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Figure 4. Aerial view of LWA1, the recently completed first LWA station.

3. The Long Wavelength Array

The LWA will be a premier US facility for exploring the low-frequency radio spectrum

between 10 and 88 MHz, and will provide fundamental advances in knowledge, particularly

in the areas of astrophysics and ionospheric physics. This facility will also be important for

educating US students and for creating an expert academic user community that can achieve

future scientific advances in important areas of ionospheric and astrophysical research.

The LWA uses a primary receiving element design that incorporates broadband, crossed,

linearly polarized dipoles. The elements are stationary and pointed electronically. These

elements are grouped into stations each containing 256 dual-polarization antennas within

a 110 m diameter (see Fig. 4); and specifications in Table 1). Each station beam can be

steered to any point in the sky by adjusting the digital delays of the individual elements.

Beam steering is entirely electronic (and thus nearly instantaneous), and as each antenna

views much of the sky (∼120
◦
), it is possible to form independent beams. Each of the

four available beams has two selectable frequency tunings, and each tuning has a maximum

sampling rate of 19.6 MSPS, providing about 16 MHz of bandwidth. The output from each

beam can be averaged temporally and spectrally to provide 4096 spectral channels. The

data are then streamed to disk for later analysis.

The first station of the LWA (LWA1) is nearing completion, and will be fully operational

before the start of this proposal (see Table 2). LWA1 is located near the center of the

EVLA, and is operated by the University of New Mexico on behalf of the LWA Project.

This proposal aims to make use of LWA1 only, operating independently of any other LWA

stations which may be in various stages of construction.
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Improving cosmological measurements

much shorter than a day, invalidating the static sky ap-
proximation that underlies rotation synthesis. This was the
key motivation behind the aforementioned Waseda tele-
scope [4–6].

IV. APPLICATION TO 21 CM TOMOGRAPHY

In the previous section we discussed the pros and cons of
the FFTT telescope, and found that its main strength is for
mapping below about 1 GHz when extreme sensitivity is
required. This suggests that the emerging field of 21 cm
tomography is an ideal first science application of the
FFTT: it requires sky mapping in the sub-GHz frequency
range, and the sensitivity requirements, especially to im-
prove cosmic microwave background constraints on cos-
mological parameters, are far beyond what has been
achieved in the past [18,36–38].

A. 21 cm tomography science

It is becoming increasingly clear that 21 cm tomography
has great scientific potential for both astrophysics [12–
15,35] and fundamental physics [18,36–39]. The basic
idea is to produce a three-dimensional map of the matter
distribution throughout our Universe through precision
measurements of the redshifted 21 cm hydrogen line. For
astrophysics, much of the excitement centers around prob-
ing the cosmic dark ages and the subsequent epoch of
reionization caused by the first stars. Here we will focus
mainly on fundamental physics, as this arguably involves
both the most extreme sensitivity requirements and the
greatest potential for funding extremely sensitive
measurements.

1. Three physics frontiers

Future measurements of the redshifted 21 cm hydrogen
line have the potential to probe hitherto unexplored regions
of parameter space, pushing three separate frontiers: time,
scale, and sensitivity. Figure 5 shows a scaled sketch of our
observable Universe, our Hubble patch. It serves to show
the regions that can be mapped with various cosmological
probes, and illustrates that the vast majority of our observ-
able universe is still not mapped. We are located at the
center of the diagram. Galaxies [from the Sloan Digital
Sky Survey (SDSS) in the plot] map the distribution of
matter in a three-dimensional region at low redshifts. Other
popular probes like gravitational lensing, supernovae Ia,
galaxy clusters and the Lyman ! forest are currently also
limited to the small volume fraction corresponding to red-
shifts & 3 or less, and in many cases much less. The CMB
can be used to infer the distribution of matter in a thin shell
at the so-called ‘‘surface of last scattering’’, whose thick-
ness corresponds to the width of the black circle at z!
1100 and thus covers only a tiny fraction of the total
volume. The region available for observation with the
21 cm line of hydrogen is shown in light blue/grey.

Clearly the 21 cm line of hydrogen has the potential of
allowing us to map the largest fraction of our observable
universe and thus obtain the largest amount of cosmologi-
cal information.
At the high redshift end (z * 30) the 21 cm signal is

relatively simple to model as perturbations are still linear
and ‘‘gastrophysics’’ related to stars and quasars is ex-
pected to be unimportant. At intermediate times, during
the epoch of reionization (EOR) around redshift z! 8, the
signal is strongly affected by the first generation of sources
of radiation that heat the gas and ionize hydrogen.
Modeling this era requires understanding a wide range of
astrophysical processes. At low redshifts, after the epoch of
reionization, the 21 cm line can be used to trace neutral gas
in galaxies and map the large-scale distribution of those
galaxies.

2. The time frontier

Figure 5 illustrates that observations of the 21 cm line
from the EOR and higher redshifts would map the distri-
bution of hydrogen at times where we currently have no
other observational probe, pushing the redshift frontier.
Measurements of the 21 cm signal as a function of redshift
will constrain the expansion history of the universe, the
growth rate of perturbations and the thermal history of the
gas during an epoch that has yet to be probed.

FIG. 5 (color online). 21 cm tomography can potentially map
most of our observable universe (light blue/gray), whereas the
CMB probes mainly a thin shell at z " 1100 and current large-
scale structure maps (here exemplified by the Sloan Digital Sky
Survey and its luminous red galaxies) map only small volumes
near the center. Half of the comoving volume lies at z > 29
(Appendix B). This paper focuses on the convenient 7 & z & 9
region (dark blue/grey).
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Cosmic 21 cm fluctuations as a probe of fundamental physics

Figure 1. The scales probed by cosmic microwave background anisotropies
(solid line) and cosmic 21 cm fluctuations (dashed line). The two power
spectra have been aligned using the small-scale relation k ! l/dA(zCMB), where
dA(zCMB) ! 13.6 Gpc is the comoving angular diameter distance at the surface
of recombination in the standard cosmological model.

neutral hydrogen as a probe of the cosmic dark ages [19]–[35]5. As we will see, these
21 cm observations have the potential to sidestep the limitations of the CMB and provide
a powerful technique for studying the Universe during and before inflation. There are
two reasons for this. First, the data probes a di!erent and complementary range of scales
relative to the CMB at an epoch when these scales are essentially linear (see figure 1).
Second, the quantity of data available is so large (cosmic 21 cm fluctuations probe a volume
rather than a surface, down to much smaller scales than CMB anisotropies) that the in-
principle cosmic variance limit on the precision improves dramatically (see section 3).

