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ABSTRACT

We present component-separated maps of the primary cosmic microwave background/kinematic

Sunyaev-Zel’dovich (SZ) amplitude and the thermal SZ Compton-y parameter, created using data

from the South Pole Telescope (SPT) and the Planck satellite. These maps, which cover the ∼2500

square degrees of the Southern sky imaged by the SPT-SZ survey, represent a significant improvement

over previous such products available in this region by virtue of their higher angular resolution (1.′25 for

our highest-resolution Compton-y maps) and lower noise at small angular scales. In this work we detail

the construction of these maps using linear combination techniques, including our method for limiting

the correlation of our lowest-noise Compton-y map products with the cosmic infrared background. We

perform a range of validation tests on these data products to test our sky modeling and combination

algorithms, and we find good performance in all of these tests. Recognizing the potential utility of

these data products for a wide range of astrophysical and cosmological analyses, including studies

of the gas properties of galaxies, groups, and clusters, we make these products publicly available at

http://pole.uchicago.edu/public/data/sptsz ymap and on the NASA/LAMBDA website.

Keywords: Cosmic Microwave Background, Large-Scale Structure of the Universe, Galaxy Clusters

1. INTRODUCTION

Modern arcminute-scale resolution experiments such

as the Atacama Cosmology Telescope (ACT; Swetz et al.

2011), Planck (Planck Collaboration et al. 2011a), and

the South Pole Telescope (SPT; Carlstrom et al. 2011)

have been used to make exquisite temperature and po-

larization maps of the millimeter-wave sky. While the

dominant signal in these observations arises from the

primary cosmic microwave background (CMB), there

is a wealth of additional information encoded in these

maps, tracing both the interactions of CMB photons

with matter along the line of sight (e.g., CMB secondary

anisotropies, see review by Aghanim et al. 2008), as well

as the emission from objects between us and the surface

of last scattering. The latter emission is dominated at

short wavelengths by the cosmic infrared background

(CIB; e.g., Dunkley et al. 2011; Thacker et al. 2013;

Viero et al. 2013; Mak et al. 2017; Reichardt et al. 2020

and see Kashlinsky et al. 2018 for a recent review) and

at longer wavelengths by synchrotron radiation, primar-

ily from active galactic nuclei (AGN; see e.g., De Zotti

et al. 2010; Everett et al. 2020; Gralla et al. 2020).

In this work we focus on isolating signals from the

CMB itself as well as two of the secondary CMB

anisotropies: the kinematic and thermal Sunyaev-

Zel’dovich (kSZ and tSZ) effects. The kSZ and tSZ ef-

fects arise, respectively, from the first-order (Sunyaev &

Zel’dovich 1972; Sunyaev & Zeldovich 1980) and second-

order terms (Sunyaev & Zel’dovich 1970, 1972) in the

equations governing the scattering of CMB photons off

moving electrons such as are found in galaxies, groups,

and clusters (see e.g., Birkinshaw 1999; Carlstrom et al.

2002 for a more detailed review). All three of these sig-

nals offer powerful probes of cosmology, with the tSZ

and kSZ additionally probing a range of astrophysical

processes.

The CMB is, of course, one of the observational pil-

lars of modern cosmology, with decades of observations

having led to robust evidence for a spatially flat universe

that arose from a hot Big Bang and whose composition

and evolution today is governed primarily by dark en-

ergy and dark matter (e.g., Mather et al. 1994; Hinshaw

et al. 2013; Henning et al. 2018; Planck Collaboration

et al. 2018; Aiola et al. 2020; Adachi et al. 2020). Ob-

servations of the SZ effects complement this picture by

providing probes of the Universe at later times, par-

ticularly from the epoch of reionization to the present

day. The tSZ effect, sourced primarily by the inverse

Compton scattering of CMB photons off the hot gas

in galaxy groups and clusters (Battaglia et al. 2012;

Bhattacharya et al. 2012), enables the compilation of

mass-limited cluster samples out to the epoch of cluster

formation (e.g., Bleem et al. 2015b; Planck Collabora-

tion et al. 2016a; Huang et al. 2020; Bleem et al. 2020;

Hilton et al. 2020). These samples, through growth of

structure tests, have been used to provide cosmologi-

cal constraints competitive with those from CMB and

galaxy surveys (Planck Collaboration et al. 2016b; Has-

selfield et al. 2013; Bocquet et al. 2019). The tSZ power

spectrum, bispectrum, and related observables also are

highly sensitive to cosmology (e.g., Komatsu & Seljak

2002; Bhattacharya et al. 2012; Hill & Sherwin 2013;

Crawford et al. 2014; George et al. 2015; Horowitz &

Seljak 2017; Coulton et al. 2018). Finally the kSZ ef-

fect, while the faintest and thus far least characterized of

these three observational probes, offers unique opportu-

nities to explore the reionization history of the universe

(Gruzinov & Hu 1998; Shaw et al. 2012; Park et al. 2013;

Battaglia et al. 2013; Smith & Ferraro 2017; Reichardt

http://pole.uchicago.edu/public/data/sptsz_ymap
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et al. 2020) including a new pathway to constraining the

optical depth to reionization, τ (Ferraro & Smith 2018).

In combination with next-generation galaxy surveys—

e.g., the Dark Energy Spectroscopic Instrument (DESI

Collaboration et al. 2016), Euclid (Amendola et al.

2018), SPHEREx (Doré et al. 2014), Vera Rubin Ob-

servatory’s Legacy Survey of Space and Time (LSST;

LSST Science Collaboration et al. 2009), and the Ro-

man Space Telescope (Spergel et al. 2015)—it will also

lead to new probes of gravity and dark energy (Bhat-

tacharya & Kosowsky 2008; Keisler & Schmidt 2013;

Mueller et al. 2015a), massive neutrinos (Mueller et al.

2015b), and other physics that influences the growth of

structure (Bhattacharya & Kosowsky 2007; Sugiyama

et al. 2017; Soergel et al. 2018).

Observations of the SZ effects also can be used

to constrain astrophysical processes. The redshift-

independent nature of these signals makes them highly

complementary to other physical probes both alone

(CMB-S4 Collaboration et al. 2019), and in combina-

tion with other observables (Siegel et al. 2018; Shitan-

ishi et al. 2018; Okabe et al. 2020; Ruppin et al. 2020).

In recent work, these signals have been used to provide

insight into the “missing baryon” problem (e.g., Tan-

imura et al. 2019; de Graaff et al. 2019) by tracing the

hot gas in filaments between massive galaxies, as well

as to constrain astrophysical feedback and the thermal

properties of both aggregate samples of galaxies (e.g.,

Soergel et al. 2016; De Bernardis et al. 2017; Chaves-

Montero et al. 2019; Schaan et al. 2020; Amodeo et al.

2020; Vavagiakis et al. 2021) and in high signal-to-noise

measurements of individual clusters (Plagge et al. 2010;

Planck Collaboration et al. 2012; Romero et al. 2017;

Ruppin et al. 2018).

Given the power of these sky signals to probe such

a diverse and important range of scientific questions,

there has been significant effort in developing techniques

to isolate these signals into single-component maps (see

e.g., Remazeilles et al. 2011a,b; Hurier et al. 2013; Bobin

et al. 2016; Petroff et al. 2020; Sultan Abylkairov et al.

2020, amongst many works). In an idealized scenario,

such maps would consist only of the desired observ-

ables of interest. However, the realities of noise, wave-

length coverage (particularly restricted in ground-based

observations by available atmospheric windows), lim-

ited knowledge of the spectral energy distributions of

the various sky components (Tegmark 1998) and/or in-

complete differentiability between them, and the finite

angular and spectral resolution of the available data all

limit the fidelity of the signal map reconstructions. Such

limitations typically necessitate tradeoffs between noise

and signal purity in the reconstructed component maps.

To optimize the use of available data, a number of

works have focused on improving upon the component

maps produced using data from Planck (e.g., Planck

Collaboration et al. 2016c,d, 2020a; Lenz et al. 2019)

by combining data from ground-based experiments with

that from Planck to leverage the higher angular resolu-

tion of the terrestrial experiments and the superior noise

performance and frequency coverage of Planck at large

angular scales. An early example of this was Crawford

et al. (2016), in which data from Planck was combined

with SPT observations to produce arcminute-scale emis-

sion maps of the Large and Small Magellanic Clouds for

a range of emission spectra. Aghanim et al. (2019) com-

bined Planck data with 148 and 220 GHz ACT data

from the 2008-2010 seasons (Swetz et al. 2011; Dünner

et al. 2013) to construct a 1.′5 resolution tSZ compo-

nent map using internal linear combination (ILC) tech-

niques. More recently, Madhavacheril et al. (2020) used

ILC techniques to construct 1.′6 maps of both the tSZ

and CMB/kSZ (including a variant of the latter from

a “constrained” ILC where the tSZ was nulled) from

Planck and 2100 square-degrees of 98 and 150 GHz

data from the 2014-2015 ACTPol observing seasons, and

Melin et al. (2020) combined data from a public SPT-

SZ release (Chown et al. 2018) with that from Planck

to produce a joint Planck+SPT cluster sample using

matched filter techniques.

In this work we describe the construction and public

release of a series of maps constructed through the com-

bination of data from the Planck mission with that from

the 2500-square-degree SPT-SZ Survey (Story et al.

2013). These products include component maps of the

tSZ and the CMB/kSZ useful for cluster detection and

for cross-correlation analyses in which bias from fore-

grounds is expected to be minimal, as well as component

maps where various contaminating sky signals have been

significantly reduced or removed that are more optimal

for e.g., CMB lensing reconstruction (van Engelen et al.

2014; Osborne et al. 2014; Madhavacheril & Hill 2018) or

other analyses in which the contaminating components

could create significant biases in the quantities of inter-

est. We also provide with this release the 95, 150, and

220 GHz SPT-SZ maps used in this work. Similar to the

maps used in the production of the SPT-SZ cluster sam-

ple (Bleem et al. 2015b), these maps are both slightly

deeper than and have higher resolution than the maps

presented in Chown et al. (2018), which conservatively

used maps subject to the more stringent cuts from SPT

power spectrum analyses (e.g., George et al. 2015) and

were further degraded to 1.′75 resolution.

This work is organized as follows. In Section 2 we de-

scribe the data used to construct and validate the com-
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ponent map products. In Section 3 we detail the process

by which we construct the component maps and in Sec-

tion 4 we describe the resulting products. In Section 5

we describe the results of several validation tests of the

maps. Finally, in Section 6 we summarize and conclude.

All public data products in this paper are avaliable on

the SPT page of the NASA/LAMBDA website1 and on

the public SPT website.2

2. DATA AND PROCESSING

The Compton-y parameter and CMB/kSZ maps pre-

sented in this work are constructed using data from two

surveys: the 2500-square-degree SPT-SZ survey and the

Planck all-sky survey, as represented in the 2015 Planck

data release.3 The SPT and Planck data play highly

complementary roles in this work: data from the SPT

has higher resolution and lower noise at small scales,

while the Planck data has lower noise at larger scales

(multipole ` . 1700) as well as enhanced frequency cov-

erage. Additional data from the HI4PI survey (HI4PI

Collaboration et al. 2016) and the Herschel Space Obser-

vatory SPIRE instrument (Pilbratt et al. 2010; Griffin

et al. 2003) were used to perform systematic checks of

the map products. In this section we summarize these

data and their processing as relevant to the component-

map construction.

