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Abstract

Future data from galaxy redshift surveys, combined with high-resolutions maps of the cosmic microwave
background, will enable measurements of the pairwise kinematic SuZgdidovich (kS2) signal with
unprecedented statistical sigo&nce. This signal probes the matter-velocity correlation function, scaled by the
average optical depth) of the galaxy groups and clusters in the sample, and is thus of fundamental importance for
cosmology. However, in order to translate pairwise kSZ measurements into cosmological constraints, external
constraints on are necessary. In this work, we present a new model for the intracluster medium, which takes into
account star formation, feedback, non-thermal pressure, and gas cooling. Our semi-analytic model is
computationally efcient and can reproduce results of recent hydrodynamical simulations of galaxy cluster
formation. We calibrate the free parameters in the model using recent X-ray measurements of gas désity pro

of clusters, and gas masses of groups and clusters. Our observationally calibrated model predicts tHgy@verage
(i.e., the integrated within a disk of sizeRs5qo) to better than 6% modeling uncertaiifgy 95% condence levél

If the remaining uncertainties associated with other astrophysical uncertainties and X-ray selection effects can be
better understood, our model for the optical depth should break the degeneracy between optical depth and cluster
velocity in the analysis of future pairwise kSZ measurements and improve cosmological constraints with the
combination of upcoming galaxy and CMB surveys, including the nature of dark energy echaglavity, and

neutrino mass.

Key words:cosmology: observationscosmology: theory- galaxies: clusters: intracluster medisigalaxies:
groups: general methods: statisticat X-rays: galaxies: clusters

1. Introduction e.g., Hassekld et al. 2013 Bleem et al.2015 Planck
Clusters of galaxies are the most massive gravitationaIIyC°|laborat'on et aR015. The kSZ effect on the other hand is

- : ; - ourced by CMB photons scattering off electrons that have a
colllapsed(c))bjectsl In trf'e unlverfse t%day, contallnmg hundreds Oﬁon-zero geculiar ?/elocity with resp(gact to the CMB rest frame
galaxies. On scales of up to a few hundwégkc, clusters move . : . =
on average toward each other due to their mutual gravitationa'The KSZ signal from clusters is thus a potential proxy for their

attraction. A measurement of this long-range pairwise motion ine-of-sight pecu[iar velocities. Pr_ospec_:ts for rgconstructing
has the potential to provideew insights into dynamical dark the peculiar velocities of clusters via their kSZ signature have

energy, modied gravity models, and neutrino mass. been discussed in, e.g, Sunyaev & 'delich (1980,

From the point of view of an observer, two clusters moving RéPhaeli & Laha(1991), andAghanim et al(2001).
toward each other appear with opposite line of sight velocities, | "€ detection of the kSZ signal for an individual cluster has
where the cluster that is further away has a velocity componenf€en limited to a handful of massive galaxy clusieg.,
toward the observer, and vice versa. The average velocity abayers et ak013, because of its identical spectral dependence
which clusters at a given separation move toward each-ether compared to the CMB, and its small amplitude, which is
i.e., the pairwise velocity-can thus, in principle, be estimated typically of the order of only a fewK. However, the pairwise
using only the information about their line-of-sight peculiar Motion of clusters, combined with the kSZ effect, creates a
velocities(Ferreira et al1999. In practice however, peculiar ~ distinct pattern in the CMB, consisting of subtle temperature
velocities are difcult to measure becautieese measurements increments and decrements at the cluster locations, depending
often require precise measurement of distances as well a8n their line-of-sight momenta. We call this distinct CMB
redshifts. pattern created by cluster pairs the pairwise kSZ signal.

The SunyaevZeldovich (S2) effect (Zeldovich & The pairwise kSZ signal has been measured using CMB data
Sunyaev1969 refers to the inverse Compton scattering of from the Atacama Cosmology Telesca@eCT) with galaxy
cosmic microwave backgroul@MB) photons with free, high-  positions from the Baryon Oscillation Spectroscopic Survey
energy electronand is further decomposed into the thermal Sz (BOSS; Hand et a012 De Bernardis et a201§, CMB data
(tS2) and the kinematic SZSZ) components. For clusters of from Planck with galaxy positions from the Sloan Digital Sky
galaxies, the dominant component is the tSZ effect, which isSurvey(SDSS; Ade et ak015, and CMB data from the South
sourced by the electrons that reside inside the hot intraclustePole TelescopgSPT) with cluster positions from the Dark
medium(ICM). The tSZ effect creates a spectral distortion in Energy SurveyfDES; Soergel et aR016. In addition to these
the CMB blackbody radiation in the form of a temperature pairwise kSZ measurements, it is also possible to detect
decrementincrement at frequencies beloaboveg 217 GHz, the kSZ signal by stacking CMB patches around galaxy
and can thus be used to detect new clusters in CMB(gaéa locations weighted by the reconstructed veloci#ld (Schaan
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kSZ Detection Forecasts for FTJ?L?rIee éxperiments from Various References
Data Scenario Method PredictetNs Reference
SPT-3Gx DES pairwise kSZ 18-30 Keisler & Schmid(2013
Adv.ACTPolx DESI pairwise kSZ 20-57 Flender et al(2016
Adv.ACTPol x SPHEREX pairwise kSzZ 55 Doré et al(2016
Adv.ACTPol x WISE projected kSZ 120 Ferraro et a(2016
Adv.ACTPol x DESI pairwise kSZ power spectrum 30 Sugiyama et a{2016hH
CMB Stage IVx DESI pairwise kSZ power spectrum 50-100 Sugiyama et a{2016H

et al. 20195, or by cross-correlating the squared CMB reported a modeling uncertainfgssociated with the AGN

temperature map with galaxy positions, aslage in Hill feedbackin the normalization of the scaling relation of 12%.
et al. (2019, using data from Planck and th&/ide- eld For the scaling relation between the integratednd the
Infrared Survey ExplorefWISE survey. integrated Comptog-parameter, this uncertainty is only 8%.

