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Recent advances in cosmological observations have provided an unprecedented opportunity to
investigate the distribution of baryons relative to the underlying matter. In this work, we show that the
gas is more extended than the dark matter, and the amount of baryonic feedback at z ≲ 1 disfavors low-
feedback models such as that of state-of-the-art hydrodynamical simulation IllustrisTNG compared with
high-feedback models such as that of the original Illustris simulation. This has important implications for
bridging the gap between theory and observations and understanding galaxy formation and evolution.
Furthermore, a better grasp of the baryon-dark matter link is critical to future cosmological analyses, which
are currently impeded by our limited knowledge of baryonic feedback. Here, we measure the kinematic
Sunyaev-Zel’dovich (kSZ) effect from the Atacama Cosmology Telescope, stacked on the luminous red
galaxy sample of the Dark Energy Spectroscopic Instrument (DESI) imaging survey. This is the first
analysis to use photometric redshifts for reconstructing galaxy velocities. Due to the large number of
galaxies comprising the DESI imaging survey, this is the highest signal-to-noise stacked kSZ measurement
to date; we detect the signal at 13σ, finding strong evidence that the gas is more spread out than the dark
matter, as well as a preference for larger feedback compared to some commonly used state-of-the-art
hydrodynamical simulations. Our work opens up the possibility of recalibrating large hydrodynamical
simulations using the kSZ effect. In addition, our findings highlight the importance of properly accounting
for baryonic feedback with future surveys such as LSST through direct probes such as the kSZ, and shed
light on long-standing enigmas in astrophysics, such as the “missing baryon” problem.

DOI: 10.1103/kclp-x5j1

I. INTRODUCTION

Baryons, though comprising more than 15% of the
Universe’s total matter content, continue to elude precise
mapping in relation to the underlying dark matter [1]. This
poses a significant challenge for the next generation of
large-scale structure experiments, especially those measuring
weak lensing, including the Vera Rubin Observatory [2,3],
Euclid [4], and the NancyGrace Roman Space Telescope [5].
Realizing the full potential of these surveys necessitates

subpercent-level knowledge of baryonic effects on cosmo-
logical observables. Furthermore, unraveling the astrophysi-
cal processes governing baryons within galaxies and
galaxy clusters holds the key to deciphering the mysteries
of galaxy formation and evolution. The bulk of baryons
reside in the circumgalactic medium (CGM) and the intra-
cluster medium (ICM), the baryon abundance and compo-
sition of which is shaped by phenomena such as active
galactic nuclei (AGN) winds and supernova explosions [6].
Among themost potent tools for probing the elusivebaryon

distribution is the measurement of the Sunyaev-Zel’dovich
(SZ) effect around galaxies. Stemming from the interaction of
free electrons in the CGM and ICM with cosmic microwave

background (CMB) photons, the SZeffect provides awindow
into the thermodynamic properties of galaxy groups and
clusters, critical for resolving a multitude of astrophysical
andcosmological enigmas. Inparticular, the thermalSunyaev-
Zel’dovich (tSZ) effect arises from the inverse Compton
scattering of CMB photons by the hot thermal gas within
groups and clusters. Itsmagnitude, directly proportional to the
electron pressure integrated along the line-of-sight, offers
insights into the thermodynamic conditions of these cosmic
structures. In contrast, the kinematic Sunyaev-Zel’dovich
(kSZ) effect results from the encounters between CMB
photons and free electrons in bulk motion relative to the
CMB rest-frame. This effect depends on the integrated
electron density along the line-of-sight, multiplied by the
peculiar velocity making it a powerful tool for tracing the
spatial distributionofbaryons, even to theoutskirts ofgalaxies
and clusters (e.g., see [7,8] for a review on the SZ effect). In
particular, the kSZ effect can be used to measure the gas
density in the outskirts of galaxies, independent of any
assumptions on temperature or metallicity.
In this work, we measure the baryon profiles around

Dark Energy Spectroscopic Instrument (DESI) luminous
red galaxies (LRGs) using the stacking of the kSZ effect.
The kSZ effect has been measured using a variety of*Contact author: boryanah@alumni.princeton.edu
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techniques over the years, including the first detections
using the pairwise estimator [9,10], through “velocity re-
construction” templates (and the closely related “velocity-
inversion”) [11–15], cross-correlations with redshift fluc-
tuation maps [16], and projected fields techniques
[17,18], among others. Our findings shed light on the
complex relationship between baryonic matter and dark
matter. The novelty of this work lies in the following
three aspects: (1) its pioneering use of photometric redshifts
for probing the stacked kSZ effect, which departs from
the traditional use of spectroscopic redshifts; (2) challeng-
ing the predictions of state-of-the-art hydrodynamical
simulations—we find that the feedback processes appear
to be stronger in the real Universe than in simulations—in
other words, the baryons are expelled more violently from
the cores of galaxy groups and clusters; 3) its implications
for modeling baryonic feedback at the percent level in
anticipation of the next generation of weak lensing surveys
such as LSST, which could otherwise bias our inference on
the cosmological parameters. Measurements of the kSZ can
also shed light on potential discrepancies in weak lensing
analysis such as the “low S8” tension hinted upon when
comparing the inferred values of the clumpiness parameter,
S8 ≡ σ8ðΩm=0.3Þ1=2, from weak lensing with CMB probes
(e.g., see [19] and references therein), and the “lensing is
low” tension, which constitutes a discrepancy between
galaxy clustering and galaxy-galaxy lensing [20,21].
This paper is organized as follows. Section II and Sec. III

offer a description of our data and methodology, respec-
tively, while Sec. IV describes our results. Section V
discusses the broader implications of our findings for both
astrophysics and cosmology, particularly their potential for
addressing the S8 and the “lensing is low” discrepancies.

II. DATA

A. DESI imaging survey

The DESI is a robotic, fiber-fed, highly multiplexed
spectroscopic surveyor that operates on the Mayall 4-meter
telescope at Kitt Peak National Observatory [22]. DESI,
which can obtain simultaneous spectra of almost 5000
objects over a ∼3° field [23–25], is currently conducting
a five-year dark energy survey of about a third of the
sky [26]. This campaign will obtain spectra for approx-
imately 40 million galaxies and quasars [27].
In this paper,weuse the photometric sample ofDESILRGs

and a higher-density Extended LRG sample, referred to as
“Main LRGs” and “Extended LRGs” [28–32]. The parent
imaging is the DESI Legacy Imaging Survey, which is a
combination of optical and midinfrared imaging used for
DESI target selection from three telescopes; the Dark Energy
CameraLegacySurvey (DECaLS), theMayall z-bandLegacy
Survey (MzLS),and theBeijing-ArizonaSkySurvey (BASS).
We also make use of the reliable photometric redshifts
presented in Zhou et al. [32] for Data Release 9 (DR9) and

Data Release 10 (DR10), which have been calibrated
via DESI spectroscopic redshifts and thus have only a
small fraction of contaminants and a mean error of
σz=ð1þ zÞ≲ 0.02. For DR10, we adopt the i-band z esti-
mates (Z_PHOT_MEDIAN_I), as they are more accurate.
Similarly toZhou et al. [32],wedefine four tomographic bins;
[0.4, 0.54], [0.54 0.713], [0.713, 0.86], and [0.86 1.024] (see
Table I for mean bin redshifts and number of galaxies in the
overlapwithACT).We take intoaccount theestimatederror in
the photometric redshifts for each galaxy, by imposing a
maximum cut on the estimated error of σz;max ¼ 0.05ð1þ zÞ.
This removes ∼3% of the galaxies, including outliers with
anomalously large redshift errors that could otherwise bias the
reconstructedvelocitiesbydiluting thedensity signal (see [33]
for tests on simulations). In Appendix G, we investigate the
effects of not imposing such a cut and find that, for the most
part, they are negligible.

