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Equatorial outflows driven by jets in Population III

microquasars

Pablo Sotomayor Checa'’? ¢ Gustavo E. Romero
¢ Valenti Bosch-Ramon?

Abstract Binary systems of Population III can evolve
to microquasars when one of the stars collapses into a
black hole. When the compact object accretes matter
at a rate greater than the Eddington rate, powerful jets
and winds driven by strong radiation pressure should
form. We investigate the structure of the jet-wind sys-
tem for a model of Population III microquasar on scales
beyond the jet-wind formation region. Using relativis-
tic hydrodynamic simulations we find that the ratio of
kinetic power between the jet and the disk wind de-
termines the configuration of the system. When the
power is dominated by the wind, the jet fills a narrow
channel, collimated by the dense outflow. When the
jet dominates the power of the system, part of its en-
ergy is diverted turning the wind into a quasi-equatorial
flow, while the jet widens. From the results of our sim-
ulations, we implement semi-analytical calculations of
the impact of the quasi-equatorial wind on scales of the
order of the size of the binary system. Our results in-
dicate that Population III microquasars might inject
gamma rays and relativistic particles into the early in-
tergalactic medium, contributing to its reionization at
large distances from the binary system.
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1 Introduction

The accretion of matter onto compact objects powers
a wide variety of astrophysical phenomena, from X-ray
binaries to active galactic nuclei. When the accreting
material has significant angular momentum, an accre-
tion disk is formed around the gravitating center. The
structure and spectrum of such disks depend essentially
on the accretion rate M. Three basic kinds of accretion
regimes can be differentiated depending on how the ac-
tual accretion rate relates to the critical rate defined as,

: : Liad oM
Meie = Mg = ~ 14 x 1017 G
t = NMgaa =2 x 10 M, gs (1)
where
ArGM M
Lpaq = 2200 13 % 1038 erg s~ (2)
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is the Eddington luminosity, M is the mass of the ac-
creting object, n =~ 0.1 is the radiative efficiency, and
the rest of the symbols have their usual meaning. At
sub-critical rates M < Mcrit the disk is thin and can
be described using the standard model developed by
Shakura and Sunyaev| (1973). At very low accretion
rates, M << M., optically-thin advection-dominated
regimes are possible (e.g. [Narayan and Yi|[1994). Fi-
nally, if the regime is super-critical, M >> Merit,
the disk becomes optically-thick, geometrically slim or
thick, and advection-dominated (e.g.
[Wiital[1980; [Abramowicz et al.[1980} [Calvani and Nobilj
[1981} [Wiita)[1982} Beloborodov|[1998; [Fukue![2000)).




It was already realized by [Shakura and Sunyaev
(1973) that super-critical disks should expel a large
amount of the accreting mass as optically thick winds.
The generation, evolution, and appearance of such
winds have been investigated by several authors (e.g.
Meier||1979; [Fukue|[2009, [2011; Kitabatake et al.||2002]).
If a strong magnetic field is present in the inner part
of the disk, super-critical sources can also launch well-
collimated relativistic jets (Eggum et al.||1985; Meier
2005} [Fukue| 2005} (Okuda et al.||2005). The resulting
jet-wind interactions can be an important ingredient of
the overall structure of the system. The wind is likely
present at earlier stages of the evolution of the source,
so the launching of the jet could even be inhibited if the
wind is sufficiently dense. If the jet escapes, then wind
collimation effects can also be significant (see |Globus
and Levinson|[2016). An extremely powerful jet, on the
other hand, might push sidewards the wind producing
an equatorial outflow. This could be the case of the
well-known super-accreting microquasar SS433, as the
existence of an equatorial wind in SS433 has been re-
vealed by high-resolution radio interferometric observa-
tions (Blundell et al|2001}; |[Paragi et al.[2002) and the
source has also powerful, precessing jets with hadronic
content.

Another scenario where jet-wind interactions in
super-critical sources might be crucial is that of Pop-
ulation IIT microquasars (PopIIl MQs) (Romero and
Sotomayor Checa;2018)). In such binaries mass trans-
fer from the very massive star to the black hole occurs
through overflow of the Roche lobe, since PopIIl MQs
have zero metallicity and no stellar winds. This leads
to accretion rates that can exceed the Eddington rate
by a factor of several thousands. These sources, then,
are expected to be extreme super-critical accretors with
very dense winds. The determination of how winds and
jets interact in these objects is important because the
resulting structure can present rather different proper-
ties depending on the jet and wind power relation. For
instance, a narrow jet strongly collimated by a power-
ful wind may not be able to keep its integrity for long
because of the growth of hydrodynamical instabilities.
On the other hand, a broad jet and a quasi-equatorial
wind could also lead to specific consequences because
of the different impact on the ambient medium; note
that jets in PoplIIl MQs are expected to play a role in
the cosmic re-ionization after the formation of the first
stars (Sotomayor Checa and Romero|[2019).

