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The 21cm Universe
!
• 21cm radiation observable up to z~150, in emission 
or absorption against the CMB background.	


• Fundamental Physics (LSS):  	


• measure geometry, growth of structure 	


• via gravitational lensing, clustering power 
spectrum, Redshift Space Distortion, Baryon 
Acoustic Oscillation	


• in term probes dark energy, non-Gaussianity, 
modified gravity  	


• Astrophysics: 	


•Epoch of Reionization (EoR), Cosmic Dawn	


•galaxy formation & evolution	


• Experiments Now	


•LSS: GBT-HIM, CHIME, Tian-Lai, Parkes-IM, CRT, 
Baobab, BINGO, BAOradio 	


•EoR: GMRT-EoR, LOFAR, PAPER, MWA, 21CMA, 
HERA, SKA-low, EDGES, LEDA, MITEoR, SARAS, 
SCI-HI, DARE

SDSS 

Cosmic Dawn EoR

LSS



Intensity Mapping

• Due to small emissivity, HI in 
emission is difficult to detect 
(see, e.g., Marc’s talk). 	


• HI direct detection at z~0.2 
(Verheijen et al 2010), stacking at 
z~0.37 (Lah et al. 2007); both on 
galaxy scales.

WiggleZ



Intensity Mapping
•“Intensity Mapping” (Bharadwaj & Sethi 
2001, Chang+ 2008, Wyithe & Loeb 2008):	


• instead of HI associated with galaxies, 
measure HI associated with large-scale 
structure 	


• measure the collective HI emission from a 
large region, more massive and luminous, 
without spatially resolving down to galaxy 
scales.	


• Measurement of spatially diffused 
spectral line, in the confusion-limited 
regime	


• Brightness temperature fluctuations on 
the sky:  just like CMB temperature field, 
but in 3D   	


• Low-angular resolution redshift surveys:  
LSS sciences, economical 

WiggleZ



21cm Large-Scale Structure 

(a) Input box (b) Recovered box

Fig. 34. A simulation of foreground removal for the SKA, when telescope noise is low
and 21 cm tomography might be possible. The main features of the box, especially
the largest ionized bubbles (shown in black), are robustly recovered. This simulation
utilizes a fifth-order Chebyshev polynomial basis for foreground removal, as well as
the additional step described in the text of zeroing the large bubbles to calibrate
the foregrounds. The box is ∼ 400 comoving Mpc across at z ∼ 9 and contains 1283

pixels. From [411].

ground lines, terrestrial interference, and ionospheric distortion.

9.4.1 Radio Recombination Lines

Unlike free-free and synchrotron emission, foreground radio recombination
lines (RRLs) can introduce significant structure in frequency space. These
lines, which are generated by recombination cascades through high-n elec-
tronic levels in HII regions, could therefore be serious contaminants. Little is
known about the RRL background at the low radio frequencies accessed by
redshifted 21 cm instruments; indeed, these experiments could turn out to be a
major source of new information about both galactic and extragalactic RRLs.
Here we briefly summarize our existing knowledge of the RRL background (for
a comprehensive review, see [419]; see also the discussions in [272, 274, 420]).

The most likely source of contamination is our Galaxy. The frequency of a
hydrogen RRL between levels n and n −∆n is

ν ≈ 153∆n
!

n

350

"−3

MHz. (163)

Observationally, the lines tend to occur every 1–2 MHz over the frequency

156

��e cosmic �eb at ����� as traced b�
luminous red �ala�ies

���� ����

A slice ���  Mpc across and ��  Mpc t�ic�

z1 10

LSS; 
BAO EoR

M. White 

• 6<z<10, Epoch of 
Reionization (EoR), HI shows 
tomographic history of 
reionization, ~20-50 Mpc 
scale => astrophysics

 Large-scale HI temperature fluctuation intensity mapping;  CMB-like, in 3D

•  0.5<z<2.5, HI traces 
underlying matter 
distribution, can be used 
to measure Baryon 
Acoustic Oscillations 
(BAO), 109 h-1 Mpc scale 
=> dark energy 

Tracing large-scale structure

The cosmic web at z~0.5, as traced by

luminous red galaxies

SDSS BOSS

A slice 500h-1 Mpc across and 10 h-1 Mpc thick



21cm Intensity Mapping 
 Observational Challenges:   

•RFI, Galactic Synchrotron foregrounds > 103 signal	

•HI content, distribution at high-z uncertain	


Haslam Map at 
408 MHz



Observing 21cm Large-Scale Structure 

(a) Input box (b) Recovered box

Fig. 34. A simulation of foreground removal for the SKA, when telescope noise is low
and 21 cm tomography might be possible. The main features of the box, especially
the largest ionized bubbles (shown in black), are robustly recovered. This simulation
utilizes a fifth-order Chebyshev polynomial basis for foreground removal, as well as
the additional step described in the text of zeroing the large bubbles to calibrate
the foregrounds. The box is ∼ 400 comoving Mpc across at z ∼ 9 and contains 1283

pixels. From [411].

ground lines, terrestrial interference, and ionospheric distortion.

9.4.1 Radio Recombination Lines

Unlike free-free and synchrotron emission, foreground radio recombination
lines (RRLs) can introduce significant structure in frequency space. These
lines, which are generated by recombination cascades through high-n elec-
tronic levels in HII regions, could therefore be serious contaminants. Little is
known about the RRL background at the low radio frequencies accessed by
redshifted 21 cm instruments; indeed, these experiments could turn out to be a
major source of new information about both galactic and extragalactic RRLs.
Here we briefly summarize our existing knowledge of the RRL background (for
a comprehensive review, see [419]; see also the discussions in [272, 274, 420]).

The most likely source of contamination is our Galaxy. The frequency of a
hydrogen RRL between levels n and n −∆n is

ν ≈ 153∆n
!

n

350

"−3

MHz. (163)

Observationally, the lines tend to occur every 1–2 MHz over the frequency
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Tracing large-scale structure

The cosmic web at z~0.5, as traced by

luminous red galaxies

SDSS BOSS

A slice 500h-1 Mpc across and 10 h-1 Mpc thick

z1 10

BAO EoR
M. White 

z ~1 ~10

Science goal LSS; BAO EoR

Signal (mK) 0.1 10

Tsys (K) 30 300

Foreground spatial 
fluctuation (K)

0.1 10

Size scale ~10’ - 1.4 deg;  109 h
(non-linear scale - first peak)

~10’-30’;  20-50 Mpc
 (bubble scale)

First proposed 2007 1970’s?

First measurement 2010; cross-correlation >2011;  upper limit

Strategy single dish Interferometers



Probing Large-Scale Structure

 Measuring Baryon Acoustic Oscillation (BAO) for dark 
energy properties with 21cm power spectrum at z~1



The oscillation peaks and troughs on the CMB 
power spectrum

Planck
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The oscillation features on the large-scale matter 
power spectrum

SDSS III BOSS 

14 L. Anderson et al.

Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3hMpc�1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

⇥
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04hMpc�1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ⇥Bm(k/�), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter � as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2hMpc�1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
�

n

W (ki, kn)P (kn)m �W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
�k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB � 1)e�k2�2
nl/2 + 1, (34)

where the damping scale ⇥nl is a fitted parameter. We assume
a Gaussian prior on ⇥nl with width ±2h�1 Mpc, centred on
8.24h�1 Mpc for pre-reconstruction fits and 4.47h�1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c� 2011 RAS, MNRAS 000, 2–33

Anderson+12

courtesy of M. Blanton



T = 280± 80 µK

�HI ⇤ (9.3± 2.7)� 10�4

GBT radio 
continuum 

sources + HI

GBT HI 

DEEP2 
density 

21cm Intensity Mapping for BAO	

Pilot Program at Green Bank Telescope (GBT)  

Chang+ 2010

!
• HI:  0.58 < z < 1.0          900 MHz > frequency > 700 MHz 	


•GBT Beam FWHM ~ 15‘        9 h-1Mpc at z~0.8  Ideal for large-scale structure studies	


• Spectral resolution ~ 24 kHz, rebinned to ~500 kHz       2 h-1Mpc Ideal for large-scale 
structure studies	




Chang, Pen, Bandura, Peterson, Nature, 2010

• Measure HI & optical 
cross-correlation on 9 Mpc 
(spatial) x 2 Mpc (redshift) 
comoving scales 	


• ~15 hrs on 2 deg2	


• T = 157 ± 42 μK   	


• ΩHI r b = (5.5 ± 1.5) x 10-4	


• Highest-redshift detection 
of HI in emission at 4-
sigma statistical 
significance.           

