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Francisco Prada45, Ignasi Pérez-Ràfols46, Bernardita Ried Guachalla47,15,4, Graziano Rossi48, Eusebio

Sanchez49, David Schlegel2, Michael Schubnell50,51, Hee-Jong Seo52, Cristóbal Sifón53, David Sprayberry14,
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Passeig de Llúıs Companys, 23, 08010 Barcelona, Spain

36Astrophysics Research Centre, University of KwaZulu-Natal, Westville Campus, Durban 4041, South Africa
37School of Mathematics, Statistics & Computer Science,

University of KwaZulu-Natal, Westville Campus, Durban 4041, South Africa
38Department of Physics & Astronomy and Pittsburgh Particle Physics,

Astrophysics, and Cosmology Center (PITT PACC),
University of Pittsburgh, 3941 O’Hara Street, Pittsburgh, PA 15260, USA

39 Departamento de F́ısica, DCI-Campus León, Universidad de Guanajuato,
Loma del Bosque 103, León, Guanajuato C. P. 37150, México
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Cosmic Microwave Background (CMB) photons scatter off the free-electron gas in galaxies and
clusters, allowing us to use the CMB as a backlight to probe the gas in and around low-redshift
galaxies. The thermal Sunyaev-Zel’dovich effect, sourced by hot electrons in high-density environ-
ments, measures the thermal pressure of the target objects, shedding light on halo thermodynamics
and galaxy formation and providing a path toward understanding the baryon distribution around
cosmic structures. We use a combination of high-resolution CMB maps from the Atacama Cos-
mology Telescope (ACT) and photometric luminous red galaxy (LRG) catalogues from the Dark
Energy Spectroscopic Instrument (DESI) to measure the thermal Sunyaev-Zel’dovich signal in four
redshift bins from z = 0.4 to z = 1.2, with a combined detection significance of 19σ when stacking
on the fiducial CMB Compton-y map. We discuss possible sources of contamination, finding that
residual dust emission associated with the target galaxies is important and limits current analyses.
We discuss several mitigation strategies and quantify the residual modelling uncertainty. This work
complements closely-related measurements of the kinematic Sunyaev-Zel’dovich and weak lensing of
the same galaxies.

I. INTRODUCTION

The baryonic content of the universe is a key ingredi-
ent of current cosmological models. Measurements of the
power spectrum of the Cosmic Microwave Background

∗ r.henryliu@berkeley.edu

(CMB) indicate that baryons comprise roughly 5% of the
total energy content of the universe [1], or about 16% of
the total mass. However, observations of galaxies in the
late time universe comprise only approximately 10% of
the cosmological abundance of baryons [2].

Most of the remaining baryons are thought to be
present in the warm-hot intergalactic medium (WHIM)
as well as the circumgalactic medium (CGM) [3, 4]. Lo-
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cating these missing baryons and uncovering their prop-
erties will further improve our understanding of the pro-
cesses involved in galaxy and large-scale structure forma-
tion. Better understanding of the missing baryons will
also aid the calibration of baryon effects in weak lensing,
one of the primary limitations in the cosmological inter-
pretation of current and future lensing data. One of the
best tools for probing the baryon distribution is through
measurements of the scattering of the Cosmic Microwave
Background (CMB) photons with free electrons at lower
redshift [5–9].

The CMB photons interact with free electrons in late-
time galaxies and clusters through Thomson (or Comp-
ton) scattering, leaving imprints on the CMB known as
the Sunyaev-Zel’dovich (SZ) effects [10, 11]. These are
usually classified based on the relative motion between
the electrons and the CMB rest frame. The two main
types of SZ effects are the thermal and kinematic SZ
effects, respectively known as tSZ and kSZ. The tSZ ef-
fect is the primary focus of this work, and arises from
the scattering of CMB photons by the hot electrons in
and around low-redshift halos. The size of the effect is
proportional to both the electron number density and
temperature, thus probing the thermal pressure of the
ionized gas. The kSZ effect meanwhile is caused by the
Doppler boosting of CMB photons due to the bulk mo-
tion of the gas, and is proportional to electron density
(see [9, 12–14] for reviews on the topic). As the mag-
nitude of the SZ effect is independent of redshift, they
are well suited for studies of high redshift galaxies and
clusters.

Due to the fact that electron pressure is higher in more
massive haloes, the tSZ signal scales as a higher power of
halo mass (∝ M5/3), and receives a large part of its con-
tribution from the most massive objects in any sample.
Measurements of the tSZ effect could be used to model
gas temperature [15], and clustering statistics when com-
bined with lensing and gas emissions [16]. Furthermore,
measurements of the tSZ effect can be combined with
measurements of the kSZ effect, and the joint analysis of
the two effects would allow for constraints on gas density
and temperature, halo thermodynamics, galaxy feedback
and formation, as well as baryon effects on lensing [17].
For this reason, we perform the tSZ measurement on the
same sample and in the same redshift bins as the kSZ
measurements of [18, 19] to allow for these joint analy-
ses.

