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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 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 ϵM⋆c2, where M⋆ is the stellar mass, to be ϵ ¼ ð40� 9Þ × 10−6, and the
amplitude of the nonthermal pressure profile to be αNth < 0.2ð2σÞ, indicating that less than 20% of the total
pressure within the virial radius is due to a nonthermal 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 [A. Leauthaud et al., Mon. Not. R.
Astron. Soc. 467, 3024 (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 underpredict the CGM pressure and
to a lesser extent the CGM density at larger radii with probabilities to exceed 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.

DOI: 10.1103/PhysRevD.103.063514

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 under-
standing galaxy evolution and formation across cosmic
time. The circumgalactic medium (CGM) and the intra-
cluster 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
feedback 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 nonlinear 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)
creates shifts in the photon energy, known as the
“Sunyaev-Zel’dovich effects” (SZ) [1,2]. The inverse
Compton scattering of the CMB photons with the hot

thermal gas causes a nonblackbody distortion in the CMB
temperature, known as thermal SZ effect (tSZ), which is
proportional 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 temper-
ature, preserving the blackbody shape. It is known as
kinematic SZ effect (kSZ), and it is proportional to the
electron momentum integrated along the line of sight (see
[3] for a recent review of the SZ effects). The analysis of
these distortions offers a direct probe of the spatial
distribution and abundance of baryons down to the out-
skirts of galaxies 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 density and low temperature environ-
ments like the outskirts of galaxies and clusters, since it is
linearly proportional to the electron density and indepen-
dent of the temperature, and is therefore complementary to
the tSZ and x-ray measurements 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 (3σ–5σ) are relatively new,*sa649@cornell.edu
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from stacking analyses [5–10] or from studies of individual
clusters [11–13]. 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
nonthermal 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 mea-
surements (e.g., [15–17]).
The kSZ measurements [8,18] 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 Atacama
Cosmology Telescope (ACT) with individual velocity
estimates from the “constant stellar mass” (CMASS)
catalog of the Baryon Oscillation Spectroscopic Survey
(BOSS DR10) [19], they showed that the gas density
profiles in groups deviate significantly from a “dark matter
only” Navarro-Frenk-White profile (NFW) [20] expected
in the 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
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 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 galaxy formation, interpreting 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 measure-
ments 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 models
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 inferences will
be biased (e.g., [29,30]). Understanding the systematic
effects from baryons and disentangling them from cosmo-
logical information is one of the biggest challenges 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 simu-
lations [36,37]. In this paper, we use kSZ measurements 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

predictive model and are now able to reproduce many of
the optical properties of galaxies (e.g., [28,38–41]). It is
necessary for these simulations to include physically
motivated subgrid 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 subgrid
feedback models [14,42,43], as these subgrid 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 f090 bands
(centered at roughly 150 GHz and 98 GHz, respectively) to
constrain the baryonic processes, such as feedback and
nonthermal 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 μm
(600 GHz), 350 μm (857 GHz), and 250 μm (1200 GHz).
We compare our results to predictions from Illustris TNG
cosmological simulations [28] and older simulations by
[46]. 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 (5σ) and tSZ

(∼10σ) 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 correlation
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
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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 II describes

our modeling of the tSZ and kSZ signals in terms of both a
polytropic gas model, which includes energetic feedback
and a nonthermal pressure component, and parametric
(generalized NFW) models for the gas thermal pressure
and density. In Appendix A we give 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-c GT (“Model-to-observable projec-
tion code for Galaxy Thermodynamics”) [52]. We present
the constraints on our models, using the kSZ and tSZ
profiles measured by [18], in Sec. III, and provide details
on the dust correction in Appendix B. In Sec. IV we
estimate the impact of baryons on galaxy-galaxy lensing
measurements of the CMASS sample and compare our
results to current observations. In Sec. 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 sum-
marize our results and draw conclusions in Sec. VI.
We adopt a flatΛ cold dark matter cosmology with matter

densityΩm ¼ 0.25, baryon densityΩb ¼ 0.044, dark energy
density ΩΛ ¼ 0.75, and the local expansion rate H0 ¼
70 km s−1Mpc−1 ðh≡H0=ð100 kms−1Mpc−1Þ. The choice
of cosmological parameters does not significantly affect our
results. Halo masses are quoted asM200, at a radius of R200,
within which the halo density is 200 times the critical
density of the Universe at the halo’s redshift, ρcrðzÞ≡
3H2

0ðΩmð1þ zÞ3 þ ΩΛÞ=ð8πGÞ.

II. MODELING THE OBSERVED SIGNAL

We describe the kSZ and tSZ radial profile data and their
relationship to the gas density and thermal pressure profiles
in Sec. II A. We parametrize the three-dimensional profiles
of these quantities using the two halo models presented
below: the Ostriker-Bode-Babul (OBB) [53] and the
generalized Navarro-Frenk-White (GNFW) [54,55]. In
Sec. II B, we describe our use of the OBB model and
how it provides constraints on the nonthermal pressure
profile and the star formation feedback process. In Sec. II
C, we describe our use of the GNFW model, while in
Sec. II D, we describe how we handle two-halo effects.