B. ACT temperature maps

This paper employs the CMB maps maps from the Data
Release 6 (DR6) of the Atacama Cosmology Telescope
(ACT) [34], a 6 m telescope that was located in the
Atacama Desert of Chile and measured the CMB from
2007 to 2022. The multifrequency observational program
of DR6 targeted the “wide” field; for this work, we use
only the nighttime portion of the data taken in the first five
observing seasons (2017-2021). In particular, we make use
of the harmonic-space Internal Linear Combination (hILC)
maps [35], which are constructed by combining the
high-resolution (∼1.5 arcmin) DR6 maps multifrequency
observations from 2017 to 2022 at three frequency bands:
f090 (77–112 GHz), f150 (124–172 GHz), and f220
(182–277 GHz), alongside Planck data (∼5 arcmin reso-
lution) on large scales [36,37]. The resulting hILC map
covers roughly a third of the sky (32%), with a resolution

TABLE I. Statistics of the detection for each redshift bin and
LRG sample in terms of the null χ2null, the SNR with respect to
null, defined as SNRnull ≡ ðχ2null − χ2bfÞ

1
2, with best-fit coming

from the Illustris-1 simulation curves at z ¼ 0.5 (see Fig. 2). We
detect the signal at 13.5σ and 12.1σ for the Extended and Main
sample, respectively, with nine degrees of freedom.

LRG sample # of galaxies zmean χ2null SNRnull

Extended DR9 zbin¼1 963,631 0.47 43.2 6.4
Extended DR9 zbin¼2 1,658,313 0.63 69.4 7.1
Extended DR10 zbin¼3 1,951,646 0.79 80.3 8.2
Extended DR10 zbin¼4 1,690,171 0.92 34.0 4.6

Extended DR9þ 10 all 6,850,072 0.75 203.0 13.5

Main DR9 zbin¼1 422,350 0.47 25.2 4.4
Main DR9 zbin¼2 795,393 0.63 78.8 7.8
Main DR10 zbin¼3 753,945 0.79 65.9 7.3
Main DR10 zbin¼4 629,367 0.93 20.8 3.2

Main DR9þ 10 all 2,882,904 0.74 166.7 12.1
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[i.e., effective beam size full-width at half maximum
(FWHM)] of 1.6 arcmin and mean white noise level in
the temperature of approximately 15 μK-arcmin. The ACT
maps are produced in the plate-carrée (CAR) projection
scheme. This analysis uses the first version of the ACT
DR6 maps, dr6.01. Similarly to [12], we apply a mask on
the ACT map that removes all detected clusters [38] and
point sources as well as 5σ outliers in any of the filtered
temperature bins, since those can bias the stacked profiles.

III. METHODS

A. Reconstruction

If we naively stacked the kSZ signal around a sample of
galaxies, the effect would cancel out, as each object has an
equal chance of moving towards or away from the observer.
Therefore, to selectively extract the kSZ effect from
CMB maps, we employ an estimate of the peculiar velocity
of each galaxy in the line-of-sight direction, reconstructed
from the three-dimensional galaxy overdensity field. In
particular, we can obtain an estimate of the line-of-sight
velocity field by solving the linearized continuity equation in
redshift space [39], similarly to the reconstruction method
applied in baryon acoustic oscillations (BAO) analysis:

∇ · vþ f
b
∇ · ½ðv · n̂Þn̂� ¼ −aHf

δg
b
; ð1Þ

where δg is the observed galaxy overdensity field, v is the
peculiar velocity field, n̂ is the line-of-sight unit vector,HðzÞ
is the redshift-dependent Hubble parameter, f is the loga-
rithmic growth rate, defined as f ≡ d lnðDÞ=d lnðaÞ with
DðaÞ the growth factor and a the scale factor. Here,
we assume that the galaxy overdensity δg is related to
the matter overdensity, δ, by a linear bias factor, b, such
that δg ¼ bδ.
We construct the galaxy overdensity field separately in

each tomographic bin. Due to the difference in the depth of
the three regions that make up our sample, designated
“DES”, “N”, and “S”, we generate the sample of randoms
for each region before joining themback together to evaluate
the galaxy overdensity field in the given tomographic bin.
In order to obtain an estimate of the peculiar velocity

of each galaxy, we adopt the standard BAO reconstruc-
tion method of [40], implemented in the package
PYRECON [41].1 This method yields an estimate of the
first-order galaxy displacement field, which can be con-
verted into an estimate for the velocity. A study performed
on realistic DESI-like light cone mocks [33] informs us that
the cross-correlation coefficient, r≡ hvhalok vreck i=σhalok σreck ,
between the reconstructed galaxy velocities along the
line-of-sight (denoted by subscript k) and the host halo
velocities, which captures imperfections in the velocity

reconstruction, is about r ≈ 0.3 (with an uncertainty of
about 10%), the value we adopt in this study, while that of
the spectroscopic sample is about r ≈ 0.64. In other words,
the reconstruction performance deteriorates by about half
when using photometric redshifts, a prediction also con-
firmed by a similar study in the “snapshot geometry” [42].
Nonetheless, the measurement around the photometric
LRG sample yields a high signal-to-noise ratio (SNR)
due to the large number of galaxies comprising the imaging
survey. We note that LRGs are found mostly in galaxy
groups with a mean linear bias of b ≈ 2.2 [43]. In addition
to the cuts in [12], for our fiducial analysis, we remove
outliers in the reconstructed velocities; in particular, we
ensure that the number of galaxies in each velocity bin is
symmetric around the mean by random downsampling,
which avoids unwanted biases from massive clusters and
guarantees that in the absence of a kSZ signal, our estimator
yields zero mean signal. In Appendix G, we show that these
corrections have a mostly negligible effect; the uncorrected
measurements tend to have marginally higher SNR (as a
result of the larger number of galaxies in the samples)
except for bin 3, which has a lower SNR due to its slightly
asymmetric line-of-sight velocity distribution that improves
once we remove the outliers.

