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Overview

DRM Ch 2: Probing the Neutral Intergalactic Medium During the Epoch of Reionization

DRM Ch 4: Probing the Epoch of Reionization Using the 21-cm forest

21 cm tomography

21 cm forest
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The first billion years

Reionization marks the 
limits of current 
observations

Reionization

CMB

Dark ages

Cosmic Dawn

Galaxy 
formation

When did the first 
galaxies form?

How and when did 
reionization proceed?

When did the first 
black holes form?

How do galaxies form 
and evolve?
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More data needed...

QSO

redshift=

Age of Universe=

∫
CMB

Existing observations leaves much unanswered:
 - CMB integral constraint only
 - HST probes only brightest galaxies
 - QSO spectra only probe small neutral fractions

Progress can be made by more consistently combining observations to constrain models

Fundamental need for new types of observation to understand details of reionization

HUDF

Pritchard, Wyithe, Loeb 2010; Mitra, Choudhury, Ferrara 2011

New observations needed to probe z>12 Universe
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Probing the Neutral Intergalactic Medium 
During the Epoch of Reionization
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21 cm basics

n1/n0 = 3 exp(−hν21cm/kTs)

Hyperfine transition of neutral hydrogen

Spin temperature describes 
relative occupation of levels

Useful numbers:

100 MHz→ z = 13

200 MHz→ z = 6

70 MHz→ z ≈ 20

tAge(z = 10) ≈ 500 Myr

tAge(z = 6) ≈ 1 Gyr

tAge(z = 20) ≈ 150 Myr

tGal(z = 8) ≈ 100 Myr

11S1/2

10S1/2
n0

n1

λ = 21 cm ν21cm=1420 MHz
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21 cm line in cosmology

CMB acts as
back light

Neutral gas
imprints signal

Redshifted signal
detected

z = 0
ν = 100MHzν = 1.4 GHz

z = 13

TS

Tk

TbTγ

spin temperature set by different mechanisms:
Radiative transitions (CMB)
Collisions
Wouthysen-Field effect (resonant scattering of Lyα) 
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21 cm global signal
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Main processes:
1) Collisional coupling
2) Lya coupling
3) X-ray heating
4) Photo-ionization
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measurement would constrain basic features of first galaxies
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Absolute temperature measurements

Bowman & Rogers 2010

EDGES      BIGHORNS - Tingay+

    also CoRE - Ekers+

Switch between sky and
 calibrated reference source

Burns+

Large (smooth) foregrounds must be removed <=> instrumental calibration is crucial 

     ZEBRA - 
Subrahmanyan+
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100 200120 140 160 180

Frequency [MHz]

EDGES observations

~50 hours 
integration

Absence of sharp features 
excludes reionization 
scenarios with duration 
Δz<0.06

Bowman & Rogers 2008

100-200 MHz 
in 2 MHz channels

Galactic emission

Terrestrial
RFI
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Brightness Fluctuations
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21 cm summary

Science requirement 1: cover full redshift range accessible
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Movie of the cosmic evolution

Santos, Amblard, Pritchard, 
Trac, Cen, Cooray 2008
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Imaging brightness fluctuations

Santos, Amblard, Pritchard+ 2008

Science requirement 3+4: Resolve bubbles in 3D

At z=8 (150 MHz)

1 arcmin~0.3 pMpc
          ~2 cMpc

0.1 MHz~0.3 pMpc
          ~2 cMpc

25
STScI
MAR
2009 Simulation + Lya +X-rays

Santos, Amblard, JRP, Trac, Cen, Cooray 2008

Lya & T fluctuations
can be important

10’ 1’

Imaging requires
S/N>1 per mode
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Evolution of the power spectrum

Mesinger+ 2010

1mK

Science requirement 2: 1 mK sensitivity on arcmin scales
                                   for imaging and power spectrum

10 mK
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Evolution of power spectrum

Pritchard & Loeb 2008

Evolution of signal means dynamic 
range requirements ~1:100,000
similar between z=6 and z=20

1 mK sensitivity at 1 arcmin
scale enough to probe full range 

7

tion proceeds, the contrast between ionized and neutral
regions comes to dominate and !̄Tb

, rises until xH ! 0.5
after which the contrast begins to drop.

Towards the end of reionization the signal drops
sharply as very little gas is left neutral. The post-
reionization signal grows slowly as the density field grows.
Since by this time the gas is photo-heated to TK "
30, 000 K the thermal width of the 21 cm line is su"cient
to smooth out the signal on wavenumbers k ! 10 Mpc!1.
This cuto# potentially acts as a thermometer of the gas
after reionization giving information about the tempera-
ture of gas contained in dense clumps.

As a result of the interplay between the radiation
fields, as !̄Tb

evolves it shows three peaks within the
astrophysics-dominated regime. An important feature of
this complicated evolution is that the maximum ampli-
tude of !̄Tb

occurs at di#erent k values for di#erent red-
shifts. Accurate observation and modeling of this com-
plicated evolution may provide important information
about the early radiation fields.

FIG. 2: Redshift evolution of the angle-averaged 21 cm power
spectrum !̄Tb

for Model A at k = 0.01 (solid curve), 0.1 (dot-
ted curve), 1.0 (short dashed curve), and 10.0 (long dashed
curve) Mpc!1. Reionization at z = 6.5.

It is helpful to get a sense of how the amplitude of the
signal compares with galactic foregrounds. We take the
sky noise to be Tsky " 180 K(!/180 MHz)!2.6 (appropri-
ate for galactic synchrotron emission [10]), noting that
the normalization depends upon the region of sky being
surveyed. In Figure 2, Figure 3, and Figure 4 we plot
rTsky(!) where r ranges from 10!4 # 10!9. We see that
reducing foregrounds by a factor of ! 10!5 is required to
observe fluctuations during reionization and cosmic twi-
light. The di"culty increases if reionization occurs early,

FIG. 3: Redshift evolution of the angle-averaged 21 cm power
spectrum !̄Tb

for Model B. Reionization at z = 9.8. Same
line conventions as Figure 2.

FIG. 4: Redshift evolution of the angle-averaged 21 cm power
spectrum !̄Tb

for Model C. Reionization at z = 11.8. Same
line conventions as Figure 2.

which has the e#ect of compressing the signal at high red-
shifts (model C). The signal from astrophysics in these
three models begins at ! " 60 MHz and continues to
! " 150 MHz although this upper limit is very sensitive
to the details of reionization.

Removing foregrounds to the rather low level of! 10!7
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Foreground removal
!"#$%&'()*+,-./+0122

!"#$%&'()*$+$,-.#'.-/(0%

!"#$%&"'&(#)&*++,

Foregrounds ~ 103-105 signal
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Diffuse foregrounds

Wang+ 2006

discarded. In other words, when we talk about the contamina-
tion from point sources below, we refer only to the contribution
from unresolved point sources. To avoid having to generate in-
finitely many point sources, we also truncated the distribution
at a minimum flux Smin ! 10"3 mJy, since we find that the total
flux contribution has converged by then.We generate!i, the spec-
tral index of the ith point source, randomly from the Gaussian
distribution

f (!) ! 1!!!!!!!!!
(2")

p
#!

exp " (! " !0)
2

2#2
!

" #
; #15$

with the spectral index ! in the range of %!0 "!!;!0 &!!',
where !! ! 5#! . To be conservative, we allow the spectral
index to vary in a fairly large region, #! ! 10, through our
calculations.

3.2.4. Detector Noise

We treat detector noise as white noise. In the Rayleigh-Jeans
limit, the rms detector noise in a pixel can be approximated as

#T ! k2

2kB
B ! k2

2kB

S

A
; #16$

where kB is the Boltzmann constant and k is the redshifted
wavelength of 21 cm emission. The specific brightness B is
related to the point-source sensitivity S by dividing it with the
pixel area A.