A. kSZ 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 f090 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 ¼ 0.55. Approximately 85% of them reside at the center
of galaxy groups or clusters with a mean stellar mass of
M� ¼ 3 × 1011 M⊙ (from [56] stellar mass estimates),
corresponding to a halo mass of Mhalo ∼ 3 × 1013 M⊙,
according to the stellar-halo mass conversion of [57].
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 θd
and subtract the average of the pixels in an adjacent, equal
area ring with external radius

ffiffiffi
2

p
θd. With the ACT CMB

maps in temperature units relative to the CMB (μK), the
output of the CAP filter is given by

APðθdÞ ¼
Z

d2θδTðθÞWθdðθÞ; ð1Þ

with units of μK · arcmin2, where the angular CAP filter
function WθdðθÞ is dimensionless, defined as

WθdðθÞ ¼

8>><
>>:

1 for θ < θd;

−1 for θd ≤ θ ≤
ffiffiffi
2

p
θd;

0 otherwise:

ð2Þ

The filter aperture θd has been chosen to vary between 1
and 6 arcmin, corresponding to approximately 1–4 times
the typical virial radius Rvir, 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 [18], from ACTþ Planck coadded
maps in two frequency bands, f090 and f150 [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] ACTþ Planck coadded maps are con-
volved. 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 [18]). The tSZ and
kSZ signals can be modeled in terms of temperature
fluctuations as described below.
The tSZ temperature fluctuations are given by

ΔT tSZ

TCMB
¼ fðνÞy; ð3Þ

where the frequency dependence, neglecting relativ-
istic corrections (e.g., [58,59]), is given by fðνÞ ¼
x coth ðx=2Þ − 4, with x ¼ hν=kBTCMB, TCMB is the CMB
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temperature,kB is theBoltzmannconstant, and theCompton-
y parameter measured within θ, at an angular diameter
distance to redshift z, dAðzÞ, is

yðθÞ ¼ σT
mec2

Z
los

Pe

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ dAðzÞ2jθj2

q �
dl: ð4Þ

Here σT is the Thomson cross section, me is the electron
mass, c is the speed of light, Pe is the thermal electron
pressure, and dl is the line-of-sight (los) physical distance.
The kSZ temperature fluctuations are given by

ΔTkSZ

TCMB
¼ σT

c

Z
los

e−τnevpdl; ð5Þ

where ne is the electron number density, vp is the peculiar
velocity, and τ is the optical depth to Thomson scattering
along the line of sight, defined as

τðθÞ ¼ σT

Z
los

ne

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ dAðzÞ2jθj2

q �
dl: ð6Þ

The mean optical depth in our redshift range
(0.4 < z < 0.7) is below one percent (see, e.g., [60]);
therefore, we approximate the e−τ factor in the integral
as 1. Moreover, since [18] selectively extracts the kSZ
signal correlated with the galaxy group of interest, we can
further simplify Eq. (5) as

ΔTkSZ

TCMB
¼ τgal

�
vr
c

�
; ð7Þ

where τgal refers to the optical depth of the galaxy group
considered, and vr ¼ 1.06 × 10−3c is the rms of the
peculiar velocities, projected along the line of sight, where
the magnitude adopted is for the median redshift of the
CMASS sample, z ¼ 0.55, in the linear approximation. We
estimate the uncertainty on the velocity reconstruction
being less than few percent [18] and given our current
signal-to-noise ratio, we do not propagate it into the
uncertainty on the kSZ profile. However, this will be
crucial for upcoming measurements with higher kSZ
signal-to-noise ratio [61].
The electron density and pressure can be converted into

the gas density ρgas and thermal pressure Pth. Assuming a
fully ionized medium with primordial abundances

ne ¼
ðXH þ 1Þ

2

ρgas
mamu

;

Pe ¼
�
2þ 2XH

3þ 5XH

�
Pth; ð8Þ

where XH ¼ 0.76 is the hydrogen mass fraction andmamu is
the atomic mass unit.

Therefore, the tSZ and kSZ temperature fluctuations are
related to the gas thermal pressure Pth and to the gas density
ρgas, 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 [Eqs. (3)–(4) and (7)–(6), respectively]
in Eq. (1).
To summarize, (i) we project the 3D gas profiles along

the line of sight as in Eqs. (4) and (6), (ii) we convolve them
with the beam profile measured at f090 and f150, (iii) 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 θd, and (v) for
each aperture, we subtract the mean temperature in an
adjacent ring of external radius

ffiffiffi
2

p
θd 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 average
profiles that account for the mass distribution of the
CMASS sample. Using mass-weighted averages is particu-
larly important for the tSZ modeling, as the tSZ signal is
proportional to M5=3, while the kSZ is linearly dependent
on mass. We do not average over the distribution of
redshifts, which is peaked around the median (see Fig. 2
in [18]), and we use therefore the median redshift of our
sample, z ¼ 0.55. Using test models, we have checked that
computing mass and redshift-weighted average profiles
does not significantly change the results, for both density
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 [57].

B. OBB model

In order to investigate the thermodynamic properties of
the CGM and ICM, we implement a model proposed by
[53] (see also [62,63]). 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 ρ0
and a scale radius rs:

ρDMðxÞ ¼
ρ0

xð1þ xÞ2 ; ð9Þ

where x≡ r=rs. The scale radius is related to the halo mass
through the concentration parameter cNFW, rs ¼ R200=cNFW.
We use the concentration-mass power-law relation by [64]
obtained from N-body simulations for halo masses in the
range 1011–1015h−1 M⊙ at 0 < z < 2:
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cNFW ¼ 5.71 × ð1þ zÞ−0.47 ×
�

M
2 × 1012 M⊙

�
−0.084

; ð10Þ

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., [65–67]). Assuming that the initial gas mass is a
fraction of the total halo mass equal to the cosmic baryon
fraction (Mgas;i ¼ Ωb=ΩmMtot;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 [68], some workΔEp 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, themodel assumes that the gas rearranges itself into a
polytropic distribution characterized by a central pressureP0

and density ρ0. The final ICM density ρgasðrÞ and pressure
PtotðrÞ profiles are given by

ρgasðrÞ ¼ ρ0θðrÞ 1
Γ−1;

PtotðrÞ ¼ P0θðrÞ 1
Γ−1þ1; ð11Þ

where Γ is the polytropic index and θðrÞ is the polytropic
variable, defined as

θðrÞ ¼ 1þ Γ − 1

Γ
ρ0
P0

ðΦ0 −ΦðrÞÞ: ð12Þ

Here Φ0 is the central gravitational potential of the halo and
the system is in equilibrium: dPtot=dr ¼ −ρgasdΦ=dr. The
total pressure includes a nonthermal component that is
mainly attributed to bulk motions and turbulence caused
by gas accretion and/ormerging structures. Hydrodynamical
simulations have reported that these processes contribute up
to 10%–30% of the total pressure and that this amount
increases with radius (see, e.g., [69–75]). Following the
model of [63], we describe the radial profile of the non-
thermal pressure component as a power law of the form:

PNthðrÞ ¼ αNthðr=R200ÞnNthPtotðrÞ: ð13Þ

We fix the radial dependence to nNth ¼ 0.8 as in [63]. That is
the best-fit value to the hydrodynamical simulations of [76],
where the nonthermal pressure is measured from the radial
velocity dispersion of the gas in shells of increasing radii.We
leave the normalizationαNth as a free parameter in the fit. This
nonthermal pressure model has been subsequently validated
by other simulations [67,74]. The thermal pressure is then

PthðrÞ ¼ PtotðrÞ − PNthðrÞ: ð14Þ

The gas distribution can finally be solved for P0 and ρ0
by imposing the conservation of energy and defining the
boundary condition: the final gas energy Ef will be equal to
the initial energy Ei plus the energy injected by feedback
processes, ϵM⋆c2, where ϵ is a dimensionless parameter
quantifying the efficiency of the feedback and M⋆ is the
stellar mass, plus the energy ΔEp due to expansion or
contraction of the halo boundaries:

Ef ¼ Ei þ ϵM⋆c2 þ ΔEp; ð15Þ

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 reproduce the
observed x-ray scaling relations. For massive clusters
(Mtot ¼ 1014h−1 M⊙), [53] finds a good fit to simulations
with a polytropic index Γ ¼ 1.2, a fraction of the baryonic
mass condensed into stars that is transferred back to the
remaining gas, estimating the feedback efficiency, of
ϵ ¼ 3.9 × 10−5, and 10% of the total pressure due to a
nonthermal component. For clusters in a similar mass range,
[62] gives a comparable amount of feedback, between 3 and
5 × 10−5, while [63] adopts a smaller value in their fiducial
model, ϵ ¼ 10−6, and a redshift-dependent nonthermal
pressure parameter in the range αNth ¼ ½0 − 0.33�. We
implement this model to constrain the normalization of a
nonthermal pressure profile, αNth and the energy injected in
the gas by feedback, ϵ.

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

generalized NFW profile [54]:

ρGNFWðxÞ ¼ ρ0ðx=xc;kÞγk ½1þ ðx=xc;kÞαk �−
βk−γk
αk ;

ρgasðxÞ ¼ ρGNFWðxÞρcrðzÞfb; ð16Þ

where x≡ r=R200, xc;k is a core scale, (αk,βk,γk) are the
slopes at x ∼ 1, x ≫ 1, and x ≪ 1, respectively, ρcrðzÞ is the
critical density of the Universe at redshift z, and fb ¼
Ωb=Ωm is the baryon fraction. Given the considerable
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degeneracy of the parameters we fix two parameters that are
sensitive to the profile properties at small radii, γk ¼ −0.2,
and αk ¼ 1, as in [77].
For the thermal pressure model, we use a slightly

modified GNFW profile following [55]:

PGNFWðxÞ ¼ P0ðx=xc;tÞγt ½1þ ðx=xc;tÞαt �−βt ;
PthðxÞ ¼ PGNFWðxÞP200; ð17Þ

where P200 ¼ GM200200ρcrðzÞfb=ð2R200Þ, xc;t is a core
scale, and (αt,βt,γt) are the slopes at x ∼ 1, x ≫ 1, and
x ≪ 1, respectively. These parameters define the pressure
radial profile and are different from the parameters in
Eq. (16). 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 [55,76]: γt ¼ −0.3
and αt ¼ 1.

D. Two-halo term

For both profiles we include a two-halo term. The total
density and pressure profiles are modeled as ρðrÞ ¼
ρone-haloðrÞ þ Ak2hρtwo-haloðrÞ and PðrÞ ¼ Pone-haloðrÞþ
At2hPtwo-haloðrÞ, respectively, where the one-halo terms
are computed according to the models above. In
Appendix A we show how the fiducial profiles for the
two-halo terms are calculated and we include free

parameters A2h in front of those terms for both density
and pressure that scale the amplitude and include them in
our fits.

III. RESULTS

Reference [18] presents the results for the individual
integrated aperture quantities (the optical depth to Thomson
scattering and the Compton y), which is a standard practice
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 signal-to-noise ratio (S/
N) of the [18] measurements 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 mea-
surements into a single aperture.
In this section, we present constraints on feedback and

nonthermal pressure from combined kSZ and tSZ profile
data (Sec. III A) and constraints on our parametric models
of the gas density (Sec. III B) and thermal pressure profile
(Sec. III C). We begin each subsection by describing the
free parameters in the fit and motivating the use of priors,
then we show the results of fitting in Tables I and II and
Figs. 1–4.

TABLE I. Marginalized constraints on the OBB parameters.

Parameter Description Prior Constraints (1 σ)

OBB model

Γ Polytropic index [1; 5=3] 1.2� 0.1
αNth Nonthermal pressure norm. [0.0, 0.8] 0.04þ0.07

−0.03
ϵ Feedback efficiency ½10−4.8; 10−4.0� ð40� 9Þ × 10−6

Ak2h Two-halo density amplitude [0, 5] 0.8� 0.5
At2h Two-halo pressure amplitude [0, 5] 0.9þ0.3

−0.5

TABLE II. Marginalized constraints on the GNFW parameters.

