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The thermal and kinematic Sunyaev-Zel’dovich effects (tSZ, kSZ) probe the thermodynamic
properties of the circumgalactic and intracluster medium (CGM and ICM) of galaxies, groups,
and clusters, since they are proportional, respectively, to the integrated electron pressure and
momentum along the line-of-sight. We present constraints on the gas thermodynamics of CMASS
(“constant stellar mass”) galaxies in the Baryon Oscillation Spectroscopic Survey (BOSS) using new
measurements of the kSZ and tSZ signals obtained in a companion paper [Schaan et al.]. Combining
kSZ and tSZ measurements, we measure within our model the amplitude of energy injection eM,c?,
where M, is the stellar mass, to be € = (40 & 9) x 10~%, and the amplitude of the non-thermal
pressure profile to be antn < 0.2(20), indicating that less than 20% of the total pressure within
the virial radius is due to a non-thermal component.

We estimate the effects of including baryons in the modeling of weak-lensing galaxy cross-correlation
measurements using the best fit density profile from the kSZ measurement. Our estimate reduces
the difference between the original theoretical model and the weak-lensing galaxy cross-correlation
measurements in [Leauthaud et al. (2017)] by half (50% at most), but does not fully reconcile it.
Comparing the kSZ and tSZ measurements to cosmological simulations, we find that they under
predict the CGM pressure and to a lesser extent the CGM density at larger radii with PTEs ranging
from 0.00 to 0.03 and 0.12 to 0.14, for tSZ and kSZ, respectively. This suggests that the energy
injected via feedback models in the simulations that we compared against does not sufficiently heat
the gas at these radii. We do not find significant disagreement at smaller radii. These measurements
provide novel tests of current and future simulations. This work demonstrates the power of joint, high
signal-to-noise kSZ and tSZ observations, upon which future cross-correlation studies will improve.

I. INTRODUCTION

Studying the physical processes and thermodynamic
properties that govern the ionized baryons in galaxies and
galaxy clusters is essential to our pursuit of understand-
ing galaxy evolution and formation across cosmic time.
The circumgalactic medium (CGM) and the intracluster
medium (ICM), the baryonic reservoirs for galaxies and
clusters, contain the vast majority of baryons in these
systems. The thermodynamic properties of the CGM and
ICM encode the effects of the assembly history and feed-
back processes that shape galaxy and cluster formation.
Moreover, the impact of baryons and their effects on the
underlying dark matter must be known to the percent-
level in the non-linear regime if we are to fully utilize
the next generation of large-scale-structure cosmological
datasets.

The interaction between the CGM or ICM and the
photons of the cosmic microwave background (CMB) cre-
ates shifts in the photon energy, known as the “Sunyaev-
Zel’dovich effects” (SZ [I, 2]). The inverse Compton
scattering of the CMB photons with the hot thermal gas
causes a non black-body distortion in the CMB tempera-
ture, known as thermal SZ effect (tSZ), which is propor-
tional to the pressure due to the electrons integrated along
the line of sight. The scattering of the CMB photons by
the free electrons having bulk motion relative to the CMB
rest-frame causes another shift in the CMB temperature,
preserving the black-body shape. It is known as kinematic
SZ effect (kSZ), and it is proportional to the electron mo-
mentum integrated along the line of sight (see [3] for a
recent review of the SZ effects). The analysis of these
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distortions offers a direct probe of the spatial distribution
and abundance of baryons down to the outskirts of galax-
ies and clusters (see e.g. [4]). These quantities are still
poorly constrained, especially for group-sized structures.
The kSZ effect is particularly well suited to probe low den-
sity and low temperature environments like the outskirts
of galaxies and clusters, since it is linearly proportional to
the electron density and independent of the temperature,
and is therefore complementary to the tSZ and X-ray mea-
surements that are more sensitive to the central regions.
However, while the tSZ has been extensively measured
in clusters (and for a wide range of halo masses), kSZ
detections (3-50) are relatively new, from stacking analy-
ses [BHIO], or from studies of individual clusters [TTHI3].
Both the tSZ and kSZ signals contain information about
the thermodynamic properties of the CGM and ICM. In a
theoretical forecast, [14] showed that combining kSZ and
tSZ profile measurements can place tight constraints on
baryonic processes like feedback and non-thermal pressure
support in the CGM and ICM. Additionally, joint tSZ
and kSZ measurements provide constraints on the CGM
that are complementary to more traditional probes of the
CGM, like absorption line measurements [e.g., T5HI7]

The kSZ measurements [, 18] have traced the distribu-
tion of free electrons around galaxies using independent
measurements of the peculiar velocity from the galaxy
overdensity field. Combining CMB data from the Ata-
cama Cosmology Telescope (ACT) with individual veloc-
ity estimates from the CMASS (“constant stellar mass”)
catalog of the Baryon Oscillation Spectroscopic Survey
(BOSS DR10 [19]), they showed that the gas density pro-
files in groups deviate significantly from a “dark matter
only” Navarro-Frenk-White profile (NFW [20]) expected
in absence of feedback. This is another manifestation of
the well-known “missing baryon problem”, i.e. that in
late-time galaxies and groups, only a small fraction of the
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cosmological abundance of baryons is found within the
virial radius [21] 22]. It is speculated that the baryons
are pushed out beyond the virial radius by a number
of feedback mechanisms, and reside in the outskirts of
galaxies in a diffuse and warm state usually referred to
as the WHIM (Warm-Hot Intergalactic Medium) [22].
Localizing the “missing baryons” by measuring the gas
profile out to several times the virial radius is of primary
importance for understanding of galaxy formation, inter-
preting weak lensing measurements, and characterizing
the complex physical processes behind feedback. While
a number of previous observations have made progress
in characterizing the missing baryons (see for example
[23-25]), SZ measurements are particularly well-suited to
study the outskirts of intermediate and low mass halos,
and shed light on this important issue.

There are observational hints that baryonic effects could
be responsible for discrepancies between weak-lensing
galaxy cross-correlation measurements and analytic mod-
els that do not account for baryons [26]. On these small
scales the baryon distribution no longer traces the dark
matter distribution, and thus impacts the matter power
spectrum (e.g. [27, 28]). If these baryonic effects are not
accounted for in theoretical modeling of the matter power
spectrum, then the resulting cosmological parameter in-
ferences will be biased (e.g. [29, 30]). Understanding the
systematic effects from baryons and disentangling them
from cosmological information is one of the biggest chal-
lenges for the next decade of cosmological surveys, like
the Dark Energy Survey (DES [31]), the Hyper Suprime-
Cam Subaru Strategic Program (HSC-SSP [32]), the Vera
Rubin Observatory [33], and the Nancy Grace Roman
Space Telescope [34]. Theoretical models exist that are
calibrated using observations of the baryon fraction [35]
or simulations [36] [37]. In this paper, we use kSZ measure-
ments of the gas profile that probe the baryon distribution
on smaller scales and we explore a simple empirical model
of this relationship.

Large cosmological simulations provide a partially pre-
dictive model and are now able to reproduce many of
the optical properties of galaxies (e.g. [28, B8-41]). It
is necessary for these simulations to include physically
motivated sub-grid modeling schemes for processes like
star formation and various energetic feedback mechanisms,
since they do not resolve the scales necessary to perform
ab initio calculations of these critical physical processes
in galaxy evolution. With kSZ and tSZ cross-correlation
measurements we can directly test and inform these sub-
grid feedback models [T4} [42], [43], as these sub-grid models
are not precisely tuned to reproduce SZ observations of
the CGM and ICM.

In this paper, we use the new stacked tSZ and kSZ
measurements obtained in a companion paper [18] by
cross-correlating the CMASS galaxy catalogs of BOSS
DR10 [19] and temperature maps from combined ACT
DR5 and Planck data from [44] in the f150 and {090 bands
(centered at roughly 150 GHz and 98 GHz, respectively),
to constrain the baryonic processes, such as feedback and

non-thermal pressure support, and the thermodynamic
profiles of the CGM/ICM. Our models include a correction
for the contamination of the tSZ signal by the thermal
emission of dust from galaxies in our sample, which we
estimate from ACT DR5 (f090, f150) and Herschel /H-
ATLAS data [45] in the three bands centered at 500 ym
(600 GHz), 350 um (857 GHz), and 250 pm (1200 GHz).
We compare our results to predictions from Illustris TNG
cosmological simulations [28] and older simulations by [40].
Finally we use the best fit density profiles to estimate
the effects of including baryons in the modeling of weak-
lensing galaxy cross-correlation measurements by [26].

