luminosity radiated away from the disk does not exceed the
Eddington limit Ldisk ≈ 1038ergs−1, corresponding to an accretion rate of approximately
Ṁaccr ≈ 10−8M⊙yr−1, which we adopt in our study. The temperature associated with the
innermost stable orbit falls in the range of T ∼ 106 − 107 K. Note that the higher the value
of α∗, the higher the temperature, while negative values of α∗ (retrograde case) lead to
gradually decreasing temperatures.

3. The Relativistic Jets in BHXRBs

3.1. Reaction Chains within the Relativistic Jets

Concerning the BHXRB sources, two jets propagate away from the black hole perpen-
dicularly to the accretion disk’s plane. Its content consists of plasma of a lepto-hadronic
nature. In this work, we adopt the value αk = Lp/Le = 10−2 for the jet’s hadron-to-lepton
ratio, where Lp (Le) stands for the proton (electron) kinetic luminosity. Moreover, a small
portion of the particles, qr = 10−4, assumes relativistic energies via shock-wave propagation
within a slice of the jet from z0 = 109 cm to zmax = 5z0. A vital model parameter determin-
ing the efficiency with which the jet particles are being accelerated is η = Lk/Linput = 0.1,
which describes the percentage of the total input luminosity, Linput (from the magnetic field
and the accretion disk), which is converted to the kinetic luminosity, Lk, of the particles
moving inside the jet.

Two main chain reactions occur inside the jet, leading to high-energy gamma-rays and
neutrinos. Specifically, the relativistic protons interact with the cold hadronic matter of
the jet, as well as with photons originating from internal and external emission sources,
see [28–30]. The first chain reaction begins with proton–proton, p − p, collisions as follows:

pp −→ pp + απ0 + βπ+π−,

pp −→ pn + π+ + απ0 + βπ+π−,

pp −→ nn + 2π+ + απ0 + βπ+π−,

(9)

where α and β are multiplicities depending on the proton energy Ep (α, β ∼ E−1/4
p ), see [31].

The second chain of reactions is triggered by proton–photon, p − γ, scatterings:

pγ −→ nπ+,

pγ −→ pπ0,

pγ −→ pπ0π+π−.

(10)

Subsequently, the neutral pions decay to gamma-ray photons as follows:

π0 −→ γ + γ, (11)

while the charged pions decay to muons and muon neutrinos. The muons (or antimuons)
decay to electrons (or positrons) and electron neutrinos (or antineutrinos).

π+ −→µ+νµ −→ e+ν̄µνe + νµ,

π− −→µ−ν̄µ −→ e−νµν̄e + ν̄µ.
(12)

3.2. Solution of the Transfer Equation

The governing equation that describes the evolution of the particle energy distributions
inside the jet is the transfer equation, whose general form can be found in [32]. However, in
this work, we will use an appropriate approximation for astrophysical jets, the steady-state
transfer equation, see [16,33,34]:

∂N(E, z)b(E, z)

∂E
+ t−1N(E, z) = Q(E, z), (13)
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where its solution N(E, z) is the energy distribution of each kind of particle inside the jet.
Q(E, z) is the particle source function, providing the respective production rate. b(E) is
the energy loss rate, which has the form b(E) = dE/dt = −Et−1

loss, with t−1
loss being the rate

at which the particles lose energy. The rate t−1 is given as the sum t−1 = t−1
esc + t−1

dec, with
t−1
esc = c/(zmax − z0) being the rate of the particles escaping the acceleration zone and t−1

dec
their decay rate.

The solution of the transfer equation is as follows (see [35–39]):

N(E, z) =
1

|b(E)|
∫ Emax

E
Q(E′, z)e−τ(E,E′)dE′, (14)

where

τ(E, E′) =
∫ E′

E

t−1

|b(E′′)|dE′′. (15)

It should be noted that the above integration is conducted numerically. Moreover, each
particle species involved in the chain reactions of Equations (9)–(12) is treated differently
within the context of the transfer equation. The emerging particle distributions retain the
parent particle’s spectral shape through their source function Qj(E, z), which provides the
production rate yielded from the respective interaction cross-sections [17,18]. After solving
the occurring set of coupled equations and obtaining the respective energy distributions,
we compute the source functions of high-energy neutrinos Qν and gamma-rays Qγ, which
is the focal point of our research.

