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Current research indicates that the radiation of the first stars alone would not have been suficient
to ionize the intergalactic medium on long distances because of the high columnar density of
the clouds in which they formed. It becomes necessary, then, to explore other alternatives for the
reionization. The study of the contribution of the first accreting binary systems to the reionization
and heating of the intergalactic medium requires the formulation of a concrete model for the
first microquasars. We aim at constructing a consistent model for jets of microquasars where
the donor star is of Population III. We calculate the spectral energy distribution of the radiation
produced by the relativistic particles in the jets, within the framework of a lepto-hadronic model.
In addition, we study the interaction between the jets and the early intergalactic medium. All
calculations have been computed for a cosmological redshift value z = 10. We determine that
jets of microquasars of Population III are sources of intense gamma radiation in regions of particle

acceleration near the compact object and in the terminal jets.
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1. Introduction

The primary goal of this work is to start the elaboration of a complete model for jets of mi-
croquasars 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 cosmic rays that
were injected into the intergalactic medium by these objects. These sources appeared after the
gravitational collapse of the first stars. We consider the cosmological redshift value given by
z = 10. We adopt the physical parameters for Population III binary systems explored in [1]. We
assume that the jet launching occurs by a magneto-centrifugal mechanism. In a region close to the
compact object, charged particles can be accelerated up to relativistic energies by internal shocks.
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. The field of matter that gives rise to
the Bremsstrahlung radiation and the inelastic proton-proton collisions is the population of cold
protons within the jet. The radiation field for the inverse Compton scattering and the inelastic
proton-photon collisions is dominated by the synchrotron radiation field of primary electrons. In
addition, we study the production of radiation by the cooling of accelerated electrons in the terminal
region of the jet [2].

2. Jets

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 the
distance z to the compact object. We consider that the flow expands adiabatically, and that:

B(z) = B(20) <Z“> , @.1)

<

where zj is the launch point of the jet. The value of By = B(zp) is determined by requiring equipar-
tition between the densities of kinetic and magnetic energy at z:

B*(z0) L

= ; 22
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where vje, is the bulk velocity of the jets.
The density of cold protons at a distance z from the black hole in the jet is
m.
np(z) ~ ————— (2.3)
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These cold protons are targets for the relativistic electrons and protons.

A sketch of the jet is shown in Fig 1. In the Table 1 we show the values of the different
parameters of the jets.
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Figure 1: Scheme of the jet. It is launched at a distance zop = 1007, of the compact object. Acceleration
of particles takes place further away at z,.c = 3007,. The width of the acceleration region is 2007,. The jet
axis makes an angle 6 with the line of sigh.

2.1 Relativistic particles

In the acceleration region a small fraction of the total kinetic power of the jet is transferred
into relativistic particles by diffusive acceleration [3]:

Lie = Qreleeta (2.4)

where we adopt g = 0.1 and L, is the total power injected into both relativistic protons and
electrons, Lye) = Ly + Le. In addition, we assume that the jet is proton-dominated (see e.g. [4]):

Ly=al.  a=100. (2.5)

The protons and electrons that are injected by the mechanism that accelerates thermal particles to
relativistic energies are called primary particles. The secondary particles are the pions, muons and
electron-positron pairs injected as a result of the interaction of primary particles with matter and
radiation. Injection and cooling of primary and secondary particles occur in the acceleration region.
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 [4]:

=P

Q'(E'.7) = Qo (0] =erg 's'em ™, (2.6)

Z/
where p is the spectral index of particle injection. In this proceeding, the primed variables are
measured in the co-moving reference frame of the jet, while unprimed variables in the observer
frame. The normalization constant Q is obtained as:

Em
3 (ep)
Lep) = /Vd r / AEep)Eep)Qep) (E(ep):2), 2.7
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Table 1: Parameters of the jets