At redshift 8.47, $ ! 150 MHz, k ! 2m, with the LOFAR
virtual core configuration,6 for a 5A2 pixel with 4MHz bandpass
and 1 hr integration, the sensitivity S is approximately 0.17mJy,
and from equation (16) we get

#LOFAR
T ! 108 mK# $ 4 MHz

!$

$ %0:5 1 hr

t

$ %0:5
; #17$

where!$ is the channel width and t is the total integration time.
Similarly, for the MWA experiment,7 a 4A6 pixel with 32 MHz
bandpass and 1 hr integration has a point-source sensitivity of
S ! 0:27 mJy, so we get the MWA detector noise of

#MWA
T ! 218 mK# $ 32 MHz

!$

$ %0:5 1 hr

t

$ %0:5
: #18$

We should mention that although at 4 MHz bandwidth, the
sensitivity for MWA is worse than that for LOFAR, MWA has a
larger bandpass and field of view. This larger field of view leads
to vastly more pixels, which is an advantage for foreground re-
moval, as we will see in later sections. The detector thermal noise
is only one of the many concerns in the experiment, such as
calibration, systematics, etc. Thus, it should not be considered
as the only criterion to judge an experiment.

The 1D power spectrum of the detector noise can then be
written as

Pdet ! 2"#2
T : #19$

In our simulation, we consider two scenarios. One scenario as-
sumes a fiducial future experimentwithGaussian randomdetector
noise down to the #T ! 1mK level. The other scenario assumes
a currently achievable detector noise level of (200 mK. This is

based on equations (17) and (18) for the LOFAR and MWA
experiments, assuming 1000 hr of integration time and 4Y8 kHz
frequency resolutions, respectively.

4. RESULTS

As we showed previously in Figure 2, the signal wiggles
rapidly with frequency. This is the key advantage of removing
foregrounds in frequency space, since foregrounds are typically
relatively smooth functions of frequency.

We simulate the 21 cm signal as a Gaussian random field,
although in reality, the signal is of course highly non-Gaussian.
We make this Gaussianity approximation for simplicity, since
the key quantity that we are interested in (the power spectra of
the residual noise and foregrounds) depends mainly on the power
spectra of the signal, foregrounds, and noise, not on whether the
statistics are Gaussian or not.

4.1. Baseline Example 1: Long-Term Potential
(NoiseT Signal )

The results for the baseline example with noise much smaller
than the signal are shown in Figure 3. The top panel shows the
total contaminant in a pixel, including Galactic synchrotron ra-
diation, Galactic free-free emission, extragalactic point sources,
and detector noise with # ! 1 mK, which is the fiducial value
for a future-generation experiment. The foregrounds are modeled
as in the previous section, with parameters (given in the figure
caption) corresponding to a rather pessimistic assumption about
the foreground properties.

6 See http://www.lofar.org.
7 See http://web.haystack.mit.edu/MWA/MWA.html.

Fig. 3.—Spectrum in a single pixel before and after foreground cleaning. The
top panel shows the total contaminant signal, consisting of synchrotron radia-
tion (Asyn ! 335:4 K, !syn ! 2:8,!!syn ! 0:1), free-free emission foreground
(AA ! 33:5 K, !A ! 2:15,!!A ! 0:01), extragalactic point sources (#! ! 10),
and detector noise (# ! 1 mK). The middle panel has the cosmological 21 cm
signal added. The bottom panel shows the recovered 21 cm signal (dashed curve)
compared with the true simulated signal (solid curve) and the residual (recovered
minus simulated 21 cm signal; gray curve). The three horizontal black dashed lines
correspond to "0.004, 0, and 0.004 K, respectively. (Note the different vertical
axis limits.) The small-scale wiggles in the residual represent detector noise,
whereas the smoothed parabola-shaped component of the residual indicates the
error in the foreground fitting. [See the electronic edition of the Journal for a
color version of this figure.]

21 cm TOMOGRAPHY WITH FOREGROUNDS 533No. 2, 2006

Foreground

Foreground
+ signal

Cleaned
signal

Diffuse foregrounds readily removed if spectrally smooth
e.g. galactic synchrotron emission 
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Point source subtraction/ionosphere

No. 1, 2010 BRIGHT SOURCE SUBTRACTION REQUIREMENTS 535

Figure 9. (a) Estimated 2D thermal uncertainty spectrum for 300 hr of integration with the MWA (Bowman et al. 2009). The thermal uncertainty is dependent on the
shape and size of the binning operation in the 2D power spectrum. Here, the bins depicted in the figure are spaced at five per decade in both k! and k". The MWA
samples small k! much more densely than large k!, but because the bins are logarithmic, the thermal uncertainty per bin reaches a minimum at intermediate values.
(b) Theoretical 2D power spectrum of the H i 21 cm signal (Furlanetto et al. 2006) given by P (k!, k") = (1 + 2µ2 + µ4)P (k), where µ = k"/|k|. Note that the quantity
plotted here and in the following figures is P (k!, k") in units of mK2 Mpc#3. The color scale is shown in log10 P (k!, k").
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Figure 10. (a) 2D power spectrum of the GSM-subtracted residual image I res($! , ") made after subtraction of a foreground model with source position errors of
#! = 0.1 arcsec. (b) Same as panel (a) but for the GSM+polynomial-subtracted residual image, I res

polysub($! , "), that is produced after polynomial fitting and subtraction
has been applied along each sight line. The shaded region in panel (b) corresponds to k ! 0.03 Mpc#1, where the polynomial fitting is expected to remove much of
the structure. The color scale is shown in log10 P (k!, k").
(A color version of this figure is available in the online journal.)

the dominant structure is equivalent to the second harmonic in
a sinc function. This results from the Fourier transform along
the frequency of the relatively sharp boundary in the MWA
UV coverage that occurs as any given UV radius transitions
from receiving relatively sparse visibility sampling at lower
frequencies to more dense sampling at higher frequencies as the
core the MWA effectively expands in UV space (measured in
units of wavelengths) from low to high frequencies.

In Figures 10 and 11, it is evident that there are modest
differences between the residuals for the two cases of error

that deviate from the commonality of the wedge-like feature.
These are also easily accounted for by examining the subtraction
model for each case. In the case of the source position errors,
the residuals are the interference pattern from the beating of
two foreground models that are nearly identical, with only the
positions of each of the sources shifted by small angular offsets.
In general, the interference pattern from this process at any given
frequency will nearly cancel all power at large angular scales
since the differences in phase of the perfect and the erroneous
model visibilities are minimal at small UV (small k!). The

Point source modeling of extended e.g. double lobe sources maybe important

Ionospheric corrections across field of view ~10” across 5 deg field

Confusion floor from point source removal needs to be below sensitivity

Point source localisation errors
at 1” Datta+ 2010
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samples small k! much more densely than large k!, but because the bins are logarithmic, the thermal uncertainty per bin reaches a minimum at intermediate values.
(b) Theoretical 2D power spectrum of the H i 21 cm signal (Furlanetto et al. 2006) given by P (k!, k") = (1 + 2µ2 + µ4)P (k), where µ = k"/|k|. Note that the quantity
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GMRT