In recent research, a more general form of the transfer equation, with more terms taken
into account, is being used [40,41]:

∂N(E, t, z)

∂t
+

∂(Γ(t, z)v(t, z)N(E, t, z))

∂z
+

∂N(E, t, z)b(E, t, z)

∂E
+ t−1N(E, t, z) = Q(E, t, z). (16)

In the transfer equation of Equation (16), the first term represents the temporal evolution of
the energy distribution, while the second term represents the propagation of particles along
the jet, where Γ(t, z) and v(t, z) are the Lorentz factor along the jet and its bulk velocity,
respectively. Calculations including contributions from such terms of the transfer equation
will be included in future works.

4. High-Energy Gamma-Ray and Neutrino Emissions

4.1. Intensities and Integral Fluxes

If we integrate the source functions of the neutrinos and gamma-rays over the acceler-
ation zone, we obtain the respective intensities [38,39]:

Iν(Eν) =
∫

V
Qν(Eν, z)d3r = π tan2 ξ

∫ zmax

z0

Qν(Eν, z)z2dz, (17)

and
Iγ,o(Eγ) =

∫

V
Qγ(Eγ, z)d3r = π tan2 ξ

∫ zmax

z0

Qγ(Eγ, z)z2dz, (18)

where the right-hand sides account for the conical geometry of the jet. However, a part of
the γ-rays emitted from the jet can be absorbed due to photon annihilation, which leads to
e+ − e− production as follows:

γ + γ −→ e+ + e−. (19)

This can happen if a γ-ray emitted from the jet interacts with a lower energy photon
from the accretion disk, the donor star, or the corona. This leads to the corresponding
attenuations Adisk, Adonor and Acor, which depend on various parameters of the binary
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system and represent the rate at which the γ-rays are being annihilated. As a result, their
initial intensity Iγ,0 will be reduced to the following:

Iγ = Iγ,oe−Aall , (20)

whereAall is the sum of the attenuations corresponding to all the varying photo-absorption sources.
The corresponding integral fluxes emitted are calculated as follows:

Φj =
∫ Emax

Emin

Ij(Ej)dEj

4πd2 , (21)

where Emin = 102 GeV and j = ν, γ for neutrinos and gamma-rays, respectively.

4.2. Absorption from the Accretion Disk

In this subsection, we will discuss the photon absorption due to the interaction de-
scribed by Equation (19). The accretion disk consists of overheated matter and gas rotating
around the system’s black hole. We will focus on the disk-induced attenuation, Adisk,
as it is the dominant one near the ejected plasma while still tightly collimated. In this
jet-propagation stage, Adisk attains some orders of magnitudes more than the ones corre-
sponding to the donor star, Adonor, and especially from the corona, Acor.

Due to the presence of the magnetic field and high temperature, the disk emits soft
X-ray photons capable of absorbing jet gamma-ray photons when they collide with an
angle θ0. The cross-section of this interaction is as follows [19]:

σγγ(Eγ, ϵ, θ0) =
πe4

2m2
e c4 (1 − β2)

[

(3 − β4) ln
(

1 + β

1 − β

)

− 2β(2 − β2)

]

, (22)

where ϵ is the energy of the less-energetic photon originating from the accretion disk. In
above expression, the following holds:

β =

√

1 − 1
s

, s =
ϵEγ(1 − cos θ0)

2m2
e c4 ,

where, for a pair to occur, it needs to be s > 1.
The disk attenuation Adisk is provided by integrating the X-ray photon energy, the

distance that the high-energy photons travel from the emission source to the observer l,
and the disk’s radius R and angle ϕ as [20]:

Adisk =
∫

∞

0

∫ 2π

0

∫ Rout

Rin

∫

∞

ϵmin

dn

dϵdΩ
(1 − cos θ0)σγγ

ρ cos ω

D3 RdϵdRdϕdl. (23)

Here, for ϵmin = 2m2
e c4/Eγ(1 − cos θ0), ρ is the collision point’s distance to the central

object, D is the distance between the disk’s surface element and the collision point, and
ω is the angle between ρ and the z-axis. Analytically, the above quantities are provided
as follows:

ρ =
(

z2 + l2 + 2lz cos i
)1/2

, D =
(

R2 + ρ2 − 2Rρ cos ψ
)1/2

,

ψ = cos−1
(

l sin i cos ϕ

ρ

)

