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We report results from an analysis aimed at detecting the trispectrum of the kinematic Sunyaev-
Zel’dovich (kSZ) effect by combining data from the South Pole Telescope (SPT) and Herschel-SPIRE
experiments over a 100 deg2 field. The SPT observations combine data from the previous and current
surveys, namely SPTpol and SPT-3G, to achieve depths of 4.5, 3, and 16 μK-arcmin in bands centered at
95, 150, and 220 GHz. For SPIRE, we include data from the 600 and 857 GHz bands. We reconstruct the
velocity-induced large-scale correlation of the small-scale kSZ signal with a quadratic estimator that uses
two cosmic microwave background (CMB) temperature maps, constructed by optimally combining data
from all the frequency bands. We reject the null hypothesis of a zero trispectrum at 10.3σ level. However,
the measured trispectrum contains contributions from both the kSZ and other undesired components, such
as CMB lensing and astrophysical foregrounds, with kSZ being sub-dominant. We use the AGORA

simulations to estimate the expected signal from CMB lensing and astrophysical foregrounds. After
accounting for the contributions from CMB lensing and foreground signals, we do not detect an excess
kSZ-only trispectrum and use this nondetection to set constraints on reionization. By applying a prior based
on observations of the Gunn-Peterson trough, we obtain an upper limit on the duration of reionization of
Δzre;50 < 4.5 (95% confidence level). We find these constraints are fairly robust to foregrounds
assumptions. This trispectrum measurement is independent of, but consistent with, Planck’s optical depth
measurement. This result is the first constraint on the epoch of reionization using the non-Gaussian nature
of the kSZ signal.

DOI: 10.1103/PhysRevLett.133.121004

Introduction—The kinematic Sunyaev-Zel’dovich (kSZ)
effect originates when electrons with bulk motion
Compton-scatter cosmic microwave background (CMB)
photons [1]. Detecting the kSZ signal can provide crucial
insights on both structure formation [2,3] and the physics of
reionization [4–9]. This is because the source of the kSZ
signal can be decomposed into two main categories: a low-
redshift (z≲ 3) component referred to as homogeneous or
postreionization kSZ and a high-redshift (z≳ 6) compo-
nent referred to as inhomogeneous or reionization kSZ. The
postreionization kSZ signal is due to the bulk flow of halos

with free electrons in the local universe. The reionization
kSZ, on the other hand, is due to motion of the ionized
bubbles containing free electrons during the epoch of
reionization (EoR). Several observations [e.g., [10–12] ]
suggest that the energetic ultraviolet light from the first
stars and galaxies at z≳ 6 was responsible for ionizing the
neutral hydrogen in the early Universe, although more data
is required to precisely understand the process, timing, and
duration of the EoR [13]. From the CMB data, besides kSZ,
the EoR can also be probed using the large-scale bump in
the CMB EE=TE power spectra [14]. Measurements of the
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large-scale (l≲ 10) modes from ground-based experi-
ments, because of the limited sky coverage, will be
dominated by the sample variance that reduces the sensi-
tivity to the low-l EE=TE reionization bump. In addition
to this, the low-l bump is not sensitive to the details of the
process of reionization and cannot distinguish between
different reionization histories (see Fig. 4 of [15]. Hence, it
is important to explore other probes of EoR, like the kSZ.
The kSZ signals are subdominant compared to other

