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Redshifted 21cm background8 Cosmic 21 cm Fluctuations

high redshift.

The fluctuations in 21 cm intensity (or brightness temperature) from di↵er-

ent regions of the IGM include contributions from a range of di↵erent physical

properties, including density, velocity gradients, gas temperature, gas spin tem-

perature and ionization state (Furlanetto, Oh & Briggs 2006). Quantitatively,

the 21 cm brightness temperature contrast may be written

�T = 23.8
✓

1 + z

10

◆ 1
2

[1� x̄
i

(1 + �
x

)] (1 + �) (1� �
v

)

Ts � TCMB

Ts

�
mK, (1)

where x̄
i

is the mean ionization fraction (x̄
i

= 1�x̄HI), � is the dark matter density

fluctuation, �
x

is the ionization fraction fluctuation, �
v

= (1 + z)H�1@v
r

/@r is
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/@r being the gradient of

the peculiar velocity along the line-of-sight with Hubble parameter H), and Ts

and TCMB are the spin temperature of the HI and the temperature of the CMB

background radiation respectively.

The evolution of the ionized fraction x̄
i

(z) from zero to one should produce a

soft ⇠ 20 mK ‘step’ in the spectrum as a function of frequency towards the end of

the EoR (Figure 1, lower left panel). While the global step (e.g. Shaver et al. 1999,

Bowman, Rogers & Hewitt 2008) may provide a mean redshift of reionization and

constrain the very high redshift spin temperature evolution (Pritchard & Loeb

2008), observations of the 21 cm fluctuations (which are comparable in amplitude

to the mean signal; lower right panel in Figure 1) have the potential to unravel

the processes behind the EoR and probe cosmology.

In this review we concentrate on the theory and observations associated with

21 cm fluctuations, and restrict our attention predominantly to those predictions

for the 21 cm signal of reionization that are most applicable to low frequency
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PAPER and HERA

Dedicated instruments to probe the power 
spectrum of redshifted 21cm emission between 
100-200MHz (z=7-12)

Stages of incremental development :                                                       
PAPER-32: Green Bank, WV; Karoo, South Africa                                                                
PAPER-64: Karoo,  South Africa                                            
PAPER-128: Karoo South Africa

PAPER is considered to be phase I of its successor 
HERA which is currently under construction. 



PAPER Antenna



PSA-32 PSA-64



PSA-128



Strategic instrumental and 
analysis features of PAPER

High redundancy compact array configuration 
with redundant baselines

Such array configuration could be tuned to be 
directed away from the regions of the uv-plane 
where foregrounds are brighter and instrumental 
systematic are more problematic.

Delay transform technique of foreground 
removal
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resulting in the delay spctrum:

Ṽ (~b, ⌧) =

Z Z
A(✓̂, ⌫)Isky(✓̂, ⌫)e

� 2⇡i⌫~b·✓̂
c d⌦ e+2⇡i⌫⌧d⌫

=

Z "
A(✓̂, ⌧) ⇤ Isky(✓̂, ⌧) ⇤ �(⌧ �

~b · ✓̂
c

)

#
d⌦ (3)

The convolution is carried out along the ⌧ axis which is Fourier conjugate of the frequency ⌫.

In words, the sky delay spectrum from any direction ✓̂ is convoluted with the delay spectrum

of the instrument and would be located at the delay ⌧ =
~b·✓̂
c in the delay domain. The

maximum geometric delay possible for a given base line would be ⌧g = b
c for the direction

of ✓̂ = 0 when the phase centre is halfway in between the two antennas. Hence, the sky

contribution from any direction would be confined within �⌧g < ⌧ < ⌧g. Due to chromaticity

of the sky signal as well as instrument reponse, the delay spectrum of the sky spills over the

delay ⌧ > ⌧g with decaying amplitude [Ref to the figure Parsons12]. Sky delay spectrum

Isky(⌧) is contributed by the foreground Ifg(⌧) which is spectrally smooth and the 21 cm

power spectrum I21(⌧) which contains spectral signatures. Therefore, in the spill over region

(⌧ > ⌧g), the relative strength of the smooth spectrum foreground with respect to the delay

spectrum of the I21 reduces and the 21 cm delay spectrum could potentially be detectable.

2.1. Delay spectrum: An estimate of the 21cm power spectrum

Add text here. [ Reference to Nithya’s foreground simulation work, reference

to any plots on the relative contribution of the foreground and EoR signal. ]

3. E↵ects of additional reflections of the sky signal between the parabolic dish

and the feed on the measured visibility

Response of any radio telescope is chromatic and modulates the true sky signal in the

spectral domain. This results in the convolution of the instrument response kernel with the

sky signal in the delay domain. This fundamentally limits the detectability of a 21 cm power

spectrum. In this section, the e↵ect of reflections on the visibility data and corresponding

e↵ect on the delay spectrum is discussed qualitatively.