, ω = cos−1
(

z + l cos i

ρ

)

,

where ψ is the angle between ρ 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 as follows:
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dn

dϵdΩ
=

2
h2c3

ϵ2

eT (R) − 1
, (24)

where T (R) = ϵ/kBT(R), with kB being the Boltzmann constant and h the Planck constant.
As we have already mentioned, the disk begins at Rin = RISCO, with RISCO provided by
Equation (1). For the temperature of the disk T(R), we will use the temperature profile of
Equation (8). Since the Adisk is a function of the RISCO and T(R), it greatly depends on the
dimensionless spin parameter α∗, which integrates the effects of the black hole’s rotation
on the jet emissions. A sketch of the attenuation process from the accretion disk is shown
in Figure 1.

z Earth

i

γ

Χ

Figure 1. Sketch of a BHXRB and the attenuation of the jet’s γ-rays from the accretion disk’s X-rays.
The black hole is in the center in black. The two oppositely directed jets are along the z axis in blue.
The accretion disk is on the equatorial plane in brown. The donor star is on the right-hand side in
yellow, while the Corona is in the center, around the black hole, in gray.

In addition to the absorption mechanisms integrated above, there are other radiation
mechanisms, such as synchrotron self-compton (SSC) [42] and inverse compton (IC) scat-
tering [43] from various regions of the BHXRB system, which could have an important
influence on high-energy γ-ray emissions. Such effects will be included in our future works.

5. Results and Discussion

For the application of the lepto-hadronic model, we have selected a set of three BHXRB
systems. Namely, they are the systems MAXI J1820+070, XTE J1550-564, and XTE J1859+226.
We have selected these systems since they have different spin parameters, while their other
parameters are similar. Thus, we can investigate how changing the spin of the system
will change the results. Note that for most of them, there are three values for the spin
parameter, with contradicting values between them, since there are three distinct methods
to calculate the spin, namely the continuum fitting method (CFM) [44], the X-ray reflection
spectroscopy method (XRS) [45], and the relativistic precession model (RPM) [46].

5.1. MAXI J1820+070

MAXI J1820+070 is a BHXRB candidate that is located at a distance d = 2.96 kpc
from Earth. Its donor star is considered to be a subgiant of the K-type [47] with an
effective temperature of Td = 4200 K. Using a Hertzsprung–Russell diagram, we find
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that its luminosity is Lstar = 7L⊙ [48]. The jet’s bulk velocity is ub = 0.89c. The jet half-
opening angle is found to be ξ = 1.5◦. Regarding the spin of the black hole, the CFM
provides α∗ = 0.14 ± 0.09 (1σ) [49], the XRS is α∗ = 0.988+0.006

−0.028 (1σ) [50], and the RPM is
α∗ = 0.799+0.016

−0.015 (1σ) [51], so we have to investigate all of them. It is worth mentioning
that in systems for which the spin–orbit misalignment is rather large, the axis of the spin
of the black hole is different than the orbital axis, and the system’s geometry is different
than the assumed above. Such an effect may appear in the MAXI J1820+070 system [52].
This means that the result obtained for the gamma-ray absorption of Section 4.2 should be
modified [53]. The parameters of MAXI J1820+070 that we are going to use are depicted in
Table 1.

Table 1. Main parameters of the MAXI J1820+070 system.

MAXI J1820+070

MBH(M⊙) Mdonor(M⊙) d (kpc) i (◦) Porb (days)

8.48 [54] 0.49 [47] 2.96 [55] 63 [55] 0.68549 [52]

Lstar(L⊙) Te f f (K) ub(c) ξ (◦) a∗ = α/µ

7 4200 [47] 0.89 [55] 1.5 [56] 0.14/0.988/0.799

Figure 2a depicts the proton distribution. The dimensionless spin parameter α∗ has
no effect on the proton distribution since it does not appear in any of the equations of the
protons. In Figure 2b, we see the intensity of neutrinos produced by pion decay, in which
pions are produced by p–p reactions. The neutrino intensity remains the same for every
value of α∗. The dimensionless spin parameter α∗ has no effect on the intensity of neutrinos
since it does not appear in the equations for neutrino production and since the neutrinos
are not absorbed. The integral flux of neutrinos is Φν = 3.911684 × 10−16νcm−2s−1.

