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Abstract

Ultraviolet (UV) and X-ray photons from active galactic nuclei (AGNs) can ionize hydrogen in
the intergalactic medium (IGM). We solve radiative transfer around AGNSs in high redshift to
evaluate the 21-cm line emission from the neutral hydrogen in the IGM and obtain the radial
profile of the brightness temperature in the epoch of reionization. The ionization profile extends
over 10 [Mpc| comoving distance which can be observed in the order of 10 [arcmin]. From
estimation of the radio galaxy number counts with high sensitivity observation through the
Square Kilometre Array (SKA), we investigate the capability of parameter constrains for AGN
luminosity function with Fisher analysis for three evolution model through cosmic time. We find
that the errors for each parameter are restricted to a few percent when AGNs are sufficiently
bright at high redshifts. We also investigate the possibility of further parameter constraints with
future observation beyond the era of SKA.

Key words: galaxies: evolution — galaxies: LF, mass function — quasars: supermassive black holes —
radiative transfer

1 Introduction

Supermassive black holes (SMBH) are observed in the
center of almost all massive galaxies (Ferrarese & Ford
2005). Their mass is often > 10° Mg.
vations suggest that SMBH masses are related to the

Many obser-

masses and/or velocity dispersions in the bulges of host
galaxies (e.g., Magorrian et al. 1998; Ferrarese & Merritt
2000; Gebhardt et al. 2000; Marconi & Hunt 2003). This
fact implies the co-evolution of an SMBH and a host
galaxy. There are many works about the role of SMBHs
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in the galaxy evolution (see, e.g., Cattaneo et al. 2009,
and references therein). However, the origin of SMBHs,
when and how SMBHs formed, is one of the biggest chal-
lenges in the structure formation of the Universe. High-
redshift quasar (QSO) surveys revealed that SMBHs al-
ready existed at z > 6 (Fan et al. 2006; Mortlock et al.
2011; Wu et al. 2015). To explain the formation of the
SMBHSs in such high redshifts, many scenarios are pro-
posed. Although it is widely accepted that SMBHs have
evolved from a kind of seeds, various SMBH seeds are

claimed, including the remnants of first stars (Madau &
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Rees 2001; Alvarez et al. 2009; Whalen & Fryer 2012), the
direct collapse of massive gas cloud (Loeb & Rasio 1994;
Eisenstein & Loeb 1995; Begelman et al. 2006), and the
primordial black holes formed in the very early universe
(Bean & Magueijo 2002; Diichting 2004). Observations of
SBMHs at high-redshifts are strongly desired to restrict
the seed scenarios.

One of the observables to explore SMBHs in the early
Universe is active galactic nuclei (AGNs). X-ray surveys
are efficient to investigate the evolution and population of
AGNs at high redshifts. Wide and deep X-ray surveys by
XMM and Chandra provided large samples of AGNs, and
consequently the abundance of AGNs in z ~ 1-5 is well
studied (Brandt & Alexander 2015). Nonetheless, the in-
formation on AGNs in z > 5 is still limited. Currently,
about 30 sources are found in z > 6.5 (Pons et al. 2020;
Banados et al. 2018; Nanni et al. 2018).
claimed that a significant population of faint AGNs would
exist at 4 < z < 6.5 (Giallongo et al. 2015). The ex-

istence of such faint AGNs would give a strong impact

Recently it is

on the ionization process during the epoch of reioniza-
tion (EoR) (Madau & Haardt 2015; Yoshiura et al. 2017,
Mitra et al. 2018).

The EoR is an era at which the
medium (IGM) has drastically changed from neutral

intergalactic

to highly ionized. Cosmological observations, including
CMB, distant QSO and galaxy observations revealed that
the cosmic reionization process has completed before z ~ 6.
Cosmic reionization is driven by ionizing photons with an
energy of £ > 13.6 eV. The UV radiation from newly
formed massive stars is thought to be the main source of
the ionizing photons. However, AGNs are still a candidate
of a significant contributor to the reionization. How much
star forming galaxies and AGNs contribute to the cosmic
reionization has still been actively debated (Fontanot et al.
2012; Bouwens et al. 2012). Further, since the typical UV
slopes of star forming galaxies and AGN are different, the
radial ionization profile around these sources are very dif-
ferent. Thus, it is necessary to determine the shape of
luminosity function of ionizing sources at high redshifts
for the determination of ionizing history of the Universe.
Some literature are trying to quantify the evolution of lu-
minosity function in the EoR (Giallongo et al. 2015; Madau
& Haardt 2015; Parsa et al. 2018) to quantify cosmic reion-
ization.

