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Abstract

We report new measurements of millimeter-wave power spectra in the angular multipole range 2000 __ ¢__ 11,000

(angular scaleS¢0 g0 1¢). By adding 95 and 150 GHz data from the low-noise 500°d®@Tpol survey to the
SPT-SZ three-frequency 2540 demirvey, we substantially reduce the uncertainties in these bands. These power
spectra include contributions from the primary cosmic microwave background, cosmic infrared background, radio

galaxies, and thermal and kinematic Sunyaev-Zel'dovich (SZ) effects. The data favor a thermal SZ (tSZ) power at

143 GHz ofDZ, = 3.420 0.54 niK2? and a kinematic SZ (kSZ) power d?%5% = 3.00 1.0 niK2. This is the
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first measurement of kSZ power at  30. However, different assumptions about the CIB or SZ models can reduce
the significance down to 2.4 in the worstase.We study the implications of the measured kSZ power for the

epoch of reionization underthe Calabrese etil. model for the kSZ power spectrum and find the duration of
reionization to beDZ, = 1.1 3% (DZ. < 4.1at 95% confidence), when combined with our previously published

tSZ bispectrum measurement. The upper limit tightenB & < 3.2 if the assumed homogeneous kSZ power is
increased by 25% (~0.5 pK) and relaxes t®Z, < 5.2if the homogeneous kSZ power is decreased by the same
amount.

Unified Astronomy Thesaurus concepts: Sunyaev-Zeldovich effect (1654); Cosmic microwave background
radiation (322); Reionization (1383)

1. Introduction We can separate the AGNs and DSFGs from the SZ effects

The cosmic microwave background (CMBis best known using both angular and spectral information.

for providing a snapshobf the early universe.However,on

small angular scales,secondary anisotropiesn the CMB, 1.1. Previous Measurements
created by interactions between CMB photons and large-scale  \Measurements of the millimeter sky at arcminute scales have
structure,also provide clues abouthe late-time universeln been made by both the Atacama Cosmology Telescope (ACT;
particular, these secondary anisotropiegncodeinformation Das et al. 2011, 2014) and South Pole Telescope (SPT$Z
aboutthe amplitude of structure growth and duration ofthe  survey (Luekeret al. 2010; Shirokoff et al. 2011; Reichardt
epoch of reionization (EoR). et al. 2012; George et al. 2015). The ACT collaboration

The most significant secondary anisotropies at angular scale®unkley et al. 2013; Das et al. 2014) measured
of a few arcminutes are the kinematic and therm8unyaev— D82 = 3.30 1.41K? and Di$2 < 8.6 niK2 (95% CL) at

Zel'dovich (SZ) effects. Both SZ effects are due to CMB 150 GHz and ¢ = 3000. The final SPT-SZ bandpowers reported

photons scattering off of free electrons along their patithe by George et al. (2015, hereafterG15) led to even tighter

kinematic SZ (kSZ) effect is due to an induced Doppler shift in constraints on the tSZ power at 143 GHz of

the scattered photonsand thus the kSZ signalfrom a given D32, = 4.08328 nK? and on the kSZ power of

volume element is proportional to (v/cynwhere v is the bulk ~ DXSZ — 291 1.3 nK2. On larger scales, ¢ 2000, the

velocity of the electrons and gis the number density of free  Planck collaboration madea high-significancedetection of

electrons. The kSZ power spectrum is expectedto have the tSZ power spectrum (Planck Collaboration et al.

significant contributions from the EoR owing to the large 2014,2016).

contrastsin ionization fraction as the universe reionizes The data used to constrain the tSZ and kSZ power spectra

(Gruzinov & Hu 1998; Knox et al. 1998), and at late times can also teach us about the cosmic infrared background (CIB),

when there are larger relative velocities and density contrasts radio galaxies, and the correlation between the CIB and galaxy

(e.g.,Shaw et al.2012; Battaglia et al2013a). clusters.G15 detected a nonzero correlation between the CIB
In contrast, the thermal SZ (tSZ) effect is due to the energy and galaxy clusters, modeled as a constant, at a significance of

transfer from hot electrons to the colder CMB photons and hasmore than 3afinding x =0.113 $-92%,

a signalamplitude of (TJ/m )ne, Where m is the mass of

the electron and Tis the temperature of the electrongVhile 1.2. This Work

the kSZ effect does notchange the CMB spectrumthe net ) )

energy transfer to the photons in the tSZ effect translates toa  1his work adds data from the low-noise 500 dégSPTpol

reduction in the number of GMB photons below 217 GHz as ?ﬁg?s,ypt?;gedi?: 2t?bes%asr::izl-lizresduurx?{hrgarg:r;] hoise at 05 and

these photons are upscattered toward higher frequenfes

can use the difference in how the tSZ and kSZ effects scale 150 GHz over the 500 dethat was observed by both surveys;

with frequency to simultaneously measure both terms. The tSZhowever,_the 220 GHz maps are unchanged from G15 sihce

anisotropy signacales steeply with the normalization of the SPTpol did not observe at 220 GHz. The lower noise levels at

: : 95 GHz yield a threefold reduction in the bandpower
Tr:;tg; tp;]oewze Lsopﬁthr:rm rh;vshslc(;\isﬁgutiﬁ)ﬁa(:: rgﬁtizlsgisfgl ees uncertainties at 95 x 95 GHz; the improvement is more modest

amo o
(e.g.,Komatsu & Seljak 2002). (~30%) but still significant at 150 x 150 GHz.

: . The outline of this work is as follows. We review the
The secondary CMB anisotropies are not the only sources of . o .
. . . . observationsand power spectrum analysis in Section 2.
anisotropy in millimeter-wave maps on arcminute scales.

X . Systematicschecks done on the data are described in
Galgxmsalso §m|t at th(_ase wavelengthspoth synchrotron- Section 3,before the bandpowers are presented in Section 4.
dominated active galactic nqcle_(lAGNs, e.g., De Zotti et_al. We discuss the modeling of the bandpowers in Section 5 and
2010) and thermal dust emission from dusty star-forming

the constraints on this modelin Section 6. We explore the
galaxies (DSFGs; e.g., Planck Collaboration et al. 2011; b

Mocanu etal. 2013; Everettet al. 2020). While the brightest grgz:ltlic(:)e:]tlghs for the EoR in Section 7 before concluding in
of these sources can be individually detected and masked, it is
impossible to remove allof the fainter galaxies,as there are

many such DSFGs within each square arcminute (Lagache

et al. 2005; Casey et al2014). The DSFG signal can be split We presentpower spectra from the combined SPT-SZ and
between a term thatdoes notspatially cluster (the “Poisson” SPTpol surveys at 95, 150, and 220 GHz. We use a pseudo-C
component) and a spatially clustered term (Vieroat 2013) cross-spectrum method (Hivon et al. 2002; Polenta et al. 2005;

2. Data and Analysis
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Tristram et al. 2005) to estimate the power spectra. The data a(@005) and Tristram et al. (2005), we use cross-spectra instead
calibrated by comparing to the Planck 2015 CMB maps. of auto-spectra to avoid noise bias in the result. We report the
power spectrum in terms df ¢, where

=1 " /C
This work uses data from the SPT-SZ and SPTpol cameras 0e 2p t (1)
on the South Pole Telescope.Details on the telescope and

: : More details on the power spectrum estimator can be found
cameras can be found in Ruhl et al. (2004), Padin et al. (2008), . o
Shirokoff et al. (2009), Carlstrom et al. (2011), Henning et al. N Previous SPT-SZ papers (e.g., Lueker et al. 2010; Reichardt

(2012),Sayre et al(2012),and Austermann et a[2012). et al. 2012, hereafter R12; G15). We emphasize that for the 13

As described by G15,the 2540 deg SPT-SZ survey was ~ non-overlappingfields, this work simply reusesthe G15
conducted from 2008 to 2011. The survey region was split into bandpowers for e_ach f'e'dNe briefly describe the method n
19 contiguous subpatchesgferred to as fields, for observa-  the following sectionsfocusing on the part that is new in this
tions. The specific field locations and extents can be found in work—the power spectrum estimation for the combined SPT-
Table 1 of Story et al. (2013, hereafterS13). The SPTpol 52 + SPTpol maps.
500 deg survey fully or partially overlaps 6 of these 19 fields.