2.1. The South Pole Telescope SZ survey

The South Pole Telescope (Carlstrom et al. 2011) is

a 10 m telescope located approximately 1 km from the

geographic South Pole at the National Science Foun-

dation Amundsen-Scott South Pole station in Antarc-

tica. To date, three different generations of instru-

ments have been deployed on the telescope to conduct

arcminute-scale observations of the millimeter-wave sky;

the data used in this work were obtained between 2008
to 2011 with the SPT-SZ receiver. This receiver was

composed of six subarrays (or “wedges”) of feedhorn-

coupled transition-edge bolometer sensors, with each

wedge sensitive at either 95, 150, or 220 GHz. The re-

sulting SPT-SZ survey covers a ∼2500 square-degree re-

gion extending from 20h to 7h in right ascension (R.A.)

1 https://lambda.gsfc.nasa.gov/product/spt/spt prod table.cfm
2 http://pole.uchicago.edu/public/data/sptsz ymap
3 In this work we make use of a number of temperature

foreground products for which the Planck Legacy Archive
https://wiki.cosmos.esa.int/planck-legacy-archive/index.php/
Foreground maps#2018 Astrophysical Components recom-
mends using products from the 2015 release. As such, we choose
to make use of the 2015 maps in this work to ensure consistency
in our analysis and note, given the updates detailed in Planck
Collaboration et al. (2020b), we expect minimal impact on
analyses for which these maps will be most useful.

and −65◦ to −40◦ in declination (DEC); the full sur-

vey footprint was subdivided and observed in 19 sepa-

rate fields ranging from ∼70 to 250 deg2 in size (Story

et al. 2013). Data was acquired by scanning the tele-

scope back and forth across each field in azimuth and

then stepping in elevation, and then repeating the scan

and step procedure until each field had been completely

covered. One field, centered at R.A.=21h, DEC=−50◦,

was observed in two different modes, with approximately

1/3 of the data obtained in the azimuth-scanning mode

described above, while the remainder was obtained in

an analogous process by scanning the telescope in el-

evation and then stepping in azimuth. One complete

pass of a field, lasting roughly two hours on average,

is termed an observation, and each field was observed

at least 200 times. Two fields, the ra23h30dec-55 and

ra5h30dec-55 fields, were observed for roughly twice

the total time as the rest of the fields and, as a result,

have roughly
√

2 lower noise.

2.1.1. Map Making

The general procedure for converting SPT observa-

tion data into field maps is presented in Schaffer et al.

(2011); we briefly summarize the process here. Maps are

constructed from time-ordered bolometer data acquired

during each scan across the field. Each detector’s data

is processed to remove sensitivity to the receiver’s pulse

tube cooler, cuts are applied based on both noise prop-

erties and responsiveness to sources, the data is rescaled

based on the detector’s response to an internal calibra-

tion source embedded in the telescope’s secondary cryo-

stat, and the data is filtered and binned into map pixels

with inverse-variance weighting.

Filtering of time-ordered bolometer data consists of

both an effective high-pass filter which reduces sensi-
tivity to atmospheric noise and a low-pass filter that

prevents the aliasing of high-frequency noise when the

detector data is binned into map pixels. For every scan

across the field a low-order polynomial is fit and sub-

tracted from each detector’s time stream data, with

the order of the polynomial scaled to the length of the

scan (roughly three modes per 10 degrees of scan for

this work). The effective `-space cutoff of this filter is

roughly ` = 50 in the scan direction. For the 220 GHz

data, which is more sensitive to large-scale atmospheric

fluctuations, we also fit and subtract sines and cosines

up to a frequency equivalent to ` = 200 in the scan

direction. At each time sample in the observation, an

isotropic common mode filter is applied to data from

each wedge. At 95 GHz, this common-mode filter takes

the form of subtracting the mean of all the detectors on

the wedge from the time streams, while at 150 and 220

https://lambda.gsfc.nasa.gov/product/spt/spt_prod_table.cfm
http://pole.uchicago.edu/public/data/sptsz_ymap
https://wiki.cosmos.esa.int/planck-legacy-archive/index.php/Foreground_maps#2018_Astrophysical_Components
https://wiki.cosmos.esa.int/planck-legacy-archive/index.php/Foreground_maps#2018_Astrophysical_Components
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GHz, where the low-frequency atmospheric noise is more

of an issue, two spatial gradients across the wedge are

also subtracted from each detector’s data. Finally, the

data is low-pass filtered with a cutoff at angular multi-

pole ` ∼20,000.

In typical SPT analyses, to avoid introducing filtering

artifacts around bright sources, sources brighter than a

certain threshold are masked during filtering. In this

work, because we combine SPT-SZ maps with Planck

data on a Fourier-mode-by-Fourier-mode basis, we do

not need to mask sources in the filtering steps that pre-

dominantly affect modes that can be filled in by Planck.

This includes the common-mode filtering, which acts as

an isotropic high-pass filter at the detector wedge scale

(roughly half a degree). We do still mask sources in the

polynomial subtraction (above a threshold of roughly

6 mJy at 150 GHz), because this acts as a high-pass

in the scan direction only and affects modes that oscil-

late slowly in the scan direction but quickly along the

cross-scan direction and are thus not accessible to the

lower-resolution Planck observations. More generally,

the fact that these modes are missing from both SPT-SZ

and Planck data results in a small bias to the resulting

Compton-y and CMB/kSZ maps, which we discuss in

Section 3.4.

Following the filtering, the telescope pointing model

is used to project inverse noise-variance weighted detec-

tor data into map pixels. For this work the SPT single

frequency maps are made in the Sanson-Flamsteed pro-

jection (Calabretta & Greisen 2002), with a pixel scale of

0.25 arcmin. Individual observation maps are coadded

with weights determined by the average detector noise

performance in each observation. The coadded maps are

absolutely calibrated using data from the Planck mis-

sion. This calibration results in a ∼0.3% uncertainty

on the absolute calibration of the SPT data; see Hou

et al. (2018) for details on the calibration procedure.

To avoid boundary effects in the map combination pro-

cess (Section 3) we “pad” the fields by 25% in area by

coadding with their neighbors and require coverage at

all 3 SPT-SZ frequencies.4 These requirements reduce

the component map areas compared to e.g., the area

searched for clusters in Bleem et al. (2015b) by slightly

shrinking the exterior boundary of the survey; the total

area is reduced by ∼3%.

In this work we use the same data cuts as in Bleem

et al. (2015b), leading to depths in the final coadded

field maps at 4000 < ` < 5000 of approximately 37, 16,

4 Owing to asymmetry in wedge locations in the SPT-SZ focal
plane (Section 2.1), the 95 and 220 GHz data have slightly re-
duced coverage at opposite field edges.

and 65 µK-arcmin at 95, 150, and 220 GHz respectively,

using the Gaussian beam approximation estimation of

Schaffer et al. (2011). For a complete listing of field

depths, see e.g., Table 1 in Bleem et al. (2015b).

2.1.2. Noise PSDs

As in a number of previous SPT publications (e.g.,

Staniszewski et al. 2009), we use a resampling technique

to estimate two-dimensional map noise power spectral

densities (PSDs). In each resampling, individual obser-

vations of a given SPT-SZ field are randomly assigned

a sign of ±1 and coadded; sky signal is highly sup-

pressed in the resulting coadded maps, and we approxi-

mate them as pure noise. We compute the PSD of each

signal-free coadd, and we use the average of these jack-

knife PSDs to provide an estimate of instrumental and

residual atmospheric noise in the filtered SPT-SZ maps.

2.1.3. Angular Response Function

The SPT-SZ sky maps created as described above are

biased representations of the true sky, as the data has

been modified by both the finite resolution of the in-

strument and the filtering processes described above.

At each frequency, the instrumental response function

(i.e., beam) is to first order well represented as an az-

imuthally symmetric Gaussian with full width at half

maximum (FWHM) equal to 1.′6, 1.′1, and 1.′0 at 95,

150, and 220 GHz respectively. As described in Keisler

et al. (2011) and Schaffer et al. (2011), the beam of the

SPT is characterized using a combination of emissive

sources in the survey fields and dedicated planet obser-

vations. In the process of creating the component maps

(described in Section 3), we use the azimuthally aver-

aged Fourier space beams B(`).

To characterize the effect of our map filtering we sim-

ulate the filter response function. Following Crawford

et al. (2016), 100 simulated skies are constructed from

white noise convolved with a 0.′75 Gaussian beam.

Each sky realization is “mock observed” to obtain de-

tector timestream data using the telescope pointing

model. These time-ordered data are cut, weighted,

and filtered in an identical process to the real data to

form individual-observation maps. These individual-

observation maps are combined with same weighting

as the real data to make final coadded mock-observed

maps. For each sky realization the estimate of the filter

response function is then determined as the ratio of the

two-dimensional power spectrum of the coadded map

to the known input power spectrum. The 100 indepen-

dent ratios are averaged and this averaged ratio is used

as the estimate of the 2D Fourier-space filter response

function. Because the filter transfer function is highly

similar among all fields except the “el-scan” field (see
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Section 2.1), we ran the mock observations only on the

el-scan field and a single standard-observation field; for

the other 17 standard-observation fields we used a re-

gridded version of the standard-field filter transfer func-

tion.

2.1.4. Bandpasses

The process of separating a component map signal

from other sky signals and noise relies on a priori knowl-

edge of the desired signal spectrum and, by extension,

knowledge of the spectral response of the instruments

used to collect the data. The bandpasses of the SPT-

SZ detectors were characterized using a Fourier trans-

form spectrometer. Spectra were measured for ∼50%

of all bolometers on each wedge and, as the spectra

were found to be highly uniform (the bandpasses of the

SPT-SZ detectors are set by a low-pass metal-mesh fil-

ter covering each wedge and a high-pass filter from the

waveguide cutoff frequency of precision machined feed-

horns), a weighted-average spectrum for each frequency

was computed. Weights were set by the inverse square

of each detector’s noise-equivalent temperature.

As the SPT-SZ bands are not infinitely narrow, the

response to signals with different spectral energy distri-

butions cannot be characterized by a single center fre-

quency. We follow, e.g., Reichardt et al. (2020) and

calculate an effective band center for every sky compo-

nent in the signal model (see Section 3). We define the

effective band center for a given source spectrum as the

frequency at which the conversion between CMB fluc-

tuation temperature and intensity is equal to the value

integrated over the true SPT-SZ bands, weighted by the

source spectrum. For a thermal SZ spectrum this leads

to effective band centers of approximately 99.6, 155.5,

and 220.0 GHz for the three SPT-SZ frequencies.

Another consequence of the SPT (and Planck) bands

not being infinitely narrow is that the angular response

function may not be constant over the band, resulting

in effective beams that are different for different spec-

tral energy distributions (SEDs). We have calculated

the maximum bias expected for any of our output com-

ponent maps from this effect at any value of multipole

` and find it to be 1.2% (with the typical value over the

full ` range much lower), and as a consequence we ignore

this effect in our analysis.

