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2Miller Institute for Basic Research in Science, University of California, Berkeley CA 94720, USA

3Perimeter Institute for Theoretical Physics, Waterloo ON N2L 2Y5, Canada
(Dated: March 20, 2018)

Patchy reionization leaves a number of imprints on the small-scale cosmic microwave background
(CMB) temperature fluctuations, the largest of which is the kinematic Sunyaev-Zel’dovich (kSZ),
the Doppler shift of CMB photons scattering off moving electrons in ionized bubbles. It has long
been known that in the CMB power spectrum, this imprint of reionization is largely degenerate with
the kSZ signal produced by late-time galaxies and clusters, thus limiting our ability to constrain
reionization. Following Smith & Ferraro (2017), it is possible to isolate the reionization contribution
in a model independent way, by looking at the large scale modulation of the small scale CMB power
spectrum. In this paper we extend the formalism to use the full shape information of the small scale
power spectrum (rather than just its broadband average), and argue that this is necessary to break
the degeneracy between the optical depth τ and parameters setting the duration of reionization. In
particular, we show that the next generation of CMB experiments could achieve up to a factor of
3 improvement on the optical depth τ and at the same time, constrain the duration of reionization
to ∼ 25%. This can help tighten the constrains on neutrino masses, which will be limited by our
knowledge of τ , and shed light on the physical processes responsible for reionization.

I. INTRODUCTION

Secondary anisotropies of the Cosmic Microwave Back-
ground (CMB) contain a wealth of information about
the post-recombination Universe. The largest small-
scale temperature anisotropy that preserves the Black-
Body spectrum of the CMB is the kinematic Sunyaev-
Zel’dovich (kSZ) effect, that is the Doppler shift of CMB
photons when scattering off moving electrons. The small-
scale kSZ power spectrum receives roughly equal contri-
butions from late-time galaxies and clusters, and from the
epoch of patchy reionization [1–3]. The late-time contri-
bution informs us about the gas distribution in halos,
the ionization state of the intergalactic medium (IGM)
and velocity fields at low redshift, while the reionization
part has been shown to contain a wealth of information
about the physical processes that drove it, as well as the
redshift at which it happened [4–8]. Since the two contri-
butions have been shown to be comparable in amplitude
and shape when looking at the power spectrum, a natural
question is whether there is a robust way to disentangle
them.

In recent work (Smith & Ferraro, 2017 [9], henceforth
SF17), we have shown that it is possible to isolate the
reionization contribution in a model independent way, by
looking at the long wavelength modulation of the locally-
measured small scale kSZ power spectrum (which is a
particular limit of the 4-point function). In brief, the
small-scale kSZ power spectrum in a particular direction
on the sky is modulated by the realization of radial ve-
locity along that line of sight. Since the velocity field
has a well-defined coherence length, it provides a “stan-
dard ruler” that allows the redshift of the source to be
recovered.

Let’s denote by K(n̂) the amplitude of the locally mea-

sured kSZ power spectrum in direction n̂ and in some
fixed high-l band centered on lS . In SF17, we have ar-
gued that K(n̂) fluctuates by order 10% across the sky,
and that its power spectrum CKKL , can robustly isolate
the reionization contribution, without astrophysical un-
certainties.

It is clear that there are two scales in the problem,
namely the “short” wavelength mode lS >∼ 2000 at which
the kSZ power spectrum is obtained and the “long” mode
L <∼ 300 at which the modulation by velocity is mea-
sured. We have shown that the L dependence allows us
to determine the redshift distribution of the source, with
fluctuations at larger L coming from higher redshift. We
refer the reader to SF17 for a detailed explanation of the
method.

In this work we explore the lS dependence of the signal
and show that, once the reionization component is iso-
lated, it allows us to distinguish between different reion-
ization models and constrain model parameters. As a
practical example, we will take the model of Battaglia
et al [4, 10], and show that we can distinguish between
changes in optical depth τ and duration of reionization
∆z. Even in this simple parametrization, ∆z and τ are
largely degenerate when not considering the lS depen-
dence of the signal: For a fixed lS , higher power can be
obtained by either earlier reionization, so that the physi-
cal electron density contrast between neutral and ionized
regions is higher, or by having a more extended reioniza-
tion, so that CMB photons will encounter more ionized
bubbles in their path and hence a larger anisotropy in the
ionization field. This degeneracy is broken when measur-
ing the signal as a function of lS , since, as we shall see,
a higher redshift of reionization (or equivalently τ) leads
to increase in kSZ power on all scales, while a longer
reionization preferentially boosts the small scale power
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compared to larger scales.
The remainder of the paper is organized as follows: In

Section II we lay out the general formalism, and is Section
III we describe a simple model based on simulations. In
Section IV we show numerical forecasts for future CMB
experiments and discuss the dependence on survey de-
sign. We conclude in Section V, discussing some of the
challenges and future prospects.

