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ABSTRACT

We use high-resolution hydrodynamical simulations to study the contribution to the X-ray
background from high-z energetic sources, such as X-ray binaries, accreting nuclear black
holes, and shock heated interstellar medium. Adopting the model discussed in Eide et al.
(2018), we find that these X-ray sources during the Epoch of Reionization (EoR) contribute
less than a few per cent of the unresolved X-ray background. The same sources contribute
to less than ~2 per cent of the measured angular power spectrum of the fluctuations of the
X-ray background. The outputs of radiative transfer simulations modeling the EoR are used
to evaluate the cross-correlations of X-ray background with the 21 cm signal from neutral
hydrogen. Such correlation could be used to confirm the origin of the 21 cm signal, as well
as give information on the properties of the X-ray sources during the EoR. We find that the
correlations are positive during the early stages of reionization when most of the hydrogen is
neutral, while they become negative when the intergalactic medium gets highly ionized, with
the transition from positive to negative depending on both the X-ray model and the scale under
consideration. With SKA as the reference instrument for the 21 cm experiment, the predicted
S/N for such correlations is <1 if the corresponding X-ray survey is only able to resolve and
remove X-ray sources with observed flux > 10~"3 ergcm™2s~!, while the cumulative S/N
from [ = 1000 to 10* at xy, = 0.5 is ~5 if sources with observed flux > 107" ergcm =2 s~!
are detected.

Key words: galaxies: high-redshift — dark ages, reionization, first stars — X-rays: diffuse back-
ground.

that this component amounts to 24.3 per cent of the total flux in the
soft (0.5-2) keV band (i.e. 8.15 £ 0.58 x 10~?ergcm 2 s~ deg—?)
and 17.6 percent in the hard (2-8) keV band (i.e. 1.73 £0.23 x

1 INTRODUCTION

The combined contribution of radiation from sources at all redshifts

makes up the background radiation permeating our universe. The
X-ray component of such background includes input from a variety
of high-energy sources (e.g. Brandt & Hasinger 2005; Helgason
et al. 2014; Cappelluti et al. 2017), such as X-ray binaries (XRBs)
(Fragos et al. 2013a), active galactic nuclei (AGNs) (Comastri et al.
1995), and thermal bremsstrahlung from hot gas (Cappelluti et al.
2012).

Deep X-ray surveys (Lehmer et al. 2012; Luo et al. 2017) have
resolved most of the cosmic X-ray background (CXB) as point
sources that are dominated by AGNs, while ~10-30 percent of
the flux remains unresolved (see e.g. Lehmer et al. 2012; Moretti
et al. 2012; Cappelluti et al. 2017). More specifically, the 4Ms
Chandra Deep Field-South (CDF-S) (Lehmer et al. 2012) showed
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107" ergem™2 s~ ! deg~?), which is composed by very faint sources
that lay below the sensitivity of the instrument. Although these
faint sources cannot be singly resolved, the imprint of their angular
fluctuations on the CXB could provide some information on their
properties (Yamamoto & Sugiyama 1998; Sliwa, Soltan & Freyberg
2001; Kolodzig et al. 2017, 2018). Specifically, measurements of
cross-correlation with the near-infrared background indicate that
such fluctuations should partially come from the high-z universe
(Cappelluti et al. 2012; Helgason et al. 2014; Fernandez et al. 2014;
Mitchell-Wynne et al. 2016).

It has been suggested that this high-z component could originate
from accretion powered sources during the epoch of reionization
(EoR), such as XRBs (Fragos et al. 2013a,b; Xu et al. 2016), and/or
AGNs (Dijkstra, Haiman & Loeb 2004; Salvaterra et al. 2005; Sal-
vaterra, Haardt & Volonteri 2007). Although they are also expected
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to contribute to the CXB, it is not possible to separate such com-
ponents directly from the CXB measurements due to the lack of
redshift information. Since these sources are usually hosted in very
dense regions, they are expected to anticorrelate with the 21 cm
signal originating from the neutral hydrogen found further away
from the production sites of ionizing photons (Shan & Qin 2009;
Liang, Mao & Qin 2016). Exploiting the redshift information of-
fered by the 21 cm signal, such cross-correlation could then be used
to give information on the properties of the X-ray sources during
the EoR, as well as confirm the origin of the 21 cm signal. It should
be noted that the high-z component of the X-ray background is
mainly contributed by the hard X-ray radiation that can easily es-
cape from the hosts and travel large distances, while the soft X-ray
photons produced by the same sources are expected to interact with
the neutral hydrogen and helium and impact the physical properties
of the intergalactic medium (IGM), and thus the associated 21 cm
signal (Christian & Loeb 2013; Mesinger, Ferrara & Spiegel 2013;
Fialkov, Barkana & Visbal 2014; Fialkov et al. 2017; Eide et al.
2018).