Parameter Symbol Value Unit
Jet luminosity Liet 2x 10" ergs™!
Jet’s bulk Lorentz factor [jet 9
Jet semi-opening angle tangent X 0.1
Jet’s content of relativistic particles Grel 0.1
Hadron-to-lepton energy ratio a 100
Jet’s launching point 20 100 re
Magnetic field at base of jet By 9.8 x 10° G
Cold matter density inside the jet at zg no 56x10*  cm™3
Injection point Zace 300 re
Size of injection point AZace 200 Ie
Index for magnetic field dependence on z m 1.0
Injection spectral index D 2.0
Acceleration efficiency n 0.1
Maximum electron energy E 13.1 GeV
Maximum proton energy EF™ 5.7 PeV

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 acceleration rate for a charged particle is:
,—1 MnecB
acc — E
where B’ is the magnetic field, £’ is the energy of the particle, and 1) is a parameter that charac-

(2.8)

terizes the efficiency of the acceleration mechanism.
The cooling rate is the sum of the radiative cooling rate, adiabatic losses rate, and escape rate:
1—1 —1 —1 —1
' cool = Frad +1 ad +1 esc* (29)
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. Total radiative losses for relativistic electrons are calculated as:
1—1 1—1 1—1 —1
Zrad:tsynchr"i_tIC +lgs (2.10)
whereas for relativistic protons they are:

—1 —1 1—1

—1 1—1
trad =t synchr+t p'}/,ei +t Py, +t pp- (211)

3. Radiative processes

We calculate the spectral energy distribution of the radiation produced by primary and sec-
ondary particles in their interaction with magnetic, matter and radiation fields within the jet. De-
tailed formulas for the photon emissivity of each radiative process can be found in [4, 5, 6, 7, 8].
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Particle distributions obtained by solving the transport equation are valid in the reference frame
of the jet, where the particle distributions are isotropic. The luminosities are first obtained in this
reference frame, and then transformed to the observer frame. Since we consider a conical jet, if

1

q;, is the photon emissivity (in ergs~! cm™>) in the reference frame of the jet associated with some

o . re
radiative process, the luminosity at energy E is:

/

ZmaX
Ly(Ey) =7 / d 1 (2) 4} (E},2). 3.1)
ZaCC

The photon energy in the observer frame is obtained by applying the appropiate boost:
E,= DE;,. (3.2)

where D is the factor Doppler. For an approaching jet with viewing angle 0,

1
D= . (3.3)
[et (1 — Bietcos 6)

The luminosity in the observer frame is:

D 2 ! !
jet
In the case of pp inelastic collisions the luminosity is conveniently calculated in the reference
frame of the jet, where some useful parameterizations for the cross section are available. For this,

it is necessary to convert the particle distribution obtained to the rest frame of the observer [9].
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Figure 2: Non-thermal spectral energy distribution of the radiation produced in the jet by the population of
primary particles. The adopted viewing angle is 6 = 60°.

Figure 2 show the SEDs of the non-thermal radiation produced in the jet by the population
of primary particles. The interactions of the relativistic electrons and protons with the fields in
the jet give rise to radiation in almost all the electromagnetic spectrum. For energies lower than
1 MeV, the electromagnetic emission is mainly caused by the synchrotron radiation of electrons.
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For energies in the range between 1 MeV and 1 GeV, it is dominated by the synchrotron
radiation of protons. In the range between 1 GeV and 10 GeV the radiation is mainly due
to inelastic collisions pp. Finally, for energies greater than 10 GeV it is mainly the result of
the pp and p7 collisions. The maximum value of the emitted luminosity is from the p7y collisions,
Lyy ~ 1037 ergs~!. The contribution by relativistic Bremsstrahlung is irrelevant. The SEDs are
corrected by Doppler effect considering a viewing angle of 6 = 60°.

3.1 Secondary pair injection

Three channels for secondary pair production were taken into account: pair production as
a result of muon decay after pp and pY interactions, pairs produced directly in py interactions
(Bethe-Heitler pairs), and pairs created in photon-photon annihilation. In order to calculate the
contribution of the radiation produced by the secondary pairs to the total luminosity, the injection
function of the pairs must be calculated.

