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ABSTRACT

Context. Current simulations indicate that the first stars were formed predominantly in binary systems. Studying the contribution of
the first accreting binary systems to the reionization and heating of the intergalactic medium requires formulating a concrete model
for Population III microquasars.

Aims. We aim at constructing a complete model for microquasars with a Population III donor star.

Methods. We considered that the mass loss of the star is exclusively caused by the spill of matter through the Roche lobe toward the
black hole. We calculated the spectral energy distribution of the radiation produced by the accretion disk, the radiation-pressure-driven
wind, and the relativistic particles in the jets, within the framework of a lepto-hadronic model. In addition, we estimated the effect on
the reionization by the first microquasars.

Results. We determine that Population III microquasars are powerful sources of ultraviolet radiation produced by the winds of their
super-critical disks, and that they generate a broadband nonthermal emission in jets.

Conclusions. Our results indicate that microquasars in the early Universe could have been important for the reionization and heating

of the intergalactic medium.
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1. Introduction

After the epoch of recombination, when the first neutral atoms
formed, the Universe underwent a period of darkness known
as the “dark ages” (Ellis et al. 2012). This period knew only
two sources of light: the cosmic microwave background pro-
duced in the decoupling, and the hyperfine transitions of the
neutral hydrogen atoms. The radiating structures did not exist
yet. When the first stars formed, the intense ultraviolet radia-
tion emitted by them ionized the neutral intergalactic medium
(IGM; see Loeb 2010), giving rise to the period known as reion-
ization. This phase transition of matter marked the end of the
dark ages. However, current research indicates that the radiation
of the first stars alone would not have been sufficient to ionize
the IGM on long distances because of the high columnar den-
sity of the clouds in which they formed. Accreting sources pow-
ered by intermediate-mass and supermassive black holes have
been proposed to solve this problem (see Madau et al. 2004;
Bosch-Ramon 2018, and references therein), because the mean
free path of the X-rays is longer than that of the predicted ultra-
violet photons of the stars of Population III (see Bromm 2013).
Recent studies indicate, however, that these sources would not
have contributed significantly to the reionization process (see
Milosavljevi¢ et al. 2009; Qin et al. 2017). It becomes necessary,
then, to explore other alternatives for the reionization.

At the beginning of this decade, Mirabel et al. (2011) sug-
gested that the first high-mass X-ray binaries might have played
an important role in the termination of the dark ages. The exis-
tence of these sources at high redshift is in agreement with
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current studies indicating that the first stars were born pre-
dominantly in binary systems (see Bromm 2013, and refer-
ences therein). Microquasars are X-ray binaries with relativistic
jets (Mirabel & Rodriguez 1999). These sources can gener-
ate gamma-rays in the interaction between accelerated parti-
cles in the jets and magnetic, matter, or radiation fields (see
Bosch-Ramon et al. 2006; Reynoso et al. 2008a; Romero & Vila
2008, 2014). Tueros et al. (2014) studied the contribution of
cosmic rays accelerated in the terminal regions of the jets in
the first microquasars to the reionization of the IGM. Micro-
quasars as alternative sources for the heating of the IGM during
reionization of the Universe have also been studied recently by
Douna et al. (2018). These suggestions, although attractive and
energetically consistent, are not supported by a specific model of
microquasars of Population III. These microquasars must have
characteristics different from those known in the Galaxy, which
are of Population I and II, because donor stars present a distinct
physics caused by the lack of metallicity (Bahena & Klapp 2010;
Bahena & Hadrava 2012).

The primary goal of this paper is to present a complete model
for microquasars of Population III, in order to provide a tool for
quantitative predictions. As a secondary objective, we intend to
make realistic estimates of the production of radiation and cos-
mic rays that will be injected into the IGM by these objects.
We adopt for the binary system the physical parameters pro-
vided by Inayoshi et al. (2017) and numerically calculate some
relevant physical properties of the accretion disk. A powerful
wind is ejected from the accretion disk, driven by radiation pres-
sure. In the innermost region of the disk we assume that the jet
launching takes place by a magneto-centrifugal mechanism. In
a region close to the compact object, charged particles can be
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accelerated up to relativistic energies by internal shocks (see
Drury 1983; Spadaetal. 2001). We adopt a lepto-hadronic
model to calculate the radiation produced in the jets by the
interaction of the relativistic particles with the different ambient
fields. In addition, we study the production of radiation by the
cooling of accelerated electrons in the terminal region of the jet
(as considered, e.g., by Bordas et al. 2009). All calculations have
been computed for a cosmological redshift value z = 10. Prelimi-
nary results have been presented in Romero & Sotomayor Checa
(2018) and Sotomayor Checa & Romero (2019).

The paper is organized as follows. In Sect. 2 the model is
presented. We consider for the accretion disk parameters with
physically acceptable values in order to make quantitative pre-
dictions. In the study of the jets, we propose four regions of
particle acceleration: a region close to the compact object, and
three emission zones due to the interaction of the jets with their
environment (bow shock, cocoon and reconfinement region). In
Sect. 3 we present the results of our calculations. We include
the effects of absorption by external and internal photon-photon
annihilation on the spectrum, and we show the total radiative out-
put of the system. In Sect. 4 elementary notions on ionization of
IGM by winds and jets of microquasars of Population III are dis-
cussed. Section 5 contains a discussion of the results. Section 6
is devoted to concluding remarks and the prospects of our model
for future applications.

2. Model
2.1. General considerations

We consider a binary system whose components are a Popula-
tion III star of M, = 41 M and a black hole of Mgy = 34 M.
The orbital separation of the components is a = 36 R'. The star
radius is approximated by the average radius of its Roche lobe
(Eggleton 1983),

0.494%/3

R.~ R~ ,
b 610.6412/3 +1In(1 +¢'/3)

ey

where g = M, /Mpgy. We assume the orbit to be circular, which is
a good approximation in binary systems with mass transfer (see,
e.g., Paczynski 1971).