Two upcoming papers [47,[48|, present kSZ (50) and tSZ
(~100) measurements using the same ACT and Planck
maps as those used here, but different galaxy samples
from BOSS. They explore the luminosity dependence of
the signals, as well as the shape of the velocity correla-
tion function. These probes contain information about
dark energy and modifications to General Relativity [49],
neutrino masses [50] and primordial non-Gaussianity [51].
Because the galaxy samples are different, with different
host halo masses, the results from these two papers are
not directly comparable to ours.

In this paper and [18], our main interest is instead in
the radial dependence of the kSZ and tSZ signals, and
particularly the baryon profiles. We focus on the CMASS
galaxy sample, for which clustering and galaxy lensing
measurements are available, in order to obtain a complete
picture of the gas thermodynamics. This allows us to
constrain the properties of feedback in these halos, and
shed new light on the low lensing tension [26]. Because
these two pairs of papers focus on different information
from the kSZ and tSZ signals, they use different estimators:
the pairwise kSZ estimator in [47, [48] is particularly suited
to measure the velocity correlation function, whereas
the stacking with reconstructed velocities of [18] and
this work is convenient for measuring the baryon profiles.
Overall, these two pairs of papers are complementary, and
highlight the wealth of information in joint kSZ and tSZ
measurements.

The paper is organized as follows: Section [[I| describes
our modeling of the tSZ and kSZ signals in terms of both
a polytropic gas model that includes energetic feedback
and a non-thermal pressure component, and parametric
(generalized NFW) models for the gas thermal pressure
and density. We give in Appendix [A] details on how we
account for the contribution to the halo gas profiles from
neighboring halos (i.e. two-halo term). The procedure
described in this section is implemented in the publicly
available code Mop-¢ GT (“Model-to-observable projection
code for Galaxy Thermodynamics”) B We present the
constraints on our models, using the kSZ and tSZ profiles
measured by [I8], in Section and provide details on
the dust correction in Appendix [B] In Section [[V] we
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estimate the impact of baryons on galaxy-galaxy lensing
measurements of the CMASS sample and compare our
results to current observations. In Section[V] we compare
the kSZ/tSZ observations to predictions for the density
and pressure from hydrodynamical simulations by running
the simulations through the same projection code. We
summarize our results and draw conclusions in Section
V1

We adopt a flat ACDM cosmology with matter density
Q,, = 0.25, baryon density €, = 0.044, dark energy
density Q4 = 0.75, and local expansion rate Hy = 70
km s~ Mpc~t (h = Hy/(100 km s~ Mpc™!). The
choice of cosmological parameters does not significantly
affect our results. Halo masses are quoted as Mg, at a
radius of Rygg, within which the halo density is 200 times
the critical density of the universe at the halo’s redshift,
per(2) = 3HZ(Qn (1 + 2)3 + Q4)/(87G).

II. MODELING THE OBSERVED SIGNAL

We describe the kSZ and tSZ radial profile data and
their relationship to the gas density and thermal pres-
sure profiles in Section [TA] We parametrize the three-
dimensional profiles of these quantities using two halo
models presented below: the Ostriker-Bode-Babul, “OBB”
[62], and the generalized Navarro-Frenk-White, “GNFW”
[53, 54]. In section we describe our use of the OBB
model and describe how it provides constraints on the
non-thermal pressure profile and the star formation feed-
back process. In section [[TC] we describe our use of the
GNFW model, while in Section [[TD] we describe how we
handle two-halo effects.

A. KkSZ and tSZ effects

We use stacked CMB temperature measurements from
[18] obtained by cross-correlating combined ACT DR5
and Planck temperature maps from [44] in the 090 and
f150 bands, with the CMASS spectroscopic catalog of
galaxies [19] in the region covered by ACT. The CMASS
galaxies span a redshift range 0.4 < z < 0.7, with a
median redshift z = 0.55. Approximately 85% of them
reside at the center of galaxy groups or clusters with
mean stellar mass M, = 3 x 101 M (from [55] stellar
mass estimates), corresponding to a halo mass My, ~
3 x 1013 M, according to the stellar—halo mass conversion
of [56].

The tSZ and kSZ signals are measured from microwave
temperature maps by applying a compensated aperture
photometry (CAP) filter at the position of each galaxy;
we average the value of the pixels within a disk of radius
04 and subtract the average of the pixels in an adjacent,
equal area ring with external radius v/264. With the ACT
CMB maps in temperature units relative to the CMB

(1K), the output of the CAP filter is given by:

AP(8:) = [ E657(6) Wa,(6). (1)
with units of pJK - arcmin?, where the angular CAP filter
function Wy, (0) is dimensionless, defined as:

1 forf <6,,
—1 forfy <6 <V26,, (2)

0 otherwise.

W, (9) =

The filter aperture 6; has been chosen to vary between 1
and 6 arcmin, corresponding to approximately 1-4 times
the typical virial radius Ry, in order to investigate the
physical scales relevant for the effects of feedback. The
tSZ and kSZ signals are measured with a signal-to-noise
ratio of 11 and 8, respectively [I8], from ACT+ Planck
coadded maps in two frequency bands, {090 and {150 [44].
In order to properly model this specific set of data, we
convolve 2D-projected temperature profiles to the same
beams with which the [44] ACT+ Planck coadded maps
are convolved. These beams have non-Gaussian, scale-
dependent profiles, with full-widths at half-maximum of
2.1 (f090) and 1.3 (f150) arcmin (see Fig. 15 in [I§]).
The tSZ and kSZ signals can be modelled in terms of
temperature fluctuations as described below.
The tSZ temperature fluctuations are given by:

ATisy
TcemB

=Wy, 3)

where the frequency dependence, neglecting relativis-
tic corrections (e.g. [567, [B8]), is given by f(v) =
xzcoth (z/2) — 4, with « = hv/kgTcms, Toums is the
CMB temperature, kg is the Boltzmann constant, and
the Compton-y parameter measured within 6, at an an-
gular diameter distance to redshift z, da(z), is:

y(0) =

or /lospe( 24 di2)202) di. (4)

MeC?

Here o7 is the Thomson cross-section, m, is the electron

mass, c¢ is the speed of light, P, is the thermal electron

pressure and dl is the line-of-sight (los) physical distance.
The kSZ temperature fluctuations are given by:

Alksz o7 _
= — e "ne vy, dl, 5
Tems ¢ Jios P (5)

where n, is the electron number density, v, is the peculiar
velocity and 7 is the optical depth to Thomson scattering
along the line of sight, defined as:

7(0) :aT/l ne(\/12 +da(2)20)?) di. (6)

The mean optical depth in our redshift range (0.4 < z <
0.7) is below one percent (see e.g. [09]), therefore we
approximate the e~" factor in the integral as 1. Moreover,



since [18] selectively extract the kSZ signal correlated
with the galaxy group of interest, we can further simplify
Equationfy] as:

ATysz (’Ur)
= Tgal \ —/ ) » 7
TCMB Tg 1 c ( )

where 7ga1 refers to the optical depth of the galaxy group
considered, and v, = 1.06 x 1073¢ is the RMS of the pe-
culiar velocities, projected along the line of sight, where
the magnitude adopted is for the median redshift of the
CMASS sample, z = 0.55, in the linear approximation.
We estimate the uncertainty on the velocity re-
construction being less than few percent [18] and
given our current signal-to-noise, we do not prop-
agate it into the uncertainty on the kSZ profile.
However, this will be crucial for upcoming mea-
surements with higher kSZ signal-to-noise ratio
[60].

The electron density and pressure can be converted into
the gas density pgas and thermal pressure Pi,. Assuming
a fully ionized medium with primordial abundances:

_ (XH + 1) Pgas
e — bl
2 mamu (8)
p_ 242Xy p
e — <3 T 5XH> th
where Xy = 0.76 is the hydrogen mass fraction, mamy is
the atomic mass unit.

Therefore, the tSZ and kSZ temperature fluctuations
are related to the gas thermal pressure P;, and to the gas
density pgas, respectively.

In order to model the observed signal we apply the
same aperture photometry filters used in the analysis of
the observations by substituting the temperature models
for the kSZ and tSZ (Eq. and respectively) in Eq.
m

To summarize, ) we project the 3D gas profiles along
the line of sight as in Eqgs. [4ll6] 1) we convolve them with
the beam profile measured at f090 and 150, éiz) for the
pressure model we also multiply by the map response to
the tSZ in each band [44], iv) we then get the average
temperature within disks of varying radii 84, v) for each
aperture, we subtract the mean temperature in an adja-
cent ring of external radius v/26,; and equal area, so as to
reproduce the same aperture photometry filtering applied
to data.