Redshifted 21-cm line observations can be expected to
provide new constraints on the AGN luminosity function
in high redshifts.

from neutral hydrogen in the IGM is useful as a probe

Measurement of the 21-cm radiation

of the physical properties of the IGM reionization process
in high redsfhits (for a review, see Furlanetto et al. 2006).

Currently, the detection of 21 c¢m signals from the epoch
of reionization has not been confirmed yet. The Square
Kilometre Array (SKA) project is expected to measure the
21-cm signals from the epoch of reionization and even from
the Cosmic Dawn (Koopmans et al. 2015). Since AGNs
emit ionizing photons and ionize the IGM, AGNs can con-
tribute to generating the spatial fluctuations of 21-cm sig-
nals (Kulkarni et al. 2017). In addition, AGNs can serve
as X-ray sources. Since X-ray heats the IGM and produce
Lyman-a photons which can excite the hyperfine struc-
ture of neutral hydrogen, it would also affect the 21-cm
signals (Pritchard & Furlanetto 2007; Christian & Loeb
2013; Fialkov et al. 2014). The constraint on the number
of X-ray sources obtained from redshifted 21-cm measure-
ments,then, can provide useful information about the AGN
population.

In this paper, we investigate the feasibility of the AGN
number count by using redshifted 21-cm observations in
the SKA era. Luminous objects before the epoch of reion-
ization can make distinctive signal structures on redshifted
21-cm signal maps. Some preceding papers have been pub-
lished to investigate the signal profiles of first stars, galax-
ies, quasars and primordial black holes (Zaroubi et al. 2007;
Chen & Miralda-Escudé 2008; Tashiro & Sugiyama 2013;
Yajima & Li 2014). Therefore, we can expect to find lu-
minous objects by 21-cm surveys. Focusing on the 21-cm
signal created by individual AGNs, we investigate the num-
ber count of AGNs with a simple analytic model of the
luminosity function of AGNs. Then, using the number
count dependence on the redshift and angular resolution,
we demonstrate how well we can recover the luminosity
function through the SKA observation.

This paper is organized as follows. In Section 2, we
describe AGN luminosity function and galaxy evolution
models we assumed. Section 3 is dedicated to calculate the
21-cm signal around an AGN to estimate the limit lumi-
nosity with the SKA sensitivity. In Section 4, we presents
our results in galaxy number counts and the capability of
galaxy evolution parameter constraints and discuss for fu-

ture observations. Finally, we conclude in Section 5.

2 AGN luminosity function (LF)
AGN activities in high redshift (z > 8) could provide huge

impact on cosmological structure formation history, as we
discussed in Section 1. However, either theoretically or
observationally, the AGN luminosity function (LF) at high
redshifts (z > 8) is totally uncertain . The aim of this paper
is to investigate the feasibility of future 21-cm observation
including SKA for probing the AGN LF. To demonstrate
this, we introduce a simple model of the AGN LF.
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o Y1 Y2 b1 B2 Lo«
Model I 1074 1.5 35 —-1.0 —0.02 0.85
Model II | 107%% 1.5 35 1.0 —0.3  0.85
Model III | 107° 1.5 35 20 —05 085

Table 1. Parameter set for our DP models of the AGN LF in high
redshifts.
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where L, is the critical luminosity of the power-law index,

(1+2)9®

(1)

~1 and 2 (71 < ¥2) are the power-law indices for the lower
and higher luminosity sides, respectively, A is a normaliz-
ing factor at the normalized luminosity L, = 10*° [Lg],
and L. is the characteristic luminosity that determines
transition of the power-law indices. In the model, Q(z)
represents the redshift evolution of the LF. This type of
formulation has been often used for the studies on the far-
infrared (FIR) galaxy evolution (e.g., Lonsdale et al. 1990;
Saunders et al. 1990; Lawrence et al. 1999), and recalling
the tight relation between X-ray and FIR emission, the
assumption is naturally justified (e.g., David et al. 1992).
We take the first order of polynomial of redshift as

Q) =P+ P2z (2)

where the parameters §; are the power-law indices for the
redshift dependence. Therefore, in our model, the model
parameter set is 0 = {A, Liox,Y1,72, 01, B2}, where Lios
is defined as Liox = L+«/Ly. This double power-law (DP)
model agrees well with the AGN observation at low red-
shifts, and commonly used as a proper description of the
AGN LF (e.g., Mauch & Sadler 2007; Ueda et al. 2014).
Therefore, we adopt this model even for a high redshift LF
which we are interested in this paper.