In this paper, we will evaluate the contribution to the CXB from
high-z energetic sources such as XRBs, accreting nuclear black
holes (BHs), and shock heated interstellar medium (ISM). The prop-
erties of the sources are retrieved from the hydrodynamic simulation
MassiveBlack-1I (Khandai et al. 2015). We also employ the 3D mul-
tifrequency radiative transfer (RT) code CRASH (Ciardi et al. 2001;
Maselli, Ciardi & Kanekar 2009; Graziani, Ciardi & Glatzle 2018)
to follow the reionization history of hydrogen and helium (Eide
et al. 2018 and Eide et al. in preparation). These simulations are
used to evaluate the 21 cm signal and the cross-correlation with the
CXB for several source models. As mentioned above, such correla-
tions were previously investigated by Shan & Qin (2009) by means
of two semi-analytic models for reionization (stars dominated or
quasars dominated), and by Liang et al. (2016) using seminumer-
ical 21CMFAST simulations that included three cases of X-ray
emitting efficiency. Both works concluded that a cross-correlation
between X-ray background and 21 cm signal exists, although it is
difficult to measure. Ours is the first work that attacks the problem
employing a combination of hydrodynamic and radiative transfer
simulations.

The rest of paper is organized as follows. Simulations and X-ray
models adopted are described in Section 2; the results are presented
in Section 3, while the conclusions are summarized in Section 4.
The cosmological parameters adopted are from WMAP7 (Komatsu
etal. 2011) within a ACDM cosmology, i.e. 0§ = 0.816, n, = 0.968,
Qp =0.725, Q,, = 0.275, Q, = 0.046 and h = 0.701.

2 SIMULATIONS

The simulations used to compute X-ray background and 21 cm
signal are those described in Eide et al. (2018, hereafter Eide18a)
and Eide et al. (in preparation, hereafter Eide18b). Here we outline
their main characteristics and refer the reader to the original papers
for more details.

The gas and galaxy distribution adopted, together with their prop-
erties, are obtained from the high-resolution cosmological hydro-
dynamical simulation MBII presented in Khandai et al. (2015),
with box length 1002~'cMpc and 2 x 17923 particles, i.e. a dark
matter and gas particle mass of mpy = 1.1 x 10’ h~" M and
Mgys = 2.2 x 10° i~ My, respectively. The simulation tracks stel-
lar populations, galaxies, accreting and dormant BHs (growing from
seeds of 10° M, by merging with other BHs and by accreting gas at
amaximum of twice the Eddington rate), as well as their properties,
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such as mass, age, metallicity, accretion rate, and star formation rate
(SFR). The baryonic physics and feedback effects of the sources are
also accounted for. We refer the reader to Khandai et al. (2015) for
more details about the hydrodynamical simulations. Here we just
note that the parameters involved in the calculations have been tuned
to reproduce low redshift observations, such as the cosmic SFR, the
galaxy stellar mass function, and the quasar (QSO) bolometric lu-
minosity function.

The outputs of the simulations have been mapped onto N, = 2563
grids and post-processed with the Monte Carlo 3D RT code CRASH
(Ciardi et al. 2001; Maselli, Ferrara & Ciardi 2003; Maselli et al.
2009; Graziani, Maselli & Ciardi 2013) to follow the redshift evo-
lution of the ionization and temperature state of the IGM, i.e. the
reionization process, as determined by different source types (and
their combination) emitting in the energy range 13.6-2 keV. In addi-
tion to stellar-type sources that emit the bulk of their radiation in the
UV band, Eide18a,b considered the contribution to the production
of more energetic photons from the following.

(i) X-ray binaries (XRBs). These include low mass XRBs
(LMXBs) and high mass XRBs (HMXBs). The corresponding total
luminosity in a galaxy is given by the contribution from both popu-
lations: LXRB = [AMXB 4 JIMXB The Juminosity of HMXBs relates
to the SFR of the galaxy and the metallicity (Z) of the residing stars
as (Fragos et al. 2013b; Madau & Fragos 2017):

log(L"™X®/SFR) = " B, 7', ()

while the luminosity of LMXBs is determined by the mass (M) and
age (1) of the stars:

log(L"™™® /M) = " yi(logr)', )

where B; and y; denote the best-fitting coefficients from Madau &
Fragos (2017).
The spectra of the XRB sources, which are only mildly dependent
on the redshift, are taken from Fragos et al. (2013b).

(ii) Supernova heated ISM. For each galaxy, the luminosity of
the ISM in the energy band (0.3-10) keV is evaluated as (Mineo,
Gilfanov & Sunyaev 2012):

L™M = (7.3 +£1.3) x 10¥ ergs™ Mg yr x SFR, 3)

where SFR is the total SFR in the galaxy. The luminosity is then
rescaled to the frequency range of our interest.

