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Statistical EoR detection
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Spherical symmetry
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EoR power spectrum
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Power spectrum dynamics



HI power spectra evolution
3

Fig. 1.— Redshift evolution of the 21 cm power spectrum in
our fiducial model. The redshifts and volume-averaged ionization
fractions shown are (〈xi〉, z) = (0.02, 11.46); (0.15, 8.76); (0.21,
8.34); (0.54, 7.32); (0.82, 6.90); and (0.96, 6.77). The MWA probes
wavenumbers between roughly k ∼ 0.1− 1h Mpc−1. At the lowest
ionization fraction shown (〈xi〉 = 0.02), the 21 cm power spectrum
traces the density power spectrum. There is a brief equilibration
phase (see text) where the 21 cm power spectrum amplitude drops
on large scales near 〈xi〉 = 0.15. The amplitude on MWA scales
subsequently increases until 〈xi〉 ∼ 0.5, and then falls off at higher
ionization fractions. As the ionization fraction grows, after a brief
steepening during the equilibration phase, the slope of the power
spectrum on MWA scales flattens.

ble models, the bias of the ionizing sources is a weak
function of redshift (Furlanetto et al. 2006b). The 21
cm power spectrum depends somewhat more strongly on
redshift at fixed ionization fraction than the ionization
power spectrum, since the 21 cm field explicitly involves
the density field, which evolves in time. Nevertheless,
this dependence is relatively weak during most of the
EoR when the ionization fluctuations are large (§2.3),
and one can think of our predictions in a given model as
roughly invariant with redshift for a given ionization frac-
tion. Moreover, we aim to extract information regarding
the filling factor of HII regions from the observations, so
it will be convenient to consider the signal as a function
of this quantity. Of course, as we noted earlier, the un-
certain mapping between ionization fraction and redshift
can strongly impact the detectability of the signal (§3).

2.2. Simulated Power Spectrum in our Fiducial Model

In Figure 1, we show the spherically-averaged 21 cm
power spectrum from our fiducial model for a range of
redshifts and ionization fractions. At early times and low
ionization fraction (z = 11.46, 〈xi〉 = 0.02), the 21 cm
power spectrum simply traces the density power spec-
trum, except on very small scales where early HII re-
gions have some impact. At slightly later times, there is
a brief phase (at 〈xi〉 = 0.15, 0.21, z = 8.76, 8.34) where
the large-scale 21 cm power spectrum falls below the den-

sity power spectrum, and steepens in slope. This occurs
because the large-scale overdense regions initially contain
more neutral hydrogen than underdense ones, and con-
sequently appear brighter in 21 cm. On the other hand,
the overdense regions ionize first, and quickly transition
to being dimmer in 21 cm than underdense ones, which
remain neutral. This transition leads to a brief ‘equili-
bration’ phase where overdense and underdense regions
have similar brightness temperatures, and the large-scale
21 cm power spectrum is low as a result (Furlanetto et
al. 2004, Wyithe & Morales 2007). At these early stages
of reionization, however, our calculations may be inac-
curate since we neglect the impact of spin temperature
fluctuations (Pritchard & Furlanetto 2007).

After the brief equilibration phase, the HII regions
quickly grow, boosting the large-scale power spectrum
and suppressing the power on small scales. As we demon-
strate in the next section, the wavenumbers relevant for
the MWA are k ∼ 0.1 − 1h Mpc−1. On these scales, the
amplitude of the 21 cm power spectrum rises rapidly from
when the filling factor of ionized regions is 〈xi〉 = 0.21
to when 〈xi〉 = 0.54, and then drops off at higher ion-
ized fractions, falling rather quickly when 〈xi〉 ! 0.8. In
conjunction with the increased power, the slope flattens
and is close to k3P21(k) ∝ const. for 〈xi〉 ! 0.6.

