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Figure 2. Non-uniform IGM model outputs in the redshift range 8 ! z ! 9.
The panels show the overdensity !, neutral hydrogen fraction xH I and 21 cm
optical depth " in the non-uniform model region, from a two-phase IGM
code developed by Geil & Wyithe (2008). The size of the simulation box is
70 cMpc cubed, with 360 pixels per side length. Multiple slices through the
simulation box are used, giving a total of 280 cMpc.

transfer is not straightforward, constraining fX (to within an order
of magnitude, for instance) would be a helpful guide to future model
building.

In our model, the main effect of the variation of fX is a change
in the gas temperature, and, thus, the mean 21 cm optical depth.
In Fig. 3, we plot the mean 21 cm optical depth as a function of
redshift for fX values between 0.01 and 100. The thick black line is
for fX = 1, as in the bottom panel of Fig. 1. The lines with higher
(lower) optical depth have lower (higher) fX values, representing
less (more) effective heating. We highlight with the grey area the
‘forest region’ where the non-uniform model determines the over-
density and ionized fraction. In these calculations, we assume a
background source at z = 9. We see from Fig. 3 that varying fX

by an order of magnitude can have a roughly order-of-magnitude
effect on the optical depth. This is due to the fact that the overall op-
tical depth is strongly dependent on the spin temperature TS, which
varies by roughly an order of magnitude with each factor of 10 in
fX.

Our modelling includes X-ray heating spatial fluctuations only
in a limited way: for each pixel in the local simulation region (z =
8 to 9), we employ an adiabatic temperature–density relationship
[T = T0(1 + !)#"1] so that the overall global temperature of the gas
T0 (determined by the uniform X-ray heating) is modulated by each
region’s local overdensity !. Viewing the temperature fluctuation
on a particular scale as governed by an effective adiabatic index for
that region, we estimate that the error in the temperature fluctuation
introduced by assuming # = 5/3 for each pixel can be up to an order
of magnitude, depending on the scale and redshift (see Pritchard &
Furlanetto 2007, figs 4 and 5). This limitation should be taken into
account when considering the ability of our methods to distinguish
different models of X-ray heating, but we do not expect that a more

Figure 3. Mean 21 cm optical depth " as a function of observed frequency,
for varying fX values: from top to bottom curve, fX = 0 (no X-ray heating),
0.01, 0.1, 1 (thick black line), 10 and 100. Also included are curves of Smin
(dashed purple lines) as defined in equation (9). These lines indicate, for
each value of " on the left-hand axis, the minimum observed flux density of
a source that would allow a detection of absorption at S/N of 5, assuming
an array with effective area Aeff = 106 m2, frequency resolution $%ch =
1 kHz, system temperature given by equation (10) and integration time tint =
1 week. The redshift dependence comes from the frequency dependence of
the system temperature. Where the mean optical depth lines (solid) cross
above the Smin lines (dashed), the absorption is detectable at that redshift.
The grey region highlights the redshift range (z = 8–9) we focus on in our
example calculations in this work.

detailed treatment of X-ray heating variations would qualitatively
alter our results.

From Fig. 3, we see that if the 21 cm forest is detected in the
spectra of high-redshift radio sources, measurements of the optical
depth can constrain the parameter fX and thus give us insight into
the thermal history of the IGM. Against a sufficiently bright source,
the 21 cm forest spectrum can reveal the layout of photoionized
bubbles along the line of sight (which would appear as transmission
windows between regions of absorption), and, potentially, varia-
tions in density and ionized fraction. Narrow absorption lines from
dense neutral regions would also be detectable in such observations.
Absorption lines can have optical depths at levels as high as 1 per
cent (Furlanetto 2006a), but because of their narrowness (typically
2 to 3 kHz) their detectability in low mean optical depth regions
would be highly dependent on their number and density. In princi-
ple, fX can also affect the number and depth of absorption lines,
by altering the background radiation field in which small haloes
or protogalaxies reside. We discuss the implications of absorption
lines in Section 6.

For some redshifts and fX values, the mean optical depth is so low
as to make detection of 21 cm forest features difficult or impossible,
even with future instruments such as the SKA. For a very radio-
loud source at high redshift, a wide range of thermal histories will
produce a detectable forest signal, and the optical depth can be
used to constrain fX, but sources with low flux densities in the
frequencies of interest may result in a detection only for low values
of fX. In this case, a non-detection of the 21 cm forest may provide
a constraint on the thermal history.

In Sections 5 and 6 below, we discuss how prospects for the
detection of the 21 cm forest depend upon the source population and
the thermal history of the IGM, and we consider how the presence of

C# 2012 The Authors, MNRAS 425, 2988–3001
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Figure 8. Evolution of the gas transmissivity along a random LOS for
different assumptions about the gas temperature, T. From top to bottom
the gas temperature is the one determined from the radiative transfer of
UV photons only; the maximum of the one determined from the radiative
transfer of UV photons and the one calculated including also the contribution
from Ly! photons from stars; the maximum of the one determined from the
radiative transfer of UV photons and the one calculated including also the
contribution from Ly! photons from stars and X-ray photons from quasars.

a different class of sources, as X-ray binaries (see e.g. Furlanetto
2006; Dijkstra et al. 2012), then the associated heating would be
different. We defer to future work a more detailed investigation of
the role of the X-ray background and the contribution to it from
different types of sources.

As already pointed out by other authors (e.g. Mack & Wyithe
2012), the above arguments seem to suggest that it would be pos-
sible to discriminate between different IGM reheating histories, in
particular if a high-energy component were present in the ionizing
spectrum.

4.2 Dependence on source spectra

As discussed in Section 3, the simulations have been run for a
variety of source spectra. Here we show the differences induced in
terms of transmission. In the top panel of Fig. 9 a reference LOS for
the reionization model E1.2-!1.8 is shown. In the other panels the
ratios between the transmissivity of model E1.2-!1.8 and models
E1.2-!1-3, E1.6-!3 and E1.2-!3 are plotted. In the third and fourth
panels from the top the ratio is always larger than 1, meaning that the
optical depth in E1.2-!1.8 is lower than in E1.6-!3 and E1.2-!3 (i.e.
the simulations with softer spectra), as expected. In fact, although
xH i is very similar in E1.2-!1.8 and E1.6-!3, the temperature in
the latter is typically lower, resulting in a higher optical depth. On
the other hand, as in model E1.2-!3 reionization is less advanced,
the optical depth is always larger than for the other cases. Models
E1.2-!1.8 and E1.2-!1-3 have very similar average xH i and T, but
their distributions are slightly different. This reflects also on the
transmissivity.

These very small differences in transmissivity predicted by dif-
ferent reionization models are to be expected. As discussed in the
previous section, the models do have different values of " 21cm, but
these are more pronounced when " 21cm is in any case too low to
produce appreciable absorption. In fact, all models have very sim-
ilar hydrogen reionization histories, with the largest discrepancies

Figure 9. From the top to the bottom panels we show the evolution of the
gas transmissivity along a random LOS for the reionization model E1.2-
!1.8, and the ratios between the transmissivity of model E1.2-!1.8 and
models E1.2-!1-3, E1.6-!3 and E1.2-!3, respectively. The ratios have been
calculated using the same LOS as the upper panel.

being associated with the temperature reached either in the ionized
regions or in their outskirts, where the hardness of the spectrum
makes most of the difference. From the point of view of the absorp-
tion, though, the exact value of the temperature in a fully or partially
ionized cell is not relevant. On the other hand, the regions which
produce most of the absorption, i.e. the cold, high-density gas not
reached by ionizing photons, are basically the same in all models.
Thus, unless the reionization histories are very different from each
other (e.g. a predominance of UV versus X-ray sources), we do not
expect to be able to distinguish them by means of observations of
the 21 cm forest.

