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ABSTRACT

The pressure of hot gas in groups and clusters of galaxies is a key physical quantity, which is directly linked to the total mass of the
halo and several other thermodynamical properties. In the wake of previous observational works on the hot gas pressure distribution
in massive halos, we have investigated a sample of 31 clusters detected in both the Planck and Atacama Cosmology Telescope (ACT),
MBAC surveys. We made use of an optimised Sunyaev-Zeldovich (SZ) map reconstructed from the two data sets and tailored for
the detection of the SZ effect, taking advantage of both Planck coverage of large scales and the ACT higher spatial resolution. Our
average pressure profile covers a radial range going from 0.04 X Rsq in the central parts to 2.5 X Rsy in the outskirts. In this way,
it improves upon previous pressure-profile reconstruction based on SZ measurements. It is compatible, as well as competitive, with
constraints derived from joint X-ray and SZ analysis. This work demonstrates the possibilities offered by large sky surveys of the SZ
effect with multiple experiments with different spatial resolutions and spectral coverages, such as ACT and Planck.

Key words. galaxies: clusters: intracluster medium — large-scale structure of Universe — X-rays: galaxies: clusters

1. Introduction

The thermal pressure from the hot gas in massive dark matter
halos is the main force preventing the gravitational collapse of
the gas towards their centre. Thermal pressure is fuelled by the
infall of baryonic matter into the potential wells of groups and
clusters of galaxies, inducing gravitational heating of the gas to
temperatures of ~107—10% K, that is ~1-10 keV. The gas pres-
sure is a key quantity for the physical characterisation of these
systems and can be investigated either from the plasma X-ray
emission (Sarazin 1988) or from its interaction with the cos-
mic microwave background (CMB), that is from the Sunyaev-
Zeldovich effect (SZ effect Sunyaev & Zeldovich 1972). The
former provides an indirect reconstruction of the pressure via the
measurement of the gas density, n,, and temperature, 7', from
the X-ray surface brightness, Sx o n2 VT exp(—E/T), where
E is the energy. The gas pressure is derived as P = n, X T.
Conversely, the SZ effect is a direct probe of the gas pressure,
since the integrated SZ flux (quantified hereafter by the inte-
grated Comptonisation parameter, Y) over the clusters directly
links to the pressure as ¥ o fv Pdav.

As expected from the simplest spherical collapse scenario,
the population of groups and clusters of galaxies manifest several
properties of similarity (Kaiser et al. 1995; Bertschinger 1998).
This behaviour is observed via their global thermodynamical
properties (e.g., Giodini et al. 2013) as well as for their inter-
nal distribution (e.g., Pratt et al. 2019). The gas thermal pressure
is a remarkable example of this self-similar behaviour. The inte-
grated pressure over the volume of the cluster, that is the SZ flux,
has been shown to be an excellent proxy of the total gas content,
thus of the total mass of the halo. Indeed the thermal pressure
is mildly affected by non-gravitational physics (AGN feedback,
radiation cooling, etc.) relative to other proxies (e.g., X-ray total
luminosity, see Pratt et al. 2019; Mroczkowski et al. 2019, for
recent reviews).

The advances made by SZ observations in the last
two decades have allowed a precise measurement of the
integrated pressure over statistically significant samples (Planck
Collaboration X 2011; Planck Collaboration Int. III 2013;
Czakon et al. 2015; Bender et al. 2016; Dietrich et al. 2019),
demonstrating the coherent view of the gas content of galaxy
clusters between X-ray and millimetre measurements. Increases

A73, page 1 of 10

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/0004-6361/202040213
https://www.aanda.org
mailto:etienne.pointecouteau@irap.omp.eu
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0

A&A 651, A73 (2021)

in the spectral coverage, spatial resolution, and sensitivity of SZ
observations have also improved constraints on the pressure dis-
tribution over the whole volume of clusters (Plagge et al. 2010;
Planck Collaboration Int. V 2013; Sayers et al. 2013; Eckert
et al. 2013). Both theory and numerical simulations of struc-
ture formation have provided a successful description of the
gas behaviour under the influence of the key physical processes
governing the intra-cluster medium (ICM, Nagai et al. 2007;
Battaglia et al. 2010). One outcome of these simulations is the
generalisation of the Navarro et al. (1996) profile (gNFW) for the
distribution of dark matter derived from early numerical simula-
tions, to the one for the gas pressure by Nagai et al. (2007):

Py

Fx) = (500 X)?[1 + (cs500 X)¥] BN/

ey

where x = r/rg and ry = rsoo/cs00- The quantities rso9 and csgo
are the characteristic radius and the concentration correspond-
ing to a density contrast of 500 times the critical density of the
Universe at the cluster redshift. The exponents vy, 5, and « are
the inner, external, and transition slopes (at rs) of the profile,
respectively. The gNFW profile thus provides a simple paramet-
ric description, which can be tested against observational con-
straints (e.g., Arnaud et al. 2010; Planck Collaboration Int. V
2013; Eckert et al. 2013; Adam et al. 2015, 2016; Sayers et al.
2016; Romero et al. 2017; Bourdin et al. 2017; Ruppin et al.
2018). The afore-cited works have found a very good agreement
between the gNFW model and the observed pressure distribu-
tion in X-ray or SZ, at least within the central part of the galaxy
clusters. Beyond Rsqo, the observational constraints mainly come
from SZ observations and show an average agreement with the
gNFW profile, although with some scatter (e.g., Sayers et al.
2016; Ghirardini et al. 2018). These variations are potentially
linked to disparate samples providing a non-homogeneous sam-
pling of the cluster population. They might also be the imprint of
intrinsic variations in the outskirts across the population of mas-
sive halos due to the complex physics governing the virialisation
of the gas (e.g., shocks, turbulent and bulk motions of the gas,
and complex accretion from the larger surroundings leading, for
instance, to inhomogeneities and substructures Simionescu et al.
2019; Walker et al. 2019).