We assume that the ISM spectrum is thermal bremsstrahlung and
constant in redshift (Pacucci et al. 2014):

if hpv < kTism

if hev > KTy @

C
ISM/ \ _
T = {C(hpv/kTISMr—*

where C is the normalization constant, sp denotes the Planck con-
stant, and Tigy ~ 10° K is the temperature of the heated ISM.

(iii) Accreting nuclear BHs. For each source we assume a bolo-
metric luminosity (Shakura & Sunyaev 1973):

LP = UMBHCZ, (@)

where n = 0.1 is the efficiency parameter used in Khandai et al.
(2015) and Mgy is the accretion rate of the BH computed in the
simulations.

The spectrum is based on observational data by Krawczyk et al.
(2013), which is modeled as a power law with index o« = —1 at hpv
> 200 eV and has no evolution with redshift.

The suite of simulations used in this paper is composed of four
runs from Eidel8a and Eidel8b, including stars and XRBs (XRB

MNRAS 480, 26-34 (2018)

610Z 1800190 €0 U0 Jasn puejad) jo Aieiqi AlsiaAlun pue [euoneN Aq /160S0S/92/L/08F/10BNSe-ao1Le/Seluw/wod dno olwapeoe//:sdiy Wwolj papeojumoc]



28 Q. Maetal.

4
= gp I (0.5 — 2) keV
‘QC)L 0 .’3-.
= 7 TN
—‘w -2 -7 "o \\ A
‘bD ‘x NN
e ‘o‘ \. \
= -4 - %, /N
= *, \\ N\
e -6 EUR
= - — XRB AN
& -8 BH \
| aauss ISM

A0, . . A

R 0..‘

= 2 (2 — 8)keV
\a g“
s 0 N
n ‘)'/ TN\
T -2 - s \\ \
%D x’ \\\
— -4 %, '\
5 % \\»\
& -6 * (Y
= Y
t \
éﬂ -8 NN

-10 . . . . g

34 36 38 40 42 44

logio(L[ergs™1])

Figure 1. Intrinsic luminosity function in the observer frame frequency
bands (0.5-2) keV (top panel) and (2-8) keV (bottom) as produced by our
population of XRBs (red dashed lines), BHs (cyan dash-dotted), and ISM
(blue dotted). Thick and thin lines refer to z = 5 and 10, respectively.

model), stars and ISM (ISM model), stars and BHs (BH model),
and all of sources combined (referred to as ‘“Total” model). We refer
the reader to the original papers for more details on the simulations.

It should be noted that in the RT simulations only photons with
energies below 2 keV are included as the mean free path of the
ones with higher energy is larger than the box size. Those soft
X-ray photons do not contribute to the CXB, but Eide18a showed
that they have an impact on the heating and ionization of the IGM,
although full hydrogen ionization is driven by the UV radiation
from stars.

3 RESULTS

Fig. 1 shows the intrinsic luminosity function of X-ray radiation
as contributed by our population of XRBs, BHs, and ISM in the
observer frame frequency bands (0.5-2) keV and (2-8) keV. The
X-ray luminosity associated to the ISM is much lower than that of
the others, while the BHs reach the highest luminosities, despite
having the lowest number density. Due to its softer X-ray spectrum
(i.e. ocv™?), the luminosity of the ISM is smaller in the (2-8) keV
band than that in the (0.5-2) keV band, while the luminosities of
XRBs and BHs are similar in the two bands.

As single X-ray sources at high redshift are too faint to be resolved
as point sources (e.g. the observed flux for a source with L =
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10 ergs™ at z = 5 is 3.6 x 107 "%ergem™2s~"), most of them

only contribute to the unresolved CXB.!

3.1 Global X-ray flux
The global X-ray flux measured on earth from a source type s (XRB,
BH or ISM) at redshift larger than z is expressed as
Vmax (142" , w.2)
dvS* (v, e ™), (6
4 H(Z)(l +z) Vmin (142') ) ©
where c is the speed of light, H(z') = Ho/Q,(1 + ') + Q4 is
the cosmic expansion rate at 7, (L*) is the averaged luminosity per

unit volume, and 7(v, ) is the optical depth from z’ to the observer
for photons with frequency v:

F'(>z2)=

7

N < cdz’
T(v,7) = /O RESTYTED) +Z,,)H(Z,,)Zam(v)nm>(z) 0

where v’ = v(1 + z)/(1 + z), 0, is the cross-section to X-ray pho-
tons for species m=H 1, He1and He i1 (Verner et al. 1996), and (n,,)
is the corresponding volume averaged number density as obtained in
Eidel8a and Eide18b. More specifically, (n,,) = EC ny, /N¢, where
ng, is the number density of species m in cell ¢ and it is eval-
vated from the gas number density and the ionization fractions
of hydrogen and helium. As the simulations have been run only
until full hydrogen reionization has been reached, z, ~ 6, we as-
sume that at z < z, hydrogen remains fully ionized, while for he-
lium we assume that xge ;(3 < 2 < zr) = XHen(2r)s XHen(z < 3) =0,
Xem(3 < 2 < Zr) = XHew(Zr), and Xpew(z < 3) = 1. As CXP“ted,
the optical depth to the energetic photons of interest here is ex-
tremely low (e.g. T < 0.0003 for photons >0.5 keV in the observer
frame at z < 15), thus it can be safely neglected.