5 INSTRUMENTA L EFFECTS

In this section we describe the process used to simulate the spectra
as they would be observed by LOFAR. The input of the simula-
tion is a file containing the optical depth as a function of redshift
(or, equivalently, frequency) and the parameters associated with the
background radio source, i.e. its redshift, zs, flux density, Sin(zs),
and spectral index, !. Consistently with previous studies (e.g. Carilli
et al. 2002) we assume that the source has a power-law spectrum. In
principle, the effect of the point spread function side lobes running
through the source of interest can be taken into account by including
more sources at different positions, with or without absorption fea-
tures. Here, this has not been considered. For a narrow bandwidth,
the equation giving the observed visibilities is

V# (u) =
Nsources!

i

I#(s)e!2!iu·s + n, (2)

where u = (u, v,w) are the coordinates of a given baseline at a
certain time t, I# is the observed source intensity, s = (l, m, n) is a
vector representing the direction cosines for a given source direction
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Figure 2. Non-uniform IGM model outputs in the redshift range 8 ! z ! 9.
The panels show the overdensity !, neutral hydrogen fraction xH I and 21 cm
optical depth " in the non-uniform model region, from a two-phase IGM
code developed by Geil & Wyithe (2008). The size of the simulation box is
70 cMpc cubed, with 360 pixels per side length. Multiple slices through the
simulation box are used, giving a total of 280 cMpc.

transfer is not straightforward, constraining fX (to within an order
of magnitude, for instance) would be a helpful guide to future model
building.

In our model, the main effect of the variation of fX is a change
in the gas temperature, and, thus, the mean 21 cm optical depth.
In Fig. 3, we plot the mean 21 cm optical depth as a function of
redshift for fX values between 0.01 and 100. The thick black line is
for fX = 1, as in the bottom panel of Fig. 1. The lines with higher
(lower) optical depth have lower (higher) fX values, representing
less (more) effective heating. We highlight with the grey area the
‘forest region’ where the non-uniform model determines the over-
density and ionized fraction. In these calculations, we assume a
background source at z = 9. We see from Fig. 3 that varying fX

by an order of magnitude can have a roughly order-of-magnitude
effect on the optical depth. This is due to the fact that the overall op-
tical depth is strongly dependent on the spin temperature TS, which
varies by roughly an order of magnitude with each factor of 10 in
fX.

Our modelling includes X-ray heating spatial fluctuations only
in a limited way: for each pixel in the local simulation region (z =
8 to 9), we employ an adiabatic temperature–density relationship
[T = T0(1 + !)#"1] so that the overall global temperature of the gas
T0 (determined by the uniform X-ray heating) is modulated by each
region’s local overdensity !. Viewing the temperature fluctuation
on a particular scale as governed by an effective adiabatic index for
that region, we estimate that the error in the temperature fluctuation
introduced by assuming # = 5/3 for each pixel can be up to an order
of magnitude, depending on the scale and redshift (see Pritchard &
Furlanetto 2007, figs 4 and 5). This limitation should be taken into
account when considering the ability of our methods to distinguish
different models of X-ray heating, but we do not expect that a more

Figure 3. Mean 21 cm optical depth " as a function of observed frequency,
for varying fX values: from top to bottom curve, fX = 0 (no X-ray heating),
0.01, 0.1, 1 (thick black line), 10 and 100. Also included are curves of Smin
(dashed purple lines) as defined in equation (9). These lines indicate, for
each value of " on the left-hand axis, the minimum observed flux density of
a source that would allow a detection of absorption at S/N of 5, assuming
an array with effective area Aeff = 106 m2, frequency resolution $%ch =
1 kHz, system temperature given by equation (10) and integration time tint =
1 week. The redshift dependence comes from the frequency dependence of
the system temperature. Where the mean optical depth lines (solid) cross
above the Smin lines (dashed), the absorption is detectable at that redshift.
The grey region highlights the redshift range (z = 8–9) we focus on in our
example calculations in this work.

detailed treatment of X-ray heating variations would qualitatively
alter our results.

From Fig. 3, we see that if the 21 cm forest is detected in the
spectra of high-redshift radio sources, measurements of the optical
depth can constrain the parameter fX and thus give us insight into
the thermal history of the IGM. Against a sufficiently bright source,
the 21 cm forest spectrum can reveal the layout of photoionized
bubbles along the line of sight (which would appear as transmission
windows between regions of absorption), and, potentially, varia-
tions in density and ionized fraction. Narrow absorption lines from
dense neutral regions would also be detectable in such observations.
Absorption lines can have optical depths at levels as high as 1 per
cent (Furlanetto 2006a), but because of their narrowness (typically
2 to 3 kHz) their detectability in low mean optical depth regions
would be highly dependent on their number and density. In princi-
ple, fX can also affect the number and depth of absorption lines,
by altering the background radiation field in which small haloes
or protogalaxies reside. We discuss the implications of absorption
lines in Section 6.

For some redshifts and fX values, the mean optical depth is so low
as to make detection of 21 cm forest features difficult or impossible,
even with future instruments such as the SKA. For a very radio-
loud source at high redshift, a wide range of thermal histories will
produce a detectable forest signal, and the optical depth can be
used to constrain fX, but sources with low flux densities in the
frequencies of interest may result in a detection only for low values
of fX. In this case, a non-detection of the 21 cm forest may provide
a constraint on the thermal history.

In Sections 5 and 6 below, we discuss how prospects for the
detection of the 21 cm forest depend upon the source population and
the thermal history of the IGM, and we consider how the presence of
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21cm cosmology: emission vs absorption (forest)	

- emission (or absorption against CMB)	

  pro: 3D (all-sky + z-dependence) <-> 2D CMB	

  con: very weak signal << expected foreground	


- absorption against high-z radio sources	

  pro: limited only by flux and number of sources	

         no or little foreground	

  con: limited by flux and number of sources	

         highly uncertain BUT interesting problem itself	


cosmology: parameters (dark energy?), small-scale PS (dark matter etc.),	

  non-gaussianity (inflation)…	

astrophysics: first objects (stars, galaxies, black holes, jets…), 	

  thermal history (structure formation vs UV/X-ray/mechanical heating…)   	




Carilli+ 02	


potential background radio sources at very high z�

assuming Cyg-A like source at z=10	


possible even with LOFAR?	

Ciardi+ 12	


BUT	

sufficiently luminous (~massive BH)	

+radio-loud AGNs at high-z?	


required spectral resolution dν~kHz (3km/s) at ν~<100 MHz	

required flux for SKA	


radio quasar as	

background radio source �

Furlanetto & Loeb 02	




high-z radio-loud quasars: expectations	
 Haiman+ 04 �

assume:	

- MBH scales with Mhalo 	

   similarly to low z	

- radio loudness distribution	

   same as low z	


results:	

- number overpredicted by ~100	

  compared to FIRST obs.	

  unless radio-loud only for	

  MBH>~107 Msun  	

- expected no. at z>6	

  ~ 4/deg2 for >mJy	

  ~ 0.2/deg2 for >10mJy	

- expected no. at z>10?	

  ~ 0.1/deg2 for >mJy	

  ~ 0.005/deg2 for >10mJy	

     (200 all-sky)	




•  Using3powerful3radio3sources3within3the3EoR,3the3proper?es3of3the3
EoR3can3be3studied3in3absorp?on,3via3the3213cm3forest.33

•  High3flux3limit3(5mJy3@1.4GHz),3gives3~243sources3per3sq.deg.33
•  Obtain3spectra3for3all3of3these3and3expect313z>63powerful3radio3source3

per3~1000sq.deg3for3EoR3absorp?on3

Into3the3Epoch3of3Reioniza?on?33
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high-z radio-loud quasars: observations	
 M. Jarvis	

@Nagoya 13	

unpublished?�



GRBs as background radio source 	

normal GRB afterglows 	


c.f. SI, Omukai, Ciardi 07	

also Ioka, Meszaros 04 �

sub-GHz afterglow flux strongly suppressed 
by sync. self absorption	

-> high-res. spectroscopy difficult	

(even though continuum detectable by SKA)	
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z=20	
Pop III GRB�afterglows? �
expectations compared	

with normal GRBs:	

- luminosity comparable	

- duration much longer	

- total energy much larger �
  Eiso~1055-1057 erg	

  -> much brighter afterglow	

      at low frequency �

Toma et al. 10	

adapted from	

SI, Omukai, Ciardi 07	




Pop III GRB�afterglow	


Pop III GRBs:	

光度は普通のGRBと大差ない�
が継続時間が長く�
総エネルギーはでかい �
Eiso~1055-1057 erg	

-> afterglowは明るい�

Toma, Sakamoto	

& Meszaros 10 �

普通のGRBより大きな半径まで�
広がる�
-> シンクロトロン自己吸収が減り�
    低周波電波でも明るい�
-> 21cm吸収線の光源として有望�



Pop III GRB afterglows: suitable for 21cm forest studies?	
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100MHz�light curves � 21cm吸収線背景光源として	

SKA観測で要求される強度は	

~10mJy	


see also Toma+ 11 �
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Pop III GRB rates	
 adapted from Liu, SI, Wang & Aharonian, in prep.	


