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Abstract—Using a reliably measured intrinsic (i.e., corrected for absorption effects) present-day luminos-
ity function of high-mass X-ray binaries (HMXBs) in the 0.25–2 keV energy band per unit star formation
rate, we estimate the preheating of the early Universe by soft X-rays from such systems. We find that X-ray
irradiation, mainly executed by ultraluminous and supersoft ultraluminous X-ray sources with luminosity
LX � 1039 erg s−1, could significantly heat (T > TCMB, where TCMB is the temperature of the cosmic
microwave background) the intergalactic medium by z ∼ 10 if the specific X-ray emissivity of the young
stellar population in the early Universe was an order of magnitude higher than at the present epoch (which
is possible due to the low metallicity of the first galaxies) and the soft X-ray emission from HMXBs did not
suffer strong absorption within their galaxies. This makes it possible to observe the 21 cm line of neutral
hydrogen in emission from redshifts z � 10.
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1. INTRODUCTION

It is now well established (see, e.g., Fan et al.
2006) that nearly all hydrogen in the intergalactic
space of the Universe became reionized a billion years
(at redshift z ∼ 6) after its recombination at z ∼ 1100.
Most likely, the gas was photoionized by ultraviolet
radiation from the first galaxies and quasars. How-
ever, the history of galaxy formation, supermassive
black hole growth and ionization of the intergalactic
medium (IGM) in the early Universe (at z > 6) re-
mains poorly known.

Search for distant galaxies and quasars plays the
most important role in the study of the early Uni-
verse. The Hubble Space Telescope has discov-
ered more than a thousand galaxy candidates at z ∼
6−10 (Bouwens et al. 2015), which made it pos-
sible to approximately describe the history of star
formation in the Universe from ∼500 million to ∼1
billion years after the Big Bang (see Stark 2016 for
review). However, current surveys are capable of
finding only rare massive galaxies at such huge cos-
mological distances, although according to the hier-
archical paradigm of structure formation there must
have been much larger numbers of dwarf galaxies in
the early Universe and it is the stellar population of
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such objects that, most likely, was mainly responsible
for the reionization of the Universe.

Virtually the only way to directly probe the IGM
during the reionization epoch at z > 6 is observation
of the 21 cm line of neutral hydrogen, shifted into the
meter waveband owing to the expansion of the Uni-
verse. One of the main goals of the largest radioint-
erferometer of the next generation—the Square Kilo-
meter Array, SKA1 —is to search for a 21 cm signal
from the reionization epoch. Future observations may
detect neutral gas (H I) between H II regions arising
around galaxies in the early Universe. It is believed
that as new stars (and black holes) kept forming in
the Universe, the volume fraction of H I gradually
declined from >99.9% at z ∼ 30 (when the first stars
appeared) to <1% at z ∼ 6. Therefore, taking into
account that the observed wavelength of the spin-
flip transition of neutral hydrogen depends on redshift
as λ = 21(1 + z) cm, mapping the sky in the meter
waveband allows one to trace the reionization of the
Universe.

The intensity of emission or absorption in the
21 cm line is determined not only by the volume
fraction of neutral hydrogen, but also by its spin
temperature, Ts, which in turn is established as a
result of interaction of H I atoms with surrounding

1 https://www.skatelescope.org
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atoms, electrons, and photons (see Pritchatd and
Loeb 2012 for review). It is expected that upon the
appearance of a significant UV (at energies above
the Lyα transition and below the hydrogen ionization
threshold, i.e. between 10.2 and 13.6 eV) radiation
field from the first stars at z ∼ 30−20, the H I spin
temperature became (as a result of resonant scatter-
ings, Wouthuysen 1952; Field 1958) nearly equal to
the kinetic temperature of the gas, TIGM. Therefore,
by measuring the intensity of the cosmological 21 cm
signal and its dependence on redshift at z � 30,
one can obtain information on the temperature of
the intergalactic quasi-neutral (outside H II zones)
medium at the initial stages of cosmic reionization.

Over the last 15 years, the hypothesis has been
actively discussed that the intergalactic gas could
be substantially heated (above the temperature of
the cosmic microwave background, CMB, TCMB =
2.726(1 + z) K) already by z ∼ 15−10 as a result
of its partial ionization by radiation from the first
X-ray sources (Venkatesan et al. 2001; Madau et al.
2004; Ricotti and Ostriker 2004; Mirabel et al. 2011;
Fragos et al. 2013b; Power et al. 2013; Knevitt
et al. 2014; Xu et al. 2014; Fialkov et al. 2014;
Madau and Fragos 2016) and low-energy cosmic
rays from the first supernovae (Sazonov and Sunyaev
2015). In contrast to the ionizing UV radiation (at
energies above 13.6 eV), which is confined within
H II zones, X-rays are capable of freely propagating
and ionizing hydrogen and helium over the entire
Universe. The most natural candidate for the role
of X-ray sources in the early Universe is high-mass
X-ray binaries (HMXBs), since such objects provide
the main contribution to the X-ray emission of ac-
tively star-forming galaxies (but without an active
nucleus), according to existing observations at 0 <
z < 5 (Lehmer et al. 2016).

