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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 robustly show that the gas is much more
extended than the dark matter at 40𝜎 and the amount of baryonic feedback at 𝑧 ≲ 1 strongly 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 (ACT), stacked on the luminous red galaxy (LRG) 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 and find that
the gas is more spread out than the dark matter at ∼40𝜎. Our work opens up the possibility to recalibrate large
hydrodynamical simulations using the kSZ effect. In addition, our findings point towards a way of alleviating
inconsistencies between weak lensing surveys and cosmic microwave background (CMB) experiments such as
the ‘low 𝑆8’ tension, and shed light on long-standing enigmas in astrophysics such as the ‘missing baryon’
problem.
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I. INTRODUCTION

Baryons, though comprising more than 15% of the uni-
verse’s total matter content, continue to elude precise map-
ping 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 lens-
ing, including the Vera Rubin Observatory [2, 3], Euclid [4],
and the Nancy Grace Roman Space Telescope [5].

Realizing the full potential of these surveys necessitates sub-
percent-level knowledge of baryonic effects on cosmological
observables. Furthermore, unraveling the astrophysical pro-
cesses 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 circum-
galactic medium (CGM) and the intracluster medium (ICM),
the baryon abundance and composition of which is shaped by
phenomena such as active galactic nuclei (AGN) winds and
supernova explosions [6].

Among the most potent tools for probing the elusive baryon
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 SZ effect provides a win-
dow into the thermodynamic properties of galaxy groups and
clusters, critical for resolving a multitude of astrophysical and
cosmological enigmas. In particular, the thermal Sunyaev-
Zel’dovich (tSZ) effect arises from the inverse Compton scat-
tering of CMB photons by the hot thermal gas within groups
and clusters. Its magnitude, directly proportional to the elec-
tron 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 distribution of baryons,
even to the outskirts of galaxies 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 galax-
ies (LRGs) using the stacking of the kSZ effect, which has
been measured using a variety of techniques over the years
[9–13]. 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 red-
shifts; 2) challenging the predictions of state-of-the-art hydro-
dynamical 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 implica-
tions for alleviating or resolving discrepancies in weak lens-
ing analysis; most notably, the ‘low 𝑆8’ tension found when

comparing the inferred values of the clumpiness parameter,
𝑆8 ≡ 𝜎8 (Ω𝑚/0.3)1/2, from weak lensing with CMB probes
(e.g., see [14] and references therein), and the ‘Lensing is
low’ tension, which constitutes a discrepancy between galaxy
clustering and galaxy-galaxy lensing [15, 16].

This paper is organized as follows. Section II and Section III
offer a description of our data and methodology, respectively,
while Section 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 Dark Energy Spectroscopic Instrument is a robotic,
fiber-fed, highly multiplexed spectroscopic surveyor that op-
erates on the Mayall 4-meter telescope at Kitt Peak National
Observatory [17]. DESI, which can obtain simultaneous spec-
tra of almost 5000 objects over a∼3◦ field [18–20], is currently
conducting a five-year dark energy survey of about a third of
the sky [21]. This campaign will obtain spectra for approxi-
mately 40 million galaxies and quasars [22].

In this paper, we use the photometric sample of DESI Lumi-
nous Red Galaxies (LRGs) and a higher-density extended LRG
sample, referred to as ‘Main LRGs’ and ‘Extended LRGs’ [23–
27]. The parent imaging is the DESI Legacy Imaging Survey,
which is a combination of optical and mid-infrared imaging
used for DESI target selection from three telescopes: Blanco
for Dark Energy Camera Legacy Survey (DECaLS), Mayall
for the Mayall 𝑧-band Legacy Survey (MzLS), and Bok for the
Beijing–Arizona Sky Survey (BASS). We also make use of
the reliable photometric redshifts presented in Zhou et al. [27]
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/(1 + 𝑧) ≲ 0.02. Similarly to Zhou et al. [27], we de-
fine 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 overlap with ACT). We take into
account the estimated error in the photometric redshifts for
each galaxy, by imposing a maximum cut on the estimated
error of 𝜎(𝑧) < 0.05. This removes ∼3% of the galaxies,
including outliers with anomalously large redshift errors that
could otherwise bias the reconstructed velocities by diluting
the density signal [see 28, for tests on simulations]. In App. B,
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 harmonic-space Internal Linear
Combination (hILC) maps [29, 30] from the Data Release
6 (DR6) from the Atacama Cosmology Telescope (ACT), a 6
m telescope that was located in the Atacama Desert of Chile
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and measured the CMB from 2007 to 2022. The DR6 data
comprise multifrequency observations from 2017 to 2022 and
the hILC map covers roughly a third of the sky (32%) at three
frequency bands: f090 (77–112 GHz), f150 (124–172 GHz),
and f220 (182–277 GHz), and uses Planck data on large scales
[31, 32]. The observational program of DR6 targeted the
‘wide’ field. For this work, we use only the night-time portion
of the data taken in the first five observing seasons (2017-
2021). 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 [33], we apply a mask on
the ACT map that removes all detected clusters [34] 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
[35], similarly to the reconstruction method applied in Baryon
Acoustic Oscillations (BAO) analysis:

∇ · 𝒗 + 𝑓

𝑏
∇ · [(𝒗 · �̂�) �̂�] = −𝑎𝐻 𝑓

𝛿𝑔

𝑏
, (1)

where 𝛿𝑔 is the observed galaxy overdensity field, 𝒗 is the
peculiar velocity field, �̂� is the line-of-sight unit vector, 𝐻 (𝑧) is
the redshift-dependent Hubble parameter, 𝑓 is the logarithmic
growth rate, defined as 𝑓 ≡ 𝑑 ln(𝐷)/𝑑 ln(𝑎) with 𝐷 (𝑎) 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 = 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 them back 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 reconstruction method
of [36], implemented in the package pyrecon 1 [37]. This
method yields an estimate of the first-order galaxy displace-
ment field, which can be converted into an estimate for the
velocity. A study performed on realistic DESI-like light cone
mocks [28] informs us that the cross-correlation coefficient,

1 https://github.com/cosmodesi/pyrecon

𝑟 ≡ ⟨𝑣halo
| | 𝑣rec

| | ⟩/𝜎
halo
| | 𝜎rec

| | , between the reconstructed galaxy
velocities along the line-of-sight (denoted by subscript | |) 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 confirmed by a
similar study in the ‘snapshot geometry’ [38]. 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 [39]. In addition to the cuts in [33], for our fiducial
analysis, we remove outliers in the reconstructed velocities and
CAP-filtered temperature at the largest apertures measured (6
arcmin) at 3𝜎2 and ensure that the number of galaxies in each
velocity bin is symmetric around the mean by random down-
sampling, which avoids unwanted biases from massive clusters
and guarantees that in the absence of a kSZ signal, our esti-
mator yields zero mean signal. In App. B, 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 T𝑖 (𝜃𝑑) around each galaxy 𝑖 using a
compensated aperture photometry (CAP) filter [33]. 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 recon-
struct the spherically averaged profiles. It is very effective at
removing the large-scale primary CMB, as well as the uncor-
related part of the signal, leaving, in principle, only the sum of
the one- and two-halo terms [see 40, 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 (𝜃𝑑) =
∫

d2𝜃 𝛿𝑇 (𝜃)𝑊𝜃𝑑 (𝜃) . (2)

where 𝛿𝑇 (𝜃) are the CMB temperature fluctuations and the
filter 𝑊𝜃𝑑 is chosen as:

𝑊𝜃𝑑 (𝜃) =


1 for 𝜃 < 𝜃𝑑 ,

−1 for 𝜃𝑑 ≤ 𝜃 ≤
√

2𝜃𝑑 ,
0 otherwise.

(3)

2 Objects that are simultaneous outliers in both temperature and reconstructed
velocity at 3𝜎 constitute ≲0.1%.

https://github.com/cosmodesi/pyrecon
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LRG sample # of galaxies 𝑧mean 𝜒2
null SNRDM SNRnull

Ext. DR9 𝑧bin=1 963,631 0.47 43.2 19.9 6.4

Ext. DR9 𝑧bin=2 1,658,313 0.63 69.4 21.6 7.1

Ext. DR10 𝑧bin=3 1,951,646 0.79 80.3 26.1 8.2

Ext. DR10 𝑧bin=4 1,690,171 0.92 34.0 14.6 4.6

Ext. DR9+10 all 6,850,072 0.75 203.0 42.9 13.5

Main DR9 𝑧bin=1 422,350 0.47 25.2 13.7 4.4

Main DR9 𝑧bin=2 795,393 0.63 78.8 24.4 7.8

Main DR10 𝑧bin=3 753,945 0.79 65.9 23.4 7.3

Main DR10 𝑧bin=4 629,367 0.93 20.8 10.1 3.2

Main DR9+10 all 2,882,904 0.74 166.7 38.8 12.1

TABLE I. Statistics of the detection for each redshift bin and LRG
sample in terms of the null 𝜒2

null, the SNR with respect to null, defined
as SNRnull ≡ (𝜒2

null − 𝜒2
bf)