Plane waves incident on a parabolic dish are focussed at the feed which is kept at the

focal plane of the dish. The mismatch between the impedance of free space and the feed

and transmission line results in a partial coupling of the sky signal into the feed while the

rest is reflected o↵ the feed. The reflected signal illuminates the dish and most of it is

Fourier transform of the complex visibility along frequency axis
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Fig. 1.— The geometric interpretation of the delay spectrum measured by an interferometer. The

left plot shows how two sources with identical spectra can have di↵ering geometric delays (⌧
g

) owing

to their positions relative to the two antennas being correlated. The right plot shows how a strictly

geometric interpretation of a delay spectrum is violated by the fact that the Fourier transform of

the spectrum of each source also enters the delay spectrum centered at the appropriate ⌧
g

. This is a

manifestation of the convolution expressed in equation 11. Thick dashed lines denote the maximum

possible geometric delays, as imposed by the horizon. While the geometric delay associated with a

source cannot exceed the horizon limit, sidelobes associated with the delay transform of the source

spectrum do (right plot, magenta).

The geometric interpretation of the delay spectrum measured by an interferometer. 

Left: two sources with identical spectra at differing geometric delays (τg) owing to their positions relative to the 
two antennas being correlated.

Right: Fourier transform of the spectrum of each source also enters the delay spectrum centered at

 the appropriate τg 
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Fig. 2.— The spectra of five sources at random positions on the sky that were used to generate

simulated visibilities from which the delay spectra in Figure 3 were calculated, using a model of

PAPER’s primary beam response. All but one of the sources (cyan) have power-law spectra versus

frequency. Parsons et al 2012.
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Fig. 3.— The delay spectra measured by baselines of four di↵erent lengths for a simulated sky

consisting of several celestial sources, whose spectra are shown in Figure 2. The upper-left, upper-

right, lower-left, and lower-right plots show delay spectra obtained by Fourier transforming a 60-

MHz band centered at 150 MHz with a Blackman-Harris windowing function (Harris 1978) for

east-west baselines of length 32, 64, 128, and 256 meters (16, 32, 64, and 128 wavelengths at 150

MHz), respectively. Color scale denotes log10-Jy amplitude, ranging from 1 (blue) to 5 (red). As in

Figure 1, emission from sources with power-law spectra remains confined within the horizon limits

(dashed vertical lines), while emission from the source with an unsmooth spectrum (top region of

each panel, corresponding to the source plotted in cyan in Figure 2) extends beyond these limits.

Delay spectrum obtained by Fourier transforming a 60- MHz band centered at 150 MHz for east-west baselines of length 32 
meters (16 wavelengths at150 MHz). Emission from sources with power-law spectra remains confined within the horizon 
limits. Emission from the source with an fluctuating spectrum extends beyond these limits. 



Under the assumptions of smooth foreground and instrumental 
response, PAPER could potentially detect 21cm reionization at an 
amplitude of 10 mK2 near k ∼ 0.2h Mpc−1 with 132 dipoles in 7 
months of observing. 
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Fig. 6.— Power spectra at z = 7.7 derived from the 92-day PAPER observation described in §2. In both panels, solid cyan depicts
2� upper limits derived from PAPER observations without the removal of o↵-diagonal covariance terms, and black indicates the final
measured power spectrum with 2� confidence intervals. Because of windowing in the delay transform (§3.6), adjacent measurements are
⇠50% correlated. The measurements in the right panel are weighted averages of positive/negative kk contributions. The horizon limit
(vertical dashed) illustrates the boundary within which emission has been filtered out in delay space and re-inserted after the formation of
power spectra. Dashed cyan illustrates the predicted noise power spectrum from Parsons et al. (2012a) for a system temperature of 560
K. The yellow triangles indicate 2� upper limits reported in Paciga et al. (2013) at z = 8.6. Magenta illustrates a fiducial model at 50%
ionization (Lidz et al. 2008). At k ⇡ 0.27 h Mpc�1, we report an upper limit on �2

21

(k) of 1660 mK2 with 2� confidence.

common-mode covariance. Iterating this process a mod-
est number of times (two or three), produces an improve-
ment in the results as initial baseline-specific system-
atics are first removed from the baseline, allowing an
improved estimate of the average covariance to be sub-
tracted, such that the remainder of the baseline-specific
systematics are removed. Further iteration is not neces-
sary, as the process rapidly converges to the result shown
in the bottom-left panel of Figure 5.
This process, though quite e↵ective, introduces a sec-

ond issue that must be addressed. In Equation 4, we
were careful to exclude products between the same base-
line in order to avoid incurring the noise bias that would
result. The benefits of avoiding this bias far outweigh
the slight improvement in sensitivity that including such
“auto-products” would produce. Unfortunately, by using
the average of many baselines to estimate and subtract
an average covariance from each baseline cross-product,
and then subtracting o↵-diagonal terms in the residual,
we couple the baseline-averaged noise into the data from
each baseline. The result is a low-level residual noise bias
approximately equal to the noise in the power-spectrum
estimate.
The most straightforward approach we have found for

eliminating this residual noise bias, other than direct sub-
traction (which introduces additional complications), is
to divide baselines into four separate groups of approxi-
mately equal size. Within each group, we apply the o↵-

diagonal covariance removal process, including the sub-
traction of an average covariance, using data only from
baselines within that group. Then, to avoid incurring a
noise bias, we use only cross-products of baselines be-
tween these four groups to estimate P (k). By excluding
intra-group cross-products, this approach sacrifices a fac-
tor of approximately 15% in sensitivity (in mK2), but as
before, we find the benefits of avoiding noise bias to out-
weigh the loss in sensitivity.
The last step in the process of suppressing o↵-diagonal