It is thus possible that the gas temperature,
TIGM(z), in the early Universe and, consequently, the
expected intensity of emission (if TIGM > TCMB) or
absorption (if TIGM < TCMB) in the 21 cm line were
mainly determined by the integrated luminosity of the
HMXBs present at that epoch. Important is only
the luminosity in the soft X-ray band (below 2 keV),
because harder radiation is not capable of heating
the ambient medium efficiently, owing to the rapid
decline with energy of the photoabsorption cross-
section for hydrogen and helium. Therefore, apart
from the abundance of X-ray binaries in the early
Universe, another key factor in X-ray heating is the
emission spectrum of such objects.

In our recent study (Sazonov and Khabibullin
2017), we measured the specific (per unit star-
formation rate, SFR) luminosity function of HMXBs
in the local Universe in the 0.25–2 keV energy
band. Besides the softer energy range, this luminosity

function is also different from those published before
(in particular, Mineo et al. 2012) in that it is corrected
for effects of absorption in the interstellar medium
(ISM) of HMXB host galaxies. We also estimated
the relative contributions of sources of various X-ray
spectral types to the luminosity function. It turned
out that: (i) the main contribution to the collective
emission of the HMXB population is provided by
the most powerful sources with luminosity higher
than ∼1039 erg/s, i.e., ultraluminous X-ray sources
(ULXs), (ii) nearly two thirds of the total energy
release in the soft X-ray band is provided by sources
with soft and supersoft spectra, i.e., those for which
60 and 95%, respectively, of the total X-ray (0.25–
8 keV) luminosity is emitted in the 0.25–2 keV
range. The goal of the present study is to estimate
the preheating of the early Universe by HMXB
radiation based on the statistical properties of such
objects at the present epoch explored in Sazonov and
Khabibullin (2017).

We use the following values of cosmological pa-
rameters in our calculations: Ωm = 0.309, ΩΛ = 1−
Ωm, Ωb = 0.049, H0 = 68 km s−1 Mpc−1, TCMB(z =
0) = 2.726 K, and Y = 0.246 (helium mass fraction).

2. HEATING TREATMENT

To calculate the heating of the early Universe by
HMXB radiation it is necessary to know the follow-
ing: (i) redshift dependence of the SFR in the Uni-
verse (per unit volume), (ii) specific (per unit SFR)
luminosity of the HMXB population in the soft X-ray
band (which may depend on the metallicity in star-
formation regions, see below), and (iii) the fraction of
the radiative energy output of X-ray sources that goes
into heating of the ambient gas.

Cosmic Star Formation History

Thanks to ultra-deep extragalactic surveys re-
cently conducted with the Hubble Space Telescope’s
Wide Field Camera 3 (Bouwens et al. 2015), it
has for the first time become possible to study the
history of star formation in the early Universe (z > 6)
using direct observations of that epoch (see Madau
and Dickinson 2014; Stark 2016 for review). Madau
and Fragos (2016) have presented an updated depen-
dence of the total SFR per unit volume (in comoving
coordinates) in the Universe as a function of redshift:

ψ(z) = 0.01 Csfr

× (1 + z)2.6

1 + [(1 + z)/3.2]6.2
M� yr−1 Mpc−3. (1)

This expression well represents the existing observa-
tional data in the 4 � z � 10 range. Unfortunately,
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there are no such data for yet earlier epochs (z >
10). However, since the rapid decline of the SFR
is expected to continue with increasing redshift, it
seems reasonable to use equation (1) also at z > 10
(so that ψ(z) ∝ (1 + z)−3.6) in our calculations.

Equation (1) was obtained using observations of
distant galaxies with fairly high luminosity, by ex-
trapolating the measured galaxy luminosity function
into the currently poorly studied region of lower lu-
minosities (i.e., more numerous small galaxies). This
extrapolation, as well as the aforementioned lack of
observations of galaxies at z > 10, causes a substan-
tial uncertainty, which can be crudely described by a
coefficient, Csfr, of the order of unity in Eq. (1).

Specific X-ray Luminosity of the Young Stellar
Population in the Early Universe

In (Sazonov and Khabibullin 2017) we have ob-
tained an approximate analytic expression for the in-
trinsic (i.e., corrected for absorption in the ISM of the
Galaxy and host galaxies, as well as for related source
selection effects) luminosity function of HMXBs in
nearby galaxies in the 0.25–2 keV energy band and
luminosity range of LX = 1038−1040.5 erg s−1, per
unit SFR:

dN

d logLX
= A(LX/10

39 erg s−1)−γ , (2)

where A = (1.36 ± 0.15) (M� yr−1)−1 and γ =
0.63 ± 0.08.