B. Estimator

Once we have estimates of the velocities, we can
measure the CMB temperatures T iðθdÞ around each
galaxy i using a compensated aperture photometry (CAP)
filter [12]. There are several benefits to using the CAP filter.
Unlike a matched filter, the CAP filter is agnostic about the
profile shape and because it is measured at different radii, it
allows us to reconstruct the spherically averaged profiles. It
is very effective at removing the large-scale primary CMB,
as well as the uncorrelated part of the signal, leaving, in
principle, only the sum of the one- and two-halo terms
[see [44], for tests on simulations]. Additionally, the
CAP-filtered profiles behave similarly to a cumulative
density profile for large radii. The CAP filter is defined as

T ðθdÞ ¼
Z

d2θδTðθÞWθdðθÞ; ð2Þ

where δTðθÞ are the CMB temperature fluctuations and the
filter Wθd is chosen as

WθdðθÞ ¼

8><
>:

1 for θ < θd;

−1 for θd ≤ θ ≤
ffiffiffi
2

p
θd;

0 otherwise:

ð3Þ

Thus, we add the integrated temperature fluctuation in a
disk with radius θd and subtract a concentric ring of the
same area as the disk, at each radial bin. Similarly to [12],
we choose nine radial bins, θd, spanning between 1 and1https://github.com/cosmodesi/pyrecon
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6 arcmin. For the four redshift bins (see Table I), this range
corresponds roughly to a physical range of (0.36, 2.2),
(0.42, 2.5), (0.46, 2.8), and (0.48, 2.9) Mpc, respectively.
We adopt the velocity-weighted, uniform-mean estima-

tor from [12]:

T̂kSZðθdÞ ¼ −
1

r
vrecrms

c

P
iT iðθdÞðvrec;i=cÞP

iðvrec;i=cÞ2
; ð4Þ

where vrecrms is the rms of the radial component of the
reconstructed velocities, vrec;i, c is the speed of light and
r is the cross-correlation coefficient between the recon-
structed and true velocity, evaluated from mock simula-
tions. We use the publicly available pipeline ThumbStack

2 to
apply the estimator to the DESI and ACT data.
To interpret the kSZ profiles obtained through the above

method, we need to estimate the covariance of the stacked
measurements. We do so by applying a bootstrap resam-
pling to the signal at each galaxy location. In particular,
we draw 10,000 realizations of the galaxy catalogs (with
repetition), and infer the covariance matrices from the
scatter across the resampled stacked profiles (see Sec. B).

IV. RESULTS

A. Stacked kSZ signal per redshift bin

Figure 1 shows the stacked kSZ signal [Eq. (4)] from
ACT for the four photometric bins of the DR10 Extended
and Main LRG samples obtained from the DESI Imaging
Survey (see Sec. II A). The signal is shown as a function
of CAP filter radius and detected at a high significance.
We note that the error bars at large aperture are highly
correlated (see Appendix B on the covariance estimation).
To aid interpretation, we convert the x- and y-axis into
proper distance and CAP-filtered optical depth (τCAP ¼
TkSZ=TCMBc=vrms), respectively, calculated at the mean
redshift, z ≈ 0.7. We note that the optical depth measures
the integrated gas density along the line-of-sight,

τðzÞ≡
Z

neðχn̂; zÞσT
dχ

1þ z
; ð5Þ

where σT is the Thomson scattering cross section, χ is the
comoving distance to redshift z, and ne is the free electron
physical number density.
In Table I, we show the significance of detection

and corresponding SNR and chi-squared values for each
of the four bins as well as the combination of all four bins.
We define the SNR with respect to null3 as SNRnull ≡
ðχ2null − χ2bfÞ

1
2, with best-fit coming from the Illustris-1 simulation4 curve at z ¼ 0.5 (see Fig. 2 for more details)

with a free parameter for the amplitude. We detect the
signal at ∼13σ as shown in Table I.

FIG. 1. Stacked kSZ signal in each redshift bin of the photo-
metric LRG sample (top: Extended, bottom: Main) as a function
of radius of the CAP filter, which approximately corresponds to
the distance from the galaxy group center associated with the
LRGs. The kSZ signal is obtained by stacking the hILC ACT
DR6 map (with an effective FWHM ¼ 1.60) and is detected at
>10σ relative to dark matter in each bin (see Table I). The vertical
dashed line indicates the mean virial radius of the host halos for
each bin. We show the full covariance of the data in Appendix B
and note that the points at large aperture are significantly
correlated. We see that the gas profile is well-extended beyond
the virial radius, suggesting that the feedback activity in LRG
halos is strong enough to push much of the gas away from the
galaxy group center. The top x-axis and the right y-axis show the
comoving distance and τCAP at the mean redshift.

2https://github.com/EmmanuelSchaan/ThumbStack
3Corresponding to the inverse of the fractional error on the fit

of a single amplitude parameter to the data. This often called
the “detection significance” in number of Gaussian standard
deviations σ. 4https://www.tng-project.org/data/
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Here we have defined the χ2 metric in the standard way
using the covariance matrix C (see Appendix B):

χ2model ≡ ðD −MÞTC−1ðD −MÞ; ð6Þ

whereD is our stacked kSZ measurement (data vector), and
M is the model we are comparing against (if null, M ¼ 0).
To take advantage of the larger number of objects in

DR9 and their relatively small photometric z errors at low z
(compared with high z), we quote the DR9 results for bin 1
and 2 and the DR10 results for bin 3 and 4. For the
combined “DR9þ 10 all”, we use DR10 reconstructed
velocities where available and otherwise DR9 ones in
order to maximize the signal-to-noise. We provide detailed
comparison between DR9 and DR10 in Tables II and III

FIG. 2. Comparison between the kSZ signal from the combined
Main sample from all redshift bins (red error bars) and the
modeled kSZ signal from the TNG and Illustris simulations.
These curves approximate the cumulative gas profiles at large
radii. The right y-axis converts the kSZ signal into a measure of
the optical depth τ, i.e., the integrated gas density along the line-
of-sight, via τ ¼ TkSZ=TCMBc=vrms. The top x-axis shows the gas
profiles as a function of comoving distance from the center of
DESI groups. We find at high a significance that the gas is more
extended than the dark matter (red dotted curve). The gap
between the data and the TNG curve (blue dashed curve)
indicates that the data disfavor prescriptions of weak baryonic
feedback in simulations. In contrast with TNG, the old Illustris
model (green dash-dotted curve) appears much more consistent
with the data, implying that models with large baryonic feedback
are preferred. To visually aid the comparison, we have normal-
ized all simulations to enclose the same gas mass at large
aperture; we discuss a more quantitative comparison and related
caveats in the main text. The vertical line shows the mean virial
radius for this sample. The thin blue band around the TNG curve
represents the range of alternative scenarios considered (see the
text). We show the full covariance of the data in Appendix B.

TABLE II. Same as Table I, but showing the effect of the
different corrections applied to DR10 LRGs. The statistical
significance of the measurements changes minimally.

