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ABSTRACT

The determination of the thermodynamic properties of clusters of galaxies at intermediate and high redshift can bring new insights
into the formation of large-scale structures. It is essential for a robust calibration of the mass-observable scaling relations and their
scatter, which are key ingredients for precise cosmology using cluster statistics. Here we illustrate an application of high resolution
(<20 arcsec) thermal Sunyaev-Zel’dovich (tSZ) observations by probing the intracluster medium (ICM) of the Planck-discovered
galaxy cluster PSZ1 G045.85+57.71 at redshift z = 0.61, using tSZ data obtained with the NIKA camera, which is a dual-band
(150 and 260 GHz) instrument operated at the IRAM 30-m telescope. We deproject jointly NIKA and Planck data to extract the
electronic pressure distribution from the cluster core (R ~ 0.02 Rs) to its outskirts (R ~ 3 Rsgo) non-parametrically for the first time
at intermediate redshift. The constraints on the resulting pressure profile allow us to reduce the relative uncertainty on the integrated
Compton parameter by a factor of two compared to the Planck value. Combining the tSZ data and the deprojected electronic density
profile from XMM-Newton allows us to undertake a hydrostatic mass analysis, for which we study the impact of a spherical model
assumption on the total mass estimate. We also investigate the radial temperature and entropy distributions. These data indicate that
PSZ1G045.85+57.71 is a massive (Msp ~ 5.5 x 10" M) cool-core cluster. This work is part of a pilot study aiming at optimizing
the treatment of the NIKA?2 tSZ large program dedicated to the follow-up of SZ-discovered clusters at intermediate and high redshifts.
This study illustrates the potential of NIKA2 to put constraints on the thermodynamic properties and tSZ-scaling relations of these
clusters, and demonstrates the excellent synergy between tSZ and X-ray observations of similar angular resolution.
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1. Introduction

Galaxy clusters are the ultimate manifestation of the hierar-
chical structure formation process in the standard cosmolog-
ical model, and as such, they are sensitive to both the mat-
ter content and expansion history of the Universe in which
they form. Clusters are thus potentially powerful tools to in-
fer cosmological parameters. In particular, counting clusters as
a function of their mass and redshift (e.g., Sehgal et al. 2011;
Planck Collaboration XXIV 2016; de Haan et al. 2016) brings

Article published by EDP Sciences

constraints on the cosmological parameters that are complemen-
tary to those derived with other probes such as type Ia super-
novae (e.g., Riess et al. 2007), the CMB temperature and polar-
ization angular power spectra (e.g., Planck Collaboration XIII
2016), or baryonic acoustic oscillations (e.g., Anderson et al.
2014).

About 85% of the total mass in galaxy clusters is from dark
matter. The principal baryonic component is found in the hot,
ionized, X-ray emitting gas of the intracluster medium (ICM),
containing about 12% of the total mass. The remaining baryonic
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mass is found in the stellar population. Cluster masses can be
inferred from several independent observables. The velocity dis-
persion of the galaxies (e.g., Biviano et al. 2006; Sifén et al.
2016), various X-ray properties such as temperature or lumi-
nosity (e.g., Vikhlinin et al. 2006; Pratt et al. 2009), or the lens-
ing distortions of background galaxies (e.g., Applegate et al.
2014; Umetsu et al. 2014; Hoekstra et al. 2015) can be re-
lated to the underlying total mass. Another observational probe
of interest is the thermal Sunyaev-Zel’dovich effect (tSZ;
Sunyaev & Zeldovich 1972), which is due to the inverse Comp-
ton scattering of cosmic microwave background (CMB) photons
with high-energy electrons of the ICM. As this effect is directly
proportional to the thermal energy contained in the ICM, it is
expected to provide a low scatter mass proxy for galaxy clus-
ters (e.g., da Silva et al. 2004; Nagai et al. 2007a). Furthermore,
as the tSZ effect is a CMB spectral distortion, it does not suf-
fer from cosmological dimming. This observable is therefore a
powerful probe to estimate both galaxy cluster total mass and
baryonic content distribution up to high redshift.

The Planck satellite, the South Pole Telescope (SPT), and the
Atacama Cosmology Telescope (ACT) surveys have used tSZ
observations to discover and characterize large galaxy cluster
samples (e.g., Planck Collaboration XXVII 2016; Bleem et al.
2015; Hasselfield et al. 2013). In addition, individual observa-
tions of known clusters have been obtained with a number
of instruments, such as APEX-SZ, CARMA, SZA, BOLO-
CAM, and AMIs (e.g., Schwan et al. 2011; Plagge et al. 2013;
Muchovej et al. 2007; Sayers et al. 2012; Perrott et al. 2015).
However, their relatively low angular resolution (>1 arcmin)
restricts the tSZ characterization of the ICM to low red-
shift (Plagge etal. 2010; Basuetal. 2010; Bonamente et al.
2012; Planck Collaboration Int. V 2013; Sayers et al. 2013), as
a combination with higher resolution X-ray observations is
needed to map clusters at both large and small scales (e.g.,
Planck Collaboration Int. V 2013; Eckert et al. 2013).

In combination with local data, high angular resolution
tSZ observations at intermediate to high-redshift (z > 0.5) have
a number of different applications. They can be used to study the
evolution of structural properties such as cluster pressure pro-
files and their scatter. Furthermore, they provide new insights
and constraints on scaling properties such as the relation be-
tween the integrated Compton parameter and the cluster total
mass and its scatter. High angular resolution tSZ observations
can also be used to characterize the two-dimensional (2D) pres-
sure distribution within the ICM. This information is essential
for understanding cluster formation physics and performing pre-
cise cosmological analysis with the cluster population.

Cluster growth and evolution is characterized by complex
astrophysical phenomena, including deviation from equilibrium
and generation of turbulence due to merging events and feed-
back from active galactic nuclei. While stochastic, the frequency
of these events evolves with time and increases at high red-
shift. They are the prime cause of scatter and deviations from
self-similarity in the scaling relations that are used to link ob-
servables to mass in cosmological analyses (e.g., Yu et al. 2015;
Sembolini et al. 2014). Of particular importance is the clarifica-
tion of the physical origin of this normalization and scatter in the
scaling relations, rendering the use of galaxy clusters for cosmo-
logical application more robust.

The New IRAM KIDs Array (NIKA; Monfardini et al. 2011;
Bourrion et al. 2012; Calvo et al. 2013) was a dual-band contin-
uum camera operated at the Institut de Radio Astronomie Mil-
limetrique (IRAM) 30 m telescope between 2010 and 2015. It
was one of the very few tSZ instruments with sub-arcminute
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resolution. Other examples include the Goddard-IRAM Super-
conducting 2-mm Observer (GISMO; Staguhn et al. 2008) and
the Multiplexed SQUID TES array at Ninety Gigahertz (MUS-
TANG; Korngut et al. 2011). NIKA was the only dual-band sub-
arcminute instrument (Catalano et al. 2014) that observed the
tSZ effect simultaneously at 150 and 260 GHz with an angular
resolution of 18.2 and 12.0 arcsec, respectively. Furthering the
characterization of galaxy cluster pressure profiles that has been
initiated by arcminute resolution instruments at low redshift,
NIKA has now mapped the pressure distribution in a number of
galaxy clusters at intermediate and high redshift (see Adam et al.
2014, 2015, 2016, 2017).

In this paper we detail the NIKA observations of the Planck-
discovered cluster PSZ1 G045.85+57.71 at z = 0.61. A key re-
sult is the first non-parametric measurement with high statistical
precision of the pressure profile of a distant cluster at an an-
gular resolution ~20 arcsec, extending to much higher redshift
pioneering non-parametric pressure profile measurements at low
resolution (Basu et al. 2010). Basu et al. 2010 have applied the
deprojection method presented in Nord et al. 2009 to the APEX-
SZ data (Halverson et al. 2009) of the nearby cluster Abell 2204
(z = 0.15). They have shown that a non-parametric modeling of
the gas pressure profile can be obtained. Previous works have
shown that deprojection methods can be used to probe the ICM
of clusters from simulations (Puchwein et al. 2008; Lee & Suto
2004; Ameglio et al. 2007).

The work presented in this paper is a pilot study for the forth-
coming SZ observations (see Comis et al. 2016) with NIKA2
(see Catalano et al. 2016). The combination with Planck data al-
lows the determination of the non-parametric pressure profile out
to scales of >3 Mpc, substantially improving the constraints on
the spherically integrated Compton parameter. Using the depro-
jected gas density profile from XMM-Newton, we reconstruct the
thermodynamic properties of the ICM without making use of
X-ray spectroscopic information. This result illustrates the ex-
cellent synergy between tSZ and X-ray observations of similar
angular resolution, and serves as a pilot study for combining tSZ
data to measure the gas pressure with short X-ray observations
to measure the gas density.

