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ABSTRACT

We present first detailed maps of the thermal Sunyaev-Zel’dovich (tSZ) effect on a z = 0.89 cluster with the NOrthern Extended Millimeter
Array (NOEMA). The high sensitivity of these observations enabled the effective identification and removal of the millimetre-wave sources
contaminating the tSZ signal, thus isolating the influence of the hot electron gas of the cluster on the cosmic microwave background radiation
from other emissions. The tSZ observed with success by NOEMA was modelled together with previous single-dish observations (IRAM 30-metre,
Green Bank Telescope, and Caltech Sub-millimeter Observatory) to obtain the first core-to-outskirts (from ~15 to ~1500kpc) pressure profile
reconstruction on such a high-redshift galaxy cluster. NOEMA observations with a high angular resolution have shown that the pressure profile is
flat in the core of the cluster. These observations confirm the disturbed nature of CL J1226.9+3332 and map for the first time the distribution of
its thermal gas at arcsecond scales in the environments of the central cluster galaxy. Our results showcase the excellent capabilities of NOEMA to
complement and enhance the data provided by other millimetre-wave instruments in resolving the core of high-redshift clusters via tSZ emission.

Key words. techniques: high angular resolution — galaxies: clusters: intracluster medium — galaxies: clusters: individual: CL J1226.9+3332 —

cosmology: observations

1. Introduction

The understanding of galaxy cluster properties and their evo-
lution through cosmic time contributes to our comprehension
of the structure formation in the Universe (Allen et al. 2011).
Mainly driven by gravitational forces, the collapse and accre-
tion of matter are also sensitive to the baryonic physics of the
hot ionised gas in the intracluster medium (ICM, Cusworth et al.
2014; Arico et al. 2023).

The ICM of clusters can be observed in X-rays or through
the imprint of the thermal Sunyaev-Zel’dovich (tSZ) effect
(Sunyaev & Zeldovich 1972) on the cosmic microwave back-
ground radiation (CMB). Current galaxy cluster observations
at millimetre wavelengths with single-dish telescopes are lim-
ited at high angular resolution, which prevents us from resolv-
ing the structures in the core of clusters. The New IRAM
KID Array 2 (NIKA2, Adam et al. 2018a; Bourrion et al. 2016;
Calvoetal. 2016) at the IRAM 30-metre telescope and the
Multiplexed SQUID/TES Array at Ninety Gigahertz 2 (MUS-
TANG?2, Dicker et al. 2014) on the 100-metre Green Bank Tele-
scope currently offer the best capabilities. NIKA2 maps the
sky at 150 GHz and 260 GHz with 17.6” and 11.1” full width
at half maximum (FWHM) angular resolutions, respectively

* Corresponding author: miren.munoz-echeverria@irap.omp.eu

(Perotto et al. 2020). MUSTANG?2 has a 9”7 FWHM beam at
90 GHz. Increasing the resolution is currently only possible
with millimetre-wave interferometers such as the Atacama Large
Millimeter/submillimeter Array (ALMA) and the NOrthern
Extended Millimeter Array (NOEMA, Neri & Sanchez-Portal
2023).

Historically, radio interferometers have had an incom-
parable importance in the detection of clusters of galax-
ies through the tSZ effect. To name a few, the Very Large
Array (VLA, Moffet & Birkinshaw 1989), the Very Small Array
(VSA, Watson et al. 2003), the Ryle telescope (Jones et al. 1993;
Grainge et al. 1993), the Berkeley-Illinois-Maryland Array
(BIMA, Carlstrom et al. 1996), the Sunyaev-Zel’dovich Array
(SZA, Muchovej et al. 2007), or the Arcminute MicroKelvin
Interferometer (AMI, Zwart et al. 2008) imaged the tSZ signal of
clusters for the first time (see Carlstrom et al. 2002, for a review
on the status of cluster observations through the tSZ effect at
the beginning of the 21st century). Recently, the capabilities of
the ALMA instrument (combined in some cases with data from
the Atacama Compact Array; ACA) have led to interferometric
tSZ observations of clusters that are able to resolve structures
and merger shocks in high-redshift objects at arcsecond scales
(Kitayama et al. 2016; Basu et al. 2016; Di Mascolo et al. 2023;
Lepore et al. 2024; van Marrewijk et al. 2024). In the Northern
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Hemisphere, this will only be possible if the tSZ effect induced
by clusters can be observed with NOEMA.

In this paper, we present the observations of the
CL J1226.9+3332 galaxy cluster with NOEMA, which allowed
us the first detection of the tSZ effect with this facility. The high
angular resolution tSZ data were used to reconstruct the distri-
bution of the thermal pressure in the core of the cluster, and
subsequently, they were combined with other millimetre-data-
based pressure reconstructions to obtain the pressure profile of
CL J1226.9+3332 with an unprecedented level of radial cover-
age for a cluster at redshift z = 0.89.

This paper is organised as follows. In Sect. 2 we motivate and
present the observations of CL J1226.9+3332 with NOEMA.
The analysis of NOEMA data is described in Sect. 3. In the
same section, we present the detection of the tSZ effect in the
NOEMA visibilities and image space map. A pressure profile
model is fitted to the tSZ signal measured by NOEMA in Sect. 4
and is then combined with previous pressure reconstructions to
obtain a precise description of the thermal pressure distribution
in CL J1226.943332. Finally, the summary and conclusions are
given in Sect. 5. Throughout this work, we assume a flat ACDM
cosmology with Hy = 70km/s/Mpc and Q,,o = 0.3. Thus, at
the cluster redshift, 1 arcmin corresponds to a physical distance
of 466 kpc.

