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Abstract. We present a multi-probe analysis of the well-known galaxy cluster
CL J1226.9+3332 as a proof of concept for multi-wavelength studies within
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the framework of the NIKA2 Sunyaev-Zel’dovich Large Program (LPSZ).
CL J1226.9+3332 is a massive and high redshift (z = 0.888) cluster that has
already been observed at several wavelengths. A joint analysis of the ther-
mal SZ (tSZ) effect at millimeter wavelength with the NIKA2 camera and in
X-ray with the XMM-Newton satellite permits the reconstruction of the clus-
ter’s thermodynamical properties and mass assuming hydrostatic equilibrium.
We test the robustness of our mass estimates against different definitions of the
data analysis transfer function. Using convergence maps reconstructed from
the data of the CLASH program we obtain estimates of the lensing mass, which
we compare to the estimated hydrostatic mass. This allows us to measure the
hydrostatic-to-lensing mass bias and the associated systematic effects related
to the NIKA2 measurement. We obtain MHSE

500 = (7.65 ± 1.03) × 1014 M� and
Mlens

500 = (7.35±0.65)×1014 M�, which implies a HSE-to-lensing bias consistent
with 0 within 20%.

1 Introduction

Galaxy clusters are excellent probes for cosmology, in particular for the understanding of
large-scale structure formation processes [1, 2]. For this purpose, a precise knowledge of
cluster masses is needed. The NIKA2 SZ Large Program (LPSZ) [3] consists in 300 hours
of Guaranteed Time dedicated to the observation and detailed analysis of 45 high redshift
(z in 0.5-0.9) galaxy clusters taking advantage of the capabilites of the NIKA2 camera: a
large field of view combined with high angular resolution at 150 and 260 GHz [4, 6–8].
These characteristics allow us to accurately map galaxy clusters via the thermal Sunyaev-
Zel’dovich effect [12] and, together with high quality X-ray observations from XMM-Newton,
will enable the investigation of the SZ–mass scaling relation at high redshift for cosmological
exploitation.

After a first analysis of a LPSZ cluster for a science verification study [9] and a second
one for proving the quality of NIKA2 in the most challenging case [10], we present here a
study on the robustness of the hydrostatic mass reconstruction combining SZ and X-ray data.
We test the impact of systematic effects from the estimation of the filtering induced by the
data processing pipeline and from the pressure model fitting. Systematic effects that may
arise from other effects (e.g. density estimates at large radii) are not studied in this work.

2 The galaxy cluster CL J1226.9+3332

The object of this analysis is the well-known galaxy cluster CL J1226.9+3332, also known as
PSZ2-G160.83+81.66. It is located at (R.A., Dec.)J2000 = (12h26m58.37s, +33d32m47.4s)
according to the X-ray peak from [13] with mass MHSE

500 ∼ 5.70 × 1014M� and redshift 0.888
[11], which makes it the highest-redshift cluster of the LPSZ sample. Discovered by ROSAT
[14], it has already been observed at several wavelengths [15–24], appearing, from the first
SZ observations with BIMA [19] as a very spherical cluster.

X-ray analyses using XMM-Newton and Chandra data [16] found that the temperature of
the cluster in a region at ∼ 40" to the south-west of the X-ray peak is much higher than the
average temperature of the intra-cluster medium (ICM). Posterior SZ analyses with MUS-
TANG [25] and NIKA [5, 15], as well as lensing [23] and galaxy distribution studies [18],
showed also the presence of such a substructure. Various explanations have been proposed
[17, 18], suggesting mainly that the cluster consists of a two-halo system, which is being
observed after the less massive cluster passed through the central one and the gas followed
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it. In short, CL J1226.9+3332 shows a relaxed morphology at large scales and evidence of
disturbance in the core.

3 Map-making and data processing filtering

The cluster was observed for 3.6 hours during the 15th NIKA2 science-purpose observation
campaign (13-20 February 2018) as part of the NIKA2 Guaranteed Time at the IRAM 30-m
telescope. The data were calibrated and reduced using the standard NIKA2 collaboration
LPSZ pipeline described in [8, 10, 26]. We present in Figure 1 the obtained maps at 150 and
260 GHz. The map at 150 GHz shows the cluster as a decrement of flux, contaminated by
the positive signal from point sources. These point sources are also detected in the 260 GHz
map.

The filtering induced by the data processing in the 150 GHz map is computed using
simulations via a transfer function (TF) that relates, in the Fourier space, the real astro-
physical signal (the cluster) with the filtered one. The standard LPSZ analysis [9, 10] uses
one-dimensional transfer functions which are obtained by averaging the filtering in Fourier-
domain annuli at a fixed angular scale, supposing therefore isotropy. The black line in the left
panel in Figure 2 shows the 1D TF for the 150 GHz map in Figure 1. In this work we test a
new approach: a two-dimensional transfer function (2D TF) presented in Figure 2. That al-
lows us to deal with anisotropy effects coming for example from the effect of scanning angles
and the deviation from sphericity of clusters. Color lines in the left panel in Figure 2 show
the one-dimensional TFs for the different directions represented in the 2D TF and illustrate
the impact of anisotropies in the angular frequency space.

Figure 1. NIKA2 maps obtained with the LPSZ pipeline at 150 GHz (left) and 260 GHz (right) in
Jy/beam units. Contours show S/N levels multiples of ±3σ. Both maps have been smoothed with a 10”
FWHM Gaussian kernel.