Unlike what occurs in massive stars in the Galaxy, the mass
loss by stellar winds is an inefficient mechanism for Popula-
tion III stars (see Krticka & Kubat 2006, and references therein).
Instead, the mass transfer is exclusively by overflowing of the
Roche lobe. We assume that the black hole accretes matter of
the donor star by spilling through the Lagrange point L;.

The black hole accretes matter until the donor star becomes
a black hole by direct collapse (see Heger et al. 2003), giving
rise to a binary system of two black holes. Calculations by
Inayoshi et al. (2017) show that the lifetime of such a system
in the microquasar phase is Tyg ~ 2 X 10° years. The masses
of the components before the second collapse are M, ~ 26 Mg
and Mgy =~ 36 M. Then, the star loses 15 M, but the mass of
the black hole increases by 2 M. The latter indicates that most
of the accreted matter is expelled from the system. We consider
that the mass transfer is stable and has a constant rate given by

M*,i - M*,f

™Q

M, ~ )

! The masses and the orbital separation correspond to the binary sys-
tem of Population III that is consistent with the gravitational wave
source GW150914 detected by LIGO (Inayoshi et al. 2017).
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From Eq. (2) we find that the accretion rate at the outer edge
of the accretion disk is much higher than the critical accretion
rate of the black hole (M > My = 4nGMgum,/orc), there-
fore the accretion regime is super-critical (super-Eddington). To
model the accretion disk, we cannot adopt the classical standard
case developed in Shakura & Sunyaev (1973). Instead, we con-
sider a thick accretion disk similar to the disk observed in SS433,
the only microquasar known in the Galaxy in a super-Eddington
accretion regime (Calvani & Nobili 1981).

Powerful, highly collimated, oppositely directed relativistic
jets are ejected from the innermost region of the accretion disk
(Mirabel & Rodriguez 1994). If the jet is composed of accreted
matter, it must contain both electrons and protons, as well as
a magnetic field associated with the plasma. In this paper we
consider hadronic jets, as observed in SS433 (Fabrika 2004).
For simplicity, we assume that the jets are perpendicular to the
orbital plane and that they do not precess. In addition, we do not
distinguish between the jet and the counterjet.

The jet begins to decelerate when the ram pressure of the
environment is balanced with the momentum flux carried by
the jet head. Then, two shocks form in the head of the jet: a
bow shock propagating in the external medium, and a reverse
shock directed toward the interior of the jet. The matter that
crosses the reverse shock inflates a region of the jet that is
known as the cocoon. At the point of the jet where the pres-
sure is equal to the pressure of the cocoon, another shock, called
recollimation shock, is formed. To calculate radiative processes
in jets, we consider acceleration of particles in a region close
to the compact object (inner jet), and in the terminal region of
interaction with the environment (terminal jet). The jet model
and the radiative processes considered here are based on the
models developed by Bosch-Ramon et al. (2006), Reynoso et al.
(2008a), Romero & Vila (2008), Bordas et al. (2009), and Vila
(2012).

A sketch of the system is shown in Fig. 1. In Table 1 we show
the main parameters of the binary we adopted.

2.2. Disk and wind

At the super-Eddington regime, the accretion disk must become
thick, at least in the region close to the compact object (see
Jaroszynski et al. 1980; Paczynsky & Wiita 1980). Considering
the prescription developed by Shakura & Sunyaev (1973), we
can characterize the efficiency of the angular transport mecha-
nism by just one parameter «. Jaroszynski et al. (1980) showed
that in a thick accretion disk in hydrostatic equilibrium, the vis-
cosity parameter should be such that @« <« 1. We adopt the value
a = 0.01 throughout for the disk in our calculations.

The main characteristic of super-critical accretion disks is
the photon-trapping (see, e.g., Begelman 1978; Ohsuga et al.
2003, 2005). Photon-trapping occurs when the photon diffusion
timescale exceeds the accretion timescale. Under such circum-
stances, photons generated through viscous process are advected
inward with the accreted flow without being able to leave the
surface. Following Narayan & Yi (1994), the photon-trapping
effect can be parameterized considering that advection heating
is a fraction of the viscous heating, Q.qv = fQOvis, Where f is the
advection parameter throughout the disk.

Toroidal magnetic fields are expected to develop in the accre-
tion disk of X-ray binaries, where the stream that overflows the
Roche lobe would stretch out in the toroidal and radial direc-
tions as it feeds the outer disk, and the disk shear would then
substantially amplify the toroidal component (Liska et al. 2018).
However, it is expected that at long distances from the compact
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Fig. 1. Scheme of the Population III microquasar. When the star fills
its Roche lobe, the black hole accretes matter that forms an accretion
disk around the compact object. The rate of accretion is very high and
the disk becomes thick, expelling an intense wind of particles from the
disk. From the innermost region of the disk, powerful relativistic jets
are ejected.

Table 1. Parameters of the binary system.

Parameter Symbol Value
Donor star mass " M, 41 M,
Black hole mass " Mgy 34 M,

Star radius ® R. 142 R,

Star luminosity " L. 1x10°Lg
Star temperature (¥ T, 5x 10°K
Orbital semiaxis a 36 R,
Orbital period P 2.9 days
Mass-loss rate &) M. 7.5 %107 Mg yr™!
Eddington rate " Mgaq  22%x 1078 Mgyyr!
Eddington luminosity (¥ Lgqq 43x10¥ ergs™!
Gravitational radius (¥ re 50km

Notes. (VFixed. ®Calculated.

object, the dynamics of the plasma is determined mainly by grav-
ity and radiation pressure. Winds are launched within the region
where the radiative force overcomes gravity, which occurs inside
the critical radius given by (see Eq. (3) of Fukue 2004)

B 9\/§O'T

= M,.
16mm,c

Ter

3

We consider that the wind is ejected between the critical radius
fo =~ 36007, and an inner radius given by ro = 1007.
Inside the inner radius, the jets are launched (see Sect. 2.3).
Similarly to the treatment developed by Narayan & Yi (1994)
and Akizuki & Fukue (2006), we assume a steady-state and
axisymmetric disk. We solve the equations of the dynamics of
the accreted fluid using the self-similar treatment developed

by Narayan & Yi (1994). We adopt for the exponent of the
self-similar solutions a value of s = 1/2, and we con-
sider for the advection parameter f two values f = 0.1 and
0.5, similar to those in Fukue (2004). For calculations of the
most relevant physical properties of the accretion disk, (thick-
ness, temperature, magnetic field, radial velocity, and spectral
energy distribution (SED) of the radiation emitted), we refer to
Watarai & Fukue (1999), Fukue (2004), and Akizuki & Fukue
(2006).