Looking forward, Keisler & Schmidt(2013 forecast  The modeling uncertainty is, however, much higteound
detection signicances for the pairwise kSZ signal of 5004 when comparing the runs with star formation and
18 .30 with tlie next-generation version of SPT. Flender ¢qooling to the non-radiative run, similar to the result§ b
et al. (2016 hereafter-16) predict that future data from the  Gjyen the high signicance of kSZ measurements expected
Advanced ACTPol experiment, combined with cluster catalogs,y;i fytyre experiments, a better understanding of the optical
from the Dark Energy Spectroscopic INSrUm@ES), can — yonih s thus crucial in order to realize the statistical power of

enable detection signiances of_20 ..50 , and eVen higher .
. — ' the upcoming galaxy and CMB surveys for cosmology.
with cluster catalogs that go to masses beltino Hydrodynamical simulations are computationally expensive,

4 1 A i i i .
%)?1 25 TMWitr? %gae;yalgg}c?ggr%gg ?hge;ergggrs]eségrsnF?ES?Ex such that only a small number of different ICM models can be
= studied. Ideally, however, we would want to create a large

experiment in combination with ACTPol CMB data. Ferraro . ) .
et al. (2016 predict a detection signiance of the projected number of ICM models and use machine learning algorithms and

squared kSZ signal with data from tW/ISE survey and observational _data to solve for both C(_)sm(_)Iogy and astr(_)physics
Advanced ACTPol of 120, and even more with galaxy at the same time. For parameter estlmat!onsanm—analyncal
catalogs from the SPHEREX. Sugiyama et(20161) predict model is the method of choice, because it allows us to study a
that the future Advanced ACTPol and CMB-Stage IV large number of ICM models with considerably less computa-
experiments, combined with galaxy surveys from DESI, shouldtional cost than hydrodynamical simulations.
achieve measurements of the pairwise kSZ power spectrum In this work, we constrain the optical depth geoof galaxy
with statistical signicances 010..1001. We summarize these clusters using a semi-analytical model that is computationally
forecasts in Tablé. ef cient and has only a small number of free parameters. Our
From a cosmological perspective, measurements of the kSACM model is based on the model introduced in Ostriker et al.
effect have the potential of probing dark energy and neatli (2005 and modied in Shaw et al(2010Q. However, these
gravity (DeDeo et al2005 Hernandez-Monteagudo et 2006 models did not take into account the effects of gas cooling,
Bhattacharya & Kosowskp00§ Kosowsky & Bhattacharya  which make them unable to provide a reasonable description of
2009 Keisler & Schmid013 Ma & Zhao2014 Mueller etal.  X-ray observations in cluster cores. Thus, in this work, we
2013 Alonso et al.2016, as well as the sum of the neutrino  extend these ICM models to take into account the effects of gas
massegMueller et al.2014. However, the constraining power  cqoling of cluster cores by introducing the effective equation of

of the kSZ signal is fundamentally limited by our understanding giate(EOS in the cooling region. We constrain the parameter
of the integrated electron density, i.e., the optical depth, of the

; . . space of that model using recent X-ray measurements of gas

galaxy clus_ters sourcing the S|gnal. The optical depth depends .OHensity proles of clusters from McDonald et 42013 and
the properties of the halo hosting the galaxy cluster, such as it as mass in groups and clusters from Vikhlinin e(2006
mass and concentration, as well as astrophysical effects such n et al(2009. and Lovisari et al(201. '
star formation and feedback from active galactic n(al&iNs) uTh (I 9% hi VII<' ! f "( S . i
and supernovatsNe. . e outline of this work is as follows. In Secti@nwe wi

F16 demonstrated that for aked cluster sample, the optical mtroduce the k_SZ effegt and its cosmological |mpI|_cat|ons. In
depth(and thus the kSZ amplituflearies by a factor of 2 Section3, we will describe our ICM model. In Sectigh we
between models with and without star formation and feedback Will compare the UM relation in our model to the recent
i.e., in the absence of any other constraints, the uncertainty iglydrodynamical simulations. In Sectisnwe will present the

100%. Battaglig2016 hereafteB16) presented the results Main results of this work, including the observationally
for three different hydrodynamical simulations with varying calibrated pro les, along with its associated MCMC analysis.
input cluster astrophysics, demonstrating a simple scalingWe will discuss future prospects and challenges in Se6tion
relation between the integrated and the halo mass. By Our main results are summarized in Secfiofihroughout this
comparing the run with AGN feedback to the run without it work, we assume a WMAP7 cosmolo@§omatsu et al2011)
(but including radiative cooling and star formajioi16 with h=0.71, 8 0.26and 8 0.0448
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2. Cosmology with the kSZ Effect average. Using lightcone simulations from Flender et al.
(2016, Soergel et al(2016 estimate that noise level to be
2.1. The kSZ Effect around_ 7%, but it is expected to be much less with larger sky
The kSZ effect is caused by the inverse Compton scatteringcoveragele.g., 12% with ACTPok DESI). Here, we assume
of CMB photons with free electrons moving with non-zero that the aperture sizeis chosen to match the cluster scale.
peculiar velocities with respect to the CMB rest frame. Along a However, if is chosen to be much larger, then the integrated
given line of sight, the kSZ temperature is given by the integralkSZ signal could receive contributions from objects located
close to the cluster with correlated velociti€Schaan

0

Az T g1 ng(1vies(l), ()  etal.2015.