We also demonstrated that nearly equal contribu-
tions to the luminosity function are provided by hard,
soft and supersoft sources, defined as those with a
0.25–2 to 0.25–8 keV luminosity ratio of <0.6, 0.6–
0.95, and >0.95, respectively. Therefore, more than
half of the total unabsorbed soft X-ray emission of
star forming galaxies at the present epoch is produced
by HMXBs with soft X-ray spectra. Furthermore,
as follows from the shallow slope of the luminosity
function, the main contribution is provided by sources
with LX � 1039 erg s−1, i.e., ultraluminous X-ray
sources (ULXs) and (in the case of a very soft spec-
trum) ultraluminous supersoft X-ray sources. Most
likely (see Urquhart and Soria 2016 and a discussion
in Sazonov and Khabibullin 2017), the majority of
such sources are HMXBs with supercritical accre-
tion onto a stellar-mass black hole, with hardness or
softness of the measured spectrum being determined
by the orientation of the supercritical disk, with an
outflowing wind, with respect to the observer.

By integrating the luminosity function given by
Eq. (2) over the LX range from 1038 to 1040.5 erg s−1,
we obtain the cumulative luminosity of the young

stellar population at z = 0 per unit SFR in the 0.25–
2 keV energy band:

εX,0 ≡
∫

dN

d logLX
LXd logLX (3)

≈ 5.0× 1039 erg s−1 (M� yr−1)−1. (4)

As was also shown in (Sazonov and Khabibullin
2017), the cumulative luminosity in the 0.25–2 keV
range is approximately two times the corresponding
luminosity in the harder range of 2–8 keV. Therefore,
the effective slope (photon index) of the spectrum of
the collective X-ray emission of HMXBs is

Γeff ≈ 2.1. (5)

A number of recent studies (Basu-Zych et al.
2013; Brorby et al. 2014; Douna et al. 2015; Basu-
Zych et al. 2016; Lehmer et al. 2016) indicate that
in galaxies with low metallicity the specific X-ray
luminosity εX is an order of magnitude higher than
in galaxies with normal (solar) chemical composi-
tion. Although these observational results are char-
acterized by significant uncertainty and need further
verification, there are substantial reasons to expect
the occurence rate and X-ray luminosities of HMXBs
to increase with decreasing metallicity: lower abun-
dance of heavy elements can lead to weakened matter
outflow from OB and Wolf–Rayet stars, and conse-
quently enhanced formation of black holes (relative to
neutron stars) and their increased average mass, as
well as to the formation of tighter binary systems in
which intensive accretion onto the black hole can take
place as a result of overflow of the Roche lobe by the
massive stellar companion. This problem has been
actively discussed recently and population synthesis
modeling indeed indicates (see, e.g., Linden et al.
2010; Fragos et al. 2013a) that lowering the metallic-
ity to Z � 0.1 Z� can be accompanied by an order of
magnitude increase in εX relative to the Z = Z� case.

Because in the epoch of interest here (z < 6) the
metallicity was probably low (Z � 0.1 Z�) even in
star-forming regions (see, e.g., Pallottini et al. 2014),
we may assume that the specific X-ray (0.25–2 keV)
luminosity of the young stellar population exceeded
the value given by Eq. (4):

εX = CXεX,0

= 5× 1039CX erg s−1 (M� yr−1)−1, (6)

where CX can range between 1 and ∼10.

Efficiency of Gas Ionization and Heating by X-rays

As was mentioned in many previous works, X-ray
heating of quasi-neutral gas with primordial chemical
composition mainly proceeds via photoionization of
helium atoms despite the fact that their number is
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just ∼8% of that of hydrogen atoms. This is due to
the fact that the cross-section for photoionization of
X-ray photons by He II is nearly 30 times that for H I
(Verner et al. 1996). As a result of ionization of an
atom of helium or hydrogen by an X-ray photon, a
fast free electron is produced, which shortly shares its
kinetic energy with the surrounding gas. However,
this energy is expended not only on gas heating (as
a result of collisions of the fast electron with thermal
ones) but also on ionization and excitation of other
helium and hydrogen atoms. The mean fraction of
X-ray photon energy that goes into heating depends
weakly on the photon energy E if E � 250 eV (as
in the situation under consideration), but strongly on
the gas ionization degree (fraction of free electrons)
xi, rising from ∼12% at xi ∼ 10−4 to ∼17% at xi =
10−3, ∼35% at xi = 10−2, and ∼70% at xi = 0.1
(Furlanetto and Stoever 2010).

