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Abstract. Several methods are used to evaluate, from observational data, the
dynamical state of galaxy clusters. Among them, the morphological analysis of
cluster images is well suited for this purpose. We report a new approach to the
morphology, which consists in analytically modelling the images with a set of
orthogonal functions, the Zernike polynomials (ZPs). We validated the method
on mock high-resolution Compton parameter maps of synthetic galaxy clusters
from The Three Hundred project. To classify the maps for their morphology
we defined a single parameter, C, by combining the contribution of some ZPs
in the modelling. We verify that C is linearly correlated with a combination
of common morphological parameters and also with a proper 3D dynamical-
state indicator available for the synthetic clusters we used. We also show the
early results of the Zernike modelling applied on Compton parameter maps of
local clusters (z < 0.1) observed by the Planck satellite. At last, we report the
preliminary results of this kind of morphological analysis on mock X-ray maps
of The Three Hundred clusters.

1 Introduction

Classify galaxy clusters based on their dynamical state is crucial to correctly infer other phys-
ical properties of those systems. For example, their mass can be estimated by exploiting the
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hypotheses of hydrodynamical and thermal equilibrium with an assumption of spherical dis-
tributions for both dark matter and baryonic components. However, in many cases they prove
to be too simplified approximations. In fact, it is well known that galaxy clusters are dynam-
ically active systems and their physical state does not always reflect a condition of equilib-
rium. Several studies are then focused on defining valuable methods to infer the real state
of the clusters from observational data. Among the others, the analysis of the morpholog-
ical appearance of multiwavelength images is a common approach used to classify clusters
in di↵erent dynamical classes. Several morphological parameters can be defined based on
characteristic features in the images and also used in some combinations (see e.g. [1], [2], [3]
and references therein).

Here, we report a new approach to the morphological analysis, developed in [4], which
consists in modelling the cluster images with a set of functions, the Zernike polynomials
(ZPs). This new method was validated, at first, on mock projections maps realized by ex-
ploiting the Sunyaev-Zel’dovich (SZ) e↵ect [5], i.e. Compton parameter maps. We defined a
single parameter to quantify the morphological di↵erences between the cluster maps and we
verified that it is well correlated with some common morphological parameters largely used
in literature and also with a proper dynamical-state classification available from 3D data for
the simulated clusters we used. We also present the preliminary results of this method applied
on the real Compton parameter maps of galaxy clusters from the Planck-SZ catalogue and on
mock X-ray maps.

2 Analytical modelling with Zernike polynomials

The ZPs are a complete basis of orthogonal functions defined on a unit disk. Completeness
and orthogonality make them well adapted to model functions or images in circular domains.
ZPs are defined as follows [6]:
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⇢n−2s is the radial term. We emphasize

that the goal of our work was not to reconstruct the cluster maps in details, but rather to re-
veal the main features able to identify di↵erent dynamical classes. For example, very regular
patterns, mostly circular, can be related to relaxed systems, while asymmetries and substruc-
tures are signals of a disturbed dynamical state. In [4] we analyzed mock Compton parameter
maps at high resolution (see Sect. 3) and within a circular aperture of radius equal to R500,
therefore we used ZPs up to the eight order n (i.e. 45 terms, see the ordering scheme in [6])
in order to obtain a spatial resolution of ⇠ 0.5R500 in the modelling (see also Appendix A in
[4]). We divided the ZPs in two classes, based on their 2D projections: terms with m = 0,
which show a circular symmetry and terms with m , 0, which fit azimuthal inhomogeneities.
We are currently using the same number of ZPs to model mock X-ray maps as well. Each
map is then expressed as a combinations of ZPs:

S y,X =

8X

n=0

nX

m=0

c

nm

Z

nm

(2)

where S y,X indicates the spatial distribution of the Compton parameter y or the X-ray surface
brightness and c
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where S y,X indicates the spatial distribution of the Compton parameter y or the X-ray surface
brightness and c

nm

are the expansion coefficients of the single polynomials. In the preliminary

analysis on the Planck Compton parameter maps we decided to reduce the number of ZPs in
the fit since the resolution in the maps is significantly lower. Internal regions (< R500) are
poorly resolved, therefore we limit our modelling to a spatial resolution of ⇠ R500, by using
ZPs up to the fifth order (i.e. 21 terms).

3 Data sets

In this Section we describe three di↵erent types of maps used in our analyses: the mock
Compton parameter and X-ray maps for synthetic galaxy clusters in the The Three Hundred
project [7], a large catalogue with 324 massive clusters (M200 > 6 ⇥ 1014

h

−1M� at z = 0)
generated through hydrodynamical simulations; the real Compton parameter maps of galaxy
clusters from the Planck observations.