covariances in our data is, for select modes, to relax the
constraint of not subtracting a baseline-averaged covari-
ance for selected modes, even if it results in overfitting
the noise and the signal suppression that is associated
with it. Particularly, we note the interior seven k-modes
(the five inside of the horizon limit shown in Figure 6,
as well as the first modes beyond this limit on either
side) that we measure are more than an order of mag-
nitude brighter than other modes, and are so corrupted
by smooth-spectrum foreground emission that, barring a
heroic e↵ort aimed at modeling and removing these fore-
grounds, they are unlikely to be useful for constraining
high-redshift 21cm emission. We find it advantageous to
remove all o↵-diagonal covariances associated with these
modes, even if it means overfitting the noise. The re-
sult of this process is shown in the bottom-right panel of
Figure 5.
Since we have overfit the noise in this final step, it now
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T x z

T z

T
H z z

dv dr

( ) 9 (1 )(1 )

1
( ) ( ) (1 )

mK, (1)

b H
1
2

CMB

S

Id n d» + +

´
é

ë
ê
ê -

ù

û
ú
ú

é

ë

ê
ê
ê

+ ù

û

ú
ú
ú& &

where xH I is the global neutral hydrogen fraction, z is the
redshift, TCMB is the temperature of the CMB, TS is the spin
temperature, H(z) is the Hubble parameter, and dv dr& & is the
gradient of the proper velocity along the line of sight
(Furlanetto et al. 2006). It is worth explicitly stating that all
the terms in Equation (1) can have different values at
different spatial locations in the universe. When we refer to
the morphology of, e.g., the ionization or spin temperature
field, we are referring to the spatial distribution of the
fluctuations in these quantities. We often quantify the
statistics of these fluctuations in cosmological Fourier space
using a power spectrum. If we define a fractional brightness
temperature perturbation, x xT T T( ) [ ( ) ¯ ] ¯21 b b bd d d dº - , the
power spectrum, kP ( ), is given by the ensemble average
of the square of the spatial Fourier transform of this
perturbation:

( ) ( )k k k k kP˜ ( ) ˜ (2 ) ( ), (2)21 21
3d d p d¢ º - ¢

where the unsubscripted δ is a Dirac delta function.
Using these relations as a framework, we can now discuss

the impact of our two principal parameters on the 21 cm power
spectrum.

3.1. Spin Temperature

In the brightness temperature Tbd , the spin temperature enters
as a ratio with the CMB temperature: T z T[1 ( ) ]CMB S- . If the
spin temperature is much larger than the CMB temperature, this
term saturates at a value of 1. It is often assumed during
reionization that the spin temperature is already very large
(e.g., Furlanetto 2006; Pritchard & Loeb 2008; Pober
et al. 2014). It is thought that the emission of ultraviolet
photons from the first luminous objects couples the spin
temperature to the kinetic gas temperature field through the
Wouthuysen–Field effect (Wouthuysen 1952; Field 1958).24

And, in most models of early star and galaxy formation, the
kinetic gas temperature has been raised to a very high level
through heating from X-rays from the first high-mass X-ray
binaries (HMXBs). (Recent work by Fialkov et al. 2014 has
called this last statement into question, motivating the “cold”
reionization scenarios we consider here.) However, it is clear
that a very low value of the spin temperature—as can occur if
X-ray heating is inefficient—can make the relevant term in the
21 cm brightness temperature (Equation (1)) large and
negative, meaning the hydrogen gas is seen in absorption
relative to the CMB. It is worth stressing that in our model TS
corresponds to the mass-averaged spin temperature. Like the
ionization and density fields, the spin temperature also
fluctuates spatially and contributes to the overall 21 cm power

Figure 1. Left: the measured P(k) in units of hmK ( Mpc)2 1 3- over both positive and negative line of sight wavenumber k&. Right: the dimensionless power spectrum

k P k( ) ( )k2
2

3

2
D =

p
in units of mK2 vs. k∣ ∣. In both panels, black points represent the new measurements with 2σ error bars derived from bootstrapping, while black

dashed lines represent the nominal horizon limit to flat spectrum foreground emission. Also shown in the right hand panel are the expected theoretical 2s upper bounds
of a noise-dominated measurement (dashed cyan), a model 21 cm power spectrum at 50% ionization from Lidz et al. (2008) (magenta), and three previous upper
limits on the 21 cm signal: the Giant Metrewave Radio Telescope measurement at z = 8.6 (Paciga et al. 2013; yellow triangle); the MWA measurement at z = 9.5
(Dillon et al. 2014; purple triangle); and the Parsons et al. (2014) measurement (green triangle).

24 Using Equation (7) from McQuinn & O’Leary (2012), we estimate that a
star formation rate density of M2.5 10 Mpc yr3 3 1´ - - -

: is necessary for the
Wouthuysen–Field effect to couple the spin and color temperatures in the IGM
by z = 8.4. The observed high redshift star formation rate density is nearly an
order of magnitude higher than this value (Bouwens et al. 2015; McLeod
et al. 2015), making the assumption that the spin temperature is equivalent to
the kinetic temperature of the gas a valid one.