In this paper, we pursue this observational investigation of
the pressure distribution in clusters on the basis of the combi-
nation of the Planck and ACT maps by Aghanim et al. (2019)
(see also the work by Madhavacheril et al. 2020). The resulting
reconstructed SZ map is optimised for the detection of the SZ
signal with its ~1.5 arcmin spatial resolution and a tightly con-
trolled noise. From the footprints of the two ACT-MBAC sur-
vey strips (Diinner et al. 2013), we have assembled a sample of
massive clusters of galaxies detected by both Planck and ACT
in order to investigate their thermal pressure distribution on the
basis of the SZ observations only. This study is thus a test and
pathfinder case for future work on larger survey areas, for exam-
ple, the 18 000 sq. deg jointly covered by ACT and Planck (Aiola
et al. 2020).

In the following section we briefly describe the PACT SZ
map and the cluster sample defined for this work. In Sect. 3, we
recall some basics on the SZ effect and the methodology adopted
to reconstruct the pressure distribution in our clusters. Section 4
presents the validation procedure based on the comparison to
the Planck data, and the related results of the various validation
steps. The y- and pressure profiles are given in Sect. 5, before
discussing the outcome of our work in Sect. 6

Throughout this paper, we assume a ACDM cosmology with
Ho=70km s~ Mpc™!, Q) =0.3,and Q4 = 0.7.
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2. The Planck and ACT sample and SZ data
2.1. The joint SZ map

To extract the SZ signal for each individual cluster of our sample,
we employed the joint Planck and ACT SZ map (hereafter
called the PACT map, Aghanim et al. 2019), that is a y-map
reconstructed from the linear combination of the Planck (Planck
Collaboration VIII 2016) and ACT frequency maps (Diinner
et al. 2013). While Planck is an all-sky survey, the ACT map is
constituted of two strip maps, an equatorial and a southern one.
This reconstruction is performed making use of an internal lin-
ear combination (ILC) method, MILCA (Modified Internal Lin-
ear Combination Algorithm Hurier et al. 2013). Such methods
perform an optimal combination of frequency maps (from a sin-
gle instrument or several instruments) for the reconstruction of a
targeted frequency-dependent signal, that is the SZ effect in our
case. They account for the intrinsic resolution and noise (instru-
mental and astrophysical) of each frequency map included in the
combination.

As originally shown in Remazeilles et al. (2013), this com-
bination takes advantage of the Planck frequency coverage and
ACT spatial resolution. Also, Planck has the unique ability to
provide the large spatial scales, which are excluded from the
ACT signal after spatial filtering needed to reduce the impact
of atmospheric brightness fluctuations. Hence the final PACT y-
map inherits the spatial resolution of the ACT survey, which can
be well approximated by a 1.4 arcmin full width at half maxi-
mum (FWHM) Gaussian, out to the outskirts of low-z systems
provided by Planck. We refer to the first PACT paper, Sect. 3.2
for a detailed description of the y-map reconstruction and its
characterisation (Aghanim et al. 2019). The MILCA y-map and
its associated noise map are provided in units of the dimension-
less Comptonisation parameter. Integrated measured SZ fluxes
are expressed in units of arcmin? and the SZ luminosities in
Mpc?. We also made use, for validation purposes (see Sect. 4),
of the Planck all-sky y-map. We used the public MILCA y-map
(Planck Collaboration XXII 2016) which has an angular resolu-
tion of 10 arcmin FWHM. We also used a second (non-public)
version of the MILCA y-map reconstructed at 7 arcmin FWHM.
This map has been used for the extraction of the Planck SZ sig-
nal by the X-COP collaboration (Tchernin et al. 2016; Eckert
et al. 2017; Ghirardini et al. 2018).

2.2. The cluster samples

We have defined our samples from SZ catalogues of galaxy clus-
ters obtained from the Planck (Planck Collaboration VIII 2011;
Planck Collaboration XXIX 2014; Planck Collaboration XXVII
2016, ESZ, PSZ1, PSZ2, respectively) and ACT (Hasselfield
et al. 2013; Hilton et al. 2018) surveys. A total of 119 clusters
are detected within the ACT footprint by either instrument. Here
we focus on the 34 joint detections. We exclude three sources
partially covered at the edges of ACT footprint or falling into
the mask of Planck point sources (used to construct the PACT y-
map). Our final sample is thus comprised of 31 clusters of galax-
ies, hereafter referred as PACT31, with 18 sources distributed in
the equatorial strip and 13 in the southern one. By construction
our sample is neither representative nor complete. The clusters
range between 0.16 and 0.70 in redshift and from 3.7 x 10" to
1.3 x 10" M, in Msg, where Msq is the total mass contained
within Rsgg. The mean signal-to-noise ratio (S/N) of the sample
is 6.0 in the Planck catalogues and 6.3 in ACT’s. The range of
angular size over the sky is 2.5 < 05pp < 7.9 arcmin, with a mean
value of 4.2 + 1.1 arcmin.
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Fig. 1. Distribution of the PACT31 (red dots) and PLCK62 (blue dots) in the Msoy — z (left), Msoy — 0500 (middle) and 65y — z (right). Crosses
picture the median value and associated maximum absolute deviation over each sample. Values for the redshift, masses and angular radii are taken
from the PSZ2 catalogue (Planck Collaboration XXVII 2016).

Table 1. Properties of the PACT31 sample.