Bandpowersfor the 13 non-overlapping fields are identical
to G15 (except for an updated calibration; see Section 2.2). Before Fourier-transforming the mapwie apply a window

We treat the overlapping region as a single field and co-add to each map that smoothly goes to zero at the map edges. The
the time-ordered data (TOD) from both SPTpand SPT-SZ  window also masks pointsources above 6.4 mJy &t50 GHz
data into mapsDetails of the TOD filtering, and mapmaking  from the source catalog in Everett et 42020). The mask for
can be found in Shirokoff et al. (2011) for the SPT-SZ data andeach point source has a 2'-radius disk for sources detected with
in Henning et al. (2018) for the SPTpol data. The SPTpol Si50 chA [6.4, 50] mJy and a 5'-radius disk for sources above
filtering options have been tuned to closely match the SPT-SZ 50 mJy. In both cases, a Gaussian taperwith Sigper = % is

2.3.1.Cross-spectra

maps used by G15. After combining data from the full applied outside the radius of the disk. For the combined SPTpol
2540 ded, the approximate statisticalweight from the new and SPT-SZ field that has anisotropic noise due to variations in
SPTpoldata in the combined bandpowers is 83% 86 GHz, the amount of integration time, this window also preferentially
44% at 150 GHzand 0% at 220 GHz. weights the lower noise regions.
After Fourier-transforming the windowed maps, we take the
2.2.Beams and Calibration weighted averageof the two-dimensionalpower spectrum

The SPT-SZ beams are measured using a combination of within an ¢-bin b,

bright point sourcesin each field, Venus, and Jupiter as w nAB o <€( + 1) Re[m"vAm’i'B*]> 2
A 13 € ’

described in Shirokoffet al. (2011). The SPTpolbeams are f b

measured using Venus alone as described by Henning at
(2018). We take a weighted averagebased on the statistical ~ wherem?# is the Fourier-transformed maplere A,B are the
weight of each data set in the map, of the beams from the two gpservation indices, while,w; are the observation frequencies

experiments to estimate the effective beam dhe combined B
survey.Note that the final bandpowers should be robust to an (.., 150 GHz).We average aIIcross-spectr@A that have

error in this effective beam calculation since the transfer A * B to get the binned power spectrunPb. As in R12, we
function simulations (Section 2.3.2) use the correct beams for eliminate the noisier modes along the scan direction by
each period of data. For both experiments, the main lobes of thexcluding modes with ¢ , < 1200. We refer to the binned

beam are well represented by 17, 1’2, and 1.0 FWHM power, D}, as a “bandpower.”
Gaussians at 95150, and 220 GHzrespectively.
We use the absolute calibration factors calculated by Hou 2.3.2.Simulations

et al. (2018) and Mocanu et al. (2019) for the SPT-SZ data and . , i
the absolute calibration from Henning etal. (2018) for the The transfer function and sample variance for the combined

SPTpoldata. In both cases,the calibration is determined by ~ SP Tpoland SPT-SZ field are calculated from a suite of 200

comparing the SPT-SZ (or SPTpol) maps with Planck maps in signal-only simulations\We convolve the simulated §kies by
the same region of sky. The uncertaintiesare correlated ~ the measured beam foreach frequency and observing year

between frequency bands owing to sample variaridee final before sampling the realizations based on the pointing
uncertainties in power are [0.33%, 0.18%, 0.42%] at [95, 150 information. The simulated TOD are filtered and binned into
220] GHz. ' ' ’ " maps in the same way as the real data.

The treatmentof the beam and calibration uncertainties in The simulated skies include Gaussian realizationsf the
the parameter estimation is described in Section 2.3.5. best-fitlensed Planck 2013 ACDM primary CMB model3Z

models, and extragalactic source contributions. Following G15,

the kSZ power spectrum is based on the Sehgalal. (2010)

simulations with an amplitude of 2.0 Ftt ¢ = 3000. The tSZ
Following G15, we use a pseudo-@ethod to estimate the  power spectrum is taken from the Shaw et al. (2010)

power spectrum (Hivon eél. 2002). Pseudo-Emethods start ~ simulations,normalized to have an amplitude of4.4 pK? at

by calculating a (biased) power spectrum from the Fourier ¢ = 3000 at 153 GHz. The extragalactic source term can be split

transform of the map (in flat sky) and then correct this biased into three components: spatially clustered and Poisson-

spectrum for effects such as TOD filterindgyeams,and finite distributed DSFGs, and Poisson-distributed radio galaxies.

sky coverage (Hivon et al. 2002). Following Polenta et al. Motivated by the predictions of the De Zotti et al. (2005) model

2.3. Power Spectrum Estimation
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for a 6.4 mJy flux cut at 150 GHz,the radio power is setto
D00 = 1.28mK2 at 150 GHz. We assume a radio spectral
index of a, = -0.53%° and 10 scatter on the spectral index of
0.1. The DSFG Poisson power is séb 7.54 pK? at 154 GHz
with a modified blackbody spectruff with Tgus= 12 K and
B =2. The clustered DSFG componentis modeled by a
D, « ¢ °® term normalized toD5,o, = 6.25mK?2 and the same
spectral dependenceas the Poisson DSFG. Each of the
frequency-dependerierms (tSZ, radio, CIB) is estimated at
the effective frequency for the nominal band noted in
Section 5.1, e.g., 96.9 GHz for the 95 GHz band CIB map.
These simulations do nahclude non-Gaussianity in the tSZ,
kSZ, and extragalactic source signaland therefore slightly
underestimate the sample variance on these terfiikile this

would increase the uncertainties on these terms in Section 6,

the effect is very minor. In particular, the non-Gaussian
variance of the tSZ term on this survey size is <10% (Millea
et al. 2012), which is small compared to the 30% model

uncertainty assumed when interpreting the tSZ power. We also

estimate the non-Gaussian variance othe kSZ term on a

2500 ded survey using the Flender (Modl) kSZ map (Flender

et al. 2016), finding the power level to vary by 2.3%. This
varianceis very small compared to the kSZ measurement
uncertainties in Section 6.

2.3.3.Covariance Estimation and Conditioning

Reichardt et al.

We calculate the combined bandpowel,, as

Dy = § D', 3)

~. Qo

where O is the bandpower of field i andvis the weight. The
covariance matrix likewise can be expressed as

Cbb¢ = 5_' VV’Ct’)b¢V‘/ (4)
]

The sum of the weights is normalized to unity.

2.3.5.Beam and Calibration Uncertainties

To handle the calibration uncertainties,we include three
calibration factors in the parameter fittingne per frequency.
We marginalize over these three factors, with a prior based on
the measured calibration uncertainty for all parameter fits.

We follow Aylor et al. (2017) for the treatmentof beam
uncertainties. The beam correlation matriggf‘m, is calculated

as described by G15, using the fractional beam errors for each
year and the relative weights of each year of data over the SPT-
SZ and SPTpol surveys. At each step in the chairg use the
predicted theory bandpowergD"®®Y) to convert this beam
correlation matrix into a beam covariance according to

_ ,bea theory) theo
Cheam = ppeamDjheonD reon, (9)

In order to compare the measured bandpowers to theory, weWe add this beam covariance to the bandpoweicovariance

need to estimate a covariance matrix including both sample
variance and instrumental noise varian&s.in R12 and G15,

the sample variance is estimated from signal-only simulations

(Section 2.3.2), and the noise variance is empirically

determined fr%n the distribution of the cross-spectrum band-
" between observations A and B and frequen-

powersD;'

cies v and v. A noisy estimate of the bandpower covariance

matrix that contains the effects of sample variance and

instrumentaioise.The likelihood for that specific theoretical

model is then evaluated using this combined covariance matrix.
3. Null Tests

We testthe data for unknown systematic errors by running

matrix could degrade parameter constraints (see, e.g., DodelsdWo null tests.A null test consists of dividing the set of maps

& Schneider 2013). Thuswe follow G15 and “condition” the
covariance matrix to minimize the noise on the covariance
estimate and largely avoid this degradation.