LRG sample # of galaxies zmean χ2null SNRDM SNRnull

DR10: Outlier and photo-z correction (fiducial)

Extended zbin¼1 856,537 0.47 27.5 15.5 5.0
Extended zbin¼2 1,422,411 0.63 49.0 19.1 6.0
Extended zbin¼3 1,951,646 0.79 80.3 26.1 8.2
Extended zbin¼4 1,690,171 0.92 34.0 14.6 4.6

Extended all 5,931,939 0.75 151.2 36.9 11.6

Main zbin¼1 374,555 0.47 23.7 14.1 4.3
Main zbin¼2 668,450 0.63 62.2 22.6 7.1
Main zbin¼3 753,945 0.79 65.9 23.4 7.3
Main zbin¼4 629,367 0.93 20.8 10.1 3.2

Main all 2,438,749 0.73 126.2 33.8 10.5

DR10: Photo-z correction only

Extended zbin¼1 868,743 0.47 29.1 15.8 5.2
Extended zbin¼2 1,435,540 0.63 57.3 20.9 6.5
Extended zbin¼3 2,006,009 0.79 80.8 24.8 8.0
Extended zbin¼4 1,704,265 0.92 35.1 15.2 4.8

Extended all 6,014,557 0.75 164.8 38.4 12.1

Main zbin¼1 380,052 0.47 27.0 14.8 4.5
Main zbin¼2 677,185 0.63 74.0 24.4 7.7
Main zbin¼3 771,391 0.79 60.7 21.7 6.9
Main zbin¼4 636,964 0.93 20.4 10.4 3.2

Main all 2,465,593 0.73 145.4 36.0 11.2

DR10: Outlier correction only

Extended zbin¼1 898,659 0.47 25.9 15.0 4.8
Extended zbin¼2 1,476,128 0.63 48.9 18.8 5.9
Extended zbin¼3 2,031,590 0.79 81.5 25.5 8.0
Extended zbin¼4 1,753,100 0.92 26.6 13.2 4.0

Extended all 6,174,499 0.74 142.8 35.2 11.0

Main zbin¼1 393,180 0.47 19.7 12.8 3.8
Main zbin¼2 690,663 0.63 58.2 20.5 6.5
Main zbin¼3 775,891 0.79 70.4 22.9 7.1
Main zbin¼4 645,219 0.93 20.9 9.8 3.0

Main all 2,515,452 0.73 120.7 31.9 9.9

DR10: No corrections

Extended zbin¼1 911,407 0.47 30.2 16.6 5.3
Extended zbin¼2 1,490,492 0.63 53.9 20.1 6.2
Extended zbin¼3 2,083,198 0.79 80.8 24.2 7.8
Extended zbin¼4 1,769,651 0.92 30.0 14.4 4.4

Extended all 6,254,748 0.74 156.4 37.0 11.7

Main zbin¼1 398,735 0.47 24.0 13.8 4.1
Main zbin¼2 698,633 0.63 67.8 22.9 7.2
Main zbin¼3 790,871 0.79 62.9 21.5 6.8
Main zbin¼4 652,610 0.93 20.2 10.0 3.1

Main all 2,540,850 0.73 136.6 34.4 10.7
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finding a high level of congruence between the two.
Compared with the previous measurement using CMASS
LRGs and ACT DR4 [12], χ2null ≈ 86 (same number of
radial bins), we see that the total chi-squared for our
Extended and Main samples is χ2null ≈ 200 and 170,
respectively, or about twice higher. In Appendix F, we
find our curves to be in excellent agreement with [12].
Intuitively, one can think of these curves as showing

roughly the cumulative gas density distribution. At large
radii, we expect the profiles to become shallower as more
and more of the gas is enclosed. The gas profiles are steep
beyond the virial radius, suggesting that a significant
fraction of the gas resides beyond it (see discussion of
Fig. 2, where we test this conjecture). The decline in
amplitude at large apertures of bin 3 is due to noise from the
primary CMB and the larger fraction of photometric z
outliers in that bin (see Appendix G).

B. Comparison with simulations

We first compare our data to dark matter simulations: the
dark matter profiles are obtained by stacking on dark-
matter-only maps computed using the TNG300-1-Dark
simulation (dark-matter-only counterpart to TNG300-1),
with the results shown in Fig. 2.
Quantifying the level of agreement or disagreement

between data and simulations without the use of external
measurements or priors is challenging because the ampli-
tude of the results is very sensitive to the mass of the sample
and to finite-box effects in simulations. The same selection
applied to different simulations will result in different mean
masses, complicating the comparison.
Similarly to [45], we adopt two methods, each with

advantages and drawbacks. In the first, we normalize all
simulations to contain the same gas mass at large aperture
(5 arcmin in this case), matching the value of the best-fitting
(lowest χ2 with the data) simulation, in this case Illustris-1.
This ensures that we are comparing halos of the same
mass across all simulations, and that such gas mass is
compatible with the data. We call this “fixed amplitude.”
Then we quantify the relative difference with respect to
the best-fit simulation as SNRfixed

DM ≡ ðχ2DM − χ2bfÞ
1
2, where

the DM amplitude has been fixed as described. We find
SNRfixed

DM ¼ 39 and 43, for the Main and Extended samples,
respectively. We note that a major drawback of this
procedure is that, while it ensures consistency of gas mass
between the data and the simulations, it does not properly
marginalize over the uncertainty in this quantity, resulting
in larger values of SNRDM.
Alternatively, we can let the amplitude of each simu-

lation be completely free and fit it to the data; this fully
marginalizes over the uncertainty in all of the data points.
The drawback is that it is allowed to find best-fit solutions
with very low gas or halo mass, potentially ruled out by

TABLE III. Same as Table II, but showing DR9 instead of
DR10 LRGs. We see that the statistical significance is similar to
the DR10 results, but slightly reduced.

LRG sample # of galaxies zmean χ2null SNRDM SNRnull

DR9: Outlier and photo-z correction (fiducial)

Extended zbin¼1 954,820 0.47 38.5 18.7 6.0
Extended zbin¼2 1,628,650 0.63 71.2 22.7 7.2
Extended zbin¼3 2,125,787 0.80 35.6 14.2 4.2
Extended zbin¼4 1,996,525 0.92 19.1 8.9 2.9

Extended all 6,697,792 0.75 98.7 29.3 9.1

Main zbin¼1 417,262 0.47 20.6 12.3 4.0
Main zbin¼2 779,408 0.63 77.4 25.0 7.9
Main zbin¼3 878,442 0.79 22.9 12.8 3.8
Main zbin¼4 765,542 0.92 12.5 8.6 2.7

Main all 2,840,853 0.74 98.2 30.0 9.4

DR9: Photo-z correction only

Extended zbin¼1 963,631 0.47 43.2 19.9 6.4
Extended zbin¼2 1,658,313 0.63 69.4 21.6 7.1
Extended zbin¼3 2,174,053 0.80 28.5 10.9 3.4
Extended zbin¼4 2,054,075 0.92 26.2 11.2 3.8

Extended all 6,850,072 0.75 111.7 30.1 9.7

Main zbin¼1 422,350 0.47 25.2 13.7 4.4
Main zbin¼2 795,393 0.63 78.8 24.4 7.8
Main zbin¼3 888,934 0.79 23.6 11.9 3.7
Main zbin¼4 776,227 0.92 15.3 9.8 3.2