Following Fukue & Sumitomo (2009) and Fukue & Iino
(2010), we assume that the spherically symmetric wind is highly
ionized and blows off at a constant speed 8 = v/c, at a constant
mass-outflow rate My;inq, and at a constant comoving luminosity
& = E/Lgyq. For the wind speed we consider the escape veloc-
ity of the gravitational attraction of the central black hole. In the
calculations we adopt ¢ = 1, which is consistent with what was
found by Zhou et al. (2019).

The optical depth of the wind is roughly estimated as
Twind ~ O'TM*/47rmpv\,vim|rCr (see Kitabatake et al. 2002), assum-
ing a constant wind velocity vying. For a wind velocity similar to
that of SS433, the optical depth is Tying = 27.5, whereas when
we consider the escape velocity at 7, it iS Tying = 13.8, and
Twind ® 2 at rg. Therefore, the wind is optically thick and locally
emits blackbody radiation in the comoving reference frame. In
this accretion regime, the emission of the wind would hide that
of the disk. In the case of an extended disk, the emission of the
star can also be covered, similar to that detected in SS433. The
comoving temperature is given by

2 4 2
47Trg oT Twind,co . rg
T L R @
Edd

where Tyind,co 1S the temperature of the comoving wind.

The apparent photosphere of the wind is the surface where
the optical depth, 7, measured from and observer at infinity,
becomes equal to 1. The height of the apparent photosphere from
the equatorial plane, zpp, is given by (Fukue & Iino 2010)

Zph
Toh = —f Twing (1 = B€0s ) Keopeodz = 1, (&)

where ['ying 1s the Lorentz factor of the wind, «., is the opac-
ity for Thomson electron scattering, and p., is the mass den-
sity. Physical quantities with subscript “co” are measured in the
comoving frame.

When the location of the apparent photosphere is deter-
mined, the temperature measured by an observer at infinity can
be calculated from the comoving temperature by applying the
appropriate boost:

1
Twi s
Tying (1 = Bcosf) "

where 6 is the viewing angle measured from the z-axis. Using
this observed temperature, we can calculate the SED of the wind
measured from an observer at infinity.

In super-critical accretion disks the launch of jets by radia-
tion pressure has been studied extensively (see, e.g., Piran 1982;
Ohsuga et al. 2005; Sadowski & Narayan 2015). In this work,
we adopt a mechanism of magneto-centrifugal launching, which
is generally adopted for Galactic microquasars (Meier 2005).
Although the model developed so far does not predict the launch
of jets because it includes only toroidal magnetic fields in the
accretion disk, we show below that it is possible to launch the jets
when magnetorotational instabilities in the disk are assumed. In
Table 2 we show the values of the different parameters calculated
for the wind.

(6)

Twind,obs =
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Table 2. Parameters of the super-critical wind.

Value

7.3 %107 Mg yr~!
4.1x10%ergs™!
6x 103 kms™!
42 % 10*kms™!

Parameter

Wind mass-loss rate [ Mying]

Power of the wind [Luyjng]

Wind escape velocity at 7 [Vwing (7er)]
Wind escape velocity at o [Vyind (70)]

Notes. All parameters are calculated.

2.3. Jets
2.3.1. Launching

Liska et al. (2018) showed that under certain physical condi-
tions, a large-scale poloidal magnetic field can be generated
from a purely toroidal field using global general relativistic mag-
netohydrodynamics simulations. The toroidal field is relatively
strong, 8 = Pgas/Pmag = 3, to ensure that the simulations
resolve the MRI due to both the initial toroidal and dynamo-
generated poloidal magnetic fields. The poloidal magnetic flux
accumulates around the black hole until it becomes dynamically
important, and leads to a magnetically arrested disk (MAD; see
Narayan et al. 2003). This disk launches relativistic jets that are
more powerful than the accretion flow (' = Ljet/Lacc > 1).

The result of Liska et al. (2018) can be applied to our model
when we consider that the toroidal field has spread throughout
the whole disk and that after MRI, a large-scale poloidal mag-
netic field is generated. For M = 34 M, the large-scale poloidal
magnetic field is generated + = 7s after the magnetorotational
instabilities began. The disk is arrested at r = ry and becomes
a MAD. The power of the jet can be calculated from the power
accreted at r = ry. We adopt the same value for the beta factor
of the plasma, 8 = 5, the distance to the black hole to which
the disk is arrested is 7o = 1007, and the power of the jet is
determined assuming { = 1.5.

The jet is injected at zo = 1007, above the accretion disk.
The jet luminosity is then given by

LA
— ]Cl . (7)
Lacc(r ())
Therefore, the Lorentz factor of the jet is
Ljet = FjetMacccz: ®)

where M, is the accretion rate at ro. Typical values are
[ee ~ 10.

2.3.2. Inner jet

In a magneto-centrifugal launching mechanism, the jet is ejected
by conversion of magnetic energy into kinetic energy. In general,
the magnetic field near the compact object has a higher value
than equipartition with the matter of the jet. The magnetic field
in the jets decreases with distance z to the compact object. We
consider that the flow expands adiabatically, and that

B() = B(z) (Z;O) ©)

where zo is the launch point of the jet. The value of B(zg) is
determined by requiring equipartition between the densities of
kinetic and magnetic energy at zo,

B (z0)  Ljet
=—,
8n ATgViet

10)
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where vj¢; is the bulk velocity of the jets.
The energy density of matter at any distance on the compact
object is
mjet
ep(Z) = 27I'Z2 Vjet,
and the density of cold protons at a distance z from the black
hole in the jet is

Y

m;

S B 12
7[Rj(2)]>mypv; (12)

np (2) =

These cold protons are targets for the relativistic electrons and
protons.