These profiles from both OBB and GNFW are defined
for a halo of given mass and redshift. We compute aver-
age profiles that account for the mass distribution of the
CMASS sample. Using mass-weighted averages is partic-
ularly important for the tSZ modeling, as the tSZ signal
is proportional to M°/3, while the kSZ is linearly depen-
dent on mass. We do not average over the distribution of
redshifts, which is peaked around the median (see Fig. 2
in [I8]), and we use therefore the median redshift of our
sample, z=0.55. Using test models, we have checked that
computing mass and redshift-weighted average profiles

does not significantly change the results, for both den-
sity and pressure. Our modeling of the CMASS sample
does assume that all CMASS galaxies are central galaxies,
which is reasonable given the CMASS selection and our
current measurement errors. Additionally, we assume the
direct mapping between stellar mass and halo mass used
on the CMASS sample [56].

B. OBB model

In order to investigate the thermodynamic properties
of the CGM and ICM, we implement a model proposed
by [62] (see also [61} [62]). The model assumes that the
gas has an initial energy per unit mass equivalent to
that of the dark matter halo. In our implementation,
we assume that the dark matter follows a spherically
symmetric NFW density profile [20], characterized by a
density normalization pg and a scale radius rg:

Po
pola) = i )
where & = r/r,. The scale radius is related to the halo
mass through the concentration parameter cypw, 7s =
Rooo/cnrw. We use the concentration-mass power-law
relation by [63] obtained from N-body simulations for
halo masses in the range 1011 —101°h=1 M at 0 < 2 < 2:

MY

CNFW = 5.71X(1+Z)70'47X <sz
©

with a scatter of 0.15 dex. The assumption of spherical
symmetry for the sample should be accurate for both the
gas and the dark matter since we are modeling stacked
profiles (e.g. [64H66]). Assuming that the initial gas mass
is a fraction of the total halo mass equal to the cosmic
baryon fraction (Mgasi = Qb/QmMiot,i), We can use the
virial theorem to get the gas energy and surface pressure in
terms of the dark matter halo parameters. As the system
evolves, some fraction of the initial ICM gas will cool and
turn into stars, lowering the gas mass and increasing the
energy per unit mass of the remaining gas [67], some work
AFE, will be done by the surface pressure for changes of
the gas volume, and some energy can be injected into
the gas by feedback processes from supernovae and active
galactic nuclei (AGN). Finally, the model assumes that
the gas rearranges itself into a polytropic distribution
characterized by a central pressure Py and density pg.
The final ICM density pgas(r) and pressure Pyo, (1) profiles
are given by:

Peas() = pob(r)TT

Ptot(r) = Poe(r)ﬁ"‘l , (]‘1)

where T is the polytropic index and 6(r) is the polytropic
variable, defined as:

Dol g, —ap). (2

=1
0(r) + TP,



Here ® is the central gravitational potential of the halo
and the system is in equilibrium: dPio/dr = —pgasd®/dr.
The total pressure includes a non-thermal component
that is mainly attributed to bulk motions and turbu-
lence caused by gas accretion and/or merging structures.
Hydrodynamical simulations have reported that these pro-
cesses contribute up to 10-30% of the total pressure and
that this amount increases with radius (see e.g. [68-74]).
Following the model of [62], we describe the radial profile
of non-thermal pressure component as a power law of the
form:

Pxen(r) = anen(r/R200)"™™" Peot (1) - (13)

We fix the radial dependence to nys, = 0.8 as in [62]. That
is the best-fit value to the hydrodynamical simulations of
[75], where the non-thermal pressure is measured from the
radial velocity dispersion of the gas in shells of increasing
radii. We leave the normalization ayyy, as a free parameter
in the fit. This non-thermal pressure model has been
subsequently validated by other simulations [66] [73]. The
thermal pressure is then:

Pth('f') = Ptot(r) — PNth('f’) . (14)

The gas distribution can finally be solved for F, and
po by imposing the conservation of energy and defining
the boundary condition: the final gas energy Es will be
equal to the initial energy F; plus the energy injected by
feedback processes, eM,c?, where € is a dimensionless pa-
rameter quantifying the efficiency of the feedback and M,
is the stellar mass, plus the energy AFE), due to expansion
or contraction of the halo boundaries:

E; = E; + eM,c* + AE,, (15)

with the condition that the total pressure at the halo
boundary must match the initial surface pressure.

This model was found to be in good agreement with
high-resolution hydrodynamic simulations and can repro-
duce the observed X-ray scaling relations. For massive
clusters (Mo = 10Mh=1My), [52] find a good fit to
simulations with a polytropic index I" = 1.2, a fraction
of the baryonic mass condensed into stars that is trans-
ferred back to the remaining gas, estimating the feedback
efficiency, of € = 3.9 x 107%, and 10% of the total pres-
sure due to a non-thermal component. For clusters in a
similar mass range, [61] give a comparable amount of feed-
back, between 3 and 5 x 107, while [62] adopt a smaller
value in their fiducial model, ¢ = 1079, and a redshift-
dependent non-thermal pressure parameter in the range
anth = [0 — 0.33]. We implement this model to constrain
the normalization of non-thermal pressure profile, anin
and the energy injected in the gas by feedback, e.

C. GNFW models

We parametrize the three-dimensional profiles of the
gas density and the thermal pressure, respectively, using

two generalized NFW models. For both models, we choose
parameters and parameter ranges motivated by fits to
cosmological simulations described below. In general, our
SZ measurements constrain the shape of the pressure and
density profiles at large radii, while they do not constrain
that well the parameters which are sensitive to the profile
properties at small radii. Thus, we fix the values of such
parameters motivated by the simulations mentioned below
when we fit the GNFW models.

For the density model, we refer to the following gener-
alized NFW profile [53]:

_ Br—k

PGNFW (T) = po(/Tc i) ™[1 + (@/Tc )] =x
Pgas(T) = panrw (2) per(2) fo,

* (16)

where x = r/Rogo, Tcx is a core scale, (ox,Bk, ) are
the slopes at x ~ 1, x > 1, and * < 1, respectively,
Per(2) is the critical density of the Universe at redshift
z, and f, = Qp/Qyy, is the baryon fraction. Given the
considerable degeneracy of the parameters we fix two
parameters that are sensitive to the profile properties at
small radii, yx = —0.2, and oy = 1, as in [76].

For the thermal pressure model, we use a slightly mod-
ified GNFW profile following [54]:

Poxrw (z) = Po(x /e ) [1 4 (2/zcs)™] 7,
Pin(z) = Panew () Paoo

where Pagg = GMaoo 200 per(2) fo/(2R200), ®c,t IS & core
scale, (a,0,7t) are the slopesat x ~ 1, 2 > 1, and z < 1,
respectively. These parameters define the pressure radial
profile and are different from the parameters in Eq. [I6]
There is significant degeneracy among all the GNFW
parameters, so we fix two parameters sensitive to the
profile properties at small radii, at the values suggested
by previous cosmological simulations [54, [75]: v = —0.3
and oy = 1.

(17)

D. Two-halo term

For both profiles we include a two-halo term. The to-
tal density and pressure profiles are modeled as p(r) =
pone-halo(r) + Ak2h Ptwo-halo (T) and P(’I“) = Pone-halo (T) +
Aton Piwo-halo(T), respectively, where the one-halo terms
are computed according to the models above. In Ap-
pendix [A] we show how the fiducial profiles for the two-
halo terms are calculated and we include free parameters,
Aoy, in front of those terms for both density and pressure
that scale the amplitude and include them in our fits.

III. RESULTS

Ref. [I8] presents the results for the individual inte-
grated aperture quantities (the optical depth to Thomson
scattering and the Compton y), which is a standard prac-
tice for SZ cross-correlation measurements. Here we study



instead how these SZ cross-correlations (the thermody-
namic profiles) change as a function of the distance from
the galaxy center. Given the good S/N of the [I8] mea-
surements in each radial aperture, we are able to move
beyond single aperture analyses and use the information
from all the scales we can access in these measurements.
We can thus improve our ability to constrain models or
simulations of the CGM, while this constraining power
would be reduced if we compressed the SZ measurements
into a single aperture.

In this section, we present constraints on feedback and
non-thermal pressure from combined kSZ and tSZ profile
data (Sec. and constraints on our parametric mod-
els of the gas density (Sec. and thermal pressure
profile (Sec. . We begin each subsection by describ-
ing the free parameters in the fit and motivating the use
of priors, then we show the results of fitting in Tables[]]
and [[] and Figures [I] to [4]

For our fits, we use the data (cf) and covariance matrices
(C) estimated by [18] using the bootstrap method. We
use all the data points between 1 and 6 arcmin
when we fit the kSZ profile, while we exclude the
smallest aperture when we fit the tSZ profile since
the dust contamination is a large fraction of the
signal there.