8 G. Paciga et al.
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Figure 9. Comparison of the cross-power of December 10 with
all other days under four di!erent conditions. The dot-dashed
and double-dot-dashed lines are before and after the SVD RFI
removal, respectively, including all u. It can be seen that power is
lost in the SVD. Similarly, the solid and dashed lines are before
and after the SVD step, respectively, this time with a |u| > 60
limit imposed. In this case the two lines are almost identical,
meaning the SVD had little e!ect on the total power.
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Figure 10. Average power spectrum in units of K2 of all com-
binations of days, excluding December 11, as a function of the
multipole moment l. Each point is shown with a 2! upper limit
derived from a bootstrap error analysis, which is in most cases
smaller than the size of the point. Triangles are the power before
subtracting foregrounds, diamonds are after 8MHz mean subtrac-
tion, squares are after 2MHz mean subtraction, and circles are
after 0.5MHz subtraction. The curved solid line is the theoreti-
cal EoR signal from Jelić et al. (2008), and the dashed line is the
theoretical EoR signal with a cold absorbing IGM as described in
the text.

written in terms of the GMRT observations with a primary
beam of !b = 3.3! and " = 150MHz. Fig. 10 shows the
weighted-average of all cross-correlation pairs, excluding De-
cember 11, with bootstrap errors.
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Figure 11. 3D power spectrum for the same data shown in
Fig. 10, using k2

min
= k2

"
+ k2#. The strongest constraints from

the 2MHz and 0.5MHz filters are shown (square and circle, re-
spectively). Upper limits are 2! bootstrap errors. Three possi-
ble signals are shown. The dashed line is the prediction from
Iliev et al. (2008) and the double-dot-dashed line is the same for
a cold IGM. The solid line comes from the single-scale bubble
model as described in the text for a cold IGM, using k = 2.5/R
to show the maximum power at all k. For the two points shown,
the bubble diametres which achieve this maximum power are 27
and 7.4h$1Mpc respectively. Only the 0.5MHz point imposes a
limit on the diametre, which is shown in Fig. 12. For a warm IGM
case, this signal would be reduced by the same factor as in the
two dashed lines.

3.3 Comparison to Models

Fig. 10 can be compared to simulated results from the
Low Frequency Array (LOFAR) EoR project in Jelić et al.
(2008), which assumes Ts ! TCMB. At low l, their simu-
lated EoR signal is approximately (10mK)2, while our low-
est point with a similar 0.5MHz bandwidth filter is (50mK)2

with a 2# upper limit of (70mK)2. These results are compa-
rable to the sensitivities LOFAR expects after 400 hours of
the EoR project. We have also considered the case where re-
heating of the IGM does not occur, so the spin temperature
remains coupled to the kinetic temperature of the gas. In
this case, the IGM cools adiabatically after decoupling from
the CMB at z " 150. The temperature fluctuations scale
with (1 + TCMB/Ts), and the power scales with the same
factor squared. Using Tk = TCMB(1+ z)/150 at z = 8.6, the
power becomes approximately 275 times larger. This line is
shown in Fig. 10, and is comparable to the data.

The strongest constraints on the 3D power spectrum for
the !" = 2 and 0.5MHz foreground filter case is shown in
Fig. 11. This uses k2 = k2

"+k2
#, where k" is given by the win-

dowing function of the filter and k# = l/6h$1Gpc. When
comparing this to the prediction from Iliev et al. (2008), one
should note that our windowing function will also reduce the
predicted signal by at most a factor of two.

We also consider an idealized case in which the ionized
bubbles during reionization are of uniform scale and non-
overlapping. Then for a given k there will be a characteristic
bubble radius R at which the power is maximized. By taking
the 3D Fourier transform of a perfectly ionized bubble, and

The GMRT-EoR Experiment: H I Power Spectrum 7

Figure 7. Data from Dec 10. The top row is the sky image with a 11.4 degree field of view, with |!u| < 200 and |u| > 60 binned in the
(u, v) plane by !u = 5. The bottom row is the visibilities in the same range with !u = 0.4 to show structure. The leftmost column
is before any foreground subtraction. In this image the dominant source is B2 0825+24 (or 4C 24.17) just south of the FWHM of the
primary beam, with a peak value of 2.2 Jy. RMS within the beam is 343mJy. The centre column is after a 0.5MHz subtraction on the
same scale, and the rightmost column is the same rescaled to show detail. The dominant source after this filter is 3C 200, well outside
the beam. The peak value of this image is 47mJy with an RMS of 6.2mJy, lower by a factor of about 50.

Table 2. Peak flux and RMS of the di"erence of each two day
pair available, with a maximum (u, v) distance of 600, which cor-
responds to a maximum baseline of 1.2 km. All values are in mJy.
To remove foregrounds, a 2MHz linear filter was applied.

Unfiltered With 2MHz filter

Subtracted pair Peak Flux RMS Peak Flux RMS

Dec 10 Dec 11 1856.1 227.3 137.9 19.9
Dec 10 Dec 14 888.4 185.6 62.5 11.6
Dec 10 Dec 16 278.4 49.8 27.1 3.2
Dec 10 Dec 17 447.9 64.9 26.2 3.6
Dec 10 Dec 18 548.3 70.4 32.5 4.2
Dec 11 Dec 14 1037.8 145.1 256.1 56.5
Dec 11 Dec 16 2148.3 256.7 158.1 23.9
Dec 11 Dec 17 2528.2 318.5 106.1 21.1
Dec 11 Dec 18 2997.5 356.1 159.1 12.4
Dec 14 Dec 16 1221.5 193.9 50.2 7.0
Dec 14 Dec 17 1311.1 257.2 50.4 7.6
Dec 14 Dec 18 1433.5 233.0 67.1 4.9
Dec 16 Dec 17 202.0 78.9 23.8 2.8
Dec 16 Dec 18 224.2 31.2 24.4 3.4
Dec 17 Dec 18 206.9 60.6 24.6 3.2

beam. This prevents large artificial variability in power due
to sparse sampling. Visibilities are weighted by the inverse
of the noise. Since we expect our sensitivity to the EoR sig-
nal to diminish rapidly with increasing baseline length, we
look only at the first few points, averaged over all possible
cross-correlations. Additionally, it is known that the SVD
will introduce a loss of power at low |u|. To avoid this, we
impose a limit of |u| > 60, determined by requiring that the
power spectrum before and after the SVD di!er by less than
1!, when taking the cross-correlations. This can be seen in
Fig. 9. Fig. 3 includes the part of the (u, v) plane that is lost
with this cut.

The power spectrum of the cross-correlation can be con-
verted to units of K2 using

l2
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where l = 2"|#u|, #u = (u, v) is the visibility coordinate in
units of wavelength, Cl is the power measured in K2, $b is
the primary beam size, and % is the wavelength (Pen et al.
2009). The quantity in the angle-brackets on the right is
equal to the power in Jy2 found above. This conversion is

Sky map
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Data of the required sensitivity acquired with GMRT
 => first serious limits on 21 cm signal at z~8.5 Paciga+ 2010
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MWA build out to 128T
- Funding constraints prevent build out to 512T. 
  Rescoped to 128T  (infrastructure allows extension to 256T)

512T

Core 50T

- 128T construction to be completed Sep 2012

Limited ability to detect 
EoR. Strong constraints.

J. Bowman  & MWA collaboration

Test bed for large N, 
small D concept

Lots of other science...
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LOFAR images

14 September 2011 

3C196:  WSRT  versus  LOFAR     115-163 MHz 

WSRT 72h   thermal  noise   0.6 mJy 
                    confusion noise   3 mJy  

Gianni Bernardi et al (2010) 

LOFAR 6h  thermal  noise     ~ 0.1 mJy 
                   image noise    ~ 0.3-0.7 mJy 

CS +RS, ~ 30 km !      244 subbands 

DR ~ 83 Jy/0.5 mJy ~ 200,000:1 

Panos Labropoulos et al  (2011)  

First science with LOFAR, Dalfsen 
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3C196:      WSRT   versus   LOFAR             
115-163 MHz 

WSRT 72 h   thermal  noise   0.6 mJy!
                      confusion noise   3 mJy !
!
!
!
Gianni Bernardi et al (2010)!