In this paper we investigate the jet-wind interactions
in super-critical microquasars of Population III using a
combination of analytical models and numerical simu-
lations. Our goal is to characterize the range of physical
possibilities emerging from such interactions in systems

with accretion rates largely exceeding the Eddington
rate. In particular, we are interested in the formation
of a quasi-equatorial outflow.

The structure of this paper is the following: in the
next section we present the super-critical accretion disk
models and their associated winds. Then, in Sect.
we outline the jet model we adopt, whereas we devote
Sect. [d]to the description of the simulations of the inter-
actions and the results. From these findings, in Sect.
we investigate the impact of an equatorial outflow on
its environment. We close with a summary and some
conclusions in Sect.

2 Super-critical accretion disks and their winds

The distinctive feature of super-critical accretion regime
is photon-trapping in the disk (see e.g. |(Ohsuga et al.
2003, 2005). When the photon diffusion time-scale ex-
ceeds the accretion time-scale, photons are advected
towards the compact object without being able to go
out from the surface. Advection of photons partially
attenuates the disk luminosity. Following Narayan and
Yi| (1994), the photon-trapping can be parameterized
considering that advection heating is a fraction of the
viscous heating, Qadv = Qvis - Qrad = vais» where
Qrad is the radiative cooling rate, and f is the advec-
tion parameter. In this paper, we assumed f to be
constant along the entire disk.

Powerful winds are expelled from the disk by the in-
tense radiation pressure. We consider M >> My, S0
practically all the accreted matter is ejected through
the winds (Fukue [2000, [2004; [Lipunova [1999). A semi-
analytical study of the physical properties of the super-
critical accretion disk was developed by [Fukue| (2004)
in the context of the critical accretion disk model. In
that model, it is assumed that the magnetization of the
disk is weak enough to have no impact on the dynam-
ics of the accreted fluid. However, it is expected that a
toroidal magnetic field will be generated in the disk (for
example, through the Biermann battery mechanism).
The dynamics of the accreted fluid considering the ef-
fect of the toroidal fields is discussed in [Akizuki and
Fukue (2006). Accretion disks with toroidal magnetic
fields launch winds but not jets, since the latter require
a large-scale poloidal component of the field (Beckwith
et al.|[2008)).

The observational appearance of highly optically
thick winds from super-critical sources has been exam-
ined by [Nishiyama et al|(2007). In these outflows, the
apparent photosphere (surface where the optical depth
measured by an observer at infinity becomes unity) can
extend up to thousands of times the gravitational radius



of the central relativistic object. The wind provides
an additional source of ultraviolet radiation and soft
X-rays. [Sotomayor Checa and Romerol (2019) showed
that in the context of Population III microquasars, the
emission from disk wind may be higher than the black-
body emission from the disk.

We consider that the initial velocity of the wind is
a factor of the escape velocity (similar to stellar winds
from massive stars) and neglect the self-gravitating ef-
fects of the disk. The mass-loss rate into the wind, per

unit surface, is given by (see 2011):

o 1dM M, 1
T 2mr dr T 27w

: (3)

pv

where 7¢, is the critical radius defined in the Eq. (3)
of The critical radius is obtained by
equating the radiation force and the vertical compo-
nent of gravity (other possible forces on the plasma are
neglected). The differential mass-loss rate does not de-
pend on r: dM(r)/dr = M, /re: (see .

In Table [T] we show the parameters in the different
models we are going to adopt to compute the vari-
ous models. We note that the jet initial radius has
been adjusted to comply with resolution limitations (see
Sect. 7 although the mass, momentum, and energy
dominance of the wind external regions leaves some
freedom to set the value of this parameter. We have es-
timated the parameters of the disk using the model de-
veloped by [Sotomayor Checa and Romero| (2019). The
disk is supposed to be in the optically-thick advection-
dominated state with toroidal magnetic fields. The vis-
cosity parameter is @ = 0.01, constant along the en-
tire disk. This is consistent with models of thick ac-

cretion disks in hydrostatic equilibrium (Jaroszynski
1980) . The magnetic field is relatively strong,

B = Dgas/Pmag = D, and spread throughout the disk.
Detailed formulae for the most relevant physical proper-
ties of the accretion disk (thickness, temperature, mag-
netic field, velocity and spectral energy distribution of

the emitted radiation) can be found in |[Akizuki and
(2006). A sketch of typical super-critical accre-

tion disk with winds is shown in Fig.