In order to choose the fiducial parameter set of our
model, it is useful to calculate the UV emissivity and com-
pare it with high redshift AGN observation. The emissivity
at the energy Fo12 corresponding to the wavelength, 912 A,
can be obtained by

d
€912 = /LE(L§E912)£dLa (3)

where Lg(L; E) is the energy spectrum of AGNs with the
total luminosity L. For simplicity, we assume that AGNs
have a power-law energy spectrum with the spectral index
p,

E
Eog12
where we set p = —1 as suggested by Kuhlen & Madau
(2005), Emin = 200 eV and & is the normalization fac-
tor which satisfies the relation L = [ Lg(L; E)dE over the

Le(L;E)=4/(L) ( )P (Eg12 < E<100 keV), (4)

26
251
T
T2
T
3 23;
=
lu') 22 1
o
2211
5“ = Madau & Haardt (2015)
w == = Hopkins et al. (2007)
20 -®- Model |
--A- Model Il
-@- Model Ill
19 - :
0 5 10 15
redshift

Fig. 1. The expected emissivity of ionizing photon from AGN during cosmic
time (pentagons, triangles, diamonds, and solid lines) for our DP models.
The black solid line and olive dashed line are empirical model of emissiv-
ity obtained by Madau & Haardt (2015) and Hopkins et al. (2007), respec-
tively. Observations are presented for comparison as follows; cyan pen-
tagon: Schulze et al. (2009), pink triangles: Palanque-Delabrovuille et al.
(2013), yellow circles: Bongiorno et al. (2007), black pentagons: Masters
et al. (2012), dark blue square: (Glikman et al. 2011), olive diamonds:
Giallongo et al. (2015), respectively.

integration interval Eg122 < E < 100 keV.

Figure 1 presents the emissivity, €912, for our three fidu-
cial parameter sets. We summarize our parameter set in
table 1. Currently €912 is measured in the redshifts lower
than z=7. We plot the several observation data in colored
marks. The figure tells us that our fiducial models lie in-
side the scatter of the observation data in lower redshifts.
For comparison, we plot two empirical models proposed by
Madau & Haardt (2015) and Hopkins et al. (2007) in the
black and olive solid lines, respectively.

In our fiducial models, Model I has the strongest emis-
sivity. In this model, the redshift evolution is similar to the
model of Madau & Haardt (2015), but they constructed it
based on optically selected AGN samples. In Model III,
we choose the parameters to match the redshift evolu-
tion of €912 to the galaxy evolution model at low redshifts
(Hopkins et al. 2007) which is based on multiple observa-
tions on X-ray, near- and mid-IR bands.

3 21-cm signal around an AGN
The AGNs can ionize and heat the surrounding IGM. As

a result, it is expected that the unique spatial distribution
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of 21 cm brightness temperature is observed around AGNs
as the 21-cm signals of AGNs. The strength and size of the
signal depends on the AGN luminosity. Therefore, we can
count the abundance of AGNs with L through measuring
In this
section we calculate the 21-cm signal produced by AGNs
with L.

the 21-cm signals by future 21-cm observation.

3.1 IGM neutral fraction and temperature around an
AGN

The evaluation of the 21-cm signal requires the spatial
distribution of the neutral fraction xur and gas temper-
ature Tk of hydrogen around an AGN. To obtain these dis-
tributions, we follow the method in Zaroubi et al. (2007).
As mentioned in the previous section, we assume that
AGNs have the power-law energy spectrum, Eq. (4). With
the assumption of the isotropic photon emission, the en-
ergy flux at distance r from an AGN can be obtained by

_ Le(E)
E,r)y=e TN ZEL

F(B,r) = e 7B L 5)
Here 7(E,r) is the optical depth for a photon with energy £

from the AGN to the distance r,
T(E,r)= / nuzui(r)o(E)dr, (6)
0

where ny is the IGM hydrogen number density and xpr(r)
is the hydrogen neutral fraction at r. Taking into account

the helium contribution, the cross-section o(F) is given by

NHe

O’(E) = O'H(E) =+

2 (), ™)

where ou(E) = 00(Fo/E)* with 0o = 6 x 107** ¢cm? and
FEo = 13.6 eV. For the helium contribution, we set the
number ratio of helium to hydrogen to ne/nu =1/12 and

take ome(E) as Fukugita & Kawasaki (1994)

1 9.775 9
g ) el ®)