Name PSZ2 name ACT name 1% o z Msq Rso0 S/N

[deg] [deg] 10" M, [kpc] ACT PSZI PSZ2
C00 PSZ2 G101.55-59.03  ACT-CL J0008.1+0201 2.042 2.020 0.3651 5.72 1113 6.11  4.80 4.70
Co1 PSZ2 G119.30-64.68 ACT-CL J0045.2-0152  11.305 -1.883  0.5450 6.37 1073 5.08 - 7.50
C03 PSZ2 G130.21-62.60 ACT-CL J0104.8+0002  16.219 0.049 0.2770 5.71 1147 6.19 474 4.30
C05 PSZ2 G153.00-58.26 ACT-CL J0152.7+0100  28.176 1.006 0.2270 5.04 1120 5.64 454 9.00
Co08 PSZ2 G172.98-53.55 ACT-CL J0239.8-0134  39.972 -1.576  0.3730 7.64 1219  7.62 6.15 8.80
C10 PSZ2 G173.90-51.89  ACT-CL J0245.8—0042  41.465 -0.701  0.1790 3.74 1032 4.56 - 4.10
Ci12 PSZ2 G181.44-4476  ACT-CL J0320.4+0032  50.124 0.540 0.3939 5.14 1064 4.64  5.09 4.90
C13 PSZ1 G184.23-4426  ACT-CL J0326.8—-0043  51.708 -0.731  0.4500 6.65 1131 - 4.78 9.10
C23 PSZ2 G044.58-20.46  ACT-CL J2025.2+0030  306.301 0.513 0.2746 5.65 1117 659  5.02 6.40
C24 PSZ2 G048.91-25.55 ACT-CL J2050.7+0123  312.681 1.386 0.3334 5.44 1106 556 5.01 7.40
C25 PSZ2 G049.80-25.16  ACT-CL J2051.1+0215  312.789 2.263 0.3211 6.39 1172 759  6.03 5.20
C26 PSZ2 G050.06-27.32 ACT-CL J2058.8+0123  314.723 1.384 0.3340 6.60 1185 6.78 5.51 8.30
Cc27 PSZ2 G054.95-33.39 ACT-CL J2128.4+0135 322.104 1.600 0.3920 7.32 1197 730 5.89 7.30
C29 PSZ2 G053.44-36.25 ACT-CL J2135.1-0102 323.791 -1.040  0.3300 7.45 1229 850  7.78 4.10
C30 PSZ2 G055.95-34.89 ACT-CL J2135.2+0125 323.815 1.425 0.2310 6.73 1233 954  9.09 9.30
C31 PSZ2 G059.81-39.09 ACT-CL J2156.1+0123  329.041 1.386 0.2240 4.99 1118 6.77 5.13 6.00
C32 PSZ1 G080.66-57.87 ACT-CL J2327.4-0204 351.866  -2.078  0.7050 8.30 1100 - 6.37 13.1
C33 PSZ2 G087.03-57.37 ACT-CL J2337.6+0016 354.416 0.269 0.2779 7.33 1248 119  7.50 8.20
C06 PSZ2 G276.75-59.82  ACT-CL J0217-5245 34296 —-52.756 0.3432 4.48 1033 5.44 - 4.10
Co7 PSZ2 G270.93-58.78  ACT-CL J0235-5121 38.967 -51.354 0.2780 5.95 1163 896  6.03 6.20
Cc09 PSZ2 G271.53-56.57  ACT-CL J0245-5302 41.388  —53.034  0.3000 6.77 1204 104  7.75 9.10
Cl1 PSZ2 G263.03-56.19  ACT-CL J0304-4921 46.062  -49.362  0.3920 4.70 1030 4.66 4.64 3.90
Cl4 PSZ2 G264.60-51.07  ACT-CL J0330-5227 52.725  -52.468 0.4400 6.93 1149 108 7.83 6.10
C15 PSZ2 G262.73-40.92  ACT-CL J0438-5419 69.579  -54.318 0.4210 7.46 1188  12.7 10.9 8.00
Cl6 PSZ2 G261.28-36.47  ACT-CL J0509-5341 77.338  =53.701 0.4607 4.18 964 5.07 - 4.80
C17 PSZ2 G262.27-35.38  ACT-CL J0516-5430 79.125  -54.508 0.2952 8.76 1315 229 18.7 4.60
C18 PSZ2 G260.63-28.94  ACT-CL J0559-5249 89.929  -52.820 0.6009 5.96 1023 7.75 499 5.10
C19 PSZ2 G263.14-23.41 ACT-CL J0638-5358 99.692  -53.979 0.2266 6.83 1242 12.8 10.8 10.0
C20 PSZ2 G263.68-22.55  ACT-CL J0645-5413 101.375 -54.228 0.1644 7.96 1333 21.7 17.4 7.10
C21 PSZ2 G266.04-21.25  ACT-CL J0658-5557 104.625 55951 0.2965 13.1 1503 284  20.5 11.5
C22 PSZ2 G265.86-19.93 ACT-CL J0707-5522 106.804 —55.380 0.2960 4.64 1063 577  4.88 3.30

We also consider the sample of 62 massive local clusters
used in Planck Collaboration Int. V (2013, P13 hereafter) to
derive the pressure profile of the hot intra-cluster gas from the
first Planck all-sky survey. Here the Planck maps used to derive
the y-map (see above) are those from the all-sky survey (i.e.,
2015 data release Planck Collaboration VIII 2016). We there-
fore use this sample, hereafter PLCK62, in order to compare
to the profiles derived from our PACT map (see Sect. 4). From

the second Planck catalogue, PSZ2, the redshift of the PLCK62
sample ranges between 0.04 to 0.44 and the S/N from 7 to 49.
The covered mass interval is 2.4 X 10'* < Msgo < 2.0x 10> M,
for an angular size one of 3.7 < 6599 < 22.8 arcmin with a mean
value of 9.8 + 5.4 arcmin.

Masses for the PLCK62 sample are M5, hydrostatic masses
from P13, derived from the XMM-Newton observations. For the
PACT31 sample, we make use of the Msyy values provided in
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the PSZ2 catalogue. The latest are derived from an Yso9 — M50
relation calibrated with Planck SZ integrated fluxes and XMM-
Newton hydrostatic masses (Planck Collaboration XX 2014;
Planck Collaboration XXIV 2016). We checked the consistency
between the P13 hydrostatic mass and the PSZ2 masses for the
PLCK®62 sample, finding a mean ratio of 0.98 + 0.11. We pro-
vide, in Fig. 1, the distribution of the two samples in the Msyy—z,
M5Q() - 0500 and 9500 -2z plans.