1
2 , with best-fit coming from the Illustris-1

simulation curves at 𝑧 = 0.5 (see Fig. 2), and SNR with respect to the
dark matter distribution (empirical from gravity-only simulations),
defined as SNRDM ≡ (𝜒2

DM − 𝜒2
bf)

1
2 . Results are shown for the DR10

LRGs; see Table III for DR9. We detect the signal at 13.5𝜎 and 12.1𝜎
for the Extended and Main sample, respectively, and at 42.9𝜎 and
38.8𝜎 with respect to a dark-matter-only profile.

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 [33], we choose
nine radial bins, 𝜃𝑑 , spanning between 1 and 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 estimator
from [33]:

𝑇kSZ (𝜃𝑑) = −1
𝑟

𝑣rec
rms
𝑐

∑
𝑖 T𝑖 (𝜃𝑑) (𝑣rec,𝑖/𝑐)∑

𝑖 (𝑣rec,𝑖/𝑐)2 , (4)

where 𝑣rec
rms is the rms of the radial component of the recon-

structed velocities, 𝑣rec,𝑖 , 𝑐 is the speed of light, and 𝑟 is
the cross-correlation coefficient between the reconstructed and
true velocity, evaluated from mock simulations. We use the
publicly available pipeline ThumbStack3 to apply the estima-
tor 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 resampling
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 Section IV E).

3 https://github.com/EmmanuelSchaan/ThumbStack
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FIG. 1. Stacked kSZ signal in each redshift bin of the photometric
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 = 1.6′) 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 App. IV E 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.

IV. RESULTS

A. Stacked kSZ signal per redshift bin

Fig. 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-
tion II A). The signal is shown as a function of CAP filter ra-
dius and detected at a high significance. We note that the error
bars at large aperture are highly correlated (see Fig. 5). To aid

https://github.com/EmmanuelSchaan/ThumbStack
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interpretation, we convert the 𝑥 and 𝑦 axis into proper distance
and CAP-filtered optical depth (𝜏CAP = 𝑇kSZ/𝑇CMB 𝑐/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,

𝜏(𝑧) ≡
∫

𝑛𝑒 (𝜒�̂�, 𝑧)𝜎𝑇

d𝜒
1 + 𝑧

, (5)

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 corre-
sponding 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 null4 as SNRnull ≡ (𝜒2

null − 𝜒2
bf)

1
2 , with best-

fit coming from the Illustris-1 simulation5 curve at 𝑧 = 0.5
(see Fig. 2 for more details) with a freed up parameter for the
amplitude, and the SNR with respect to the dark matter dis-
tribution (with amplitude fixed by the theory best fit), defined
as SNRDM ≡ (𝜒2

DM − 𝜒2
bf)

1
2 . We detect the signal at ∼13𝜎

and find the profiles to differ from the dark matter ones by
∼40𝜎. 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), and
we have tested that other dark-matter-only simulations (e.g.,
Illustris-1-Dark) yield fully consistent results, as expected for
pure 𝑁-body simulations. The 𝜒2 metric is defined in the
standard way using the covariance matrix 𝐶 from Fig. 5:

𝜒2
model ≡ (𝐷 − 𝑀)𝑇𝐶−1 (𝐷 − 𝑀) , (6)

where 𝐷 is our stacked kSZ measurementfrom the data, and
𝑀 is the model we are comparing against (if null, 𝑀 = 0).

To take advantage of the larger number of objects in DR9 and
their relatively smaller 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 ‘DR9+10
all,’ we use DR10 reconstructed velocities where available
and otherwise DR9 ones in order to maximize the signal.
We provide detailed comparison between DR9 and DR10 in
Tables II and III finding a high level of congruence between the
two. Compared with the previous measurement using CMASS
LRGs and ACT DR4 [33], 𝜒2

null ≈ 86 (same number of radial
bins), we see that the total chi-squared for our Extended and
Main samples is 𝜒2

null ≈ 200 and 170, respectively, or about
twice higher. In App. A, we find our curves to be in excellent
agreement with [33].

