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Abstract The gas mass fraction in galaxy clusters has been
widely used to determine cosmological parameters. This
method assumes that the ratio of the cluster gas mass frac-
tion to the cosmic baryon fraction (γ (z)) is constant as a
function of redshift. In this work, we look for a time evolu-
tion of γ (z) at R500 by using both the SPT-SZ and Planck
Early SZ (ESZ) cluster data, in a model-independent fashion
without any explicit dependence on the underlying cosmol-
ogy. For this calculation, we use a non-parametric functional
form for the Hubble parameter obtained from Gaussian Pro-
cess regression using cosmic chronometers. We parameterize
γ (z) as: γ (z) = γ0(1 + γ1z) to constrain the redshift evolu-
tion. We find contradictory results between both the samples.
For SPT-SZ, γ (z) decreases as a function of redshift (at more
than 5σ ), whereas a positive trend with redshift is found for
Planck ESZ data (at more than 4σ ). We however find that the
γ1 values for a subset of SPT-SZ and Planck ESZ clusters
between the same redshift interval agree to within 1σ . When
we allow for a dependence on the halo mass in the evolution
of the gas depletion factor, the 4 − 5σ discrepancy reduces
to 2σ .

1 Introduction

Galaxy clusters are the most massive virialized objects in
the universe and provide wonderful laboratories for studying
a wide range of topics from galaxy evolution to cosmology
[1,2] to fundamental Physics [3]. They are also key in pin-
ning down the dark energy equation of state, as they probe
both the geometry of the Universe and the growth of struc-
ture [4,5]. Galaxy clusters are therefore, one of the flagship
probes for Stage IV dark energy experiments [6]. In the past
two decades, a large number of galaxy clusters have been
discovered upto very high redshifts, thanks to myriad multi-
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wavelength surveys, which have greatly facilitated these sci-
ence goals.

Since galaxy clusters are the largest gravitationally bound
objects, their matter content present in the intracluster
medium has provided a powerful probe to constrain the cos-
mological parameters. The X-ray emitting gas in the intra-
cluster medium dominates the baryon budget in clusters. The
idea of using the gas mass fraction as a cosmological tool was
first introduced by White et al. [7]. The gas mass fraction,
which is defined as fgas ≡ Mgas/Mtot is expected to match
closely the cosmic baryon fraction, viz. �b/�m , where �b

and �m are the cosmic baryon density and total matter den-
sity respectively, in units of critical density (ρc). There have
been a large number of studies, constraining the matter den-
sity (�m), dark energy equation of state parameter (ω), and
the curvature density (�k) using the fgas measurements [8–
16]. The fgas test has also been used to test alternatives to
�CDM such as Rh = ct universe [17]. The main assump-
tion in these studies is that the gas fraction doesn’t evolve
with redshift for hot, massive and relatively relaxed clusters.
However, the evolution of fgas as a function of redshift needs
to be determined in a model-independent method, in order to
probe the robustness of these results. This evolution is usu-
ally parametrized using the gas depletion factor γ , which is
the ratio by which the baryonic gas fraction in galaxy clus-
ter gets depleted by the cosmic mean baryon fraction, and
is given by: γ = fgas(�b/�m)−1 [13]. So the study of gas
depletion factor and it’s evolution with redshift play a pivotal
role in the robustness of the fgas test. As argued in [18], the
results for the gas depletion factor obtained using only the
data could then be used as a prior for any cosmology studies
with fgas .

Therefore, a large number of studies have been undertaken
using both simulations and data to test the variation of the gas
depletion factor γ (z) as a function of redshift. This evolution
is usually modeled using the following function.

γ (z) = γ0(1 + γ1z) (1)
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where γ0 is the normalization factor and γ1 represents the
evolution of gas depletion factor with redshift.

Battaglia et al. [19] studied the measurement biases of
fgas using hydrodynamical simulations including different
kinds of processes like star formation, AGN feedback and
radiative physics. They found a constant gas mass fraction
at R500.

1 Thereafter, Planelles et al. [21] studied the baryon
fraction within R2500, R500, and R200 by using three differ-
ent suites of simulations of galaxy clusters in the redshift
range 0 � z � 1 for different physical processes in clus-
ters. The first set of simulations (NR) involved non-radiative
hydrodynamical simulations. The second suite (CSF) studied
the effects of cooling, supernovae feedback, and star forma-
tion. Finally the third set of simulations (AGN) included the
same physics as CSF, along with AGN feedback. Further-
more, they discussed the baryon and gas depletion factor and
its dependence on the cluster radius, redshift and baryonic
physics. They concluded that the evolution of the depletion
factor is negligible with redshift (for z < 1) regardless of
the cluster radius and baryonic physics. This aforementioned
work obtained: γ0 = 0.79 ± 0.07 and γ1 = 0.07 ± 0.12
at R2500, γ0 = 0.85 ± 0.03 and γ1 = 0.02 ± 0.05 at R500,
γ0 = 0.86±0.02 and γ1 = 0.00±0.04 at R200 [21]. We note
that all these aforementioned simulations assumed �CDM
as the base cosmological model.

Holanda et al. [18] made the first attempt to study the
gas depletion factor using only observations. They carried
out an analysis using 40 fgas measurements [16] observed
by the Chandra X-ray telescope spanning the redshift range
0.078 � z � 1.063 characterized as massive, morphologi-
cally relaxed systems and with kT � 5 keV. In their work,
fgas measurements were obtained from inside a shell with
radii between (0.8–1.2) R2500. Their analysis assumed the
validity of cosmic distance duality relation (CDDR) [22],
and the use of different distance indicators, e.g. Type Ia SNe
(from Union 2.1 and JLA compilation) and �CDM model.
They obtained γ0 = 0.86 ± 0.04 and γ1 = −0.04 ± 0.12
[18]. Therefore, their analysis showed no evolution of the gas
depletion factor with redshift.

Then, in a followup work, Holanda [23] used 38 Chandra
X-ray fgas measurements from [24] in the redshift range
0.14 � z � 0.89, along with angular diameter distances
from X-ray/SZ measurements. Unlike [18], they did not use
CDDR to derive the angular diameter distance. They reported
γ0 = 0.76 ± 0.14 and γ1 = −0.42+0.42

−0.40 at R2500, which also
indicates no time evolution for the gas depletion factor.

Most recently, Zheng et al. [25] (Z19, hereafter) did a
similar study using data for 182 clusters with the SZ [26–
28] selected sample from the Atacama Cosmology Tele-
scope Polarization experiment (ACTPol) spanning the red-

1 R500 is the radius at which the mass density is 500 times the critical
density for Einstein–DeSitter universe [20].

shift range 0.1 � z � 1.4 [29]. The main difference between
Z19 and the previous works [18,23] is that Z19 considered
the data at R500, whereas the latter considered R2500. How-
ever, Z19 did not use direct fgas measurements, but instead
resorted to a semi-empirical relation between the gas mass
fraction and the total cluster mass [30]. To estimate the angu-
lar diameter distance (needed for the estimation of the gas
depletion factor), a model-independent approach using Gaus-
sian Processes regression was used. They reported that the
gas depletion factor decreases as a function of redshift. Sim-
ilar to Z19, we study the evolution of the gas depletion factor
for two different SZ selected cluster samples. The first set
comprises a sample 94 South Pole Telescope (SPT) selected
clusters in the redshift range 0.278 � z � 1.32, and the sec-
ond set uses 120 Planck Early SZ (ESZ) data covering the
redshift range 0.059 � z � 0.546.

This paper is structured as follows. In Sect. 2, we briefly
describe both our cluster samples, and their fgas measure-
ments. In Sect. 3, we describe the procedure used to deter-
mine the evolution of gas mass fraction. Our analysis along
with results are discussed in Sect. 4. A discussion of our
results can be found in Sect. 5. Finally, we conclude in Sect. 6.