5 See [35] for a comprehensive review of 21 cm physics, astrophysics, and phenomenology.

Journal of Cosmology and Astroparticle Physics 08 (2007) 009 (stacks.iop.org/JCAP/2007/i=08/a=009) 3
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Figure 1. Simulated maps of the density, halo, ionization, and 21 cm fields. Each map is 130 Mpc/h on a side and is drawn from a simulation snapshot at z = 7.32 at
which point !xi" = 0.54 in our model. The density, ionization, and 21 cm maps are each 1 cell thick (0.25 Mpc/h), while the halo field is from a 60 cell (15 Mpc/h)
wedge. On large scales, the bright regions in the overdensity map tend to have more halos, be ionized, and be dim in 21 cm. The correspondence between the bright
regions in the halo field, and the dim regions in the 21 cm field, is the signal we characterize and quantify in this paper.
(A color version of this figure is available in the online journal.)

slices through our simulated density, halo, ionization, and
21 cm fields. Here one can clearly see that the bright regions in
the halo map correspond to dim regions in the 21 cm map, while
dim regions in the halo map correspond to bright regions in the
21 cm map. This anticorrelation is the signal we characterize and
calculate in the present paper. As one can see from the panels
of Figure 1, the anticorrelation arises because galaxies are more
abundant in large-scale overdense regions, which hence ionize
before typical regions. As a result, the overdense regions contain
less neutral hydrogen during reionization, and emit more dimly
in 21 cm than typical regions, while containing more galaxies
(see also Wyithe & Loeb 2007).

In order to quantify these visual impressions, we calculate and
show the 21 cm galaxy cross-power spectrum in Figure 2. The
top panel shows the absolute value of the 21 cm galaxy cross-
power spectrum, as well as the individual terms of Equation (1).
The bottom panel shows the cross-correlation coefficient be-
tween the two fields, r(k) = P21,gal(k)/[P21(k)Pgal(k)]1/2. In
estimating the cross-correlation coefficient here and throughout
this paper, we subtract shot noise from the galaxy power spec-
trum (before calculating r(k)) assuming that it is Poisson—i.e.,
we assume Pshot = 1/ngal, where ngal is the abundance of halos
above Mg,min.

The figure reveals several interesting features of the signal.
On large scales the 21 cm field is anticorrelated with the galaxy
field. As explained and visualized in Figure 1, this occurs
because galaxies form first, and ionize their surroundings, in
overdense regions. On small scales, the 21 cm and galaxy fields
are roughly uncorrelated. We can understand this by examining
the small-scale behavior of the constituent terms, as shown
in the top panel. The cross-power spectrum between neutral
hydrogen fraction and galactic density (!2

x,gal(k), the x-gal term)
turns over on small scales, as indicated by the blue-dashed
line. This behavior is naturally similar to that of the density-
ionization cross-power spectrum, which turns over on scales
smaller than the size of the H ii regions during reionization
(Furlanetto et al. 2004; Zahn et al. 2007). The correlations
die off on sub-bubble scales because the entire interior of
each H ii region is highly ionized, irrespective of the interior
density and galaxy fields. For comparison, we additionally plot
the cross-power spectrum between neutral hydrogen fraction
and matter density. This resembles the cross-power spectrum
between neutral hydrogen fraction and galactic density, but
it turns over on slightly smaller scales. As we discuss in
Section 4 and Section 6.1, the turnover is on smaller scales
owing to ionized bubbles around low-mass halos, which host

130/h Mpc=1.2 deg

z=7.32   xi=0.54

Lidz+ 2009
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wedge. On large scales, the bright regions in the overdensity map tend to have more halos, be ionized, and be dim in 21 cm. The correspondence between the bright
regions in the halo field, and the dim regions in the 21 cm field, is the signal we characterize and quantify in this paper.
(A color version of this figure is available in the online journal.)
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we assume Pshot = 1/ngal, where ngal is the abundance of halos
above Mg,min.

The figure reveals several interesting features of the signal.
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field. As explained and visualized in Figure 1, this occurs
because galaxies form first, and ionize their surroundings, in
overdense regions. On small scales, the 21 cm and galaxy fields
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the small-scale behavior of the constituent terms, as shown
in the top panel. The cross-power spectrum between neutral
hydrogen fraction and galactic density (!2
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smaller than the size of the H ii regions during reionization
(Furlanetto et al. 2004; Zahn et al. 2007). The correlations
die off on sub-bubble scales because the entire interior of
each H ii region is highly ionized, irrespective of the interior
density and galaxy fields. For comparison, we additionally plot
the cross-power spectrum between neutral hydrogen fraction
and matter density. This resembles the cross-power spectrum
between neutral hydrogen fraction and galactic density, but
it turns over on slightly smaller scales. As we discuss in
Section 4 and Section 6.1, the turnover is on smaller scales
owing to ionized bubbles around low-mass halos, which host
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which point !xi" = 0.54 in our model. The density, ionization, and 21 cm maps are each 1 cell thick (0.25 Mpc/h), while the halo field is from a 60 cell (15 Mpc/h)
wedge. On large scales, the bright regions in the overdensity map tend to have more halos, be ionized, and be dim in 21 cm. The correspondence between the bright
regions in the halo field, and the dim regions in the 21 cm field, is the signal we characterize and quantify in this paper.
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21 cm fields. Here one can clearly see that the bright regions in
the halo map correspond to dim regions in the 21 cm map, while
dim regions in the halo map correspond to bright regions in the
21 cm map. This anticorrelation is the signal we characterize and
calculate in the present paper. As one can see from the panels
of Figure 1, the anticorrelation arises because galaxies are more
abundant in large-scale overdense regions, which hence ionize
before typical regions. As a result, the overdense regions contain
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tween the two fields, r(k) = P21,gal(k)/[P21(k)Pgal(k)]1/2. In
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above Mg,min.
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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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The Universe as a calorimeter

Possibilities for exotic
energy injection:

DM annihiliation/decay
Furlanetto+ 2006

Valdes+ 2007

Excited DM relaxation
Finkbeiner+ 2008

Evaporating primodial BH
Mack+ 2008

Cosmic string wakes
Brandenburger+ 2010

...

