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Abstract The history of the cosmological reionization is still unclear. Two ionizing
sources, stars and QSOs, are believed to play important roles during this epoch. Besides
the 21 cm signals, the infrared emission from Pop III stars and X-ray photons from
QSOs can be powerful probes of the reionization. Here we present a cross-correlation
study of the 21 cm, infrared and X-ray backgrounds. The advantage of doing such cross-
correlations is that we could highlight the correlated signals and eliminate irrelevant fore-
grounds. We develop a shell model to describe the 21 cm signals and find that PopIII
stars can provide higher 21 cm signals than QSOs. Using the ROSAT data for X-ray and
AKARI data for infrared, we predict various cross power spectra analytically and dis-
cuss prospects for detecting these cross-correlation signals in future low frequency radio
surveys. We find that, although these cross-correlational signals have distinct features, so
far, they have been difficult to detect due to the high noise of the soft X-ray and infrared
backgrounds given by ROSAT and AKARI.
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1 INTRODUCTION

The discovery of the Gunn-Peterson troughs in the spectra of the z > 6 QSOs in the SDSS survey
indicates that the end of the cosmological reionization probably occurred at z ∼ 6 (White et al. 2003;
Wyithe & Loeb 2004), while integral constraints on the total optical depth from WMAP imply that
the reionization began at z ∼ 10 (Spergel et al. 2007). The history of the reionization is still an open
question.

The 21 cm spin-flip transition of HI is the most exciting prospective tracer of the reionization epoch.
It is a line transition, so that observations at a given frequency select out a unique slice of the high redshift
universe. We can therefore reconstruct a three-dimensional (3D) map of the reionization with the spectral
and angular variations of the 21 cm brightness. The epoch of reionization spans the formation of the first
luminous sources (e.g. PopIII stars and QSOs) which ionized the surrounding gas. Thus a 3D map may
provide an unprecedented view of this epoch. Future low frequency radio surveys, such as LOFAR
(Huub 2003), 21CMA (Peterson, Pen & Wu 2006) and MWA (Morales 2006), will help to shed light on
this issue from the emission or absorption of the 21 cm photons relative to the CMB.

However, the construction of this type of 3D map is difficult due to the complicated and strong
foregrounds. Before the construction of a 3D map, a cross-correlation study between the 21 cm and other
signals may help us to obtain further information about the reionization. The emissions from QSOs and
PopIII stars can both contribute to the reionization, and also account for a fraction of the present-day Soft
X-Ray Background (SXRB) and the Cosmic InfraRed Background (CIRB), respectively. Slosar et al.
(2007) have studied the cross-correlation between the 21 cm signals, the IR emission and the SZ effect.
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We will use an improved model to descibe the 21 cm signals, and then estimate the cross-correlations in
this paper.

A population of QSOs at z > 6 would produce an early X-ray background. Since the IGM is
optically thick to photons with energies E < Emax = 1.8[(1 + z)/15]0.5x

1/3
HI keV, the soft X-rays with

E < Emax would be consumed by neutral hydrogen atoms and contribute to reionization. However,
the background of harder X-rays would redshift without absorption and be observed as the SXRB at the
present epoch. Assuming that accreting black holes are the main sources of the reionizing photons in the
high redshift universe, we estimate their contribution to the present SXRB, and the correlation between
the 21 cm emission and the SXRB.

Similarly, the CIRB emitted from stars may also correlate with the 21 cm background. PopIII stars
at high redshifts are generally invoked to explain the missing IR flux between 1 μm and 2 μm, with most
of the intensity associated with the redshifted Lyα emissions during reionization (Santos et al. 2002).
Although PopIII stars can explain the “missing” CIRB, it is difficult to account for all of the missing IR
intensity. These include the high efficiency required to convert baryons to stars in first galaxies (Madau
& Silk 2005), and limits from deep IR imaging data that suggest a lack of the large population of
high-redshift dropouts (Salvaterra & Ferrara 2006). Therefore, we may expect some contributions to the
CIRB from sources that have reionized the Universe, though the exact intensity of the CIRB from such
sources is yet unknown both theoretically and observationally.