Parameter Description Prior Constraints (1 σ)

GNFW density model
log10 ρ0 Log amplitude [1, 5] 2.8þ0.4

−0.3
xc;k Core radius [0.1, 1] 0.6� 0.3
βk Outer slope [1, 5] 2.6þ1.0

−0.6
Ak2h Two-halo term amplitude [0, 5] 1.1þ0.8

−0.7
GNFW pressure model

P0 Amplitude [0.1, 30] 2.0þ2.0
−0.8

αt Intermediate slope [0.1, 2] 0.8þ0.3
−0.2

βt Outer slope [1, 10] 2.6þ1.0
−0.7

At2h Two-halo term amplitude [0, 5] 0.7þ0.8
−0.4
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For our fits, we use the data (d⃗) 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 (L) to be Gaussian, written as

lnL½d⃗jm⃗ðθ⃗Þ� ¼ −
1

2
½d⃗ − m⃗ðθ⃗Þ�TC−1½d⃗ − m⃗ðθ⃗Þ�; ð18Þ

where m⃗ðθ⃗Þ is the model evaluated at the parameter θ⃗. The
posterior on the model parameters (P) is then expressed as

lnPðθ⃗jd⃗Þ ¼ ln½Lðd⃗jm⃗ðθ⃗ÞÞ Prðθ⃗Þ�; ð19Þ

where Prðθ⃗Þ are the priors on θ⃗. We use Markov chain
Monte Carlo calculations (MCMC) [78,79] to estimate the
posterior probability functions, with the affine-invariant
ensemble sampler algorithm implemented in EMCEE [80].
We run multiple EMCEE ensembles, adding independent
sets of chains until the Gelman-Rubin convergence param-
eter, R̂, reaches values smaller than 1.1 [81].

A. OBB model

We probe the efficiency of energetic feedback and
nonthermal pressure in the CMASS sample by fitting the
OBB model, described in Sec. II B, 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 < Γ < 5=3.
The lower limit guarantees the existence of the polytropic

FIG. 1. Constraints on the polytropic index, Γ, the amplitude of the nonthermal pressure profile, αNth, the feedback efficiency
parameter, ϵ, and the amplitudes of the two-halo terms of the density and pressure profiles, Ak2h and At2h, obtained by fitting the OBB
model to combined kSZ and tSZ measurements by [18]. 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 the following: 1 < Γ < 5=3, 0 < αNth < 0.8, −4.8 < log10 ϵ < −4.0, 0 < Ak2h < 5,
0 < At2h < 5. The top right panels show the observed kSZ and tSZ profiles (points) with the best-fit and the 2σ range (2nd–98th
percentiles) of the distribution of the models obtained from the MCMC chains.
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function [Eq. (12)], while the upper limit excludes non-
relativistic degenerate gas. For the other parameters we
assume uniform priors within physically reasonable ranges:
0.01 < αNth < 0.8, −4.8< log10 ϵ<−4.0, 0.1 < Ak2h < 5,
0.1 < At2h < 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

parameters and the 2σ range of the OBB model parameters
derived from the kSZ and tSZ data. Our best-fit model is
shown with solid lines. We obtain χ2 ¼ 86.6 with a
probability to exceed this value (PTE) of 0.15 for the joint
kSZþ tSZðþdustÞ fit, indicating a good description 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 χ2 since the number of degrees of freedom is
unknown for nonlinear models [82]. Table I reports the
marginalized constraints (1σ). We find a nonzero amount of
feedback from AGN and supernovae, ϵ ¼ ð40� 9Þ × 10−6,
that we robustly estimate with 23% precision within
the context of our model. From this result we can estimate
that the fraction of energy injected into CMASS
galaxies is Einj ¼ ϵM⋆c2 ≃ ð2.2�0.5Þ × 1061 erg, using
their mean stellar mass M� ¼ 3 × 1011 M⊙. Compared
to the total binding energy for these halos U ¼
ð3=5ÞGð4=3πÞ1=3ð200ρcÞ1=3M5=3

halo ≃ 7.2 × 1061 erg, using
a mean total of Mhalo ¼ 3 × 1013 M⊙, the energy injected

by feedback is 30% (23%–37% given our 1σ error bars on
the ϵ 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].
Reference [83] 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 ϵ ¼ ð4þ5

−3Þ × 10−6 (95% confidence
level) that is smaller, at ∼4σ, than our result. However,
we note that their x-ray sample is on average more massive
than ours and the parameter space explored is also different.
We find an upper limit for the amplitude of the nonthermal
pressure profile, αNth < 0.2ð2σÞ indicating that less than
20% of the total pressure within R200 is due to a nonthermal
component. This amount is comparable to the upper limit
of 33% found by [63] and it is also consistent with the
nonthermal pressure fraction constrained by [75] for
massive clusters at z ¼ 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
Eqs. (11)–(14), and estimate the electron temperature
profile as Te ¼ Pe=ðnekBÞ, where we calculate Pe and ne
from Eq. (8). Figure 2 shows the median (black line) and
the 2σ range (blue band) of the models obtained from the
MCMC chains. We constrain the temperature profile at
more than 4σ in the first two radial bins, i.e., within
approximately the virial radius, at better than 2σ
within ∼2Rvir and less than 2σ at larger radii. We find a
decreasing temperature profile from ð1.3� 0.2Þ × 107 K
(1.1� 0.1 keV) to ð1.8� 2.4Þ × 106 K (0.2� 0.2 keV) in
our radial range. These values are overall consistent with
the mean electron temperature estimated by [18] as the ratio
of tSZ and kSZmeasurements for each aperture photometry
radius. For reference, we compute the expected virial
temperature as Tvir ¼ μmpGM200=2kBR200 [84], assuming
a singular isothermal sphere of gas of the mass equal to
the mean mass of our CMASS sample (M200 ¼ 3.3×
1013 M⊙), where μ ≈ 1.14 is the mean molecular weight
for a fully ionized medium with primordial abundances. We
get Tvir ¼ 1.7 × 107 K, which is of the same order of
magnitude of our measured profile. In a recent paper, [85]
compares gas profiles and temperatures obtained from
Planck SZ cross-correlation measurements of halos in
the Sloan Digital Sky Survey (SDSS) [86] at z ∼ 0, with
different cosmological simulations. We note that our
temperature measurements are higher, although not directly
comparable because the samples are different and the scales
involved in the analysis are different, mostly dictated by the
different resolution of Planck and ACT.