3

The Astrophysical Journal, 809:62 (11pp), 2015 August 10 Pober et al.PSA32: Parsons et al. 2014 PSA64: Ali et al. 2015
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Fig. 6.— Power spectra at z = 7.7 derived from the 92-day PAPER observation described in §2. In both panels, solid cyan depicts
2� upper limits derived from PAPER observations without the removal of o↵-diagonal covariance terms, and black indicates the final
measured power spectrum with 2� confidence intervals. Because of windowing in the delay transform (§3.6), adjacent measurements are
⇠50% correlated. The measurements in the right panel are weighted averages of positive/negative kk contributions. The horizon limit
(vertical dashed) illustrates the boundary within which emission has been filtered out in delay space and re-inserted after the formation of
power spectra. Dashed cyan illustrates the predicted noise power spectrum from Parsons et al. (2012a) for a system temperature of 560
K. The yellow triangles indicate 2� upper limits reported in Paciga et al. (2013) at z = 8.6. Magenta illustrates a fiducial model at 50%
ionization (Lidz et al. 2008). At k ⇡ 0.27 h Mpc�1, we report an upper limit on �2

21

(k) of 1660 mK2 with 2� confidence.

common-mode covariance. Iterating this process a mod-
est number of times (two or three), produces an improve-
ment in the results as initial baseline-specific system-
atics are first removed from the baseline, allowing an
improved estimate of the average covariance to be sub-
tracted, such that the remainder of the baseline-specific
systematics are removed. Further iteration is not neces-
sary, as the process rapidly converges to the result shown
in the bottom-left panel of Figure 5.
This process, though quite e↵ective, introduces a sec-

ond issue that must be addressed. In Equation 4, we
were careful to exclude products between the same base-
line in order to avoid incurring the noise bias that would
result. The benefits of avoiding this bias far outweigh
the slight improvement in sensitivity that including such
“auto-products” would produce. Unfortunately, by using
the average of many baselines to estimate and subtract
an average covariance from each baseline cross-product,
and then subtracting o↵-diagonal terms in the residual,
we couple the baseline-averaged noise into the data from
each baseline. The result is a low-level residual noise bias
approximately equal to the noise in the power-spectrum
estimate.
The most straightforward approach we have found for

eliminating this residual noise bias, other than direct sub-
traction (which introduces additional complications), is
to divide baselines into four separate groups of approxi-
mately equal size. Within each group, we apply the o↵-

diagonal covariance removal process, including the sub-
traction of an average covariance, using data only from
baselines within that group. Then, to avoid incurring a
noise bias, we use only cross-products of baselines be-
tween these four groups to estimate P (k). By excluding
intra-group cross-products, this approach sacrifices a fac-
tor of approximately 15% in sensitivity (in mK2), but as
before, we find the benefits of avoiding noise bias to out-
weigh the loss in sensitivity.
The last step in the process of suppressing o↵-diagonal

covariances in our data is, for select modes, to relax the
constraint of not subtracting a baseline-averaged covari-
ance for selected modes, even if it results in overfitting
the noise and the signal suppression that is associated
with it. Particularly, we note the interior seven k-modes
(the five inside of the horizon limit shown in Figure 6,
as well as the first modes beyond this limit on either
side) that we measure are more than an order of mag-
nitude brighter than other modes, and are so corrupted
by smooth-spectrum foreground emission that, barring a
heroic e↵ort aimed at modeling and removing these fore-
grounds, they are unlikely to be useful for constraining
high-redshift 21cm emission. We find it advantageous to
remove all o↵-diagonal covariances associated with these
modes, even if it means overfitting the noise. The re-
sult of this process is shown in the bottom-right panel of
Figure 5.
Since we have overfit the noise in this final step, it now

PSA32: Parsons et al. 2014

8 order of magnitude 
foreground suppression
2 sigma upper limit of 

41mk^2 (k=0.27hMPc^-1)
This falls within an order 

of magnitude of the 
expected EoR signal
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where xH I is the global neutral hydrogen fraction, z is the
redshift, TCMB is the temperature of the CMB, TS is the spin
temperature, H(z) is the Hubble parameter, and dv dr& & is the
gradient of the proper velocity along the line of sight
(Furlanetto et al. 2006). It is worth explicitly stating that all
the terms in Equation (1) can have different values at
different spatial locations in the universe. When we refer to
the morphology of, e.g., the ionization or spin temperature
field, we are referring to the spatial distribution of the
fluctuations in these quantities. We often quantify the
statistics of these fluctuations in cosmological Fourier space
using a power spectrum. If we define a fractional brightness
temperature perturbation, x xT T T( ) [ ( ) ¯ ] ¯21 b b bd d d dº - , the
power spectrum, kP ( ), is given by the ensemble average
of the square of the spatial Fourier transform of this
perturbation:

( ) ( )k k k k kP˜ ( ) ˜ (2 ) ( ), (2)21 21
3d d p d¢ º - ¢

where the unsubscripted δ is a Dirac delta function.
Using these relations as a framework, we can now discuss

the impact of our two principal parameters on the 21 cm power
spectrum.