Fig. 2 presents the predicted global X-ray flux in the observed
(0.5-2) keV and (2-8) keV bands. For all models, the flux in-
creases quickly with decreasing redshift, due to the fast growing of
structures and the associated relevant physical properties, e.g. stellar
mass, SFR, accreting BHs (see Eide2018a,b for further discussions).
The XRB and BH models display X-ray fluxes very similar in the
soft and hard bands due to their spectral index (for both it is ~— 1),
while the ISM model shows a lower flux in the hard band than in
the soft band as a consequence of its softer spectrum (spectral index
—3). As the flux in the Total model is dominated at all redshifts by
the XRBs contribution, its behavior is similar to that of the XRB
model.

In the soft (0.5-2) keV band, the flux from XRBs, BHs,
and ISM at z > 5 is 8.18 x 107'%, 1.99 x 107'%, and
2.04 x 107"%ergem™2 s~ deg™2, respectively, corresponding to
80.3 percent, 19.5 percent, and 0.2 per cent of the flux in the To-
tal model, which is 1.02 x 10" ergcm™2s~! deg™2. In compar-
ison, the unresolved CXB in the same band measured by Cap-
pelluti et al. (2017) is (2.90 £0.16) x 10~"2ergcm ™2 s~! deg~2,
while the unresolved X-ray flux inferred by Lehmer et al. (2012) is
(1.98 £0.35) x 1072 ergcm =2 s~ deg™2, i.e. our predicted X-ray
flux from the EoR is less than a few per cent of the unresolved CXB
expected from observations.

Similarly, in the hard (2-8) keV band the flux from XRBs,
BHs and ISM at z > 5 is 8.94 x 107", 1.99 x 1074, and

IThe brightest sources could be resolved in very deep observations with
small fields of view (e.g. Lehmer et al. 2012; Luo et al. 2017), but it would
be difficult to detect them in large-scale surveys (e.g. Cappelluti et al. 2012,
2013; Kolodzig et al. 2017).
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Figure 2. Integrated X-ray flux at >z for source model XRB (dashed red
lines), BH (dot-dashed cyan), ISM (dotted blue), and Total (solid black).
The upper and lower panel refers to the energy band (0.5-2) keV and (2-8)
keV, respectively.

1.28 x 1077 ergcm™2 57! deg ™2, respectively, corresponding to
81.8 percent, 18.2 percent, and ~0.01 percent of the flux in the
Total model, which is 1.09 x 10~13 ergcm™2 s~! deg—2. The unre-
solved X-ray flux in the same band inferred by Lehmer et al. (2012)
is (3.05 £2.25) x 1072 ergecm 257! deg2, while in the similar
band (2-10) keV the unresolved CXB measured by Cappelluti et al.
(2017) is (6.47 £0.82) x 1072 ergem™2 s~ deg 2.

In the following we will present results only in the soft band, as
those in the hard band are similar.

3.2 Auto power spectra

While it is difficult to measure directly the X-ray sources during the
EoR due to their faint luminosities, it might be possible to probe
them through the angular distribution of the CXB.

The angular auto power spectrum of the X-ray flux relates to the
3D power spectrum of X-ray sources, Py (k, z), through Limber’s
approximation? (Limber 1953):

, ), ®)

s H s 2 ps
Cx() = / dz——Wx(2)" Py(k =
z>5

com

dcom

where d.opn is the comoving distance from O to z, and

c 1 Vmax (1+2)

< deS(V! Z)e—r(u,z). )
4r H@)(+ 2 Joaeo)

Wi(2) =

2Limber’s approximation is consistent with the exact power spectrum at [
> 10, while it breaks at lower / (see e.g. Simon 2007; Loverde & Afshordi
2008).
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Figure 3. Angular power spectrum of the X-ray flux in the (0.5-2) keV
band from z > 5. The lines refer to the XRB (dashed red lines), BH (dash-
dotted cyan), ISM (dotted blue), and Total (solid black) model. The top
panel is the power spectra obtained when bright sources with observed flux >
2 x 10~ Pergem=2 s~! are removed, while the bottom panel removes bright
sources with observed flux > 7 x 10~ 7ergcm=2s~!. The green diamond
data points with error bars in the bottom panel are from Cappelluti et al.
(2013) obtained with a flux limit of ~7 x 10~ 7ergecm™2s~!, while the
magenta triangle ones in the top panel are from Kolodzig et al. (2017)
obtained with a flux limit of ~2 x 10~ Pergem=2s~ 1.