The covariance matrix depends on the sigmeadwer and,if
both bandpowers share a common maihe noise power As
the errors on the off-diagonaélements include terms propor-
tional to the (potentially much larger) diagona¢lementsthe

into two halves. The power spectrum of the difference between
the maps of these two halves should be consistewtth zero

since all true astrophysical signals are canceled out. In practice,
there can be slight amountsof residual power due to, for
instance, small pointing differences. We calculate the expecta-
tion for the tiny amount of remaining power by applying the
same differencing processto simulations. Detecting a sig-

uncertainty on the off-diagonal elements can be large comparefificant deviation from this  expectationwould signal the

to the true covariance As a result, we estimate these values

presence of a systematic error. Note that we only run new null

analytically from the diagonal elements using the equations in tests for the combined SPT-SZ and SPTpdield; we do not

Appendix A of L10.

2.3.4.Field Weighting

We follow G15 and weight each field and frequency cross-
spectrum based on the average of the inverse of the diagonal of

the covariance matrix overthe bins 2500 < ¢ < 3500. These

weights adjust for the differences in noise and sample variance
between fields; beam and calibration errors are deliberately not

included. As argued by G15, the angular range,
2500 < ¢ < 3500, is where the data have the mossensitivity
to SZ signals.

45 That is, the radio source flux in Jy is proportionato n?r, where v is the
frequency.
46 That is, the dusty galaxy flux in Jy is proportional to 8B, (Tqus)-

rerun null tests for the fields that have been reused from G15.
We look at the following data splits for systematic effects:

1. Scan direction:We subtractleft-going from right-going
scansto test for potential systematicsrelated to the
telescope’s motion. This test is also sensitive to incorrect
detector time constants.

2. Time: We split the data based on when they were
observed.We subtract data from the first half of the
observations of a field from data from the second half.
Note thatwe split the data such thahalf 1 had the first
half of the SPT-SZ observations plus the first half of the
SPTpol observations,rather than all of the SPT-SZ
observations plus some SPTpabbservationsThe null
tests demonstrate the long-term tempostability of the
instruments.For instance,a slow drift in calibration
would cause the test to fail.
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We find one failure in the null  tests. The first-half-minus- and the bandpowers of this workWe find that allowing the
second-halfnull test at 150 GHz shows excesspower at ACDM parameters to vary does not noticeably affect the

¢ < 2500. While this excess is statistically significant (approxi- recovered posteriors for the foreground and secondary aniso-
mately 40 in two bins), it is also extremely small, <0.1% of the tropy parameters, and the Markov Chain Monte Carlo steps are
non-nulled power at these scales. The failure could be partiallymuch faster with the ACDM parameters fixed.

explained by drift in the relative calibration over time (this The cirrus modeland strong prior on its amplitude are the
reduces the exces$ from ~30 to ~9). Such a drift would not  same as in G15. We have tested removing this prior and have
significantly affectthe final power spectrum,as the absolute  found negligible shifts ( < 0.20) in other parameters.

calibration procedure ties the fullco-add map to the Planck Two terms in the modeling describe the kSZ and tSZ power
map on the same area of sky. The failure might also be relatedspectra. We model the tSZ power as a free amplitude (defined
to a temporal variation in ground pickup. Given the small by the power at¢ = 3000 and 143 GHz) thascales the Shaw

amountof power, relative to either the bandpowersor the et al. (2010) tSZ model template. We assume the nonrelativistic
sample variance in these bingje choose to proceed with the {37 frequency scaling. In Section 6.1.3, we also check whether
analysis. the results depend on the template chosen. Similarly, we
describe the kSZ power by an amplitude parameter (defined by
4. Bandpowers the powerat ¢ = 3000) that scales a template constructed by

We apply the analysis of Section 2.3 to the co-added SPTpofetting the power of the CSF*® homogeneous kSZ template
and SPT-SZ mapsMasking point sources above 6.4 mJy at ~ from Shaw etal. (2012) and patchy kSZ template from Zahn
150 GHz leads to a final effective area of 464 deg for the et al. (2012, hereafter Z12) to be equabt ¢ = 3000. Slightly
combined SPTpol plus SPT-SZ field. We combine the resumngdifferently than the tSZ case, we test the data_’s sens_itivity to the
bandpowerswith those from the other 13 fields in G15 exact angular dependence of the kSZ power in Section 6.1.3 by
according to Section 2.3.4As in G15, we measure the power ~ Simultaneously fitting separateamplitudesfor the homoge-
spectra across the range of 2000 < ¢ < 11,000. Following G15, neous and patchy kSZ terms. _ o
we restrict the 95 x 95 GHz bandpowers to ¢ < 8800 owing to We include two parameters to describe the radio Poisson
the larger beam size at 95 GHz. The new bandpowers are listegower:the amplitude of the radio Poisson power &t50 GHz
in Table 1 and plotted in Figure 1. The bandpowers, covariancénd ¢ = 3000, and the spectral indexgdor the radio galaxies.
matrix, and window functions are available for download on  Unlike in G15, we do not place a prior on the radio galaxy
the SPT” and LAMBDA“® websites. power,as the 95 GHz data constrain it well.

The observed poweris dominated by the primary CMB In the baseline model, we include five parameters to describe
anisotropy on large angular scales (¢ < 3500). On smaller the DSFGs that make up the CIB. Three of these parameters are
scalesgxtragalactic sources become importddBFGs at 150  amplitudes of the Poissonpne-halo clusteringand two-halo
and 220 GHz and radio galaxies at 95 GHz. We also see clustering power at ¢ = 3000 and 150 GHz. As in G15, the one-
evidence for power from the kinematic and thermal SZ effects. and two-halo clustering templates are taken from the best-fit
We plot the best-fit model components against the bandpower$alo model in Viero et al. (2013). The other two parameters are

at the six frequency combinations in Figure 2. the graybody indices 3 for the Poisson and clustering power.
We assume that there is no difference in the frequency scaling
5. Cosmological Modeling between the one- and two-halo clustering terms.

Finally, we include the expected anticorrelation between the
CIB and tSZ power spectra.An anticorrelation is expected
below the peak of the CMB blackbody because a dark matter
overdensity willbe associated with an overdensity of DSFGs
(positive signal) and hot gas (negative tSZ signal). We take the
angular dependence of the anticorrelation to be described by

most power at 150 and 220 GHz, while radio galaxies are mordh® form found by Z12, when looking at the Shang et al. (2012)
significant at 95 GHz. The SZ effects and correlations betweenC!B simulations. However, we allow the magnitude of this
the thermal SZ signal and CIB are also included. Finally, ant!correlatlon to float freely from -1 to 1, with the magnitude
although the Galactic cirrus power in these fields and frequencgefined at ¢ =3000. _ _ o
bands is expected to be small, we include Galactic cirrus in our Table 2 shows the improvement in the quality of the fits with
modeling,with an external prior on the amplitude and shape. the sequgnhaintroduchon of free parameters.to the original
We use the 2019 October version 06smoMC*® (Lewis & ACDM primary .CMB model. There are clear improvements as
Bridle 2002) to calculate parameter constraints. We have addefach parameteis added, up through the kSZ and tSZ-CIB
code to model the foregroundsand secondary anisotropies, ~ correlation. Changing from a tSZ-CIB correlation that is
which is based on the code used by G15. The source code andonstantn ¢ to the Z12 form marginally improves the ¥ by
instructions to compile are available on the SPT website (see 0.5, without introducing any new parameters. Thus, we include