Hn the super-critical accretion regime, there exists some critical
radius 7¢r such that outside rcr, the accretion rate is constant and
the disk is a radiation-pressure dominated standard disk. Inside
rer, the accretion rate decreases with the radius as to maintain
the critical rate, expelling the excess of mass by the radiation-

driven wind .

apparent photosphere T~10%

disk wind

e, .l

Fig. 1 Scheme of the considered model of accretion disk
and winds in super-Eddington microquasars. Toroidal mag-
netic fields are expected in the disk. As long as there is no
poloidal magnetic field, there is no launching of jets. The
figure corresponds to the parameters adopted in Sotomayor
Checa & Romero (2019).

2x105rg
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3 Jet model

If a large-scale poloidal magnetic field develops, highly
collimated, oppositely directed relativistic jets are
launched from the ergosphere of the black hole (see
e.g. [Tchekhovskoy|[2015). Jets in super-Eddington mi-
croquasars should drill the wind to escape. The matter
in the jet comes from the accreted fluid in the disk,
being injected first as neutral particles (Romero and
. Although the wind can load the jet,
we consider that the walls of the jet are impermeable
(which is a good approximation for low pressures). In
all cases, we assume a conical jet that it is ejected by
conversion of magnetic energy into kinetic energy in
a region close to the compact object, within the disk
wind.

The magnetic field in the disk is initially only
toroidal. A poloidal magnetic flux can be generated in
situ through a turbulent dynamo powered by magne-
torotational instabilities (Liska et al.2018). Then, the
disk becomes a magnetically arrested disk or MAD in
its inner region (Narayan et al.|2003)), and powerful jets
are launched with Lorentz factor I'je; =~ 10
|Checa and Romero|2019). For a full discussion of the
physics of these jets see e.g. [Romero and Vilal (2008]),
[Romero et al.| (2017)) and [Romero and Gutiérrez/ (2020).
Here we shall consider that the jets are perpendicular
to the orbital plane and they do not precess. We shall
investigate 3 different cases of jets. Case 1 is a fast jet
launched by the black hole ergosphere. In Cases 2 and
3, we consider slower jets. These jets are similar to the
case of SS433, the only known super-accreting galac-
tic microquasar. Particularly, in Case 3 we adopt the
Lorentz factor of the approaching jet of SS433. Finally,
we consider that the jet is perpendicular to the orbital
plane. All parameters of these models and the assumed
values are shown in Table [Il




Table 1 Parameters of the models discussed in the text

Parameter [Unit] Value
M,: Donor star mass [Mg] 41

Mpp: Black hole mass [Mg) 34

a: Orbital semiaxis [Re)] 36

M,: Mass-loss rate [Mg yr—] 7.5 x 107
R.: Stellar radius [Rg] 14.2

rg: Gravitational radius [km] 50

a: Disk viscosity parameter 0.01

f: Advection parameter 0.5

(: Beta factor of the plasma 5

rer: Critical radius [rg] 1.3 x 10*
Lais: Disk luminosity [ergs™!] 10%0

x: Jet semi-opening angle tangent 0.1

ro: Jet initial radius [rg] 500
Myina: Total wind mass-loss rate [Moyr~'] 7.3x107°
Me;: Total jet mass-loss rate [Mg yr—!] 3.5x 1077
Case 1: Fast jet

Vwind: Wind velocity \/ 2GM/r
Lyina: Wind kinetic power [ergs™!] 1039

[jet: Jet bulk Lorentz factor 9

Lict: Jet kinetic power [ergs™!] 104

Case 2: Heavy jet

VUwind: Wind velocity 3 x \/ 2GM/r
Lyina: Wind kinetic power [ergs™] 1040

Ije: Jet bulk Lorentz factor 1.35

Liet: Jet kinetic power [ergs™!] 1040

Case 3: Very powerful jet

VUwind: Wind velocity 9 x \/QGM/’I“
Lyina: Wind kinetic power [ergs™!] 1041

Ijet: Jet bulk Lorentz factor 1.035

Liet: Jet kinetic power [ergs™!] 103

4 Jet-wind interaction

We implement numerical simulations to explore the
physics of the interaction between the jet and the wind
of the accretion disk in super-Eddington microquasars.
For PoplIl MQs, we consider different values of the
jet Lorentz factor, fixing the mass-injection rate. The
lower the Lorentz factor is, the lower results the ki-
netic luminosity of the jet (see Table . Also, vary-
ing the wind velocity we set the kinetic power of the
wind. In Case 1, we consider that the wind velocity
is given by the escape velocity vywind(T) = Vesc(r) =
/2GM /r. This implies Lyinq ~ 103 ergs=! for M, =
7.5 x 107 Mg yr~!. In Cases 2 and 3, we adopt wind
velocities higher than the escape velocity, resulting
in Lyina ~ 10%ergs™ for vying(r) = 3Vesc(r), and
Lying =~ 10* ergs™! for vyindg(r) = 9 Vesc(r) in Cases 2
and 3, respectively.