Py (k, z) is computed from the luminosity density of the X-ray
sources contained in the snapshot of the simulation at z.

The angular power spectra Dx(I) = [(I + 1)Cx(l)/2m from the
four models are shown in Fig. 3. The power spectrum of the ISM
model displays an amplitude much lower than the others, con-
sistently with its very low global flux showed in Fig. 2. Due to
the rarity of BHs on the small scales, the power spectrum of the
BH model approaches a white noise distribution with increasing
[ (i.e. DM o [?) and its amplitude is higher than the ones in the
other models, although the global flux produced by BHs is lower
than the one originating from XRBs (see Fig. 2). For the same
reason, the power spectrum in the Total model is dominated by
BHs. This can be clearly seen in the top panel of Fig. 3, where
the power spectra have been calculated including all sources with
an observed flux < 2 x 10~ergem™2s7!, to be compared to re-
sults from the XBOOTES survey (with a surface area of ~9 deg?;
Kolodzig et al. 2017) that detected and removed sources with ob-
served flux > 2 x 10~ Pergcm™2s~!. Meanwhile, our predicted
power spectra at all scales and in all models are much lower (below
a few per cent) than the currently measured one.

If sources could be detected and removed in deep X-ray surveys
down to a lower observed flux, the contribution from BHs would
be reduced, without substantially changing the spectra of XRBs
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and ISM as they are dominated by fainter sources. The bottom
panel in Fig. 3 refers to the case in which sources with an observed
flux > 7 x 10~ 7erg cm~2 s~! have been removed. Although at very
small scales the power spectrum is still dominated by BHs, at [ <
3000 the Total model is now mainly determined by XRBs, and
the impact of XRBs is expected to increase as more sources get
removed. The power spectrum in the Total model is <2 per cent of
the one measured by Cappelluti et al. (2013), who performed the
same source subtraction in the deep Chandra ACIS-1 AEGIS-XD
survey that covered approximately 0.1 deg?.

3.3 Cross-correlation with the 21 cm signal

In Eide2018a and Eide2018b we have seen that the hard UV and
soft X-ray photons emitted by the sources considered here have a
substantial impact on the physical properties of the IGM, in partic-
ular its temperature and Helll content. In a companion paper, we
will investigate their effect on the 21 cm signal, while here we con-
centrate specifically on its correlation with the CXB. As mentioned
above, the photons contributing to the CXB in the bands studied here
have energies higher than those in Eide2018a and Eide2018b, i.e.
they are not responsible for the formation and evolution of highly
ionized regions. On the other hand, the 21 cm signal is expected to
correlate negatively with the X-ray sources located within highly
ionized regions, since the XRBs, BHs, and hot ISM reside in the
same galaxies hosting the stellar sources that drive IGM reioniza-
tion. It should be noted that, while there is a one-to-one correlation
between the sources of ionization and the CXB when this is dom-
inated by XRBs, this is not strictly true for BHs as, despite still
tracing highly ionized regions, there is not an active BH in each
galaxy. In any case, such anticorrelation could be used to confirm
the origin of the 21 cm signal, as well as give information on the
properties of the X-ray sources during the EoR.

The 21 cm signal is typically described in terms of the differential
brightness temperature, 875 cm, defined as (Furlanetto, Oh & Briggs

2006):
Tems 1+z\"? (10)
T, 10 ’

where § denotes the gas matter overdensity, Tcmp = 2.73(1 + 2)
K is the CMB temperature at z, and 7 is the spin temperature.
8T51em 18 calculated in each cell using the values of §, xy, and the
kinetic temperature of the gas, T}, obtained in the simulations, and
assuming that 75 = Tj.

The angular cross-power spectra of 21 cm brightness temperature
and X-ray background are defined as Cx_,,.,(2) = (ﬁmmgﬁ*),
where 6F° denotes the fluctuation of the X-ray background, while
" refers to the Fourier transfer. With Limber’s approximation, the
cross-power spectra are expressed as

8Ta1em = 28mK(1 + 8)xp, (1 -

[

C.)vilecm(l’ Z) = d

lel)Y((Z)P)Efﬂcm(k =

i o o
where Pg_,., i the 3D cross-power spectrum of X-ray sources
and 21 cm signal computed from the output of the RT simulations.
In the top panel of Fig. 4 we show the angular cross-power spectra
at z = 7 and 9 for all simulations. At these redshifts the volume
averaged H1 fraction is xy, ~ 0.24 and 0.94, respectively, for all
models, since the inclusion of more energetic sources has very little
effect on the global hydrogen ionization fraction. It should be noted
that here we only show a case in which X-ray sources with an
observed flux larger than 10~ergcm~2 s~! have been removed.
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Figure 4. Cross-power spectra (top) and correlation coefficients (bottom)
between the X-ray background and the 21 cm brightness temperature at z =7
(thick lines), and 9 (thin) from the XRB (dashed red), BH (dash-dotted cyan),
ISM (dotted blue), and Total (solid black) models. Note that X-ray sources
with an observed flux larger than 10~'7ergcm ™2 s~! are removed. The gray
solid horizontal line denotes the zero of the y-axis.