• Mock y-maps Mock maps of the thermal component of the SZ e↵ect [5] were realized for
all The Three Hundred clusters. The maps are 2D projections of the Compton parameter
y (i.e. y-maps) which characterizes the e↵ect. They were mimicked with the PyMSZ
code1 [7], with a spatial resolution of 10 kpc per pixel corresponding to angular resolutions
of 5.2500, 1.1400 and 0.5900 respectively at z = 0, 0.45 and 1.03, the reference redshifts
analysed in [4]. We normalized each map to the maximum and performed the Zernike
fitting within a circular aperture of radius R500 centred on the y-centroid. Note that the
centroid was computed by fixing at first the circular aperture on the centre of the maps,
which corresponds to the highest density peak.

• Mock X-ray maps Mock X-ray maps were realized for The Three Hundred clusters by
using the PyXSIM code2 [8]. The maps are in terms of photon number counts, with 10
ks exposure time and with a fixed spatial resolution of 10 kpc per pixel (same angular
resolution as for the y-maps). They are related to the spectral band 0.2-15 keV, convolved
with the response file of the Wide Field Imager instrument for the Athena satellite [9].
We analysed them within a circular aperture of radius R500 centred on the X-ray centroid,
computed as in the mock y-maps. However, in this case we normalized the maps to the
mean inside a region of radius 0.05R500, to smooth the contribution from saturated pixels.

• Planck SZ-selected clusters In the preliminary analysis of ZPs applied to real y-maps we
selected a sample of clusters at z < 0.1 from the PSZ2 catalogue [10]. We used the public
available full-sky y-maps [11] realized with two component separation algorithms: MILCA
[12] and NILC [13]. These are maps in HEALPIX format with pixel size of 1.70 and with
a final angular resolution of 100. Therefore, we only selected clusters with R500  100

(i.e. resolved clusters). We extracted gnomonic projections from the HEALPIX y-maps,
centred on the cluster coordinates and with a side-length of 2R500 for each cluster. We also
used the available point source mask [11] to select maps with a low residual contamination
from point sources, based on the spatial resolution of the Zernike modelling described in
Sect. 2. Our final sample was composed by 135 galaxy clusters.

To estimate the capability of the Zernike morphological analysis in recognizing di↵erent
dynamical classes in the Planck cluster sample, we also used Planck-like maps realized for
The Three Hundred clusters described above. For those clusters, in fact, we can evaluate a

priori the dynamical state from 3D data. The mock Planck maps were redone to mimic real
Planck maps in these following steps: at first the maps were convolved with a 100 beam and
gridded in pixels of 1.70; a full-sky noise map was realized by using the Planck noise power
spectrum and the public available full-sky maps of the standard deviation of the Compton

1https://github.com/weiguangcui/pymsz
2https://github.com/jzuhone/pyxsim
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parameter; a patch was then extracted in this noise map at a random position (considering
only the positions of detected clusters) to generate the final noise added in the y-maps. Note
that the mock maps do not include point source contamination. We analysed them within a
circular aperture of radius R500, as for the real Planck maps. In particular, we used the mock
maps realized at four snapshots of redshift (z = 0.02, 0.04, 0.07, 0.09) to cover the redshift
range of the Planck clusters.

4 Results

At first, we report the application of the Zernike fitting on cluster y-maps. We summarize the
results in [4] for mock y-maps and then the preliminary analysis on real maps for clusters in
the PSZ2 catalogue. At last, we briefly discuss the ongoing analysis on X-ray maps.

4.1 Zernike analysis for y-maps

The synthetic clusters we analysed in [4] were previously classified in [3] for their dynamical
state by using a combination of some 3D dynamical indicators, i.e. the χ parameter (see
also [14]). In addition, a morphological analysis of their y-maps were also performed in
[3] by applying a combined morphological parameter, M (see also [2] for details on the
parameters combined in M). Those results represented our reference to check the efficiency
of the Zernike modelling. When fitting the mock y-maps as in eq. 2, we verified that ZPs
with m , 0 have c

nm

values negligible in case of regular (mostly circular) distributions in the
maps, while they increase when dealing with complex patterns involving e.g. asymmetries
or substructures. On the contrary, ZPs with m = 0 have c

nm

values almost invariant when
fitting di↵erent morphologies. This behaviour is clarified in Fig. 1, in which we show the
results of the Zernike fitting for a relaxed and a disturbed cluster (as classified with χ and M).
Therefore, we defined a single parameter, C, as follows:

C =
X

n,m,0

|c
nm

|1/2 (3)

We verified that C is able to distinguish di↵erent morphologies, showing a linear correlation
of ⇠ 78% at z = 0 with M, that is quite stable at higher z. The correlation with χ is lower,
⇠ 62% at z = 0, and it is mild descreasing along z. We concluded that the Zernike fitting
is a valid method to evaluate the cluster morphology and infer the cluster dynamical state.
In particular, the parameter we extracted shows similar performances with respect to a more
complex combination of several parameters.