2 Galaxy cluster sample and their f gas measurements

2.1 For SPT-SZ sample

The SPT-SZ cluster sample used for this analysis, consists of
91 SPT clusters from [31] (C18, hereafter) and three addi-
tional SPT-SZ clusters: namely SPT-CLJ 0205-5829, SPT-
CLJ 0615-5746 and SPT-CLJ2040-5726 from [32], giving
a total of 94 clusters, with a mass threshold of M500 �
2.5×1014 M�, and in the redshift range of 0.278 � z � 1.32.
These clusters were detected in the 2500 deg2 South Pole
Telescope (SPT) SZ survey [33]. In this work, we used red-
shifts for each of these clusters from Bocquet et al. [34]. The
SPT is a 10 m telescope at the South Pole, that has imaged
the sky at three different frequencies, viz. 95 GHz, 150 GHz,
and 220 GHz [33]. The SPT collaboration carried out a 2500
square degree survey between 2007 and 2011 to detect galaxy
clusters using the SZ effect. This SPT-SZ survey detected 516
galaxy clusters with a mass threshold of 3 × 1014M� upto
redshift of 1.8 [34,35]. Detailed properties of the SPT clus-
ters are discussed in [35]. Their redshifts have been obtained
using survey data as well as pointed spectroscopic and pho-
tometric observations [36–40]. The first step in estimating
the gas mass fraction consists of determining the total mass
of the cluster at R500, known as M500. This was estimated
from the SZ detection significance or signal to noise ratio,
using SZ observable to mass scaling relations discussed in
[41,42]. These scaling relations have been self-consistently
calibrated using a combination of X-ray, weak lensing, and
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Fig. 1 fgas data of 94 SPT-SZ
clusters sample taken from
[31,32] and 120 Planck ESZ
galaxy clusters sample taken
from [46] as a function of z

number count distributions [31]. Here, we briefly describe
the procedure used to derive the fgas measurements below.
More details can be found in the aforementioned works.

C18 estimated the total mass (denoted by M500) and gas
mass (which they refer to as intra-cluster medium mass,
denoted by MICM ) from the analysis of Chandra X-ray obser-
vations. All the 91 clusters have been imaged with Chandra,
either through the Chandra X-ray Visionary Project led by the
SPT collaboration as well as other proposals led by non-SPT
members.

To estimate MICM , a modified-β [43] model is used to
fit the gas density, which was estimated from the observed
surface brightness profile in the energy range 0.7–2.0 keV out
to 1.5 R500. This surface profile was then fit to the modified
β-model [43]. More details of this analysis can be found in
[44]. We then calculate the gas mass fraction fgas , as the
ratio of MICM to M500. This estimated gas mass fraction as
a function of redshift is shown in Fig. 1. We note that C18
also investigated the trends of gas mass fraction as a function
of redshift. However the parametric form which they have
considered (Eq. 6 in C18) is different than that considered
in this work (cf. Eq. (5)), and their analysis also includes a
dependence on M500. A comparison between our results will
be discussed in Sect. 5.

Another thing to point out is that for calculating this gas
mass fraction, M500 was estimated using the observable SZ
to mass scaling relation derived in a previous SPT work [42].
However, this scaling relation can change when using the
cosmology priors from the Planck CMB anisotropy obser-
vations [41]. If this cosmology is adopted, M500 would be
larger by about 22%, which in turn would also effect the
baryon fraction numbers computed in C18. However, the
Planck Cosmology prior is disfavored, since the weak lens-
ing and dynamical masses are in agreement with the standard
SPT cluster analysis [31]. In this work, we therefore do not
consider the impact from the Planck cosmology prior.

2.2 For Planck ESZ sample

In this work, we use the gas mass fraction measurements of
120 Planck Early SZ (ESZ) clusters [45] spanning the red-
shift range 0.059 � z � 0.546 [46]. All these clusters were
also imaged with XMM-Newton up to R500 [47]. The only
difference compared to this dataset is that we used updated
redshifts from Planck SZ2 catalog [48], instead of the ESZ
redshifts used in [47]. These redshifts have also been obtained
using pointed optical follow-ups with various telescopes (e.g.
[49]) and are still been continuously refined (e.g. [50,51]).
Therefore, the redshifts of some of these clusters have further
been updated after the publication of the Planck SZ2 catalog.
The redshifts used for this analysis can be found in Table 1.

Lovisari et al. [46] derived the total mass of the cluster at
R500 from the equation of hydrostatic equilibrium and assum-
ing spherical symmetry:

M(r < r500) = − kTgas
Gμmp

[
d log ρgas

d log r
+ d log Tgas

d log r

]
(2)

where Tgas(r) and ρgas(r) denote the temperature and den-
sity profiles (see [46,47]), k is the Boltzmann’s constant
and μmp represents the mean molecular weight of the intra-
cluster gas.

The gas density was obtained from the X-ray surface
brightness profile in the 0.3–2 keV energy band after fitting
a double-β model [47]. The temperatures were obtained by
fitting the X-ray spectra to a thermal plasma emission model
[47]. The gas mass Mgas was then estimated by integrating
the density profile upto R500 after assuming spherical sym-
metry. Both Mgas and M500, along with their errors are tabu-
lated in Lovisari et al. [46]. Thereafter, their ratio Mgas/M500

gives the desired gas mass fraction fgas values for each clus-
ter. Figure 1 shows the derived fgas values for Planck ESZ
clusters as a function of redshift.
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Table 1 Redshifts of Planck-ESZ clusters used for this analysis

Cluster Redshift References

PSZ2 G000.40-41.86 0.1651 [48]

PSZ2 G002.77-56.16 0.1411 [48]

PSZ2 G003.93-59.41 0.151 [48]

PSZ2 G006.68-35.55 0.0894 [48]

PSZ2 G006.76+30.45 0.203 [48]

PSZ2 G008.47-56.34 0.1486 [48]

PSZ2 G008.94-81.22 0.3066 [48]

PSZ2 G021.10+33.24 0.1514 [48]

PSZ2 G036.73+14.93 0.1525 [48]

PSZ2 G039.85-39.96 0.176 [48]

PSZ2 G042.81+56.61 0.0731 [52]

PSZ2 G046.10+27.18 0.389 [48]

PSZ2 G046.47-49.44 0.0846 [48]

PSZ2 G049.22+30.87 0.1604 [52]

PSZ2 G049.32+44.37 0.096 [52]

PSZ2 G049.69-49.46 0.098 [48]

PSZ2 G053.53+59.52 0.1132 [52]

PSZ2 G055.59+31.85 0.2242 [52]

PSZ2 G055.95-34.89 0.2306 [53]

PSZ2 G056.77+36.32 0.0997 [52]

PSZ2 G056.93-55.08 0.4393 [53]

PSZ2 G057.25-45.34 0.4265 [53]

PSZ2 G058.29+18.55 0.065 [48]

PSZ2 G062.44-46.43 0.0909 [52]

PSZ2 G067.17+67.46 0.166 [52]

PSZ2 G071.63+29.78 0.1579 [52]

PSZ2 G072.62+41.46 0.2257 [52]

PSZ2 G072.79-18.73 0.143 [48]

PSZ2 G073.97-27.82 0.2302 [53]

PSZ2 G080.41-33.24 0.1102 [52]

PSZ2 G081.00-50.93 0.2998 [48]

PSZ2 G083.29-31.03 0.412 [48]

PSZ2 G085.98+26.69 0.179 [48]

PSZ2 G086.47+15.31 0.26 [48]

PSZ2 G092.71+73.46 0.2312 [52]

PSZ2 G093.92+34.92 0.0801 [52]

PSZ2 G096.88+24.18 0.37 [54]

PSZ2 G097.72+38.12 0.1709 [48]

PSZ2 G098.97+24.86 0.0928 [48]

PSZ2 G106.87-83.23 0.2924 [48]