(based on simple models from Valdes+ 2007)
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Absolute temperature measurements

Bowman & Rogers 2010

EDGES      BIGHORNS - Tingay+

    also CoRE - Ekers+

Switch between sky and
 calibrated reference source

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

Burns+
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Thermal history

Unless early, degeneracy with 
heating by galaxies
=> potentially useful upper bounds

Pritchard & Loeb 2010

Fisher matrix predictions for 
constraints including 
foreground removal
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Getting past astrophysics to cosmology

• Three main options for getting at cosmology power 
spectrum:

• 1) Modelling:  Understand astrophysics and model it out

• 2) Avoidance:  Go to high redshifts for pristine signal

• 3) Exploit 3D:  Redshift space distortions (+imaging)
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Modeling the astrophysics

• Model and marginalise

Mao+ 2008

• Could hope to do the same 
for other fluctuations

Furlanetto+ 2004

• Reionization contribution relatively well understood 
on large scales
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Modelling of the power spectrum
Mesinger+ 2010

Modelling + redshift evolution 
can constrain astrophysics 
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Accessing the dark ages

Pritchard & Loeb 2008

Evolution of signal means that
detecting signal at z=20 not
necessarily more difficult than
at z=10

Intensity mapping at z<4 similar

z=30-50 range much harder!

Distinguish different contributions 
via shape and redshift evolution

Dark agesFirst gal.reionizationDLA

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

fo
re

gr
ou

nd
s

late times early times
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Redshift distortions

Real
space

redshift
space

Underdensity

Overdensity
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δ∂rvr (k) = −µ2δ

Pritchard & Loeb 2008

Barkana & 
Loeb 2004

Pμ4=Pδ
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21 cm experiments

SKA

Several interferometers under construction data expected in 
the next few years probe reionization (z<12)

Next generation required 
for probing fluctuations
from the first galaxies (z>12)
e.g. 
Square Kilometer Array 
FFTT

LOFAR MWA PAPER GMRT

Lunar arrays concepts for 
dark ages (z>30)

LARC/DALI
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Future arrays

Correlator FFT Correlator
MWA FFTT

Power spectrum sensitivity depends on number of elements
       Errors ~1/(Nelement √Vsurvey)

Larger FoVSmaller 
FoV

Computational limitions: 
number of correlations ~O(N2)
=> collect dipoles into tiles 
=> smaller N for fixed Atot

FFTT based techniques help ~O(N log N)
=> correlate all elements
=> huge sensitivity boost!

Θ~1/Dmin

Tegmark &
Zaldarriaga 
2009
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Power spectrum sensitivity

ns running Mnu (eV)

Planck 0.0033 0.0026 0.23

+SKA (opt) 0.00039 0.00027 0.010

+SKA (model) 0.0025 0.0022 0.056

+FFTT (opt) 0.00009 0.000054 0.0018

+FFTT 
(model)

0.00033 0.00017 0.0066

+FFTT 
(peculiar only) 0.0033 0.0024 0.11

Mao+ 2008

Need to model astrophysics will degrade constraints
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Inflationary tilt and running
Mao+ 2008

Barger, Gao, Mao & 
Marfatia 2008

measure running at slow roll level: alpha~(1-ns)2
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Individual neutrino masses

SKA G3 FFTT

NH IH

fiducial:
Mν=0.3eV

68% conf. 
contours

convention:
m1<m2<m3

Pritchard & Pierpaoli 2008
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21 cm intensity mapping
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individual galaxies
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Intensity mapping integrates flux
from all galaxies

Intensity mapping in outline

Intensity mapping in other lines possible: CO, CII, ...

Requires experiments similar to 21 cm tomography only at higher frequencies
=> target neutral hydrogen in galaxies at z~1-3

Loeb & Wyithe 2008Chang, Pen, Peterson, McDonald 2008

Traditional galaxy survey identifies
individual galaxies

Bin galaxies to estimate density field
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BAO and dark energy

CHIME Canadian Hydrogen Intensity Mapping Experiment

CHIME Science Team: Dick Bond (CITA), Matt Dobbs (McGill), Mark Halpern (UBC),
David Hanna (McGill), Tom Landecker (DRAO), Ue-li Pen (CITA), Jeff Peterson (Carnegie
Mellon), Kris Sigurdson (UBC), Sigi Stiemer (UBC)

Executive Summary:

Chime, the Canadian Hydrogen Intensity Mapping Experiment, is a proposed novel radio tele-
scope designed to map the expansion history of the universe over the redshift range 2.5 ≥ z ≥ 0.7.
This purpose-built radio-telescope will observe baryon acoustic oscillations (BAO) by mapping
the three-dimensional distribution of neutral hydrogen gas in the universe inferred from redshifted
21-cm radiation. BAO have been very accurately measured at redshift z = 1100 via their impact
on the Cosmic Microwave Background. With Chime, their angular size will be traced through
the key epoch when cosmic acceleration appears to turn on, providing measurements capable of
mapping the Dark Energy driven transition from deceleration to accelerated expansion.