3.1. Spin Temperature

In the brightness temperature Tbd , the spin temperature enters
as a ratio with the CMB temperature: T z T[1 ( ) ]CMB S- . If the
spin temperature is much larger than the CMB temperature, this
term saturates at a value of 1. It is often assumed during
reionization that the spin temperature is already very large
(e.g., Furlanetto 2006; Pritchard & Loeb 2008; Pober
et al. 2014). It is thought that the emission of ultraviolet
photons from the first luminous objects couples the spin
temperature to the kinetic gas temperature field through the
Wouthuysen–Field effect (Wouthuysen 1952; Field 1958).24

And, in most models of early star and galaxy formation, the
kinetic gas temperature has been raised to a very high level
through heating from X-rays from the first high-mass X-ray
binaries (HMXBs). (Recent work by Fialkov et al. 2014 has
called this last statement into question, motivating the “cold”
reionization scenarios we consider here.) However, it is clear
that a very low value of the spin temperature—as can occur if
X-ray heating is inefficient—can make the relevant term in the
21 cm brightness temperature (Equation (1)) large and
negative, meaning the hydrogen gas is seen in absorption
relative to the CMB. It is worth stressing that in our model TS
corresponds to the mass-averaged spin temperature. Like the
ionization and density fields, the spin temperature also
fluctuates spatially and contributes to the overall 21 cm power

Figure 1. Left: the measured P(k) in units of hmK ( Mpc)2 1 3- over both positive and negative line of sight wavenumber k&. Right: the dimensionless power spectrum
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p
in units of mK2 vs. k∣ ∣. In both panels, black points represent the new measurements with 2σ error bars derived from bootstrapping, while black

dashed lines represent the nominal horizon limit to flat spectrum foreground emission. Also shown in the right hand panel are the expected theoretical 2s upper bounds
of a noise-dominated measurement (dashed cyan), a model 21 cm power spectrum at 50% ionization from Lidz et al. (2008) (magenta), and three previous upper
limits on the 21 cm signal: the Giant Metrewave Radio Telescope measurement at z = 8.6 (Paciga et al. 2013; yellow triangle); the MWA measurement at z = 9.5
(Dillon et al. 2014; purple triangle); and the Parsons et al. (2014) measurement (green triangle).

24 Using Equation (7) from McQuinn & O’Leary (2012), we estimate that a
star formation rate density of M2.5 10 Mpc yr3 3 1´ - - -

: is necessary for the
Wouthuysen–Field effect to couple the spin and color temperatures in the IGM
by z = 8.4. The observed high redshift star formation rate density is nearly an
order of magnitude higher than this value (Bouwens et al. 2015; McLeod
et al. 2015), making the assumption that the spin temperature is equivalent to
the kinetic temperature of the gas a valid one.

3
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8 order of magnitude 
foreground suppression
2 sigma upper limit of 

22.4mk^2 
(0.15<k<0.5hMPc^-1)

Three fold improvement 
over PSA-32, Parsons et al 

2014.



Recent power spectrum measurements

Credit: Adam Beardsley



Science implications

Heating of the IGM is necessary to 
conform to the constraints reported in 
Parsons et al 2014 and Ali et al. 2015. Cold 
reionization is inconsistent with these 
power spectrum limits. 



Science implications
temperature. At higher neutral fractions, spin temperature
fluctuations increase the 21 cm power spectrum at large scales
(k h0.2 Mpc 1< - ) by factors of as much as 3 when heating is
relatively efficient and the global spin temperature is high. We
also see a decrease in 21 cm power by factors of up to 30%~ at
smaller scales (k h0.6 Mpc 1> - ). However, in the regime
constrained by the PAPER measurements (scales

h k h0.2 Mpc 0.5 Mpc1 1< <- - , and, as shown subsequently,
spin temperatures less than 10 K, demarcated by the dotted
lines), we find spin temperature fluctuations introduce typical
changes of 10%~ or less. Therefore, our approximation of a
spin temperature field morphology independent of heating
efficiency should introduce only small uncertainties into our
constraints. This result largely confirms the findings of
Pritchard & Furlanetto (2007), and validates the approach of
Paper I to use the global spin temperature as a multiplicative
scalar for the overall power spectrum amplitude.

Our methodology also implicitly assumes that the contribu-
tion to the overall power spectrum from the density, velocity,
and temperature fluctuation terms that contribute to k( )2D
changes minimally over the redshift range spanned by the
simulations. The ionization history simulated by 21cmFAST is
in principle independent of the heating history; in our
simulations, the IGM is 90% neutral at z = 12.5, 50% neutral
at z = 9.5, and 10% neutral at z = 8. In extrapolating all neutral
fractions to z = 8.4, we have assumed that the ionization field
provides the dominant contribution to the power spectrum
across this redshift range, and that the fractional contribution of
the density and velocity fields to the power spectrum evolves
relatively slowly. This is in general a good assumption for
neutral fractions between 10%» and 90%, which are achieved
over a narrow redshift range, but makes the interpretation of
high and low neutral fractions (where our constraints are the
poorest) more questionable. We do expect the spin temperature
fluctuations to grow more important at lower redshifts (the
temperature of an overdense region grows faster than its
density), but this is also a relatively small effect over the
redshift range we extrapolate from.