21cm Intensity Mapping 
Cross-correlating GBT HI & DEEP2 optical galaxies at 
z ~ 0.7-1.1

11



21cm Intensity Mapping 
Cross-correlating GBT HI & WiggleZ optical galaxies 
at z ~ 0.6-1

Masui+, GBT-HIM team, 
2013

•~190 hours on 41deg2 	


•HI brightness 
temperature on these 
scales at z=0.8: 	


•ΩHI r b = (4.3 ± 1.1) x 
10-4

21CM BRIGHTNESS FLUCTUATIONS 3
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Figure 1. Maps of the GBT 15 hr field at approximately the band-center. The purple circle is the FWHM of the GBT beam, and the color range saturates in
some places in each map. Left: The raw map as produced by the map-maker. It is dominated by synchrotron emission from both extragalactic point sources
and smoother emission from the galaxy. Right: The raw map with 20 foreground modes removed per line of sight relative to 256 spectral bins, as described in
Sec. 3.2. The map edges have visibly higher noise or missing data due to the sparsity of scanning coverage. The cleaned map is dominated by thermal noise, and
we have convolved by GBT’s beam shape to bring out the noise on relevant scales.

is motivated by the eigenvectors of smooth synchrotron fore-
grounds (Liu and Tegmark 2011, 2012). In practice, instru-
mental factors such as the spectral calibration (and its stabil-
ity) and polarization response translate into foregrounds that
have more complex structure. One way to quantify this struc-
ture is to use the map itself to build the foreground model.
To do this, we find the frequency-frequency covariance across
the sample of angular pixels in the map, using a noise inverse
weight. We then find the principal components along the fre-
quency direction, order these by their singular value, and sub-
tract a fixed number of modes of the largest covariance from
each line of sight. Because the foregrounds dominate the real
map, they also dominate the largest modes of the covariance.
There is an optimum in the number of foregroundmodes to

remove. For too few modes, the errors are large due to resid-
ual foreground variance. For too many modes, 21 cm signal
is lost, and so after compensating based on simulated signal
loss (see below), the errors increase modestly. We find that
removing 20 modes in both the 15 hr and 1 hr field maximizes
the signal. Fig. 1 shows the foreground-cleaned 15 hr field
map.
We estimate the cross-power spectrum using the inverse

noise variance of the maps and theWiggleZ selection function
as the weight for the radio and optical survey data, respec-
tively. The variance is estimated in the mapping step and rep-
resents noise and survey coverage. The foreground cleaning
process also removes some 21 cm signal. We compensate for
signal loss using a transfer function based on 300 simulations
where we add signal simulations to the observed maps (which
are dominated by foregrounds), clean the combination, and
find the cross-power with the input simulation. Because the
foreground subtraction is anisotropic in k⊥ and k∥, we esti-
mate and apply this transfer function in 2D. The GBT beam
acts strictly in k⊥, and again we develop a 2D beam transfer
function using signal simulations with the beam.
The foreground filter is built from the real map variance,

and so is slightly nonlinear in the signal. This has two primary
consequences for the compensation. One is that the transfer
function needs to be derived from realistic signal amplitudes.
In practice, we find that the conclusions for the cross-power
change negligibly under a halving of the assumed signal am-
plitude, and that this nonlinearity is a secondary effect. The
second consequence is that the cleaned foregrounds are anti-
correlated with the signal because signal covariance also en-

ters the cleaning mode functions. This is accounted for in our
transfer function. Subtleties of the cleaning method will be
described in a future methods paper.
We estimate the errors and their covariance in our cross-

power spectrum by calculating the cross-power of the cleaned
GBT maps with 100 random catalogs drawn from the Wig-
gleZ selection function (Blake et al. 2010). The mean of these
cross powers is consistent with zero, as expected. The vari-
ance accounts for shot noise in the galaxy catalog and vari-
ance in the radio map either from real signal (sample vari-
ance), residual foregrounds or noise. Estimating the errors in
this way requires many independentmodes to enter each spec-
tral cross-power bin. This fails at the lowest k values and so
these scales are discarded. In going from the two-dimensional
power to the 1D powers presented here, we weight each 2D k-
cell by the inverse variance of the 2D cross-power across the
set of mock galaxy catalogs. The 2D to 1D binning weight is
multiplied by the square of the beam and foreground clean-
ing transfer functions. Fig. 2 shows the resulting galaxy-H I
cross-power spectra.
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Figure 2. Cross-power between the 15 hr and 1 hr GBT fields and WiggleZ.
Negative points are shown with reversed sign and a thin line. The solid line
is the mean of simulations based on the empirical-NL model of Blake et al.
(2011) processed by the same pipeline.
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Figure 1. Temperature scales in our 21 cm intensity mapping survey. The
top curve is the power spectrum of the input deep field with no cleaning ap-
plied (the wide field is similar). Throughout, the deep field results are green
and the wide field results are blue. The dotted and dash-dotted lines show
thermal noise in the maps. The power spectra avoid noise bias by crossing
two maps made with separate datasets. Nevertheless, thermal noise limits
the fidelity with which the foreground modes can be estimated and removed.
The points below show the power spectrum of the deep and wide fields af-
ter the foreground cleaning described in Sec. 2.1. Negative values are shown
with thin lines and hollow markers. Any residual foregrounds will additively
bias the auto-power. The red dashed line shows the 21 cm signal expected
from the amplitude of the cross-power with the WiggleZ survey (for r = 1)
and based on simulations processed by the same pipeline.

3 RESULTS

The auto-power spectra presented in Figure 1 will be biased by
an unknown positive amplitude from residual foreground contam-
ination. These data can then be interpreted as an upper bound
on the neutral hydrogen fluctuation amplitude, ΩHIbHI. In addi-
tion, we have also measured the cross-correlation with the Wig-
gleZ Galaxy Survey (Masui et al. 2013). This finds ΩHIbHIr =
[0.43 ± 0.07(stat.) ± 0.04(sys.)] × 10−3, where r is the Wig-
gleZ galaxy-neutral hydrogen cross-correlation coefficient (taken
here to be independent of scale). Since |r| < 1 by definition and is
measured to be positive, the cross-correlation can be interpreted as
a lower bound on ΩHIbHI. In this section, we will develop a pos-
terior distribution for the 21 cm signal auto-power between these
two bounds, as a function of k. We will then combine these into a
posterior distribution on ΩHIbHI.

The probability of our measurements given the 21 cm signal
auto-power and foreground model parameters is

p(dk|θk) = p(dc|sk, r)p(ddeepk |sk, fdeep
k )p(dwide

k |sk, fwide
k ). (2)

Here, dk = {dc, ddeepk , dwide
k } contains our cross-power and

deep and wide field auto-power measurements, while θk =
{sk, r, fdeep

k , fwide
k } contains the 21 cm signal auto-power, cross-

correlation coefficient, and deep and wide field foreground con-
tamination powers, respectively. The cross-power variable dc rep-
resents the constraint on ΩHIbHIr from both fields and the range of
wavenumbers used in Masui et al. (2013). The band-powers ddeepk

and dwide
k are independently distributed following decorrelation of

finite-survey effects. We assume that the foregrounds are uncorre-

Figure 2. Comparison with the thermal noise limit. The dark and light
shaded regions are the 68% and 95% confidence intervals of the measured
21 cm fluctuation power. The dashed line shows the expected 21 cm signal
implied by the WiggleZ cross-correlation if r = 1. The solid line represents
the best upper 95% confidence level we could achieve given our error bars,
in the absence of foreground contamination. Note that the auto-correlation
measurements, which constrain the signal from above, are uncorrelated be-
tween k bins, while a single global fit to the cross-power (in Masui et al.
(2013)) is used to constrain the signal from below. Confidence intervals
do not include the systematic calibration uncertainty, which is 18% in this
space.

lated between k bins and fields, also. This is conservative because
knowledge of foreground correlations would yield a tighter con-
straint. We take p(dc|sk, r) to be normally distributed with mean
proportional to r√sk, and p(ddeepk |sk, fdeep

k ) to be normally dis-
tributed with mean sk + fdeep

k and errors determined in Sec 2.3
(and analogously for the wide field). Only the statistical uncertainty
is included in the width of the distributions, as the systematic cali-
bration uncertainty is perfectly correlated between cross- and auto-
power measurements and can be applied at the end of the analysis.

We apply Bayes’ Theorem to obtain the pos-
terior distribution for the parameters, p(θk|dk) ∝
p(dk|θk)p(sk)p(r)p(f

deep
k )p(fwide

k ). For the nuisance pa-
rameters, we adopt conservative priors. p(fdeep

k ) and p(fwide
k )

are taken to be flat over the range 0 < fk < ∞. Likewise, we
take p(r) to be constant over the range 0 < r < 1, which is
conservative given the theoretical bias toward r ≈ 1. Our goal is
to marginalize over these nuisance parameters to determine sk. We
choose the prior on sk, p(sk), to be flat, which translates into a
prior p(ΩHIbHI) ∝ ΩHIbHI. The data likelihood adds significant
information, so the outcome is robust to choices for the signal
prior. The signal posterior is

p(sk|dk) =

!

p(sk, r, f
deep
k , fwide

k |dk) dr df
deep
k dfwide

k . (3)

This involves integrals of the form
" 1

0
p(dc|s, r)p(r) dr which,

given the flat priors that we have adopted, can generally be writ-
ten in terms of the cumulative distribution function of p(dc|s, r).
Figure 2 shows the allowed signal in each spectral k-bin.

Taking the analysis further, we combine band-powers into a
single constraint on ΩHIbHI. Following Masui et al. (2013), we
consider a conservative k range where errors are better estimated
(k > 0.12 h/Mpc, to avoid edge effects in the decorrelation op-
eration) and before uncertainties in nonlinear structure formation
become significant (k < 0.3 h/Mpc). Figure 3 shows the resulting
posterior distribution.