At the present epoch, the soft X-ray radiation
(0.25–2 keV) from HMXBs experiences strong ab-
sorption in the ISM (atomic and molecular gas) of
their host galaxies. In the first galaxies, absorption
could have been much weaker due to the low metallic-
ity of their ISM. Indeed, a typical absorption column
density in the direction of HMXBs in nearby galaxies
is NH ∼ 3× 1021 H atoms per sq. cm (Sazonov and
Khabibullin 2017), with Z ∼ Z�. In such a situation,
only exp(−σph(E)NH) ∼ 45% of photons with E ∼
1 keV and ∼10% of photons with E ∼ 0.5 keV (where
σph is the total photoionization cross-section per hy-
drogen atom) escape from the galaxy, whereas yet
softer radiation is almost completely absorbed within
the galaxy. If the first galaxies had had the same
surface density of neutral hydrogen but Z � 0.1 Z�,
the corresponding fractions would have been �80 and
�20%. In the case of somewhat lower column density
NH ∼ 1021 cm−2 and Z � 0.1 Z�, these fractions
would have been even higher: �90 and �60%. These
estimates have been obtained using the vphabsmodel
in XSPEC and photoabsorption cross-sections from
(Verner et al. 1996).

In reality, however, the first galaxies were much
more compact but characterized by higher average
gas density. It is difficult to reliably estimate the
typical column density in such a situation. A crude
estimate can be obtained by assuming that the gas
is distributed uniformly within the galaxy virial radius
and is not ionized by UV radiation from stars and
supernovae. A halo of mass M collapsing at redshift
z has a virial radius rvir ∼ 1.5(M/108 M�)1/3[(1 +
z)/10]−1 kpc. Assuming that the gas mass frac-
tion within the halo is equal to the average baryonic
fraction in the Universe (fgas = Ωb/Ωm ∼ 0.16), we
find that NH ∼ fgas(1− Y )M/(4/3πr2virmp) ∼ 1.5 ×

1020(M/108 M�)1/3[(1 + z)/10]2 cm−2. Since typ-
ical galaxies at z ∼ 10 have total masses �108 M�,
we conclude that the (low-metallicity) ISM in such
objects was characterized by surface density com-
parable to or somewhat lower than in present-day
galaxies.

Therefore, a sizeable but likely lower than at z =
0 fraction of the soft X-ray radiation from HMXBs
might have been able to escape from the galaxies in
the early Universe. Taking into account the signif-
icant uncertainty associated with the magnitude of
this absorption, we can assume that the spectrum of
X-ray radiation emergent from the first galaxies has a
sharp boundary at energy Emin ∼ 0.5 keV, which may
be regarded as a parameter in the following calcula-
tions.

Spatial and Timing Properties of X-ray Heating

As was discussed above, the main contribution to
the collective X-ray emission of the HMXB popula-
tion is provided by ULXs with LX � 1039 erg s−1. In
the local Universe, the occurence rate of such objects
is ∼1 per a SFR of M� yr−1 (see Eq. (2)). Con-
sequently, the average (proper) distances between
such objects in the early Universe are expected to be

R̄ ∼ 0.7C
−1/3
X Mpc at z = 15 and ∼0.6C

−1/3
X Mpc

at z = 6, where we have used the dependence of the
SFR on redshift (1) and taken into account that the
abundance of HMXBs in the early Universe could
have been CX times higher than at z = 0.

The mean free path of X-ray photons in the early
Universe can be approximately described by the rela-
tion (Sazonov and Sunyaev 2015)

λ̄ ∼ 5

(
1 + z

10

)−3 ( E

500 eV

)3.2

Mpc, (7)

where we have taken into account the dependence of
the H I and He I photoionization cross-sections on
energy and the dependence of the baryonic density of
the Universe on redshift. Therefore, λ̄ > R̄ for E �
300 eV. We can thus expect IGM heating in the early
Universe to mainly take place as a result of irradiation
by soft X-rays from numerous ULXs. At the same
time, it is obvious that heating was particularly strong
near such sources, which will be interesting to study
in future work.

According to Eq. (7), λ̄/c � 1/H(z)—the char-
acteristic time of the expansion of the Universe at a
given z—in the redshift range of interest z ∼ 15−6 for
photon energies E � 1 keV. In considering the fate of
higher energy photons, we need to take the expansion
of the Universe into account, which causes the pho-
ton energy and IGM density to decrease with time.
Figure 1 shows the result of an accurate calculation
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Fig. 1. Redshift, z, at which a photon emitted at redshift z′ with initial energy E′ is expected to be photoabsorbed.

of the redshift, z, at which the photoabsorption of a
photon emitted at redshift z′ with initial energy E′ is
expected (the optical depth of the Universe between
z′ and z for such a photon is equal to unity). The pre-
sented curves have been obtained for a gas ionization
degree of xi = 2× 10−4, but they remain practically
unchanged for xi � 0.1. Note that in our calculation
the chemical composition of the IGM was assumed
to be primordial (hydrogen and helium), although at
z � 6 heavy elements could have already spread in
significant amounts over the Universe, which must
have accelerated absorption of X-ray photons. There-
fore, the z � 6 parts of the curves in Fig. 1 are likely to
be inaccurate. This is however not important for this
study, since we are interested in events taking place
in the Universe at z > 6.