Tems
whereTeye  2.725 K is the average blackbody temperature 2.2. The Pairwise kSZ Signal
of the CMB,  is the Thomson cross sectio,is the number Due to their mutual gravitational attraction, clusters of
density of electrons along the line of sight, ang is their galaxies move, on averageward each other. If we had the
peculiar velocity along the line of sight, whergs 0 for velocity vector for eaph .cluster in a given sample, then we
objects moving toward the observer. could compute the pairwise velocity,

[For a collapsed object, e.g., a cluster, all electrons bounded vio(r,2) Vi V2r,8 (7)

within the accretion shock radiu$Rsneck  4..5Rs00 (Lau
et al.2015, move in bulk with the halo peculiar velocityes where the brackets denote the average at comoving separation

(see Sectior6.2 for a discussion of velocity substructures r. For instance, at a separationrgf 100 Mpc and az = 0.5,
whereRsqo is de ned in Equatior(15). For such an object,  clusters move, on average, toward each other with a velocity of
we can takevies out of the integrana@nd write its kKSZ  theorder 0f100 km s®. Due to the kSZ effect, this pairwise

contribution as motion imprints a temperature signal into the CMB, which we
Wisz Yios call the pairwise kSZ signal. Analogous to Equat{@)) the
T ' ) pairwise kSZ signal is given by the pairwise velocity times the
CMB c

. . average optical depth of the cluster sample,
where the optical depth,, of the cluster at the projected

angular distance,, away from the cluster center on the sky is M(r, 2) QM (8
given by Tems c
R where &k is the average effectivéi.e., beam-convolved
U Rt =T drne(r) —m 3 optical depth of the cluster sample.
Ra(2 r2 Rdi(2) In practice, measuring the pairwise kSZ signal consists of a

two-step process. First, the CMB map ltered to reduce the
whereda(2) is an angular diameter distance for an object at noise. This can be achieved by applying a matchker
redshiftz (Haehnelt & TegmarkL996, which takes into account the
Current high-resolution CMB experiments such as SPT andspectral dependence of the noise as well as the spatidé jfo
ACT have nite beam sizes of around 1arcmin. A more the signal, and was applied in the analyses in Hand @Cil2
observationally relevant quantity is thus the average kSZandSoergel et al(2016. Another Iter to reduce noise is the

temperature within an aperture of size compensated top-halter, which simply computes the average
R signal within an aperture and subtracts the average signal in a
2 @ %6a(Rp R R ring with equal area around @&de et al.2015 De Bernardis
Tksz % Qih : (4 et al.2016). Flender et al(2016 show that the compensated

top-hat lter can perform almost as good as the matcHtd,
Similarly, we dene the integrated optical depth within the depending on the aperture size

aperture , Second, the pairwise kSZ signal is extracted from ttezed
R map using the so-called pairwise estimator, which was
2Qd R(RU R originally introduced in Ferreira et 1999 and re-written
@WT- ©) in Hand et al(2012 in terms of CMB temperature values,
If the aperture size is chosen to match the angular extent of g Gj T
the cluster in the sky, it follows from Equati@8) that the Toksz(r, 2 a2 ©)
integrated kSZ signal can be related to the integrated optical O G
depth as where the sum is taken over all pairs in the sanilds the

difference in Itered temperature values at the cluster locations,

o, \Y
#? L&% (6) andg; is the geometric weiglgiven by
CMB
. i ri T rn r)(l cos
The integrated kSZ temperature within the apertucé a G wrj - — 6 5 i (10)
cluster receives not only the kSZ contribution from that cluster, 2 ZJriz rf ZirjcosR

but also from all objects along the same line of sight. However,

these additional kSZ contributions add noise to the pairwiseHere,ri is the unit vector pointing to clusterr is the unit
kSZ measurement discussed below, but not a bias, because tiwector pointing from cluster to clusterj, r; is the comoving
velocities are distributed symmetrically around zero, on distance of clustérand is the angular separation between the

3
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two clusters. It can be mathematically shown that the pairwise(BOSS with Stage Il CMB data(Advanced ACTpdl will
estimator returns an unbiased estimate of the true pairwise¢vield1 Terrors orwg andw, of 0.08 and 0.26, respectively, as

velocity (Ferreira et al1999. well as 5% constraints on Although these authors assumed a
At large scaleqi.e., in the linear regine the pairwise pl’iOI’ _Of _40% on_ , we hlgh'lght that these con_straints could
velocity can be expressed ag(r) 2bY(r) (Keisler & be signicantly improved with a stronger prior on In
Schmidt2013, whereb is the mass-averaged halo bjeich particular, the authorsnd that a_10%prior on  could enable
can be measured via the cluseauto-correlation and Ygr) Stagell and Ill CMB surveys to provide constraints that are
is the matter-velocity correlation function, I<;(_)mpeté|)t|ve with respect to Stage IV constrai(gee their
igure §.
Y, 2) aHf “"dkkPR( k ¥ 4( KJ, (11 Mueller et al.(2014 show that the scale-dependence of the
pairwise kSZ signal can be used to constrain neutrino masses.