Internal shocks are produced when the expansion makes the
flow compressible, and they convert bulk kinetic energy into
random kinetic energy of relativistic particles (see Spada et al.
2001). The relativistic protons and electrons that are injected
locally are called primary particles. The secondary particles are
pions, muons, and electron—positron pairs that are produced as a
result of the interaction of primary particles with matter and radi-
ation. In the following, we outline how the broadband nonther-
mal emission that is generated by cooling of all these particles in
the inner jet is calculated. This procedure is also applicable for
calculating the radiation emitted in the terminal jet.

We assume an injection function that is a power law in the
energy of the primary particles and that is inversely proportional
to the distance to the compact object (Romero & Vila 2008),

-p
O =0 — [Q1=erg s enr™, (13)
where p is the spectral index of particle injection. The normal-
ization constant Qy is obtained as

max

E
(e.p)
Lep) = j; &’r f o dEep)Eep) Qeep)(Eep)> 2

(e.p)

(14)

where V is the volume of the acceleration region. The maximum
energy E™* that a relativistic particle can attain is obtained by
balancing its rate of acceleration and cooling.

The cooling rate is the sum of the radiative cooling rate and
the rate of the adiabatic losses. The radiative losses are caused
by the interaction of the relativistic particles with the fields in
the jet. We consider electron losses by synchrotron radiation,
inverse Compton scattering, and relativistic Bremsstrahlung, and
proton losses by synchrotron radiation, inelastic proton—proton
collisions, and photo-hadronic interactions. The adiabatic losses
are caused by the work the particles exert on the walls of the jet.
Then (Bosch-Ramon et al. 2006)

-1 _ 2 Vjet
ad T 3z

Detailed formulas for calculating the cooling rate for
the radiative processes considered here can be found in
Blumenthal & Gould (1970), Stecker (1968), Begelman et al.
(1990), Atoyan & Dermer (2003), Berezinskii etal. (1990),
Kelner et al. (2006), and Romero & Vila (2014). The accelera-

tion rate for a charged particle in a magnetic field B is (e.g.,
Aharonian 2004)

15)

_1 necB
acc = E ’
where E is the energy of the particle, and 5 is a parameter that
characterizes the efficiency of the acceleration mechanism. The

(16)
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Table 3. Parameters of the inner jet.

Parameter Value
Jet luminosity [Lie] @ 10" erg s~!
Jet’s bulk Lorentz factor [Tje,] 9

Jet semi-opening angle tangent [y] () 0.1
Jet’s content of relativistic particles [g;e] 0.1
Hadron-to-lepton energy ratio [a] " 100
Jet’s launching point [zy] M 1007,
Magnetic field at base of jet [By] ) 107G
Cold matter density at zg [rg] 6x10%cm™
Size of injection point [Az,e.] M 200 r,
Index for magnetic field [m] 1.0

Notes. PFixed. ' Calculated.

size of the acceleration region is a constraint on the maximum
energy if the particle gyroradius r4(z) = E/eB(z) is larger than
the jet radius ri(z) (Hillas criterion). We calculated the maxi-
mum energies of each population of particles at different heights
in the jet, dividing the acceleration region into ten subregions in
which we assumed that the magnetic energy and particle densi-
ties were constant. In all cases, the maximum energies verify the
Hillas criterion.

In the one-zone approach, the steady-state particle distribu-
tion N(E, z) can be obtained as the solution to the transport equa-
tion:

0 [dE
OE [ dt

N(E,?z)

esc

N(E,?)

loss

+

= O(E, 2), a7

where e, ® Az/Vje is the particle escape time from the accel-
eration region. The exact solution to Eq. (17) is given by (see
Khangulyan et al. 2007)

dE|N (ETO E,E
N(E,?) = ‘— f dE'Q(E’,z)exp(—T( )), (18)
dr loss JE esc
where
E’ 77 =1
dE
2(E,E') = f dE” |—| . (19)
E dt loss

We calculate the SED of the radiation produced by primary
and secondary particles in their interaction with magnetic,
matter, and radiation fields within the jet. Detailed formu-
las for the photon emissivity of each radiative process can
be found in Reynoso & Romero (2009), Romero et al. (2010a),
Romero & Vila (2014), Vieyro & Romero (2012), Vila (2012),
and references therein. In Table 3 we show the values of the dif-
ferent parameters of the inner jet.

2.3.3. Terminal jet

We analyze the terminal region of the jet, considering two dif-
ferent epochs for the microquasar age fyq1 = 10* yr and tyqo =
10° yr. For the calculations we apply the model developed by
Bordas et al. (2009). The distance to the compact object where
the bow shock occurs is

Lo\
lb(tMQ l) — ( jet ) l3/5
’ PIGM MQ.1

(20)

and

ly(tnq.2) ( Lie )1/5 215 @1)
b(IMQ,2) = .
Ve PIGM MQ.2
We adopt a baryonic density for the external medium at cos-
mological redshift z = 10 given by pjgm ~ 2.4 x 10~ cm™
(Douna et al. 2018).
The speed of the bow shock is given by

d 3 b
() = b = 3 e (22)
where it is reasonable to expect that vy(fmg2) < Vvb(fmQ,1)
because for 10° yr the jet will have traveled a longer distance
in the IGM.
The pressure in the cocoon is approximately equal to that of
in the shell and is given by

3 2
P.=P, = ZPIGMVb,
where as the age of the source increases, the inertia of the jet
must decrease.

From the position of the recollimation shock, the jet ceases
to be conical and has a constant width. As we have assumed an
opening angle given by y = tan 6, = 0.1 (see Table 3), the posi-
tion to the compact object where the recollimation shock occurs
is

(23)

z N 2 LjetUjet )
U\ (y + D)o — 1) 2P,

Here, we have assumed that the adiabatic index of the material in
the cocoon is y = 5/3, and that the shocks are weakly relativistic.

