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Line Intensity Mapping 

derived from Tegmark & 
Zaldarriaga 08 

EoR: Epoch of Reionization

LSS: Large-Scale StructureSDSS III

Cosmic Dawn

CMB

21cm

Spectral 
line

• Up to1016 modes to z~50 (Hubble/Jeans)3



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

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

• Use spectral lines as tracers of 
structure, retain high frequency 
resolution thus redshift information

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

• Low-angular resolution redshift 
surveys:  economical, large survey 
volumes

• Confusion-limited.  Foreground-
limited.

Line Intensity Mapping

courtesy of Phil Korngut (Caltech)
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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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 GBT-HIM multi-
beam

HIRAX

• Significant national interest in BAO searches.!

• Putting together team to propose/build southern 
hemisphere experiment. !

• Lots of synergy w/ SKA - several MeerKAT key projects 
would be significantly improved for few % of MeerKAT 
cost.  e.g. pulsar search, H-I absorber search, radio 
transient search.!

• SKA very interested in prospect of correlator capable 
of handling SKA phase 1 already working and on-site.!

• Hydrogen Intensity and Real-time Analysis eXperiment.  

Above:  rock Hyraxes.!

 HIRAX
Tian-Lai/

CRT/BAORadio



Status Update:
21cm Intensity Maps at z~0.8
with Green Bank Telescope



• Frequency: 700-900 MHz 
• 0.6 < z < 1

      
• Spatial beam ~ 15’

• 9 h-1 Mpc at z~0.8
 

• Spectral channel ~ 24 kHz
• binned to 0.5 MHz
• ~2 h-1 Mpc

• 100-m diameter.  Large collecting 
areas

• Foregrounds are ~1000x stronger 
than the 21cm signals

• First detection in cross-correlation 
with DEEP2 galaxies at z=0.8 
(Chang, Pen, Bandura, Peterson, 
2010, Nature)    

GBT-HIM
Pilot program at the Green Bank Telescope (GBT)  



• Frequency: 700-900 MHz 
• 0.6 < z < 1

• Spatial beam ~ 15’
• 9 h-1 Mpc at z~0.8

• Spectral channel ~ 24 kHz
• binned to 0.5 MHz
• ~2 h-1 Mpc

21cm Intensity Mapping at the GBT

4 E. R. Switzer, K. W. Masui, et al.

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 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.

Cross-power, Masui+ 13, GBT-HIMAuto-power limits, Switzer+13, GBT-HIM

• 200-hr HI survey of the WiggleZ fields at 0.6 < z < 1 

• HI cross-power and auto-limits in 2013 at z=0.8 implies: 

• ΩHI bHI  = [0.62 +0.23 -0.15] x 10-3 



GBT-HIM Status Update

• Analysis of ~800 hours of GBT observations 2010-2015.
• WiggleZ 1hr, 11hr, 15hr, 22hr fields 

• Improve HI power spectrum limits 
• Measure HI-optical cross-power RSD effects
• Focus on the 1hr field, ~100 square deg, 0.6 < z < 1:

• Alternative Foreground cleaning techniques (Wolz + GBT-HIM team, 2016)
• Polarization calibration improvement (Liao, Chang et al. 2016)
• Polarization leakage power spectrum estimates (To, Chang et al., in prep)
• Handling of residual ground-spill contamination (Liao, Chang, Masui et al., in prep)    

GBT WiggleZ 1hr field

KK



Foreground Mitigation:  SVD v.s. ICA

• Foreground Projection/Subtraction Methods:

• SVD - singular value decomposition:  spectral and spatial eigenmodes (Switzer, 
Chang, Masui, Pen, Voytek 2015).
• ICA - independent component analysis.  FastICA (Wolz et al. 2014). 
• SVD:  signal loss, compensated by calculating transfer functions.
• ICA:  no signal loss.  But more difficulty in handling systematics.
• ICAxICA, SVDxICA maps:  no obvious improvement on the power spectrum 
limits

     

Laura Wolz et al., +GBT-HIM team, 2017

Erasing the Milky Way 11

0.1 0.2 0.5 1.01e
−0

4
1e
−0

2
1e

+0
0

1e
+0

2
1e

+0
4

k in h/Mpc

σ
(∆

2 in
 m

K2 ) ●

●
●

●

●
●

●
●

●
● ● ● ● ●

●

●

●

Auto PS error 2 ICs
SD of auto PS error 2 ICs
Auto PS error 4 ICs
SD of auto PS error 4 ICs
Auto PS error 6 ICs
SD of auto PS error 6 ICs

Auto PS error 8 ICs
SD of auto PS error 8 ICs
Auto PS error 10 ICs
SD of auto PS error 10 ICs
difference map PS
GBT team errors