Figure 2c depicts the attenuation of the accretion disk, Adisk, for the three values of the
dimensionless spin parameter α∗. For α∗ = 0.14, we have the lowest attenuation, which is
significant in a narrower energy range, with the lowest maximum value. For α∗ = 0.799,
we have higher attenuation, with a wider energy range and a larger maximum value. For
α∗ = 0.988, we have the largest attenuation, with the widest energy range and the largest
maximum. What we conclude is that the higher the α∗, the higher the attenuation of the
accretion disk, with its range starting even earlier and with a larger maximum value at
a lower energy. This can attributed to two factors. First, when α∗ is increased, the RISCO

becomes smaller, so the accretion disk has a larger surface from which a larger number of
photons are emitted, which can annihilate a larger number of gamma-rays. The second
factor is that when α∗ is increased, the temperature profile of the disk increases as well,
which leads to a larger black-body spectrum with a larger energy range and a larger peak
at a smaller value of the energy. We can even see from the graph that the attenuation
has similar behavior to a black-body spectrum, where the role of the temperature of the
black-body spectrum plays the dimensionless spin parameter α∗ for the attenuation.

In Figure 2d, we see the intensity of high-energy gamma-rays. The dashed black line
represents the intensity without absorption, which is the same for every value of α∗, while the
solid colored lines represent the intensity after absorption for the three values of α∗. For the
case of absorption, the effect of the attenuation of the accretion disk for the three values α∗ is
obvious. Larger α∗ means more absorption and, thus, a lower intensity. Finally, we examine the
integral fluxes of high-energy gamma-rays for the three values of α∗. For α∗ = 0.14, we have
Φγ = 8.668649× 10−13γcm−2s−1. For α∗ = 0.799, we have Φγ = 7.925808× 10−13γcm−2s−1.
For α∗ = 0.988, we have Φγ = 6.617930× 10−13γcm−2s−1. We observe that by increasing α∗,
the integral flux decreases.
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Figure 2. Results for MAXI J1820+070: (a) proton distribution (Np), (b) intensity of neutrinos (Iν) by
pion decay produced by p–p reactions, (c) accretion disk’s attenuation (Adisk), and (d) intensity of
high-energy γ-rays (Iγ).

5.2. XTE J1550-564

XTE J1550-564 is a BHXRB candidate that is located at a distance d = 4.38 kpc from
Earth. Regarding the type of donor star, it is not exactly determined. It is believed to be
either a K3-type main sequence star or a giant [57]. We will adopt that it is a main sequence
star as its luminosity will be closer to the other systems. For a K3-type main sequence star,
we determine that its effective temperature is Td = 4700 K, and from a Hertzsprung–Russell
diagram, we obtain that its luminosity is Lstar = 0.1L⊙ [48]. The jet’s Lorentz factor is
Γb = 19.6 [58], from which we obtain a bulk velocity of ub = 0.99c. The jet half-opening
angle is found to be ξ ≤ 1◦ [59], so we will use the value ξ = 1◦. The spin of the black
hole is found using the CFM: −0.11 < α∗ < 0.71 at a CL = 90%, with a most likely spin of
α∗ = 0.34 [60]; the XRS: constrains it to be in the window of 0.33 < α∗ < 0.70 at a CL = 90%
with the best estimate at α∗ = 0.55 [60]; the RPM: α∗ = 0.34 ± 1 (1σ) [61]. Steiner et al.
combined the first two values to determine the synthesized result 0.29 < α∗ < 0.62, with a
most probable value of α∗ = 0.49 [60]. This is the value that we will adopt. The parameters
that we will use for XTE J1550-564 are depicted in Table 2.
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Table 2. Main parameters of the BHXRB system XTE J1550-564.

XTE J1550-564

MBH(M⊙) Mdonor(M⊙) d (kpc) i (◦) Porb (days)

9.10 [57] 0.30 [57] 4.38 [57] 74.7 [57] 1.5420333 [57]

Lstar(L⊙) Te f f (K) ub(c) ξ (◦) a∗

0.1 4700 [57] 0.99 1 0.49

Figure 3a depicts the proton distribution. It has lower values than the proton distribu-
tion of MAXI J1820+070 because the inclination of this system is larger. In Figure 3b, we see
the intensity of neutrinos. Again, lower values than that of MAXI J1820+070 are due to the
larger inclination. The integral flux of neutrinos is Φν = 8.972519 × 10−18νcm−2s−1. It is
much lower than that of MAXI J1820+070 because of the larger inclination and the greater
distance from Earth.
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Figure 3. Results for XTE J1550-564: (a) proton distribution (Np), (b) intensity of neutrinos (Iν) by
pion decay produced by p–p reactions, (c) accretion disk’s attenuation (Adisk), and (d) intensity of
high-energy γ-rays (Iγ).