This paper is organized as follows. The NIKA observa-
tions of PSZ1 G045.85+57.71 at the IRAM 30-m telescope and
the raw data processing are explained in Sect. 2. Ancillary
data, previous tSZ observations, point source contamination, and
XMM-Newton data reduction, are described in Sect. 3. The mod-
elization of the ICM and the method to estimate the cluster total
mass are presented in Sect. 4. We also discuss the characteri-
zation of the cluster ellipticity and its impact on the mass esti-
mation. In Sect. 5 a non-parametric multiprobe analysis is per-
formed to extract the radial pressure profile and obtain the ICM
thermodynamic properties. The conclusions and NIKA2 per-
spectives are discussed in Sect. 6. Throughout this study we as-
sume a flat ACDM cosmology following the latest Planck results
(Planck Collaboration XIII 2016): Hy = 67.8 kms™! Mpc~!,
Q. = 0.308, and Q, = 0.692. Within this framework, at the
cluster redshift, one arcsec corresponds to 6.93 kpc.

2. Observation at the IRAM 30-m telescope
with NIKA

We present in this section the NIKA observations of the
PSZ1G045.85+57.71 cluster, performed in October 2014,
which have been used to produce the tSZ surface brightness
maps at 150 GHz and 260 GHz. To begin with, we describe the
key elements of the thermal SZ effect.
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2.1. The thermal Sunyaev-Zel'dovich effect

The thermal Sunyaev-Zel’dovich effect corresponds to the
Compton scattering of CMB photons on high-energy ICM elec-
trons. The scattering equation describing this interaction was
derived by Kompaneets (1956) in the case where the radiation
temperature is negligible compared to the plasma temperature.
Using this equation, Sunyaev & Zeldovich (1972, 1980) com-
puted the induced variation of the spectral radiance compared to
the CMB variation as follows:

Alisz

- = yf(v’ Te)’

T ey

where y is the Compton parameter that describes the amplitude
of the spectral distortion, f(v,T.) gives the frequency depen-
dence of the tSZ spectrum, and T, is the ICM electronic tem-
perature. The Compton parameter is related to the line-of-sight
integral of the electronic pressure Pe,

y=—L f P.dl,
mecC

where m, is the electron mass, ¢ the speed of light, and o1 the
Thomson scattering cross section. The integrated Compton pa-
rameter Y is then computed via the aperture photometry per-
formed on the Compton parameter map'.

The frequency dependence of the tSZ spectrum is given by
the expression (Birkinshaw 1999; Carlstrom et al. 2002)
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xer x
feT) = 2= (oo (5] - 4) 0 +ose ). @)
with x = hv s
kgTcmp

where h and kg are the Planck and Boltzmann constants, re-
spectively, and sz (x, T.) corresponds to the relativistic correc-
tion, which is non-negligible for plasma temperatures larger than
10 keV (Itoh et al. 1998). We thus notice that the spectral defor-
mation induced by the tSZ effect is completely characterized by
the f function and does not depend on the plasma temperature
if relativistic corrections are negligible. In this case, f is posi-
tive (negative) for frequencies higher (lower) than 217 GHz. We
therefore expect a negative signal on the 150 GHz NIKA map
and a positive signal at 260 GHz.

2.2. Observing conditions, scanning strategy, calibration,
and data reduction

PSZ1G045.85+57.71 was observed by the NIKA camera simul-
taneously at 150 GHz and 260 GHz during the second NIKA
open pool in November 2014. In this section we present the
observation conditions, scanning strategy, calibration procedure,
and data reduction method.

The pointing center was chosen to be at (RA, Dec
2000) = (15:18:20.8, +29:27:36.75) following the Planck and
XMM-Newton observations. All the coordinates in this paper are
given in the equinox 2000 system. The mean zenith opacities
were measured to be 0.21 and 0.27 at 150 and 260 GHz, respec-
tively, and the atmosphere was particularly unstable because of
the presence of wind, which induces an increased residual noise
on the final map (see Catalano et al. 2014, for details on the

! This definition gives the cylindrical Compton parameter of the cluster

up to 5 Rs()().

Table 1. Instrumental characteristics of NIKA at the IRAM 30-m tele-
scope in November 2014.

Observing band 150 GHz 260 GHz
Gaussian beam model FWHM (arcsec) 18.2 12.0
Field of view (arcmin) 1.9 1.8
Effective number of detectors 113 156
Sensitivity (mJy/beam s'/?) 12 61
Conversion factor y-Jy/beam -11.1+1.0 34+04
Pointing errors (arcsec) <3 <3
Calibration uncertainties 9% 11%

opacity measurement procedure with NIKA). The mean eleva-
tion of the source was 49 degrees. The effective number of valid
detectors was 113 at 150 GHz and 156 at 260 GHz for a field of
view of 1.9 and 1.8 arcmin, respectively.

The cluster was mapped using on-the-fly raster scans made
by a succession of 19 subscans of 6 arcmin length at constant
azimuth or elevation with 10 arcsec steps between subscans. Af-
ter discarding data affected by high atmospheric instabilities, the
overall effective observing time on the cluster is 4.35 h.

We used Uranus as a primary calibrator and the Moreno
model (Moreno 2010) to estimate its brightness temperature
frequency dependence (see Adam et al. 2014; Adam 2015; and
Catalano et al. 2014, for details on the calibration procedure).
The primary beam was modeled by a Gaussian function with
a full width at half maximum (FWHM) that has been mea-
sured to be 18.2 and 12.0 arcsec at 150 and 260 GHz, re-
spectively. Using the dispersion of the measured Uranus fluxes
and the uncertainty on the Moreno model (accurate to 5%; see
Planck Collaboration VIII 2014), the overall calibration uncer-
tainty is estimated to be 9 and 11% at 150 and 260 GHz, re-
spectively. We estimated the conversion factors from the mea-
sured surface brightness to the Compton parameter taking the
NIKA bandpass measurements into account. We found the com-
puted values to be —11.1 + 1.0 and 3.4 + 0.4 Jy/beam per unit
of Compton parameter accounting for calibration uncertainties
at 150 and 260 GHz, respectively. The main instrumental char-
acteristics of the NIKA camera during the second open pool are
summarized in Table 1.

We follow the raw data reduction method detailed in
(Adam et al. 2015). The main steps of the procedure are briefly
summarized here. The selection of valid detectors is based
on their noise properties and optical responses. We removed
glitches in the timelines due to impacts of cosmic rays prior to
the analysis. We suppressed fluctuations associated with cryo-
genic vibrations in the Fourier domain. We removed the at-
mospheric and electronic correlated noise by subtracting the
common-mode templates estimated by averaging the timelines
for each array. We flagged the cluster using the signal-to-noise
ratio (S/N) map estimation in an iterative way to avoid ring-
ing and reduce the signal filtering. We estimated the resulting
transfer function of the data processing using simulations and
this function is fairly constant with a filtering of ~5% at scales
smaller than the NIKA field of view but larger than the beam
size. The filtering increases rapidly for larger scales (see Fig. 3
in Adam et al. 2015, as a typical example of the transfer func-
tion for this analysis). For each scan, the processed time order
information is projected on a pixelized grid for the two NIKA
frequencies. The computed scans are eventually coadded using
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Fig. 1. NIKA tSZ surface brightness maps at 150 GHz (left) and 260 GHz (right). The significance of the measured signal is given by the black
contours starting at 30~ with 1o spacing. The maps are smoothed with an additional 10 arcsec Gaussian filter for display purposes and the NIKA
beam FWHMs are represented as white disks in the bottom left-hand corner of the maps. The white crosses indicate the X-ray center. Note that

we use the original maps (without additional smoothing) in the following analysis.
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Fig. 2. Lefr: Planck MILCA Compton pa-
rameter map of PSZ1 G045.85+57.71 obtained
by extracting a patch of the Planck full sky
y-map (Planck Collaboration XXII 2016). The
XMM-Newton X-ray contours are overlaid in
black to show the effect of the Planck beam
dilution on the cluster inner structure. Right:
XMM-Newton X-ray photon count map of
PSZ1G045.85+57.71 smoothed with an ad-
ditional 4 arcsec Gaussian filter for display

purposes.
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Table 2. Location and flux of the radio sources observed in the 4.4 x 4.4 arcmin? field around PSZ1 G045.85+57.71.

Source Identifier Position 1.4 GHz Reference
[mJy]
RS1 FIRST J151819.5+292712  15h18m19.5s +29d27m13s 1.71 £ 0.14 FIRST, Becker et al. (1995)
RS2 FIRSTJ151822.44292917 15h18m22.5s +29d29m18s 2.9 +0.5  FIRST, Becker et al. (1995)

inverse variance weighting to obtain the final maps shown in
Fig. 1.