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. We see that the gas profiles are steep
beyond the virial radius, suggesting that a significant fraction

4 Corresponding to the inverse of the fractional error on the fit of a single am-
plitude parameter to the data. This often called the “detection significance”
in number of Gaussian standard deviations 𝜎.

5 https://www.tng-project.org/data/
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FIG. 2. Comparison between the kSZ signal from the combined Main
sample from all redshift bins (red error bars) and the modeled kSZ sig-
nal 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 = 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 a significance of 40𝜎
that the gas is much more extended than the dark matter (red dot-
ted curve). The large gap between the data and the TNG curve (blue
dashed curve) indicates that the data disfavor strongly prescriptions of
weak baryonic feedback in simulations. In contrast with TNG, the old
Illustris model (green dash-dotted curve) appears much more consis-
tent with the data, implying that models with large baryonic feedback
are preferred. The simulation curves are multiplied by O(1) to match
the data at high radius factor for visual purposes (see the 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 App. IV E.

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
App. B).

B. Comparison with simulations

In Fig. 2, we study the comparison between the state-
of-the-art hydrodynamical simulations IllustrisTNG-300-1
(TNG300-1) [41] and the measured gas profiles from the
data. We also show a comparison with the older model of
the Illustris-1 simulation [42], which has known shortcom-
ings with predicting observations such as galaxy morpholo-
gies and colors, various cluster properties, and gas fractions
[41, 43, 44]. We select LRG-like galaxies in the two simu-
lations via an abundance matching approach and stack them

https://www.tng-project.org/data/
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at their locations on 2D CMB data mimicking ACT maps6.
Namely, we rank-order the galaxies by stellar mass and select
the top 𝑁gal such that, 𝑁gal/𝐿3 ∼ 5.4 × 10−4 [Mpc/ℎ]−3 for
the Main sample and 1.2 × 10−3 [Mpc/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, 1013.4 M⊙/ℎ, and at 0.6 < 𝑧 < 0.8,
1013.2 M⊙/ℎ [39]. In Section IV D, we split the galaxies into
stellar mass bins estimated in [26] and detect the mass evolu-
tion of the signal at high significance.

Of most interest in this study is comparing the shapes of
the profiles rather than the overall normalization, as the shapes
encode information about the extent of the gas and hence the
strength of the baryonic feedback effects. To make the com-
parison more straightforward, we multiply the TNG300-1 and
Illustris-1 curves by a O(1) factor to match the amplitude of
the data at the penultimate CAP radial bin. We find that there
is a noticeable gap between the TNG300-1 prediction and the
observed profiles, whereas the Illustris-1 model appears to be
in much better agreement with the data. This result suggests
stronger feedback is needed than present in TNG300-1, of sim-
ilar magnitude to the older Illustris-1 model, which is known
to have strong baryonic feedback. This result also suggests
that the ‘𝑆8 tension’ in weak lensing [14] could be partially
explained by baryonic effects (see also Ref. [45]), and we leave
a more detailed study for future work.

We perform a number of tests on both hydrodynamical sim-
ulations to ensure that the gap we see is significant: we vary
the satellite fraction from 0% to 30%7 (note that the constraints
from [39] 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 [Mpc/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
scenarios. Despite considering scenarios that push the bounds
of physically reasonable models, we see that the gap between
simulations and observations persists. In fact, we find a sig-
nificant deviation of 17𝜎 (19𝜎) between the kSZ signal of the
combined Main (Extended) sample and that of TNG300-1, de-
fined as SNRTNG300-1 ≡ (𝜒2

TNG300-1 − 𝜒2
bf)

1
2 where once again

we adopt the Illustris curve at 𝑧 = 0.5 as our theory curve with
a free amplitude that is then used to rescale the TNG300-1
curve by. We stress that in quoting these numbers we fully
marginalize over the amplitude of the signal. Future simula-
tion efforts would need to focus on reconciling their outputs
with our observed gas profiles from kSZ.

6 Prior to applying any filter, these maps are convolved with the ACT beam,
in this case a Gaussian with FWHM = 1.6 arcmin before being passed to
the stacking pipeline.

7 Centrals 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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FIG. 3. Null test demonstrating that there are no substantial system-
atics affecting our measurement such as residual CIB or tSZ contami-
nation. 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. Reas-
suringly, it is consistent with zero and the largest deviations, ∼1, are
much smaller (∼10 times) than the size of the signal (Fig. 1).

C. 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. For this test,
we shuffle randomly the sample of reconstructed 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. The tSZ and CIB
effects do not have such dependence8, 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.