Chime will be a very sensitive instrument from the start, and the sensitivity will improve as
we integrate over a period of several years. After only three weeks of operation, Chime would
double the cumulative precision of present dark energy experiments! See Fig. 1

Figure 1: The sensitivity of
Chime after two years oper-
ation is compared to other
proposed and current experi-
ments. Because it is a ded-
icated, ground-based experi-
ment Chime provides sensitiv-
ity rapidly and at a very small
fraction of the cost of compa-
rably sensitive alternatives.

This measurement requires rapid, wide-area mapping not available from existing facilities. Chime
consists of an array of cylindrical telescopes and has no moving parts or cryogenics. It surveys
1/4 to 1/2 the sky every day with microsecond resolution. Beam formation is accomplished by
Fourier transform in a custom digital correlator. It will be built on the campus of the Dominion
Radio Astrophysical Observatory (DRAO) near Penticton BC, which is legally protected as a
radio-quiet reserve.

Because the signal frequency is the redshift of the 21 cm sources, Chime will produce three
dimensional maps. surveying 200 cubic Gpc with ≈ 10 Mpc resolution. This will be the largest
volume astronomical spectroscopic redshift survey to date, and covers the optical “redshift desert”
1.3 < z < 2.5, which is otherwise difficult to access from the ground. In addition to its intended
use, Chime will be an excellent transient radio source detector and pulsar timing facility.

1

Chime Science:

Background: Cosmology has achieved spectacular success in recent years, entering an era

of precision, answering important physical questions, and uncovering new mysteries. One key

component of the success is the recent mapping of the cosmic microwave background (CMB)

from the early universe, revealing the geometry and material make-up of the universe. These

measurements indicate that the universe is filled with a dark energy, whose origin and precise

nature are not understood, and whose dynamics appear counter to naive physical expectations,

but not to formal general relativity. This dark energy, which can act like a source of antigravity, is

inferred from the acceleration of the expansion of the universe. This discovery has been heralded

as one of the most important discoveries in fundamental science of the past decade and members

of the Chime team are at the very centre of that excitement through their contributions to

experimental CMB science and to its theoretical framework.

21-cm Dark Energy Test: Measurements of the CMB reveal details of acoustic fluctuations

in the universe from an early epoch, before dark energy could have any noticeable effect. To

quantify the dynamics of the dark energy, one needs to compare those data to maps of the

universe at times in its more recent past and at a range of length scales which overlap with

scales already measured in the CMB. The same physics that produces intensity fluctuations in

the CMB from linear sound waves in the cosmic gas of the early universe also imprints density

variations in the matter distribution of the universe at more recent times. These patterns are

called Baryon Acoustic Oscillations (BAO) or, more casually, “Cosmic Sound”. The BAO present

us with “a standard ruler” - an object whose physical size you know, and whose angular size

therefore indicates its distance. The BAO characteristic size is dictated by simple physics which

we understand well, and which is almost completely independent of cosmology. By measuring

the BAO apparent angular scale as a function of redshift, or distance, we are directly observing

the expansion history of the universe. Chime will observe the key redshift range of z ≈ 0.7 to

2.5, where the expansion history changes from one dominated by the attractive force of ordinary

gravity to one dominated by dark energy.

Figure 2: The ratio of

the baryon power spec-

trum with and without

Baryon Acoustic Oscilla-

tions is shown with the er-

ror bars anticipated for a

Chime 2 year survey, and

for just one value of red-

shift. Chime’s physical

size is chosen to provide

enough angular resolution

to see this structure.

The CMB reveals baryon acoustic oscillations from when the universe was 380,000 years old and

first became transparent to light. Our proposed experiment will trace these same oscillations as

2

Cylinder telescope
provides for 1D FFTT

2 year survey

0.8<z<2.5

fsky~1/4-1/2

5 100m X 20 m cylinders

400-800MHz

Potentially competitive
dark energy probe

Bond +

CHIME
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21cm intensity mapping results

To further reduce uncertainty, we proceedwith the cross-correlation
(stacking) technique. Cross-correlation reduces the error because ter-
restrial RFI and residuals of the continuum sources are randomly
located compared to the locations of optically bright galaxies. To carry
out the cross-correlation, we arrange the DEEP2 data in the same
matrix as the radio data (Fig. 1). We calculate the weighted cross-
correlation between the data in Fig. 1b and c, producing the correla-
tion function in Fig. 2. We detect significant cross-correlation power
out to a relative displacement (lag) of ,10h21 Mpc in the redshift
direction.

To check this cross-correlation result, we carry out a statistical null
test. We randomize the optical redshifts many times, each time
repeating the correlation calculation. We find no significant correla-
tion in the randomized sets and we use the bootstrap variance to
estimate the uncertainties in our measurements. The null test con-
firms that the residual RFI and astronomical continuum sources are
unlikely to cause false detection of 21-cm emission.

The measured cross-correlation can be compared to a model pre-
diction. Locations of optically catalogued galaxies are known to be
correlated amongst themselves, and 21-cm emission is also thought
to originate in galaxies. We therefore model the cross-correlation by
adopting the DEEP2 optical galaxy auto-correlation function,
modelled as a power law7, j(R)5 (R/R0)

21.66, where R is the separa-
tion and R05 3.53 h21Mpc at z5 0.8, which we convolve with the
telescope primary beam in the transverse direction. In the radial
direction we must account for peculiar velocities. The pairwise velo-
city distribution is modelled as a Gaussian with standard deviation
s125 395 km s21, using the relation s12<H(z)R0 (refs 7, 8). The
expected correlation, calculated using this model, is plotted in
Fig. 2 using the best fit value of the correlation amplitude.