2.3. NIKA observations

The NIKA tSZ surface brightness maps of PSZ1 G045.85+57.71
at 150 and 260 GHz are shown in Fig. 1. The NIKA maps
are centered on the X-ray peak coordinates denoted as a white
cross and were smoothed with a 10 arcsec Gaussian filter for
display purposes. We observe a strong tSZ decrement on the
150 GHz map, which reaches a 70 significance at the surface
brightness peak (—1.9 mJy/beam). The observed galaxy cluster
exhibits an elliptical morphology with a major axis going from
the southwest to the northeast of the center and does not indi-
cate the presence of ICM substructure. Furthermore, the max-
imum tSZ decrement is aligned with the X-ray peak and thus
does not indicate that PSZ1 G045.85+57.71 has a disturbed core.
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As expected, there is no significant tSZ signal on the 260 GHz
map. Indeed, we can estimate the expected tSZ surface bright-
ness peak at 260 GHz knowing the tSZ surface brightness at
150 GHz and the tSZ spectrum analytic expression (Eq. (3)). The
estimated value of ~1 mJy/beam is below the standard deviation
of the residual noise in the NIKA 260 GHz map. Furthermore,
the 260 GHz map does not present any significant submillime-
ter point source contamination given the root mean square (rms)
noise on this map.

The residual noise on the map has to be characterized to esti-
mate the significance contours of the measured signal at both
NIKA frequencies. Furthermore, the noise covariance matrix
Cnika at 150 GHz has to be estimated to be used for the ICM
characterization.

Following the procedure described in (Adam et al. 2016), we
use null-map realizations at 150 and 260 GHz to estimate the
best-fit noise power spectrum models at both NIKA frequencies.
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The estimated residual noise power spectrum models, together
with the integration time per pixel at 150 and 260 GHz, enable
the simulation of Monte Carlo realizations of noise maps that
are used to estimate the S/N on the final maps (see Fig. 1) and to
compute the noise covariance matrix at 150 GHz.

3. PSZ1 G045.85+57.71 ancillary data

This section presents the ancillary data obtained from previous
observations of PSZ1G045.85+57.71. These data are used in
the following multiprobe ICM characterization and give com-
plementary information on the dynamical state of this cluster.

3.1. Previous SZ observations of PSZ1 G045.85+57.71

PSZ1G045.85+57.71 has been identified by Planck with
a S/N of 5.06. It is a member of the early Planck
SZ catalog (Planck Collaboration XXIX 2014) and its de-
tection has been confirmed in the second catalog release
(Planck Collaboration XXVII 2016). The Planck tSZ map
of PSZ1G045.85+57.71 is shown in the left panel of
Fig. 2. It has been obtained by extracting a patch of
the Planck full sky y-map using a Gnomonic projection
(Planck Collaboration XXII 2016). The patch used in the ICM
analysis is centered on the cluster coordinates and is 1.7 de-
gree wide. Its integrated Compton parameter estimated at Rsg

is given in the Planck catalog by Ysqop = 8.213:;(3) x 10~* arcmin?

(Planck Collaboration XXXII 2015)?. The corresponding cylin-
drical integrated Compton parameter at 5Rsoy iS given by
multiplying this value by 1.79, when assuming the uni-
versal pressure profile of Arnaudetal. (2010). This estima-
tion has been compared with the integrated Compton pa-
rameter found by aperture photometry on the Planck y-map,
Ysrsoo = 1.28 + 0.57 x 1073 arcmin?. The error on the estimated
value was computed by performing the same aperture photome-
try measurement on the Planck map randomly around the clus-
ter, where the noise is homogeneous. The estimate of the cluster
integrated Compton parameter computed by aperture photom-
etry on the map is therefore compatible with that given in the
Planck catalog (Planck Collaboration XXXII 2015). The Planck
estimated hydrostatic mass assuming the best-fit Y-M scaling re-
lation of (Arnaud et al. 2010) as a prior was found to be M5y =
7.936*08%3 x 10'* M, (Planck Collaboration XXXII 2015). The
uncertainties on this cluster mass estimation does not take into
account the intrinsic scatter of the scaling relation or systematic
errors coming from the data selection for the fit of the scaling re-
lation. A tSZ follow-up of this cluster has been made at 15 GHz
by the Arcminute Microkelvin Imager (AMI) at a slightly bet-
ter resolution (3 arcmin compared to the Planck beams of
5-10 arcmin; see Perrott et al. 2015). These AMI observations
provide a joint estimation of both the characteristic angular size
s and the integrated Compton parameter Y. The latter is equiv-
alent to the Planck estimator Ysgsoo to within 5% if we assume
the universal pressure profile with universal parameter values
and the concentration parameter csoo = 1.177 (Arnaud et al.
2010; Perrott et al. 2015). The results derived by AMI are com-
patible with the Planck results. The combination of both Planck
and AMI constraints gives an integrated Compton parameter
estimation at Yo /AM = 1.47 +0.51 x 10~ arcmin? thus im-
proving the Planck estimation by about 10%. This estimation is

2 Ry is the radius within which the mean cluster density is equal

to A times the critical density of the Universe at the cluster redshift
_ 3HE?

Pe = Tgag

used, along with the NIKA data, to give a first estimate of the
radial pressure profile of PSZ1 G045.85+57.71.

3.2. Point source contamination

As has been shown in Sayers etal. (2013) and Adam et al.
(2016), the point source contamination of the tSZ signal has to
be studied carefully to avoid significant bias in the ICM charac-
terization. The NRAO VLA Sky Survey (NVSS; Condon et al.
1998) and Faint Images of the Radio Sky at Twenty-Centimeters
survey (FIRST; Becker et al. 1995), which cover the northern
sky at 1.4 GHz, has enabled the detection of two radio sources
identified as galaxies in the region observed by NIKA. The
first source, hereafter RS1, is located in the southwest region of
PSZ1 G045.85+57.71 at about 40 arcsec from the X-ray center.
The second source, named RS2 in the following, is located at
about 2 arcmin toward the north of the X-ray center. The fluxes
of RS1 and RS2 are only significant at 1.4 GHz and their val-
ues are reported in Table 2. We follow the method detailed in
Adam et al. (2016) and model the radio source spectral energy

distributions (SED) by a power law, F, = Ficu (1&m) -
to estimate their expected fluxes in the NIKA bandpasses. As
there is no other measurement of RS1 and RS2 fluxes referenced
in other catalogs at different frequencies, we only constrain the
F| gu, parameter and let the spectral index as a random variable
following a Gaussian pdf centered on —0.7 and with a standard
deviation of 0.2, which is typical of radio galaxies (see Witzel
1979). The SEDs are thus simulated by computing Monte Carlo
realizations of the radio source fluxes and spectral index within
their error bars. The generated SEDs are then integrated within
the NIKA bandpasses to predict the expected flux at 150 and
260 GHz. The results are reported in Table 3. Given the mean
rms noise at the identified radio source locations we therefore
conclude that their contamination at the NIKA frequencies is
negligible.

We also consider the Herschel SPIRE (Griffin et al. 2010)
data to identify submillimeter point sources and compute their
expected fluxes at 150 GHz. Eleven sources are found in the
region observed by NIKA thanks to the SPIRE 250 um cata-
log. The corresponding sources in the other channels (350 ym
and 500 um) are inferred from their respective positions in the
250 ym map. Following the procedure detailed in Adam et al.
(2016), the fluxes of the sources are measured in the three SPIRE
channels by fitting Gaussian functions at the source positions
with a fixed FWHM given by the corresponding Herschel reso-
lution in each channel (35.2, 23.9, 17.6 arcsec at 500, 350, and
250 um respectively). A local background is also fitted. Uncer-
tainties on the flux of the sources are inferred by computing the
dispersion of fluxes estimated by fitting the same Gaussian func-
tions at random positions, where the noise is homogeneous. The
260 GHz NIKA map was also used to constrain the SED slope
at low frequency for each source. The computed submillime-
ter point source fluxes are presented in Table 4. The estimated
fluxes corresponding to identified sources are compatible with
the values reported in the Herschel catalog. A modified black-
body spectrum

'dust
F, = Ag (1) B,(Taus) @)
Yo
was used to model the SED of the identified submillimeter point
sources from their estimated fluxes. In this model, A is a nor-
malization, v, a reference frequency, Bqus the dust spectral index,
and Ty,s the dust temperature. A Markov chain Monte Carlo
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Table 3. Best-fit parameters and extrapolation of the fluxes in the NIKA bands of the radio sources in the 4.4 x 4.4 arcmin® field around

PSZ1G045.85+57.71.

Source RA offset Dec offset  Fj guy Qradio F150 Hz Fa60 GHz IMS|50 GHz ~ MS260 GHz
[arcsec] [arcsec] [mly] [mly] [mly] [mly] [mly]
RS1 -194 -23.9 22+02 -0.7+0.2 0.11x0.11 0.075+0.092 0.36 1.9
RS2 25.2 124.8 37+07 -07+02 0.18+0.19 0.13+0.16 0.42 2.2

Notes. The mean rms noise on the flux of the identified point sources at their respective locations is also given at both NIKA frequencies. See text

for details.