Our analysis yields ΩHIbHI = [0.62+0.23
−0.15 ] × 10−3 at 68%

confidence with 9% systematic calibration uncertainty. Note that

c⃝ 2013 RAS, MNRAS 000, 1–??
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Figure 3. The posterior distribution for the parameter ΩHIbHI coming from
the WiggleZ cross-power spectrum, deep field and wide field auto-powers,
as well as the joint likelihood from all three datasets. The individual distri-
butions from the cross-power and auto-powers are dependent on the prior
on ΩHIbHI while the combined distribution is essentially insensitive. The
distributions do not include the systematic calibration uncertainty of 9%.

we are unable to calculate a goodness-of-fit to our model because
each measurement is associated with a free foreground parameter
which can absorb any anomalies.

4 DISCUSSION AND CONCLUSIONS

Through the measurement of the auto-power, we extend our pre-
vious cross-power measurement of ΩHIbHIr (Masui et al. 2013)
to a determination of ΩHIbHI. This is the first constraint on the
amplitude of 21 cm fluctuations at z ∼ 0.8, and circumvents the
degeneracy with the cross-correlation r. The 21 cm auto-power
yields a true upper bound because it derives from the integral of
the mass function. In the future, redshift distortions (Wyithe 2008;
Masui, McDonald & Pen 2010) can be used to further break the de-
generacy between bHI and ΩHI, and complement challenging HST
measurements ofΩHI (Rao, Turnshek & Nestor 2006). Our present
survey is limited by area and sensitivity, but we have shown that
foregrounds can be suppressed sufficiently, to nearly the level of
the 21 cm signal, using an empirical mode subtraction method. Fu-
ture surveys exploiting the auto-power of 21 cm fluctuations must
develop statistics that are robust to the additive bias of residual
foregrounds, and control instrumental systematics such as polar-
ized beam response and passband stability.
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Current status: RSD, RM & FRB with 
GBT

• Redshift-space distortion (RSD) 
measurement with HI-WiggleZ cross 
power spectra is feasible: anisotropic 
clustering gives measurement of ΩHI 

and bHI  	

• Rotation Measure (RM) Synthesis 
maps 	

• Fast Radio Burst (FRB) events as 
ancillary science	

• proposed 800 hrs of GBT 800 MHz 
observation will yield	


• RSD detection at >10 sigma	

• ~30 FRBs events expected.

5

FIG. 5: Predicted number of Fast Radio Bursts, at or
below a given redshift, per day that should be detectable
in our data. Based on event rate from FRB events de-
scribed in Thornton et al. [18] and on modelling the FRBs
as standard candle events with constant uniform density
in comoving coordinates, with a spectral index of �1.4.
This model is described in Lorimer et al. [19]. The S/N
threshhold for detection is 10.

foreground itself contains a wealth of scientifically
interesting information. Polarized maps are sensitive
to the Milky Way’s magnetic field, both in absolute
strength and orientation. Due to the high bandwidth
of the observations and continuous frequency cover-
age at large wavelengths, line of sight projection ef-
fects can partially be overcome by transforming from
frequency space to Faraday depth space.

The proposing team has recently started explor-
ing the possibility of inferring features of the corre-
lation structure of the Galactic magnetic field using
the existing observations. One of the goals of these
considerations is the detection of small-scale mag-
netic helicity, which is predicted by dynamo theory
but has not been observed in the interstellar medium
[20]. The mapping pipeline in place fully supports
polarimetry.

V. TECHNICAL JUSTIFICATION

A. Requested time and sensitivity estimates for
redshift space distortions

Here we describe survey requirements for detec-
tion of redshift space distortions, justifying the re-
quested allocation of 792 hours. We estimate sur-
vey sensitivity by extrapolating the detection signifi-
cance achieved in Masui et al. [1] to larger field areas
and longer integrations. This is more conservative

and more realistic than calculating survey sensitivity
based on thermal limits. We note that the sensitiv-
ity estimates published in Masui et al. [17] are not
relevant.

Our goal is to make a 4� detection of the Kaiser
redshift space distortion effect, translating into a
25% measurement of the neutral hydrogen density,
⌦HI. Assuming bHI ⇠ 1 the Kaiser effect con-
tributes 35% of the total power, and as such a roughly
12� total significance is required for the measure-
ment of the power spectrum. This assumes a roughly
isotropic sensitivity to the 2D power spectrum.

In Masui et al. [1] we achieved a 6.1� statistical
significance on the cross-correlation power spectrum
over a conservative k range. The total significance is
limited by thermal noise in the radio survey and shot
noise in the optical galaxy catalog. At fixed integra-
tion time, there is no penalty for expanding the radio
survey to large areas to minimize the galaxy survey
shot noise and gain more sensitivity to linear cosmo-
logical scales. To see this, note that the error on a
cross-correlation power spectrum bin (ignoring sam-
ple variance) is given by

(�P )2 =
(2⇡)3

4⇡V k2�k
PN

1

n̄
, (1)

where V is the survey volume, �k is the bin width,
PN is the thermal noise power spectrum in the radio
maps, and n̄ is the mean galaxy density in the galaxy
survey. PN scales inversely with the integration time
at fixed volume and as such scales as the survey area
at fixed integration time. The factors of the area can-
cel out in V and PN , leaving no dependence on the
survey area. Intuitively, as one expands the survey
area the signal to noise on each galaxy in the Wig-
gleZ catalogue is reduced but additional galaxies are
added to the survey. The independence of sensitivity
on area is confirmed empirically by similar sensitiv-
ities of the 1 hr and 15 hr fields, which have similar
total integration time but dramatically different area.
The total significance in this regime then scales as
the square-root of the observing time.

Our 6.1� measurement required 190 hours of in-
tegration time1. This simple scaling argument im-

1 Part of the previous 400 hour allocation data had to be dis-
carded due to problems with the telescope calibration, leading
to a lower observing efficiency than we anticipate with future
allocations. Also, part of that time went to other fields not
included in that 190 hour analysis.

Maura McLaughlin & Duncan Lorimer (UWV)



GBT-HIM: 800 MHz multi-beam HIM Project
• GBT-HIM Project (P. I.  T.-C. Chang):  Building a seven-beam receiver at 700-945 MHz for 
redshifted HI survey at 0.5< z < 1 for BAO measurements.	

• Use Short-backfire Antenna (SBA) with a edge-tapered reflector; with a cryogenic cold 
finger connecting to the dipole to reduce Tsys. 	

• Prototype tested on GBT in summer 2013.  Measured Tsys, Tspill, Trev.	

• Instrument members: Yuh-Jing Hwang, Chi-Chang Lin, Ching-Ting Ho (ASIAA), Peter 
Timbie, Chris Anderson (UWisc), John Ford, Steve White, Sri Srikanth, Rich Bradley 
(NRAO), Jeff Peterson (CMU)

!"#"$%&'("
("#")*%'"+,"
-+"#".&&"/01"

2345)6!"#""
'%7&"(#$%3&","#".$%*8"

3%.&","#"*38"

)%&$","#"3398"
:;"<;=>"
2?@;A"=B,C";D@,,@EFG6"



BAO with GBT-HIM

erasure kernels of [13] (all the linear power is included
though, not BAO only), so nonlinearity should not be a
significant issue at the level of precision discussed here.
This treatment of the nonlinearity cutoff is also motivated
by the propagator work of [14–16].

III. BARYON ACOUSTIC OSCILLATIONS

Acoustic oscillations in the primordial photon-baryon
plasma have ubiquitously left a distinctive imprint in the
distribution of matter in the Universe today. This process is
understood from first principles and gives a clean length
scale in the Universe’s large scale structure, largely free of
systematic uncertainties, and calibrations. This can be used
to measure the global cosmological expansion history
through the angular diameter distance vs redshift relation.
The detailed expansion will differ between a pure cosmo-
logical constant and the various other cosmological
models.

We use essentially the method of [13] for estimating
distance errors obtainable from a BAO measurement, in-
cluding 50% reconstruction of nonlinear degradation of the
BAO feature (although this is unimportant since experi-
ments considered here have low resolution). The BAO
feature is isolated by dividing the total power spectrum
[17] by the wiggle-free power spectrum and subtracting
unity, as illustrated in Fig. 1. The wiggles are then parame-
trized by an overall amplitude, and a length scale dilation
(here Aw and D, respectively), which control the vertical
and horizontal stretches of the theoretical curve shown in
Fig. 1. Our errors on Aw come from a straightforward
extension of the [13] method for estimating BAO errors.
In addition to the BAO distance scale as a free parameter in

our Fisher matrix, we include Aw as a free parameter. This
is similar to what one sometimes tries to do by including
the baryon/dark matter density ratio as a parameter, but is
more straightforward to interpret.
The ability to measure Aw (which is zero in the absence

of the BAO) represents the ability to detect the presence of
these wiggles. A measurement ofD allows one to associate
a comoving distance with length scales on the sky. This
gives a measurement of the angular diameter distance (dA)
for detections in the transverse direction, and the Hubble
parameter (H) if the wiggles are detected in the longitudi-
nal direction.

