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ABSTRACT
We have investigated the long-term average spectral properties of galactic X-ray binaries in
the energy range of 3–20 keV, using long-term monitoring data from MAXI–Gas Slit Camera
(GSC). These long-term average spectra are used to construct separately the composite spectra
of galactic high mass X-ray binaries (HMXBs) and low mass X-ray binaries (LMXBs).
These composite spectra can be described empirically with piece-wise power law with three
components. X-rays from HMXBs are considered as important contributors to heating and
ionization of neutral hydrogen in the intergalactic medium during the Epoch of Reionization.
Using the above empirical form of the composite HMXB spectra extrapolated to lower energies
as an input, we have studied the impact of these sources on the 21-cm signal using the outputs
of N-body simulation and 1D radiative transfer. The heating due to the composite spectrum is
less patchy compared to power-law spectrum with a spectral index α = 1.5, used in previous
studies. The amplitude of the heating peak of large-scale power spectrum, when plotted as a
function of the redshift, is less for the composite spectrum.

Key words: radiative transfer – stars: neutron – intergalactic medium – dark ages, reioniza-
tion, first stars – X-rays: binaries – X-rays: galaxies.

1 IN T RO D U C T I O N

X-ray binaries are gravitationally bound binary systems, consisting
of a compact object like a neutron star or a black hole, together with
a main sequence or a supergiant as the companion star. Accretion,
in which matter from the companion is captured by the compact
object either from the stellar wind or through Roche lobe overflow,
is the main source of energy for these systems. Depending on the
mass of companion star (MC), they are broadly classified as high
mass X-ray binaries (MC ≥ 10 M�) and low mass X-ray binaries
(MC ≤ 1 M�). HMXBs are further broadly classified into Be-
HMXBs and supergiant HMXBs, depending on the type of the
companion star. LMXBs are broadly classified into Z and Atoll
sources, based on the patterns traced in their X-ray colours diagram
(Hasinger & van der Klis 1989).

Since the discovery of Sco X-1 (Giacconi et al. 1962), X-ray
binaries have been extensively studied in various energy bands.
More than half a century of investigations of these sources with

� E-mail: nazma.syeda@cfa.harvard.edu (NI); ghara.raghunath@gmail.com
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various X-ray observatories show a diverse range of spectral and
temporal characteristics. The spectral and temporal properties of
X-ray binaries are related to the system parameters (spin period or
orbital period) and accretion flows around the compact object (see
White, Swank & Holt 1983; Nagase 1989; Paul 2017, for description
of properties of accreting pulsars; see Remillard & McClintock 2006
for description of properties of black hole binaries). These X-ray
binaries are highly variable and show large intensity and spectral
variations. Most of the spectral and timing information about these
X-ray binaries comes from the time limited window of pointed
observations with observatories such as Ginga, ASCA, RXTE–
PCA, Chandra, XMM–Newton, Suzaku, etc. These observations
are carried out in the selected states of X-ray binaries such as
during outbursts, transition between different spectral states, and
very few quiescent states. There is a substantial difference between
the spectra of X-ray binaries in its different intensity states. For
example, the spectra of Be-HMXBs show a strong Comptonization
component during its outbursts, whereas in quiescence, they have
either power-law spectra or faint thermal spectra (Tsygankov et al.
2017). BH binaries show various spectral states, with either a
strong Comptonization component or a disc-dominated thermal
component (Remillard & McClintock 2006). The NS LMXBs in
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quiescence show a presence of a non-thermal power-law component
along with a soft thermal component, whereas, in outbursts, they
have a strong disc-dominated emission with a hard power law (Lin,
Remillard & Homan 2007; Fridriksson et al. 2011)

On the other hand, X-ray telescopes Chandra, XMM–Newton, and
NuSTAR have identified a population of X-ray sources in external
galaxies, many of them as X-ray binaries (Fabbiano 2006; Zhang,
Gilfanov & Bogdán 2012; Vulic et al. 2018). Previous studies
by Mineo, Gilfanov & Sunyaev (2012) and Pacucci et al. (2014)
constructed the spectral energy distribution of high mass X-ray
binaries in energy range 0.5–8.0 keV, using Chandra observations of
nearby galaxies. These observations of extra-galactic X-ray binaries
are essentially tens of kiloseconds ‘snapshot’ observations, which
includes a large number of sources, in different spectral states, thus
providing an effective average spectrum. However, our work focuses
on investigating the average spectra of Galactic X-ray binaries using
their long-term monitoring data.

Several X-ray all-sky monitors have been continuously mon-
itoring X-ray binaries for the past few decades. Although the
main objective of X-ray all-sky monitors is to look for new X-
ray transients, their long and uniform coverage of the X-ray sky has
led to many orbital and superorbital modulation studies (Wen et al.
2006 with RXTE–ASM and Corbet et al. 2007; Corbet & Krimm
2013 with Swift–BAT). However, the long-term average spectral
properties of X-ray binaries have not been studied before, partly
due to the lack of an all-sky monitor with good spectral capabilities.
The wide-field monitoring of the whole sky with the Monitor of All
Sky X-ray Image (MAXI), along with its good spectral capabilities,
has now made it possible to investigate the true long-term averaged
spectral properties of X-ray binaries.

The HMXBs are often considered as important contributors to the
heating and reionization of very high-redshift intergalactic medium
(IGM) during the Cosmic Dawn and the ‘Epoch of Reionization’
(EoR) (Power et al. 2009; Mirabel et al. 2011; Power et al. 2013;
Fialkov, Barkana & Visbal 2014; Pacucci et al. 2014). X-ray photons
emitted from accreting X-ray binaries have longer mean-free path
than the stellar UV photons and are also capable of producing several
secondary ionization, thereby enhancing the ionizing efficiency.
However, the details of the physical processes during the Cosmic
Dawn and EoR are unknown.

The observations of the redshifted 21-cm signal emitted by the
neutral hydrogen in the IGM can provide us with the various details
about the states of IGM, properties of early sources, etc., during
these epochs. Thus, several experiments have been designed in order
to detect the signal from such high redshifts. Experiments such as
EDGES (Bowman & Rogers 2010), EDGES2 (Monsalve et al. 2017;
Bowman et al. 2018), SARAS (Patra et al. 2015), SARAS2 (Singh
et al. 2017), BigHorns (Sokolowski et al. 2015), SciHi (Voytek et al.
2014), LEDA (Price et al. 2018), etc., aim to detect the average 21-
cm signal signal. On the other hand, several radio telescopes such
as the Low Frequency Array (LOFAR)1 (Patil et al. 2017), the
Precision Array for Probing the Epoch of Reionization (PAPER)2

(Parsons et al. 2014), the Murchison Widefield Array (MWA)3

(Bowman et al. 2013), the Hydrogen Epoch of Reionization Array
(HERA) (DeBoer et al. 2017), etc., have dedicated their resources to
detect the signal in terms of statistical quantities such as the power
spectrum etc.