-  Bromm & Loeb 06, models with late or early reionization+weak feedback	

-  de Souza+ 11, Pop III.2	

-  Campisi+ 11, fiducial (“5Mpc”) or “low-redshift”	


Bromm & Loeb 06 �

de Souza+ 11 �

Campisi+ 11 �

“normal GRBs”	

Hopkins & Beacom 06	




detectability with LOFAR/SKA	
 Ciardi, SI+ 15	
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Figure 1. Upper panels: spectrum of a GRBIII positioned at zs = 10 (i.e.
! ! 129 MHz), with a flux density Sin(zs) = 30 mJy. The red dotted lines
refer to the intrinsic spectrum of the source, Sin; the blue dashed lines to
the simulated spectrum for 21 cm absorption, Sabs; and the black solid lines
to the spectrum for 21 cm absorption as it would be seen with a bandwidth
"! = 10 kHz, after an integration time tint = 1000 h. The left- and right-
hand panels refer to a case with the noise # n given in equation (2) (LOFAR
telescope) and with 0.1n (expected for SKA1-low), respectively. Lower
panels: S/N corresponding to the upper panels. See text for further details.

Figure 2. As Fig. 1, but the GRBIII is positioned at zs = 7.6 (i.e.
! ! 165 MHz) and "! = 5 kHz.

On the other hand, a strong average absorption (rather than the ab-
sorption features seen in the previous figures) can be easily detected
(S/N >10) in the spectra of GRBs located at very high redshift, as
shown in Fig. 3. If the intrinsic spectrum of the source could be
inferred through other means, for example, accurate spectral mea-
surements of the unabsorbed continuum at GHz frequencies and
above, such detection could be used to infer the global amount of
neutral hydrogen present in the IGM.

We have applied the same pipeline also to more standard GR-
BII, which have a flux density two to three orders of magnitude
lower than a GRBIII. In this case we find that, even if we could
collect 1000 h of observations with a noise 0.01 # n (i.e. 1/10th of
the SKA1-low noise), these would be barely enough to detect ab-
sorption features in 21 cm. Also in the most optimistic case, with

Figure 3. As Fig. 1, but the GRBIII is positioned at zs = 14 (i.e.
! ! 95 MHz) and "! = 20 kHz. Note that the S/N in the lower-right
panel is always higher than the range covered by the axis.

Figure 4. Upper panels: spectrum of a GRBII with a flux density
Sin(zs) = 0.1 mJy. The red dotted lines refer to the intrinsic spectrum of
the source, Sin; the blue dashed lines to the simulated spectrum for 21 cm
absorption, Sabs; and the black solid lines to the spectrum for 21 cm absorp-
tion as it would be seen after an integration time tint = 1000 h with a noise
0.01 # n (i.e. 1/10th of the SKA1-low noise). The panels refer to a case with
zs = 7.6 and "! = 5 kHz (left), zs = 10 and "! = 10 kHz (middle), zs = 14
and "! = 20 kHz (right). Lower panels: S/N corresponding to the upper
panels. See text for further details.

Sin(zs) = 0.1 mJy, a positive detection would be extremely difficult
at any redshift, as shown in Fig. 4, and only at z ! 9 a S/N larger
than a few could be reached.

5 C O N C L U S I O N S

In this paper, we have discussed the feasibility of detecting 21 cm
absorption features in the spectra of high redshift GRBs with LO-
FAR and SKA. The distribution of H I, gas temperature and velocity
field used to calculate the optical depth to the 21 cm line have been
obtained from the simulations of reionization presented in Ciardi
et al. (2012) and C2013. We find that

(i) absorption features in the spectra of highly energetic GRBs
from Pop III stars could be marginally (with a S/N larger than a few,
depending on redshift) detected by LOFAR at z ! 7;

(ii) the same features could be easily detected if the noise were
reduced by one order of magnitude (similar to what is expected for
SKA1-low);

MNRAS 453, 101–105 (2015)
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- based on reionization simulations of Ciardi+ 12,13	

- methodology for assessing detectability by LOFAR(+SKA) Ciardi+ 13	
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Sin=30mJy at z=zs	


marginally detectable by LOFAR	

detection feasible by SKA1 IF Pop III GRB energetic	
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Figure 1. Upper panels: spectrum of a GRBIII positioned at zs = 10 (i.e.
! ! 129 MHz), with a flux density Sin(zs) = 30 mJy. The red dotted lines
refer to the intrinsic spectrum of the source, Sin; the blue dashed lines to
the simulated spectrum for 21 cm absorption, Sabs; and the black solid lines
to the spectrum for 21 cm absorption as it would be seen with a bandwidth
"! = 10 kHz, after an integration time tint = 1000 h. The left- and right-
hand panels refer to a case with the noise # n given in equation (2) (LOFAR
telescope) and with 0.1n (expected for SKA1-low), respectively. Lower
panels: S/N corresponding to the upper panels. See text for further details.

Figure 2. As Fig. 1, but the GRBIII is positioned at zs = 7.6 (i.e.
! ! 165 MHz) and "! = 5 kHz.

On the other hand, a strong average absorption (rather than the ab-
sorption features seen in the previous figures) can be easily detected
(S/N >10) in the spectra of GRBs located at very high redshift, as
shown in Fig. 3. If the intrinsic spectrum of the source could be
inferred through other means, for example, accurate spectral mea-
surements of the unabsorbed continuum at GHz frequencies and
above, such detection could be used to infer the global amount of
neutral hydrogen present in the IGM.

We have applied the same pipeline also to more standard GR-
BII, which have a flux density two to three orders of magnitude
lower than a GRBIII. In this case we find that, even if we could
collect 1000 h of observations with a noise 0.01 # n (i.e. 1/10th of
the SKA1-low noise), these would be barely enough to detect ab-
sorption features in 21 cm. Also in the most optimistic case, with

Figure 3. As Fig. 1, but the GRBIII is positioned at zs = 14 (i.e.
! ! 95 MHz) and "! = 20 kHz. Note that the S/N in the lower-right
panel is always higher than the range covered by the axis.

Figure 4. Upper panels: spectrum of a GRBII with a flux density
Sin(zs) = 0.1 mJy. The red dotted lines refer to the intrinsic spectrum of
the source, Sin; the blue dashed lines to the simulated spectrum for 21 cm
absorption, Sabs; and the black solid lines to the spectrum for 21 cm absorp-
tion as it would be seen after an integration time tint = 1000 h with a noise
0.01 # n (i.e. 1/10th of the SKA1-low noise). The panels refer to a case with
zs = 7.6 and "! = 5 kHz (left), zs = 10 and "! = 10 kHz (middle), zs = 14
and "! = 20 kHz (right). Lower panels: S/N corresponding to the upper
panels. See text for further details.

Sin(zs) = 0.1 mJy, a positive detection would be extremely difficult
at any redshift, as shown in Fig. 4, and only at z ! 9 a S/N larger
than a few could be reached.