We assume the likelihood (£) to be Gaussian, written
as:

= —

In £[di7(8)) = —

=

[J—m(ﬂTc*[J—m(ﬂ,(w)

where () is the model evaluated at the parameter 6.
The posterior on the model parameters (P) is then ex-
pressed as:

— = - — —

InP(81d) = In[L(d]m(8))Pr(d)], (19)

where Pr(g) are the priors on §. We use Markov chain
Monte Carlo calculations (MCMC [77, [78]) to estimate the
posterior probability functions, with the Affine-Invariant
Ensemble Sampler algorithm implemented in emcee [79].
We run multiple emcee ensembles, adding independent
sets of chains until the Gelman-Rubin convergence pa-
rameter, R, reaches values smaller than 1.1 [80].

A. OBB model

We probe the efficiency of energetic feedback and non-
thermal pressure in the CMASS sample by fitting the
OBB model, described in Sec. to kSZ and tSZ data
simultaneously. The tSZ likelihood includes the dust
correction described in Appendix [B] We assume a
uniform prior for the polytropic index in the range
1 <T < 5/3. The lower limit guarantees the existence of
the polytropic function (Eq. , while the upper limit
excludes non-relativistic degenerate gas. For the other
parameters we assume uniform priors within physically
reasonable ranges: 0.01 < anen < 0.8, —4.8 < log;p€ <

—4.0, 0.1 < Ayon < 5, 0.1 < Aiop < 5. We also sample
the dust parameters and we marginalize over them as
discussed in Appendix [B]

Figure [1] shows the posterior contours of the OBB pa-
rameters and the 20 range of the OBB model parameters
derived from the kSZ and tSZ data. Our best-fit model
is shown with solid lines. We obtain x? = 86.6 with
a probability to exceed this value (PTE) of 0.15 for
the joint kSZ-+tSZ(+dust) fit, indicating a good descrip-
tion of the data. We compute the PTE values from
10000 Monte Carlo random samples with mean zero and
using the covariances of our measurements. This is a
better estimator than the reduced x? since the number
of degrees of freedom is unknown for non-linear mod-
els [8I]. Table [[| reports the marginalized constraints
(1o). We find a non-zero amount of feedback from AGN
and supernovae, € = (40 £ 9) X 10~¢, that we ro-
bustly estimate with a 23% precision within the context
of our model. From this result we can estimate
that the fraction of energy injected into CMASS
galaxies is E;,j = eM,c? ~ (2.2%0.5) x 10%erg, using
their mean stellar mass M, = 3 x 1011 M. Com-
pared to the total binding energy for these halos

U = (3/5) G(4/3m)1/3(200p,) 3 M2 ~ 7.2 x 10 erg,
using a mean total of M., = 3 x 10*M,, the en-
ergy injected by feedback is 30% (23-37% given
our 1o error bars on the ¢ parameter). This is
a lower limit to the energy injected as we have
not included radiative losses from cooling. Also
we have not propagated any uncertainties on the
stellar or total masses of the CMASS sample. The
ratio of energy injected to the binding energy that
we estimate is consistent with the 25% value that
can be calculated from the results in [46].

Ref. [82] uses X-ray measurements of gas density and
mass in galaxy groups and clusters to calibrate a model
similar to the model used in this work. They find a
feedback efficiency factor of € = (413) x 107% (95% con-
fidence level) that is smaller, at ~ 4o, than our result.
However, we note that their X-ray sample is on aver-
age more massive than ours and the parameter space
explored is also different. We find an upper limit for
the amplitude of the non-thermal pressure pro-
file, anth < 0.2(20) indicating that less than 20%
of the total pressure within Ry is due to a non-
thermal component. This amount is comparable to the
upper limit of 33% found by [62] and it is also consistent
with the non-thermal pressure fraction constrained by [74]
for massive clusters at z = 0, from the turbulence-to-total
ratio of the cluster velocity dispersion.

Using the posterior distributions of the fit parameters
we obtain profiles of the gas density and thermal pressure
from Egs. and estimate the electron temperature
profile as T, = P/(nc.kp), where we calculate P, and
ne from Eq. [§] Figure [2 shows the median (black line)
and the 20 range (blue band) of the models obtained
from the MCMC chains. We constrain the tempera-
ture profile at more than 4¢ in the first two radial



bins, i.e. within approximately the virial radius,
at better than 20 within ~ 2R;, and less than 20
at larger radii. We find a decreasing temperature
profile from (1.3 £0.2) x 107 K (1.1 £ 0.1 keV) to
(1.842.4) x 105 K (0.2+0.2 keV) in our radial range.
These values are overall consistent with the mean electron
temperature estimated by [I8] as the ratio of tSZ and kSZ
measurements for each aperture photometry radius. For
reference, we compute the expected virial temperature
as Tyir = pumpGMago/2kp Raoo [83], assuming a singular
isothermal sphere of gas of mass equal to the the mean
mass of our CMASS sample (Mag = 3.3 x 103M),
where p ~ 1.14 is the mean molecular weight for a fully
ionized medium with primordial abundances. We get
Toir = 1.7x 107 K, that is of the same order of magnitude
of our measured profile. In a recent paper, [84] com-
pare gas profiles and temperatures obtained from Planck
SZ cross-correlation measurements of halos in the Sloan
Digital Sky Survey (SDSS [85]) at z ~ 0, with different
cosmological simulations. We note that our temperature
measurements are higher, although not directly compa-
rable because the samples are different and the scales
involved in the analysis are different, mostly dictated by
the different resolution of Planck and ACT.

B. GNFW Density

Our GNFW density profile is defined by Eq. We
fit for the density amplitude pg, the core radius z., the
power law index [y for the asymptotic fall-off of the profile,
and the amplitude of the two-halo term Ayop. Given the
considerable degeneracy of the parameters we fix two
parameters that are sensitive to the profile properties
at small radii, v = —0.2, and o = 1, as in [76]. We
define the likelihood combining the two density models
for f090 and f150, accounting for the different beams
and the correlated noise, in order to jointly fit the kSZ
measured in the two bands. We assume uniform priors on
all the free parameters, in the ranges: 1 < log;,po < 5,
0.1 < zex < 1.0, 1 < Bk <5, 0 < Aron < 5. Table
[ reports the marginalized constraints with lo error
bars. Figure[3|shows the posterior contours of the GNFW
density parameters. The top right panel shows the best-
fit model (solid lines) and the +2¢ range of the models
obtained from the MCMC over the kSZ data. The x? of
the best-fit model (i.e. the minimum x?) is 20.2, and the
PTE is 0.32, indicating a good fit of the data. We next
assess the significance of the detection of a two-halo term
by our kSZ measurements. We find a best-fit amplitude
of Agon = 1.1708, indicating a 1.60 evidence, consistent
with the values obtained with the OBB fit.

The x? does not change if we reduce the number of
free parameters by fixing the core radius to our best-fit
value, z.x = 0.6. In this case we get x? = 20.1, with
three free parameters (PTE=0.33) and the same 20 range
of the models obtained from the MCMC chains. The
constraint on the log-amplitude improves from 13% to

™% (logy po = 2.9+ 0.2), while the constraints on Sy and
Ayon do not substantially change.

We check the consistency between the kSZ radial pro-
files obtained with the GNFW and the OBB models using
a x? statistics. We find that they match within 1o, with
X% = 15.8 for 16 data points (PTE=0.47).

C. GNFW Pressure

Our GNFW pressure profile is defined by Eq. We fit
for the amplitude P, the core radius z.+, the power law
index (; for the asymptotic fall-off of the profile, and the
amplitude of the two-halo term Ays,. There is significant
degeneracy among all the GNFW parameters, so we fix
two parameters sensitive to the profile properties at small
radii, at the values suggested by previous cosmological
simulations [54] [75]: 4 = —0.3 and oy = 1. The tSZ
measurements that we use to constrain our model include
a contamination by the thermal emission from dust in
our galaxy sample or in galaxies spatially correlated with
it, which we take into account in our model. We fit the
GNFW thermal pressure profile to the ACT data (f090,
f150) and a dust modified black-body model to the ACT
data and additional Herschel data from the H-ATLAS
extragalactic survey [45] in the three bands centered at
600, 857, 1200 GHz, defining one combined likelihood.
We present here constraints on the GNFW pressure pro-
file and we refer to Appendix [B] for details on the dust
model. We assume uniform priors on the parameters in
the ranges: 0.1 < Py < 30, 0.1 < oy < 2,1 < B < 10,
0 < Apon < 5. Table |E| reports the marginalized con-
straints along with the 1o errors. Figure [4] shows in blue
the posterior contours of the GNFW density parameters
from the tSZ+dust fit. We do not find a noticeable cor-
relation between the parameters of the GNFW and the
parameters of dust model shown in Figure The top
right panel shows the median (+20) range of the mod-
els obtained from the MCMC runs over the tSZ (+dust)
data, and the best-fit corresponding to a minimum x? of
43.5 with PTE=0.45 (solid lines). In order to validate
our model, and check that the constraints on the GNFW
parameters are not determined by the dust fit, we also
use measurements of the tSZ alone [18] obtained with the
internal linear combination (ILC) component-separated
maps from [86], of the Compton-y with deprojected cos-
mic infrared background (CIB) from Planck + ACT DRA4.
The result of fitting the CIB-deprojected Compton y maps
is shown by the red contours in Figure [d} The best-fit to
the Compton-y profile has a x? of 10.5 (PTE = 0.31) and
matches within 1o the tSZ+dust fit.