wherea is the scale factoH is the Hubble rate,is the growth In particular, the authors forecast 68% upper limits on the sum

of the neutrino massesgng 290meV, 220 meV, 96 meV
for Stage Il, Stage lll, and Stage IV surveys, respectively. The
authors further show that percent-level constraints ovill
Tws¥ erb3 T (12) improve these constraints to 120 meV, 90 meV, and 33 meV,
respectively. For comparison, De Haan et (@016 nd
where g denotes the normalization of the matter power cano 140 80 m&pby combining data from SPT clusters
spectrum. From a cosmological perspective, the dependence ofith Planck CMB data and baryon acoustic oscillation data.
the growth functiorf is arguably one of the most interesting ~ Furthermore, Keisler & Schmi2013 discuss the potential
features, because different models of gravity and dark energ)?'c the pairwise kSZ _S|gnal to constrain spfemmodl ed
predict a different (2). gravity models. In particular, the authors consider the normal-

Eo ranch DvakGabadadzePorrati (DGP, Dvali et al.2000
Note that the pairwise kSZ measurement based on galaX>r210del with preserving the expansion history to be that of the

surveys is affected by redshift-space distortions, which lead to . .
! : : CDM model (Schmidt 2009, which leads to a scale-
small suppression of the signal a20..100 Mpcand a sign independent modtation of the growth function. The authors

inversion at120Mpc, as seen in Figure 3 in De Bernardis et al. e - .

(2016. This effect requires a more careful modeling, which has igg)/wht.h?]t th'e pr?lrv[\glé(lajvelogltly at Ilneardscalehs can be dUp to
: . > % higher in the model, compared to the concordance

been discussed in, e.g., Okumura {2014 and Sugiyama CDM model. The authors further demonstrate thatf (R

et al.(20163. model(Carroll et al2004), which invokes a massive additional
degree of freedom, generates a scale-dependent catidn
into the pairwise velocity, compared to th€DM model.

The potential of kSZ measurements as probes of cosmology In all of the cases, it is clear thiite science return from the
and gravity has been discussed in, e.g., DeDeo €2@05, pairwise kSZ signal depends strongly on our understanding of
Hernandez-Monteagudo et al(20069, Bhattacharya &  the optical depth. This stresses the motivation behind this work,
Kosowsky (2008, Kosowsky & Bhattachary&009, Keisler which is to constrain the optical depth pl@to 110%

& Schmidt (2013, Ma & Zhao (2014, Mueller et al.
(2015 2014, andAlonso et al.(2016. Here, we highlight a 3. ICM Model
few illustrative examples from the recent literature. '

Alonso et al.(2016 show that, with data from Stage IV The primary goal of this work i€l) to develop a physically
experiments, it would be possible to measure the product of thenotivated and computationally eient semi-analytic model of
Hubble rate and the growth rate(z) H(2), to better than 1%  the optical depth prdes and(2) to constrain the model of the
outtoz = 1 with the redshift bins obz 0.1 However, their ~ optical depth prole using the state-of-the-art X-ray observa-
conclusion hinges on the assumption that we will have precisetions of galaxy groups and clusters. Speally, we will adopt
knowledge of the optical depth, which, they argue, can bethe semi-analytic ICM model described in Shaw e(z01Q
obtained using the scaling relation between the integrated tSzereafter the Shaw modlelvhich is a modied version of the
y-parameter and . Sugiyama et al.(20160 argue that  model by Ostriker et al2009, and extend it to model gas
combining future kSZ and galaxy redshift survey data can cooling to provide a better description of recent X-ray data,
reduce the marginalizddTerrors orf, as well as on the Hubble  especially in cluster cores.
rate, by 50%-70%, compared to the galaxy-only analysis.

function, and is the rst spherical Bessel function. Thus, the
large-scale pairwise kSZ measurement probes

2.3. Cosmological Implications

Given the degeneracy betweérand (as shown by their 3.1. Dark Matter Halo Structure
Figure 7, these constraints could be further improved by o
including an external prior on The Shaw model assumes that the gas inside the cluster

Mueller et al.(2015 perform a Fisher-matrix analysis to initially follows the dark matter density distribution, which is
investigate how well future pairwise kSZ measurements canmodeled as a Navarrenk-White (NFW) pro le (Navarro
help constrain dynamical dark energy models and neati €t al- 1997,
gravity. For the former, the dynamical dark energy is
parametrized as the dark energy E@S, wy, (1 a)w Su () —§ ,
(Wo 1,w, Ofor the concordanceCDM mode). For the (r/r9d rfy?
latter, the modied gravity models are parametrized in terms of
the growth functionf (2) 8(2 Hown with a free parameter Wherers is the NFW scale radius ang is a normalization
howtn (9€NETal relativity predictdy,,, 0.59. The authors  constant. The scale radius is related to the virial radius through

nd that combining data from a Stage Il galaxy redshift survey the halo concentratior) de ned ax Ry, where the virial

(13

4
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Table 2 and0.01 f- 0.03-bracketing the values reportedtire
Different Values fo(f,, S.) Reported in the Literature literature.
Reference 10%, S o
Lin et al. (2003 1.64 33 0.26+ 0.09 3.3. Gas Distribution
Gonzalez et al(2007) 2.02+ 0.37 0.64+ 0.13 We assume that the gas inside the dark matter halo
Giodini et al.(2009 2.58+ 0.05 0.37¢ 0.04 rearranges itself into a state of hydrostatic equilibr{ti8E),
Leauthaud et a(2012? 1.2-2.5 atMsgo ~ 10"M, L which is described by the differential equation
0.57-1.5 atMsgg ~ 10“M. L .
Budzynski et al(2014 0.912+ 0.06 0.11+ 0.14 ARt (1) §(r)w, (18
dr dr