2. Target and observations

Based on its specific characteristics and existing data, the
CL J1226.943332 galaxy cluster was selected as an interest-
ing target for the initial attempt of NOEMA to detect the
tSZ effect. This cluster has been widely observed and studied
at different wavelengths (Jee & Tyson 2009; Zitrin et al. 2015;
Di Gennaro et al. 2021). It is a hot and massive object (see
Muioz-Echeverria et al. 2023, and references therein), which
ensures a prominent tSZ signal. According to X-ray observations
(Maughan et al. 2007), within an overdensity radius of 500 times
the critical density, it reaches temperatures of 10.7 keV. In the
millimetre domain, BIMA (Joy et al. 2001), NIKA (Adam et al.
2015), Planck (Planck Collaboration XXVII 2016), MUSTANG
(Romero et al. 2017), Bolocam (Romeroetal. 2017), and
NIKA2 (Mufoz-Echeverria et al. 2023) observations have con-
tributed to the understanding of the distribution of the gas within
the ICM of CL J1226.9+3332 at large scales (>9").

Located at a redshift of z = 0.89, CL J1226.9+3332 is the
cluster with the highest redshift of the NIKA2 SZ Large Pro-
gramme (Mayet et al. 2020; Perotto et al. 2022) sample, and it is
therefore one of the most compact sources because of its angu-
lar size. We know from previous observations that the tSZ sig-
nal of the cluster is contaminated by point sources in the field
and that the core of the cluster is very likely dynamically dis-
turbed (Maughan et al. 2007; Romero et al. 2017). At this red-
shift, observations at arcsecond resolution are needed in order
to map the distribution of the gas in the core. In addition, the
NOEMA capabilities, which combine a high angular resolution
and sensitivity, are uniquely suited to identifying the contami-
nating galaxies in the field. These aspects together make a com-
pelling scientific case to be investigated with NOEMA.

The tSZ signal is extended and weak. We therefore selected
the most compact (D) configuration of NOEMA to maximise
the sensitivity. The observations of the galaxy cluster were
conducted from September 12, 2022, to May 29, 2023 in the
single-field mapping mode using ten antennas. These observa-
tions amounted to 19.5hours of on-source time. The phase-
tracking centre was positioned on the core of the cluster (as
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Fig. 1. Top: Continuum NOEMA dirty map of CL J1226.9+3332
from the combination of point-source-contaminated LSB and USB
data, merged without weighting for the tSZ effect spectral shape. The
grey crosses indicate the positions of the three point sources iden-
tified from NOEMA data (Table 1). Bottom: Point-source-subtracted
continuum NOEMA map of CL J1226.9+3332 cleaned with CLARK
(Clark 1980) and natural weighting. The data from different sidebands
were combined as described in Sect. 3.1. The map is not corrected
for primary beam attenuation. The white contours indicate +20 =
+11.2 uJy beam™ levels spaced by 2c-. The size and orientation of the
synthesized beam of NOEMA (4.6” x 3.8” at PA = 54°) are indicated
in the lower left corners.

defined by the X-ray peak) at (RA, Dec)jo00 = (12"26™58.00°,
+33°32746.68""). The correlator was set to observe with the low-
est spectral resolution configuration (2x 10~* GHz channels) and
to cover the 70—78 GHz and 86—94 GHz frequency ranges in
the lower and upper receiver sidebands (LSB and USB), respec-
tively, and in both polarisations. Phase and amplitude calibra-
tions of the observations were performed using J1310+323. Flux
calibration was performed using the IRAM models of the pri-
mary calibrators MWC 349 and LkHa 101, whose 90 GHz flux
densities (1.18 and 0.23 Jy, respectively) are continuously moni-
tored, vary by less than 5% over the period of our observations,
and show stable millimetre-wave spectral indices (0.60 and 0.96,
respectively). The top panel in Fig. 1 shows the continuum dirty
map of NOEMA CL J1226.94+3332 observations obtained from
the concatenation of LSB and USB data.
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Fig. 2. Spectral distortion of the CMB by the tSZ effect. The relativistic
corrections assume 10keV. We consider a Compton parameter of y =
107*. The black markers indicate the tSZ spectrum evaluated at the four
central frequencies (vp = 72.320,76.192, 87.808,91.680 GHz) and the
mean frequency of the four basebands (vs; = 82 GHz). The dashed line
shows the power-law approximation we used to scale the visibilities.

3. Data analysis

The interferometric data were processed in various steps, with
the goal of maximising the signal-to-noise ratio of the tSZ effect
while carefully accounting for point sources in the field (see
Fig. 1). We detail the construction of a source-clean continuum
uv table (using the GILDAS software!) and the detection of the
tSZ effect in it below.

3.1. Continuum: Combination of uv tables

The spectral analysis of the data revealed two point sources in
the field (PS260-N and PS260-S; see Appendix A) with emis-
sion lines at ~70.6 GHz. To avoid contamination by the emission
lines of the PS260-N and PS260-S regions, the data in the fre-
quency range below 70.78 GHz were removed from the spectral
cube of the NOEMA visibilities in the further analyses.