Table 4. Positions and fluxes of the 11 submillimeter sources identified in the 4.4 X 4.4 arcmin? field around PSZ1 G045.85+57.71, measured by
fitting Gaussian models to the Herschel maps at each wavelength as described in Sect. 3.2.

Source 250 pm source position 250 ym 350 um 500 ym 1.15 mm 2.05 mm 2.05 mm rms
[mJy] [mJy] [mly] [mJy] measured [mJy] expected [mJy] [mJy]
SMG1  15:18:22.382, +29:29:03.42 43.6+24 51.4+34 61.2+438 19+£22 0.33+0.42 0.27 £0.09 0.42
SMG2  15:18:16.978, +29:27:14.60 36.7+23 273 +30 13.6+35 -21+19 K 0.04 £ 0.03 0.36
SMG3  15:18:21.859, +29:28:30.33 27.0+24 -19+93 21+98 -13+2.1 o 0.01 £0.01 0.38
SMG4  15:18:22.277, +29:26:49.87 24.1+25 95+93 3.6+09.1 -02+1.9 -0.22 +0.36 0.07 £ 0.05 0.36
SMG5  15:18:25.577, +29:28:46.96 19.4+22 -41+95 06+99 -18+22 0.27 £0.43 0.01 £0.02 0.43
SMG6  15:18:17.270, +29:28:33.72 182 +24 146+34 -0.6+93 23+2.1 0.08 £ 0.38 0.01 £0.01 0.39
SMG7  15:18:18.969, +29:26:20.75 14.0+22 -2.6+92 9.0+102 1.7+2.1 0.26 £ 0.39 0.09 + 0.05 0.39
SMGS8  15:18:23.657, +29:27:36.72 139+22 -19+94 -69+98 -08=+19 0.21 £0.36 0.04 £0.05 0.36
SMG9  15:18:29.306, +29:27:03.83 13.9+23 173 +3.1 9.7+9.8 32+33 -0.29 +0.48 0.02 £ 0.01 0.48
SMGI10  15:18:19.522, +29:26:44.27 11.1+£2.1 9.7+3.1 6.7 +10.0 1.1+19 0.51 £0.38 0.04 £0.02 0.36
SMGI11 15:18:18.545, +29:27:57.47 81+22 -40+90 -31+97 07+18 woE 0.01 £0.01 0.36

Notes. The 260 GHz NIKA map is also used to constrain each source SED at low frequency. Fluxes at 150 GHZ, which are not available because
of the tSZ contamination are denoted by double stars **. The expected fluxes at 150 GHz are computed by integrating the estimated SED in the
NIKA bandpass. The final column corresponds to the NIKA 150 GHz band rms noise at the source locations.

(MCMC) analysis was performed to compute the best-fit SED
model for each source. The estimated SEDs are then integrated
in the NIKA 150 GHz bandpass to quantify the point source con-
tamination at this frequency. The computed fluxes at 150 GHz
are reported in Table 4 and take the SPIRE color correction into
account. These results show that the submillimeter point source
contamination at 150 GHz is one order of magnitude below the
corresponding NIKA rms noise at this frequency. We therefore
conclude that this contamination is negligible and do not con-
sider either radio or submillimeter point sources in the ICM char-
acterization developed in Sect. 5.

3.3. XMM-Newton observations

An X-ray follow-up of the Planck-discovered clusters has been
undertaken since Spring 2010 (Planck Collaboration IX 2011).
Thus, PSZ1 G045.85+57.71 has been observed for ~24 ks by the
EPIC instruments during XMM-Newton revolution 2303 (2012
July 6). The basic data reduction (i.e., production of cleaned
and calibrated event files, vignetting correction, point source re-
moval, and the production of associated background data sets)
followed the procedures described in Adam et al. (2016, and ref-
erences therein). About 15 ks of exposure time remained after
the data cleaning.

The X-ray image shown in Fig. 2, combining the data
from all three EPIC detectors, was produced as described in
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Bohringer et al. (2010). Here the background subtraction, under-
taken for each detector separately, was obtained from a model
fit to an image with all sources (including the cluster) excised.
The model, consisting of smoothly varying vignetted and unvi-
gnetted components, was normalized to the surface brightness
in the outer cluster-free regions of the image and was then sub-
tracted to the data.

3.4. Multiprobe combined map of PSZ1 G045.85+57.71

A combined map of observations of PSZ1 G045.85+57.71 with
various probes is shown in Fig. 4 as a conclusion of this section.
The identified point source positions are shown by 10 arcsec
radii circles in cyan and yellow for the radio and submillimeter
sources, respectively. The Hubble Space Telescope (HST) ob-
served PSZ1G045.85+57.71 on June 2015 with an exposure
time of 1200 s (Ebeling 2014). The galaxy distribution (shown
in green on the figure) identified by the HST using the F§14W
filter follows an elliptical structure that is consistent with the
ICM morphology measured by XMM-Newton and NIKA in red
and blue, respectively. Although, the SZ and X-ray peak posi-
tion are well aligned on the map, we cannot conclude on the
cluster relaxation state because the NIKA S/N at Rs is not high
enough. However, the XMM-Newton observations along with the
galaxy distribution reveal that this cluster has a significant ellip-
tical morphology with a projected major axis oriented from the
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Fig. 3. Multiwavelength data set of PSZ1G045.85+57.71 sky region (the displayed region is 4.4 arcmin wide). The considered instrument is
indicated on the top of each map. The maps are smoothed and their range is adapted for visualization purposes. The 10 arcsec radius circles show
the point source locations, in magenta for radio sources (Table 2) and in white for submillimeter sources (Table 4).
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Fig. 4. Multiprobe combined map of PSZ1G045.85+57.71. Blue:
NIKA tSZ surface brightness map giving an estimate of the ICM pres-
sure distribution. Red: XMM-Newton X-ray photon count map tracing
the electronic density squared. Green: Hubble Space Telescope image
of the cluster using the F§14W filter and showing the cluster galaxy lo-
cations. The solid cyan and dashed yellow circles give respectively the
radio and submillimeter point sources identified in the field of view.
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southwest of the X-ray center to the northeast. The next section
describes how the PSZ1 G045.85+57.71 ICM is modeled in the
following multiprobe analysis given the morphology constraints
that we can derive from the NIKA tSZ surface brightness map.

4. Modelization of the ICM
4.1. Parametric modeling

The combination of NIKA and X-ray data, such as the
XMM-Newton data, can bring new insights into the ICM
thermodynamics reconstruction. Indeed, the electronic density
within the ICM is low enough to consider it as an ideal gas for
which the temperature is simply given by the ratio between the
NIKA estimated pressure and the XMM-Newton estimated den-
sity at each point of the ICM. This method allows us to constrain
the temperature profile of a galaxy cluster with almost no spec-
troscopic information. Indeed, the mean ICM temperature that is
needed to deproject the cluster density profile can be estimated
with only few spectroscopic data, whereas a temperature profile
deprojection from spectroscopy measurements is time consum-
ing at high redshift.

In the context of spherical cluster symmetry, we can model
the ICM by the standard pressure and density models used
in previous studies. The radial distribution of the cluster elec-
tronic pressure is modeled by a generalized Navarro-Frenk-
White (gNFW) profile (Nagai et al. 2007b), given by

Py
P )
c a =
r r
() (1+(2))
where Py is a normalization constant, 7, is a characteristic radius,
and a, b, and c give the slope of the profile at intermediate, large,

and small radii, respectively. The electronic density was modeled
by a simplified Vikhlinin model (SVM) (Vikhlinin et al. 2006)

given by
y1-€/2y
1+ (1) ] , 6)
s

271-38/2
ne(r) = neo [l + (L) }
re

where n is the central density, 7. is the core radius, and rg the
transition radius at which an additional steepening in the pro-
file occurs. The 8 parameter gives the inner profile slope and e
the outer profile slope. The y parameter describes the width of
the transition in the profile. In the following, we fix the y value
at 3 since it provides a good fit to all clusters considered in the
analysis of Vikhlinin (2006).

Models for both temperature and entropy profiles are natu-
rally deduced from pressure and density if we consider the ICM
as an ideal gas, kpTo(r) = 5 e((:)) and K(r) = nf(er()?/“ where kg is
the Boltzmann constant. Assuming hydrostatic equilibrium, the
total mass enclosed within the radius r is then given by

Pe(r) =

r? dP.(r)
M -
HSe(7) (NG dr @)

where g, = 0.61 is the mean molecular weight of the gas, m,
the proton mass, and G the Newton constant.