(a) 15hr-field

0.1 0.2 0.5 1.01e
−0

4
1e
−0

2
1e

+0
0

1e
+0

2
1e

+0
4

k in h/Mpc

σ
(∆

2 in
 m

K2 )

● ●
● ●

● ●

● ●
●

● ● ●

●
● ●

●

●

Auto PS error 2 ICs
SD of auto PS error 2 ICs
Auto PS error 6 ICs
SD of auto PS error 6 ICs
Auto PS error 10 ICs
SD of auto PS error 10 ICs

Auto PS error 14 ICs
SD of auto PS error 14 ICs
Auto PS error 20 ICs
SD of auto PS error 20 ICs
difference map PS
GBT team errors

(b) 1hr-field

Figure 8. The di↵erent error estimates of the 3d power spectrum measurement are shown in detail for di↵erent number of ICs for the

15hr-field and 1hr-field. The black dashed line is the error estimate based on the di↵erence-maps. The solid coloured line the error based
on the auto-correlations of the sub-dataset and the dotted coloured line are given by the standard deviation of the three cross-correlation

measurements.
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Figure 9. 3d intensity mapping power spectrum cross-correlation between sub-datasets of the 15hr field data is shown in the left panel

and for the 1hr field data in right panel. The black line is the theoretical model convolved with the window functions as described in 3.2
for a HI model with ⌦HIbHI = 0.43 · 10�3.

the significant instrumental systematics in those maps and
fastica is not suitable to remove noise artefacts from the
data. This is in contrast to the SVD method which removes
modes with high amplitudes regardless of their statistical
properties. The GBT measurements are corrected for sig-
nal loss by an anisotropic transfer function T (k?, kk), for
more details we refer the reader to Switzer et al. (2015).
The power spectrum of the fastica-cleaned data does not
require any corrections by a transfer function since the signal
loss is negligible as shown in Wolz et al. (2014).

In general, the auto-correlations of the 15hr- and 1hr-
fields are high compared to the theoretical prediction. This
discrepancy could be explained in several ways. Systematics
left-over from the foreground subtraction could boost the
amplitude of the power spectrum. Additional power could

also be added to the 21cm signal by fluctuations introduced
by polarization leakage which are not picked up by fastica.
Finally, they could also be due to a not optimal choice of
⌦HIbHI which significantly manipulates the amplitude of the
power spectrum.

5.2 Cross-Correlation with WiggleZ

The cross-correlation power spectrum of the intensity maps
with the WiggleZ galaxy survey for both fields is shown
in Fig. 10 for range of di↵erent numbers of ICs. The error
bars in this figure are given by the standard deviation of
the estimates between the sub-datasets and empty symbols
mark negative correlations. It can be seen how the cross
power spectrum converges with increasing number of ICs for

c� RAS, MNRAS 000, 1–12

Deep Field Shallow Field



• GBT Mueller 4 x 4 beam

•  
• Make use of quasars, pulsars and noise-diode (switching at 16 Hz) to constrain six-
parameter Jones/Mueller matrix.
• Reached ~0.6% precision on-axis (boresight).
• Correct for ionospheric RM ~ 2 deg m-2.  Polarization angle rotation ~10-20 deg.  

Liao, Chang et al., 2016

10 Liao et al.

Fig. 12.— Beam pattern of the 4× 4 Mueller matrix elements fitted with off-centered pulsar tracking scans. The diagonal elements are
normalized to one, and from top-left to bottom-right the digonal panels correspond to MII ,MQQ,MUU ,MV V , respectively.

iment. Accurate polarization calibration is critical to
properly mitigate the unwanted leakage from polarized
synchrotron foregrounds into total intensity.
We use multiple parallactic angle pulsar observations

to solve for the six Jones Matrix parameters at boresight
in each of the 256 frequency channels between 700-900
MHz at the GBT. Applying the solutions to unpolarized
quasar observations, the RMS fluctuations of the Stokes
parameters over time are about 1.3%-1.7% of total inten-
sity. As a first-order correction, some of the Jones Matrix
parameters are further modified based on tracking and
spider scans of quasars. The RMS fluctuation reduces to
0.6%-0.8% of total intensity after the correction.
The imperfection of model parameters obtained from

pulsar observations may be due to the variation of polar-
ized pulsar profiles. PSR B1133+16, one of the pulsars
we use to solve the Jones Matrix parameters, has been
reported to have “orthogonally polarized modes”, which
may be responsible for the variations in the integrated
fractional polarization and position angle of the pulsar
(Karastergiou et al. 2002). The polarized pulse or fre-
quency profiles of pulsars can in general fluctuate due to
the astrophysical complexity of the pulse mechanism, or
interference of the interstellar medium.
The polarized frequency profiles of quasars are more

stable. However, with high fractional linear polarization
and non-negligible circular polarization, pulsars provide
more information needed to solve for all the Jones ma-
trix model parameters than quasars, which are usually
slightly or not polarized. Some of the parameters, in-
cluding ϕ, ϵ+, and θ+, cannot be constrained by unpo-
larized sources. We can determine θ+ by comparing the
calibrated polarization position angle of 3C286 with the
known value, while ϕ can be constrained by a highly po-
larized noise diode, which is however found to contain an
uncertain V/U spectrum. The ϵ parameter is not affected
by the noise diode as the signal injection takes place after
the dipole receptor in the signal stream at the GBT.