The line-free sections of the spectral cubes were combined
to obtain a single continuum wuv table. First, four continuum
uv tables were computed by averaging the line-free frequency
ranges of the polarisation-averaged basebands. This was done
separately for the LSB and USB sidebands and resulted in two
uv tables for each sideband, at 72.320 and 76.192 GHz, and at
87.808 and 91.680 GHz central frequencies, respectively.

To preserve the size and structure of the tSZ emission
and maximise sensitivity, the uv coordinates of the visibil-
ities of the four uv tables were scaled by a factor vg/vso,
where vp and vg; were the central frequencies (vg =
72.320,76.192,87.808,91.680 GHz) and the mean frequency of
the four basebands (vg, = 82 GHz), respectively. The real and
imaginary parts of the visibilities of the four uv tables were
also corrected relative to the amplitude of the spectral CMB
distortion by the factor (vg/vs)™“, and the respective visibility
weights were scaled by (vg/ vg2)?®, where « is the spectral index
of the distortion. We considered @ = 1.27 following the shape
of the tSZ spectrum at the frequencies covered by the four base-
bands (Fig. 2). The four frequency-scaled and re-weighted uv
tables were concatenated into a single continuum uv table. We

! https://www.iram.fr/IRAMFR/GILDAS/

accounted for the spectral shape of the tSZ emission and there-
fore optimised the data combination for the detection of the tSZ
effect.

The concatenated uv table was Fourier-transformed to gen-
erate a natural weighted dirty map and visually identify possi-
ble radio sources in the field that might contaminate the struc-
ture and signal of the tSZ effect. In addition to PS260-N and
PS260-S, a further radio source was identified near the core
centre of CL J1226.9+3332.

The very central radio source detected by NOEMA at
(RA, Dec)pgoo = (12M26™58.12%, +33°32/48.7") corresponds
to the brightest cluster galaxy (BCG) in CL J1226.9+3332
(Ebeling et al. 2001; Holden et al. 2009; Di Gennaro et al.
2021), also known as PS9 (Munoz-Echeverria et al. 2023). This
galaxy was not detected by previous millimetre band observa-
tions, and given its central position in the cluster, it is crucial to
consider its contamination. Mufoz-Echeverria et al. (2023) had
to extrapolate the contribution of the BCG to the tSZ signal at
150 GHz from 1.4 GHz VLA FIRST Survey flux measurements
(White et al. 1997).

We removed the three point sources directly in the space of
visibilities by making use of the uv_£fit routine included in the
MAPPING software of GILDAS. First, the positions and fluxes of
point sources were fitted together with the position, flux, and
size of the CMB distortion on the concatenated uv table. The
fit was performed simultaneously for the point sources and the
tSZ in order to minimise possible biases in the fitting of source
positions. We modelled the three point sources with the point
function in uv_£fit, which assumes that they are unresolved
in the synthesized beam of NOEMA. The imprint of the tSZ
effect on the CMB distortion was modelled with the circular
Gaussian function of uv_fit and assuming a negative ampli-
tude. We discuss the impact that assuming a Gaussian shape for
the cluster emission might have on the fitted point source fluxes
in Sect. 4.1. Table 1 summarises the outputs of the fitting pro-
cedure on the concatenated uv table. It is interesting to note that
the PS9 flux measured from NOEMA data is consistent with the
3.60 £0.13 mJy measured by VLA FIRST at 1.4 GHz (Sect. 3.1)
for a spectral index of —0.97, and this radio spectrum is coherent
with the flux at 150 GHz inferred from the NIKA2 analysis by
Muioz-Echeverria et al. (2023).

Then, we considered the positions of the point sources mea-
sured in the concatenated table and the position and size of the
tSZ to determine the associated fluxes of all the sources in each
of the four initial uv tables. The spectral indices were subse-
quently fitted to the fluxes of the three point sources over the
frequency range covered by the four uv tables. The fluxes result-
ing from the spectral index measurements were removed at the
fitted positions of the three point sources from each of the four
uv tables. Finally, we concatenated the four frequency-scaled re-
weighted uv tables after subtraction of the three point sources
into one uv table, which thus only contained the contribution
from the tSZ effect.

3.2. tSZ with NOEMA
3.2.1. Visibility profiles

By computing the average visibility values in concentric annuli
from the point-source-free continuum uv table (centred at the
cluster position fitted in the previous section), we obtained the
profiles shown with blue markers in Fig. 3. The top panel
presents the real part of the visibilities, and the bottom panel
corresponds to the imaginary component. The negative signal in
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Table 1. Best-fitting positions of the point sources and the negative CMB distortion fitted to the continuum NOEMA uv table.

RA Dec Source uv_fit function LSB flux USB flux FWHM
J2000 J2000 [wy] [wy] [arcsec]
12:26:58.12 (0.21)  +33:32:48.7 (0.3) PS9 point 72.7+9.5 64.5+6.7

12:27:00.09 (0.30) +33:32:34.5(1.0)  PS260-S point 80.8 +164 121.8+14.9

12:27:00.02 (0.60)  +33:32:43.7 (0.8)  PS260-N point 51.0+152 40.0+11.5

12:26:57.97 (0.50) +33:32:45.9 (0.6) cluster tSZ circular Gaussian 32.7+2.1

Notes. Positional uncertainties are given in brackets. We indicate the function used to model each of the sources, the primary-beam-corrected flux
of the point sources measured from the LSB (~74 GHz) and USB (~90 GHz) data, and the best-fitting size of the Gaussian function we used to
describe the cluster signal (not corrected for the primary beam; see Sect. 4.1 for the fitted negative amplitude of the tSZ).

