High-resolution tSZ cartography of clusters of galaxies
with NIKA at the IRAM 30-m telescope
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Abstract
The thermal Sunyaev-Zeldovich effect (tSZ) is a powerful probe to study clusters of galaxies
and is complementary with respect to X-ray, lensing or optical observations. Previous arcmin
resolution tSZ observations (e.g. SPT, ACT and Planck) only enabled detailed studies of the intracluster medium morphology for low redshift clusters (z < 0.2). Thus, the development of precision
cosmology with clusters requires high angular resolution observations to extend the understanding
of galaxy cluster towards high redshift. NIKA2 is a wide-field (6.5 arcmin field of view) dual-band
camera, operated at 100 mK and containing ∼ 3300 KID (Kinetic Inductance Detectors), designed
to observe the millimeter sky at 150 and 260 GHz, with an angular resolution of 18 and 12 arcsec
respectively. The NIKA2 camera has been installed on the IRAM 30-m telescope (Pico Veleta,
Spain) in September 2015. The NIKA2 tSZ observation program will allow us to observe a large
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sample of clusters (50) at redshift ranging between 0.5 and 1. As a pathfinder for NIKA2, several
clusters of galaxies have been observed at the IRAM 30-m telescope with the NIKA prototype to
cover the various configurations and observation conditions expected for NIKA2.

1

High-resolution tSZ cartography of clusters

Clusters of galaxies constitute powerful tools to study cosmology as they are the largest gravitationallybound objects in the Universe. For instance, cosmological parameters have been constrained by the
Planck collaboration using number counts as a function of redshift for a sample of galaxy clusters
identified by their thermal Sunyaev Zel’dovich (tSZ) effect [1, 2]. However, this estimation of the
amplitude of density fluctuations σ8 and of the matter density ΩM , obtained with clusters of galaxies,
are in tension with the values obtained with primary CMB anisotropies [3]. The use of clusters of
galaxies for cosmological studies requires to translate cluster observables into mass estimates. However, non-gravitational processes can induce dispersion and biases. Also, at high redshift a departure
from the hydrostatic equilibrium hypothesis is expected. Moreover, an X-ray based calibration of the
tSZ-mass scaling law is needed in order to draw cosmological conclusions. As outlined in [1], possible
biases in the scaling law relation and the halo mass function dominate the statistical uncertainties
from the Planck cluster sample. Hence, improving the precision of cluster mass calibration is required
to strengthen the use of clusters of galaxies for cosmological studies. A high-resolution cartography
of clusters of galaxies is also needed to fully understand the intra-cluster medium properties and to
evaluate the hydrostatic bias. Thus, the development of precision cosmology with clusters requires
high-resolution multi-probe studies (X-ray, tSZ, lensing, optical) up to high redshift (z ≃ 1).
The tSZ effect [4, 5, 6] produces the distortion of the electromagnetic spectrum of the cosmic microwave background via an inverse Compton scattering with hot electrons in the intra-cluster medium.
As the tSZ surface brightness does not suffer from redshift dimming, it enables the study of clusters
up to high redshift. In the last few years, the tSZ effect has been used to detect clusters of galaxies. In
particular, the South Pole Telescope (SPT) [7], the Atacama Cosmology Telescope (ACT) [8] and the
Planck Satellite [9, 10] have produced tSZ-selected cluster catalogues, containing thousands of objects,
at arcmin resolution. tSZ surveys are considered as major tools of multi-probe studies of clusters of
galaxies. In particular, the complementarity with X-ray surveys Ris highlighted by the fact that the
X-ray surface brightness is related to the electronic density, SX ∝ n2e Λ(Te , Z)dl, while the Compton
parameterR y, the tSZ signal, is proportional to the electronic pressure Pe integrated along the line of
sight y ∝ Pe dl, thus giving information on shocks and merging events.