As follows from this figure, IGM heating by pho-
tons with E � 500 eV can be considered instanta-
neous, while heating by harder X-rays proves to be
substantially spread over time, with E � 2 keV pho-
tons being practically incapable of exchanging their
energy with the gas (taking into account that such
photons manage to lose most of their energy adiabat-
ically before being absorbed in the IGM).

Calculation Method
We carried out a calculation of IGM ionization

and heating in the early Universe using (with slight

modifications) the formalism described in the recent
work (Madau and Fragos 2016). Specifically, the
average intensity of the cosmic X-ray background
produced by HMXBs at z is

JE =
c

4π
(1 + z)3

×
z0∫

z

dz′

(1 + z′)H(z′)
ε(E′)e−τ(E′,z′), (8)

where z0 is the redshift of the epoch when the
first HMXBs appeared, E′ = E(1 + z′)/(1 + z), and
τ(E′, z′) is the optical depth between z′ and z for a
photon with initial energy E′, which can be described
as follows:

τ(E′, z′) = c

z′∫

z

dz̃

(1 + z̃)H(z̃)λ(Ẽ, z̃)
, (9)

where λ is the photon mean free path:

λ(Ẽ, z̃) =
1

nH IσH I + nHe IσHe I + nHe IIσHe II
, (10)

where nH I(z̃), nHe I(z̃), and nHe II(z̃) are the number
densities of H I, He I, and He II at redshift z̃, and
σH I(Ẽ), σHe I(Ẽ), and σHe II(Ẽ) are the correspond-
ing photoabsorption cross-sections for a photon with
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energy Ẽ, adopted from (Verner et al. 1996). The
preceeding formula (7) is an approximation of equa-
tion (10).

The quantity ε(E) entering Eq. (8) is the volume
emissivity of the Universe at energy E in comoving
coordinates. According to the preceeding considera-
tion, its integral over energy in the E = 0.25−2 keV
band is

2 keV∫

0.25 keV

ε(E)dE = ψ(z)εX, (11)

where the SFR ψ(z) and specific X-ray luminosity
of the young stellar population εX are described by
Eqs. (1) and (6), respectively. We used in our com-
putations spectra of power-law type:

ε(E) = AE−Γ+1, (12)

where Γ was considered a model parameter and the
normalizing constant A was determined from the
condition (11). In addition, we varied Emin and Emax,
the boundaries of the energy band for the X-ray radi-
ation escaping from the galaxies.

The evolution of the ionization state of hydro-
gen (xH I = nH I/nH, xH II = nH II/nH) and helium
(xHe I = nHe I/nHe, xHe II = nHe II/nHe, xHe III =
nHe III/nHe) with time can be described by the fol-
lowing equations:

dxH I

dt
= −xH IΓH I + ne(1− xH I)αH II,

dxHe I

dt
= −xHe IΓHe I + nexHe IIαHe II,

dxHeII

dt
= −xHe IIΓHe II

+ nexHe IIIαHe III −
dxHe I

dt
. (13)

Here ne is the number density of free electrons, αH II,
αHe II, and αHe III are the coefficients of recombination
(which plays a negligible role in the problem under
consideration), adopted from (Theuns et al. 1998),
and ΓH I, ΓHe I, and ΓHe II are the ionization coeffi-
cients, which can be derived using the formulae

ΓH I =

∞∫

IH I

4πJE
E

σH I[1 +Ns,H I,E−IH I
]dE

+

∞∫

IHe I

4πJE
E

σHe I
nHe I

nH I
Ns,H I,E−IHe I

dE

+

∞∫

IHe II

4πJE
E

σHe II
nHe II

nH I
Ns,H I,E−IHe II

dE,

ΓHe I =

∞∫

IH I

4πJE
E

σH I
nH I

nHe I
Ns,He I,E−IH I

dE

+

∞∫

IHe I

4πJE
E

σHe I[1 +Ns,He I,E−IHe I
]dE

+

∞∫

IHe II

4πJE
E

σHe II
nHe II

nHe I
Ns,He I,E−IHe II

dE,

ΓHe II =

∞∫

IHe II

4πJE
E

σH IdE, (14)

where IH I = 13.6 eV, IHe I = 24.6 eV, and IHe II =
54.4 eV are the ionization thresholds for H I, He I, and
He II, and Ns,H I and Ns,He I are the mean numbers
of secondary ionizations of H I and He I (secondary
ionization of He II is practically unimportant) induced
by the fast photoelectron, whose energy can take one
of the three values E − IH I, E − IHe I, or E − IHe II.
The dependencies of Ns,H I and Ns,He I on energy are
adopted from (Furlanetto and Stoever 2010).

