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SKA x mm-wave:

What can we do with that?

Rendition of the 
Simons Array 
on the Atacama 
Plateau



Outline
• What mm-wave data will be available?


• Maximizing science


– Complementary constraints


– Complementary data


– Cross-correlations

South Pole Telescope



Cosmic microwave power spectrum

Temperature is sample variance limited

from 
Planck 
collab.



• Any polarization pattern can be 
decomposed into “E” (grad) and 
“B” (curl) modes


• Quadrupole anisotropy introduces  
polarization at surface of last 
scattering


• Density fluctuations do not produce 
“B” modes!


• “B” modes are created by: 

– On large scales: primordial 

gravity waves from Inflation  

– On small scales: 


• lensing of the CMB from 
large scale structure


• anisotropic optical depth

The Next Frontier: 
Polarization

Smith et al 2008 

10o



Cosmic microwave power spectrum

Lots of room for 
improvement on 

polarization

from 
Keisler et 
al.



CMB Experimental Stages
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Today

Snowmass: CF5 Neutrinos Document
arxiv:1309.5383

e.g.,
SPTpol
POLARBEAR
ACTpol
Keck Array

SKA-1

These experiments 
are taking data with 
O(1000) detectors; 
have seen B-modes
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors
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e.g.,
SPT-3G
Simons Array
Adv ACTpol

SKA-1

Near-future 
(pre SKA-1)

These experiments 
currently testing/
integrating hardware 
w. O(10k) detectors; 
no data yet

One of 3 Simons 
Array receivers



Chile

ABS 

ACTPol/AdvACT

POLARBEAR/Simons

CLASS

GroundBIRD - MKIDs              2016

Antarctica

KECK/BICEP3

SPTPol/SPT-3G

QUBIC - Bolo int.                    2016

Elsewhere (for now)

B-Machine –WMRS

GLP - LEKIDs                          TBD

MuSE - Multimoded                TBD

QUIJOTE  - HEMPTS

Have data

145 GHz 

30, 40, 90, 150, 230 GHz 

90, 150, 220 GHz

40, 90, 150 GHz

150 GHz

90, 150, 220 GHz

90, 150, 220 GHz

90, 150, 220 GHz

40 GHz

150, 210, 270 GHz

44, 95, 145, 225, 275 GHz

11-20, 30 GHz

Current or planned freqs

2016

2015
2016

On the ground

+Lens
+Lens

+Lens

from L Page
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Today
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Stage-IV 
CMB 
experiment = 
CMB-S4 
~200x faster 
than today’s 
Stage 2 
experiments

SKA-1
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Today
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Stage IV:

Design/specs 
not finalized.


Expected 
timeline 
similar to 
SKA-1


Given highest 
priority in US 
particle 
physics 
decadal plan

SKA-1



Stage IV concept
• Large angular range (degrees to 

arcminutes) … minimum 3 arcmin 
resolution


• Half the sky: 20,000 deg2

• Lots of detectors: ~500,000

• Broad frequency coverage (50-240 

GHz)

• Target noise of 1 uK-arcmin over 50% 

sky, starting 2020 on a 5-year survey.

Primary technical 
challenge is one of scale

Credit: C. Chang



Stage IV concept
• Large angular range (degrees to 

arcminutes) … minimum 3 arcmin 
resolution


• Half the sky: 20,000 deg2

• Lots of detectors: ~500,000

• Broad frequency coverage (50-240 

GHz)

• Target noise of 1 uK-arcmin over 50% 

sky, starting 2020 on a 5-year survey.

Almost certainly sited 
in Chile — complete 
overlap with SKA

Perfect to 
extend SKA1 
mid 
frequencies

Credit: C. Chang



Satellites

See talk

Possibilities:

• LiteBIRD (Japan concept)

• PIXIE (US concept)

• COrE, PRISM, CMBpol 

(unlikely for SKA-1; EU, US 
concepts)

PIXIE concept

2,022$Bolometers$

LiteBIRD



Basic data product: a map

~50 deg2 from the SPT-SZ 
2500 deg2 survey

No 3d information 

A map per frequency band 

Can look for time-varying sources, 
although not optimized for it 



Derived maps

eg Planck lensing map

• Can use multiple frequencies to separate out components, e.g., kinetic SZ 
map, thermal SZ map, …


• Can use higher-order correlations to get lensing mass maps (above), 
anisotropic optical depth maps



Outline
• What mm-wave data will be available?


• Maximizing science


– Complementary constraints


– Complementary data


– Cross-correlations

South Pole Telescope



Independent constraints

(possibly complementary?)