D. Mass evolution

Understanding the mass evolution of baryonic feedback
is key to properly modeling its effect on cosmological ob-
servables such as cosmic shear, and the SZ effect is a ver-
satile probe capable of capturing multiple gas properties

8 Foreground emission such as from the CIB is also Doppler-boosted and
acquires a term proportional to velocity. However, we find that this contri-
bution is about two orders of magnitude smaller than the kSZ signal [46],
and we’ll therefore neglect it in this analysis.
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FIG. 4. As Fig. 2, but we show the kSZ stacked measurements for
the combined (DR9+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.

[see e.g., 47–52, for novel probes and methods]. Here
we use estimates of the stellar mass from Zhou et al.
[26] to split the galaxies in the combined (DR9+DR10)
Main sample into four mass/luminosity bins: log 𝑀 ∈
(11, 11.25), (11.25, 11.5), (11.5, 12), 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. 4. We detect the individual signals at high significance.
The null 𝜒2 is 𝜒2

null = 29.7, 68.2, 96.2, and 28.3, and the de-
viation from the dark-matter profiles is SNR = 15, 24, 27, and
15𝜎, for each bin, respectively. 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 proportional 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∗. 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.
In addition, as expected, the curves become shallower at small
apertures, as the mass increases. This is the case because mas-
sive halos retain more gas within the virial radius, as they have
deeper potential wells compared with their less massive coun-
terparts. At large apertures, the points are extremely strongly
correlated, and it is imprudent to draw any definite conclusions
on this issue (see Fig. IV E). We leave a detailed analysis of
the effect of baryons on weak lensing probes, as measured in
this paper, for future work.

E. Covariance matrix

FIG. 5. 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.

The covariance matrix of the data is obtained by drawing
10,000 realizations of the galaxy catalogs (with repetition)
and computing the covariance matrices from the resampled
stacked profiles, i.e. bootstrapping. 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 [33]). However, given our errorbars, this
level of accuracy is sufficient.

The covariance matrix for the first photometric bin is shown
in Fig. 5. 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 fluctu-
ations, which are shared between the aperture measurements
in each submap and across submaps (and different CMB fre-
quency 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. 6, we illustrate the stacked 2D kSZ signal for the
Main DR9 sample of DESI LRGs. We apply a Wiener filter
(𝐶kSZ

ℓ
/𝐶 tot

ℓ
) that effectively high-pass filters the CMB temper-

ature 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.
This roughly corresponds to the mean halo virial radius at that
redshift.
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FIG. 6. 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.

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 that it deviates from the dark
matter at 40𝜎 (see Fig. 1 and Table I). Such strong baryonic
feedback exceeds predictions from state-of-the-art hydrody-
namical simulations such as IllustrisTNG (TNG300-1). It also
suggests that baryons might play a more significant 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 cosmological surveys such as Roman, Euclid, and the
Vera Rubin 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 measurements with tSZ
and X-ray measurements, which provide access to additional
quantities such as the temperature and cooling rate around
galaxies [53, 54], will enable us to fully solve the gas thermo-
dynamics of groups and clusters and shed light on the role of
feedback in galaxy evolution.

To put our findings into perspective in relation to the 𝑆8 ten-
sion, we offer a back-of-the-envelope calculation. The value

of the 𝑆8 parameter as measured by cosmic shear surveys
is about 10% lower than the Planck values [14], suggest-
ing a ∼20% suppression to the matter power spectrum rela-
tive to a dark-matter-only universe across a range of scales
𝑘 = 0.1 ∼ 10ℎ/Mpc. Let’s consider a point halfway between
these values, at 𝑘 = 1ℎ/Mpc. Assuming that the gas and dark
matter follow a Gaussian profile [33], 𝑘 ∼ 1ℎ/Mpc corre-
sponds to 𝑅 ∼ 1Mpc/ℎ. As seen from Fig. 2, at 𝑅 ∼ 1Mpc/ℎ
about half of the gas is missing relative to the dark matter at a
significance of ∼6𝜎, which would manifest itself in the matter
power spectrum as a 16% suppression with an uncertainty of
∼3% (assuming that baryons make up 16% of the total mat-
ter). This is roughly the effect of baryons needed to explain
the 𝑆8 tension, as suggested in Fig. 6 in Ref. [45] and Fig.
6 in Ref. [55], and ball-park matches the 20% suppression
on the matter power corresponding to the measured 𝑆8 value
in cosmic shear experiments. Additionally, we note that our
13𝜎 detection of the gas can be converted into a ∼2.5% mod-
eling error on the matter power spectrum (assuming a single
fitting parameter for the amplitude), which is well beyond the
required accuracy for future experiments (e.g., the Vera Rubin
Observatory). As such, weak lensing studies taking into ac-
count kSZ measurements to model the effect of baryons will
be especially powerful for future cosmic shear analyses [56].