3. Computation of the y and pressure profile

To recover the pressure profiles from the SZ y-map, we strictly
followed the method described and used by P13. The SZ flux is
the product of the SZ spectrum integrated over a frequency band
and the integrated Compton parameter, Y, within a given solid
angle, Q. The latter is proportional to the thermal pressure of the
ICM gas integrated over the line of sight:

7 f do f Py dl.
meC Q los

The effect of the weakly relativistic velocities of the elec-
trons as a function of the gas temperature on the SZ spectrum
shape (e.g., Pointecouteau et al. 1998) are neglected in the y-map
reconstruction as accounting for these effects would require a
priori knowledge on the gas temperature distribution across the
cluster.

From the y-map and error map, we extracted patches from
the 20 X 05 side centred on the ACT cluster position. We chose
a pixel size defined in constant units of 6sg9, which is thus com-
mon to all clusters in our sample (i.e., all 31 patches have differ-
ent angular pixel sizes). The pixel size also implies a sampling
of the PACT PSF and therefore a possible oversampling of the
y-map pixel (Sect. 4). We take into account and propagate the
correlations induced by this oversampling factor.

We compute an azimuthal y-profile from the map. The value
in each radial bin is obtained from the mean of the pixel val-
ues it encompasses. A background offset is estimated from radii
greater than 5 X Rsq and is subtracted. We masked point sources
in a two step process: (i) obvious positive or negative! sources
are masked manually, and (ii) a pixel clipping is applied on the
map with a 2.50 criterium with respect to the mean map flux
outside a radius of 5 X Rsg. To account for the correlation intro-
duced by the aforementioned sampling and intrinsic correlated
noise of the PACT y-map, we computed the covariance matrix
associated to the y-profile. To do so, we estimated the power
spectrum of the noise (astrophysics, instrument, systematics) in
the region surrounding the cluster (6 > 5 X Rsop). We drew a
thousand realisations of the noise patch, applied the same profile
extraction as for the y-patches, and derived the covariance matrix
as C = N,Z mVum (Where N, ,, is a matrix of n points per profiles
xm simulated noise profiles).

The 2D y-profiles are binned to maximise S/N out to the
largest possible radius. To derive the 3D pressure profiles,
we assumed spherical symmetry of our clusters and applied
a regularised PSF deconvolution and geometrical deprojection
algorithm, adapting the method described in Croston et al.
(2006) for X-ray surface brightness profiles. Errors encoded in
the 2D y-profile covariance matrix were propagated to the 3D
pressure profile on the basis of the matrix’s Choleski decom-
position (assuming correlated Gaussian noise), from which
10000 random realisations of the y-profile are drawn. Each of

Y(Q) =

@)

! Negative sources are due to negative coefficients in the linear combi-
nation of frequency maps.
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these realisations is deconvolved from the PSF and deprojected
individually. In the process, the dispersion in flux in each radial
bin, derived from y-map, is used as a weight for each point of
the y-profile. The covariance matrix of the pressure profile, Cp,
is derived from the combination of / = 10000 realisations of
the pressure profile, Cp = NnTan,l (where N, is a matrix of n
points per profiles xm simulated noise profiles). Both profile and
covariance matrix are then scaled in physical units.

We followed the stacking procedure described in Sect. 4.3.2,
Eq. (14) of P13 to stack the y-profiles. We recall here that the
output stacked profile and associated covariance matrix are:

5 1 n Vi _ 1 n Ci

1=, 2%, and C_nzzi:q)iz, 3)
with @; = Ysq0; /Rgoo,i for the ith cluster, n the number of clus-
ters in the sample and y; and C; the y-profile and associated
covariance matrix for the ith cluster. The staked pressure pro-
file and its covariance matrix are derived in a similar way, with
®; = Psgo; X f(M;) for the ith cluster. Psq is the pressure inte-

grated within Rsoo and f(M) = (Mso/3 X 10"h5] Me)*'2.

4. Validation of the PACT profiles

To fully assess our y and pressure profiles derived from the PACT
maps, we proceeded through the following validation procedure
which relies on two quantities: the SZ y-profiles and the SZ
flux Y509 (integrated within the radius Rsgp as projected on the
sky). Radial profiles, y(6), are derived from the y-map together
with their correlation matrix as described in the previous section.
Each integrated SZ flux is derived from the corresponding y-
profile, assuming a universal pressure profile (Arnaud et al.
2010, A10 hereafter), which is projected and convolved by the
PACT PSF into a y-profile model, M. Folding in the covari-
ance matrix, C, of the y-profile, the SZ flux, Y5, is obtained
from the optimal solution minimising the chi-square : Y509 =
o2 MTC'y(8), with 0'%500 =MTc'm)!.

Ys00

4.1. Working method and setup

We computed y(f) and Ysop over the public and non-public
Planck MILCA y-maps, with 10 and 7 arcmin FWHM, respec-
tively, for the PLCK62 sample (i.e., named configurations D10
and D7, respectively), and over the latter only for the PACT31
sample (i.e., configuration P75).

We first used the same setup adopted by P13 for the radial
sampling, with 6; = A6/0s00 = Ar/Rso0 = 0.25. We also later
on used a value of 6, = 0.08, a higher resolution sampling more
appropriate for the PACT PSF. This value is derived in order to
properly sample the PACT PSF accounting for the angular exten-
sion of our clusters (see Table 1). The PSF sampling imposed the
need for §, < PSF/2 = 0.7 arcmin. As we extracted our profiles
over a regular grid in units of Rsgg out to a value of 10, the num-
ber of radial bins is fixed by the cluster in our sample with the
largest angular extension, that is C20 with 65pp = 7.9 arcmin.
This led to a minimum of 112 bins with 10 X 0509, which we
rounded up to 120 points. The PSF sampling thus complies with
the Nyquist-Shannon criteria for all our objects, with the PSF
oversampling rate increasing for clusters with smaller angular
extent, and ranging from 2.1 to 6.6 pixel per PSF, with an aver-
age value of 4.2. The ensuing correlation between the succes-
sive radial bins in a given profile is encoded in the correlation
matrix. The 120 points sampling applies to the setups D7y,
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P75, and P7. (All the configurations defined above are sum-
marised in Table 2.)