4.1 Simulations

We performed axisymmetric, relativistic hydrodynami-
cal (rel. HD) simulations in 2 dimensions of the inter-
action between the jet and the super-Eddington wind.
The jet thermal pressure is assumed to be 1% of the jet
ram pressure divided by I‘J?et, so the jet is very cold. The
jet streamlines are radial, and the jet has a half-opening
angle of 0.1 rad. To optimize the computational cost,
the jet initial radius has been taken to be 500 4. This
value corresponds to ~ 7 cells. This is larger than
the usual ~ 10 — 1007, (see e.g. Bosch-Ramon et al.
2006)), but given that most of the wind mass, momen-
tum and energy rates come from the larger radii, the
results are not significantly affected. We remark that
such an initial jet radius implicitly implies that the ac-
tual jet injection height, i.e. the distance from the disk
mid-plane, must be larger than the radius. This means
that the computational grid does not encompass the jet
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and wind formation zones, but it is assumed to capture
the physics of these flows further downstream. In the
perpendicular direction, however, the simulations start
from the axis.

The wind is launched in the vertical direction for
r > 5007g. For r > r¢,, the wind is injected as a flow of
the same velocity than at r < r¢;, but with a much lower
normalization for the density (x107%) and the pressure
(x107%). Note that in a more realistic setup, instead of
being purely vertical, the wind velocity field might start
perpendicularly to the surface of the disk. In addition,
the wind would carry angular momentum, which should
also affect the evolution of the wind on larger scales.
Here, however, we want to focus on the impact of the
jet on the wind, and on the possibility of formation
of an equatorial wind component. Thus, the cleanest
way to make such a study as a first approximation is to
assume a purely vertical wind.

The jet and wind total power, momentum and den-
sity rates adopted in theses simulations are those of
Cases 1, 2, and 3, given in Table

The code that solves the rel. HD equations is the
same as in|de la Cita et al.| (2016): third order in space;
second order in time; and using the Marquina flux for-
mula (Donat and Marquina|[1996; [Donat et al.|[1998).
Details on the fluid equations, the implementation of
the spatial order scheme, and on the Riemman solver
employed can be found in [Mignone and Bodo (2005,
Donat and Marquina| (1996)) and [Donat et al.| (1998)).

For the adiabatic index of the gas, we adopted a
mono-atomic relativistic ideal gas value of v = 4/3,
which corresponds to a suitable for the relativistic jet,
and for an optically thick wind. This approximation
fails in the region where the wind becomes optically
thin, but for simplicity, we have kept that adiabatic
index constant in the whole computational domain.
We note that the fact that the wind is optically thick
formally prevents efficient cooling, effectively implying
that the wind is quasi-adiabatic with v ~ 4/3. On
the other hand, we assume that the jet is adiabatic,
something that is the case under the densities and tem-
peratures adopted in the simulatiorﬂ On larger scales,
efficient cooling in an optically thin wind may lead to
clumping, instabilities and even shocks, but the study
of these effects is beyond the scope of this work.

For all cases investigated, the adopted computational
grid consist of a uniform grid with 275 cells between
r=z=0and r = z = 10" cm (= 2 x 10*ry for
Mpn = 34Mg). An extended grid is add with 125

20ne can still assume that some fraction of the jet energy can
be in the form of radiating non-thermal particles, but we assume
that such a component will not affect the jet dynamics.

cells in the 7- and 2-directions reaching r = z = 3 X
10" em (=~ 6 x 10* 7y for Mgy = 34 My). To avoid
numerical artifacts, the r-to-z cell aspect ratio is kept
< 10 (Perucho et al.|2005). Inflow conditions (the jet
and the wind) are imposed at the bottom of the grid,
reflection at the axis, and outflow in the remaining grid
boundaries.

In the course of our study, we ran few tests with
shorter simulations with two times more resolution and
found that the results were consistent with those of the
longer, lower resolution simulations. In any case, the
first-approach aim of the simulations justify the mod-
est levels of resolution adopted here. However, such a
modest resolution can favor jet-wind lateral momentum
transfer through numerical viscosity at the jet base,
helping to form the equatorial wind. This probably
happens in Case 1: the radial jet flow pushes laterally
the wind flow, but numerical viscosity can also enhance
this effect. We must nevertheless note that the same
effect but with a physical (not numerical) origin may
result from instability growth under more realistic con-
ditions. In a much higher resolution simulation (beyond
the scope of this work), the injection of small fluctua-
tions, expected in the formation of the jet and the wind,
both flows with high Reynolds numbers, should induce
Kelvin-Helmholtz instabilities in the jet-wind interface
leading to mixing of fluids and an effective viscosity.