To make the kSZ measurement, we use the ACT tempera-
ture 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 sug-
gests that the population of red galaxies probed by DESI is
fairly stable and that the AGN feedback is of similar magni-
tude across 𝑧 = 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 Fig. 3 and
Schaan et al. [12]). Importantly, unlike many other astrophys-
ical 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 stack-
ing 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 in-
strumental to reconciling the theory and observations of the
gas-dark matter link.

As the first study of the kSZ signal measured around a pho-
tometric sample of galaxies with reconstructed velocities, this
work opens the door for an exciting new line of research with
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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 environ-
ments. 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: Comparison with CMASS measurement
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FIG. 7. Comparison between the DESI photo-𝑧 stacked kSZ signal
in the first two redshift bins and the CMASS×ACT stacked kSZ
measurement from [33]. Reassuringly, we see that the agreement with
the first bin, which is closest in redshift to CMASS, 𝑧CMASS ≈ 0.55
(cf. 𝑧bin=1 ≈ 0.47) is excellent. To make this visual comparison at
the same frequency, we use the DR5 ACT maps at 90 GHz.

In Fig. 7, 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 [33]. 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. 𝑧bin=1 ≈ 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,
𝜒2

null ≈ 200, is about twice higher than that for CMASS×ACT,
𝜒2

null ≈ 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 B: Effect of removing corrections and comparison
with Data Release 9
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FIG. 8. 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.

As mentioned in the main text of this manuscipt, our fidu-
cial measurement involves two additional cleaning techniques
beyond the analysis of [33]: namely, removing photometric
𝑧 outliers with estimated noise above 𝜎𝑧/(1 + 𝑧) > 0.05 and
removing reconstructed velocity outliers at 3𝜎. In Table II,
we compare the significance of the detection in the scenario of
not applying each and any of these corrections.

Reassuringly, the three statistics of interest to this study,
𝜒2

null, 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
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if not slightly higher 𝜒2
null 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 be-
haves better in the fiducial case than all others. Upon further
inspection, we see that it has a slightly asymmetric recon-
structed velocity distribution (possibly due to poorly recon-
structed 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 [27].

To corroborate the claim that the additional cleaning applied
in this work has minimal effect on the profile shapes, in Fig. 8,
we present a comparison between the fiducial (cleaned) anal-
ysis 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), 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 out-
puts and reduces the anomalous behavior exhibited by the third
bin).

Furthermore, in Table III, we examine the stacked kSZ mea-
surement 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 redshift 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
𝜒2

null values across all redshifts.
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LRG sample # of galaxies 𝑧mean 𝜒2
null SNRDM SNRnull

DR10: Outlier and photo-𝑧 correction (fiducial)

Extended 𝑧bin=1 856,537 0.47 27.5 15.5 5.0

Extended 𝑧bin=2 1,422,411 0.63 49.0 19.1 6.0

Extended 𝑧bin=3 1,951,646 0.79 80.3 26.1 8.2

Extended 𝑧bin=4 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 𝑧bin=1 374,555 0.47 23.7 14.1 4.3

Main 𝑧bin=2 668,450 0.63 62.2 22.6 7.1

Main 𝑧bin=3 753,945 0.79 65.9 23.4 7.3

Main 𝑧bin=4 629,367 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 𝑧bin=1 868,743 0.47 29.1 15.8 5.2

Extended 𝑧bin=2 1,435,540 0.63 57.3 20.9 6.5

Extended 𝑧bin=3 2,006,009 0.79 80.8 24.8 8.0

Extended 𝑧bin=4 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 𝑧bin=1 380,052 0.47 27.0 14.8 4.5

Main 𝑧bin=2 677,185 0.63 74.0 24.4 7.7

Main 𝑧bin=3 771,391 0.79 60.7 21.7 6.9

Main 𝑧bin=4 636,964 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 𝑧bin=1 898,659 0.47 25.9 15.0 4.8