We fit the SPTpol + SPT-SZ bandpowers to a combination
of the primary CMB anisotropy, thermal and kinematic SZ
effects,radio galaxiesand DSFGsThe model is described in
detail in the Appendix of G15; we only outline it here.The
CMB is the most significant term on large angular scales in all
bands.On smaller angularscales,the DSFGs contribute the

footnote 47). this shape in our baseline model. The other model variations we
Unless otherwise noted, we fix the six ACDM parameters to considerdo not significantly improve the quality of the fits.
the best-fit values. The best-fit values are taken from a Using a power law for the CIB clustered powess was done

combined likelihood with the Planck 2018 TT, TE, and EE databy G15, instead of the simulation-based oneand two-halo
terms,is disfavored by the datawith an increase in f of 2.1

4T http://pole.uchicago.edu/public/data/reichardt20/ for the same number of parameters.
48 http://lambda.gsfc.nasa.gov/product/spt/spt_prod_table.cfm
49 http://cosmologist.info/cosmomc 50 Simulations that included cooling and star formation.
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Table 1
Bandpowers
95 GHz 150 GHz 220 GHz
¢ Range Ceff D (uK?) 0 (uK?) D (uK?) o (UK?) D (uK?) o (UK?)
2001-2200 2077 218.4 3.8 215.6 2.3 286.2 6.5
2201-2500 2332 128.2 1.9 125.9 1.1 201.7 4.3
2501-2800 2636 81.9 1.1 80.29 0.67 170.4 4.1
2801-3100 2940 52.84 0.79 51.88 0.46 156.9 4.0
3101-3500 3293 36.87 0.58 36.89 0.31 155.4 3.7
3501-3900 3696 31.35 0.57 31.19 0.29 182.8 4.4
3901-4400 4148 28.85 0.65 31.24 0.29 202.0 4.8
4401-4900 4651 30.25 0.89 33.62 0.35 245.7 6.0
4901-5500 5203 35.3 1.1 39.73 0.42 290.2 7.0
5501-6200 5855 434 1.9 46.34 0.53 349.8 8.7
6201-7000 6607 44.6 3.2 57.24 0.72 435.0 11.0
7001-7800 7408 46.7 6.7 69.5 1.2 524.0 15.0
7801-8800 8310 61.0 12.0 89.0 1.8 665.0 21.0
8801-9800 9311 L L 98.7 2.9 729.0 34.0
9801-11000 10413 L L 122.0 45 962.0 49.0
95 x 150 GHz 95 x 220 GHz 150 x 220 GHz

2001-2200 2077 213.3 2.9 207.2 4.0 225.9 2.9
2201-2500 2332 1235 1.4 1216 2.2 140.7 1.6
2501-2800 2636 76.72 0.82 77.7 1.6 8.8 1.2
2801-3100 2940 47.73 0.54 50.0 1.4 73.03 1.00
3101-3500 3293 32.01 0.36 34.2 1.2 61.78 0.80
3501-3900 3696 24.38 0.34 26.6 1.4 63.77 0.87
3901-4400 4148 22.47 0.35 28.3 15 70.62 0.89
4401-4900 4651 22.46 0.46 32.0 2.0 82.4 1.1
4901-5500 5203 25.00 0.58 35.1 2.6 97.1 1.3
5501-6200 5855 28.88 0.79 47.1 3.2 116.6 1.6
6201-7000 6607 34.9 1.2 55.8 5.2 149.8 2.1
7001-7800 7408 39.2 2.0 60.4 8.7 179.1 3.1
7801-8800 8310 45.8 3.3 75.0 13.0 224.0 4.3
8801-9800 9311 74.8 6.5 87.0 29.0 276.1 7.2
9801-11000 10413 83.0 14.0 203.0 62.0 351.0 11.0

Note. Angular multipole rangeweighted multipole valuedy, bandpower®, and bandpower uncertainty o for the six auto- and cross-spectra of the188, and

220 GHz maps with point sources detected at >6.4 mJy at 150 GHz masked at all frequencies. The uncertainties in the table are calculated from the diagonal elem
of the covariance matrixwhich includes noise and sample variangeit not beam or calibration errordDue to the larger beam size at 95 GHthe 95 x 95 GHz
bandpowers are limited to ¢ < 8800.

5.1. SPT Effective Frequencies in the 95 GHz band to thain the 150 GHz band is 2.77;the

. 220 GHz band has nearly zero tSZ power, as it is well matched
While we refer to the three frequency bands as 95, 150, andfo the null in the tSZ spectrum near 217 GHzNote that we

220 GHz for convenience, the actual bandpasses are not simpée ; .
: uote all tSZ power constraints at143 GHz,for consistency
delta functions.The bandpasses of both SPTpahd SPT-SZ with Planck, and all other model terms at 150 GHz.

were measured using a Fourier transform spectrometer (FTS).
We estimate the calibration uncertainty on the FTS to be

0.3 GHz,which should be coherenbetween the three bands. 6. Results
Although the uncertainty has negligible effect on the )
constraints we marginalize over the FTS calibration uncer- 6.1. Baseline Model
tainty in all parameter fits for completeness. We begin by presenting results for the baseline model

With the measured bandpasses in hand, we can calculate anjiscussed in Section 5. This model includes the best-fit ACDM
effective band centerfor each of the potential signals: the model plus 10 parameters to describe foregrounds. Foreground
thermal SZ effect, the CIB, and synchrotron sources\s we parametersinclude the amplitudesof the tSZ power, kSZ
report and calibrate the bandpowers in CMB temperature unitspower, radio galaxy Poisson powerCIB Poisson powerand
the band center is irrelevant for sourceswith a CMB-like CIB one- and two-halo clustered power;two parameters to

spectrum. We average the measured band centers for each yegescribe the frequency dependence of the CIB terms; the tSZ-
using that year’s data relative weight to the final bandpowers. CIB correlation;and the spectraindex of radio galaxiesThe

For an a = -0.5 (radio-like) source spectrumwe find band amplitude of galactic cirrus is allowed to float within a strong
centers of 93.5,149.5,and 215.8 GHzFor an a = 3.5 (dust- prior.

like) source spectrum, we find band centers of 96.9, 153.4, and We fit the 88 SPT bandpowers to the model described above.
221.6 GHz.For a nonrelativistic tSZ spectrumwe find band There are 78 degrees of freedom (dof), since the ACDM
centers of 96.6, 152.3, and 220.1 GHz. The ratio of tSZ power parameters are séb their best-fitvalues,essentially fixed by

6
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Figure 1. Six auto- and cross-spectra measured with the B), and 220 GHz SPT data.

the Planck dataleaving the 10 foreground modgdarameters.
Jointly fitting the foreground terms and the ACDM parameters
with Planck data has little effect on derived foreground
constraints.This baselinemodel fits the SPT data with a
X2=99.7, giving a probability to exceed of 5.0% for our 78
dof, and provides the simplest interpretation of the data.

6.1.1.CIB Constraints

The CIBis detectedat very high significance and is
especially importantat 220 GHz.As highlighted in Table 2,
adding the CIB terms to the model improves the fit quality by
Ax %~ 77,000. With the flux cut of ~6.4 mJy at 150 GHz in
this work, the Poisson CIB power is larger than the radio
galaxy power by a factor of seven at 150 GHz and by a factor
of 60 at 220 GHz.The radio galaxy power is larger than the
CIB power at 95 GHz.

At 150 GHz and ¢ = 3000 we find that the Poisson DSFG
componenthas power D, = 7.240 0.631K? while the
one- and two-halo DSFG clustering terms are
Dlfalo — 2210 0.88 niK2 and DZ3° = 1.820 0.31 niK?,

reg;z)gcéixely. At 220 GHz, this scales to
D%dr?q 22026:H 61.40 9.0 nK?,
D3 Z=32.40 11.2 nk?, and

D2halo220GHz — 27 501 4.6 nK?. The B in the modified
blackbody functionafform of v PB,(T) rises from 1.48 + 0.13

of the galaxy spectral energy distributions on the galaxy mass,
or contributions from different source populations, such as are
considered to explain the CIB-CXB correlation (e.g., Yue et al.
2013).
The constraints from the baseline modare close to both

theoretical expectations and previous work (e.g., Dunkley et al.