The use of the tSZ effect to probe the gas content of
dark matter halos has a long history. In the last decade,
maps from the Planck satellite [20] have been used in
combination with a variety of galaxy surveys to trace the
hot gas in and around low redshift galaxies and clusters
(see for example [21–26]). The arcminute angular reso-
lution of ground-based wide-field CMB experiments such
as the Atacama Cosmology Telescope (ACT, [27]) and
the South Pole Telescope (SPT, [28]) permits the study
of gas on smaller scales, closer to the galaxies’ centres.

Data from ACT and Planck, together with galaxy cata-

logues from the Baryon Oscillation Spectroscopic Survey
(BOSS, [29]) has been used to measure the stacked pro-
files of the thermal and kinematic SZ effects [30–33], and
followed up with constraints on gas thermodynamics us-
ing these SZ measurements [34]. Similar measurements
have been obtained with galaxies from the Dark Energy
Survey (DES, [35]), together with CMB data from ACT
and Planck [15] or SPT and Planck [36, 37]. Furthermore,
ACT and Planck data have also been used to explore the
filamentary structure of the cosmic web [38–42].
We note that in all cases, a correct interpretation of the

signal requires modeling of the gas that is correlated with
the galaxies in question but that belongs to other galaxies
along the same line-of-sight, the so-called “2-halo” term
[34, 43–45].
The tSZ signal has also been used to identify galaxy

clusters: the effect produces a signal that is straight-
forward to isolate and is independent of redshift1. SZ-
selected cluster catalogues have been published from mul-
tiple collaborations [46–50].
In this paper, we follow previous work closely [30]

and combine data from the most recent Luminous Red
Galaxy (LRG) photometric catalogue [51] from the Dark
Energy Spectroscopic Instrument (DESI, [52]) and maps
of the tSZ signal obtained from multi-frequency CMB
maps from ACT DR6 and Planck [53]. We stack the tSZ
maps at the location of the LRG sample to measure the
tSZ signal. We split the LRGs into four redshift bins
spanning the range z ≈ 0.4 − 1.2 and repeat the mea-
surement as a function of radial distance from the centre
of the galaxy (or “aperture” in what follows).
This paper is organized as follows: In Section II we

will discuss the formalism behind the tSZ effect. Sec-
tion III will present the galaxy catalogues and the CMB
maps used in our analysis. Section IV will discuss the
methodology used in our tSZ stacking analysis Section
V will feature our results as well as a discussion of their
meaning, before concluding in Section VI.

II. THEORY

The tSZ effect is caused by the inverse Compton scat-
tering of CMB photons interacting with free electrons of
the hot ionized intergalactic gas. The random motions of
the thermal electrons in the hot gas boost the energy of
the scattered CMB photons, resulting in a characteristic
distortion of the CMB frequency spectrum (see [9] for a
review).
In particular, the tSZ effect leads to a spectral y-type

distortion proportional to the square of the electron ther-
mal velocity vth, which itself is proportional to the elec-

1 With some residual redshift dependence on the detection effi-
ciency due to the redshift-dependent angular diameter in the sky,
as well as a redshift dependence on the identification of optical
counterparts.
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tron temperature Te. The electron temperature is thus
changed by [5–9]:

δTtSZ(n̂)

TCMB
= ftSZ(ν)y(n̂) . (1)

Where ftSZ is the frequency dependence given by

ftSZ = x coth(x/2)− 4 , (2)

with x = hν/kBTCMB, while the amplitude is given by
the (dimensionless) Compton-y parameter:

y(n̂) =
kBσT

mec2

∫
dχ

1 + z
ne(χn̂, z)Te(χn̂) , (3)

with σT as the Thompson cross section, ne as the free
electron number density, χ as the comoving distance to
redshift z, me as the electron mass and kB as the Boltz-
mann constant. Note that the y-parameter is indepen-
dent of frequency.

The particular frequency dependence of the signal out-
lined in Equation 2, which is independent of electron tem-
perature in the non-relativistic limit, allows for the cre-
ation of Compton-y maps with unit response to the tSZ
signal and reduced foregrounds by combining CMB maps
at different frequencies [53–56].

As measurements of the y-parameter are proportional
to the product of the free electron density of the gas as
well as the gas temperature, we can use these measure-
ments to better understand halo thermodynamics [17],
clustering filaments [39], AGN feedback and formation
[57], and baryon effects in lensing [34, 58, 59]. Fur-
thermore, combining measurements of the kSZ and tSZ
effects of the same halos allows for model-independent
measurements of the electron temperature as demon-
strated on the BOSS sample in [30, 34].