5 C O N C L U S I O N S

In this paper, we have discussed the feasibility of detecting 21 cm
absorption features in the spectra of high redshift GRBs with LO-
FAR and SKA. The distribution of H I, gas temperature and velocity
field used to calculate the optical depth to the 21 cm line have been
obtained from the simulations of reionization presented in Ciardi
et al. (2012) and C2013. We find that

(i) absorption features in the spectra of highly energetic GRBs
from Pop III stars could be marginally (with a S/N larger than a few,
depending on redshift) detected by LOFAR at z ! 7;

(ii) the same features could be easily detected if the noise were
reduced by one order of magnitude (similar to what is expected for
SKA1-low);
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Figure 1. Upper panels: spectrum of a GRBIII positioned at zs = 10 (i.e.
! ! 129 MHz), with a flux density Sin(zs) = 30 mJy. The red dotted lines
refer to the intrinsic spectrum of the source, Sin; the blue dashed lines to
the simulated spectrum for 21 cm absorption, Sabs; and the black solid lines
to the spectrum for 21 cm absorption as it would be seen with a bandwidth
"! = 10 kHz, after an integration time tint = 1000 h. The left- and right-
hand panels refer to a case with the noise # n given in equation (2) (LOFAR
telescope) and with 0.1n (expected for SKA1-low), respectively. Lower
panels: S/N corresponding to the upper panels. See text for further details.

Figure 2. As Fig. 1, but the GRBIII is positioned at zs = 7.6 (i.e.
! ! 165 MHz) and "! = 5 kHz.

On the other hand, a strong average absorption (rather than the ab-
sorption features seen in the previous figures) can be easily detected
(S/N >10) in the spectra of GRBs located at very high redshift, as
shown in Fig. 3. If the intrinsic spectrum of the source could be
inferred through other means, for example, accurate spectral mea-
surements of the unabsorbed continuum at GHz frequencies and
above, such detection could be used to infer the global amount of
neutral hydrogen present in the IGM.

We have applied the same pipeline also to more standard GR-
BII, which have a flux density two to three orders of magnitude
lower than a GRBIII. In this case we find that, even if we could
collect 1000 h of observations with a noise 0.01 # n (i.e. 1/10th of
the SKA1-low noise), these would be barely enough to detect ab-
sorption features in 21 cm. Also in the most optimistic case, with

Figure 3. As Fig. 1, but the GRBIII is positioned at zs = 14 (i.e.
! ! 95 MHz) and "! = 20 kHz. Note that the S/N in the lower-right
panel is always higher than the range covered by the axis.

Figure 4. Upper panels: spectrum of a GRBII with a flux density
Sin(zs) = 0.1 mJy. The red dotted lines refer to the intrinsic spectrum of
the source, Sin; the blue dashed lines to the simulated spectrum for 21 cm
absorption, Sabs; and the black solid lines to the spectrum for 21 cm absorp-
tion as it would be seen after an integration time tint = 1000 h with a noise
0.01 # n (i.e. 1/10th of the SKA1-low noise). The panels refer to a case with
zs = 7.6 and "! = 5 kHz (left), zs = 10 and "! = 10 kHz (middle), zs = 14
and "! = 20 kHz (right). Lower panels: S/N corresponding to the upper
panels. See text for further details.

Sin(zs) = 0.1 mJy, a positive detection would be extremely difficult
at any redshift, as shown in Fig. 4, and only at z ! 9 a S/N larger
than a few could be reached.

5 C O N C L U S I O N S

In this paper, we have discussed the feasibility of detecting 21 cm
absorption features in the spectra of high redshift GRBs with LO-
FAR and SKA. The distribution of H I, gas temperature and velocity
field used to calculate the optical depth to the 21 cm line have been
obtained from the simulations of reionization presented in Ciardi
et al. (2012) and C2013. We find that

(i) absorption features in the spectra of highly energetic GRBs
from Pop III stars could be marginally (with a S/N larger than a few,
depending on redshift) detected by LOFAR at z ! 7;

(ii) the same features could be easily detected if the noise were
reduced by one order of magnitude (similar to what is expected for
SKA1-low);
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Figure 1. Upper panels: spectrum of a GRBIII positioned at zs = 10 (i.e.
! ! 129 MHz), with a flux density Sin(zs) = 30 mJy. The red dotted lines
refer to the intrinsic spectrum of the source, Sin; the blue dashed lines to
the simulated spectrum for 21 cm absorption, Sabs; and the black solid lines
to the spectrum for 21 cm absorption as it would be seen with a bandwidth
"! = 10 kHz, after an integration time tint = 1000 h. The left- and right-
hand panels refer to a case with the noise # n given in equation (2) (LOFAR
telescope) and with 0.1n (expected for SKA1-low), respectively. Lower
panels: S/N corresponding to the upper panels. See text for further details.

Figure 2. As Fig. 1, but the GRBIII is positioned at zs = 7.6 (i.e.
! ! 165 MHz) and "! = 5 kHz.

On the other hand, a strong average absorption (rather than the ab-
sorption features seen in the previous figures) can be easily detected
(S/N >10) in the spectra of GRBs located at very high redshift, as
shown in Fig. 3. If the intrinsic spectrum of the source could be
inferred through other means, for example, accurate spectral mea-
surements of the unabsorbed continuum at GHz frequencies and
above, such detection could be used to infer the global amount of
neutral hydrogen present in the IGM.

We have applied the same pipeline also to more standard GR-
BII, which have a flux density two to three orders of magnitude
lower than a GRBIII. In this case we find that, even if we could
collect 1000 h of observations with a noise 0.01 # n (i.e. 1/10th of
the SKA1-low noise), these would be barely enough to detect ab-
sorption features in 21 cm. Also in the most optimistic case, with

Figure 3. As Fig. 1, but the GRBIII is positioned at zs = 14 (i.e.
! ! 95 MHz) and "! = 20 kHz. Note that the S/N in the lower-right
panel is always higher than the range covered by the axis.

Figure 4. Upper panels: spectrum of a GRBII with a flux density
Sin(zs) = 0.1 mJy. The red dotted lines refer to the intrinsic spectrum of
the source, Sin; the blue dashed lines to the simulated spectrum for 21 cm
absorption, Sabs; and the black solid lines to the spectrum for 21 cm absorp-
tion as it would be seen after an integration time tint = 1000 h with a noise
0.01 # n (i.e. 1/10th of the SKA1-low noise). The panels refer to a case with
zs = 7.6 and "! = 5 kHz (left), zs = 10 and "! = 10 kHz (middle), zs = 14
and "! = 20 kHz (right). Lower panels: S/N corresponding to the upper
panels. See text for further details.

Sin(zs) = 0.1 mJy, a positive detection would be extremely difficult
at any redshift, as shown in Fig. 4, and only at z ! 9 a S/N larger
than a few could be reached.

5 C O N C L U S I O N S

In this paper, we have discussed the feasibility of detecting 21 cm
absorption features in the spectra of high redshift GRBs with LO-
FAR and SKA. The distribution of H I, gas temperature and velocity
field used to calculate the optical depth to the 21 cm line have been
obtained from the simulations of reionization presented in Ciardi
et al. (2012) and C2013. We find that

(i) absorption features in the spectra of highly energetic GRBs
from Pop III stars could be marginally (with a S/N larger than a few,
depending on redshift) detected by LOFAR at z ! 7;

(ii) the same features could be easily detected if the noise were
reduced by one order of magnitude (similar to what is expected for
SKA1-low);
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Figure 1. Upper panels: spectrum of a GRBIII positioned at zs = 10 (i.e.
! ! 129 MHz), with a flux density Sin(zs) = 30 mJy. The red dotted lines
refer to the intrinsic spectrum of the source, Sin; the blue dashed lines to
the simulated spectrum for 21 cm absorption, Sabs; and the black solid lines
to the spectrum for 21 cm absorption as it would be seen with a bandwidth
"! = 10 kHz, after an integration time tint = 1000 h. The left- and right-
hand panels refer to a case with the noise # n given in equation (2) (LOFAR
telescope) and with 0.1n (expected for SKA1-low), respectively. Lower
panels: S/N corresponding to the upper panels. See text for further details.

Figure 2. As Fig. 1, but the GRBIII is positioned at zs = 7.6 (i.e.
! ! 165 MHz) and "! = 5 kHz.

On the other hand, a strong average absorption (rather than the ab-
sorption features seen in the previous figures) can be easily detected
(S/N >10) in the spectra of GRBs located at very high redshift, as
shown in Fig. 3. If the intrinsic spectrum of the source could be
inferred through other means, for example, accurate spectral mea-
surements of the unabsorbed continuum at GHz frequencies and
above, such detection could be used to infer the global amount of
neutral hydrogen present in the IGM.