Constraints on “vanilla” 
cosmology
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SPT-3G (forecast)

B-mode power spectra:
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Large field
Small field

Figure 2: Left: Current measurements of the B-mode power spectrum shown against the projected constraints
(shaded light blue) from the first half of the SPT-3G survey with D` = 30 binning. The SPT-3G forecast includes
conservative assumptions about foreground subtraction, and atmospheric and instrumental 1/f noise. The model
plotted has no inflationary B-modes (r=0). Note that the existing measurements are roughly from the first year of
each experiment, not the full surveys (Ade et al., 2014d; Naess et al., 2014; Ade et al., 2015); the SPTpol points are
not yet published. SPT-3G will dramatically improve our knowledge of the B-mode power spectrum across this
entire range. Right: Constraints on the tensor-to-scalar ratio r and spectral index n

s

. Contours give experimental
constraints (1 s on n

s

and 2 s on r). Different inflation models yield testable predictions for n

s

and r; the majority
of single-field slow-roll inflation models are “large field” which occupy the white space above r = 0.01. The first
half of the SPT-3G survey will be able to detect or rule out most of these models. The full SPT-3G and Simons
Array surveys will lead to even more stringent tests of inflation.
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⇥103
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⇥103
⇥101 [meV] ⇥102

Planck + DESI 1.17 0.97 3.75 3.66 1.12 4.92 0.39 91 5.72
+ SPT-3G + Simons-Wide 0.63 0.61 2.35 2.18 0.078 4.61 0.28 24 1.31

Planck + DESI + TAIPAN 1.04 0.82 3.19 3.18 0.59 4.90 0.38 66 5.72
+ SPT-3G + Simons-Wide 0.49 0.54 2.07 1.81 0.058 4.45 0.26 22 1.31

Table 1: Expected 1s constraints on a 9-parameter LCDM+Neff+Smn+tensor (r) model from SPT-3G + Simons
Array Wide power spectrum and lensing data (from observations through 2017). Parameters for which adding the
ground-based CMB data improves the constraint by at least a factor of 1.5 are marked in bold.

modern cosmology. In addition to temperature fluctuations, the CMB is roughly 10% polarised due to local quadrupole
moments in the plasma. The resulting polarisation pattern is curl-free and denoted “E-mode” polarisation. Conversely,
divergence-free patterns, B-modes, are produced only by gravitational waves and gravitational lensing.

High-fidelity measurements of CMB polarisation present new tests of the standard cosmological model and opportu-
nities to break parameter degeneracies that exist within the temperature data alone. Additionally, E-mode polarisation
measurements are expected to become foreground-limited at much smaller angular scales than temperature measure-
ments, because of the low polarisation of dusty and radio galaxies (Naess et al., 2014; Crites et al., 2014). Low-noise,
high-resolution experiments have the potential to make precision measurements of the number of relativistic particle
species, the primordial helium abundance, and the shape of the primordial power spectrum.

In summary, the ultra-deep observations of SPT-3G and the Simons Array will result in the best measurement yet of
the so-called E-mode CMB polarisation (the polarisation imprinted by scalar density perturbations at redshift z⇠1000)
at small angular scales and a detection of the B-mode CMB polarisation due to gravitational lensing and inflationary
gravitational waves. Projected constraints on the B-mode power spectrum measurements with SPT-3G are shown in
Figure 2. Parameter forecasts based on Fisher matrix analyses are listed in Table 1.

Inflation How did the universe begin? Along with the nature of dark energy and dark matter, this is the unifying
question in cosmology. The answer will have a profound impact not only on cosmology but also on high-energy

4

EoR/CD Cosmology Jonathan Pritchard

Figure 2: Sensitivity plots of HERA (red dashed curve), SKA0 (red), SKA1 (blue), and SKA2 (green).
Dotted curve shows the predicted 21cm signal from the density field alone assuming xH = 1 and TS � TCMB.
At z = 20, we also plot the case of TS = 20K in the z = 20 panel to give a better sense of the expected 21
cm signal during absorption. Vertical black dashed line indicates the smallest wavenumber probed in the
frequency direction k = 2p/y, which may limit foreground removal. Left panel: z = 8 Right panel: z = 20.

(Barger et al. 2009; Adshead et al. 2011) and neutrino masses (Pritchard & Pierpaoli 2008). This
also indicates that SKA-LOW will have the sensitivity to provide a useful consistency check on
cosmological parameters from the high redshift regime long before dark energy becomes impor-
tant.