2

The NIKA2 camera and the NIKA prototype

The NIKA2 camera is a next-generation instrument for millimetre astronomy [11, 12, 13, 14, 15]. It is
a KID-based camera operated at 100 mK that has been installed in September 2015 at the IRAM 30-m
telescope (Pico Veleta, Spain). NIKA2 observes the sky at 150 and 260 GHz with a wide field of view
(6.5 arcmin) at high-angular resolution (nominally 18 and 12 arcsec, respectively), and state-of-art
sensitivity (requirement 20 and 30 mJy.s1/2 , respectively). NIKA2 has also polarisation capabilities
at 260 GHz. The NIKA camera is a prototype of NIKA2 that has been operated at the IRAM 30-m
telescope from 2012 to 2015. The field of view is smaller (1.8 arcmin) due to the reduced number of
KIDs (356). The performance of the NIKA camera at the IRAM 30 m telescope is described in [16].
The NIKA2 camera is well suited for high-resolution tSZ observations of cluster of galaxies because:
1. It is a dual-band camera operating at frequencies (150 and 260 GHz) for which the tSZ signal is
expected to be negative and slightly positive respectively.
2. NIKA2 is made of arrays of thousands of highly sensitive KIDs. In particular, the sensitivity in
Compton parameter units is expected to be of 1.13 × 10−4 per hour and per beam. This will
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Figure 1: Left: RX J1347.5-1145 as observed by NIKA in 2012 at 140 GHz [17].
CLJ1226.9+3332 as observed by NIKA in 2014 at 150 GHz [18].

Right:

allow us to obtain reliable tSZ mapping at high signal-to-noise ratio in a few hours per cluster.
3. NIKA2 coupled to the IRAM 30-m telescope should allow us to map clusters of galaxies to a
resolution of typically 12 to 18 arcsec for a 6.5 arcmin diameter FOV, which is well adapted for
medium and high redshift clusters.