In this paper, we will give predictions of the cross power spectra between the 21 cm signals and
the “tracers” (SXRB and CIRB) of reionization discussed above, and examine the prospects for de-
tecting these signals in future low frequency radio observations. Throughout the paper we adopt the
ΛCDM cosmology given by WMAP, with (ΩM , ΩΛ, σ8, h0) = (0.268, 0.732, 0.776, 0.704) (Spergel et
al. 2007).

2 TRACERS OF REIONIZATION

Our model is based on a halo approach. The distribution and evolution of the halo population can be
described by the Press-Schechter formulism (Press & Schechter 1974)

dnhalo

dMhalo
= −

√
π

2
ρ̄

M

δc(z)
σ2 (Mhalo)

dσ (Mhalo)
dMhalo

exp
(
− δ2

c (z)
2σ2 (Mhalo)

)
, (1)

where ρ̄ is the mean cosmic density, δc is the linear overdensity of a perturbation that collapsed and
virialized at redshift z, and σ is the linear theory variance of the mass density fluctuation in a sphere of
mass M = 4πρ̄R3/3:

σ2(Mhalo) =
1

2π2

∫ ∞

0

k2P (k)|W (kR)|2dk, (2)

where W (x) = 3(sinx − x cos x)/x3 is the Fourier representation of the window function. The power
spectrum, P (k) ∝ knsT 2(k), is normalized by the rms fluctuation on σ8. We take the fitting by Bardeen
et al. (1986) for the transfer function T (k). The primordial power spectra is assumed to be the Harrison-
Zeldovich case where ns = 1.

2.1 SXRB from QSOs

In order to seed the growth of a QSO, it is sufficient that only one halo had formed a low-spin disk that
produced a black hole progenitor. Note that if a low-spin object is embedded in an overdense region that
eventually becomes a galactic bulge, the black hole progenitor will sink to the center of the bulge by
dynamical friction in less than a Hubble time. We assume the central black hole’s minimum mass to be
106 M�, and the ratio between a QSO and its host halo mass ε = MQSO

Mhalo
∼ 10−3.2 (Haiman & Loeb

1997).
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Telfer et al. (2002) gave a UV-X-ray spectrum from a sample of HST QSOs,

εX(MQSO, ν) = 1.3 × 1031 erg s−1(Hz)−1
(

ν

νion

)−α
{

1 +
1√

2πσλ

exp

[
− (c/ν − λα)2

σ2
λ

]}
MQSO

2 × 109 M�
,

(3)

which can be extended into the X-ray regime based on the results of Yuan et al. (1998). Here α ∼ 1.57,
and νion = 3.29 × 1015 Hz is the Lyman-limit frequency corresponding to the ionization threshold of
hydrogen. We include the Lyα emission line centered at λα = 912 Å (Vanden Berk et al. 2001; Telfer
et al. 2002) and a line width σλ = 19 Å (Vanden Berk et al. 2001). The normalization of this spectrum
is appropriate for a 2 × 109 M� supermassive black hole accreting at its Eddington rate (Elvis et al.
1994). We can evaluate the mean SXRB brightness J(ν) by

J(ν) =
∫

dz
dV

dzdΩ

∫ ∞

Mmin

dMhalo q(z, Mhalo)
dnhalo

dMhalo

εX(Mhalo, ν)
4πD2

L

, (4)

where q(z, Mhalo) =

∫
t(z)

t(z)−τX

d2nhalo
dmdt′ dt′

dnhalo
dMhalo

is the ratio of halos with survived QSOs to all the halos at

redshift z and d2nhalo
dMhalodt is the approximate halo formation rate. The actual halo formation rate is larger

because the halo formation rate ignores the contribution from merging halos. However, collapsed objects
are rare at high reshifts, so the merger probability is low. As a result, this formula can be utilized to
describe the halo formation rate at high redshift accurately (Haiman & Loeb 1997), and it is also the
lower limit of the halo formation rate at lower redshifts. DL is the luminosity distance, τX ∼ 107 yr is
the characteristic age of QSOs (Wyithe & Loeb 2002). Our predicted mean SXRB brightness is shown
in Figure 1. For comparison, we also plot the upper limits given by various observations.