A notable feature is the degeneracy between [y and Py.
This is a well known degeneracy and has been seen before
in tSZ profile measurements [87]. We clearly observe this
degeneracy in the fits to Compton-y, CIB-deprojected
measurements and to a much lesser extent in the fits to
tSZ-+dust measurements. We attribute this difference to
the fact that the measurement errors for the Compton-y
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FIG. 1.

Constraints on the polytropic index, I', the amplitude of the non-thermal pressure profile, ansn, the feedback efficiency

parameter, €, and the amplitudes of the two-halo terms of the density and pressure profiles, Axon and Aion, obtained by fitting
the OBB model to combined kSZ and tSZ measurements by [I8]. The radial data have large correlations (see Fig. 7 in [18])
that are accounted for in the analysis. The triangle plot shows one and two dimensional projections of the posterior probability
distributions of the free parameters. We assume uniform priors within: 1 <T' < 5/3, 0 < antn < 0.8, —4.8 < log, € < —4.0,
0 < Axan < 5, 0 < Agan < 5. The top right panels show the observed kSZ and tSZ profiles (points) with the best-fit and the 20
range (2nd-98th percentiles) of the distribution of the models obtained from the MCMC chains.

CIB-deprojected case are larger, as a result of a slightly
smaller area overlap with the CMASS sample. Moreover,
the component separated maps are not minimum variance,
due to the nulling of the CIB, and they include ACT data
up to 2015 only (DR4), as opposed to 2018 for our fiducial
temperature maps (DR5).

The same GNFW form was previously used in [e.g., [8§]
to model the tSZ - CMB lensing cross-correlation. There,
the degeneracy was broken by keeping [; fixed, and the
amplitude Py was that of the mean pressure profile of all
halos in the Universe, weighted by their tSZ signal times
their CMB lensing signal, instead of that of a specific
galaxy sample like here.

The best-fit value Aion = 0.71'8:2 indicates a preference
for a non-zero two-halo term at 1.8¢ from tSZ measure-

ments, consistent with the values obtained with the OBB
fit. The measurement of the two-halo term alone is not
new and previous studies have used stacked tSZ mea-
surements to probe the distribution of hot gas in galaxy
clusters and groups and to separate the one- and two-halo
regimes. Refs. [89) 00] measured the two-halo term by
analyzing the cross-correlation function between SDSS
galaxy groups at a lower redshift (z < 0.2) and Planck
y-maps. They found evidence of both components in the
most massive halos, M > 10'3-5h=' M, with a predom-
inance of the two-halo term at 2 2 Mpc, and evidence
of two-halo term alone for lower mass systems. Also us-
ing Planck y-maps, the two-halo regime has now been
constrained through the measurement of (bP.), the halo
bias-weighted mean electron pressure, with galaxy sam-
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Parameter Description Prior Constraints (1o)
OBB model
T Polytropic index [1,5/3] 1.2+0.1
anth Non-thermal pressure norm. [0.0, 0.8] 0.04tg:g;
€ Feedback efficiency [107*%,107*°] (40 £ 9) x 107°
Axon Two-halo density amplitude [0, 5] 0.84+0.5
Agon Two-halo pressure amplitude [0, 5] 0.9%9:3

TABLE I. Marginalized constraints on the OBB parameters.

Te [K]

108

1 2 3 4 5 6
R [arcmin]

FIG. 2. Average, inferred electron temperature profile of
CMASS galaxies halos weighted by density obtained from the
joint kSZ+tSZ fit to the OBB model using the MCMC chains.
The black line is the median profile, the blue band indicates the
20 range of the models obtained from the MCMC chains. For
comparison, the grey dashed line indicates the expected virial
temperature for an isothermal sphere of mass equal to the the
mean mass of our CMASS sample (Mago = 3.3 x 10 M),
Tyir = 1.7 x 107 K. The x-axis is converted to arcmins to
ease the comparison to the density and pressure profiles. The
average temperatures of the CMASS galaxies are closer to
10°K than they are to 10°K.

ples from the Dark Energy Survey [91], a compilation
of the 2MASS photometric redshift survey, WISE, and

SuperCOSMOS [92], and the DR14 SDSS release [93, [94].

Unlike previous work based on Planck, the ACT data
used here has a smaller beam, enabling us to study the
pressure profiles in small group-sized halos, including both
the one-halo and two-halo terms, at z ~ 0.6.

The goodness of the fit does not substantially change
if we reduce the number of free parameters by fixing the
intermediate slope to our best-fit value oy = 0.8. We
get in this case x? = 40.1 (PTE=0.60) and the same
20 distribution of the models obtained from the MCMC
chains. The constraints on the amplitude get remarkably
tighter, from 70% to 20% (P, = 1.370:3), and those on
the outer slope improve from 33%to 10% (8, = 2.0 +0.2),
while the constraints on A2, and on the parameters of
the dust model remain essentially the same.

The tSZ radial profile that we obtain from fitting the

GNFW model is consistent within 20 with the tSZ profile
obtained for the OBB model. We get x? = 27.9 for 16
data points (PTE=0.03). This is a reasonable match
considering that these are fits of different parametric
models, each one having some degenerate parameters,
and also taking into account our measurement errors. By
neglecting the outermost measurements which have the
largest error bars, we find a better match within 1.60,
with x? = 20.4 for 14 data points (PTE=0.12).

IV. IMPLICATIONS FOR OPTICAL
WEAK-LENSING OBSERVATIONS

The parametric GNFW model for the electron density
profile we obtained from kSZ measurements serves as
a first-order, empirical model for how baryons impact
theoretical halo occupation distribution (HOD) models
for optical weak-lensing measurements from the CMASS
sample. Ref. [26] showed that their HOD model for the
galaxy-galaxy lensing signal from CMASS over-estimated
this signal compared to their measurements, concluding
that “lensing is low”. The details of their fiducial halo
model (MDRI1) are described in [95] and the parameters
of their model are calibrated to provide the best fit to
CMASS galaxy clustering measurements.

Here, we do not attempt to disentangle the HOD from
the individual profiles. Our best fit GNFW profile de-
scribes the “HOD-convolved” density profile. In other
words our parametric GNFW model contains within it
the underlying properties of the CMASS sample, like
what fraction of the CMASS sample are central or satel-
lite galaxies. Thus, it is indeed the relevant quantity for
predicting the impact of baryons on galaxy weak lensing,
since the weak lensing signal is also convolved with the
same exact HOD.

With our HOD-convolved best fit we can straight-
forwardly estimate the impact of baryons on the MDR1
model [95] by simply incorporating our parametric GNFW
model for the electron density into it. The MDR1 model
assumes that baryons trace the dark matter on all scales.
We will use the MDR1 HOD model for the dark matter
contribution to the galaxy-galaxy lensing measurement
which uses a standard weak-lensing shear estimator, AX.
The projected mass density X is related to AY through

AX(R) = (< R) - S(R), (20)
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FIG. 3. Constraints on the log-amplitude of the gas density profile, log,, po, the core radius, z.,k,the outer slope, Sk, and the
amplitude of the two-halo term, Ayopn, obtained by fitting the GNFW density model to kSZ measurements by [I8]. The radial
measurements have large correlations (see Fig. 7 in [I8]) that that we take into account in our analysis. The corner plot shows
one and two dimensional projections of the posterior probability distributions of the free parameters. We assume uniform priors
on the parameters within: 1 <log;qpo < 5, 0.1 < zcx < 1,1 < Bk <5, 0 < Akon < 5. The top right panel shows the measured
kSZ profile at f090 and f150 (circles) with the median (50th percentile, dashed curves) and the 20 (2nd-98th percentiles, bands)
range of the models obtained from the MCMC chains. The solid lines indicate the best-fit model with x?=20.2 and PTE=0.32.