Note.

whereRy; is the total(thermal+ non-therm3l pressure,y is
the gas density, and is the dark matter NFW potential. The
solution to this equation can be written as

& Leauthaud et al(2012 do not report an estimate &, but their reported
values forf+ at different masses are consistent vidth 0.

radius is the radius enclosing the virial mass, Pot(r)  PoRn" ! (19
4 4 g So (MY S R (20)
Muyir = Rvir Vch(z)! % S (14) i . i
3 where Rr) is the polytropic variable
where %, 183G 82 w(@®@ ) 3¥BuRD P is F{r)8 1 ( 1§( , ) 21)
the virial overdensity ang(z) is the critical density at redshift ( P 0 '
z. We also use the overdensity méég de ned as

and ' is the central potential of the clustdr, 1 1/nis
Mo 4 RS, Q.(2, g (15 Fhe adiabatic.index, amdthe polytropic i'nQe.x. Forinstqncg, an
isothermal uid has ( 1, a non-relativistic isentropicuid
has ( 5/3, and a relativistic isentropicuid has (  4/3.
Hydrodynamical simulations suggest that the ICM follows
( x 1.2 (Ostriker et al.2005 Shaw et al.201Q Battaglia
et al. 2012—except in the cool core region, as explained
below. Note that, while our model includes the non-thermal

whereRyis the radius within which the enclosed mean density
is times the critical density of the universe. Current X-ray
observations measure the gas density and temperatutespro
roughly out toRsqo0. We de ne B,as the angle subtended By,

on the sky, i.e.,R R /d(32, whereda(2) is the angular

diameter distance. In this work, we assume that each halo has %resil]]re asl outlined in Selct|onff2.2t.5 fr:c S:\sw E(Qlﬁiltq’ the ¢
concentration that is determined by its mass and redshift,non' ermal pressure only aftecls the thermal lemperature

. . structure and has no impact on the optical depthlpro
following the relation by Duffy et ak2008), The normalization of the modefi.e., P, and %) is

Mo 0.081 determined through the energy constraint equation,
VIr

. 0.71
c(Mir, 2 7.85 2 q102h M. L 2°% (19 Egf Egi omBom < MC = (22 %
where the left-hand side of the equation is thal energy in
3.2. Star Formation the ICM, and the right-hand side consists of the following
We assume that some fraction of the gas inside the halo hagerms.
radiatively cooled and formed stars. Speally, we assume 1. Egy; is the initial total energy in the ICM, which is simply
that the stellar fractiol, M. /Msqo, i.€., the ratio of stellar the sum of the kinetic and potential energy of the dark
mass to halo mass withRsoo, depends only on the mass of the matter halo, scaled by the cosmic baryon frac{eee
halo, and follows a power law: Equation(10) in Shaw et al2010.
s 2. om Epm is the energy introduced into the ICM during
F(Mso) f Mso0 (17) major halo mergers via dynamical friction heating, where
KTB00 & 3 q 10“M. ' Epwm is the total energy in the dark matter héle., the
' sum of kinetic and potential enejgynd the parameter
Our stellar model has thus tviee parameters that control the om describes how much of that energy is induced into
normalization and the slope of tikfg M relation. Various the ICM. While Bode et al(2009 suggest a value of
different values for these parameters are reported in the  ©m 0.03 based on the hydrodynamical simulations of
literature, and we summarize some of them in T&bl&he McCarthy et al(2007), the exact value ofpw remains

uncertain and likely depends on other factors such as the

values reported fofx vary from just below 1%(Budzynski . . .
b y J (€ y environment and merger history of a given halo. Here, we

et al.2019) to 2.58%(Giodini et al.2009. The values for the 2 e .

leave gy as a free parameter in the likelihood analysis.
slope S« vary from 0.64(Gonzalez et al2007) to a value 3. ¢M,c? is the energy injected into the ICM due to
consistent with O(Leauthaud et al2012. Given the vastly feedback from SNe and AGNs. wheve is the stellar
implement any particular stellar model, but instead marginalize of the energy in stars is transformed into feedback energy.
overfx and S«, taking the literature values in order to inform 4. Y%, is the work done by the gas as it expands relative to
our priors. In particular, we choose at prior0 S- 0.64 - its initial state.
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3.4. Gas Cooling to match the stellar model froB16. Finally, in order to
reconstruct thé AGN feedback run, we set¢ 4  10cf.

Hydrodynamical simulations show that an adiabatic index of The set of black lines in Figur2 shows the range of our

( x 1.2 provides a good description of the ICM over a large

X L : . -~ observationally calibrated modelescribed beloyywhich is in
range of _scales, except in t_he h|gh_den5|ty cluster core in WhICl‘l?road agreement with tH16 “AGN feedback run, however,
gas cooling causes the adiabatic index to become much lowe

(E. Lau & D. Nagai 2017, in preparatiprMcDonald et al. with a slightly steeper slope due to our steeper slope in the

(2013 nd a strong redshift evolution in the gas density f. M relation. These results demonstratexibility and

pro le, where the normalized central density increases by ancapability of reproducing the results of modern hydrodynami-

order of magnitude fronz _1to z _ 0. Cooling was not cal simulation with varying input cluster astrophysics.
modeled in Shaw et al2010, but is modeled in our new

model, and it is particularly important for modeling the ICM in
the central regions of galaxy groups and clusters. 5.1. Observational Data Sets