In the bottom panel of Fig. 4 we show the corresponding corre-
lation coefficient factor, defined as

CS l’
cx a1em(l, 2) = - X*Zlcm(j 2) ’
CX(Z) x CZlcm(lv Z)

where Cy is the integral X-ray power spectraat z > 5 (i.e. equation 8)
and C3,.,,(l, z) is the angular power spectra of 21 cm brightness
temperature at z.

For all models and at all redshifts, the correlations are significant
only at / < 10%, i.e. physical scales >5.6 cMpc (k < 1.13 Mpc™!) at
z=7and >6.0 cMpc (k < 1.05 Mpc~!) at z = 9. At both redshifts,
the cross-spectra in the ISM and BH models are much smaller
than those in the XRB and Total models, consistently with their
smaller global flux and angular power spectra (see Figs 2 and 3). At
z =9, when most of the IGM is still neutral, the 21 cm brightness
temperature is dominated by the contribution from the overdensity
and the spin temperature (see equation 10). As the sources of X-ray
radiation mainly reside in overdense regions, the correlations are
generally positive in all models, i.e. the X-ray radiation and the
21 cm signal during the early stage of reionization have a similar
origin. Due to the higher X-ray radiation and stronger heating, the
positive signal in the Total model is weaker than that in the XRB
model. This behaviour is observed in both the power spectra and the
correlation coefficients. At z = 7, when the IGM is highly ionized,
a negative correlation is observed for all models, since the 21 cm
brightness temperature in this case is more sensitive to the neutral

(12)
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Figure 5. Redshift evolution of the cross-power spectra between the X-ray

background and the 21 cm brightness temperature at / = 1000 (thick lines)

and 5000 (thin) for the XRB (dashed red), BH (dash-dotted cyan), ISM
(dotted blue), and Total (solid black) models.

hydrogen fraction that anticorrelates with the X-ray sources. Here
the correlation is stronger than that at z = 9 because of the higher
X-ray radiation at lower redshift.

Fig. 5 shows the redshift evolution of the cross-power spectra at
[ = 1000 (k ~ 0.11 Mpc~! at z = 7) and 5000 (k ~ 0.56 Mpc~!
at z = 7) for the four models. As the amplitude of the cross-power
spectra in the BH and ISM models is much lower than those in the
XRB and Total models, we limit our discussion to the latter. The
correlations are only significant at z < 12, because of the much
lower X-ray flux at higher z. At z > 9, the cross-power spectra
are positive at both / = 1000 and 5000, while negative at z < 8
where xy; < 0.8. The transition from positive to negative depends
on the models, as well as the multipole moment /. In both models
the transition happens earlier at / = 5000 than at / = 1000, since
in a standard inside-out reionization scenario the smaller scales are
ionized earlier. As the X-ray heating is stronger in the Total model
than in the XRB model, this leads to the earlier transition of the
Total model.

3.4 Detectability

The signal-to-noise ratio (S/N) for the cross-correlation power spec-
tra at multiple / can be estimated by (Doré, Hennawi & Spergel
2004):

( N )2 B Fay@ + DlinC3 e
N (CX + NX)(CZIcm + NZlcm) + C)z(_21cm '

where fg, is the fraction of the sky covered by both the X-ray
and 21 cm telescopes, /i, is the bin width, N is the angular power
spectrum of the X-ray foreground noise, and N, is the noise power
spectrum of the 21 cm instrument. We assume fi, = 0.0024 (i.e.
covered sky area = 100 deg?) and Ly, ~ 0.461 (i.e. (log o)pin = 0.2).

We adopt the X-ray foreground model by Helgason et al. (2014),
which includes X-ray radiation from AGNs, hot gas, and galax-
ies (mostly dominated by XRBs). In this model, X-ray sources
above a given flux limit Xy are removed, assuming that they can
be detected as point sources in deep X-ray surveys. For example,
Chandra is able to detect point sources with measured flux above
6.4 x 107" ergcm™2 57! in the soft band with an exposure time ~ 7

13)
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Ms (Luo et al. 2017). Here, we take three flux limits: Xjimy = 1071,
107!, and 1077 ergcm™2s~!. Correspondingly, we compute Cx
and Cx.1cm in equation (13) by removing the sources brighter than
those flux limits. While the instrument noise of X-ray facilities de-
pends on the instrumental background and the exposure time, in the
deep surveys it is expected to be much lower than the foreground
contribution and/or to be removed in an efficient way (Cappelluti
et al. 2013; Kolodzig et al. 2017), and thus we neglect it when
estimating S/N.

