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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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Figure 1. WMAP five-year temperature (TT) power spectrum. The red
curve is the best-fit theory spectrum from the !CDM/WMAP chain
(Dunkley et al. 2009, Table 2) based on WMAP alone, with parameters
("bh

2,"mh2,#2
R, ns , τ, H0) = (0.0227, 0.131, 2.41, 0.961, 0.089, 72.4). The

uncertainties include both cosmic variance, which dominates below " = 540,
and instrumental noise which dominates at higher multipoles. The uncertainties
increase at large " due to WMAP’s finite resolution. The improved resolution of
the third peak near " = 800 in combination with the simultaneous measurement
of the rest of the spectrum leads to the improved results reported in this release.

where Cl is the cosmic variance term and Nl is the noise term.
The value of fsky(l), the effective sky fraction, is calibrated from
simulations:17

fsky(") =
{

0.826 − 0.091("/500)2, " ! 500;
0.777 − 0.127(500/"), " > 500.

(2)

The five-year TT spectrum is shown in Figure 1. With the
greater signal-to-noise ratio (S/N) of the five-year data the
third acoustic peak is beginning to appear in the spectrum.
The spectrum is cosmic variance limited up to " = 530, and
individual "-modes have S/N >1 for " < 920. In a fit to the best
cosmological !CDM model, the reduced χ2 for " = 33−1000
is χ2/ν = 1.06, with a probability to exceed of 9.3%.

Figure 12 compares the unbinned five-year TT spectrum with
the three-year result. Aside from the small upward shift of
the five-year spectrum relative to that of the three-year, due
to the new beam-transfer function, they are identical at low-".
Figure 13 shows the unbinned TT spectrum broken down into its
frequency components (V ×V , V ×W , W ×W ), demonstrating
that the signal is independent of frequency.

How much has the determination of the third acoustic
peak improved with the five-year data? Over the range " =
680–900, which approximately spans the rise and fall of the
third peak (from the bottom of the second trough to the point on
the opposite side of the peak), the fiducial spectrum is preferred
over a flat mean spectrum by #χ2 = 7.6. For the three-year data
it was #χ2 = 3.6. With a few more years of data, WMAP should
detect the curvature of third peak to greater than 3σ .

In Figure 2 we compare the WMAP five-year TT power
spectrum along with recent results from other experiments
(Readhead et al. 2004; Jones et al. 2006; Reichardt et al. 2008),
showing great consistency between the various measurements.
Several on-going and future ground-based CMB experiments

17 The Markov chains in Dunkley et al. (2009) and Komatsu et al. (2009) were
run with a version of the WMAP likelihood code with older and slightly larger
values for fsky. The change in fsky increased the TT errors by on average 2%.
Rerunning the !CDM chain with the new fsky leads to parameter shifts of at
most 0.1σ .

Figure 2. WMAP five-year TT power spectrum along with recent results from
the ACBAR (Reichardt et al. 2008, purple), Boomerang (Jones et al. 2006,
green), and CBI (Readhead et al. 2004, red) experiments. The other experiments
calibrate with WMAP or WMAP’s measurement of Jupiter (CBI). The red curve
is the best-fit !CDM model to the WMAP data, which agrees well with all
datasets when extrapolated to higher ".

plan on calibrating themselves off their overlap with WMAP at
the highest-"’s; improving WMAP’s determination of the third
peak will have the added benefit of improving their calibrations.

3.1. Unresolved Point Source Correction

A population of point sources, Poisson-distributed over the
sky, contributes an additional source of white noise to the
measured TT power spectrum, CTT

l → CTT
l + Cps. Given a

known source distribution N (> S), the number of sources per
steradian with flux greater than S, the point-source-induced
signal is

Cps = g(ν)2
∫ Sc

0
dS

dN

dS
S2 (µK2 sr) (3)

where S is the source flux, Sc is the flux cutoff (above which
sources are masked and removed from the map), and g(ν) =
(c2/2kν2)r(ν) converts flux density to thermodynamic temper-
ature, with

r(ν) = (ex − 1)2

x2ex
, x ≡ hν/kTCMB (4)

converting antenna to thermodynamic temperature.
At the frequencies and flux densities relevant for WMAP,

source counts are dominated by flat-spectrum radio sources,
which have flux spectra that are nearly constant with frequency
(S ∼ να with α ≈ 0). Wright et al. (2009) find the average
spectral index of sources bright enough to be detected in the
WMAP five-year data to be 〈α〉 = −0.09, with an intrinsic
dispersion of σα = 0.176. Since a source with flux S ∼ να

has a thermodynamic temperature T ∼ να−2r(ν), we model the
frequency dependence of Cps as

Cps(νi , νj ) = Apsr(νi)r(νj )

(
νiνj

ν2
Q

)α−2

, (5)

where νi,j are the frequencies of the two maps used to calculate
the TT spectrum, Aps is an unknown amplitude, and νQ =
40.7 GHz is the Q-band central frequency.

In this section, we estimate the value of Aps needed to correct
the TT power spectrum, finding Aps = 0.011 ± 0.001 µK2 sr,
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Figure 12: Using Lyman-α absorption in quasar spectra to probe the ionization state of the IGM. This figure
from White et al. (2003) shows the observed spectrum of a z = 6.28 quasar (solid curve), and the expected
unabsorbed emission (dashed curve), based on an average over many quasars seen at lower redshifts. The
unabsorbed emission is a sum of smooth emission (the “continuum”, dotted curve) plus emission features
from atomic resonances (“emission lines”).

3 Probing the Diffuse Intergalactic Hydrogen

3.1 Lyman-alpha absorption

Resonant Lyman-α absorption has thus far proved to be the best probe of the state of the IGM. The optical
depth to absorption by a uniform intergalactic medium is

τs =
πe2fαλαnH I (z)

mecH(z)
(31)

≈ 6.45 × 105xH I

(

Ωbh

0.0315

) (

Ωm

0.3

)−1/2 (

1 + z

10

)3/2

,

where H ≈ 100h km s−1 Mpc−1Ω1/2
m (1 + z)3/2 is the Hubble parameter at redshift z; fα = 0.4162 and

λα = 1216Å are the oscillator strength and the wavelength of the Lyman-α transition; nH I (z) is the neutral
hydrogen density at z (assuming primordial abundances); Ωm and Ωb are the present-day density parameters
of all matter and of baryons, respectively; and xH I is the average fraction of neutral hydrogen. In the second
equality we have implicitly considered high redshifts.

