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ABSTRACT

Future arcminute resolution polarization data from ground-based Cosmic Microwave Background
(CMB) observations can be used to estimate the contribution to the temperature power spectrum
from the primary anisotropies and to uncover the signature of reionization near ℓ = 1500 in the
small angular-scale temperature measurements. Our projections are based on combining expected
small-scale E-mode polarization measurements from Advanced ACTPol in the range 300 < ℓ < 3000
with simulated temperature data from the full Planck mission in the low and intermediate ℓ region,
2 < ℓ < 2000. We show that the six basic cosmological parameters determined from this combination
of data will predict the underlying primordial temperature spectrum at high multipoles to better than
1% accuracy. Assuming an efficient cleaning from multi-frequency channels of most foregrounds in the
temperature data, we investigate the sensitivity to the only residual secondary component, the kine-
matic Sunyaev-Zel’dovich (kSZ) term. The CMB polarization is used to break degeneracies between
primordial and secondary terms present in temperature and, in effect, to remove from the temperature
data all but the residual kSZ term. We estimate a 15σ detection of the diffuse homogeneous kSZ signal
from expected AdvACT temperature data at ℓ > 1500, leading to a measurement of the amplitude
of matter density fluctuations, σ8, at 1% precision. Alternatively, by exploring the reionization signal
encoded in the patchy kSZ measurements, we bound the time and duration of the reionization with
σ(zre) = 1.1 and σ(∆zre) = 0.2. We find that these constraints degrade rapidly with large beam sizes,
which highlights the importance of arcminute-scale resolution for future CMB surveys.
Subject headings: CMB Experiments, CMB Polarization, Sunyaev-Zeldovich Effect, Reionization
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The Cosmic Microwave Background (CMB)
anisotropies have proven to be some of the most
powerful probes of the early universe. Most recently,
the standard cosmological model has been constrained
with high precision by data from the Planck mission
(Planck Collaboration I 2013; Planck Collaboration
XV 2013; Planck Collaboration XVI 2013), the 9-year
data release from the Wilkinson Microwave Anisotropy
Probe (WMAP, Bennett et al. 2013; Hinshaw et al.
2013), and high-resolution measurements from the
Atacama Cosmology Telescope (ACT, Das et al. 2013;
Dunkley et al. 2013; Sievers et al. 2013; Calabrese et al.
2013) and the South Pole Telescope (SPT, Story et al.
2013; Hou et al. 2014). While the CMB temperature
anisotropies, both the primordial contributions and the
late-time secondary components, have been measured
with high precision over a wide range of angular scales,
we are entering a new and challenging phase devoted
to characterizing the CMB polarization signal. To
date, the even-parity E-mode polarization signal has
been fixed by WMAP low-ℓ data (Bennett et al. 2013)
followed at degree scales by DASI (Kovac et al. 2002),
BOOMERanG (Montroy et al. 2003, 2006), CBI (Read-
head et al. 2004), CAPMAP (CAPMAP Collaboration
2008), QUAD (Brown et al. 2009), QUIET (QUIET
Collaboration 2012), BICEP1 (BICEP1 Collabora-
tion 2013), BICEP2 (BICEP2 Collaboration 2014),
POLARBEAR (POLARBEAR Collaboration 2014)
and ACTPol (Naess et al. 2014) measurements. More
precise characterization of the large and intermediate
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scale (2 < ℓ < 2500) E-modes is expected soon from
the Planck team. Evidence for the B-modes, the
most challenging observable to measure, was presented
recently by BICEP2 (BICEP2 Collaboration 2014) at
low multipoles, characterizing primordial polarization,
and by the SPTPol and POLARBEAR collaborations
(Hanson et al. 2014; POLARBEAR Collaboration
2013a,b, 2014) at intermediate-to-high multipoles, who
presented a measurement of the B-modes produced by
gravitational lensing.
The next decade will see further improvements in

ground-based instruments designed to measure the polar-
ization of the microwave sky with high precision. These
observations would be complemented by a future space
mission (e.g., Bock et al. 2009; COrE Collaboration 2011;
Kogut et al. 2011; Matsumura et al. 2013; PRISM Col-
laboration 2014) expected to supply cosmic variance lim-
ited measurements of the polarization spectrum at very
large scales. As recently highlighted in Galli et al. (2014),
CMB polarization will provide an important consistency
test for temperature observations and will help to pin
down cosmological parameters.
In this work we estimate the constraining power of ar-

cminute resolution polarization data and make use of it
to break degeneracies between primordial and secondary
terms present in temperature anisotropies. We investi-
gate how, by estimating the primordial cosmology with
expected small-scale polarization data, one can for the
first time use the measured temperature fluctuations at
ℓ > 1500 to directly probe the wide range of astrophysical
processes affecting the temperature spectrum after the
epoch of decoupling. In particular, we focus on the only
source of secondary temperature anisotropies degenerate
in frequency space with the CMB, namely the kinematic
Sunyaev-Zel’dovich (kSZ) effect (Sunyaev & Zel’dovich
1980). This method can be more generally applied to
any non-parametric component which does not correlate
between temperature and polarization.
We anticipate many small-scale measurements of CMB