One additional free parameter in 21cmFAST is the mean free
path of ionizing photons through the IGM, which primarily
accounts for the unresolved, self-shielded pockets of neutral gas
that limit the extent of H II regions. This parameter has been
shown to alter the shape of the 21 cm power spectrum (Pober
et al. 2014; Sobacchi & Mesinger 2014; Greig & Mesinger 2015),
but principally only on the largest scales, at which the PAPER
measurements are limited by residual foreground emission.

These caveats do suggest that our quantitative results should
not be too strictly interpreted, as we have neglected several
effects that could change the constraints by ∼ tens of percent.
Given the scale of the current PAPER upper limit and the range
of k modes measured, however, working in the two-dimen-
sional parameter space of spin temperature and neutral fraction
remains a well-motivated approach.

4. RESULTS

At each position in the T x( , )S H I space plotted in Figure 2,
we calculate the probability of getting the measurements shown
in Figure 1 given our model 21cmFAST power spectrum at
those values of T x( , )S H I . We calculate the joint likelihood
across all values of k measured by PAPER. As described in
Paper I, the 2s error bars plotted in Figure 1 are calculated from
bootstrapping; here, we assume they follow a Gaussian

distribution to allow for analytic calculation of the likelihood.
We also make the conservative choice to treat all our
measurements as upper limits on the 21 cm signal so that we
only exclude models which predict more power than we
observe. The PAPER measurements clearly detect non-zero
power at several wavemodes; if treated as detections of the
21 cm signal, these points would exclude, e.g., the model
power spectrum in Figure 1 for being too faint. Therefore,
when calculating the likelihood that our data are consistent with
a given model, we exclude any constraints from points brighter
than the model prediction.
The constraints produced by this analysis are shown in

Figure 4. As expected, our measurements are inconsistent with
very low spin temperatures, as these models produce the
brightest power spectra. The exact spin temperatures ruled out
by our data depend somewhat on the (currently unknown)
neutral fraction in the IGM at z = 8.4. For neutral fractions
between 10% and 85%, we can rule out spin temperatures
below ≈5 K at 95% confidence. By narrowing the range of
neutral fractions, our constraints grow more stringent: if the
universe is between 15% and 80% neutral at z = 8.4, we rule
out spin temperatures below ≈7 K, and for neutral fractions
between 30% and 70%, we require TS to be greater than
≈10 K. The explanation for the poorer constraints at the
highest and lowest neutral fractions is straightforward: spatial
fluctuations in the ionization field are small at the beginning
and end of reionization, lowering the amplitude of the power
spectrum, and allowing for a colder IGM to still be consistent
with the data. If there is no heat injection into the universe,
cosmological adiabatic cooling brings the gas temperature to
1.18 K at z = 8.4 (if thermal decoupling of the gas occurs at at
z = 200). Assuming the Wouthuysen–Field effect has
efficiently coupled the spin temperature of the hydrogen to
the kinetic temperature of the gas, our measurements require a
gas temperature 5–10» times larger than the minimum allowed
by adiabatic cooling.

Figure 4. Constraints on the IGM spin temperature as a function of neutral
fraction based on the 2σ upper limits from the PAPER measurements; regions
excluded at greater than 95% confidence are shaded in gray. Plotted is a slice
through our 3D T x k( , , )s H I space at the k h0.25 Mpc 1= - , but the constraints
are calculated from the joint likelihood across all k modes measured by
PAPER.
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HERA: Overview and timeline

14m diameter parabolic dishes while delivering 
an order of magnitude more collecting area per 
element relative to PAPER.

Close-packed in a hexagonal grid that 
maximizes baseline redundancy                  
(Parsons et al. 2012a) 



HERA

the MWA. HERA elements are close-packed in a hexagonal grid that maximizes baseline redun-

dancy (as defined in Parsons et al. 2012a), for an additional order of magnitude (XXX check this)

improvement in sensitivity. Outrigger elements have been added to aid in foreground characteriza-

tion and the image-based power spectrum methods. Figure 8 shows the 331 core elements of the

352-element array as well as the overall configuration and the high-level block diagram.

As shown in Fig. 8, the first 19 elements are under construction, and will be completed in 2015.

Funds are in place to build out to 37 elements by the end of 2016. This proposal calls for observing

with 127 elements in 2017, 271 in 2018 and the full 352 in 2019, as outlined in the timeline below.
• Year 1: Observing with 37 antennas, build-out to 127. Characterize system.(FY 2016)

• Year 2: Observing with 127 antennas. Build-out to 271. Hardware commissioning and deep

foreground survey. Deploy nodes and update infrastructure. (FY 2017)

• Year 3: Observing with 271. Build-out to 352. Detecting the Rise and Fall of Reionization

(FY 2018)

• Year 4: Observing with HERA 352 and Measuring the Evolution of the First Galaxies (FY

2019)

Fig. 8.— Representation of the 331 14-m core elements of the 352 array (left) and the current 19 elements (right).

The location is the site of the current PAPER array in the Karoo of South Africa.