We have compared the individual integrated SZ fluxes one-
to-one and the stacked y profiles over the two samples for the
various setups summarised in Table 2. We chose as reference
fluxes the estimation of Y5 as derived from the matched multi-
filter (MMF) procedure described and used in our first PACT
paper (Aghanim et al. 2019). These fluxes were extracted with
the MMF positioned at the ACT cluster coordinates and with a
filter size fixed to 5y for each source. For the profile compar-
ison, we have cross-checked the stacked profile over the whole
two samples, adopting as reference the y stacked profiles (and its
dispersion envelop) derived for the PLCK62 sample by P13.

4.2. Validation on the Planck y-map

We first compared the integrated SZ fluxes and profiles derived
from the first single all-sky Planck survey (P13) on PLCK62
(PIPV) with those derived for the second Planck public release.
The latter accounts for more than five co-added all sky surveys
(hereafter DR2015). Profiles and fluxes were derived for both all
sky y-map reconstructed with a 10 arcmin (D10) and 7 arcmin
(D7) resolution FWHM, respectively. The comparisons of fluxes
and profiles are shown in Fig. 2, left-column. All three flux esti-
mations are consistent with each other and with the PACT MMF
one. The average ratios to the PACT MMF fluxes over the sam-
ple are 1.09 + 0.13, 1.10 + 0.07 and 1.07 + 0.07 for PIPV, D10
and D7, respectively. The profiles for the three cases are also
fully consistent in shape (the D7 profiles being more peaked is
a simple consequence of the smaller PSF which convolves the
actual y profile). This agreement demonstrates that, for profiles
computed with a radial sampling of Ar/Rsoy = 0.25, there is no
bias between the first all-sky survey and the full DR2015 Planck
survey, and nor between the flux estimations from the 10 arcmin
to 7 arcmin FWHM reconstructed MILCA y-map. We thereby
adopted the D7 setup for further comparisons.

We recomputed over the 7 arcmin FWHM y-map, the profiles
with a sampling of Ar/Rsop = 0.08 and calculated the subse-
quently associated fluxes (i.e., D710 setup). They are compared
in Fig. 2, middle-column. The profiles are perfectly consistent
and so are the fluxes with average ratios to the MMF fluxes of
1.06 £ 0.07 D759, showing that no bias is introduced by further
oversampling the PSF with the corresponding increased bin-to-
bin correlation being properly encoded in the correlation matrix.

4.3. Validation on the PACT y-map

We switched to PACT31 and computed profiles and fluxes over
the Planck 7 arcmin FWHM DR2015 map with a sampling fac-
tor of Ar/Rso9 = 0.08, that is P75y setup, and over the PACT
maps with the same sampling factor, that is the P7 setup. The
latest is the nominal setup for the results on the PACT map and
sample presented in this paper. The comparison of fluxes and
profiles (see Fig 2, right-column) allows us to assess that no bias
is introduced due to the difference in sample. The differences
between the D71, and P71, stacked profiles reflects the intrin-
sic difference between the PACT31 and PLCK62 samples. As
shown in Fig. 1, they are populating different regions of the mass
and redshift plane. The two samples fully overlap in terms of the
mass range (with PLCK62 covering a slightly broader range).
The main difference lies in their respective redshift coverage.
As a consequence the angular sizes of the PACT31 clusters are
smaller, hence the increase dilution in the Planck beam explain-
ing the flatter y profile for the P75y setup. As a further conse-

Table 2. Definition of setups for the validation procedure.

Name Sample y-map FWHM  Ar/Rsy
PIPV PLCK62 PC-internal 10 arcmin 0.25
D10 PLCK62 DR2015 10 arcmin 0.25
D7 PLCK62 DR2015 7 arcmin 0.25
D750 PLCK62 DR2015 7 arcmin 0.08
P70 PACT31 DR2015 7 arcmin 0.08
P7 PACT31 PACT 1.4 arcmin 0.08

quence, the profile convolution by the beam redistributes power
towards larger scales, and explains the slightly shallower shape
at larger radii. Unsurprisingly, when switching to the P7 setup,
the stacked y-profiles for the PACT31 sample as measured from
the PACT map is more peaked at r < Rsg than the one obtained
from the Planck data only. This is the direct illustration of the
differences in smoothing by a PSF of 1.4 arcmin with respect
to 10 arcmin (public releases) for PACT and Planck, respec-
tively. However the match in fluxes demonstrates that no bias
is introduced in the integrated SZ flux, Y59, when switching to
the PACT maps. The average ratios to the reference MMF val-
ues are 1.24 +0.27 and 0.95 +0.12 for P75 and P7 respectively.
The results on the PACT map and PACT31 sample are further
discussed in the next section.

5. PACT profiles

Following the validation procedure presented in the previous
section, we consider hereafter the PACT results only, thus we
adopted the P7 configuration as defined in Table 2 for the rest of
our study.

5.1. y profiles

We present in the left panel of Fig. 3, the individual y-profiles
for the whole PACT31 sample, together with the stacked average
and median profiles. The two stacked profiles present no signif-
icant differences, hence following (P13) we adopted the average
over the median. The right panel shows the colour coded indi-
vidual and associated stacked profiles for both equatorial and
southern strip sub-samples, composed by 18 and 13 clusters,
respectively. Within the limits of our sub-sample sizes, we did
not find any significant differences between the two, and there-
after consider the PACT31 sample as a whole.