IV. FORECASTS

We present forecasts for the Green Bank Telescope and
prototypes for two classes of telescope: cylindrical tele-
scopes and SKA aperture arrays. The signal available for
21 cm experiments is proportional to the neutral hydrogen
fraction and bias. For estimating telescope sensitivity we
assume that the product of the bias and the neutral hydro-
gen density !HIb ¼ 0:0004 today [5], and that the neutral
hydrogen fraction and bias do not evolve. These assump-
tions only affect the sensitivity of the telescopes and not the
translation from uncertainty on Ps

HI to the uncertainty on
xHI. Also, as in galaxy surveys, there is expected to be a
stochastic shot noise component, and we assume Poisson
noise with an effective object number density "n ¼ 0:03 per
cubic h"1 Mpc. Note that stochastic noise at this level is
negligible, as should be the case in practice.
The 21 cm intensity mapping technique is expected to be

complicated by a variety of contaminating effects. These
include diffuse foregrounds (predominantly galactic syn-
chrotron), radio frequency interference, and bright point
sources. The degree to which these contaminants will limit
future surveys has yet to be quantified, and here we simply
ignore them. As such these forecasts are theoretical ideal-
izations. Methods for dealing with these contaminants are
discussed in [5].
The Green Bank Telescope (GBT) is a 100 m diameter

circular telescope with a system temperature of 25 K. It has
interchangeable single pixel receivers at the frequencies of
interest with bandwidths of approximately 200 MHz. For
extended surveys, multiple pixel receivers could be imple-
mented. The construction of a four pixel receiver is within
reason and would reduce the required telescope time by a
factor of 4. In planning a survey on GBT, it is important to
choose an appropriate survey area. As illustrated in Fig. 2,
at fixed observing time, there is a survey area that best
measures the desired parameters. For all results the survey
area has been roughly optimized for the quantity being
measured. The optimized areas are shown in Fig. 3. Results
are essentially insensitive to this area within a factor of 2 of
the optimum.
Prototyping for dedicated cylindrical telescopes is in its

early stages. We present forecasts for a hypothetical not-
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FIG. 1. Baryon acoustic oscillations averaged over all direc-
tions. To show the BAO we plot the ratio of the full matter power
spectrum to the wiggle-free power spectrum of [17]. The error
bars represent projections of the sensitivity possible with
4000 hours observing time on GBT at 0:54< z < 1:09.

NEAR-TERM MEASUREMENTS WITH 21 CM INTENSITY . . . PHYSICAL REVIEW D 81, 103527 (2010)
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• 500 deg2, ~3000 hours (single pixel), 
700-945 MHz (0.5 < z < 1). 	

•HI provides a unique and large 
redshift window, at the onset of dark 
energy domination.	

• HI provides a different measure 
than optical surveys;  different 
systematics, different astrophysical 
biases. 	

• HIM surveys can be economical 



!

BAO measurements

• Forecasts on Baryon Acoustic Oscillation (BAO) distance scale.
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• HI Intensity Mapping Experiment:  10,000 m2 collecting area       
(1% of SKA), 2000 hrs of observation - competitive to DETF 
stage III experiment:  BOSS, DES, PFS                                              

21CM INTENSITY MAPPING PROSPECTS 

Chang et al. 2008



 CHIME/Tian-Lai/CRT/BAORadio

Parkes IM SKA-mid Telescope BINGO

 BAOBAB

CRT$Concept

6/3/2010 8

90 m90 m

40 m40 m

Phase 
switch

Phase 
switch

A/D

A/D

Computer

Hybrid Hybrid Mixer

Reference
beam

Science
beam

L/O

Figure 1: On the left schematic of the proposed design of the BINGO telescope. There will be an under-illuminated
⇥ 40m static parabolic reflector at the bottom of a cli⇤ which is around ⇥ 90m high. A boom will be placed at
the top of a cli⇤ on which there is a receiver system of ⇥ 50 feed-horns. On the right a block diagram for the
receiver chain for the proposed pseudo-correlation receiver system. The reference beam will point toward one of

the celestial poles.
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Figure 2: On the left projected errors on the power spectrum (divided by a smooth power spectrum) expected
for the survey described in the text. We have used �k = 0.016Mpc�1. The projected errors would lead to a
measurement of the acoustic scale with a percentage fractional error of 2.4%. On the right, projected constraints
on the residual Hubble diagram for the volume averaged distance, dV(z) from a fiducial model. Included also are
the actual measurements made by 6dF, SDSS-II, BOSS and WiggleZ. The shaded region represents indicates the
range of dV allowed by the 1� constraint ⇥mh2 from WMAP7. The dotted line is the prediction for w = �0.84.
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Figure 2. Top: Leuschner Observatory, with a prototype 2-
element BAOBAB interferometer deployed. This system was devel-
oped and deployed by students as part of a Fundamentals of Radio
Astronomy class at UC Berkeley. Bottom: solar fringes measured
with the BAOBAB-2 prototype at Leuschner.

liminary measurements made by a prototype 2-antenna
BAOBAB interferometer deployed at the Leuschner Ob-
servatory near Berkeley, CA. At this site, only 40 MHz of
a 400–800 MHz operating band show solar fringes uncor-
rupted by RFI, demonstrating the need for the primary
BAOBAB deployment to be located at a quieter site,
such as the NRAO site near Green Bank, WV. Next-
generation activities may take place at the Square Kilo-
meter Array South Africa (SKA-SA) reserve in the Karoo
desert. This site is currently occupied by the PAPER and
MeerKAT arrays, and has been shown to be a pristine
RFI environment (Jacobs et al. 2011).

2.2. Analog System

With the drastic reduction in sky noise relative to
EoR frequencies, BAOBAB’s system temperature will
be dominated by the analog electronics. These com-
ponents must therefore be optimized to reduce receiver
noise while maintaining the smooth spatial and spectral
responses that are a hallmark of the PAPER design and
a key component of the delay spectrum foreground isola-
tion approach presented in Parsons et al. (2012b) (here-
after P12b) and discussed in §3.3. The analog system
will include the collecting element (consisting of 4 an-
tennas and reflectors), low-noise amplifier, coaxial cable,
and receiver.
The BAOBAB element will begin with a 1/5-scale PA-

PER antenna (Parsons et al. 2010), as shown in Figure
3. This design is a dual-polarized version of the sleeved
dipole design that uses a twin-resonance structure con-
sisting of a pair of crossed dipoles located between a pair
of thin aluminum disks. The element’s reliability has

Figure 3. Top: A prototype BAOBAB dipole antenna, designed
as a 1/5 scale model of a PAPER dipole. Bottom: BAOBAB tile
design with 4 dipoles and individual ground-screens.

been demonstrated in PAPER arrays over the past sev-
eral years. A trough reflector under each dipole will be
used to increase the directivity toward zenith. The elec-
tromagnetic behavior of the element was modeled ex-
tensively for PAPER using CST Microwave Studio, and
shown to perform as desired through calibration with ce-
lestial sources in Pober et al. (2012). The geometrically
re-tuned prototype shown in the top panel of Figure 3
will be optimized to operate e⌅ciently over the 600–900
MHz band.
Rather than deploy single elements like PAPER,

BAOBAB will use a 2 � 2 tile of dipoles and ground-
screens, as shown in Figure 3. A fixed zenith beam-
former will be used to combine the signals, increasing
the gain by 6 dB and reducing the field-of-view by a fac-
tor of four. Both analog and digital beamformers are
being investigated. A key issue is the mutual coupling,
which should be reduced by the additional groundscreens
between dipoles. The net e�ect is that for a fixed corre-
lator size, the power-spectrum sensitivity is increased by
a factor of four (see §3.2).
The amplifier designed for PAPER has a measured

noise temperature of 110 K with 30 dB of gain across
the 120-170 MHz band (Parsons et al. 2010). For appli-
cation to BAO at z ⇥ 1, we will modify this amplifier
design to operate from 600–900 MHz. Besides re-tuning
the filter and amplifier circuits, however, one of the major
activities in this modification will be to reduce the noise
temperature of the front-end amplifier in order to obtain
a target system temperature of 50 K. This change reflects
one of the key di�erences between the BAO and EoR
foregrounds. System noise in the EoR band is dominated
by ⇥300 K sky noise from galactic synchrotron emission.
In the BAO band, the sky temperature is reduced to ⇥10
K, making the front-end amplifier the leading source of
noise. Uncooled commercial UHF-band amplifier tran-
sistors based on GasFET or HEMT technology can re-
liably achieve noise figures of 0.4 dB, corresponding to
a receiver temperature of 30K. A prototype BAOBAB
balun/amplifier using a Hittite HMC617LP3 LNA with

21cm Intensity Mapping current/future telescopes
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Line Intensity Mapping 

 Large-scale structure 3D maps of the universe	

0<z<10



Other line intensity mapping

• CO IM:   Carilli 2011, Gong+11, Lidz+11, Pullen+13	


• [CII] IM:  Gong+12	


• Lyman-alpha IM:  Silva+12, Pullen+13	
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FIG. 3: Ratio between line luminosity, L, and star formation rate, Ṁ�, for various lines observed in
galaxies and taken from Table 1 of [23]. For the first 7 lines this ratio is measured from a sample of
low redshift galaxies. The other lines have been calibrated based on the galaxy M82. Some weaker
lines, for example for HCN, have been omitted for clarity.

the fluctuations from a particular redshift by cross correlating the emission in two di�erent
lines. If one compares the fluctuations at two di�erent wavelengths, which correspond to the
same redshift for two di�erent emission lines, the fluctuations will be strongly correlated.
However, the signal from any other lines arises from galaxies at di�erent redshifts which are
very far apart and thus will have much weaker correlation (see Figure 4). In this way, one
can measure either the two-point correlation function or power spectrum of galaxies at some
target redshift weighted by the total emission in the spectral lines being cross correlated.