4.2 Results

The simulations were run until they reached the steady
state within the computational domain. The time
needed to reach the steady state was approximately
the time needed by the slowest flow in the simulation
to cross the domain. Different simulated times were
needed for the jet-wind system to reach a stationary
solution: 1112.3 s, 1686.4 s, and 2523.6 s, for Cases 1,
2, and 3, respectively. The slower the densest parts of
the wind were, the longer the simulation was.

The density maps for all the cases studied are shown
in Fig.[2] The results show broader and narrower jets,
and winds that are more or less deflected sidewards,
depending on the jet-to-wind-power ratio.

For the case with dominant jet power (Case 1), the
jet gets wider than its initial opening angle, getting
somewhat recollimated at higher heights, and the wind
develops a strong equatorial component. For the inter-
mediate and dominant wind cases (Cases 2 and 3), the
jet is well-collimated and the wind keeps mostly verti-
cal.

We have computed the average angle with respect
to the 7-direction (i.e. the symmetry plane) at which
the wind mass is leaving the grid, and obtained: 44.4°,
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58.2°, and 58.4°, for Cases 1, 2, and 3, respectively.
Recall that there should be a counter-wind in the —z-
direction, and that lateral jet-wind momentum transfer
occurring on larger scales of the structure may lead to
somewhat stronger collimation towards the symmetry
plane, with the consequent merging of the two wind
components in that plane. Thus, it is expected that
for Case 1 the wind will look more like a broad equa-
torial flow than like a vertical ond’] For Cases 2 and 3,
the impact of the jet is smaller; Fig. [2| (bottom) basi-
cally shows a somewhat widened flow strongly directed
upwards.

In a realistic scenario the jet properties may be differ-
ent from those found here. We are computing a steady
solution of the dynamics of the jet-wind system, al-
though some variability is expected in the injection of
both structures, which will surely lead to instability
growth downstream the jet. Given that jet variabil-
ity in super-Eddington accreting sources is beyond the
scope of our work, we leave the numerical analysis of
such a scenario for future research. In the following sec-
tions we consider the effects of a quasi-equatorial wind
in PopIII MQs (Case 1). Since a quasi-equatorial out-
flow emerges by the influence of the jet on the wind, we
refer to it hereafter as the jet-induced wind.

5 Interaction between the jet-induced wind
and the donor star

5.1 Stagnation of the wind

From the results obtained in our simulations, we can
estimate the velocity of the jet-induced wind at the end
of the grid as vy, ~ 3.7 x 108 cms~!. We assume that
this supersonic velocity is the terminal value.

Part of the jet-induced wind flows towards the donor
star along the orbit. Since Population III stars have no
winds, they are metal-free, the wind can only be stalled
by the stellar radiation pressure. The radiation pressure
balance the ram pressure of the wind at the point given
by:

L,
12merd’

(4)

P (rBH) V2 = Prag =

3The equatorial wind in Population IIT microquasars does not
stop accretion. In these systems the accretion is by overflowing
the Roche lobe, therefore the accreted matter flows only in the
plane where the Lagrange point is contained, while the equatorial
wind is always directed above the accretion disk. On the contrary,
accretion arrest could occur if mass transfer from the star is by
stellar winds, as in Population I microquasars.
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Fig. 2 Colored density maps (the color scale units are
erg cm™?, corresponding to pc®) of Cases 1 (top), 2 (mid-
dle), and 3 (bottom). For the jet and wind parameters, see
Table [Tl

where an optically thick wind is adopted, rgy is the dis-
tance to the stagnation point measured from the black
hole, and rg is the distance measured from the star.
In the supersonic wind region, the density varies
with radius according to py = pw,0(ro/r)?, where py o



and rg are values at some reference point. We adopt
Pw,0 = 10_12gcm_37 ro = 3 x 10" cm (see Case 1 in
Fig7 and L, = 3 x 10°Ly. Replacing, we obtain
rg = 17TRs =~ 1.2 R, > R,, then the jet-induced wind
is halted by the radiation pressure of the star. This
occurs because the luminosity of the first stars is ex-
tremely high. Shocks and the associated radiation are
expected from this stagnation region of the wind. A
forward shock propagates in the tenuous medium dom-
inated by stellar radiation, and a reverse shock moves
back towards the black hole. In what follows, we in-
vestigate the possibility of particle acceleration in the
reverse shock by diffusive shock acceleration, which re-
quires adiabatic conditions to be fullfiled. A sketch of
the interaction between the wind and the donor star is
shown in Fig[3]

Black hole
Population III star

TgH

a =5.52 x 102 cm

Fig. 3 Scheme of the interaction between the equatorial
wind and the donor star. The wind stagnates at the point
where pwva = Praa. The distances from the stagnation
point to the black hole and the center of the star are indi-
cated as rgu and rg, respectively.