We use the correlation amplitude to constrain the neutral hydro-
gen density at redshift 0.8. The cross-correlation jHI,opt (in mK)
between the optical galaxy density field and the neutral hydrogen
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Figure 1 | Spectra of DEEP2 Field-4. a, b, Radio flux arranged with redshift
horizontal and right ascension vertical. Each panel contains data collected in
two declination bins, separated by 159, roughly one GBT beam width. The
higher declination strip occupies the top half of each panel. The pixels are
2 h21 Mpc in size in each dimension. a, Measured flux after the polarization
cut has removed the brightest terrestrial emission. The r.m.s. fluctuation of
the map is 128mK. Vertical structures are due to residual RFI: the wide
stripes are digital television signals and narrow vertical features are analogue
television carriers. Redshift windows free of RFI are rare on the right side of
the plot, which corresponds to greater redshift and lower frequency. The
horizontal bright stripes are due to continuum emissions by astronomical

sources (NVSS J0228061003117 and NVSS J0229381002513), and the
width of these stripes shows the GBT beam width. b, Inverse-variance-
weighted radio brightness temperature, after subtraction of continuum
sources. Theweighted r.m.s. fluctuation is 3.8mK. Even though the standard
deviation of the flux values in this panel has been reduced by more than a
factor of 30 compared to a, residual RFI and continuum emission dominates
the overall variance. c, Optical galaxy density in the DEEP2 catalogue,
smoothed tomatch the resolution of the radio data. The r.m.s. fluctuation of
the map is 1.8. The cross-correlation function in Fig. 2 is calculated by
multiplying the data in b and c with a relative displacement in redshift, then
calculating the variance of the product map.
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Figure 2 | The cross-correlation between the DEEP2 density field and GBT
H I brightness temperature. Crosses, measured cross-correlation
temperature. Error bars, 1s bootstrap errors generated using randomized
optical data. Diamonds, mean null-test values over 1,000 randomizations as
described in Supplementary Information. The same bootstrap procedure
performed on randomized radio data returns very similar null-test values
and error bars. Solid line, a DEEP2 galaxy correlationmodel, which assumes
a power law correlation and includes the GBT telescope beam pattern as well
as velocity distortions, and uses the best-fit value of the cross-correlation
amplitude.
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To further reduce uncertainty, we proceedwith the cross-correlation
(stacking) technique. Cross-correlation reduces the error because ter-
restrial RFI and residuals of the continuum sources are randomly
located compared to the locations of optically bright galaxies. To carry
out the cross-correlation, we arrange the DEEP2 data in the same
matrix as the radio data (Fig. 1). We calculate the weighted cross-
correlation between the data in Fig. 1b and c, producing the correla-
tion function in Fig. 2. We detect significant cross-correlation power
out to a relative displacement (lag) of ,10h21 Mpc in the redshift
direction.

To check this cross-correlation result, we carry out a statistical null
test. We randomize the optical redshifts many times, each time
repeating the correlation calculation. We find no significant correla-
tion in the randomized sets and we use the bootstrap variance to
estimate the uncertainties in our measurements. The null test con-
firms that the residual RFI and astronomical continuum sources are
unlikely to cause false detection of 21-cm emission.

The measured cross-correlation can be compared to a model pre-
diction. Locations of optically catalogued galaxies are known to be
correlated amongst themselves, and 21-cm emission is also thought
to originate in galaxies. We therefore model the cross-correlation by
adopting the DEEP2 optical galaxy auto-correlation function,
modelled as a power law7, j(R)5 (R/R0)

21.66, where R is the separa-
tion and R05 3.53 h21Mpc at z5 0.8, which we convolve with the
telescope primary beam in the transverse direction. In the radial
direction we must account for peculiar velocities. The pairwise velo-
city distribution is modelled as a Gaussian with standard deviation
s125 395 km s21, using the relation s12<H(z)R0 (refs 7, 8). The
expected correlation, calculated using this model, is plotted in
Fig. 2 using the best fit value of the correlation amplitude.

We use the correlation amplitude to constrain the neutral hydro-
gen density at redshift 0.8. The cross-correlation jHI,opt (in mK)
between the optical galaxy density field and the neutral hydrogen
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Figure 1 | Spectra of DEEP2 Field-4. a, b, Radio flux arranged with redshift
horizontal and right ascension vertical. Each panel contains data collected in
two declination bins, separated by 159, roughly one GBT beam width. The
higher declination strip occupies the top half of each panel. The pixels are
2 h21 Mpc in size in each dimension. a, Measured flux after the polarization
cut has removed the brightest terrestrial emission. The r.m.s. fluctuation of
the map is 128mK. Vertical structures are due to residual RFI: the wide
stripes are digital television signals and narrow vertical features are analogue
television carriers. Redshift windows free of RFI are rare on the right side of
the plot, which corresponds to greater redshift and lower frequency. The
horizontal bright stripes are due to continuum emissions by astronomical

sources (NVSS J0228061003117 and NVSS J0229381002513), and the
width of these stripes shows the GBT beam width. b, Inverse-variance-
weighted radio brightness temperature, after subtraction of continuum
sources. Theweighted r.m.s. fluctuation is 3.8mK. Even though the standard
deviation of the flux values in this panel has been reduced by more than a
factor of 30 compared to a, residual RFI and continuum emission dominates
the overall variance. c, Optical galaxy density in the DEEP2 catalogue,
smoothed tomatch the resolution of the radio data. The r.m.s. fluctuation of
the map is 1.8. The cross-correlation function in Fig. 2 is calculated by
multiplying the data in b and c with a relative displacement in redshift, then
calculating the variance of the product map.
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Figure 2 | The cross-correlation between the DEEP2 density field and GBT
H I brightness temperature. Crosses, measured cross-correlation
temperature. Error bars, 1s bootstrap errors generated using randomized
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described in Supplementary Information. The same bootstrap procedure
performed on randomized radio data returns very similar null-test values
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a power law correlation and includes the GBT telescope beam pattern as well
as velocity distortions, and uses the best-fit value of the cross-correlation
amplitude.
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cross-correlation between DEEP2 optical galaxies and GBT 21cm intensity map at z~1

Raw map

Continuum subtracted

Optical galaxies
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Conclusions

• Future of cosmology requires pushing frontiers of precision, redshift, and scale

• 21 cm global signal can open window on early exotic heating

• Three windows for 21 cm fluctuations:

- 21 cm tomography during dark ages z>30: pristine cosmology, larger foregrounds

- 21 cm tomography during EoR 6<z<30: cosmology once astrophysics understood

- Intensity mapping at z<3: probe of dark energy & growth of structure

• Need to overcome astrophysics to do cosmology (but worth trying!)
Modelling, avoidance, 3D information  (+ non-Gaussianity, imaging,...)