In order to account for cooling, we introduce thrsere In order to calibrate our model, we implement two types of
degrees of freedom: a breaking poi r R s, X . '
g g POMeax I brea'R 0 data into our likelihood analysis. We use recent X-ray

which controls at which point the adiabatic index breaks, and a : .
measurements of galaxy groups and clusters, including gas

new adiabatic indeX inside the broken regiorx,  Xyrex. In > .
order to take into account the redshift-dependence, we modef€"SIty Proles of massive clusters by McDonald et(@D13
as well asMyas spomeasurements of groups and clusters from

the adiabatic index inside the broken region as Vikhlinin et al. (200§, Sun et al.(2009, and Lovisari

1 H 2 et al.(2015:
(&) ( 2 (23 McD_onaId et al.(2013 presented the results (_)f an X-ray
where controls how strongly cooling effects evolve with analysis of 83 galaxy clusters that were selected in the 2500 sq.

redshift. For positive , the adiabatic index inside the core d€g. SPT survey and observed with tfihandra X-ray
region, ( &), decreases with redshift, and vice versa. Observatory. The authors measured the average shape of the

gas density prde over the radial range 6f r/Rsqpo 1.5
) ; We combine this data set with eight additional clusters at
4. The UM-relation z 1.2 that were obtained as a sepai@tandraprogram(PI:
Recently, B16 used the output from hydrodynamical M. McDonald and will be presented in an upcoming paper

simulations to show that there are simple scaling relations thafM. McDonald et al. 2017, in preparatjoifhe combined data
could be used to break the degeneracy between optical deptbet is binned into four different cluster-subsamples at redshifts
and cosmology constraints. Spegally, B16 found that there  0.07, 0.51, 0.93, and 1.36, with average mab&gg/ (10“M.)
exists a power-law scaling relation betwdgmeasured within of 5.76, 5.09, 4.17, and 2.84, respectively.
an aperture of angular sizgde ned in Equatior(5)), and the Vikhlinin et al. (2006 presented gas and total mass pee
Comptony parameter measured within the same aperyyye, for 13 relaxed clusters at low redsh@®0162 z  0.23Q),
which could be measured via the clugetSZ signature.  spanning a temperature range of-8.KeV, derived from
Another scaling relation exists betweéhand the halo mass Chandra data. For 10 of those clusters the authors report
Msoo B16 studied the normalization of these scaling relations measurements fas.50 @ndMsoo, Which we use to derive the

for three_different sets of Clqster phySICS one model without MgaS,SOO M g relation in that sample. The mass range of that
any cooling and star formatiofinon-radiativé), one model sample i0.77  Msgo/ 1M 10.2.

5. Observational Calibration of the Model

with cooling an_d feedb_a_ck from SNé&adiative cooling), and Sun et al.(2009 presented a systematic analysis of 43
one mogel with additional feedback from AGNSAGN nearby galaxy groups in the mass rang@@®%  Msoo/M.-
feedback). 10" and redshift range @012 z 0.2, based on

The advantage of our semi-analytic approach is that we canspangra archival data. These data contain measurements of
explore a large number of ICM models with considerably less ¢ = tor 23 objects. By combining these measurements with
computational cost, compared to hydrodynamical S|mulat|0ns.tﬁ‘(§i'r hydrostatic mass estimates foko, We obtain the
In Figurel, we demon_strate the dependence ofthé on the Mgas, 500 M 5o relation for this sample, which we use in our
different parameters in our model. Wed that the normal- | clihood analysis

ization of the UM relation depends strongly on the amount of ™ oo et al.(2015 analyzed XMM-Newton observations
dynamical friction heating from dark matter feedback, as well ;;. complete sample of galaxy groups selected from the

as the stellar fractio(see theeft two panels in Figur@). The  pogaTA|l.SKy Survey. The data consists of 20 objects in the
AGN/ SNe feedback parameter changes both the normallzanon?edshift range 0f0.012 z 0.034and the mass range
of the UM relation as well as its slope. Thisnding is of 207 109 MS'OO 1.44 18 For all of thesp objects

consistent witlB16, who also nd a steeper slope in their AGN ;
' . - the authors report measurementdvig and M which
run (0.54) compared to their non-radiative r(th5). The slope we use in our llci)kelihood analysis. hs.500 500

further depends on the slope in the M-relation, as seen in
the bottom right panel of Figuré. A steeper slope in the
f. M relation creates a steeper slope in th& relation.

In Figure2, we demonstrate that we are able to reproduce the All of the data used in our likelihood analysis contain
results of theUM relations presented iB16 by appropriate estimates oMsqgthat were derived assuming that the ICM is in
adjustment of parameters in our model. Wad good HSE with the gravitational potential of groups and clusters.
agreement between tB4.6 “non-radiativé run and our model  However, this is only true for the thermal component of the
with f. ¢ <«pu 0O.<In order to reconstruct th&16 gas, not the non-thermal component due to internal motions in
“radiative cooling run, we setf, 0.024andS. 0, in order galaxy clusters. This leads to a bias in the hydrostatic mass

5.2. Correcting for the Hydrostatic Mass Bias
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Figure 1. Dependence of th&JM relation on the different parameters in our model, dark matter fee¢tioaclefi), feedback from AGNsSNe (top righ), stellar
fraction (bottom lef}, and the slope in the relation between stellar fraction and halo(bwttsm righ}. In each panel, the black line shows our bestodel, as
determined via MCMC analysis described in Seciowe nd that the normalization of thelM relation depends strongly on feedback parameters and the stellar
fraction, while the slope of th&JM relation depends on the energy feedback from AG@NE and the slope in the stellar model.