PSZ2 G107.10+65.32 0.2799 [48]

PSZ2 G113.81+44.35 0.225 [48]

PSZ2 G124.20-36.48 0.1971 [48]

PSZ2 G125.71+53.86 0.3019 [48]

PSZ2 G139.18+56.37 0.322 [48]

PSZ2 G149.75+34.68 0.1818 [48]

PSZ2 G157.43+30.34 0.407 [55]

Table 1 continued

Cluster Redshift References

PSZ2 G159.91-73.50 0.206 [48]

PSZ2 G164.18-38.88 0.0739 [48]

PSZ2 G166.09+43.38 0.2173 [52]

PSZ2 G167.67+17.63 0.174 [48]

PSZ2 G171.98-40.66 0.272 [54]

PSZ2 G180.25+21.03 0.546 [48]

PSZ2 G182.42-28.28 0.0882 [48]

PSZ2 G182.59+55.83 0.2041 [52]

PSZ2 G186.37+37.26 0.2812 [52]

PSZ2 G195.60+44.06 0.293 [56]

PSZ2 G195.75-24.32 0.203 [48]

PSZ2 G218.81+35.51 0.1751 [48]

PSZ2 G225.93-19.99 0.46 [48]

PSZ2 G226.16-21.95 0.0989 [48]

PSZ2 G226.18+76.79 0.1412 [52]

PSZ2 G228.16+75.20 0.545 [48]

PSZ2 G227.61+54.87 0.3188 [48]

PSZ2 G229.23-17.23 0.171 [48]

PSZ2 G229.93+15.30 0.0704 [48]

PSZ2 G236.92-26.65 0.1483 [48]

PSZ2 G241.76-30.88 0.2708 [48]

PSZ2 G241.79-24.01 0.1392 [48]

PSZ2 G241.98+14.87 0.1687 [48]

PSZ2 G244.37-32.15 0.2839 [48]

PSZ2 G244.71+32.50 0.1535 [48]

PSZ2 G247.19-23.31 0.152 [48]

PSZ2 G249.91-39.86 0.1501 [48]

PSZ2 G250.89-36.24 0.2 [48]

PSZ2 G252.99-56.09 0.0752 [48]

PSZ2 G253.48-33.72 0.191 [48]

PSZ2 G256.53-65.70 0.2195 [48]

PSZ2 G257.32-22.19 0.203 [48]

PSZ2 G259.98-63.43 0.2836 [48]

PSZ2 G262.27-35.38 0.2952 [48]

PSZ2 G262.73-40.92 0.4224 [57]

PSZ2 G263.14-23.41 0.226 [35]

PSZ2 G263.68-22.55 0.1644 [48]

PSZ2 G266.04-21.25 0.2965 [48]

PSZ2 G269.31-49.87 0.0853 [48]

PSZ2 G271.18-30.95 0.376 [35]

PSZ2 G271.53-56.57 0.3 [48]

PSZ2 G272.08-40.16 0.0589 [48]

PSZ2 G277.76-51.74 0.438 [48]

PSZ2 G278.58+39.16 0.3075 [48]

PSZ2 G280.17+47.83 0.1557 [48]

PSZ2 G286.39+64.06 0.2287 [53]

PSZ2 G283.16-22.91 0.45 [48]
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Table 1 continued

Cluster Redshift References

PSZ2 G284.41+52.45 0.4414 [48]

PSZ2 G284.97-23.69 0.39 [48]

PSZ2 G285.63-17.23 0.35 [48]

PSZ2 G286.62-31.24 0.21 [48]

PSZ2 G286.98+32.90 0.39 [48]

PSZ2 G288.63-37.66 0.127 [48]

PSZ2 G292.56+21.97 0.3 [48]

PSZ2 G294.68-37.01 0.2742 [48]

PSZ2 G304.65-31.66 0.1934 [48]

PSZ2 G304.84-41.40 0.41 [48]

PSZ2 G306.66+61.06 0.0843 [52]

PSZ2 G306.77+58.61 0.0845 [48]

PSZ2 G308.33-20.21 0.48 [48]

PSZ2 G313.33+61.13 0.1842 [52]

PSZ2 G313.88-17.11 0.153 [48]

PSZ2 G318.14-29.57 0.217 [48]

PSZ2 G321.98-47.96 0.094 [48]

PSZ2 G324.54-44.97 0.0951 [48]

PSZ2 G332.23-46.37 0.098 [48]

PSZ2 G332.87-19.26 0.147 [48]

PSZ2 G335.58-46.44 0.076 [48]

PSZ2 G336.60-55.43 0.0965 [48]

PSZ2 G337.14-25.98 0.26 [48]

PSZ2 G342.33-34.93 0.232 [48]

PSZ2 G347.17-27.36 0.2371 [48]

PSZ2 G349.46-59.95 0.351 [35]

3 Method

The gas mass fraction in galaxy clusters has been used as a
cosmological probe. The expression for fgas with respect to
a reference cosmological model is given by [13]:

f re fgas = K (z)A(z)γ (z)

(
�b

�m

) [
Dref

A (z)

DA(z)

]3/2

(3)

where �b and �m denote the cosmic baryon and matter frac-
tion density (obtained from Planck 18 Cosmological analysis
[58]) scaled by the critical density ρc; K (z) = 1.0 ± 0.1 [13]
is the instrument calibration constant, which also accounts
for any bias in mass due to non-thermal pressure and bulk
motions in baryonic gas; A(z) represents the angular correc-
tion factor which is almost in all cases, close to unity, and
hence can be neglected. The terms in the square parenthesis
denote the variation in fgas value as the underlying cosmol-
ogy is changed. DA is the angular diameter distance and re f
indicates the fiducial cosmology. For our reference cosmol-

ogy, we have used a flat �CDM cosmology (�m = 0.3 and
H0 = 70 km/s/Mpc [46]).

Assuming flat �CDM cosmology, the angular diameter
distance for a reference cosmology can be calculated as fol-
lows [59]:

Dref
A = c

H0

(
1

1 + z

) ∫ z

0

dz
′

√
�m(1 + z′

)3 + (1 − �m)
(4)

From Eq. (3), we can write the gas depletion factor, γ (z) as
follows:

γ (z) = f re fgas

A(z)K (z)

(
�m

�b

)[
DA(z)

Dref
A (z)

]3/2

(5)

This equation shows that γ (z) is sensitive to measurements
of angular diameter distance. In this work, similar to Z19
we have used Gaussian Process Regression to derive the
angular diameter distances by using H(z) data from cosmic
chronometers, which are agnostic to the underlying cosmol-
ogy. DA(z) is given by

DA(z) =
(

c

1 + z

) ∫ z

0

dz
′

H(z′)
(6)

where H(z′) is the non-parametric estimate of the Hubble
parameter, whose determination will be described in the next
section.

4 Analysis and results

Cosmic chronometers provide a model-independent mea-
surement of H(z), based on the age difference between two
passively evolving galaxies [61]. Therefore, they have been
widely used for a variety of tests of the standard cosmologi-
cal model, as well as a whole suite of cosmological measure-
ments [62–72]. For this work, we used cosmic chronometer
data to provide a non-parametric estimate of the expansion
history, needed to evaluate Eq. (6).

Gaussian Processes (GPs) extend the idea of Gaussian
distribution, and are characterized by the mean function and
the covariance (kernel) function. They offer a non-parametric
way to model a function [62]. In this work, we choose a
squared exponential (RBF) kernel function which is defined
as,

K (x, x̃) = σ 2
f exp

[−(x − x̃)2

2l2

]
, (7)

where σ 2
f and l are the hyperparameters of the kernel func-

tion. The length parameter l controls the smoothness of the
function. To implement the GPs, we used the GaPP (Gaussian
Process in Python) code [73].