Sé)atial scale [arcsec]
1 5

20 2
0.5 ‘ ‘
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E 05
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-2.0 v - .
20 50 100
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20 50 100

uv distance [m]

Fig. 3. Real (top) and imaginary (bottom) visibility components as
a function of binned uv distances. The blue markers show the profile
for the NOEMA data after subtraction of the point sources contribution
from the visibilities. The error bars indicate 10~ uncertainties propagated
from the error bar associated with each visibility. The solid black lines
indicate the visibility profiles corresponding to the best-fitting model to
the NOEMA data. The dashed black lines show the 16th to 84th per-
centiles of the fitted model.

the real component of the visibilities is the evidence of the tSZ
effect in our data. This is the first NOEMA detection of the tSZ
effect on the CMB towards a galaxy cluster. The imaginary part
also shows some negative signal, albeit less pronounced than the
real component. We show in Sect. 4.1 that this is related to a
departure from circular symmetry of the data.

3.2.2. Continuum map

The visibility measurements were Fourier-transformed to gener-
ate a natural weighted dirty map of the tSZ effect CMB distor-
tion using the GILDAS software package. The map was cleaned
with the CLARK algorithm (Clark 1980) down to a 1o noise level
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of 5.6uJybeam™! and is shown in the bottom panel in Fig. 1.

The array configuration and uv coverage, using natural weight-
ing, yielded a synthesized beam of 4.8 x 3.6” with a position
angle (PA) of 54° at the frequency of 82 GHz (shown in the lower
left corner in Fig. 1). The negative extended emission at the cen-
tre of the map corresponds to the tSZ effect in CL J1226.9+3332.

For comparison, we show in Fig. 4 the contours correspond-
ing to MUSTANG 90GHz (centre, Romero et al. 2018) and
NIKA2 150 GHz (left, Mufioz-Echeverria et al. 2023) observa-
tions of CL J1226.9+3332. NOEMA provides an unprecedent-
edly highly resolved image of the cluster core.

4. Pressure profile of CL J1226.9+3332
4.1. Fit of a pressure model to NOEMA visibilities

The thermal Sunyaev-Zel’dovich effect traces the thermal
pressure of the electron gas (P,) in the ICM of clusters
(Sunyaev & Zeldovich 1980). Thus, the high angular resolution
tSZ observations by NOEMA can be used to extract valuable
constraints on the thermal pressure distribution in the cluster
cores.

We modelled the visibilities measured by NOEMA
for CL J1226.9+3332 with a spherical pressure profile.
We described the electron pressure, P,, with a power-
law model (also known as binned or non-parametric,
Basu et al. 2010; Ruppin et al. 2017, 2018; Romero et al. 2018;
Munoz-Echeverria et al. 2023; Kéruzor€ et al. 2023; Adam et al.
2024),

Pe(ri<r<rl-+1>=P,-(5) , (1)
ri
with
logP;1 — logP;
@ = — 0gri+1 Og i (2)

logriy1 — logr;

The free parameters of the model are the values of the pres-
sure (P;) at fixed radii from the centre of the cluster (r;). In partic-
ular, we fitted the pressure at 15, 60, 150, and 270 kpc, spanning
the radial range probed by these NOEMA data. We verified that
fitting more bins introduces correlations amongst them and does
not improve the constraints on the pressure.

At each step of the fit, the three-dimensional pressure profile
is integrated along the line of sight to obtain a Compton map.
We used the software minot? (Adam et al. 2020) to compute the
model. Possible differences between the assumed cluster cen-
tre (Table 1) and the best-fitting position were accounted for by

2 https://github.com/remi-adam/minot
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Fig. 4. Point-source-subtracted and cleaned continuum NOEMA map of CL J1226.9+3332 compared to NIKA2 and MUSTANG observations.
Left: NIKA2 150 GHz (Muioz-Echeverria et al. 2023) contours (black) starting from 20~ and spaced by 2¢-. The 18” beam is indicated in the lower
left corner. Centre: MUSTANG 90 GHz (Romero et al. 2018) contours (red) starting from 20~ and spaced by 20~ with the beam (9”) in the lower
left corner. Right: 20~ levels in the NOEMA map (white). The size and orientation of NOEMA'’s synthesized beam (4.6” x 3.8"” at PA = 54°) are
indicated in the lower left corner. The red cross indicates the centre of the map as defined from the tSZ peak according to NOEMA data (Table 1).
The grey crosses in left and central panels show the positions of the three sources we subtracted from the NOEMA data, but not from NIKA2 and

MUSTANG to calculate contours.

introducing offsets in Right Ascension (ARAj»000) and Declina-
tion (ADecyo00). The Compton map was converted into a tSZ
surface brightness map by multiplying it with a calibration fac-
tor. We considered this calibration factor as a free parameter and
took a Gaussian prior: Calib ~ N(=747.30,77.58%) MJy/sr. The
central value corresponds to the calibration factor of the tSZ sig-
nal at 82 GHz when the relativistic effect in a 10keV intraclus-
ter medium is accounted for (Maughan et al. 2007). The ~10%
scatter is given by the combination of the observation calibra-
tion accuracy (Sect. 2) and the relative difference between the
tSZ calibration factor for a 10keV and a OkeV cluster. These are
the main error sources in the calibration.