II. FORMALISM

We start by defining a set of Nbins filters WS,i(l) that
are band-limited around multipole lS,i >∼ 2000 and non-
overlapping. For concreteness we take

WS,i(l) =

{
(CkSZ

l )1/2/Ctot
l , if l ∈ i-th bin around lS,i

0, otherwise

(1)
but we note that in the large number of bins limit, the
l-weighting within a bin won’t matter.

Generalizing the approach of SF17, we consider Nbins

fields K1(n̂), . . .KNbins
(n̂) representing the local small-

scale power spectrum in direction n̂, measured around
multipoles lS,i. More formally, given a filter WS,i(l), we
apply it to the temperature map TS,i(l) = WS,i(l)T (l)
in harmonic space and obtain the Ki by squaring TS,i in
real space

Ki(n̂) = T 2
S,i(n̂) (2)

We can then relate the redshift dependence of the sky-
averaged K̄i = 〈Ki(n̂)〉 to the kSZ power spectrum red-
shift source as

dK̄i

dz
=

∫
d2l

(2π)2
WS,i(l)

2 dC
kSZ
l

dz
(3)

where dCkSZ
l /dz is given explicitly by

dCkSZ
l

dz
= (TCMBσTne,0)2 (1 + z)4

χ(z)2H(z)
e−2τ̄(z)

×〈vr(z)2〉Pee
(

l

χ(z)
, z

)
(4)

Here, 〈v2
r〉 = 〈v2〉/3 is the mean squared radial velocity,

and Pee(k, z) is the spatial power spectrum of the electron
overdensity field δe.

In SF17 we have shown that an excellent approxima-
tion on large scales is to assume that the K fields are
modulated by the actual realization of the square of the
line-of-sight velocity field, η(n̂, z) = vr(n̂, z)

2/〈vr(z)2〉,
so that

Ki(n̂) =

∫
dz

dK̄i

dz
η(n̂, z) (5)

which implies that in the Limber approximation,

C
KiKj

L =

∫
dz

H(z)

χ(z)2

(
dK̄i

dz

)(
dK̄j

dz

)
P⊥η

(
L

χ(z)

)
(6)

where P⊥η is the power spectrum of η with k perpendic-

ular to the line of sight. The power spectrum C
KiKj

L in
Equation (6) represents clustering power due to correla-
tions in the velocity field which sources kSZ anisotropy.
In addition, there is also “noise” power that would arise
if the CMB were a Gaussian field, given by:

NKiKi

L = 2

∫
d2l

(2π)2
W 2
S,i(l)W

2
S,i(L− l)Ctot

l Ctot
L−l (7)

where N
KiKj

L = 0 for i 6= j, and Ctot
l is the total power

spectrum of the temperature map, including primary
CMB, detector noise and residual foregrounds.

We build a Fisher matrix in terms of parameters πα as

Fαβ =
fsky

2

∑
L

(2L+ 1)Tr

(
∂CL
∂πα
C−1
L

∂CL
∂πβ
C−1
L

)
(8)

where (CL)ij = C
KiKj

L +N
KiKj

L is an Nbins-by-Nbins ma-
trix, and we have assumed that Ki is a Gaussian field for
purposes of computing the Fisher matrix.