Provided that there are substantial ionization fluctu-
ations on the scales that the MWA is sensitive to, it is
unsurprising that the 21 cm power spectrum amplitude
peaks around the epoch in which the IGM is ≈ 50%
ionized. Recall that the variance in the ionization field
averaged on small scales, σ2

x = 〈x2
i 〉 − 〈xi〉2, must re-

duce to σ2
x ∼ 〈xi〉 − 〈xi〉2 in the limit that each pixel

is either completely neutral or completely ionized. In
this limit, the variance in the ionization field peaks when
〈xi〉 = 0.5, close to the ionization fraction at which the
21 cm power spectrum reaches its maximum on MWA
scales. Of course the 21 cm power spectrum is more
complicated, since it depends on the cross-correlation be-
tween ionization and overdensity and higher order con-
tributions (Lidz et al. 2007b), and since a large portion
of the ionization variance comes from scales that are not
probed by the MWA. Nevertheless, our simple argument
motivates why the maximum in fluctuation amplitude
occurs near 〈xi〉 ∼ 0.5.

In summary, although the MWA may be limited to
measuring the power spectrum over ∼ a decade in scale,
our model 21 cm power spectra evolve considerably with
redshift and ionization fraction over this range. Hence,
sensitivity only to a decade in scale may still be quite
valuable, provided the MWA can make measurements
over a number of redshift intervals.

2.3. Model Dependence

How robust to model uncertainties is the rise and fall in
21 cm power spectrum amplitude, and the flattening in
power spectrum slope, at increasing ionization fraction?
In order to check this, we examine the amplitude and
slope of the 21 cm power spectrum for two other cases
that roughly bracket model uncertainties. McQuinn et
al. (2007a) investigated the many uncertain physical pa-
rameters that can impact reionization and found that
the nature of the ionizing sources and the abundance
of mini-halos have the strongest influence on the ioniza-
tion power spectrum. If the sources are rare but very

Lidz



Dark energy with HI
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Figure 9
Comparison of spherically averaged 21-cm power spectrum (PS) and array sensitivity at redshifts between z = 9.5 and z = 1. The thick
dark blue curves show a model for the 21-cm PS signal (Wyithe et al. 2009; during reionization and the linear mass PS with xHI = 0.01
populating dark matter halos of M ≥ 1011 M" for z = 1 and 2), whereas the dotted red line shows the 21-cm PS assuming a fully
neutral intergalactic medium as a reference. At z > 6, the sensitivity is estimated over 1 field and within a 32-MHz bandpass for the
Murchison Widefield Array ( gray solid lines) and for a future array with a tenfold increase in the number of antennae tiles ( gray dotted
lines; McQuinn et al. 2006). At z = 1 and 2, the sensitivity is estimated over 3 fields and within a 300-MHz bandpass for CARPE ( gray
solid and dashed lines show overall sensitivity and the cosmic variance limit, respectively). The sensitivity is plotted within bins of width
!k = k/10 assuming 1,000 h integration in both cases. The sharp upturn at low k is due to the assumption that foreground removal
prevents measurement of the PS at scales corresponding to a bandpass larger than one-fourth of the total observed bandpass. To
illustrate the additional sensitivity required for dark energy experiments, the baryonic oscillation component of the PS is plotted at
z = 1 and 2 (thin light blue curves).

integration time (Equation 17), until the thermal noise is less than the signal, at which point
the noise is dominated by the sample variance (Equation 18). In the low signal-to-noise regime,
measuring two modes provides a

√
2 improvement, whereas measuring one mode twice as long

provides a factor of 2 improvement. DASI was designed to cancel the sky rotation so antenna pairs
always saw the same angular mode, increasing the integration time τ on that mode at the expense of
measuring fewer modes. For HI interferometers it is impractical to cancel the sky rotation, but it is
common to have many redundant antenna pairs (same separation and orientation) simultaneously
measuring the same mode, thus τ for a particular mode can be greater than the total observing
time.

Even for a particular |k| of interest, the experimenter can choose whether to focus the mea-
surement in portions of the annulus more along the angular direction (k⊥) or more along the
line-of-sight direction (k‖). For EoR machines the primary signal is from a largely isotropic P(k),
and very short baselines provide a much higher signal-to-noise: Short baselines measure all k, con-
centrating the array provides many more redundant baselines and much higher τ on short baseline
cells, and the foreground contamination is least in the k‖ direction (detailed in Section 3.4.1). For
the first generation EoR arrays nearly all the cosmological sensitivity comes from baselines shorter
than a few hundred meters, and longer baselines are primarily for instrumental calibration and
foreground determination.
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Galactic emission (polarized and Faraday rotated)