We measured the point source fluxes and removed them from
the visibilities by assuming a two-dimensional circular Gaussian
distribution for the tSZ emission of the cluster (Sect. 3.1). The
shape of the tSZ signal from clusters is known to be different
from a Gaussian (Sect. 4.2). This approximation for the tSZ sig-
nal might therefore have led to biased estimates of point source
fluxes, and consequently, to a residual presence of point sources
in the source-clean data. To account for a possible residual con-
tamination, we also modelled the three sources by fitting their
fluxes considering that they are unresolved sources located at the
positions indicated in Table 1. Finally, we multiplied the model
map, including both the tSZ model and the three point sources,
by the effective primary beam® (56.2” FWHM) to account for
the attenuation of the sky signal introduced by the response of
each antenna in the observations. Table 2 summarises the free
parameters we considered in the fit and the priors on each.

Raw interferometric data and the associated uncertainties
being defined in the uv plane, it is preferred to model the signal in
the visibility space instead of in the image space. Thus, we con-
verted the model map into visibilities that can be directly com-
pared and fitted to the measured ones. For this purpose, we called
at each step of the fit the package galario®* (Tazzari et al. 2018).
The attenuated model map was given to galario together with
the table containing the visibilities, the corresponding weights

3 We verify in Appendix B that assuming this effective attenuation,
rather than a frequency-dependent primary beam attenuation, does not
bias the reconstructed pressure.

4 https://mtazzari.github.io/galario/index.html

Table 2. Prior distributions for the parameters in the model we fitted to
NOEMA visibilities.

Parameter Prior distribution
Py, Py, Py, P3 [keV/em®] UQ©,2)
Res. PS9, PS260-S, PS260-N [Jy] U-1,1)
ARAJZOOO [arcmin] (L{(—l, 1)
ADecj;000 [arcmin] U-1,1

Calib [MJy/sr] N(=747.30,77.58%)

W; (inverse of the variance related to each visibility), and their
positions in the uv plane for the NOEMA data. As an output,
galario provided the input model map in the visibility space.
The output model sampled the same u and v positions as the
NOEMA data. The log-likelihood is given by

InL = —% Z [(AR? + AZYW] 3)

1

where AR; and Al; correspond to the difference between data and
model visibilities for the real and imaginary components at each
uv position i.

The fit was performed using a Markov chain Monte
Carlo (MCMC) algorithm with the software emcee
(Foreman-Mackey et al. 2019; Goodman & Weare 2010).
We used 90 walkers and 5 x 10* steps. First 2 x 10* steps
were discarded, and convergence was confirmed following
the R test (Gelman & Rubin 1992) and autocorrelation of
chains. The robustness of the fitting procedure was tested on
simulations (see Appendix B). We show in Fig. 5 the one- and
two-dimensional posterior distributions of the fitted parameters
(Table 2), that is, the values of the pressure at the mentioned
radial bins, the residual fluxes of the point sources, the offsets
with respect to the assumed cluster centre, and the Compton-tSZ
calibration factor. The residual fluxes of all three point sources
are compatible with zero, and the best-fitting tSZ centre has an
offset of (ARA, ADec)jp00 = (—1.32,0.04) arcsec with respect
to the centre measured directly in the NOEMA data (Table 1).
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Table 3. Best-fit values and error bars at the 16th and 84th percentiles
for the pressure model fitted to NOEMA visibilities.

Radius  Pressure
[kpc] [keV/cm?]
15 01637013
60 02107000
150 0.090f8:8(3)§
270 0.019“_’8:8(2)2

As aforementioned, in Fig. 3 we show the real and imaginary
visibility profiles obtained by radially averaging the NOEMA
visibilities in the uv coordinates. We also present the visibility
profile that corresponds to the best-fitting model together with
the 16th and 84th percentiles. The model and data visibility pro-
files were centred at the tSZ position that was initially measured
in the NOEMA data (Table 1), with the cluster tSZ signal in
the model map centred at the fitted position (Fig. 5). Thus, the
negative imaginary part in the data (Fig. 3) reflects asymmet-
ric structures that might be due to substructures or disturbances
in the intracluster medium that are not reproduced by the fitted
spherical pressure model.

We summarise the best-fit values for the pressure bins
together with 16th and 84th percentiles calculated from the
marginalised posterior probability distributions in Table 3. Their
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Fig. 6. Covariance matrix of the pressure bins we fitted to NOEMA
visibilities in units of 107* (keV/cm?)?.

covariance matrix is given in Fig. 6. Black empty diamonds
in Fig. 7 show the best-fit three-dimensional pressure profile
as a function of physical radii. In the same figure, we com-
pare the NOEMA fit to other pressure reconstructions obtained
from millimetric observations of CL J1226.9+3332 with NIKA,
NIKA2, MUSTANG, and Bolocam instruments installed at
single dish telescopes (Adam et al. 2015; Romero et al. 2018;
Muiioz-Echeverria et al. 2023). The agreement of NOEMA
with previous results is very good within the common radial



Muioz-Echeverria, M., et al.: A&A, 702, A275 (2025)

100

P(r) [keV/cm?]

¢ NOEMA Mufioz-Echeverria et al. 2023 '\

------ A10UPP 4 NIKA R

1073 === A10CC MUSTANG !