4 SZ analysis: pressure profile determination

The CL J1226.9+3332 surface brightness map is proportional to the integrated electron pres-
sure along the line of sight. To recover the latter, we perform a Monte Carlo Markov chain
(MCMC) fit of a model to the 150 GHz map considering the Compton parameter signal as-
sociated with the cluster, the point sources and a zero level. The contamination from point
sources at 150 GHz is estimated to account for their positive flux that may compensate the
tSZ signal of the cluster. The details are given in [10, 31]. In this work we performed the
fit by adjusting two different pressure profile models: 1) a generalized Navarro-Frenk-White
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Figure 2. 1D (left) and 2D (right) transfer functions representing the data reduction-induced filtering
for the 150 GHz map in Figure 1. Color lines in the left panel show the value of the transfer function
for different directions in the 2D TF, represented with the same colors in the right panel.

(gNFW, [27]) and 2) a radially binned model. For the first one we fit for the 5 parameters
of the model. The radially binned profile is defined by Pe(r) = Pi

(
r
ri

)−αi
, where for each

radial bin ri a value of the pressure Pi and the slope αi are fitted. Moreover, we repeated the
fit considering either 1D or 2D transfer functions. In the following we take as reference the
radially binned pressure model with the 1D transfer function.

5 Hydrostatic mass and robustness tests

Combining the spherical pressure profile resulting from the fit with the electron density pro-
file obtained from X-ray data, we can compute, under the hydrostatic equilibrium (HSE)
hypothesis [9, 10, 15], the hydrostatic mass profile for CL J1226.9+3332 and with it the
probability distribution for RHSE,

500
1. We note here that before deriving the pressure, we fitted

a gNFW model to the radially binned profiles. This allowed us to have smooth pressure pro-
files to calculate the derivative of the profile for the mass estimate, but still testing the use of
a different model when reconstructing the pressure from the maps.

We show in Figure 3 (left) the obtained probability distributions for RHSE
500 , as well as the

tSZ flux Y500 and MHSE
500 . These results are compared to previous HSE mass estimates obtained

from NIKA maps [15]. Our results give higher RHSE
500 and MHSE

500 values than expected from
previous studies. Nevertheless, we observe a correlation between RHSE

500 and MHSE
500 . This is

expected since RHSE
500 and MHSE

500 are simultaneously obtained from the over-density definition
giving directly proportional (RHSE

500 )3 and MHSE
500 . Therefore, the comparison of probability dis-

tributions seems more representative when comparing different hydrostatic mass estimates.
In the left panel in Figure 3 we also compare the results of the robustness tests we have
performed starting from the 150 GHz map in Figure 1. We compare the probability distri-
butions obtained with the reference model to the results using 2D transfer function instead.
In the latter case, slightly lower values of RHSE

500 and MHSE
500 are favored. We also show re-

sults for the two pressure profile models. We find tighter constraints for the gNFW model
when it is directly fitted to the map than when the radially binned profile is fitted and then
gNFWs are adjusted to the resulting radially binned profiles. However, computing the pres-
sure derivative in a consistent way (here always deriving from a gNFW), our mass estimate

1Radius at which the mean mass (HSE mass in this case) density of the cluster is 500 times the critical density of
the universe at its redshift.
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is robust. From the combination of the posterior probability distributions obtained for the
four cases that we have considered, we measure an hydrostatic mass for CL J1226.9+3332
of MHSE

500 = (7.65 ± 1.03) × 1014M�, where ∼ 5-10 % of the uncertainty comes from the
contribution of the tested systematic effects.
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Figure 3. Left: RHSE
500 , Y500 and MHSE

500 probability distributions for the radially binned pressure model
with 1D TF in blue (reference), radially binned 2D TF in purple, gNFW 1D TF in red and gNFW 2D
TF in orange. The grey star, cyan circle and green diamond correspond to the results from [15] for the
tested PPC, FPC and NNN models, respectively. Right: Hydrostatic mass with respect to lensing mass
at R500. In dark shades of blue, 1σ and 2σ contours for MHSE

500 from the reference model and in light
shades of blue MHSE

500 as the combination of the four probability distributions in the left panel.

6 Hydrostatic-to-lensing mass bias

We have performed an analysis of the convergence maps reconstructed from the CLASH
data [23] to obtain lensing mass estimates for CL J1226.9+3332. Combining them we obtain
Mlens

500 = (7.35±0.65)×1014M�. Details on this analysis will be given in [28]. The hydrostatic-
to-lensing mass bias bHSE/lens = 1 − MHSE

500 /M
lens
500 , can be an interesting indicator of effects

coming from the non-thermal contributions to the pressure of the cluster and systematic ef-
fects in mass estimations [29, 30]. Supposing that they are uncorrelated estimates, we have
combined the probability distributions obtained for MHSE

500 and Mlens
500 to get a distribution of

the ratio, which can be translated into a probability distribution of the hydrostatic-to-lensing
mass bias for CL J1226.9+3332. In the right panel in Figure 3 we present the probability
distributions for MHSE

500 /M
lens
500 , MHSE

500 and Mlens
500 . We have computed the ratio using the MHSE

500
from the reference model, as well as using the combination of the four probability distribu-
tions derived for MHSE

500 , therefore accounting for all the considered effects. The figure shows
that for both cases the bias is consistent with 0 within ∼ 20%.

7 Conclusions

Combined tSZ and X-ray analysis allow us to estimate the hydrostatic mass of this high
redshift galaxy cluster, CL J1226.9+3332. We have demonstrated that our hydrostatic mass
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estimates are robust against the application of the 1D or 2D transfer function. The reconstruc-
tion of the pressure profile derivative is a key element for the determination of the hydrostatic
mass profiles, and needs to be dealt with carefully. This analysis has also been an important
step towards developing a standard pipeline to compare and combine hydrostatic and lensing
mass estimates. For CL J1226.9+3332 we find a hydrostatic-to-lensing mass bias consistent
with 0.
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