LOFAR 6h  thermal  noise     ~ 0.1 mJy!
                   image noise    ~ 0.3-0.7 mJy !
CS +RS, ~ 30 km !      244 subbands!
DR ~ 83 Jy/0.5 mJy ~ 200,000:1 average!
!
(300.000:1 edges, 180.000:1 close to 
brightest sources)!
!
Labropoulos et al., in prep.!ASTRON-astrolunc 
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Scientific requirements for Phase 1
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2.3. Scientific Requirements 

Table 2.2-1 summarizes the scientific requirements. Motivation for and discussion of each scientific 
requirement follows. 

Table 2.2-1. Scientific Requirements 

Parameter Value 

Redshift 6  19 
(6  30 goal) 

Brightness temperature noise level 1 mK 
Angular resolution 1' 
Radial resolution 2 Mpc 
Field of View sufficient to mitigate cosmic variance 

2.3.1. Redshift  

SCI-S-REQ-0010: The SKA Phase 1 shall be able to observe the H I line over at least the redshift 
range of 6 19, with the goal of observing over the redshift range of 6 30. 

The redshift range (6 19, with an upper redshift limit of 30 as a goal) is set by the cosmic epoch over 
which the reionization process takes place (e.g., Pritchard & Loeb 2010).  The lower limit is set by the 
end of reionization, which is currently given by high-redshift QSO spectra (Fan et al. 2006). The upper 
limit is suggested theoretical modeling of the impact of the first stars on the neutral IGM.  Lyman-  
emission from the first stars couples the 21-cm spin temperature to the gas temperature via the 
Wouthysen-Field effect, inducing a strong absorption feature in the global H I signal, while X-ray 
emission from star-forming processes (or the first quasars) heats the gas. The redshift of the absorption 

 
F igure 2-2.  The brightness temperature of the (redshifted) 21 cm transition at several redshifts, as 

to the same slice of the simulation box (with width 10h 1
= 0.1 M Hz), at z= 12.1, 

9.2, and 7.6, from left to r ight. The three epochs shown correspond to the early, middle, and late stages of 

reionization in this simulation. 
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feature in the global H I signal induced by Ly-  photons depends on various heating scenarios but it may 
be as early as z ~ 30 (e.g., Pritchard & Loeb 2010).  

2.3.2. Brightness Temperature Noise Level 
SCI-S-REQ-0020:  The SKA Phase 1 shall provide a brightness temperature noise level, typically 
taken as the root-mean-square value, of 1 mK on arcminute angular scales. 

Current theoretical models for the differential brightness temperature predict a peak value of ~10 mK 
over arcminute scales in the redshift regime discussed above (e.g., Ciardi & Madau 2003; Furlanetto et 
al. 2006; Pritchard & Loeb 2010).  In order to obtain a sufficient signal-to-noise ratio, we specify 1 mK as 
the brightness temperature noise level requirement, on arcminute scales. The exact value of the peak 
differential brightness temperature and redshift of occurrence depends on the reionization model and the 
angular scales assumed. Away from the peak (e.g., different redshifts or larger angular scales) the 
differential brightness temperature may be below 1 mK, but this region of parameter space will have to 
wait for the full SKA as it is too faint for SKA Phase 1, or can partly be accessed by smoothing the image 
(low-pass filtering of u-v space; see below). 

2.3.3. Angular Resolution 
SCI-S-REQ-0030:  The SKA Phase 1 shall provide an angular resolution at least as high as 1'. 

The observations need to resolve co-moving structures of a small enough size such that the differential 
brightness temperatures are of the order of 10 mK. The required angular resolution is about 1' 2' (e.g., 
Ciardi & Madau 2003), corresponding to a co-moving size scale in the range of 0.15 0.3 Mpc over the 
frequency range 50 240 MHz. At a lower angular resolution of 5', the differential sky brightness 
temperature is about 3 times less than that seen with a 1' 2' beam. 

2.3.4. Radial Resolution 
SCI-S-REQ-0040:  The SKA Phase 1 shall provide a radial resolution over the required frequency 
range for these observations of 0.1 Mpc. 

The objective of imaging tomography is to track the evolution of structures in the Universe as a function 
of redshift. Analogous to the angular resolution requirement is therefore a radial resolution requirement 
describing the size of the structures along the line of sight. As reference, the frequency scale 
corresponding to 1' on the sky is 0.10 0.17 Mpc over the frequency range of 50 240 MHz.  Hence, a 
frequency resolution of at least 0.1 MHz is required to match spatial scales both along the line of sight 
and transverse to it. 

2.3.5.  F ield of View 
SCI-S-REQ-0050:  The SKA Phase 1 shall provide a field of view large enough to mitigate cosmic 
variance. 

The field of view must be large enough to obtain a signal-to-noise ratio of at least 3 for power spectrum 
analysis and to limit the effects of cosmic variance. These requirements imply a field of view sufficient to 
sample at least 1 Gpc3 (co-moving), equivalent to an angular diameter greater than 5°.  No coherent 
spatial structures exceeding this scale are expected. 

2.4. Technical Requirements 
Table 2.2-2 summarizes the technical requirements derived from the scientific requirements. Discussion 
of each technical requirement follows. The requirements for imaging tomography and power spectrum 
analysis remain largely the same, but differ for maximum baseline and sensitivity, as described below. 
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and transverse to it. 

2.3.5.  F ield of View 
SCI-S-REQ-0050:  The SKA Phase 1 shall provide a field of view large enough to mitigate cosmic 
variance. 

The field of view must be large enough to obtain a signal-to-noise ratio of at least 3 for power spectrum 
analysis and to limit the effects of cosmic variance. These requirements imply a field of view sufficient to 
sample at least 1 Gpc3 (co-moving), equivalent to an angular diameter greater than 5°.  No coherent 
spatial structures exceeding this scale are expected. 

2.4. Technical Requirements 
Table 2.2-2 summarizes the technical requirements derived from the scientific requirements. Discussion 
of each technical requirement follows. The requirements for imaging tomography and power spectrum 
analysis remain largely the same, but differ for maximum baseline and sensitivity, as described below. 
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Probe representative volumes of Universe
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Table 2.2-2.  Technical Requirements 

Parameter Value Requirement 

Frequency range 70 200 MHz 
(50 200 MHz goal) Redshift coverage 

Frequency resolution 100 kHz  Radial resolution  
Maximum baseline  bmax = 5 km core 

(~50 km outer baselines)  
Angular resolution (calibration, 
foreground removal) 

Polarization Full Calibration, foreground removal 
Integration time > 1000 hours H I brightness temperature 
Aeff/Tsys > 2000 m2 K 1 H I brightness temperature 

2.4.1. F requency Range 
SCI-T-REQ-0010:  The SKA Phase 1 shall provide frequency coverage of at least 70 to 200 MHz, with 

a goal of covering 50 to 200 MHz. 

This requirement follows directly from the redshift coverage requirement. The rest frequency of the H I 
line is 1.4 GHz. The lower frequency end is determined by the requirement to reach a specified redshift 
[i.e., 1.4 GHz/(1 + z)].  A redshift of 30 corresponds to a lower frequency of 50 MHz. 

2.4.2. F requency Resolution 
SCI-T-REQ-0020:  The SKA Phase 1 shall provide a frequency resolution of at least as fine as 

100 kHz. 

This requirement follows directly from the radial resolution science requirement. For reference, assuming 
the concordance cosmology, at these redshifts, the co-  1.7 Mpc( /100 kHz). 
Therefore, to match the angular resolution a frequency resolution of about 100 kHz is required. For high 
redshifts (z > 9), simulations have shown little difference in the sky brightness temperature difference for 
0.1 and 1 MHz resolutions (Ciardi & Madau 2003). A frequency resolution of 1 MHz will probably be 
used in the early stages to increase the sensitivity of the observations (§2.4.4). 