The evolution of the gas temperature with time is
given by

dTIGM

dt
= −2HTIGM +

TIGM

μ

dμ

dt
+

2μmp

3kρb
H, (15)

where

H =

∞∫

IH I

4πJE
E

(E − IHI)nH IσH Ifheat,E−IH I
dE

+

∞∫

IHeI

4πJE
E

(E − IHe I)nHe IσHe Ifheat,E−IHe I
dE

+

∞∫

IHeII

4πJE
E

(E − IHe II)nHeIIσHe IIfheat,E−IHe II
dE,

(16)

where ρb is the average baryonic density of the Uni-
verse, μ is the mean molecular weight, and fheat is
the fraction of the photoelectron energy (E − IH I,
E − IHe I, or E − IHe II) that goes into gas heating
(Furlanetto and Stoever 2010).

We have neglected in Eq. (15) gas cooling and
heating as a result of scattering of the CMB by free
electrons, because the corresponding characteristic
time of gas temperature change,

tCMB =
3mec

2

32σTσSBT
4
CMB(z)
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Fig. 2. Evolution of the IGM temperature (top panel) and the fraction of ionized hydrogen (middle panel) and singly ionized
helium (bottom panel) with redshift as a result of X-ray heating by HMXBs, under the assumption that the specific X-ray
luminosity of the young stellar population in the early Universe was the same as at the present epoch (CX = 1, solid lines),
was 5 times higher (CX = 5, dotted lines), and 10 times higher (CX = 10, dashed lines). It was also assumed that the HMXB
emission spectrum is a power law with Γ = 2 (dL/dE ∝ E−Γ+1) in the 0.25–10 keV energy band and that all radiation in
this range can escape from the galaxies. The SFR was assumed to be standard (Csfr = 1). The dash-dotted line shows the
evolution of the CMB temperature TCMB.

≈ 1.2× 108
(ne

n

)−1
(
1 + z

10

)−4

yr (17)

(where σT is the Thomson scattering cross-section
and σSB is the Stefan–Boltzman constant), signifi-
cantly exceeds the Hubble time,

tH ≈ 5× 108
(
1 + z

10

)−3/2

yr (18)

for low gas ionization degrees ne/n � 0.01 (where n
is the total number density of particles), as is the case
here.

Similarly, in the problem at hand one can neglect
Compton heating of the gas by X-ray radiation as well
as radiative losses arising from collisional and recom-
bination processes. We verified this by inserting the
corresponding terms (see Madau and Fragos 2016
and Theuns et al. 1998) into Eq. (15) and repeating
the computations.

3. CALCULATION RESULTS
We started the calculation of ionization and heat-

ing at redshift z = 15 with initial parameters xH II =
2.2 × 10−4, xHe II = xHe III = 0, and TIGM = 5.4 K.
These values were found using the RECFAST pro-
gram (Seager et al. 1999) and correspond to the
conditions in the Universe upon recombination and
adiabatic cooling of the gas. Similar initial conditions
were adopted by (Madau and Fragos 2016). The
integration was continued up to z = 6, i.e., until the
end of the reionization epoch.

Figures 2–4 show the expected dependencies
TIGM(z), xH II(z), and xHe II(z) (the fraction of doubly
ionized helium remains negligibly small, xHe III <
10−4, up to z = 6 and is thus not shown) for various
parameter values. It is evident from Fig. 3, where
the result of varying the X-ray emission energy band
is shown, that X-ray photons with energy higher
than 1 keV play practically no role in heating the
IGM and that truncating the energy range from
below at Emin = 0.5 instead of 0.25 keV leads to
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Fig. 3. Similar to Fig. 2. The parameter values are CX = 10, Csfr = 1, and Γ = 2. The different types of curves correspond to
different energy bands for the X-ray radiation escaping from the galaxies: solid lines—0.25–10 keV, dotted lines—0.25–1 keV,
dashed lines—0.5–10 keV.

an approximately two-fold decrease of the resulting
ionization and heating. Changing the slope of the
input emission spectrum in the 0.25–2 keV energy
band with a fixed luminosity in this range (see Fig. 4)
also significantly affects the result, but to a lesser
degree than varying Emin. Note that the slope Γ = 2
approximately corresponds to the measured ratio of
HMXB integrated luminosities in the 0.25–2 and 2–
8 keV energy bands (Sazonov and Khabibullin 2017)
(see Eq. (5)).