Following Z19, we used the 31 H(z) cosmic chronome-
ter measurements from Li et al. [60] (same as that used
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Fig. 2 Reconstruction of H(z)
using Gaussian Processes
Regression. The data points
represent the 31 H(z) cosmic
chronometer measurements
taken from Li et al. [60]. The
blue line indicates the best GP
fit to data along with 1σ and 2σ

error bands shown by two
different shades of green bands

in [72]) in the redshift range 0.07 � z � 1.965 to obtain
non-parametric estimates of H(z) at any redshift. Figure 2
shows the GP reconstructed H(z) from cosmic chronometers
along with 1σ and 2σ uncertainties. We then reconstruct the
GP reconstructed H(z) values for SPT-SZ and Planck ESZ
redshifts in order to obtain the angular diameter distances.
Thereafter, these H(z) values were used to derive the angu-
lar diameter distances DA using Eq. (6). Dref

A is calculated
from Eq. (4) by assuming the cosmological parameters out-
lined in Sect. 3.

Finally, we reconstructed the gas depletion factor γ (z)
using Gaussian Process, after incorporating all the other fac-
tors presented in Eq. (5). We also propagated the errors in
�b, �M , K , angular diameter distance, and redshifts, if they
were provided. Figures 3 and 4 display our reconstructed
γ (z) as a function of z for both SPT-SZ and Planck ESZ
data, respectively. Both these data show opposite trends for
the gas depletion factor with redshift. We find a decreasing
γ for SPT-SZ data, whereas for Planck ESZ data, a slightly
increasing trend is observed. For comparison, Planelles et
al. [21] reported a negligible evolution of gas depletion fac-
tor by using Eq. (1) for their NR simulations. They obtained
γ0 = 0.85±0.03 and γ1 = 0.02±0.05 at R500. The simula-
tion results can be found in the red shaded region in Figs. 3
and 4. Therefore, at face value, our results do not agree with
these hydrodynamical simulations based on �CDM.

To confirm and quantify the significance of the trends seen
in γ (z), we also did a parametric fit of our estimated depletion
factor measurements to Eq. (1). We maximize the following
likelihood function L in our analysis, where

− 2 lnL =
∑
obs

ln 2πσ 2
obs +

n∑
i=1

(γmodel(zi ) − γobs(zi ))2

σ 2
i,obs

,

(8)

where γmodel is defined in Eq. (1), γobs is obtained from
Eq. (5), and σ 2

i,obs represents the error in γobs . σi,obs is calcu-

Fig. 3 Reconstructed γ (z) as a function of z. The blue line represents
the best GP reconstructed fit for the SPT-SZ data along with the 1σ

error band (shown by blue shaded region). The red band shows the NR
simulation results at R500 from [21] by assuming the Eq. (1)

lated by propagating the errors in f re fgas , K , �m , cluster z, �b,

DA(z), and Dref
A . In addition to these observational errors,

σobs also includes an unknown intrinsic scatter (σint ) added
in quadrature, similar to our recent works on galaxy cluster
scaling relations [74–76].

To estimate the model parameters(γ0 and γ1), we maxi-
mize the likelihood using the emcee MCMC sampler [77].
For both the datasets, we adopt uniform priors on γ0 and
γ1: −1.5 � γ0 � 1.5 and −2.0 � γ1 � 3.0. For the
intrinsic scatter, similar to [78], we assume log-uniform pri-
ors between 10−5 and 0.1. The log-uniform prior ensures
that the intrinsic scatter is greater than zero. The 68%, 95%,
and 99% 2-D marginalized credible intervals, along with the
marginalized one-dimensional likelihoods for each parame-
ters are displayed in Figs. 5 and 6 respectively.
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Fig. 4 Reconstructed γ (z) as a function of z. The green line represents
the best GP reconstructed fit for the Planck ESZ data along with the 1σ

error band(shown by green shaded region). The red region shows the
NR simulation results at R500 from [21] by assuming the Eq. (1)

From this analysis, we get γ0 = 0.915 ± 0.050 and
γ1 = −0.305+0.064

−0.058 for SPT-SZ data, and γ0 = 0.741±0.029

and γ1 = 0.834+0.214
−0.199 for Planck ESZ data. The SPT-SZ

data results indicate a decreasing trend of γ (z) with red-
shift at about 5σ significance. On the other hand, the Planck
ESZ results show an increasing γ as a function of redshift
at about 4σ . Both the results contradict those from hydro-
dynamical simulations [21]. Table 2 summarizes the con-
straints on parameters γ0 and γ1, which we have obtained
from the datasets, along with a summary of previous compi-
lations in literature using both data and simulations. We note
that among the previous observational results, only Z19 had
found γ (z) decreasing with redshift at about 1.6σ .

5 Discussions

Given the contradictory results for γ (z) between the SPT-SZ
and Planck-ESZ datasets as well as with previous results in
literature, we carry out various sanity checks of our results
along with extensions of tests carried out earlier, to verify
the robustness of our conclusions, and to see if there is one

Fig. 5 For SPT-SZ dataset:
constraints on the parameters γ0
and γ1 along with ln(σint ),
defined in Eq. (8). The plots
along the diagonal are the
one-dimensional marginalized
likelihood distributions. The
contour plots represents the
two-dimensional marginalized
constraints showing the 68%,
95%, and 99% credible regions.
These contours have been
obtained using the Corner
python module [79]
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Fig. 6 For Planck ESZ dataset:
constraints on the parameters γ0
and γ1 along with ln(σint ). The
plots along the diagonal are the
one-dimensional marginalized
likelihood distributions. The
contour plot represents the
two-dimensional marginalized
constraints showing the 68%,
95%, and 99% credible regions.
These contours have been
obtained using the Corner
python module [79]

deciding parameter, which governs the difference between
the results.

5.1 Comparison with C18

A test of the variation of the gas mass fraction with redshift
(using different parametric forms) for the SPT-SZ sample
was also carried out in C18, and no evidence for a variation
of the depletion factor for redshift was found (cf. Table 6 in
C18.) At prima facie, it may seem that our results contradict
those in C18. However, γ (z) defined in this work (cf. Eq. (1))
is a function of �b, �M , and DA(z), besides the gas mass
fraction. On the other hand, C18 carried out a joint test for the
variation of gas mass fraction with redshift and M500. The
functional forms used in C18 to test for redshift trends are
∝ (1+ z)α and (E(z))γ , where E(z) is the cosmic expansion
factor in �CDM [70]. Here, γ (z) estimated in this work is
proportional to [DA(z)]3/2 (cf. Eq. (5)), which is the integral
of the reciprocal of E(z). γ (z) studies in this work also does
not have an explicit dependence on the mass. We have also
reconstructed DA(z) in a non-parameteric way using cosmic
chronometers.

However, in order to test the consistency of our results
with C18 (for SPT-SZ), we now check for a variation of only
the raw fgas data to a few different parametric functions
(including those used in C18). The full list of functions used
to test variations of gas mass fraction are indicated below:

fgas = f0(1 + f1z) (9)

fgas =
(

1 + z

1 + z pivot

)α

(10)

fgas =
(

E(z)

E(z pivot )

)β

(11)

where z pivot is the pivot value of the redshift, equal to 0.6
for SPT and 0.2 for Planck. With these functional forms,
we remove any explicit dependence on the angular diame-
ter distance ratio. The best-fit values of the free parameters
in the above equations for both the datasets were found by
constructing a likelihood similar to Eq. (8). These best-fit
parameters can be found in Table 3 for both SPT-SZ and
Planck-ESZ. We find that for the SPT-SZ sample, the param-
eters f1, α, and β, which encode the dependence on redshift
are consistent with no variation (within 1σ ). Therefore, this
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Table 2 Constraints on parameters γ0 and γ1 (cf. Eq. (1)) from different estimates in literature (including this work). The last two rows show the
gas depletion factors for a subset of SPT-SZ and Planck ESZ clusters within the same redshift range

fgas Redshift range Cluster radius γ0 γ1 References

NR Simulation 0.0 � z � 1.0 R200 0.86 ± 0.02 0.00 ± 0.04 [21]