Off-centered polarization leakage is also an important
source of contamination. With quasar spider scans, we
find a dominant dipole feature in the Stokes I to V leak-
age pattern, which is at the ≈ 12% level, and secondary
quadrupole features of Stokes I to Q and I to U leak-
age patterns, which are ! 2% of total intensity. With
the leakage of V dipole feature into Q and U , we can
estimate δϕ and δϵ+, and improve the calibration of po-
larized sources, like 3C286. Although there are still po-
tential generic dipole features in Q and U beam pattern
which have yet to be separated from leakage of U .
We find similar features using off-centered pulsar ob-

servations and map out the entire Mueller matrix pri-
mary beam. However, the Stokes I to U leakage appears
to be the only significantly determined beam pattern.
The beam features of I leakage to Q and U are com-
parable to the variation of polarization profile of PSR
B1133+16. Therefore, it is not surprising that we cannot
significantly measure these features in the pulsar data.
In this paper, we measured the RMS fluctuations of

calibrated on-source data of quasars, including unpo-
larized 3C48, 3C295, and 3C147, and slightly polarized
3C286, to be 0.6-0.8% of the total intensity. We also
mapped the polarization beam pattern. Accurate polar-
ization calibration at this level is required to mitigate the
polarized foreground contribution for HI intensity map-
ping power spectrum measurements. We will report im-
provements on the redshifted HI power spectrum in fu-
ture work. We will also investigate the Faraday rotation
measure (RM) synthesis of Galactic foregrounds in the
HI intensity mapping fields.

We thank Willem van Straten and Paul Demorest for
their invaluable help with the use of PSRCHIVE and
pulsar calibration with the GUPPI backend at the GBT.
T.-C. C. acknowledges support from MoST grant 103-
2112-M-001-002-MY3.
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Leakage power spectrum estimate

• Upper limits on leakage power spectrum contamination

• Estimate (scan-averaged) pol-beam deconvolved maps, and calculate expected leakage.

• Polarization leakage power spectra < 10% HI upper limits but can be10x expected HI 
signals;  working on detailed simulations and error estimates

• Incorporate full polarized beam model in map-making?

To, Chang, Liao, GBT-HIM, in prep.

3.4 Leakage Estimation

4 Discussion

1. V is high:

7

2013
2013

3 Leakage Estimation

4

Chun-Hao To (Stanford)



Work in progress:
Updated HI auto-power spectrum at z~0.8

• A ~4-sigma detection… of systematics?
• Currently running jackknife tests.
• More SNR would help!

Chang, Liao, To + GBT-HIM, in prep.



Cross-correlation:
21cm Intensity Maps at z~0.08

with Parkes Telescope



Parkes HI-2dF Cross-power spectrum

• Parkes L-band multi-beam observation, 0.06 < z < 0.1, over 1500 sq. deg. , 150 hrs
• Significant cross-power spectrum with 2dF galaxy measured at ~12 sigma.
• Comparison with individual detection HI surveys, HIPASS and ALFALFA. 

• Cross-power amplitude ~ 
• b_HI=0.85, Tb=0.064 mK (ALFALFA; Marin+ 2010), b_opt~1 (Cole+ 2005).   
• Cross-power shape:  curves include linear + non-linear RSD effects. 
• r likely < 1.  Power deficit at k~1.5 h/Mpc

Anderson, Luciw + GBT-HIM, in prep.

21-cm crosspower with 2dF galaxy survey at z ⇠ 0.08 7

Similarly, we calculate each simulated recovered 2D cross-
power

P

sim
↵ =

Q

✓
F
�
[⇧M+s (Mpks + x

c
HI)] � C�1

 
� F {xg � s}⇤

◆

↵

NT↵

(13)

The mean of this quantity over 100 simulations represents
the expected 2D power spectrum. The variance provides an
estimation of the expected errors, incorporating noise, fore-
ground residuals, sample variance, signal loss from cleaning,
and galaxy shot noise. The number of foreground modes to
remove is chosen to minimize this variance. If too few modes
are removed, residual foregrounds boost the variance. If too
many modes are removed, the small transfer function in the
denominator boosts the errors. We find that removing 10
SVD modes minimizes this variance. To display our final
results, we average the power spectrum to 1D bins. The av-
erage to 1D is weighted by the inverse variance of each k-bin
across 100 simulated 2D power spectra, and the uncertainty
assigned to each bin of the final, observed 1D power is the
corresponding standard deviation calculated from the sim-
ulated 1D power spectra. Each of the four sub-maps is an-
alyzed independently of the others – the final result is an
average of these.