Bright point sources

Faint point sources

Instrumental contamination

Radio recombination lines

RFI

Mode mixing

…

Why is this hard?  Foregrounds
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Mode mixing

Frontier of foreground subtraction is 
interactions between calibration and 
foregrounds

Need measurement fidelity of 10-4 – 10-6

Effectively a product of the calibration errors 
and foreground uncertainty



Examples

Chromatic array beam (PSF) & 
residual source flux, residual 
frequency ripple

Polarized foreground & 
polarization mis-calibration, 
flux leakage from Q & U → I

Antenna beam dependence & 
point sources, decorrelation 
of visibilities at different 
frequencies
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Bright source location error

Datta et al. (2010)for 300 hours of integration with the MWA (Bowman et al. 2009)



HERA

A roadmap for learning how to perform 
precision low redshift observations and build 

second generation EoR observatories (HERA II).



MWA



MWA Collaboration



MWA Collaboration

University-wide/
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512 antennas



512 antennas



Tracking antennas

80–300 MHz



Large N correlator

31 MHz bandwidth

10 kHz frequency resolution

131,072 baselines x 4 polarizations

1.6 Gvis. every 1/2 second



Holographic realtime calibration



Holographic realtime calibration



Antenna, 
receiver, & 
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DR ~ 7000
RMS (avg) ~ 140 mJy
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Cen A

Left: MWA 
32T 115 
MHz image

Right: MWA 
contours 
over ACTA+ 
PKS 1.4 GHz 
image
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MWA vs. HERA
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MWA sensitivity vs. redshift
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Western Australia

Very radio quiet



Western Australia

Very radio quiet



RFI



Murchison Widefield Array 
512 16 dipole 
antennas
80–300 MHz
Radio quiet 
Murchison site
Very wide 20°– 
40° field of view
Full cross-
correlation of all 
512 antennas



Instrumental calibration

Gain from one antenna 
to rest of array, 
simultaneously for all 
antennas & 100 sources

!



Galaxy survey:  select galaxies above noise 
threshold, cross-correlate positions

Intensity mapping:  correlate density of HI 
emission in low resolution measurements

Include emission from all galaxies (most below 
detection threshold)

All baselines on BAO scales

Galaxy surveys vs. intensity 
mapping



k-space Fisher matrixes

Tuning parameter 
sensitivity

Visbal, in prep.



Sierpinski carpet

350–1500 MHz; z = 0–4
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Science

BAO and cosmology parameters, z of 1–3.5

Gravitational waves via millisecond pulsar 
timing

Ephemerides of most southern pulsars every 
week

Full-sky pulsar survey



Number of antennas 2500 (steerable)
Antenna element size 1.1 m2

Total collecting area ∼2750 m2 (freq. dependent)
Field of view 400 sq. deg (∼20◦

FWHM
)

Instantaneous bandwidth 300 MHz
Maximum baseline 250 m
Angular resolution at z=1 (710 MHz) 6 arcmin
System temperature at z=1, Tsys 35 K

Cryogenically cooling 2500 antenna elements is not cost-effective for 21 cm science
and we plan that the receivers will be ambient-temperature. Thus the typical LNA noise
temperature will be Trcv ≈ 25 K. At z = 1 (710 MHz), the typical sky temperature away
from the Galactic plane is Tsky ≈ 5 to 10 K. With low-loss, well-matched antenna elements,
the system temperature of the RCT would be approximately Tsys ≈ 35 K at z = 1.

While there are some similarities with mid-frequency SKA precursor arrays such as
ASKAP, the RCT is designed around a fundamentally different motivation. Instead of
resolving individual galaxies in HI, and performing a two-point correlation of detected
sources, the RCT concentrates on low resolution observations of large scale structure and
pulsars. By concentrating high brightness sensitivity measurements the RCT gains three
important advantages:

• All HI emission is included in the BAO and Alcock–Paczynski measurements. Even
very faint dwarf galaxies contribute to the diffuse power spectrum signal, not just the
brightest galaxies that can be individually detected.

• The baryon acoustic oscillations are a large scale signal, and all of the RCT baselines
contribute to the measurement. Since we do no longer need the long baselines to
resolve individual galaxies, all baselines contribute to the measurement of the cosmo-
logical signal. Together with measuring all the HI emission this increases the RCT’s
sensitivity to the cosmological dark energy signal by a couple of orders of magnitude
over a traditional HI galaxy survey (depending on exact configurations of both the
arrays).