Lyman-α absorption is thus highly sensitive to the presence of even trace amounts of neutral hydrogen.
The lack of full absorption in quasar spectra then implies that the IGM has been very highly ionized during
much of the history of the universe, from at most a billion years after the big bang to the present time.
At redshifts approaching six, however, the optical depth increases, and the observed absorption becomes
very strong. An example of this is shown in Figure 12, where an observed quasar spectrum is compared to
the unabsorbed expectation for the same quasar. The prominent Lyman-α emission line, which is produced
by radiating hot gas near the quasar itself, is centered at a wavelength of 8850Å, which for the redshift
(6.28) of this quasar corresponds to a rest-frame 1216Å. Above this wavelength, the original emitted quasar
spectrum is seen, since photons emitted with wavelengths higher than 1216Å redshift to higher wavelengths
during their journey toward us and never encounter resonance lines of hydrogen atoms. Shorter-wavelength
photons, however, redshift until they hit the local 1216Å and are then absorbed by any existing hydrogen
atoms. The difference between the unabsorbed expectation and the actual observed spectrum can be used
to measure the amount of absorption, and thus to infer the atomic hydrogen density. For this particular
quasar, this difference is very large (i.e., the observed flux is near zero) just to the blue of the Lyman-α
emission line.
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Figure 1. WMAP five-year temperature (TT) power spectrum. The red
curve is the best-fit theory spectrum from the !CDM/WMAP chain
(Dunkley et al. 2009, Table 2) based on WMAP alone, with parameters
("bh

2,"mh2,#2
R, ns , τ, H0) = (0.0227, 0.131, 2.41, 0.961, 0.089, 72.4). The

uncertainties include both cosmic variance, which dominates below " = 540,
and instrumental noise which dominates at higher multipoles. The uncertainties
increase at large " due to WMAP’s finite resolution. The improved resolution of
the third peak near " = 800 in combination with the simultaneous measurement
of the rest of the spectrum leads to the improved results reported in this release.

where Cl is the cosmic variance term and Nl is the noise term.
The value of fsky(l), the effective sky fraction, is calibrated from
simulations:17

fsky(") =
{

0.826 − 0.091("/500)2, " ! 500;
0.777 − 0.127(500/"), " > 500.

(2)

The five-year TT spectrum is shown in Figure 1. With the
greater signal-to-noise ratio (S/N) of the five-year data the
third acoustic peak is beginning to appear in the spectrum.
The spectrum is cosmic variance limited up to " = 530, and
individual "-modes have S/N >1 for " < 920. In a fit to the best
cosmological !CDM model, the reduced χ2 for " = 33−1000
is χ2/ν = 1.06, with a probability to exceed of 9.3%.

Figure 12 compares the unbinned five-year TT spectrum with
the three-year result. Aside from the small upward shift of
the five-year spectrum relative to that of the three-year, due
to the new beam-transfer function, they are identical at low-".
Figure 13 shows the unbinned TT spectrum broken down into its
frequency components (V ×V , V ×W , W ×W ), demonstrating
that the signal is independent of frequency.

How much has the determination of the third acoustic
peak improved with the five-year data? Over the range " =
680–900, which approximately spans the rise and fall of the
third peak (from the bottom of the second trough to the point on
the opposite side of the peak), the fiducial spectrum is preferred
over a flat mean spectrum by #χ2 = 7.6. For the three-year data
it was #χ2 = 3.6. With a few more years of data, WMAP should
detect the curvature of third peak to greater than 3σ .

In Figure 2 we compare the WMAP five-year TT power
spectrum along with recent results from other experiments
(Readhead et al. 2004; Jones et al. 2006; Reichardt et al. 2008),
showing great consistency between the various measurements.
Several on-going and future ground-based CMB experiments

17 The Markov chains in Dunkley et al. (2009) and Komatsu et al. (2009) were
run with a version of the WMAP likelihood code with older and slightly larger
values for fsky. The change in fsky increased the TT errors by on average 2%.
Rerunning the !CDM chain with the new fsky leads to parameter shifts of at
most 0.1σ .

Figure 2. WMAP five-year TT power spectrum along with recent results from
the ACBAR (Reichardt et al. 2008, purple), Boomerang (Jones et al. 2006,
green), and CBI (Readhead et al. 2004, red) experiments. The other experiments
calibrate with WMAP or WMAP’s measurement of Jupiter (CBI). The red curve
is the best-fit !CDM model to the WMAP data, which agrees well with all
datasets when extrapolated to higher ".

plan on calibrating themselves off their overlap with WMAP at
the highest-"’s; improving WMAP’s determination of the third
peak will have the added benefit of improving their calibrations.

3.1. Unresolved Point Source Correction

A population of point sources, Poisson-distributed over the
sky, contributes an additional source of white noise to the
measured TT power spectrum, CTT

l → CTT
l + Cps. Given a

known source distribution N (> S), the number of sources per
steradian with flux greater than S, the point-source-induced
signal is

Cps = g(ν)2
∫ Sc

0
dS

dN

dS
S2 (µK2 sr) (3)

where S is the source flux, Sc is the flux cutoff (above which
sources are masked and removed from the map), and g(ν) =
(c2/2kν2)r(ν) converts flux density to thermodynamic temper-
ature, with

r(ν) = (ex − 1)2

x2ex
, x ≡ hν/kTCMB (4)

converting antenna to thermodynamic temperature.
At the frequencies and flux densities relevant for WMAP,

source counts are dominated by flat-spectrum radio sources,
which have flux spectra that are nearly constant with frequency
(S ∼ να with α ≈ 0). Wright et al. (2009) find the average
spectral index of sources bright enough to be detected in the
WMAP five-year data to be 〈α〉 = −0.09, with an intrinsic
dispersion of σα = 0.176. Since a source with flux S ∼ να

has a thermodynamic temperature T ∼ να−2r(ν), we model the
frequency dependence of Cps as

Cps(νi , νj ) = Apsr(νi)r(νj )

(
νiνj

ν2
Q

)α−2

, (5)

where νi,j are the frequencies of the two maps used to calculate
the TT spectrum, Aps is an unknown amplitude, and νQ =
40.7 GHz is the Q-band central frequency.

In this section, we estimate the value of Aps needed to correct
the TT power spectrum, finding Aps = 0.011 ± 0.001 µK2 sr,
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Figure 12: Using Lyman-α absorption in quasar spectra to probe the ionization state of the IGM. This figure
from White et al. (2003) shows the observed spectrum of a z = 6.28 quasar (solid curve), and the expected
unabsorbed emission (dashed curve), based on an average over many quasars seen at lower redshifts. The
unabsorbed emission is a sum of smooth emission (the “continuum”, dotted curve) plus emission features
from atomic resonances (“emission lines”).

3 Probing the Diffuse Intergalactic Hydrogen

3.1 Lyman-alpha absorption

Resonant Lyman-α absorption has thus far proved to be the best probe of the state of the IGM. The optical
depth to absorption by a uniform intergalactic medium is

τs =
πe2fαλαnH I (z)

mecH(z)
(31)

≈ 6.45 × 105xH I

(

Ωbh

0.0315

) (

Ωm

0.3

)−1/2 (

1 + z

10

)3/2

,

where H ≈ 100h km s−1 Mpc−1Ω1/2
m (1 + z)3/2 is the Hubble parameter at redshift z; fα = 0.4162 and

λα = 1216Å are the oscillator strength and the wavelength of the Lyman-α transition; nH I (z) is the neutral
hydrogen density at z (assuming primordial abundances); Ωm and Ωb are the present-day density parameters
of all matter and of baryons, respectively; and xH I is the average fraction of neutral hydrogen. In the second
equality we have implicitly considered high redshifts.