Main all 2,882,904 0.74 103.1 30.0 9.6

DR9: Outlier correction only

Extended zbin¼1 1,065,110 0.47 37.1 18.4 5.9
Extended zbin¼2 1,775,088 0.63 73.0 20.6 6.7
Extended zbin¼3 2,331,881 0.80 32.8 14.3 4.2
Extended zbin¼4 2,386,519 0.92 33.4 12.5 3.6

Extended all 7,596,154 0.75 92.3 28.0 8.6

Main zbin¼1 464,568 0.47 18.1 11.2 3.6
Main zbin¼2 837,280 0.63 86.5 26.1 8.2
Main zbin¼3 923,974 0.79 25.1 13.6 4.1
Main zbin¼4 845,101 0.92 15.3 8.9 2.8

Main all 3,081,255 0.74 96.7 29.8 9.2

DR9: No corrections

Extended zbin¼1 1,073,362 0.47 37.6 18.9 6.0
Extended zbin¼2 1,804,919 0.63 73.2 21.0 7.0
Extended zbin¼3 2,400,937 0.80 22.7 9.9 3.1
Extended zbin¼4 2,485,696 0.92 32.3 14.8 4.9

Extended all 7,764,914 0.75 96.9 28.3 9.0

Main zbin¼1 470,133 0.47 20.6 12.3 4.0
Main zbin¼2 854,005 0.63 85.2 25.0 8.0
Main zbin¼3 936,270 0.79 22.2 11.4 3.6
Main zbin¼4 857,753 0.92 14.8 9.3 2.9

Main all 3,118,161 0.74 95.6 28.9 9.1

B. HADZHIYSKA et al. PHYS. REV. D 112, 083509 (2025)

083509-8



external data (for example, weak lensing or fits to the
galaxy correlation function). Nonetheless, this is the most
conservative comparison we can perform without joint
analysis of external data, and therefore we will take it as the
baseline for our conclusions. We can define a “free ampli-
tude” SNRfree

DM ≡ ðχ2DM − χ2bfÞ
1
2, where the DM curve has the

best-fit amplitude. For both samples, we find SNRfree
DM ≈ 6.

Given that even in the more conservative case of “free
amplitude,” the dark matter curve is a much poorer fit to the
data, we conclude that we find strong evidence that the
gas as measured by the kSZ effect, is significantly more
extended than the dark matter.
We note that the limitations of both approaches can be

mitigated by the inclusion of external data such as weak
lensing or galaxy clustering (among others), which inde-
pendently constrain the mass of the sample [46]. Such
joint analyses can significantly sharpen the conclusions.
For example, recently [47] used CMB lensing to directly
calibrate the mass profiles, independently confirming and
validating the claims made in this paper.
We then study the comparison between the state-of-

the-art hydrodynamical simulations IllustrisTNG-300-1
(TNG300-1) [48] and the measured gas profiles from the
data. We also show a comparison with the older model of
the Illustris-1 simulation [49], which has known short-
comings with predicting observations such as galaxy
morphologies and colors, various cluster properties, and
gas fractions [48,50–52]. We provide details on how the
measurements on simulations are made in Appendix C. In
Appendix E, we split the galaxies into stellar mass bins
estimated in [31] and detect the mass evolution of the signal
at high significance.
We perform a number of tests on both hydrodynamical

simulations to ensure that the gap we see is significant;
we vary the satellite fraction from 0% to 30%5 (note that
the constraints from [43] are 11� 1%), we put all galaxies
at the centers of their host halos, we vary the number
density (between half and twice the fiducial value, i.e., from
3 × 10−4 to 1 × 10−3 ½Mpc=h�−3) and thus stellar mass
threshold of the extracted LRGs, and we add noise to the
halo velocities. In Fig. 2, we show the default scenario for
both simulations, and in shaded color for TNG300-1, we
display the minimum and maximum deviations from the
default caused by all the aforementioned alternative sce-
narios. Despite considering scenarios that push the bounds
of physically reasonable models, we see that the gap
between simulations and observations persists.
To quantify this, we can once again define a “fixed

amplitude” and “free amplitude” SNRTNG300-1 ≡
ðχ2TNG300-1 − χ2bfÞ

1
2, with the best-fitting curve as usual

being Illustris-1. We find SNRfixed
TNG300-1 ¼ 17 and 19 for

the Main and Extended samples, and SNRfree
TNG300-1 ≈ 3 for

both samples. Even in the very conservative “free ampli-
tude” case, we find a preference for a more extended profile
and hence larger feedback compared to TNG300-1. This
has also been recently confirmed in [47] thanks to the CMB
lensing calibration of the host halo masses.

C. Implications for lensing

Given the fact that there appears to be a mismatch
between the baryons and the dark matter distributions
within a few virial radii, and that baryons amount for
∼16% of the mass, our findings imply that baryons have a
non-negligible effect on lensing, especially on small scales.
While we leave a detailed study to future work, we note that
with a similar baryon distribution around the BOSS
CMASS galaxies as measured by kSZ [12], the authors
were able to show a ∼15% suppression on the lensing
signal on scales smaller than 1 Mpc, and a few percent
suppression up to several Mpc [53]. This is consistent with
evacuating the majority of the baryons from sub-Mpc
scales, leading to a suppression in the lensing signal of
order the baryon mass fraction, and significantly mitigating
the “lensing is low” [20] problem. We expect similar
behavior here.
On larger scales, one may wonder if baryons play a part

in the “S8 tension” [19] as measured by several weak
lensing surveys; the impact will likely depend on the
analysis choices of each specific experiment and their
scale cuts, which are typically determined using lower-
feedback simulations. For example, a joint analyses of DES
data with the BOSS kSZ measurements hint that baryon
effects can mitigate part of the tension [46,54]. Given that
the measurements presented here are twice as precise as
those used in previous work and cover a broader redshift
range, similar analyses should be able to significantly
strengthen the conclusions. We leave a detailed study to
upcoming work.