1http://www.lofar.org/
2http://eor.berkeley.edu/
3http://www.mwatelescope.org/

Various cosmological simulations predicting the redshifted 21-
cm signal from the Cosmic Dawn and EoR use an input X-ray
spectra to model the contribution of X-ray photons produced from
HMXBs (Pritchard & Furlanetto 2007; Power et al. 2013; Fialkov
et al. 2014). However, there are disagreements related to the actual
model of the input HMXB spectra used in various simulations.
Pritchard & Furlanetto (2007) and Power et al. (2009) used an
empirical power law with energy index α ∼ 1, whereas Mirabel
et al. (2011) and Power et al. (2013) used the spectra of Cyg X–1,
a Galactic black hole HMXB, as the template for HMXB spectra.
Fialkov et al. (2014) and Das et al. (2017) used an X-ray binary
spectral energy distribution calculated from an XRBs population
synthesis simulation by Fragos et al. (2013), which is motivated
by RXTE–PCA observations of galactic neutron star and black hole
binaries. Pacucci et al. (2014) used the 0.5–8.0 keV SED constructed
from Chandra observations of starburst galaxies by Mineo et al.
(2012) as input X-ray spectra.

These fiducial HMXB spectra, however, do not represent the true
average spectral energy distribution of HMXBs for the following
reasons:

(i) As mentioned previously, RXTE–PCA observations of galac-
tic NS and BH binaries do not represent the long-term average
spectra of X-ray binaries because these are pointed observations
carried out during very selected states of XRBs.

(ii) Using Cyg X–1 spectra as an input template for HMXB
spectra is erroneous because it does not represent the spectral
behaviour of the general HMXB population, which is dominated
by accreting X-ray pulsars.

(iii) Studies of normal galaxies with NuSTAR show that their
X-ray spectra fall rapidly above 10 keV (Lehmer et al. 2015;
Yukita et al. 2016), whereas X-ray binaries typically have a harder
spectrum.

Long-term observations of galactic X-ray binaries with MAXI
makes it possible to construct composite X-ray spectra of Galactic
X-ray binaries. In this work, we have investigated the long-term
average spectral properties of Galactic X-ray binaries using MAXI–
GSC data and constructed the composite Galactic X-ray binary
spectra, separately for high mass X-ray binaries and low mass X-ray
binaries. The composite HMXB spectra is then used in estimating
the contribution of X-ray binary heating to the 21-cm signal from
the Cosmic Dawn and the Epoch of Reionization.

2 O BSERVATI ONS AND DATA ANALYSI S

2.1 Monitor of all-sky X-ray image

MAXI is an X-ray all-sky monitor operating on the International
Space Station (ISS) since 2009 (Matsuoka et al. 2009). MAXI–
GSC has the highest sensitivity and energy resolution among past
and currently active all-sky monitors: it reaches a 1D sensitivity
of 9 mCrab (3σ ), compared to 15 mCrab for RXTE–ASM and 16
mCrab for Swift–BAT (Krimm et al. 2013). The main instrument
onboard is the Gas Slit Camera, which operates in the energy band
2–30 keV (Mihara et al. 2011). GSC consists of six units of large area
position sensitive Xenon proportional counters. It has 85 per cent
coverage of the entire sky in every 92 minutes of the ISS orbit.
It has an energy resolution of 16 per cent (FWHM) at 6 keV. The
typical daily exposure of GSC is 4000 cm2 s and the daily 5σ source
sensitivity ∼ 15 mCrab (Sugizaki et al. 2011).

We have extracted the spectra of 57 X-ray binaries from Modified
Julian Day: 55 058 to 56 970 (∼5.2 yr), which have enough

MNRAS 487, 2785–2796 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/487/2/2785/5499041 by R
am

an R
esearch Institute user on 25 July 2019

http://www.lofar.org/
http://eor.berkeley.edu/
http://www.mwatelescope.org/


Composite X-ray binary spectra with MAXI 2787

statistics to allow spectral fitting, using the MAXI on-demand data
processing4 (Nakahira et al. 2012). Since X-ray binaries are highly
variable, the sample of X-ray binaries is chosen such that its average
X-ray flux during the 5.2 yr of MAXI–GSC at least 1.8 × 10−10 ergs
cm−2 s−1. For some bright X-ray binaries such as Sco X–1, GRS
1915+105, Cyg X–1, GX 17+2, GX 349+2, and GX 5–1, small
instrument calibration uncertainties can be seen in the residuals to
the best-fitted spectrum in Figs 1 and 2. We have added 2 per cent
systematic errors in the energy band 4–6 keV in the spectra of these
sources.

There are 17 high mass X-ray binaries and 40 low mass X-ray
binaries in the sample, given in Table 1 with their average X-ray
fluxes and luminosities. The distances to the X-ray binaries are
taken from Islam & Paul (2016).

2.2 Long-term average spectra of X-ray binaries

The long-term average spectra of X-ray binaries are fitted with
most generally used phenomenological models in the energy range
3–20 keV, to estimate their average X-ray flux. For the cases where
the photo-electric absorption cannot be constrained from the spectra,
the value of NH is fixed to the column density of interstellar Galactic
H I along the line of sight (DL-nH).5 The X-ray spectral analysis was
performed using XSPEC v:12.9 (Arnaud 1996). The various X-ray
spectral models mentioned below are specified in XSPEC.6

The majority of the Galactic HMXBs are accretion powered X-
ray pulsars. Observations of Milky Way, LMC, and SMC show
that the population of HMXBs is dominated by the Be-HMXBs
(Negueruela & Coe 2002; Reig 2011; Haberl & Sturm 2016). Be–
HMXBs are transients; they are mostly in quiescence with very low
X-ray luminosity and occasionally go into outbursts. Hence their
average X-ray spectra are related to their duty cycle of outbursts
in ∼5 yr of MAXI operation. Except for the Be–HMXBs listed in
Table 1, the majority of the Be–HMXBs have low-average X-ray
flux. The other HMXBs in Table 1 are the bright and persistent
HMXBs. The X-ray spectra of these pulsars are generally modelled
by a power law with a high-energy cut-off, modified by photo-
electric absorption by the column density of absorbing matter
along the line of sight (White et al. 1983; Maitra & Paul 2013;
Islam & Paul 2014; Islam et al. 2015). We have fitted the long-term
average spectra of these pulsars with the above spectral model.
The X-ray spectra of black hole binaries consist of a thermal
component, modelled by a multicolour disk blackbody ‘diskbb’
model (Mitsuda et al. 1984) or a blackbody model ‘bbody’, and a
non-thermal component, modelled by a thermal Comptonization
model ‘nthcomp’ (Zdziarski, Johnson & Magdziarz 1996). The
spectra of LMXBs are modelled with a multicolour disk blackbody
‘diskbb’ and a power-law model. A Fe Kα line is found to be present
in the spectra of most of the X-ray binaries, and it is modelled with
a gaussian emission line.