We have applied the same pipeline also to more standard GR-
BII, which have a flux density two to three orders of magnitude
lower than a GRBIII. In this case we find that, even if we could
collect 1000 h of observations with a noise 0.01 # n (i.e. 1/10th of
the SKA1-low noise), these would be barely enough to detect ab-
sorption features in 21 cm. Also in the most optimistic case, with

Figure 3. As Fig. 1, but the GRBIII is positioned at zs = 14 (i.e.
! ! 95 MHz) and "! = 20 kHz. Note that the S/N in the lower-right
panel is always higher than the range covered by the axis.

Figure 4. Upper panels: spectrum of a GRBII with a flux density
Sin(zs) = 0.1 mJy. The red dotted lines refer to the intrinsic spectrum of
the source, Sin; the blue dashed lines to the simulated spectrum for 21 cm
absorption, Sabs; and the black solid lines to the spectrum for 21 cm absorp-
tion as it would be seen after an integration time tint = 1000 h with a noise
0.01 # n (i.e. 1/10th of the SKA1-low noise). The panels refer to a case with
zs = 7.6 and "! = 5 kHz (left), zs = 10 and "! = 10 kHz (middle), zs = 14
and "! = 20 kHz (right). Lower panels: S/N corresponding to the upper
panels. See text for further details.

Sin(zs) = 0.1 mJy, a positive detection would be extremely difficult
at any redshift, as shown in Fig. 4, and only at z ! 9 a S/N larger
than a few could be reached.

5 C O N C L U S I O N S

In this paper, we have discussed the feasibility of detecting 21 cm
absorption features in the spectra of high redshift GRBs with LO-
FAR and SKA. The distribution of H I, gas temperature and velocity
field used to calculate the optical depth to the 21 cm line have been
obtained from the simulations of reionization presented in Ciardi
et al. (2012) and C2013. We find that

(i) absorption features in the spectra of highly energetic GRBs
from Pop III stars could be marginally (with a S/N larger than a few,
depending on redshift) detected by LOFAR at z ! 7;

(ii) the same features could be easily detected if the noise were
reduced by one order of magnitude (similar to what is expected for
SKA1-low);
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ABSTRACT
We investigate the feasibility of detecting 21 cm absorption features in the afterglow spectra of
high redshift long Gamma Ray Bursts (GRBs). This is done employing simulations of cosmic
reionization, together with estimates of the GRB radio afterglow flux and the instrumental
characteristics of the LOw Frequency ARray (LOFAR). We find that absorption features could
be marginally (with a S/N larger than a few) detected by LOFAR at z ! 7 if the GRB is a
highly energetic event originating from Pop III stars, while the detection would be easier if
the noise were reduced by one order of magnitude, i.e. similar to what is expected for the first
phase of the Square Kilometre Array (SKA1-low). On the other hand, more standard GRBs
are too dim to be detected even with ten times the sensitivity of SKA1-low, and only in the
most optimistic case can a S/N larger than a few be reached at z ! 9.

Key words: gamma-ray burst: general – dark ages, reionization, first stars – radio lines:
general.

1 IN T RO D U C T I O N

Present and planned radio facilities such as LOFAR1 (van Haarlem
et al. 2013), MWA,2 PAPER3 and SKA,4 aim at detecting the 21 cm
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signal from the Epoch of Reionization (EoR) in terms of observa-
tions such as tomography (e.g. Tozzi et al. 2000; Ciardi & Madau
2003; Furlanetto, Sokasian & Hernquist 2004; Mellema et al. 2006;
Santos et al. 2008; Geil & Wyithe 2009; Zaroubi et al. 2012; Mal-
loy & Lidz 2013), fluctuations and power spectrum (e.g. Madau,
Meiksin & Rees 1997; Shaver et al. 1999; Tozzi et al. 2000; Ciardi &
Madau 2003; Furlanetto et al. 2004; Mellema et al. 2006; Pritchard
& Loeb 2008; Baek et al. 2009; Patil et al. 2014), or absorption
features in the spectra of high-z radio-loud sources (e.g. Carilli,
Gnedin & Owen 2002; Furlanetto 2006; Xu et al. 2009; Meiksin
2011; Xu, Ferrara & Chen 2011; Mack & Wyithe 2012; Vasiliev &
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ones showing opposite peak and line base displacement in radial
velocity (Shen and Loeb, 2010), but altogether they account for no
more than a few percent of quasars.

13. Toward higher and higher redshifts: the evidence for a
turnover

FWHM Hb measures can provide good MBH estimates out to z!
3.8. 8 m-class telescopes yield high s/n measures for the high lumi-
nosity tail of the quasar optical luminosity function. Sampling over
a wider part of the optical luminosity function (down to Seyfert 1
luminosities (MV ! -23) becomes possible with the next generation
of large telescopes). BH mass estimates beyond z ! 3.8 or simply
larger samples beyond z ! 0.7 requires use of Hb surrogate lines.
The two most used surrogates are MgIIk2800 and CIVk1549.
CIVk1549 cannot be trusted but MgIIk2800 may be able to serve
as a surrogate virial estimator for the highest redshift quasars

currently known. Spectra can be obtained for z ! 6 quasars in the
K band (Kurk et al., 2007).

The best MBH estimates out to z ! 4 show no evidence of a turn-
over which would reflect the epoch when the largest black holes
were still growing. Instead we see constant MBH upper limit near
logMBH ! 9.7 if we trust in part (which we do not) the measure-
ments based on CIVk1549 (Shen et al., 2008; Labita et al., 2009).
There may be a change at higher redshift (Trakhtenbrot et al.,
2011) if we consider only MBH values obtained from Hb and
MgIIk2800 measures. Fig. 9 combines a low-z sample (Zamfir
et al., 2010) with samples using Hb observed with IR spectrometers
(to z ! 3.5) and MgIIk2800 using optical and IR measures. We see a
possible turnover in estimated MBH at the highest redshifts
although some care is needed in interpreting these results. Most
sources in the range 1 [ z [ 2.5 were selected from the brightest
quasars in the Hamburg ESO survey and are the most luminous
quasars known in that redshift range. Observations at very high
redshift refer to much fainter quasars. We must restrict our atten-
tion to the high-end of the mass distribution when we evaluate the
significance of the turnover. Counting sources with masses in the
ranges 9.25 6 logMBH 6 9.75 and 8.75 6 logMBH 6 9.25, we find
that the ratio of the numbers of less-massive to more-massive
sources at redshift J 4 is lower than for the samples at
1 [ z [ 3.8. A simple application of Poisson statistics to these ra-
tios confirms a real trend. Given the different sample selection cri-
teria at different redshifts we believe that more data are needed
before the turnover can be regarded as established.

As a final consideration we note that the computed MBH may
not be critical for concordance cosmology, since black holes can
grow to the observed masses in a duty cycle that is significantly
shorter than the age of the Universe at z ! 6 according to Trakh-
tenbrot et al. (2011).

14. Conclusion

MBH computation techniques for large samples of quasars are
rough and the lack of accuracy in MBH estimates is serious. There
are several areas that could lead to significant improvement:

" a significant reduction in scatter could be achieved by more
careful selection of virial broadening estimators (best are Hb
and MgII);
" a second factor is related to knowledge of the BLR structure that

is still hotly debated (Gaskell, 2009b). There is evidence that
Pop. A and B sources show different BLR structure and kinemat-
ics. Significantly different f values are likely associated with the
two populations;
" photoionization methods should be favored over methods

based on the rBLR-L correlation.

Considering the large scatter introduced by uncertainties in the
factors entering the virial relation it is still not surprising that MBH

estimates and those derived by randomly reassigning the quasar
broad-line widths to different objects show such similarities in
the MBH vs. z plane (Croom, 2011). However this provocative result
may not stand for long.

The work was presented as an invited talk at special workshop
‘‘Spectral lines and super-massive black holes’’ held on June 10,
2011 as a part of activity in the frame of COST action 0905 ‘‘Black
holes in a violent universe’’ and as a part of the 8th Serbian
Conference on Spectral Line Shapes in Astrophysics. We are
indebted to Martin Gaskell for discussions and many insightful
suggestions. We also acknowledge with gratitude the hospitality
and good organization of the Conference in Divčibare: Luka,
Dragana, Darko and all the others of the organizing committee.