2.4.3. Maximum Baseline 
SCI-T-REQ-0030:  The SKA Phase 1 shall provide a maximum baseline of at least 5 km, and 

potentially as large as 50 km (TBC). 

Imaging Tomography:  

The nominal angular resolution requirement would imply a maximum baseline of 5 km. However, 
observations of the high redshift 21-cm signal are expected to be challenging because of foreground 
contamination. Because of their smooth and broadband signature, the foreground signal from the galaxy 
can be filtered out. Nevertheless, sidelobes from point sources out-of-beam will confuse the in-beam 
images unless these sources are removed. Accurate identification and removal of such out-of-beam 
sources requires higher angular resolution (~ 10"). These outer baseline stations are also required to 
reduce ionospheric effects for a large field of view on scales below the FWHM resolution of the core. For 
a 5° field of view, the requirement is nominally 50 km maximum baselines (Koopmans 2010), which is 
equivalent to the largest physical electron-density waves in the ionosphere at 300 km height that fits 
inside the field of view of the antennas. We note that ~180 km baselines are already foreseen in the SKA 
Phase 1 configuration (Memo 125). 

Power Spectrum Analysis: 

Statistical detection of the EoR does not require as great an angular resolution as imaging. For example, 
the decrease of angular resolution from 2' to 7' may decrease the differential sky brightness by a factor of 
about 5 (Ciardi et al. 2003; Furlanetto et al. 2006), but the lmin/l increase in sensitivity of power spectrum 
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analysis over imaging makes the signal still potentially detectable. Baselines of about 1 km (i.e., the 
power spectrum on scales of about 10') will be sufficient for power spectrum analysis, given the imaging 
tomography Aeff/Tsys in §2.4.4. 

2.4.4.  Polarization 
SCI-T-REQ-0040:  The SKA Phase 1 shall provide full polarization capabilities. 

The (redshifted) 21-cm signal is not expected to be polarized, but both discrete and diffuse foregrounds 
exhibit polarization patterns. Thus, full polarization is required for calibration and foreground removal 
purposes. 

2.4.5. Sensitivity and Integration Time 
SCI-T-REQ-0050: TBD 

Imaging Tomography:  

The sensitivity requirement follows directly from the brightness temperature sensitivity requirement and 
the angular resolution desired.  Assuming a 1000 hr integration time, the Aeff/Tsys required to obtain the 
sky brightness temperature noise level of 1 mK (0.09 µJy beam 1) is 10400 m2 K 1 for the maximum 
resolution of 4.2', 3.0', 2.1', 1.4', 1.1' at 50, 70, 100, 150, 200 MHz, respectively. This Aeff/Tsys is not likely 
to be achieved until SKA Phase 2, so smoothing on arcminute scales (effectively a low pass filter in the 
u v plane) will increase the sensitivity of the imaging. Table 2.3 and Figure 2.3 show the Aeff/Tsys required 
to obtain a brightness temperature noise level of 1 mK rms for various smoothing scales.  Sensitivities 
Aeff/Tsys of 200 to 10000 m2 K 1 are required across the frequency range to image the EoR at scales < 10' 
(Figure 2.3). 

The system temperature at 50 to 240 MHz is dominated by Galactic radiation with a strong wavelength 
dependence: Tsys = T0 2.55 and T0 = 60 ± 20 K. The effective collecting area required to reach the needed 
Aeff/Tsys > 2000 m2 K 1 may therefore be prohibitive at the lowest frequencies. For 50 to 70 MHz, direct 
imaging is not likely to be possible in Phase 1, but a signal should be possible from power spectrum 
analysis.  

Power Spectrum Analysis: 

Power spectrum analysis has an increase in sensitivity over imaging which is proportional to lmin/l, where 
the angular scale of the fluctuations and lmin is the angular scale of the field of view. Thus, the signal to 
noise ratio increases by about 5 for a power spectrum analysis of 2' scales with a 1° field of view. 
Figure 2.3 shows signal to noise ratios of order 10 can be achieved over a wide range of scales for a 
typical FoV. 

The results of various pathfinder telescopes (LOFAR, MWA, and PAPER) will influence this 
requirement. 

2.4.6. Imaging F idelity 
SCI-T-REQ-0060: The SKA Phase 1 shall be designed so that any spatial structure within the sky area 
of interest that results from an instrumental contribution is much less than 1 mK on arcminute scales. 

In order to detect, either via a power spectrum analysis or imaging, the hydrogen signal from the EoR, a 
sky area sufficiently large to mitigate cosmic variance must be observed (Section 2.3.5).  If there is an 
instrumental contribution from the SKA within this sky area that is in excess of the brightness 
temperature level expected, it may be difficult or impossible to recognize the astronomical signal.  It is 
acceptable if this requirement is met after calibration. 
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Ensure desired redshift range is covered

Resolve bubbles in depth direction (RFI excision...)

Resolve bubbles in angle (longer baselines for ionospheric calibration + point source removal)

Polarised foreground removal (e.g. to prevent polarisation leaking into intensity)

Integration time: More the better... > 1000 hrs

Limit instrumental systematics to less than desired 1 mK sensitivity
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Figure 19. Simulated spectrum from 128 to 131 MHz of a source with brightness

S(120MHz) = 20mJy at z = 10 using a model spectrum based on that of Cygnus

A and assuming HI 21 cm absorption by the IGM. Thermal noise has been added

using the specifications of the square kilometer array (SKA) and assuming 10

days integration with 1 kHz wide spectral channels. The solid line is the model

spectrum without noise or absorption [163].

the spin temperature. TS tracks the gas kinetic temperature and rises from tens of

K to thousands of K by the end of reionization, causing τν0 to fall by several orders

of magnitude due to heating alone. Then, as reionization takes place and the neutral

fraction drops from xH = 1 to the xH ∼ 10
−4

seen in the Lyα forest, the optical depth

drops even further. Tracing the evolution of the mean optical depth would provide

a useful constraint on the thermal evolution of the IGM and give a clear indication

of the end of reionization. Figure 20 shows the evolution of τν0 in a model where

TS = TK showing the very significant evolution in the optical depth with redshift.

Detecting the mean decrement in the 21 cm forest may be challenging since it

is relatively weak and requires detailed fitting of the unabsorbed continuum level. A

potentially more robust method is to exploit the statistics of individual features. As

reionization occurs, the appearance of ionized bubbles will show up in the forest as

an increasing number of windows of near total transparency. If these lines could be

resolved, the distribution of equivalent widths would give a measure of the process of

reionization [163, 164, 166].

The forest could be analysed with different statistics. For example, the

appearance of ionized regions will lead to a change in the variance of the signal in

different frequency bins. This has been shown to be an effective discriminant of the

end of reionization [165] and has the advantage of not requiring narrow features to be

resolved in frequency.

The signal from the diffuse IGM leads to a relatively low optical depth, as seen in

(63). The signal from minihalos can be considerably stronger [164, 110, 167]. These

are structures that have collapsed and virialised, but because of their low mass to

not reach the temperature of 10
4
K required for atomic hydrogen cooling. Their high

density contrast and relatively low temperature can lead to optical depths as high as

τ ∼ 0.1 within a frequency width of ∆ν ∼ 2 kHz [168]. The mean overdensity required



Jonathan PritchardPrepSKA 2011

Physics of 21 cm forest

CONTENTS 50

measure the OI(63 µm) and OIII(52 µm) line signals very accurately out to high
redshifts. Such an instrument would require the capability to take many medium
resolution spectra at adjacent locations on the sky. However, it may be possible to
sacrifice angular resolution since the IM technique does not involve resolving individual
sources.