• Pulsar studies are typically constrained by the computational requirements of the
pulsar backends, limiting the number of beams which can be simultaneously searched.
Thus the sensitivity of a pulsar survey is maximized by a compact array (or filled
aperture).

The RCT design relies on three fundamental technology advancements: the MOFF
correlator for ultra-large-N correlation, broadband mid-frequency antennas, and EoR based
calibration techniques.

3.2 Key technologies

3.2.1 MOFF Correlator

One of the challenges facing second generation radio cosmology instruments is the compu-
tational demand of an array with thousands of antennas. Modern FX correlators scale in
size with the number of antennas squared, and an FX correlator for the RCT would require
3.75× 1015 complex multiplies and accumulates per second (doable but very expensive in

8
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PerformanceTable 1: 1σ Errors on cosmological parameters measured with the Radio Cosmology Telescope,

following Visbal et al. (2008). We assume that 3 fields of view are imaged over the frequency

range corresponding to z=1.2-4.0 (280–640 MHz) and each frequency band within the field

of view has been integrated for 2000 hours. Additional model parameters include a neutrino

hierarchy with one dominant species having a neutrino mass of 0.05eV and a parameteriation

of the neutral hydrogen density to linear order, xHI = xHI1 + xHI2(z − zcenter).

ΩΛ Ωmh2 Ωbh2 ns A2

s
× 1010 α Ωνh2 w τ YHe xHI1 xHI2

Fiducial Values 0.7 0.147 0.023 0.95 25.0 0.0 0.00054 -1 0.10 0.24 0.02 0.0
RCT 0.015 0.013 0.0032 0.027 – 0.012 0.0024 0.087 – – 0.003 0.000520
Planck 0.096 0.0061 0.00024 0.0094 0.27 0.0071 0.0059 0.16 0.0051 0.015 – –
RCT+Planck 0.01 0.00079 0.00018 0.0055 0.22 0.0042 0.00089 0.048 0.0041 0.008 0.00066 0.000310

galaxies is an advantage, since by not imposing a minimum threshold for detection, the
survey collects signal from the entire luminosity function. This point is discussed in Pen
et al. (2008), where the technique is also demonstrated via measurement of the HI–optical
galaxy cross-correlation (see also Peterson et. al decadal review science whitepaper: 21 cm
Intensity Mapping, arXiv:0902.3091).

While very similar to the Epoch of Reioniztion 21 cm signal, the post-reionization
HI cosmology signal differs in two important ways. First, it is less contaminated by the
Galactic synchrotron foreground, whose brightness temperature scales with redshift as
(1 + z)2.6 (Furlanetto et al., 2006). Second, because the UV radiation field is nearly
uniform after reionization, it should not imprint any large-scale bubbles or other features
on the 21 cm PS that would mimic the cosmological signatures. On large spatial scales the
21 cm sources are expected to have a linear bias analogous to that inferred from galaxy
redshift surveys. The sensitivity of the fiducial RCT array to the BAO signal is shown in
Figure 2.

2.1.1 Alcock–Paczynski Effect

The RCT will measure the 21 cm power spectrum along both the line-of-sight and trans-
verse direction, providing additional cosmological constraints through the Alcock & Paczyn-
ski (1979) effect (Barkana & Loeb, 2005; Nusser, 2005; Barkana, 2006). Recent work of
Shoji et al. (2009) has shown that full modeling of the shape of the power spectrum yields
better determinations (by a factor of 2) of distance and Hubble parameter than considera-
tion of only the observed size of the BAO scale. However, this finding comes with the caveat
that constraints from the shape of the power spectrum require quantitative understanding
of the non-linear power spectrum evolution.

Table 1 shows the improvements to standard cosmological constraints that could be
provided by the RCT. In addition, because the RCT can measure the expansion history
over an extended redshift of 1–4, it is particularly well suited for models of dark energy
which are not well described by w and w�

z=1
, which emphasize the late effects of dark

energy.

2.1.2 Non-linear effects and extracting cosmological information

Like traditional galaxy redshift surveys, the observed 21 cm power spectrum is sensitive
to only the underlying dark matter power spectrum (Pδδ) and four additional parameters;
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