NR Simulation 0.0 � z � 1.0 R500 0.85 ± 0.03 0.02 ± 0.05 [21]

NR Simulation 0.0 � z � 1.0 R2500 0.79 ± 0.07 0.07 ± 0.12 [21]

CSF Simulation 0.0 � z � 1.0 R200 0.68 ± 0.03 0.00 ± 0.06 [21]

CSF Simulation 0.0 � z � 1.0 R500 0.63 ± 0.03 0.01 ± 0.08 [21]

CSF Simulation 0.0 � z � 1.0 R2500 0.49 ± 0.06 −0.04 ± 0.18 [21]

AGN Simulation 0.0 � z � 1.0 R200 0.75 ± 0.03 −0.03 ± 0.05 [21]

AGN Simulation 0.0 � z � 1.0 R500 0.71 ± 0.03 −0.03 ± 0.06 [21]

AGN Simulation 0.0 � z � 1.0 R2500 0.55 ± 0.07 −0.04 ± 0.18 [21]

fgas /SNIa 0.078 � z � 1.063 R2500 0.86 ± 0.04 −0.04 ± 0.12 [18]

fgas /Cluster I 0.14 � z � 0.89 R2500 0.76 ± 0.14 −0.42+0.42
−0.40 [23]

fgas /Cluster II 0.14 � z � 0.89 R2500 0.72 ± 0.01 0.16 ± 0.36 [23]

fgas /�CDM 0.12 � z � 0.78 R2500 0.84 ± 0.07 −0.02 ± 0.14 [23]

ACTPol 0.1 � z � 1.4 R500 0.840 ± 0.025 −0.072+0.044
−0.049 [25]

ACTPol-re 0.1 � z � 1.0 R500 0.835 ± 0.028 −0.060+0.056
−0.063 [25]

SPT-SZ 0.278 � z � 1.32 R500 0.911 ± 0.05 −0.288+0.07
−0.06 This work

Planck ESZ 0.059 � z � 0.546 R500 0.753 ± 0.03 0.823+0.24
−0.22 This work

SPT-SZ (subset) 0.278 � z � 0.546 R500 0.537 ± 0.16 1.02+1.44
−0.79 This work

Planck-ESZ (subset) 0.278 � z � 0.546 R500 0.884 ± 0.17 0.24+0.7
−0.47 This work

agrees with the results in C18, which found no redshift depen-
dence.

However, for the Planck sample f1 in Eq. (9) is equal to
0.85±0.17, indicating a positive slope which is 5σ discrepant
from zero (which corresponds to no redshift evolution). This
is one of the main determining factors for the positive γ1 for
Planck-ESZ. The deviations for α and β from a zero value
are within 1 − 2σ .

5.2 γ (z) within the overlapping redshift range

The SPT sample extends upto very high redshift (z = 1.32)
compared to Planck, whose most distant cluster is located
at z = 0.546. Similarly, the Planck sample contains about
84 low redshift clusters with z < 0.278, which is the low-
est redshift for the SPT sample. We now check if the gas
depletion factor for both the samples within the overlapping
redshift range (0.278 � z � 0.546) display the same trend.
We get a total of 34 SPT and 36 Planck clusters with these
redshift cuts. We applied the same procedure as in Sect. 4
to determine γ0 and γ1 for these sub-samples. These values
can be found in the last two rows of Table 2. The best-fit
value of γ1 for SPT-SZ and Planck-SZ is equal to 1.02+1.44

−0.79

and 0.24+0.7
−0.47, respectively. Therefore, we see that although

there is a mild deviation of γ1 from a zero value for SPT-SZ,

Table 3 Constraints on the parameters of various extended tests of the
gas depletion factors as discussed in Sect. 5 for both SPT and Planck
clusters

Parameter Equation SPT-SZ Planck-ESZ

f0 Eq. (9) 0.12 ± 0.006 0.11 ± 0.004

f1 Eq. (9) −0.06+0.084
−0.075 0.85+0.18

−0.17

α Eq. (10) −0.26+0.43
−0.39 −0.7+0.62

−0.61

β Eq. (11) −0.55+0.46
−0.48 −1.64+0.98

−1.0

γ0 Eq. (12) 0.86 ± 0.05 0.79 ± 0.04

γ1 Eq. (12) −0.23+0.08
−0.07 0.57+0.27

−0.25

ζ Eq. (12) 0.257 ± 0.09 0.083 ± 0.06

their values are consistent between the two datasets within
1σ .

5.3 Dependence on M500

The fits to fgas done in C18 also had an explicit depen-

dence on M500 given by fgas ∝ Mζ
500. C18 then found

ζ = 0.33 ± 0.07 with a 4.5σ deviation from self-similarity
(where, self-similarity corresponds to ζ = 0) in agreement
with previous works [30,43,80,81]. So far, we have not
accounted for any dependence on the halo mass, while esti-
mating the gas depletion factor as a function of redshift.
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In order to check the possible dependence on the mass
of the cluster, and evaluate its impact on the gas depletion
factor, we augment Eq. (1) with an additional dependence on
M500 as follows:

γ (z) = γ0(1 + γ1z)

(
M500

Mpivot

)ζ

(12)

where Mpivot corresponds to the median mass for the SPT
and Planck samples. These are equal to 4.8 × 1014M� and
6.0 × 1014M� for SPT-SZ and Planck ESZ, respectively.
To determine these parameters, we use an extension of the
same procedure as in Sect. 4, by including an additional
dependence on M500. While constructing the likelihood, the
errors in M500 were also included. The marginalized pos-
terior intervals for the gas depletion parameters along with
ζ , which encodes the variation with M500, can be found in
Figs. 7 and 8 for SPT-SZ and Planck-ESZ, respectively. The
best-fit values for these parameters can be found in Table 3.
For SPT-SZ, we find that ζ = 0.257 ± 0.09, indicating a
2.9σ deviation from self-similarity. For Planck-ESZ, we have
ζ = 0.083 ± 0.06, with only a 1.4σ , deviation from self-
similarity. After allowing for this dependence on M500, we
find that γ1 = −0.23±0.08 and 0.57±0.26 for SPT-SZ and
Planck-ESZ respectively. This shows that the discrepancy
with respect to a constant depletion factor as a function of
redshift decreases to 2.9σ and 2.2σ for SPT-SZ and Planck-
ESZ, respectively, as compared to the 4 − 5σ significance,
which we had obtained earlier without including an explicit
dependence on the halo mass. Therefore, we conclude that
although the statistical significance of the rising/falling slope
as a function of redshift decreases, it does not completely go
away, when we include a dependence on the total mass. Only
its significance reduces to between 2 − 3σ . However, given
that the inclusion of halo mass in our fit reduces the discrep-
ancy with respect to no evolution of γ1, one cannot decouple
the two factors while testing for a redshift of the gas depletion
factor.

5.4 Other possible sources of systematics

Here, we list other possible sources of errors, which could
affect our estimates of γ (z). A detailed study of the impact
of each of these effects is beyond the scope of this work. The
most crucial ingredient is the determination of cluster masses,
which are obtained from the observable to halo mass scaling
relations and is limited by the systematic uncertainties. The
gas mass can be sensitive to the assumed temperature profile
[15]. Errors due to hydrostatic equilibrium assumption could
be upto 15–20% [82]. Other possible sources of systematic
errors in the gas mass fraction determination such as mag-
netic field, thermal evaporation, and non-linear translation
of analysis variables are discussed in [83–85]. Finally, we
point out that the list of SPT-SZ and Planck-SZ analyzed in

this work is not the full sample. The PSZ2 catalog contains
1653 cluster candidates (with 1,203 confirmed clusters) with
signal to noise ratio above 4.5 [48]. This work has analyzed
only about 10% of the full sample, which was followed up
in X-rays at the time of Planck ESZ release. Optical and X-
ray studies of Planck SZ clusters is still in progress [51,86].
Similarly, the SPT-SZ dataset analyzed in this work is only
a quarter of the full 2500 sq. degree survey sample used for
the cosmological analysis in [34]. However, the SPT clusters
are also been imaged in X-rays through dedicated Chandra
[44] and XMM [87] based follow-ups. Since our currently
analyzed subset may not be representative of the full SPT
and Planck SZ sample, it would be interesting to carryout a
followup analysis, once the follow-up data for the full sample
is available.