4.2. Cluster mass estimation from a MCMC analysis

In order to estimate the mass of the cluster, one must first evalu-
ate both the density and pressure profiles describing the ICM.
This ICM characterization method has been presented in de-
tail in (Adam et al. 2015) and we only explain the key points
of the analysis in this section. We use the information con-
tained in the 150 GHz tSZ surface brightness map to constrain
the gNFW profile parameters from a MCMC sampling of the
full parameter space. The main advantages of this approach
are that we can use all the information contained in the map
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to constrain the parameters of interest, marginalize over nui-
sance parameters, and identify parameter correlations during the
MCMC sampling. The inner slope of the pressure profile can-
not be constrained at the considered cluster redshift because of
the NIKA beam dilution. Therefore, all the gNFW parameters
are kept free except for ¢, which is fixed to the value estimated
by Planck Collaboration Int. V (2013) at ¢ = 0.31. At each step
of the procedure, a set of parameters is generated and defines
the corresponding pressure radial profile. The latter is integrated
along the line of sight to compute a Compton parameter angu-
lar profile from which we derive a tSZ surface brightness map
model M4 at 150 GHz and an integrated Compton parameter
ymodel evaluated up to 5 Rsgo. The relativistic corrections in the
tSZ spectrum (Eq. (3)) are computed from the temperature esti-
mate given by the ratio between the cluster pressure profile and
its density profile. Both Mpoger and Y% are then compared
to the observed 150 GHz tSZ surface brightness map (Mya)
and integrated Compton parameter (Y33?) using the following
Gaussian likelihood model:

_ 2 2
—2In L = x5, map T XV
Npixcls

= Z [(Mdata - Mmodel)TC;]%KA(Mdata - Mmodel)]

i=1

data model \ 2
n (Ytot - Ytot ) .

i

®)

O data

The MCMC sampling procedure also marginalizes over nui-
sance parameters such as the zero level of the NIKA map and
the calibration coefficient uncertainty. The sampling stops when
the convergence criteria given by Gelman & Rubin (1992) is
reached for all the fitted parameters. The final likelihood func-
tion marginalized distributions are eventually given by the re-
maining chain points after the burn-in cutoff, which discards the
first 10% of each chain. These distributions are then used to com-
pute the gNFW parameter constraints that define the best ICM
pressure profile. Both density and pressure profiles are then used
to compute a mass profile using Eq. (7) from which we can de-
rive the cluster total mass Msq.

4.3. Impact of the departure from sphericity on the ICM
thermodynamic reconstruction

A significant amount of disturbed clusters that are characterized,
for instance, by the presence of substructures in the ICM, unviri-
alized ICM, or merging events, are identified at high redshift by
high angular resolution observations.

In this context, describing the ICM by a spherical model may
add dispersion and bias on ICM thermodynamic constrains and
galaxy cluster mass estimations. In particular, this is the case if
the intrinsic deviation from sphericity is significant, given the
residual noise properties measured on the map.

This section describes the morphology analysis made on
both XMM-Newton X-ray photon count map and NIKA tSZ sur-
face brightness map at 150 GHz to check the possibility to re-
cover the cluster ellipticity in the individual maps. We then de-
scribe the analysis made on simulated tSZ surface brightness
maps at 150 GHz to study whether a spherical model is appropri-
ate to derive PSZ1 G045.85+57.71 ICM thermodynamic proper-
ties from the NIKA and XMM-Newton observations.
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4.3.1. PSZ1 G045.85+57.71 ellipticity

As shown in Fig. 2 (right panel), the XMM-Newton observations
of PSZ1 G045.85+57.71 reveals a significant elliptical morphol-
ogy of the ICM with a projected major axis oriented from the
southwest of the X-ray center to the northeast. As the infor-
mation along the line of sight is lost, we only constrain the
length scales of this cluster in the plane of the sky. The el-
lipticity, defined by € = 1 — s, where a and b are the major
and minor axes, respectively, of the considered ellipse, and the
orientation of the major axis is estimated by fitting ellipses on
iso-number count contours of the XMM-Newton photon count
map. Their respective ellipticity and orientation were computed
and show that PSZ1G045.85+57.71 has a mean ellipticity of
exmm = 0.33 + 0.01 and a major axis oriented with an angle
Oxrm = (70£2)° with respect to the RA axis in the clockwise di-
rection. The uncertainties on both estimations are statistical only.

As the NIKA rms noise is fairly constant in the cluster re-
gion, the same analysis can been carried out on the NIKA tSZ
surface brightness map using constant S/N contours from 3.5 to
6.5 with 0.5 steps to fit the ellipses. This analysis shows a much
larger dispersion on the estimated ellipticity and major-axis ori-

entation with exiga = 0.4+0.1 and 6, = (44 +8)°. The given
error bars are statistical only and do not take the correlated noise
on the map into account. Indeed, the residual correlated noise on
the NIKA map can induce noise structures with angular scales
larger than the NIKA beam at 150 GHz that may distort the in-
trinsic ICM projected morphology. It is therefore important to
characterize the bias induced by the spherical cluster assump-
tion on the ICM thermodynamic reconstruction. Such a hypoth-
esis will be adapted if the induced bias is negligible with respect
to the uncertainty on the estimated constraints due to the residual
noise on the NIKA map.

4.3.2. Compatibility between NIKA SZ observations
and the spherical cluster assumption

Although the ellipticity observed on the NIKA map may be
due to residual noise, PSZ1 G045.85+57.71 seems to be intrinsi-
cally elliptical as shown by the XMM-Newton map analysis (see
Sect. 4.3.1). Therefore, to see if the spherical model assumption
induces a significant bias on the final ICM characterization we
choose the cluster total mass estimation as a quantitative indica-
tor of the induced bias.

Knowing the cluster projected ellipticity and major-axis
orientation from the XMM-Newton observations, we derive a
tSZ surface brightness map from a simulated ellipsoidal clus-
ter presenting similar projected morphological properties. The
adopted model is a gNFW pressure profile with a modified ra-
dius defined as

. \/(xcos(@) — ysin(f) )2 N (xsin(e) + y cos(6) )2 N (5)2’

a b c

©))

where (a, b, ¢) define the axis ratios of the triaxial ICM and 0
is the angle between the major axis and the line of sight. If the
0 angle is different from 90°, the major-axis length has to be in-
creased by a factor 1/sin(6) to keep the projected ellipticity un-
changed. In the following, we consider the ideal case where the
projected cluster ellipticity is equal to its intrinsic one (i.e., for
a 0 angle of 90°). The integration of this pressure model along
the line of sight gives us a simulated tSZ surface brightness map
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Fig. 5. Mass estimates (black diamonds) for the simulated triaxial clus-
ters with their major axis orthogonal to the line of sight. The red line
indicates the mean of the recovered distribution and the salmon region
is its dispersion. The input mass given by the gNFW and SVM models
considered for the simulation is represented by the green line.

model of an elliptical cluster. The tSZ surface brightness simu-
lated maps are computed by adding residual noise to the mod-
eled tSZ signal using the noise power spectrum derived from the
NIKA null maps. The gNFW model parameters are adjusted so
that the tSZ peak significance matches the one that we observe
on the NIKA 150 GHz map of PSZ1 G045.85+57.71.

We take the best-fit SVM model parameters of the
PSZ1 G045.85+57.71 XMM-Newton data to model the simulated
cluster density distribution (see Sect. 5.1) and use Eq. (9) for the
modified radius definition to get an elliptical density distribution.
The total mass of the simulated ellipsoidal cluster is estimated
with the input pressure and density models in Eq. (7).

The simulated maps are then used to estimate the cluster total
mass using a spherical model as described in Sect. 4.2. The es-
timated total masses of all Monte Carlo realizations are reported
in Fig. 5. The input mass is shown as a green line while the
salmon region indicates the 1o dispersion of the reconstructed
mass distribution.

The reconstructed masses are consistent with the input model
mass. We therefore conclude that the mass estimation given by a
spherical model is not significantly biased by the cluster elliptic-
ity if the cluster major axis is orthogonal to the line of sight for
this residual noise level. The bias induced by the spherical model
assumption on the reconstructed ICM thermodynamic proper-
ties is therefore negligible compared to the dispersion caused by
the residual noise on the NIKA tSZ surface brightness map at
150 GHz.

We note however that if the cluster projected ellipticity is
significantly different from its intrinsic one, the input gNFW pa-
rameter value has to be changed to get a tSZ surface brightness
angular profile similar to the observed one. There is in particular
a degeneracy between the r, parameter value, the intrinsic cluster
ellipticity, and the orientation of the major axis with respect to
the line of sight. The reconstructed masses could therefore tend
to be significantly biased because of projection effects (see for
example Gavazzi 2005). We choose to develop this discussion in
a forthcoming paper dedicated to simulation.

5. Radial thermodynamical reconstruction

Based on the results presented in the previous section, we as-
sume the spherical symmetry of PSZ1 G045.85+57.71 in the fol-
lowing ICM characterization.