3

tSZ cartography of clusters of galaxies with NIKA

The NIKA prototype has been used as a pathfinder for NIKA2, to demonstrate the possibility to use
large arrays of KIDs in millimeter astronomy, to validate the observation strategy as well as the data
analysis. Concerning tSZ science, several clusters of galaxies have been observed during the three
NIKA campaigns at the IRAM 30-m telescope. They have been chosen in order to cover the various
configurations and observation conditions expected for NIKA2.
RX J1347.5-1145 is the most luminous X-ray cluster known to date. It is also known as a particularly bright tSZ source that has been observed by e.g. Diabolo [19], Mustang [20] or Carma [21]. It has
been chosen as a first target with NIKA and has been observed at the IRAM 30-m telescope in 2012
during 5.5 hours. The data analysis of this cluster includes a dual-band atmospheric noise removal
which consists in using the 260 GHz data-set as an atmospheric template since the expected tSZ signal
is small at this frequency. It leads to a map of this cluster at 140 GHz presented on Fig. 1 (left) and
compared with the XMM contours [22]. It can be noticed that the tSZ peak is shifted toward the
south-east with respect to the X-ray peak, which is well aligned on the central AGN. As the tSZ flux
is proportional to the electronic pressure integrated along the line of sight, this south-east extension
indicates an overpressure corresponding to the expected shock caused by the ongoing merger. It is
also observed in the radial flux profile and in the residual of the map with respect to the modeling of
the relaxed part of the cluster. These observations constitute the first tSZ observation ever performed
with a KID-based camera and are a confirmation that RX J1347.5-1145 is an ongoing merger [17].
CL J1226.9+3332 is a relaxed high-redshift (z = 0.89) cluster that has been observed by NIKA in
2014, during 7.8 hours [18]. The 150 GHz map, presented on Fig. 1 (right), shows that CL J1226.9+3332
is relaxed on large scales with a disturbed core. The 260 GHz channel has been used to identify pointsource contamination. A point-source subtraction method has been used to correct for the induced
deformation at 150 GHz. NIKA data have been combined with Planck tSZ data and X-ray from
Chandra [23] within the framework of a multi-probe analysis to study the thermodynamic properties
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Figure 2: Left: Normalized pressure profile with the Planck Universal pressure profile (black line),
the CL J1226.9+3332 profile from NIKA (green), the Planck average of 62 nearby clusters (red) and
the stacked pressure profile derived from the XMM data for the same sample (purple). Right: tSZ
scaling relation, relating the Compton integrated parameter Y500 and the cluster mass M500 . CL
J1226.9+3332, at z = 0.89, is given by the red star. The Planck best-fit is presented as a black line,
with the data points of the 71 clusters. Figures from [18]
of the intra-cluster medium, i.e. the pressure, density, temperature, and entropy radial distributions.
It illustrates the possibility of measuring these quantities with a small integration time, even at high
redshift, and without X-ray spectroscopy. The pressure profile of this high-redshift cluster, obtained
with NIKA, has been compared with the profile averaged over 62 nearby clusters obtained by the
Planck collaboration [24], see Fig. 2 (left). Both have been normalized to account for the mass and
redshift dependance. While the normalized pressure profile of CL J1226.9+3332, derived from NIKA
data, is higher than the average one, it remains compatible within error bars. The tSZ scaling relation, relating the Compton integrated parameter Y500 and the cluster mass M500 , is presented on Fig.
2 (right). The cluster CL J1226.9+3332, at z = 0.89, is consistent with the Planck best-fit scaling
relation [1] obtained with 71 clusters, with a mean redshift of 0.195 and a maximum of 0.447. While
no conclusion can be drawn from the comparison with a single high-redshift cluster, it illustrates the
interest of the forthcoming NIKA2 tSZ large program, which is dedicated to a follow-up of Planckdiscovered clusters, to study non-standard redshift evolution of cluster pressure profile.
The observation of MACS J1423.8+2404 by NIKA has been used to show the impact of contamination from infrared and radio point sources. Indeed, most clusters host submillimeter and/or radio
point sources that can significantly affect the reconstructed tSZ signal, in particular at frequency
below 217 GHz where the negative tSZ signal can be compensated. This cluster has been observed
in 2014 and the results have been obtained with only 1.47 hours of on-target data [25]. The map
obtained at 150 GHz presents a 4.5σ detection at the tSZ peak. 19 point sources have been identified
in the 4 × 4 arcmin2 field around MACS J1423.8+2404. Ancillary data have been combined with
NIKA data to study the SED of the submillimeter (Herschel) and radio (SZA, OVRO/BIMA, VLA
and NVSS) point source contaminants, see Refs. in [25]. A multi-probe study of the intracluster
medium has been performed by combining data from NIKA, Planck, XMM-Newton and Chandra. As
an illustration, Fig. 3 presents a composite multi-probe overview image of MACS J1423.8+2404, with
tSZ at 150 GHz as seen by NIKA, X-ray as seen by Chandra, see Ref. [25], lensing [26] and galaxies as
seen by the Hubble Space Telescope [27]. This paper has shown that an accurate removal of the pointsource contamination is required in order to set strong constraints on the central pressure distribution.
Furthermore, we have observed two clusters initially discovered by Planck via the tSZ effect,
PSZ1G045.85+57.71 and PSZ1G046. A detailed analysis of these clusters is ongoing and will complete
the NIKA pilote study in preparation of the NIKA2 tSZ program.
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Figure 3: Multi-probe image of MACS J1423.8+2404, with tSZ at 150 GHz as seen by NIKA, X-ray
as seen by Chandra, lensing [26] and galaxies as seen by the Hubble Space Telescope [27]. From [25].

4

The NIKA2 tSZ large program

The NIKA2 tSZ large program is a follow-up of Planck-discovered clusters that has been proposed as
one of the Large Programs of the NIKA2 Guaranteed time. 50 clusters will be observed, with redshift
up to z = 1, selected from the Planck [9, 10] and ACT catalogs [8]. The expected sensitivity of NIKA2,
based on what was achieved by NIKA, will allow us to obtain reliable tSZ detection and mapping of
clusters of galaxies in only few hours (1 to 5 hours). We have formed a representative cluster sample
for redshift evolution and cosmological studies, with redshift bins presenting an homogeneous coverage
in cluster mass as reconstructed from the integrated Compton parameter. The NIKA2 data will be
complemented with ancillary data including X-ray, optical and radio observations. The full dataset,
NIKA2 plus ancillary, will lead to significant improvements on the use of clusters of galaxies to draw
cosmological constraints and in particular on the matter distribution and content of the Universe. The
main objectives of the project are:
• the study of the redshift evolution of cluster pressure profiles up to high redshift (z = 1),
• the understanding of cluster morphology at high redshift (merging events, departure from spherical symmetry, cooling processes),
• the detailed characterization of the physical properties of the cluster (temperature, entropy and
mass radial profiles), within the framework of a multi-probe analysis,
• the reconstruction of scaling laws relating cluster global properties, the integrated Compton
parameter and temperature for example, to their mass.
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