6. Broader Impacts and Benefit to the Community

HERA will help train the next generation of instrumentalists by incorporating a large number of

undergraduate, graduate, and postdoctoral researchers in every aspect of the experiment, from

design and construction, to calibration, analysis, and science. To further broaden the impact of

Instrument
Collecting
Area (m2)

Foreground
Avoidance

Foreground
Modeling

PAPER 528 1.93� 8.86�
MWA 896 2.46� 6.40�

LOFAR NL Core 35,762 2.76� 17.37�
HERA-352 50,900 25.44� 87.20�

SKA1 Low Core 833,190 97.92� 284.85�

Table 1 Power spectrum signal-to-noise at

z = 9.5 for various instruments (from Pober

et al. 2014). By leveraging a filled, redun-

dant configuration of dishes with high collect-

ing area, HERA-352 allows high-significance

power spectrum measurements using current

foreground avoidance techniques, with further

enhancements possible with likely advances in

foreground modeling.
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HERA

Construction of first 19 HERA elements is completed at the PAPER 
location in Karoo in 2015 and a total of 37 elements would be 
constructed by 2016 (Already funded).

2016: System characterization with 37 antennas and expanding to 127

2017: Hardware commissioning and deep foreground survey with 127 
and expansion to 271.

2018: Possible detection of the redshifted 21cm power spectrum and 
buildout to 352.

2019: Observing with HERA 352 and deriving the science 
implications 
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Current constraints on the ionization history based on 
high redshift observational probes and 95% confidence 
region. Expected constraints from HERA, marginalized 
over cosmological parameters with a prior from Planck 

showen in red with a 95% confidence limit.

a marginal detection for limited models, HERA (see Section 5) will be capable of making a high

SNR detection for virtually any realistic ionization scenario.

With such significant detections, HERA can precisely constrain the astrophysics of reionization.

Fig. 2 shows the results of a Markov Chain Monte Carlo (MCMC) pipeline for fitting multi-redshift

21 cm power spectrum data to a reionization model. Based on the excursion-set formalism of

Furlanetto et al. (2004) and the 21cmFAST code (Mesinger et al. 2011), this model contains a

number of free parameters governing the astrophysics of reionization. These are Tmin
vir , the minimum

virial temperature of ionizing galaxies; Rmfp, the mean free path of ionizing photons in ionized HII

regions; and ⇣0, the ionizing e�ciency of ionizing galaxies. While LOFAR, representative of an

extant experiments, is subject to significant uncertainties, HERA delivers 10% constraints on

these parameters, which are currently essentially unconstrained by observation. Since HERA is

optimized for 21 cm power spectrum measurements, it delivers comparable science to SKA phase 1

at a fraction of the cost.

Fig. 2.— Likelihood contours from an

MCMC analysis for astrophysical pa-

rameters of reionization. The param-

eters being constrained are Tmin
vir , the

minimum virial temperature of ionizing

galaxies; Rmfp, the mean free path of

ionizing photons in ionized HII regions;

and ⇣0, the ionizing e�ciency of ionizing

galaxies. The left column also shows con-

straints on the derived parameter fesc,

the escape fraction of ionizing photons.

HERA delivers ⇠ 10% astrophysical pa-

rameter constraints, improving consider-

ably upon current instruments.
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Observing strategy Parameter x̄H I

(with/without modelling uncertainty) �0 Rmfp (Mpc) log10(Tmin
vir ) z = 8 z = 9 z = 10

100 deg2 @ 1000 h (without) 30.66+1.20
�1.11 15.94+1.77

�1.42 4.49+0.02
�0.02 0.48+0.01

�0.01 0.71+0.01
�0.01 0.84+0.01

�0.01

1000 deg2 @ 100 h (without) 30.25+1.02
�1.07 15.43+0.31

�1.03 4.48+0.02
�0.02 0.48+0.01

�0.01 0.70+0.01
�0.01 0.83+0.01

�0.01

10 000 deg2 @ 10 h (without) 28.71+0.96
�0.82 14.22+0.22

�0.19 4.43+0.02
�0.02 0.47+0.01

�0.01 0.69+0.01
�0.01 0.82+0.01

�0.01

100 deg2 @ 1000 h (with 10 per cent) 30.68+2.44
�2.18 15.49+2.21

�1.94 4.49+0.05
�0.05 0.48+0.02

�0.02 0.71+0.01
�0.01 0.84+0.01

�0.01

1000 deg2 @ 100 h (with 10 per cent) 30.62+2.68
�2.33 15.12+1.95

�1.66 4.49+0.06
�0.06 0.49+0.02

�0.02 0.71+0.01
�0.01 0.84+0.01

�0.01

10 000 deg2 @ 10 h (with 10 per cent) 30.70+3.44
�2.84 14.96+2.05

�1.69 4.49+0.07
�0.07 0.48+0.02

�0.02 0.71+0.02
�0.02 0.84+0.01

�0.01

100 deg2 @ 1000 h (with 25 per cent) 31.68+6.08
�4.45 14.81+2.90

�3.04 4.51+0.11
�0.11 0.49+0.04

�0.04 0.71+0.03
�0.03 0.84+0.02

�0.02

1000 deg2 @ 100 h (with 25 per cent) 31.84+6.00
�4.56 14.87+2.90

�3.00 4.51+0.11
�0.11 0.49+0.04

�0.04 0.71+0.03
�0.03 0.84+0.02

�0.02

10 000 deg2 @ 10 h (with 25 per cent) 32.10+6.87
�4.97 14.81+2.91

�3.01 4.52+0.12
�0.12 0.49+0.05

�0.04 0.71+0.03
�0.03 0.84+0.02

�0.02

Table 2. Summary of the median recovered values (and associated 16th and 84th percentile errors) for our three EoR model parameters,
�0, Rmfp and Tmin

vir and the associated IGM neutral fraction, x̄H I for all considered observing strategies (with a 10 and 25 per cent
modelling uncertainty and without a modelling uncertainty). Our fiducial parameter set is (�0, Rmfp, log10Tmin

vir ) = (30, 15 Mpc, 4.48)
which results in an IGM neutral fraction of x̄H I = 0.48, 0.71, 0.83 at z = 8, 9 and 10 respectively.