The long-term averaged spectra of the 5 galactic HMXBs with
the highest X-ray average flux – Cyg X–1, Cyg X–3, Cen X–3, Vela
X–1, and GX 301–2 – along with their best-fitting models and ratio
of the data to the model are shown in Fig. 1. The long-term averaged
spectra of the 5 galactic LMXBs with the highest X-ray average flux
– Sco X–1, GRS 1915+105, GX 5–1, GX 17+2 and GX 349+2 –

4http://maxi.riken.jp/mxondem/
5nH tool in HEASARC: http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w
3nh.pl.
6https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/Models.html

along with their best-fitting models and ratio of data to the model
are shown in Fig. 2. Detailed studies of the orbital dependence of
the spectral parameters have been carried out with MAXI–GSC for
GX 301–2 (Islam & Paul 2014), Vela X–1 (Doroshenko et al. 2013),
and 4U 1538–52 (Rodes-Roca et al. 2015).

2.3 Construction of composite X-ray binary spectra

We use the long-term average spectra of galactic X-ray binaries
(described in previous subsection) to construct the composite X-ray
binary spectra of HMXBs and LMXBs separately, after accounting
for circumstellar absorption. The Fe fluorescence lines are produced
by the reprocessing of the radiation by the surrounding matter and
is more related to the property of the reprocessing matter than
the source spectrum. To construct the composite spectra from X-
ray binaries, we have removed these Fe fluorescence lines from
the spectra. The total photo-electric absorption consists of column
density of interstellar Galactic H I along the line of sight, along
with the circumstellar matter around the X-ray binary. We have
removed the effect of the interstellar Galactic H I from the total
photo-electric absorption. The resultant spectra are scaled to the
Galactic centre distance of 8.5 kpc and then added up to construct
composite X-ray binary spectra. One of our goals in this paper is to
determine the implication of the X-ray binary spectra for the high-
redshift intergalactic medium and for this purpose the interstellar
absorption along the Galactic disk is not relevant. Fig. 3 shows the
composite X-ray binary spectra constructed separately for galactic
HMXB and LMXB population. Overlaid on the composite HMXB
SED (left-hand panel) are the spectra of 5 HMXBs with the highest
X-ray average flux: Cyg X–1, Cyg X–3, Cen X–3, Vela X–1, and
GX 301–2, normalized to the Galactic centre distance. Also overlaid
on the composite LMXB SED (right-hand panel) are the spectra of
5 LMXBs with the highest X-ray average flux: GRS 1915+105,
Sco X–1, GX 5–1, GX 17+2, and GX 349+2, normalized to the
Galactic centre distance. The composite spectra of both HMXBs
and LMXBs can be approximated with three piece-wise power-law
functions, with steeper photon indices at higher energies.

The composite HMXB SED is described empirically by the
following function in the energy range of 3–20 keV:

N (E) = 0.68 × E−1.11 for 3 < E ≤ 5 keV

= 1.44 × E−1.59 for 5 < E ≤ 10 keV

= 3.01 × E−1.91 for 10 < E < 20 keV. (1)

The composite LMXB SED is described empirically by the
following function in the energy range of 3–20 keV:

N (E) = 68.3 × E−1.81 for 3 < E ≤ 7 keV

= 439.9 × E−2.81 for 7 < E ≤ 12 keV

= 1943.5 × E−3.44 for 12 < E < 20 keV. (2)

3 IMPLI CATI ONS I N EPOCH O F
REI ONI ZATI ON

Now, we will use the estimated composite HMXB spectra to
investigate the impact of HMXBs on the redshifted 21-cm signal
from the Cosmic Dawn and EoR. We have used a 1D radiative
transfer (RT) simulation GRIZZLY (Ghara, Choudhury & Datta
2015a; Ghara et al. 2018) to generate the 21-cm signal maps
using the outputs of an N-body simulation. The following sections
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Figure 1. Long-term average spectra of 5 Galactic HMXBs having the highest X-ray average flux, along with the best-fitting model and ratio of data and the
best-fitting model.

describe the simulations used in this study and the outcomes from
this investigation.

3.1 Simulations

We briefly present the N-body simulation, source model, and 1D
RT simulation used to generate the 21-cm signal maps from the
Cosmic Dawn and EoR in this section and describe the results in
Section 3.2.

3.1.1 N-body simulation

The density and velocity fields used in this paper are generated using
the publicly available N-body simulation code CUBEP3M7 (Harnois-
Déraps et al. 2013). The details of the dark matter-only simulation
are as follows: (i) the number of dark-matter particles is 17283, (ii)
the number of fine grids used in the simulation is 34563, while the
density and velocity fields are generated in a grid 8 times coarser

7http://wiki.cita.utoronto.ca/mediawiki/index.php/CubePM

than the fine grids, (iii) simulation box size is 200 h−1 comoving
megaparsec (cMpc), and (iv) mass of the dark matter particles is
2 × 108 M�. We generate the density and velocity fields within the
redshift range 25 ≥ z ≥ 6 in snapshots such that the time gap
between two nearby snapshots is 10 megayear (Myr). The baryonic
density and velocity fields are assumed to follow the dark matter
fields. The dark matter halos in the simulation box are identified
using the spherical overdensity method. The mass resolution of
the simulation limits us properly resolving the halos with mass
�8 × 109 M�. The minimum mass of the halos considered in this
study is ∼8 × 109 M�, which corresponds to a virial temperature of
2.7 × 105 K at redshift 6. Throughout the paper, we have used the
cosmological parameters �m = 0.32, �� = 0.68, �B = 0.049, h =
0.67, ns = 0.96, and σ 8 = 0.83 (Planck Collaboration XVI 2014).

3.1.2 Radiating sources

We assume that the dark matter halos contain the main sources of
ionizing photons, which is assumed to be the stars in the galaxies. We
assume that the stellar mass of a galaxy hosted in a dark matter halo

MNRAS 487, 2785–2796 (2019)
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Figure 2. Long-term averaged spectra of 5 Galactic LMXBs having the highest X-ray average flux, along with the best-fitting model and ratio of data and the
best-fitting model.

of mass Mhalo is M� = f�

(
�B
�m

)
Mhalo. The parameter f� represents

the fraction of the baryon in the form of stars residing within
a galaxy. Given the SED of the sources, the reionization history
depends on f�. We choose the value of the parameter f� such that
the reionization history is consistent with the recent estimation of
the Thomson scattering optical depth from the cosmic microwave
background radiation (CMBR) observations.