2011, G15). When considering a similarforeground model
(except for the angular dependenceof the tSZ-CIB
correlation), G15 found Poisson power levels of
7.59 + 0.69 pK? and 63.4 + 9.5 pK? at 150 and 220 GHz,
respectively.Note that since G15 reported powers at the
effective frequency band centers instead of 150 and 220 GHz,
to facilitate a comparisonwe have rescaledthe reported
numbers to 150 and 220 GHz using the median spectral index
in this work. These two sets of constraints agree very closely
(0.30 or 3%—5%). It should be remembered that there is a large
overlap between the underlying dategspecially at220 GHz,
where only the relative weighting of the data has changed. For
the clustered termsthe G15 numbers are 1.6 + 0.9 pK and
1.7 + 0.3 uK? for the one- and two-halo terms respectively.
The agreement is still good: the one-halo term has increased by
0.70, while the two-halo term dropped by a smaller amount.
The same trends continue at 220 GHz: the one-halo term
increases by 0.5awhile the two-halo term falls slightly. We
note that the recovered CIB clustering power in G15 was

for the Poisson term to 2.23 + 0.18 for the clustered terms. Casdlightly lower than previous measurementdhus, the shifts
as effective spectral indices from 150 to 220 GHz, these valuegere move toward those earliermeasurementsThe inferred

of B translate to spectral indices of 3.29 + 0.13 for the Poisson
power and 4.04 + 0.18 for the clustered power.The higher

spectralindices of this work are also within 10 of the values
in G15.

spectral index for the clustered power could indicate a different

redshift weighting (the same rest-frame modified blackbody
spectrum would appear steeper at low redshift)Jependence

7
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Figure 2. Best-fit baseline model plotted against the SPT 95, 150, and 220 GHz auto- and cross-spectra. We also show the relative power in each component of th

model.

6.1.2.Radio Galaxy Constraints

Radio power is detected at high significance at 95 and

150 GHz, with the addition of radio power to the model leading

to a large improvement in the fit quality, namely, Ax 5141

for two parametersAs in G15, the data preferslightly less
radio galaxy power than predicted by the De Zotti et al. (2005)
modelfor a 6.4 mJy flux cutat 150 GHz.The preferred radio
power at ¢ = 3000 is Djot2% %0 = 1.010 0.17 nK2, about
25% lower than the 1.28 pK? predicted. The population
spectral index for the radio power is constrainedto be
—-0.76 £ 0.15. This is 10 lower than the median spectral index
of -0.60 for synchrotron-classifiedsources reported by
Mocanu etal. (2013). This could be due to random chance,
the 150 GHz only selection criteria for masking poisburces

in this work, or a tendency for the spectral index to flatten for
the brightest 150 GHz radio sourcesas argued by Mocanu

et al. (2013).

6.1.3.SZ Power

As shown in Figure 3,we detectboth tSZ and kSZ power.

We measure  DIS2 = 3420 0.54 nK2 and
DXSZ = 3.00 1.0 niK? for the tSZ and kSZ power, respec-
tively, at ¢ = 3000 and 143 GHz.

The tSZ (kSZ) power is detected at approximately 7a (30).

differenttemplates considered@he tSZ power spectrum level

is a probe of large-scale structure growth and the pressure
profiles in galaxy clustersThe totalkSZ power has contribu-
tions from the EoR and from the bulk flows of large-scale
structure at later times; we discuss the implications of the kSZ
measurement for reionization in Section 7.

The joint analysis of the SPTpol and SPT-SZ surveys allows
the first detection (at3ag) of kSZ power. The reported kSZ
power in this work falls within the 95% CL upper limits on kSZ
power reported in previous works (e.g., Dunkley et al.
2013,G15).G15 also report a central value when including a
tSZ prior based on the bispectrum BfSS = 2.90 1.3 nkK2,
which agrees extremely well (although with 30% larger
uncertainties) with the value in this workf we add the same
bispectrum-based tSZ priorto the current results, we find

K32 = 2.80 0.9 pK2, which translates to a 3.10 detection of
kSZ power.

The joint analysis also significantly reduces the measurement
uncertaintieson the tSZ power. This tSZ measurementis
consistentwith (<1g) earlier observations ofthe tSZ power

scaled to 143 GHz: D55 =4.3898 uk?2 (G15),
DISZ — 4200 1.37 K2 (R12), and
D82 = 3.90 1.7 nK2 (Dunkley et al. 2013). With the same

bispectrum-based prior, the preferred tSZ power in this work is
DI*2 = 3,530 0.48 uK2

While our fiducial results assume the Shaw tSZ template (Shaw We also consider the cosmological implication of the

et al. 2010) and CSF+patchy kSZ template (Z13haw et al.

2012), the current data offer little information about the specificscales steeply with adg.

shape of the SZ spectraThe recovered SZ powetevels for
four different tSZ templates and three kSZ templates are

measured tSZ powerspecifically on g since the tSZ power
We assume the relationship

DSz 11 5834 (Shaw etal. 2010). We considerthree sets of

models: the Shaw et al. (2010) model that forecastsa tSZ

reported in Table 3—no significant shifts are seen between thepower at 143 GHz and ¢ = 3000 of 5.5 pK the Bhattacharya

8
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Table 2

Delta x? for Model Components
Term dof Ay 2
CMB (fixed) + cirrus L (reference)
DSFG Poisson 2 -77,175.0 &
Radio Poisson 2 -5135.0 >§
DSFG clustering 3 -985.0 N
tSz 1 -269.0
kSZ + tSZ-CIB Correlation 2 -8.4 NS
¢-dependent tSZ-CIB 0 -0.5 23
Sloped tSZ-CIB corr. 1 0.0 =
Tal[s, 50 K] 2 +0.4
Scatter in spectral indices 2 +0.2
Power law for cluster DSFG 0 +2.1
Separate h- and p-kSZ 1 +0.8
Note. Improvementto the best-fit x2 as additionalterms are added to the
model. Terms above the double line are included in the baseline mousth
each row showing the improvement in likelihood relative to the row above it.
Note that adding eitherkSZ or a tSZ-CIB correlation separately leads to a
marginal improvementin x 2 (Ax 2~ 1-2), but the improvementis more
significant with both parameters included. For rows below the double line, the DtSZ Kz)
Ax 2 is shown relative to the baseline model rather than the row above it. None 3000
of these extensionssignificantly improve the fit quality. The row labeled Figure 3. 2D posterior likelihood surface for the tSZ and kSZ power at

“Sloped tSZ-CIB corr.” multiplies the Shang tSZ-CIB correlation template by a 143 GHz at¢ = 3000 in the baseline modelincluding tSZ-CIB correlations.
term that varies linearly with ¢ around the pivot point of unity at ¢ = 3000. The The 10, 20, and 30 constraints are shown in shades dflue. The observed
row labeled “T & [8, 50 K]” allows the temperature of the modified BB for the =~ degeneracy is due to the correlation between the tSZ and CIB.

Poisson and clustered CIB terms to vary between 8 and 50 K. The row labeled

“Scatterin spectralindices” adds two parametersjescribing the population 3.30 + 0.64 pK2 the kSZ power constraint moves from

variance in spectral indices between CIB and radio galaxies, respectively. TheD kSZ 3.00 1.0 pK2 to3.5+1.2 ”Kz Assumlng a power

row labeled “Power law for cluster DSFG” replaces the one- and two-halo CIB Iavgofo: the clustered CIB model Ieads to minor shifts:

templates by a power law described by an amplitude and an exponghile tSZ 2 DiS >
this conserves the total number of model parameters, the power-law form is a _ 3000 — =3.370 0.5 pK= and 3000 =330 1.1 K=
worse fit to the data. Finally, in “Separate h- and p-kSZ,” we check whether theBetWeen the CIB models,the tSZ shifts are less than 0.30,

data can distinguish between the (small) expected change in angular while the kSZ shifts are less than 0.50.

dependence between the homogeneous and patchy kSZ terBrprisingly, These SZ constraints presume the nonrelativistic tSZ
allowing two amplitude parametersyne for each kSZ templateresults in a spectrum,which is an imperfect assumption forreal galaxy
worse fit. The uncertainty on all of the quoted®Aglues is approximately 0.4. clusters (Remazeilles edl. 2019). We estimate the potential
magnitude of this correction by running a chain with the
effective tSZ frequencies of each band calculated for a 5 keV

et al. (2012) model predicting 5.0 fand the Battaglia et al. tSZ spectrumWe find small shifts in the SZ power level and