For the current analysis of the Planck y-maps we are also using Planck-like maps gener-
ated for The Three Hundred clusters in order to check the efficiency of the Zernike fitting in
drawing a dynamical state evaluation for the Planck cluster sample. In Fig. 2 (left panel) we
show the cluster distribution in the mass-redshift plane, for both real and synthetic clusters.
In each redshift bin (marked by thin vertical lines in the figure) we perform random extrac-
tions of the same number of synthetic clusters as for the corresponding Planck sub-sample,
applying an upper-mass limit for the synthetic clusters defined by considering the value of
the Planck masses in each bin (see the horizontal dashed lines in the figure). In this way we
simulate several mock Planck samples and for each one we compute the C parameter on all
the y-maps. In the right panel in Fig. 2 we show the distributions of C for the mock samples
extracted (grey lines) and for the Planck clusters (red and blue lines). The distributions in
the two cases are quite di↵erent. However, we note that the Planck clusters have, on average,
lower masses with respect to the synthetic clusters (see left panel in Fig. 2). This is partic-
ularly evident at low redshift (z . 0.05), where the number of Planck clusters we selected
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For the current analysis of the Planck y-maps we are also using Planck-like maps gener-
ated for The Three Hundred clusters in order to check the efficiency of the Zernike fitting in
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applying an upper-mass limit for the synthetic clusters defined by considering the value of
the Planck masses in each bin (see the horizontal dashed lines in the figure). In this way we
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lower masses with respect to the synthetic clusters (see left panel in Fig. 2). This is partic-
ularly evident at low redshift (z . 0.05), where the number of Planck clusters we selected

Figure 1. Zernike coefficients c

nm

computed by fitting y-maps of a relaxed (top) and a disturbed (bot-
tom) cluster. Red bars refer to ZPs with m = 0, while blue bars are for m , 0. The ZPs are ordered
by following the Noll’s scheme [6]. Note that the first term (Z0

0 ) is neglected because the corresponding
c00 is simply equal to the mean value of the signal inside the circular aperture in the map.

Figure 2. Left: mass-redshift distribution of 135 Planck-SZ clusters and of the synthetic clusters gen-
erated in The300 project at four redshifts. The vertical thin lines mark the redshift bins we used to
compare the Zernike analysis on Planck and mock (Planck-like) y-maps. The horizontal dashed lines
indicate the upper-mass limits defined to randomly extract the synthetic clusters in each bin. Right:
probability density for the distributions of C computed on mock y-maps of the synthetic clusters (grey)
and on MILCA (red) and NILC (blue) y-maps of the Planck clusters.

is very low. This discrepancy could have an impact on the distributions we compared in the
right panel in Fig. 2. Therefore, we plan to improve the analysis by considering a new sample
of synthetic clusters which should be better representative of the Planck mass distribution.
However, in this first application we also performed a check to verify the correlation between
C computed on the low-angular resolution (100) Planck-like maps and the χ indicator defining
the dynamical state of the synthetic clusters. From the random extractions described above
we computed a mean (linear) correlation of ⇠ 46%, which we can consider as the efficiency
of the Zernike fitting in evaluating the cluster dynamical state from Planck-like maps.
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4.2 Zernike analysis for X-ray maps

The ZPs method can also be applied to the X-ray maps. We used the mock X-ray maps
from The Three Hundred project to test that. In this case, the signal distribution in the
maps varies on smaller spatial scales with respect to the y-maps (even if they have the same
angular resolution, see Sect. 3). This is due to the di↵erent dependence of the X-ray surface
brightness (/ n

2
e

) and of the Compton parameter (/ n

e

) from the electron density n

e

in the
intracluster medium. We found that the X-ray maps are poor modelled with the low-order ZPs
we used for the y-maps. However, increasing the number of ZPs in the fit should be more
expansive from a computational point of view, and without providing new key information
about the cluster dynamical state. Therefore, we simply smoothed the maps by considering
the logarithm of the photon number counts and we used 45 ZPs in the fit, the same as for the
y-maps. Note that also these X-ray maps were analysed in [3] by using the M parameter. We
obtained a good correlation at z = 0 between C and both M (⇠ 80%) and χ (⇠ 65%). We also
estimated a correlation of ⇠ 84% between C computed on the X-ray maps and on the y-maps.
We plan to extend the X-ray analysis at higher redshifts and to compare in more details the
results with the study of the y-maps in [4], in order to check if and how the morphological
classification of the clusters changes in the two surveys.

5 Conclusions

The modelling of projection maps of galaxy clusters with ZPs results in a valuable approach
to study their morphology and infer their dynamical state. By using a set of mock y and X-
ray maps we verified that it is possible to extract a single parameter from the Zernike fitting
which is well correlated with combinations of more common morphological parameters or
dynamical-state indicators. The advantage of this approach is its flexibility, i.e. the chance to
simply tune the accuracy of the modelling by changing the number of ZPs used, by exploiting
their completeness and orthogonality. This is particularly useful when dealing with real maps
at low resolution and/or with a residual noise contamination. The method is well adapted to
study clusters in large samples even if, in general, such a morphological analyses are limited
by the angular resolution in the maps. We are currently using ZPs to study y-maps of local
(z < 0.1) Planck SZ-selected clusters. The final results will be presented in an upcoming
work.
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