The UV and near-infrared SED of the stellar contribution from the
galaxies are generated using the publicly available stellar population
synthesis code PEGASE28 (Fioc & Rocca-Volmerange 1997). We
assume that the galaxies follow a Salpeter IMF for the stars within
the mass range 1–100 M�. We assume the metallicity to be 0.1
Z� throughout the reionization period. In this model, the SED of
the sources assumed to have same shape throughout the reionization
history and only scale with the stellar mass of the sources. In addition
to that, we assume a fraction (1 − fesc) of the UV photons in the
intrinsic spectrum, absorbed in the interstellar medium (ISM). Lyα

photons considered in this study are contributed by the continuum

8http://www2.iap.fr/pegase/

SED and the recombination of the absorbed ionizing photons in the
ISM.

In addition to the stellar contribution of the ionizing photons,
there could be contributions from the mini-QSO and HMXBs-type
sources. While the major part of the ionizing photons comes from
the stellar part of the SED, the X-ray photons from mini-QSO and
HMXBs can partially ionize and heat up the neutral region. In this
paper, we model the X-ray part from the mini-QSO as a power-law
SED, which can be written as

Iq (E) = Aq E−α, (3)

where α is the spectral index. We define a parameter fX, which is the
ratio of the X-ray and UV luminosities. The normalization constant
Aq in equation (3) can be determined in terms of this parameter fX.
In this study, we choose fX = 0.05 and α = 1.5 and called the source
model as ‘power-law’ source model.

To model the X-ray binaries spectra, we used the composite
HMXBs spectra given in the functional form in equation (1). This
functional form of the composite HMXB SED is extrapolated to
lower energies. The normalization of these composite HMXBs
SED can be fixed by the parameter fX used in this study. We fix
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Table 1. List of Galactic X-ray binaries considered in this paper to construct the composite spectrum of the X-ray binaries, along with its
average X-ray fluxes and luminosities in 3–20 keV energy band. The distances to the X-ray binaries are taken from Islam & Paul (2016).

Source Type Distance (kpc) Average flux (ergs cm−2 s−1) Average luminosity (ergs s−1)
in 3–20 keV in 3–20 keV