To give further support to our result, we followed the pro-
cedure described by P13, and we stacked the individual y maps
across the sample. Each individual map, m;, was rescaled by the
factor @; (see Sect. 3) and randomly rotated by 0, 90, 180 or 270°
before averaging. The stacked map was finally converted in units
of Comptonisation parameter by (®;). A null test map is built
from Y(—1)'m;. The rms values of this null test map and of the
stacked SZ map, outside 5 X Rsq, are 8.9 X 107% and 4.7 x 107°,
respectively. These two rms values are of the same order of mag-
nitude. They are also compatible with the average value of the
stacked error y map, 8.8 X 107%. The stacked y-map is shown
in Fig. 4. It displays a clear SZ signal out to ~2 X Rsqp. From
our stacked average y-profile in Fig. 3, we detect the SZ sig-
nal out to a radius of ~2.5 X Rsg. This is slightly less extended
than for the Planck sample of P13. This is due to the difference
in sample construction, where ours is made of more distant and
compact clusters, as illustrated by their respective distribution in
the 0599 — z in Fig. 1.
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Fig. 3. y profiles for the PACT31 sample. Left panel: stacked average (red) and median (blue) profiles. Right panel: average stacked profiles for the
clusters in the equatorial (green) and southern (yellow) strips. The reported errors are correlated and correspond to the square root of the diagonal
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Table 3. Best fit parameter for the gNFW pressure profile.

Py cs00 a B Y

Al0 840 1.18 1.05 549 031

P13 641 181 133 4.13 031

P13ncce 472 219 182 3.62 031

S13 641 181 133 3.67 0.67

S16 9.13 1.81 133 6.13 031

P7 336 1.18 1.08 430 0.31
+0.90 _ +0.13 +0.12 _
-0.71 -0.11  -0.12

Notes. A10, P13, S13 and S16 are the parameterisations provided by
A10, P13, Sayers et al. (2013, 2016), respectively, and tested against
our average stacked profile. P7 corresponds to the best fit parametri-
sation for this work. Best fit values for free parameters are printed in
boldface. Errors accompanying P7 give the 68% confidence interval of
the marginalised distribution for each parameter.

5.2. Pressure profile

From the individual y profiles, we followed the methodology
presented in P13 to reconstruct the 3D pressure profiles of each
of our clusters. We then stacked them into a normalised aver-
age profile and also computed the associated stacked covariance
matrix (details of the formalism are provided in Sect. 3, see
Eq. (3)).

The derived stacked pressure profile for our sample is shown
in Fig. 5 (right panel) and compared to previous results from dif-
ferent samples (left panel). Altogether, it is in perfect agreement
with the profile derived from the PLCK62 sample by P13 within
the dispersion of both samples. We recall that the PACT31 and
PLCKG62 samples contain 31 and 62 clusters, respectively. The
outer slopes for both samples are in good agreement, whereas
the inner part (i.e., r < Rsgo) differs slightly, our PACT profile
more shallower than the PLCK62 non-cool core sub-sample.

We fitted our stacked mean pressure profile to a gNFW
model (Nagai et al. 2007) with a Monte Carlo Markov chain,
making use of an implementation based on the Metropolis-
Hastings algorithm (Hurtt & Armstrong 1996; Braswell et al.
2005; Zobitz et al. 2011). We accounted in the fit for the corre-

lation between our points through the covariance matrix of the
pressure profile, and of the dispersion on the mean across our
sample. The latter is quadratically added to the diagonal ele-
ments of the profile covariance matrix. Following P13 and from
the previous consideration we performed two fits with four and
three free parameters, respectively. In both cases, since we lack
the spatial resolution to resolve the inner profile, we fixed the
slope to y = 0.31, the best fit value from A10. We note that
the joint MUSTANG-1 and Bolocam study by Romero et al.
(2017) also converge towards this value. The four parameter
fit let Py, cs00, @, and B be free with uniform prior intervals of
[0.5,20], Adam et al. (2016), Aghanim et al. (2019), [0.1,4], and
Bender et al. (2016), respectively. The three parameter fit uses
the same configuration, but the concentration parameter is fixed
to the best fit value of A10, that is ¢500 = 1.18. Each MCMC
fit was run with a 100 chains ending up with a number of iter-
ations of ~30000 each in the converged final chain. The fit pro-
cessed is assessed on the basis of the likelihood logarithm, that
is —y?/2 and y> = (P - M)TC~'(P - M), where P, M and C
are the observed profile, the model profile and the profile covari-
ance matrix, respectively. The fit with four free parameters leads
to a solution where csqp hits the lower boundary of the its prior
interval. Letting this parameter run towards smaller value leads
to a catastrophic degeneracy with the outer slope 5. The scale
radius 3 = Rsoo/cso0 becomes very large, inducing a similarly
large value for the external slope 8, hence to a quite unphysical
solution. We have thus preferred the fit with three free parame-
ters, where the scale parameter is fixed. The results of the three-
parameter fit are gathered in Table 3 together with the same from
previous works, and displayed in Fig. 5. The heat map for each
pair of free parameters and the associated posterior probabili-
ties for Py, @, and 8 are shown on Fig. 6. The 68% confidence-
level errors associated with the parameters are derived from the
posterior probabilities and reported in Table 3. For our best fit
with three free parameters, we find a y> = 2.19. We attribute the
relatively low value of the y? to the fact of considering for the
uncertainties of the stacked profile both the statistical uncertain-
ties (propagated from the individual profiles) and the dispersion
across the sample as discussed above. This might overestimate
the actual uncertainties and as so artificially reduce the y?. Con-
versely, the purely statistical error conveyed by the covariance
matrix lead to a y? of 43.5 for our 18 data points profile. In this
case the error is likely underestimated possibly due to some non-
Gaussian correlated noise component in the y-map. In order to
further assess the quality of our derived best parametrisation, we
computed the associated F-test to our best fit against our pressure
profile data points, and derived a significance of 0.49 denoting
the goodness of our fit.