The adopted magnetic field in the downstream regions is
such that the magnetic energy density is ~10% of the thermal
energy density of the gas (Bordas et al. 2009) In addition, in each
acceleration region, the fraction of kinetic power converted into
nonthermal particles is set at 1% of the power of the jet. We
have analyzed only the leptonic contribution here because it is
the dominant one (Bordas et al. 2009). The injection function in
the recollimation shock, the reverse shock, and the bow shock is
assumed to be by Q(E) = Qy E~2, with the normalization con-
stant Oy calculated as in Eq. (14).

The cooling processes for nonthermal electrons in this region
are synchrotron radiation, inverse Compton scattering, and adi-
abatic losses. The target radiation field for inverse Compton
losses is the cosmic microwave background. The reconfinement
region has no adiabatic losses because the jet radius is constant.
Because of the low density of matter in the cocoon and the recon-
finement region, relativistic Bremsstrahlung radiation is negligi-
ble in these two zones and is only computed in the shell. The
model parameters for the three emitting zones in the terminal
region of the jets that we adopt are listed in Table 4.

(24)

3. Results

We here mainly focus on the calculation of the SED of the radi-
ation emitted in the different components of the Population III
microquasar that we have modeled, in order to start a quantita-
tive description of its contribution to the reionization. Discussion
of other physical properties of interest such as density, optical
depth, or radial velocity distributions in the plasma of the accre-
tion disk will be presented in a forthcoming work about super-
Eddington sources and their outflows.
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Table 4. Parameter values adopted for the three emitting zones in the
terminal region of the jet.

Parameter Value
nigm: IGM density [em™3] 1074
tmqQ: Source age [x10* yrs] ) 1 10
SHELL

B: Magnetic field [x107°> G] & 57 23
vp: Shock velocity [x108cms™']® 7.2 2.9
r: Emitter size [x10%° cm] ¥ 1.3 5
Enax: Max energy [TeV] @ 3.1 33
ng: Target density [x10~* cm ™3] 96 9.6
COCOON

B: Magnetic field [x107* G] & 46 19
vsn: Shock velocity [x10" cms~!11® 298 2.98
r: Emitter size [x10'8 cm] ¥ 2.5 6.3
Emax: Max energy [PeV] ) 1.0 1.0
RECONFINEMENT

B: Magnetic field [x1073 G] & 46 19
Veont: Shock velocity [x10° cms™']1® 298 298
r: Emitter size [x10% cm] & 3.8 15
Emax: Max energy [TeV] @ 33.4 334

Notes. VFixed. P Calculated.

3.1. Thermal emission of the disk and wind

The maximum temperature in the disk is approximately 107 K,
similar to the temperature estimated for the Galactic microquasar
SS433 (see Fabrika et al. 2007). In addition, we do not report
significant differences when the advection parameter varies.
When the radial distribution of effective temperature has been
calculated, we can build the SED of the radiation produced by
the accretion disk. Because of the high temperatures of the disk,
it is expected that the highest contribution of electromagnetic
emission occurs in the X-ray band. The bolometric luminosity
of the accretion disk is approximately 10* ergs~!, very similar
to that estimated for SS433 (see Fabrika et al. 2007).

Figure 2 shows several physical quantities of the radiation-
pressure driven wind for the values of the parameters we adopted
in this model. We consider three velocity values for the wind
that correspond to the escape velocity in r; (8 = 0.02), in r
(8 = 0.14), and a velocity considerably higher than the previous
ones (8 = 0.30). We present the radial distribution of the height,
comoving temperature, and observed temperature at the apparent
photosphere of the wind, and the SED of the radiation produced
by the wind at the apparent photosphere. Considering that the
wind speed is constant, we analytically calculate the height of
the apparent photosphere (see Fukue & Iino 2010).

The apparent photosphere decreases rapidly as the wind
speed increases. This is because for higher values of wind speed,
the density of the gas is reduced. The temperature of the gas
varies between T = 10°—10° K in comoving and inertial refer-
ence frame. Because the wind speed is generally lower than the
speed of light, there are no significant variations with viewing
angle (i.e., the Doppler factor is approximately ~1).

The spectrum of the radiation emitted by the gas of the
wind is that of a multitemperature blackbody. In general, the
main contribution of the wind to the SED measured by an
observer at infinity is in the range of ultraviolet to soft X-rays
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(Ephmax ~ 0.1-1KeV). Again, there are no significant differ-
ences when the viewing angle is varied.

In Fig. 3 we show a comparison between the thermal SEDs
of the wind and the disk. We show only the SED of the disk
that is not hidden by the wind, that is, from what we call the
outer disk. The emission is mainly in the ultraviolet band and is
determined by the wind. The radiation emitted in the innermost
region of the disk will attenuate when it interacts with the wind
particles. This last leads to an enhancement in the energy of the
wind photons. Therefore, the UV emission of the wind photo-
sphere that we have calculated can increase to E ~ 1 keV. For a
detailed description of the interaction between disk radiation and
wind particles, numerical simulations should be implemented.

3.2. Nonthermal emission of the jet
3.2.1. Inner jet

In our jet model there are several free parameters that determine
different scenarios for non-thermal emission and cosmic ray pro-
duction. Our model is defined by the choice of the following
parameters: the minimum energy of the accelerated particles is
Enin = 2mc?, the particle acceleration mechanism is efficient
with n = 0.1, the relativistic particle content of the jet is essen-
tially hadronic a = L,,/L. = 100, the particle acceleration region
is close to the compact object z,.c = 300 rg, and the spectral index
of the injection function is p = 2. This set of parameters corre-
sponds to the scenario that we denote as (a), and will serve to com-
pare the effect on the SED when we vary these parameters one by
one. We consider the cases in which (b) the minimum energy of the
accelerated particles is Epi, = 100 mc?, (c) the particle accelera-
tion mechanism is inefficient » = 1074, (d) there is equipartition
between the leptonic and hadronic content of relativistic particles
in the jeta = L,/L. = 1, (e) the acceleration of particles occurs
at a distance from the compact object similar to the orbital semi-
axis of the binary system ze = 5 X 107 r, and (f) the spectral
index of the injection function is hard (p = 1.5). We assume for
the jet that the size of the acceleration region is Az,.e = 200 ry,
and the opening angle is 5°. We calculate that the magnetic field
at the launch point of the jet is B = 107 G in all cases.