• Early days, but field moving fast with data finally coming in!



Bonus material
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Holistic alternative to pointillism

Figure 1  Cosmic surveys and pointillism.!Traditionally, astronomers map out the large-scale structure 

constant with redshift.
The detection of neutral hydrogen in galax

ies at large cosmic distances has been a major 
science driver for the future Square Kilome
tre Array (SKA) radio telescope. Indeed, the 
measurement of the BAO by large surveys of 
HI 21-cm radio emission from distant galaxies 
is one of the key science projects for the SKA
Chang and colleagues
nique that could provide the first insight into 

Carilli 2010
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Modeling the astrophysics

• Model and marginalise

Mao+ 2008

• Could hope to do the same 
for other fluctuations

Furlanetto+ 2004

• Reionization contribution relatively well understood 
on large scales
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Status of LOFAR

Ronald Nijboer (ASTRON)
On behalf of the LOFAR team

ASTRON, Dwingeloo, 23 Aug. 2010- 1 -SKA Calibration and Imaging Workshop 2010

ASTRON is part of the Netherlands Organisation for Scientific Research (NWO)

Under construction...

24 core stations

Aerial view of 32T

32 tiles (128 tiles funded, 512 planned)

LOFAR

MWA

32 dipoles (128 planned)

PAPER
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Radio arrays on the moon

ROLSSDALI/LARC

Need something like 
Ares V launcher

- basic elements are robust and light weight
 1 Ares V payload ~ 0.5 km2 reasonable
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The story of H

We know nothing concrete 
about the thermal history 

of the Universe 
between z=1100 and z=6

Room for surprises if
new physics is relevant
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The story of H

We know nothing concrete 
about the thermal history 

of the Universe 
between z=1100 and z=6

Room for surprises if
new physics is relevant
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Astrophysical foregrounds

Wang, Tegmark, Santos, Knox 2005

• Foregrounds dwarf signal:
100s K vs 10s mK

• Terrestrial RFI
• Galactic synchrotron
• Extragalactic radio point sources 
• Radio recombination

• Exploit foreground 
smoothness 

• Point source “peeling”

foreground

foreground
+ signal

cleaned
signal

localisation & removal errors 
=> residuals with distinctive shape

Datta+ 2010
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Dark energy constraints

Chang, Pen, Bandura & Peterson 2010

Planck

Planck+III

Planck+IV

Intensity mapping
can provide an

effective dark energy
probe at z~1-3

Growth of 
structure

w(z)=wp+(ap-a)w’

4

0.1 1 10 100
10–4

10–3

10–2

10–1

100

z

V(
<z
)

FIG. 2: Left Panel: The fraction of the total comoving volume of the observable Universe that is
available up to a redshift z [10]. Right panel: The 1-σ contour for IM combined with Planck (inner
thick solid for baseline model, outer thin solid for worst case), the Dark Energy Task Force Stage II
projects with Planck (outer dotted), the Stage II and III projects with Planck (intermediate dotted),
the Stage II, III and IV projects with Planck (inner dotted), and all above experiments combined
(dashed, again thick for baseline, thin for worst case; the two contours are nearly indistinguishable)
[2].

fluctuations at z = 1 − 3 the volume probed by experiment would be increased by several

orders of magnitude.

This is of special interest in the field of cosmology, where our ability to constrain cosmo-

logical parameters depends critically on the survey volume. In general, constraints scale as

σ ∝ V −1/2
eff since a larger volume means more independent Fourier modes can be constrained.

The redshift range z ≈ 1− 2 is especially important since it is here that dark energy is ex-

pected to first become dynamically important. Figure 2b shows the constraints on the dark

energy equation of state for an intensity mapping telescope, dubbed IM, covering a square

aperture of size 200m × 200m. This is subdivided into 16 cylindrical sections, each 12.5m

wide and 200m long, analogous to the Hubble Sphere Hydrogen Survey (HSHS)[13]. The

cylinders are aligned North-South allowing the telescope to instantaneously sample almost

the entire meridian. This geometry allows all-sky coverage each 24 hour period in a telescope

with no moving parts. Such an experiment would be competitive with other Stage IV dark

energy experiments such as WFIRST. The power of such an experiment makes it a potential

alternative to more traditional galaxy surveys [22, 27, 28].

As a first step towards demonstrating that such observations are possible, [3] made use of

the Green Bank Telescope (GBT) to observe radio spectra corresponding to 21 cm emission

at 0.53 < z < 1.12 over 2 sq. deg. on the sky. This raw radio data was processed by

removing a smooth component, dominated by the foregrounds, to leave a map of intensity

fluctuations. Cross-correlating these intensity fluctuations with a catalog of DEEP2 galaxies

Planck+IM

200m X 200m cylinder telescope
100 days integration
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Compensated Isocurvature Modes
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FIG. 2: The 21 cm angular power spectrum for the adiabatic
mode is plotted (black, solid) with one sigma error bars, using
!! = 1. The signal from the adiabatic plus the curvaton
compensated isocurvature mode is also plotted (dashed, red).
The error bars are for a 20 km2 FFT telescope and a band
width of 8 MHz. They start at the minimum value of ! which
is detectable once foregrounds have been taking into account.