The attenuation of the accretion disk is depicted in Figure 3c. The attenuation is larger
than MAXI J1820+070 even for its case of α∗ = 0.988. This is because XTE J1550-564 has a
larger inclination.

In Figure 3d, we see the intensity of gamma-rays. The intensity of high-energy gamma-
rays is lower than that of MAXI J1820+070 due to the larger inclination of XTE J1550-564.
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The integral flux of high-energy gamma-rays is Φγ = 1.237461 × 10−14γcm−2s−1. It is
much lower than that of MAXI J1820+070 for every value of its α∗ because of the larger
inclination and the greater distance to Earth of XTE J1550-564.

5.3. XTE J1859+226

XTE J1859+226 is a BHXRB candidate at a distance d = 4.8− 5.8 kpc [62] from Earth, so
we adopt the value d = 5.4 kpc. Its donor star is a K-type [63], and we will assume that it is
a main sequence star, so it will have an effective temperature Td = 3930 K and a luminosity
Lstar = 0.079L⊙ [48]. The jet’s Lorentz factor is in the region Γb = 2− 3 [62], from which we
obtain a bulk velocity ub = (0.87− 0.94)c, so we will adopt a value at the middle ub = 0.90c.
The jet half-opening angle is not measured, so we assume it to be ξ = 1◦. The spin of the
black hole is calculated only by the RPM, which provides α∗ = 0.149 ± 0.005 (1σ) [64]. The
parameters that we use for XTE J1859+226 are depicted in Table 3.

Table 3. Main parameters of the BHXRB system XTE J1859+226.

XTE J1859+226

MBH(M⊙) Mdonor(M⊙) d (kpc) i (◦) Porb (days)

7.8 [65] 0.55 [65] 5.4 66.6 [65] 0.276 [65]

Lstar(L⊙) Te f f (K) ub(c) ξ (◦) a∗

0.079 3930 0.90 1 0.149

Figure 4a depicts the proton distribution. It has similar values to the proton dis-
tribution of MAXI J1820+070 because the parameters of the two systems are similar. In
Figure 4b, we see the intensity of neutrinos. It is similar to the one of MAXI J1820+070. The
integral flux of neutrinos is Φν = 1.924216 × 10−16νcm−2s−1. It is lower than that of MAXI
J1820+070 because of the greater distance from Earth.

The attenuation of the accretion disk is depicted in Figure 4c. The attenuation is just a
bit larger than MAXI J1820+070 for its case of α∗ = 0.14. This is because the two systems
have similar parameters.

In Figure 4d, we see the intensity of high-energy gamma-rays. The intensity of gamma-
rays is similar to that of MAXI J1820+070 due to the similar parameters of the two systems.
The integral flux of high-energy gamma-rays is Φγ = 3.353376 × 10−13γcm−2s−1. It is a bit
lower than that of MAXI J1820+070 for the case α∗ = 0.14 because of its greater distance
to Earth.

It is worth noting that the results obtained for the three systems could change as time
passes, as has already been foreshadowed by Equation (16). This can happen because the jets
evolve over time and change the state that they are in; therefore, the parameters used above
could vary over time, such as the jet’s kinetic luminosity Lk, providing different results.
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Figure 4. Results for XTE J1859+226: (a) proton distribution (Np), (b) intensity of neutrinos (Iν) by
pion decay produced by p–p reactions, (c) accretion disk’s attenuation (Adisk), and (d) intensity of
high-energy γ-rays (Iγ).

6. A New Technique for Measuring the Black Hole’s Spin

In this work, in order to produce our results, we used values for the various parameters
needed that have been proposed in recent research. The most important parameter for us
is the dimensionless spin parameter α∗, representing the angular momentum of the black
hole, which rotates around its axis.