Fig. 8. Sketch illustrating 2 examples of most-frequently observed Hb profiles in
Pop. B sources (upper half) and the profiles that might be signatures of binary black
holes. The SDSS 153636.221 + 044127.0 Hb line profile (Boroson and Lauer, 2009)
corresponds to the lower-left case.

Fig. 9. MBH versus z for a low-z sample (gray dots Zamfir et al., 2010), and several
intermediate to high z samples. Red circles: Marziani et al. (2009); open squares:
Dietrich et al. (2009); open triangles: Shemmer et al. (2004); filled pentagons:
Netzer et al. (2007); filled squares: Trakhtenbrot et al. (2011); open starred
octagons: Willott et al. (2010); filled octagons: Kurk et al. (2007); large spot at
z ! 7: the high-z quasar whose discovery was announced in late June 2011
(Mortlock et al., 2011). The dashed line marks MBH = 5 # 109 M$. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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see also (28) for recent observations].
Given the different techniques and as-
sumptions that necessarily go into
the two kinds of simulations, it is hard
to distill a coherent picture. We know,
however, that at least some MBHs
must be able to grow. We just have
to learn how to model them.

One possibility is that the first
MBHs grew at rates beyond those sug-
gested by the Eddington limit (29).
When the supply is super-Eddington,
the excess radiationmaybe trapped by
the gas itself. The emergent luminos-
ity is roughly the Eddington value, but
the growth rate is much higher. Super-
Eddington models were abandoned
in the early 1980s (30), following
the finding that today’s MBH popu-
lation can be best explained with relatively modest
accretions rates. Now, 30 years later, the discovery
of quasars at larger and larger distances, powered
by huge MBHs, revives the possibility that at least
part of the growth of MBHs occurs at super-
Eddington rates. It is now high time to revive studies
of the stability of super-Eddington flows [see (31) for
two-dimensional simulations] and address the long-
standing question of how much gas is actually ac-
creted by theMBH and howmuch is instead ejected
in winds and jets. An intriguing possibility is that at
large accretion rates the intermittent production of
collimated jets may decrease the effects of feed-
back, depositing kinetic energy at large distances
and leaving the host unscathed.

MBHs and Galaxies: A Symbiotic Growth?
Observations indicate that MBHs ordinarily dwell at
the centers of today’s galaxies. Scaling relations have
been identified between MBHs and many large-
scale properties of the host galaxies that point to a
joint galaxy andMBH cosmic evolution. In general,
we can think ofMBHs as weighing about 1/1000 of
the host galaxy bulge (32). As aword of caution, the
sample over which these correlations have been
discovered or tested comprises ~65 galaxies, and
most of theMBHs occupy themass range of 107 to
109 M⊙, with the few MBHs below or above this
range showing departures from at least some of the
correlations, or at least increased scatter (33, 34). It
is likely that these outliers hold the key to under-
standing the intimate link between MBHs and gal-
axies. For instance, we expect that the evolution of
MBHs at the high-endof themass spectrum included
many more MBH-MBH mergers, thus causing
changes in the relationship with their hosts. At the
other end of the mass spectrum, low-mass MBHs
may not have changed much, leaving their masses
close to that of the initial seeds (35). Low-mass
MBHs may not shed light on how the correlation
is established but may provide important infor-
mation on how MBHs formed in the first place.

Analyses of these correlations raised three in-
terconnected questions that currently lack a definite

answer from either theory or observations, but that
represent one of the main thrusts of research in the
field. The relationship between darkmatter, baryonic
matter, and MBHs holds the key to understanding
the formation and evolution of MBHs in a cos-
mological context (36).

What galaxy property doMBHs really correlate
with? In the past 10 years a plethora of correlations
have been proposed, from the classic luminosity,
mass, and velocity dispersion of the bulge to the
binding energy of the galaxy, the number of globular
clusters, and the total mass of the dark matter halo.
Sparks fly when debating whether MBHs correlate
onlywith the bulge component of a galaxy or rather
with the whole galaxy or even the full dark matter
halo (37). The correlations betweenMBHsand bulges
are tighter, suggesting that the same process that as-
sembled galaxy bulges is responsible for most of
the growth of MBHs. The process that is often ad-
vocated for bulge formation is the merger between
two similar size galaxies. However, the
frequencyof galaxymergers ismainly
driven by the dark matter distribution,
which also sets the depth of the po-
tential well of the galaxy and its abil-
ity to retain gas. The dark matter halo
may therefore be setting the stage,
including the effects of cosmic down-
sizing, with the dynamics of gas and
stars playing themost direct role in de-
termining the MBH growth rate (38).

Is the correlation regulated by the
galaxy or by theMBH?Supporters of
the MBH-regulated hypothesis argue
that MBHs may affect their host gal-
axies through feedback from active
galactic nuclei. The radiative and ki-
netic energy pumped into the host
galaxy can transfer energy and heat
to the gas, suppressing star formation
and thus altering the overall evolution
of galactic structures. In this picture,
it is the MBH that regulates the pro-
cess:When it reaches a limitingmass

and luminosity, theMBHdrivespower-
ful outflows that sweep away the sur-
rounding gas, thus halting both its own
growth and star formation in the gal-
axy.From theoriginal idea (39), refined
models of feedback have been de-
veloped (40–42). Many theoretical
models (43, 44) advocate that strong
activity and powerful feedback occur
during galaxy mergers, thus provid-
ing a link between bulge formation
and MBH growth. In the alternative
view, the galaxy-regulated hypothesis,
the galaxy sets theMBHmass by reg-
ulating the amount of gas that trickles
to the MBH. One of the most interest-
ing results that has recently emergedon
black hole and galaxy growth is the
strong link between the global black

hole growth rate and the cosmic star formation rate
(45); additionally, it has been discovered that the
majority of moderate nuclear activity in the universe
has taken place in normal star-forming galaxies
undergoing internal evolution rather than in violent
mergers (46). MBH activity could be generated
by the same internal dynamical instabilities that
drive star formation, possibly sustained by gas
reaching galaxy discs from filaments in the cosmic
web (47) or by mass loss from existing stars (48).
Hence, the role of galaxy mergers in shaping the
growth of bulges and MBHs is still an open ques-
tion, as is the issue of whether feedback or feeding
set the link between galaxies and MBHs.

When is the correlation established? We can en-
visage three possibilities (Fig. 3) (49): (i)MBHsmay
have grown in symbiosis with their hosts; (ii) the
black hole may have dominated the process, with
the galaxy catching up later; or (iii) the galaxy grew
first, and the black hole adjusted to its host. The

Massive
black 
hole

Early universe

Today

Dominance

Symbiosis

Adjustment

Galaxy

Fig. 3. Possible routes to MBH and galaxy coevolution, starting
from black holes forming in distant galaxies in the early universe.
[Image credits: NASA, European Space Agency (ESA), A. Aloisi
(Space Telescope Science Institute and ESA, Baltimore, MD), and
The Hubble Heritage Team (Space Telescope Science Institute/
Association of Universities for Research in Astronomy)]
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Fig. 2. Projected density (left) and temperature (right) of the gas in the
vicinity of an accreting 2.5 ! 104M⊙ black hole in a galaxy 0.375 billion years
after the Big Bang. The radiation emitted from the active black hole heats and
expands the dense gas from which the black hole feeds, curbing its subsequent
growth. One kpc corresponds to 3.26 ! 103 light-years. From (26).
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absorber abundance per z interval	
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- abundance lower than Furlanetto by order of magnitude	
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dependence may be somewhat more complicated due to the
nontrivial density profile. The width of the absorption
feature is determined by TS ! Tvir and expected to be of
order a few kHz in observer frequency [17].