spectrum, provided one marginalizes over the reioniza-
tion model (see for example [25, 26, 27]). These are the
goals of current (e.g. MWA [44], LOFAR [45]) and the
next generation (e.g. SKA [46]) surveys. But next+1
generation surveys may probe the dark ages for z > 30.
As the neutral hydrogen follows the baryon distribution
at high redshifts it will have a signal for a compensated
isocurvature mode [16, 17]. In Fig. 2 the 21 cm signal
is plotted at di!erent redshifts for the adiabatic and the
adiabatic plus compensated isocurvature mode. The er-
ror bars are for those scales measurable after foregrounds
have been removed and will be discussed in Sec. V. For
!"r/r ! 1, (corresponding to ! ! 20 in Fig. 2) the an-

gular power spectrum can be approximated by [28]

!(! + 1)C!/2# "
1

!
Pb|k=!/r (11)

where r is the comoving distance to the centre of the sur-
vey, "r is the comoving width of the survey, and Pb is the
dimensionless power spectrum of the baryons. The extra
factor of 1/! accounts for the smoothing e!ect of the sur-
vey window. For the redshifts in Fig. 2, r # 104 h Mpc!1.
Fig. 2 shows that the signal to noise is greatest where
! $ 300, which corresponds to k $ 0.03 h Mpc!1. As can
be seen in Fig. 1, the baryons in the compensated mode
add non-negligible power at these scales and this can be
seen in the corresponding compensated isocurvature plus
adiabatic mode curves in Fig. 2.

V. FORECASTS

The FFT telescope [29] is well suited for measuring
high redshift 21 cm. It has antennas arranged in a regu-
lar grid allowing an FFT to be used when calculating the
correlations between antennae. This greatly reduces the
associated computational cost, which otherwise becomes
prohibitive for large arrays with many antennae. Addi-
tionally, its large field of view means it can be used in
drift mode allowing a quarter of the sky to be surveyed.
As seen in Fig. 8 of [29], for the large collecting area
needed to survey a redshift of z = 50, the FFT telescope
is the cheapest option. The noise power spectrum is [29]

Cnoise
! = Cnoise

0 B!2
! , (12)

where the beam function is taken to be Gaussian

B!2
! = e"2!2 (13)

with the resolution given by [29]

$ = %/
%

A (14)

where A is the FFT telescope area. Also, [29]

Cnoise
0 =

4#

&

%3fskyT 2
sys

f coverA"c'
. (15)

Here fsky & "map/4# is the fraction of the sky covered by
the map, " is the field of view, we have introduced the di-
mensionless parameter & & #(/( = #( c/% to denote the
relative frequency bandwidth, and c is the speed of light.
In CAMB sources the averaging over frequency is done
with a Gaussian of standard deviation #(/(2

%
#) [30]

specified by “redshift sigma Mhz” in the CAMB sources
initialization file. The observation time is denoted by ' ,
the system temperature by Tsys, and f cover is the fraction
of the area covered by the array antennas.

The one sigma error bars for the angular power spec-
trum are [29]

#C! #

!

2

(2! + 1)#!fsky

"

C! + Cnoise
!

#

. (16)
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FIG. 3: The Fisher information of the compensated isocurva-
ture parameter as a function of ! is plotted for a FFT telescope
with an area of 20 km2. Redshift 30 (solid, blue), 40 (dashed
green), and 50 (dotted red) are shown.

Removing foregrounds at these high redshifts will be ex-
traordinarily challenging but, if the foregrounds are suf-
ficiently smooth in frequency, it may well be possible.
We will assume that foregrounds can only be removed
for ! ! !min where !min = kminr with the minimum wave
number corresponding to the bandwidth and given by
[31]

kmin = 2"/!r . (17)

The Fisher information matrix is given by [32]

Fij =
!

!!!min

Fij,! (18)

where

Fij,! =
1

!C2
!

#C!

#pi

#C!

#pj
(19)

and pi is parameter i.
We set the observation time to $ = 365"24 hours and

following [33], Tsys = 200K " [(1 + z)/10]2.6, the field of
view to be " = "map = ", and f cover = 1. We set the
bandwidth to be !% = 8 MHz. The Fisher information
for the compensated isocurvature parameter is plotted
as a function of ! in Fig. 3. As can be seen, at low
!, redshift 40 measurements are more sensitive while at
higher ! redshift 30 measurements are more sensitive.

In order to remove degeneracies with the other parame-
ters, we include PLANCK [47] CMB forecasts. These do
not constrain the compensated isocurvature parameter
(I), but they do help to constrain the other parameters
which may be degenerate with I. We use the forecasted
temperature and polarization measurements from the 70,
100, 143 and 217 GHz bands of PLANCK, see Sec. III
of [34] for more details. The combined Fisher matrix
(F21cm+PLANCK)) is obtained by adding the 21cm and
PLANCK Fisher matrices. The forecasted covariance
matrix for the parameters is given by inverting the com-
bined Fisher matrix. The number of “sigma” for which
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FIG. 4: The number of sigma that the curvaton compensated
CDM isocurvature mode would be detected is plotted. Each
point in the plot is for a 8 Mhz band width experiment.

a curvaton compensated isocurvature mode could be de-

tected is given by 3/(F"1
21cm+PLANCK))

1/2
II where subscript

II denotes the element in the row and column corre-
sponding to the compensated isocurvature parameter. A
contour plot of the number of sigma detection, as a func-
tion of the area of the FFT telescope and the redshift
probed, is plotted in Fig. 4. As can be seen, in order
to obtain a five sigma detection, a redshift around 40 is
optimal and a FFT telescope with an area of at about
20 km2 would be needed. According to [29], that area
FFT telescope would cost of order several billion US dol-
lars. However the need to place such an array beyond the
Earth’s ionosphere, for example on the moon [35], would
raise this cost significantly.

The parameter with the most degeneracy with the
compensated isocurvature mode is the baryon density.
As can be seen from Fig. 5, there is a di#erence in
the slope of the degeneracy for redshifts 30 compared
to higher redshifts. This may indicate that combining
redshifts will improve the constraints but the results will
probably not be significantly improved as the e#ective
area of the telescope can only be optimized for a partic-
ular redshift and will then degrade for other redshifts.