This section presents the different methods that have
been used to deproject the radial pressure profile of
PSZ1G045.85+57.71. We first describe how the XMM-Newton
data can be used to recover the electronic density and the gas
temperature profiles of PSZ1G045.85+57.71. This approach
strongly depends on the spectroscopic temperature reconstruc-
tion, which is challenging at high redshift because of the cos-
mological dimming of the X-ray flux. Thus, spectroscopic tem-
perature reconstruction at high redshift requires large integration
time to recover the X-ray photon energy spectrum.

We then use the procedure described in Sect. 4.2 to estimate
the best-fit gNFW pressure profile from the NIKA tSZ surface
brightness map at 150 GHz and the Planck/AMI combination
of the integrated Compton parameter. This approach gives an
estimation of the cluster radial pressure distribution without us-
ing spectroscopic information. However, it relies on a specific
parametric model, which limits the use of the estimated pressure
profile for future studies based on different ICM models.

We therefore choose to extract the pressure profile of
PSZ1 G045.85+57.71 using a non-parametric spherical model to
deproject the NIKA data in the MCMC analysis. Furthermore,
instead of considering the Planck integrated Compton parameter
to constrain the outer slope of the profile we use simultaneously
the NIKA tSZ surface brightness map at 150 GHz and the Planck
MILCA map of the cluster Compton parameter in the MCMC.
The whole ICM thermodynamics is then derived by combining
the constrained pressure profile and the XMM-Newton density
profile depending only weakly on X-ray spectroscopy.

5.1. X-ray radial thermodynamic profiles

Gas density profiles, n. (), produced from the [0.3-2] keV sur-
face brightness profiles extracted directly from the event files
centered on the emission peak, are obtained using the regu-
larized deprojection and PSF-correction procedure described in
Croston et al. (2006). Given the strongly constrained electronic
density profile from the XMM-Newton data (shown in red on the
left panel of Fig. 6), we choose to fit a SVM model on this pro-
file independently and use it in the following multiprobe anal-
ysis. The SVM parameters are constrained by minimizing the
x? on the deprojected density profile. The best-fit density pro-
file is shown in blue in the figure and perfectly describes the
XMM-Newton measurements. The reduced y? value is estimated
at 1.4.

The projected temperature profile was extracted in logarith-
mically spaced annuli as detailed in Pratt et al. (2010). The de-
projected radial temperature profile, 7 () (shown in red on the
right panel of Fig. 6), was then obtained by convolving a parame-
teric model with a response matrix that simultaneously takes into
account projection and PSF redistribution, projecting this model,
and then fitting it to the projected annular profile. The projec-
tion procedure took the bias introduced by fitting isothermal
models to multitemperature plasma into account (Mazzotta et al.
2004; Vikhlinin 2006). The computed temperature profile shows
a typical cool-core shape, with a central temperature lower than
~4 keV and a peak of ~8 keV at about 200 kpc away from the
center.

The gas entropy K (r) and pressure P (r) distributions were
obtained directly from the 3D density and temperature profiles
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Fig. 6. Left: deprojected electronic density profile derived from the XMM-Newton data (red dots). The best-fit SVM model (Vikhlinin et al. 2006)
is given by the blue line. Right: temperature profile derived from the XMM-Newton spectroscopy data. The characteristic radius measured from
XMM-Newton data, Rsoo = 1013 + 13 kpc, is represented as a vertical dashed magenta line in both figures.

described above. The X-ray mass profile, Mysg (r), derived
assuming a spherical gas distribution in hydrostatic equilib-
rium, was calculated using the Monte Carlo procedure de-
scribed in Démocles et al. (2010, and references therein). The
high quality of XMM-Newton spectroscopic data enables us
to derive tight constraints on the whole ICM thermodynamics
of PSZ1G045.85+57.71 especially in the cluster core regions.
However, such observations are becoming particularly challeng-
ing as cluster observations goes toward high redshift.

5.2. MCMC analysis of the 150 GHz NIKA map
with a parametric model

The entire thermodynamic properties of PSZ1G045.85+57.71
can also be derived without spectroscopic information by using
the cluster pressure profile constrained with the MCMC method
described in Sect. 4.2 and the XMM-Newton deprojected density
profile jointly. The 150 GHz NIKA map is used to constrain both
the inner and intermediate parts of the gNFW pressure profile.
The Planck/AMI combined estimation of the cluster integrated

Compton parameter YSPIL‘;'})%(/ AMI — (1.47 £ 0.51) x 1073 arcmin?
is used in the MCMC analysis to constrain the outer slope of

the gNFW pressure profile.

The panel a of Fig. 7 shows the marginalized distributions
(diagonal) and 2D correlations (off-diagonal) of the considered
parameters. These distributions are used to compute the gNFW
parameter constraints that define the best ICM pressure profile.
As shown in Fig. 7, the degeneracy between the r, and b pa-
rameters is very strong. All the parameter degeneracies are taken
into account when estimating the final pressure profile error bars.
The panel b of Fig. 7 shows that the NIKA+Planck/AMI pres-
sure profile estimated with this method is compatible with the
XMM-Newton constrained points within error bars.

The constraints on the pressure profile come almost ex-
clusively from the NIKA and Planck/AMI data. However, we
account for relativistic corrections in the tSZ spectrum us-
ing the radial temperature profile estimated by combining the
deprojected pressure profile with the XMM-Newton constrained
density profile. The overall effect on the final pressure profile
is very small compared to the uncertainties coming from resid-
ual noise on the NIKA map. The Planck/AMI estimation of the
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integrated Compton parameter allows the MCMC procedure to
avoid models that diverge at large scales, where NIKA is not
sensitive and partially breaks the strong degeneracy between the
zero level and the r,, parameter (see Fig. 7). Planck and NIKA are
therefore highly complementary to constrain the pressure profile
from small to large scales.

As shown in the panel b of Fig. 7, the NIKA estimated un-
certainties increase in both the cluster core and its outskirts be-
cause of the analysis filtering, beam dilution, and the larger rms
noise outside the NIKA FOV, respectively. The most constrained
region of the cluster using this method lies therefore between
projected angular scales from the X-ray center of about 0.5 and
2 arcmin, which correspond for this cluster redshift to distances
from the X-ray center of 200 and 800 kpc, respectively.

5.3. MCMC analysis based on a non-parametric model

The previous MCMC analysis has been upgraded to fully con-
strain the ICM pressure distribution from the cluster core to its
outskirts and to improve on the integrated Compton parameter
estimation. In this section, we present the new model that con-
strains the ICM pressure distribution, the new likelihood func-
tion used in the MCMC procedure, and the results obtained with
this method.

We use a non-parametric model to constrain the cluster pres-
sure distribution in the framework of spherical symmetry to
study potential deviations from the standard self-similar assump-
tion (e.g., Basu et al. 2010). Instead of constraining the gNFW
model parameters in the MCMC sampling, we constrain the val-
ues of the pressure at different distances from the X-ray center
from the cluster core to its outskirts. The pressure between the
constrained points is defined with a power law interpolation. We
allow P(r;) and P(r;;1) to be the constrained pressure at the r;
and r;y radii from the X-ray center, where the pressure at a ra-
dius r € [r;, riz1] is defined as

logio (%) x log (£)
logio (%)

P(r) = P(r;)) x 10% with a = (10)

The pressure profile radial bins were defined with an increased
sampling of the pressure profile in the region mainly constrained
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Fig. 7. Panel a): marginalized distributions (diagonal) and 2D correlations (off-diagonal) plots of the parameters of the assumed gNFW model.
The MCMC procedure constrains the parameters of interest (from the bottom of the diagonal to the top): Py, r,, a, and b and marginalize over the
map zero level and y-mJy/beam calibration coefficient. Panel b): maximum likelihood NIKA+Planck/AMI pressure profile (black), the 1-sigma
dispersion (light blue), and XMM-Newton constrained pressure profile (red).

by the NIKA map (see Sect. 5.2). Eleven pressure profile radial
bins are defined from ~0.02 Rsoo to ~Rs00, which are mainly con-
strained by the NIKA tSZ surface brightness map, and 3 bins at
3, 4, and ~5 Rsq, which are constrained by the Planck Compton
parameter map.

Indeed, instead of using the Planck/AMI estimation of
the integrated Compton parameter to partially break the de-
generacy between the map zero level and the pressure pro-
file characteristic radius, the Compton parameter map of
PSZ1G045.85+57.71 (see Fig. 2 left panel) that is obtained
with MILCA (Planck Collaboration XXII 2016), ypanck, is used
in combination with the NIKA map, Myika, to simultaneously
constrain the cluster pressure profile at intermediate and large
angular scales.