Lyman-α absorption is thus highly sensitive to the presence of even trace amounts of neutral hydrogen.
The lack of full absorption in quasar spectra then implies that the IGM has been very highly ionized during
much of the history of the universe, from at most a billion years after the big bang to the present time.
At redshifts approaching six, however, the optical depth increases, and the observed absorption becomes
very strong. An example of this is shown in Figure 12, where an observed quasar spectrum is compared to
the unabsorbed expectation for the same quasar. The prominent Lyman-α emission line, which is produced
by radiating hot gas near the quasar itself, is centered at a wavelength of 8850Å, which for the redshift
(6.28) of this quasar corresponds to a rest-frame 1216Å. Above this wavelength, the original emitted quasar
spectrum is seen, since photons emitted with wavelengths higher than 1216Å redshift to higher wavelengths
during their journey toward us and never encounter resonance lines of hydrogen atoms. Shorter-wavelength
photons, however, redshift until they hit the local 1216Å and are then absorbed by any existing hydrogen
atoms. The difference between the unabsorbed expectation and the actual observed spectrum can be used
to measure the amount of absorption, and thus to infer the atomic hydrogen density. For this particular
quasar, this difference is very large (i.e., the observed flux is near zero) just to the blue of the Lyman-α
emission line.
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Figure 1. WMAP five-year temperature (TT) power spectrum. The red
curve is the best-fit theory spectrum from the !CDM/WMAP chain
(Dunkley et al. 2009, Table 2) based on WMAP alone, with parameters
("bh

2,"mh2,#2
R, ns , τ, H0) = (0.0227, 0.131, 2.41, 0.961, 0.089, 72.4). The

uncertainties include both cosmic variance, which dominates below " = 540,
and instrumental noise which dominates at higher multipoles. The uncertainties
increase at large " due to WMAP’s finite resolution. The improved resolution of
the third peak near " = 800 in combination with the simultaneous measurement
of the rest of the spectrum leads to the improved results reported in this release.

where Cl is the cosmic variance term and Nl is the noise term.
The value of fsky(l), the effective sky fraction, is calibrated from
simulations:17

fsky(") =
{

0.826 − 0.091("/500)2, " ! 500;
0.777 − 0.127(500/"), " > 500.

(2)

The five-year TT spectrum is shown in Figure 1. With the
greater signal-to-noise ratio (S/N) of the five-year data the
third acoustic peak is beginning to appear in the spectrum.
The spectrum is cosmic variance limited up to " = 530, and
individual "-modes have S/N >1 for " < 920. In a fit to the best
cosmological !CDM model, the reduced χ2 for " = 33−1000
is χ2/ν = 1.06, with a probability to exceed of 9.3%.

Figure 12 compares the unbinned five-year TT spectrum with
the three-year result. Aside from the small upward shift of
the five-year spectrum relative to that of the three-year, due
to the new beam-transfer function, they are identical at low-".
Figure 13 shows the unbinned TT spectrum broken down into its
frequency components (V ×V , V ×W , W ×W ), demonstrating
that the signal is independent of frequency.

How much has the determination of the third acoustic
peak improved with the five-year data? Over the range " =
680–900, which approximately spans the rise and fall of the
third peak (from the bottom of the second trough to the point on
the opposite side of the peak), the fiducial spectrum is preferred
over a flat mean spectrum by #χ2 = 7.6. For the three-year data
it was #χ2 = 3.6. With a few more years of data, WMAP should
detect the curvature of third peak to greater than 3σ .

In Figure 2 we compare the WMAP five-year TT power
spectrum along with recent results from other experiments
(Readhead et al. 2004; Jones et al. 2006; Reichardt et al. 2008),
showing great consistency between the various measurements.
Several on-going and future ground-based CMB experiments

17 The Markov chains in Dunkley et al. (2009) and Komatsu et al. (2009) were
run with a version of the WMAP likelihood code with older and slightly larger
values for fsky. The change in fsky increased the TT errors by on average 2%.
Rerunning the !CDM chain with the new fsky leads to parameter shifts of at
most 0.1σ .

Figure 2. WMAP five-year TT power spectrum along with recent results from
the ACBAR (Reichardt et al. 2008, purple), Boomerang (Jones et al. 2006,
green), and CBI (Readhead et al. 2004, red) experiments. The other experiments
calibrate with WMAP or WMAP’s measurement of Jupiter (CBI). The red curve
is the best-fit !CDM model to the WMAP data, which agrees well with all
datasets when extrapolated to higher ".

plan on calibrating themselves off their overlap with WMAP at
the highest-"’s; improving WMAP’s determination of the third
peak will have the added benefit of improving their calibrations.

3.1. Unresolved Point Source Correction

A population of point sources, Poisson-distributed over the
sky, contributes an additional source of white noise to the
measured TT power spectrum, CTT

l → CTT
l + Cps. Given a

known source distribution N (> S), the number of sources per
steradian with flux greater than S, the point-source-induced
signal is

Cps = g(ν)2
∫ Sc

0
dS

dN

dS
S2 (µK2 sr) (3)

where S is the source flux, Sc is the flux cutoff (above which
sources are masked and removed from the map), and g(ν) =
(c2/2kν2)r(ν) converts flux density to thermodynamic temper-
ature, with

r(ν) = (ex − 1)2

x2ex
, x ≡ hν/kTCMB (4)

converting antenna to thermodynamic temperature.
At the frequencies and flux densities relevant for WMAP,

source counts are dominated by flat-spectrum radio sources,
which have flux spectra that are nearly constant with frequency
(S ∼ να with α ≈ 0). Wright et al. (2009) find the average
spectral index of sources bright enough to be detected in the
WMAP five-year data to be 〈α〉 = −0.09, with an intrinsic
dispersion of σα = 0.176. Since a source with flux S ∼ να

has a thermodynamic temperature T ∼ να−2r(ν), we model the
frequency dependence of Cps as

Cps(νi , νj ) = Apsr(νi)r(νj )

(
νiνj

ν2
Q

)α−2

, (5)

where νi,j are the frequencies of the two maps used to calculate
the TT spectrum, Aps is an unknown amplitude, and νQ =
40.7 GHz is the Q-band central frequency.

In this section, we estimate the value of Aps needed to correct
the TT power spectrum, finding Aps = 0.011 ± 0.001 µK2 sr,
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Figure 12: Using Lyman-α absorption in quasar spectra to probe the ionization state of the IGM. This figure
from White et al. (2003) shows the observed spectrum of a z = 6.28 quasar (solid curve), and the expected
unabsorbed emission (dashed curve), based on an average over many quasars seen at lower redshifts. The
unabsorbed emission is a sum of smooth emission (the “continuum”, dotted curve) plus emission features
from atomic resonances (“emission lines”).

3 Probing the Diffuse Intergalactic Hydrogen

3.1 Lyman-alpha absorption

Resonant Lyman-α absorption has thus far proved to be the best probe of the state of the IGM. The optical
depth to absorption by a uniform intergalactic medium is

τs =
πe2fαλαnH I (z)

mecH(z)
(31)

≈ 6.45 × 105xH I

(

Ωbh

0.0315

) (

Ωm

0.3

)−1/2 (

1 + z

10

)3/2

,

where H ≈ 100h km s−1 Mpc−1Ω1/2
m (1 + z)3/2 is the Hubble parameter at redshift z; fα = 0.4162 and

λα = 1216Å are the oscillator strength and the wavelength of the Lyman-α transition; nH I (z) is the neutral
hydrogen density at z (assuming primordial abundances); Ωm and Ωb are the present-day density parameters
of all matter and of baryons, respectively; and xH I is the average fraction of neutral hydrogen. In the second
equality we have implicitly considered high redshifts.