In order to predict the power spectrum of the SXRB, it is neccesary to get the X-ray surface bright-
ness distribution in direction θ:

IX(z, Mhalo, ν, θ) =
1

4π(1 + z)4

∫
jX(R, Mhalo, ν)dκ, (5)

where R =
√

D2
Aθ2 + κ2 is the radial distance, DA is the angular diameter distance to the halo, the

integration is along the line-of-sight κ, and the emissivity of X-ray photons is determined through

jX (R, MQSO, ν) =
ε(MQSO, ν)e−

R
lE

4πR2lE
, (6)

with the mean free path of photons

lE = (nHσ)−1 ∼ 0.23 ×
(

1 + z

10

)−3
[
1.34

(
13.6
hν

)2.99

− 0.34
(

13.6
hν

)3.99
]−1

kpc . (7)

2.2 CIRB from PopIII Stars

The CIRB from PopIII stars can be evaluated using the method of the previous subsection. We assume
PopIII stars can form in halos with virial temperatures T ≥ Tmin = 104 K, in which atomic cooling is
effective and allows the gas to sink to the center of the potential well and fragment (Barkana & Loeb
2001). This temperature corresponds to a minimum halo mass,

Mhalo ≥ Mmin = 0.94 × 108 M�

(
h

0.7

)−1(Ωm

0.3

)− 1
2
(

1 + z

10

)− 3
2 ( μ

0.6

)− 3
2
(

Tmin

104 K

) 3
2

, (8)

where μ is the mean molecular weight (μ = 0.6 for ionized gas and μ = 1.2 for neutral gas).
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Fig. 1 Comparison of the predicted SXRB to the observational upper limits. The observational data are
from Wu & Xue (2001). The solid line is the predicted result. The long-dashed line is the observational
upper limit in the 2 − 10 keV band (Mushotzky et al. 2000; Giacconi et al. 2001; Tozzi et al. 2001).
The short-dashed line is the constraint by Cowie at al. (2002) in the 2 − 8 keV band. The points with
error bars and the dot-short-dashed line are the total SXRB in the 1 − 2 keV band derived by Miyaji
et al. (1998) and Gendreau (1995). The dotted-long-dashed line and the short-dashed-long-dashed line
are the upper limits derived by Bryan & Voit (2001) in the 0.5 − 2 keV and 0.1 − 0.4 keV bands. The
recent upper limits in the 0.5 − 2 keV, 1 − 2 keV and 2 − 8 keV bands derived by Kim et al. (2007)
are shown by the dotted lines.

We take the spectrum of PopIII stars from Santos et al. (2002),

εCIRB(Mhalo, ν) = Mstarslν = η
Ωb

Ωm
Mhalolν , (9)

where lν is the infrared spectrum of a PopIII star. The prefactors η ∼ 0.4 means that 40% of the total
mass of a halo can be converted into stellar mass.

For PopIII stars, we assume that the emission of the infrared photons from a halo traces the NFW
profile (Navarro et al. 1997),

jCIRB(R, Mhalo, ν) =
NεCIRB(Mhalo, ν)
(R/rs)(1 + R/rs)2

, (10)

where rs is the characteristic length of a halo, and N = 1

4πr3
s[ln(1+c)− c

1+c ]
is the normalization factor.
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Similarly, following Equation (5), the infrared surface brightness distribution from PopIII stars can
be evaluated with the above parameters.