Figure 4 shows the non-thermal SEDs of the radiation emitted
in the jet by the population of primary and secondary particles for
different values of the model parameters. The SEDs are corrected
by Doppler effect considering a viewing angle of 8 = 60°.

The main contributions to the SEDs vary according to the
adopted parameters. The electron synchrotron radiation is the
most important one when the leptonic content of the jet is greater
than a = 1 and the acceleration of particles is inefficient = 1074,
peaking at ~10¥ erg s™! for E, ~ 1-10° eV. In the case where the
acceleration region is at Z,cc = 5 X 10° ry the SED is determined
by the leptonic radiative processes, regardless the content of the
jet. This is because the protons are advected outside the accel-
eration region without losing their energy, f.ony = 3.4 X 10735
and t,, = 741s for E, = 1TeV, where the photohadronic col-
lisions are the main cooling mechanism. In this latter scenario,
the gamma emission is due to the inverse Compton scattering of
primary electrons with synchrotron photons of electronic origin.

The efficiency of the acceleration determines the maximum
energy of the primary particles, and therefore the maximum
energy of the photons i.e. the high-energy cutoft the SEDs. On
the other hand, the minimum energy of the particles determines
the low-energy cutoff of the SEDs.

The contribution of synchrotron radiation from Bethe-
Heitler pairs (synchrotron of photopairs) is in general relevant.
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Fig. 3. Comparation of the thermal SED of the radiation produced by
the disk and wind. In the outer disk the emission is not hidden by the
wind. This occurs for r > r, =~ 3600 r,. We consider for the disk that
the advection parameter is f = 0.5. For the wind, we assume a constant
escape velocity given by v = 0.14c¢. The viewing angle is 6 = 60°.

This is a peculiar feature of this type of microquasar. It is the
dominant radiative process for £, ~ 10GeV, in the case of effi-
cient acceleration, and for E, ~ 100keV, in the case of inef-
ficient acceleration. Synchrotron radiation of pairs produced by
decay of charged pions in py interactions is a relevant process
for £, ~ 102 TeV, in the case of efficient acceleration, peaking
at L, ~ 10%* 3% ergs™!. The py radiation is the most important
contribution to the SEDs at very high energy, E, ~ 10'*eV.

If the size of the acceleration region is much higher, the
main consequence is that the convection is less relevant, there-
fore the maximum energy of the protons becomes determined by
the radiative losses.

3.2.2. Absorption of the high-energy emission of the inner jet

The attenuation of the radiation produced in the cooling region
near the compact object by yy annihilation with the stellar
radiation field depends on the location of the particle accel-
eration region, the orbital configuration of the binary system,

positron pairs which are created with very high energies and are
cooled mainly by synchrotron radiation, whereby the energy of
the initial photons is distributed in synchrotron photons of lower
energy, with no electromagnetic cascades taking place, since
they are suppressed by the high magnetic fields.

3.2.3. Terminal jet

In Fig. 6 we show the SED of the radiation produced in the
reconfinement region, cocoon, and the bow-shock by the rela-
tivistic electrons, for the two epochs of interest. In the region of
reconfinement, the maximum energies of electrons for the differ-
ent epochs are approximately 30 TeV, being always limited by
synchrotron losses. Synchrotron emission is also the dominant
radiative process. In the cocoon, the shape of the non-thermal
SED differs from that seen in the reconfinement region. This
is because in the cocoon the cooling mechanism of the elec-
trons varies according to the energy they have: for energies less
than 10 GeV the main cooling mechanism is adiabatic losses,
for energies between 10 GeV and 10 TeV the main mechanism is
inverse Compton scattering, finally for higher energies the mech-
anism is synchrotron radiation. On the contrary, in the recon-
finement region, the radiative cooling mechanism in the whole
range of energies is synchrotron radiation. In the cocoon, the two
contributions to the bolometric luminosity are comparable, in
both epochs of the source. In the bow-shock, the luminosity pro-
duced by inverse Compton scattering dominates the emission.
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band of radio, infrared and optical, the emission is mainly due
to the radiation produced in the reconfinement region and in the
cocoon. For energies in the range of ultraviolet, X-rays and soft
y-rays, the radiation is predominantly emitted in the inner jet.
For energies higher than 1 MeV, where the emission of the inner
jet is self-absorbed, the predominant contribution is the inverse
Compton radiation produced in the bow-shock. The electromag-
netic emission reaches energies up to £, ~ 1 TeV. In addition,
we show a comparison between the total non-thermal SED for
the epochs fyg = 10* years and fyq = 10° years in which no
significant differences are observed. This is partly caused by the
constant accretion rate. In a realistic case, where the initial accre-
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logyg (Ey/eV)

Fig. 5. Attenuation curves for different models of inner jet.

tion rate is extremely super-Eddington and then decreases, dif-
ferences are expected between the total non-thermal spectra for
different epochs of the source.

In Fig. 8 we show the total SED of the microquasar
(outer accretion disk + wind photosphere + inner jet + termi-
nal jet). Microquasars of Population III emit broadband radia-
tion throughout the whole electromagnetic spectrum. The inner
disk is obscured by the wind. The relative contribution of the
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Fig. 6. Non-thermal SEDs of the radiation produced in the reconfine-
ment region, cocoon and bow-shock. Two epochs are considered for the
source.

radiation emitted in the jet to the total SED depends strongly on
the viewing angle. We show the SED as observed at two differ-
ent viewing angles: 60° (microquasar) and 1° (microblazar). In
microquasars, for energies in the range of UV to soft X-rays,
the spectrum is dominated by the thermal emission of the wind
and the disk. The highest emission is because of the UV radia-
tion of the wind. In microblazars, the inner jet and the terminal
jet dominates the spectrum. It is important to emphasize that, in
our model, all microquasars are microblazars seen from some
reference frame. In the case of the microblazars, although there
is higher reionization in the direction to the observer, the phe-
nomenon is the result of the intrinsic anisotropy, so its consider-
ation for total reionization is irrelevant.