As a null test for correlations between residual fore-
grounds and 2dF galaxies, we randomly shu✏e the redshift
slices of our 21-cm maps and compute the cross-power spec-
trum between these shu✏ed maps and the 2dF maps – we
find the cross power is consistent with zero on all scales of
interest.

5 RESULTS AND DISCUSSION

The observed cross-power spectrum cleaned by removing 10
SVD modes is shown in Fig. 2; we display only 1D Fourier
modes for which we have full 2D angular coverage. We report
an 11.9� detection of cross power on these scales. A decorre-
lation of band powers is not performed because all significant
correlation is contained in the region where k < 0.2.

Both neutral hydrogen and optical galaxies are bi-
ased tracers of the underlying dark matter over-density.
Our model for the observable radio and galaxy maps is
�T = TbbHI� and �opt = bopt�, where � is the dark mat-
ter over-density field. Additionally, because the HI and
optical galaxies may not always overlap, one must intro-
duce a galaxy-HI correlation coe�cient r, which satisfies
�1  r  1. The linear cross-power spectrum is then ex-
pressed as PHI,opt(k) = Tb bHI bopt r P��(k) in real space,
where r is the galaxy-HI correlation coe�cient; in redshift
space, the power is distorted (see Appendix A). This model
assumes that the optical bias, HI bias, and correlation coef-
ficient are all constants, though in principle they can be
functions of scale. The assumption of scale-independence
tends to fail at smaller scales, where the growth of struc-
ture is not well described by linear theory. The 1D cross-
power of Fig. 2 displays a statistically significant decrement
at k ⇠ 1.5 hMpc�1 which cannot be explained by scale-
independent biases and a scale-independent correlation co-
e�cient.

To attempt to understand these results, we turn to the

Figure 2.Observed 1D cross-power averaged over the four Parkes
fields and cleaned by removing 10 SVD modes. A circle denotes
positive power and a ⇥ denotes negative power. The grey line
is the mean of the simulations, for which we assume bHI = 0.85
and Tb = 0.064 mK, given by the ALFALFA measurement of ⌦HI

(Martin et al. 2010). The dashed black line is the corresponding
dark matter power spectrum monopole scaled like Eq A1. Plot-
ted error bars are 1-�, derived from the Monte Carlo simulations
described in section 4.

HI-selected galaxy catalogs of the ALFALFA (Papastergis
et al. 2013a) and HIPASS (Meyer et al. 2007) surveys. Both
surveys analyze the projected correlation function and find
that HI-selected galaxies are one of the most weakly clus-
tered galaxy populations. The projected correlation func-
tions of HI-galaxies display a shallower approximate power-
law behavior than the projected correlation functions of
magnitude-limited 2dF and SDSS optical galaxy popula-
tions. This result implies a scale-dependent relative bias be-
tween the HI and optically selected galaxies, which could
lead to the shallower slope, relative to dark matter, seen in
the power spectrum of Fig. 2. However, the flattening of the
power spectrum seen in the final k-bin, at k ⇠ 1.5hMpc�1,
appears to be caused by a low correlation coe�cient between
HI and red galaxies at that scale. Following the k-corrected
color splitting method used in Cole et al. (2005), we split the
2dF galaxies into a population of red and blue galaxies and
analyze the HI-galaxy cross-powers. In our redshift range,
red galaxies account for approximately a third of the total
2dF population, and blue galaxies account for two thirds.
The cross-power spectra with the blue and red galaxies are
shown in figure 3. The plateau at k ⇠ 1.5hMpc�1 is not
present in the cross-power with the blue galaxies. The red
cross-power, on the other hand, shows a precipitous drop
at this scale. The statistical significance of the di↵erence is
about 2.4-�. These results favor the picture that HI clusters
at k ⇠ 1.5 hMpc�1, but it tends to avoid red galaxies and re-
sides in blue galaxies. The small cross-correlation coe�cient
between HI and red galaxies reduces the total HI-galaxy
cross-power in the final k-bin, causing the plateau in figure
2.

Our results are qualitatively consistent with the find-
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APPENDIX A: REDSHIFT-SPACE
CROSS-POWER SPECTRUM

In redshift space, the power is distorted (White et al. 2015)
and can be modeled as

PHI,opt(kk, k?, z, µ) =Tb bHI bopt r ⇥
(1 + �HI µ

2)(1 + �opt µ
2)

1 + (kµ�v)2
P��(kk, k?) ,

(A1)

where �i = f(z) / bi, f(z) is the dimensionless growth rate,
µ is the cosine of the angle between the line-of-sight and
the k-vector, and �v is the dispersion of the velocity field.
The numerator of the fraction arises from linear theory of
infall into over-densities (Kaiser 1987) and the denomina-
tor from non-linear theory relating the small-scale velocity
field to a field characterized by dispersion �v (Peacock &
Dodds 1994). Expanding the above in terms of the Legendre
polynomials yields the power monopole, given by the expan-
sion coe�cients corresponding to the zeroth-order Legendre
polynomial.