III. DATA

A. DESI Survey Galaxy Sample

The Dark Energy Spectroscopic Instrument (DESI) is
a robotic, fiber-fed, highly multiplexed spectroscopic sur-
veyor that operates on the Mayall 4-meter telescope at
Kitt Peak National Observatory [60], with the goal of
determining the nature of dark energy through the most
precise measurement of the expansion history of the uni-
verse ever obtained [61]. DESI, which can obtain simulta-
neous spectra of almost 5000 objects over a ∼ 3◦ field [62–
64], is currently conducting a five-year survey of about
a third of the sky. This campaign has obtained spectra
for approximately 50 million galaxies and quasars [52],
following a survey validation campaign [65], and an early
data release (EDR) [66].

Among the results using the First Data Release (DR1),
are Key Papers presenting the two-point clustering mea-
surements and validation [67], BAO measurements from

FIG. 1. Overlap of ACT (black) and DESI (red) observation
fields. The overlap area is shown in yellow, and represents the
footprint overlap mask. The total overlap area is 7326 square
degrees.

galaxies and quasars [68], and from the Lyman-α forest
[69], as well as a full-shape study of galaxies and quasars
[70]. There are Cosmological results from the BAO mea-
surements [71] and the full-shape analysis [72], as well as
constraints on primordial non-Gaussianity [73].
We use the photometric Luminous Red Galaxies

(LRG) sample from DESI [51, 74–77], produced using an
extensive survey reduction pipeline [78, 79]. In particu-
lar, we use the sample described in [51], which provides
photometric redshifts and spectroscopic calibration of the
redshift distribution of the sample. The main LRG sam-
ple is split into four redshift bins based on photometric
redshift measurements, as described in [51].
The redshift distributions of the four bins are shown

in Figure 2, and report the number of galaxies in each
bin in Table I. We further note that the DESI main LRG
sample catalogue is subject to a number of quality cuts
from the full DESI catalogue, and described in [51].
Recent work based on the DESI One-Percent Survey

has performed a comprehensive analysis of the DESI Halo
Occupation Distribution [80], giving us an approximate
measurement of the host halo masses. They find a mean
halo mass of log10 M̄h = 13.40+0.02

−0.02 for LRGs in 0.4 <
z < 0.6, roughly corresponding to our first two redshift
bins, and a lower mass of log10 M̄h = 13.24+0.02

−0.02 for LRGs
at higher redshift 0.6 < z < 0.8.

B. Cosmic Microwave Background Maps

We utilise high-resolution and low-noise maps of the
CMB from the Atacama Cosmology Telescope (ACT)
for our analysis [53]. Specifically, we make use of a set
of component-separated Compton-y maps, made using a
combination of ACT and Planck data. The ACT DR6
data includes observations from 2017-2022, in three fre-
quency bands: f090 (77–112 GHz), f150 (124-172 GHz),
and f220 (182-277GHz). The Planck data used origi-
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Bin z̄ n̄θ # of objects in bin (overall) # of objects in bin (masked)
1 0.470 81.9 1,118,496 332,280
2 0.628 148.1 2,031,303 608,100
3 0.791 162.4 2,240,982 671,738
4 0.924 148.3 2,049,158 615,543

TABLE I. Key information regarding the DESI LRG sample used; z̄ is the mean redshift of each bin, n̄θ is the number density
per square degree. We note that the reduction in objects after masking comes from reducing the overall DESI field to the
smaller overlap field, as shown in Figure 1.

0.2 0.4 0.6 0.8 1.0 1.2
z

0

2

4

6

8

10

dN
/d

z

Photometric LRG bins

FIG. 2. Spectroscopic distributions of four sub-sample pho-
tometric redshift bins, derived from 2.3 million DESI spec-
troscopic redshifts. The unit on the y axis are the number of
galaxies per square degree within the redshift bin, with width
dz = 0.01.

nates from the NPIPE data described in [81]. The single-
frequency Planck data covers the whole sky, but only the
area overlapping with ACT DR6 is used.

This is achieved through the use of a needlet decom-
position and component separation pipeline, described in
detail in [53]. First, pre-processing is done on the data:
Point sources are subtracted and the 70% galactic mask
from Planck is applied, and both the Planck and ACT
maps are convolved to a 1.6 arcmin Full Width at Half
Maximum (FWHM) Gaussian beam, which matches the
ACT resolution. A Fourier space filter is further added
in the pre-processing step to remove modes contaminated
by scan-synchronous pickup. Next, the input maps are
transformed to the wavelet frame. This is achieved by
convolving the maps with generalized “needlet” kernels,
implemented as a series of spherical harmonic transforms
and filters. The transformed maps are then component-
separated using the Needlet-frame Internal Linear Com-
bination (NILC) method [82]. This method, described
in Section III. C of [53], combines all measurements at
each needlet scale into a map of the Compton-y parame-
ter. An inverse needlet decomposition is then performed

to transform the map back into a real space basis, and
Fourier space filtering is done to replace missing modes.
As will be discussed in Section V, foreground contam-

ination is a major issue with the tSZ stacked profiles,
especially due to the effects of dust contamination from
the Cosmic Infrared Background (CIB). This contamina-
tion, previously reported in other studies [23, 30] leads
us to consider a number of ways to mitigate the effects of
CIB emission using data beyond the fiducial component-
separated Compton-y parameter map from ACT. We
show that a simple deprojection of a fiducial CIB model
leads to unstable results and strong dependence on the
assumed model. Further moment deprojection largely
mitigates this model dependence, as discussed in Section
IVE.
As a consistency check, we also use single-frequency

CMB temperature maps from ACT DR5 [83] with a mod-
ified filter. This is discussed in Appendix C.