VI. CONCLUSIONS

We have shown that it is in principle possible to use
21 cm measurements to detect compensated isocurvature
perturbations produced by the curvaton. At redshifts of
about 40 the baryon perturbations are su$ciently di#er-
ent from the adiabatic case to give a detectable 21 cm
signal, at the 5 sigma level, provided a FFT telescope of

Example of physics that can be done with 21cm

Effect on large scales only at high-z
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Foregrounds vs Signal

2

FIG. 1: Comparison of foregrounds and signal

FIG. 2: Figure with residuals after fitting foregrounds. Illustrates that although overall fit of sky temperature

is good, errors in fitting the foreground propagate into errors in the fitted 21 cm signal larger than the thermal

noise. Solid and dashed curves show fits for different realisations of the noise. 3rd order polynomial.

Foregrounds smooth
Signal has structure
Separation possible...

Dynamic range >105 
needed

I. SCIENCE IMPLEMENTATION: SENSITIVITY PREDICTIONS

A. Signal modelling

Predicting the sensitivitity of a global 21 cm experiment may be split into two parts: 1) cal-

culating the raw sensitivity of the experiment to the sky temperature at the desired frequency 2)

calculating the ability of the experiment to extract useful cosmological parameters from observa-

tions. The first is governed in a straightforward manner by the radiometer equation, so that the

noise in a given frequency channel is given by

∆T =
Tsky√
∆νtobs

(1)

where Tsky is the sky temperature, ∆ν is the width of a frequency channel, and tobs is the integration

time.

The more interesting question is how to get useful information about cosmology since information

is lost during the foreground removal process.

Perhaps the key to this is deciding what parametric description of the signal to use. Foreground

removal typically leaves behind a set of residuals that are meaningless to the naked eye, but encode

information about the signal in a deterministic way. The fewer parameters needed to describe the

signal the better these parameters may be constrained, but if the parameteric form is not a good

fit to the true signal then erroneous conclusions may be drawn. This becomes especially important

when, as in our case, the foregrounds are many orders of magnitude larger than the signal.

We chose to utilise a parametric form based upon the positions of the turning points of the

signal, each characterised by a frequency and a brightness temperature. With this information

alone the basic features may be reproduced although some shape information is lost. Others are

possible and a variety of techniques should be explored once more data is available.

B. foreground fitting

How well can we remove the foregrounds? What can we learn about the signal when we’re done?

What is the optimal way to separate foregrounds from signal in a noiseless measurement.

The importance of the forgeround fitting is illustrated in Figure 4. Here a third order polynomial

for the foregrounds is being fit to a simulated sky alongside the six parameters needed to describe
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Numerical simulation

Santos+ 2008
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Constraining turning points
Lya coupling begins heating begins

signal
saturates

9

FIG. 12: Dependence of (ν3, Tb3) and (ν2, Tb2) errors with
level of systematic residuals for Npoly = 3 (black solid curve),
6 (red dotted curve), and 9 (blue dashed curve). The dashed
vertical lines indicates the fiducial values Tb3 = 27 mK and
|Tb3| = 107mK.

FIG. 13: Experimental constraint ellipses overlaid on the al-
lowed region for the turning points. Coloured regions (dashed
curves) illustrate contours of fX and fα increasing by an order
of magnitude (red to magenta) from 0.01 to 100.

VII. DARK AGES

The physics of the period before star formation at
z ∼ 30 is determined by well known atomic processes
and so has much in common with the CMB. However,
many models have been put forward that would mod-
ify this simple picture with exotic energy deposition via

annihilating or decaying dark matter [37] or evaporating
black holes [38], for example. During the dark ages, the
21 cm signal acts as a sensitive thermometer, potentially
capable of constraining these exotic processes. Here we
will focus on the standard history and leave consideration
of the possibility of detecting other scenarios to future
work.

The signal during the dark ages reaches a maximum
at x0 = (16MHz, −42 mK), somewhat larger in am-
plitude than the reionization emission signal. However,
at these low frequencies the foregrounds are extremely
large, Tfg ≈ 104 K at ν = 30 MHz, making detection
very difficult. Its is worth noting however that global
experiments have an advantage over tomographic mea-
surements here, since at these early times structures have
had little chance to grow, making the fluctuations much
smaller than during reionization. Further, it is easier to
imagine launching a single dipole experiment beyond the
Earth’s ionosphere rather than the many km2 of collect-
ing area needed for interferometers to probe this epoch
[39, 40].

Given the large foregrounds, long integration times or
many dipoles are required to reach the desired sensitiv-
ity level. Taking Tfg = 104 K at ν = 30 MHz a single
dipole would need to integrate for tint = 1000 hours to
reach 4 mK sensitivity. Removing the foregrounds over
this dynamic range without leaving considerable residu-
als will clearly require very precise instrumental calibra-
tion. Given the challenges, we look at the most optimistic
case as a limit of what could be accomplished.

Taking an experiment covering ν = 5 − 60 MHz in
50 channels and integrating for 8000 hours, we assume
a minimal Npoly = 3 polynomial fit leaving no residu-
als. The resulting constraint on the position and am-
plitude of the dark ages feature are shown in Figure 14.
Such an experiment is capable of detecting the signal,
but only barely. For comparison, we have plotted the
uncertainty arising from cosmological measurements of
Ωmh2 and Ωbh2, the two main parameters determining
the 21 cm signal. This uncertainty is much less than the
experimental uncertainty.

Although we have shown that detecting the dark ages
feature from the standard history would be extremely
challenging, modified histories arising from exotic energy
injection may lead to larger features more easily detected.
Since there is no other probe of physics at 30 < z <
150 global 21 cm experiments offer a unique if extremely
challenging probe of this period.

VIII. CONCLUSIONS

Observations of the redshifted 21 cm line potentially
provide a new window into the high redshift Universe.
Detecting this signal in the presence of large foregrounds
is challenging and it is important to explore all avenues
for exploiting the signal. In this paper, we have focussed
upon the possibility of using single dipole experiments
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