Cyg X–1 HMXB (BH) 1.83 1.08 × 10−8 4.3 × 1036

Cyg X–3 HMXB (BHC) 7.2 5.09 × 10−9 3.2 × 1037

Vela X–1 sgHMXB pulsar 2.2 3.5 × 10−9 2.0 × 1036

Cen X–3 sgHMXB pulsar 9.0 2.7 × 10−9 2.6 × 1037

GX 301–2 Be-HMXB pulsar 3.1 2.3 × 10−9 2.6 × 1036

4U 1700–37 HMXB 1.9 2.2 × 10−9 9.5 × 1035

A 0535+262 Be-HMXB pulsar 3.8 1.7 × 10−9 2.9 × 1036

GX 304-1 Be-HMXB pulsar 1.3 1.1 × 10−9 2.2 × 1035

X Per Be-HMXB pulsar 0.8 9.9 × 10−10 7.6 × 1034

OAO 1657–415 sgHMXB pulsar 7.1 9.3 × 10−10 5.6 × 1036

4U 1538–52 sgHMXB pulsar 4.5 5.0 × 10−10 1.2 × 1036

EXO 2030+375 Be-HMXB pulsar 3.1 4.1 × 10−10 4.7 × 1035

GRO J1008–57 Be-HMXB pulsar 5.0 4.0 × 10−10 1.2 × 1036

3A 1145–616 Be-HMXB pulsar 8.5 3.4 × 10−10 2.9 × 1036

IGR J18410–0535 SFXT 6.4 2.4 × 10−10 1.2 × 1036

Gamma Cas Be-HMXB pulsar 0.17 1.9 × 10−10 6.6 × 1032

4U 2206+543 SFXT 3.4 1.9 × 10−10 2.6 × 1035

Sco X–1 Z type LMXB 2.8 2.9 × 10−7 2.7 × 1038

GRS 1915+105 LMXB (BH) 12.5 2.4 × 10−8 4.5 × 1038

GX 5–1 Z type LMXB 7.2 2.4 × 10−8 1.5 × 1038

GX 349+2 Z type LMXB 8.5 1.8 × 10−8 1.6 × 1038

GX 17+2 Z type LMXB 9.8 1.5 × 10−8 1.7 × 1038

GX 9+1 Z type LMXB 7.2 1.4 × 10−8 8.7 × 1037

GX 340+0 Z type LMXB 8.5 1.1 × 10−8 9.5 × 1037

Cyg X–2 Z type LMXB 7.2 1.0 × 10−8 6.2 × 1037

GX 3+1 Z type LMXB 5.0 9.1 × 10−9 2.7 × 1037

GX 13+1 atoll type LMXB 7.0 7.3 × 10−9 4.3 × 1037

4U 1705–440 LMXB 7.4 5.6 × 10−9 3.7 × 1037

GX 9+9 Z type LMXB 7.0 4.7 × 10−9 2.8 × 1037

1A 1742–294 LMXB 8.5 4.3 × 10−9 3.7 × 1037

Ser X–1 atoll type LMXB 8.4 4.2 × 10−9 3.5 × 1037

H 1735–444 Z type LMXB 9.2 3.8 × 10−9 3.8 × 1037

4U 1630–472 LMXB 4.0 2.0 × 10−9 3.8 × 1036

4U 1608–52 atoll type LMXB 4.0 1.4 × 10−9 2.7 × 1036

GS 1826–238 atoll type LMXB 6.7 1.2 × 10−9 6.4 × 1036

H 0614+091 LMXB 3.0 1.1 × 10−9 1.2 × 1036

Her X–1 LMXB pulsar 6.6 9.6 × 10−10 5.0 × 1036

SWIFT J1753.5–0127 LMXB 6.0 9.3 × 10−10 4.0 × 1036

4U 1822–371 LMXB 2.5 9.2 × 10−10 6.9 × 1035

4U 1746–37 LMXB 16.0 9.1 × 10−10 2.8 × 1037

Aql X–1 atoll type LMXB 5.0 8.8 × 10−10 2.6 × 1036

Cir X–1 atoll type LMXB 10.9 8.8 × 10−10 1.2 × 1037

4U 1626–67 LMXB 8.0 7.8 × 10−10 5.9 × 1036

GX 1+4 LMXB pulsar 10.0 7.3 × 10−10 8.8 × 1036

GX 339–4 LMXB (BH) 8.0 7.2 × 10−10 5.5 × 1036

4U 1543–624 LMXB 10.0 7.2 × 10−10 8.6 × 1036

4U 1254–690 LMXB 15.5 7.1 × 10−10 2.0 × 1037

Terzan 2 LMXB 5.0 6.3 × 10−10 1.9 × 1036

HETE J1900.1–2455 LMXB 3.6 6.1 × 10−10 9.5 × 1035

H 1822–000 LMXB 4.0 5.9 × 10−10 1.1 × 1036

4U 1957+115 LMXB (BHC) 7.0 5.6 × 10−10 3.8 × 1036

SLX 1735–269 LMXB 5.6 4.5 × 10−10 1.7 × 1036

4U 1954+319 LMXB 1.7 3.9 × 10−10 1.3 × 1035

1H 1556–605 LMXB 10.0 3.2 × 10−10 3.8 × 1036

4U 1323–619 LMXB 11.0 3.0 × 10−10 4.3 × 1036

1H 0918–548 LMXB 4.0 2.4 × 10−10 4.6 × 1035

MAXI J0556–332 LMXB 8.5 1.8 × 10−10 1.6 × 1036
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Figure 3. Composite HMXB and LMXB spectra constructed from the long-term averaged spectra of X-ray binaries with MAXI–GSC data, taking into account
the circumstellar absorption. Overlaid on the composite spectra are the spectra of 5 HMXBs and LMXBs having the highest X-ray average fluxes, normalized
to the Galactic centre distance, showing their contribution to the composite X-ray binary spectra.

fX = 0.05 and denote this as ‘composite’ spectrum. Note that the
extrapolation of the spectrum from high-energy side to the soft X-
ray end is rather an ad hoc approximation. In principle, the soft
X-rays are more probable to be absorbed in the interstellar medium
than the hard X-rays. In addition, the absorption of the soft X-
ray photons increases with the increase in metallicity in the host
galaxies. However, these high-redshift galaxies are expected to be
less metal enriched (see e.g. Salvaterra, Ferrara & Dayal 2011; Wise
et al. 2012; Das et al. 2017) during the Cosmic Dawn, which justifies
the extrapolation. On the other hand, the X-ray emission from hot
ionized gas having temperatures of 0.1–0.2 keV dominates the soft
X-rays (Mineo et al. 2012; Pacucci et al. 2014). Since MAXI/GSC
operates in the energy range of 3–20 keV, we extrapolated the power-
law index of the composite HMXB spectra in 3–5 keV, i.e. an index
of 1.1 to lower energies. This index is similar to that estimated by
Pacucci et al. (2014), using Chandra observations of star-forming
galaxies, predominantly consisting of HMXBs, in its operating
range of 0.3–8.0 keV. However, most of the galactic HMXBs are
accretion-powered pulsars and the broad-band spectrum, whenever
measured with instrument covering low-energy band, shows it to be
a single power law. Only in a few cases, another soft component is
detected, with temperature of about 0.1 keV that amounts to only
about a per cent of the flux. For example, using CCD spectra of
30 HMXBs covering energies less than 1 keV, Pradhan, Bozzo &
Paul (2018) fitted all the spectra with a single power law, very
few exceptions having small contribution from a soft component.
Therefore, extrapolating the long-term data that is above 3 keV to
lower energies is justified.

The left-hand panel of Fig. 4 shows the two SEDs, namely the
power-law and composite SED, for stellar mass M� = 108 M�,
which corresponds to a dark matter halo with mass ∼3.3 × 1010

M�. For comparison, we have also plotted the intrinsic (magenta
double-dot dashed curve) and absorbed (cyan dot-dashed curve)
HMXB spectrum from Fragos et al. (2013) in the left-hand panel of
this figure.9 We have also chosen fX = 0.05 for these HMXB spectra.

9Note that the absorbed and unabsorbed spectra from Fragos et al. (2013)
have the same number of photons at wavelength λ � 6 Å and only deviate
at higher wavelength side. In our case, the absorbed and unabsorbed spectra
differ at low wavelength side as we have normalized both the spectra so that
the ratios of luminosities in the X-ray and UV bands for both the spectra are
0.05.

While the intrinsic HMXB spectrum contains a significant amount
of soft X-ray photons, one can easily notice that the absorbed
HMXB spectrum from Fragos et al. (2013) contains fewer soft
X-ray photons with energy E ∼ 0.1 keV due to the absorption of
the soft X-ray photons within the interstellar medium of the host
galaxy.

3.1.3 Signal maps

Here, we briefly explain the method used in this paper to generate the
21-cm maps using the outputs of the N-body simulation described
in the previous section. The details of the method can be found in
Ghara et al. (2015a). The UV photons have small mean free path
and thus will be absorbed by the nearby neutral hydrogen in the
IGM. This gives rise to a highly ionized H II region just outside
the sources. On the other hand, the mean free path of the X-rays
crucially depends on the energy of the X-rays. The mean free path
can be given as (e.g. McQuinn 2012)

λX ≈ 34 x̄−1
HI

(
EX

0.5 keV

)2.6 (1 + z

15

)−2

cMpc, (4)

where x̄HI is the average neutral fraction of the IGM and EX is
the energy of the X-ray photon. Thus, X-rays have longer mean
free path and are able to penetrate longer distances in the IGM. In
presence of the X-rays, the ionization and heating morphologies in
the neutral regions are expected to be different from the scenario
where there are no X-rays in the SED. However, the amount of
partial ionization and heating in the IGM mostly depends on the
number of soft X-rays in the SED of the sources. Given a SED, the
steps to generate the ionization and kinetic temperature maps are
given below.

(i) We used a one-dimensional RT method to generate the
ionization and kinetic temperature maps from the density fields
and the halo list from the N-body simulation. First, we generate
a large set of 1D profiles of xHII and TK around the sources for
different stellar masses, age, redshift, and IGM overdensity. These
profiles are used to estimate the ionizing photons from the sources
and create H II bubbles. In case there are overlaps between the
individual H II bubbles, we increase the overlapping bubble size by
redistributing the unused ionizing photons among the overlapping
sources.
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2792 N. Islam et al.