2.2. Planck

The European Space Agency’s Planck satellite was

launched in 2009 with the primary mission of conduct-

ing sensitive, high-resolution observations of the CMB

(Tauber et al. 2010; Planck Collaboration et al. 2011a).

Full sky maps from 25-1000 GHz were produced over

the course of its multi-year mission. We make use of

products from the 885-day High Frequency Instrument

(HFI) cold mission that are included in the Planck 2015

public release (Planck Collaboration et al. 2016e). HFI

data in the 100, 143, 217, and 353 GHz channels are

used in the map making process, and data from the 545

GHz channel is used for several systematic checks. Five

surveys, each covering a large fraction of the sky, were

conducted over the course of the cold HFI mission; both

full and half-mission maps produced from these surveys

are used in this work.

2.2.1. Maps, Angular Response Function, Noise Treatment

For each channel the time-ordered data is converted

into maps as described in Planck Collaboration et al.

(2014a) and updated in Planck Collaboration et al.

(2016f). As detailed in the latter work, the data are

calibrated at 100-353 GHz using the time-variable CMB

dipole and at 545 GHz using planetary emission from

Uranus and Neptune (see also further discussion of the

calibration using planets in Planck Collaboration et al.

2017). The absolute calibration of the full mission HFI

maps is determined to [0.09, 0.07, 0.16, 0.78, 1.1(+5

model uncertainty)] % accuracy at [100, 143, 217, 353,

545] GHz.

The Planck maps are processed such that the trans-

fer function can be modeled as an “effective” beam—

accounting for the telescope optics, survey scan strat-

egy, and data processing—convolved with the map pix-

elization window function (Planck Collaboration et al.

2014b). We use the azimuthally symmetric “Reduced

Instrument Model” (RIMO) effective beam window

functions derived from the 75% of the sky outside the

Galactic plane.5 We also make use of the beam files

provided with Planck Collaboration et al. (2020c) to ex-

tend the 217 and 353 GHz beam from `max = 4000 to
`max = 8192. Using a Gaussian approximation the typ-

ical FWHM of these effective beams is [9.69, 7.30, 5.02,

4.94, 4.83] arcminutes at [100, 143, 217, 353, 545] GHz

(Planck Collaboration et al. 2016g). These maps are

provided in HEALPix6 format (Górski et al. 2005) with

Nside = 2048, corresponding to 1.′7 pixels. The RIMO

also provides the Planck bandpasses (Planck Collabora-

tion et al. 2014c).

While the time-ordered Planck data is approximately

“white” with a “1/f” contribution at lower frequencies

(Planck HFI Core Team et al. 2011), data processing

and map projection can introduce correlations between

map pixels (Planck Collaboration et al. 2016f). In this

5 https://wiki.cosmos.esa.int/planckpla2015/index.php/
Effective Beams

6 http://healpix.sourceforge.net

https://wiki.cosmos.esa.int/planckpla2015/index.php/Effective_Beams
https://wiki.cosmos.esa.int/planckpla2015/index.php/Effective_Beams
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work, as in Crawford et al. (2016), we ignore these non-

idealities, and model the Planck noise as white noise

with levels set on a field-by-field basis. This treatment

will not bias the resulting component maps and should

have only a minor effect on the optimality of the band

combination, as the Planck data primarily serves to fill

in the large angular scale modes that have been removed

or down-weighted by the SPT filtering. Noise levels are

estimated using the square root of the mean of intensity-

intensity variance maps in each SPT field. These noise

levels vary typically vary by 5–10% rms across the SPT-

SZ fields (but up to 30% near the South Ecliptic Pole,

where the Planck observation strategy results in very

deep coverage). The mean Planck noise level varies by

up to a factor of two between SPT-SZ fields (again par-

ticularly near the Ecliptic Pole), but this is taken into

account as both the CMB/kSZ and Compton-y maps

are constructed independently in the 19 SPT-SZ fields.

The Planck and SPT data are combined on a field-

by-field basis, and then the maps constructed from in-

dividual fields are stitched together to form full SPT-SZ

survey CMB/kSZ and Compton-y maps. This field-by-

field procedure enables us to more optimally combine the

Planck and SPT datasets given noise variations across

each survey. To match the SPT map projections we

first rotate the Planck maps from the Galactic to Celes-

tial coordinate system using the HEALPix rotate alm

function. The Planck maps are then projected using the

Sanson-Flamsteed projection to match each SPT field’s

pixelization.

2.3. Treatment of Bright Sources in SPT and Planck

Data

While data from Planck is used to fill in missing modes

at low ` removed during filtering of the SPT maps (see

e.g., Sections 2.1.1, 3.4) this compensation is incomplete

for time-variable signals or when a foreground source has

an SED that is very different from the SED of the desired

signal component. The former effect is particularly im-

portant for bright sources (dominated by flat- or falling-

spectrum blazars at the SPT wavelengths), whose flux

could vary significantly between the time of the Planck

and SPT observations. Both of these effects can cause a

mismatch in the power in the SPT and Planck maps, re-

sulting in artifacts in the output map. To mitigate such

artifacts we “paint in” the regions around the brightest

sources in the maps. For sources detected at > 250 mJy

at 150 GHz in the SPT maps (as well as 6 additional

sources from the Planck 143 GHz source catalog (Planck

Collaboration et al. 2016h) above this threshold in the

Planck but not SPT data) we fill in regions of radius

20′ around each source location in all of the maps using

the mean value of the sky temperature computed from

annuli extending 15′ from the inpainting radius. We do

the same for sources above 150 mJy at 150/143 GHz but

with a 10′ radius. These painted regions are masked in

the provided source mask.

2.4. Herschel

We tune the Compton-y reconstruction parameters to

minimize the correlation with the CIB by using data

from the Herschel Space Observatory (Pilbratt et al.

2010) SPIRE instrument (Griffin et al. 2003). The Her-

schel data consists of observations at 500, 300, and 250

µm that were acquired over a ∼90 square-degree patch

centered at (RA,DEC)=(23h30m, −55◦) in the SPT-SZ

survey under an Open Time program (PI: Carlstrom).

In this study we make use of the 500 µm maps. The

Herschel/SPIRE angular resolution is superior to that

of both SPT and Planck—the effective resolution of the

500 µm maps is 36.′′6 —enabling us to test CIB contam-

ination at small scales. Further details on these maps

and their processing can be found in Holder et al. (2013).

2.5. HI4PI

To validate the removal of Galactic dust from the

maps at large scales we make use of data from the HI4PI

survey of neutral atomic hydrogren (HI4PI Collabora-

tion et al. 2016). Such HI survey data has long been

known to be well-correlated with infrared-to-millimeter-

wavelength dust emission (e.g., Boulanger & Perault

1988; Boulanger et al. 1996; Lagache et al. 2003; Planck

Collaboration et al. 2014b). The survey maps in the

SPT region are from the third revision of the Galactic

All Sky Survey (GASS, McClure-Griffiths et al. 2009;

Kalberla et al. 2010; Kalberla & Haud 2015) which

was conducted in 2005-2006 with the Parkes Radio
Telescope. These maps have an angular resolution of

FWHM=16.′2 and an rms noise temperature of approxi-

mately 43 mK. We utilize the NHI column density maps

provided in HEALPix format. These were constructed

via integrating over the full velocity range of GASS (with

absolute radial velocity ≤470 km s−1). Further details

on these data products can be found in HI4PI Collabo-

ration et al. (2016).

3. CONSTRUCTION OF THE CMB/KSZ AND

COMPTON-Y COMPONENT MAPS

In this work we assume the Planck and SPT tem-

perature maps to be composed of sky signal contribu-

tions from primary CMB temperature fluctuations, tSZ,

kSZ, radio galaxies, the dusty galaxies that make up

the CIB, and Galactic dust; and noise contributions

from the instrument and—for SPT—the atmosphere.
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In this section we describe the procedure for extracting

an unbiased component map from individual frequency

maps; the models we adopt for the instrumental, atmo-

spheric, and astrophysical contributions to the variance

in the individual maps and covariance between them;

the treatment of the “missing modes” in output com-

ponent maps; and our procedure for suppressing CIB

contamination in the “minimum-variance” Compton-y

maps.

3.1. Linear Combination Algorithm

We use a linear combination of individual frequency

maps to construct the Compton-y map. The prac-

tice of linearly combining mm-wave/microwave maps

to extract individual sky components is common in

the CMB field, and there are many approaches (see,

e.g., the review by Delabrouille & Cardoso 2009).

All mm-wave/microwave linear-combination (LC) algo-

rithms have a common goal, namely to combine a set

of single-frequency maps to produce a map with unbi-

ased response to a signal with a known frequency spec-

trum. LC algorithms also generally seek to minimize

the variance in the output map from instrument noise,

atmospheric fluctuations (if the data is from a ground-

based experiment), and sources of astrophysical signal

other than the target signal. For some applications, it

is preferable to minimize the total variance in the out-

put map, while for other applications it is preferable to

explicitly null the response of the output map to one

or more signals (assuming the SEDs of those signals are

known perfectly). An example of the latter type of map

is a map of the CMB temperature fluctuations that has

null response to tSZ, which can be a significant contam-

inant to measurements of CMB lensing and the kSZ ef-

fect (e.g., Madhavacheril & Hill 2018; Baxter et al. 2019;

Raghunathan et al. 2019).

Another choice that must be made in constructing the

LC is how to characterize the variance in the individual

frequency maps and the covariance between them. One

choice is to use models of the various sources of power

in the maps, including instrumental and atmospheric

noise as well as astrophysical signals. The downside of

this approach is that if the models are not perfect, there

will be excess residual variance in the output compo-

nent map(s). Another approach, referred to as “inter-

nal linear combination” or “ILC” in the literature, esti-

mates the variance and covariance from the individual

frequency maps themselves. The downside to this ap-

proach is that it results in a biased output map (e.g., De-

labrouille et al. 2009). This “ILC bias” can be mitigated

by averaging the covariance estimates over many real-

space or Fourier-space pixels. The ILC approach with

Fourier-space averaging was used to produce the ACT-

Pol+Planck Compton-y map in Madhavacheril et al.

(2020). We choose to adopt the first approach, prefer-

ring to incur a potential noise penalty than a bias in the

output map. We estimate the potential excess variance

from imperfect modeling in Section 5.1.

Operationally, this approach is identical to the map

combination procedure used in the construction of the

SPT-SZ cluster sample (e.g., Melin et al. 2006; Bleem

et al. 2015b), replacing the β-profile filter used to op-

timize cluster identification with a profile with a flat

response as a function of `. In this approach, each

single-frequency map at sky location n is characterized

as a sum over the various sky signal components, con-

volved with the appropriate beam and transfer function

(see Section 2.1.3), plus instrumental—and in the case

of SPT, atmospheric—noise.

T (νi,n) = R(νi,n)∗
∑
j

fj(νi)Sj(n)+nnoise(νi,n), (1)

where R(νi,n) = B(νi,n) ∗ F (νi,n) is the convolution

of the real-space beam and filter kernel, and fj(ν) is the

SED of signal Sj . We choose to work in two-dimensional

Fourier space, using l as the wavenumber-like Fourier

conjugate of sky location n, in which case we can write

Equation 1 as

T (νi, l) = R(νi, l)
∑
j

fj(νi)Sj(l) + nnoise(νi, l), (2)

where the R(νi, l) = B(νi, ` ≡ |l|)F (νi, l) is the product

of the Fourier-space beam window function (which we

approximate as azimuthally symmetric) and filter trans-

fer function (which is manifestly anisotropic for SPT-

SZ).