V. SUMMARY AND IMPLICATIONS

In this paper, we present the highest SNR measurement
of the gas profiles around galaxy groups using the kSZ
effect; we detect the signal at 13σ and find strong evidence
of deviation from dark matter profiles, as well as a
preference for larger feedback compared to some com-
monly used state-of-the-art hydrodynamical simulations
such as IllustrisTNG.
It also suggests that baryons might play a more signifi-

cant role than assumed in many cosmological analyses and
alleviate tensions such as “lensing is low” and “low S8.”
Properly accounting for baryonic feedback is critical
to placing robust constraints on many open questions,
including the mass of neutrinos and the nature of dark
matter—questions that will be crucial to future cosmologi-
cal surveys such as Roman, Euclid, and the Vera Rubin

5Centrals are selected as the most massive subhalo in each host
halo. To vary the satellite fraction, we randomly discard centrals
or satellites.
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Observatory. Our measurements of the gas profiles can be
used to calibrate the subgrid models of hydrodynamical
simulations, a task typically complicated by the low
detection sensitivity to gas on the outskirts of halos (i.e.,
the “missing baryon” problem). Combining kSZ measure-
ments with tSZ and x-ray measurements, which provide
access to additional quantities such as the temperature and
cooling rate around galaxies [55], will enable us to fully
solve the gas thermodynamics of groups and clusters and
shed light on the role of feedback in galaxy evolution.
To make the kSZ measurement, we use the ACT

temperature map and the DESI photometric galaxy sample
of LRGs, which we split into four redshift bins. We detect
the signal with respect to the dark matter in each of them at
≳10σ (see Table I). This allows us to study, for the first
time, the redshift evolution of the baryonic feedback
through kSZ stacking and place tighter constraints on
the allowed astrophysical feedback models. The fact that
we see little evolution of the signal suggests that the
population of red galaxies probed by DESI is fairly stable
and that the AGN feedback is of similar magnitude across
z ¼ 0.4 ∼ 1. A major advantage of the gas profiles obtained
using the kSZ is that they are practically systematics-free,
as the velocity-weighted stacking we perform cancels
additive contaminants such as the tSZ and CIB (see
Appendix A on null tests as well as [56]). Importantly,
unlike many other astrophysical probes, the signal is
directly proportional to the amount of gas and independent
of other properties such as temperature. To put our findings
into perspective, we compare the observed gas density
profiles with mock measurements extracted from the state-
of-the-art hydrodynamical simulation TNG300-1 and its
predecessor, Illustris-1. In particular, we mimic the stacking
and LRG selection process of the observational analysis
and test various scenarios related to the simulation targeting
choices (satellite fraction, number density, halo mass,
velocity uncertainty) to quantify the allowed variations
(see Fig. 2). We find that the baryonic feedback in the
TNG300-1 simulation is not sufficiently strong to push
enough of the gas out of the halo virial radius, whereas
Illustris-1 accomplishes that more successfully. Future
work examining the origin of this is instrumental to
reconciling the theory and observations of the gas-dark
matter link.
As the first study of the kSZ signal measured around a

photometric sample of galaxies with reconstructed veloc-
ities, this work opens the door for an exciting new line of
research with imaging surveys such as the large-scale
projects Vera Rubin Observatory and Euclid, which will
provide not only a much larger number of objects compared
with their spectroscopic counterparts, but also more diverse
samples that cover a wider range of redshifts, masses,
morphologies, colors and environments. Understanding the
connection between gas and dark matter will not only aid
future cosmology analyses, but also help our understanding

of galaxy formation and evolution. This paper adds an
essential piece to a growing body of works aiming to
unravel the complexities of cosmic gas in the era of large
cosmological surveys.
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APPENDIX A: NULL TEST

In Fig. 3, we validate that our measured signal is indeed
due to the kSZ effect rather than correlated contaminants
such as the cosmic infrared background (CIB) or tSZ.

FIG. 3. Null test demonstrating that there are no substantial
systematics affecting our measurement such as residual CIB or
tSZ contamination. The result is obtained by randomly shuffling
the reconstructed velocities at the location of each DESI LRG
before performing the stacking of the signal. The set of 1000
random reshuffles is shown as faint lines with its mean and error
on the mean as solid lines. Reassuringly, it is consistent with zero
and the largest deviations, ∼1, are much smaller (∼10 times) than
the size of the signal (Fig. 1).
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For this test, we shuffle randomly the sample of recon-
structed velocities to obtain 1000 realizations and perform
the stacking of Eq. (4) but using the shuffled velocities
on each galaxy. Since the true kSZ effect is proportional to
the line-of-sight velocity, deleting that information in the
shuffling should lead to a null measurement, which is
indeed what we find. In particular, the null χ2 for the four
redshift bins is 5.9, 5.0, 3.3, and 5.7, and the p-value is
0.75, 0.83, 0.95, 0.77, respectively. The tSZ and CIB
effects do not have such dependence,6 and hence if our
ACT map is correctly cleaned, any additive contamination
should also vanish. We note that this argument also holds
true for the unshuffled (original) kSZ measurement, which
is robust to additive contributions.

APPENDIX B: COVARIANCE MATRIX

The covariance matrix of the data is estimated via
bootstrapping. In particular, for a given sample (e.g., the
first redshift bin of the Main LRG sample), we generate
10,000 sets of kSZ measurements, where each set consists
of a random draw (with repetition) from the kSZ measure-
ments (equal to the number of galaxies) in that sample.
We then compute the mean profile of each set and compute
the covariance matrix across all 10,000 sets. We opt for
10,000 sets, as the error on the measurement error scales as
the square root of that, and is thus about 1%. This produces
an unbiased estimate of the covariance, in the limit of
independent noise realizations from galaxy to galaxy.
The assumption is not correct for large apertures where
the temperature map cutouts (submaps) overlap, and the
inferred covariance is only accurate at the 10% level
(see [12]). However, given our uncertainty, this level of
accuracy is sufficient.
The covariance matrix for the first photometric bin is

shown in Fig. 4. On small scales, the covariance is
dominated by the detector noise in the temperature maps.
Because this noise is mostly white and uncorrelated across
frequencies, the small-aperture measurements are mostly
uncorrelated within each submap and across submaps. On
large scales, the covariance receives a large contribution
from the primordial CMB fluctuations, which are shared
between the aperture measurements in each submap and
across submaps (and different CMB frequency maps).
Due to this effect, which leads to diminishing returns in
the SNR at larger apertures, the maximum aperture we
consider is 6 arcmin.
In Fig. 7, we illustrate the stacked 2D kSZ signal for

the Main DR9 sample of DESI LRGs. We apply a Wiener
filter (CkSZ

l =Ctot
l ) that effectively high-pass filters the

CMB temperature map to isolate the small-scale signal
that is the most affected by the kSZ effect. We can see
by eye the extended gas envelope of the DESI LRGs,
which spans several arcmin. In particular, using TNG300
we extract the average virial radius of the DESI LRGs at
the mean redshift of the sample, 1.75 arcmin. As the CMB
map is convolved with a 1.6 arcmin (FWHM) Gaussian
beam, we can estimate the beam-convolved mean virial
radius to be

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðð1.62=ð8 ln 2Þ þ 1.752

p
≈ 1.88 arcmin. This

roughly corresponds to the mean halo virial radius at that
redshift.

APPENDIX C: SIMULATIONS

To put our findings into context, we compare the gas
density anisotropy we observe in the data against two
hydrodynamical simulations: IllustrisTNG [48] and
Illustris [49], which have very different AGN and super-
nova feedback prescriptions. To make the measurements in
the simulations, we construct 2D maps of kSZ, then
convolve them with a 1.6 arcmin Gaussian (corresponding
to the DR6 map beam) to roughly match the ACT beam
effects, and finally perform the stacking in an equivalent
fashion as done to the data.
Each simulation outputs a number of useful quantities;

gas mass (m), electron abundance (x), and internal energy
(ϵ) for each gas particle i. Assuming a primordial hydrogen
mass fraction of XH ¼ 0.76, we compute the volume-
weighted electron number density, ne as

Vine;i ¼ ximi
XH

mp
; ðC1Þ

FIG. 4. Correlation matrix of the kSZ signal between the
different CAP filter radii for the first photometric bin. The
correlation between different CAP radii is stronger on large
scales, as the fluctuations of the primary CMB become dominant
on these scales. We note that the structure of the correlation
function is the same for all samples.