The cross power spectrum at a wavenumber k can be written as,

P1,2(⇥k) = S̄1S̄2b̄
2P (⇥k) + Pshot, (1)

where S̄1 and S̄2 are the average fluxes in lines 1 and 2 respectively, b̄ is the average bias
factor of the galactic sources, P (⇥k) is the matter power spectrum, and Pshot is the shot-noise
power spectrum due to the discrete nature of galaxies. Visbal & Loeb (2010) showed that
the root-mean-square error in measuring the cross power spectrum at a particular k-mode
is given by,

�P 2
1,2 =

1

2
(P 2

1,2 + P1totalP2total), (2)

where P1total and P2total are the total power spectra corresponding to the first line and
second line being cross correlated. Each of these includes a term for the power spectrum of
contaminating lines, the target line, and detector noise. Figure 5 shows the expected errors in
the determination of the cross power spectrum using the OI(63 µm) and OIII(52 µm) lines at
a redshift z = 6 for an optimized spectrometer on a 3.5 meter space-borne infrared telescope
similar to SPICA, providing background limited sensitivity for 100 di�raction limited beams

Visbal, Trac, Loeb 2011 
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Line intensity mapping

• A complementary view of Cosmic Reionization:	


• 21cm IM traces neutral IGM	


• CO/C+ IM traces ionized bubbles by star formation activities	


• ALMA/JWST offers exquisite view of ionizing sources (e.g., talks 
by P. Cox, J. Wagg; also with MeerKat: I. Haywood’s talk)	
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that the community has only begun to examine. Because of this variation, the cross-
analysis is potentially a rich source of information on conditions at high redshift.

One area where intensity mapping in lines other than 21 cm would be particularly
interesting is during the epoch of reionization. One of the challenges for understanding
the first galaxies is the di⇥culty of placing the galaxies seen in the Hubble Ultradeep
Field (HUDF) into a proper context. By focusing on a small patch of sky, the HUDF
sees very faint galaxies, but it is unclear how representative this patch is of the whole
Universe at that time. For comparison, the full HUDF is approximately 3�3 arcmin
in size comparable with the size of an individual ionized bubble, expected to be ⇥
ten arcminutes in diameter during the middle stages of reionization. Moreover, it is
apparent that the galaxies seen in the HUDF are the brightest galaxies and that fainter,
as yet unseen, galaxies contribute significantly to star formation and reionization. The
James Webb Space Telescope (JWST) will see even fainter galaxies and transform our
view of the galaxy population at z ⇥ 10, but there will still be a substantial level of
star formation that it will not be able to resolve [168].

Combining these galaxy surveys with 21 cm observations and intensity mapping
would allow a powerful synergy between three independent types of observations
directed at understanding the first galaxies and the epoch of reionization (illustrated
in Figure 12). Deep galaxy surveys with HST and JWST would inform us of the
detailed properties of small numbers of galaxies during the EoR. 21 cm tomography
provides information about the neutral hydrogen gas surrounding groups of galaxies.
Intensity mapping fills in the gaps providing information about the total emission and
clustering of the full population of galaxies, even those below the sensitivity threshold
of the JWST. Together these three techniques would provide a highly complete view
of galaxies at high redshift and transform our understanding of the origins of galaxy
formation.

Jonathan PritchardITAMP 2011

The need for different perspectives

21 cm determines properties of gas around galaxies
Intensity mapping tracks collective galaxy properties

Galaxy surveys identify individual galaxies

21cm

IM

JWST

Figure 12. Cartoon of the role intensity mapping would play in understanding
galaxy formation. Deep galaxy surveys with HST and JWST image the properties
of individual galaxies in small fields (blue boxes). 21 cm tomography (red filled
region) provides a “negative space” view of the Universe by determining the
properties of the neutral gas surrounding groups of galaxies. Intensity mapping
(purple filled regions) fills in the gaps providing information about the collective
properties of groups of galaxies. Together the three would give a complete view
of the early generation of galaxies in the infant universe.
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• CO large-scale structure at high redshifts (T ~ 1 μK)	


• HI-CO anti-correlates on large-scales, constraining size evolution of ionized regions at 
EoR (Lidz et al. 2009)	


• Righi et al. 2008, Visbal & Loeb 2010, Gong et al 2011, Carilli 2011, Lidz et al 2011
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Fig. 6.— Error bar estimates for the CO power spectrum at
z = 7. The black squares show error bar estimates for the spheri-
cally averaged CO power spectrum at z = 7 assuming a theoretical
model with Mco,min = 108M⊙, while the blue triangles are for
Mco,min = 1010M⊙. The CO survey covers a field of view of 25
deg2, with σN = 1µK, spectral channels of width ∆ν = 0.05 Ghz,
and spans a depth of 68.6 co-moving Mpc/h (see text). Scales
roughly to the left of the red dashed line will be lost to foreground
cleaning, while small scales are lost owing to the limited spatial
and spectral resolution of the instrument.

The sum here runs over the upper half-plane (i.e., pos-
itive µ) because we consider the power spectrum of a
real-valued field, and only half of the Fourier modes are
independent as a result. It is helpful to note that in
the case that the noise and signal power spectra are µ-
independent, the above formula simplifies to σ2

P (k) =
[P (k) +PN (k)]2/Nm, where Nm is the number of modes
in a k-bin (counting only modes in the upper half plane).
Here Vsurvey denotes the co-moving volume of the CO
survey. If the survey samples a depth ∆D, centered on
a redshift z, and covers a field of view on the sky of ΩS

steradians, then Vsurvey = ΩSD(z)2∆D. The sum over µ
is restricted by the survey dimensions.
In order to best measure the 21 cm-CO cross spectrum,

the CO and 21 cm surveys should aim to have similar
k-mode coverage. We anticipate that this requirement
will fuel the design of the telescopes planned for the CO
measurement. To achieve this, the CO survey will want
a wide field of view and several arcminute spatial resolu-
tion. For our baseline numbers, we assume that the CO
survey covers 25 deg2 on the sky, and that ∆D = 68.6
Mpc/h, corresponding to a bandwidth of 6 Mhz for the 21
cm survey we consider shortly. This field of view is com-
parable to that of LOFAR (Harker et al. 2010), but less
than the ∼ 800 deg2 planned for the MWA. We assume
that each spatial pixel has a size of θmin = 6 arcmin-
utes, corresponding to k⊥,res = 0.58h Mpc−1 at z = 7.
For reference, the entire CO survey spans a co-moving
volume of 2.1× 107 (Mpc/h)3 co-moving at z = 7.

Figure 6 shows error bar estimates for two simulated
models at z = 7. The simulated models have Mco,min =
108M⊙ and 1010M⊙ respectively. The power spectrum
has been averaged in spherical bins of width ϵ = 0.5. As
mentioned above, the CO intensity mapping experiment
is assumed to cover 25 deg2 on the sky, with a thermal
noise of σN = 1µK (quoted as the equivalent noise in 10
arc-minute pixels, and 1% spectral channels), in spectral
pixels of width ∆ν = 0.05 Ghz, or ∆ν/ν = 1.7 × 10−3,
and 6 arcminute spatial resolution.13 The results of
the Mco,min = 108M⊙ model look encouraging, provided
these survey parameters are achievable: high significance
CO power spectrum measurements are possible across
roughly a decade in spatial scale, k ∼ 0.1 − 1h Mpc−1.
The fractional error bars are larger in the Mco,min = 1010

model, which has smaller amplitude fluctuations. This
quantifies the difficulty in detecting CO fluctuations in
scenarios in which galaxies with low SFRs are dim in CO.
If this model is representative, a CO survey with smaller
thermal noise is required for a firm measurement. Note
again the distinction between Msf,min and Mco,min in our
modeling: if all star-forming galaxies are CO luminous
– i.e., Mco,min = Msf,min – and the SFRD is fixed, then
there is relatively little sensitivity to increasing Msf,min
itself (§4.3). If the CO luminosity-halo mass normaliza-
tion (Equation 12) is a factor of ∼ 5 lower than in our
fiducial model, this would result in a similar reduction in
S/N as results from increasing Mco,min from 108M⊙ to
1010M⊙.
In the Mco,min = 108M⊙ model, the finite spatial and

spectral resolution prevent measurements on small spa-
tial scale, while foreground contamination will inevitably
limit ones ability to measure CO fluctuations on large
spatial scales. As discussed in §6, one will want to remove
a spectrally smooth component from the CO data to sep-
arate the CO emission line signal from the much larger
spectrally smooth foregrounds. The precise impact of
the foreground cleaning process will depend on the band-
width over which the spectrally smooth component is fit,
the precise cleaning algorithm, and the spectral shape of
the foregrounds. As a rough guide, it is useful to note
that if the cleaning is done over a bandwidth correspond-
ing to a co-moving depth of ∆D, at least all modes with
k ≤ 2π/∆D will be strongly impacted by foreground
cleaning. In fact, modes on smaller scales will have sup-
pressed power due to aliasing effects, though if correctly
handled one can still obtain unbiased estimates of the
power spectrum at these scales, albeit with somewhat
larger variance (Petrovic & Oh 2011, Liu & Tegmark
2011). For example, future 21 cm surveys will likely mea-
sure power spectra over a bandwidth of B ∼ 6 Mhz to
avoid evolution in the signal across the observed band-
width (e.g. McQuinn et al. 2006). If the foregrounds are
cleaned over this same bandwidth, this will strongly im-
pact measurements for modes of length scale larger than
∆D = 68.6 Mpc/h, or k ≤ 0.092h Mpc−1. This scale is
indicated by the red dashed line in the figure. One might
use a larger bandwidth in cleaning the foregrounds, but