polarization in the coming years. As an example, we
discuss Advanced ACTPol (AdvACT), a new receiver
for the Atacama Cosmology Telescope designed to probe
small-scale polarization. ACT is a 6-meter off-axis Gre-
gorian telescope located on Cerro Toco in the Atacama
desert of northern Chile, at an elevation of 5190 me-
ters. The ACT temperature survey operated from 2008
until 2010 (Swetz et al. 2011). The instrument was sub-
sequently upgraded and is currently observing with the
ACTPol receiver (Niemack et al. 2010). Based on pro-
jected improvements of the existing ACTPol camera we
consider a possible extension of the ACTPol project, Ad-
vACT, providing a combination of high resolution and
sensitivity, and wide frequency and sky coverage. Ad-
vACT is designed to address a wide range of cosmological
goals from primordial B-modes to SZ science. A complete
description will appear in a future paper, in this work we
concentrate on the science coming from enabling a cosmic
variance limited measurement of the E-mode polarization
spectrum out to ℓ ≈ 2000.
The paper is organized as follows. In Sec. 2 we review

the basic physics of CMB polarization and its coupling
with CMB temperature. In Sec. 3 we describe simula-
tions of temperature and polarization observations based
on predictions of the full-mission Planck sensitivity and

the expected AdvACT EE sensitivity. Sec. 4 reports the
derived prediction of the high-ℓ temperature power spec-
trum. In Sec. 5 we investigate the sensitivity of the
temperature data at high multipoles to constrain sec-
ondary anisotropies, focusing on the kinematic Sunyaev-
Zel’dovich component, and using it to probe the reion-
ization history of the universe. We discuss the results
and conclude in Sec. 6.

2. CMB TEMPERATURE-POLARIZATION COUPLING

The balance between gravity and photon pressure gen-
erates acoustic oscillations in the photon-baryon plasma
in the early universe. According to the gravitational in-
stability paradigm, the CMB temperature anisotropies
caused by the acoustic oscillations are sourced by primor-
dial fluctuations in the density of the early universe. The
anisotropies we observe at the recombination epoch then
encode integrated information about the density pertur-
bations that are produced at reheating and grow until
decoupling. In addition, the variations in the plasma ve-
locities at decoupling leads, via Thomson scattering, to
a pattern of linear polarization on the CMB anisotropies
themselves (e.g., Bond & Efstathiou 1984; Zaldarriaga
& Harari 1995; Kamionkowski et al. 1997; Seljak & Zal-
darriaga 1996; Zaldarriaga & Seljak 1997; Hu & White
1997a,b). The degree of linear polarization is propor-
tional to the local quadrupole anisotropy of the incident
photons when they last scatter (Zaldarriaga & Harari
1995; Hu & White 1997a,b).
As long as the CMB photons are tightly coupled to

the charged electrons, only monopole and dipole fluc-
tuations are generated. A quadrupole moment arises
later through free-streaming as photons begin to decou-
ple very near the surface of last scattering. CMB po-
larization therefore probes a narrow redshift window, di-
rectly characterizing the time and duration of the de-
coupling epoch. The evolution of the free electron den-
sity during late-time cosmic reionization also imprints an
anisotropy in the CMB polarization pattern (see e.g. Hu
& White 1997b).
In contrast to observations of temperature

anisotropies, CMB polarization measurements have
the power to isolate and characterize specific epochs,
such as the epochs of recombination and late-time
reionization, because the polarization depends on the
free-electron density at that epoch. Measurements
of CMB polarization will then help in constraining
cosmological parameters affecting those epochs and
hence break degeneracies present when considering
only temperature data, increasing the precision of
cosmological estimates (see Galli et al. 2014, and
references therein). Moreover, the exact properties of
the polarization pattern depend on the mechanism that
produced the temperature anisotropies, which aids in
distinguishing the scalar, vector, or tensor nature of the
primordial fluctuations.
In the presence of scalar perturbations, only temper-

ature anisotropies and E-modes of polarization are pro-
duced. A non-zero coupling then holds only between the
T and E field, while the curl-type B-mode component
vanishes. The temperature and E polarization spectra
are given by (see Zaldarriaga & Seljak (1997) and refer-



Reionization from next-generation CMB experiments 3

10−4 10−3 10−2

Wavenumber k [Mpc−1]

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025
∆

ℓ=
2
(k
,η

0
)2

∆TT

106∆EE

Fig. 1.— Temperature (blue) and polarization (pur-
ple) quadrupole transfer functions. The solid lines show
the transfer functions corresponding to the Planck 2013
base planck lowl lowLike highL best-fit cosmological model, while
the bands show the transfer functions computed for Ωbh

2 at
the left- and right-most 2σ range allowed by the Planck data.
This shows how particularly the polarization transfer function
constrains the cosmological model, allowing one to predict the
temperature transfer function (and thus the angular power
spectrum) using EE data.

ences therein)

CTT
ℓ =(4π)2

∫

k2dkP (k)
[

∆TT
ℓ (k, η0)

]2

CEE
ℓ =(4π)2

∫

k2dkP (k)
[

∆EE
ℓ (k, η0)

]2
, (1)

where P (k) is the primordial three-dimensional power
spectrum in terms of wavenumber k. ∆TT

ℓ (k, η0) and
∆EE

ℓ (k, η0) are the transfer functions at the present con-
formal time η0, written as

∆TT
ℓ (k, η0)=

∫ η0

0

dηST (k, η)jℓ(k(η0 − η))

∆EE
ℓ (k, η0)=

√

(ℓ+ 2)!