These numbers assume a single deep field designed to reduce thermal noise and so maximise
sensitivity on the smallest scales. This tends to maximise the constraint on parameters like neutrino
mass, which modify the power spectrum primarily on small scales. On large scales, cosmic vari-
ance dominates over thermal noise. This makes it useful to complement a single deep field with
many shallower fields, which increase the survey volume and reduce the cosmic variance. The
SKA-LOW survey strategy of shallow ⇠ 10000 deg2, mid 1000 deg2, and deep 100 deg2 surveys
provides a good mix to optimise for cosmology.

Table 2: Fiducial parameter values and 1�s constraints on cosmological parameters. Non-cosmological
parameters included in the analysis {t , xH(z = 7), xH(z = 7.5), xH(z = 8)} are not shown. We take kmin =
2Mpc�1 as the limit to linear modes.

logWmh2 logWbh2 WL ns log(As/10�10) Wk dns/d logk Mn (eV)
Value -1.9 -3.8 0.7 0.95 -0.19 0 0 0.3
Planck 0.028 0.0068 0.038 0.0035 0.0097 0.0022 0.0047 0.35
Hera 0.0091 0.0055 0.011 0.003 0.0088 0.0021 0.0036 0.12

SKA0 0.017 0.0058 0.023 0.0032 0.009 0.0022 0.0034 0.22
SKA1 0.0083 0.0051 0.01 0.003 0.0084 0.002 0.0018 0.12
SKA2 0.0016 0.0048 0.0026 0.0027 0.0081 0.0012 0.00092 0.084

We make no attempt here to model the effects of astrophysics on these constraints. Increas-

6

SKA-side:

From Pritchard et al. 2015

CMB-side (typical for Stage III): 

CMB and SKA data are both forecast to improve cosmological constraints

Combination might break degeneracies



Example: neutrinos
6

FIG. 1: Contours of 90% C.L. forecasts in Σmν -Nν plane, by adopting Planck + Polarbear + each 21 cm experiment (left
two panels), or CMBPol + each 21 cm experiment (right two panels). Fiducial values of neutrino parameters, Nν and Σmν , are
taken to be Nν = 3.04 and Σmν = 0.1 eV (for upper two panels) or Σmν = 0.05 eV (for lower two panels). The dashed line
means the constraint obtained by only a CMB observation such as Planck + Polarbear alone (left two panels), or CMBPol
alone (right two panels). The severer constrains are obtained by combining the CMB with a 21 cm observation such as MWA
(outer solid, only for left panels), SKA (middle solid), and Omniscope (inner solid), respectively.

model. Adding the 21 cm experiments to the CMB ex-
periment, we see that there is a substantial improvement
for the sensitivities to Σmν and Nν . That is because
several parameter degeneracies are broken by those com-
binations, e.g., in particular Tb and As were completely
degenerate only in 21 cm line measurements. Therefore
it is essential to add the CMB to the 21 cm experiment
to be vital for breaking those parameter degeneracies.

If each CMB experiment is combined with SKA or
Omniscope, the corresponding constraint can be signifi-
cantly improved. We showed numerical values of those
errors in Table III in case that the fiducial values are
taken to be Nν = 3.04 and Σmν = 0.05 eV. On the
other hand, comparing those values with the current best
bounds for Σmν + Nν model, which give Σmν < 0.89
eV and Nν = 4.47+1.82

−1.74 obtained by CMB (WMAP) +
HST(Hubble Space Telescope) + BAO [28], we find that
the ongoing and future 21 cm line + the CMB obser-
vation will be able to constrain those parameters much

more severely.
The case of Σmν = 0.1 eV to be fiducial (upper two

panels) corresponds to the lowest value for the inverted
hierarchy when we use oscillation data. Then it is notable
that CMBPol + SKA can detect the nonzero neutrino
mass. Of course, Planck + Polarbear + Omniscope
and CMBPol + Omniscope can obviously do the same
job.

On the other hand, the case of Σmν = 0.05 eV to
be fiducial (lower two panels), which corresponds to the
lowest value for the normal hierarchy, only Planck + Po-

larbear + Omniscope or CMBPol + Omniscope can
detect the nonzero neutrino mass.

B. Constraints on neutrino mass hierarchy

Next we discuss if we will be able to determine the
neutrino mass hierarchies by using those ongoing and fu-
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Figure 3: Left: Projected error bars (per bin of d(lnL)=0.1) on CMB lensing power spectrum for Planck (light
blue) and the first half of the Simons Array Wide survey (dashed black). The Simons Array lensing map will
image matter fluctuations between us and the CMB surface of last scattering at high signal-to-noise and improve
upon Planck’s measurement of lensing power on all scales. Right: Projected 1 s parameter constraints for SPT-3G
and Simons Array-Wide when combined with data from Planck and BAO measurements from the planned DESI
spectroscopic survey. The addition of the extremely deep CMB polarisation and lensing maps from SPT-3G and
Simons Array will dramatically improve cosmological constraints on neutrino physics, including the number of
relativistic species (Neff) and the sum of the neutrino masses (Smn ).

would further improve the constraint to 22 meV. If the masses are below 100 meV, the neutrino mass hierarchy could be
determined. Measurement of the sum of neutrino masses would have a profound implication for fundamental physics,
perhaps providing insight to the origin of mass itself.