13 For reference, note that if the pixel noise is σN = 1µK for
10 arc-minute spatial pixels, and 1% spectral channels, the corre-
sponding noise variance in 6 arcminutes, ∆ν = 0.05 Ghz pixels is
σ̃N = 4µK. This is obtained assuming pure white noise and using
Equation 19.
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provide valuable information on which types of galax-
ies are CO luminous at high redshift, how massive their
host halos are, and what the duty cycle of CO-luminous
activity is in these halos. Particularly notable is that
this measurement would constrain the cumulative emis-
sion from many very faint, unresolved galaxies, which
individually may be too faint to detect even with deep
observations from ALMA. More generally, the measure-
ment would trace the properties of molecular clouds –
i.e., the locations where stars form – in the very galaxies
that reionized the Universe.
It would also be interesting to investigate the angular

dependence of the CO auto power spectrum. The power
spectrum will be anisotropic owing to redshift space dis-
tortions from peculiar velocities (Kaiser 1987), and mea-
surements of this anisotropy can be used to break model
degeneracies. A sufficiently precise measurement of the
quadrupole to monopole ratio of the power spectrum, for
example, determines the quantity β = Ωm(z)0.6/b ≈ 1/b
for the CO emitting galaxies. In principle, combining this
measurement with the spherically averaged power spec-
trum, allows one to separately determine each of ⟨TCO⟩
and b from low k measurements, and then infer the Pois-
son term at high k.
Yet another interesting quantity to measure is the ratio

of the power spectrum of fluctuations in the CO(2-1) and
CO(1-0) lines. The ratio of the root-mean-squared fluc-
tuations in the two lines gives a (fluctuation-weighted)
measure of the excitation temperature and probes the
heating rate in the reionizing sources.

5. CROSS CORRELATION WITH REDSHIFTED 21 CM
EMISSION

Perhaps the most exciting prospect for CO intensity
mapping, however, is to combine it with future observa-
tions of the redshifted 21 cm line from the high redshift
IGM. As motivated in the introduction, the cross spec-
trum should be less sensitive to systematic effects and
provide complementary information about the EoR to
the 21 cm auto spectrum.
For simplicity, we assume that the spin temperature of

the 21 cm transition is much larger than the CMB tem-
perature globally, which is likely a good approximation
during most of the EoR (Ciardi & Madau 2003, Pritchard
& Furlanetto 2007). Further, we ignore the impact of pe-
culiar velocities which should not significantly influence
our present calculations (Mesinger & Furlanetto 2007).
With these assumptions, the 21 cm brightness tempera-
ture at spatial position r can be written as (e.g. Zaldar-
riaga et al. 2004):

T21(r) = 28mK⟨xHI⟩ [1 + δx(r) ][ 1 + δρ(r)]

!

1 + z
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"1/2

.

(17)

Here ⟨xHI⟩ denotes the volume-averaged neutral hydro-
gen fraction, δx(r) denotes the fractional fluctuation in
neutral hydrogen density at spatial position r, and δρ(r)
is the fractional gas density fluctuation. We will also
use the symbol ⟨xi⟩ = 1 − ⟨xHI⟩ to denote the volume-
averaged ionization fraction. The timing and duration
of reionization are still quite uncertain, and so the red-
shift at which a given fraction of the IGM volume is ion-
ized may be different than in our particular reionization

Fig. 5.— The cross power spectrum between the CO and 21
cm brightness temperature fluctuations. Top panel: The absolute
value of the cross spectrum between 21 cm and CO emission in
units of (µK)2 at different redshifts and ionization fractions. The
redshifts at the corresponding ionization fractions are (z, ⟨xi⟩) =
(6.90, 0.82); (7.32, 0.54); (8.34, 0.21). The red dashed line adopts
Mco,min = 1010M⊙, while the other curves assume that halos down
to the atomic cooling mass host CO-luminous sources. Bottom
panel: The cross-correlation coefficient between the two fields as a
function of wavenumber.

model. However, Furlanetto et al. (2006b) and McQuinn
et al. (2007a) show that the size of the ionized regions
during reionization depend mostly on the ionized frac-
tion, ⟨xi⟩, rather than the precise redshift at which a
given volume is ionized. As a result, the shape of the
cross spectrum at a given ionization fraction is likely a
more robust prediction than that at a given redshift.
Using Equation 17, we produce three-dimensional

maps of the 21 cm field from outputs of the reioniza-
tion simulations at various redshifts/ionized fractions.
We then measure the cross power spectrum between
the 21 cm and CO data cubes as described in the pre-
vious section. The results of these calculations are
shown in Figure 5. The top panel shows the abso-
lute value of the cross spectrum, while the bottom
panel indicates the cross correlation coefficient between
the two random fields as a function of wavenumber,
r21,CO(k). The cross correlation coefficient is defined

by r21,CO(k) = P21,CO(k)/ [PCO,CO(k)P21,21(k)]
1/2 and

is 1 (−1) for wavenumbers in which the two fields are
perfectly correlated (anti-correlated), while it is zero for
wavenumbers in which the two fields are completely un-
correlated.
The simulated cross spectra are similar to those in

Lidz et al. (2009), and we refer the reader to this pa-
per for a more detailed discussion, but summarize some
of the main features here.12 On large scales, the 21 cm

12 The main difference with Lidz et al. (2009) is that the CO

• HI-CO anti-correlates on large-scales, constraining size evolution of ionized regions at EoR	


• Expected T~1 μK (Gong+ 10, Carilli 11, Lidz+ 11;  also Obreschkow et al. 2009).	


• May be detectable. Small aperture interferometer (ASIAA AMiBA upgrade, G. Bower, D. Marrone, 
D. Deboer, T. -C. Chang) or focal-plane arrays (T. Readhead, S. Church, J. Sievers, C. Chiang)!  

Lidz, Furlanetto, Oh, Aguirre, Chang, Dore, Pritchard 2011 



What can we learn so far?
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(121◦–126◦, 0◦–4◦), (119◦–128◦, 4◦–6◦), (111◦–119◦, 6◦–25◦), (111.5◦–117.5◦, 25◦–30◦),
(110◦–116◦, 32◦–35◦), (246◦–251◦, 8.5◦–13.5◦), (255◦–270◦, 20◦–40◦),
(268◦–271◦, 46◦–49◦), and (232◦–240◦, 26◦–30◦). Finally, we cut pixels that appeared
to have severe photometric calibration errors (! 5 mag). After these cuts, the survey
region comprises 534,564 Nres = 9 pixels covering 7010 deg2.

2.2.2. SDSS LRGs We use the LRG catalog composed by Kazin et al. (2010) [14].
LRGs are the most luminous galaxies in the universe, making them important for
probing large volumes. They are also old stellar systems with uniform spectral energy
distributions and a strong discontinuity at 4000 Å, which enable precise photometric
redshifts. The LRG catalog consists of 105,623 spectroscopic LRGs from redshifts
0.16 < z < 0.47. We do not make any alterations to this catalog. We survey region
comprises approximately 638,583 Nres = 9 pixels covering 8374 deg2.

2.3. WMAP-QSO Cross-Data Set

We intersect the pixel sets from the temperature and quasar maps to produce two sets
of maps that can be cross-correlated. This operation leaves each map with 441,228
Nres = 9 pixels covering 5786 deg2 with ∼ 7 arcmin. pixel resolution. Since each
WMAP band probes a separate redshift range for each of the CO emission lines, we
also divide the quasar map into 8 maps, two for each of the WMAP bands. Note that
some of the bands for CO(1-0) will intersect in redshift with other bands for CO(2-1).
We list the properties of the 4 WMAP maps and 8 quasar maps in Table 1 as well as
the probed spatial scale determined by our pixel size. Note that the Ka(2-1) redshift
range exceeds the redshifts of the quasars; therefore, we will not determine any limits
on the CO(2-1) line with the Ka band.

2.4. WMAP-LRG Cross-Data Set

We also intersect the areas of the temperature and LRG maps for cross-correlation,
with 619,708Nres = 9 pixels covering 8126 deg2. Note that the WMAP W band is the
only band that overlaps with the LRG sample, and this is true only for the CO(1-0)
line. Thus, we will only get one constraint from this cross-correlation. However, the
number of LRGs in this redshift range is much more than the number of quasars, so
we expect a more significant constraint than that from the quasars.

Table 1. WMAP redshift bins for CO emission lines J = 1 → 0 and J = 2 → 1
with the quasar (QSO) counts from the QSO map (T x QSO intersected map).
For reference, we write in parenthesis the transverse scale corresponding to the
pixel scale in Mpc/h for each z band probed. As stated above, the total number
of QSOs in DR6 is 1,172,157.