IV. ANALYSIS

A. Filtering

Our pipeline is similar to what was used in previous
analyses with ACT and BOSS data [30]. In particular,
we define a set of Compensated Aperture Photometry
(CAP) spatial filters with varying aperture radius θd,
centred around each galaxy in the catalogue. The output
of the CAP filter on a y-parameter map is defined by

y(θd) =

∫
d2θ yWθd(θ) , (4)

for different window functions Wθd(θ).
We first consider a window function corresponding to

a disk-ring filter Wθd(θ), which is defined as

Wθd(θ) =


1 θ < θd
−1 θd < θ <

√
2θd

0 otherwise

. (5)

The CAP filter measures the integrated temperature
fluctuation within a disc of radius θd and subtracts the
same signal measured in a concentric ring of equal area
surrounding the disc. Since Wθd averages to zero over the
full range of θ, fluctuations on scales larger than the filter
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are nulled. This compensation property allows longer-
wavelength fluctuations than the filter size to be can-
celled out after filtering, effectively reducing noise from
degree-scale CMB fluctuations and reducing the correla-
tion between different CAP filter sizes. The output of
the filter decreases for smaller disc radii and converges
to the cumulative gas pressure for larger radii, allowing
each CAP filter radius to act as a band-pass filter on the
temperature map before stacking. Consequently, CAP
filter profiles can be interpreted as approximations of the
cumulative gas pressure profile.

If the true tSZ profile was known a priori and we were
only interested in measuring the amplitude of the known
profile, a matched filter would be the minimum variance
unbiased linear estimator. However, the tSZ profile is
not known and the goal of this study is to measure this
profile. Therefore we use a set of filters and we vary the
size of θd between 1 and 6 arcmin, which corresponds
to approximately 0.5-4 virial radii, the physical scales
relevant for feedback and baryonic effects.

B. Masking

In addition to the signal from LRGs, the ACT DR6
y-parameter maps contain bright point sources and clus-
ters. The masking comprises three components: large
clusters, point sources, and the footprint base mask (the
latter of which is shown in Figure 1), used to mask out
the galactic plane and non-observed areas.

As a preprocessing step in the Needlet ILC pipeline,
bright point sources were removed. This step allows for
a lower noise and less contaminated Compton-y map.
Two different methods were used for removing the point
sources: subtracting a model of the source and inpaint-
ing the region around the sources. Inpainting removes
the signal from a larger region of the sky and is only
used on sources that cannot be accurately subtracted -
extended sources or those with SNR > 70. Subtraction
is used for all sources detected at SNR > 5 in the indi-
vidual frequency point source catalogues. See [53] and
[84] for more details on the subtraction and inpainting
procedures. Regions impacted by the subtraction and in-
painting can bias this analysis: inpainted regions contain
a constrained Gaussian noise realization, rather than the
true sky, and the subtraction inadvertently removes sky
contributions beyond just the point source, as the model
is built from the data itself. We therefore mask any in-
painted pixels, with a disc of radius 6 arcmin around very
bright point sources and a 10 arcmin disc around bright
extended objects, and use a disc mask of radius 3 arcmin
around all subtracted sources.

Very massive galaxy clusters dominate the Compton-
y map and their very bright signal can skew the stacks,
described in the subsequent section. In this work we
choose to mask the most massive clusters as it will reduce
the variance in our measurement at minimal cost to the
signal. We use a cluster catalogue derived from the ACT

DR6 data and mask all clusters detected with SNR > 6.
This catalogue was constructed in a very similar manner
to the DR5 catalogue described in [48].

C. Stacking

In order to obtain a combined (mean) tSZ measure-
ment from the measured temperatures on individual
galaxies, we stack the measured temperatures Ti(θd)
(measured at each specific θd) to return the average
stacked tSZ profile T (θd). In principle, if the noise
per object and aperture σ2

i,θd
, is available and indepen-

dent object by object, the optimal inverse-noise weighted
mean is given by:

T (θd) =

∑
i Ti(θd)/σ2

i,θd∑
i 1/σ

2
i,θd

. (6)

However, given the complexity of the noise post-NILC
component separation and CIB deprojection, we adopt
a uniform weighting and expect this to be very close to
optimal given the modest noise variations across the map:

T (θd) =

∑
i Ti(θd)
N

, (7)

where N is the number of galaxies in each stacked cata-
logue.
An object is considered “masked” if the aperture of the

object at the largest radius hits the mask area. The ob-
ject is removed from the stack and not considered for any
aperture radius. As a result, we stack the same sample
of objects for all apertures.