Lyman-α absorption is thus highly sensitive to the presence of even trace amounts of neutral hydrogen.
The lack of full absorption in quasar spectra then implies that the IGM has been very highly ionized during
much of the history of the universe, from at most a billion years after the big bang to the present time.
At redshifts approaching six, however, the optical depth increases, and the observed absorption becomes
very strong. An example of this is shown in Figure 12, where an observed quasar spectrum is compared to
the unabsorbed expectation for the same quasar. The prominent Lyman-α emission line, which is produced
by radiating hot gas near the quasar itself, is centered at a wavelength of 8850Å, which for the redshift
(6.28) of this quasar corresponds to a rest-frame 1216Å. Above this wavelength, the original emitted quasar
spectrum is seen, since photons emitted with wavelengths higher than 1216Å redshift to higher wavelengths
during their journey toward us and never encounter resonance lines of hydrogen atoms. Shorter-wavelength
photons, however, redshift until they hit the local 1216Å and are then absorbed by any existing hydrogen
atoms. The difference between the unabsorbed expectation and the actual observed spectrum can be used
to measure the amount of absorption, and thus to infer the atomic hydrogen density. For this particular
quasar, this difference is very large (i.e., the observed flux is near zero) just to the blue of the Lyman-α
emission line.
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Hydrogen was warm and 
neutral at z=1100

CMB

298 NOLTA ET AL. Vol. 180

Figure 1. WMAP five-year temperature (TT) power spectrum. The red
curve is the best-fit theory spectrum from the !CDM/WMAP chain
(Dunkley et al. 2009, Table 2) based on WMAP alone, with parameters
("bh

2,"mh2,#2
R, ns , τ, H0) = (0.0227, 0.131, 2.41, 0.961, 0.089, 72.4). The

uncertainties include both cosmic variance, which dominates below " = 540,
and instrumental noise which dominates at higher multipoles. The uncertainties
increase at large " due to WMAP’s finite resolution. The improved resolution of
the third peak near " = 800 in combination with the simultaneous measurement
of the rest of the spectrum leads to the improved results reported in this release.

where Cl is the cosmic variance term and Nl is the noise term.
The value of fsky(l), the effective sky fraction, is calibrated from
simulations:17

fsky(") =
{

0.826 − 0.091("/500)2, " ! 500;
0.777 − 0.127(500/"), " > 500.

(2)

The five-year TT spectrum is shown in Figure 1. With the
greater signal-to-noise ratio (S/N) of the five-year data the
third acoustic peak is beginning to appear in the spectrum.
The spectrum is cosmic variance limited up to " = 530, and
individual "-modes have S/N >1 for " < 920. In a fit to the best
cosmological !CDM model, the reduced χ2 for " = 33−1000
is χ2/ν = 1.06, with a probability to exceed of 9.3%.

Figure 12 compares the unbinned five-year TT spectrum with
the three-year result. Aside from the small upward shift of
the five-year spectrum relative to that of the three-year, due
to the new beam-transfer function, they are identical at low-".
Figure 13 shows the unbinned TT spectrum broken down into its
frequency components (V ×V , V ×W , W ×W ), demonstrating
that the signal is independent of frequency.

How much has the determination of the third acoustic
peak improved with the five-year data? Over the range " =
680–900, which approximately spans the rise and fall of the
third peak (from the bottom of the second trough to the point on
the opposite side of the peak), the fiducial spectrum is preferred
over a flat mean spectrum by #χ2 = 7.6. For the three-year data
it was #χ2 = 3.6. With a few more years of data, WMAP should
detect the curvature of third peak to greater than 3σ .

In Figure 2 we compare the WMAP five-year TT power
spectrum along with recent results from other experiments
(Readhead et al. 2004; Jones et al. 2006; Reichardt et al. 2008),
showing great consistency between the various measurements.
Several on-going and future ground-based CMB experiments

17 The Markov chains in Dunkley et al. (2009) and Komatsu et al. (2009) were
run with a version of the WMAP likelihood code with older and slightly larger
values for fsky. The change in fsky increased the TT errors by on average 2%.
Rerunning the !CDM chain with the new fsky leads to parameter shifts of at
most 0.1σ .

Figure 2. WMAP five-year TT power spectrum along with recent results from
the ACBAR (Reichardt et al. 2008, purple), Boomerang (Jones et al. 2006,
green), and CBI (Readhead et al. 2004, red) experiments. The other experiments
calibrate with WMAP or WMAP’s measurement of Jupiter (CBI). The red curve
is the best-fit !CDM model to the WMAP data, which agrees well with all
datasets when extrapolated to higher ".

plan on calibrating themselves off their overlap with WMAP at
the highest-"’s; improving WMAP’s determination of the third
peak will have the added benefit of improving their calibrations.

3.1. Unresolved Point Source Correction

A population of point sources, Poisson-distributed over the
sky, contributes an additional source of white noise to the
measured TT power spectrum, CTT

l → CTT
l + Cps. Given a

known source distribution N (> S), the number of sources per
steradian with flux greater than S, the point-source-induced
signal is

Cps = g(ν)2
∫ Sc

0
dS

dN

dS
S2 (µK2 sr) (3)

where S is the source flux, Sc is the flux cutoff (above which
sources are masked and removed from the map), and g(ν) =
(c2/2kν2)r(ν) converts flux density to thermodynamic temper-
ature, with

r(ν) = (ex − 1)2

x2ex
, x ≡ hν/kTCMB (4)

converting antenna to thermodynamic temperature.
At the frequencies and flux densities relevant for WMAP,

source counts are dominated by flat-spectrum radio sources,
which have flux spectra that are nearly constant with frequency
(S ∼ να with α ≈ 0). Wright et al. (2009) find the average
spectral index of sources bright enough to be detected in the
WMAP five-year data to be 〈α〉 = −0.09, with an intrinsic
dispersion of σα = 0.176. Since a source with flux S ∼ να

has a thermodynamic temperature T ∼ να−2r(ν), we model the
frequency dependence of Cps as

Cps(νi , νj ) = Apsr(νi)r(νj )

(
νiνj

ν2
Q

)α−2

, (5)

where νi,j are the frequencies of the two maps used to calculate
the TT spectrum, Aps is an unknown amplitude, and νQ =
40.7 GHz is the Q-band central frequency.

In this section, we estimate the value of Aps needed to correct
the TT power spectrum, finding Aps = 0.011 ± 0.001 µK2 sr,
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What do we know about reionization?