FIG. 2. Average, inferred electron temperature profile of
CMASS galaxies halos weighted by density obtained from the
joint kSZþ tSZ fit to the OBB model using the MCMC chains.
The black line is the median profile and the blue band indicates
the 2σ 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 mean
mass of our CMASS sample (M200 ¼ 3.3 × 1013 M⊙),
Tvir ¼ 1.7 × 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 107 K than
they are to 106 K.
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B. GNFW density

Our GNFW density profile is defined by Eq. (16). We fit
for the density amplitude ρ0, the core radius xc;k, the power-
law index βk for the asymptotic falloff of the profile, and the
amplitude of the two-halo term Ak2h. Given the considerable
degeneracy of the parameters we fix two parameters that are
sensitive to the profile properties at small radii, γk ¼ −0.2,
and αk ¼ 1, as in [77]. 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 following
ranges: 1 < log10 ρ0 < 5, 0.1 < xc;k < 1.0, 1 < βk < 5,
0 < Ak2h < 5. Table II reports the marginalized constraints
with 1σ error bars. Figure 3 shows the posterior contours of
theGNFWdensity parameters. The top right panel shows the
best-fit model (solid lines) and the�2σ range of the models

obtained from the MCMC over the kSZ data. The χ2 of the
best-fit model (i.e., the minimum χ2) 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
Ak2h ¼ 1.1þ0.8

−0.7 , indicating a 1.6σ evidence, consistent with
the values obtained with the OBB fit.
The χ2 does not change if we reduce the number of free

parameters by fixing the core radius to our best-fit value,
xc;k ¼ 0.6. In this case we get χ2 ¼ 20.1, with three free
parameters (PTE ¼ 0.33) and the same 2σ range of the
models obtained from the MCMC chains. The constraint on
the log-amplitude improves from 13% to 7% (log10 ρ0 ¼
2.9� 0.2), while the constraints on βk and Ak2h do not
substantially change.
We check the consistency between the kSZ radial

profiles obtained with the GNFW and the OBB models

FIG. 3. Constraints on the log-amplitude of the gas density profile, log10 ρ0, the core radius, xc;k, the outer slope, βk, and the amplitude
of the two-halo term, Ak2h, obtained by fitting the GNFW density model to kSZ measurements by [18]. The radial measurements have
large correlations (see Fig. 7 in [18]) 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 < log10 ρ0 < 5, 0.1 < xc;k < 1, 1 < βk < 5, 0 < Ak2h < 5. The top right panel shows the measured kSZ profile at f090 and f150
(circles) with the median (50th percentile, dashed curves) and the 2σ (2nd–98th percentiles, bands) range of the models obtained from
the MCMC chains. The solid lines indicate the best-fit model with χ2 ¼ 20.2 and PTE ¼ 0.32.
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using χ2 statistics. We find that they match within 1σ, with
χ2 ¼ 15.8 for 16 data points (PTE ¼ 0.47).

C. GNFW pressure

Our GNFW pressure profile is defined by Eq. (17). We
fit for the amplitude P0, the core radius xc;t, the power-law
index βt for the asymptotic fall-off of the profile, and the
amplitude of the two-halo term At2h. 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 simu-
lations [55,76]: γt ¼ −0.3 and αt ¼ 1. The tSZ measure-
ments 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 blackbody 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 profile and we refer
to Appendix B for details on the dust model. We assume
uniform priors on the parameters in the following ranges:
0.1 < P0 < 30, 0.1 < αt < 2, 1 < βt < 10, 0 < At2h < 5.
Table II reports the marginalized constraints along with the
1σ errors. Figure 4 shows in blue the posterior contours of
the GNFW density parameters from the tSZþ dust fit. We
do not find a noticeable correlation between the parameters
of the GNFW and the parameters of dust model shown in

FIG. 4. Constraints on the amplitude of the thermal pressure profile, P0, the intermediate slope, αt, the outer slope, βt, and the
amplitude of the two-halo term, At2h, obtained by fitting the GNFW pressure model to tSZ measurements by [18]. The radial data have
large correlations (see Figs. 7 and 8 in [18]) that are accounted for in the analysis. The blue contours and lines show the fit of the GNFW
thermal pressure þ dust model to ACTand Herschel temperature measurements (see Fig. 11 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 the following: 0.1 < P0 < 30, 0.1 < αt < 2, 1 < βt < 10, 0 < At2h < 5. The top right panel shows best-fit (solid
lines), the median (50th percentile, dashed lines), and the 2σ (2nd–98th percentiles, bands) of the distribution of the models obtained
from the MCMC chains.
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Fig. 11. The top right panel shows the median (�2σ) range
of the models obtained from the MCMC runs over the tSZ
(+dust) data, and the best fit corresponding to a minimum
χ2 of 43.5 with PTE ¼ 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 component-separated maps
from [87], of the Compton y with deprojected cosmic
infrared background (CIB) from Planckþ ACT DR4. The
result of fitting the CIB-deprojected Compton-y maps is
shown by the red contours in Fig. 4. The best fit to the
Compton-y profile has a χ2 of 10.5 (PTE ¼ 0.31) and
matches within 1σ the tSZþ dust fit.
A notable feature is the degeneracy between βt and P0.