As shown in Melin et al. (2006) and (in an alternate

derivation) in Appendix B, under the assumption that

the instrumental/atmospheric and astrophysical noise

models are correct, the combination of the data that

yields the minimum-variance, unbiased map of signal S

with SED f(ν) in two-dimensional Fourier space is:

S̄(l) =
∑
i

ψ(νi, l) T (νi, l), (3)

where

ψ(νi, l) = σ2
ψ(l)

∑
j

N−1ij (l)f(νj)R(νj , l), (4)

is the weight contributed to the output map S̄ by band

νi at angular frequency l, σ2
ψ(l) is the predicted variance

of the output map at angular frequency l, given by

σ−2ψ (l) =
∑
i,j

f(νi)R(νi, l)N
−1
ij (l)f(νj)R(νj , l), (5)
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and Nij(l) is the two-dimensional Fourier space version

of the band-band, pixel-pixel covariance matrix, includ-

ing contributions from instrumental and atmospheric

noise, and from sky signals other than the signal of in-

terest. The model used to construct N is presented in

Section 3.2. We normalize N so that the squared, az-

imuthally averaged Fourier-domain power as a function

of ` = |l| is equivalent to C(`) in the flat-sky limit.

To make a map of signal S with some other signal

formally nulled, we simply replace f in the previous

equations with an Nbands×Ncomponents matrix fi(νj) en-

coding the spectral behavior of all signals for which we

desire independent output maps. The band-weighting

function ψ then becomes an Nbands × Ncomponents ma-

trix at each two-dimensional Fourier location, and the

output component maps S̄i are given by

S̄i(l) =
∑
j

ψi(νj , l) T (νj , l), (6)

where

ψi(νj , l) =
∑
k,m

Cψ,ik(l)N−1km(l)fj(νm)R(l, νm), (7)

and

C−1ψ,ij(l) =
∑
k,m

fi(νk)R(νk, l)N
−1
km(l)fj(νm)R(l, νm).

(8)

We show in Appendix C that for the particular case of

two components this band-weighting function is iden-

tical to Equation 3 in Madhavacheril et al. (2020), as

derived in, e.g., Remazeilles et al. (2011a).

There is an important assumption implicit in this for-

mulation, namely that the statistical behavior of the

instrumental/atmospheric noise and the astrophysical

contaminants does not vary across the maps. This al-

lows the noise and contaminants to be meaningfully rep-

resented in Fourier space and (under the assumption

of Gaussianity) means that the Fourier components at

different frequencies are independent, so that ψ can be

computed independently at every value of l. For many

existing and upcoming datasets, particularly those cov-

ering a large fraction of the sky, these conditions are not

met, and a spatially varying approach such as needlet

ILC (Delabrouille et al. 2009) must be employed. This

is, however, a good approximation for the noise and fore-

grounds in this analysis. The noise in the SPT-SZ sur-

vey is well approximated as statistically uniform, par-

ticularly because we perform the component separation

in each of the 19 SPT-SZ fields individually. The SPT-

SZ noise in these fields only varies slightly as a function

of declination, and the Planck noise across any one of

these ∼200 deg2 regions is fairly uniform as well (see

Section 2.2.1).

Most of the relevant astrophysical components are

both statistically isotropic across the SPT-SZ fields and

Gaussian-distributed, with the notable exceptions of

Galactic dust and synchrotron and individual bright

emissive sources and galaxy clusters. The SPT-SZ fields

are at high Galactic latitude, and at the angular scales

relevant for tSZ studies Galactic foregrounds are negli-

gible in these fields—though at the very largest angular

scales, Galactic dust is clearly visible in the resulting

Compton-y map if we do not correct for it, see Sec-

tion 3.3 for details. Meanwhile, we mask all emissive

sources down to flux densities of ∼6 mJy at 150 GHz,

significantly reducing the statistical anisotropy and non-

Gaussianity of that component. We note that the con-

tribution of the tSZ to the covariance is not actually

relevant to this work, because in all of our output maps

the tSZ is either the signal of interest or one of the sig-

nals being nulled.

3.2. Sky and Noise Model

In this section, we describe the model used to con-

struct the spectral behavior matrix fi(νj) and the two-

dimensional Fourier-space covariance matrix Nij(l) used

in the LC algorithm described in Section 3.1. Nij(l) in-

cludes contributions from astrophysical sources and in-

strumental and atmospheric noise, and it includes co-

variance between maps at different observing frequen-

cies. We model the amplitude and angular power spec-

tra of the astrophysical contributions to the SPT-SZ

and Planck maps based on recent power spectrum re-

sults from the SPT and Planck collaborations, while the

noise model is based on the estimates described in Sec-

tions 2.1.2 and 2.2.1.

The contributions to the sky signal are modeled as

follows:

• The tSZ appears as a spectral distortion of the

CMB spectrum in the direction of energetic elec-

trons, such as those found in galaxy groups and

clusters. In this work we follow Sunyaev &

Zel’dovich (1972); Sunyaev & Zel’dovich (1980)

where this distortion at a given frequency, ν, is

given by:

∆T (ν) = TCMB fSZ(x)

∫
ne
kBTe
mec2

σTdl

≡ TCMB fSZ(x) ySZ,

(9)

where the integral is along the line of sight, TCMB =

2.7260± 0.0013 K is the mean CMB temperature

(Fixsen 2009), x ≡ hν/kBTCMB, kB is the Boltz-
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mann constant, c the speed of light, ne the elec-

tron density, Te the electron temperature, σT the

Thomson cross-section, and fSZ(x) is the frequency

dependence of the effect relative to the spectrum of

fluctuations of a 2.73K blackbody (note that we as-

sume that all input maps are calibrated such that

they have unit response to CMB fluctuations):

fSZ(x) =

(
x
ex + 1

ex − 1
− 4

)
(1 + δrc), (10)

with δrc encompassing relativistic corrections (e.g.,

Wright 1979; Nozawa et al. 2000; Chluba et al.

2012). While these relativistic corrections can

have a significant impact on the tSZ signal at e.g.,

the locations of hot clusters (e.g., Hurier 2016), in

this work, at small angular scales where this new

Compton-y map will offer significant advantages

over the Planck data previously available in this

region, omitting these corrections has negligible

impact on the weights in the band combination.

At high ` (see Figure 1) the y map construction

is dominated by a combination of the SPT 95 and

150 GHz channels and the difference in the relative

strength of the tSZ signal in these bands when in-

cluding relativistic corrections is small (for exam-

ple the ratio of fSZ in the 95/150 GHz bands for a

15 keV cluster is 1.70 when including relativistic

corrections compared to 1.71 without). The am-

plitude at the location of hot gas will be biased

low however, e.g., 8% (3.5%) for 15 (5) keV gas

(Nozawa et al. 2000).

• The primary CMB is modeled following the power

spectrum results presented in Planck Collabo-

ration et al. (2020d). In particular we use

the temperature power spectrum predicted by

the best-fit cosmological model to the Planck

plikHM TTTEEE lowl lowE lensing data

set.

• The CIB is modeled based on the results of Re-

ichardt et al. (2020) from the SPT-SZ and SPTpol

surveys. It is parameterized into two components:

a Poisson component whose power spectrum is in-

dependent of angular scale and a clustered compo-

nent that follows the one and two halo clustering

template of Viero et al. (2013). Both components

are assumed to have a scaling with frequency that

follows a modified black body:

ην = νβBν(T ) (11)

where Bν is the black-body spectrum for a tem-

perature T and β is the dust emissivity index. For

a fixed dust temperature of 25 K, Reichardt et al.

(2020) constrains βP = 1.48 ± 0.13 for the Pois-

son component and βcl = 2.23± 0.18 for the clus-

tered term with 150 GHz power at ` = 3000 of

DP
3000 = 7.24 ± 0.63 µK2 for the Poisson com-

ponent and Done−halo
3000 = 2.21 ± 0.88 µK2 and

Dtwo−halo
3000 = 1.82±0.31 µK2 for the one- and two-

halo terms, respectively.7

• We adopt a two-fold approach to reduce contam-

ination from Galactic cirrus. As described below

in Section 3.3, at large angular scales we subtract

off a template of the dust emission from each of

the single-frequency maps used in the analysis. At

smaller angular scales we incorporate the dust sig-

nal as a component in our noise covariance matrix.

We assume that this cirrus signal is well repre-

sented by a modified blackbody that is 100% cor-

related between bands with a dust temperature

of 19 K (Viero et al. 2019), a dust emissivity of

βcirrus = 1.89 (Martin et al. 2010), and a spatial

dependence of D` ∝ `−1.2 which we further reduce

at large angular scales to correct for the power

removed by the template subtraction. The ampli-

tudes of the cirrus signal at each frequency is set

by scaling the results of George et al. (2015).

• We include a Poisson component for the radio

source power based on the results of Reichardt

et al. (2020) which found a spectral index, να,

α = −0.76 and amplitude D3000 = 1.01±0.17 µK2

for sources fainter than 6.4 mJy at 150 GHz in

SPT data. We also provide a mask with the loca-

tion of sources detected above this threshold (Ev-

erett et al. 2020). After applying this mask we

discuss residual contamination from sources below

this threshold in Section 5.1.

As discussed in the previous section, the intrinsic two-

dimensional fluctuation power from all of these signals

is expected to be statistically isotropic except for Galac-

tic foregrounds and individual bright emissive sources,

which we argue contribute negligibly to the covariance

matrix. Sky signals that contribute significantly to the

covariance are also expected to be isotropic on the sky

(no preferred direction). In this case, we can write

〈Sj(νi, l1) Sj(νk, l2)〉 = C(νi, νj , `1 = |l1|) δ(l2 = l1)

(12)

and characterize the signal power with an independent

band-band covariance matrix only dependent on ` ≡ |l|.

7 Where D3000 refers to power at ` = 3000 in the convention D` =
`(`+1)

2π
C`.
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As discussed in Sections 2.1.2 and 2.2.1, we can also

approximate the SPT-SZ and Planck noise as statisti-

cally isotropic (and thus uncorrelated between different

l modes). Because of the combination of the SPT scan

pattern and low-frequency noise from atmosphere and

other sources, the noise part of the covariance matrix

is not isotropic on the sky (modes that oscillate quickly

along the SPT scan direction are less noisy than those

that oscillate slowly along that direction). For this rea-

son we keep the full two-dimensional noise covariance

Nnoise
ij (l).

3.3. Galactic Dust

While the SPT-SZ fields were generally chosen to tar-

get areas of high Galactic latitude, there is still apprecia-

ble emission at large angular scales from Galactic dust.