Delensing Below a tensor-to-scalar ratio r ⇠ 0.001, the power in the inflationary B-modes drops below that of the
lensing B-modes. However, the high signal-to-noise lensing B-mode measurement discussed in the previous section,
combined with an ultra-high-fidelity E-mode measurement (see Figure 2), will allow us to reconstruct the lensing
potential and separate the lensing B-mode signal from the inflationary signal. Thus the fundamental limit to measuring
the tensor-to-scalar ratio r can be reduced—a process often referred to as “delensing” (e.g., Seljak & Hirata, 2004).

The ability to delens is a strong function of instrument resolution and map noise, and significant delensing is only
possible with a . 100 beam and . 5 µK� arcmin noise in the B-mode map (Seljak & Hirata, 2004). This noise level
and resolution across a significant area of sky (at least 1000 deg2) would reduce the lensing limit on the measurement
of r to below 10�3. SPT-3G and the Simons Array will be the first experiments to reach the required combination of
resolution and ultra-low noise. In particular, SPT-3G’s exquisite measurement of the E-modes and lensing B-modes will
allow delensing of the primordial gravitational-wave B-mode signal with a factor of 2.5 reduction in power (Seljak &
Hirata, 2004). This delensing ability will enhance SPT-3G’s own constraint on r and naturally complement the KECK
Array/BICEP3 programs, which are observing the same region of sky.

3.4 Feasibility

This proposal requests support for power spectrum and lensing analyses of the SPT-3G and Simons Array surveys.
The BICEP2 results (see Fig. 2) demonstrate empirically that there is no obstacle to recovering the polarisation power
spectrum on large scales from the ground. Computationally, the analysis cost scales as the Fourier transform of the
time-ordered data (O(NlogN)) and lies comfortably within the capabilities of supercomputers. All forecasts in this
proposal are based on the first two years of SPT-3G and the Simons Array (data taken by Dec. 2017); the surveys are
expected to continue for two more years.

There are two main risks to the project: (1) astrophysical foregrounds or systematic errors degrade the inflationary
constraints, and (2) an experiment does not reach the expected sensitivity. We address each risk in the following
sections.
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Oyama et al. 2013

Detailed forecasts TBD, but ellipses appear somewhat orthogonal



Testing unusual models
Better CMB data and SKA data are both forecast to improve cosmological constraints


Unclear how much better the combination is…

e.g.,

• Primordial magnetic fields

• Early dark energy

• DM annihilation/decay

• Light DM models (~keV; only PIXIE)

• Cosmic strings



Testing unusual models
Better CMB data and SKA data are both forecast to improve cosmological constraints


Unclear how much better the combination is…

e.g.,

• Primordial magnetic fields

• Early dark energy

• DM annihilation/decay

• Light DM models (~keV; only PIXIE)

• Cosmic strings

Pogosian 2013: PRISM (CMB): 
σ(PMF) = 0.05 nG

Sethi & Subrmanian: SKA 
σ(PMF) = 0.1 nG



Complementary data

SKA-low 

50-350 MHz
SKA-mid 

350 MHz-14 GHz
CMB-IV 

50 GHz-240 GHz

Map out SEDs

Gamma ray bursts

FRBs

New mystery objects

Gamma Ray Bursts

I Energy output: 1053 ergs
in ⇡ 1 second

I This is:
I Integrated output of the

sun for 10 trillion years
I Similar to all starlight in

the universe combined

I Unknown origin

I Most distant imaged
objects (up to z = 8.5,
maybe 10.4)

I ⇠ 400 detected per year
NASA/Swift

2 / 16

GRB



Why are these interesting for us?