• CMB optical depth => midpoint of reionization z~10

• Gunn-Peterson trough => universe mostly ionized at z<6

• Lyman alpha forest => ionizing background at z<6

• High redshift galaxies => ionizing background + star formation

Reionization complete by z~6.5

Midpoint of reionization z~9-11

Reionization extended, may begin z>15
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21 cm mean signal
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21 cm basics

11S1/2

10S1/2
n0

n1

λ = 21 cm

n1/n0 = 3 exp(−hν21cm/kTs)

ν21cm = 1, 420, 405, 751.768± 0.001 Hz

Useful numbers:

100 MHz→ z = 13

200 MHz→ z = 6

70 MHz→ z ≈ 20

Hyperfine transition of neutral hydrogen

Spin temperature describes relative occupation of levels

Precisely measured transition from water masers

tAge(z = 10) ≈ 500 Myr

tAge(z = 6) ≈ 1 Gyr

tAge(z = 20) ≈ 150 Myr

tGal(z = 8) ≈ 100 Myr
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21 cm line in cosmology

CMB acts as
back light

Neutral gas
imprints signal

Redshifted signal
detected

z = 0
ν = 100MHzν = 1.4 GHz

z = 13

TS

Tk

TbTγ

T−1
S =

T−1
γ + xαT−1

α + xcT
−1
K

1 + xα + xc

spin temperature Coupling mechanisms:
Radiative transitions (CMB)
Collisions
Wouthysen-Field effect 

Brief Article

The Author

March 23, 2010

}

WMAP1
τ = 0.166± 0.076 (1)

WMAP3
τ = 0.09± 0.03 (2)

WMAP5
τ = 0.087± 0.017 (3)

Tb = τ

�
Ts − Tγ

1 + z

�
(4)

Tb = 27xHI(1 + δb)
�

TS − Tγ

TS

� �
1 + z

10

�1/2

mK (5)

Tb = 27xHI(1 + δb)
�

TS − Tγ

TS

� �
1 + z

10

�1/2 �
∂rvr

(1 + z)H(z)

�−1

mK (6)

T
−1

S
=

T
−1
γ + xαT

−1
α + xcT

−1

K

1 + xα + xc

(7)

τ =
3cλ2

hA10nH

32πkBTs(1 + z)(dvr/dr)
(8)

Ts − Tγ

Ts

=
xtot

1 + xtot

�
1− Tγ

Tk

�
(9)

1

brightness temperature
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Wouthysen-Field Effect

11S1/2

10S1/2

20P1/2

21P1/2

21P1/2

22P1/2

Hyperfine structure of HI

Field 1959

Wouthysen 1959

Resonant Lyman α scattering couples
ground state hyperfine levels

Coupling ∝ Lyα flux

TS ∼ Tα ∼ TK

W-F recoils

spin colour gas

λ = 21 cm
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What did the first galaxies look like?

Lyman alpha photons 
originate from stars

Population II or III?
(cooling by metals or hydrogen)

Star formation rate?
(feedback from radiation or heating)

Clustering properties?
(host halo mass)
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Thermal history
• X-rays likely dominant heating source in the early universe 
   - (Lya heating inefficient, uncertain shock contribution)

14/26ITAMP
APR 2008 Energy deposition

Shull & van Steenberg 1985
Valdes & Ferrara 2008

X-ray

HI
HII

e-

e-

HI

photoionization

collisional
ionization

excitation

heating

Ly!

Chen & 
Miralda-Escude 2006

heating
ionization

Ly!

•X-ray energy partitioned

other "

• X-rays ionize HeI mostly, but secondary electrons ionize HI 

• Makes X-ray pre-heating without WF coupling unlikely

• Lya from X-ray can dominate over stellar Lya near into sources

•Two phase medium: ionized HII regions and partially
   ionized IGM outside xe<0.1

Shull & van Steenberg 1985
Furlanetto & Johnson 2010

1eV=10,000 K

• Long X-ray mean free path allows heating far from source
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What were the first X-ray sources?

mini-quasarSNRX-ray binary

• Only weak constraints from diffuse soft X-ray background
Dijkstra, Haiman, Loeb 2004

• Fiducial model extrapolates local X-ray-FIR correlation to 
  connect X-ray emission to star formation rate
   ~1 keV per baryon in stars

• Might track growth of black holes instead of star formation 

Glover & Brand 2003

Zaroubi+ 2007
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21 cm mean signal

Constraining massive neutrinos using cosmological 21 cm observations

Jonathan R. Pritchard∗

Harvard-Smithsonian Center for Astrophysics,

MS-51, 60 Garden St, Cambridge, MA 02138

abstract

I. INTRODUCTION

FIG. 1: default

∗
Hubble Fellow; Electronic address: jpritchard@cfa.harvard.edu

TCMB

TK

TS

collisional Lya coupling

adiabatic
cooling

X-ray heating

Main processes:
1) Collisional coupling
2) Lya coupling
3) X-ray heating
4) Photo-ionization

Furlanetto 2006
Pritchard & Loeb 2010
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EoR signal

>100 MHz

>70 MHz

>50 MHz

50 Years Ago
Text lad di da
From Nature 13 February 1877

100 Years Ago
Text in here
From Nature 25 December 2002

C O S M O L O G Y

Hydrogen was not 
ionized abruptly
When and how the first stars and galaxies ionized the primordial hydrogen atoms 
that filled the early Universe is not known. Observations with a single radio 
antenna are opening a new window on the process. S L .796

J O N A T H A N  P R I T C H A R D  &  A B R A H A M  L O E B

Four hundred thousand years after the 
Big Bang, the Universe had cooled  
sufficiently for hydrogen atoms to form. 

Hundreds of millions of years later, the first 
stars and galaxies had produced ionizing ultra-
violet radiation that broke the hydrogen atoms 
into their constituent electrons and protons. 
This process, termed reionization, marks a 
major cosmological phase transition. When 
and how rapid this transition was are impor-
tant open questions1. On page 796 of this issue, 
Bowman and Rogers2 implement a new tech-
nique that allows them to rule out models in 
which reionization occurs abruptly.

Their approach uses a simple radio antenna 
operating at low frequencies to measure the 
absolute radio intensity of the sky. Cosmic 
hydrogen atoms can emit or absorb light with 
a wavelength of 21 centimetres, a signal that 
is stretched (redshifted) on its way to Earth 
through the expansion of the Universe3. The 

redshifted 21-cm hydrogen signal, which 
falls within the radio regime, is expected to 
cut off at short, observed wavelengths that 
correspond to later times when the Universe 
was ionized. The authors’ experiment to 
detect the global reionization step (EDGES) 
searches for the associated spectral step in the  
sky’s intensity4.

Our knowledge of the epoch of reioniza-
tion is surprisingly limited. The lack of ultra-
violet (UV) absorption by diffuse neutral 
hydrogen along the line of sight to the most 
distant quasars5 (accreting black holes) indi-
cates that the Universe is largely ionized at a 
redshift of less than about 6 — a billion years 
after the Big Bang. Yet observations of the the 
cosmic microwave background6 — radiation 
left over from the Big Bang — indicate that the 
Universe was filled with neutral hydrogen at 
much earlier times. Clearly, a transition must 
have occurred from a neutral to an ionized 
Universe, but even recent observations of 
high-redshift galaxies with the Hubble Space 
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Figure 1 | The 21-centimetre cosmic hydrogen signal. a, Time evolution of fluctuations in the  
21-cm brightness from just before the first stars formed through to the end of the reionization epoch.  
This evolution is pieced together from redshift slices through a simulated cosmic volume9. Coloration 
indicates the strength of the 21-cm brightness as it evolves through two absorption phases (purple  
and blue), separated by a period (black) where the excitation temperature of the 21-cm hydrogen  
transition decouples from the temperature of the hydrogen gas, before it transitions to emission (red)  
and finally disappears (black) owing to the ionization of the hydrogen gas. b, Expected evolution of the 
sky-averaged 21-cm brightness8 from the ‘dark ages’ at redshift 200 to the end of reionization, sometime 
before redshift 6. The frequency structure within this redshift range is driven by several physical processes, 
including the formation of the first galaxies and the heating and ionization of the hydrogen gas. There is 
considerable uncertainty in the exact form of this signal, arising from the poorly understood properties  
of the first galaxies. Bowman and Rogers2 study the final phase, in which the progressive ionization of the 
gas cuts off the signal.