6 Conclusions

The gas mass fraction ( fgas) in galaxy clusters has been used
as a cosmological probe in a number of works. A key assump-
tion in these analyses is that the gas mass fraction (at the par-
ticular radius used for cosmological measurements) does not
vary with redshift. This has also been confirmed with hydro-
dynamical simulations of galaxy clusters which use �CDM
as the base model, which show no evolution of the gas deple-
tion factor with redshift (z < 1) [21].

To verify this ansatzwith real data in a model-independent
method without any dependence on the underlying cosmol-
ogy, Z19 carried out a model-independent test for the vari-
ation of gas depletion factor using 182 clusters from ACT-
Pol. Using the parameterization in Eq. (1), they found that
γ0 = 0.840 ± 0.025 and γ1 = −0.072+0.044

−0.049, which indi-
cates a decreasing trend at about 1.4σ . In this work, we apply
the same procedure as Z19 using the data sets from SPT-SZ
and Planck ESZ in the redshift range 0.278 � z � 1.32
and 0.059 � z � 0.546, respectively. One difference with
respect to Z19, however is that we used direct gas mass
fraction measurements from SPT and Planck, instead of the
empirical relation between halo and gas mass used in Z19.
These measurements were obtained using a combination of
SZ data along with follow-up X-ray observations from Chan-
dra and XMM, for SPT and Planck, respectively.

Our fgas measurements as a function of redshift can be
found in Fig. 1 for SPT-SZ and Planck ESZ clusters. We
derived the angular diameter distance for both the datasets
using GP fitting from H(z) data reconstructed using cos-
mic chronometers. The reconstructed gas depletion factor
can be found in Figs. 3 and 4 for SPT-SZ and Planck ESZ
data respectively. To quantify the significance of our results
obtained from GP reconstruction, we also did a maximum
likelihood fit using Eq. (1). We find that γ0 = 0.915 ± 0.05
and γ1 = −0.305+0.064

−0.058 for SPT-SZ data; whereas γ0 =

123



Eur. Phys. J. C (2021) 81 :296 Page 11 of 14 296

Fig. 7 Marginalized credible intervals (68%, 95%, 99%) for γ0, γ1, ζ , and ln(σint ) for the SPT-SZ dataset. The parameter ζ encodes the variation
of the gas depletion factor as a function of M500 (cf. Eq. (12))

0.741±0.029 and γ1 = 0.834±0.2 for Planck ESZ data. The
credible intervals for γ0 as well as γ1 along with marginalized
1-D distributions are shown in Figs. 5 and 6 for SPT-SZ and
Planck ESZ data respectively. We find γ decreases with red-
shift (at about 5σ ) for SPT-SZ clusters, whereas it increases
with redshift for Planck ESZ clusters (at about 4σ ). Both
these findings also contradict hydrodynamical simulations
which show a constant gas depletion factor. Previously, only
Z19 had found a slightly decreasing trend with redshift for
γ (z) using ACT-Pol data.

Given the contradictory results between the two datasets,
we carried out a series of cross-checks on our results using
various extended tests, as outlined in Sect. 5. We used simple
parametric forms to model only the gas mass fraction, without
any explicit dependence on the angular diameter distance (cf.
Eqs. (9), (10), (11).) We then evaluated the gas depletion
factor for both the datasets within the overlapping redshift
range. Finally, we also added an explicit dependence on M500

in the parameterization used for the gas depletion factor (cf.
Eq. (12)). The results of these extended tests are tabulated
in Table 3 and in Figs. 7 (SPT-SZ) and 8 (Planck ESZ). We
find that the coefficients for the redshift dependent terms in
Eqs. (9), (10), (11) are consistent with no variation within 1σ .
For Planck-ESZ, f1 in Eq. (9) is 5σ deviant with respect to
zero, which is one of the main underlying causes for a positive
value for γ1. If we analyze the evolution of the gas depletion
factor for a subset of SPT-SZ and Planck ESZ clusters within
the same redshift range, we find that γ1 is consistent for both
the datasets within 1σ (cf. last two rows in Table 2). Finally,
when we allow for a variation of the gas depletion factor with
halo mass, we find that the decreasing/increasing trends with
redshift for SPT-SZ (Planck ESZ) still persist, albeit with
reduced significance of about 2 − 3σ .

Therefore, our investigations on a model-independent test
of the evolution of fgas reveal that the redshift evolution of
the gas depletion factor depends on the redshift range, and
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Fig. 8 Same as Fig. 7 for the Planck ESZ dataset

also changes depending on whether one includes/excludes a
dependence on the halo mass. One possible reason for these
changes is that the sample analyzed here is not the full SPT-
SZ or the Planck SZ sample as the optical/X-ray followups is
still ongoing. Another possibility is that the error in fgas also
depends on additional systematics such as observable to halo
mass relation (which in turn is somewhat cosmology depen-
dent), gas temperature and density profiles, hydrostatic equi-
librium assumption, magnetic fields, thermal evaporation,
which have not been completely accounted for, and could be
redshift dependent. Nevertheless, given the observed devi-
ation from self-similarity found for both the cluster sam-
ples (and in C18) and the significant change in the redshift
dependence of fgas without reference to any underlying cos-
mology, one must include the dependence in halo mass for
modelling any evolution of fgas with redshift.

We note that, our results do not affect any cosmologi-
cal parameter estimations with fgas , since most of those
results were obtained with fgas estimated at R2500 [2,11–13],

whereas we used fgas measurements at R500. Only a handful
of works have used gas fraction measurements at R500 for
cosmology studies [9,15]. However, if the conflicting results
for the two SZ datasets at R500 persist when extended to the
full SZ dataset from both the telescopes, then it implies that
one cannot use fgas values at R500 as a stand-alone probe for
any cosmological tests.

Acknowledgements We are grateful to Xiaogang Zheng for useful
correspondence about Z19 and to the anonymous referee for many con-
structive suggestions on the manuscript, which helped us improve the
draft. KB would like to acknowledge the Department of Science and
Technology, Government of India for providing the financial support
under DST-INSPIRE Fellowship program.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited [Authors’ comment: The datasets gen-
erated during and/or analysed during the current study are available
from the corresponding author on reasonable request.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,

123



Eur. Phys. J. C (2021) 81 :296 Page 13 of 14 296

distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3.

References

1. A.A. Vikhlinin, A.V. Kravtsov, M.L. Markevich, R.A. Sunyaev,
E.M. Churazov, Phys. Uspekhi 57, 317–341 (2014)

2. S.W. Allen, A.E. Evrard, A.B. Mantz, Annu. Rev. Astron. Astro-
phys. 49, 409 (2011). arXiv:1103.4829

3. S. Desai, Phys. Lett. B 778, 325 (2018). arXiv:1708.06502
4. D. Huterer, D.L. Shafer, Rep. Prog Phys. 81, 016901 (2018).

arXiv:1709.01091
5. D.H. Weinberg, M.J. Mortonson, D.J. Eisenstein, C. Hirata, A.G.