4. Reionization by the first microquasars

In the previous sections we have determined that the first micro-
quasars are powerful sources of thermal ultraviolet radiation
by the wind, and broadband non-thermal radiation by the jets.
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Fig. 7. Total non-thermal SED for the epochs fyiq = 10* and g = 10°
years. The adopted viewing angle is § = 60°.

In the following, we study their contribution to reionization
through some specific mechanisms. We implement elementary
calculations of the size of the ionized zone by UV photons of the
wind, the production of relativistic protons in the environment
of the inner jet by the neutron decay, and the role of acceler-
ated particles in the terminal jet. A detailed treatment of these
processes requires the implementation of numerical simulations.
Electromagnetic cascades initiated by gamma rays of the jets can
produce ionizing ultraviolet radiation and have a non-negligible
contribution in reionization. This process will be developed in a
forthcoming comunication.

4.1. Ultraviolet radiation of the wind

We approximate the wind as a spherical gray body that emits
photons of E, wing = 100€V, and L, ying = 10* ergs~!. There-
fore, the rate of ionizing photons emitted by the wind is given
by:
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Lyv, wind

Nuv, wind = ~ 10¥ phs™. (25)

Euv, wind
The size of the ionized zone by the wind can be obtained by
the radius of Stromgren ry (see e.g. Stromgren 1939), which is
defined by equating the rate of ionizing photons to the recombi-
nation rate of electrons and protons N;:

.4
Ny = 37r5medBa(T),
where 3, is the recombination coefficient to just the excited
states (a recombination directly to the ground state emits a
Lyman continuum photon which is absorbed in ionizing another
nearby H atom), 8, = 2 x 1073 cem’?s™! for T = 10*K (see
e.g. Yu 2005). Characteristic values for the density of primor-
dial star-forming clouds are nyeq = 5 X 10° cm™3 (Bromm et al.
2002). We obtain:

(26)

Tst, wind ~ 1 kpC- (27)
Therefore, we conclude that the impact of the wind on reioniza-
tion is similar to that of the first stars.

4.2. Neutron decay from inner jet

Several channels of photohadronic interactions produce rela-
tivistic neutrons. Unlike charged particles, neutrons are not mag-
netically bounded by the jet and can escape. These particles can
generate the injection of high-energy protons and low energy
electrons in the environment. We now consider the role on the
reionization of neutrons produced in the inner jet.

Figure 9 shows the cooling, acceleration, and escape rates
for relativistic electrons and protons. We consider an accelera-
tion region located where the jet emerges from the wind pho-
tosphere, Zpee = 5 X 10° ry (see the first box in Fig 9). We see
that the maximum energy of protons is £, ~ 10TeV. In pho-
tohadronic interactions, neutrons are left with about 80% of the
proton energy and carry therefore cosmic ray energy efficiently
(see Rachen & Mészaros 1998).

The mean life-time of free neutrons in their rest-frame is 7, =
886 s, and then they decay into protons, electrons, and antineutri-
nos. In the observer rest-frame, the decay rate is fgec = ThEy/ myc2.
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We compare the decay time with the cooling time by neutron-
proton radiative losses. For neutrons with £, = 10TeV in a
medium of n = 5 x 10° cm™3, the characteristic cooling time is
Inp ~ 10" s. On the other hand, for the most energetic neutrons,
we obtain fpe. ~ 107 s, so we conclude that neutrons decay with-
out interacting. If the acceleration region is located further away
from the binary system, the protons reach a lower energy, and the
neutrons decay faster. For z,.. = 5% 10° Ty, We obtain fgec ~ 10%s.
Neutrons travel a distance of d ~ 10 c¢m, and then protons
with E ~ 10TeV are injected within of the dense medium in
which the binary system was formed. These particles are cooled
mainly by inelastic collisions with thermal protons. To deter-
mine if relativistic protons can escape the primordial halo, we
calculate the mean free path between hadronic collisions. For
E = 10TeV, we obtain 4 = 1/opn ~ 1kpc. Therefore, the
escape of high-energy neutrons from the inner jet is an efficient
mechanism of injection of non-relativistic electrons that colli-
sionally ionize the local environment, and high-energy protons
that initiate cascades at long distances from the binary system.

4.3. Relativistic electrons and protons from terminal jet

High-energy electrons that escape from the terminal jets can
ionize and heat the IGM, as discussed in Douna et al. (2018).
Electrons with energy £ < 1GeV escape from the terminal
jet before being cooled inside the jet by synchrotron radiation
and inverse Compton scattering. These electrons interact with
the CMB, then decrease their energy and produce X-rays and
gamma-rays. Gamma-rays are annihilated with the CMB, and
the created pairs emit gamma-rays again. An electromagnetic
cascade develops in the medium. The result of this cascade will
be to degrade the energy of the original photons and multiply
the number of leptons. The emerging spectrum will depend on
the original spectrum of injection and the characteristics of the
medium (see Romero & Paredes 2011). Electrons with kinetic
energy of E ~ 1keV efficiently ionize neutral atoms by colli-
sions. The detailed study of the production of low energy elec-
trons by electromagnetic cascades requires the implementation
of numerical simulations.