APPENDIX B: 2D WEIGHTS

The following two tables are the standard deviations of
the 2D k-bins across 100 simulations per field, propa-
gated through an average of the cross power over the
five Parkes fields; the corresponding inverse variance is
used as weights for the 2D to 1D average. The first column
in each table gives kk and the first row in each table gives k?.
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APPENDIX A: REDSHIFT-SPACE
CROSS-POWER SPECTRUM

In redshift space, the power is distorted (White et al. 2015)
and can be modeled as

PHI,opt(kk, k?, z, µ) =Tb bHI bopt r ⇥
(1 + �HI µ

2)(1 + �opt µ
2)

1 + (kµ�v)2
P��(kk, k?) ,

(A1)

where �i = f(z) / bi, f(z) is the dimensionless growth rate,
µ is the cosine of the angle between the line-of-sight and
the k-vector, and �v is the dispersion of the velocity field.
The numerator of the fraction arises from linear theory of
infall into over-densities (Kaiser 1987) and the denomina-
tor from non-linear theory relating the small-scale velocity
field to a field characterized by dispersion �v (Peacock &
Dodds 1994). Expanding the above in terms of the Legendre
polynomials yields the power monopole, given by the expan-
sion coe�cients corresponding to the zeroth-order Legendre
polynomial.

APPENDIX B: 2D WEIGHTS

The following two tables are the standard deviations of
the 2D k-bins across 100 simulations per field, propa-
gated through an average of the cross power over the
five Parkes fields; the corresponding inverse variance is
used as weights for the 2D to 1D average. The first column
in each table gives kk and the first row in each table gives k?.
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Parkes HI-2dF Cross-power spectrum8 C. J. Anderson et al.

Figure 3. Observed 1D cross-power spectrum between the HI
maps and the red and blue 2dF galaxies, averaged over the four
Parkes fields and cleaned by removing 10 SVD modes. The red
cross-power points are slightly o↵set on the k-axis, for ease of
reading. As before, a circle denotes positive power and a⇥ denotes
negative power, and the grey line is the mean of the simulations,
for which we assume bHI = 0.85 and Tb = 0.064 mK, given by
the ALFALFA measurement of ⌦HI (Martin et al. 2010).

ings of Papastergis et al. (2013b). Their analysis of the pro-
jected cross-correlation function and auto-correlation func-
tion of red and blue SDSS galaxies and HI-selected AL-
FALFA galaxies reveals that the HI-blue cross-correlation
coe�cient is close to unity at all scales. This finding indi-
cates that blue galaxies and HI galaxies trace the same un-
derlying matter perturbations. The HI-red cross-correlation
coe�cient is unity at large separations, but it begins to drop
at separations smaller than ⇠ 5 h

�1Mpc, indicating that the
presence of a red galaxy decreases the probability of finding a
nearby HI-galaxy, relative to statistically independent dark
matter tracers. As noted by Papastergis et al. (2013b), this
result may reflect the fact that red galaxies tend to pref-
erentially inhabit high density halos (add reference), which
usually have lower fractions of HI gas, as seen in studies of
individual clusters (add reference) and hydrodynamic simu-
lations (Villaescusa-Navarro et al. 2016).

6 CONCLUSIONS

We find an 11.9� detection of cross-correlated power be-
tween the 2dF galaxy map and the foreground cleaned 21-
cm intensity map. The detection demonstrates the e↵ective-
ness of the SVD Principal Component Analysis method for
foreground removal. An auto-power detection cannot be re-
ported, but constraints from the auto-power spectrum will
be the subject of future work. The cross-power signal falls
relative to the theoretical dark matter power spectrum at
high k, indicating a possible scale-dependent HI bias. A split-
ting of the galaxies by color reveals that an observed plateau
in power at k ⇠ 1.5hMpc�1 is likely due to a tendency for
HI to avoid red galaxies at these scales.
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• Cross-correlating with 2dF blue and red galaxies separately.
• HI follows distribution of blue galaxies but does not trace red galaxies at k~1.5 h/Mpc
• HI-galaxy cross-correlation coefficient appears scale- and color-dependent.
• Neither simple HI halo model (e.g. Padmanabhan+16) nor naive large-scale sims can 
capture this feature.   We need better small-scale modeling!

Anderson, Luciw + GBT-HIM, in prep.