Figure 4. Left panel: The short-dashed curve represents the power-law spectrum of the X-ray part of the mini-QSO type sources, while the long-dashed
curve shows the composite spectrum of the HMXBs used in this paper. The solid curve represents the stellar contribution from the galaxy for a stellar mass
of 108 M�. For comparison, we have also plotted the intrinsic HMXB spectrum (magenta double-dot dashed curve) and the absorbed HMXB spectrum (cyan
dot-dashed curve) from Fragos et al. (2013). The absorbed spectrum includes absorption of the soft X-ray photons emitted from the HMXB within the host
galaxy. Note that we have fixed the parameter fX (the ratio of the luminosities in the UV and X-ray bands) as 0.05 for the source model with X-rays while
we choose the spectral index of the mini-QSO SED to be 1.5. The right to left vertical lines represent the energy correspond to Lyα, the ionization energy of
H I, He I, He II, and 100 eV, respectively. Right panel : The brightness temperature profiles as a function of the radial distance from the centre of the sources
presented in the left-hand panel of the figure. The stellar mass of the sources is assumed to be 108 M�, while the profiles correspond to 20 Myr source age at
redshift 15.

(ii) We use the previously generated 1D profiles of xHII to
calculate the ionization fraction in the neutral medium in the IGM.
Finally, we use a correlation of the kinetic temperature and the
ionization fraction to generate the TK maps.10

(iii) We have not performed any RT for the Lyα photons in this
study and simply assumed that the Lyα photon flux reduces as 1/R2,
where R is the radial distance from the source. Using the Lyα flux,
we calculate the Lyα coupling coefficients, which later are used to
generate the spin temperature (TS) maps using the TK maps. All
these maps are finally used to calculate the brightness temperature
maps using the following equation (Madau, Meiksin & Rees 1997;
Furlanetto, Oh & Briggs 2006):

δTb(x) ≡ 27 xHI(x, z)[1 + δB(x, z)]

(
�Bh2

0.023

)

×
(

0.15

�mh2

1 + z

10

)1/2 [
1 − Tγ (z)

TS(x, z)

]
mK, (5)

where x = rzn̂ with n̂ be the line-of-sight direction. The quantity
rz is the comoving radial distance to redshift z. Here, the quantities
δB(z, x) and xHI(z, x) represent baryonic density contrast and the
neutral hydrogen fraction, respectively. Tγ (z) = 2.73 × (1 + z) K
denotes the CMBR temperature at redshift z. Note that we have not
included the line-of-sight effects such as, effect of peculiar velocity

10The mean free path of the X-ray photons with energy �1 keV is much
larger than our simulation box size. In principle, these high-energy X-
ray photons should be recycled into the simulation box until those are
absorbed by the gas after sufficient redshifting. However, the recycling
of such high-energy X-ray photons is computation, very expensive, and
thus, often ignored in earlier studies such as Ross et al. (2019). Eventually,
these unabsorbed photons will produce a uniform background. Note that we
have not accounted for such X-ray background or recycle such unabsorbed
photons into the simulation box. Our composite spectrum contains a
significant amount of soft X-rays and thus, the heating is dominated by
the soft X-rays.

(Mao et al. 2012; Ghara et al. 2015a; Majumdar et al. 2016) and
light-cone effect (Datta et al. 2012; Ghara, Datta & Choudhury
2015b; Datta et al. 2018) in the brightness temperature maps.

Before considering realistic models of reionization as we describe
in the following sections, let us first see the impacts of these two
different X-ray SEDs around isolated sources, one with a power-law
spectrum and another that is derived from the composite spectrum
presented here. The δTb profiles around the sources crucially depend
on the properties of the sources (Ghara, Choudhury & Datta 2016).
The right-hand panel of Fig. 4 shows the brightness temperature
profiles of the power-law and composite spectrum along with the
stellar SED. We have assumed that the stellar mass of the galaxy is
108 M� while the age of the source is 20 Myr. We have fixed the
parameter fX to 0.05 while we choose α = 1.5 as the spectral index
of the power-law SED. Clearly, δTb profiles around the sources
for different cases are distinct from each other. Different amount
of soft X-rays in the SEDs of these sources results in different
amount of heating in the IGM gas. The size of the emission region
for the composite spectrum is smaller compared to the power-
law spectrum. This is due to presence of fewer number of soft
X-ray photons in the composite spectrum. On the other hand,
almost no emission region is present beyond the H II region for
the stellar spectrum. Since the Stellar SED does not contain any
soft X-rays, we do not find any prominent emission region in
the corresponding δTb profile. As the absorbed HMXB spectrum
from Fragos et al. (2013) contains a negligible amount of soft
X-ray photons, the heating is mostly dominated by hard X-rays.
Due to the large mean free path, these hard X-rays travel long
distances before getting absorbed after sufficient redshifting. Thus,
the heating in the surrounding medium of the source is less in case
of absorbed HMXB spectrum from Fragos et al. (2013) compared
to the other X-ray spectrum. On the other hand, the intrinsic HMXB
spectrum of Fragos et al. (2013) contains slightly more soft X-ray
photons than the composite spectrum, but less compared to the
power-law spectrum for fX = 0.05. Thus, the heating due to the
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Composite X-ray binary spectra with MAXI 2793

intrinsic HMXB spectrum of Fragos et al. (2013) is higher than that
from the composite spectrum and lower compared to the power-
law spectrum. Thus, the brightness temperature profile around the
isolated source with unabsorbed spectrum remains in between the
1D δTb profiles of the composite and power-law spectrum. The
number of Lyα photons emitted by all the three sources is nearly the
same, hence the δTb profiles at faraway distances (where the impact
of X-rays is negligible) are identical in these cases. Although these
profiles are different from each other, distinguishing these profiles in
real observations may not be an easy task. In principle, these profiles
can be distinctly determined in high-resolution images using long
observation time (Ghara et al. 2017).

3.2 Impacts on reionization

Here, we have considered two different types of X-ray spectrum,
in particular a power-law spectrum (corresponds to sources such
as mini-QSO) and a composite spectrum of HMXBs and studied
their impacts on the 21-cm signal from the cosmic dawn and EoR.
In addition, we will consider two different scenarios with two
different minimum halo mass (Mmin) that host sources of radiation.
In particular, we choose Mmin = 8 × 109 M� and 5 × 1010 M�
and denote these two scenarios by S1 and S2, respectively. We
choose f� = 0.02 (0.02) and fesc = 0.15 (0.6) for S1 (S2). This
produces an ionization history that starts around redshift 20 (15)
and ends around redshift 6.8 (6.6) and 6.2 (6.3) for the power-law
and composite spectrum, respectively, in case of S1 (S2). (as shown
by the solid curves in the upper panels of Fig. 5). The Thompson
optical depths are τ = 0.059 (0.052) and 0.052 (0.05) for the power-
law and composite spectrum, respectively, in scenario S1 (S2), which
is consistent with the current observational constraint from Planck
mission (Planck Collaboration XLVI 2016). The dashed curves in
the upper panels of Fig. 5 show the evolution of the volume averaged
‘cooled fraction (x̄cool)’ for different source models. We define a
region as ‘cooled’ if the kinetic temperature of that region is smaller
than the CMBR temperature. One can see that the IGM becomes
heated quicker in the case of the power-law spectrum of the X-ray
sources. This is due to the presence of more soft X-ray photons
in the spectrum of power-law compared to the HMXBs composite
spectrum.