6. 21 cm forest

While most interest in the redshifted 21 cm line has focused on the case where the CMB
forms a backlight, an important alternative is the case where the 21 cm absorption
is imprinted on the light from radio loud quasars. Historically, the first attempts
to detect the extra-galactic 21 cm line were of this nature [162]. The resulting one
dimensional absorption spectra are expected to show a forest of lines originating from
absorption in clumps of neutral hydrogen along the line of sight and have been called
the 21 cm forest by analogy to the Lyα forest.

Whereas the Lyα forest is primarily visible at redshifts z � 6, when the Universe
is mostly ionized, the 21 cm forest is strongest at higher redshifts where there is
a considerable neutral fraction. Additionally, since the 21 cm line is optically thin
and does not saturate, the 21 cm forest can contain detailed information about
the properties of the IGM as well as collapsed gaseous halos. There is a clear
complementarity to the two forests for probing the evolution of the IGM over a wide
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number of important ways. First, because the brightness temperature of radio loud
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We see from this expression that the decrement depends primarily upon the neutral
fraction and spin temperature. In contrast to the case where the CMB is the backlight,
there is no saturation regime at large values of TS . The decrement is maximised for
a fully neutral and cold IGM - heating or ionizing the gas will reduce the observable
signature.

This signature may show several distinct features: (i) A mean intensity decrement
blueward of the 21 cm restframe frequency whose depth depends on the mean IGM
optical depth at that redshift; (ii) small-scale variations in the intensity due to
fluctuations in the density, neutral fraction and temperature of the IGM at different
points along the line of sight; (iii) transmission windows due to photoionized bubbles
along the line of sight; and (iv) deep absorption features arising from the dense neutral
hydrogen clouds in dwarf galaxies and minihalos [163, 164]. Figure 19 shows an
example of a 21 cm forest spectrum in which a number of these features can be
seen.

Since the evolution of the optical depth depends on the mean neutral fraction
and the spin temperature, we can understand the evolution of the 21 cm forest based
on Figure 4. At early times, the IGM is fully neutral and the evolution is dictated by
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21cm forest simulations
Opportunity to study detailed structure of IGM 

sponds to a first-order polynomial fit to the data in the log
plane, corresponding to a power law of index !1:05" 0:03.
The dashed line corresponds to a second-order polynomial.
We use this second-order polynomial in the analysis below.

3.3. Simulated Spectra for Sources at z # 8 and 10

Figure 5 shows a simulated spectrum at 1 kHz resolution
of a z # 10 radio source with a flux density of 20 mJy at an
observing frequency of 120 MHz (S120). The implied lumi-
nosity density at a rest-frame frequency of 151 MHz is then
P151 # 2:5$ 1035 ergs s!1 Hz!1. Figure 5a shows a spectrum
covering a large frequency range (100–200 MHz, or H i 21
cm redshifts of 13–6). Figure 5b shows an expanded view of
the frequency range corresponding to the H i 21 cm line at
the source redshift (129MHz).

The onset of H i 21 cm absorption by the neutral IGM is
clearly seen at 129MHz. The general continuum level drops
by about 1% at this frequency because of the di!use neutral
IGM. Deeper narrow lines are also visible to frequencies as
high as 170 MHz. Again, the narrow lines decrease in red-
shift density with increasing frequency. At around 130MHz
there are roughly five narrow lines with ! % 0:02 per unit
MHz, while at 160 MHz the redshift density has decreased
by a factor of 10 or so.

Figure 6 shows a simulated spectrum at 1 kHz resolution
of a z # 8 radio source with S120 # 35 mJy, again corre-
sponding to P151 # 2:5$ 1035 ergs s!1 Hz!1. The depression
in the continuum due to absorption by the di!use IGM is
much less evident than at higher redshift, with a mean value
of ! & 0:1%. The deep narrow lines are still easily seen but,
again, at lower redshift density than is found at higher
redshifts.

3.4. Limits to Detection

We next consider the detection limit of the absorption sig-
nal using statistical tests. The challenge is greater at lower
redshifts because of the decreasing strength and redshift

Fig. 4.—Radio spectrum of the powerful radio galaxy Cygnus A at
z # 0:057 (P151 # 1:1$ 1036 ergs s!1 Hz!1; Baars et al. 1977). The dashed
line is a first-order polynomial fit to the (log) data, corresponding to a
power law of index !1:05" 0:03. The solid line is a second-order polyno-
mial fit.

Fig. 5a Fig. 5b

Fig. 5.—(a) Simulated spectrum from 100 to 200MHz of a source with S120 # 20 mJy at z # 10 using the Cygnus A spectral model and assuming H i 21 cm
absorption by the IGM. Thermal noise has been added using the specifications of the SKA and assuming 10 days integration with 1 kHz wide spectral chan-
nels. (b) Same as (a) but showing an expanded view of the spectral region around the frequency corresponding to the redshift H i 21 cm line at the source red-
shift (129MHz). The solid line is the Cygnus Amodel spectrumwithout noise or absorption.

26 CARILLI, GNEDIN, & OWEN Vol. 577

Carilli+ 2002

- Statistics of ionized regions
- Properties of collapsed regions => dark matter

- When did reionization occur
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21 cm forest is a thermometer
Detecting the 21cm forest 5

5 SOURCE POPULATION

The biggest challenge for doing observations of the 21cm forest
will be finding sufficiently distant, radio-loud sources. The op-
tical depth to 21cm absorption increases with the redshift, den-
sity and neutral fraction of the intervening gas, but decreases
with the gas’s spin temperature. Therefore the strongest signals
will be found in the spectra of very high redshift sources – those
occurring prior to the epoch of reionization. However, the detec-
tion of 21cm absorption also becomes more difficult as the radio
flux density of the source decreases; dimmer sources offer fewer
photons and the difference between regions of the spectrum that
are partially absorbed and those that are fully unabsorbed be-
comes less apparent.

To quantify this trade-off between the decreasing trend in
optical depth at lower redshift and the decreasing source flux
density at high redshift, Furlanetto, Oh & Briggs (2006) and
Furlanetto (2006a) have related the minimum flux density Smin

of a source that could be used to detect a cloud of gas with op-
tical depth ! at signal to noise S/N :

Smin = 160 mJy
!

S/N
5

10!3

!
106 m2

Aeff

Tsys

400 K

"

!

!

1 kHz
!"ch

1 week
tint

"1/2

. (5)

The parameters Aeff and !"ch are the effective area of the
telescope array and the channel bandwidth, here taken to be
those plausible for the SKA, and tint is the integration time.
The system temperature, Tsys, is dominated by the Galactic
synchrotron foreground at the frequencies of interest. In the fol-
lowing, we will consider examples of observations with these
parameters, and will mainly consider variations in the integra-
tion time tint and the channel width !"ch. Longer integration
times increase the obtainable signal-to-noise for a given source;
higher frequency resolution decreases it.

To illustrate the high source fluxes required for this obser-
vation to be feasible, we include Figure 4, which plots the mean
21cm optical depth as a function of redshift for a range of val-
ues of fX , as in Figure 3a, with the corresponding Smin values
overlaid. For each fX curve, if the mean optical depth line lies
above the Smin line for a given flux density, the signal-to-noise
for that set of parameters should be at least 5 at that redshift
– in these cases, the optical depth is at least sufficient to make
the flux decrement detectable in a source of that flux density. In
regions of the plot where the optical depth line lies below the
Smin line, a detection of the flux decrement at signal-to-noise
of 5 is not possible with the parameters of the observation that
we have assumed.