(ℓ− 2)!

∫ η0

0

dηSE(k, η)jℓ(k(η0 − η)) ,

(2)

with geometric dependence encoded by the jℓ spherical
Bessel functions. Cosmological dependence is encoded by
ST (k, η), SE(k, η), the source terms of the temperature
and E-mode polarization respectively.
The temperature and polarization transfer functions

are themselves strong functions of the underlying cosmo-
logical parameters, and hence each independently con-
strains the underlying cosmology.
Each source term in Eq. 2 is the same for all multipoles

and only depends on photon moments up to ℓ = 4 (Sel-
jak & Zaldarriaga 1996). Specifically, the derivation in
Zaldarriaga & Harari (1995) shows that in the tight cou-
pling approximation SE(k, η) can be directly related to
the temperature quadrupole which is, in turn, produced
by the free-streaming of the temperature dipole in the
last few photon-electron scatterings, and is proportional
to the temperature dipole and the width of the last scat-
tering surface. By constraining the polarization transfer
functions one then can in fact ‘reverse’ this process and

Experiment Channel ΘFWHM Map Noise
[GHz] [arcmin] [µK−arcmin]

Planck 70 14 180 a

100 10 65
143 7.1 43
217 5.0 65

fsky=0.8

AdvACT 90 2.2 7.8
150 1.3 6.9
230 0.9 25

fsky=0.5

aPlanck nominal mission map noise. We use scaled versions of
Planck’s pre-launch estimates of sensitivity, well aware that the
full mission, in flight, values may differ from them to some degree.

TABLE 1
Projected Planck and AdvACT properties used for the

estimates in this paper.

use the CMB E-mode polarization pattern as a tracer
of the underlying primordial temperature anisotropies.
That is, the cosmology determined from the polarization
power spectrum in effect predicts the temperature power
spectrum. Fig. 1 shows the TT and EE quadrupole trans-
fer functions, both fully specified by a given cosmological
model.
An advantage of this method is that, although sev-

eral galactic and extragalactic foregrounds contribute
significantly to temperature anisotropies, a small fraction
of sources is polarized leading to polarization measure-
ments, and a cosmological reconstruction, that are less
contaminated.

3. SIMULATED DATA

It is anticipated that AdvACT will report a cosmic
variance-limited measurement of the E-mode polariza-
tion spectrum out to ℓ ≈ 2000 observing half the sky
(see Fig. 2). In this work we consider AdvACT EE mea-
surements in the range 300 < ℓ < 3000 and supplement
this data with the expected full mission Planck temper-
ature measurements in the range 2 < ℓ < 2000. We do
not include Planck polarization data as this work focuses
on the power of arcminute-resolution EE data to predict
the small-scale temperature spectrum.
We simulate the Planck full mission TT and Ad-

vACT EE polarization spectra, using a reference fiducial
cosmology based on the base planck lowl lowLike highL
from the Planck 2013 results (Planck Collaboration XVI
2013). We rescale the Planck nominal sensitivities
(Planck Collaboration 2006) to the expected full mis-
sion performances considering ∼30 months of observa-
tion (Planck Collaboration I 2013); we consider only the
combination of frequency channels optimal for cosmolog-
ical analyses: 70, 100, 143 and 217 GHz, and we adopt a
sky coverage of 80%. For the AdvACT E-mode projected
data we assume a total scan area of 20000 deg2 (corre-
sponding to a sky fraction fsky = 0.5) across the cosmo-
logical frequency channels 90, 150 and 230 GHz. To eval-
uate the AdvACT polarization sensitivities we rescale the
temperature sensitivities by a factor of

√
2. The exper-

imental specifications for both experiments are reported
in Table 1, while Fig. 2 shows the spectra and the noise
levels for the simulated data. For a single frequency, the



4 Calabrese, Hložek, Battaglia et al.

2 500 1000 1500 2000 2500 3000

Multipole moment (ℓ)

10−1

100

101

102

√

(ℓ
(ℓ
+
1)
C
ℓ/
2π

)
[µ
K
]

— Planck TT

- - Planck N
TT

ℓ

-·- AdvACT N
TT

ℓ

— AdvACT EE

- - AdvACT N
EE

ℓ

Fig. 2.— Simulated Planck temperature and AdvACT polariza-
tion observations with relative noise levels.

error for the ℓth bin is

Nℓ = σ2
0 exp(ℓ(ℓ+ 1)Θ2

FWHM/(8 ln 2))/(4π) (3)

where σ0 is the map noise and ΘFWHM is the beam full
width half-maximum.
While there is a non-negligible overlap in sky coverage

between the two experiments, we estimate the correla-
tions between the AdvACT EE and Planck TT spectra
to be less than 10% and neglect them in this analysis.
Moreover, ignoring correlations between TT and EE is in
fact more conservative as those correlations would reduce
the cosmic variance and may lead to tighter constraints.
In Sec. 5 we will introduce simulated AdvACT TT ob-

servations, selecting 300 < ℓ < 3000. The corresponding
temperature noise for AdvACT is then also shown in
Fig. 2.