6Foreground emission such as from the CIB is also Doppler-
boosted and acquires a term proportional to velocity. However,
we find that this contribution is about two orders of magnitude
smaller than the kSZ signal [60], and we will therefore neglect it
in this analysis.
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wheremp the proton mass and Vi the volume of the gas cell.
We then compute the 2D maps of the kSZ and the optical
depth by binning the gas particles into a (10000, 10000) grid,
so that the optical depth in cell j is given by

τj ¼ σTA−1
j

X
i∈Aj

Vine;i; ðC2Þ

and the momentum of the electron density is

bj ¼ σTA−1
j

X
i∈Aj

Vine;ivi=c; ðC3Þ

where Aj is the area of each grid cell (of size ∼0.01 Mpc),
σT is the Thomson cross section, and c is the speed of light.
Analogously, we can compute the Y-Compton map relevant
to the tSZ effect and the Thomson optical depth τ map
relevant to e.g., patchy screening.
We select LRG-like galaxies in the two simulations via

an abundance matching approach and stack them at their
locations on 2D CMB data mimicking ACT maps. Namely,
we rank-order the galaxies by stellar mass and select the
top Ngal such that, Ngal=L3 ∼ 5.4 × 10−4 ½Mpc=h�−3 for the
Main sample and 1.2 × 10−3 ½Mpc=h�−3 for the Extended
sample. We find that the mean halo mass of LRGs in
TNG300-1 matches very well the inferred mean halo mass
of DESI LRGs at 0.4 < z < 0.6, 1013.4M⊙=h, and at
0.6 < z < 0.8, 1013.2M⊙=h [43]. We then perform 2D
stacking on the optical depth maps at the positions of
these galaxy samples.

APPENDIX D: EFFECT OF PHOTOMETRIC
NOISE AND RECOVERY OF THE TRUE τ

In this appendix, we explore two important effects and
show that they are properly accounted for in our analysis.
First, we study the effect of reconstruction on the shape of
the CAP kSZ profiles. To this end, we repeat the CAP kSZ
measurement detailed in Sec. III on an LRG-like galaxy
sample, where we a) use the true host halo velocities in the
stacking and b) use the reconstructed velocities with
2% uncertainties on the photometric redshifts (similar to
DR9 and DR10 used in this analysis). As in the case of
the DESI data, we perform reconstruction by adopting the
package PYRECON. Our simulation mocks aim to mimic
the DESI LRG selection and the ACT CMB map as
closely as possible. In particular, we employ the full-sky
ABACUSSUMMIT simulation, AbacusSummit_huge_
c000_ph201, and populate its halo light cones with
an halo occupation distribution matching the properties of
the Extended LRG sample (for more details, see
Refs. [33,61]). We then add redshift space distortions
to each galaxy and photometric noise of 2%. We cut the
galaxy catalog into the DESI footprint and perform
reconstruction using the same settings in PYRECON as
in the real data.

On the CMB side, we generate the optical depth field
on the AbacusSummit density shells utilizing the “Transfer
Function” method of Ref. [62,63]. When creating the kSZ
maps, we multiply each optical depth shell by the line-of-
sight velocity shell before integrating (i.e., summing up the
shells) along the line-of-sight. Finally, we reproject the
HEALPiX map into the shape and footprint of the ACT
DR6map using the package PIXELL. We can now treat these
two datasets (the galaxy catalog and the kSZ=τ map) as if
they are “real data” and perform the corresponding kSZ
analysis. We correct the reconstructed profile by 1=r
normalizing the estimator in Eq. (4) to account for the
imperfect reconstruction, with r ¼ 0.3, appropriate for the
photometric redshift error adopted here [33]. To put these
findings into the context of the present work, we show the
error bars from our main result, Fig. 2.
As seen from Fig. 5, all three curves are in excellent

agreement with each other and well within the measurement
error bars. We find no evidence for scale dependence
(0.1σ difference between the two) of the r coefficient

FIG. 5. Comparison in simulations between the true input
optical depth CAP profile and the inferred optical depth CAP
profiles using either the true host halo velocity of each galaxy or
the reconstructed velocities using the package PYRECON. In all
three cases, the CAP profiles are measured around LRG-like
galaxies, and when performing the reconstruction, we add a 2%
error on the photometric redshifts, akin to the photo-z error of the
LRG sample of DR9 and DR10. We correct the reconstructed
profile by 1=r to account for the imperfect reconstruction, with
r ¼ 0.3. To evaluate the differences between these curves, we
show the error bars from our data measurement (Fig. 2). All three
curves are in very good agreement with each other and well
within the measurement error bars. We find no evidence for scale
dependence of the r coefficient despite the presence of photo-
metric noise and redshift space distortions, verifying our meth-
odology. Moreover, the reconstructed curve recovers very well
the true optical depth curve, lending further credence to our
analysis. For details on the simulation, see the main text.
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despite the presence of photometric noise and redshift space
distortions, verifying our methodology. This is expected
because the cosmological velocity field has a correlation
length much larger than a typical gas halo, and confirms
the analytical results of [64]. Furthermore, since the first
version of this paper, the corresponding analysis for the
DESI Y1 spectroscopic sample has appeared [45]. A
detailed comparison between the spectroscopic and photo-
metric analyses is contained in that reference, but here we
note that the excellent agreement between the two further
confirms that photometric redshift errors do not bias the
signal or introduce a scale dependence, beyond changing
the value of r as expected.
The second takeaway from this plot is that the recon-

structed curve recovers the true optical depth curve very
well, demonstrating that our kSZ measurements indeed
recover the true optical depth, as intended.