As this emission is spatially variable across the survey

footprint we choose to subtract a template of this con-

taminant from each frequency map before including it in

our Fourier-based map construction. We explored con-

structing this template using data from the HI4PI sur-

vey (HI4PI Collaboration et al. 2016), the Planck ther-

mal dust map constructed using the generalized needlet

internal linear combination (GNILC) technique (Planck

Collaboration et al. 2016i), and the CMB-subtracted

Planck 545 GHz “foreground” map constructed using

the COMMANDER algorithm (Planck Collaboration

et al. 2016c)8.

Ultimately we settled on using the 545 GHz fore-

ground map smoothed to a FWHM of 16′ to construct

our template, validating the dust removal using the

HI4PI survey. We note that while the GNILC thermal

dust map has superior dust modeling, its resolution is

spatially varying (with FWHM ranging from 5′ to 21.′8),

and—as the dust levels in the SPT footprint are gener-

ally low and well-subtracted with our uniform resolution

template—the results are changed negligibly in adopt-

ing the smoothed 545 GHz map, the uniform resolution

of which simplifies modeling. There is a small amount

of tSZ in the 545 GHz COMMANDER map, both from

the true tSZ signal at 545 GHz and from tSZ leaked

from other frequencies in the process of removing the

CMB signal using multifrequency Planck data (see e.g.,

discussion in Chen et al. 2018). We use simulations to

quantify the level of tSZ in the 545 GHz COMMAN-

DER map and the degree to which this biases our final

recovered Compton-y map. We find that the bias to the

recovered Compton-y signal is ∼ 1% at ` < 200 and

much lower at higher `. In practice, this boost partially

8 See also details at https://wiki.cosmos.esa.int/planckpla2015/
index.php/CMB and astrophysical component maps

offsets the small loss in power caused by our low-`, high-

kx filtering (see Sections 3.4,4.1).

To determine the scaling between the dust template

and each Planck frequency map we first project both the

545 GHz foreground template map and the COMMAN-

DER foreground map for the Planck frequency of inter-

est onto each of the SPT fields. We smooth each map to

a resolution of 16′ as we are interested in determining the

scaling between Galactic dust and the Planck frequency

maps and do not want to include the smaller-scale CIB

in our fits and subtraction here. We next rebin the data

to 4′ pixels and mask bright emissive sources detected at

> 150σ in SPT data at 95 or 150 GHz with degree-radius

masks to reduce spurious correlations between the maps.

We conduct an outlier-resistant polynomial fit over all

the SPT-SZ fields to find the global relation (one per

frequency for the whole survey) between the intensity

in the template and the various smoothed foreground

maps, finding a cubic polynomial to provide the best

fit. The smoothed 545 GHz foreground maps are then

scaled by this relation and subtracted off from each of

the Planck full sky maps before they are used in the LC

described above.

We also fit for a similar correlation using the SPT

data, this time additionally filtering the 545 GHz tem-

plate map with the SPT transfer function. However, the

high-pass filter applied to the SPT maps has already ef-

fectively removed the majority of the large scale emis-

sion and no significant correlation was detected, even

reducing the smoothing of the maps to a FWHM of 10′.

Given the small SPT data contribution at the ` ranges

affected (see e.g., Figure 1), we choose to simply ignore

the low-` dust contribution to the SPT maps (but do

include a dust covariance matrix as a source of noise in

the map combination, as detailed above).

The nature of the Galactic emission is not uniform

across the full SPT-SZ survey. In particular, in areas

of high dust intensity—such as are found at the western

edges of the SPT-SZ fields closest to the Galaxy—this

simple cubic polynomial correction breaks down. This

is expected, as previous works have shown that regions

with bright cirrus also have significant contribution from

dust emission associated with molecular gas which fol-

lows a different modified black body function than re-

gions correlated with HI (see discussion in e.g., Planck

Collaboration et al. 2011b). Given the relative weights

of the frequency channels in the map construction, such

incomplete subtraction of dust emission results in a re-

duction in the recovered tSZ signal at large-scales in very

dusty regions. While this bias will not affect analyses

conducted on smaller-scale features (e.g., cluster detec-

tion at z > 0.25, tSZ profiles on scales smaller than the

https://wiki.cosmos.esa.int/planckpla2015/index.php/CMB_and_astrophysical_component_maps
https://wiki.cosmos.esa.int/planckpla2015/index.php/CMB_and_astrophysical_component_maps
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Figure 1. Relative azimuthally averaged band weights for the minimum-variance thermal SZ Compton-y map (upper left),
the CMB-nulled y map (lower left), and the tSZ-nulled CMB/kSZ map (lower right).

emission, etc.) we do include pixel masks encompassing

regions of poorer dust subtraction for those who wish to

exclude these regions from their analysis. These masks

are constructed from the smoothed 545 GHz foreground

maps in regions with emission > 1.1 MJy/sr for which

the residuals of the lower frequency dust subtracted fore-

grounds maps are > 3σ away from zero. As a check

of our dust removal, we cross-correlate our minimum-

variance and CIB/CMB-nulled Compton-y maps with

the HI map provided with the HI4PI survey finding the

cross-correlation power reduced by 7-10×, respectively

following this dust removal procedure. In Figure 2 we

show one SPT field, ra5h30dec-55, before and after re-

moving Galactic dust.

3.4. Treatment of Missing Modes

As mentioned in Section 2.1.1, the SPT scanning

strategy and data filtering results in a set of two-

dimensional Fourier modes on the sky being removed

from the SPT-SZ maps used here. In particular,

the polynomial filtering of the SPT-SZ detector time-

ordered data removes modes at low frequency along

the scan direction. For nearly all observations, SPT is

scanned along lines of constant elevation, which, at the

Figure 2. Left panel: Minimum-variance Compton-y map
for the SPT-SZ ra5h30dec-55 field constructed without cor-
recting for large scale dust emission. Right panel: The same
field after correcting for this emission as discussed in Section
3.3. The maps are smoothed with a beam of FWHM = 5′

for display purposes.

geographic South Pole, correspond to lines of constant

declination. In the Sanson-Flamsteed projection used in

this work, lines of constant declination are parallel to the

x-axis; thus, the SPT-SZ maps used here have no infor-

mation at the lowest values of lx, or angular frequency

along the horizontal map direction. Planck data is not
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missing these modes, so the LC algorithm uses Planck

data exclusively in this region of Fourier space. At high

` = |l|, the Planck data is heavily rolled off by the fi-

nite angular resolution of the instrument, and the factor

needed to restore these modes to an unbiased estimate

of CMB/kSZ or Compton-y multiplies the Planck noise,

resulting in the high-ly, low-lx part of Fourier space be-

ing many times noisier than average.

We have chosen to suppress this noise by applying a

two-dimensional Fourier-space filter to the output com-

ponent maps. This filter is equal to unity everywhere ex-

cept in the “trough” of modes at low lx—in this trough

the filter is equal to a Gaussian in ly, with σly set such

that the noise is roughly equal to the noise outside the

trough. We include two-dimensional (lx,ly) and one-

dimensional (`-space) versions of this filter as one of the

data products in our release; these can be used as an ef-

fective transfer function or `-space beam in power spec-

trum or correlation analyses. For object-based analyses

such as aperture photometry, we estimate the bias from

this filter in Section 4.1.

3.5. CIB Contamination vs. Noise in

“Minimum-variance” y Map

As discussed above, the band weighting in the single-

component version of the linear combiner (in which no

other signals are explicitly nulled) produces the mini-

mum total variance in the resulting Compton-y map.

But some sources of variance are of more concern than

others, and for a y map, the presence of CIB in the map

is generally of the highest concern, particularly for us-

ing that y map in cross-correlation studies. One can

attempt to null a component of the CIB with a par-

ticular SED, as we do in the three-component version

of the map we create, but that results in a fairly high

noise penalty and does not fully solve the problem, as

the CIB is a combination of many components with dif-

ferent SEDs. Multiple components with different SEDs

can be nulled, but this is limited by the number of fre-

quency bands (and further increases the noise penalty).

Here we investigate trading off CIB for noise and

CMB variance by artificially increasing the weight of

the CIB in the linear combiner—effectively lying to the

algorithm about how bright the CIB is. We find that

multiplying the CIB part of the covariance by some

amount is quite effective in reducing the CIB compo-

nent in the resulting y map while only causing mild in-

creases in total variance.9 We measure the level of CIB

9 We note that this is effectively a less mathematically rigorous
version of the Partially Constrained ILC method proposed in
Sultan Abylkairov et al. (2020).

in the synthesized “minimum-variance” y map by cross-

correlating the Herschel/SPIRE 500µm map described

in Section 2.4 with the y map from the SPT-SZ field that

overlaps with the Herschel/SPIRE coverage, keeping in

mind that there should be some level of true, underlying

correlation between the y and CIB fields (e.g., George

et al. 2015; Planck Collaboration et al. 2016j).

Figure 3 shows the measured cross-correlation be-

tween the synthesized y map and the Herschel/SPIRE

500µm map as a function of CIB covariance multiplier.

Specifically, the left panel of Figure 3 shows the ratio

of the measured 500µm-y cross-spectrum to the cross

spectrum of the 500µm map with a y map made just by

dividing an SPT-SZ-Planck synthesized 150 GHz map

by fSZ(150 GHz)TCMB, with different curves representing

different values of the CIB multiplier. The right panel

shows the ratio of the measured 500µm-y cross-spectrum

to the predictions of the cross-spectrum between y and

the CIB at 500µm from the Omori et al. (in preparation)

y and CIB skies painted onto the MDPL2 (Klypin et al.

2016) simulations. Curves are shown for two specific `

values (` = 1000 and ` = 4000) as a function of CIB

multiplier, along with the total map rms relative to the

true minimum-variance y map (in which the “CIB multi-

plier” is unity). In both plots, different curves are shown

for band weights synthesized assuming the noise in the

normal SPT-SZ field depths and for band weights syn-

thesized assuming the noise in the “double-deep” fields.

It is clear that the contribution to the 500µm-y cross

spectrum from residual CIB in the synthesized y maps

can be reduced significantly with only a mild (. 10%)

noise rms penalty. Using a by-eye metric of where the

cross-spectrum appears to asymptote at both ell values,

we choose a CIB multiplier value of eight for the normal-

depth fields and five for the double-depth fields. When

we use the term “minimum-variance map” anytime in

the rest of this work, we are actually referring to these

maps. Finally we note that we do not apply this CIB

multiplier to the covariance when we produce y or CMB

maps with a component of the CIB formally nulled.

4. THE CMB/KSZ AND COMPTON-Y MAPS

We make and release several versions of component

maps resulting from our LC algorithm:

• a “minimum-variance” y map. This product is

constructed using band weights defined in Equa-

tions 3–5. Assuming the signal and noise models

are correct, and with no modifications to the in-

put covariance, this product formally has the low-

est variance possible for an unbiased estimate of y

on all scales. However, as discussed above, we do

modify the covariance to reduce the correlation of
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Figure 3. Left panel: y-CIB cross-spectrum for different CIB covariance multiplier values (see text for details) relative to
the y-CIB cross-spectrum for a y map made just from dividing a 150 GHz map by the tSZ factor for that frequency. Solid
lines show results using band weights created assuming normal-depth SPT-SZ field noise; dashed lines show results using band
weights created assuming “double-depth” SPT-SZ field noise. Right panel: y-CIB cross-spectrum ratio at ` = 1000 and ` = 4000
divided by the MDPL prediction for that ratio (see text for details) and total y-map rms as a function of CIB multiplier. As in
the left panel, normal-depth and double-depth results are indicated with solid and dashed lines, respectively. (The single- and
double-depth results for ` = 1000 are indistinguishable, because that multipole range is dominated by Planck data.) From this
plot it is clear that a significant reduction in spurious y-CIB correlation (caused by residual CIB in the synthesized y map) can
be achieved with a small noise penalty.

this map with the CIB (as traced by 500µm Her-

schel/SPIRE data), at the cost of a small (order

10%) penalty in total y-map rms. We nevertheless

will refer to this map as the “minimum-variance’

map” (or “single-component map”) in the remain-

der of this work.