The parameters that we consider are going to be a set
of astrophysical parameters (such as timing or duration
of reionization), and an additional Nbins(Nbins+1)/2 nui-
sance parameters, corresponding to an arbitrary constant

(in L) shot-noise contribution to each C
KiKj

L , which will
be marginalized over in all of our results. Marginalizing

over an arbitrary constant in C
KiKj

L will remove the con-
tribution from any shot-noise components, such as any
residual CIB or tSZ in the CMB maps. Moreover the
contribution from CMB lensing has been shown to be
reducible to white noise after the procedure described
in SF17, and that is removed after marginalization. As
usual in the Fisher formalism, the marginalized parame-
ter covariance is given by

Cov(πα, πβ) = (F−1)αβ (9)

III. EXAMPLE: A SIMPLE REIONIZATION
MODEL

The formalism presented in the previous section can
be applied to any parametrization of reionization. As
an example, we shall consider the reionization modeling
of Battaglia et al [4, 10], where a semi-analytical model
based on high-resolution radiation hydrodynamic simu-
lations is applied to large volume N -body simulations in
order to obtain the reionization kSZ field (among other
quantities). The simulation output is found to be well
described by two phenomenological parameters, namely
the mean redshift of reionization z̄, and the reionization
duration ∆z. Given an ionized fraction history xe(z), we
define the mean optical depth τ̄ by:

τ̄ =

∫ zstart

0

dz

H(z)
(1 + z)2xe(z) σTnp,0 (10)
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where np,0 is the proton comoving number density, σT is
the Thomson cross section and zstart is the redshift at the
start of reionization. We find that for models of reioniza-
tion without extended components to high redshift and
with mean redshift of reionization z̄ (defined such that
xe(z̄) = 0.5), an excellent approximation is

τ̄(z̄) ≈
∫ z̄

0

dz

H(z)
(1 + z)2σTnp,0 (11)

While we use this approximation for simplicity, a given
model of reionization will predict xe(z) which can be used
self-consistently in Equation 10, without any changes to
our formalism. There is one further subtlety here: Equa-
tion 10 neglects the correlation between fluctuations in
ionization fraction and baryon density, which is usually
present, as pointed out in [11]. The sign and amount of
correlation of correlation depends on the mode of reion-
ization and is still highly uncertain. Reference [11] es-
timated that neglecting it would typically correspond to
an error on τ̄ of about 5%, depending on the model.
However, measurements with future CMB and 21cm ex-
periments will inform us on the particular characteristics
of the reionization process, and allow us to further reduce
modeling uncertainty. Moreover, the current uncertainty
in cosmological parameters affects the relation by ∼ 1%
[11], and will be negligible for future CMB experiments.

Here we take the parameters to be π =
{τ̄ ,∆z,Alate, αlate, A

s.n.
i,j } where τ̄ = τ̄(z̄) and ∆z

are the parameters in the Battaglia et al simulations,
Alate is the amplitude of the late-time kSZ contribution1,
and αlate is an arbitrary scale dependence of the form
lαlate , defined in Equation 12. As discussed in the
previous Section, we also allow an arbitrary shot-noise

component As.n.
i,j in each C

KiKj

L as additional nuisance
parameters that are marginalized over.

For the late-time contribution, we use a fit of
(dCkSZ

l /dz)late to the “cooling and star formation” (CSF)
model of Shaw et al, normalizing the amplitude Alate = 1
in the fiducial model. We further allow for an arbitrary
scale dependence in the shape of the late-time profile of
the form lαlate (with αlate = 1 in the fiducial model), so
that(

dCkSZ
l

dz

)
late

= Alate l
αlate

(
dCkSZ

l

dz

)
Shaw,CSF

(12)

The reason for allowing arbitrary Alate, αlate is that while
different simulations agree on the fact that the late-time
power spectrum should be featureless, they differ consid-
erably on the predicted amplitude and slope. This is be-
cause they are both affected by complex sub-grid physical
processes such as cooling, star formation and feedback,
that are subject to large uncertainty. Moreover, since the

1 Here defined in a model independent way as being the total con-

tribution to C
KiKj

L originating from z < 6.

reionization contribution is also expected to be essentially
featureless, this parametrization makes the two contri-
butions completely degenerate when only looking at the
power spectrum, while we will show that our method is
able to efficiently separate them even in this case. In this
work, we’ll assume no prior on Alate, αlate, and note that
better measurements of the late-time contribution along
the lines of [12–18] may allow us to use tighter priors and
further improve the reionization constraints.

We will approximate the source redshift distribution
of reionization kSZ as a Gaussian centered at z̄, corre-
sponding to a particular τ̄ :(
dCkSZ

l

dz

)
rei

(z, l, τ̄ ,∆z) = (CkSZ
l )rei(τ̄ ,∆z)

e−(z−z̄)2/2σ2
z√

2πσ2
z

(13)
where we take the duration ∆z to be approximately
the full-width at half maximum (FWHM) of the dis-

tribution, such that σz ≈ ∆z/
√

8 ln 2. The function
(CkSZ

l )rei(τ̄ ,∆z) is a fit to the simulations by Battaglia
et al [4], around the fiducial model with z̄ = 8 and ∆z =
1.2.