Next we consider the IGM ionization by an AGN with
the energy flux given by Eq. (5).

one(F) =1.13 x 10*14<

In the calculation of
the ionization, we simply assume that the photoionization
due to the AGN is balanced by recombination. Therefore,
the neutral fraction of hydrogen zmi is obtained by solving
the equilibrium equations between them Zaroubi & Silk
(2005),

a®InE (1 —zm)? = T(r)nuzu (1—&—%%) , 9)
OH NH
where a®) is the case-B recombination rate, a® =26 x

1073779 em?® s71 with Ty =Ty /10* [K]. In Eq. (9), T'(r)
represents the photoionization rate per a hydrogen atom
at the distance r from the AGN,

r(r) = / o(E)Z(E,r) [H £¢(E,me)] dE (10)
o FEy E
Here we introduce the function ¢(E,z.), which provides
the fraction of the energy used for the secondary ioniza-
tions over the injected energy from an AGN with xe =
1—xu1. For ¢(E,z.), we adopt the fitting formula in Shull
& van Steenberg (1985) and Dijkstra et al. (2004),

¢(E737e) =0.39 [1 — 1}8'4092 a(EB,ze)

2 E 0.03 025
a(E,:re) = ;arctan {(OIleV) (ﬁ + 1) :l . (11)

We plot the results as the radial profiles of the neu-

i|1.7592

)

tral fraction in Figure 2. In the figure, we set the AGN
luminosity to L = 10'° Ly and 102 Lg. As the luminos-
ity increases, the ionized region becomes large. When the
AGN has the Eddington luminosity with 107 Mg, the ion-
ized region expands to 10 Mpc scales. Figure 2 also shows
us the redshift dependence of the ionized region. Since the
ionization and recombination process depends on the num-
ber density, the ionized region is smaller in higher redshift
in physical scales. Note that Figure 2 is represented in the
comoving scale, and therefore the redshift dependence is
not obvious.

The X-ray photons emitted from the AGN can also heat
the IGM. To obtain the temperature heated by the AGN,
we take two assumptions. The first assumption is that
the heating rate is constant during the AGN lifetime tjife.
The other is that the cooling effects are negligible. In the
IGM, the main cooling mechanisms are the expansion of
the Universe and the Compton cooing with CMB photons.
Compared with the AGN lifetime, which we take &y ~
10 Myrs, these time scales are longer at redshifts 10 < z <
20.

With these assumptions, the temperature at the dis-
tance r, Tx(r), is given by
Ti(r) = 27“%(7")““6 (12)
where p is the mean molecular weight and kp is the
In Eq. (12), 42(r) is the heating

rate per unit volume at distance r» which can be written as

H(r) = an:vHI(r)/

Eo

nuks

Boltzmann constant.

o]

o(E)F (E,r)dE (13)

where f represents the fraction of the photon energy which
is transferred to the IGM temperature through the colli-
sional excitation of the IGM. We used the fitting formula
for f provided by Shull & van Steenberg (1985);

f=00—(1-22)" (14)

with C =0.9771,a = 0.2663,b=1.3163, imposing the lower
limit as f = 0.11 for z < 10~* as modified in Zaroubi
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et al. (2007). As the distance r increases, the heating effi-
ciency becomes low. At a sufficient distance, the temper-
ature should correspond to the background baryon tem-
Therefore, if Ti(r) in Eq. (12) becomes
lower than the background baryon temperature at 7., we
set Ti(r) = Tr(2) at r > r..

We plot the kinetic temperature radial profile around an

perature Tk (2).

AGN in Figure 3. Similarly to the case of the ionization,
as the luminosity increases, the AGN can heat up neutral
hydrogen in the IGM at further distance. In particular,
AGNs with L =10"? L can heat the IGM even at comov-
ing 100 Mpc distance. In the inner side which is highly
ionized, the temperature does not depends on the distance
and the AGN luminosity. This is because the heating rate,
Eq. (13), is almost constant with the equilibrium assump-
tion in Eq. (9) in the highly ionized region, xur < 1. In
other words, once the region is highly ionized, there hap-
pens no additional heating any more and the temperature
gets saturated. Figure 3 also tells us the redshift depen-
dence of the temperature. The heating rate grows as the
redshift increases. Therefore, the resultant heated temper-

ature is also large in high redshifts.