- AIOMD Bolocam !
—— PI3UPP ¢ NIKA2 PN
----- MP23 t XMM-Newton oW
gNFW fit Y

162 16
r [kpe]

Fig. 7. Pressure profile of CL J1226.9+3332. The empty black dia-
monds indicate the best pressure profile bins fitted to NOEMA vis-
ibilities. The magenta, blue, and orange markers show the profiles
reconstructed by Romero et al. (2018) for NIKA, MUSTANG, and
Bolocam data, respectively. The green markers correspond to the
NIKA?2 pressure reconstruction from Mufioz-Echeverria et al. (2023).
The pressure profile reconstructed from XMM-Newton X-ray observa-
tions (Mufioz-Echeverria et al. 2023) is shown in red. The error bars
represent the square root of the diagonal elements of the covariance
matrix. The grey shaded areas indicate the 16th to 84th and 2.5th
to 97.5th percentiles for the gNFW pressure profile we fitted to all
tSZ pressure bins. In green, we present the gNFW profile obtained
by Muifioz-Echeverria et al. (2023) without NOEMA data and neglect-
ing the correlation of the pressure bins from Romero et al. (2018).
The dashed, dash-dotted, and dotted lines correspond to the univer-
sal, cool-core, and morphologically disturbed pressure profiles from
Arnaud et al. (2010), respectively. The solid and dash-dot-dotted pro-
files show the pressure profiles obtained by Planck Collaboration V
(2013) and Melin & Pratt (2023), respectively. The vertical dashed-
dotted grey lines indicate the 0.1 X Rso and Rsgo characteristic radii
of the cluster.

range, and this allowed us to combine the different datasets
to obtain improved constraints on the pressure profile of
CL J1226.9+3332. NOEMA has provided a new piece of infor-
mation here with the measurement of the pressure at the cluster
core.

4.2. Resolved pressure profile of CL J1226.9+3332

Following  the  approach  considered in  previous
works (Romero et al. 2018; Ruppin et al. 2018;
Muiioz-Echeverria et al. 2023), we combined the binned
pressure profiles reconstructed from different instruments to
jointly fit a global pressure model for CL J1226.9+3332.

Table 4. Prior distributions for the parameters in the gNFW model we
fitted to the pressure bins.

Parameter Prior distribution

Py U(0,40)

C500 ‘LI(O, 20)

a U, 10)

B U(0,20)
U0, 10)

Y
Ms [10'4 Mgl N(5.70,0.662)

Notes. For the M5y mass parameter, we took a Gaussian prior based
on the estimate from Planck Collaboration XVIII (2015), truncated at
20 x 10" M.

We parametrised the pressure with a generalised Navarro-
Frenk-White model (gNFW, Nagai et al. 2007) and searched to
minimise
X =D Ko

instr

- Z (P anew () — P instr)T Cnse (P oNFW (D) — Pinm).

instr

“

Here, Py and Cing are the pressure bins and their associ-
ated covariance matrix reconstructed from the tSZ map of a
given instrument, with “instr” = [NIKA, MUSTANG, Bolo-
cam, NIKA2, NOEMA]. Pnoema and Cnoema Were obtained
from the fit to the NOEMA visibilities in Sect. 4.1. Pnixa2 and
Cnikaz correspond to the pressure bins (green markers in Fig. 7)
and covariance matrix obtained with the “Time Ordered 2D”
approach from NIKA2 data by Mufloz-Echeverria et al. (2023).
In addition, Pnika, Cnikas PmustanG, CMUSTANG, PBolocams and
CBolocam are the pressure values and associated covariances
reconstructed by Romero et al. (2018)° from the analysis of
NIKA, MUSTANG, and Bolocam maps, respectively. These val-
ues are given in Table 2 in Romero et al. (2018) and are shown
with magenta, blue, and orange markers in Fig. 7.

Finally, Ponew () in Eq. (4) corresponds to the gNFW pres-
sure model for a set of parameters ¥ = [Py, ¢s00, @, 5, y]. At each
physical radius r, the model is defined as

Py
(cs007/Rs00) [1 + (¢s007/ Rsoo)* 1777

with Rsoo the radius of CL J1226.9+3332 at which the mean
mass density of the cluster is 500 times the critical density of the
Universe at its redshift. Here, Psq is also a function of the mass
and redshift of the cluster that we computed following Egs. (5)
and (13) in Arnaud et al. (2010). We propagated the uncertainty
on the M5y mass of CL J1226.9+3332 by including the mass as
a free parameter in the fit. We considered a Gaussian prior dis-
tribution based on the Msgo = 5.70%0:83 x 10'* M, estimate from
Planck Collaboration XVIII (2015) (Table 4). At each step of the
fit, we calculated the corresponding Rsgo and Psgy to compute the
pressure profile model (Eq. (5)).

We performed an MCMC fit again using the emcee soft-
ware and the above-mentioned convergence criteria. The prior
distributions for the fitted parameters are given in Table 4, and
their posterior probability distributions are shown in Fig. 8.

&)

Ponew(r) = Psoo

5 Pressure profiles in Romero et al. (2018) and in this work are centred
on positions at 3 arcsec of distance, which is within the angular resolu-
tion of NOEMA data given by the synthesized beam.
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Fig. 8. Posterior probability distributions of the gNFW model parame-
ters jointly fitted to individual NOEMA, NIKA2, NIKA, MUSTANG,
and Bolocam pressure reconstructions. The dashed lines indicate the
parameter values obtained by Arnaud et al. (2010). We also show the
posterior distribution for the mass in solar mass units.