• a “CMB-nulled” y map and the corresponding y-

nulled CMB/kSZ map. We also refer to these as

the “two-component” maps.

• a “CMB- and CIB-nulled” y map and the corre-

sponding y- and-CIB-nulled CMB/kSZ map and

y- and CMB-nulled CIB map. We also refer to

these as the “three-component” maps. Because

the CIB is made up of many independent emitters

at different redshifts and temperatures (and differ-

ent compositions), it is not possible to null all the

CIB emission with a single SED. For our three-

component maps, we choose to null CIB emis-

sion with an SED equal to the best-fit Poisson-

component SED in George et al. (2015), who find

that this component is the largest contribution to

the ` = 3000 power at 150 GHz. As expected, the

noise levels of the two- and three-component prod-

ucts are significantly higher than for the minimum-

variance case.

As an example of two of the data products we pro-

vide, we show the full-survey versions of the tSZ-nulled

CMB/kSZ and the minimum-variance Compton-y maps

in Figure 4. We provide flat-sky full and half (sur-

vey+mission) maps in each of the 19 SPT fields at 0.′25

arcminute pixelation as well as combined maps covering

the full SPT-SZ footprint in the HEALPix format with

Nside = 8192. The minimum-variance single-component

data products are provided at 1.′25 resolution and the

multi-component products at 1.′75 resolution.

Figure 1 shows the relative band weights (ψ from

Equation 4 or ψi from Equation 7) as a function of ` = |l|
for three of the maps discussed above. As expected,

the Planck bands provide the bulk of the information
at low ` (large angular scales), where the SPT-SZ data

is contaminated by atmospheric fluctuations. At higher

` (smaller angular scales), the higher angular resolution

and lower instrument noise levels of the SPT-SZ data

take over. Also notable is the similarity of the single-

component and two-component tSZ weights at low `, un-

derstandable as the primary CMB is the largest source

of variance at these scales. The tSZ-nulled CMB/kSZ

weights are dominated at low ` by the Planck 217 GHz

data, which is close to the tSZ null, but at high ` all

three SPT-SZ bands contribute, in part because of the

higher relative noise in the SPT-SZ 220 GHz data.

4.1. Bias to Aperture Photometry From Missing Modes

As discussed in Section 3.4, the maps produced in

this work have two filters applied after the beam-

and-transfer-function-deconvolved individual frequency
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from the same. Both of these maps are smoothed here for display purposes; we provide minimum-variance map products at
1.′25 resolution and map products with other signals nulled at 1.′75 resolution in the data release.

maps have been combined into synthesized component

maps. One filter is a simple Gaussian smoothing with

full width at half maximum of 1.′25 for the single-

component y map and 1.′75 for the multi-component

maps. The non-standard filter is an anisotropic low-

pass filter that only affects modes that oscillate slowly

in the direction of right ascension. The motivation for

this filter is discussed in Section 3.4; here we calculate

the bias incurred to aperture photometry if this filter is

ignored.

We estimate this bias by creating simulated galaxy

cluster profiles, Fourier transforming, multiplying by

this l-space filter, inverse-Fourier transforming, and per-

forming aperture photometry on these simulated pro-

files. We compare the results of aperture photometry

on the filtered profiles to results of aperture photome-

try on the original cluster profiles and report the dif-

ference as the bias from the filter. We perform this

calculation on a range of cluster masses and redshifts

and using a range of aperture radii. We use the Arnaud

et al. (2010) model for the cluster y profile. For cluster

masses 0.5 × 1014M� < M < 10 × 1014M�, redshifts

0.1 < z < 2, and aperture radii 1.0′ < r < 10.0′, we find

a maximum bias of ∼3%. The bias is larger at smaller

apertures (at r > 5′ the maximum bias is ∼1%).



16 L. Bleem, T. Crawford, et al.

Figure 5. Top panel: Azimuthally averaged Compton-y
profiles for ACO 3667 at z = 0.0556. Bottom panels: On the
left is a cutout from the Planck Compton-y map (Planck Col-
laboration et al. 2016d) centered on the cluster. We make
a similar cutout on the right from the minimum-variance
Compton-y map presented in this work. The arcminute-scale
circular decrements in this image are located at the locations
of bright radio sources readily detected in SPT data, enabling
us to mask these regions when measuring the cluster’s pres-
sure profile.

4.2. Comparison to Other Releases

To date, the only other publicly available Compton-y

maps in the SPT-SZ survey footprint are derived from

Planck data products (particularly Planck Collabora-

tion et al. 2016d). As expected, the addition of SPT

data products significantly improves both the angular

resolution (from 10′ to 1.′25 or 1.′75, for the minimum

variance and component-nulled versions, respectively) as

well as the noise performance at small scales. We pro-

vide a qualitative demonstration of this effect in Figure

5 where we highlight the ability of the new data prod-

ucts to constrain arcminute-scale features in the pressure

profile of Abell 3667 (Duus & Newell 1977; Abell et al.

1989) at redshift z = 0.0556 (Struble & Rood 1999)

for which the improved angular resolution allows us to

resolve features on ∼ 80 kpc scales. This significant im-

provement in resolution will also aid in the detection of

higher-redshift clusters; we detail the results of a blind

cluster search below in Section 5.2.

As mentioned in the introduction, arcminute-scale

component maps—including minimum-variance and

CMB-nulled Compton-y maps and a y-nulled CMB/kSZ

map—constructed from Planck and ACT data were pre-

sented in Madhavacheril et al. (2020). In Figure 9 of that

work, the authors showed that the power spectra of the

y and CMB/kSZ maps including ACT data were (as

expected) signal-dominated to much higher multipole

values (smaller scales) than corresponding maps from

Planck alone. In turn, we compare the power spectra

of the maps in this release to those from the two sky

regions in Madhavacheril et al. (2020)—the ∼1600-deg2

BOSS North or BN field and a deeper ∼500-deg2 field

referred to as D56—in Figure 6.

There are many features worth noting in Figure 6.

First, the agreement in the signal-dominated multipole

regions—in particular of the CMB/kSZ map (bottom

left panel)—demonstrates that the output maps from

the two works are statistically consistent at the 10% level

or better. This is not surprising, especially because the

maps from both works are dominated by Planck data at

these angular scales, but it is a rough validation of both

pipelines.

The amplitudes of the power spectra in the noise-

dominated multipoles merit further discussion. As

shown in Figure 1 in this work and Figure 5 in

Madhavacheril et al. (2020), the high-` (` & 3000)

“minimum-variance” y map weights are dominated by

the 150 GHz SPT / 148 GHz ACT data. The typi-

cal SPT-SZ noise level at 150 GHz (∼16 µK-arcmin)

is between the 148 GHz noise levels in the two ACT

regions (∼25 and ∼10 µK-arcmin in BN and D56, re-

spectively, cf. Table 1 in Madhavacheril et al. 2020), so

it is not surprising that the high-` power spectrum of
the SPT-SZ “minimum-variance” y map lies in between

that of the two ACT regions. By contrast, the SPT-SZ

high-` power spectrum is below that of both ACT re-

gions for both components of the two-component linear

combination (the CMB-nulled y map and the y-nulled

CMB/kSZ map). This is especially surprising given that

the 98 GHz ACT noise levels in the D56 region (∼17µK-

arcmin) are significantly lower than the SPT-SZ 95 GHz

noise.

The two features of the data used in the SPT-SZ

linear combination that could account for this are: 1)

data from the SPT-SZ 220 GHz band are included; 2)

the SPT-SZ data are at slightly higher resolution, ow-

ing to the 10-meter SPT primary mirror compared to

the 6-meter ACT primary (though the diameter of the

primary region illuminated by the SPT-SZ camera is
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Figure 6. Angular power spectra of selected output maps, with results from ACT+Planck (Madhavacheril et al. 2020) shown
for comparison. The agreement between the three curves in the signal-dominated multipole region (` . 2200 for SPT and ACT
D56, ` . 1500 for ACT BN) provides a rough validation of both sets of data products. The differences in the noise-dominated
multipole region are discussed in the text. Top left : Power spectra of the minimum-variance y maps from this work and from
the two different sky regions used in Madhavacheril et al. (2020). Top right : Similar for the CMB-nulled y map. Bottom left :
Similar for the y-nulled CMB/kSZ map. Bottom right : Predicted power spectra for the y-nulled CMB/kSZ map from SPT and
the ACT D56 region, using noise levels reported in this work and Table 1 of Madhavacheril et al. (2020). To demonstrate the
importance of high-frequency data and angular resolution in the component-separation process, curves for ACT D56 noise levels
are shown in the hypothetical scenario in which 220 GHz data (at the rough noise levels of the SPT data) are added and in
which the resolution of the ACT data is improved (see text for details).

closer to eight meters). In the bottom-right panel of

Figure 6, we show that both of these features contribute

to the lower SPT-SZ noise in the two-component maps.

The dot-dashed line shows the predicted ACT-D56 y-

nulled CMB/kSZ power spectrum if 220 GHz data (with

roughly the SPT-SZ noise level) are added, and the dot-

ted line shows that power spectrum if 220 GHz data are

added and if the resolution in all bands is improved by

a factor of 1.33 (the ratio of the diffraction limits of 6-

meter and 8-meter apertures). This result demonstrates

the utility of higher-frequency data and higher angu-

lar resolution in component separation, particularly for

the goal of extracting the tSZ-nulled kSZ signal out to

` ∼ 4000.

5. VALIDATION OF THE COMPONENT MAPS

In this section we detail several characterization anal-

yses of the SPT-SZ + Planck component maps described

in the previous section. As discussed in Section 4.2, a

rough validation of the maps, particularly the y-nulled

CMB/kSZ map is provided by comparing the power

spectrum of maps from this analysis to the power spec-

trum of ACT+Planck maps in Figure 6; we apply more

quantitative measures in this section. These tests in-

clude validation of our assumptions for the input signal

model, tests of the blind detection from SZ clusters in
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Figure 7. Power spectrum of the CMB-CIB-nulled y map.
The data points show the measured power spectrum of the
y map from the three-component analysis in this work. The
power spectrum is estimated using independent halves of the
data to avoid noise bias. Error bars are estimated using re-
sampling of the values from the individual SPT-SZ fields.
Lines show the expectation for power from various compo-
nents in the y map, given the signal models used in the linear
combination algorithm. These are calculated by multiplying
the model power spectra at each band by the band weights
for the CMB-CIB-nulled y map and summing. The blue and
gray shaded areas indicate the possible effect of dust clean-
ing on the CIB (see text for details). The by-eye agreement
between the solid black line (sum of all model components)
and the data points indicates that the signal variance models
are roughly representative of the true signals in the data.

the maps, and finally, a cross check of our tSZ nulling

in the CMB/kSZ map products.