signals in maps of total intensity and detecting them has
proven to be challenging. In the past, the kSZ signals have
been detected through cross-correlation of CMB maps with
galaxy surveys [16–21] but these measurements only probe
the postreionization kSZ signal. Although cross-correla-
tions with high-redshift galaxy catalogs are in principle
possible for the reionization kSZ, the expected signal to
noise (SNR) is small (2–3σ) even for future Stage-4
experiments because of the difficulty in obtaining galaxy
catalogs at z≳ 6 [22]. Hence, forecasts for kSZ constraints
on the EoR have typically relied on kSZ power spectrum
(2-point correlation) measurements or reconstructions of
the optical depth [23]. The kSZ 2-point function, however,
receives contributions from both of the kSZ components
and disentangling the two is difficult due to their similar
shapes and amplitudes [24,25]. The presence of astrophysi-
cal foregrounds in the CMB maps, especially thermal SZ
(tSZ) and cosmic infrared background (CIB) signals,
complicates the interpretation of the kSZ power spectrum
further as these foreground signals are much brighter than
kSZ [26] (hereafter, [RO23]). As a result, EoR constraints
from recent measurements of the total kSZ power spectrum
[27,28] have been limited by knowledge of the foreground
and postreionization kSZ signal.
Smith and Ferraro [29] (hereafter [SF17]) proposed a

novel method of using the kSZ trispectrum (4-point
function) to probe the physics of reionization (see also
[30,31]). Since the reionization kSZ signal depends on both
the free electron density and the velocity, the small-scale
fluctuations in electron density due to inhomogeneous
reionization will get modulated on larger scales by the
velocity field, leading to position-dependent non-
Gaussianities in the CMB maps. Thus, the kSZ non-
Gaussianity arises due to the large-scale correlations of
small-scale clustering of halos, similar to CMB lensing
[SF17]. However, in our case the large-scale correlations
are due to the bulk velocity flow in the Universe rather than
due to gravitational lensing [32]. Although the postreioni-
zation kSZ also starts out as a non-Gaussian signal at
different epochs, the comoving line-of-sight distance over
which it gets integrated in the local universe is much larger
and the signal ends up being Gaussian based on the central
limit theorem. This characteristic allows the two kSZ
components to be easily distinguished using the trispectrum
(see Fig. 2 of [SF17]). Despite this advantage, the con-
straints on reionization from kSZ 4-point alone are not

expected to be as competitive as the optical depth mea-
surements from Planck, even for future CMB surveys, due
to the degeneracy between the parameters that govern
reionization. However, as demonstrated by Alvarez et al.
[31], the joint constraints from kSZ 4-point, Planck primary
CMB, and kSZ 2-point can effectively break that degen-
eracy, resulting in a significant improvement on reioniza-
tion compared to what can be achieved individually by any
of these probes.
In this Letter, we present results from an analysis aimed

at detecting the kSZ trispectrum using CMB temperature
maps obtained by combining South Pole Telescope (SPT)
and Herschel-SPIRE datasets. The observed trispectrum
receives a contribution from reionization kSZ but is
dominated by CMB lensing and astrophysical foreground
signals. We build a template for the latter using the Agora
simulations [33]. Given the difficulties in correctly model-
ing the foreground signals and the lower amplitude of the
kSZ signals compared to the other undesired signals, we
adopt different strategies to handle the foregrounds. In the
baseline case, we marginalize over the amplitude of the
CMB lensing and foreground signals. We also take the
approach of fixing the CMB lensing and foreground
signals. In neither case do we observe an excess kSZ
trispectrum. We use this nondetection along with a prior
based on the measurements of the Gunn-Peterson (GP)
trough to set upper limits (95% CL) on the duration of
reionization Δzre;50 corresponding to the difference in
redshifts at which the Universe has been 25% and 75%
reionized. We show that our results are consistent with
Planck’s optical depth measurement. We do not combine
our results with the kSZ 2-point measurements from the
literature [27,28] owing to assumptions made about fore-
grounds and the postreionization kSZ signals made in
those works.
Datasets—This work uses data from two different experi-