7 7 2  |  N A T U R E  |  V O L  4 6 8  |  9  D E C E M B E R  2 0 1 0

NEWS & VIEWSRESEARCH

Pritchard & Loeb 2010
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Uncertain high redshift sources

Properties of first galaxies
are very uncertain

Frequencies below 100 MHz
probe period of X-ray heating
& Lya coupling

3

will occur as UV photons produce bubbles of ionized hy-

drogen that percolate, removing the 21 cm signal.

We may thus identify five main events in the history

of the 21 cm signal: (i) collisional coupling becoming in-

effective (ii) Lyα coupling becoming effective (iii) heat-

ing occurring (iv) reionization beginning (v) reionization

ending. In the scenario described above the first four of

these events generates a turning point (dTb/dz = 0) and

the final event marks the end of the signal. We reiterate

that the astrophysics of the sources driving these events

is very uncertain, so that when or even if these events

occur as described is currently unknown. Figure 2 shows

a set of histories for different values of the X-ray and Lyα
emissivity, parametrized about our fiducial model by fX

and fα representing the product of the emissivity and the

star formation efficiency following Ref. [17]. Clearly the

positions of these features may move around both in the

amplitude of Tb and the frequency at which they occur.

FIG. 2: Dependence of 21 cm signal on the X-ray (top panel)

and Lyα (bottom panel) emissivity. In each case, we consider

examples with the emissivity reduced or increased by a factor

of up to 100. Note that in our model fX and fα are really the

product of the emissivity and the star formation efficiency.

We view this to be the most likely sequence of events

for plausible astrophysical models. We are reassured in

this sequencing since, in the absence of Lyα photons es-

caping from galaxies [21], X-rays will also produce Lyα
photons [22, 23] and so couple TS to TK and, in the ab-

sence of X-rays, scattering of Lyα photons heats the gas

[24]. In each case the relative sequence of events is likely

to be maintained. We will return to how different models

may be distinguished later and now turn to the presence

of foregrounds between us and the signal.

III. FOREGROUNDS

At the frequencies of interest (10-250 MHz), the sky

is dominated by synchrotron emission from the galaxy.

A useful model of the sky has been put together by Ref.

[25] using all existing observations. The sky at 100 MHz

is shown in Figure 3, where the form of the galaxy is

clearly visible. In this paper, we will be focusing upon

observations by single dipole experiments. These have

beam shapes with a typical field-of-view of tens of de-

grees. The lower panel of Figure 3 shows the beam of

dipole (approximated here as a single cos
2 θ lobe) sit-

ting at the MWA site in Australia (approximate latitude

26
◦
59’S), observing at zenith, and integrated over a full

day. Although the dipole does not see the whole sky at

once it does average over large patches. We will therefore

neglect spatial variations (although we will return to this

point in our conclusions).

FIG. 3: Top panel: Radio map of the sky at 100 MHz gen-

erated from Ref. [25]. Bottom panel: Ideal dipole response

averaged over 24 hours.

Averaging the foregrounds over the dipole’s angular re-

sponse gives the spectrum shown in the top panel of Fig-

ure 4. First note that the amplitude of the foregrounds is

large ∼ 100 K compared to the 10 mK signal. Nonethe-

less, given the smooth frequency dependence of the fore-

grounds we are motivated to try fitting the foreground

out using a low order polynomial in the hope that this

leaves the signal behind. This has been shown by many

authors [e.g. 26, 27] to be a reasonable procedure in the

case of 21 cm tomography. There the inhomogeneities

fluctuate rapidly with frequency, so that only the largest

Fourier modes of the signal are removed. In the case of

the global 21 cm signal our signal is relatively smooth in

X-ray emissivity

Lyα emissivity

Pritchard & Loeb 2010

Possibility of heating from 
shocks or exotic physics too
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Global 21 cm experiments

EDGES
Global signal can be probed
by single dipole experiments

e.g. EDGES - Bowman & Rogers 2008
CoRE - Ekers+

Switch between sky and calibrated noise source

The approach we have followed is to implement a high dynamic-range, high linearity 
spectrometer using an internal comparison source between the antenna and spectrometer receiver 
for instrumental calibration. An internal comparison source necessitates special care in the 
system to ensure that the propagation of the sky signal through the antenna into the receiver is 
well controlled and understood since its path is not calibrated by the internal comparison. In 
addition, the common presence of strong, variable RFI at most radio observing sites dictates 
additional linearity and sampling stability in the analog-to-digital conversion. 
 
 

 
Figure S1.  Block schematic of the EDGES internal-comparison spectrometer. 
 
The EDGES system consisted of three modules as illustrated in Figures S1 and S2: an antenna, 
an amplifier and comparison switching module, and a digital backend for analog-to-digital 
conversion and storage. The antenna was a modified dipole and was compact and planar in order 
to reduce self-reflections and placed over a conducting mesh resting directly on the ground in 
order to eliminate reflections from the ground and to reduce gain toward the horizon. The 
amplifier module was connected directly to the antenna (through a ferrite core balun) without 
transmission cables to reduce the impact of reflections due to impedance mismatch within the 
electrical path of the instrument. The amplifier chain was connected through a voltage controlled 
switch to one of three inputs: the antenna, an ambient load, or an ambient load plus a calibration 
noise source. Switching between the ambient load and the antenna provides the comparison to 
subtract instrumental artifacts from the measured sky spectrum. The digital backend was an off-
the-self digitizer contained on a PCI card connected to a host computer.  

Bowman & Rogers 2010
today’s Nature
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Frequency subtraction

Look for sharp 21 cm signal
against smooth foregrounds

Shaver+ 1999

8

V. REIONIZATION

In this section, we will consider the possibility of constraining the evolution of the hydrogen

neutral fraction. Predicting the reionization history has attracted a great deal of attention in

recent years. Constraints arise from the Lyman alpha forest, the optical depth to the CMB, and

numerous other locations. Although these may be combined to constrain the reionization history

[e.g. 5], the quality of the data is poor.

Given the uncertainty associated with making detailed predictions for the evolution of xH ,

we will take a toy tanh model for reionization (as used by the WMAP analysis)with parameters

describing the two main features of reionization: its mid point zr and duration ∆z. We will further

assume that the 21 cm spin temperature can be taken to be saturated at the relevant redshifts

(a reasonable although not guaranteed simplifying assumption). With this the 21 cm brightness

temperature is given by

Tb(z) =
T21

2

�
1 + z

10

�1/2 �
tanh

�
z − zr

∆z

�
+ 1

�
. (8)

In principle, the amplitude of the signal T21 is calculable from first principles (T21 = 27 mK for

our fiducial cosmology), but we leave it as a free parameter. This helps us gauge how well the

experiment is really detecting the 21 cm signal.

Figure 6 shows a few different histories for this model.

Before exploring the larger parameter space allowed by the WMAP constraints, we validate our

Fisher matrix against a more numerically intensive Monte-Carlo. Taking fiducial values of zr = 8,

∆z = 1, and Npoly = 3, we fit the model and foreground for 10
6

realisations of the thermal noise.

The resulting parameter contours are shown in Figure 7 along with the Fisher matrix constraints.

These are in good agreement giving us faith in our underlying formalism.