This is a well-known degeneracy and has been seen before
in tSZ profile measurements [88]. We clearly observe this
degeneracy in the fits to Compton-y, CIB-deprojected
measurements, and to a much lesser extent in the fits to
tSZþ dust measurements. We attribute this difference to
the fact that the measurement errors for the Compton-y,
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.,

[89]) to model the tSZ-CMB lensing cross-correlation.
There, the degeneracy was broken by keeping βt fixed, and
the amplitude P0 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 At2h ¼ 0.7þ0.8

−0.4 indicates a preference
for a nonzero two-halo term at 1.8σ from tSZ measure-
ments, which is 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
measurements to probe the distribution of hot gas in galaxy
clusters and groups and to separate the one- and two-halo
regimes. References [90,91] 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 ≥ 1013.5h−1 M⊙, with a predominance of
the two-halo term at ≳2 Mpc, and evidence of two-halo
term alone for lower mass systems. Also using Planck y
maps, the two-halo regime has now been constrained
through the measurement of hbPei, the halo bias-weighted
mean electron pressure, with galaxy samples from the Dark
Energy Survey [92], a compilation of the 2MASS photo-
metric redshift survey, WISE, and SuperCOSMOS [93],
and the DR14 SDSS release [94,95]. 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 αt ¼ 0.8. We get in
this case χ2 ¼ 40.1 (PTE ¼ 0.60) and the same 2σ dis-
tribution of the models obtained from the MCMC chains.
The constraints on the amplitude get remarkably tighter,
from 70% to 20% (P0 ¼ 1.3þ0.3

−0.2 ), and those on the outer
slope improve from 33% to 10% (βt ¼ 2.0� 0.2), while
the constraints on At2h 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 2σ with the tSZ profile
obtained for the OBB model. We get χ2 ¼ 27.9 for 16 data
points (PTE ¼ 0.03). This is a reasonable match consid-
ering 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 1.6σ, with χ2 ¼ 20.4 for 14
data points (PTE ¼ 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 theo-
retical halo occupation distribution (HOD) models for
optical weak-lensing measurements from the CMASS
sample. Reference [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 (MDR1) are described in [96] 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 describes
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 is central or satellite 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 straightfor-

wardly estimate the impact of baryons on the MDR1 model
[96] 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
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standard weak-lensing shear estimator, ΔΣ. The projected
mass density Σ is related to ΔΣ through

ΔΣðRÞ ¼ Σ̄ð< RÞ − ΣðRÞ; ð20Þ

where Σ̄ð< RÞ is the mean projected mass density within
projected radius R and ΣðRÞ is the surface mass density at
R. We can split the total ΔΣ into a dark matter component
(ΔΣDM from MDR1) and baryon component (ΔΣb,
obtained from our parametric GNFW model) such that
ΔΣtot ¼ ΔΣDM þ ΔΣb. The ΔΣDM is calculated by scaling
the full ΔΣ from MDR1 by the dark matter fraction,
ðΩM −ΩbÞ=ΩM. The ΔΣb is calculated by projecting our
best-fit GNFW model for the electron density profile,

ΣbðRÞ ∝ 2

Z
∞

0

ρgasð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ l2

p
Þdl: ð21Þ

Here l 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 ΔΣbðRÞ profile is calculated using
Eq. (20) once ΣðRÞ is calculated. We normalize ΔΣbðRÞ
such that the baryon contribution to ΔΣtot equals fbΔΣDM
at Rmax:

ΔΣbðRÞ → ΔΣbðRÞ ×
fbΔΣDMðRmaxÞ
ΔΣbðRmaxÞ

: ð22Þ

Here Rmax 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
“backreaction” 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 5 shows the original galaxy-galaxy lensing

measurement from [26] with green points and error bars,
along with the original MDR1 HOD model from [96]
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 correspond-
ing blue band illustrates the 2σ uncertainty obtained by
sampling the best-fit GNFW MCMC chains. The dashed
red line illustrates what the [96] 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 modifi-
cation to the dark matter profile. The yellow band shows the
2σ upper limit from the stellar component of ΔΣtot
following the calculations from [97] 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 uncer-
tainty from the stellar component is dominant.
Our empirical model for the baryon correction to the

MDR1 halo model does reduce the difference between the
galaxy-galaxy lensing measurement of the CMASS sample
[26] and the predicted signal from the [96] 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 measure-
ments still fall below our model on all scales. Even
assuming an extreme baryon correction model where all
the baryons are removed from the 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 exten-
sions to our concordance cosmological model. It is likely
that a combination of these effects is responsible for the low
lensing signal (e.g., [98]), since baryonic effects cannot
explain the entire difference.

FIG. 5. CMASS galaxy-galaxy lensing signal. Data from [26]
(green circles) are compared to HODmodel predictions from [96]
(MDR1, red line) and our model that includes a baryons
correction (blue line) to the MDR1. This correction uses the
best-fit density profile from kSZ measurements (Sec. III B and
Fig. 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 HODmodel 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.
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V. COMPARISON TO SIMULATIONS

Our measured kSZ and tSZ profiles from ACTþ
CMASS [18] offer a new opportunity to test current
cosmological simulations [14,42,43] and the subgrid phys-
ics models they include to capture physical processes like
feedback from stellar sources and AGN. Since these
measurements are new, current simulations are not cali-
brated to match them, and thus the simulations permit a
genuine prediction for these tSZ and kSZ CGM profiles.
We use predicted density and pressure profiles from

Illustris TNG [28] and the [46] simulations, and a NFW
density profile [20], shown in the top panel of Fig. 6. For
the TNG simulations, we use the simulation snapshot data
that matches the mean redshift of the CMASS sample most
closely. We further model the CMASS sample by selecting
halos from Illustris TNG that were “red” in color, according
to Illustris 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, respectively. These two halo selec-
tions 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 selected to have colors
sdssg − sdssr ≥ 0.6 [99]. For the [46] simulations we

use the fitting formulas from [55,77], 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 extrapolated to lower
masses, since [46] does not resolve halos down to the
masses of the CMASS sample. We also show the best-fit
GNFW pressure profile from Planck [88], extrapolated to
the CMASSmasses, which is very similar to the predictions
of [46]. The middle panel of Fig. 6 shows the projected
density and pressure profiles for comparison purposes. In
the bottom panel of Fig. 6 we compare the measured kSZ
and tSZ profiles in the f150 frequency band from ACTþ
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. II. See [18] for a discussion about the uncertainty in
the NFWmodeling. The tSZ simulated profiles also include
the dust correction from our ACTþ Herschel measure-
ments (the solid curves are given by the sum of the tSZ
simulated profiles and our best-fit dust model; the bands
enclose the 2σ range). For the density-to-kSZ projection
[Eqs. (7) and (8)] we use for the simulated profiles the same
vr that we use for our models, vr ¼ 1.06 × 10−3c, which is
the value computed in the linear approximation at z ¼ 0.55.
We do not include uncertainties on the profile predictions
from simulations. These predictions are weighted averages
over hundreds of simulated halos; thus, the errors on these