Instrument Parameter (% error)

(multi-z) �
�fid

Rmfp

Rfid,mfp

log10(Tmin
vir )

log10(Tmin
vir,fid)

LOFAR 1.32 (40.38) 1.03 (20.06) 1.05 (5.43)

HERA 1.03 (11.81) 1.00 (11.99) 1.00 (1.95)

SKA 1.02 (6.11) 1.00 (10.04) 1.00 (0.96)

Table 3.

pletely overwhelming any potential gains by shortening the
observing times (decreasing the cosmic variance). In e�ect,
all observing strategies now have the same sensitivity to the
21 cm PS on large scales. On smaller scales, the decreased
thermal noise contribution from the deep and medium-deep
surveys relative to the shallow survey ensures these are pre-
ferred for recovering the EoR constraints in the presence
of a modelling uncertainty. However, as noted in GM15,
increased sensitivity on small scales does not significantly
aid EoR constraints across multiple epoch observations, as
the reionisation history is still adequately sampled from the
large-scales.

Finally, as in Section 4.1, with SKA1–low we can com-
bine all three observing strategies to provide improved over-
all constraints on our EoR parameters. In the case of our
25 (10) per cent modelling uncertainty, we then find the im-
proved constraints of 10.5 (4.9) per cent on ⇣, 10.7 (6.9)
per cent on Rmfp and 1.4 (0.7) per cent on log10T

min
vir . This

highlights the importance of being able to accurately model
the astrophysics of the EoR process. Although, EoR model
dependent, we find up to a factor of 4-5 (2-3) reduction in
the overall fractional precision of the EoR model parameters
for our 25 (10) per cent modelling uncertainty, respectively.
This exemplifies the critical need to further increase and de-
velop our understanding of the modelling of the EoR physics,
in preparation for the quality of data expected from second
generation experiments such as SKA1–low and HERA.

As eluded to previously, our discussions have focused
solely on the recovery of EoR constraints from the 21 cm
PS. While beyond the scope of this current work, constraints

on the EoR model parameters could be further improved by
considering alternative statistics of the 21 cm signal. These
statistics, such as the bispectrum (e.g. Shimabukuro et al.
2015) and other non-Gaussian probes of the 21 cm signal,
would likely benefit from increased sensitivity to small and
intermediate scales and in turn could be more descriptive
statistics than the 3D spherically average 21 cm PS.

5 CONCLUSION

The reionisation epoch is astrophysics rich, probing the
growth, formation and evolution of the first stars and galax-
ies and their physical impact on the IGM ionisation state
and temperature. With this epoch most readily observed
by the redshifted 21 cm hyperfine transition of neutral hy-
drogen, dedicated radio interferometers, such as SKA1–low
should be able, in the near future, to tap into this rich source
of information. For this, it is of vital importance to further
improve our ability to numerically model these complex pro-
cesses to extract as much information as possible from these
sensitive observations. However, it is just as important that
these instruments are tuned and optimised to yield as high
quality a detection of the EoR epoch as possible.

Using the MCMC based EoR analysis tool 21CMMC

(Greig & Mesinger 2015), we explored the optimisation of
SKA1–low. Recently, a generalised final design for SKA1–
low was announced, outlining a ⇠130 000 dipole antenna
array, a 50 per cent reduction of the originally planned first
stage instrument. Therefore we explored how best to dis-
tribute these available resources to optimise SKA1–low for

c� 0000 RAS, MNRAS 000, 000–000

Fig. 3.— Ionization history constraints based on current

high-redshift observational probes (black points) and an

inferred 95% confidence region (grey band). HERA con-

straints, marginalized over astrophysical parameters and

base ⇤CDM cosmological parameters with a prior from

the Planck TT,TE,EE + lowP + lensing + ext dataset

are shown in red. The bold red line gives the best fit,

while the band denotes the 95% confidence region.

Complementary probes of reionization ex-

ist today. These include measurements of the

optical depth to last scattering in the CMB,

QSO spectra, Ly-↵ absorption in the spectra

of quasars and gamma ray bursts and the de-

mographics of Ly-↵ emitting galaxies. We show

limits established by some of these techniques in

Fig. 3. Constraints from these probes are poor:

Ly-↵ absorption saturates at very small neu-

tral fractions, galaxy surveys directly constrain

only the bright end of the luminosity function

and must be combined with an unknown escape

fraction of ionizing photons to be relevant for

reionization and CMB measurements probe an

integral quantity subject to large degeneracies.

One can see that even when these observations

are combined into a single 95% confidence re-

gion, the information remains low, with (for ex-
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