The most important role is, of course, played by
the specific X-ray luminosity of the young population
of the first galaxies (see Fig. 2). For instance, in the
case of CX = 1, i.e., if HMXBs in the early Universe
produced as much X-ray radiation per unit SFR as at
the present epoch, IGM heating proves to be weak up
to z = 6. Only in the case of a substantially higher
specific X-ray luminosity of HMXBs, namely CX =
10 (as is in fact expected because of the low metallicity
of the first galaxies), can the IGM be heated above the
CMB temperature already by z = 10, i.e., long before
the Universe was ionized by the UV radiation from
galaxies and quasars. However, for this scenario to
be realized it is necessary that the soft X-ray radiation
of HMXBs experience almost no absorption within

their host galaxies (i.e., Emin ∼ 0.25 keV). Another
possibility of strengthening the effect of X-ray heating
is obviously associated with increasing the SFR pa-
rameter Csfr above unity, which has the same effect on
the result of ionization and heating as increasing CX.

4. DISCUSSION AND CONCLUSION

We have evaluated the preheating of the early
Universe by soft X-ray radiation from HMXBs. In
contrast to previous studies on this subject, we used a
reliably measured and corrected for absorption effects
specific (per unit SFR) HMXB luminosity function
in the soft X-ray band of 0.25–2 keV at the present
epoch (Sazonov and Khabibullin 2017).

We demonstrated that X-ray irradiation
(mostly executed by ultraluminous and supersoft
ultraluminous X-ray sources with luminosity LX �
1039 erg s−1) could cause a significant heating
(TIGM > TCMB) of the IGM by z ∼ 10 (i.e., before
the beginning of the active stage of reionization of
the Universe by UV radiation from galaxies and
quasars) only if all of the following three conditions
were fulfilled: (i) the SFR at z ∼ 15−10 was such as
follows from extrapolation of the observed SFR at z �
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Fig. 4. Similar to Fig. 3. The parameter values are CX = 10 and Csfr = 1, the energy band is 0.25–2 keV. The different types
of curves correspond to different spectral slopes: solid lines—Γ = 2, dotted lines—Γ = 3, dashed lines—Γ = 1.

10 or was higher, (ii) the specific X-ray luminosity
of the young stellar population of the first galaxies
was an order of magnitude higher that at the present
epoch, and (iii) the soft X-ray radiation of HMXBs
did not suffer strong absorption within their galaxies.
Only if these conditions are satisfied, can the 21 cm
signal from z � 10 epochs be observed in emission.
The signal from the earlier epochs should be expected
in absorption, since TIGM < TCMB at z � 10. Note,
however, that the Universe could have been heated
to TIGM > TCMB at z � 10 by low-energy cosmic
rays from the first supernovae (Sazonov and Sunyaev
2015).

It should be possible to test the first of the above
conditions with the next generation of optical and
infrared telescopes, which, are expected to begin dis-
covering galaxies at z > 10. Fulfillment of the second
condition appears plausible, as there exist observa-
tional and theoretical indications of increased abun-
dance and X-ray luminosity of HMXBs in galaxies
with low metallicity. In this connection, it is impor-
tant to continue statistical studies of X-ray sources
in low-metallicity galaxies in the local Universe. It is
currently unclear if the third condition (about the es-
cape of soft X-ray radiation from galaxies) is satisfied.

The only way to obtain a reasonable answer to this
question is to perform detailed modeling of the ISM
in the first galaxies. We emphasize the importance of
this aspect of the problem: raising the effective lower
boundary of the spectral range from Emin = 0.25 to
0.5 keV leads to an attenuation of IGM heating by
approximately a half, whereas emission above∼1 keV
plays practially no role. For this reason, in treating
this problem it is important to use HMXB statistics
(at the present epoch) in the soft X-ray energy band,
as has been done in this study.

Our conclusion that the Universe could not be
significantly heated by X-rays from HMXBs before
z ∼ 10 is similar to that reached by Madau and Fra-
gos (2016). This agreement is not unexpected. First
of all, we based our treatment on the same assump-
tions about the history of star formation and increased
(due to low metallicity) specific X-ray luminosity of
the young stellar population in the early Universe.
The novelty of our study is that an actually mea-
sured (albeit only at z = 0) integrated luminosity of
HMXBs in the soft X-ray band has been used for the
first time in the context of the considered problem.
Madau and Fragos (2016) used a population synthe-
sis model for these purposes. However, their estimate
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of the cumulative emissivity of HMXBs at energies
below 2 keV is close to ours, which predetermines
an agreement of the outcomes of the two studies.
An obvious drawback of our study is that we have
considered a simple scenario in which the entire Uni-
verse is homogeneously filled with cold gas, whereas
Madau and Fragos (2016) carried out a more compli-
cated modeling in the context of cosmic reionization,
namely took into account that the IGM consists of
H II regions and cold gas between them, so that X-
ray heating affects only the cold gas phase. However,
the differences between the two calculations prove
to be barely noticeable (compare the dependencies of
the gas temperature and ionization degree on redshift
shown in Fig. 8 in Madau and Fragos (2016) with the
corresponding curves for our “optimistic” scenario in
Fig. 2 above), which is probably mostly related to the
fact that the H II volume fraction becomes substantial
(more than 10%) only at z � 10.