I GRBs are highly beamed in gamma rays, since the jet (and �)
are very high, with a poorly constrained opening angle

I As a result, it’s not clear how many of them there are

I At longer wavelengths, the afterglows are less tightly beamed,
allowing a rate comparison

I Also: possible class of “gamma-dark” bursts (especially
interesting as cosmic ray accelerators)

I Measuring any of this requires the ability to discover bursts at
long wavelengths, rather than doing followup

I Obsessive reobservation of a fixed patch of sky is the perfect
way to detect these

3 / 16

credit: N. Whitehorn



Comparative sensitivity
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Ban2011 − Bannister et al. (2011)
Bk2010   − Becker et al. (2010)
Bell2011 − This work
B2007     − Bower et al. (2007)
B2010     − Bower et al. (2010)
B2011     − Bower & Saul (2010)
C2003     − Carilli at al. (2003)
Croft2010    − Croft et al. (2010)
F2003     − Frail et al. (2003)
GY2006  − Gal−Yam et al. (2006)
Laz2010   − Lazio et al. (2010)
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Mat2009 − Matsumura et al. (2010)

V − denotes variable rate
T − denotes transient rate
↓ − denotes upper limit
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SKA Pathfinder (VAST Deep)
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credit: N. Whitehorn



Cross-correlations

- lensing x low-redshift


- kSZ x EOR

- 𝜏 x EOR



kSZ x 21 cm

(2-pt estimator)

• Potentially 
interesting test 
of EoR


• but signal small

– unlikely with 

Planck x SKA

Tashiro et al. 2011

Second order cross-correlation between kSZ and 21 cm fluctuations from the EoR 9
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Figure 4. Dependence of the cross-correlation on the ionisation model. The solid and the dashed lines are the power spectrum for the
“stars” model and the “QSOs” model, respectively (see text). We set zobs = 11 where x̄ = 0.5 in both models. For reference, we plot the
first order cross-correlation in each model as the thin lines.

that CMB, 21 cm fluctuations and instrumental noise are Gaussian. The total S/N can be calculated as
!

S
N

"2

= fsky

ℓmax
#

ℓ=ℓmin

(2ℓ+ 1)
|C21−CMB

ℓ
|2

|C21−CMB
ℓ

|2 +C21
ℓ
CCMB

ℓ

, (30)

where fsky is the sky fraction common to the two cross-correlated signals, and CCMB
ℓ , C21

ℓ and C21−CMB
ℓ

are the angular
power spectra of CMB, 21 cm fluctuation and the cross-correlation between 21 cm and CMB, respectively. In order to focus

on the detectability of the signal from the typical bubble size, we set ℓmin = 500 and ℓmax = 5000.

At the multipoles that we are interested in (ℓ > 1000), the dominant CMB signal is due to the thermal SZ effect
(Zel’dovich & Sunyaev 1969). However we can remove this contribution because of the frequency dependence of the SZ effect.

Therefore with the assumption that the foreground can be completely removed from the CMB map, the main contribution

to CCMB
l comes from the primordial CMB anisotropies Cpri

ℓ
and the noise of the instrument NCMB

ℓ . We can write CCMB
ℓ as

CCMB
ℓ = Cpri

ℓ
exp(−ℓ2σ2

CMB/2) +NCMB
ℓ , (31)

where we assume the beam profile of CMB observation is Gaussian with the Full Width at Half Maximum of the beam θCMB,

and σCMB = θCMB/
√
8 ln 2. The effect of the beam size is a damping of the signal of the primordial CMB on smaller scales

than the FWHM. The noise power spectrum NCMB
ℓ is given by (Knox 1995)

NCMB
ℓ = σ2

pixΩpix, (32)

where σpix is the sensitivity in each pixel and Ωpix is the solid angle per pixel; Ωpix = θ2CMB.

As for the 21 cm fluctuations, the noise signal from the instruments and foreground will dominate the intrinsic signal
from the EoR. Assuming that the foreground can be removed to the level below the noise from instruments, we can write

C21
ℓ = N21

ℓ =
2π

tobs∆ν

!

Dλ
A/T

"2

, (33)

where we use the noise power spectrum of 21 cm observation estimated by Zaldarriaga et al. (2004). In Eq. (33), ∆ν is the
bandwidth, tobs is the total integration time, A/T is the sensitivity (an effective area divided by the system temperature) and

D is the length of the baseline associated with the FWHM of the 21 cm observation θ21 = λ/D.

In the calculation of the cross-correlation signal, we assume that the foregrounds and noise of 21 cm fluctuations and CMB
anisotropy are not correlated. Therefore, the cross-correlation consists mainly of the first order Doppler-21 cm cross-correlation

and the second order kSZ-21 cm one,

|C21−CMB
ℓ |2 = (|C21−Dopper

ℓ
|2 + |C21−kSZ

ℓ |2) exp[−ℓ2(σ2
CMB + σ2

21)/2], (34)

where σ21 = θ21/
√
8 ln 2 and both signals are affected by the angular resolution of the observations.