Equation 5 illustrates the crucial trade-off in attempts to
observe the 21cm forest. Successful detections will require both
a high optical depth to 21cm absorption and a population of
very radio-loud sources. The former pushes toward high red-
shift, while the latter is more feasible at low redshift. The key
issue, then, is whether there exist sufficiently radio-loud sources
at sufficiently high redshift such that the IGM is still largely
cold and neutral. If radio-loud sources only occur within or in
conjunction with massive halos that produce a large amount of
ionizing radiation, or if early dense neutral regions are not well
shielded, this trade-off becomes difficult to achieve.

Estimates of the abundance of radio-loud sources at high
redshift are uncertain. Haiman et al. (2004) present an estimate
of the number of radio-loud sources per square degree for a
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Figure 4. Mean 21cm optical depth as a function of redshift, for vary-
ing fX values: from top to bottom curve, fX = 0 (no x-ray heating),
0.01, 0.1, 1 (thick black line), 10, 100. Also included are lines of Smin

(dashed purple lines) as defined in equation (5). These lines indicate, for
each value of ! on the left-hand axis, the minimum observed flux den-
sity of a source that would allow a detection at signal-to-noise of 5 of the
flux decrement due to absorption, assuming an array with effective area
Aeff = 106 m2, frequency resolution!"ch = 1 kHz, system temper-
ature Tsys = 400 K, and integration time tint = 1 week. Where the
mean optical depth lines (solid) cross above the Smin lines (dashed),
the flux decrement is detectable at that redshift.

range of flux densities out to redshift z = 15. According to
this estimate, in the redshift range 8 < z < 12, there should
be " 2000 sources above " 6 mJy in the full sky. However,
these estimates depend strongly on assumptions about the radio-
loud fraction and the spectral steepness of high-redshift sources.
Jiang et al. (2007) have presented evidence that the radio-loud
fraction may decrease with redshift, which would make discov-
ery of appropriate 21cm forest background sources less likely.
In this work, we have shown that objects with 10-100 mJy at
z ! 8 are most favorable as background sources. If they ex-
ist, they may have already been discovered in surveys such as
FIRST7. Ivezic et al. (2002) have found that "30% of FIRST
sources at 10-100 mJy have no detected optical counterpart
within 3” (via SDSS). If optical and infrared observations are
carried out on these unidentified sources, some may be found to
lie at high redshift, making them ideal candidates for observa-
tions of the 21cm forest. We consider the issue of the abundance
of background sources to be an open question, but we anticipate
that it may be resolved soon with new observations and contin-
ued follow-up of detected radio-loud sources.

In order to illustrate the qualitative properties of 21cm for-
est observations, we will assume a background source at high
redshift with spectral properties similar to the powerful local ra-
dio source Cygnus A. The intention in this assumption is not to
assert that we would aim to carry out these observations against
sources physically similar to Cygnus A at high redshift, or even
that such sources necessarily exist, but rather to give a point of
reference for the brightnesses and qualitative spectral features
in our example calculations.

Figures 5a and 5b use the spectrum of our hypothetical
Cygnus A-like source to illustrate in a different way the trade-
off between optical depth and source brightness. For fX=(0.01,

7 http://sundog.stsci.edu/

c! 2011 RAS, MNRAS 000, 1–8

Mack & Wyithe 2011

Optical depth tracks
IGM temperature

Constrains early
X-ray heating

Increased 
heating

High S/N, high resolution 21 cm forest observations require bright sources

Statistical techniques - e.g. variance - may make forest more accessible with fainter radio sources
Mack & Wyithe 2011
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High redshift radio sources?

21 cm forest observations require existence of
high redshift (z>6.5) radio loud sources (Smin>1 mJy)

Do they exist?

Radio loud quasars

Radio loud supernovae/GRB

(many >10 mJy sources in existing catalogues e.g. FIRST with no redshift)
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Radio loud quasars?

Evidence for RLF decreasing at higher redshift

~10-20% quasars are radio loud 

Fig. 2.—Left : Redshift and absolute magnitude distribution for 20,473 quasars with i < 18:9 in our sample. The M2500Yz plane is divided into small grids to break the
redshift-luminosity dependence. RLFs of quasars are calculated in individual grids. Right: The R-based RLFs in individual M2500Yz bins. The square for each subsample is
positioned at the median values of M2500 and z in that subsample. The RLF of quasars declines with increasing redshift and decreasing luminosity.

Fig. 3.—RLF in three small redshift ranges and three small magnitude ranges. Dotted lines show the best model fits.Jiang+ 2007

NIR surveys are beginning to find z>7 quasars

UKIDSS
(3800 deg2 total)

z~7.05

(~50% survey)

VISTA-VIKING
(1500 deg2 total)

z~6.8
z~6.9

(<20% survey)
Mortlock+ 2011 Venemans+

2*109 Msol black hole can form
~700 million yrs after big bang
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Radio loud SN/GRB?
Advantage: GRB have been seen at desired redshifts

Disadvantage: 
1) Lower radio brightness temperature
2) Finite duration limits integration time.

8 de Souza, Yoshida & Ioka: Population III.1 and III.2 Gamma-Ray Bursts
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Fig. 5. The intrinsic GRB rate dNGRB/dz. The number of
(on-axis + o!-axis) GRBs per year on the sky in Eq. (28),
as a function of redshift. We set f! = 0.001, fGRB = 0.01
and vwind = 100km/s for this plot. Salpeter IMF, dashed
black line, Gaussian IMF, dotted black line, for Pop III.2;
and Salpeter IMF, dashed blue line, Gaussian IMF, dotted
blue line, for Pop III.1.
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Fig. 6. The intrinsic GRB rate dNGRB/dz. The number
of (on-axis + o!-axis) GRBs per year on the sky in Eq.
(28), as a function of redshift for our optimistic model. We
assume a high star formation e"ciency; f! = 0.1 for Pop
III.1; and f! = 0.01 for Pop III.2; slow chemical enrich-
ment, vwind = 50km/s; high GRB formation e"ciency,
fGRB = 0.1; and a Gaussian IMF; for both Pop III.2,
dashed black line; and Pop III.1, dotted blue line.

4. Conclusion and discussion

There are still no direct observations of Population III
stars, despite much recent development in theoretical
studies on the formation of the early generation stars.
In this paper, we follow a recent suggestion that massive
Pop III stars could trigger collapsar gamma-ray bursts.
Observations of such energetic GRBs at very high red-
shifts will be a unique probe of the high-redshift Universe.
With a semi-analytical approach we estimated the star
formation rate for Pop III.1 and III.2 stars including all
relevant feedback e!ects: photo-dissociation, reionization,
and metal enrichment.

Using radio transient sources we are able to derive con-
straints on the intrinsic rate of GRBs. We estimated the
predicted GRB rate for both Pop III.1 and Pop III.2 stars,

10 GHz

1.4 GHz

500  MHz

LOFAR

SKA

ALMA

EVLA

0.1 1 10 100 1000 104 10510!4

0.001

0.01

0.1

1

t !days"

F
!m

Jy
"

Fig. 7. The theoretical light curve of radio afterglow of
a typical Pop III.2 GRB at z ! 10. We show the evo-
lution of afterglow flux F (mJy) as a function of time
t (days) for typical parameters: isotropic kinetic energy
Eiso = 1054 erg, electron spectral index p = 2.5, plasma
parameters !e = 0.1, !B = 0.01, initial Lorentz factor
"d = 200, interstellar medium density n = 1 cm"3, for
the range of frequencies: 500 MHz (dashed brown line),
1.4 GHz (dashed red line), 10 GHz (dashed black line), in
comparison with flux sensitivity F sen

! as a function of inte-
gration time, tint(days) for SKA (dot-dashed green line),
EVLA (dot-dashed orange line), LOFAR (dot-dashed blue
line) and ALMA (dot-dashed purple line).
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Fig. 8. Predicted Pop III.1observed GRB rate. Those ob-
served by Swift, dashed red line; SVOM, dot-dashed black
line; JANUS, dotted blue line; and EXIST, green line. We
adopt a GRB rate model that is consistent with the cur-
rent upper limits from the radio transients; Gaussian IMF,
vwind = 50km/s, f! = 0.1, fGRB = 0.1.

and argued that the latter is more likely to be observed
with future experiments. We expect to observe maximum
of N ! 20 GRBs per year integrated over at z > 6 for Pop
III.2 and N ! 0.08 per year integrated over at z > 10 for
Pop III.1 with EXIST.