4. PREDICTING TEMPERATURE FROM POLARIZATION

Assuming that multi-frequency observations will pro-
vide a foreground cleaned temperature dataset and that
the small-scale polarization data will contain negligible
contamination from foregrounds, in this Section we con-
strain the contribution to the TT power spectrum from
primordial anisotropies without accounting for residual
foreground levels. That is, we predict a foreground-
free temperature spectrum from a measured polariza-
tion spectrum. Our assumption is further supported by
the selected ℓ range in both temperature and polariza-
tion data. The primary CMB temperature fluctuations
dominate the microwave measurements at ℓ < 2000 (Re-
ichardt et al. 2012; Dunkley et al. 2013; Planck Collab-
oration XVI 2013). In polarization we instead expect
polarized galactic dust contamination at very low mul-
tipoles (ℓ < 300) and emission from polarized Poisson
sources at very high multipoles (ℓ > 3000) (Naess et al.
2014).
We consider a spatially flat ΛCDM base model de-

scribed by six cosmological parameters: the baryon and
cold dark matter densities, Ωbh

2 and Ωch
2; the angu-

lar scale of the acoustic horizon at decoupling, θA; the
reionization optical depth, τ ; and the amplitude and the

0.0212 0.0216 0.0220 0.0224

Ωbh
2

0.104 0.112 0.120 0.128

Ωch
2

1.0400 1.0408 1.0416 1.0424

100θA
0.00 0.05 0.10 0.15 0.20 0.25

τ

0.900 0.925 0.950 0.975 1.000 1.025
ns

2.96 3.04 3.12 3.20 3.28

ln(1010As)

Planck TT

AdvACT EE

Planck TT + AdvACT EE

Fig. 3.— Posterior distributions of the base ΛCDM cosmological
parameters derived from simulated Planck temperature data alone
(orange), AdvACT EE data (blue), and their combination (purple).

scalar spectral index of primordial adiabatic density per-
turbations, As and ns at a pivot scale k0 = 0.05 Mpc−1.
We use the dataset described above to estimate the afore-
mentioned cosmological parameters, using the standard
MCMC technique and calling the exact likelihood routine
implemented in the publicly available cosmomc (Lewis &
Bridle 2002) package.
In Fig. 3 we compare the estimated posterior distri-

butions of the base cosmological parameters. Note that
since we do not include low-ℓ polarization data, the EE
data alone do not constrain ns and Ωch

2 well. However,
the clean measurement of the high-order acoustic peaks
in EE traces out the overall shape of the spectrum well
and is thus especially good in constraining θA, fixed by
the positions of the peaks. Notably, the accurate mea-
surement of the high-ℓ damping region of the spectrum,
and hence of the CMB gravitational lensing effect, helps
in breaking the degeneracy between As and τ , for both
Planck and AdvACT. More generally, considering both
datasets leads to a factor of roughly

√
2 improvement

in parameter constraints, because most parameters are
dominated by cosmic variance at these sensitivities. Sim-
ilar conclusions were drawn in Rocha et al. (2003) and
Galli et al. (2014).
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Fig. 4.— Left : Predicted contribution to the temperature power spectrum from primordial anisotropies obtained from the Planck TT +
AdvACT EE cosmology. We report the 1σ band uncertainty of the mean extracted temperature and, for a better visualization, the same

band enlarging the errors by a factor of 30. Right : zoom on the 1σ band uncertainty after subtracting the mean extracted ĈTT

ℓ
per ĈTT

ℓ
,

i.e. the fractional error in the recovered ĈTT

ℓ
. We compare the Planck TT + AdvACT EE predicted error on ĈTT

ℓ
with the same error

band obtained using AdvACT EE only cosmology. At small scales, ℓ > 2200, the estimate is dominated by AdvACT.

4.1. Predicting the underlying primary TT power

In addition to simply constraining cosmological param-
eters we take a further step and use the inferred cosmol-
ogy to predict the underlying primary temperature power
that a small-scale polarization experiment should see.
We generate a predicted temperature spectrum, ĈTT

ℓ , by
estimating the primordial temperature spectrum for each
ℓ at each step in the MCMC Planck TT + AdvACT EE
chain. We then extract the mean and covariance of the
ĈTT

ℓ chain, as shown in Fig. 4. The mean ĈTT
ℓ is shown

with a 1σ band of uncertainty (the diagonal of the co-
variance) in the left panel; the constraint is so tight that
it can only be seen by enlarging the error band, as shown
with the 30σ band. The covariance between the ĈTT

ℓ at
adjacent ℓ values vanishes, given that we are using a large
fraction of the sky. In the right panel we zoom on the
1σ band uncertainty by presenting the mean-subtracted
band per ĈTT

ℓ . The predicted underlying CMB tempera-
ture is bounded within a 0.5% uncertainty region at high
multipoles, where AdvACT dominates the constraints.
In the right hand panel of Fig. 4 we compare the 1σ un-

certainty band described above with the equivalent band
obtained using a cosmological model derived from the
AdvACT EE measurements only (e.g., ignoring Planck

TT data). As expected the ĈTT
ℓ spectrum is poorly con-

strained at low multipoles (ℓ < 300), due to the fact that
we do not consider EE data on large scales16. The con-
straining power of AdvACT increases with multipole, at
high multipoles, ℓ > 2200, the spectrum uncertainty is
dominated by the EE polarization constraints.