ICIRB(z, Mhalo, ν, θ) =
1

4π(1 + z)4

∫
jCIRB(R, Mhalo, ν)dκ . (11)

2.3 21 cm Signals from Neutral Hydrogen

The 21 cm brightness temperature relative to the CMB temperature of a patch in the IGM is (Zaldarriaga,
Furlanetto & Hernquist 2004)

δT = 27 mK
Ts − TCMB

Ts
(1 + δ)xHI

Ωbh
2

0.023

(
0.15

Ωmh2

1 + z

10

)1/2

, (12)

where Ts and TCMB are the hydrogen spin temperature and the CMB temperature, respectively, δ is the
fractional overdensity, and xHI = 1 − xi is the neutral fraction.

The ionization fraction xi at position R for stars and QSOs can be expressed as

xi =
{

1, R < RHII

0 or e−R/lE , R > RHII(stars or QSO), (13)

where R is the radial distance from ionizing sources, RHII is the radius of the HII region. There is no
21 cm emission within the HII region around a radiation source.

The hydrogen spin temperature plays a key role in determining the amplitude of the 21 cm emission
or absorption signal against CMB. Due to the presence of the Lyα photons, a strong coupling between
the spin temperature (Ts) and the kinetic temperature (Tk) is introduced by the resonance scattering of
Lyα photons (the Wouthuysen-Field effect, Field 1958). The spin temperature is given by

Ts =
TCMB + yαTα + ycTk

1 + yα + yc
, (14)

where

yα =
P10T∗
A10Tk

, yc =
C10T∗
A10Tk

. (15)

Note that as long as the medium is optically thick to Lyα photons, we would have T α = Tk. Here,
T∗ = hpν/kB ∼ 0.0682 K is the temperature corresponding to the energy difference between the
hyperfine levels, A10 = 2.87×10−15 s−1 is the spontaneous emission coefficient of the 21 cm line, and
C10 = κ10nH is the collisional de-excitation rate of the excited hyperfine level. The value of κ 10 ranges
from 2× 10−14 to 2.5× 10−10 cm3 s−1 for T in the range 1− 1000 K (Allison & Dalgarno 1969). The
indirect de-excitation rate P10 of the hyperfine structure levels is related to the Lyα scattering rate per
H atom Pα by P10 = 4Pα/27 (Field 1958), with Pα =

∫
dνcnνσα(ν), where nν is the number density

of photons per unit frequency and σα(ν) is the cross section for Lyα scattering. The scttering rate has
been estimated by Madau et al. (1997) as

Pα =
∫

dΩ
∫

Jν

hpν
σα(ν)dν ∼ 8 × 10−11s−1

(
R

1 Mpc

)−2
ναεα

3×1046erg s−1
.

(16)

The kinetic temperature of the gas evolves as

3
2
nHkB

dTk

dt
= Ė Ė = ĖX + ĖLyα , (17)

where nH is the comoving number density of neutral hydrogen, ĖX and ĖLyα are the X-ray and Lyα

heating rates, respectively. For PopIII stars, because few X-ray photons are emitted ( ĖX ∼ 0), we only
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need to consider the Lyα heating. The scattering of Lyα photons can provide a source of heating for the
gas. The average relative change in a Lyα photon’s energy after being scattered by a hydrogen atom at
rest is 〈

ΔE

E

〉
= − hνα

mHc2
≈ −10−8, (18)

where mH is the mass of the hydrogen atom. It should be noted that this estimate is an approximation
which is valid only for hνα � kTk. The energy is transfered from photons to atoms at a rate

ĖLyα = −
〈

ΔE

E

〉
hναnHPα. (19)

Note that this heating rate is proportional to the Lyα scattering rate.
For QSOs, since the scattering of Lyα photons produces a negligible heating rate for the IGM gas,

the main heating mechanism should be dominated by X-rays (Wyithe & Loeb 2004). The X-ray heating
rate can be written as (Chuzhoy et al. 2006)

ĖX,tot = fX

∫
NXεX(MQSO, νX)e−R/lE

4πR2lE
dν , (20)

where fX = 0.9971{1− [1 − (1 − xHI)0.2663]1.3163} is the fraction of photon energy being converted
into heat, ΔνX is the frequency interval, NX is the normalization factor, and εX(MQSO, νX) is QSOs’
X-ray spectrum given by Equation (3).