Dashed lines in Fig. 8 indicate the gNFW profile parameter val-
ues obtained in Arnaud et al. (2010). The corresponding pres-
sure profile is shown in grey in Fig. 7, where shaded areas
represent 16th to 84th and 2.5th to 97.5th percentiles. The ver-
tical dashed-dotted grey lines indicate Rsgy and 0.1 X Rsg,
the characteristic radius beyond which clusters are expected
to be self-similar (Arnaud et al. 2010; Sayers et al. 2023). For
comparison, we present in Fig. 7 the gNFW profile recon-
structed by Muifioz-Echeverria et al. (2023) without NOEMA
data. Muioz-Echeverria et al. (2023) did not consider the covari-
ances of NIKA, MUSTANG, and Bolocam pressure bins either.
It is thanks to the NOEMA observations that we have been
able to constrain the thermal pressure content in the core of
CL J1226.9+3332. We precisely measured the tSZ effect below
40 kpc for the first time in this cluster and placed tight constraints
on the pressure profile at ~100kpc. As a result, we can now
probe the distribution of the thermal gas in CL J1226.9+3332
in a radial range spanning two orders of magnitude.

In Fig. 7, we also present in dashed, dash-dotted, and dot-
ted lines the “Universal” (A10UPP), “Cool-Core” (A10CC), and
“Morphologically-Disturbed” (A10MD) pressure profiles recon-
structed in Arnaud et al. (2010). The solid profile corresponds
to the radial pressure distribution as estimated from the analy-
sis of Planck and XMM-Newton data in Planck Collaboration V
(2013), P13UPP, and the dash-dot-dotted profile shows the best
gNFW model obtained from the combination of South Pole Tele-
scope (SPT) and Planck data in Melin & Pratt (2023), MP23.
The slope of the pressure in the core of CL J1226.9+3332
is very flat, which is indicative of a non-relaxed dynami-
cal state (Arnaud et al. 2010). This agrees with other indica-
tions (Jee & Tyson 2009; Korngut et al. 2011) for a disturbed
system. In particular, the flattening of the thermal pressure
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profile might be due to the ICM sloshing (see ZuHone et al.
2019; Sanders et al. 2020, and references therein) from the inter-
action of the two dark matter clumps that form the cluster
(as concluded from the weak lensing analysis in Jee & Tyson
2009). Adam et al. (2018b) reported indications of discontinu-
ities towards the south-west of the core in the NIKA tSZ map
(see also the NIKA2 contours in the left panel in Fig. 4),
which agree with the signature expected for a shock and in the
direction of the temperature excess measured from X-rays by
Maughan et al. (2007). This scenario might introduce cold fronts
and non-thermal pressure contributions, even maybe turbulence,
and would be supported by the diffuse radio emission observed
by Di Gennaro et al. (2021). The deviation from spherical sym-
metry of the gas distribution that we observed with NOEMA
(Sect. 4.1) also agrees with an unrelaxed dynamical state. Fur-
ther analyses of NOEMA data combined with single-dish maps
of CL J1226.94+3332 could include an elliptical modelling of
the cluster, and thus, fully exploit the power of interferometry
to probe structure in this distant object.

The flattening at galaxy scales (15kpc) that we measured
might also originate from the interplay between the ICM and
the circumgalactic medium (CGM, Tumlinson et al. 2017) of
the central galaxy in CL J1226.9+3332. This result might indi-
cate that the gas in the ICM has cooled down in the very core
of the cluster, in the ICM-CGM interface, without a stark drop
in density (as can be seen in Fig. 7 in Mufoz-Echeverria et al.
2023), which would result in the observed thermal pressure
(Ubertosi et al. 2023). The coexistence of the energy injection of
the active galactic nucleus (AGN) into the ICM and the cooling
of the ICM in the vicinity of the CGM remains to be understood
(McNamara & Nulsen 2007; Gaspari et al. 2020; Combes 2020;
Staffehl et al. 2025; XRISM Collaboration 2025), and NOEMA
appears to be a game changer.

5. Summary and conclusions

We have presented the first mapping of the tSZ effect in a
galaxy cluster with NOEMA. To obtain a clean signal towards
CL J1226.9+3332, we first removed the point sources in the
field, which allowed us to compute the continuum map that rep-
resents the unbiased tSZ effect.

We modelled the NOEMA visibilities with a spherical pres-
sure model and, as a result, we have obtained an estimate of
the thermal pressure distribution in the cluster core. NOEMA
gives a first direct measurement of the pressure in the inner-
most regions of the ICM, and it favours a flattening of the profile
below ~100kpc. The pressure profile measured with NOEMA
is compatible with previous results within the common radial
ranges.

We exploited the complementarity between NOEMA and
single-dish instruments (Lefevre et al. 2020) to obtain a resolved
profile that describes the distribution of the thermal pressure
in the ICM of CL J1226.9+3332 from ~15 to ~1500kpc. The
new measurements indicate that the cluster has not yet reached a
relaxation state.