averages scales like 1=
ffiffiffiffi
N

p
, 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 T tSZ
correspond to higher values of the thermal energy/pres-
sure). These first four angular radial bins below 3 arcmin
are within two virial radii (defined as an average over-
density of 200 with respect to the mean matter density) and
have been probed indirectly in the past, through integrated
gas 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 χ2 values for Illustris TNG and the [46] simulations
are very similar and range from 8.2 to 8.7, with PTE
ranging from 0.12 to 0.14. For the pressure profile the [46]
simulations have the lowest χ2 of 12.7 (PTE ¼ 0.03), while
the χ2s for the TNG S and TNG H predictions are 20.2
(PTE ¼ 0.00) and 23.1 (PTE ¼ 0.00). respectively. Unlike
the smaller radii, this radial range is completely unex-
plored. Clearly the simulations are underpredicting the gas
density and temperature at these radii. This suggests that
the subgrid stellar and AGN feedback models these
simulations use to stop overcooling 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

under 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 simulations and tSZ
profiles have been mostly limited to higher masses, like
galaxy clusters (e.g., [88,100–102]), where the simulations
matched the observations across a large range in radii. This
implies that the current subgrid models for energy injection
and numerical method for propagation are sufficient at
describing the ICM but do not sufficiently heat the CGM at
radii beyond the virial radius.
Predicting the gas profiles on these large scales in

1013 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 halos
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 subgrid feedback models.
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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, ϵ ¼ ð40� 9Þ ×
10−6 (1σ), which we robustly estimate with a 23% relative

FIG. 6. Top: comparison of our best-fit gas density (left) and thermal pressure (right) profiles (blue curves and 2σ bands) with the
related profiles from two cosmological simulations: [46] (magenta) and Illustris/TNG [28] (orange and green), and a NFW profile [20]
(black). For the pressure profile, we also show the Planck 2013 [88] best fit (maroon dotted line). We show average profiles, where each
halo contribution is weighted by its mass according to the mass probability density function of the CMASS catalog used in this work,
and at the same redshift (z ¼ 0.55). We select red galaxies from TNG and show both stellar mass- (orange) and halo mass-weighted
average profiles. The vertical grey lines enclose the range where we measure the kSZ and the tSZ. Middle: projected density and pressure
profiles, for comparison purposes. Bottom: comparison of the profiles projected into the kSZ (left) and tSZ (right) observable space with
the measurements by [18] in the ACT f150 band (blue points and 1σ error bars). The projections of the simulated and the NFW profiles
account for the convolution with the ACT beam and the aperture photometry filtering, as described in Sec. II. The black dashed curve
shows the NFW profile truncated at the virial radius. The tSZ simulated profiles also include the dust correction from our ACTþ
Herschel measurements (2σ).
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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 nonthermal pressure profile,
αNth < 0.2ð2σÞ, indicating that less than 20% of the total
electron pressure within R200 is due to a nonthermal
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 regimes. We use the kSZ
measurements to constrain the amplitude and shape of a
generalized NFW model of the gas density profile, finding
the following best-fit parameters: log10ρ0 ¼ 2.8þ0.4

−0.3 , xc;k ¼
0.6� 0.3, βk ¼ 2.6þ1.0

−0.6 , Ak2h ¼ 1.1þ0.8
−0.7 . From the tSZ

(+dust) measurements, we constrain a generalized NFW
model of the thermal pressure profile, with best-fit param-
eters P0 ¼ 2.0þ2.0

−0.8 , αt ¼ 0.8þ0.3
−0.2 , βt ¼ 2.6þ1.0

−0.7 , At2h ¼
0.7þ0.8

−0.4 (1σ error bars).
Using our best-fit density profile from the kSZ mea-

surements we estimate the baryon correction to the [96]
HOD model of the CMASS galaxy-galaxy lensing signal,
which is calibrated to match the CMASS clustering
measurements. We find that including our baryon correc-
tion 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 subgrid physics model-
ing 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]
simulations match our data decently at ≲2Rvir, 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 inadequacies
of the subgrid 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 subgrid 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 ∼4σ to the current
8σ kSZ measurements. However, the interpretation 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 profiles
to our observations. This includes convolving our models

with the map beam profiles and applying the tSZ bandpass
responses, which are computed for each frequency 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 distribution
of baryons in the CGMof CMASS galaxy groups, especially
in low-density environments and out to the outskirts, where
they can reveal information about assembly history and the
feedback processes. Future CMB observations such as the
Simons Observatory [103], CCAT-Prime [104], CMB-S4
[105], and spectroscopic surveys of the large-scale structure
like the Dark Energy Spectroscopic Instrument [106], the
Subaru Prime Focus Spectrograph [107], and Euclid [108],
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 multiple subsamples 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 the “two-halo term.”We
are interested in the two-halo kSZ signal observed from our
cross-correlation analyses. In order to estimate this con-
tribution, we construct an analytical model of the signal
following the halo model of [90] (based on the formalism
of [109]). 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 center (r). This has
both a one-halo and a two-halo contribution:

ξh;ρðrjMÞ ¼ ξone-haloh;ρ ðrjMÞ þ ξtwo-haloh;ρ ðrjMÞ; ðA1Þ

where ξone-haloh;ρ ðrjMÞ ¼ ρgasðrjMÞ is the gas density profile
of the halo itself [or equivalently the halo pressure profile
PthðrjMÞ], while ξtwo-haloh;ρ ðrjMÞ 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:

uρðk;MÞ ¼
Z

∞

0

dr 4πr2
sinðkrÞ
kr

ρgasðrjMÞ; ðA2Þ

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

Ph;ρðkÞ ¼ bðMÞPlinðkÞ
Z

∞

0

dM0 dn
dM0 bðM0Þuρðk;M0Þ:

ðA3Þ

Here, M is the mass of the halo of interest, the integral is
over the masses M0 of the neighbor halos, in the range
1010–1015 M⊙. PlinðkÞ is the linear density power spectrum
computed with the fit of [110], dn=dM is the mass function
of the neighboring halos that we compute from [111], and
bðMÞ is the linear bias factor of the halo of mass M,
from [112].
Finally, we Fourier transform the weighted power

spectrum to get the two-halo term of the correlation
function:

ξtwo−haloðrjMÞ ¼
Z

∞

0

dk
2π2

k2
sinðkrÞ
kr

WðkÞPh;ρðkÞ: ðA4Þ

We consider that for the kSZ signal, the two-halo con-
tribution comes from halos within the correlation length of
the linear velocity field, rcorr, which is approximately
50 Mpc. Therefore, we apply a window function WðkÞ ¼
1 for k > 1=rcorr, 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

ρðrÞ ¼ ρone-haloðrÞ þ Ak2hρtwo-haloðrÞ;
PðrÞ ¼ Pone-haloðrÞ þ At2hPtwo-haloðrÞ; ð5Þ

where Ak2h and At2h are the free amplitude parameters for
the density and pressure two-halo terms, respectively.

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 reemitted in the

FIG. 7. One- and two-halo terms contributing to the density (left) and pressure (right) profiles of a halo of 3 × 1013 M⊙ at z ¼ 0.55.
The contribution of the two-halo term is not negligible above ∼2R200c.
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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

Iðν; RÞ ¼ Adust

�
νð1þ zÞ

ν0

�
βdustþ3 eðhν0=kBTdustÞ − 1

eðhνð1þzÞ=kBTdustÞ − 1

× ðc0 þ c1Rþ c2R2Þ; ðB1Þ

where ν0 is the rest-frame frequency at which we normalize
the dust emission, R is the radius of the aperture photom-
etry filter, z is the redshift of the dust emitters, Adust is the
amplitude of the dust emission in [kJy/sr], βdust is the dust
spectral index, Tdust is the dust temperature in K, and c0, c1,

FIG. 8. Survey footprints, in equatorial coordinates, for the
ACTþ CMASS (blue) and overlapping Herschel (magenta)
regions: 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).

FIG. 9. CMASS stacked profiles from H-ATLAS/GAMA. For each of the three SPIRE frequency bands, we show the profiles in
intensity units ½kJy=sr� (left) and cumulative temperature ½μK · arcmi� to match the units of the stacked SZ profiles. The small number
density, 0.02 sources=arcmin2 may explain the small covariance among the apertures. We have also tested that the covariance effectively
increases at even larger apertures.
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c2 are the polynomial coefficients parametrizing the radial
profile. In order to model the dust in the ACT f090 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 and the Herschel Astrophysical
TeraHertz Large Area Survey (H-ATLAS [45]) in the three
fields GAMA-9, GAMA-12, and GAMA-15 (see Fig. 8).
TheH-ATLAS/GAMAsurveymapped over 161 deg2 of the
sky in five photometric bands: 100 and 160 μm using
the PACS instrument, and 250, 350, and 500 μm using
the SPIRE instrument. In this area lie 8871 halos of the
ACTþ 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
contribution from the Milky Way or other large-scale
extragalactic 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 measuring the tSZ andwe obtain the profiles shown
in Fig. 9. The results of the null test shown in Fig. 10 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 χ2 for the null hypothesis is 0.03, 0.41, and 0.68
for the profiles at 250, 350, and 500 μm, respectively.We do
not include here data from the Herschel Stripe 82 survey
(HerS) [113], also overlapping with our ACT fields. Using
HerSmaps, wemeasure a signal that is about 2σ smaller than
the H-ATLAS/GAMA detection. Since the stacking weights

FIG. 10. Null tests from stacking on random positions on the maps, for the same number of galaxies in the overlapping area. The χ2

computed accounting for the covariance in each band is consistent with an average zero signal.
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FIG. 11. Top:Constraints on the dustmodel (B1). Results obtainedwith the simultaneous fit to theGNFWpressuremodel usingACTand
Herschel temperaturemeasurements are shown in blue. Results from the fit of the dust model toHerschel data only are shown in orange. All
parametersmatchwithin 1σ.Middle: Profilesmeasured in the threeHerschel/SPIRE frequency bands (black) in intensity units [kJy/sr]. The
blue and orange curves show the best-fit models toHerschelþ ACT andHershel only data, respectively, and the corresponding bands show
the 2σ (2nd–98th percentiles) of the distribution of themodels obtained from theMCMCchains. Bottom: Profilesmeasured in the twoACT
frequency bands (black) in cumulative temperature units of ½μK · arcmin2�. The blue curves and 2σ bands show results obtained with the
simultaneous fit of the dust and the GNFW pressure models using Herschelþ 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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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 the
constraints on the parameters of the dust model obtained in
the two cases; all match within 1σ. We assume flat priors
for the dust amplitude and temperature parameters in the
ranges: 0.05 < Adust½kJy=sr� < 5, 10 < Tdust½K� < 40. For
the emissivity index we assume a truncated Gaussian prior
distribution centered on 1.2 and with standard deviation of
0.1, in the range 1 < βdust < 2.5. These values are con-
sistent with the model used by [87] to produce CIB-
deprojected y maps and with the sky-average CIB spectral

energy distribution obtained by Planck measurements of
the CIB power spectra [114]. We also assume flat priors for
the polynomial coefficients in the ranges: 0.1 < c0 < 10,
−10 < c1 < 10, −10 < c2 < 10.
Themiddle andbottompanels show the best-fitmodel over

the data in ourACTandHerschel bands, and the 2σ 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
150GHz (more than at 90GHz) as shown in the bottom panel
of Fig. 11. The dust model and the parameters inferred from it
are entirely to marginalize over and mitigate the dust con-
tamination 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.
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