4.2. Tests of robustness

16 AdvACT is expected to report data below ℓ = 300 but in this
paper we considered only small-scale measurements.

In order to confirm the robustness of our technique, we
consider different combinations of data and theoretical
assumptions made in performing the ĈTT

ℓ prediction.

• As mentioned above we tested for the dependence
of the extraction on the Planck dataset. We have
shown in the right panel of Fig. 4 that the TT
small-scale predictions are dominated by AdvACT
EE data at multipoles ℓ > 2200.

• We checked for the dependence of the extraction
on gravitational lensing of the CMB by analysing
only unlensed scalar power spectra. Assuming a
perfect de-lensing pre-processing of the data, one
would expect a more definite measurement of the
amplitude and position of the acoustic peaks. How-
ever, when assuming unlensed spectra in our ex-
traction of ĈTT

ℓ , we find a negligible improvement
in the extracted spectrum over the whole angular
range. The error on the predicted power spectrum
increases at most by 0.2σ when including the ef-
fects of lensing. Switching the lensing smearing of
the acoustic peaks on or off will increase or de-
crease the error band slightly but will not bias the
reconstructed spectrum.

• We checked for the dependence of the extracted
spectrum on the cosmological model.

– In addition to the base ΛCDM model, we con-
sidered a one parameter extension by letting
the effective number of relativistic species,
Neff , vary. The relativistic particle content af-
fects the CMB high-ℓ damping tail and hence
will increase the uncertainty in the AdvACT-
dominated region. In this case, the 1σ esti-
mated uncertainty band broadens by about
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/Ĉ

T
T

ℓ

90◦ 1◦ 0.2◦ 0.1◦ 0.07◦ 0.06◦
Angular scale

ΛCDM

Neff

r+running

Fig. 5.— Fractional error band on the predicted ĈTT
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from the

Planck TT + AdvACT EE cosmology comparing the predicted

ĈTT

ℓ
assuming the standard ΛCDM model (purple band) or: vary-

ing the effective number of relativistic species Neff (blue band);
varying the tensor-to-scalar ratio r and the running of the spectral
index (orange band).

10-30% for multipoles in the range 1000 < ℓ <
3000 (see the blue band in Fig. 5).

– In light of the recent results from BICEP2 (BI-
CEP2 Collaboration 2014) we also opened the
parameter space allowing the tensor-to-scalar
ratio r and the running of the spectral index
to vary. As expected (see the orange band
in Fig. 5), adding these two parameters in-
creases the uncertainty at very low multipoles
(ℓ < 200), with no effect on the science case
at high-ℓ as investigated in this paper.

5. REVEALING THE KINEMATIC SUNYAEV-ZEL’DOVICH
SPECTRUM

Estimating the contribution to the temperature power
spectrum from primordial anisotropies that a small-scale
CMB experiment would infer from its polarization data
allows one to break degeneracies between primordial and
secondary contributions present in temperature observa-
tions, and to directly probe the wide range of astrophysi-
cal processes affecting the temperature spectrum at high
multipoles. Broad frequency coverage is a feature of both
the Planck and expected AdvACT results, and is cru-
cial to reduce the contamination from astrophysical fore-
grounds, such as the cosmic infrared background (CIB,
e.g., Puget et al. 1996), radio point sources, the thermal
Sunyaev-Zel’dovich (tSZ) effect (Sunyaev & Zel’dovich
1970), and galactic dust and synchrotron emission. All
these foregrounds can be separated out from the primor-
dial CMB anisotropies because they have spectral signa-
tures that differ from the CMB. The only residual compo-
nent completely degenerate in frequency space with the
CMB is the diffuse kinematic Sunyaev-Zel’dovich (kSZ)
emission (Sunyaev & Zel’dovich 1980), which has a black-
body spectrum with a predicted contribution at ℓ = 3000

of a few µK2 (Reichardt et al. 2012; Dunkley et al. 2013;
Sievers et al. 2013; Planck Collaboration XVI 2013).
The SZ effect is caused by the inverse-Compton scat-

tering of low energy CMB photons off the high energy
electrons in galaxy clusters. While the tSZ effect re-
sults from scattering off hot electrons and depends on
integrated electron pressure along the line of sight, the
kSZ effect is due to the peculiar motion of the electrons
and scales with the electron momentum. The kSZ power
is expected to have a low-redshift contribution, namely
the homogeneous kSZ, sourced by perturbations in the
free electron density after reionization and caused by the
peculiar velocity of the intergalactic medium and unre-
solved galaxy clusters (Ostriker & Vishniac 1986). An
additional high-redshift component is sourced by fluctu-
ations in the ionized fraction as well as the electron den-
sity during reionization. We call this high-redshift com-
ponent the patchy kSZ (e.g., Knox et al. 1998; Gruzinov
& Hu 1998; McQuinn et al. 2005; Iliev et al. 2007).