Parameter Description Prior Constraints (1o)

GNFW density model

log; Po Log amplitude [1, 5] 2.870-3
T,k Core radius [0.1, 1] 0.6 0.3
B Outer slope [1, 5] 2.6758
Axon Two-halo term amplitude [0, 5] 1.1tg8
GNFW pressure model

Py Amplitude [0.1, 30] 2.0729
ay Intermediate slope [0.1, 2] 0.8753
Bt Outer slope 1, 10] 26759
Agan Two-halo term amplitude [0, 5] 0.779%

TABLE II. Marginalized constraints on the GNFW parameters.
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FIG. 4. Constraints on the amplitude of the thermal pressure profile, Py, the intermediate slope, oy, the outer slope, f;, and the
amplitude of the two-halo term, Agon, obtained by fitting the GNFW pressure model to tSZ measurements by [18]. The radial
data have large correlations (see Fig. 7-8 in [18]) that are accounted for in the analysis. The blue contours and lines show the fit
of the GNFW thermal pressure-+dust model to ACT and Herschel temperature measurements (see Fig. for the simultaneous
constraints on the dust model), while in red is the fit of the GNFW thermal pressure model to Compton-y measurements
obtained with CIB-deprojected maps . The corner plot shows one and two dimensional projections of the posterior probability
distributions of the free parameters. We assume uniform priors within: 0.1 < Py < 30, 0.1 < ax < 2,1 < By < 10, 0 < Agon < 5.
The top right panel shows best-fit (solid lines), the median (50th percentile, dashed lines) and the 20 (2nd-98th percentiles,
bands) of the distribution of the models obtained from the MCMC chains.
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FIG. 5. CMASS galaxy-galaxy lensing signal. Data from [26]
(green circles) are compared to HOD model predictions from
[95] (MDR1, red line) and our model that include a baryons
correction (blue line) to the MDR1. This correction uses the
best fit density profile from kSZ measurements (Section
and Figure|3). The gold band illustrates the uncertainty in
the model from the stellar component and the vertical grey
lines show the radial range in which we have kSZ observations;
outside this radial range we are extrapolating. The baryon
correction that we estimated to the MDR1 model reduces the
difference between the galaxy-galaxy measurements and HOD
model predictions by half (50%), but does not reconcile it.
The dashed red line illustrates the maximum correction to the
MDR1 model, which is to remove all baryons without altering
the dark matter profile. This extreme model still does not
reconcile this model and observations below 500 kpc/h.

where ¥(< R) is the mean projected mass density within
projected radius R and X(R) is the surface mass density
at R. We can split the total AY into a dark matter
component (AXpy from MDR1) and baryon component
(AX}, obtained from our parametric GNFW model) such
that AXoy = A¥pm + AXYy,. The AX¥py is calculated
by scaling the full AY from MDRI1 by the dark matter
fraction, (v — Q,)/QMm. The AY, is calculated by pro-
jecting our best fit GNFW model for the electron density
profile,

S (R) o 2/000 Pgas (\/R2 + z2) dl. (21)

Here [ is the line-of-sight direction on which we project,
and the profile we fit is spherically symmetric so there
is no preferred axis. The AXy(R) profile is calculated
using Equation [20| once ¥ (R) is calculated. We normalize
AY,(R) such that the baryon contribution to AXit equals
fbAZDM at Rmaxt

fbAEDM (Rmax)

AEb(R) — AEb(R) X Azb(RmaX)

(22)
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Here Ry, is the maximum angular radial bin for which we
have a kSZ measurement. To summarize, we assumed that
all the baryons are present within the maximum radius
that we measured and beyond this radius the baryons
trace the dark matter. We note that this model does not
include the effect of the dark matter profile rearranging
itself in response to the new baryon profile, often referred
to as a “back-reaction” to the baryons (e.g. |27, 28]). We
expect this to be a second-order correction to the model
(supported by simulations e.g. [28]), smaller than the
baryonic effect we included.

Figure [f] shows the original galaxy-galaxy lensing mea-
surement from [26] with green points and error bars, along
with the original MDR1 HOD model from [95] shown as
a red line. Our new estimate for the MDR1 halo model
with a baryon correction coming from our kSZ profile
measurements is shown in blue and the corresponding
blue band illustrates the 20 uncertainty obtained by sam-
pling the best fit GNFW MCMC chains. The dashed red
line illustrates what the [95] HOD model would predict
if one were to remove all the baryons. This “no-baryons”
curve sets a lower limit to the MDR1 HOD model of the
galaxy-galaxy lensing signal, in the absence of a modifica-
tion to the dark matter profile. The yellow band shows
the 20 upper limit from the stellar component of AX
following the calculations from [96] and the vertical grey
lines show the radial range of kSZ measurements from
[18]. Our estimates for the inner radii beyond the grey
boundary are extrapolations of the model. At these radii
the uncertainty from the stellar component is dominant.

Our empirical model for the baryon correction to the
MDRI1 halo model does reduce the difference between
the galaxy-galaxy lensing measurement of the CMASS
sample [26] and the predicted signal from the [95] MDR1
HOD model, which is calibrated to the clustering of the
CMASS sample. At its largest our baryon correction
accounts for half the difference (50%). However, the
lensing measurements still fall below our model on all
scales. Even assuming an extreme baryon correction
model where all the baryons are removed from MDR1
HOD model, without altering the dark matter profile,
the measured lensing signal is still below the model on
scales of 500 kpc/h and less. The impact of baryons is
one of many effects considered in [26], the others being
measurement systematics, sample selection, assembly bias,
and extensions to our concordance cosmological model. It
is likely that a combination of these effects is responsible
for the low lensing signal (e.g. [97]), since baryonic effects
cannot explain the entire difference.

V. COMPARISON TO SIMULATIONS

Our measured kSZ and tSZ profiles from ACT4+CMASS
[18] offer a new opportunity to test current cosmological
simulations [14] [42], 43] and the sub-grid physics models
they include to capture physical processes like feedback
from stellar sources and AGN. Since these measurements



are new, current simulations are not calibrated to match
them, and thus the simulations permit a genuine predic-
tion for these tSZ and kSZ CGM profiles.

We use predicted density and pressure profiles from
Mlustris TNG [28] and the [46] simulations, and a NFW
density profile [20], shown in the top panel of Figure [6]
For the TNG simulations, we use the simulation snapshot
data that matches the mean redshift of the CMASS sam-
ple most closely. We further model the CMASS sample by
selecting halos from Illustris TNG that were “red” in color,
according to Ilustris TNG, and we weight each halo’s
contribution by its mass, for both the stellar and halo
mass distribution to match the observed sample’s stellar
(TNG S) and halo mass (TNG H) distributions, respec-
tively. These two halo selections are meant to capture the
uncertainty in the stellar mass to halo mass relation used
for the CMASS sample and they are a decent metric for
the uncertainty in the modeling of the CMASS sample
with TNG. Red galaxies within Illustris TNG were se-
lected to have colors sdss_g — sdss_r > 0.6 [98]. For the
[46] simulations we use the fitting formulas from [54] and
[76], include the mean redshift of the CMASS sample and
weight the mass dependence according to the halo mass
distribution of CMASS. These fitting formulas are extrap-
olated to lower masses, since [46] do not resolve halos down
to the masses of the CMASS sample. We also show
the best fit GNFW pressure profile from Planck
[87], extrapolated to the CMASS masses, which
is very similar to the predictions of [46]. The
middle panel of Figure [6] shows the projected density and
pressure profiles for comparison purposes. In the bottom
panel of Figure [6] we compare the measured kSZ and tSZ
profiles in the f150 frequency band from ACT+CMASS
[18] to the simulation predictions, obtained by convolving
the projected profiles with the ACT beam and applying
the aperture photometry filter as described in Sec. [} See
[18] for a discussion about the uncertainty in the NEFW
modeling. The tSZ simulated profiles also include the
dust correction from our ACT+Herschel measurements
(the solid curves are given by the sum of the tSZ simulated
profiles and our best-fit dust model, the bands enclose
the 20 range). For the density-to-kSZ projection (Egs.
8) we use for the simulated profiles the same v, that
we use for our models, v, = 1.06 x 1073¢, which is the
value computed in the linear approximation at z = 0.55.
We do not include uncertainties on the profile predictions
from simulations. These predictions are weighted aver-
ages over hundreds of simulated halos, thus the errors on
these averages scales like 1/v/N, where N is the number
of halos and they are dwarfed by the measurement error.