EoR Sciences
[CII] Intensity Maps at z~5-9

with TIME



And all other spectral lines
6

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 


• CO IM - CO rotational lines (CO(1-0) at 115 GHz rest frame):  Righi+ 08, Visbal & Loeb 2010, Carilli 2011, 
Gong+11, Lidz+11, Pullen+13, Breysse+14, Breysse+15, Li+ 15, Mashian+ 15, Keating+15, Keating+16)

• [CII] IM - singly ionized carbon (158 μm rest frame): Gong+12, Silva+14,  Yue+ 15, Serra+16, Cheng+16

• Lyman-alpha IM - Lya emission(1216 A rest frame): Silva+12, Pullen+13, Croft+16

• H-alpha IM - Ha emission (6562 A rest frame): Gong+ 16; Silva+ 17

• HeII IM - HeII (1640 A):  Visbal, Haimann, Byran 2015



CO/[CII]/Ha intensity mapping

Ionization 
field

HI field

galaxy/halo 
field

CO/[CII]/Ha 
field

Lidz et al. 2011 

• CO/[CII]/Ha trace star formation activities on large-scales at EoR, anti-correlate with 21cm 
emissions on ionized bubble scales and can be used to derive bubble evolution and reionization 
history (Lidz et al. 2009; Chang et al. 2015).

•  Continuum foregrounds are much less of an issue.  Need to worry about line interlopers.



TIME:  [CII] Intensity Mapper  
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

• to be installed on APA 12-m.

• Caltech (J. Bock), JPL (M. Bradford, T.-C. 
Chang), ASIAA (C.-T. Li), UCI (A. 
Cooray), U Arizona (D. Marrone) 

• Engineering run expected fall 2018.

• [CII] IM traces star formation activities

• 1000 hours of observation, starting ~2019

• Measure [CII] P(k) at several 10s of sigma 
(model dependent)

TIME collaboration

[CII] Line Tomography with TIME Bock et al.

Expected errors from TIME
1000 hr default legacy survey

Figure 1: EoR photon production or star-
formation rate density (SFRD) through
reionzation. Data points show existing
measurements with ground-based and HST
Lyman-dropout surveys, e.g. the recent
HST/CANDELS measurements (including ex-
trapolation of the luminosity functions down
to 0.001 L?). The orange swaths show mod-
els which match the Planck ⌧ under two
escape-fraction (f

esc

) assumptions, adopted
from Robertson et al. 2015 [9]. TIME of-
fers an independent way to measure SFRD
via intensity mapping of [CII] without individ-
ual galaxy detections. The TIME sensitivities
(boxes at 68% and 95% confidence levels for
two redshift bins) refer to the f

esc

=6% model.
Uncertainties are based on the assumed 1000-
hour APA survey and assume L

[CII]

/L
tot

=
3⇥ 10�3.

ALMA combined with total intensity measurements with TIME will reveal the full population of
ionizing sources in the EoR.
Intensity mapping is a complement to galaxy surveys because it traces total surface brightness,

naturally accessing the full luminosity function including all faint sources. 2-D intensity mapping
studies have been successful in measurements of the CMB, which constrain the EoR epoch through
measurements of optical depth [13, 14] and patchy reionization [15]. Recently, continuum intensity
mapping with Herschel and Planck has been used to study the linear and non-linear clustering
of sub-mm galaxies [16–18], to trace the large-scale structure that gravitationally lenses the CMB
[19–21], and to discover a new component of the near-infrared extragalactic background [22–24].
While these 2-D studies demonstrate the basic technique, broad spectral bands integrate emission
over redshift. Spectral measurements incorporate 3-D redshift information needed to distinguish
the faint EoR signal from the bright low-redshift galaxies along the line of sight.
3-D intensity mapping involved using an imaging spectrometer to measure a spatial-spectral data

cube in which intensity is mapped as a function of the sky position and frequency [25–32]. This
data cube is then analyzed to produce a 3-D power spectrum. The first 3-D intensity mapping
measurement detected 21-cm fluctuations in a GBT HI survey at z ⇠ 0.8 [26]. Other HI and
CO intensity mapping experiments are underway; a highlight is a first measurement of the CO
abundance at z ⇠ 2 to 3 [33, 34].
TIME targets the total [CII] emission in reionizing galaxy populations. TIME will map

the 3-D [CII] intensity power spectrum to reveal the linear clustering signal which is proportional
to the aggregate total [CII] intensity of all galaxies. [CII] is the most energetic emission line in
galaxies for �rest > 40µm and is a bolometric marker for total star formation activity (Fig. 2),
so our [CII] total intensity measurements directly constrain EoR photon production, as illustrated
in Fig. 1. [CII] measurements complement HI 21-cm line intensity mapping [35–37] that traces
the neutral medium at z > 6 (e.g., HERA, PAPER, MWA, LOFAR). Given a first detection of
[CII] fluctuations, a future generation of instruments will make full [CII] data cubes that can be
cross-correlated with HI data to trace the bubble size and ionization history of the intergalactic
medium[25].