5.2 Particle acceleration

The parameter that determines whether a shock may
be treated as adiabatic is the thermal cooling length
of the medium traversed by the shock. If the length
scale of the medium is higher than the thermal cooling
length, the shock is adiabatic, otherwise it is radiative.
A detailed discussion of the nature of shocks and their
ability to accelerate particles is given in
. The thermal cooling length of the wind is given
by (McCray and Snow|[1979):

5.9 x 1071 (vg, /kms1)°

Ry = (nw/em=3) (A(T) /ergs—! cm=3)

cm, (5)

where i = 0.6 for a fully ionized plasma, vg, ~ 4 vy, /3 is
the velocity of the reverse shock, n, is the density of the
wind in the pre-shocked region, T = 20u (vsn /km s_1)2,
and A(T) is the cooling function. Then, we obtain vg, =
5000kms ™!, and T =~ 3 x 103 K. For this temperature

value, the cooling function is given by (Wolfire et al.
2003]):

A(T) =3 x 10727793, (6)

so, A ~ 5.2 x 10723 ergs~ ! em 3. Replacing, the ther-
mal cooling length is Rj ~ 10'2 cm.

This length scale is on the order of the size of the
jet-induced wind, measured from the stagnation point
to the black hole. If we consider that the particle
acceleration occurs in a small region around the re-
verse shock, the adiabaticity condition of the reverse
shock is guaranteed. We adopt a thickness of Az, =
1.2 x 108 cm (;:«, 3x107° TBH) for the particle acceler-
ation zone, so that the ambient fields can be assumed
to be homogeneous. Accordingly, we calculate the ac-
celeration and cooling rates of relativistic particles in
a stationary one-zone model, for scenarios of efficient
and inefficient acceleration in the reverse shock. The
adopted parameters are listed in Table [

In the acceleration region, a small fraction of the to-
tal kinetic power of the jet-induced wind is transferred
to relativistic particles by diffusive shock acceleration:
Liel = qraiLx. We assume equipartition between rel-
ativistic electrons and protons L, = (Le = L.. The
particle injection function is a power-law in the energy
Q(E, z) = QoE~P, where p is the spectral index ~ 2.
The maximum energy E™** that a relativistic particle
can attain is obtained by balancing its acceleration and
cooling rates (including advection effects).

The acceleration rate for a charged particle in a mag-
netic field B is:

_ Nacc€CB
booe =
acc E ) (7)

where F is the energy of the particle, 7,cc is a param-
eter that characterizes the efficiency of the accelera-
tion mechanism, and the magnetic field in the acceler-
ation region is given by B = B, (R*/rs)?’7 where B, is
the surface magnetic field of the star(see Reimer et al
We adopt B, = 100G, similar to the reported

for O and B stars in the local Universe (Mathys||[1999).

4The particle acceleration rate depends on the shock velocity and
the diffusion coefficient of the medium. For both shocks parallel
or perpendicular to the magnetic field, the diffusion coefficient
is a multiple of the Bohm diffusion coefficient, therefore the ac-
celeration timescale is inversely proportional to the gyroradius of

the particles (See .



Table 2 Parameters of the particle acceleration region close to the stagnation point of the equatorial outflow.

Parameter [Unit] Value
Lx: Kinetic power of the jet-induced wind [ergs™!] 1.7 x 10%7
Vwind: Equatorial wind velocity [cms™!] 3.7 x 108
#: Wind semi-opening angle 27°

qre1: Content of relativistic particles 0.1

¢ Hadron-to-lepton energy ratio 1

rs: Acceleration point from the center of the star [cm] 1.2 x 102
rpu: Acceleration point from the black hole [cm)] 4.3 x 10'2
B: Magnetic field at the acceleration point [G] 60

np: Cold matter density at the acceleration point [em™] 6.7 x 10'°

cooling rates and adiabatic loss rate t

Axace: Size of the acceleration region [em] 1.2 x 108
p: Injection spectral index 2.2
Nacc: Acceleration efficiency 1074 — 107!
EXn: Minimum electron energy [MeV] 1
The total cooling rate is the sum of the radiative 8 syn
-1 _ ;-1 —1 IC ——
cool — trad + tad : 6 Tace <104 bremss ]
The adiabatic losses are caused by the expansion of ad
the acceleration region and the radiative losses by the 4r N a‘::c' 1
e s 104

interaction of the relativistic particles with the ambi-
ent fields. We consider electron losses by synchrotron
radiation, inverse Compton scattering and relativistic
Bremsstrahlung, and proton losses by synchrotron ra-
diation, inelastic proton-proton collisions, and photo-
hadronic interactions. The target protons for pp col-
lisions and relativistic Bremsstrahlung interactions are
the cold protons in the shocked wind, and the target
photons for inverse Compton scattering and py colli-
sions are provided by the radiation field of the star.
This field is so strong, that makes all other radiation
field sources negligible.