ments: SPT [34,35] and Herschel-SPIRE [36,37]. For SPT,
we use data from two surveys: SPTpol [38] andSPT-3G [39–
41]. The SPTpol observations were carried out between
2012 and 2016, and in this work we only use the 150 GHz
observations [42] since the noise level of 95 GHz SPTpol is
roughly 3 times higher than the equivalent SPT-3G data. The
SPT-3G observations used in this work were carried out
between 2019 and 2020, and we include data from all the
three bands: 95, 150, and 220GHz.After combining SPTpol
and SPT-3G, the map depths for the three bands are 4.5, 3,
and 16 μK-arcmin, respectively. For Herschel-SPIRE, we
use the data from600GHz (500 μm) and 857GHz (350 μm)
bands. Since Herschel-SPIRE is primarily used for CIB
mitigation and since the CIB decorrelation between SPT
bands and Herschel-SPIRE’s 1200 GHz (250 μm) band is
high [43], we do not use the 1200GHz band in thiswork.We
limit the SPT footprint in this work to the region that has
overlap with Herschel-SPIRE, which is a roughly 100 deg2

region centered at ðRA;Decl:Þ ¼ ð23 h; 30 min;−55°Þ.We
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provide details about the data processing in Supplemental
Material [44]. In short, the raw SPT data is filtered and
binned intomapswith a pixel resolution of 0:05. The effect of
filtering is accounted for by using the transfer function (TF)
calculated from simulations. The individual frequencymaps
are then calibrated by cross-correlating with Planck. The
SPIRE and calibrated SPT maps are combined to produce a
minimum-variance (MV) map which has an unbiased
response to CMB temperature. This is done using a scale-
dependent linear combination (LC) technique [45], and we
refer to the product as the MV-LC.
Results and discussion—We briefly describe the methods

to extract reionization kSZ information from the CMB
maps and refer the reader to Appendix B of Supplemental
Material [44] for more details. Following the work of
[SF17], we develop a quadratic estimator (QE) to recon-
struct K̂ðn̂Þ that captures the degree-scale correlations of
small-scale clustering of the kSZ signal. The desired kSZ
trispectrum ĈKK

L ¼ δðL − L0ÞK̂LK̂
�
L0 is the power spectrum

of the reconstructed K̂ðn̂Þ map [SF17] after removing an
estimate of the mean field that arises due to masking. For
ĈKK
L measurement, we set a bin width of ΔL ¼ 50 in the

range L∈ ½50; 300�. Besides the desired kSZ signal and the
mean field, the reconstructed map receives contributions

from the following: N̂ð0;KKÞ
L , which is the Gaussian dis-

connected piece arising due to chance correlations of the
two CMB maps used in the QE, and the systematics from
CMB lensing and foregrounds. We use AMBER (Agora)
simulations to model the reionization kSZ (CMB lensing
and foregrounds) and assume a Gaussian likelihood to
derive constraints on reionization.

The left panel of Fig. 1 shows the K̂ðn̂Þ reconstructed
from a single non-Gaussian simulation run while the right
panel is for data. We note that the statistical properties look
qualitatively similar between the panels. The simulation
includes CMB, foregrounds, and noise but does not contain
the reionization kSZ signal. The similarity between the
simulation and data suggests that our reconstructed K̂ðn̂Þ
should be dominated by N̂ð0;KKÞ

L and foregrounds, and the
kSZ signal must be subdominant.
In Fig. 2 we present the ĈKK

L measurements from
simulations and data. These correspond to the results with
our fiducial filter choices ðlmin;lmaxÞ ¼ ð3300; 4300Þ in
Eq. (1) of Supplemental Material [44]. The result from data
(green circles) is consistent with the distribution of the
simulations represented by the violins. With our data, we
reject the null hypothesis of a zero trispectrum at 10.3σ.
This raw SNR has been calculated just with the Gaussian
covariance Σ̂KK

Gau (see Eq. (5) of the Supplemental Material
[44]). The mean of all the simulations, which we use as the
estimate of ĈKK

L;sys is the black solid curve. The semitrans-
parent band around the mean is the systematic uncertainty
in ĈKK