6. Discussion and conclusion

From our Fig. 5, it is clear that the derived average stacked
pressure profile for our PACT31 sample is consistent at large
scales in external slope and normalisation with previous pub-
lished works from distinct samples (i.e., A10; P13; Sayers et al.
2013, 2016). Within ~0.5 X Rsgo our profile is slightly flatter,
although the differences remain within the dispersions of these
respective samples.

As emphasised by Mroczkowski et al. (2019), the point of
a universal pressure profile is in its shape more than in the
intrinsic values of its parameters. In our case, we note the
very consistent shape of the outer parts of our profile with that
derived from v. We are more marginally compatible with the
S13 and S16, which are bracketing our dispersion. Within this
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Fig. 5. Stacked average pressure profiles over the PACT31 sample (red points). The reported errors bars on the data points are correlated and
correspond to the square root of the diagonal valued of the covariance matrix for the pressure profile Left: comparison to published profiles over
different samples by (A10; P13; Sayers et al. 2013, 2016) are overlaid as green, purple, yellow and blue lines and labelled as A10, P13, S13 and
S16, respectively. The brown doted-dashed line, labelled NO7, shows the original parametrisation from Nagai et al. (2007). For the P13 profiles,
the solid and dashed lines correspond to the best fit to the whole PLCK62 sample and the non cool-core sub-sample, respectively. The purple
shaded area picture the dispersion of the stacked Planck profiles for the PLCK62 sample (as published by P13, their Fig. 4). Right: best fit of our
data to a gNFW pressure distribution (solid black line — see Table 3 and Sect. 5.2). The red shaded area shows the dispersion of the stacked profiles
for the PACT31 sample. The dashed purple solid line is identical to the left panel.

dispersion, we are also compatible at large radii with the A10
profile, hence with the theoretical predictions from numeri-
cal simulations by Borgani et al. (2004), Nagai et al. (2007),
Piffaretti & Valdarnini (2008), against which it is constrained
beyond Rsgo. The outer profile is also consistent (similar to P13)
with the predictions from (Battaglia et al. 2012; Gupta et al.
2017). This result denotes that for both P13 and our profile,
the large scales are constrained by the Planck measurements,
with no obvious signature due to the differences in sample com-
position. The radial range [0.1,1] Rsop presents the most dif-
ferences with previously published profiles. As the P13 profile
is derived from a joint Planck and XMM-Newton analysis, the
inner parts are strongly constrained by the X-ray data (see their
Fig 4, left panel). A fit performed on the Planck profile only,
may have lead to a shallower profile. At the same time we are
mainly consistent within this radial range and the respective
dispersions with the S16 profile. Conversely, as shown on the
left panel of Fig. 5, the comparison to the original parametrisa-
tion [Po/2)’, cs00, @, 8, ¥] = [3.3,1.8,1.3,4.3,0.7] published by
(Nagai et al. 2007) normalised against Chandra observations of
relaxed clusters (Vikhlinin et al. 2006) is mostly consistent with
our profile within this inner radial range. The same stands for
an update of this parametrisation, [a,(,y] = [0.9,5.0,0.4] pre-
sented in Mroczkowski et al. (2009). The shallower shape of our
profile in the central parts is likely due to the fainter and more
compact nature of our clusters relative to those of P13 and S16.
Sayers et al. (2016) noted that the differences found in pres-
sure profile analyses originate from various possible factors: the
sample definition and selection, the biases intrinsic to instru-
ments, and methods for data analysis. The comparison to the
PLCK62 sample minimises the possible sources of these differ-
ences as we adopted the same data analysis methodology. While
the instrumental setups differ, the approach for the reconstruction
of the PACT y-map is similar to that of the Planck survey. We
refer here to Aghanim et al. (2019) for the extensive validation of
this dataset with respect to both ACT and Planck. For these two
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samples we attribute the differences in the mean pressure profile
to the difference in composition of the PACT31 and PLCK62
samples. As shown in Fig. 1, the PACT31 and PLCKG62 selec-
tions do sample two different regions of the M —z plane (and sub-
sequently the M — 6 and 8 — z planes). Their direct comparison is
not straightforward. Their respective selection function is differ-
ent, and in both cases, neither quantified nor easy to apprehend.
The PLCK62 sample is composed of 62 clusters with S/N > 6
from the first Planck all-sky survey. Our PACT31 sample, though
of reasonable statistically size, is two times smaller with 31 clus-
ters based on the union of the full Planck survey (i.e., more than
5 all-sky passes) and the ACT-MBAC survey with S/N going
down to 4 in the Planck PSZ2 catalogue (see Table 1). As a sim-
ple verification, if we only consider clusters in the common box
interval of 0.15 < z < 0.45 and 5 x 10" < M5y < 1 x 10" Mg
between the PLCK62 and PACT31 samples, we obtained aver-
aged values for the SZ flux (i.e., PSZ2 integrated Comptonisa-
tion parameter Ysq), of 2.4 X 1073 and 1.3 x 1073 arcmin?, from
25 and 20 clusters, respectively. The latter is on average fainter
by a factor of ~2. This discrepancy is increased to a factor of ~8
when Y5 are compared in units of Mpcz. This renders the detec-
tion of the SZ signal more difficult in the case of our PACT31
sample. As they are also more compact on average, the recon-
struction of their 3D pressure profile is more prone to effects
such as smoothing at large scales by the Planck beam, and thus
potential biases from the regularised deconvolution and depro-
jection process.