For p7 interactions, the injection function of the pairs can be estimated by the approximation
developed in [10]. For pp inelastic colissions, we have calculated the injection function of the
pairs from the injection function of charged pions, as it is developed in [11]. Bethe-Heitler pairs
are produced directly in p7 interactions when the photon energy is higher to 1.022MeV in the rest
frame of the proton. In the approximation of the §-functional, the injection function of pairs is
given by [12].

The last mechanism of pair creation that we consider is 7y annihilation. The target
photon field that we consider is the synchrotron radiation field of primary electrons. The
injection function can be approximated by [13].

45 T T T T T
—direct —v— 41 ~1
r?\?(— decay —~— Lie=10*" erg's
40 pY'?/ qrel = 0.1 )
p=20
Tw
o 35 1
(0]
4
o 30 | R
[e2]
ke)
25 1
20 L L L L L L L L L L

-4 -2 0 2 4 6 8 10 12 14 16
logyg (E,/eV)

Figure 3: Spectral energy distribution of the synchrotron radiation for electron-positron pairs. The adopted
viewing angle is 6 = 60°.

The secondary pairs produced in the jets are cooled mainly by synchrotron radiation. The
synchrotron spectral energy distributions of the secondary particles are shown in Fig. 3. These
SEDs must be added to the SEDs produced by the primary particles for the calculation of the
total SED, which is shown in Fig. 4. It is observed that the emission with greatest luminosity
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corresponds to the synchrotron radiation of the pairs by yy annihilation. This is expected since all
photons emitted with £y, > 10MeV are absorbed.
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Figure 4: Total non-thermal spectral energy distribution of the jet without attenuation. Dotted lines show
individual contributions. The adopted viewing angle is 8 = 60°.

3.2 Absorption of the radiation

Absorption by Yy annihilation with synchrotron photons of the primary electrons produced
internally attenuates the emission of the jets for energies greater than 10 MeV, as shown in Fig.
5. This absorbed radiation produces electron-positron pairs which are created with very high ener-
gies 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. Absorption by Yy annihilation with the
radiation field of the star can be considered. However, this mechanism only partially attenuates the
emitted radiation, being irrelevant in comparison with the internal absorption.
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Figure 5: Total non-thermal spectral energy distribution of the jet attenuated by internal absorption.
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4. Emission from the terminal jets

The jet begins to decelerate when the mass swept in the medium equals the mass transported
by the jet. Then, two schocks form in the head of the jet: a bow-shock propagating in the interstellar
medium and a reverse-shock directed towards the interior of the jet. The matter that crosses the
reverse shock inflates a region of the jet known as the cocoon. At the point of the jet where the
pressure is equal to the pressure of the cocoon, another shock called recollimation-shock is formed.
A sketch of the system is shown in Fig. 6 .

Bow shock

Shell

Reverse s!

Cocoon

Reconfinement
region

Recollimation shock
v
Figure 6: Scheme of the terminal region of the jet.

We do an elementary analysis of these three regions, where particle acceleration can take place,
considering two different epochs for the microquasar age tyq,1 = 10*yrs and fmq2 = 10° yrs. For
the calculations we apply the model developed by [2].

We assume that the magnetic field in the downstream regions is such that the magnetic energy
density is ~ 10% of the thermal energy density of the gas. In addition, in each acceleration region,
the fraction of kinetic power converted into non-thermal particles is set at 1% of the power of the
jet. We have analyzed only the leptonic contribution here.

The injection function in the recollimation-shock, the reverse-shock, and the bow-shock, is
assumed to be by Q(E) = Qo E ~2_ with the normalization constant Q calculated as in Eq. 2.7).