It should be noted though that this formalism breaks down when the Fisher matrix errors

become large enough that reionization parameters are not well constrained. comment on point

at which things actually break down

We now consider two 21 cm global experiments: an optimistic scenario in which we need only

remove a Npoly = 3 polynomial and one where we need a Npoly = 6 polynomial. In each case, we

assume an experiment covering the frequency range 100− 250 MHz in 50 bins and integrating for

500 hours. The resulting potential detection region is shown in Figure 8.

The detection region shows a number of wiggles associated with points in the frequency range

where the shape of the 21 cm signal becomes more or less degenerate with the polynomial fitting.

Foreground

Signal

5

FIG. 3: Foregrounds

10 mK signal. Nonetheless, given the smooth frequency dependence of the foregrounds we are

motivated to try fitting the foreground out using a low order polynomial in the hope that this

leaves the signal behind. This has been shown by many authors to be a reasonable proceedure [?

].

FIG. 4: Residuals left over after fitting a n-th order polynomial in log ν to the foreground from the GSM.

Throughout this paper, we will fit the foregrounds using a polynomial of the form

log Tfit =

Npoly�

i=0

ai log(ν/ν0)
i. (2)

Here ν0 is a pivot scale and we will generally recast a0 → log T0 to emphasise that the zeroth order

coefficient has units of temperature. The lower panel of Figure 4 shows the residuals left over after

Extended reionization histories
closer to foregrounds

TS>>TCMB
no spin temperature

dependence
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Latest results from EDGES

! MHz

T A [K
]
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0

500

1000
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redshift, z
13 12 11 10 9 8 7

Thermal noise ~ 6mK

Three months integration
at low duty cycle 

at MWA site 

Bowman & Rogers 2010
today’s Nature

Role off at edges of band
due to instrumental response
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Reionization constraints

marginalising over 12th order
 polynomial fit to foregrounds
and instrument response
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Some channels lost to RFI

Δz<0.06 excluded at 95% level

Bowman & Rogers 2010
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Numerical simulation

Santos+ 2008
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Numerical simulations

25
STScI
MAR
2009 Simulation + Lya +X-rays

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

Lya & T fluctuations
can be importantSantos+ 2008

Detailed numerical simulation 
including spin temperature 
limited but underway:
- Baek+ 2008, 2010

Fast approximate schemes being 
developed:
 - Santos+ 2009       “Fast21CM”
 - Mesinger+ 2010   “21cmFast”
 - Thomas+ 2010         “BEARS”

Basics of reionization simulation
well understood
- dynamic range is hard

100/h Mpc ~ 1 deg @z=7.4
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Power spectrum
8

STScI
MAR
2009 Power spectra

bias source properties density

Barkana & Loeb 2004
Chuzhoy, Alvarez, & Shapiro
2006
Pritchard & Furlanetto 2007

• Fluctuations in Lya or X-rays both 
   add power on large scales
• Largest scales gives bias of sources
• Intermediate scales says something 
  about sources 
  e.g. stellar spectrum vs power law
• T fluctuations say something about
   thermal history

Lya

TK<T!

TK>T!

X-rays
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8
STScI
MAR
2009 Power spectra

bias source properties density

Barkana & Loeb 2004
Chuzhoy, Alvarez, & Shapiro
2006
Pritchard & Furlanetto 2007

• Fluctuations in Lya or X-rays both 
   add power on large scales
• Largest scales gives bias of sources
• Intermediate scales says something 
  about sources 
  e.g. stellar spectrum vs power law
• T fluctuations say something about
   thermal history

Lya

TK<T!

TK>T!

X-rays

Lya fluctuations add power on large scales
Largest scales give information on source
 bias
Intermediate scales on source spectrum

T fluctuations give information on 
thermal history 

clustering/growth of mini-quasars 
could be very different

Pritchard & Furlanetto 2007

Barkana & Loeb 2004
Chuzhoy, Alverez & Shapiro 2006
Pritchard & Furlanetto 2006
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Amplitude and Tilt
Lidz+ 2008

MWA/LOFAR probably limited to amplitude and slope 
-> neutral fraction measurement at 10% level at several redshifts

A
m

plitude
Slope

Ionized fraction

Power spectrum flattens and drops as reionization proceeds
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HII region morphology

McQuinn+ 2007

1. neutral fraction
2. Sources
3. Sinks
4. Thermal feedback

HII region morphology determined 
primarily by:

Precise power spectrum measurements
can distinguish these different scenarios

Morphology of H II regions during reionization 1049

S1 S3 S4S2

z 
= 

7.
7

z 
= 

7.
3

z 
= 

8.
7

Figure 3. Comparison of four radiative transfer simulations post-processed on the same density field, but using different source prescriptions parametrized by
Ṅ (m) = α(m) m. The white regions are ionized and the black are neutral. The left-hand panel, left centre panel, right centre panel and right-hand panels are,
respectively, cuts through Simulations S2 (α ∝ m−2/3), S1 (α ∝ m0), S3 (α ∝ m2/3) and S4 (α ∝ m0, but only haloes with m > 4 × 1010 M$ host sources). For
the top panels, the volume-ionized fraction is x̄i,V ≈ 0.2 (the mass-ionized fraction is x̄i,M ≈ 0.3) and z = 8.7. For the middle panels, x̄i,V ≈ 0.5(xi,M ≈ 0.6)
and z = 7.7, and for the bottom panels, x̄i,V ≈ 0.7(x̄i,M ≈ 0.8) and z = 7.3. Note that the S4 simulation outputs have the same x̄i,M , but x̄i,V that are typically
0.1 smaller than that of other runs. In S4, the source fluctuations are nearly Poissonian, resulting in the bubbles being uncorrelated with the density field
(x̄i,V ≈ x̄i,M ). Each panel is 94 Mpc wide and would subtend 0.6 degrees on the sky.
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Figure 4. The volume-weighted bubble radius PDF for the S1 (solid curves),
S3 (dot–dashed curves) and S4 (dotted curves) simulations. See the text for
our definition of the bubble radius R. We do not include curves for the
S2 simulation because they are similar to those for S1. The thin curves
are at z = 8.7 and x̄i,M = 0.3, and the thick curves are at z = 7.3 and
x̄i,M = 0.8. Simulation S4 has the rarest sources and the largest H II regions
of the four models.
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Figure 5. The ionization fraction power spectrum "xx (k)2 = k3 Pxx (k)/2π2

for the S1 (solid curves), S2 (dashed curves), S3 (dot–dashed curves) and S4
(dotted curves) simulations. For the top panels, x̄i,V ≈ 0.2(x̄i,M ≈ 0.3), for
the middle panels, x̄i,V ≈ 0.5(xi,M ≈ 0.6) and for the bottom panels, x̄i,V ≈
0.7(x̄i,M ≈ 0.8). In all panels, the fluctuations are larger at k ! 1 h Mpc−1

in S3 and S4 than they are in S1 and in S2. As the most massive haloes
contribute more of the ionizing photons, the ionization fraction fluctuations
increase at large scales.

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 377, 1043–1063

L ∝ m1/3 L ∝ m5/3L ∝ m m > 4× 1010m⊙

More massive sources dominate
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Evolution of power spectrum

Pritchard & Loeb 2008

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

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 sufficient
to smooth out the signal on wavenumbers k ! 10 Mpc−1.
This cutoff 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 different k values for different 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(ν/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(ν) 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 difficulty 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 effect of compressing the signal at high red-
shifts (model C). The signal from astrophysics in these
three models begins at ν ≈ 60 MHz and continues to
ν ≈ 150 MHz although this upper limit is very sensitive
to the details of reionization.