To calculate the Fisher matrix in Equation 8, we need

to compute derivatives of the form (∂C
KiKj

L /∂π), where
π is one of the parameters {τ̄ ,∆z,Alate, αlate}. First we
calculate parameter derivatives of (dCkSZ

l /dz) directly
from Equations 12 and 13. It is then straightforward to
compute derivatives of (dK̄i/dz) using Equation 3, then

derivatives of C
KiKj

L using Equation 6.

IV. RESULTS

Here we show results for a next-generation CMB exper-
iment such as CMB Stage 4 (CMB S4) type survey. We
shall assume a white detector noise with level ∆2

T (usu-
ally quoted in µK-arcmin) and a Gaussian beam with
full-width at half maximum (FWHM) θFWHM, such that
the temperature map noise is given by

Ndet
l = ∆2

T e
θ2FWHMl

2/(8 ln 2) , (14)

In Table I we shall consider the lS range 2000-7000,
and show results for one lS bin as well as Nbins = 20 bins
in lS on the same range. While the choice of 20 bins is
arbitrary, we have checked that it saturates the amount
of information present, so this should be taken to be the
“large number of bins” limit.

First we note that even in the case of a single bin, the
reionization duration and optical depth are not perfectly
degenerate as might naively be expected. This is because
the L shape of CKKL itself (and in particular the position
of the peak) contains information about the redshift of
reionization: an earlier reionization will move the peak
to higher L because a fixed comoving scale (the veloc-
ity coherence length in this case), will subtend a smaller
angle in the sky. Our formalism optimally combines the
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fsky = 0.7 Nbins = 1 Nbins = 20

σ(τ̄) [marg.] 0.035 0.0028

σ(∆z) [marg.] 3.92 0.32

σ(τ̄) [unmarg.] 0.00022 0.00022

σ(∆z) [unmarg.] 0.024 0.024

TABLE I: Marginalized and unmarginalized constraints on
τ̄ and ∆z with fsky = 0.7, beam θFWHM = 1 arcmin, map
noise of 1µK-arcmin. Both a single bin and 20 bins cases are
considered.

0.052 0.054 0.056 0.058 0.060 0.062 0.064 0.066 0.068

τ̄

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

∆
z

FIG. 1: Marginalized constraints on the optical depth and
reionization duration for a CMB S4-like configuration with
fsky = 0.7, beam θFWHM = 1 arcmin, map noise of 1µK-
arcmin and Nbins = 20. The two ellipses correspond the 68%
and 95% confidence levels.

information in both the L and lS dependence to constrain
parameters.

When considering the case with Nbins = 20, corre-
sponding to 20 distinct Ki fields, we see that there is
considerable additional information in the lS dependence:
marginalized errors on τ̄ and ∆z are reduced by a factor
of over 12 compared to the single bin case.

Table I summarizes our main results. When marginal-
izing over all the nuisance parameters2, we find that in
our simple model we obtain σ(τ̄) = 0.0028, for a future
experiment with a 1 arcmin beam and 1 µK-arcmin noise
on 70% of the sky. This corresponds to a ≈ 5% measure-
ment of the optical depth, an improvement by a factor
of ≈ 3 over the current Planck measurement from the
large scale CMB polarization [19]. At the same time,
we can constrain the duration of reionization to ∼ 25%.

2 These include one between τ̄ or ∆z, as well as the late-time kSZ
amplitude Alate and scale dependence αlate, and an arbitrary

shot-noise component in each of the C
KiKj

L .

1 2 3 4 5 6

CMB experiment noise [µK-arcmin]

0.000

0.002

0.004

0.006

0.008

0.010

0.012

σ
(τ̄

)

current error from Planck

needed for a 3σ neutrino mass detection

CMB S4 CMB S3

Optical depth τ

fsky = 0. 4

fsky = 0. 7

1 2 3 4 5 6

CMB experiment noise [µK-arcmin]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

σ
(∆
z)

current upper bound from Planck

CMB S4 CMB S3

Duration of reionization ∆z

fsky = 0. 4

fsky = 0. 7

FIG. 2: Dependence of constraints on τ̄ (top) and ∆z (bot-
tom), as a function of map noise, for a fixed beam θFWHM = 1
arcmin and Nbins = 20. Note that currently τ̄ has a ∼ 16%
uncertainty from Planck large scale polarization. A 3σ detec-
tion of minimum mass neutrinos in combination with DESI
BAO would require an improvement in σ(τ̄) of ∼ 30%, within
the reach of the next generation of CMB experiments.