Riess, E. Rozo, Phys. Rep. 530, 87 (2013). arXiv:1201.2434
6. A. Albrecht, G. Bernstein, R. Cahn, W. L. Freedman, J. Hewitt,

W. Hu, J. Huth, M. Kamionkowski, E. W. Kolb, L. Knox, et al.,
arXiv e-prints (2006). arXiv:astro-ph/0609591

7. S.D.M. White, J.F. Navarro, A.E. Evrard, C.S. Frenk, Nature (Lon-
don) 366, 429 (1993)

8. S. Sasaki, PASJ 48, L119 (1996). arXiv:astro-ph/9611033
9. U.-L. Pen, New Astron. 2, 309 (1997). arXiv:astro-ph/9610090

10. J.A. Lima, J.V. Cunha, J.S. Alcaniz, Phys. Rev. D 68, 023510
(2003). arXiv:astro-ph/0303388

11. S.W. Allen, R.W. Schmidt, A.C. Fabian, Mon. Not. R. Astron. Soc.
334, L11 (2002). arXiv:astro-ph/0205007

12. S.W. Allen, R.W. Schmidt, H. Ebeling, A.C. Fabian, L. van
Speybroeck, Mon. Not. R. Astron. Soc. 353, 457 (2004).
arXiv:astro-ph/0405340

13. S.W. Allen, D.A. Rapetti, R.W. Schmidt, H. Ebeling, R.G. Mor-
ris, A.C. Fabian, Mon. Not. R. Astron. Soc. 383, 879 (2008).
arXiv:0706.0033

14. S. Ettori, P. Tozzi, P. Rosati, Astron. Astrophys. 398, 879 (2003).
arXiv:astro-ph/0211335

15. S. Ettori, A. Morandi, P. Tozzi, I. Balestra, S. Borgani, P. Rosati,
L. Lovisari, F. Terenziani, Astron. Astrophys. 501, 61 (2009).
arXiv:0904.2740

16. A.B. Mantz, S.W. Allen, R.G. Morris, D.A. Rapetti, D.E. Apple-
gate, P.L. Kelly, A. von der Linden, R.W. Schmidt, Mon. Not. R.
Astron. Soc. 440, 2077 (2014). arXiv:1402.6212

17. F. Melia, Proc. R. Soc. Lond. Ser. A 472, 20150765 (2016).
arXiv:1601.04649

18. R.F.L. Holanda, V.C. Busti, J.E. Gonzalez, F. Andrade-Santos, J.S.
Alcaniz, JCAP 2017, 016 (2017). arXiv:1706.07321

19. N. Battaglia, J.R. Bond, C. Pfrommer, J.L. Sievers, Astrophys. J.
777, 123 (2013). arXiv:1209.4082

20. M. White, Astron. Astrophys. 367, 27 (2001).
arXiv:astro-ph/0011495

21. S. Planelles, S. Borgani, K. Dolag, S. Ettori, D. Fabjan, G.
Murante, L. Tornatore, Mon. Not. R. Astron. Soc.431, 1487 (2013).
arXiv:1209.5058

22. G.F.R. Ellis, Gen. Relativ. Gravit. 39, 1047 (2007)
23. R.F.L. Holanda, Astropart. Phys. 99, 1 (2018). arXiv:1711.05173

24. S.J. LaRoque, M. Bonamente, J.E. Carlstrom, M.K. Joy, D.
Nagai, E.D. Reese, K.S. Dawson, Astrophys. J. 652, 917 (2006).
arXiv:astro-ph/0604039

25. X. Zheng, J.-Z. Qi, S. Cao, T. Liu, M. Biesiada, S. Miernik, Z.-H.
Zhu, Eur. Phys. J. C 79, 637 (2019). arXiv:1907.06509

26. R.A. Sunyaev, Y.B. Zeldovich, Comments Astrophys. Space Phys.
4, 173 (1972)

27. M. Birkinshaw, Phys. Rep. 310, 97 (1999). arXiv:astro-ph/9808050
28. J.E. Carlstrom, G.P. Holder, E.D. Reese, Annu. Rev. Astron. Astro-

phys. 40, 643 (2002). arXiv:astro-ph/0208192
29. M. Hilton, M. Hasselfield, C. Sifón, N. Battaglia, S. Aiola, V.

Bharadwaj, J.R. Bond, S.K. Choi, D. Crichton, R. Datta et al.,
Astrophys. J. Suppl. Ser. 235, 20 (2018). arXiv:1709.05600

30. A. Vikhlinin, R.A. Burenin, H. Ebeling, W.R. Forman, A. Horn-
strup, C. Jones, A.V. Kravtsov, S.S. Murray, D. Nagai, H. Quintana
et al., Astrophys. J. 692, 1033 (2009). arXiv:0805.2207

31. I. Chiu, J.J. Mohr, M. McDonald, S. Bocquet, S. Desai, M. Klein,
H. Israel, M.L.N. Ashby, A. Stanford, B.A. Benson et al., Mon.
Not. R. Astron. Soc. 478, 3072 (2018). arXiv:1711.00917

32. I. Chiu, J. Mohr, M. McDonald, S. Bocquet, M.L.N. Ashby, M.
Bayliss, B.A. Benson, L.E. Bleem, M. Brodwin, S. Desai et al.,
Mon. Not. R. Astron. Soc. 455, 258 (2016). arXiv:1412.7823

33. J.E. Carlstrom, P.A.R. Ade, K.A. Aird, B.A. Benson, L.E. Bleem,
S. Busetti, C.L. Chang, E. Chauvin, H.M. Cho, T.M. Crawford et
al., PASP 123, 568 (2011). arXiv:0907.4445

34. S. Bocquet, J.P. Dietrich, T. Schrabback, L.E. Bleem, M. Klein,
S.W. Allen, D.E. Applegate, M.L.N. Ashby, M. Bautz, M. Bayliss
et al., Astrophys. J. 878, 55 (2019). arXiv:1812.01679

35. L.E. Bleem, B. Stalder, T. de Haan, K.A. Aird, S.W. Allen, D.E.
Applegate, M.L.N. Ashby, M. Bautz, M. Bayliss, B.A. Benson et
al., Astrophys. J. Suppl. Ser. 216, 27 (2015). arXiv:1409.0850

36. J. Song, A. Zenteno, B. Stalder, S. Desai, L.E. Bleem, K.A. Aird, R.
Armstrong, M.L.N. Ashby, M. Bayliss, G. Bazin et al., Astrophys.
J. 761, 22 (2012). arXiv:1207.4369

37. J. Ruel, G. Bazin, M. Bayliss, M. Brodwin, R.J. Foley, B. Stalder,
K.A. Aird, R. Armstrong, M.L.N. Ashby, M. Bautz et al., Astro-
phys. J. 792, 45 (2014). arXiv:1311.4953

38. M .B. Bayliss, K. Zengo, J. Ruel, B .A. Benson, L .E. Bleem,
S. Bocquet, E. Bulbul, M. Brodwin, R. Capasso, I n Chiu et al.,
Astrophys. J. 837, 88 (2017). arXiv:1612.02827

39. S. Desai, R. Armstrong, J.J. Mohr, D.R. Semler, J. Liu, E. Bertin,
S.S. Allam, W.A. Barkhouse, G. Bazin, E.J. Buckley-Geer et al.,
Astrophys. J. 757, 83 (2012). arXiv:1204.1210

40. A. Saro, S. Bocquet, E. Rozo, B.A. Benson, J. Mohr, E.S. Rykoff,
M. Soares-Santos, L. Bleem, S. Dodelson, P. Melchior et al., Mon.
Not. R. Astron. Soc. 454, 2305 (2015). arXiv:1506.07814

41. S. Bocquet, A. Saro, J.J. Mohr, K.A. Aird, M.L.N. Ashby, M. Bautz,
M. Bayliss, G. Bazin, B.A. Benson, L.E. Bleem et al., Astrophys.
J. 799, 214 (2015). arXiv:1407.2942

42. T. de Haan, B.A. Benson, L.E. Bleem, S.W. Allen, D.E. Applegate,
M.L.N. Ashby, M. Bautz, M. Bayliss, S. Bocquet, M. Brodwin et
al., Astrophys. J. 832, 95 (2016). arXiv:1603.06522