Removing foregrounds to the rather low level of∼ 10−7

z=30-50 range much harder!

Distinguish different contributions 
via shape and redshift evolution

Dark agesFirst gal.reionizationDLA
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Evolution of power spectrum

Pritchard & Loeb 2008
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sky noise to be Tsky ≈ 180 K(ν/180 MHz)−2.6 (appropri-
ate for galactic synchrotron emission [10]), noting that
the normalization depends upon the region of sky being
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reducing foregrounds by a factor of ∼ 10−5 is required to
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light. The difficulty increases if reionization occurs early,

FIG. 3: Redshift evolution of the angle-averaged 21 cm power
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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
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for Model C. Reionization at z = 11.8. Same
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which has the effect of compressing the signal at high red-
shifts (model C). The signal from astrophysics in these
three models begins at ν ≈ 60 MHz and continues to
ν ≈ 150 MHz although this upper limit is very sensitive
to the details of reionization.

Removing foregrounds to the rather low level of∼ 10−7

Dark agesFirst gal.reionizationDLA

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

z=30-50 range much harder!

Distinguish different contributions 
via shape and redshift evolution
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Evolution of the power spectrum

Mesinger+ 2010 More from Santos next...
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Intensity mapping in outline

Measure power spectrum of galaxies by integrating 21 cm flux
=> big picture of distribution of galaxies without spending time on resolving details

Can also target neutral hydrogen after reionization out to z~3 with instruments at 
frequencies > 350 MHz
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Intensity mapping in outline

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 

Measure power spectrum of galaxies by integrating 21 cm flux
=> big picture of distribution of galaxies without spending time on resolving details

Carilli 2010

Can also target neutral hydrogen after reionization out to z~3 with instruments at 
frequencies > 350 MHz
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Intensity mapping and dark energy

BAO first peak ~130 h-1 Mpc

BAO third peak ~ 35 h-1 Mpc 
 corresponds to ~20 arcmin

BAO signal can be retained while the other emission is
removed. Of course this subtraction will be imperfect,
because of imperfections in the telescope and spatial var-
iations in the astrophysical source spectrum. A similar
challenge is faced by the higher-redshift 21 cm experi-
ments probing the cosmic reionization era and many fore-
ground subtraction methods have been proposed ([9], and
references therein).

The spectral index ! for galactic emission varies across
the sky. The frequency-double-difference technique de-
scribed above suppresses the galactic sky brightness but
leaves a residual of order !T ! !!"!f=f#2T to first
power in !!, where !! is the uncertainty in spectral index
and !f the frequency difference. Using the WMAP3 mea-
surement we estimate

 !T $ 1:3!!
!

l
200

"%0:5
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1& z
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"
3:2
!
!f
f

"
2
K; (2)

where l is the spherical harmonic number. The normaliza-
tion factor of 1.3 K temperature fluctuation is derived by
extrapolating from the WMAP3 measurement of galactic
foreground variation at 20 GHz on 3.7' degree scale, along
with the spectral index of synchrotron emission at midg-
alactic latitude [10]. Adopting !! ! 1, a conservative
upper limit, we estimate a residual galactic interference
signal which is plotted in Fig. 3.

Figure 3 shows various potential limitations to BAO
measurements using 21 cm sky brightness mapping. The
top exclusion comes from the nonlinear scale, which erases
the baryon wiggles. The left exclusion comes from the
finite volume, which sets a lower bound on the lowest
wave number that fits within a given volume. The lower

right is a rough estimate of the impact of foregrounds using
the double frequency difference described above. The
shaded region reflects the region where the estimated
residual foreground from Eq. (2) exceeds the expected
signal in Eq. (1).

Parameter estimation.—To estimate the sensitivity of
this technique for measurement of dark energy parameters,
we follow the procedure in Seo and Eisenstein [11] and
carry out the standard figure-of-merit calculation used in
the DETF report [3]. Our calculations include the effects of
redshift space distortion and a simplified model of non-
linearity using a smoothing window. This type of analysis,
the conversion from survey data to cosmological parame-
ters, is an area of active research, and several effects such
as mode-mode coupling are still being investigated. Our
use of shells of 21 cm surface brightness introduces two
new types of unknowns into the analysis: the HI density,
and the bias of 21 cm sources. To accommodate these
uncertainties we make one sensitivity estimate using con-
servative values for the unknown quantities (IM) as our
baseline model, and one with a worst case assumption that
each of these effects works to increase the error (IMW).
The IM case estimate assumes that "HI remains at the
present day value of 0.0005, independent of redshift, and
we adopt a bias b ! 1. The shot noise from present day HI
galaxies [12] is negligible. Motivated by the reconstruction
of BAO degradation due to nonlinearity in [13] the Seo and

FIG. 3. The observable parameter space in redshift and in scale
(k) for BAO. The shaded regions are observationally inaccessible
(see text). The horizontal lines indicate the scale of the first three
BAO wiggles, and the dashed lines show contours of constant
spherical harmonic order ‘.

FIG. 4. The 1% " contour for IM combined with Planck
(inner thick solid for baseline model, outer thin solid for worst
case), the Dark Energy Task Force stage I projects with Planck
(outer dotted), the stage I and III projects with Planck (inter-
mediate dotted), the stage I, 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).

PRL 100, 091303 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
7 MARCH 2008

091303-3

Covering large volumes allows strong 
constraints on dark energy and geometry

Chang, Pen, Bandura & Peterson 2010

Also learn about ΩHI
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Figure 1. Sensitivity to Dark Energy Models. The plot shows projected error ellipses in the 

parameter space laid out by the Dark Energy Task Force. w0 = p/! is the dark energy 

equation of state, and wa is the first derivative of w. Plotted in black are 1-" and 2-" 

contours for HI Intensity Mapping assuming a Cylinder Radio Telescope of area 10,000 sq 

meters. Also plotted are contours for the optical BAO experiments SDSS-III after 

combining the Large Red Galaxy and Lyman-alpha surveys (red) and WFMOS (blue). 

'

Cylinder Radio Telescope ~ 10,000 m2
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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.

2.0

1.5

1.0

0.5

–0.5

0

1 10

C
or

re
la

tio
n 

(1
0–

4  
K

)

Lag (h–1 Mpc)

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
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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Chang, Pen, Bandura & Peterson 2010

Observations at 0.5<z<1 showing cross-correlation between radio and galaxy signal
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Conclusions

• Currently know very little observationally about reionization history 

• Need to understand both sources and IGM => 21 cm observations with SKA-low key

• 21 cm global experiments capable of constraining broad-brush properties of signal
 
• 21 cm fluctuations complement the global signal and contain wealth of information

- Lyman alpha fluctuations => star formation rate
- Temperature fluctuations => X-ray sources
- Neutral fraction fluctuations => topology of reionization

• For specified assumptions can begin to calculate 21 cm signal including all relevant physics
    - still large uncertainties in what assumptions about first galaxies are reasonable

• Spatial and redshift information are critical to separating the different contributions to 
   the 21 cm signal

• SKA1 and SKA2 potentially sensitive to very first galaxies at lowest frequency range
   
• 21 cm intensity mapping provides a powerful alternative to galaxy surveys that should be 
explored
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