Extended 𝑧bin=2 1,476,128 0.63 48.9 18.8 5.9

Extended 𝑧bin=3 2,031,590 0.79 81.5 25.5 8.0

Extended 𝑧bin=4 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 𝑧bin=1 393,180 0.47 19.7 12.8 3.8

Main 𝑧bin=2 690,663 0.63 58.2 20.5 6.5

Main 𝑧bin=3 775,891 0.79 70.4 22.9 7.1

Main 𝑧bin=4 645,219 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 𝑧bin=1 911,407 0.47 30.2 16.6 5.3

Extended 𝑧bin=2 1,490,492 0.63 53.9 20.1 6.2

Extended 𝑧bin=3 2,083,198 0.79 80.8 24.2 7.8

Extended 𝑧bin=4 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 𝑧bin=1 398,735 0.47 24.0 13.8 4.1

Main 𝑧bin=2 698,633 0.63 67.8 22.9 7.2

Main 𝑧bin=3 790,871 0.79 62.9 21.5 6.8

Main 𝑧bin=4 652,610 0.93 20.2 10.0 3.1

Main all 2,540,850 0.73 136.6 34.4 10.7

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 𝜒2
null SNRDM SNRnull

DR9: Outlier and photo-𝑧 correction (fiducial)

Extended 𝑧bin=1 954,820 0.47 38.5 18.7 6.0

Extended 𝑧bin=2 1,628,650 0.63 71.2 22.7 7.2

Extended 𝑧bin=3 2,125,787 0.80 35.6 14.2 4.2

Extended 𝑧bin=4 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 𝑧bin=1 417,262 0.47 20.6 12.3 4.0

Main 𝑧bin=2 779,408 0.63 77.4 25.0 7.9

Main 𝑧bin=3 878,442 0.79 22.9 12.8 3.8

Main 𝑧bin=4 765,542 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 𝑧bin=1 963,631 0.47 43.2 19.9 6.4

Extended 𝑧bin=2 1,658,313 0.63 69.4 21.6 7.1

Extended 𝑧bin=3 2,174,053 0.80 28.5 10.9 3.4

Extended 𝑧bin=4 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 𝑧bin=1 422,350 0.47 25.2 13.7 4.4

Main 𝑧bin=2 795,393 0.63 78.8 24.4 7.8

Main 𝑧bin=3 888,934 0.79 23.6 11.9 3.7

Main 𝑧bin=4 776,227 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 𝑧bin=1 1,065,110 0.47 37.1 18.4 5.9

Extended 𝑧bin=2 1,775,088 0.63 73.0 20.6 6.7

Extended 𝑧bin=3 2,331,881 0.80 32.8 14.3 4.2

Extended 𝑧bin=4 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 𝑧bin=1 464,568 0.47 18.1 11.2 3.6

Main 𝑧bin=2 837,280 0.63 86.5 26.1 8.2

Main 𝑧bin=3 923,974 0.79 25.1 13.6 4.1

Main 𝑧bin=4 845,101 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 𝑧bin=1 1,073,362 0.47 37.6 18.9 6.0

Extended 𝑧bin=2 1,804,919 0.63 73.2 21.0 7.0

Extended 𝑧bin=3 2,400,937 0.80 22.7 9.9 3.1

Extended 𝑧bin=4 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 𝑧bin=1 470,133 0.47 20.6 12.3 4.0