Figures [4] and [f] show the cooling and acceleration
times in the acceleration region. For E, < 1GeV, the
electrons are advected by the shocked wind and escape
of the acceleration region without radiative cooling. For
E. > 1GeV electrons cool before escaping by inverse
Compton scattering. If the acceleration mechanism is
inefficient, the electrons only interact with the photons
of the stellar radiation field in the Thomson scatter-
ing regime. Otherwise, the electrons reach much higher
energies, and are cooled by Compton scattering in the
Klein-Nishina regime and synchrotron radiation emis-
sion. Protons in any case escape from the acceleration
region without cooling, therefore the non-thermal spec-
trum will be dominated by leptonic processes.

We solve the transport equation for electrons con-
sidering efficient and inefficient acceleration. In Figs. [6]
and [7] we show the distributions of electrons in steady
state in the one-zone model. At low energies, the spec-
tral index of the distribution does not differ from that
of the injection function because particle escape dom-

| e

0OF =

logg (t1/s)

-6 L L . .
6 7 8 9 10 11 12 13

l0g10 (Ec/eV)

Fig. 4 Rates of acceleration and radiative losses for elec-
trons.

logyo(tt /s1)
E N

&
T

-10+

-12 1 .
9 10 11 12 13 14 15 16 17 18

l0g10(Ep / €V)

Fig. 5 Rates of acceleration and radiative losses for pro-
tons.

inates. When the radiative processes significantly cool
the particles, the spectral index changes, initially pro-
ducing a softening in the spectrum (when Thomson
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scattering dominates), then a hardening (in the Klein-
Nishina regime), and finally it softens again (mainly
because of synchrotron losses).

16
n escape ==== |
Lo Thomson-losses
20 KN-losses
- 12} synchrotron-losses ===« 7
0 "
E10r Xa. 1
o 8 PR |
s [N N
~. X
2 6 N 1
5
o 4r 1
o
2 L 4
0 Nace = 1071 4
-2 I I L I I I
6 7 8 9 10 11 12 13
logig (Ee/eV)

Fig. 6 Distribution of relativistic electrons in the station-
ary one-zone model for a highly efficient acceleration.

16
escape == --
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mo12t B
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7] Vo Nt
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o
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>
3 6l 1
4r Nacc = 104 Bl
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6 6.5 7 7.5 8 8.5 9 9.5 10 10.5
log10 (Ee/eV)

Fig. 7 Distribution of relativistic electrons in the station-
ary one-zone model for a low value of acceleration efficiency.

5.3 Nonthermal emission

Interactions of the relativistic electrons with the ambi-
ent fields give rise to broadband radiation mainly dom-
inated by synchrotron and inverse Compton. The effi-
ciency of the acceleration mechanism determines the
high-energy cut-off of the spectrum. Regardless of
Nacc, the radiation is totally suppressed for energies
10GeV < E, < 10TeV by annihilation with photons
of the stellar radiation field, as shown in Fig. In
addition, internal absorption partially attenuates the
emission of 7 rays for £, > 1TeV. Most of the radia-
tion, however is produced at lower energies.

The resulting nonthermal spectrum is shown in Fig.
O including the radiative processes of the first gener-
ation of secondary pairs. The absorbed radiation is

0.8
0.6
z
(0]
0.4+
921 stellar absorption
internal absorption
0 L L L L i
0 2 4 6 8 10 12 14 16

logig (Ey / €V)

Fig. 8 Attenuation factor of the emitted radiation by ~~y-
annihilation. Internal absorption is caused by interaction
with the photons created in the acceleration region by the
nonthermal radiative processes. The external stellar radia-
tion field provides the target photons for stellar absorption.

re-radiated up to energies of 1 TeV by Compton scat-
tering. The processes of yvy-annihilation, pair creation,
and emission of very-high-energy photons by inverse
Compton scattering occur only on scales of the binary
system.

Gamma rays from the inner jet are suppressed for
E, > 100MeV by internal absorption (Sotomayor
Checa and Romero|2019)). We show here that, never-
theless, photons with energies up to £, = 1TeV can be
expected on binary system scales if the shocks produced
by the jet-induced wind can efficiently accelerate par-
ticles. Electromagnetic cascades by the interaction of
the gamma rays with the cosmic microwave background
inject additional high-energy particles in the binary en-
vironment.