We assume that the foreground contributions to the 21 cm signal
can be accurately removed (see e.g. Koopmans et al. 2015). The
noise power spectrum for the 21 cm instrument can be expressed as
(Knox 1995)

Natem = [(1 + 2)/9.5) 0, 6% */920), (14)

pix

where o is the noise per pixel and 6 is the full width at half
maximum of the experimental beam. Using SKA? as our reference
instrument, @ = larcmin and oy, = 1 mK at 150 MHz, correspond-
ing to ~1000 h of integration and 1 MHz of bandwidth (Koopmans
et al. 2015).

Fig. 6 shows the predicted S/N for our four models and differ-
ent X-ray flux limits. For Xy = 1075 ergecm™2s~!, S/N<I1 for
all models. When decreasing Xjiny more point sources in the fore-
ground contamination are removed, and thus the S/N increases.
However, only models XRB and Total have S/N>1. As a refer-
ence, at [ = [1000, 2000] and z = 7 their S/N ~2 for Xjimii =
107 ergem2s7!, while S/N~1 for Xjinii = 107" ergem 257!
It is harder to detect the signal at higher redshifts (at z = 9 S/N<1
in all models) or at larger multipole moments, due to the weaker
correlation.

Fig. 7 shows the cumulative S/N (from / = 1000) in our four
models, which is evaluated as

fSky(ZZ + I)C)z(lecm

2 I
(V)™ 2
NJam 5o (Cx + Nx)(Caiem + Natem) + C% iem

15)

(S/N)eum is mainly contributed by scales at [ < 10*, consistently
with the weak X-ray and 21 cm correlations at [ > 10* (see Fig. 4).
At z = 7, the XRB and Total models have (S/N)em ~ 3 at{ > 10*
in the case of Xjimi = 10~V erg cm2s~!, whileat z =9 only the
XRB model has (S/N)eum > 1. With Xy = 107 ergem=2571,
(S N)eum ~ 1.2 and 0.5 at z =7 and 9.

Fig. 8 shows the evolution of the cumulative S/N from / = 1000—
10* (i.e. [ = 10% in our four source models with different X-
ray flux limits. For X}, = 10717 erg cm~2s~!, the correlations in
the XRB and Total models can be measured in a wide redshift
range from z = 6.7 to ~9, with a peak (S/N)eym ~ S atz ~ 7.5
where xy, = 0.5. For Xjjmy = 107'° erg em 257!, (S/N)eum > 1 at
7 < z < 7.6 in the XRB model and at 7 < z < 8.1 in the Total
model. It is impossible to measure the correlations for Xjmi =
10~ ergcm=2 57! as predicted by our four models.

We note here that the very deep Chandra survey, with a flux
limit of 7 x 107" ergcm™2s~!, covers only an area of 0.1 deg?
(Cappelluti et al. 2013), while 9 deg? are covered by a survey with
a flux limit of only 2 x 10~ ergcm~2s~! (Kolodzig et al. 2017).
Then, such X-ray surveys are not expected to be able to measure
the X-ray and 21 c¢m correlation. A much larger area of 140 deg”
is expected to be covered by eROSITA,* but also in this case

3https://www.skatelescope.org
“http://www.mpe.mpg.de/eROSITA
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Figure 6. S/N for X-ray flux limits of 10~!7 (top panel), 10710 (center), and
1013 (bottom) ergem~2s~! in model XRB (dashed red lines), BH (dash-
dotted cyan), ISM (dotted blue), and Total (solid black) at z = 7 (thick lines)
and z = 9 (thin). The gray solid horizontal line denotes S/N=1.

sources fainter than 2.9 x 10~ ergcm™2 s~! would not be resolved
(Merloni et al. 2012). More promising is the ATHENA® mission, with
a flux limit of ~107'%ergcm™2s~! expected for a survey area of
100deg? (J. Aird, private communication; Aird et al. 2013). The
proposed LYNX telescope® should also be able to measure such
correlation, thanks to its designed high resolution. Deep ~1000 h
integration is considered for SKA on five separate 20 deg® windows
covering a total of 100 deg® (Koopmans et al. 2015).

4 DISCUSSION AND CONCLUSIONS

We used the high-resolution cosmological hydrodynamical simu-
lation MassiveBlack-II (Khandai et al. 2015) post-processed with

Shttp://www.the-athena-x-ray-observatory.eu
Shttps://wwwastro.msfc.nasa.gov/lynx
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Figure 7. Cumulative S/N as a function of the maximum multipole moment
! with X-ray flux limits of 10~!7 (top panel), 10~ !¢ (center), and 10~ '3
(bottom) erg cm~2s~! for model XRB (dashed red lines), BH (dash-dotted
cyan), ISM (dotted blue), and Total (solid black) at z = 7 (thick lines) and
z =9 (thin). The gray solid horizontal line denotes S/N=1.