Figure 1 shows the joint constraints between τ̄ and ∆z,
illustrating the large degeneracy between the two, even
in the Nbins = 20 case. This is also clear in Table I,
where we show that marginalization over the other pa-
rameter (as well as the additional nuisance parameters),
degrades constraints by a factor of ∼ 10 for Nbins = 20
and by ∼ 100 for Nbins = 1.

Next, we study the dependence on experimental config-
uration for the Nbins = 20 case, and results are shown in
Figures 2 and 3. We find an especially steep dependence
on resolution, with constraints on τ̄ or ∆z improving by
a factor of ≈ 5 and 6 when the beam size is reduced
from 3 arcmin to 1.5 arcmin. An experimental configu-
ration with beam larger than ∼ 2.5− 3 arcmin provides
no improvement on reionization compared to the current
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1.0 1.5 2.0 2.5 3.0 3.5

Beam θFWHM [arcmin]

0.000

0.002

0.004

0.006

0.008

0.010

0.012
σ
(τ̄

)

current error from Planck

needed for a 3σ neutrino mass detection

Optical depth τ

fsky = 0. 4

fsky = 0. 7

1.0 1.5 2.0 2.5 3.0 3.5

Beam θFWHM [arcmin]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

σ
(∆
z)

current upper bound from Planck

Duration of reionization ∆z

fsky = 0. 4

fsky = 0. 7

FIG. 3: Dependence of constraints on τ̄ (top) and ∆z (bot-
tom), as a function of beam θFWHM, for a fixed map noise =
1µK-arcmin and Nbins = 20. Note that the currently τ̄ has
a ∼ 16% error from Planck, while Planck provides an upper
bound on ∆z from the kSZ power spectrum.

bounds from Planck. The dependence on map noise is
shallower, with improvement over Planck expected for
noise <∼ 4µK-arcmin.

V. DISCUSSION

A. Optical Depth and Neutrino Masses

It is well known that cosmological observations are sen-
sitive to the sum of neutrino masses

∑
mν (see for ex-

ample [20]). Physically, neutrinos suppress the growth
of structure on scales smaller than their free-streaming
length, and a measurement of their mass is obtained by
comparing the primordial amplitude As at CMB to some
tracer of the amplitude of fluctuations at late times, such
as CMB lensing, or galaxy lensing or clustering. How-

ever, the CMB only measures the combination Ase
−2τ

(except on the very largest scales), and therefore knowl-
edge of τ is essential for a neutrino mass measurement.
In fact, forecasts show that for a future generation CMB
experiment such CMB S4 (both primary power spectrum
and CMB lensing), the uncertainty on τ will be the lim-
iting factor on the measurement of

∑
mν [21, 22]. The

Planck mission has measured τ from the very low l po-
larization data, with σ(τ) ≈ 0.009 [19]. Since CMB S4
will likely only access scales with l >∼ 30, it will not im-
prove the existing constraints, and will have to rely on
previous measurements. It can be shown that CMB S4,
together with an expansion probe such as Baryon Acous-
tic Oscillations (BAO) from DESI and the Planck τ prior,
will obtain

∑
mν ≈ 30 meV [21], not sufficient for a re-

liable detection of the minimum neutrino mass implied
by oscillation experiments (

∑
mν)min = 58 meV. Simi-

lar results hold when using LSST as a low-redshift tracer
instead, since the τ degeneracy is the limiting factor, not
the measurement of the late time amplitude. While the
exact number depends on the configuration of the CMB
S4 experiment, a 3σ ‘detection’ of minimal mass neutri-
nos requires σ(τ) ≈ 0.006, or roughly 40% better than the
current constraints (see Figure 16 of [21]). Similarly, a 4σ
detection would need σ(τ) <∼ 0.003. Dedicated space mis-
sions have been proposed [23–25], and there are ground
based experiments aiming to measure large-scale polar-
ization from the ground [26].