Main 𝑧bin=2 854,005 0.63 85.2 25.0 8.0

Main 𝑧bin=3 936,270 0.79 22.2 11.4 3.6

Main 𝑧bin=4 857,753 0.92 14.8 9.3 2.9

Main all 3,118,161 0.74 95.6 28.9 9.1

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.
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C. Park, A. Patej, J. A. Peacock, H. V. Peiris, X. Peng, W. J.
Percival, S. Perruchot, M. M. Pieri, R. Pogge, J. E. Pollack,
C. Poppett, F. Prada, A. Prakash, R. G. Probst, D. Rabinowitz,
A. Raichoor, C. H. Ree, A. Refregier, X. Regal, B. Reid, K. Reil,
M. Rezaie, C. M. Rockosi, N. Roe, S. Ronayette, A. Roodman,
A. J. Ross, N. P. Ross, G. Rossi, E. Rozo, V. Ruhlmann-Kleider,
E. S. Rykoff, C. Sabiu, L. Samushia, E. Sanchez, J. Sanchez,
D. J. Schlegel, M. Schneider, M. Schubnell, A. Secroun, U. Sel-
jak, H.-J. Seo, S. Serrano, A. Shafieloo, H. Shan, R. Sharples,
M. J. Sholl, W. V. Shourt, J. H. Silber, D. R. Silva, M. M.
Sirk, A. Slosar, A. Smith, G. F. Smoot, D. Som, Y.-S. Song,
D. Sprayberry, R. Staten, A. Stefanik, G. Tarle, S. Sien Tie,
J. L. Tinker, R. Tojeiro, F. Valdes, O. Valenzuela, M. Valluri,
M. Vargas-Magana, L. Verde, A. R. Walker, J. Wang, Y. Wang,
B. A. Weaver, C. Weaverdyck, R. H. Wechsler, D. H. Wein-
berg, M. White, Q. Yang, C. Yeche, T. Zhang, G.-B. Zhao,
Y. Zheng, X. Zhou, Z. Zhou, Y. Zhu, H. Zou, and Y. Zu, The
DESI Experiment Part II: Instrument Design, arXiv e-prints ,
arXiv:1611.00037 (2016), arXiv:1611.00037 [astro-ph.IM].

[19] J. H. Silber, P. Fagrelius, K. Fanning, M. Schubnell, J. N.
Aguilar, S. Ahlen, J. Ameel, O. Ballester, C. Baltay, C. Be-
bek, D. Benton Beard, R. Besuner, L. Cardiel-Sas, R. Casas,
F. J. Castander, T. Claybaugh, C. Dobson, Y. Duan, P. Dunlop,
J. Edelstein, W. T. Emmet, A. Elliott, M. Evatt, I. Gershkovich,
J. Guy, S. Harris, H. Heetderks, I. Heetderks, K. Honscheid,
J. M. Illa, P. Jelinsky, S. R. Jelinsky, J. Jimenez, A. Karcher,
S. Kent, D. Kirkby, J.-P. Kneib, A. Lambert, M. Lampton,
D. Leitner, M. Levi, J. McCauley, A. Meisner, T. N. Miller,
R. Miquel, J. Mundet, C. Poppett, D. Rabinowitz, K. Reil,
D. Roman, D. Schlegel, S. Serrano, W. Van Shourt, D. Spray-
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E. Gaztañaga, R. Kehoe, M. Landriau, M. E. Levi, T. C. Lic-
quia, A. M. Meisner, J. Moustakas, A. D. Myers, N. Palanque-
Delabrouille, C. Poppett, F. Prada, A. Raichoor, D. J. Schlegel,

M. Schubnell, R. Staten, G. Tarlé, and C. Yèche, Preliminary
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J. A. Beall, D. T. Becker, H. M. Cho, S. K. Choi, P. Corlies, K. P.
Coughlin, R. Datta, M. J. Devlin, S. R. Dicker, R. Dünner, J. W.
Fowler, A. E. Fox, P. A. Gallardo, J. Gao, E. Grace, M. Halpern,
M. Hasselfield, S. W. Henderson, G. C. Hilton, A. D. Hincks,
S. P. Ho, J. Hubmayr, K. D. Irwin, J. Klein, B. Koopman,
D. Li, T. Louis, M. Lungu, L. Maurin, J. McMahon, C. D.
Munson, S. Naess, F. Nati, L. Newburgh, J. Nibarger, M. D.
Niemack, P. Niraula, M. R. Nolta, L. A. Page, C. G. Pappas,
A. Schillaci, B. L. Schmitt, N. Sehgal, J. L. Sievers, S. M.
Simon, S. T. Staggs, C. Tucker, M. Uehara, J. van Lanen, J. T.
Ward, and E. J. Wollack, The Atacama Cosmology Telescope:
The Polarization-sensitive ACTPol Instrument, ApJS 227, 21
(2016), arXiv:1605.06569 [astro-ph.IM].

[32] M. S. Madhavacheril, F. J. Qu, B. D. Sherwin, N. MacCrann,
Y. Li, I. Abril-Cabezas, P. A. R. Ade, S. Aiola, T. Alford,
M. Amiri, S. Amodeo, R. An, Z. Atkins, J. E. Austermann,
N. Battaglia, E. S. Battistelli, J. A. Beall, R. Bean, B. Beringue,
T. Bhandarkar, E. Biermann, B. Bolliet, J. R. Bond, H. Cai,
E. Calabrese, V. Calafut, V. Capalbo, F. Carrero, A. Challinor,
G. E. Chesmore, H.-m. Cho, S. K. Choi, S. E. Clark, R. Córdova
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