2.1 [CII] as a Probe of the Reionization Epoch
Carbon is the fourth-most abundant element in the Universe and, because it is ionized before
hydrogen (11.3 eV ionization energy), is easily ionized by di↵use starlight. With a fine-structure
level splitting of 91 K, and modest critical densities in both neutral and ionized gas, [CII] is easily
excited and radiates e�ciently at 157.7µm. [CII] is a major coolant of the interstellar medium
(ISM) [38–41] in multiple phases [42, 43], accounting for 0.1% to 1% of the total IR luminosity
[44, 45] in star-forming galaxies at low and high redshift [46–49]. Conveniently, [CII] emission from

2



TIME measures CO/H2 abundance      
at z=0.5-2

• TIME will measure multiple 
CO J rotational transitions 
at 0.5 < z < 2

• Can be achieved via in-
band cross-correlations of 
different J lines 

• TIME will constrain the 
cosmic molecular hydrogen 
abundance across redshifts

[CII] Line Tomography with TIME Bock et al.
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Figure 4: The cosmic molecular gas history. Current
theoretical predictions of the evolution of ⇢H2 from
several groups are shown [59–61], as well as the state
of current measurements [62–64, 34]. The constraints
from TIME are shown as boxes, colored by the pair
of CO transitions that will be cross-correlated within
the data to uniquely identify power at each redshift.
The TIME measurement is subject to systematic un-
certainty in the conversion of CO to H

2

, though this
uncertainty applies almost identically to all of the
measurements shown. Outside of a small gap around
z ⇠ 0.75, TIME will chart the evolution in ⇢H2 across
5 Gyr of cosmic time, starting from the period of
peak star formation activity when depletion of molec-
ular gas may have led to the subsequent rapid decline
in the cosmic star formation rate density.

of the instrument, for a very large redshift range (0.5 < z < 2, excluding 0.74 < z < 0.88) we si-
multaneously observe two CO transitions within the band. Through cross-correlation of the TIME
data with themselves at a pair of adjacent CO transitions, we can uniquely identify the contribution
from CO at each redshift. While interpretation of this cross-correlation measurement requires some
assumptions about the excitation of CO, there is substantial evidence from existing observational
data [68, 70] that the range of line ratios for adjacent CO lines is small, minimizing the uncertainty.
There are additional systematic uncertainties in the conversion of CO luminosity to H2 mass [71],
though such uncertainties a↵ect nearly all measurements of the molecular gas content of galaxies,
and are a topic of extensive current investigation at all redshifts. We find that TIME can constrain
the cosmic molecular gas history at high significance, in particular at 0.5 < z < 1, compared to
recent legacy surveys from the PdBI and ALMA [64, 63], and is complementary in redshift coverage
to other dedicated CO intensity mapping survey [34].

3.1 Distinguishing CO from [CII]
For most of the band the CO will be the brighter signal, so initial CO measurements should be
straightforward. Probing deeper in CO and recovering the [CII] requires that the two signals
can be distinguished within the TIME data cube. Fortunately, this issue has been shown to be
surmountable by our group and others using at least two di↵erent methods:
1) Two independent investigations have shown that intensity mapping signals at di↵erent red-

shifts can be distinguished geometrically in the power spectrum space [72, 73]. The isotropy of
cosmological signals on large scales implies symmetric power fluctuations in transverse and line-of-
sight directions in comoving coordinates. As shown in the left panel of Fig. 5, transforming the
TIME data from observed sky and frequency coordinate to the comoving [CII] coordinates leads to
strong anisotropy of the lower-redshift CO signals, as shown in the second panel. This is because

Figure 5: “Deblending” tech-
nique for extracting both
[CII] and CO signals by
distinguishing the shape of
power spectrum in trans-
verse (k?) and line-of-sight
(k||) directions. The left
and right panels show the
isotropy of [CII] power and
the anisotropy of low-redshift
CO(3-2) when it is incorrectly
mapped to the [CII] comoving
coordinate system at z = 6.

5

TIME collaboration



CO, [CII] signal de-confusion

• High-z [CII] and low-z CO 
rotational lines can be 
confused in TIME

• Can use the redshift-
dependence of CO and 
[CII] from observing to 
comoving coordinates to 
distinguish the lines (Lidz & 
Taylor 2016; Cheng, Chang 
et al. 2016). 