3.2 Different brightness temperature

In observations of redshifted 21-cm signals, the observed
value is described as the difference of the brightness tem-
perature at the observed frequencies from the CMB tem-
perature. This different brightness temperature is given
by (Madau et al. 1997; Ciardi & Madau 2003)

[Ts —Tems(2)|(1—e™7)
142 ’

5Tb = Tb — TCMB(Z) = (15)

where Tomp, Th and Ty represent the CMB temperature,
the 21-cm brightness temperature and its spin tempera-
ture, respectively. In the equation, 7 is the 21-cm optical
depth of the IGM,

J— 3 hpc Ao zEinE
T 4 8mviks TuH(2) '

(16)

where Ajp is the Einstein A-coefficient for the transition,
V1o is the frequency corresponding to the energy difference
between the transition states, hp is the Planck constant
and c is the speed of light. In Eq. (15), we ignore the
effects of the peculiar velocity and the thermal velocity
of the gas on the velocity gradient along the line-of-sight,
which are generally smaller than the Hubble expansion ef-
fect considered in Eq. (16).

Since we are interested in the 21-cm signal from the
IGM, the optically thin limit, 7 < 1, is valid. Therefore,
we can approximate the different brightness temperature

as

100 F =
10° .
107" E
><E 10'2 - -
100 F E
L 10 p
L=10, L

T Q12 sun |

o L._.-I.c.)....lLsu'." el

10 3 4 5

10 10 10

Reom [kpc]

Fig. 2. The radial profile of neutral fraction around an AGN. The blue and
orange lines are for L = 10'° L and L = 10'? L, respectively. We set
z = 10 and 12 in the top and bottom panels, respectively.

3
5Tb2ihPC Ao zHINH { _TCMB(Z):l .

321 kerd, (14 2)H(z) Ts

(17)

The spin temperature of the 21-cm lines in the cosmo-
logical context is given by (Wouthuysen 1952; Field 1958)

_ TemB + YTk + ya Tk

T
1+yk+ya

; (18)

where yx and y, are the kinetic coupling and Lya coupling
coefficients, respectively.

The contributions to yx are divided into three collision
terms of neutral hydrogen with neutral hydrogen, electrons
and protons as

— T*
AroTx

Y (Cu+Ce+Cy), (19)

where Cu, C. and Cp are the collisional de-excitation
rates due to neutral hydrogen, electrons and protons and
T, is the temperature corresponds to the energy differ-
ence between singlet and triplet of electron, namely T\ =
0.0681 [K]. For these rates, we adopt the fitting formulae
given by Kuhlen et al. (2006),
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Fig. 3. The radial profile of kinetic temperature around an AGN. The colored
lines are same as in Figure 2.

Ch =3.1x 10" " nuaTY* " exp <7;—2), (20)
k

Ce = neYe, (21)

Cp=3.200-2 (22)

nu
where 7. represents the de-excitation coefficient for e-H
collision, which is fitted with the temperature Tk by

Ye
o810 (1[111])

= —9.067 4 0.51log,, Tk exp [— (23)

(IOgloTk)&5
1800

The Lyman-a coupling coefficient is provided in Field
(1958)

_ 167T2T*62f12J0(T‘)
> 27A10Tkmec

where fi2 is the oscillator strength of the Lyman-a tran-

(24)

sition, fi2 = 0.416, and Jo(r) represents the Lyman-« in-
tensity at distance r from the AGN. To obtain Jo(r), we
consider the secondary collisional excitation by electrons

released in the photoionization by the AGN. In this case,

the Lyman-a intensity can be written as (Zaroubi et al.
2007)

oo
Jo(r) = Mgﬁmmm /E 0 o(E)Z(E,r)dE,  (25)
where v, is the Lyman-«a frequency and ¢, is the energy
fraction for the secondary excitation. We set ¢, = 0.48 x
(1 —222")152 according to Shull & van Steenberg (1985).

Figure 4 represents the spin temperature profile around
an AGN. As shown in Eq. (24), the Lyman-a coupling is
proportional to xzur. Therefore, in the ionized region, ya
is not effective. As a result, the spin temperature is con-
trolled by yx. Since the kinetic temperature is constant
in the ionized region, the resultant spin temperature also
keeps constant. As xur increases, y, becomes larger than
ykx and has an important role to determine the spin tem-
perature. The Lyman-a intensity is stronger where xur
is close to a unity, and the spin temperature reaches the
maximum value. Moreover, the maximum value of the
spin temperature is not sensitive to the AGN luminosity.
This fact means that Jo at the peak position of the spin
temperature is independent of the AGN luminosity. This
reason is same as in the discussion about the independence
of the maximum gas temperature on the AGN luminosity.
The Lyman-a photon production has been saturated at
the peak position and, as a result, does not depend on the
AGN luminosity. For the further discussion we refer the
reader to Zaroubi et al. (2007).