D. Covariance Matrix Computation

Since filters of different apertures overlap, the covari-
ance matrix will have non-negligible off-diagonal com-
ponents which need to be taken into account when in-
terpreting the signal. The covariance of different CAP
filters can in principle be computed analytically from the
power spectrum for a map with uniform noise. However,
the depth of the ACT CMB maps is non-uniform and
anisotropic, which complicates this simple calculation.
Instead, we follow previous work [30] and use boot-

strap re-sampling of individual galaxies to compute our
fiducial covariance matrices. We draw with repetition
from the galaxy catalogue to generate a resampled galaxy
catalogue, with the same number of objects. This re-
sampled catalogue is then used to measure the stacked
tSZ profiles, and this re-sampling process is repeated
10,000 times, and used to infer the tSZ covariance matri-
ces.
This method produces an unbiased estimate of the tSZ

covariance, in the limit of independent noise realizations
of galaxies. As discussed in [30], this method may fail in
case of a very high number density, where the assumption
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of independent noise from galaxy to galaxy no longer
applies because of the spatial overlap of several of them.
However, following Appendix D of [30], we expect the
bootstrap covariance used here to be accurate to ∼10%,
sufficient for our analysis.

E. Impact of the Cosmic Infrared Background

Thermal dust emissions from DESI LRGs in our sam-
ple, as well as other galaxies along the same line-of-sight
(which we consider as part of the CIB), can bias the tSZ
signal obtained by the NILC technique. Mitigating this
effect is one of the main goals of this paper.

One possible path towards reducing this contamination
is using CIB-deprojected y-parameter maps from ACT
[53]. The CIB spectral energy distribution (SED) is as-
sumed to be a modified blackbody

fCIB(ν) =
A
(

ν
ν0

)3+β

exp hν
kBTCIB

− 1

(
dB(ν, T )

dT

∣∣∣∣
T=TCMB

)−1

,

(8)
where the default parameter values β = 1.7 and TCIB =
10.70 K characterize the mean CIB properties, while ν0
is a pivot frequency and A is a normalization constant.
The parameter values for β and TCIB are obtained by a
fit to the CIB monopole at 217, 353, and 545 GHz, based
on [85].

However, as discussed in [53], there are two caveats
that may make CIB deprojection less effective. The first
is that the CIB Spectral Energy Distribution (SED) is
not well understood, and the deprojection of an inaccu-
rate CIB SED could lead to a residual CIB signal in the
tSZ stacks. Second, the contamination in the case of tSZ
stacking is expected to be dominated by the dust emis-
sion from the galaxies in the samples themselves. This
contamination can have different properties compared to
the CIB as a whole, which is the average over many galax-
ies over a much broader redshift range, and more heavily
weighted towards galaxies at z ≳ 1. Therefore, the mean
CIB SED, even if known perfectly, might not accurately
describe the thermal dust emission from the sample of
interest. As we shall see in Section V, the results from
this simple deprojection are very sensitive to the assumed
parameters, making it insufficient for our purposes.

Due to the parameter sensitivity just mentioned, we
also consider moment-deprojected y maps, following the
method of [86] and implemented in [53]. This method in-
volves deprojecting a second spectral template that rep-
resents the first-order Taylor expansion centred at the
assumed spectral index β. These maps additionally de-
project the derivative spectrum, given by

fCIB−dβ(ν) =
A ln (ν/ν0)

(
ν
ν0

)3+β

exp hν
kBTCIB

− 1

(
dB(ν, T )

dT

∣∣∣∣
T=TCMB

)−1

.

(9)

We note that this is equivalent to fCIB(ν) ln (ν/ν0). By
deprojecting both a fiducial CIB SED and the deriva-
tive of the SED with respect to β, we remove the first-
order sensitivity to the assumed fiducial value. We note
however that each deprojection comes with an additional
noise cost in the ILC map. This extra noise is visible in
the rightmost panel of Figure 5, though we note that
the effect is mitigated when computing radially averaged
stacked profiles.

V. RESULTS

A. CIB Deprojected maps

We present the stacked tSZ profiles for the fiducial
and CIB-deprojected y-parameter maps, as well as the
dβ CIB moment-deprojected map, in Figures 3 and 4 re-
spectively. These stacked profiles were generated using
the disk-ring CAP filter as described in Section IVA. We
show one stacked profile plot for each photo-z bin in the
DESI LRG catalogue. We see that the CIB-deprojected
map deviates from the fiducial y-parameter map at large
radii, as in Figure 3. Meanwhile, the stacked profiles for
the fiducial and moment-deprojected CIB maps largely
agree in value, especially in the lower photo-z bins (see
Figure 4).
To compute the SNR, we fit the stacked profile with

a 2-parameter Gaussian model and compute the χ2
model.