We simulated Planck noise maps using the variance per
pixel and homogeneous noise power spectrum provided by
Planck Collaboration XXII (2016). These simulations are used
to compute the pixel-to-pixel noise covariance matrix in the con-
sidered region of the Planck MILCA y-map Cpyynck- At each
step of the MCMC sampling, a pressure profile is defined us-
ing Eq. (10) and is used to derive a tSZ surface brightness map,
Minoger at 150 GHz, and a Compton parameter map Ymodel- Lhey

are then respectively compared to the NIKA and Planck data via
the following likelihood function:

_ 2 2
—2In L = XNk * Xplanck

NIKA
Nixels

= Z [(MNIKA — Minoden)” Crda (Mnixa — Mmodel)]

i=1

i

NPlanck
pixels

+ Z [(yPlanck - ymodel)Tcglznck(yPlanck - ymodel)]j .
J=1
(11)

Uniform priors spanning from 0 to 2 keV cm™ are used for each
pressure bin. This MCMC procedure also marginalizes over the
zero level of the NIKA map and the calibration coefficient uncer-
tainty. The correlations between the constrained pressure points
are taken into account as in Sect. 5.2 to estimate the error bars
on the pressure profile.

We tested this method on simulations to check the pressure
profile reconstruction. An input pressure distribution modeled
as a gNFW profile was used to simulate tSZ surface brightness
maps on which residual correlated noise was added using the
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Fig. 8. Non-parametric pressure profile (blue) depro-
jected from the NIKA tSZ surface brightness map and
the Planck Compton parameter map. The 3 radial bins
at 3, 4, and 5 Rs5(o are mostly constrained by the Planck
data. A gNFW pressure profile model has been fitted
on the NIKA+Planck deprojected pressure points (black
solid line). XMM-Newton estimated pressure profile (red)
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noise power spectrum derived from the NIKA null-maps. The
constrained pressure points are always consistent with the input
pressure profile.

The NIKA+Planck deprojected pressure profile of
PSZ1G045.85+57.71 is shown in Fig. 8 along with the
XMM-Newton estimate in red. The pressure within the ICM
is constrained from the cluster core to its outskirts without
relying on X-ray spectroscopy at the intermediate redshift
z = 0.61. Such a non-parametric pressure profile deprojec-
tion is comparable with what has been achieved with the
Planck satellite for low redshift (z < 0.2) galaxy clusters (see
Planck Collaboration Int. V 2013).

The 1o error bars of the deprojected pressure points are
larger than the error bars we get from the previous MCMC
analysis because the pressure profile is only constrained by the
data whereas a parametric model fitting induces additional con-
straints. In the context of the spherical cluster assumption, such
a non-parametric pressure profile deprojection gives an estimate
of the intrinsic ICM pressure distribution without model-induced
bias.

Considering the Planck/AMI integrated Compton parameter
in the MCMC analysis enables us to avoid models that diverge
at large scales but does not takeall the information contained
in the Planck Compton parameter map into account. Using the
whole Planck Compton parameter map in the likelihood estima-
tion allows us to constrain both the normalization of the pres-
sure profile and the pressure distribution at large scales where
NIKA is not sensitive. Therefore, the three pressure profile radial
bins constrained by the Planck map at large radii give a strong
constraint on the pressure profile slope in the cluster outskirts.
This highlights the complementarity between large FOV experi-
ments, albeit with low resolution, such as Planck and the NIKA
instrument, which benefit from the IRAM 30 m telescope high
resolution.

All the deprojected pressure values in Fig. 8 are compatible
with the pressure profile derived with the previous MCMC anal-
ysis based on a gNFW modeling of the pressure distribution (see
Sect. 5.2). The pressure profile of PSZ1 G045.85+57.71 is there-
fore well-described by a gNFW model. The agreement between
NIKA/Planck and XMM-Newton estimates is good as detailed in
the following section.
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based on the deprojected density profile and the temper-
ature estimation from spectroscopic observations. The
NIKA/Planck and XMM-Newton estimates are compat-
ible within error bars.

The maximum likelihood tSZ surface brightness map and
Compton parameter map have been used to compute residual
maps for both NIKA and Planck observations. The top and bot-
tom panels of Fig. 9 show the raw data, maximum likelihood
model, and residual maps for NIKA and Planck, respectively.
Although residuals are seen in the southwest region of the NIKA
map, the S/N in both residual maps is always lower than 3, which
therefore allows us to conclude that there are no significant sub-
structures in PSZ1 G045.85+57.71 and that the NIKA 150 GHz
map of this cluster is well described by a projected spherical
model, given the amount of residual correlated noise.

5.4. Integrated Compton parameter estimation

Both parametric and non-parametric deprojected pressure
profiles are then used to estimate the cluster integrated

param _ +0.68 -4 ‘2
Compton parameter Y., -~ =4.237/°° x 107" arcmin®  and

Yoo ™ =5.6110% x 107 arcmin®, which are in agreement
’ 2

with the Planck estimation Yso0 = 8.21*]73 x 10~* arcmin
(Planck Collaboration XXXII 2015). The best relative uncer-
tainty is obtained with the non-parametric pressure profile
deprojection because this method gives the most stringent
constraints on the cluster pressure distribution from its core
up to 5Rspp. Thus, the relative uncertainty on the integrated
Compton parameter tracing the total thermal energy within
the ICM is improved by a factor 2 with respect to the Planck
estimate because the pressure profile is much more constrained
at each scale. Furthermore, the NIKA high angular resolution
allows us to completely break the 6 — Yi: degeneracy observed
in both Planck and AMI observations (Perrott et al. 2015).

This result highlights the necessity of a high resolution tSZ
follow-up of Planck-discovered clusters to better constrain the
Y — M scaling relation used for future cosmology studies. In-
deed, a non-parametric joint analysis of both NIKA and Planck
data leads to a deprojected pressure profile, which is constrained
at every scale and is not affected by model-induced bias. This
approach allows us to give a stringent constraint on the inte-
grated Compton parameter used to calibrate the Y — M scaling
relation. The PSZ1 G045.85+57.71 integrated Compton param-
eter estimations derived from SZ observations are summarized
in Table 5.
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Fig. 9. NIKA tSZ surface brightness at 150 GHz, maximum likelihood tSZ map and residual (top row) and Planck Compton parameter map,
maximum likelihood Compton parameter map and residual (bottom row) computed from a non-parametric model based MCMC analysis. The
residual maps does not indicate any significant substructure since no S/N over 3 is observed. The NIKA beam at 150 GHz and the Planck effective
beam of 10 arcmin FWHM are shown in the bottom left-hand corner of the top and bottom row maps, respectively.

Table 5. Estimations of PSZ1G045.85+57.71 integrated Comp-
ton parameter (Ysp) from the constraint derived by Planck
(Planck Collaboration XXXII 2015), from the 2D model based MCMC
analysis (see Sect. 4.2), and from the non-parametric model based
MCMC analysis (see Sect. 5.3).

Data Method Y500 (arcmin?)

Planck catalog 8.21* 3 x 107

NIKA + Planck/AMI parametric 4.237068 % 107
NIKA + Planck map — non-parametric ~ 5.61*0%8 x 107

5.5. Thermodynamics of the cluster

In this section, we use the complementarity between NIKA and
XMM-Newton data sets to fully constrain the thermodynamics
of PSZ1 G045.85+57.71. As both the cluster density and pres-
sure profiles estimated from non-parametric deprojection meth-
ods are consistent with parametric models (see Figs. 6 and 8),
we choose for convenience to combine the best-fit SVM model
of the XMM-Newton density profile and the best-fit gNFW model
of the NIKA/Planck pressure profile to constrain the whole ICM
thermodynamics.

The maximum likelihood pressure values computed from the
non-parametric analysis were therefore fitted by a gNFW model
by taking into account the correlations between each pressure
points. A reduced x? of 1.13 was computed for the fit. This
emphasizes the good agreement between the NIKA deprojected
pressure points and the standard gNFW model. The pressure
profile constrained by the 150 GHz NIKA map is shown in
Fig. 10 (top left panel) in black together with the deprojected
pressure points from the XMM-Newton analysis in red. All the
XMM-Newton estimated pressure points are compatible with the
NIKA constrained pressure profile within the 68% confidence

level uncertainties shown in blue in Fig. 10. The XMM-Newton
estimate of the pressure profile can only be inferred with spec-
troscopic information while tSZ observations directly probe the
pressure distribution within the ICM. Comparing both estimated
pressure profiles allows us then to bring strong constraints on the
cluster pressure distribution as the two methods are completely
independent.

The NIKA pressure profile estimate is compared with the
universal pressure profile computed using the REXCESS rep-
resentative sample of nearby clusters (Bohringer et al. 2007;
Arnaud et al. 2010). The solid and dashed orange lines in Fig. 10
(top left panel) give the cool-core and morphologically disturbed
subsample mean pressure profile, respectively. The normaliza-
tion of the two profiles was computed using the XMM-Newton
total mass estimation taking into account the mass dependence
of the shape of the profile (Arnaud et al. 2010). As shown in the
bottom part of Fig. 10 (top left panel), the cool-core and mor-
phologically disturbed cluster universal profiles are both within
the 20 error bars of the PSZ1 G045.85+57.71 pressure profile
estimation. Therefore, the NIKA estimated profile alone does
not bring significant information on the relaxation state of this
cluster.