[CII] Line Tomography with TIME Bock et al.
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Figure 4: The cosmic molecular gas history. Current
theoretical predictions of the evolution of ⇢H2 from
several groups are shown [59–61], as well as the state
of current measurements [62–64, 34]. The constraints
from TIME are shown as boxes, colored by the pair
of CO transitions that will be cross-correlated within
the data to uniquely identify power at each redshift.
The TIME measurement is subject to systematic un-
certainty in the conversion of CO to H

2

, though this
uncertainty applies almost identically to all of the
measurements shown. Outside of a small gap around
z ⇠ 0.75, TIME will chart the evolution in ⇢H2 across
5 Gyr of cosmic time, starting from the period of
peak star formation activity when depletion of molec-
ular gas may have led to the subsequent rapid decline
in the cosmic star formation rate density.

of the instrument, for a very large redshift range (0.5 < z < 2, excluding 0.74 < z < 0.88) we si-
multaneously observe two CO transitions within the band. Through cross-correlation of the TIME
data with themselves at a pair of adjacent CO transitions, we can uniquely identify the contribution
from CO at each redshift. While interpretation of this cross-correlation measurement requires some
assumptions about the excitation of CO, there is substantial evidence from existing observational
data [68, 70] that the range of line ratios for adjacent CO lines is small, minimizing the uncertainty.
There are additional systematic uncertainties in the conversion of CO luminosity to H2 mass [71],
though such uncertainties a↵ect nearly all measurements of the molecular gas content of galaxies,
and are a topic of extensive current investigation at all redshifts. We find that TIME can constrain
the cosmic molecular gas history at high significance, in particular at 0.5 < z < 1, compared to
recent legacy surveys from the PdBI and ALMA [64, 63], and is complementary in redshift coverage
to other dedicated CO intensity mapping survey [34].

3.1 Distinguishing CO from [CII]
For most of the band the CO will be the brighter signal, so initial CO measurements should be
straightforward. Probing deeper in CO and recovering the [CII] requires that the two signals
can be distinguished within the TIME data cube. Fortunately, this issue has been shown to be
surmountable by our group and others using at least two di↵erent methods:
1) Two independent investigations have shown that intensity mapping signals at di↵erent red-

shifts can be distinguished geometrically in the power spectrum space [72, 73]. The isotropy of
cosmological signals on large scales implies symmetric power fluctuations in transverse and line-of-
sight directions in comoving coordinates. As shown in the left panel of Fig. 5, transforming the
TIME data from observed sky and frequency coordinate to the comoving [CII] coordinates leads to
strong anisotropy of the lower-redshift CO signals, as shown in the second panel. This is because

Figure 5: “Deblending” tech-
nique for extracting both
[CII] and CO signals by
distinguishing the shape of
power spectrum in trans-
verse (k?) and line-of-sight
(k||) directions. The left
and right panels show the
isotropy of [CII] power and
the anisotropy of low-redshift
CO(3-2) when it is incorrectly
mapped to the [CII] comoving
coordinate system at z = 6.
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TIME collaboration (Cheng, Chang et al. 2016)



EoR Sciences
Lya, Ha Intensity Maps at z~6-9

with SPHEREx



Line Intensity Mapping with SPHEREx
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Fluctuations in Line Emission

SPHEREx:  low-resolution spectroscopic all-sky survey 
  
  For every ~3” pixel over the entire sky: 
  

➡  R=40 spectra spanning (0.75 μm < λ < 4.81 
μm). 

➡  R=150 spectra (4.1 μm < λ < 4.81 μm). 

Doré, Bock et al., arXiv:1412.4872 

• SPHEREx will measure 3D clustering 
of multiple line tracers at high SNR 
their luminosity-weighted biases. 

• SPHEREx will map SFR throughout 
cosmic time

• SPHEREx might have sensitivity to 
detect Lya from EoR

• SPHEREx currently in MIDEX 
competition.

http://arxiv.org/abs/1412.4872


Summary
• Line Intensity Mapping offers an exciting and unique probe of a significant fraction of the Universe  

• 21cm Intensity Mapping proof of concept demonstrated at z~0.8 (Chang et al. 2010).

• Opens up 21-cm 3D large-scale structure studies (GBT-HIM multi-beam array; HIRAX, 
CHIME, Tian-Lai in progress; and possibly SKA1-mid.) 

• [CII] Intensity Mapping offers a complementary probe of the Epoch of Reionization

• TIME will probe the [CII] source clustering at 6 < z < 9.  First light expected 2018.  

• CO Intensity Mapping: a ~2-sigma detection at z=2-3 (Keating et al. 2016).

• COMAP (PI:  K. Cleary; Caltech) and AIM-CO (PI:  Y.-H. Chu, ASIAA) underway

• Lyman-alpha IM:  a 3-sigma cross-correlation detection at z~2-3.5 (Croft et al. 2016).

• SPHEREx may potentially probe Lya IM at z~6-8.  HETDEX at z=2-3.

• EoR 21-cm detection may come from several groups with different approaches soon (LOFAR, 
PAPER, MWA).  HERA/SKA1-LOW will bring next generation transformational sciences. 