While not a physically-motivated model, it does provide
a good fit to the data (as previously shown in [30]), and
therefore can be used to quantify the SNR. In particu-
lar, we fit for both the width σ and the amplitude A of
a Gaussian. The null χ2

null is computed by setting the
profile to zero. The SNR and basic statistical quanti-
ties related to the fiducial stacking are reported in Table
II. Fits to the tSZ and kSZ profiles informed by simula-
tion as well as inference of physical properties will be the
subject of an upcoming paper.
We can easily observe the effect of dust contamination

from the stacks fiducial Compton-y parameter map, as
shown in Figure 5: the fiducial Compton-y parameter
map has no deprojection of CIB, and we thus observe a
central dust feature in the form of a negative signal in the
stacked profiles in Figures 3 and 4 as well as in the centre
of the panel on Figure 5. The significance of the CIB con-
tamination in the fiducial map limits the interpretability
of the signal, especially at small apertures.
The creation of CIB-deprojected y-parameter maps

is described in detail in [53]. As described in [53],
the default CIB parameters adopted are β = 1.7 and
TCIB = 10.7 K, obtained from a preliminary version of
the analysis conducted in [56, 87]. In our analysis, we fix
TCIB = 10.7 K while varying the values of β as 1.2, 1.4,
and 1.6 in Figure 3. We see that changes in the CIB
deprojection parameters result in large deviations in the
final stacked tSZ profile. The large shifts of the resulting
tSZ profiles show the lack of stability of the CIB depro-
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FIG. 3. ACT DR6 fiducial y-parameter stacked profiles along-
side stacked profiles using deprojected CIB y-parameter maps
with varying values of the β parameter. Each panel represents
one photometric redshift bin as described in Section IIIA.

jection maps to changes in the CIB parameters and hint
at large modelling uncertainty using this method.

Figure 4 shows the tSZ signal with a deprojected CIB
and the first moment in β, as described in Section IVE.
We see that the deprojection of the first moment yields
a more stable signal, and converges closer to the fiducial
y-parameter map at large apertures. There is a residual
scatter of order ∼ 20%, which can be taken to represent
the residual modelling uncertainty when deprojecting the
CIB from ACT + Planck data alone. Of course, this un-
certainty could be further reduced by the use of external
datasets or future observations especially at higher fre-
quencies. The corresponding plots for a different choice
of fiducial CIB temperature (TCIB = 24 K) are shown in
Appendix B, and are in good agreement with the results
presented here.

In addition to the radial stacked profiles shown in Fig-
ures 3 and 4, we show the stacked tSZ maps in Fig-
ure 5 for illustration. These stacked maps were created
by stacking and averaging the maps following Equation
7, rather than using the CAP filters. As a result, the
stacked maps are visually different from the stacked pro-
files as in Figure 3, where a CAP filter has been ap-
plied. We make note that the CIB dust contamination
and central stacked map feature shown in these figures
was also present in previous work involving ACT CMB
maps [30, 31, 34].

The dust emission caused by the CIB is noticeable in
the centre of the fiducial y-parameter stacked map, but
not present in the other two. We do note that the dβ
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FIG. 4. ACT DR6 fiducial y-parameter stacked profiles along-
side the profiles stacked on dβ moment-deprojected, CIB-
deprojected y-parameter maps, with varying values of β.

Map DESI Bin χ2
null χ2

model dof SNRmodel

ACT DR6 (fiducial) pz1 384.2 6.94 9 19.4
ACT DR6 (fiducial) pz2 567.2 16.4 9 23.5
ACT DR6 (fiducial) pz3 790.4 27.3 9 27.6
ACT DR6 (fiducial) pz4 508.1 18.6 9 22.1

TABLE II. χ2 and signal to noise of the tSZ measurements
on the fiducial y-parameter map with no deprojections. The
SNRmodel =

√
χ2
null − χ2

model is computed with respect to the
best-fit Gaussian profile, which provides a reasonable (even
though not necessarily physical) fit to the data.

moment-deprojected map is more noisy: this is expected,
because each deprojection comes at an increased noise
cost, as discussed in [53]. We note however that the
radially-averaged and CAP-filtered profiles from these
moment-deprojected maps are detected at high signifi-
cance, as in Figure 4. The CIB deprojected map comes
at a ≈ 10% noise cost, while the dβ-deprojected stacks
have about 30% larger noise.