At the smaller radii the simulations do a decent job of
matching the signal, although the pressure profiles over-
predict the signal there (higher negative values of Tigz, cor-
respond to higher values of the thermal energy/pressure).
These first four angular radial bins below 3 arcmin are
within two virial radii (defined as an average overdensity
of 200 with respect to the mean matter density) and have
been probed indirectly in the past, through integrated gas
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density and Compton-y measurements. Given that some
of these observational constraints were not available prior
to calibrating these simulations it is not surprising that
there are large differences between the simulations and the
[18] observations. At larger radii the density and pressure
profiles predicted by both simulations are significantly
lower than the measurements. For the density profile the
total x? values for Illustris TNG and the [46] simulations
are very similar and range from 8.2-8.7, with PTE 0.12-
0.14. For the pressure profile the [46] simulations have
the lowest x2 of 12.7 (PTE=0.03), while the x2s for the
TNG S and TNG H predictions are 20.2 (PTE=0.00) and
23.1 (PTE=0.00) respectively. Unlike the smaller radii,
this radial range is completely unexplored. Clearly the
simulations are under-predicting the gas density and tem-
perature at these radii. This suggests that the sub-grid
stellar and AGN feedback models these simulations use
to stop over-cooling in the center and remove low entropy
gas does not sufficiently heat the gas in the outer regions
of the CGM.

There are numerous reasons why simulations could un-
der predict the amount of CGM pressure and to a lesser
extent CGM density at these larger radii. For example,
the numerical methods chosen to inject energy and how
that energy is allowed to propagate through the CGM
will impact the thermodynamic properties of the CGM
on all scales. Previous comparisons between simu-
lations and tSZ profiles have been mostly limited
to higher masses, like galaxy clusters [e.g., [87, 99—
101], where the simulations matched the observa-
tions across a large range in radii. This implies
that the current sub-grid models for energy injec-
tion and numerical method for propagation are
sufficient at describing the ICM but do not suffi-
ciently heat the CGM at radii beyond the virial
radius.

Predicting the gas profiles on these large scales
in 10'*M, galaxies is challenging as they have
smaller potential wells than galaxy clusters and
their CGM is more susceptible to small changes in
the feedback modeling. A challenge going forward
for cosmological simulations will be to sufficiently
heat the CGM at radii beyond the virial radius
without completely unbinding the CGM from ha-
los at this mass scale. We look forward to investigating
additional data from other current cosmological simula-
tions and potentially enabling further refinement of the
current sub-grid feedback models.

VI. SUMMARY AND CONCLUSIONS

We present constraints on the gas thermodynamics
of CMASS galaxies using kSZ and tSZ cross correlation
measurements from [18].

Combining kSZ and tSZ measurements we constrain
the efficiency of feedback, in terms of thermal energy
injected into the gas from AGN and supernovae, € =



105 5 Flo7
L =27
«l'»_' 104 4 10 >
] S
Q 28
% 10° F107°
s a
= 2 3
8 102 5 P
& TNG S o
== TNG H
101 { — Battaglia F107%°
= This work
100 — NFW -
107! 100 10!
R [Mpc]
R [Mpc]
0.50 0.75 1.00 125 1.50 175 2.00 2.25
TNG S
—_ == TNG H
8 — Battaglia 1073 D,
I —— This work &o
Py — NFW Q
! o)
3 3
X 1
[0} w
E ........ 2
e i)
No? 2‘
L 1074
1077 . .
1 2 3 4 5 6
R [arcmin]
— 10!
o~
£
IS
N
S
X
— 0
N 10
P:( ; —— Battaglia
4 — NFW
f == NFW trunc. 1 Ryir
® ACTf150
1 2 3 4 5 6

R [arcmin]

10~

o
o

Pin[Mokpc=is™2]
5

10727 4

Tesz[uK - arcmin?]

1
N
G

|
N
o

15

24 |

TNG S
=-= TNGH
— Battaglia
Planck+13

= This work

L 10*12

E10-13

L 10-14

[¢—w> bus] Wy

L1015

I
w
L

|
.
o

|
=
%]

—20

107*

0.50 0.75 1.00 1.25 1.50

100 10
R [Mpc]
R [Mpc]
1.75 2.00 225
)
3%
)
g
[9)
3I
L 1 -
0 2
i)
)

3 4 5 6

® ACTf150

i TNG S + dust +
=+= TNG H + dust

- Battaglia + dust

Planck+13 + dust

1 2

3 a 5 6
R [arcmin]
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(40 £ 9) x 1078 (10), which we robustly estimate with
a 23% relative uncertainty. From this result we
estimate that the energy injected by feedback is
30% of the total binding energy of the system,
which is consistent with the 25% value calculated
from [46] simulations. We find an upper limit for
the amplitude of the non-thermal pressure profile,
anth < 0.2 (20), indicating that less than 20% of
the total electron pressure within Rsgg is due to a non-
thermal component.

Thanks to the high significance data and the small
ACT beam, we are also able to study the gas density
and pressure profiles in the group-sized CMASS halos at
z ~ 0.6 in both the one-halo and two-halo regime. We use
the kSZ measurements to constrain the amplitude and
shape of a generalized NF'W model of the gas density pro-
file, finding best fit parameters: logigpg = 2.81‘3:3,
Tex = 0.6£0.3, B = 2.6700, Ayon = 1.1703. From
the tSZ(+dust) measurements we constrain a general-
ized NFW model of the thermal pressure profile, with
best fit parameters Py = 2.0f3:g, ap = O.ng:g,
By = 2.61'(1):2, Aton = 0.71'8:2 (1o error bars).

Using our best fit density profile from the kSZ mea-
surements we estimate the baryon correction to the [95]
HOD model of the CMASS galaxy-galaxy lensing signal,
which is calibrated to match the CMASS clustering mea-
surements. We find that including our baryon correction
reduces but does not fully reconcile the difference with
this galaxy-galaxy lensing measurement [26].

We also use the kSZ and tSZ measurements to directly
test cosmological simulations with sub-grid physics mod-
elling that are clearly not calibrated to match our new
SZ observations of the CGM. The predicted density and
pressure profiles from Illustris TNG [28] and the [46] sim-
ulations match our data decently at < 2R, while at
larger radii the simulations are both significantly lower.
We interpret these underestimates of the CGM pressure
and density, seen in a range so far unexplored, as inade-
quacies of the sub-grid stellar and AGN feedback models.
We will continue to investigate additional data from other
current cosmological simulations, which will potentially
enable future simulations to refine their sub-grid feedback
models.

These combined kSZ and tSZ profile measurements have
ushered in a new era of modeling and inference, especially
thanks to the improvement from the past ~ 40 to the
current 80 kSZ measurements. However, the interpreta-
tion of these higher signal-to-noise measurements require
attention to both measurement and modeling systematics.
The main measurement systematic in the interpretation of
the tSZ signal is the thermal dust emission from CMASS
galaxies. Therefore we include in our thermal pressure
model a model for the dust contribution that we constrain
by stacking on ACT and Herschel data.

In order to optimally describe the observations, we
forward model our theoretical density and pressure pro-
files to our observations. This includes convolving our
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models with the map beam profiles and applying the tSZ
band-pass responses, which are computed for each fre-
quency band. For the theoretical modeling we include
both the one-halo and two-halo contributions and mass-
weight our density and pressure profiles. With upcoming
higher signal-to-noise data, precisely modeling the HOD
and the selection of the galaxy sample will be crucial to
meaningfully compare measurements and hydrodynamical
simulations.

This work demonstrates the power of joint tSZ and kSZ
cross-correlation measurements in studying the distribu-
tion of baryons in the CGM of CMASS galaxy groups,
especially in low-density environments and out to the
outskirts, where they can reveal information about as-
sembly history and the feedback processes. Future CMB
observations such as the Simons Observatory [102], CCAT-
Prime [103], CMB-S4 [104] and spectroscopic surveys of
the large-scale structure like the Dark Energy Spectro-
scopic Instrument (DESI [105]), the Subaru Prime Focus
Spectrograph (PFS [106]) and Euclid [107], will improve
the precision in this radial range even more, with higher
sensitivity, larger sky and frequency coverage, and larger
galaxy samples, enabling more detailed studies across mul-
tiple sub-samples of mass, redshift, and galaxy properties.
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Appendix A: Two-halo term

We investigate the contribution to the halo gas profiles
from neighboring halos, known as “two-halo term”. We
are interested in the two-halo kSZ signal observed from
our cross-correlation analyses. In order to estimate this
contribution, we construct an analytical model of the
signal following the halo model of [§9] (based on the
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formalism of [TI08]). The total halo-density correlation
function describes the average excess density around halos
with respect to random locations in the Universe, as a
function of the comoving distance from the halo centre
(7). This has both a one-halo and a two-halo contribution:

Enp(r|M) = G0 (r| M) + €250 (r| M), (A1)
where 52?5‘ha1°(r|M ) = pgas(r| M) is the gas density profile
of the halo itself (or equivalently the halo pressure profile
Py (r|M)), while &o-b21(r| M) is the contribution from
correlated neighboring halos.