Even at the cosmological distance from the AGN,
the Lyman-a coupling can deviate the spin temperature
When the AGN luminos-
ity is enough large as the Eddington luminosity with

from the CMB temperature.

L > 10'? Lg, the spin temperature is well deviate even
at the comoving distance larger than 10 Mpc. Since the
IGM is cooler than the CMB, the spin temperature is lower
than the CMB temperature in this range. At a larger dis-
tance, the spin temperature finally approaches the CMB
temperature.

In Figure 4, we also show the redshift dependence of
the spin temperature. Since the coupling coefficients,
yx and y., are proportional to the IGM hydrogen den-
sity nu, they becomes large when the redshift increases.
Additionally, the gas temperature is also large in high red-
shifts. Therefore, the resultant spin temperature is larger
in high redshifts. The maximum value of the spin temper-
ature at z = 15 is almost two times higher than at z = 10.

Based on the spin temperature profiles in Figure 4,
we can calculate the differential brightness temperature
around the AGN through Eq. (15) and (16). We plot the
results in Figure 5. The region close to the AGN is ionized

and the 21-cm signal vanishes there. Then gradually the
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Fig. 4. The radial profile of spin temperature T around an AGN. The colored
lines are same as in Figure 2.

positive (emission) signal arises where the gas temperature
is much higher than the CMB temperature. At the suffi-
cient distance, the signal becomes negative (absorption)

and reaches the negative peak.

As shown in Eq. (17), when the spin temperature is
larger than the CMB temperature (i.e., the emission sig-
nal case), the signal amplitude is saturated. However, the
smaller the spin temperature, the larger the amplitude of
the absorption signal is. Additionally, the absorption sig-
nal region has larger volume than the emission signal re-
gion. Therefore, the detection of the absorption signal can

be easier than the detection of the emission signal.

The peak amplitude in both negative and positive sides
is almost independent of the AGN luminosity, because of
the same reason as in the cases of the gas temperature
and spin temperature. On the contrary, the peak position
depends on the AGN luminosity. Therefore, measuring the
distance of the negative peak from the AGN (or the size
of the negative signal region) provides with an important
information to know the luminosity of the AGN at the

center of the signal region.

dTb [mK]

T L2100 e
40 I L=10"2 L300 T
20 | 4
2
E o 7
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©
20 | .
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40 | .
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103 10* 10°
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Fig. 5. The radial profile of brightness temperature 6T, around an AGN. The
colored lines are same as in Figure 2.

4 AGN number count

Now we present whether future 21-cm observation, such as
SKA, can access the AGN LF in high redshifts to demon-
strate the AGN number count with our three fiducial mod-
els. First, we evaluate the detectability of the 21-cm AGN
signals obtained in the previous section with considering
the current design of the SKA observation. Then to in-
vestigate the possible constraint on the LF, we conduct a

Fisher matrix analysis for our fiducial models.

4.1 Detectability of the AGN signals by SKA

To evaluate the signal detected by SKA, we need to take
into account the finite resolutions of the observation in
the frequency (the line-of-sight direction) and the angular
direction (the direction perpendicular to the line-of-sight
direction). We can obtain the predicted signal for the ob-
servation by smoothing the signal profile with these reso-
lutions.

First, we make the 3-dimensional signal map from the

radial profile of the different brightness temperature, as-
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suming the spherical symmetry. For smoothing, we con-
The width of the cylinder

matches to the angular resolution A8 and the length cor-

sider the cylindrical volume.

responds to the spatial resolution in the line-of-sight di-
rection determined by the frequency resolution Av. To
obtain the smoothed 21-cm signal §71, which is defined in
eq. (17) around the AGN, we smooth the signal with the

cylindrical volume at whose center the AGN locates.

To discuss the detectability by SKA, we compare the
signal |0T}| with the noise level of the SKA observation.
The noise of an interferometer for an observation wave-
length Aopbs is written in terms of the brightness tempera-
ture as (Furlanetto et al. 2006)

Aobs TS)/S
A92Aeff VvV Avtobs

A\ (A2 142\"
=20 [mK](104 [fn2]> (W) ( 10 )
AV 2tint o
x <1 [MIZ] 100 [hr]> ’ (26)

where A# is the angular resolution, Av is the frequency

(STN ()\obs) =

resolution, Aeg is the effective collecting are a, Tsys is the
system temperature of the observation and ¢.ps is the total
observation time. In order to obtain the second line of the
equation, we use Aobs = 21 [cm](1+ z) For the SKA obser-
vation, we set Aog = 10* [m?] and tops = 1000 [hours]. One
of main contributions to Tsys is the synchrotron radiation
in the Milky Way. Therefore, for Tyys, we adopt the sky
temperature at high Galactic latitude,

—2.6
Tiys = 180 (180{1\/in]> K] (27)

where vops is the frequency corresponding to Aobs.