5.1. Validation of the Input Signal Model

As discussed in Section 3, the linear combination al-

gorithm we use relies on models of the power in vari-

ous sky components, including the cross-power between

different frequencies. Even if these models are wrong,

the resulting CMB/kSZ or Compton-y map (or other

component maps) will still have unbiased response to

the desired signal (provided the instrument bandpasses

are correctly measured), but the linear combination of

bands used may not be optimal; i.e., there can be ex-

cess variance induced by the incorrect modeling of sky

signal.

Figure 7 shows a simple check of the signal model-

ing, namely the power spectrum of the output y map in

the case where the CMB/kSZ and one component of the

CIB are explicitly nulled. The data points are an aver-

age over power spectra from the 19 individual SPT-SZ

fields, calculated using the cross-spectrum of one half of

the data against the other to eliminate noise bias. The

data points are corrected by the 1.′75 smoothing beam

and the “trough filter” (see Section 3.4) applied to the

maps, but no other corrections are made (e.g., for mode

coupling). Error bars are calculated using resampling

(with replacement) of the values from the individual

fields. Overplotted are the expected power from vari-

ous sky signals given the input model and the real band

weights ψi(νj) returned by the linear combiner. The

model for the tSZ is the best-fit model from Reichardt

et al. (2020). The subtraction of the dust template de-

scribed in Section 3.3, constructed by smoothing the

Planck COMMANDER 545 GHz foreground map to 16′

resolution, will affect the low-` CIB power in the out-

put y map; for the purposes of this plot we bracket the

possible effect by multiplying the residual CIB power in

the model by a 16′-FWHM Gaussian, subtracting that

from the model, and plotting the result as a second set

of model lines. The shaded area between the unmod-

ified and modified models thus indicates the modeling

uncertainty introduced by the dust-cleaning step. Be-

cause of this uncertainty and the lack of correction for,

e.g., mode coupling, we do not report a formal goodness

of fit to the model; we simply note that at the 10% level

the total power in the model appears to agree with the

data, particularly above ` = 1000.

Somewhat more formally, we use the linear combina-

tion framework to investigate the potential impact on

y-map variance from incorrect signal modeling. The

signals in question have been reasonably well charac-

terized in previous studies. The primary CMB temper-

ature anisotropy has been measured at the percent level

in bins of ∆` ∼ 50 (assuming a smooth power spec-

trum) by Planck (Planck Collaboration et al. 2016k)

and high-resolution ground-based experiments such as

ACT (Choi et al. 2020) and SPT (Story et al. 2013). At

` = 3000, Reichardt et al. (2020) measures the relevant
secondary and foreground signals, namely the CIB and

residual radio galaxy power after masking, with ∼10%

precision. We create several sets of band weights us-

ing different signal model inputs, modifying each input

component by an amount that is in mild tension with

current data. For each of these sets of band weights, we

compute the predicted variance in the output maps un-

der the assumption that the modified inputs are correct

and under the assumption that the original signal model

was correct.

Specifically, we modify the primary CMB power spec-

trum by ±2% in amplitude and ±2% in spectral index,

both of which are four to five times the marginalized

error bar on the associated cosmological parameter or

parameter combination (Ase
−2τ and ns, respectively).

We modify the amplitude of the input CIB model by
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±20%, and we double the model radio power. We run

the test described above in the one-, two-, and three-

component cases. In all of these permutations, we find

that the fractional excess variance from assuming the

wrong model is never greater than 0.6%. We conclude

that, for the noise levels and the size of the sky patch in

this analysis, the sub-optimality of using models for the

sky signal components is minimal.

5.2. Detection of Clusters by the tSZ Effect

One natural test of the quality of a constructed

Compton-y map is of its efficacy for the blind detection

of clusters via the tSZ effect. As noted in the Intro-

duction, there have been several recent analyses under-

taking cluster searches on combined Planck and ground-

based data using ACT (Aghanim et al. 2019) and SPT-

SZ data (Melin et al. 2020). These works have both

noted significant improvement in cluster detection over

data from each sample alone with Melin et al. (2020)

particularly quantifying such improvements as a func-

tion of redshift. Here we will present the results of such

a cluster search on our minimum-variance Compton-y

map, comparing our results to cluster samples reported

by the SPT-SZ (Bleem et al. 2015b) and Planck collab-

orations (Planck Collaboration et al. 2016a).

To conduct this search, we adopt an essentially iden-

tical procedure to that used in previous searches for

clusters in SPT data (see e.g., Bleem et al. 2015b for a

more detailed description of the process). Our search is

based on the spatial-spectral filtering method presented

in Melin et al. (2006) and, as the y-map construction has

already isolated the tSZ signal, we simply make use of

a spatial filter designed to optimally extract the cluster

signal in the presence of noise. We adopt a projected

spherical β-model with β fixed to 1 (Cavaliere & Fusco-

Femiano 1976) as the model of our cluster profile:

∆T = ∆T0(1 + θ2/θ2c )−(3β−1)/2 (13)

where the normalization ∆T0 is a free parameter and

the core radius, θc, is allowed to vary in twelve equally

spaced steps from 0.′25 to 3′ (as in previous SPT works)

and additionally include θc values of 5′, 7′, 9′, and 12′

to allow for the detection of clusters of larger angu-

lar extent (the latter now enabled by the inclusion of

the Planck data). This filtering corresponds to scales of

θ500c of approximately 1.25′ to 60′ in the commonly used

Arnaud et al. (2010) model of cluster pressure profiles.

We run our cluster identification algorithm on the

flat-sky version of each of the 19 SPT-SZ fields, adopt-

ing a 1.′25 beam as our transfer function. The noise

in these maps is composed of the astrophysical, instru-

mental, and atmospheric noise that remains after the

map combination process. We estimate this noise by

summing the power from each component of our sky +

noise model (Section 3.2) by the appropriate 2D Fourier

space weights for each frequency map included in the y

map. We also heavily penalize the noise at low kx, high

ky where we are missing modes in the maps (Section

3.4).

The resulting SZ candidate list has 418 detections at

signal-to-noise ξ > 5 (compared to 423 in Bleem et al.

2015b, but detected in 3% less area, see Section 2.1.1)

and 677 ξ > 4.5 (vs. 696). Fifty-five new SZ cluster can-

didates at ξ > 5 (the 95% expected purity threshold) are

identified that are not in the Bleem et al. (2015b) sam-

ple. Recognizing there will be scatter between detection

significances for given clusters between the lists owing to

the inclusion of the Planck data, the addition of radio

power in the noise covariance matrix used in the map

construction (this power was not included in the Bleem

et al. 2015b noise model), as well as the additional mask-

ing around bright sources (Section 2.3), we match our

new candidate list at ξ > 4 to the published SPT-SZ list

at ξ > 4.5. Associating detections within 2′ we recover

473 matches with an average ratio in the detection sig-

nificance (ξnew/ξSPT-SZ)=1.0 and standard deviation of

this ratio of 0.2. We recover all confirmed SZ clusters

(those with redshifts reported in Bleem et al. 2015b)

above ξ = 6.1 within the unmasked Compton-y footprint

and 94% (85%) of confirmed clusters at ξ > 5 (ξ > 4.5).

Examining the locations of Bleem et al. (2015b) clusters

not detected in our new search at ξ > 4 in the signal-

to-noise maps produced by the cluster finder we find a

median difference of ∆ξ = 1.4; there are no significant

redshift or θc trends in the unmatched clusters compared

to the matched.

We note that a quick reading of this work may im-

ply that the addition of Planck data did not contribute

in a meaningful way for the detection of these systems.

However, we remind the reader that we have adopted

a weighting scheme in the map construction that min-

imizes the cross-correlation of the y map with the CIB

(see Section 3.5) and adds a noise penalty to these maps

compared to a true minimum-variance y map. The ad-

dition of the Planck data (and to a much lesser extent

the SPT-SZ 220 GHz data) essentially compensates for

this choice.

Moving on to comparisons with the Planck SZ cluster

sample (Planck Collaboration et al. 2016h), we asso-

ciate our new SZ candidate list with confirmed Planck

clusters within the larger of 4′ or the Planck positional

uncertainty, finding 103/117 matches at ξ > 4 and

Planck detection signal-to-noise ratio > 4.5 with a me-

dian improvement in the signal-to-noise of the detection
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of 1.25×. This is an improvement over a similar match-

ing exercise undertaken with the Bleem et al. (2015b)

sample for which 83 SPT-SZ clusters in the Compton-

y map footprint had matches to confirmed clusters in

the Planck catalog (see also discussion comparing prop-

erties of the Planck and SPT-SZ and SPT-ECS sam-

ples in Bleem et al. 2020). The most significant gains

were found, as would be expected, for low-z clusters

with larger angular extent on the sky for which the

inclusion of Planck data provides enhanced sensitivity.

While the typical signal-to-noise of the combined map

SZ detections are higher than those from Planck alone,

our simplified treatment of the Planck noise—both in

the map combination procedure as well as the clus-

ter extraction (see e.g., discussion in Planck Collabo-

ration et al. 2014d, 2016h for more optimal treatment of

Planck data)—leads to lower detection significances for

the lowest-redshift clusters.

5.3. tSZ nulling in the CMB/kSZ maps

We perform one final validation test regarding the ef-

ficiency of the tSZ nulling in the CMB/kSZ component

maps. While the derivations governing both nulling and

the thermal SZ spectrum are unambiguous, this test will

probe both our constraints on the bandpasses and cali-

bration of our maps as well as the presence of correlated

signals not explicitly cancelled (from e.g., cluster mem-

ber galaxies) at the locations of clusters; we note that as

these are SZ-selected clusters this is not a strong test of

the presence of such associated emission in the general

cluster population (though see discussion of such effects

in e.g., Section 3.5 of Bleem et al. 2020). As our base-

line we construct a true minimum-variance CMB/kSZ

map and sum the temperature values in this map at the

location of 504 confirmed SPT-SZ clusters with ξ > 4.5

that are not affected by the masking used in this work.

We find the mean temperature and its uncertainty at

these cluster locations to be −34 ± 1.5µK. Performing

this exercise on the CMB/kSZ maps with the tSZ- and

tSZ/CIB-model nulled we find −3± 3µK and 7± 7µK,

respectively.

Sharpening our sensitivity to cluster scales, we then

repeat this exercise, performing compensated aperture

photometry on the 3 maps with 2′ apertures at the clus-

ter locations. We again find a significant average tem-

perature decrement in the minimum variance CMB map

(−1.16 ± 0.025 × 10−5µK-sr, 45σ), a small decrement

in the tSZ-nulled maps ( −3.1± 0.4× 10−6µK-sr; 7.5σ)

and no significant detection in the tSZ/CIB-nulled maps

(3 ± 2 × 10−6µK-sr; 1.5σ increment). As expected, the

minimum-variance CMB map shows a significant tem-

perature decrement at the stacked location of these mas-

sive systems in both tests and the results from tSZ/CIB-

nulled maps are consistent with zero. At first glance,

the significant decrement in the stack in the tSZ-nulled

map may indicate a problem in this map. However, we

note that owing to noise bias in the tSZ selection we

would not have expected complete cancellation in the

tSZ-nulled CMB map. Recall the CIB is one of the dom-

inant sources of astrophysical noise in the SPT maps at

small scales (Reichardt et al. 2020) and indeed a stack

of the SPT 220 GHz maps (whose effective frequency is

at the tSZ null, Section 2.1.4) shows a small, but sig-

nificant, average temperature decrement demonstrating

that the SPT-SZ cluster detection is slightly biased to

areas with lower levels of CIB. Based on the weights in

the CMB/kSZ two component map (Figure 1) we would

expect a slight temperature decrement to remain at the

location of SPT-selected clusters.