(2012) model predicting 5.9 £ 0.9 uK(Dunkley et al.2013). no change in the CIB termsFor the 5 keV spectrum without

Ignoring the significant modeling uncertainty,the measured h h 7
{SZ power favors 0g=0.735 % 0.013, 0.745 £ 0.013,and Pz -Pagni™ Pon K 132 power Increasesby 0.50 1o

i ; i 0 3000 =
0.730 £ 0.013,respectlvely.More fairly allowing for a 30% the kSZ power by 0.20 to 3.2 + 1.0K2 The uncertainties on
modeling uncertainty weakens the agg constraints to

0g = 0.735 + 0.027, 0.744 + 0.027, and 0.730 * 0.027, respec- both terms are essentially unchanged. Such small shifts do not

tively. As noted by G15,the gz levels inferred from the tSZ substantially change the EoR results in Section 7.2.

spectrum are limited by uncertainty in modeling. .
The agg value inferred from the observed tSZ power of 6.1.4.t1S2-CIB Correlation

approximately 0.735 + 0.027 isconsistentat <10 with the We parameterizethe tSZ-CIB correlation with a single

0gg= 0.763 £ 0.037 found by Bocqueét al. (2019) from tSZ- parameter¢ that scalesthe Z12 template for the tSZ-CIB

selected galaxy cluster number counts in the SPT-SZ survey. correlation as a function of ¢. An overdensity of dusty galaxies

However,as has been noted with earlier cluster results (e.g., in galaxy clusters would result in a positive value of €. The tSZ-

Douspis et al. 2019), the ag preferred by the tSZ power CIB correlation is partially degenerate with the tSZ and kSZ

spectrum is significantly lower (2.70) than the Planck CMB-  power,as illustrated in Figure 4Increasing the correlatior,

only resultof gg=0.811 £ 0.006 (Planck Collaboration efl. slowly decreasesthe inferred tSZ power while quickly
2018). It remains unclear whether this discrepancy is related toincreasing the inferred kSZ poweVe measure the tSZ-CIB
cluster astrophysics or cosmology. correlation to be ¢ = 0.076 £+ 0.040 at ¢ = 3000. The data prefer
The different CIB models considered in Table 2 have a positive tSZ-CIB correlation, ruling out ¢ < 0 at the 0.983 CL.
modestimpacton the inferred SZ power levelsFor instance, For easier comparison to past works, we also run a chain with ¢
assumingthat the tSZ-CIB correlation is independentof that is constantin ¢. This does very little to the inferred SZ

angular multipole increases the uncertainties and shifts a smallpower levels; the preferred values shift by 0.2 and 0.3c for the
amountof power from the tSZ to kSZ effect.The tSZ power tSZ and kSZ, respectively. For a constant ¢, the bandpowers in
constraint moves from D% =3.420 0.54 pK? to this work favor D%=35+12uK?> and D%,
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Table 3
SZ Constraints

tSZ Template kSZ Template DI3% (niK?) DXSZ (nK?) 13

Shaw CSF+patchy 3.42+0.54 3.0+1.0 0.076 £ 0.040
Shaw CSF 3.39+£0.58 3.1+£13 0.077 £ 0.047
Shaw Patchy 3.45+0.56 35+1.2 0.086 + 0.050
Battaglia CSF+patchy 3.74 £ 0.54 24+1.0 0.051 £ 0.033
Bhattacharya CSF+patchy 3.46 £ 0.54 3.0x1.0 0.071 + 0.036
Sehgal CSF+patchy 3.59 £ 0.54 28+1.0 0.064 + 0.039
Shaw w.Bispectrum CSF+patchy 3.53+0.48 28+0.9 0.069 + 0.036

Note. Measured tSZ power, kSZ power, and tSZ-CIB correlation at ¢ = 3000 (and 143 GHz in the case of the tSZ) for different tSZ and kSZ models. The results are
robust to the assumed templates. The first two columns indicate which of three templates has been used for the tSZ and kSZ terms. In the case of the kSZ, the thre
templates are the CSF homogeneous kSZ template (Shaw et al. 2012), the patchy kSZ template (Z12), or the sum of both. In the case of the tSZ, the three templat
taken from the Battaglia (Battaglia et al. 2013b), Shaw (Shaw et al. 2010), Bhattacharya (Bhattacharya et al. 2012), or Sehgal (Sehgal et al. 2010) simulations. The
row shows the results when a prior on the tSZ power based on the bispectrum measurement by Crawfor®@1 4).is added.

=3.30 + 0.64 pK>. This is somewhat less (10) tSZ power homogeneouskSZ power (low/high homogeneouskSZ
than found by G15 in the equivalentcase,and slightly more estimates). These limits on the patchy kSZ power are
kSZ power (0.40). The € constraint is € = 0.078 + 0.049. This significantly better than the spectra-only limit of <4.4 pK?

is well within 10 of past SPT constraints,x =0.10Q 332 reported by G15, and similar to what was achieved by the
(G15). It is also within the assumed priorrange [0, 0.2] of addition of the bispectrum prior in G15.If we add the same
Dunkley et al.(2013). bispectrum prior to these chains while using the best estimate
of the homogeneous kSZthe patchy kSZ upper limit power
7. kSZ Interpretation reducesby another 10% to DK% < 2.5 uK2 The 68%
o ) ) confidence interval for the patchy kSZ power with the
The most significant improvementin the current study bispectrum prior isDé’dS%Z = 1.139 K2

compared to previous works is to the kSZ constraimith the
trangition from upper limits to a 30 detection of power. In this 7.2. lonization History and the Duration of Reionization
section, we look at what can be learned about the EoR from the . ]

kSZ measurementWe do this using the expression for the We can transform constraints on the inferred patchy kSZ
patchy kSZ power as a function of the timing and duration of Power, under these assumptiongor the homogeneouskSZ

reionization (among other cosmological parameters) presented?ower, into constraints on the duration of EoR using the
by Calabrese et al2014). expression for patchy kSZ power in Equation (6) of Calabrese

et al. (2014):
7.1. Patchy kSZ Power

«SZ _ + re\ re 051 2

To interpret the measured kSZ power in light of the EoR, we Plioo = 2'03[ 11 ) 0'12} %) s (8)
must divide up the observed kSZ power between the

homogeneousand patchy kSZ signals. As the current data which is based on the models of Battaglia et al. (2013b). Here
cannot separate the homogeneous kSZ and patchy kSZ powerg, is the redshift when the ionization fraction is 50%), ang.Az
we consider the inferred patchy kSZ power under three is the duration of the EoR, defined as the period between 25%
scenarios for the homogeneous kSZ poweFhe estimate for  and 75% ionization fractionsWe also have a choice of prior.

the homogeneouskSZ power at ¢ =3000 is taken from For mostof this work, results are quoted with a prior thais
Equation (5) in Calabrese etal. (2014), who in turn base it uniform in power oP2XSZ. However, in an upper limit regime

on the homogeneouskSZ simulations run by Shaw et al. . _ /3000 - sy _
(2012).For the fiducialcosmology in this work this estimate  given the relationship between AandDf507, a flat prior on
translates toD{553% = 1.65 niK2. We also include highand ~ DRS? preferentially favors Ag near zero. We thus choose to
low estimates of the homogeneous kSZ power, by rescaling theeport Az, constraints under a flat prior on Azinstead. With

best guessby factors of 1.25and 0.75, respectively.For these assumptions about the homogeneous kSZ power and this
comparison, Shaw et al. (2012) find that a different treatment ofyior on Az, in place, we find 95% CL upper limits on the
helium reionization can scale the homogeneous kSZ signal by 4 ration of the EoR of DZ.< 5.46.9 /4.3 for the best

~1.22 at ¢ = 3000. §ftimate of the homogeneoukSZ power (low/high homo-

In all three cases, we take the shape of the homogeneous k eneous kSZ estimatesVith the bispectrum-based prioon
fi th F lin Sh t al. (2012). Th | ) -
power from the CSF model in Shaw et al. (2012) ©angutar the tSZ power addedhe limit becomedZ, < 4.1. The 68%

dependencewill change slightly for different models, for ) : 16 T .
instance, different helium ionization scenarioschange the confidence intervals DZe = 1.1 57. These limits agree with
relative power between ¢ = 3000 and 10,000 by of order 3%. the recentpicture from a variety of observations arguing that
However,the currentdata are insensitive to such smalhape reionization happened fairly quickly. Figure 5 shows the
variations. likelihoods for Az, of reionization.