estimate, known as HSE bias. To model the HSE mass bias, w&or theMyas-M relations, we compute thE? as

use the semi-analytic model of the non-thermal pressure, which

has been calibrated to hydrodynamical simulatig¢8#i y .

et al. 2016. This model predicts the HSE mass bias of 1%, AMashyata( MyasD Mgad Pnodet( Mias  nvged - (29
4%, and 14% for groups and clusters wifl,, 103, 104,

and10'™M., respectively. We use this model to remove the

HSE bias from the mass estimates used in our likelihoodHere, we assume that the probability distribution function in

analysis. the data,py,, is @ Gaussian function with meavg,s and
_ standard deviationy,,, which is the error reported in the data.
5.3. MCMC Analysis In addition, we assume that thdg.s. M relations have an
We constrain the parameter space of the model, in light ofintrinsic log-scatter with a width that is spesd by the
the data, using the Markov-Chain Monte Ca(idCMC) parameter lhm,q i-€., Pnoger IS @ log-normal distribution. The

algorithm, with the likelihood$ exp( [¥/2. We compute physical reason for introducing the parametgy,,, is that not
the total ¥ as the sum of thé¥ contributions from the four  all clusters with a given mass and redshift are expected to
different data sets described in Sectioh For the McDonald  contain exactly the same gas mass, but instead there exists an
data, we approximate thE as the sum of deviations of the  pject-to-object scatter that is sourced by diversity in environ-
model from the data over all radial bifie., we neglect the  ent and formation history of groups and clusters. Here, we
cross-correlation between radial hins leave v, as a free parameter and marginalize over it.

( S ¥ S Our nal model has thus eight free parameters: oum,

¥ e idata i model (24 Xprea, (, T, S¢, , and lhm,,, We will present the results of the
i 'I?,data MCMC analysis in the next subsection.
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Figure 2. Reconstruction of the results frd#16. The dashed lines and shaded
regions show the results for tHeM relation fromB16, while the solid lines
show the reconstruction using our model with the appropriate pararfssers
thetext for detaily The black lines are 50 models with parameters from our
MCMC chain, indicating the range of our observationally calibrated model.

5.4. Constraints on the ICM Model

Figure3 shows that our new modgdee theblue line, which
makes an attempt to model the effect of gas cooling throug
modi cation of the effective EOS in high-density cQres

provides a much better description of the observed gas densit

pro les, compared to the original Shaw e{2010 model(see

thered dashed line, which does not make an attempt to mode

the effects of gas coolifjg

Figure4 further shows thé/lyas. M relations from the three
different data setgVikhlinin et al. 2006 Sun et al.2009
Lovisari et al. 2019, which cover a wide mass range
(102 Msgo/M.  10%). The blue line shows our best-
model, and the shaded region showsfgy,, log-scatter. For
comparison, we also show the original Shaw et(2010
model(red dashed line The two models are very similar at the

high-mass end, but diverge at the low-mass end, where our ne

model predicts a slightly larger gas mass for any given hal
mass Msge This difference originates primarily from the
different slope in thef, M relation; namely, Shaw et al.
(2010 adopted a much steeper slqfe  0.37), compared to
our best-t slope(S.  0.12), and therefore predicted a higher
stellar fraction(and thus lower gas masat low-mass groups,
compared to our model.

(0]
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than the value of 39 adopted in Ostriker e{2005 and 36-50
suggested in Bode et g009. As shown in Figureb, the
amount of AGM SN feedback is strongly degenerate with the
stellar fractionfx, and with the slope in the stellar modst,

This degeneracy is expected because our model is only
sensitive to the total feedback energy, and could be
broken with additional measurements of the M relation,
derived from the measurements of the stellar content of groups
and cluster¢Bode et al.2009.

Dark matter feedbaekThe data is consistent with zero
feedback from dynamical friction heating from major halo
mergers. We nd that oy 0.0084 with a con dence level of
95%. This is much lower than theducial value of 0.05
assumed in Bode et al2009 and Shaw et al(2010.
Ultimately, this number could be better constrained using
hydrodynamical simulations.

Gas cooling—The data prefers a broken adiabatic index that
breaks ax = 0.2 from the standard value 1.2 to a much
smaller value (2 0.1 (1 2Zy" with a strong redshift
evolution with H 1.72 933 This means that a cluster at
z=lhas(a 0.33 and a cluster &= 0 has(a 0.1 This
strong redshift evolution of the central density pechas been
pointed out previously in McDonald et §2013. Our semi-
analytical model provides a way to quantify that evolution of
cool cores through the time-dependent change in the effective
EOS, dened using the parameter. Upcoming X-ray
measurements of the gas density peoshould help improve
the constraints on the evolution in the effective EOS of cluster
cores.

Stellar fractior—Our ts to the X-ray gas density and
Mgyas,s00 data prefer a stellar fraction d¢f 0.026  0.003
pand a slope ofs.  0.12 0.1 Ourdbest-t value forfx is
consistent with the results by Giodini et &009, who nd

0.0258 0.0005but our analysis prefers a shallower

lope thar, 0.37 0.@ reparted by Giodini et a(2009.
Eur results are thus more in line with a recent analysis by

eauthaud et al(2012, who nd that the slope is much
shallower than the slope reported in Giodini et (2009.
Improved measurements of th& M relation will be
important for breaking the degeneracy betwbeand S« in
our model.