B. Correlation Matrices

In addition to the radially stacked profile plots shown
in the previous section, we also show the correlation
matrices, obtained through bootstrap resampling of the
galaxies as described in Section IVD. We show the result-
ing correlation matrix for the fiducial y-parameter map
in Figure 6.
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VI. DISCUSSION AND CONCLUSION

In this paper, we have measured the stacked profiles
of the thermal Sunyaev-Zel’dovich effect around DESI
Luminous Red Galaxies. Using Compensated Aperture
Photometry filters, as well as the high-resolution ACT
DR6 maps and the high-quality DESI LRG dataset, we
have provided one of the highest significance measure-
ments to date of the tSZ signal.

As discussed in the text, one of the main challenges is
dealing with the contamination from the Cosmic Infrared
Background. In order to further analyze the effects of
the CIB, we have also made measurements using a series
of CIB-deprojected Compton-y parameter maps, as well
as dβ moment-deprojected maps. We were able to con-
clude that the CIB dβ moment-deprojected maps would
allow us to mitigate the effects of dust while reducing
the modelling uncertainty to ∼ 10 − 20%. A full CIB
deprojection for our redshift range of interest may only
be possible with the use of external data such as dust
observations from PRIMA [88] or CCAT [89], as well as
data from Herschel (as used in [34]) or observations from
the James Webb Space Telescope.

The measurement of the tSZ signal is an additional
tracer of baryonic matter that could be used to constrain
galaxy halo thermodynamics [17], filamentary structure
[39], galaxy feedback and formation [57], baryon effects
on lensing [87], as well as the gas temperature when com-
bined with similar kSZ measurements [34]. Similar stack-
ing work on the same samples to measure the kSZ signal
with ACT and DESI data is in progress [18, 19].

In upcoming work [90], we will compare these measure-
ments to the kSZ signal and to simulations while explic-
itly including the effect of satellite galaxies, miscentering
and detailed modelling of the selection function and mass
distribution of the sample. This will allow us to obtain
the temperature profile of the gas within DESI galaxies,
and provide model-specific constraints on the thermal en-
ergy injected into these galaxies through feedback as well
as the amount of non-thermal pressure support present.
Combined with weak lensing measurements, this will en-
able us to derive the complete thermodynamic properties
of the halo, providing a comprehensive view of the rela-
tionship between visible and dark matter. Additionally,
it will shed light on the complex processes involved in
galaxy formation and evolution.
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Data points for the figures are available in digital for-
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FIG. 7. Non-Cumulative variant of Figure 3 showing the
stacked profiles for the fiducial and CIB-deprojected y-
parameter maps.

Appendix A: Non-Cumulative tSZ Measurements

So far, our tSZ measurements made use of cumula-
tive Compensated Aperture Photometry (CAP) filters to
measure the total signal within a particular radius. While
useful, this cumulative measurement yields high correla-
tions between the tSZ bins, as we can see in Figure 6,
making it difficult to study the tSZ signal at a particular
radius independent of the inner or outer points.

In this appendix, we also present non-cumulative
stacked profile measurements, by using a new type of
filter we call a ring-ring filter, defined by the following
window function:

W̃θ0,θd(θ) =


1 θ0 < θ < θd
−1 θd < θ <

√
2θ2d − θ20

0 otherwise

(A1)

for a specified inner radius of θ0. The flexibility of the
ring-ring filter is its ability to mask out the central re-
gion of a stacked profile, allowing us to measure the
outer regions only. In this appendix, the ring-ring fil-
ter is used with a varying inner radius to measure the
non-cumulative stacked profiles, but as we will see in Ap-
pendix C, we can also make use of the ring-ring filter for
masking out the central pixels of cluster stacks to study
dust effects at large radii.

Using our ring-ring filter as defined above, we can mea-
sure the non-cumulative signal at each radius. We do this
by fixing the difference between the inner radius θ0 and
θd in Equation A1 to be a fixed ring width. The outer
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FIG. 8. Non-Cumulative variant of Figure 4 showing the
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FIG. 9. Correlation Matrix for stacking on the fiducial ACT
DR6 y-parameter map, without CIB deprojection.

ring is still maintained at an equal area to the inner ring
to cancel out larger fluctuations. For the plots in this
section, we pick R = θd, and θ0 = θd − 0.5 arcmin.
The resulting tSZ stacks are shown in Figures 7, 8 and

9. The non-cumulative nature of this new filter ensures
that the covariance matrix is close to diagonal, with the
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only significant correlation being between neighbouring
bins, as shown in Figure 9.

Though we will not be conducting detailed analyses
using non-cumulative stacked profiles, we nevertheless
present them in this appendix as a possible method for fu-
ture analysis. We note that this non-cumulative stacking
is closely related to the slope of the cumulative stacked
profiles given previously in this work, and as a result, this
is simply a new visualization of the same information.