Our interest is the detectability of the cross-correlation signal from the patchy reionisation by Planck and SKA. Therefore,

in the computation of Eq. (31), we adopt the typical value of Planck which are θCMB = 5 arcmin and σpix = 5 × 10−6. The
goal sensitivity of SKA is currently designed as A/T = 5000 m2K−1 at 200 MHz. The configuration area is 20 % of total

collecting area for 1 km baseline, 50 % for 5 km baseline, 75 % for 150 km baseline. Because we are interested in the scales

ℓ ∼ 2000, we take D = 1 km and A/T = 1000 m2K−1. The sky fraction fsky corresponds to the one of SKA because we
consider Planck as CMB observation, which is almost full-sky. We assume 200deg2 per field of view and 4 independent survey

fields for SKA. Therefore the total sky fraction is fsky ∼ 0.02.
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Figure 5. The S/N ratio for the detection of the cross-correlation signal at z = 11 as a function of the observation time. The left panel
is for the “stars” model and the right panel is for the “QSOs” model. In both panels, the solid and dotted lines represent S/N for SKA
and for the observation with a 5 times better sensitivity than that of SKA, respectively. We set fsky ∼ 0.02 in all plots.

We plot S/N as a function of tobs in units of hours for “stars” and “QSOs” models at z = 11 in Fig. 5. In both panels in
Fig. 5, S/N of SKA with Planck is represented by the solid lines. Obviously, longer observation times make S/N larger. Then,

since the cross-correlation amplitude in the“QSOs” model is higher than in the “stars” model, S/N in the former model is
lager than in the later model. However both S/N are below the detection level. This difficulty of the detection is mainly due

to the instrumental noise of the 21 cm observation. Although the primary CMB is one of the significant sources of noise in the

detection of the cross-correlation signal between CMB and 21 cm from EoR on large scales (Jelić et al. 2010; Tashiro et al.
2010), the primary CMB suffers Silk damping on the scales we are interested in here and the noise of Planck is also kept

below the sufficient level.

In order to clarify the impact of the improvement in the sensitivity of 21 cm observation, we calculate S/N in the case

of a 5 times better sensitivity than that of SKA and plot the result as the dotted line in Fig. 5. The improvement of the

sensitivity of 21 cm observation brings large S/N . Especially, the S/N in the “QSOs” model can reach S/N ∼ 5 in 500-hour
observation. Finally, while we use the same sky fraction fsky ∼ 0.02 in all calculations, larger sky fractions also make S/N

higher.

5 CONCLUSION

We investigated the small scale cross-correlation between CMB anisotropies and the 21 cm fluctuations during the EoR
in harmonic space. The CMB anisotropies at small scales are mainly caused by the kSZ effect which is the second order

fluctuation effect generated by the peculiar velocity and the fluctuations of the visibility function. We therefore calculated the
cross-correlation with the second order fluctuations of 21 cm fluctuations.

The cross-correlation signal between kSZ and 21 cm fluctuations is negative on small scales. This anti-correlation on small
scales was found in the numerical simulations of Salvaterra et al. (2005) and Jelić et al. (2010). We found that the position of

the negative peak is at the angular scale corresponding to the typical size of an ionised bubble at the redshift probed by 21 cm

fluctuation measurements. This angular scale shifts to larger scales as ionised bubbles evolve. The amplitude also increases
with the reionisation process until the average ionisation fraction reaches x̄i ∼ 0.9. The amplitude of the cross-correlation

strongly depends on the typical bubble size. The cross-correlation in the case of larger bubbles has a higher amplitude than

in the case of smaller bubbles, even if in both cases the mean ionisation fractions are the same. Moreover, the amplitude of
the cross-correlation from large ionised bubbles is comparable to that of the first order cross-correlation. Those characteristic

features of the cross-correlation could be used to distinguish between different reionisation histories with future observations.

We also estimated the detectability of the small-scale cross-correlation by the current design sensitivity of SKA. It is rather

difficult to detect the cross-correlation signal even in the radical reionisation cases. However, if the sensitivity is improved by

a factor of 5, the detection or non-detection of the cross-correlation signal will definitely provide information about the EoR.
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Figure 8. The cross-correlation between 21 cm temperature
brightness fluctuations and the optical depth τ at z = 11. Here
we used a Gaussian window function with bandwidth frequency
∆ν = 0.2 MHz.

has a strong dependence on the parameters that deter-
mine the bubble distribution as well as its bias. The
location of the peak is set by an effective scale, which
we derive in the Appendix. We will see that for a log-
normal bubble distribution, this effective scale is expo-
nential in the width of the distribution and inversely
proportional to the average bubble radius. Therefore,
a small change in the width of the distribution can pro-
duce a large change in the location of the peak. We
have also shown that at early times the two-bubble term
can be positively correlated at large scales. The positive
contribution to the correlation function at large scales
eventually vanishes when the universe further reionizes.
However, if the bubbles are small enough, a positive con-
tribution to the correlation function could persist until
late times. Oppositely, if bubbles are relatively large (a
few Mpc), the shot noise, which is negative for all scales,
will dominate the correlation function. For the reioniza-
tion parameterization in this paper, the shot noise is the
dominated term at the most relevant redshifts (peaking
around x̄e = 0.5).