3.2.1 Global 21-cm signal

The lower panels of Fig. 5 show the evolution of the volume
averaged δTb as a function of the redshift for the different source
models considered in this paper. The average δTb starts to deviate
from zero as soon as the first sources begin to form during the cosmic
dawn. In subsequent time, the kinetic temperature of the IGM gets
coupled to the spin temperature of H I due to Wouthuysen–Field
coupling (Wouthuysen 1952; Field 1958; Hirata 2006) by the Lyα

photons from the first sources. This produces a strong absorption
signal from H I, as the IGM is not heated above CMBR temperature
at that time. Eventually, the IGM becomes heated above Tγ in the
presence of the X-ray sources, and the signal becomes emission
signal. This produces a trough-like feature in the evolution curve
of <δTb > around redshift 14.5 for the power-law model and 14
for the composite spectrum model. Eventually, the signal vanishes
as the IGM becomes highly ionized. The evolution curve of <δTb

> is, therefore, highly dependent on the nature of X-ray sources.
These results are consistent with previous works such as Cohen
et al. (2017), Greig & Mesinger (2018), Mirocha et al. (2018), and
Fialkov & Barkana (2019).

Figure 5. Upper panels: The solid lines in the upper panels denote the
evolution of the volume averaged ionization fraction of hydrogen as a
function of redshift. The dashed lines represent the redshift evolution of
the ‘cooled fraction’ of the IGM. Here, we define a region as ‘cooled’
region if the kinetic temperature of the region is smaller than the CMBR
temperature. The thick and thin dashed curves represent the power law
and composite spectrum, respectively. Lower panels: Redshift evolution
of the volume averaged brightness temperature for different source models.
The solid curve corresponds to the power-law model, while the dashed
curve denotes the composite spectrum. In both source models, we fix the
parameter fX as 0.05. The left- and right-hand panels represent scenarios S1

and S2, respectively, which corresponds to the minimum halo mass Mmin =
8 × 109 M� and 5 × 1010 M�, respectively.

In case of S2, the Lyα coupling and heating are delayed as only the
massive halos with masses larger than 5 × 1010 contribute to these
processes. However, the choice of a larger escape fraction of the
UV photons in S1 scenario completes the reionization by redshift 6.
As the Lyα coupling and X-ray heating are delayed, the brightness
temperature versus redshift profile is also delayed as shown in the
right bottom panel of Fig. 5. In this case, the trough appears at
redshift ∼11. The minimum value of <δTb > is slightly smaller in
case of S2 compared to S1 due to the delayed heating in S2.

One can see that the signal amplitude is maximum during the
first phase of reionization. Thus, many of the EoR experiments
such as EDGES, SARAS, LEDA, etc., which intend to detect
the global signal, probe this redshift range. However, these low-
frequency experiments are limited by the foregrounds, calibration,
systematics of the instruments, etc. The global absorption signal
transforms into an emission signal as the IGM gets heated due to
the presence of X-rays in this study. As the amount of heating is
different in these model sources, the transition occurs at different
redshifts. The transition redshifts are 11 and 10 for the power law
and composite spectrum-driven reionization, respectively. Also, the
absorption signal is relatively stronger for the composite source
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2794 N. Islam et al.

model due to less heating compared to the power-law SED. Thus,
it is expected that the signal is easier to detect for the composite
spectrum in the global EoR experiments. As we will see later that the
amplitude of the power spectrum for the reionization driven by the
composite spectrum is smaller compared to the power-law spectrum,
it will be hard to detect the composite spectrum-driven reionization
at the first phase of reionization by the statistical analysis, while the
global experiments may be very useful.

The strongest absorption signal is ∼−100 mK in these models.
Recently, Bowman et al. (2018) have reported a measurement of
such redshift-brightness temperature profile of the average 21-
cm signal around redshift z ∼ 17 using the EDGES low-band
observations. However, the measured amplitude of the signal is
stronger by several factors than what our models predict. To explain
such a strong signal as reported by EDGES, one has to consider
either an excess cooling due to an unknown physical process such
as baryon-dark matter interaction (Barkana 2018; Berlin et al. 2018;
Fialkov, Barkana & Cohen 2018; Muñoz & Loeb 2018) or an excess
radio background (Ewall-Wice et al. 2018; Feng & Holder 2018;
Fraser et al. 2018; Brandenberger, Cyr & Shi 2019; Fialkov &
Barkana 2019). However, we have not considered any excess
cooling beside the cooling due to the expansion of the Universe
or any excess radio background while estimating the 21-cm signal
in our study. The strongest absorption signal in Fig. 5 appears at
redshift ∼14. These absorption profiles are delayed as we have not
considered contributions from halos with mass �8 × 109 M�.

3.2.2 Fluctuations in 21-cm signal

Next, we will study the implications of the composite spectrum
on the fluctuation of the signal. Primarily, the first-generation radio
telescopes aim to measure the fluctuations in terms of the spherically
averaged power spectrum P(k), which can be written as

〈 ˆδTb(k) ˆδTb
�
(k′)〉 = (2π )3δD(k − k′)P (k), (6)

where ˆδTb(k) is the Fourier component of δTb(x) at scale k. However,
we will present our results in terms of the dimensionless power
spectrum �2(k) = k3P(k)/2π2.