Zaldarriaga et al. (2004) have used a simple model for the 21 cm background. Their model was
based on an assumption Ts � TCMB which means that the intergalactic gas has been significantly
preheated. However, this is a very strong assumption. The spin temperature T s should be related to the
heating rates which are a function of R. Simulations have shown that the 21 cm signals from QSOs
should be a shell (Tozzi et al. 2001). Therefore, we now construct a shell model analytically.

The distribution of the 21 cm background of a halo can be written as

δI(z, Mhalo, θ) =
1

4π(1 + z)4

∫ R2

R1

δI(z, Mhalo, ν, R)dκ , (21)

where the integral limits R1 and R2 are related to the HII region RHII and HI region RHI, with RHI =
RHII + lE(ν). The mean free path of photons lE(ν) is also the thickness of the 21 cm shell, which is the
distance that a photon can travel through the neutral medium before it ionizes an atom.

We choose the HII region of a single QSO or PopIII star as its Strömgren sphere

dRHII

dt
= 3H(z)RHII +

3Ṅph

4π 〈nH〉 − CHII 〈nH〉αBRHII , (22)

where H(z) is the Hubble constant at redshift z, 〈nH〉 is the mean hydrogen density, Ṅph is the emission
rate of the ionizing photons by the source, αB is the hydrogen recombination coefficient, and CHII is the
mean clumping factor of the ionized gas within the HII region. Cosmological simulations indicate that
the value of CHII is likely to be 100 (Gnedin & Ostriker 1997). The three terms on the right-hand side of
the above equation account for the Hubble expansion, the ionizations by newly produced photons, and
the recombination, respectively (Sharpiro & Giroux 1987; Haiman & Loeb 1997). Madau et al. (1997)
gave a simple formula,

RHII ≈ 10.2 Mpc
( Ṅph

1057 s−1

)1/3(Ωbh
2

0.05

)−1/2(1 + z

7

)−11/6

Δz1/3. (23)

For an ionization front generated by QSOs, Ṅph ∼ 6.6 × 1047 MQSO
M� s−1. For a star forming galaxy,

Ṅph ∼ 3.3×1047 Mstars
M�

s−1 (Haiman & Loeb 1998). Figure 2 shows the resulting reionization history by
stars and QSOs in our model. Apparently, the universe can be completely ionized by stars before z = 9.



21 cm, X-ray and Infrared 79

Fig. 2 The global ionization history by stars (solid line) and by QSOs (dotted line) in our model.

3 POWER SPECTRA

Following the halo approach to large scale structure clustering, the angular cross power spectra of the
SXRB-21 cm and CIRB-21 cm fluctuation correlations can be separated into the Poisson term C P

l and
the clustering term CC

l :

CP
l =

∫
dz

dV

dzdΩ

∫
dMhalo

dnhalo

dMhalo
δI21 cmδISXRB/CIRB , (24)

and

CC
l =

∫
dz

dV

dzdΩ
Plin(l/D0, z)

∫
dMhalo

dnhalo

dMhalo
b(z, Mhalo)δI21 cm

×
∫

dMhalo q(z, Mhalo)
dnhalo

dMhalo
b(z, Mhalo)δISXRB/CIRB , (25)

where D0 is the comoving angular diameter distance to a halo of mass Mhalo at redshift z, δI21 cm and
δISXRB/CIRB are the Fourier transforms of the 21 cm temperature fluctuation and the SXRB or CIRB
brightness fluctuation, respectively, and b(z, Mhalo) is the bias parameter, for which we use the analytic
prescription of Mo & White (1996). The Fourier transform of the background brightness distribution
I(z, Mhalo, θ) in the case of spherical symmetry for the distribution in a halo is determined by