D. Abundance of absorbers

In order to evaluate the expected abundance of absorp-
tion features per redshift interval along an average line of
sight, we introduce a cumulative function

dN!> τ"
dz

# dr
dz

Z
Mmax

Mmin

dM
dN
dM

πr2τ!M; τ"; !11"

where dr=dz is the comoving line element, rτ!M; τ" is the
maximum impact parameter in comoving units that gives
optical depths greater than τ, and dN=dM is the halo mass
function representing the comoving number density of
collapsed dark matter halos with mass between M and
M $ dM, here given by the Press-Schechter formalism [39]
(see Sec. IV for more discussion on the halo mass
function). The maximum massMmax for minihalos is taken
to correspond to Tvir # 104 K, below which gas cooling
via atomic transitions and consequent star formation is
expected to be inefficient. The minimum mass Mmin is
assumed to be the Jeans mass determined by the IGM
temperature [40],

MJ #
4πρ̄
3

!
5πkBTIGM

3Gρ̄mpμ

"
3=2

≃ 3.58 ! 105h"1M⊙

!
TIGM=K
1$ z

"
3=2

; !12"

where ρ̄ is the total mass density including dark matter, and
we choose TIGM # Tad, the average temperature of the
IGM assuming only adiabatic cosmic expansion, consistent
with our basic assumption of not accounting for astro-
physical feedback effects.

III. NONSTANDARD COSMOLOGICAL
EFFECTS AND RESULTS

Figure 3 shows the abundance of 21 cm absorption
features per redshift interval along an average line of sight
as a function of optical depth at z # 10 and 20 for the
baseline !CDM cosmology. Around a given z, the
expected number of absorption features with a given τ is
roughly zτd2N=dzdτ, which at z # 10 is seen to be !100,
5, 0.7 for τ ! 0.01, 0.1, 1, respectively, appearing near
observer frequency νobs ! 129 MHz. At z # 20, the num-
bers drop considerably, simply because structure formation
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FIG. 2 (color online). Optical depths to 21 cm absorption for
minihalos at z # 10 (top), 20 (bottom) and different masses as
indicated in the legend, as functions of the impact parameter
normalized by the virial radius.
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FIG. 3 (color online). Top: Cumulative abundance of 21 cm
absorption features per redshift interval with optical depth greater
than τ along an average line of sight at z # 10 (solid) and z # 20
(dashed) for the baseline !CDM cosmology. Bottom: Same as
top panel, except in terms of the differential abundance per
intervals in redshift and optical depth.
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FIG. 10: Abundance of 21 cm absorption features per redshift
interval at z = 10 (top) and z = 20 (bottom) for WDM with
various particle masses as indicated in the legend.

integration time tint, the required minimum background
source brightness is

Smin = 16mJy

!

0.01

!

"!

S/N

5

"!

1kHz

!"

"1/2

!
!

2.5! 103[m2/K]

Ae!/Tsys

"!

1 week

tint

"1/2

,

(22)

where the specifications of SKA are adopted for the ef-
fective collecting area Ae! and system temperature Tsys.
Our results in Section III at face value show that spec-

troscopy of a single source with such properties at z " 10
may reveal tens to hundreds of absorption features with
! " 0.01 # 0.1, which could already provide important
information on the SSPS. Multiple sources would still be
desirable to characterize fluctuations along di"erent lines
of sight. On the other hand, at z " 10, our neglect of
astrophysical e"ects such as the UV background or reion-
ization and heating of the IGM is hardly justifiable. As
discussed below, in reality, such e"ects may completely
dominate over any of the SSPS-related e"ects discussed
above, which were quite small already at z = 10 except
for WDM.
In this regard, z " 20 or higher would be much more

preferable, since the formation of stars and galaxies and

their consequent feedback e"ects are likely to be consid-
erably less advanced. Moreover, as seen in the previous
section, the e"ects on the 21 cm forest caused by interest-
ing non-standard physics aspects such as neutrino mass,
running spectral index and warm dark matter all become
significantly larger at z " 20. On the other hand, the ex-
pected number of absorption features is much less, only
of order one with ! " 0.01 along a given line of sight.
Thus, at these redshifts, at least several (and preferably
much more) background sources would be required for
the 21 cm forest to be a useful probe of the SSPS.

Primary candidates for such sources at high redshifts
are radio-loud quasars. For example, an object similar
to a powerful, local radio galaxy such as Cyg A would
have the requisite brightness if placed at z " 10 [23].
Estimates based on extrapolations of the observed radio
luminosity functions to higher redshifts suggest that de-
pending on the assumptions, there could be as many as
" 104#105 and " 103#104 radio quasars with su#cient
brightness in the whole sky at z = 10 and z = 15, re-
spectively [25] (see also [56]). However, from a physical
standpoint, it is an open question whether black holes
with accordingly large masses could already have existed
at such epochs.

An alternative possibility is the radio afterglows of cer-
tain types of GRBs. GRBs have already been observed
up to z " 8 # 9, and it is plausible that they occur up
to the earliest epochs of star formation in the universe
at z " 20 or higher [57]. However, if such GRBs are
similar to those seen at lower redshifts, their radio after-
glows are not expected to be bright enough at the rele-
vant observer frequencies "obs " 100 MHz due to strong
synchrotron self-absorption [58, 59]. On the other hand,
it has been recently proposed that GRBs arising from
Population (Pop) III stars forming in metal-free environ-
ments may be much more energetic compared to ordinary
GRBs, which can generate much brighter low-frequency
radio afterglows by virtue of their blastwaves expanding
to larger radii over long timescales trad,pk " 1000 yr [60].
If the rate of Pop III GRBs with su#ciently bright radio
emission is 0.1 yr!1 or roughly 10!4 of all GRBs, one
can expect " 100 such sources all sky at a given time.
Thus they may potentially su#ce for 21 cm forest studies
even at z " 20, albeit with large uncertainties. A practi-
cal question that remains is how we can observationally
identify such sources. Further discussions on the observ-
ability of the 21 cm forest are beyond the scope of this
paper and will be explored in future work.

Next, we briefly discuss some aspects of astrophysical
feedback e"ects that we have chosen to neglect in this
work in order to focus on the implications of the SSPS.
Once the formation of stars and/or black holes is initiated
in the universe, a background of UV and X-ray photons
will build up over time. Ly # photons can resonantly
scatter with hydrogen atoms and alter its hyperfine ex-
citation state via the Wouthuysen-Field e"ect (see Eq.7)
[30]. Furthermore, UV and X-ray photons as well as
shocks driven by supernova explosions, quasar outflows,

warm dark matter�
mWDM=2-30 keV �

- mWDM~<30 keV: significant effect	

  mWDM<few keV: total suppression	
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free streaming scale is given by [47]
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Here, N is the e#ective number of massive neutrino
species, and "! is the energy density of massive neutrinos
!! relative to the critical density !cr,

"! =
!!
!cr

=

%

i mi

93.14h2[eV]
, (15)

where mi is the mass of each neutrino family [9]. Tak-
ing all these into account, we plot the halo mass function
including the e#ect of massive neutrinos in Fig.5. It can
be seen that the suppression of the mass function is most
prominent at the high mass end where it falls o# expo-
nentially.
Cosmological observations have already placed rela-

tively tight constraints on neutrino masses. For example,
upper bounds of

%

m! < 0.17 eV and
%

m! < 0.26 eV
have been placed from observations of the Ly" forest and
SDSS-III, respectively [10, 48], while recent Planck results
give

%

m! < 0.66 eV from the CMB alone [3]. To illus-
trate the e#ect of neutrino mass, we consider three cases,
%

m! = 0.1, 0.5 and 1.0 eV.
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may help in discriminating di!erent inflation models [11],
independently from other observations.

C. Warm dark matter

To evaluate the halo mass function in the WDM cos-
mology, we utilize the prescription of Smith & Markovic
[52]. For WDM of particle mass mWDM and density
"WDM relative to the critical density, the comoving free
streaming scale can be approximated by

!fs ! 0.11

!

"WDMh2

0.15

"1/3!mWDM

keV

"!4/3

[Mpc]. (17)

The mass scale below which halo formation is suppressed
is [53]

Mfs =
4

3
"

!

!fs

2

"3

#̄m. (18)

The halo mass function in the WDM cosmology is ap-
proximately [52]

dn

dM
(M, z) =

1

2

#

1 + erf

$

log10(M/Mfs)

$logM

%&$

dn

dM

%

PS

.