The best way to robustly test these maps is with a

large cluster sample selected independently of any signal

in the millimeter-wave maps. In lieu of such a sample,

we perform a much more restricted test using optically

selected clusters from the Blanco Cosmology Survey as

presented in Bleem et al. (2015a). Stacking a sample of

169 lower-mass clusters at 0.25 < z < 0.7 with optical

richness λ > 25 we find a 7σ temperature decrement in

the minimum-variance CMB maps (−1.3±0.2×10−6µK-

sr) and no significant detection in the other two maps

(0±6×10−7µK-sr and 2±3×10−6µK-sr in the tSZ- and

tSZ/CIB-nulled maps respectively). Up to its limited

statistical constraining power this test demonstrates the

efficacy of tSZ removal in the tSZ-nulled map; we note

that much more constraining tests will soon become pos-

sible with the release of eROSITA (Merloni et al. 2012)

and Dark Energy Survey (Flaugher et al. 2015) Year 3

cluster samples.

6. SUMMARY

In this work we have presented new CMB/kSZ and

Compton-y component maps from combined SPT-SZ

and Planck data. These maps, which cover 2442

square-degrees of the Southern sky, represent a signif-

icant improvement over previous such products avail-

able in this region by virtue of their higher angular

resolution (1.′25 and 1.′75 for the minimum-variance

and component-nulled products, respectively) and lower

noise at small angular scales. We have detailed the con-

struction of these maps via the linear combination of

individual frequency maps from the two experiments

including our technique for limiting the correlation of

our lowest-variance Compton-y map products with the

CIB. The new component maps and associated data

products, as well as the individual frequency maps
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from SPT-SZ used to construct these maps, are pub-

licly available at http://pole.uchicago.edu/public/data/

sptsz ymap and the NASA/LAMBDA website.

We have performed several validation tests on the

component maps. Our analysis of the CMB-CIB-nulled

Compton-y map power spectrum shows good agree-

ment with expectations from our adopted sky model.

A “blind” tSZ cluster search using matched-filter tech-

niques demonstrated the expected performance relative

to such searches in SPT and Planck data alone. Finally,

a validation test of our tSZ component nulling in the

CMB/kSZ maps via stacking such maps at the location

of massive SZ-clusters, demonstrated effective removal

of the tSZ signal.

This paper represents the first release of Compton-

y and CMB/kSZ component maps from the SPT col-

laboration. We expect these maps—in combination

with current surveys such as the Dark Energy Survey

(Flaugher et al. 2015) and eROSITA (Predehl et al.

2010; Merloni et al. 2012); and near-future galaxy sur-

veys like LSST (LSST Science Collaboration et al. 2009),

Euclid (Amendola et al. 2018), and SPHEREx (Doré

et al. 2014)—to provide powerful constraints on both

cosmology and the evolution of the gas properties of

galaxies, groups, and clusters across cosmic time. As

detailed in this work, both high-resolution and high-

frequency measurements are critical for improving the

quality of such component maps. Such measurements

will be available in the coming years by the inclusion

of low-noise 95, 150, and 220 GHz data from the ongo-

ing SPT-3G (Benson et al. 2014) and Advanced ACTPol

(Henderson et al. 2016) experiments, and even wider fre-

quency coverage from future CMB experiments (Simons

Observatory Collaboration 2019; CMB-S4 Collaboration

et al. 2019).
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APPENDIX

A. DATA PRODUCTS

We provide the following data products and instructions for their use at http://pole.uchicago.edu/public/data/

sptsz ymap and the NASA/LAMBDA website.

1. Minimum Variance Compton-y maps and Null noise maps at 1.′25 resolution. We provide maps in both HEALPix

(Nside=8192) and flat sky (0.′25 pixelation) format.

2. CMB-CIB-nulled and CMB-nulled Compton-y full and half maps at 1.′75 resolution. HEALPix and flat sky

format.

3. tSZ-CIB-nulled and tSZ-nulled CMB/kSZ full and half maps at 1.′75 resolution. HEALPix and flat sky format.

4. Point source masks and Dust masks.

5. SPT-SZ frequency maps, PSDs, bandpasses, and transfer function plus beam estimates for the SPT-SZ maps

used to construct the component maps in this work.

B. DERIVATION OF THE OPTIMAL LINEAR COMBINATION

In this appendix, we provide an alternate derivation of the result that Equations 3, 4, and 5 represent, under the

assumptions detailed in Section 3, the minimum-variance unbiased estimate of a map of signal S with SED f from

individual frequency maps. As discussed in that section, we model the data in observing frequency νi towards sky

direction n as contributions from the signal of interest S and noise (including instrumental and astrophysical noise

and astrophysical signals other than S). Neglecting beam and transfer function for now, we write:

T (νi,n) = f(νi) S(n) + n(νi,n) (B1)

or, assuming pixelized data and using Roman indices for observing bands and Greek indices for map pixels:

Tiα = fi Sα + niα (B2)

Adapting the derivation of Haehnelt & Tegmark (1996), we note that the most general linear estimator for S using

the data from the individual maps is:

S̄(n) =
∑
i

∫
Wi(n− n′)T (νi,n

′)d2x′, (B3)

or

S̄α =
∑
i,β

WiαβTiβ . (B4)

We require that S̄α be an unbiased estimate of Sα:

bα = 〈S̄α − Sα〉 = 0, (B5)

and we wish to minimize the variance

σ2 =

〈∑
α,β

(S̄α − Sα)(S̄β − Sβ)

〉
. (B6)

If the noise in each map has zero mean (〈niα〉 = 0), then

bα =
∑
i,β

Wiαβ fi Sβ − Sα, (B7)

http://pole.uchicago.edu/public/data/sptsz_ymap
http://pole.uchicago.edu/public/data/sptsz_ymap
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where

σ2 =
∑
α,β

bαbβ +
∑

i,j,α,β,γ,δ

WiαγWjβδ〈niγnjδ〉 (B8)

Using the Lagrange multiplier λα to enforce the constraint b = 0, we minimize the variance by taking the functional

derivative with respect to Wiαβ of the quantity

L = σ2 +
∑
α

λαbα (B9)

and setting the result to zero. Even without solving for λα, we see that, up to an overall constant, the contribution

to the optimal estimator Sα from the map at each individual frequency is simply the tSZ sensitivity weighted by the

inverse band-band-pixel-pixel noise covariance matrix:

Wiαβ ∝
∑
j

〈niαnjβ〉−1 fj , (B10)

and the proportionality constant is easily obtained by enforcing equation B5, yielding:

Wiαβ =

∑
j〈niαnjβ〉−1 fj∑

i,j〈niαnjβ〉−1 fi fj
. (B11)

If the various sources of noise in the individual maps can be modeled as Gaussian, random, statistically isotropic

fields, then the spherical harmonic transform (or two-dimensional Fourier transform, in the flat-sky limit) of the

pixel-pixel-band-band covariance matrix will be diagonal along the spatial frequency direction:

SHT
{
〈niαnjβ〉−1

}
≡〈ni`nj`′〉−1 (B12)

=C−1`ij δ``′ ,

where C`ij is the spatial power spectrum of the noise in band νi if j = i and the cross-spectrum of the noise in bands

νi and νj if j 6= i. In this case we can rewrite equation B4 as:

S̄` =
∑
i

Wi`Ti`, (B13)

where Ti` is the spherical harmonic transform (SHT) of the map in band νi, S̄` is the SHT of the estimated Compton-y

map, and

Wi` =

∑
j C
−1
`ij fj∑

i,j C
−1
`ij fi fj

. (B14)

Equation 4 is the flat-sky, anisotropic version of Equation B14, including the beam and transfer function in f , such

that f(νi)→ f(νi)R(νi, l).

C. EQUIVALENCE TO OTHER FORMULATIONS

Equation 3 in Madhavacheril et al. (2020), as derived in, e.g., Remazeilles et al. (2011a), gives the following expression

for the optimal band weights for one signal component a(ν) while explicitly nulling another signal component a′(ν):

wi =

(
a′jC

−1
jk a

′
k

)
ajC

−1
ji −

(
ajC

−1
jk a

′
k

)
a′jC

−1
ji(

ajC
−1
jk ak

)(
a′jC

−1
jk a

′
k

)
−
(
ajC

−1
jk a

′
k

)2 . (C15)

In this expression, summing over repeated indices is assumed, and the ` subscript has been omitted. Adopting this

convention and, as in the previous appendix, neglecting beam and transfer function effects for simplicity, we can write

write Equation 7 (our expression for multicomponent weights) as:

ψij ≡ ψi(νj) =
[
fTN−1f

]−1
ik

[
fTN−1

]
kj
. (C16)
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(Incidentally, this is immediately recognizable as the solution to the least-squares problem, with f as the design matrix

and N as the covariance matrix.) For the specific case of two components, we can rewrite f and ψ as

fij ≡ fi(νj) =

[
a(νj)

a′(νj)

]
≡

[
aj

a′j

]
(C17)

ψij ≡ ψi(νj) =

[
w(νj)

w′(νj)

]
≡

[
wj

w′j

]
. (C18)

Also adopting C for the band-band covariance (as opposed to N), we can write fTN−1 as

[
fTN−1

]
ij
≡
[
fTC−1

]
ij

=

[
akC

−1
kj

a′kC
−1
kj

]
, (C19)

and write fTN−1f as [
fTN−1f

]
ij
≡
[
fTC−1f

]
ij

=

[
akC

−1
kmam akC

−1
kma

′
m

a′kC
−1
kmam a′kC

−1
kma

′
m

]
, (C20)

Inverting this by hand (and noting that C is symmetric) yields

[
fTC−1f

]−1
ij

=
1(

akC
−1
kmam

) (
a′kC

−1
kma

′
m

)
−
(
akC

−1
kma

′
m

)2
[
a′mC

−1
kma

′
m −akC−1kma′m

−akC−1kma′m akC
−1
kmam

]
, (C21)

and applying the result to Equation C20 yields[
wj

w′j

]
=

1(
akC

−1
kmam

) (
a′kC

−1
kma

′
m

)
−
(
akC

−1
kma

′
m

)2
[ (

a′kC
−1
kma

′
m

)
akC

−1
kj −

(
akC

−1
kma

′
m

)
a′kC

−1
kj(

akC
−1
kmam

)
a′kC

−1
kj −

(
akC

−1
kma

′
m

)
akC

−1
jk

]
, (C22)

the top row of which is recognizable as Equation C15 or Equation 3 in Madhavacheril et al. (2020).
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