For the measurement of α∗, there are three leading techniques, namely the continuum
fitting method (CFM) [44], the X-ray reflection spectroscopy method (XRS) [45], and the
relativistic precession model (RPM) [46]. These methods depend on the emitted (or re-
flected) X-ray spectrum from the accretion disk of the black hole. Each one is based on a
theoretical model of the system. By altering the parameters of the system, they examine
which set of these parameters the calculated theoretical X-ray spectrum fits the observed
X-Ray spectrum best; thus, they lead to values of the parameters which are considered to
be real under some uncertainties. For us, the important one from this set of parameters is
the α∗.

The three methods that we described measure the black hole’s spin by analyzing
the X-ray spectrum of the accretion disk. However, the lepto-hadronic model deals with
another part of the electromagnetic spectrum, the high-energy γ-ray spectrum, which is
produced by the black hole’s jets. By following the same methodology as the other three
methods to carry out a fitting analysis on the observed high-energy γ-ray spectrum by
performing calculations with the lepto-hadronic model for various sets of the parameters of
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the system, we could extract a set of parameters that fits best the observations. In this way,
this model could be used as a method for calculating the black hole’s dimensionless spin
parameter α∗ that could complement the other three methods and, thus, determine which
value is the real one. However, currently, there are only a few observations of high-energy
γ-rays, which means that in order to measure the spin by our proposed technique, we
should wait for appropriate observations, which we expect to have in the future.

Regarding the comparison of our proposed technique with the other three existing
ones, the difference lies in the number of free parameters, since in the lepto-hadronic
model, the number of free parameters is larger when compared to the models used by
the other methods. However, the free parameters of the lepto-hadronic model are not
completely “free”. Estimates and ranges of these parameters have been proposed so they
could be restricted by an appropriate distribution. Nevertheless, a detailed analysis should
be carried out in order to validate the accuracy of our proposed method.

While there are no current observations of high-energy γ-rays for the studied systems,
there are observations of soft γ-rays and X-rays. With our proposed technique, we could
carry out a fitting analysis of these observations with predictions of soft γ-rays and X-rays.
Such predictions have been made with photons produced by IC scattering and synchrotron
radiation for the system of Cygnus X-1 [66]. Application to the studied systems of MAXI
J1820+070, XTE J1550-564, and XTE J1859+226 is planned in future works.

7. Conclusions

In this work, we addressed the black hole’s spin effects on the high-energy neutrino
and γ-ray jet emissions from black hole X-ray binary systems (BHXRBs). Starting from
the presentation of the accretion disk’s properties, we specifically focused on the accretion
disk’s inner radius Rin and the accretion disk’s temperature profile T(R). Next, we paid
special attention to the relativistic jets, the main reactions occurring inside them leading
to neutrino and γ-ray production, and the transfer equation, which describes the energy
distribution of each kind of particle. Subsequently, we computed the intensities and
integral fluxes of high-energy neutrinos and γ-rays predicted by the lepto-hadronic model
employed. Lastly, we explained the γ-rays’ absorption mechanisms due to e−-e+ pair
production; in particular, absorption from the accretion disk’s black-body emission.

By carrying out calculations for three BHXRB systems, MAXI J1820+070, XTE J1550-
565, and XTE J1859+226, which have different spins (α∗), we investigated the effect of the
black hole’s spin on the expected spectra of high-energy neutrinos and γ-rays. From these
calculations, we extracted the following conclusions:
1. The black hole’s spin has no effect on the spectra of neutrino emissions. The intensity

and the integral flux of the neutrinos remain the same for any value of α∗.

2. The black hole’s spin has a strong effect on the spectra of high-energy γ-rays. The
intensity and the integral flux of high-energy γ-rays decrease as the spin (α∗) in-
creases. This happens because the accretion disk’s attenuation, Adisk, increases with
α∗; therefore, a greater part of the γ-rays is annihilated.

As we have already implied, the lepto-hadronic model could be used as a method
of measuring the spin α∗ of the black hole of a BHXRB system by a fitting analysis of
the predicted high-energy γ-ray spectra with the observed high-energy γ-ray spectra.
Towards this purpose, appropriate observations of high-energy γ-rays from such systems
are required. However, currently, such observational data are limited and there are not
enough to carry out a fitting analysis of this kind. Despite this, next-generation telescopes
(for example, ones using NASA’s new gamma-ray detectors) may provide a rich amount of
such measurements.
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