Our PACT31 sample, as with all the samples used in pre-
vious published works on pressure profiles from SZ observa-
tions, has been assembled on a best-effort basis given specific
observational constraints and working contexts. For instance, the
PLCKG62 sample is SZ selected, but is constrained by the XMM-
Newton available archive data at the time of P13’s publication.
Our PACT31 sample is fully SZ selected but constrained on the
basis of the PACT construction and coverage. The Bolocam sam-
ple used in S13 and S16 was assembled on the basis of X-ray


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202040213&pdf_id=5

E. Pointecouteau et al.: The pressure profile of PACT clusters

0.020

0.015

P(P0)

0.010

0.005

0.000 L . L L

20 T T T T .
0.030F
15} B 0.025F
0.020F
3 1.0f 4 E
& 0.015F
0.010fF
05f —
0.005f
0.0 . . L . 0.000 L
0 2 4 6 8 10 0.0 0.5
PO
6.0 T T T 6.0 T
55 ] 55F
50f : ] 50fF
@ 45f @ 45)
a0t 40F
35F ] 35F
3.0 . . . . 3.0 .
0 2 4 6 8 10 0.0 0.5

1.0 15 2.0 3.0 35 4.0 4.5 5.0 5.5 6.0
o B

Fig. 6. Posterior probability distributions and heat maps corresponding to our MCMC fit to a gGNFW pressure profile (see Sect. 5.2). The blue
crosses in the 2D heat maps show the optimal solution reported in Table 3. The colour filled area show the locus of the 68, 95 and 99.7% confidence

levels, respectively.

coverage by Chandra from the CLASH (Postman et al. 2012)
and MACS samples (Ebeling et al. 2007). Thought, not actu-
ally SZ selected the SPT sample, followed-up through a very
large Chandra programme, has led to several key results (e.g.,
McDonald et al. 2013, 2016). None of these is representative
of the cluster population in its sampling of the mass and red-
shift space. The only representative sample to which we compare
to is the REXCESS sample (Bohringer et al. 2007) from which
the A10 universal pressure profile is parametrised. However this
is an X-ray selected sample. Quantifying their differences and
trying to promote one as a reference versus the others is there-
fore a complex and risky task. This limitation makes any exten-
sive discussion on the physical meaning of the differences in
the central parts of our mean pressure profile to others quite
speculative at this stage. For instance, if we consider the evo-
lution with redshift of the intrinsic SZ flux, Yso9, at a given
mass, the self-similar evolution is expected to be proportional to
E@@)*3 =[(1 + 2’ x Q. + Qa1'3. At the average redshift value
of the PACT31 and PLCK62 samples, that is 0.33 + 0.11 versus
0.17+0.11, respectively, we expect an average evolution of ~6%.
Accounting for the dispersion in redshift over the two samples,
this expectation is uncertain by ~12%. The likely differences in
population sampling for the two samples, the associated disper-
sion of each sample in the M — z plane, and their proximity in

redshift convolved by their underlying selection function prevent
us from drawing any serious constraints on the evolution of the
pressure profile.

The advantage provided by the combination of the Planck
and ACT data lies on the combination of the ACT higher spa-
tial resolution and the Planck large-scale coverage. It provides
a more accurate description of the SZ signal from the central
parts to the outskirts of individual clusters. Towards the clus-
ter centre our constraints stretch down to r = 0.04 X Rsgg (see
Fig. 5). This can be compared to the SZ-only reach of the P13
pressure profiles for the PLCK62 sample, which is 0.125 X Rsq
(see the red envelop in Fig. 5). With our adopted parametrisation
(see Table 2) this is only illustrated by an extra central point in
the reconstructed 3D pressure profile with respect to P13. This
is however an improvement by more than a factor 3 in the cen-
tral radial reach (obtained with a sample two times smaller). Our
radial coverage towards the centre falls short of the P13 joint
XMM-Newton X-ray and Planck SZ profile, which goes down
in radius by an extra factor of 2, to 0.02 X Rsgg. Such a reso-
lution is achievable in SZ alone, making use of high resolution
facilities such as MUSTANG-2 and NIKA-2 (e.g., Ruppin et al.
2018; Romero et al. 2020), though assembling data for a sam-
ple as large or larger than our PACT31 sample with these two
facilities would require a very large amount of time (e.g.,
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the NIKA-2 SZ guaranteed-time programme of 300 hours for
45 clusters, Mayet et al. 2020).

In conclusion, we have demonstrated the self consistency
of two sets of SZ data by combining Planck and ACT data to
reconstruct the ICM gas pressure distribution. We note that, as
for previous works, the non-representative nature of our sam-
ple limits its broader applicability, beyond the basic compar-
isons given here. An unbiased sample at low-to-intermediate
redshifts is needed to serve as a reference for the community.
Such a sample will have to be a carefully selected sample, based
on large SZ catalogues of clusters (e.g., Planck Collaboration
XXIX 2014; Planck Collaboration XXVII 2016; Bleem et al.
2020; Hilton et al. 2021). The CHEX-MATE sample from the
XMM-Newton heritage class programme ‘Witnessing the culmi-
nation of structure formation in the Universe’ fulfils this require-
ment by construction. (CHEX-MATE Collaboration et al. 2021).
SZ selected from the Planck survey, it gathers 118 clusters with
S /Npsz> > 6 and shall be fully covered by deep XMM-Newton
observations. The combination of the XMM-Newton and Planck
data following the work from P13 will provide a precise joint
X-ray and SZ view of the ICM properties over this sample. This
will provide a solid base to investigate changes in the pres-
sure distribution with mass and redshift. Indeed, such varia-
tions impact the detection of clusters and the modelling of the
SZ spectrum, as both rely on knowing the spatial distribution
for the thermal pressure. Furthermore, as demonstrated in the
present work, the combination with higher resolution SZ data
constitutes a key improvement for its physical characterisation.
Pointed observations with facilities such as MUSTANG-2 and
NIKA-2 will be an asset, though the largest coverage of the afore-
mentioned sample shall be achieved by the AdvACT survey, for
which frequency maps over ~18000 sq.deg of the sky were
recently publicly released (Naess et al. 2020).
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