L;sys obtained by scaling the tSZ signal in the input
simulations by �20% roughly consistent with the uncer-
tainty in the hydrostatic mass bias parameter [66]. The
impact of this systematic on our constraints is presented in
Fig. 3 (and in Fig. 2 of the Supplemental Material [44]).
The change in the results is only marginal if we scaled the
CIB instead of the tSZ. The blue dash-dotted curve is

N̂ð0;KKÞ
L calculated using 250 simulations, and it has been

removed from all the other curves in the figure. The error
bars include contribution both from the scatter in the

Gaussian N̂ð0;KKÞ
L and the non-Gaussian signals. For refer-

ence, we also show the expected kSZ 4-point function
signal in shades of orange. These assume a fixed mid-
point zmid

re ¼ 7.69 and different values of duration
Δzre;50 ∈ ½1; 15�.
The probability to exceed (p value), obtained by com-

paring the individual simulations (distributions shown
using the violins) and data (green) with the ĈKK

L;sys template
(black) and computing p ¼ χ2sims ≥ χ2data is p ¼ 0.23,
indicating the consistency between the data and the
simulations. Note that, similar to Fig. 1, the simulations
do not include the reionization kSZ signal. This suggests
that the reionization kSZ signal must be subdominant

compared to N̂ð0;KKÞ
L and 4-point function contributions

from CMB lensing and foregrounds ĈKK
L;sys. Indeed, when

we remove the ĈKK
L;sys estimate from data, the residual ĈKK

L

measurement is consistent with a null signal with p ¼ 0.39.
Reionization constraints—We compare the ĈKK

L mea-
surements obtained above to the expected kSZ signal from
AMBER to place constraints on the EoR parameters. We fit
for three parameters (zmid

re , Δzre;50, and ACMB−FG) where

FIG. 1. Mean field subtracted K̂ðn̂Þ maps from a single
simulation run in the left panel and data in the right panel. Both
the panels have been smoothed using a Gaussian beam with
θFWHM ¼ 300. The figure illustrates that our data and simulations
have qualitatively similar-looking features. The simulation only
contains CMB, foregrounds, and noise. It does not include the
reionization kSZ signal. The similarity of the simulation with the
data map suggests that the reconstructed K̂ðn̂Þ is dominated by

N̂ð0;KKÞ
L and foregrounds. We also provide quantitative compari-

son between the data and the simulations in the text.
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ACMB−FG is the amplitude term for the Agora ĈKK
L;sys

template. In Supplemental Material [44], we use simula-
tions to show that this approach is robust to the assumptions
about the ĈKK

L;sys template and returns unbiased results on
simulated data.
In Fig. 3, we present the constraints on Δzre;50 and zmid

re
for different dataset combinations. As evident from the
figure, the two parameters are degenerate for the kSZ
4-point-only case shown in the 2D posterior. On the other
hand, evidence based on the measurements of GP trough
[10,11] in the spectra of high-redshift quasars suggests that
hydrogen in the Universe must be fully ionized by z ∼ 5–6.
We use this information to set a binary GP-based prior
(brown) on the reionization histories XeðzÞ from AMBER. To
this end, we remove regions in the ðzmid

re − Δzre;50Þ plane
where reionization ends later than z < 6 by setting their
prior to zero. We define the end of reionization as the
redshift at which XeðzÞ > 0.95. The kSZ 4-point result
combined with the GP-based prior is shown in green, and
we adopt this as our baseline result. For this case, we are
able to set an upper limit on Δzre;50 of < 4.5 (95% CL).
Modifying the GP-based prior to have the reionization end
at z < 5 rather than z < 6 slightly increases the upper limit
to Δzre;50 < 5 (95% CL).