5.1. kSZ extraction

We now want to extend our temperature dataset to in-
vestigate secondary anisotropies affecting the TT spec-
trum at high multipoles. Using the specifications intro-
duced in Sec. 4 we then take as temperature measure-
ments the expected small-scale AdvACT TT data, in
the range 300 < ℓ < 3000. As we are using higher
multipoles, we also consider foreground contamination
in the TT spectrum and include emission from the kSZ
effect. As mentioned before, assuming efficient clean-
ing from observations at many frequencies, the kSZ is
the only residual secondary component present in the
data. To reveal the kSZ power present in small-scale
temperature measurements we: i) consider the kSZ to
give a negligible contribution to the polarization and as-
sume that the EE spectrum predicts the primary high-ℓ
TT as shown in the previous Section; ii) constrain at
the same time the primary CMB fluctuations and the
kSZ contributions using simulated AdvACT temperature
and polarization observations. The constraining power
for primordial CMB coming from EE will break degen-
eracies between primordial and secondary temperature
anisotropies and then unveil the kSZ terms. The kSZ ex-
traction is possible given that the remaining underlying
primary CMB uncertainty is negligible in power com-
pared to kSZ at ℓ > 1500. We show this in Fig. 6, where
we report the residual power between one realization of
the AdvACT TT spectrum and the kSZ signal (allowing
for two models) with respect to the predicted primary
CMB-only TT power extracted from the Planck TT +
AdvACT EE cosmology. The kSZ clearly dominates over
the CMB-only at high multipoles.
We include two contributions for the kSZ, namely:

1. Homogeneous kSZ
This first low-redshift component assumes a
model with instantaneous reionization, presented
in Battaglia et al. (2010) and derived from hydro-
dynamic simulations described in Battaglia et al.
(2012). The predicted amplitude of the signal in
ℓ(ℓ + 1)Cℓ/2π at ℓ = 3000 from the simulations
is h-AkSZ = 1.5 µK2 for homogeneous reionization
at z = 10 in a σ8 = 0.8 cosmology, the value of
σ8 assumed in our simulations. We note that the
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Fig. 6.— Residual power in the simulated AdvACT TT + kSZ
components with respect to the predicted TT from the Planck TT
+ AdvACT EE cosmology. The blue lines are one realization of
the data including homogeneous (dark blue) or patchy (light blue)
terms, while the purple band is the error on the predicted TT
spectrum derived in the previous Section. At multipoles ℓ > 1500
the kSZ signal is well above the error on the predicted primordial
TT spectrum.

amplitude of this template is sensitive to the char-
acteristics and assumptions of the simulations. For
example, if we follow the scaling relations derived
in Shaw et al. (2012), which account for simulation
box size and for a change in the instantaneous red-
shift of reionization (from z = 10 down to z = 5.5),
then we find h-AkSZ = 1.65 µK2 for this particular
homogeneous kSZ template.

2. Patchy kSZ
We also consider the patchy kSZ signal at high
redshift described in Battaglia et al. (2013) where
the assumption of instantaneous reionization is re-
laxed. The patchy template has a predicted am-
plitude at ℓ = 3000 of p-AkSZ = 1.8 µK2, which
accounts for all the z > 5.5 kSZ contributions, and
no additional scaling is needed.

The actual kSZ constraining power of small-scale tem-
perature data is shown in Fig. 7, where we report the
total power expected in 150 GHz CMB maps assuming
most foregrounds have been cleaned out, computed as

Cmeas
ℓ = CCMB

ℓ + CkSZ
ℓ + CDust

ℓ +Nℓ , (4)

where the CMB contribution is the Planck 2013
base planck lowl lowLike highL cosmology. For the kSZ
signal we account for homogeneous and patchy compo-
nents contributing jointly with a combined amplitude of
1.5 µK2 + 1.8 µK2 = 3.3 µK2 at ℓ = 3000. We as-
sume the cleaning using dusty high frequency channels
leaves a residual Poisson dust power of 1 µK2 at ℓ = 2500
(Spergel et al. 2013), and the noise level is obtained as-
suming a map noise of 8 µK-arcmin for a beam resolution
ΘFWHM = 1.3′ after foreground cleaning.
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Ĉ
TT

ℓ 1σ

Fig. 7.— The expected measured power at 150 GHz
(green line) given by Eq. 4 and computed from Planck 2013
base planck lowl lowLike highL cosmology, a combined kSZ signal
contributing a total of 3.3 µK2 at ℓ = 3000, residual dust power
at a level of 1 µK2 at ℓ = 2500, and map noise of 8 µK-arcmin
after foreground cleaning for a beam resolution of 1.3′. It is com-
pared to the 1σ uncertainty on the CMB temperature predicted by
the combined Planck TT + AdvACT EE cosmology (purple band)
and the theoretical kSZ signals (blue and cyan curves). The kSZ
models are above the CMB uncertainty for ℓ > 1500 and, after
subtracting the primordial CMB, are the main terms in the power
in the region 2000 < ℓ < 6000, before noise starts to dominate.