Scatter inMgas. M—We nd that the data prefers a non-zero
log-scatter of 0.27 in thi¥lgas. M scaling relation. This number
quanti es the object-to-object scatter due to the fact that
different clusters have different formation histories and live in
Wifferent environments. Note that part of the cluster sample in
this analysis is biased: Vikhlinin et af200§ only study
relaxed massive clusters, while Sun et(2009 and Lovisari
et al. (2015 only study low-redshift systems. Therefore, our
estimate of inm,,, is possibly biased low, which could lead to
an additional uncertainty in the estimate of the optical depth of
individual objects.

(o]

Figure5 presents the constraints from the data on the eight-

dimensional parameter space of our model. The hestlues
and 95% condence intervals are given in Tal3eBased on

5.5. Constraints on the Pro le and Integratedt
Finally, using the parameter values from our MCMC chain,

these results, we draw the following conclusions about the ICMwe derive observational constraints on the optical depthgso

parameters of our model:

AGNSNe feedbaekThe data prefers a non-zero amount of
feedback from AGNs and SNel0®¢ 3.973% (95%
con dence levgl This value is larger than the value of one
adopted in the ducial model in Shaw et a(201Q though
is consistent within the 95% codence intervdl but smaller

of galaxy groups and clusters. The results are shown in
Figure 6, for massesVlsgy 5 10§, 10" 5 q 104, and
10'"M., all atz= 0.5. In each panel, we show 50 lines with
parameters determined from the MCMC chain, illustrating the
modeling uncertainty in the prée. For comparison, we also
show the ducial model from Shaw et 2010 (red dashed
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Figure 3. Gas density prdes from McDonald et a{2013, along with 50 lines from our model, using parameters from the MCMC chain, showing the range of the
model(blue line3. Also shown is the ducial model from Shaw et aR01Q red dashed line which under-predicts the central gas density because of the lack of a

cooling mechanism.
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Figure 4. Mgas. M relations from Vikhlinin et al2006, Sun et al(2009, and
Lovisari et al.(2015. The blue line shows our best-model, and the shaded
region shows the T, log-scatter. Given the measurement errorbars, the

the optical depth inside the core region. The differences
between our new model and the original Shaw model are,
however, small on scales that are larger than the 1arcmin
instrument beanblack dashed line

In Table 4, we summarize our constraints ddr 0),

Ur Rsgg), and khy, i.e., the average within a disk with
angular radius ofgy in the plane of the sky. Wend that the
remaining uncertainties in the central optical depth are better
than 12% at 95% comence level. Current CMB experiments
(with a typical beam size of 1 arcniare sensitive to the gas
extending out to abouRsgo, and the uncertainty aroumdog is
considerably smallef15%). For kho (which is most relevant

for kSZ data analyses and derived cosmological consiaints
we show that the current modeling uncertainty 16%,
depending on the cluster mass.

In Figure7, we show the prediction of our observationally
calibrated ICM model fol, i.e., the averagewithin a disk of
angular radiugg,in the plane of the sky. We choose to present
our results for three different values that are commonly used in
the literature,% 2500 % 500, and % 200

Comparing the three panels in Figutdor xed redshift,
we see thatly increases with increasing, because higher
values correspond to smaller aperture sizes and hence get
more weights on the high-regions near the center. For a

xed , U increases with increagjnredshift, because the

model provides a good description of the data. For comparison, we also shomaverage density is higher aighier redshift, which leads to a

the result from the original Shaw et 010 model(red dashed life which

has a slightly stronger steepening toward the low-mass end due to the highe'

value ofS« adopted in that model.

line). The original Shaw model does not make an attempt to
model the effects of gas coolingwvhich causes gas to
condensate into the cluster cehtand therefore under-predicts

9

higher electron number density, and thusNote that the

, Mgy relation can be well approximated as a simple
power-law relation for the mass rangeMify 2 5 q 108M..
For instance, forz= 0.5 and = 500, we nd that

5 We constrain the of more massive objects better than that of low-mass
objects, because higher-mass objects are generally less affected by still poorly
constrained star formation and feedback physics.
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Figure 5. Contour plot from our MCMC likelihood analysis. The data used in this analysis are gas dendéy fimn McDonald et a{2013 and measurements of
the Mgas. M scaling relation from Vikhlinin et a(2006, Sun et al(2009, and Lovisari et al(2015. The data has enough constraining power to limit the parameter
space for most parameters in our model, however, it has some degeneraciesfeefveand ¢, which could be broken with additional measurements of the stellar
content of groups and clusters. We report the besglues in Tables.

Table 3 6. Discussion

Best- t Parameters with 95% Codence Intervals of our Eight-parameter Model L
6.1. Implication for Future kSZ Measurements

Parameter Value . .

- 5 Our very strong prior on from our observationally
10°¢ 3.97 258 calibrated ICM model can be used to break degeneracies
oM Oig’:‘g‘_‘ozs between and cosmological parameters, in particular, the
’;b“*‘" 010 e parameter combinationT, in future pairwise kSZ measure-

‘ o.ozgfso 003 ments. Given g from other measurements such as cluster

iy DO counts, this will lead to percent-level constraints bn

S 0.12+ 0.1 . - )
17 095 Alternatively, the pairwise kSZ measurements can be combined
v with measurements of redshift-space distortions from the same

InMgas 0.27 07

sample, which probd § (e.g., Percival & White2009, in
order to break the degeneracy betweand .

In addition, our ICM model provides tight constraints on the
ko 0.95 g 10°3[Msgo/( 16*M.)]%4 provides a good template of the kSZ power from groups and clusters. When
approximation (blue dashed line in the middle panel of combined with improved measurements of the total kSZ power
Figure7). spectrum with future experiments, our model can help constrain

10
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