We also show constraints based on the Planck optical
depth measurement (blue dash-dotted curve) as well as the
kSZ 4-point measurementþ Planck with and without the
GP-based prior (pink and red curves respectively) in Fig. 3.
As expected, Planck (blue) tightly constrains the upper tail
of the midpoint of reionization but is not sensitive to the
duration with an upper limit of Δzre;50 of< 13.0 (95% CL).
Adding kSZ 4-point to Planck without the GP-based prior
(pink) leads to marginal (< 10%) changes in the results. On
the other hand, by including the GP-based prior to kSZ
4 ptþ Planck (red), we set an upper limit on Δzre;50 of
< 2.6 (95% CL) and obtain zmid

re ¼ 7.4� 0.6. This combi-
nation is dominated by Planck and the GP-based prior, and
kSZ 4-point only adds marginal improvement, however,
and we do not quote it as our main result.

Herschel

FIG. 2. Reconstructed ĈKK
L signals. The violins represent the

scatter in the measurements from the 100 non-Gaussian (reioni-
zation kSZ-free) simulations in each L bin and green data points
represent data. The mean of all the simulations (ĈKK

L;sys) is shown
in black. The band around the black curve indicates the
systematic uncertainty in the template obtained by scaling the
tSZ signal in the input simulations by �20%. For each curve, the

estimate of N̂ð0;KKÞ
L (blue dash-dotted curve) has been removed.

For reference, we also show the expected kSZ signal from AMBER

simulations for zmid
re ¼ 7.69 and different values of Δzre;50 in

shades of orange. From the figure, it is evident that the data are
consistent with the non-Gaussian simulations, which do not
contain any reionization kSZ signal, in agreement with the
K̂ðn̂Þ maps in Fig. 1.

Planck

Planck

FIG. 3. Constraints on EoR parameters (Δzre;50 and zmid
re ) for

different dataset combinations after marginalizing over ACMB−FG
(FG represents foreground). We present both 2D and 1D
posteriors. The two parameters are highly degenerate for kSZ
4-point alone, as shown in the 2D posterior plot. The black line
represents the 68% CL joint upper limit to the two parameters in
the 2D plot and the marginalized one-parameter posteriors in the
1D plots. The green lines show the analogous curves after
applying a prior based on GP trough measurements that removes
regions where reionization ends later than z ¼ 6. For reference,
the GP prior is shown in brown. We adopt these as our baseline
constraints, and for this case we set a 95% CL upper limit of
Δzre;50 < 4.5. We also show 68% CL allowed 2D regions and 1D
posterior curves derived from Planck’s low-l optical depth
measurement (blue dash-dotted curve) and from combining
Planck and kSZ 4-point with (without) the GP-based prior in
red (pink). The band around the combinations that include kSZ
4-point data represents the uncertainties in ĈKK

L;sys template. To
avoid cluttering, we show the band only in the 1D posteriors.
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For the amplitude of the CMB lensing and foreground
template, we obtain a best-fit amplitude of ACMB−FG ¼
1.25� 0.32. The detection significance for ACMB−FG is
consistent with what we expect from simulations shown in
the inset plots of Fig. 1 of Supplemental Material [44]. As
shown in Fig. 2 of the Supplemental Material [44], we do
not observe a strong degeneracy between ACMB−FG and the
EoR parameters.
To summarize, we quote the constraint from kSZ 4-point

with the GP-based prior (green curves in Fig. 3) as our
baseline result and we set an upper limit on the duration of
reionization of Δzre;50 < 4.5 (95% CL). These are the first
constraints on EoR parameters using the non-Gaussianity
of the kSZ signal.
Foreground uncertainties—In Fig. 3, the band around

the dataset combinations that include kSZ 4-point data
represents the uncertainties in ĈKK

L;sys propagated to uncer-
tainties in the parameter constraints. These are obtained by
scaling the tSZ signal in the simulations by 20% (semi-
transparent black band around ĈKK

L;sys in Fig. 2). As evident
from the figure, the uncertainties in ĈKK

L;sys have negligible
effect indicating constraints are robust to assumptions
about the CMBþ FG template. For example, the 95%
CL of Δzre;50 changes by ∼7% when the ĈKK