We set our criterion for the detection to |67} |/0TN > 3.
Since |07} | becomes large with increasing L of the AGN,
the detection criterion can be represented as the minimum
AGN luminosity for the detection, Lmin.
the redsthit dependence of Lumin for different angular res-

Figure 6 shows

olutions, Af. The noise has a strong redshift dependence

coming from
N Toys o< (1+2)*°. (28)

Consequently, Lyin monotonically grows in high redshifts.
When the angular resolution becomes large, the noise de-
creases according to Eq. (26). However the smoothing vol-
ume also increases. Accordingly, the signal is diluted by
the smoothing and a large luminosity is required for the

detection with a large angular resolution.

10!

log1o(Liim [101! Lo])

1072

8 10 12 14 16
redshift

Fig. 6. The minimum luminosity for a set of A@ as a function of redshift ob-
tained from 2D convolution of 21 cm signal from AGN.

4.2 Fisher matrix analysis

Now we consider the galaxy number counts of AGNs ex-
pected to be detected by SKA. Suppose that we perform
the 21 cm observation in some redshift range. We divide
the redshift into some redshift bins and count the number
of detected AGNs in each redshift bin. Besides, conduct-
ing the data analysis with different angular resolution (or
using different range of k-modes for the image reconstruc-
tion?), we also count the detected AGN number for each
configuration of the angular resolution. Therefore, we can
obtain the number count in two dimensional bins for the
redshift and angular resolution.

When we model the AGN LF, we can evaluate the ex-
pected number counts of AGNs whose luminosities are

larger than Lmin IV,

Zi,max dn
3747Tf5ky/z / z) deL

i, min Lmin J

i,j, from

(29)

where R(z) is the comoving distance to the redshift z,
Zi,min and 2Z; max are the minimum and maximum redshifts
in the i-th redshift bin, fac is the sky fraction of the ob-
servation. Since SKA will have 5 x 5 square degree field
of view, we set fsky to be fay = 0.0006. In the equation,
as shown in the previous section, Lyin is a function of the
redshift z and the angular resolution Af; related to the
j-th bin of the angular resolution.

The number count depends on the redshift and angu-
lar resolution. Therefore, we conduct the Fisher matrix
analysis for our three fiducial DP models, considering the
number count for several redshift bins with different angu-

lar resolution set, {Af;}. Fixing the angular resolution, we
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can probe the redshift evolution of the AGN LF, in partic-
ular, 51 and 2. On the other hand, in a fixed redshift, the
number counts on different angular resolution is expected
to provide the luminosity dependence of the LF, o and L..

We take the assumption that the likelihood distribution
for the parameters is a multivariate Gaussian and takes the
maximum value at the fiducial parameters. Therefore, the

Fisher matrix is given by

1 (9N 0Ny,
Fo —Zgzj ( 96, 9, ) (30)

2% §

where N;; is the number of the detected AGNs in the
i-th bin of the observed redshifts with the j-th angular
resolution. In the equation, o ; is the variance of N; ; and
set to U;f = N, ;, because we assume that the detected
number in the each bin follows the Poisson statistics.

In this paper we take the ranges of z in [10,15] and A8
in [5,40] in the unit of the arc minutes. Dividing both z
and A into 10 and 20 bins, we conduct the Fisher ma-
trix analysis on our three fiducial models. In Figure 7,
we show the 1-o0 error elliptical for 10 (outside blue) and
20 (inside red) bins for the LF parameter set for Model 1.
As is shown in the Figure 7, the obtained errors are quite
small. In particular, the errors of {y1, B2, log L.} are in
a few percentage levels. On the other hand the errors of
{A, 72, B1} are relatively large, compared with constrains
on other parameters. However, as we can see later, SKA
can determine these parameters in a factor level for Model 1

Figure 7 also shows that there exist some strong corre-
lations in the parameter sets. These correlation appears in
order to compensate the increment (decrements) due to a
parameter by other parameters. For example, when we in-
crease (1, the AGN LF does not suppress on high redshifts.
Therefore, to compensate it, small A or large negative (32
is preferred.