With these assumptions about the homogeneous kSZ power The limits quoted above on the duration of reionization are
in place, we find 95% CL upper limits on the patchy kSZ powersignificantly better than the limits previously set by G15. G15
of DRfS% < 2.93.42.5) pK? for the best estimate ofthe ~ found an upper limit on the duration of reionization of
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Figure 4. 2D posterior likelihood of the tSZ-CIB correlation and kSZ (left panel) or 143 GHz tSZ power (right panel). The filled contours show the 1a, 20, and 30
constraintsThe data strongly prefer a positive tSZ-CIB correlatiaansistent with DSFGs being overdense in galaxy clusters.

1.0 translates to less patchy kSZ power and a shorter duratién.

I we reanalyze the G15 bandpowers with the updated calibration,
uniform prior in Az, Planck optical depth, homogeneous kSZ
model, and definition of duration in this work, we find the
directly comparable 95% CL upper limitvith the bispectrum

prior on the duration to H8Z, < 8.5. The directly comparable
limit with the bispectrum information in this work of

DZ. < 4.1is nearly a factor of two lower.

0.8}

o
o))

8. Conclusions

Posterior
o
N

We have presented improved measurements of the 25)
and 220 GHz auto-and cross-spectragreated by combining
data from the 2500 de§ SPT-SZ survey with the low-noise
500 de§ SPTpolsurvey.The combined data sefubstantially
reduces the bandpower uncertainties over the last SPT release,
especially in frequency combinations including 95 GHz data.
These bandpowers represdhé mostsensitive measurements
of arcminute-scaleanisotropy near the peak of the CMB
blackbody spectrum.

The signal at these frequenciesand angular scales is

AZ, composed of the primary CMB temperature anisotropy,

Figure 5. 1D likelihood curves for Az of reionization with the three DSFGs, radio galaxies, and the kinematic and thermal SZ
assumptions about the homogeneous kSZ power used in this wiitk. solid effects. We fit the data to a 10-parameter model for the DSFGs,
blue line is for the expected amounbf homogeneous kSZ powenyhile the radio galaxiesand SZ effects (while fixing the primary CMB

dotted and dashed lines reflect the cases where the homogeneous kSZ power & : ;
scaled by x 0.75 and 1.25, respectively. With the best estimate of the ﬁower spectrum to the best fwalues).For the first time, we

0.2

0.0[.

. : : kSZ
homogeneousSZ power, the 95% CL upper limit on the duration of find a 30 detecgon of the kSZ power, with a level of D35
reionization is Az < 5.4. Adding the tSZ bispectrum prior from Crawford etal. = 3.0 £ 1.0 yK“. The observed kSZ power can be decon-

(2014) strengthens this limit t®Z, < 4.1, as shown by the solid black line. structed as the sum of the homogeneous and patchy kSZ terms,

which are highly degenerate atcurrentlevels of sensitivity.
DZ. < 5.4, when including the bispectrum priofOne should However, using estimates of the homogeneous kSZ power from
be cautious, however, in directly comparing the numbers owingsimulations,we calculate the residuapatchy kSZ power and
to four model changesFirst, G15 defined the duration from thus limits on the duration of reionization. Assuming the
20% to 99% ionization fraction, instead of the 25%-75% in thisCalabrese efal. (2014) prescription for how the kSZ power
work. Second,G15 used a higher value for the opticatlepth spectrum scales with the EoR, we find a 95% CL upper limit on
from WMAP, which will drive the duration down by roughly a the duration of reionization of DZ, < 5.4. Adding the tSZ
factor of 1.7 for a fixed level of patchy kSZ power. Third, G15 bispectrum prior from Crawford eél. (2014) strengthens this
used a uniform prior on the kSZ power instead of a uniform  limit to DZ, < 4.1. This 95% confidence upper limitightens
prior on Az . Finally, the fiducial homogeneous kSZ model to DZ, < 3.2 if the assumed homogeneoukSZ power is
in G15 predicted more powempproximately the high case in  increased by 25% ( ~ 0.5 | and relaxes tBZ, < 5.2if the
this work. Given the degeneracybetweenthe patch and homogeneous kSZ poweis decreased by the same amount.
homogeneoukSZ spectra, more homogeneouskSZ power This supports the recenpicture emerging from a numbenof
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sourcesthat reionization happened atlate times and fairly
quickly.

The SPT is currently being used to conduct a 5 yr survey of
1500 de§ with the SPT-3G camera. The final survey
temperature noise levels are expected to be 3, and 9 pK-
arcmin for 95, 150, and 220 GHzrespectively (Bender edl.
2018), which will lead to substantially smaller uncertainties on
the power spectrum in all six frequency combinations. Further

Reichardt et al.

L. E. Bleem® https://orcid.org/0000-0001-7665-5079

R. Citron @ https://orcid.org/0000-0001-8920-0356

T. M. Crawford® https://orcid.org/0000-0001-9000-5013
M. A. Dobbs® https://orcid.org/0000-0001-7166-6422
W. Everett® https://orcid.org/0000-0002-5370-6651

E. M. George® https://orcid.org/0000-0001-7874-0445
N. Gupta® https://orcid.org/0000-0001-7652-9451

G. P. Holder ® https://orcid.org/0000-0002-0463-6394

in the future, the Simons Observatory and CMB-S4 will extend A. T. Lee ® https://orcid.org/0000-0002-8428-8050

these measurements to larger sky areas, lower noise levels, ar®l S. Meyer

more frequency bands (CMB-S4 Collaboration 2018imons
Observatory Collaboration 2019Future CMB measurements

should tightly constrain the reionization history of the universe.

The South Pole Telescope program is supported by the

National Science Foundation through grants PLR-1248097 andJ. D. Vieira

OPP-1852617 Partial supportis also provided by the NSF
Physics Frontier Center grant PHY-0114422 to the Kavli
Institute of Cosmological Physics at the University of Chicago,
the Kavli Foundation, and the Gordon and Betty Moore
Foundation through grantGBMF#947 to the University of
Chicago.This work is also supported by the U.®epartment

of Energy. S.P. acknowledgessupport from the Australian
Research Council's  Discovery Projects scheme
(DP150103208)C.R. acknowledges suppoiftom Australian
Research CouncilCentre of Excellence for All Sky Astro-
physics in 3 Dimensions (ASTRO 3D), through projectNo.
CE170100013J.W.H. is supported by the NationalScience
Foundation under award No. AST-1402161.W.L.K.W. is
supported in part by the Kavli Institute for Cosmological
Physics at the University of Chicago through grant NSF PHY-

https://orcid.org/0000-0003-3315-4332

L. M. Mocanu® https://orcid.org/0000-0002-2416-2552

B. R. Saliwanchik® https://orcid.org/0000-0002-5089-7472
G. Smecher® https://orcid.org/0000-0002-5560-187X

A. A. Stark® https://orcid.org/0000-0002-2718-9996

K. Vanderlinde® https://orcid.org/0000-0003-4535-9378
https://orcid.org/0000-0001-7192-3871

N. Whitehorn® https://orcid.org/0000-0002-3157-0407

W. L. K. Wu @ https://orcid.org/0000-0001-5411-6920

References

AustermannyJ. E., Aird, K. A., Beall, J. A, et al. 2012, Proc. SPIE, 8452,
84521E