Il(z, Mhalo) = 2π

∫
I(z, Mhalo, θ)J0(lθ)θdθ , (26)

where J0(lθ) is the cylindrical Bessel function.
Figure 3 shows the auto power spectra of the 21 cm signals from stars and QSOs at different red-

shifts. Apparently, PopIII stars can provide higher auto power spectra (about one order of magnitude
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higher) than QSOs. Here, we do not consider lower redshifts because the stars can ionize the whole
universe before z = 9 in our model, which means that there would be no 21 cm emission at lower
redshifts.

Fig. 3 Angular power spectra of the 21 cm signals from QSOs and stars at redshift z = 10 (solid line),
z = 11 (dashed line), and z = 12 (dotted line).

Figure 4 shows the auto power spectra of the SXRB, CIRB and the redshifted 21 cm signals and
their cross power spectra. We choose the SXRB at 1 keV, CIRB at 4 μm, and 21 cm signal at z = 10.
On large scales, the 21 cm signals are correlated with the SXRB and CIRB. However, on small scales,
they are anti-correlated. This means that on scales smaller than the Strömgren sphere of the host halo,
QSOs and PopIII stars can emit X-ray or infrared photons, but there is no 21 cm emission.

Finally, we calculate the correlation coefficient as:

rcoll(l) =
C21 cm−I

l√
C21 cm−21 cm

l CI−I
l

, (27)

which quantitatively indicates the strength of the cross-correlation. Here I denotes SXRB or CIRB.
Figure 5 shows the correlation coefficient. The cross-over scale of the correlation coefficient for 21 cm-
SXRB or 21 cm-CIRB is l ∼ 1000 or 2512. Such an l corresponds to about 10 or 5 Mpc which is the
characteristic radius of the Strömgren sphere of QSOs or stars at redshift z = 10.

4 DETECTABILITY

We now examine the prospects for detecting the cross power spectra of 21 cm-SXRB and 21 cm-CIRB
with the future low-frequency survey LOFAR, and the existing X-ray observation ROSAT and the in-
frared survey AKARI. Following the standard treatment, we estimate various auto power spectra (I − I
denotes SXRB-SXRB, CIRB-CIRB, and 21 cm-21 cm) and cross power spectra (I − J denotes SXRB-
21 cm, and CIRB-21 cm) as

ΔCI−I
l =

√
2

(2l + 1)Δlf I
sky

CI−I,tot
l , (28)
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Fig. 4 The power spectra with noise estimate (LOFAR for 21 cm, ROSAT for X-ray and AKARI for
CIRB). Top: from left to right, auto power spectra of SXRB (1keV) from QSOs, auto power spectra
of 21 cm fluctuation from QSOs at z = 10 and cross power spectra between them. Bottom: from left
to right, auto power spectra of CIRB (4μm) from PopIII stars, auto power spectra of 21 cm fluctuation
from PopIII stars at z = 10 and cross power spectra between them.

and

ΔCI−J
l =

√
1

(2l + 1)Δlf I
sky

[
(CI−J

l )2 + CI−I,tot
l CJ−J,tot

l

]1/2

, (29)

where f I
sky is the sky coverages of the LOFAR, ROSAT, and AKARI surveys, Δl ∼ 1 is the bin width,

and Ctot
l denotes all contributions to the measured power spectra that are essentially composed of true

signals and the detector noise, C tot
l = Cl + Cnoise

l .
For the 21 cm observations (LOFAR), we follow Zaldarriaga, Furlanetto & Hernquist (2004) to

estimate the noise of the 21 cm signals’ power spectra:(
l2Cnoise

l

2π

)1/2

∼ 12 mK
Tsys

200 K
0.1
f(l)

(
0.4 MHz

Δν

1month
t0

)1/2

, (30)

in which Tsys ∼ 200 K, Δν ∼ 0.4 MHz, t0 ∼ 1 month, and f(l) = fcover
lmax

l . For LOFAR, fcover ∼
0.016 and lmax ∼ 5000.