We summarize the 1-o errors for all our fiducial models
in Table 2. When we take the low LF model (Model III),
the error becomes large since the number of observable
galaxy significantly decreases. We found that the strong
correlations shown in Figure 7 also arises in the Model I1
and III. Figure 8 tells us the impact of these errors on the
determination of the LF in terms of the emissivity. Here
the colored shaded regions represent 1-¢ error for each fidu-
cial model. One can see that, when AGN luminosity dis-
tribution is given in the high LF model (Model I), SKA
can reconstruct the LF. However, for Model 2, the recon-
struction becomes worse, in particular, in high redshifts.

For simplicity, we assume that the AGN number count
for each bin of the redshift and angular resolution is inde-
pendent each other. Therefore, the errors of the LF param-

eters depends on the number of the bins. As we decrease

the bin numbers, the error becomes large. For example, if
we take 10 bins for the redshift and the angular resolution,
the error region increase two time larger than in Figure 8
and, as a result, we cannot determine the LF parameters
even for the Model II.

At the last of this section, we discuss the impact of
the observation noise on the reconstruction of the AGN
function. In order to evaluate this impact, we consider
an observation which has sensitivity enough to detect 10
times lower luminosity AGNs than for SKA I. We plot the
result of the reconstruction in Figure 9. For Model II in
high redshifts we can see the improvement for the recon-
struction. However, since the SKA I sensitivity is enough
to measure the number counts for Model I and Model II in
low redshifts, the reconstruction is not improved even for
the better sensitivity. Besides, it is impossible to obtain
reasonable constraints on the parameters of Model III even

in the better sensitivity.

5 Summary

AGNs can heat up the surrounding IGM gas by their UV
and X-ray emission. Before the epoch of reionization, the
heated neutral IGM can create the observable 21-cm emis-
sions. Therefore, AGNs in high redshifts are promising
In this
paper we have investigated the AGN number count by fu-
ture 21-cm observation as a probe of the AGN LF in high
redshifts.

First we have evaluated the 21-cm signals of AGNs be-

targets in future redshifted 21-cm observations.

fore the epoch of reionization. Assuming the power-law
spectrum of the AGN UV and X-ray emission, we have
calculated the radial profile of the IGM ionization fraction
and temperature around an AGN by solving the radia-
tive transfer of the AGN emission. We have shown that
AGNs can heat up the IGM gas even at the cosmological
distance, i.e., comoving 10 Mpc, depending on the lumi-
nosity of AGNs. As a result, AGNs can create the 21-cm
signals whose angular size is roughly in the order of 10
arc-minutes.

The minimum amplitude of the 21 cm signal for the de-
tection depends on the redshift and the angular resolution
of observations. Therefore measuring the dependence of
the AGN number count on the redshift and angular reso-
lution allow us to probe the LF of AGNs. To demonstrate
the LF by AGN number count we propose the simple an-
alytic form of the LF with several parameters which can
recover well the emissivity of two typical empirical models,
Madau & Haardt (2015) and Hopkins et al. (2007).

Considering the 21-cm observations by SKA in the red-

shift range from z = 15 to z = 10 with the arc-minutes
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Slog o o1 572 561 552 dlog L.
Model I 022 7.3x107%2 3.0x1072 26x107! 6.1x107%  0.030
Model II 2.3 45%x107t 1.8x107? 2.9 7.2x1072 0.18
Model III 25 3.1 1.1 3.1 x 10! 1.2 0.81

Table 2. 1o errors for model parameters for (20 x 20)-bin configurations in our AGN model.
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Fig. 7. The result of parameter constraint with Fisher analysis. The redshift and array configuration are divided into 10 bins for outer dashed elliptical and 20
bins for inner solid elliptical.
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Fig. 8. The expected emissivity and estimated errors for 20 x 20 configu-
rations. The colored is derived by considering 1-o error for the AGN LF
parameters.
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Fig. 9. Bins of galaxy number counts are divided into 20x20 observational
configurations but flux limit is assumed to be Ly, = 1/10Ljim,0-

angular resolution, we perform the Fisher matrix analy-
sis to investigate how AGN number count can recover the
LF. We have found that SKA can probe the LF which is
similar to the one suggested by Madau & Haardt (2015).
However for the type propsed by Hopkins et al. (2007),
which is three order of magnitude smaller than the one by
Madau & Haardt (2015) in the emissivity, it is difficult for
SKA to determine the LF parameters.
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