Aylor, K., Hou, Z., Knox, L., etal.2017,ApJ, 850,101

Battaglia,N., Bond, J. R., Pfrommer,C., & Sievers,J. L. 2012,ApJ, 758, 74

Battaglia, N., Natarajan, A., Trac, H., Cen, R., & Loeb, A. 2013a, ApJ, 776, 83

Battaglia,N., Trac,H., Cen,R., & Loeb, A. 2013b,ApJ, 776,81

Bender,A. N., Ade, P. A. R., Ahmed, Z., et al. 2018, Proc. SPIE, 10708,
1070803

Bhattacharya$S., Nagai,D., Shaw,L., Crawford,T., & Holder, G. P. 2012,
ApJ, 760,5

Bocquet,S., Dietrich, J. P., SchrabbackT ., et al. 2019,ApJ, 878,55

CalabreseE., Hlozek, R., Battaglia,N., et al. 2014,JCAP,2014,010

1125897 and an endowment from the Kavli Foundation and its Carlstrom,J. E., Ade, P. A. R, Aird, K. A., et al. 2011,PASP, 123,568

founder Fred Kavli.B.B. is supported by the FermResearch
Alliance LLC under contractNo. De-AC02-07CH11359 with
the U.S.Department of EnergyThe Cardiff authors acknowl-

Casey,C. M., NarayananD., & Cooray, A. 2014,PhR,541,45

CMB-S4 Collaboration 2019arXiv:1907.04473

Crawford, T. M., Schaffer, K. K., Bhattacharya, S., et al. 2014, ApJ, 784, 143
Das,S., Louis, T., Nolta, M. R., et al. 2014, JCAP, 4, 14

edge support from the UK Science and Technologies FacilitiesDas,S., Marriage,T. A., Ade, P.A. R., etal. 2011,ApJ, 729,62
Council (STFC) The CU Boulder group acknow|edges SupportDe Zotti, G., MassardiM., Negrello,M., & Wall, J.2010,A&ARv, 18,1

from NSF AST-0956135. The McGill authors acknowledge

De Zotti, G., Ricci, R., Mesa,D., et al. 2005,A&A, 431,893
Dodelson S., & Schneider,M. D. 2013,PhRvD, 88, 063537

funding from the NaturalSciences and Engineering Research Douspis,M., Salvati,L., & Aghanim, N. 2019, arXiv:1901.05289
Council of Canada, Canadian Institute for Advanced Researchpunkley, J., CalabreseE., Sievers,J., et al. 2013, JCAP, 7, 25

and the Fonds de Recherche du Québec—Naturetethnol-
ogies. The UCLA authors acknowledge supporffrom NSF
AST-1716965 and CSSI-1835864.A.S. acknowledges sup-
port from NSF AST-1814719 Argonne NationalLab, a U.S.
Department of Energy Office of Science Laboratory, is
operated by UChicago Argonne LLC under contradb. DE-
AC02-06CH11357.We also acknowledge supportfrom the
Argonne Centerfor Nanoscale MaterialsThis research used

Dunkley, J., Hlozek, R., Sievers J., et al. 2011,ApJ, 739, 52

Everett,W. B., Zhang,L., Crawford, T. M., et al. 2020, ApJ, 900, 55
Flender,S., Bleem,L., Finkel, H., et al. 2016,ApJ, 823,98

GeorgeE. M., ReichardtC. L., Aird, K. A,, etal. 2015,ApJ, 799,177
Gruzinov,A., & Hu, W. 1998,ApJ, 508,435

Henning,J. W., Ade, P., Aird, K. A., et al. 2012,Proc.SPIE,8452,84523A
Henning,J. W., Sayre,J. T., ReichardtC. L., et al. 2018,ApJ, 852,97
Hivon, E., Gérski, K. M., Netterfield,C. B., et al. 2002,ApJ, 567, 2

Hou, Z., Aylor, K., BensonB. A., et al.2018,ApJ, 853,3

Hunter,J. D. 2007,CSE, 9, 90

resources of the National Energy Research Scientific Comput- Jones, E., Oliphant, T., Peterson, P., et al. 2001, SciPy: Open Source Scientific

ing Center (NERSC)a U.S. Departmenbof Energy Office of
Science User Facility operated under contréd. DE-AC02-
05CH11231. The data analysis pipeline also uses the scientifi
Python stack (Hunter2007; Jones etal. 2001; van der Walt
et al. 2011) and the HDF5 file format (The HDF Group 1997).

ORCID iDs

C. L. Reichardth https://orcid.org/0000-0003-2226-9169
S. Patil @ https://orcid.org/0000-0001-5871-7520

P.A. R. Ade @ https://orcid.org/0000-0002-5127-0401
E. Baxter® https://orcid.org/0000-0002-6836-3196

B. A. Benson® https://orcid.org/0000-0002-5108-6823
F. Bianchini® https://orcid.org/0000-0003-4847-3483

12

Tools for Python,http://www.scipy.org/
Knox, L., ScoccimarroR., & Dodelson,S. 1998,PhRvL, 81, 2004
Komatsu,E., & Seljak, U. 2002, MNRAS, 336, 1256

CLagache,G., Puget,J.-L., & Dole, H. 2005,ARA&A, 43,727

Lewis, A., & Bridle, S.2002,PhRvD,66, 103511

Lueker,M., ReichardtC. L., Schaffer K. K., et al. 2010,ApJ, 719, 1045
Millea, M., Doré, O., Dudley, J., et al. 2012,ApJ, 746, 4

Mocanu,L. M., Crawford,T. M., Aylor, K., et al. 2019,JCAP,2019,038
Mocanu,L. M., Crawford,T. M., Vieira, J. D., et al. 2013,ApJ, 779, 61
Padin,S., StaniszewskiZ., Keisler,R., et al. 2008, ApOpt, 47,4418

Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2011, A&A, 536, A18
Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2014, A&A, 571, A21
Planck CollaborationAghanim,N., Akrami, Y., et al. 2018,A&A, 641,A6
Planck CollaborationAghanim, N., Arnaud, M., et al. 2016, A&A, 594, A22
Polenta,G., Marinucci,D., Balbi, A., et al. 2005,JCAP, 11, 1

ReichardtC. L., Shaw,L., Zahn,O., et al. 2012,ApJ, 755,70

Remazeilles, M., Bolliet, B., Rotti, A., & Chluba, J. 2019, MNRAS, 483, 3459



The Astrophysical Journal, 908:199 (13pp)2021 February 20

Ruhl, J.,Ade, P. A. R,, Carlstrom J. E., et al. 2004, Proc. SPIE,5498, 11
Sayre,J. T., Ade, P., Aird, K. A,, etal.2012,Proc.SPIE,8452,845239
SehgalN., Bode,P.,Das,S., et al.2010,ApJ, 709,920

Shang,C., Haiman,Z., Knox, L., & Oh, S. P.2012,MNRAS, 421,2832
Shaw, L. D.,Nagai, D.,Bhattacharya$., & Lau, E. T. 2010,ApJ, 725, 1452
Shaw,L. D., Rudd,D. H., & Nagai, D. 2012,ApJ, 756,15

Shirokoff, E., Benson,B. A., Bleem,L. E., et al. 2009,ITAS, 19,517
Shirokoff, E., ReichardtC. L., Shaw,L., et al. 2011,ApJ, 736,61

Simons Observatory Collaboration 2019;AP,2019,056

13

Reichardt et al.

Story, K. T., ReichardtC. L., Hou, Z., et al. 2013,ApJ, 779, 86

The HDF Group 1997 Hierarchical Data Forma§.0

Tristram, M., Macias-Pérez). F., Renault,C., & Santos,D. 2005, MNRAS,
358,833

van der Walt,S., Colbert,S., & Varoquaux,G. 2011,CSE, 13, 22

Viero, M. P.,Wang,L., Zemcov,M., et al.2013,ApJ, 772,77

Yue, B., Ferrara,A., SalvaterraR., Xu, Y., & Chen, X. 2013, MNRAS,
433,1556

Zahn,O., ReichardtC. L., Shaw,L., et al.2012,ApJ, 756,65



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13