8. IS THE CROSS-CORRELATION DETECTABLE?

8.1. Signal-to-noise

In this section we will determine if the cross-correlation
is detectable. An important issue that we will address
here are the foregrounds. As previously mentioned, the
21 cm emission should be swamped by foregrounds, dom-
inated on large scales by polarized Galactic synchrotron,
with a total intensity of 3-4 orders of magnitude larger
than the 21 cm brightness from reionization. On small
scales, the redshifted 21 cm brightness is obscured by ex-
tragalactic sources (Shaver et al. 1999; Jelić et al. 2008).
We do not know the spectral dependence of all these fore-
grounds, but in general we can assume that they are rela-
tively smooth in frequency along the line of sight, as they
are associated with same source (e.g. our own Galaxy).
In principle, one can therefore remove a large part of the
(large scale) foregrounds by removing the largest modes
along the line of sight (see e.g. Liu and Tegmark (2012)
for a recent discussion).
However, when cross-correlating the 21 cm field with

the optical depth, we want to keep the largest modes,
to which the integrated optical depth is most sensitive.

Hence, we will keep the foregrounds in the observed maps
and show that the cross-correlation between foregrounds
in the 21 cm field and in the CMB should be small. In
order to neglect the cross-correlation of the foregrounds
between τ and 21 cm, we typically need the foreground
of the CMB to be ≤ 10−5 times the signal (Liu et al.

2009) (given that af,21ℓm ∼ 105a21ℓm). The synchrotron
emission is roughly equal to the CMB signal at 1 GHz.
Therefore, if we assume that the synchrotron scales as
ν−3 (Kogut et al. 2007), at 94 GHz (W band) we have

asynchrotronℓm ∼ ×10−6aCMB
ℓm . Thus, we estimate that the

signal will be larger than the remaining foregrounds after
cross-correlating the two maps.
Additionally, by not removing the foregrounds, the

21cm foregrounds will effectively act as noise term in the
cross-correlation. In other words, even in the absence
of correlation between foregrounds, there is still a finite
probability that any given data point in the τ map will
correlate with a foreground measurement from 21 cm,
i.e. the induced noise contains a term ⟨τℓmaf,21ℓ′m′⟩, where
the latter is the spherical harmonic coefficient of the 21
cm foreground map.
Unfortunately, we do not know exactly what the level

of synchrotron foreground is, but typically Cf
ℓ ∼ kℓ−α,

with 2 < α < 4. We will assume that the synchrotron
emission scales as ν−3. La Porta et al. (2008) showed
synchrotron emission at 480 MHz has a normalized am-
plitude of 100 mK2 < Cf

ℓ=100 < 10000 mK2, with the
actual amplitude and slope depending on the position in
the sky.
Although we cannot remove the foregrounds through

implementing a large scale cutoff, we can alternatively
try to remove a substantial part of galactic foreground
emission. If there is a large correlation between differ-
ent frequencies of the foreground maps, one could mea-
sure the foregrounds at high frequency (corresponding
to a completely ionized universe and, hence, with no sig-
nal in the cross-correlation), extrapolate with an appro-
priate scaling ∼ ν−3 and subtract those from the high
redshift maps 2 (Shaver et al. 1999). If the correlation
between different maps at high frequencies is of order
0.9 − 0.99, one could reduce the overall amplitude of
the foreground by a factor of 10 − 100 and the power
by a factor of a 100 − 104 3. In addition, Liu et al.
(2012) showed that down weighting the most heavily
contaminated regions in the sky can reduce the effec-
tive foreground as much as a factor of 2. Note that
this approach is different from the usual spectral fit-
ting techniques (Shaver et al. 1999; Santos et al. 2005;
Wang et al. 2006; McQuinn et al. 2006; Harker et al.
2009; Jelić et al. 2010; Chapman et al. 2012, 2013).
At small scales we expect extra galactic radio sources

to dominate the foregrounds. However, there are sev-
eral strategies that will likely suppress the noise term

2 This is scaling is approximate and simplistic. In reality one
would probably have to consider a slope that changes as a func-
tion of scale and frequency. We are assuming the scaling will be
further understood as a function of frequency once we are capable
of performing this cross correlation.