In order to calculate the two-halo term, the first step
is to compute the Fourier transform of the density profile
around a neighboring halo:

pgas(r‘M) ’

sin(kr)
kr (42)

u,(k, M) :/0 dr 4mr?

assuming a spherically symmetric density profile. We then
compute the two-halo contribution to the halo—density
power spectrum:

_ . > , dn
Puplk) = O Puolh) [ adr’

b(M') u,(k,M').
(A3)
Here, M is the mass of the halo of interest, the integral
is over the masses M’ of the neighbour halos, in the
range 101 — 101° M. Py, (k) is the linear density power
spectrum computed with the fit of [I09], dn/dM is the
mass function of the neighboring halos that we compute
from [I10], b(M) is the linear bias factor of the halo of
mass M, from [I11].
Finally, we Fourier transform the weighted power spec-
trum to get the two-halo term of the correlation function:

> dk 2 sin(kr)
272 kr

W(k) Py, (k).

(A1)
We consider that for the kSZ signal, the two-halo contri-
bution comes from halos within the correlation length of
the linear velocity field, 7corr, Which is approximately 50
Mpec. Therefore we apply a window function W (k) = 1
for k > 1/7corr, 0 elsewhere.

Figure [7] shows the fiducial two-halo term profiles that
we calculate for the gas density and thermal pressure
of an average CMASS halo. For our fits, we include
a free parameter in front of those terms that scales the
amplitude, so that our final models of density and pressure
profiles are:

two—halo M) =
et = |

p(?") = ponc-halo(r) + Ak2h ptwo—halo(r) 5

A5
P(r) = Pone-halo(7) + At2n Prwo-halo(7) (A%

where Ayon and Agop are the free amplitude parameters
for the density and pressure two-halo terms, respectively.
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FIG. 7. One and two halo terms contributing to the density (left) and pressure (right) profiles of a halo of 3 x 10" My, at
z = 0.55. The contribution of the two-halo term is not negligible above ~ 2Ra0oc.

Appendix B: Dust emission

A contaminant of the tSZ signal is the light emitted
from star-forming CMASS galaxies in the optical/UV
that is absorbed by dust grains and re-emitted in the
infrared /sub-mm. This contribution must be accounted
for in the tSZ signal modeling. On the other hand, since
the dust emission does not correlate with the velocities,
it does not affect the kSZ measurements. We model both
the frequency and spatial distribution of the dust emission
as:

e(hl/o/kBTdust) — 1

e(hv(1+2)/kpTaust) — 1

V(1+Z) Baust+3
Yo

I(Va R) = Adust (

x (co + 1R+ caR?),
(B1)

where 1 is the rest-frame frequency at which we nor-
malize the dust emission, R is the radius of the aperture
photometry filter, z is the redshift of the dust emitters,
Agust is the amplitude of the dust emission in [kJy/sr],
Baust 1s the dust spectral index, Tyust is the dust temper-
ature in K, and ¢y, ¢1, co are the polynomial coefficients
parametrizing the radial profile. In order to model the
dust in the ACT {090 and f150 bands, we include in our
analysis data at larger frequencies where dust emission is
dominant over the tSZ. We use Herschel data from one
large extragalactic survey that overlaps with ACT, the
Herschel Astrophysical TeraHertz Large Area Survey (H-
ATLAS [459]), in the three fields GAMA-9, GAMA-12 and
GAMA-15 (see Figure[8). The H-ATLAS/GAMA sur-
vey mapped over 161 deg? of the sky in five photometric
bands: 100 pm and 160 pm using the PACS instrument,
and 250 pm, 350 pum, and 500 pm using the SPIRE in-
strument. In this area lie 8871 halos of the ACT+CMASS
catalog. We use the maps released by the H-ATLAS team
in the three SPIRE bands. We use the raw maps instead
of the filtered, background-subtracted maps that are also
released because in the latter the signal on scales larger
than 3 arcmin has been removed to avoid the contribu-
tion from the Milky Way or other large-scale extragalactic
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FIG. 8. Survey footprints, in equatorial coordinates, for the
ACT+CMASS (blue) and overlapping Herschel (magenta) re-
gions: three H-ATLAS/GAMA fields (circles), HerS (triangle)
and HeLMS (star). We use the H-ATLAS/GAMA data only
to estimate the dust emission (see text).

emissions, while we are interested in scales up to 6 arcmin
that are relevant for feedback effects. We apply the same
aperture photometry and stacking technique used for mea-
suring the tSZ and we obtain the profiles shown in Figure
[0l The results of the null test shown in Figure [I0] ensure
that the measured signal is not a feature of the stacking
technique, since stacking on random positions returns a
profile consistent with zero on average. The probability to
exceed the x2 for the null hypothesis is 0.03, 0.41, 0.68 for
the profiles at 250 pm, 350 pm, and 500 pum, respectively.
We do not include here data from the Herschel Stripe
82 survey (HerS [112]), also overlapping with our ACT
fields. Using HerS maps, we measure a signal that is
about 20 smaller than the H-ATLAS/GAMA detection.
Since the stacking weights the CAP contributions on the
photometric errors, HerS sources do not add significant
signal and do not help increasing the S/N, when added
to GAMA sources.

Figure [11| shows the fit results of the dust model (Eq.
B1) to the Herschel data in orange, and the results of
the simultaneous fit of the GNFW pressure model using
ACT and Herschel data, in blue. The top panel shows
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the covariance effectively increases at even larger apertures.
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the constraints on the parameters of the dust model ob-
tained in the two cases; all match within 1o. We assume
flat priors for the the dust amplitude and temperature
parameters in the ranges: 0.05 < Agust [kJy/sr] < 5,
10 < Tyust [K] < 40. For the emissivity index we as-
sume a truncated gaussian prior distribution centered
on 1.2 and with standard deviation of 0.1, in the range
1 < Baust < 2.5. These values are consistent with the
model used by [86] to produce CIB-deprojected y-maps
and with the sky-average CIB spectral energy distribution
obtained by Planck measurements of the CIB power spec-
tra [I13]. We also assume flat priors for the polynomial
coefficients in the ranges: 0.1 < ¢y < 10, —10 < ¢; < 10,
—10 < ¢2 < 10.
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The middle and bottom panels show the best-fit model
over the data in our ACT and Herschel bands, and the 20
bounds of the distribution of the models obtained from the
MCMC chains. This analysis is justified by the need to
correct our pressure model for dust contamination, which
is relevant at 150 GHz (more than at 90 GHz) as shown
in the bottom panel of Figure [[1} The dust model and
the parameters inferred from it are entirely to marginalize
over and mitigate the dust contamination in the tSZ signal.
These parameters are degenerate with each other and we
find consistent values for them throughout our analyses.
We make no attempt to infer anything about the dust
properties of the CMASS galaxies.



22

Il Herschel+ACT fit
B Herschel fit

Tdust

Co
Z |
a8

-0.1

0.2 0.6 1.0 15 20 25 30 1112131415 2 4 6 8 10 -3 -2 -1 0

Adust Taust Baust Co C1
14 2.5
12 500 um -
1.0
o
B os 15
=
ﬁ 0.6 1.0
o4
0.5
0.2
0.0 0.0
2 3 4 5 6 2 3 4 5 6 2 3 4 5 6
R [arcmin] R [arcmin] R [arcmin]

TeszIuK - arcmin?]
TeszIuK - arcmin?]
1 |

= = 1

|
N
S

!
N}
g

2 3 5 6 2 3 4 5 6

2
R [arcmin] R [arcmin]

FIG. 11. Top: Constraints on the dust model . Results obtained with the simultaneous fit to the GNFW pressure model
using ACT and Herschel temperature measurements are shown in blue. Results from the fit of the dust model to Herschel
data only are shown in orange. All parameters match within 1o. Middle: profiles measured in the three Herschel/SPIRE
frequency bands (black) in intensity units [kJy/sr|]. The blue and orange curves show the best-fit models to Herschel +ACT
and Hershel only data, respectively, and the corresponding bands show the 20 (2nd-98th percentiles) of the distribution of the
models obtained from the MCMC chains. Bottom: profiles measured in the two ACT frequency bands (black) in cumulative
temperature units of [uK - arcmin?]. The blue curves and 20 bands show results obtained with the simultaneous fit of the dust
and the GNFW pressure models using Herschel+ACT data. We separate the dust contribution (dot-dashed curves) from the
thermal pressure (dashed curves). The best-fit model is the sum of the two contributions.
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