B. The physics of reionization and complementary
probes

The measurements proposed here are highly comple-
mentary to other probes of the epoch of reionization.
Observations of high-redshift Lyα and Lyβ forest suggest
that reionization was essentially complete by z ≈ 6 [27].
Measurements of the redshifted 21cm emission (and other
lines) by experiments such as HERA [28] will be highly
complementary, since CMB will have an order of magni-
tude better angular resolution (∼ 1 arcmin vs ∼ 10 ar-
cmin), while 21cm has higher redshift resolution. More-
over, the kSZ signal is independent of temperature and
therefore less affected by modeling uncertainties. Even
with a detection of reionization by the next generation of
21cm experiments, model parameters can still be highly
degenerate, since they have been shown to have a similar
physical effect [29]. The higher resolution of CMB exper-
iments can help break degeneracies, and a joint analysis
is expected to be highly beneficial. Moreover, cross corre-
lating the kSZ field (or the K field defined in this work)
with higher moments of the 21cm temperature can re-
duce the impact of foregrounds that severely affect the
power spectrum from intensity mapping experiments.
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C. Modeling Uncertainties

One important uncertainty in the above discussion is
the presence of foregrounds in CMB temperature maps.
A multi-frequency analysis can mitigate their impact and
all of the noise levels in the paper should be intended
as the temperature map noise after component separa-
tion. In a realistic situation, the residual noise might
not be perfectly white, and there may be residual fore-
ground non-Gaussianity. Detailed modeling of the effect
of foregrounds and component separation, which requires
realistic multi-components simulations, is the subject of
ongoing work.

Another important question concerns the model de-
pendence of the constraints on reionization. Firstly, we
note that while we have used a simple model as an ex-
ample of the use of our formalism, any parametrization
of reionization can be treated in the same way.

We should also note that the separation of the signal
into low-redshift and reionization only relies on knowing
the large-scale velocity power spectrum, which is well de-
scribed by linear theory. Therefore, a measurement of the
amplitude and shape of the reionization kSZ power spec-
trum can be obtained with very little astrophysical un-
certainty (modulo foregrounds), and extracting this be-
ing the goal of the new technique introduced in SF17 and
extended in this work.

In this paper, we studied a specific reionization model
due to Battaglia et al [4] and found that the kSZ-derived

statistic C
KiKj

L was sufficient to fully break degenera-
cies and determine all parameters in the model. One
may wonder whether this conclusion is specific to the
Battaglia et al model, or applies generally to parameter-
ized models of reionization. We defer a complete study
to future work, but in the next few paragraphs, we will
give a heuristic argument which suggests that it should
be a fairly generic conclusion under certain assumptions
which we will state explicitly.

First, we note that in most reionization models, the
ionization fraction xe(r, z) is approximately either 0 or 1
everywhere, since reionization fronts are expected to be
very sharp compared to the size of the bubbles. There-
fore, we have

x̄e(z) ≈ 〈xe(r, z)2〉 (15)

since xe ≈ x2
e. During reionization it is also a good

approximation to neglect cosmological density fluctua-
tions and attribute all variations in electron density to
variations in ionization fraction, i.e. we have δe(r, z) ≈
xe(r, z) − x̄e(z). We take the expectation value of the
square on both sides, and simplify as follows:

〈δe(r, z)2〉 =

∫ ∞
0

dk
k2

2π2
Pee(k, z) (16)

〈(
xe(r, z)

2 − x̄e(z)
)2〉

= 〈xe(r, z)2〉 − x̄e(z)2

≈ x̄e(z)(1− x̄e(z)) (17)

where we have used Eq. (15) in the last line. Putting
this together, we obtain the following approximate rela-
tion between the mean ionization fraction x̄e(z) and the
electron power spectrum Pee(k, z):

x̄e(z)(1− x̄e(z)) ≈
∫ ∞

0

dk
k2

2π2
Pee(k, z) (18)

Next we note that our observable C
KiKj

L is a function
of two variables: the large scale L ∼< 300 and the CMB
scale lS ≈ 4000 which is implicit in the i, j indices. By

Eqs. (3), (4), the observable C
KiKj

L is linearly sourced
by another function of two variables: the power spec-

trum Pee(k, z). Since both the observable C
KiKj

L and the
source Pee(k, z) are functions of two variables, then there
are enough degrees of freedom to solve for Pee(k, z), when

C
KiKj

L is observed. Of course the effective redshift resolu-
tion in Pee(k, z) will be limited, due to correlations which
arise between nearby redshifts. However, if the reioniza-
tion model only allows slowly varying time dependence,
we should have have enough constraining power to fit for
all model parameters which determine Pee(k, z).