3 Note that this is a very crude estimate. For example, it might
be relevant to consider 21 cm signals after reionization (at low
z) due to residual neutral hydrogen, primarily in Damped Lyα
absorbers (DLA’s).

(R is bubble radius)
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Figure 11. Forecasted uncertainties on the width of reionization
parameter ∆y and the optical depth τ (assuming that the other
parameters are fixed) for an experiment with the planned noise
level of SKA. Note that the y-axis represents the product of the
parameter value and the fraction of the sky observed. For reference,
the dashed lines correspond to the Planck priors on the optical
depth.

two-bubble term). As expected, the cross-correlation is
negative on small scales, where it is dominated by the
shot noise of the bubbles. On large scales, the two-bubble
term can render the correlation positive as long as the
effective bias beff is large or x̄e is small. Small bubbles at
a fixed neutral hydrogen fraction imply a small bubble
bias, hence the two-bubble term has a suppressed (posi-
tive) amplitude. A larger correlation could be driven by
the ionization fraction, but within a bubble merger sce-
nario the smallest bubbles are expected at early times,
when the ionization fraction is small and the total matter
power spectrum is suppressed.
The anti-correlation peak, set by the sum of the one

and the two-bubble terms, depends critically on the dis-
tribution of the ionized bubbles. Consequently, a mea-
surement of the cross-correlation allows us to probe the
parameters relevant for the reionization history. In prin-
ciple a measurement of a positive correlation at early
times, would theoretically allow us to entangle the de-
generacy between τ and the bubble bias. However, we
showed that the two-bubble term typically has a very
small amplitude.

One major obstacle in measuring the 21 cm emission
from the EoR are the large foregrounds at these frequen-
cies. For the auto-correlation, any detection requires a
careful removal of foregrounds, which typically results
in the removal of the largest modes along the line of
sight. The advantage of the cross-correlation is that
foregrounds in the measurement of τ are weakly corre-
lated with those in the 21 cm field. Therefore, the cross-
correlation is less sensitive to the detailed understanding
of the foregrounds.
In this paper we have computed the signal to noise of

the cross-correlation using the estimator for inhomoge-
neous reionization τ̂ℓm proposed by Dvorkin and Smith
(2009). In our computation there is very little contribu-
tion from any positive correlation at large scales coming
from two-bubble term, and most of the signal comes from
the shot noise. Because a measurement of the optical
depth gets most of its signal from the long wavelength
mode along the line of sight, we left the 21 cm fore-
grounds as a noise term. Although the signal to noise
per mode is small, the large number of modes allows for
a detection when considering a next generation 21 cm ex-
periment cross-correlated with a CMB experiment that
measures the polarization B-modes in most of the sky.
We expect that around the time SKA observes a large
part of the sky, CMB experiments will have improved to
the level that we are able to reconstruct a map of τℓm.
Although the auto-correlation of both maps will give sig-
nificant insight into reionization, cross-correlating these
maps will provide us with a complementary probe. We
find that a measurement of this cross-correlation with
a detector noise level of SKA (and fsky = 0.25) on the
21cm side and noise level of a next generation polariza-
tion type experiment on the CMB side constrains the
width of the ionization history at the 10% level and the
optical depth at the 4% level.

The authors would like to thank Renyue Cen, En-
rico Pajer, Fabian Schmidt, Kendrick Smith, and Ma-
tias Zaldarriaga for useful discussions. P.D.M. is sup-
ported by the Netherlands Organization for Scientific
Research (NWO), through a Rubicon fellowship. C.D.
is supported by the National Science Foundation grant
number AST-0807444, NSF grant number PHY-0855425,
and the Raymond and Beverly Sackler Funds. P.D.M.
and D.N.S. are in part funded by the John Templeton
Foundation grant number 37426.

APPENDIX

REIONIZATION MODEL DEPENDENCE

The choice of a log-normal distribution is motivated in part by simulations in (Zahn et al. 2006) and (Wang and Hu
2006). In this appendix we derive constraints on the relative contributions of the various terms of the cross correlation
as a function b, R̄ and σlnR. The aim of this appendix is to show that in most realistic scenarios, the shot noise is
generally the dominating term, independent of reionization details.

Log-normal distribution

We first start by investigating the implications of a log-normal distribution for the bubble radius.
The bubble distribution is given by

P (R,σlnR) =
1

R

1
!

2πσ2
lnR

e−[ln(R/R̄)]2/(2σ2

lnR) (A1)
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In conclusion
• Expect extremely sensitive, broad-band CMB 

experiments on the timescale of SKA-1 

• Broad overlap in sky coverage; complementary 
frequencies 

• Cross-correlations are potentially interesting 
• Mitigate foregrounds 
• but Detectability is uncertain