(19)
Here $logM=0.5, and [dn/dM ]PS is the Press-Schechter
mass function evaluated with a fitting formula for the
matter power spectrum with WDM [54, 55]

PWDM(k) = PCDM(k){[1 + (%k)2µ]!5/µ}2 , (20)

where % and µ are fitting parameters given by

% = 0.049
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and µ = 1.12 [55].
The resulting halo mass functions at z = 10 and 20

for WDM with di!erent particle masses compared with
CDM are plotted in Fig.9. As can clearly be seen, WDM
drastically suppresses the mass function below the mass
scale Mfs that depends on mWDM, while remaining iden-
tical to CDM above this scale.
Fig.10 shows the corresponding abundance of 21 cm

absorbers for WDM, which manifest dramatic changes
in accord with the halo mass function at small masses.
The e!ects at z = 20 are even stronger than at z = 10,
for reasons similar to that discussed above for neutrinos
or RSI. In fact, if mWDM is in the few keV range as is
favored to explain the missing satellite problem [17], the
suppression would be so great as to virtually make any 21
cm forest signal unobservable, as the relevant minihalos
are much smaller than the satellites in question.
On the other hand, the cause of the missing satellite

problem may lie in some kind of astrophysical feedback
e!ect. From a particle physics perspective, WDM is still
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FIG. 9: Halo mass functions at z = 10 (top) and z = 20
(bottom) for CDM (red), and WDM with mWDM = 10 keV
(blue) and 2 keV (green).

motivated in some theories, for example as sterile neu-
trinos, whose mass has been constrained to be in the
range ! 1-50 keV, also depending on the mixing angle
(see Fig.2 in [13]). The current upper limits on their
mass come from non-detections of X-ray lines caused by
decaying sterile neutrinos in clusters of galaxies and the
cosmic X-ray background. We see from Fig.10 that fu-
ture observations of the 21 cm forest may provide an
observable and potentially more sensitive probe of such
particles with masses mWDM ! 10 keV.

IV. DISCUSSION AND SUMMARY

We now turn to a discussion of the observability of the
21 cm forest due to minihalos. The principal question
is the existence of background radio sources with su#-
cient brightness and number at the relevant frequency
and redshifts of z ! 10 " 20. The low temperatures
of minihalos imply that the width of the expected ab-
sorption features are narrow, necessitating spectroscopy
with frequency resolution of order $& ! kHz at observer
frequencies &obs ! 70-130 MHz. Following [22], in or-
der to detect absorption features of optical depth ' with
frequency resolution $& and signal-to-noise S/N for an
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free streaming scale is given by [47]
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Here, N is the e#ective number of massive neutrino
species, and "! is the energy density of massive neutrinos
!! relative to the critical density !cr,

"! =
!!
!cr

=

%

i mi

93.14h2[eV]
, (15)

where mi is the mass of each neutrino family [9]. Tak-
ing all these into account, we plot the halo mass function
including the e#ect of massive neutrinos in Fig.5. It can
be seen that the suppression of the mass function is most
prominent at the high mass end where it falls o# expo-
nentially.
Cosmological observations have already placed rela-

tively tight constraints on neutrino masses. For example,
upper bounds of

%

m! < 0.17 eV and
%

m! < 0.26 eV
have been placed from observations of the Ly" forest and
SDSS-III, respectively [10, 48], while recent Planck results
give

%

m! < 0.66 eV from the CMB alone [3]. To illus-
trate the e#ect of neutrino mass, we consider three cases,
%

m! = 0.1, 0.5 and 1.0 eV.
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may help in discriminating di!erent inflation models [11],
independently from other observations.

C. Warm dark matter

To evaluate the halo mass function in the WDM cos-
mology, we utilize the prescription of Smith & Markovic
[52]. For WDM of particle mass mWDM and density
"WDM relative to the critical density, the comoving free
streaming scale can be approximated by
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The mass scale below which halo formation is suppressed
is [53]
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The halo mass function in the WDM cosmology is ap-
proximately [52]
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Here $logM=0.5, and [dn/dM ]PS is the Press-Schechter
mass function evaluated with a fitting formula for the
matter power spectrum with WDM [54, 55]

PWDM(k) = PCDM(k){[1 + (%k)2µ]!5/µ}2 , (20)

where % and µ are fitting parameters given by
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and µ = 1.12 [55].
The resulting halo mass functions at z = 10 and 20

for WDM with di!erent particle masses compared with
CDM are plotted in Fig.9. As can clearly be seen, WDM
drastically suppresses the mass function below the mass
scale Mfs that depends on mWDM, while remaining iden-
tical to CDM above this scale.
Fig.10 shows the corresponding abundance of 21 cm

absorbers for WDM, which manifest dramatic changes
in accord with the halo mass function at small masses.
The e!ects at z = 20 are even stronger than at z = 10,
for reasons similar to that discussed above for neutrinos
or RSI. In fact, if mWDM is in the few keV range as is
favored to explain the missing satellite problem [17], the
suppression would be so great as to virtually make any 21
cm forest signal unobservable, as the relevant minihalos
are much smaller than the satellites in question.
On the other hand, the cause of the missing satellite

problem may lie in some kind of astrophysical feedback
e!ect. From a particle physics perspective, WDM is still
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motivated in some theories, for example as sterile neu-
trinos, whose mass has been constrained to be in the
range ! 1-50 keV, also depending on the mixing angle
(see Fig.2 in [13]). The current upper limits on their
mass come from non-detections of X-ray lines caused by
decaying sterile neutrinos in clusters of galaxies and the
cosmic X-ray background. We see from Fig.10 that fu-
ture observations of the 21 cm forest may provide an
observable and potentially more sensitive probe of such
particles with masses mWDM ! 10 keV.

IV. DISCUSSION AND SUMMARY

We now turn to a discussion of the observability of the
21 cm forest due to minihalos. The principal question
is the existence of background radio sources with su#-
cient brightness and number at the relevant frequency
and redshifts of z ! 10 " 20. The low temperatures
of minihalos imply that the width of the expected ab-
sorption features are narrow, necessitating spectroscopy
with frequency resolution of order $& ! kHz at observer
frequencies &obs ! 70-130 MHz. Following [22], in or-
der to detect absorption features of optical depth ' with
frequency resolution $& and signal-to-noise S/N for an

-  WDM strongly suppresses LSS	

  below mWDM-dependent scale	

- particle candidate: sterile neutrinos	

- solve missing satellite problem?	

- current limits mWDM>~1 keV	




dark matter annihilation heating in minihalos 	
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Figure 5. Ratio of energy produced by DM annihilation over the Hubble time deposited into the halo, to the halo’s gravitational binding energy for a 5-GeV
DM particle annihilating via a muon. The left-hand side shows Einasto profiles with Comerford, Duffy and constant mass–concentration relations, respectively,
with fabs = 0.1, while the right shows the same with a Burkert profile. The black contour lines again correspond to the values of the colour bar. The green line
is the critical mass for which molecular cooling is possible. Halo models to the right of the line can cool efficiently.

Figure 6. Ratio of energy produced by DM annihilation over the Hubble time to the halo’s gravitational binding energy for a halo with an Einasto profile and
Duffy mass–concentration relation and fabs = 0.1. The panels show, respectively, a 50 GeV particle annihilating via muon, quark and tau particles as well as
83-GeV particle annihilation via a W boson. Again the green line is the critical halo mass for molecular cooling, while the black contour lines correspond to
the colour bar. Halo models to the right of the line can cool efficiently.
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effect on 21cm forest? 	




まとめ�
- 21cm forest: 21cm emissionと相補的な	

  宇宙黎明期・再電離期・宇宙論のプローブ	

  まだ研究の余地いろいろあり	

  e.g. DM heating	

	
- 背景電波光源：quasar? Pop III GRB?�first SMBH??	

��不定性大きいがそれ自体おもしろい研究課題	


- fast radio bursts: 正体不明の新種突発電波源	

��redshiftが測定できるようになれば電離ガスの	

  ユニークなプローブ	


- energetic Pop III GRBが存在すれば21cm forestは	

  z>~7でSKA1で観測可能かも LOFARではmarginal	

  normal GRBならSKA2が必要	