Now we point out that a measurement of Pee(k, z)
is sufficient to determine τ̄ . By Eq. (15) we see that
Pee(k, z) determines the quantity x̄e(z)(1 − x̄e(z)) as a
function of z. Assuming that x̄e(z) is an increasing func-
tion of z, this suffices to determine x̄e(z). Finally, x̄e(z)
determines τ̄ by Eq. (10).

This heuristic argument can be summarized by say-
ing that the same underlying source function Pee(k, z)

determines both τ̄ and the kSZ observable C
KiKj

L , and
that the latter has enough degrees of freedom (being a
function of two variables) to solve for Pee(k, z) and infer
τ̄ .

Let us now consider the assumptions in the argument.
First, as previously noted, the reconstruction of Pee(k, z)
will have large off-diagonal correlations in redshift, and
our argument is likely to break down for reionization
models which allow very rapid redshift dependence. Sec-
ond, we have assumed that xe is 0 or 1 everywhere,
i.e. reionization occurs in sharply defined bubbles. Third,
the k-integral in Eq. (18) formally runs from k = 0 to
k =∞, whereas the kSZ observations only cover a finite
range of scales near k ∼ 0.7 h−1 Mpc (corresponding to
lS ∼ 4000 in the CMB). If the reionization model con-
tains enough parameters that these scales do not suffice
to determine the integral in Eq. (18), then our argument
may break down. For example, Ref. [6] considers models
with a low level of reionization out to very high redshift,
where (crucially) the reionization bubbles are very small,
and hidden below the CMB beam scale. Fortunately,
measurements of the shape of the low-l CMB polarization
power spectrum have the potential to test this scenario
[30, 31].

The argument we have given above is heuristic, and
more quantitative work is necessary to test the assump-
tions made. Nevertheless, we find it useful for explaining

qualitative properties of the kSZ statistic C
KiKj

L at an in-
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tuitive level, and point out that the results may be fairly
insensitive to the detailed modeling of reionization.

In summary, the kSZ power spectrum from reionization
can be isolated robustly from the late-time kSZ contribu-
tion, and it is sensitive enough to τ and other parameters
to have the statistical potential for great improvement
over the current uncertainties. The measurement will be
robust to the extent that reionization doesn’t have long
tails in redshift and the model used in the analysis en-
compasses the truth. While no single measurement can
guarantee that, agreement of model predictions for mul-
tiple observables (such as 21cm or other line intensity
mapping experiments) will likely be the most robust way
to give confidence on the correctness of the model. The
importance of τ for cosmology and the statistical power
of the kSZ effect, motivates further research into the in-
terpretation of the signal.

VI. CONCLUSIONS

Building on our previous work in SF17 [9], we have
introduced a new formalism to isolate and character-
ize patchy reionization in the high-l CMB. By optimally
combining all of the information in the kSZ 4-point func-
tion, we showed that the reionization and late-time parts
of the signal can be isolated, even in the case when they
are completely degenerate in the power spectrum. To
show this, we have allowed for an arbitrary amplitude and
scale dependence of an otherwise featureless late-time
kSZ power spectrum, and marginalized over those, as
well a large number of other nuisance parameters aimed
at absorbing the effect of foregrounds and CMB lensing.

Using a simple model of reionization, we have found

that the next generation of ground based CMB exper-
iments such as CMB S4 will have the statistical power
to significantly improve on the current measurements
of the optical depth τ and the duration of reionization
∆z. While some uncertainty over the correct modeling
of reionization and foregrounds persist, the great statisti-
cal power shown makes further study worthwhile. More-
over, a number of integral constraints on the reionization
power spectrum may make the observables less sensitive
to the particular model adopted in the analysis.

Measuring τ from the next generation of ground-based
experiments appears challenging, because of the diffi-
culty in measuring the very large scale polarization sig-
nal. Therefore, short of a dedicated space mission, the
high-l kSZ signal that we have discussed might be one of
the most promising ways to break the optical depth de-
generacy and measure neutrino masses from cosmology.
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