ACKNOWLEDGMENTS

This research has been supported by grant 14-12-
01315 from the Russian Science Foundation.

REFERENCES
1. A. R. Basu-Zych, B. D. Lehmer, A. E. Horn-

schemeier, et al., Astrophys. J. 774, 152 (2013).
2. A. R. Basu-Zych, B. Lehmer, T. Fragos, et al., Astro-

phys. J. 818, 140 (2016).
3. R. J. Bouwens, G. D. Illingworth, P. A. Oesch, et al.,

Astrophys. J. 803, 34 (2015).
4. M. Brorby, P. Kaaret, and A. Prestwich, Mon. Not.

R. Astron. Soc. 441, 2346 (2014).
5. V. M. Douna, L. J. Pellizza, I. F. Mirabel, and

S. E. Pedrosa, Astrophys. J. 579, A44 (2015).
6. X. Fan, C. L. Carilli, and B. Keating, Ann. Rev.

Astron. Astrophys. 44, 415 (2006).
7. A. Fialkov, R. Barkana, and E. Visbal, Nature 506,

197 (2014).
8. G. B. Field, Proceedings of the IRE 46, 240 (1958).
9. T. Fragos, B. Lehmer, M. Tremmel, et al., Astrophys.

J. 764, 41 (2013a).
10. T. Fragos, B. D. Lehmer, S. Naoz, A. Zezas, and

A. Basu-Zych, Astrophys. J. (Letters) 776, L31
(2013b).

11. S. R. Furlanetto and S. J. Stoever, Mon. Not. R.
Astron. Soc. 404, 1869 (2010).

12. G. Knevitt, G. A. Wynn, C. Power, and J. S. Bolton,
Mon. Not. R. Astron. Soc. 445, 2034 (2014).

13. B. D. Lehmer, A. R. Basu-Zych, S. Mineo, et al.,
Astrophys. J. 825, 7 (2016).

14. T. Linden, V. Kalogera, J. F. Sepinsky, A. Prestwich,
A. Zezas, and J. S. Gallagher, Astrophys. J. 725,
1984 (2010).

15. P. Madau and M. Dickinson, Ann. Rev. of Astron. and
Astrophys. 52, 415 (2014).

16. P. Madau and T. Fragos, arXiv:1606.07887 (2016).
17. P. Madau, M. J. Rees, M. Volonteri, F. Haardt, and

S. P. Oh, Astrophys. J. 604, 484 (2004).
18. S. Mineo, M. Gilfanov, and R. Sunyaev, Mon. Not.

R. Astron. Soc. 419, 2095 (2012).
19. I. F. Mirabel, M. Dijkstra, P. Laurent, A. Loeb, and

J. R. Pritchard, Astrophys. J. 528, A149 (2011).
20. A. Pallottini, A. Ferrara, S. Gallerani, S. Salvadori,

and V. D’Odorico, Mon. Not. R. Astron. Soc. 440,
2498 (2014).

21. C. Power, G. James, C. Combet, and G. Wynn,
Astrophys. J. 764, 76 (2013).

22. J. R. Pritchard and A. Loeb, Reports on Progress in
Physics 75, 086901 (2012).

23. M. Ricotti and J. P. Ostriker, Mon. Not. R. Astron.
Soc. 352, 547 (2004).

24. S. Sazonov and I. Khabibullin, Mon. Not. R. Astron.
Soc. 466, 1019 (2017).

25. S. Sazonov and R. Sunyaev, Mon. Not. R. Astron.
Soc. 454, 3464 (2015).

26. S. Seager, D. D. Sasselov, and D. Scott, Astrophys.
J. (Letters) 523, L1 (1999).

27. D. P. Stark, Ann. Rev. Astron. Astrophys. 54, 761
(2106).

28. T. Theuns, A. Leonard, G. Efstathiou, F. R. Pearce,
and P. A. Thomas, Mon. Not. R. Astron. Soc. 301,
478 (1998).

29. R. Urquhart and R. Soria, Mon. Not. R. Astron. Soc.
456, 1859 (2016).

30. A. Venkatesan, M. L. Giroux, and J. M. Shull,
Astrophys. J. 563, 1 (2001).

31. D. A. Verner, G. J. Ferland, K. T. Korista, and
D. G. Yakovlev, Astrophys. J. 465, 487 (1996).

32. S. A. Wouthuysen, Astron. J. 57, 31 (1952).
33. H. Xu, K. Ahn, J. H. Wise, M. L. Norman, and

B. W. O’Shea, Astrophys. J. 791, 110 (2014).

Translated by the authors

ASTRONOMY LETTERS Vol. 43 No. 4 2017


		2017-04-10T14:28:10+0300
	Preflight Ticket Signature