We also expect a larger number of radio afterglows
than X-ray prompt emission because the radio afterglow
is long-lived, for ! 102 days above ! 0.3 mJy from Fig. 7.
Combining with the intrinsic GRB rate and constraints
from radio transients, we expect roughly ! 10 " 104

radio afterglows above " 0.3 mJy already on the sky.

de Souza+ 2011

Light curve for Pop III.2 GRB at z=10 Intrinsic event rate
~10-104 yr-1

z=9.4 (Cucchiara+ 2011), z=8.6 (Lehnert+ 2010), z=8.26 (Greiner+ 2009), ...

Transient surveys from 
LOFAR, MWA,...

coming soon

Paradigm for first stars
currently unclear
e.g. Stacy+ 2011

Eiso=1054 erg
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4.3.1. Redshift 

SCI-S-REQ-0210:  The SKA Phase 1 shall be able to access the H I line over at least the redshift range 

of 6 to 20. 

The redshift range accessible determines the cosmic epoch over which the Epoch of Reionization can be 
probed. The lower limit of 6 is set by the existing observations of QSOs while the upper limit of 20 is set 
by the objective of probing deeply into the Epoch of Reionization (Carilli et al., 2002).  H I absorption 
observations at lower redshifts would also be useful; these are discussed in Chapter 3.  The upper redshift 
limit is highly uncertain, because the radio luminosity function of high redshift objects is poorly 
determined, but radio-loud objects at redshifts of 30 have been discussed in the literature (Inoue et al. 
2007).  To date, objects with redshifts z have been detected at SKA frequencies. 

4.3.2. Optical Depth 

SCI-S-REQ-0220:  The SKA Phase 1 shall be able to detect H I absorption at optical depths of 0.001 or 

lower. 

Estimates in the literature of the optical depth in the 21-cm forest vary, depending upon what is assumed 
about the state of the gas, the overdensity responsible for the absorption, and the redshift (Carilli et al. 
2002; Furlanetto & Loeb 2002; Inoue et al. 2007; Xu et al. 2009).  The specified optical depth is at or near 
the lower limit predicted by various authors and should allow a range of conditions to be probed. 

4.3.3. Velocity Resolution 

SCI-S-REQ-0230:  The SKA Phase 1 shall be able to provide a velocity resolution of 0.2 km s 1
 or 

better. 

H I absorption observations favor cool gas.  The deepest absorption features could potentially result from 
gas having a velocity width of less than a few kilometers per second (Furlanetto & Loeb 2002). 

4.3.4. Sky Coverage 

SCI-S-REQ-0235:  The SKA Phase 1 shall be able to provide access as large a fraction of the sky as 

feasible, notionally at least 2  steradians. 

To date, no radio-loud objects are known within the redshift range over which 21 cm absorption 
experiments would be relevant.  However, these are likely to be rare objects, implying that a large fraction 
of the sky must be accessible in order to have a reasonable likelihood of being able to observe one.  
Further, one possible source for such conducting such measurements is the radio afterglow from a 
gamma-ray burst (GRB).  Should such a GRB radio afterglow be detected, it could be at essentially any 
location on the sky, given the essentially random sky distribution for GRBs. 

4.4. Technical Requirements 

Table 4-2 summarizes the technical requirements derived from the scientific requirements. Discussion of 
each technical requirement follows. 

Table 4-2.  21-cm Forest Observation Technical Requirements 

Parameter Value  Requirement 

Frequency range 70 200 MHz Redshift coverage 
Frequency resolution 0.1 kHz Velocity resolution at 150 MHz, 

commensurate with velocity 
resolution at other frequencies 

Sensitivity 1300 m2 K 1 fiducial value; H I optical depth 
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Track evolution of IGM through reionization to first galaxies

Ensure rare radio loud sources lie in survey

Detect 21 cm forest for expected values of optical depth

Resolve minihalos in forest
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4.4.1. F requency range  
SCI-T-REQ-0210:  The SKA Phase 1 shall provide a frequency range of at least 70 to 200 MHz. 

This requirement follows directly from the redshift coverage requirement. The rest frequency of the H I 
line is 1.4 GHz. The lower frequency end is determined by the requirement to reach a specified redshift 
[i.e., 1.4 GHz/(1 + z)].  A redshift of 20 corresponds to a lower frequency of 70 MHz. 

4.4.2. F requency Resolution 
SCI-T-REQ-0220:  The SKA Phase 1 shall provide a frequency resolution commensurate with the 

velocity resolution, with a fiducial value of 0.1 kHz at an observation frequency of 150 MHz. 

The frequency resolution follows directly from the stated velocity resolution requirement.  The frequency 
resolution, at a frequency , corresponding to a velocity resolution v is given by  = ( v/c), where c 
is the speed of light.  At a nominal frequency of 150 MHz, the required frequency resolution is 0.1 kHz; a 
frequency of 150 MHz corresponds to a redshift 8.5. 

4.4.3. Sensitivity 
SCI-T-REQ-0230 The SKA Phase 1 shall have a sensitivity of at least 1300 m

2
 K

1. 

No radio sources are known currently that are at a redshift greater than 6.5.  Typical flux densities 
assumed in theoretical treatments are 20 mJy, based on shifting a source such as Cygnus A to these 
redshifts. 

4.5. Data Products 
For any identified radio-loud source with a redshift z > 6, nominally stronger than about 20 mJy at 150 
MHz, a postage stamp total intensity image cube, over the frequency range 70 200 MHz (goal: 50 200 
MHz), of nominal dimensions 75"  75", with a spectral resolution of 0.2 km s-1 and an angular resolution 
of 15". 
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Frequency coverage to match redshift range

Sensitivity needed to see 21 cm forest in a bright (~20 mJy) source at z~8

Frequency resolution to resolve minihalos



Jonathan PritchardPrepSKA 2011

Summary of science progress

• 21 cm tomography and forest are key probes of reionization
  and first galaxies

• Related science, but different strategy and complementary 

•New NIR surveys are finding z>7 quasars - hints of xH>0.1
  (also LAE-LBG fraction evolution at z~7)

•Global experiments taking baby steps - duration of 
reionization

• Pathfinders GMRT, MWA, LOFAR, PAPER making maps and 
measuring point sources
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Summary DRM
• For 21 cm tomography
 - Match redshift range => z=6-30 => nu=250-50 MHz
 - Match size of bubbles ~Mpc => 1arcmin resolution 
                                              & 0.1 MHz frequency resolution
 - High S/N => 1 mK thermal noise
 - Sample representative volume => large field of view
 - Ionosphere + calibration + point source removal 
   may force longer baselines >5km for high angular resolution

• For 21 cm forest
 - Match redshift range => z=6-30 => nu=250-50 MHz
 - Match size of minihalos ~kpc =>  0.1 kHz frequency res.
 - High S/N => >1300 m2/K
 - Find rare radio loud sources => large field of view 
                                                   ~2pi steradians. 