L;sys is modified
to take the uncertainties into account. The above results are
for our fiducial values for ðlmin;lmaxÞ ¼ ð3300; 4300Þwith
Δl ¼ 1000. We find these values to be optimal both in
terms of SNR and the foreground biases. In Supplemental
Material [44], we justify this by discussing the changes to
SNR and the impact of foregrounds when the values of
lmin;lmax;Δl are modified. We also show the systematics
due to uncertainties in beam and TF to be negligible.
Conclusion—In this Letter, we reported results from an

analysis aimed at detecting the non-Gaussian nature of the
kSZ signal from reionization. We combined data from
SPTpol, SPT-3G, and Herschel-SPIRE surveys in a
100 deg2 field. Using MV-LC map and a QE, we detected
the total trispectrum ĈKK

L at 10.3σ. The measurement is

dominated by N̂ð0;KKÞ
L bias from the disconnected term, and

the contributions from CMB lensing and foreground
signals. After accounting for these undesired signals, we
do not measure an excess kSZ trispectrum and our results
are consistent with a null signal (p ¼ 0.39). The results
from data are consistent with the expectations from
simulations (p ¼ 0.23). We quantified the biases due to
uncertainties in instrumental beam and TF, and found them
to be negligible. We also thoroughly checked the biases due
to mismatch between the Agora foreground template and
data, and found that our results are robust to uncertainties in
both amplitude and shape of the template.
We found that the constraints on zmid

re and Δzre;50 are
highly degenerate from kSZ 4-point alone. Hence, we
applied a loose prior based on GP trough measurements on
the reionization histories from AMBER to remove zmid

re and

Δzre;50 from the parameter space where the reionization
ends later than zend ¼ 6. With this prior, we set a upper limit
(95% CL) of Δzre;50 < 4.5. This result is independent of,
but consistent with, the optical depth measurement from
Planck. This work represents the first constraints on EoR
parameters using the trispectrum of the kSZ signal.
In this Letter, we have used simulations to model the

contributions from lensing and foregrounds. There are
other potential strategies to mitigate them at the expense
of a penalty in SNR. These include bias hardening [67–69]
and delensing [70,71], which might be particularly relevant
for the future surveys and should be explored further.
Furthermore, we do not include information from kSZ
power spectrum here, owing to the uncertainties in the
contribution from the postreionization kSZ signal to the
total kSZ power spectrum. In the future, however, our
understanding about the postreionization kSZ signal is
expected to improve, thanks to the synergies between CMB
and galaxy surveys. Another potential approach is to use
the cross-correlation between CMB and galaxy surveys for
“de-kSZing” the postreionization kSZ signal [72].
Besides the kSZ measurements, the high-redshift mea-

surements of quasars [recently, [73,74] ] from JWST (for a
review, see [13]), the upcoming 21 cm measurements from
experiments like HERA and SKA [75,76], and the cross-
correlation between multiple probes [for example,
[77–79] ] are all expected to significantly enhance our
understanding of the physics of EoR in the next decade.
The kSZ results are also expected to improve with the up-
coming low-noise multifrequency CMB datasets, namely
from the full-depth SPT-3G and SPT-3G+ [39,40,80],
Simons Observatory [81], CCAT [82], and CMB-S4 [83]
surveys, which all cover a much wider sky area compared
to this work. Interpretation of results from the future
measurements will necessitate the development of more
kSZ simulations like 21 cmFAST [84] and AMBER [46], and
also new and multiple realizations of the correlated extra-
galactic skies like AGORA [33], SEHGAL [85], and WEBSKY

[86]. The combination of kSZ 4-point function measure-
ments from the upcoming surveys along with high-signifi-
cance measurements of the kSZ power spectrum [RO23]
and optical depth measurements from LITEBIRD [87] can
help to break degeneracies between zmid

re and Δzre;50 [31],
forming a powerful probe of the epoch of reionization. This
work forms a key first step toward such future high
precision measurements.
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