Band z(1 → 0) ([Mpc/h]) NQSO(1 → 0) z(2 → 1) ([Mpc/h]) NQSO(2 → 1)
Ka 2.151–2.898 (9) 90,780 (74,395) 5.302–6.796 (13) 80 (63)
Q 1.547–2.121 (7) 146,111 (121,297) 4.094–5.242 (11) 573 (466)
V 0.691–1.130 (5) 62,172 (51,818) 2.382–3.260 (9) 27,032 (22,180)
W 0.103–0.373 (1) 42,184 (34,400) 1.206–1.746 (6) 140,819 (116,791)

(out of 1,172,157 QSOs in BOSS DX6)



WMAP x BOSS QSOs
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Figure 7. Limits on TCO of CO(1-0) and CO(2-1) over four redshift bins. The
dashed line is the fiducial temperature from Model A for Mco,min = 109h−1M⊙

and the dotted line is the fiducial temperature from Model B for SFRmin =
0.01M⊙/yr.

5.2. LRG Results

Before measuring CO parameters using the LRG correlation, we proceed to determine
the LRG clustering bias bLRG for the full sample, ignoring the bias redshift evolution.
We start by rewriting the LRG angular auto-spectrum in Eq. 17 as

CLRG
ℓ = b2LRG

!
dz

H(z)

c

f2
LRG(z)

χ2(z)
Plin[k = ℓ/χ(z), z]

= b2LRGG
LRG
ℓ , (29)

where we assume a constant LRG bias. We use a model for the measured LRG auto-
spectrum given by D̂LRG

ℓ = b2LRGG
LRG
ℓ +CLRG,shot

ℓ , where CLRG,shot
ℓ is the shot noise

component for LRGs given in Eq. 21. This model allows us to construct the estimator
for the LRG bias

["b2]LRG =

#
ℓ(D̂

LRG
ℓ − CLRG,shot

ℓ )GLRG
ℓ /Var[D̂LRG

ℓ ]
#

ℓ(G
LRG
ℓ )2/Var[D̂LRG

ℓ ]
, (30)

with uncertainty

1

[σ !b2
]2LRG

=
$

ℓ

(GLRG
ℓ )2

Var[D̂LRG
ℓ ]

, (31)

where we limit the sum to 10 < ℓ < 100. Using this method, we find bLRG =
2.482+0.054

−0.055, which is a little high compared to other analyses but still consistent given
that our redshift range is wider. In Ho et al. [34], the measured LRG bias for the
relevant redshift range was bLRG = 2.03±0.07. We list results assuming both values.

With an LRG bias, we can perform the CO-LRG cross-correlation measurement,
the results of which we show in Fig. 8. These measurements, [Ant: like the CO-
quasar measurements, appear to be lower than] the fiducial spectrum. We estimate
CO parameters for 0.16 < z < 0.47 in a similar manner as the previous section. [Ant:
The values we measured for bTCO(1−0) and TCO(1−0) assuming our LRG bias are
0.76±1.06 µK and 0.56±0.78 µK, respectively. Assuming the LRG bias from Ref. [34],
the values change to 0.93± 1.30 µK and 0.69± 0.96 µK, respectively.] Note that the
cross-correlation measurement was performed without including the measured LRG
bias to the fiducial signal; however, we repeated the measurement with the bias and

• No cross-correlation detection!	


• Set upper limits on Tco[1-0](z) and Tco[2-1](z)	


• Need to be careful about potential contaminations, including SZ, spinning dust, etc.	


• We remove CMB contribution by subtracting other WMAP bands	


• SPTpol x BOSS expects SN>15 detections with (90, 150, 220) GHz (CO J=3,5,8). 	




TIME-pilot:  	

Tomographic Ionized-C Mapping Experiment	


• A [CII] Intensity Mapper for EoR at 
6<z<9	


• 1840 TES bolometer array  	


• 195-295 GHz, 32-channel 
spectrometer	


• mounted on CSO or JCMT	


• Caltech (J. Bock), JPL (M. Bradford), 
ASIAA (T.-C. Chang), UCI (A. Cooray)	


• currently under construction	


• C+ IM traces star formation activities	


• 240 hours of observation, starting ~2016

[CII] Line Tomography with TIME-Pilot ASIAA New Project Proposal

Circles: directly observed 
bright galaxy counts
in HST/CANDELS

Triangles:
Galaxy count slope
extrapolated 
to fainter galaxies

TIME-Pilot > 4 sigma
detection region

Figure 1: EoR luminosity density and photon production. The lower points with error bars show exist-
ing measurements with ground and HST Lyman-dropout surveys, in particular the recent HST/CANDELS
measurements[26]. These estimates only include the bright galaxies and provide a lower bound. By extrap-
olating the faint-end slope of the UV luminosity function of detected galaxies, one can obtain an estimate
of the total photon density, shown by black triangles. The three lines labeled with three di↵erent values
of the ratio C/fesc, the gas clumping to escape-fraction ratio, show the requirement on the UV luminosity
density for reionization. Simulations generally prefer the range of C/fesc = 10 to 30 [27]. The blue shaded
region shows the neutral epoch of the universe, consistent with existing bounds on the CMB optical depth
from WMAP[28]. The red region shows the redshift and UV luminosity density region where TIME-Pilot
with the default survey (Table 2) is predicted to make a S/N ' 7 measurement of the [CII] intensity power
spectrum.

atmospheric window (195–310 GHz) for 5 < z < 9, the target band for TIME-Pilot. [CII] provides a
major cooling mechanism for the interstellar medium (ISM) [29–32], in multiple phases of the ISM
in the Galaxy [33], including di↵use regions [34]. As a result, the [CII] line is among the brightest
spectral line in the aggregate spectra of star-forming galaxies accounting for 0.1% to 1% of the
total IR luminosity [35, 36], and has been detected in high-redshift galaxies [37–40], and even in
some z > 6 galaxies and quasars [41].
Spectral intensity mapping has also been proposed using redshifted carbon monoxide (CO) [22–

25], however based on galaxy surveys [CII] is typically 4000 times more luminous than CO J=1!0.
Arguably the [CII]/CO ratio will increase in low-metallicity EoR systems. Since z > 6 [CII]
detections are limited to a handful of galaxies, the local-Universe dwarf galaxies [42, 43], probably
provide the best analogs of the EoR primordial galaxies. Relative to normal star forming galaxies
and Galactic regions, these low-metallicity, low-luminosity systems show enhanced [CII] relative to
the total far-IR luminosity. Madden et al. [43] report [CII] to far-IR ratios between 0.005 to 0.02
(a factor of > 5 higher than ‘normal’ galaxies), with a higher [CII]/CO ratio, for the 50 galaxies in
the Herschel Dwarf Galaxy Survey (DGS). In such low-metallicity systems, [CII] is a better tracer
of star formation, especially when compared with CO which is more depleted.

Expectations for TIME-Pilot in measuring [CII] fluctuations. We have studied the
prospects for mapping [CII] power spectrum with a wide-band imaging spectrometer, finding that
the brightness variations of the [CII] line intensity can be used to map the underlying distribution of
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TIME-pilot:  	

Tomographic Ionized-C Mapping Experiment	
[CII] Line Tomography with TIME-Pilot ASIAA New Project Proposal

which are not effective at self-shielding, such as CO, will be
photo-dissociated before H2 in the PDRs. The combined effect
of the strong FUV field from the nearby young star clusters and
the decreased dust abundance is to shift the atomic-molecular
gas transition deeper into the cloud, reducing the relative size
of the CO core and increasing the volume of the PDR. In this
scenario, a potentially significant reservoir of H2 can be present
in a Cþ-emitting PDR, outside the smaller CO core. This com-
ponent, not traced by CO nor HI, has also been uncovered in our
Galaxy via γ ray observations (Grenier et al. 2005) and more
recently with Planck (Ade et al. 2011; Paradis et al. 2012). This

effect of the CO-dark molecular gas in the PDR envelope is
shown theoretically to be controlled strongly by AV and should
increase in importance as the metallicity decreases (Wolfire et al.
2010; Krumholz & Gnedin 2011; Glover & Clark 2012). More
recent detailed studies comparing the dust and observed gas
properties in the LMC and other nearby galaxies with Herschel
and Planck have likewise highlighted the presence of this oth-
erwise undetected gas phase (§ 2.4), which could also be in the
form of optically thick HI.

In addition to the widely-used [CII] line, the DGS spectros-
copy programme traces the other key FIR ISM cooling lines
such as [OIII], [OI], [NIII] and [NII] (Table 1). These important
cooling lines are diagnostics to probe the FUV flux, the gas den-
sity (n) and temperature (T), and the filling factor of the ionized
gas and photodissociation regions (e.g., Wolfire et al. 1990;
Kaufman et al. 2006). While the new NASA-DFG airborne fa-
cility, SOFIA, will continue observing the FIR fine-structure
lines beyond Herschel’s lifetime, it must contend with the re-
sidual effects of the Earth’s atmosphere. Hence,Herschel allows
us the best sensitivity and spatial resolution to probe a variety of
emission lines from these intrinsically faint dwarf galaxies.