Fixing the cosmology with small-scale polarization
data, we in effect remove the primordial CMB contribu-
tion from temperature fluctuations. Then the high multi-
poles of the expected AdvACT TT data should provide
a clean and definitive measurement of the kSZ signal,
particularly in the minimum variance region 2000 < ℓ <
6000. At ℓ > 1500 the kSZ contributions are the main
terms in the total power before noise starts to dominate.

5.2. Measuring homogeneous kSZ

To quantify this detection of the kSZ signal, we add
the homogeneous kSZ signal to the simulated CMB sig-
nal, and an additional amplitude for the kSZ power at
ℓ = 3000 to the fitted parameters in the MCMC analy-
sis. We report the constraint on the homogeneous kSZ
amplitude in Fig. 8 and in particular we investigate the
impact of the beam size on the detection. The constraint
on the amplitude of the kSZ signal degrades considerably
as one deviates from the projected beams of AdvACT,
moving from a 15σ detection with the assumed beams,
σ(h-AkSZ)=0.1, to a completely unconstrained amplitude
with beams that are 4 times larger than the baseline val-
ues. Indeed, a larger beam will raise the tail of the total
power significantly in the regime where the CMB TT
signal is decaying, removing the minimum variance win-
dow in multipole space where the kSZ can be constrained
(2000 < ℓ < 6000, see Fig. 7) entirely.
Independence of the amplitude constraint on the cos-

mological model was tested by varying Neff : we found
nearly identical limits.
The h-kSZ modelling is dependent on the underlying

cosmology used in the simulations (Shaw et al. 2012).
Following the scaling relations and applying the cosmo-
logical corrections derived in Shaw et al. (2012) we can
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Fig. 8.— Marginalized 1D posteriors of the homogeneous kSZ
power at ℓ = 3000 plotted for an expected AdvACT beam, and
for instruments with comparable sensitivity but 2, 3, and 4 times
larger beam sizes. Larger beams dramatically reduce constraints
on secondary foreground parameters.

translate the h-kSZ power at ℓ = 3000 into cosmologi-
cal constraints. In particular, the amplitude of matter
fluctuations on 8 h−1Mpc scales, σ8, varies the overall
amplitude of the h-kSZ signal. For the template used in
this work

h-AkSZ ∝ 1.65
( σ8

0.8

)4.46

µK2 . (5)

Analysing the simulated AdvACT data (including a h-
kSZ component) results in a relative error on the matter
fluctuations of σ(σ8)/σ8 = 0.01.

5.3. Measuring patchy kSZ

The patchy kSZ power spectrum amplitude and mul-
tipole shape depends on the time and duration of reion-
ization. Limits on the reionization epoch from kSZ were
first reported from SPT (Zahn et al. 2012) and ACT
(Sievers et al. 2013) small-scale temperature data.
If current theoretical models are correct, this reion-

ization signal should be detectable at high significance
with future ground-based CMB probes. Removing the
homogeneous contribution we can translate the p-kSZ
amplitude, as we expect it to be measured by AdvACT
with σ(p-AkSZ)=0.1, into a limit on the mean redshift
and duration of reionization, zre and ∆zre respectively,
following Battaglia et al. (2013)

p-AkSZ = 2.03
[(1 + zre

11

)

− 0.12
](∆zre

1.05

)0.51

µK2 . (6)

The definitions for the duration of reionization and red-
shift of reionization are ∆zre ≡ z(xi = 25%) − z(xi =
75%) and zre ≡ z(xi = 50%), respectively. Here xi is the
ionization fraction of hydrogen. We note that Eq. 6 is
specific to the models in Battaglia et al. (2013) and is
valid for ∆zre > 0.2; other models of reionization that
produce large asymmetries in xi will deviate from this
scaling relation (Park et al. 2013). Additionally, the
shape of the patchy kSZ power spectrum is affected by
∆zre (Zahn et al. 2012; Mesinger et al. 2012; Battaglia
et al. 2013). This precise power spectrum shape is model
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Fig. 9.— Marginalized 2D contours at the 68 and 95% confidence
level in the ∆zre−zre plane as expected from AdvACT temperature
and polarization observations in the range 300 < ℓ < 3000.

dependent, but to first order it is a function of the an-
gular size of the ionized regions at zre. In general, for
smaller ∆zre values these ionized regions are larger, thus,
the power spectrum peaks on larger scales. The opposite
follows for larger ∆zre values.
Fig. 9 shows the derived limits on the reionization

parameters; the constraints on the optical depth from
expected AdvACT data bound the reionization red-
shift with uncertainty σ(zre) = 1.1, while p-AkSZ gives
σ(∆zre) = 0.2. The figure is constructed by using Eq. 6
and converting the optical depth, τ , and p-AkSZ into the
quantities shown. For a fixed amplitude of p-AkSZ, an
extension of the duration of the reionization can be com-
pensated with a decrement in the reionization redshift.
Information on the optical depth breaks the degeneracy
since τ is very sensitive to the mean redshift of reioniza-
tion but not to its duration.
A significant kSZ detection will allow us to place con-

straints on the physics of reionization, opening up the
window on the universe at intermediate epochs. This will
be independent and complementary to the other reioniza-
tion experiments such as those which are optimized to ob-
serve the hyperfine transition of neutral hydrogen (known
as the 21 cm emission). In principal the measurements
of the redshifted 21-cm power spectrum will provide to-
mographic measurements of reionization. However, due
to the non-trivial complications of foreground removal,
the current 21-cm experiments have placed upper limits
on the power spectrum (e.g. Paciga et al. 2013; Parson
et al. 2013) that are an order of magnitude higher than
theoretical predictions. Thus, high-resolution polarized
CMB experiments are well-positioned to improve on the
constraints already in place from CMB temperature-only
constraints (Zahn et al. 2012; Sievers et al. 2013).