43. A. Vikhlinin, A. Kravtsov, W. Forman, C. Jones, M. Markevitch,
S.S. Murray, L. Van Speybroeck, Astrophys. J. 640, 691 (2006).
arXiv:astro-ph/0507092

44. M. McDonald, B.A. Benson, A. Vikhlinin, B. Stalder, L.E. Bleem,
T. de Haan, H.W. Lin, K.A. Aird, M.L.N. Ashby, M.W. Bautz et
al., Astrophys. J. 774, 23 (2013). arXiv:1305.2915

45. Planck Collaboration, P.A.R. Ade, N. Aghanim, M. Arnaud,
M. Ashdown, J. Aumont, C. Baccigalupi, A. Balbi, A.J. Ban-
day, R.B. Barreiro, et al., Astron. Astrophys. 536, A8 (2011).
arXiv:1101.2024

46. L. Lovisari, G. Schellenberger, M. Sereno, S. Ettori, G.W. Pratt,
W.R. Forman, C. Jones, F. Andrade-Santos, S. Randall, R. Kraft,
Astrophys. J. 892, 102 (2020). arXiv:2002.11740

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1103.4829
http://arxiv.org/abs/1708.06502
http://arxiv.org/abs/1709.01091
http://arxiv.org/abs/1201.2434
http://arxiv.org/abs/astro-ph/0609591
http://arxiv.org/abs/astro-ph/9611033
http://arxiv.org/abs/astro-ph/9610090
http://arxiv.org/abs/astro-ph/0303388
http://arxiv.org/abs/astro-ph/0205007
http://arxiv.org/abs/astro-ph/0405340
http://arxiv.org/abs/0706.0033
http://arxiv.org/abs/astro-ph/0211335
http://arxiv.org/abs/0904.2740
http://arxiv.org/abs/1402.6212
http://arxiv.org/abs/1601.04649
http://arxiv.org/abs/1706.07321
http://arxiv.org/abs/1209.4082
http://arxiv.org/abs/astro-ph/0011495
http://arxiv.org/abs/1209.5058
http://arxiv.org/abs/1711.05173
http://arxiv.org/abs/astro-ph/0604039
http://arxiv.org/abs/1907.06509
http://arxiv.org/abs/astro-ph/9808050
http://arxiv.org/abs/astro-ph/0208192
http://arxiv.org/abs/1709.05600
http://arxiv.org/abs/0805.2207
http://arxiv.org/abs/1711.00917
http://arxiv.org/abs/1412.7823
http://arxiv.org/abs/0907.4445
http://arxiv.org/abs/1812.01679
http://arxiv.org/abs/1409.0850
http://arxiv.org/abs/1207.4369
http://arxiv.org/abs/1311.4953
http://arxiv.org/abs/1612.02827
http://arxiv.org/abs/1204.1210
http://arxiv.org/abs/1506.07814
http://arxiv.org/abs/1407.2942
http://arxiv.org/abs/1603.06522
http://arxiv.org/abs/astro-ph/0507092
http://arxiv.org/abs/1305.2915
http://arxiv.org/abs/1101.2024
http://arxiv.org/abs/2002.11740


296 Page 14 of 14 Eur. Phys. J. C (2021) 81 :296

47. L. Lovisari, W .R. Forman, C . Jones, S. Ettori, F . Andrade-Santos,
M. Arnaud, J. Démoclès, G.W. Pratt, S. Rand all, R. Kraft, Astro-
phys. J. 846, 51 (2017). arXiv:1708.02590

48. Planck Collaboration, P.A.R. Ade, N. Aghanim, M. Arnaud,
M. Ashdown, J. Aumont, C. Baccigalupi, A.J. Banday, R.B. Bar-
reiro, R. Barrena, et al., Astron. Astrophys. 594, A27 (2016).
arXiv:1502.01598

49. J. Liu, C. Hennig, S. Desai, B. Hoyle, J. Koppenhoefer, J.J. Mohr,
K. Paech, W.S. Burgett, K.C. Chambers, S. Cole et al., Mon. Not.
R. Astron. Soc. 449, 3370 (2015). arXiv:1407.6001

50. H. Zohren, T. Schrabback, R.F.J. van der Burg, M. Arnaud, J.-B.
Melin, J.L. van den Busch, H. Hoekstra, M. Klein, Mon. Not. R.
Astron. Soc. 488, 2523 (2019). arXiv:1906.08174

51. I.A. Zaznobin, R.A. Burenin, I.F. Bikmaev, I.M. Khamitov, G.A.
Khorunzhev, A.R. Lyapin, M.V. Eselevich, V.L. Afanasiev, S.N.
Dodonov, R.A. Sunyaev, Astron. Lett. 46, 79 (2020)

52. K.J. Rines, M.J. Geller, A. Diaferio, H.S. Hwang, Astrophys. J.
819, 63 (2016). arXiv:1507.08289

53. E.S. Rykoff, E. Rozo, D. Hollowood, A. Bermeo-Hernandez, T.
Jeltema, J. Mayers, A.K. Romer, P. Rooney, A. Saro, C.Vergara
Cervantes et al., Astrophys. J. Suppl. Ser. 224, 1 (2016).
arXiv:1601.00621

54. Planck Collaboration, P.A.R. Ade, N. Aghanim, M. Arnaud,
M. Ashdown, J. Aumont, C. Baccigalupi, A.J. Banday, R.B. Bar-
reiro, R. Barrena, et al., Astron. Astrophys. 586, A139 (2016).
arXiv:1504.04583

55. R. Barrena, A. Streblyanska, A. Ferragamo, J.A. Rubiño-Martín, A.
Aguado-Barahona, D. Tramonte, R.T. Génova-Santos, A. Hempel,
H. Lietzen, N. Aghanim et al., Astron. Astrophys. 616, A42 (2018).
arXiv:1803.05764

56. N. Mehrtens, A.K. Romer, R.C. Nichol, C.A. Collins, M. Sahlén,
P.J. Rooney, J.A. Mayers, A. Bermeo-Hernandez, M. Bristow,
D. Capozzi et al., Mon. Not. R. Astron. Soc. 463, 1929 (2016).
arXiv:1512.03432

57. M.B. Bayliss, J. Ruel, C.W. Stubbs, S.W. Allen, D.E. Applegate,
M.L.N. Ashby, M. Bautz, B.A. Benson, L.E. Bleem, S. Bocquet et
al., Astrophys. J. Suppl. Ser. 227, 3 (2016). arXiv:1609.05211

58. Planck Collaboration, N. Aghanim, Y. Akrami, M. Ashdown,
J. Aumont, C. Baccigalupi, M. Ballardini, A.J. Banday, R.B.
Barreiro, N. Bartolo, et al., Astron. Astrophys. 641, A6 (2020).
arXiv:1807.06209

59. D. W. Hogg, arXiv e-prints (1999). arXiv:astro-ph/9905116
60. E.-K. Li, M. Du, Z.-H. Zhou, H. Zhang, L. Xu, Mon. Not. R. Astron.

Soc. 501, 4452 (2021). arXiv:1911.12076
61. R. Jimenez, A. Loeb, Astrophys. J. 573, 37 (2002).

arXiv:astro-ph/0106145
62. M. Seikel, C. Clarkson, M. Smith, JCAP 1206, 036 (2012).

arXiv:1204.2832
63. F. Melia, M.K. Yennapureddy, JCAP 2018, 034 (2018).

arXiv:1802.02255

64. Y. Chen, S. Kumar, B. Ratra, Astrophys. J. 835, 86 (2017).
arXiv:1606.07316

65. A. Gómez-Valent, L. Amendola, JCAP 2018, 051 (2018).
arXiv:1802.01505

66. Y. Yang, Y. Gong, JCAP 2020, 059 (2020). arXiv:1912.07375
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