The cooling processes for non-thermal electrons in these regions are: synchrotron radiation,
inverse Compton scattering, and adiabatic losses. The target radiation field for inverse Compton
losses is the cosmic microwave background (Tcmp = 30K, for z = 10). In the reconfinement region
there are not adiabatic losses since the jet radius keeps constant. Because of the low density of mat-
ter in the cocoon and the reconfinement region, relativistic Bremsstrahlung radiation is negligible
in these two zones and is only computed in the shell.
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Parameter Symbol Value Unit
Jet luminosity Liet 104 erg g1
Intergalactic medium density  nigm 24x 1074 cm 3
Source age MQ 10* 10° yIs
SHELL
Magnetic field B 5.7 %1073 2.3 %1073 G
Shock velocity Vb 7.2x 108 29x 108  cms™!
Emitter size r 1.3 x10% 5% 10%° cm
Maximum energy Enax 3.1 33 TeV
Target density n 9.6 x 1074 9.6x107* cm™3
COCOON
Magnetic field B 4.6x 1074 1.9x 1074 G
Shock velocity veh  2.98 x 1010 2.98 x 109 cms™!
Emitter size r 2.5%10'8 6.3 x 108 cm
Maximum energy Erax 1.0 1.0 PeV
RECONFINEMENT
Magnetic field B 4.6x1073 1.9x1073 G
Shock velocity Veonf  2.98x10° 298 x10° cms™!
Emitter size r 3.8 x 10% 1.5 x 10?! cm
Maximum energy Erax 33.4 33.4 TeV

Table 2: Parameter values adopted for the three emitting zones in the jet’s terminal region

The model parameters for the three emitting zones in the terminal region of the jets that we
adopt are listed in Table 4.

In Fig. 7 we show the spectral energy distribution of the radiation produced in the reconfine-
ment region, cocoon, and the shell by the relativistic electrons, for the two epochs of interest. In
the region of reconfinement, the maximum energies of electrons for the different epochs are ap-
proximately 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 spectral energy distribution
differs from that seen in the reconfinement region. This is because in the cocoon the cooling mech-
anism of the electrons varies according to the energy they have: for energies less than 10GeV
the main cooling mechanism is adiabatic losses, for energies between 10GeV and 10TeV the
main mechanism is inverse Compton scattering, finally for larger energies the mechanism is
synchrotron radiation. On the contrary, in the reconfinement region, the cooling mechanism in
the whole range of energies is synchrotron. In the cocoon, the two contributions to the bolometric
luminosity are comparable, in both epochs of the source. In the shell, the luminosity produced
by inverse Compton scattering dominates the emission. We have included the spectral energy dis-
tribution by relativistic Bremsstrahlung radiation, which turns out to be irrelevant because of the
low density of the IGM to high redshift. In the same sense, the radiation produced by pp colli-
sions will be irrelevant. So, a leptonic model is appropriate to describe the proposed scenario.
This differs from the results obtained in known microquasars, where the emission by relativistic
Bremsstrahlung could dominate the spectrum at high energies [2].
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Figure 7: Non-thermal spectral energy distributions of the radiation produced in the reconfinement region,
cocoon and bow-shock. Two epochs are considered for the source.

5. Discussion

From the results showed in the previous section we conclude that jets in microquasars of
Population III can be significant y-rays sources in the range MeV - GeV because of internal shocks
in regions near to compact object. Emission from the jets in the range GeV - PeV should be
produced in the terminal region where the internal and external absorption is negligible. Similarly,
accelerated electrons in the terminal region of the jets can reach very-high energies, because the
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cooling mechanism 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 relativistic particles is dominated by protons. It is easy to calculate lepton-dominated
jet models. In such models it is expected a greater absorption caused by Yy annihilation with the
synchrotron radiation field of primary electrons [4].

Kelvin-Helmbholtz instabilities in the contact surface between the wind of the accretion disk
and the jet are expected. This will be treated in a future work. In addition, other launch and
collimation mechanisms of the jets should be considered. An interesting proposal in this sense that
will be explored is the model of magnetically collimated and radiation-pressure driven jet (RMHD
jet) developed by [14]. The RMHD jet is accelerated by the radiation-pressure and is collimated by
the Lorentz force of a magnetic tower.

6. Conclussions

We have developed a simple model for jets of microquasars where the donor star is from Pop-
ulation III placing special emphasis on the high-energy emission from these hypothetical sources.
We have considered a proton-dominated microquasar that predicts 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 greater than MeV.
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