RT calculations (Eide2018a,b) to investigate the high-z component
of the cosmic X-ray background (CXB) and its correlation with
the 21 cm signal from the EoR. We have considered four models
with contribution from different source types: X-ray binaries (XRB)
(Fragos et al. 2013b; Madau & Fragos 2017), accreting nuclear BH
(Shakura & Sunyaev 1973; Krawczyk et al. 2013), hot interstellar
medium (ISM) (Mineo et al. 2012; Pacucci et al. 2014) and a case
that includes all the above sources combined (Total). The X-ray
sources are treated in the RT simulations together with the UV
radiation from stars.

We found that the global X-ray flux increases rapidly with de-
creasing redshift, due to the fast growing of star formation. The
global flux in both the soft (0.5-2) keV and hard (2-8) keV X-ray
bands at z > 5 is dominated by the XRBs (~80 per cent of the Total
model), while the BHs and the ISM contribute only ~20 per cent
and <1 per cent, respectively.
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Figure 8. Cumulative S/N from / = 1000-10* as a function of redshift (or
hydrogen neutral fraction) for X-ray flux limits 10~!7 (thick lines), 10~1¢
(normal), and 10~15 (thin) erg cm 257! in the model XRB (dashed red
lines), BH (dash-dotted cyan), ISM (dotted blue), and Total (solid black).
The gray solid horizontal line denotes S/N=1.

As BHs have a very low number density but a high luminosity,
they display a shot noise like power spectrum, with an amplitude
much higher than that of XRBs and ISM. However, if bright sources
could be identified in deep X-ray surveys and removed, the shot
noise spectrum of BHs would be strongly reduced (Helgason et al.
2014). The ISM contribution is always negligible.

We found that the correlation between the CXB and the 21 cm
signal is significant at / < 10%, while it is almost zero at larger /.
The correlations are positive at high z when most of the gas is in a
neutral state and the overdensity distribution dominates the signal,
while they become negative once most of the hydrogen becomes
ionized. The transition from a positive to a negative correlation
depends on both the X-ray model and the angular scale considered,
i.e. it happens earlier in models in which the X-ray flux is stronger
and on scales ionized earlier (the smaller scales). As a reference, the
transition in the Total model happens at z = 9.1 and 8.2 for / = 5000
and 1000, respectively, while in the XRB model the transition at the
same scales happens at z = 8.3 and 7.8, respectively.

The detectability of the X-ray and 21 cm correlations is highly
sensitive to the resolution of the X-ray surveys, as the noise level
expected for the deep surveys planned by SKA is much smaller than
the power spectrum and thus is not expected to affect the measure-
ments. We found that if the X-ray survey is deep enough to remove
the bright sources with an observed flux > 1077 ergcm™2s7',
the cumulative signal-to-noise ratio (S/N)¢ym from [ = 1000—10*
would be ~5 at xy, = 0.5, and ~2 if the sources with observed
flux > 10~'%ergecm™2s~! are removed, while if only sources with
observed flux > 10~ ergem™2 5! are removed, the correlations
could not be measured. It will also be crucial to cover a large enough
survey area to obtain a high S/N, although this requires longer total
exposure time for both the X-ray and 21 cm facilities. Such large
area surveys would allow to measure the correlations also at scales
of [ < 1000 (not covered by our simulations), where the X-ray
background and 21 cm signals are still expected to correlate (Liang
et al. 2016).

Although different models and approaches are adopted, our con-
clusions have a broad agreement to those in Liang et al. (2016),

X-ray background and 21 cm signal 33

especially with regard to the specific behaviour of the evolution of
X-ray background and the 21 cm signal correlations.

Our predicted CXB from the EoR is much lower than what has
been observed, in terms of both global X-ray flux (less than a few
per cent of the one measured by Cappelluti et al. 2017 and the
one inferred by Lehmer et al. 2012) and power spectrum of fluc-
tuations (<2 percent of those measured by Cappelluti et al. 2013
and Kolodzig et al. 2017). This suggests that the X-ray contribu-
tion from high-z energetic sources could be larger than the one
considered here, leaving some freedom in the choice of some pa-
rameters adopted in the simulation. In particular, the BHs proper-
ties and distribution at these redshifts are strongly dependent on
the seeding procedure adopted in the hydrodynamical simulations
(see Eide2018a and Eide2018b for a discussion) and a different
procedure could easily increase their contribution without violating
observational constraints (Salvaterra et al. 2007).

In conclusion, the X-ray radiation and 21 c¢m signal during the
EoR show significant correlations, which could be used in the future
to reduce systematic effects in either X-ray or 21 cm data, as well
as to confirm the cosmological origin of the 21 cm signal and to
help constraining the properties of X-ray sources during the EoR.
The combination of the planned 21 cm experiment SKA and X-
ray facilities such as LyNx and ATHENA in the near future have the
potential to measure such correlations with a meaningful S/N.
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