APPENDIX E: MASS EVOLUTION

Understanding the mass evolution of baryonic feedback
is key to properly modeling its effect on cosmological
observables such as cosmic shear, and the SZ effect is a
versatile probe capable of capturing multiple gas properties
[see e.g., [16,65–69], for novel probes and methods].
Here we use estimates of the stellar mass from Zhou et al.
[31] to split the galaxies in the combined (DR9þ DR10)
Main sample into four mass/luminosity bins; logM∈
ð11; 11.25Þ; ð11.25; 11.5Þ; ð11.5; 12Þ, and (12,13.5), each
containing 926,232, 1,362,717, 458,886, and 2,152

galaxies, respectively. We note that the estimated masses
have not been thoroughly characterized, and thus, they are
mostly used to make qualitative statements.
We show the kSZ stacked measurements for each bin in

Fig. 6. We detect the individual signals at high significance.
The null χ2 is χ2null ¼ 29.7, 68.2, 96.2, and 28.3. As can
be seen in the figure, we find a strong signature of the
evolution of the amplitude with mass: namely, it increases
with stellar mass/luminosity, as the optical depth is propor-
tional to the total mass of the halo, i.e., the amplitudes of
the stellar-mass bin samples differ roughly by the ratios of
their respective mean stellar masses, since τ ∝ Mhalo ∝ M�
(this breaks down as we go to higher halo masses, as the
stellar-to-halo mass ratio decreases). As the mean stellar
masses in each bin are 1.3, 2.3, 5.0, and 35 1011M⊙=h,
respectively, we see that this statement holds well. We note
that the relative differences between the amplitudes are
independent of the calibration of the cross-correlation
coefficient r and the rms of the velocity. We investigate
this in detail in simulations of the full DESI data (matching
footprint, redshift distribution and halo occupation

FIG. 6. As Fig. 2, but we show the kSZ stacked measurements
for the combined (DR9þ DR10) Main sample, split into stellar
mass bins. We see a noticeable increase in the amplitude of the
signal with mass and note that the relative differences between
these amplitudes are immune to miscalibration of e.g., the cross-
correlation coefficient r, and the rms of the velocity. As expected,
the curves become shallower at small apertures, as the average
host halo mass increases.

FIG. 7. 2D maps of the stacked kSZ signal around DESI DR9
LRGs in the Main sample for all four photometric bins. For visual
purposes only, we high-pass filter the CMB temperature map
before performing the stacking, as the fluctuations of the primary
CMB are dominant in the ∼10 arcmin regime. Thus, we can
clearly see the gas envelope of the DESI LRGs, which as
expected, extends for several arcmin, i.e., is of the same order
of magnitude as the mean halo virial radius at that redshift.
Taking into account the mean virial radius of the galaxy groups
(1.75 arcmin from TNG300) and the size of the CMB beam
(1.6 arcmin), the beam-convolved mean virial radius can be
estimated to be

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðð1.62=ð8 ln 2Þ þ 1.752

p
≈ 1.88 arcmin.
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distribution of the sample) and find that the assumption of
scale and mass independence of r holds very well; the
largest discrepancy we find across all radial bins when
testing both the scale and mass independence is ≲0.2σ. In
addition, as expected, the curves become shallower at small
apertures, as the mass increases. This is particularly well
seen for the least massive and most massive stellar mass
bins, which display the steepest and shallowest profiles,
respectively. This is the case because massive halos retain
more gas within the virial radius, as they have deeper
potential wells compared with their less massive counter-
parts. At large apertures, the points are extremely strongly
correlated, and it is imprudent to draw any definite
conclusions on this issue (see Appendix B). We leave a
detailed analysis of the effect of baryons on weak lensing
probes, as measured in this paper, to future work.

APPENDIX F: COMPARISON WITH CMASS
MEASUREMENT

In Fig. 8, we show a comparison between the DESI
photo-z stacked kSZ signal in each redshift bin and the old
CMASS × ACT stacked kSZ measurement from [12]. We
find excellent agreement between the two, in particular for
the first redshift bin of our DESI result, which is closest in
redshift to CMASS, zCMASS ≈ 0.55 (cf. zbin¼1 ≈ 0.47). We
note that while the CMASS and the DESI LRG samples
have similar host halo properties (e.g., mass, occupation
distribution), they are not exactly the same, and therefore,
this agreement should not be taken as a consistency check.

We emphasize that the combined chi-squared of all
four bins, χ2null ≈ 200, is about twice higher than that for
CMASS × ACT, χ2null ≈ 86. While the lower r value for our
photometric sample reduces the SNR by about half, the
improvement in number of objects (by 10–20 times
depending on the sample), more than compensates for
the loss.

APPENDIX G: EFFECT OF REMOVING
CORRECTIONS AND COMPARISON WITH

DATA RELEASE 9

As mentioned in the main text of this manuscript, our
fiducial measurement involves two additional cleaning
techniques beyond the analysis of [12]; namely, removing
photometric z outliers with estimated noise above
σz=ð1þ zÞ > 0.05 and removing reconstructed velocity
outliers at 3σ. In Table II, we compare the significance

FIG. 8. Comparison between the DESI photo-z stacked kSZ
signal in the first two redshift bins and the CMASS × ACT
stacked kSZ measurement from [12]. Reassuringly, we see that
the agreement with the first bin, which is closest in redshift to
CMASS, zCMASS ≈ 0.55 (cf. zbin¼1 ≈ 0.47) is excellent. To make
this visual comparison at the same frequency, we use the DR5
ACT maps at 90 GHz.

FIG. 9. Same as 1, but shown for the case where no corrections
are applied. The fiducial measurement is shown as faded curves.
We see that the two cases are in very good agreement.
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of the detection in the scenario of not applying each and any
of these corrections.
Reassuringly, the three statistics of interest to this study,

χ2null, SNRDM and SNRnull are very similar in all four cases;
both corrections (fiducial), only the photometric one, only
the outlier one, and neither one applied. In particular, for
the most part we see that the other three cases tend to have
very similar if not slightly higher χ2null compared with our
fiducial analysis. We attribute this to the fact that the
fiducial case features the smallest number of galaxies,
having had a number of outliers removed.
A notable exception is the third photometric bin, which

behaves better in the fiducial case than all others. Upon
further inspection, we see that it has a slightly asym-
metric reconstructed velocity distribution (possibly due
to poorly reconstructed regions as a result of masking
and/or photometric z miscalibration). Overall, the highest
SNR is found in the case where only a photometric
z error cleaning has been applied. We also note that the
tails of the redshift distribution appear to be the largest in
this bin [32].
To corroborate the claim that the additional cleaning

applied in this work has minimal effect on the profile
shapes, in Fig. 9, we present a comparison between the
fiducial (cleaned) analysis and the case where neither of
these corrections is applied. Visually, the curves bear a very
strong resemblance with each other, all measurements
being within 1σ of each other. Most prominently, we see
that the third bin behaves more physically in the corrected
case (since we adopt a CAP filter, we expect the measured

profiles to increase until all gas is encompassed within
some aperture radius),7 while the signal in the first bin gets
a slight boost when no corrections are applied. This is
reassuring to see, as it suggests that our cleaning procedure
works as expected (i.e., it does not significantly bias our
outputs and reduces the anomalous behavior exhibited by
the third bin).
Furthermore, in Table III, we examine the stacked kSZ

measurement coming from the DR9 samples and juxtapose
it with the fiducial DR10 result. Overall, the DR10 signal is
higher than the DR9 one. This is particularly true for the
higher-redshift bins, for which the DR9 photometric red-
shift estimates are significantly worse than DR10 and a
consequence of the fact that the i-band colors are very
powerful at constraining higher redshift. Interestingly, we
find a stronger detection for the first two bins due to the
larger number objects in DR9 (not all galaxies have i-band
colors measured). Similarly to the DR10 case, we find that
often the uncorrected analysis yields a higher-significance
detection but for the third bin. Once again the photo-z
corrected sample boasts with some of the highest χ2null
values across all redshifts.
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