Since the ionization potential of C0 is 11.3 eV (Table 1)—
less than that required to ionize atomic hydrogen—[CII] can be
found in the ionized as well as the neutral phases. One way to
determine how much of the observed [CII] may be excited by
collisions with electrons in low density ionized regions, for ex-
ample, is to use the [NII] lines at 122 and 205 μm (e.g., Oberst
et al. 2011). SinceN0 requires an ionization potential of 14.5 eV,
these lines arise unambiguously from a completely ionized
phase. Their relatively low critical densities (ncrit) for collisions
with electrons (48–200 cm"3) make them useful to associate
any observed [CII] emission possibly arising from the diffuse
ionized gas, and thus provide a means to extract the PDR-only
origin component of the [CII] emission. The [NII] 122 μm line
is detected with PACS only in the brightest regions of the DGS

FIG. 2.—L½CII$=LFIR vs LCO=LFIR for local galaxies, and high-z galaxies
(Hailey-Dunsheath et al. 2010; Stacey et al. 2010) and low metallicity dwarf
galaxies (Madden 2000). Lines of constant L½CII$=LCO are shown (blue, dashed)
for 4,000 (local starburst and high-z galaxies) and 80,000, the maximum end of
dwarf galaxies. These observations are from the ISO/LWS and the KAO.
Herschel observations of dwarf galaxies will populate this plot further to the
upper left region. See the electronic edition of the PASP for a color version
of this figure.

TABLE 1

PACS FIR EMISSION LINES FOR THE DGS: THEIR PROPERTIES AND DIAGNOSTIC CAPABILITIES

Species λ (μm) Transition Excitationa Potential (eV) ncrit ðcm"3Þ Comments

[OI] . . . . . . 63.1 3P 2 " 3P 1 — 4:7 × 105b Emission from neutral regions only
With [CII] and LFIR-constrains incident FUV flux

[OI] . . . . . . 145.5 3P 1 " 3P 0 — 9:5 × 104b Ratio of both [OI] lines-measures local T ∼ 300 K
[OIII] . . . . . 88.3 3P 1 " 3P 0 35.1 510c Ionized regions only-radiation dominated by OB stars

With optical [OIII] lines (e.g., 495.9 and 500.7 nm)-probes
T and n in hot optically thin plasmas

[CII] . . . . . 157.9 2P 3=2 "
2P 1=2 11.3 2:8 × 103b, 50c Most important coolant of the warm, neutral ISM

Found in both neutral and ionized regions
[NII] . . . . . 121.7 3P 2 " 3P 1 14.5 310c Excited by collisions with electrons

Found only in ionized gas
[NII] . . . . . 203.9 3P 1 " 3P 0 14.5 48c Ratio of [NII] lines-excellent probe of low ne

[NIII] . . . . . 57.3 3P 3=2 "
3P 1=2 29.6 3:0 × 103c Ratio with [NII] can trace radiation field hardness

a Excitation potential: Here we refer to the energy needed to remove electrons to reach this state.
b Critical density for collisions with hydrogen atoms (kinetic T ¼ 300 K).
c Critical density for collisions with electrons.
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Figure 2: Left: [CII] emission as a function of CO emission for a range of galaxies and Galactic regions
from Madden et al. (2013) [43], adapted from Stacey et al., 2010 [39]. Low-metallicity dwarf galaxies which
are likely analogs of the EoR systems lie in the upper left corner of this plot, with both enhanced [CII] and
suppressed CO. (The 50 Herschel DGS galaxies are not yet available, but Madden et al. report [CII] to far-IR
ratios is 0.005 to 0.02). Right: Spectral lines redshifted into the TIME-Pilot band, with fluxes appropriate
for a typical galaxy. Flux drops with increasing redshift, but the z=5–9 [CII] from the EoR is the dominant
feature since it carries more energy than the lower-frequency CO transitions.

galaxies and dark matter [44, 23, 24, 20]. To understand the detectability of [CII] from the EoR, we
first computed the expected mean intensity of [CII] as a function of redshift and found a reasonable
agreement when using three di↵erent approaches. First, the ‘High’ case is based on a first-principles
gas physics excitation analysis, painted onto semi-analytical galaxy formation models [20]. Next,
the ‘SFR’ case assumes an estimated high-z star formation rate and a fixed [CII] to bolometeric
emission ratio of 2 ⇥ 10�3 [45] to get the mean [CII] intensity, and then partitions this mean
intensity into a galaxy luminosity function which incorporates models for large-scale structure (see
[20]). Third, the ‘Millennium’ case applies a fixed [CII] to bolometric ratio of 3 ⇥ 10�3 into the
De Lucia et al. (2006) [46] galaxy catalogs based on the Millennium simulation.
Fig. 3 shows the sensitivity of our proposed instrument TIME-Pilot in 240 hours on sky compared

with theoretical [CII] power spectra. The dominant term is the Poisson noise due to the random
distribution of galaxies, but clustering becomes important on large scales. The large-scale clustering
amplitude captures the total integrated [CII] line emission, which can be converted to the star-
formation rate density. The amplitude of the small-scale 1-halo clustering term yields the typical
halo mass scale of star-forming galaxies at z > 5. The latter is a crucial ingredient for models of
galaxy formation and evolution since it establishes the halo mass scale in which gas cooled most
e�ciently for forming the first proto-galaxies.

2.3 CO mapping during the peak epoch of star formation.
TIME-Pilot observations will also capture the integrated CO intensity fluctuations arising from

intermediate-redshift galaxies. These rotational CO lines act as a foreground and must be identified
and subtracted for [CII] EoR measurements. Table 1 shows the fraction of TIME-Pilot voxels
required to mask CO to 3 representative CO flux depths for two models of CO emission. The
Sargent et al. (2012) model [47] uses a CO prescription of similar to that in Carilli & Walter
(2013)[48], and indicates more CO emission than the Obreschkow et al. (2009) model [49], and is
therefore more pessimistic in terms of the masking for [CII]. As Fig. 3 shows, even in this model,
masking to the intermediate depth of 3⇥10�22Wm�2 is su�cient to render the CO power sub-
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Figure 3: LEFT: 3-D autocorrelation power spectra of EoR [CII] and intermediate-z CO in the TIME-Pilot
band. Red, blue, and green curves mark [CII] power from the ‘High,’ ‘SFR’, and ‘Millennium’ estimates,
respectively, described in the text. The tan-colored lines show power in CO: the upper curve includes all
the CO-emitting galaxies, the lower broken curves show the power after masking to various depths (see
Table 1). RIGHT : Power in cross correlation (in kP (k) units) between the various CO transitions and the
3-D positions of z = 0 � 2 galaxies provided by a rich survey like COSMOS. Note the large amplitude
di↵erence between the two CO models.

dominant to the [CII] power. Per Table 1, this will require removal of ⇠28% of the total survey
volume. Substantially less making is required in the more conservative Obreschkow et al. model.

Expectations for TIME-Pilot in measuring CO fluctuations. The CO data are of interest in
their own right since they provide a measure of the spatial distribution and abundance of molecular
gas over a broad range of cosmic time, including the peak epoch of cosmic star formation at z ⇠ 2.
Molecular gas is the fuel for star formation, a key ingredient in models of galaxy evolution, e.g.
cold-mode accretion models [50]. To date, most observations of molecular gas at high redshift
have been restricted to galaxies selected on the basis of high star-formation rates (e.g., SFR � 100
M� yr�1 at z = 0.2 � 1.0 [51] and SFR � 30 M� yr�1 at z = 1.0 � 2.5 [52]). A full census of the
molecular gas content over cosmic time requires an unbiased search for CO emission with su�cient
sensitivity to probe gas masses characteristic of the normal star-forming galaxy population.
Our TIME-Pilot dataset o↵ers several methods of measuring the CO emission properties of faint

sources. As Fig. 3 shows, we will cross-correlate maps of individual CO transitions with existing
galaxy catalogs and 21-cm tomography [21]. Well-studied large fields such as COSMOS contain
broad multi-wavelength coverage and redshift information, and these cross-correlations are readily
detectable. We will stack the TIME-Pilot spectra on subsamples of galaxies to measure the ag-
gregate gas properties of sources as a function of star formation rate, stellar mass, etc. A simple
stacking based only on star formation rate and redshift will yield 3� 5� detections for SFR bins of
10� 30 or 30� 50 M� yr�1, and narrow redshift bins centered on z = 0.5, 0.75, and 1.2.

2.4 The Kinetic Sunyaev-Zel’dovich E↵ect.
In addition to the spectral-line tomography, TIME-Pilot is ideally suited measure the SZ e↵ect

in individual galaxy clusters. The thermal SZ (tSZ) e↵ect has a null at 217 GHz, while the kinetic
(kSZ) e↵ect peaks in the TIME-Pilot spectral band. The kSZ e↵ect, due to the motion of a
galaxy cluster with respect to the CMB, provides a direct, redshift-independent measurement of
the velocity field of galaxy clusters [53], yielding measurements of cosmological large-scale velocities
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• At 200-300 GHz, contributions from high-z [CII] and lower-z CO emissions.	


• [CII] and CO model uncertainties are still large.  Their correlation with SFR is not solidly 
understood.	


• Will learn more from ALMA, JVLA, PdBI observations (e.g. Walter et al. 2013).	




Summary
• 21-cm cosmology is exciting and provides unique view of a significant 

fraction of the Universe  	


• “Intensity Mapping” proof of concept demonstrated at z~0.8 	


• opens up 21-cm 3D large-scale structure studies (GBT multi-beam 
array; CHIME-like instrument; and possibly SKA1-mid.) 	


• C+/CO/Ly-alpha IM offers complementary view of the universe up 
to z~10.	


• EoR 21-cm detection may come from several groups with different 
approaches soon.  HERA/SKA1-low will bring next generation 
transformational sciences. 	


• Novel use of radio astronomy tools can lead to unique cosmological 
and astrophysical insights.