The upper panels of Fig. 6 show the redshift evolution of the large-
scale (k = 0.1 Mpc−1) power spectrum for the two different source
models considered in the paper. The large-scale power spectrum
shows three distinct peaks when plotted against redshift. This is
consistent with studies by Baek et al. (2009), Mesinger, Ferrara &
Spiegel (2013), Ghara et al. (2015a), Fialkov et al. (2017), and
Cohen, Fialkov & Barkana (2018). From high to low redshifts, these
peaks arise due to the fluctuation in Lyα flux at the cosmic dawn,
heating inhomogeneity during the first phase of reionization and the
ionization inhomogeneities in the later stages of reionization. These
three characteristic peaks are prominent for the power-law spectrum
and the composite spectrum. However, studies such as Pacucci
et al. (2014) and Fialkov et al. (2014) show very distinct feature
in the evolution of the large-scale power spectrum for the HMXBs
spectrum. The HMXBs spectrum considered in these studies have
very small number of soft X-ray photons compared to the hard
X-ray photons and, thus, the heating is dominated by the hard X-
rays. As a result, the heating is homogeneous in the neutral IGM
in these models, which lead to the disappearance of the heating
peak around redshift ∼10. However, our composite spectrum is
basically a power law but not very steep. Also, the effective number
of soft X-rays is less in the composite spectrum compared to the
power-law scenario, as we have fixed the parameter fX = 0.05. Thus,

Figure 6. Upper panels: Redshift evolution of the large-scale power
spectrum of δTb for two different source model, dashed curve presents
the composite spectrum while the solid curve corresponds to power-law
spectrum. The curves correspond to scale 0.1 Mpc−1. Lower panels: The
large-scale power spectrum of δTb as a function of scale for the two different
source models is considered in this work; thin curves present the composite
spectrum, while the thick curves correspond to power-law spectrum. The
left- and right-hand panels correspond to scenarios S1 and S2, respectively.

the heating is inhomogeneous but late compared to the power-law
spectrum. The global ionization is also delayed for the composite
spectrum scenario due to the lack of soft ionizing photons in the
SED. This late ionization for the composite spectrum scenario shifts
the heating peak towards the lower redshift. On the other hand, less
inhomogeneous heating for the composite SED results in decreasing
the amplitude of the heating peak by factor 2 compared to the power-
law SED in case of S1. The Lyα fluctuation peak and heating peak
appear at lower redshifts in case of S2 compared to S1 as Lyα

coupling and X-ray heating are delayed due to the absence of halos
with mass less than 5 × 1010 M� in S2. One can also easily notice
that the amplitudes of the Lyα fluctuation and heating peaks are
larger in case of S2 than in those of S1. These results are consistent
with studies such as Das et al. (2017).

It is not quite clear whether one should compare the scale
dependence of the power spectrum at certain redshifts or for certain
ionization fraction. Here, we compare the power spectrum from
these two source models at fixed ionization fractions. The scale
dependent of the power spectrum is shown in the lower panels of
Fig. 6 for different ionization fractions 0.01, 0.1, and 0.5 from the
two source models. The redshifts are (11.73, 9.6, 7.8) and (11.3,
9.2, 7.3) for the power-law and composite spectrum, respectively.
We see a bump around k ∼ 0.3 Mpc−1 at redshift 11.73 curve for
the power-law scenario. This corresponds to the characteristic size

MNRAS 487, 2785–2796 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/487/2/2785/5499041 by R
am

an R
esearch Institute user on 25 July 2019



Composite X-ray binary spectra with MAXI 2795

of the heated bubble at that redshift, as the Lyα coupling is saturated
by then. In this case, Rheat = 2.46/kpeak ∼ 8 cMpc (Friedrich et al.
2011). However, this peak probably arises due to the fact that there
are no small-mass halos in our simulation and thus the heated
bubbles are relatively rare and with less overlap. With small-
mass haloes included, the peak should move towards small scales
(Ghara et al. 2015a). Another fact to notice is that the peak moves
towards small scales (kpeak ∼ 0.6), which correspond to a smaller
characteristic size of the heated bubble for the composite spectrum
scenario. This is expected as we have seen the size of the emission
regions is less for the composite spectrum case (see Fig. 4). The
peaky feature of the power spectrum as a function of scales decreases
as reionization progresses and disappears as soon as the IGM gets
sufficiently heated.

4 SUMMARY AND DISCUSSION

In this paper, the average spectra of Galactic X-ray binaries are
investigated using the long-term monitoring data of MAXI–GSC.
This sample of 17 HMXBs and 40 LMXBs, with sufficient statistics
to extract spectra with ∼5.2 yr of MAXI–GSC data, consists of
various sub-classes of X-ray binaries. These average spectra are
utilized to construct the composite spectrum of X-ray binaries.
We use the composite spectra of galactic HMXBs to investigate
the contribution of X-ray binaries heating in the redshifted 21-cm
signal. Similar studies such as Pacucci et al. (2014) and Fialkov
et al. (2014), using semi-numerical methods, have been done before.
Here, we have used the observationally motivated spectrum for the
HMXBs and used 1D RT method to generate the signal. The main
outcomes can be summarized as follows.

(i) The composite spectrum of the HMXBs can be represented
as a piece-wise power-law with three components in the energy
range 3–20 keV. Having extrapolated the power-law dependence
towards soft X-ray part (below 3 keV), we have studied the
different signatures of this composite spectrum and simple power-
law spectrum keeping the fraction of the X-ray and UV luminosity
fixed.

(ii) δTb profiles around isolated source shows different feature
for the composite spectrum compared to the power-law sources.
Since the number of the soft X-ray photons is less in the composite
spectrum, the emission region around the central H II region is
smaller. This makes the profile smoother than the profile around a
stellar type source and sharper than the profile around the power-
law spectrum. Distinguishing these profiles need high-resolution
imaging and a long observation time and thus may not be an easy
task. The ionization front around the isolated sources is smaller for
the composite spectrum, which results in a delayed reionization.

(iii) In the presence of X-rays, the absorption signal transforms
into emission after a certain stage of reionization. For the composite
spectrum, the transition occurs much later than the power-law
spectrum for the same fX. The amplitude of the dip in <δTb >

is larger for the composite spectrum than the power-law driven
scenario, which implies that it will be easier to detect the signal in
the global 21-cm experiments.

(iv) In the presence of soft X-rays in the power-law and composite
spectrum, the heating is patchy. This gives rise to a distinct peak
in the evolution curve of the large-scale power spectrum of the
signal. Since the composite spectrum of the HMXBs is less steep
compared to the power-law spectrum, the heating of the IGM is less
patchy. Also, fewer soft X-ray photons in the composite spectrum
result in late heating, which causes a shift of the heating peak of the

large-scale power spectrum when plotted against redshift towards
lower redshift side. In addition, the amplitude of the heating peak
decreases for the composite spectrum. These results are consistent
with those of earlier works by Mesinger et al. (2013) and Pacucci
et al. (2014).

(v) For a larger value of the minimum mass of halos (Mmin)
that contains sources, the 21-cm signal is delayed due to late Lyα

coupling and X-ray heating. The minimum value of the average
brightness temperature appears late and smaller for a larger value
of Mmin. On the other hand, the maximum value of the large-scale
power spectrum enhances for a larger value of Mmin.

While we have studied the difference between the implications
of the composite spectrum of the HMXBs and simple power-law
spectrum, one should also check the detectability of these source
models with present and future radio observations in the presence
of system noise, foregrounds, etc.
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Voytek T. C., Natarajan A., Jáuregui Garcı́a J. M., Peterson J. B., López-Cruz
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