The cluster temperature, entropy, and mass profiles were
computed by combining both the NIKA estimated pressure pro-
file and the fitted SVM density profile as explained in Sect. 4.1.

The estimated temperature profile shown in Fig. 10 (top right
panel) is compatible with that estimated from the XMM-Newton
spectroscopic observations and its shape is consistent with that
expected for a cool-core cluster. The core temperature goes down
to ~4 keV and the maximum temperature of ~7 keV is reached at
a distance of ~200 kpc from the X-ray center. The NIKA-XMM
combined temperature profile (without spectroscopy) seems to
be flatter in the cluster outskirts than that estimated by the XMM
data alone (with spectroscopy). This could be an indication of
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Fig. 10. MCMC constraints on the deprojected radial profiles of the pressure (top left), temperature (top right), entropy (bottom left), and hydro-
static mass (bottom right) based on the non-parametric method. The XMM-Newton only measurements are indicated with red dots. The dark and
light blue regions show the 68% and 95% confidence limit on the NIKA/Planck estimated profiles, whose best fit is indicated by the black line.
The pressure (Arnaud et al. 2010) and entropy (Pratt et al. 2010) mean profiles of both cool-core (orange solid line) and morphologically disturbed
(orange dashed line) clusters based on a representative sample of nearby X-ray clusters is also shown. The weighted difference between these
mean profiles and the NIKA/Planck estimated profile is shown in the bottom part of both pressure and entropy panels. For the entropy profile, the
self-similar expectation computed from non-radiative simulations (Voit et al. 2005) is also represented as a green dashed line.

clumping in the cluster outskirts. However, this trend is not sig-
nificant compared to the error bars.

The estimated entropy profile is shown in Fig. 10 (bottom
left panel) along with the XMM-Newton results. As shown in
Voit (2005), the entropy distribution in the ICM traces the ther-
modynamical history of the gas and is a good estimator of its
relaxation state. A baseline entropy profile was computed by
Voit et al. (2005) using numerical simulations without including
hydrodynamical processes. The latter, converted from an over-
density of 200 to 500, takes the form of a power law scaled by
a factor depending on the cluster mass and baryon mass fraction
(Pratt et al. 2010),

K(r) = 1.42 Ksoo (R/Rs0)"" with (12)
2/3 2/3
- Msoo 1 2/3 1 -4/3
Ksoo = 106 keVem 2| ———2 —|  E@?Ph.
0 (wwg%)(ﬁ @ o

The corresponding self-similar baseline was computed for this
cluster and is shown as a green dashed line in Fig. 10 (bottom
left panel). The concordance between this baseline and the esti-
mated entropy profile is very good especially outside the cluster
core where the non-gravitational processes have less impact on
the derived thermodynamic constraints. In order to have a bet-
ter description of the entropy distribution in both the cluster core
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and its periphery, it can be modeled by a power law plus constant
profile (Donahue et al. 2006),

K(r) = Ko + KIOO( (13)

r

100 A3, kpc]

This model describes well the higher plateau and shallower slope
observed on disturbed system entropy profiles. The NIKA-XMM
combined entropy profile is compared with the mean entropy
profiles estimated from the REXCESS representative subsam-
ples of cool-core and morphologically disturbed clusters using
the best-fit estimations of these model parameters (Pratt et al.
2010). The results are shown in Fig. 10 (bottom left panel) using
a solid line and a dashed orange line for the cool-core and mor-
phologically disturbed clusters, respectively. The bottom part of
the figure shows the weighted difference between the NIKA-
XMM estimated entropy profile and the considered models. The
mean entropy profile computed from the REXCESS representa-
tive subsample of cool-core clusters is in very good agreement
with the NIKA-XMM estimated profile especially in the cluster
core. The mean profile describing the morphologically disturbed
cluster entropy distribution is however in strong tension with
the observed profile. Indeed, the deviation from the NIKA-XMM
estimated profile is higher than 30~ from the X-ray center up to
radial scales of ~400 kpc. The estimated entropy profile allows
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us to conclude that PSZ1G045.85+57.71 is a cool-core clus-
ter, confirming the indications from the temperature profile. This
emphasizes the complementarity between tSZ and X-ray obser-
vations to constrain the full thermodynamic state of a cluster.
The hydrostatic equilibrium hypothesis was assumed to de-
rive the mass profile of PSZ1G045.85+57.71 as described in
Sect. 4.1. The estimated profile is shown in the bottom right
panel of Fig. 10 along with the XMM-Newton constraints us-
ing only X-ray data. All the XMM-Newton estimated values are
compatible with the NIKA-XMM combined profile within the
68% confidence limit. The estimated mass profile was then used
to compute the cluster characteristic radius Rspp = 1004*2%2 kpc

and total mass within Rsqy, M50 = (5.4f§:g)x 10" M,. We
do not expect to obtain constraints as stringent as those de-
rived from an X-ray based analysis because the reconstructed
NIKA pressure profile shows a larger dispersion. Nevertheless,
these results are compatible with the XMM-Newton estimations

using spectroscopic observations: RIy™ = 1013 + 13 kpc and

MM = (5.78 +0.21) x 10" M, and show that tSZ observa-
tions are a good alternative to derive cluster thermodynamic
properties even at high redshift, where accurate X-ray spec-

troscopy measurements require large integration time.

6. Conclusions and perspectives

The Planck tSZ-discovered cluster PSZ1 G045.85+57.71 has
been observed simultaneously at 150 and 260 GHz by the NIKA
camera. A 4.35 h observation allowed a detailed mapping at
18.2 arcsec angular resolution of the tSZ signal at 150 GHz. The
cluster was also observed in the X-ray band by the XMM-Newton
satellite.

We performed the first non-parametric pressure profile
deprojection from resolved tSZ observations of a Planck-
discovered cluster at an intermediate redshift (z = 0.61). The
MCMC procedure, which was developed to deproject the cluster
pressure profile, uses the NIKA tSZ surface brightness map and
the Planck Compton parameter map jointly to constrain the clus-
ter pressure distribution from its core up to 5 Rsgg. The resulting
pressure profile does not deviate significantly from the standard
gNFW model.

The combination of both NIKA and Planck data brings
strong constraints on the pressure profile slope at each scale, and
allows a significant improvement in the relative uncertainty on
the integrated Compton parameter value Ysqoo. The latter high-
lights the utility of high resolution tSZ follow-up of Planck-
discovered clusters to better constrain the Y—M scaling relation
used for cosmology studies based on cluster counts (Comis et al.
2016).

We further combined the NIKA-+Planck deprojected
non-parametric pressure profile with the deprojected electronic
density profile obtained from XMM-Newton observations. This
allowed us to obtain temperature and entropy profiles with-
out recourse to X-ray spectroscopy and to undertake an hydro-
static mass analysis. The X-ray only (including spectroscopy)
and the tSZ+X-ray (without spectroscopy) constraints are con-
sistent within their uncertainties. This shows that high reso-
lution tSZ observations, combined with X-ray snapshot im-
agery, are a competitive alternative to constrain cluster ther-
modynamics at high redshift, where X-ray spectroscopy re-
quires large integration times to derive accurate temperature
estimates. Comparison of the thermodynamic profiles to those
obtained from the representative X-ray sample REXCESS
(Bohringer et al. 2007; Arnaud et al. 2010; Pratt et al. 2010), in

particular the radial distributions of temperature and entropy, in-
dicates that PSZ1 G045.85+57.71 is a cool-core cluster. This re-
sult illustrates the complementarity between tSZ and X-ray data
when only X-ray imaging observations are available.

The NIKA2 camera now installed at the focal plane of the
IRAM 30-m telescope is currently undergoing commissioning.
The number of detectors has been increased by a factor 10
with respect to the NIKA prototype to fully sample the tele-
scope field of view of 6.5 arcmin. The NIKA2 tSZ Guaran-
teed Time Large Program (Mayetet al. 2016) is a follow-up
of 50 SZ-discovered clusters with redshift up to z = 1, se-
lected from the Planck and ACT catalogs (Hasselfield et al.
2013; Planck Collaboration XXVII 2016). Following the work
presented in this paper and in the previous NIKA studies
(Adam et al. 2014, 2015, 2016), NIKA?2 is expected to provide
reliable tSZ detection and mapping of galaxy clusters in only a
few hours integration time per cluster. Although NIKA2 alone
will be a key tool for further understanding cluster physics, us-
ing the complementarity between different observational probes
constitutes the best road for getting a comprehensive picture of
the ICM. The NIKA?2 data will therefore be complemented with
ancillary data including X-ray, optical, and radio observations.
The full data set will lead to significant improvements on the use
of galaxy clusters to obtain constraints on cosmology and on the
matter distribution and content of the Universe.
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