Our results are highly competitive in comparison with
previous works based on ALMA (+ACA) observations
(Kitayama et al. 2016; Di Mascolo et al. 2023). Complementary
to ALMA in the Northern Hemisphere, the high angular reso-
lution of NOEMA will be key to resolving high-redshift com-
pact clusters and understanding the co-evolution of gas and
galaxies in the very high redshift assembling haloes (clusters
or proto-clusters beyond reach of X-ray spectral analyses) that
will be detected in the following years in the optical and infrared
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(LSST Dark Energy Science Collaboration 2012; Sartoris et al.
2016).
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Appendix A: Spectral analysis

From visual inspection of the spectral data, we identified two
nearby line emission regions (PS260-S and PS260-N) sepa-
rated by 6.9” (54 kpc) in projection. As shown in Fig. A.1, the
two primary beam corrected spectra are centred at 70.622 GHz
and 70.611 GHz, with the former (PS260-N) showing a narrow
Gaussian profile with a FWHM of 220 km/s and an intensity of
1.1 Jy km/s, and the latter (PS260-S) a broad double Gaussian
profile with a FWHM of 820 km/s and an intensity of 2.4 Jy
kmy/s. The spatial proximity of the two regions and the fact that
the lines are likely at the same redshift suggest that they originate
from a binary system or possibly a triple system, given the broad
profile of PS260-S, potentially a merging system of galaxies.
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Fig. A.1. Primary beam corrected spectra towards PS260-N (top) and
PS260-S (bottom). Velocities are calculated relative to the central fre-
quency, determined as the average of the three Gaussian peak frequen-
cies. The continuum has not been subtracted.

The emission centroid of the two line emission regions is
located at (RA, Dec)yyg00 = (122700, +33°32/37.5"), approx-
imately 27" southeast of the cluster’s core. The northern region
(PS260-N), which is centred at (RA, Dec)jan00 = (12727™00.028,
+33°32’43.7") shows, within the uncertainties, positional coin-
cidence with PS260 (Adam et al. 2015), a sub-millimetre galaxy
also known as PS1 (Muifioz-Echeverria et al. 2023) and which
was previously detected by NIKA and NIKA2 (Adam et al.
2015; Muifioz-Echeverria et al. 2023). The two lines are likely
linked to a low-J CO transition. NOEMA might have detected
the J=2-1 transition, which would mean that the northern source
is at a redshift of z = 2.264.

PS260-N shows also positional coincidence (separated by
1.42") with the ‘CL1226 1.1’ gravitationally lensed source
reported in Zitrin et al. (2015), to which a photometric redshift
of z = 2.04 was attributed. This is also the closest galaxy to
PS260-S observed at other wavebands.

Appendix B: End-to-end simulation

We verified the reliability of the pressure model fitting procedure
presented in Sect. 4.1 via an end-to-end simulation.

First, a tSZ surface brightness map was created at 82 GHz
from the integration along the line of sight of the pressure pro-
file shown in black in Fig. B.1 (a binned profile sampled at 4

radial distances), assuming a redshift of z = 0.89. Then, the
simulated image was corrected for the primary beam attenuation
expected at the central frequency of each of the four basebands
(i.e., four differently attenuated images were obtained this way,
one for each baseband). The amplitudes of the primary beam
attenuated images were then corrected for the difference in tSZ
signal amplitude between the reference frequency of the simu-
lated image (82 GHz) and the central frequency of the corre-
sponding basebands.

For each primary beam and amplitude corrected image, a uv
table that fills the uv plane at exactly the same locations as was
done during the observations was generated. Therefore, four uv
tables were produced. These four uv tables were then merged to
one, the same way it was done for the observed data (as described
in Sect. 3.1). This is the "Clean" uv table. In addition, Gaus-
sian noise was added to each visibility of each of the four uv
tables according to the system temperatures in the observed visi-
bility data. The four noisy uv tables were also merged to one: the
"Noise" uv table.

The visibilities in both the "Clean" and "Noise" simulated
uv tables were fitted with a power law pressure model (at 15,
60, 150, and 270 kpc) following the steps described in Sect. 4.1.
Blue and red contours in Fig. B.2 show the posterior distributions
of the fitted pressure bin values for the "Clean" and "Noise" uv
tables, respectively. Dashed black lines indicate the pressure val-
ues for each radial bin in the input model. Similarly, we present
the 16th to 84th percentiles of the fitted pressure models with
blue and red shaded profiles in Fig. B.1. We verify that the recov-
ered pressure profiles are compatible with the profile used as an
input model within the angular scales accessible to the NOEMA
data.

In parallel, we tested the ability to jointly fit point source
fluxes and pressure profile bins. We created again a tSZ surface
brightness map at 82 GHz and added three point sources at the
positions of the sources detected in our NOEMA map (Table 1).
Once attenuated by the primary beam, from this map we gener-
ated a wo table filling the uv plane at the locations of NOEMA
data. Following the steps described in Sect. 4.1, we fitted the
power law pressure model (at 15, 60, 150, and 270 kpc) and
point source fluxes to these mock visibilities. In Fig. B.3, we
demonstrate that the posterior distributions of the fitted parame-
ters (in grey) are fully consistent with the input values (dashed
black lines).
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Fig. B.1. Pressure profiles fitted to simulated visibilities. Blue and red
shaded area indicate the 16th to 84th percentiles for pressure models
fitted to "Clean" and "Noise" uv tables, respectively. Solid, dashed, and
dotted profiles correspond respectively to the best-fit, mean, and median
values of the posterior distributions of the fitted pressure bins. The
mock pressure profile used as an input model for the end-to-end test
is shown in black. Vertical lines indicate the angular scales accessible
to the NOEMA data.
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Fig. B.2. Posterior probability distributions (1D and 2D) of the pressure
bins fitted to the simulated "Clean" (blue) and "Noise" (red) uv tables.
Dashed black lines indicate the values for the input model. Values are
given in keV/cm?® units.
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Fig. B.3. Posterior probability distributions (1D and 2D) of the pressure
bins and point source fluxes fitted to mock visibilities. Dashed black
lines indicate parameter values for the input model. Pressure values are
given in keV/cm? units and point source fluxes in 1073 Jy.
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