5.4. Going to lower multipoles

The combination of small-scale temperature and po-
larization data as considered in this work constrains the
optical depth with a σ(τ) = 0.011, comparable to current
WMAP measurement (σ(τ) = 0.013) from low-ℓ polar-
ization. If the proposed AdvACT measurements can be
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Fig. 10.— 2D contours at the 68 and 95% confidence level in the
∆zre − zre plane as expected from AdvACT TT including patchy
kSZ in combination with WMAP (light blue), or 10 < ℓ < 3000
AdvACT EE (dark blue) τ estimates. The orange and light green
dashed lines report the 1 and 2σ limits on zre from WMAP and
AdvACT EE respectively. The brown and grey excluded regions
are obtained from 21-centimetre line of atomic hydrogen and Gunn-
Peterson Lyman-α absorption lines observations, respectively.

extended in multipole space down to ℓ = 10, we esti-
mate an uncertainty in τ of 0.006, although measuring
such large scales may be challenging. This factor of 2 re-
duction in the uncertainty in τ informs our understand-
ing of the epoch of reionization yielding σ(zre) = 0.5
and σ(∆zre) = 0.07, as shown in Fig. 10. We report in
Fig. 10 Fisher matrix calculations propagating the shape
and amplitude of the patchy kSZ model in combination
with priors on the optical depth. The light blue contours
report the region bounded by a τ estimate from WMAP
(i.e. assuming σ(τ) = 0.013) in combination with Ad-
vACT TT patchy kSZ, while the dark blue region shows
the better limits that would result from measuring τ us-
ing AdvACT EE data at 10 < ℓ < 3000. The dashed
curves project the 1 and 2σ errors on zre from WMAP
(orange) and AdvACT (light green). We compare with
other astrophysical limits reporting the excluded regions
by the 21-centimetre line of atomic hydrogen (Bowman &
Rogers 2010) (brown band) and Gunn-Peterson Lyman-
α absorption lines (Fan et al. 2006) (grey band).

6. DISCUSSION

The upcoming measurements of CMB polarization will
provide both an independent confirmation of the gravi-
tational instability picture for structure formation and
a useful consistency check on the temperature observa-
tions; it will also offer constraining power for the cos-
mological model. Future small-scale CMB experiments
will build on the successes of the current suite of ground-
based CMB probes such as ACT to provide high res-
olution and sensitivity measurements of the small-scale

CMB polarization over a wide frequency and sky cov-
erage. In this paper we illustrated the power of future
arcminute resolution polarization data, using as an ex-
ample expected data from a possible extension of the
ACTPol project, AdvACT, in predicting the contribu-
tion to the high-ℓ tail of the CMB temperature spectrum
from primordial anisotropies. In addition, combining fu-
ture AdvACT EE data with expected full mission Planck
temperature data yields tight constraints on the cosmo-
logical model, bounding the damping tail of the CMB to
exquisite precision.
The expected precision with which a future experiment

like AdvACT will measure the EE polarization spectrum
will usher in a new epoch for CMB cosmology. By es-
timating the primordial cosmology with small-scale po-
larization measurements, one can also use the measured
small-scale temperature to probe the wide range of astro-
physical processes affecting the temperature spectrum in
the high multipole region directly. The broad frequency
coverage provided by Planck observations and future Ad-
vACT data will separate out most of the secondary galac-
tic and extra-galactic emissions contributing to the tem-
perature data. The bound on the primordial power com-
ing from polarization data will then unveil residual emis-
sions. In this work we have assumed an efficient cleaning
of all foregrounds except the only secondary component
degenerate in frequency space with the lensed primary
fluctuations and hence left after cleaning, namely the
kSZ term. We note that a non-perfect cleaning will in-
crease the uncertainty of the kSZ signal measurement,
however we have shown that a window in the multiple
space region 2000 < ℓ < 6000 where the kSZ dominates
the total power will provide a definitive measurement of
this signal.
We estimate a 15σ detection of the diffuse, homoge-

neous kSZ signal from AdvACT small-scale tempera-
ture data leading to a measurement of the amplitude
of matter density fluctuations, σ8, at 1% precision. Al-
ternatively, using the reionization signal encoded in the
patchy kSZ measurements we also predict bounds on
the time and duration of reionization, with uncertainty
σ(zre) = 1.1 and σ(∆zre) = 0.2 respectively. We find
that these kSZ detections are strongly dependent on sen-
sitivity and beam size, highlighting the importance of
future CMB surveys with arcminute-scale resolution.
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