The results shown above do not depend significantly
on the size of the acceleration region. In the limit case
of considering the entire region between the stagnation
point and the surface of the star as the acceleration
zone, the proton escape time is still smaller than the
radiative cooling time, so a leptonic model is still ade-
quate.

For details on the calculation of the cooling rates,
emissivities, and opacities, the reader is referred to
Bosch-Ramon et al.| (2006)); Romero and Vila| (2008);
Romero et al.|(2010)); and references therein.

6 Summary and conclusions

We have implemented relativistic hydrodynamical sim-
ulations in order to characterize the jet-wind interaction
in microquasars with super-Eddington accretion rates.
We have applied our study to PoplIIl MQs. In order to
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Fig. 9 Spectral energy distribution of the nonthermal ra-
diation emitted in the acceleration region. Nonthermal ra-
diative processes of the secondary pairs are considered for
the calculation of the total spectrum.

model the jet-wind interaction in these objects we have
adopted the model developed by [Sotomayor Checa and
Romero| (2019).

We found that the main parameter that determines
the jet-wind structure in PoplIl MQs is the relative
kinetic power. We have explored three different posi-
bilities: Ljet = 1072 Lind, Ljet = Lwind, and Ljet =
102 Lying. When Liet << Lyina (Case 3) or Ljet ~
Lyina (Case 2), jets keep narrow while the winds do not
get significantly deflected sidewards. In such a case, the
system is a powerful source of UV radiation and soft X-
rays emitted by the wind, and one would expect strong
variability of the jet induced by possible wind changes
(not explored numerically here). If the kinetic power
is similar for both jets and winds, Ljet &~ Lwina, the
jet may still be somewhat powerful enough to compete
with the wind in luminosity, if efficient particle accel-
eration takes place in the jet. For the case when the
kinetic power of the jet is greater than that of the wind,
Lijer >> Lyina, the jet strongly affects the structure of
the wind, which becomes equatorial and the jet escapes
almost without being perturbed. In this case, the jet
is the most prominent source of radiation for a distant
observer.

The geometry we have adopted for the wind of the
accretion disk is a purely axisymmetrical flow. In this
way, we can analyze more adequately the production
of a jet-induced equatorial wind. However, a more re-
alistic geometry should take into account a wind that
interacts collisionally with the jet. This would lead to
shocks in the jet and to a decrease in jet velocity, likely
reducing the capacity of the jet to emerge from the bi-
nary system.

It is evident that if the luminosity of the Population
III star is lower than assumed, the stellar radiation pres-

sure would not halt the equatorial wind. For example,
if L, = 10°Ly, then 75 ~ 13 Ry ~ 0.92R,. In this
case, the wind is stopped at the surface of the star.
This problem has been studied by [Usov| (1992), in the
context of colliding-wind binaries.

When the radiation pressure of the star stagnates the
equatorial wind, and a consequent efficient acceleration
of particles takes place in the reverse shock, very-high
energy gamma rays are injected on scales of the binary
system. Electron-positron pairs are created by anni-
hilation, and are expected to deposit their energy at
large distances from the binary system. These produce
a new reionization channel that should be investigated
with numerical simulations.

Since in Population IIT microquasars no appreciable
amount of metals is expected in the disk, the radia-
tion drives the wind by Thomson scattering and not
by spectral lines as in massive stars in the local Uni-
verse. Therefore, we can assume that the wind accel-
erates only in the lower layer and quickly reaches its
terminal velocity, since beyond that the scattered radi-
ation transfers momentum to the wind almost isotrop-
ically. This justifies the hydrodynamic treatment at
scales of the jet-wind interaction region. Radiation-
hydrodynamical simulations are necessary to analyze
the same problem in enriched disks.

The precession of the jet should increase the transfer
of momentum to the wind and modulate it with the pre-
cessional phase. A faster wind might be produced that
could deposit the bulk of its energy at long distances
from the binary system, for example, when interact-
ing with outer dense regions. Our model of jet-induced
wind provides a simple mechanism for generating an
supersonic equatorial outflow. If this wind is optically
thick enough, it can hide the accretion disk and the
donor star, as reported in SS433 (see [Fabrika)|2004]).

Along with wind variability, we have not considered
here the effect of baryon loading of the jet by the wind.
The simulations consider only one species of particles.
However, baryon loading by the wind may be relevant
in hadronic microquasars like SS433, where the pres-
ence of nuclei in the jets has been revealed through the
detection of Fe-lines (Migliari et al.|[2002). We plan to
investigate all these effects and report the results in a
future paper.
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