Appendix B: Results with TCIB = 24K

Alongside the results in the main body, we also present
the stacked profile results for a different set of CIB pa-
rameters. For example, previous work by [91] adopts a
different set of CIB parameters with TCIB = 24K and
β = 1.2, which we show below in the following figures for
completeness and as a consistency check.
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FIG. 10. ACT DR6 stacked profiles alongside the deprojected
CIB profiles with varying values of β, for TCIB = 24.0K.

In Figure 10 we can see that for maps with a single
β deprojection, the results are rather dependent on the
fiducial value of β, a qualitatively similar behaviour as
what we have found in Figure 3 for TCIB = 10.7 K.

In Figure 11, we also find that moment deprojection
yields results that remain stable despite variations in the
fiducial β and are consistent across our two choices of
TCIB. This further reinforces the reliability of our mea-
surements.
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FIG. 11. ACT DR6 stacked profiles alongside the deprojected
CIB and dβ profiles, with varying values of β, for TCIB =
24.0K.

Appendix C: Tracking the spatial distribution of
dust with single-frequency maps

To better understand the presence and spatial extent
of dust emission in our samples, we also consider stacks
on single-frequency maps in this appendix. In particular,
we use the ACT DR5 maps [83] at the f090 (77–112 GHz)
and f150 (124–172 GHz).2 While they are suboptimal for
extracting the tSZ signal and hence not used directly in
our fiducial analysis, single-frequency maps maintain the
spatial morphology of all components as they are not
subject to the same needlet ILC harmonic-space weight-
ing as the processed y-parameter maps. Therefore, they
allow us to study where the dust emission is localized
in space, leading to a better understanding of the CIB
contamination.
In particular, we expect that a large fraction of the

dust emission is associated with the very centre of these
galaxies, where the stars reside. This is because it is the
stars that both create the dust grains and heat them up,
leading to infrared emission. To test this hypothesis, we
compare the temperature decrement in the f090 and f150
maps converted to units of Compton-y, using Equation
1. We note that the tSZ signal should be the same, but
the dust signal should be a factor of several larger in
f150 compared to f090. Therefore, we will attribute any

2 We note that this analysis was conducted predating the creation
of ACT DR6 single-frequency maps.
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FIG. 12. Plot of the ACT DR5 stacked profiles using the
standard CAP filter as described by the window function in
Equation 5. Note that the tSZ stacked profiles shown in the
main body are all computed with the same filter.

statistical difference between the f150 and f090 stacks to
dust.

There is one further complication: since our CAP fil-
ters are cumulative, a difference in the central pixel will
reflect as a constant offset between the two curves. How-
ever, we can solve this problem using the ring-ring filter
we defined in Appendix A, which we can use to explicitly
remove the central region where we expect most of the
dust emissions to originate.

Following the ring-ring filter given in Equation A1, we
choose the inner radius θ0 = 1 arcmin to mask the ther-
mal dust emissions otherwise contaminating the tSZ sig-
nal at the centre of the stacked profile. As in the case of
the standard CAP filter, the ring-ring filter’s outer radius
is chosen to maintain an equal area as the inner ring so
that the same filtering out of large-scale fluctuations of
the CMB also applies here.

Comparing the standard CAP filter stacks from Figure
12 and the ring-ring filtered stacks from Figure 13, we
can easily observe the effects of dust emissions at the
centre of the f150 band in the CAP measurements: this
shows up as a rather significant detection of “negative”
y parameter in f150, likely indicating a positive emission
in the f150 map at the centre of the stack.

Interestingly, for the ring-ring filter the lowest two red-
shift bins pz1 and pz2, which are also the most massive,
we find excellent consistency at all apertures, strongly
suggesting that the only significant dust contamination
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FIG. 13. Plot of the ACT DR5 stacked profiles using the
ring-ring filter. The filter masks out the central area of the
stack following Equation A1, with θ0 = 1 arcmin.

is associated with the stellar disk 3 in the innermost aper-
tures. This should be compared to the behaviour of the
CIB deprojected stacks shown in Figure 3, which show
large differences between the fiducial curve and the CIB-
deprojected ones at large apertures. We speculate that
the harmonic filtering applied to the maps through the
NILC algorithm doesn’t preserve the spatial morphology
of the dust emission and “spreads” it to all apertures.
On the contrary, we find some mild hints of dust con-

tamination at larger apertures for pz3 and pz4, due to the
difference of the stacked profiles at the two frequencies.
Similar hints have also been noted in [92]. These galaxies
are at higher redshift, closer to the peak in star forma-
tion, and have a lower mass, meaning that the two-halo
term of the dust (i.e. dust in other galaxies correlated to
the ones of interest) is expected to be larger. Alterna-
tively, it could indicate that dust has been pushed to the
outskirts of the halos by feedback mechanisms that lead
to an extended dust profile. While not the main focus of
this work, this interesting hint warrants further study.

3 Which at our resolution is essentially a “delta function” at the
center of the galaxy, but convolved with the 1.4 arcmin beam for

f150 and 2.1 arcmin for f090.