For the X-ray and infrared observations (ROSAT and AKARI), the instrumental noise per mode can
be modeled as

Cnoise
l = w−1 exp

[
θ2(ν)l(l + 1)

]
, (31)

where we have assumed that the experimental beam is Gaussian with a width θ 2(ν) [ FWHM =
(8 lg 2)1/2θ(ν) ], and the noise level per pixel is

w−1/2 =
FWHMσnoise√

η
, (32)
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Fig. 5 The correlation coefficients for 21 cm-SXRB (solid line) and
21 cm-CIRB (dotted line) at z = 10.

where FWHM is the full width of half maximum, σnoise is the pixel noise, and η = FWHM2×N
4π is

a dimensionless quantity and N is the number of pixels for a sky map. We list these parameters in
Table 1.

Table 1 Observation parameters for ROSAT (HRI) and
AKARI (Jeong et al. 2006).

Obs. FWHM (arcsec) fsky w−1/2 (mJy sr−1)

ROSAT 2 1 0.16
AKARI 10 1 20

Although the errors of the auto power spectra of the 21 cm fluctuation are small at l ∼ 1000 (see
Fig. 4), the errors of cross power spectra are too large for the signals to be detected. This is mainly
because of the high noise of the auto power spectra of the SXRB and CIRB given by ROSAT and
AKARI. This means the constaints are mainly due to the SXRB and CIRB. Improving the 21 cm signals
by SKA would not help too much. It is unlikely that one can acquire meaningful information about the
cross power spectra that are significantly below the noise levels of our interested range of multipoles.

5 CONCLUSIONS AND DISCUSSION

The warm neutral hydrogen outside the HII regions surrounding both QSOs and PopIII stars is expected
to emit 21 cm signals. Meanwhile, QSOs and PopIII stars have quite different spectral features. Some
photons from them will redshift without absorption and may account for a fraction of the present-day
SXRB and CIRB. A cross-correlation study of the 21 cm, SXRB and CIRB may help us understand the
history of the reionization epoch. We have presented a simple, physically motivated model to describe
the SXRB from QSOs and the CIRB from PopIII stars, and compare the predicted SXRB with obser-
vational upper limits (see Fig. 1). We choose the HII region of a QSO or PopIII star as its Stromgren
sphere, and describe the 21 cm emission with a shell model. Our results indicate that PopIII stars play a
more important role in the reionization history than QSOs (see Fig. 2).
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Our auto power spectra results predict that PopIII stars can provide higher 21 cm signals than QSOs
(see Fig. 3). Although the auto power spectra detection of 21 cm radio, infrared and X-ray emission
can be used to explore the reionization history, the deduction of the complex foregrounds is always
a big challenge. The cross-correlation study could avoid such a problem and be used for probing the
reionization epoch directly. We find that on large scales, the 21 cm and SXRB (or 21 cm and CIRB) are
correlated because they both trace density fluctuations. However, on scales smaller than the bubble size,
they are anti-correlated. The cross-over scale can be used to determine the characteristic size of the HII
regions of QSOs and PopIII stars.

Applying our algorithm to the future low frequency survey LOFAR, and the existing X-ray surveys
ROSAT and AKARI, we find that although the auto power spectra of the 21 cm signals could be detected
by LOFAR, the cross-correlations of 21 cm-SXRB and 21 cm-CIRB are still beyond our detection limit.
This is due to the high noise of the auto power spectra of the SXRB and CIRB given by ROSAT and
AKARI, as shown in our Figure 4. Therefore, future X-ray and infrared surveys with better FWHM and
sensitivities are required for our detection of the cross-correlations.
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