We have considered that in the terminal region of the jets the
power in relativistic particles is a fraction ¢ = 0.01 of the kinetic
power of the jet. In addition, the content of relativistic protons is
the same as that of relativistic electrons (@ = L,/L. = 1 in the ter-
minal region). Protons are advected from the acceleration region
long before radiative cooling. We can do an elemental analysis of
the heating of the IGM by the protons in the terminal jets follow-
ing Jana et al. (2019) and Sazonov & Sunyaev (2015) (heating of
the IGM by supernova remnants of Population III). The increase
in the temperature of the IGM, ATigm, can be estimated by

3
B ( flzG;AP)KBATIGM = facallpEjetin, 28)
where fieae = 0.25 is the fraction of proton kinetic energy

deposited as heat through Coulomb interactions, 1, = 0.005 is
the fraction in relativistic protons of the kinetic power of the jet,
Ejet = Liee X g ~ 3 X 107 erg is the total energy deposited
in the IGM by the terminal jet, and n, = 338 (1 + z)> Mpc™
is the comoving number density of the minihalo where the
binary system was formed. Considering z = 10, we obtain
ATigm = 13.9K. This effect is similar to that calculated for
supernova remnants of Population III at z = 10 in Jana et al.
(2019), ATiGm.snr ~ 15 K with Egy = 10°% erg. These estimates
are very rough and should be validated by numerical simulations.
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5. Discussion

From the results shown in the previous section, we conclude
that microquasars in the early Universe could have had a non-
negligible contribution on the reionization and heating of the
IGM on long distances. Jets in Population III microquasars can
be significant y-ray sources in the MeV-GeV range because of
internal shocks in regions near to a compact object. Emission
from the jets in the GeV-TeV range are probably produced in the
terminal region where the internal and external absorption is neg-
ligible. Similarly, accelerated electrons in the terminal region of
the jets can reach very high energies because the cooling mech-
anism by synchrotron radiation becomes inefficient.

We have considered a lepto-hadronic jet model in the near
region to the compact object, where the power of relativis-
tic particles is dominated by protons. It is easy to calculate
lepton-dominated jet models. In such models a greater absorp-
tion caused by yy annihilation with the synchrotron radiation
field of primary electrons is expected (Romero & Vila 2008).

To calculate the thermal SED of the accretion disk and wind,
we have considered a super-critical disk model (Fukue 2004;
Akizuki & Fukue 2006). The luminosity of the disk is regulated
approximately to the value of the Eddington luminosity because
of the intense mass loss by disk winds. The photons produced
on the surface of the disk must interact with the ejected mat-
ter. Because the mass loss is very intense (practically the entire
accreted material is expelled from the disk), it is expected that
a large part of this radiation will be absorbed (e.g., by direct
Compton effect), which in turn reduces its impact on the subse-
quent reionization of the IGM.

Another strong assumption that we have used in this paper
is that the interaction between the jets and the wind is negligi-
ble. Therefore, jets emerge from the wind photosphere without
decelerating by the pressure exerted on the jet head. The space
of parameters should be explored such that scenarios of choked
jets by the wind are considered or discarded. Another possible
consequence of jet-wind interaction is the hadronic load in the
jet. If the wind is fragmented into neutral clumps, they can pen-

populations.

etrate the jet and decelerate it. This is a possible scenario for
the hadronic load in the jets of SS433. These questions will be
studied in a forthcoming paper using hydrodynamic simulations
(Sotomayor Checa et al., in prep.)

We have explored some mechanisms of reionization by
microquasars. Electromagnetic cascades initiated by the cooling
of relativistic protons seem to be a promising scenario. High-
energy hadrons are injected by the decay of neutrons that escape
from the inner jet. We did not take into account the production
of neutrons in collisions pp. This channel would be improved
if neutral clumps penetrated the jet and collided with relativistic
protons. A complete description of the jet-wind interaction is
necessary. Relativistic electrons from the terminal jets also trig-
ger electromagnetic cascades, but in regions of the IGM much
farther from the binary system. It is expected that the high-
est contribution to the reionization will be provided by the jet
terminal.

A detailed investigation of the amount reionization produced
by Population III microquasars requires computing numerical
simulations in order to calculate the production of photons and
high-energy particles in electromagnetic cascades in the IGM.
This last problem will also be studied exclusively in a forthcom-
ing work.

6. Conclusions

We have developed a simple model for microquasars where the
donor star is from Population IIT and placed particular empha-
sis on the high-energy emission from these hypothetical sources.
We considered a proton-dominated microquasar that produces
significant gamma-ray emission and production of high-energy
cosmic rays in the terminal regions of the jets. Within the jets, in
the region of particle acceleration near the compact object, the
effects of absorption by internal yy annihilation are dramatic:
radiation is completely suppressed for energies higher than MeV.

The basic assumptions of the model are that the mass transfer
is by spill of matter through the Langrange point L, and this
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occurs on a thermal timescale. One of the main consequences
of these hypotheses is that the mass accretion rate at the outer
edge of the accretion disk is in the super-Eddington regime. This
constitutes an important difference with respect to the observed
Galactic microquasars, except for the enigmatic binary SS433.

Before the launch of jets in the first microquasars, high-
est energy photons are emitted in the accretion disk. However,
photons from the innermost region of the disk, which are those
with the highest energy E, ~ 10keV, are attenuated by the wind.
Therefore, the binary system is a source of much ultraviolet radi-
ation.

An elementary study allows us to infer that microquasars in
the early Universe could have participated in the reionization
of the IGM through several processes. The ultraviolet radiation
of the star, disk, and wind ionized the environment of the sys-
tem, but had no effect on the IGM at long distances. Relativistic
neutrons are created in the inner jet by photohadronic interac-
tions. These particles escape from the jet and decay into very
high-energy protons, nonrelativistic electrons, and neutrinos.
Electrons ionize the surrounding medium through collisions.
Production of neutral pions by the cooling of relativistic pro-
tons is expected. Annihilation of gamma-rays produced by pion
decay creates pairs. Relativistic leptons again produce gamma-
rays by inverse Compton scattering. An electromagnetic cascade
is initiated, and it injects ionizing photons in the IGM. In all
cases the photon target is the CMB. Similarly, accelerated pro-
tons that escape the terminal jet drive electromagnetic cascades
in the IGM. Reionization by the broadband radiation that is emit-
ted in the jet was not considered in this paper and requires an
additional treatment. The next step in this work is to analyze
these mechanisms in detail using numerical simulations for the
study of electromagnetic cascades. An additional prediction of
our model is the production of high-energy neutrinos. These
questions will be included in forthcoming communications.
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