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Clusters of galaxies form by gravitational collapse and accretion of subgroups under the in-
fluence of gravity. Analyses of the gas thermal structure within clusters obtained from X-ray
observations reveals us the underlying dark matter structure and dynamics, provided that the
baryonic physics is well understood. We use hydrodynamical N-body simulations of galaxy
clusters evolving in cosmological context, in order to investigate the influence on gas cooling,
heating conduction and star formation on the thermal structure of the intra-cluster medium
(ICM), as observed from mock X-ray spectral-mapping analyses. In complement to radial
analyses of gas temperature profiles, we analyse the isoradial thermal structure of the ICM
through wavelet analyses in elliptical coordinates. We show from tests performed on mock
XMM-Newton observations, that this scheme is particularly discriminant to constrain the gas
physics assumed in numerical simulations from cluster sample analyses.

Introduction

Various X-ray observations using spatially resolved spectroscopy have recently revealed the com-
plex thermal structure of the intra-cluster medium (ICM). From a theoretical point of view, this
structure testifies to the thermodynamical history of the ICM subjected to competitive heat-
ing and cooling processes during its evolution, like shock heating and mixing processes due to
substructure accretion, energy feedback from active galaxies and supernovae, radiative cooling
and possible thermalisation by electronic conduction. Quantifying the ICM thermal structure
in both real and mock observations would help us in investigating the interplay between these
various physical processes and in constraining the influence of these processes on the evolution
of the large matter structure in the Universe.

The radial analysis of brightness and temperature structure of the ICM is widely used in
X-ray astronomy, since related to the elliptical symmetry of relaxed clusters. In particular,
this scheme allows us to infer the 3d structure of the ICM from its projected 2d structure, and
possibly to model the underlying dark matter structure through assumptions of ICM hydrostatic
or pressure equilibrium. However, both observations (see e.g. Bourdin at al. 08) and predictions
from hydrodynamical N-body simulations (see e.g. Dolag et al. 04) have shown that the radial
analyses of the ICM thermal structure are marginally sensitive to the projected 2d structure. In
order to couple radial and 2d analyses, we propose to measure and quantify the ICM thermal
structure through an isoradial analysis scheme, where thermal features of the ICM are enhanced
by means of elliptical wavelet coefficients and closely related to the overall shape of radial profiles.
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Figure 1: The elliptical wavelet analysis scheme. Left figure: The elliptical analysis frame. Right plots (from top
to bottom): a) Isoradial temperature signal corresponding to the coloured annulus shown to the left. b) Quadratic
sum of all isoradial wavelet coefficients (structure energy), as defined in Equ. (1). c) Sum of all isoradial wavelet

coefficients. Blue line: median of this sum, as defined in Equ. (2).

1 Data analysis

We investigate the radial and isoradial thermal structure of the ICM, by means of an analysis
of the projected temperature signal in elliptical coordinates matching the geometry of galaxy
clusters. To do so, we firstly sample the field of view in logarithmically equispaced cluster annuli
scaled in units of r500, and divide each annulus into sets of isoradial bins. The isoradial thermal
signal is analysed along each annulus by estimating ICM temperatures kT (r, θ, aθ) from X-ray
spectroscopy within spatial bins (r, θ, aθ) of different angular width, aθ, and by filtering these
values in order to compute wavelet coefficients coding the signal features, wH(r, θ, aθ). The
wavelet analysis is performed according to the “à-trous” algorithm (see e.g. Bijaoui et al., 94
and Shensa, 92) using Haar wavelet coefficients. In particular, we define the structure energy of
the isoradial thermal signal from the norm of wavelet coefficients:

∑
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∑
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[kT (r, θ) − kTo(r)]
2 ; (1)

.. and the signed contribution of structure to the average temperature of each annulus, kTo,
from their median:

< kT (r, θ) − kTo(r) >= −med
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These two quantities are shown on the middle and bottom plots in Fig. 1, respectively, for a
temperature signal kT (r, θ) including hot (red) and cold (blue) features. From this example, we
observe that the energy signal –quadratic sum of wavelet coefficients– can be integrated in order
quantify the amount of structure. We further remark that the median of the structure signal
–signed sum of wavelet coefficients– is negative, which conversely allows us to infer a thermal
structure dominated by positive and hot features.



Figure 2: Projected (emission weighted) thermal structure of the ICM in five clusters simulated assuming various
physics. Top: adiabatic ICM. Middle: cooling, star formation. Bottom: cooling, star formation and conduction.

2 Simulated galaxy cluster samples

We applied this scheme to clusters obtained from Tree-SPH N-body simulations performed in
cosmological context (see e.g. Dolag et al., 04 for details about hydrodynamical simulations).
We built a sample of five hot clusters (kT ∈ [7, 9] keV) simulated assuming three different
ICM physics: the first cluster set corresponds to a purely adiabatic medium, the second one
is simulated with radiative cooling and star formation (SF), and the third one is simulated
with cooling, SF and thermal conduction. Projected temperature maps of the ICM for these
simulated clusters are shown in Fig. 2. We notice from these maps that the adiabatic medium
is the most structured with shock like features and cold blobs at large radius. Introducing SF
essentially reduces the typical size of features, while conduction smooths the overall structure.

In order to mimic EPIC-XMM observations from these simulated clusters, we first generated
thermal emission spectra from the simulated ICM particles, taking into account cluster redshifts
(z ∈ [.06, .08]) and some additional components modelling the cosmic X-ray background and
galactic foregrounds. Then, we tried photon counts from these spectra assuming a shot noise, and
generated EPIC-XMM mock event-lists by filtering photons across a ray tracing code emulating
XMM-Newton instruments, in particular the filters, mirrors, and CCDs (more details about the
generation of EPIC-XMM mock event-lists are provided in Rasia et al., 08).

3 Results

Results of our analysis of the cluster sets simulated assuming the different physics are shown in
Fig. 3. We plot three sets of temperature profiles and show underneath the isoradial structure
energy and contribution of structure to the profile temperatures, as defined in Equ. (1) and (2).

The shape of temperature profiles differ between clusters simulated assuming purely adia-
batic medium and clusters simulated with star formation, cooling and conduction. This effect
is essentially due to the fact that large cool blobs accreted from the cluster outskirts in the
case of purely adiabatic ICM are never suppressed, which leads to lower average temperatures
on the profiles. The difference between profiles obtained with an without thermal conduction
is instead marginal, since thermal conduction tends to smooth the overall temperature struc-
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Figure 3: Isoradial thermal structure of the ICM assuming various physics (Left: adiabatic ICM, Middle: radiative
cooling and star formation, Right: cooling, star formation and thermal conduction). Top: temperature profiles,

Middle: isoradial structure energy, Bottom: signed contribution of structure to the profile temperatures.

ture without changing the radial average value of ICM temperatures. Introducing the isoradial
wavelet analysis enables us instead to disentangle between the three different physics. Indeed,
we not only observe a significant reduction of the structure energy between clusters simulated
assuming purely adiabatic medium and other clusters –as expected from dilution of the accreted
cool blobs–, but also notice an additional reduction of structure energy for simulations including
thermal conduction. The contribution of cool blobs to the shape of temperature profiles can
also be evaluated by looking at the three bottom plots, where a negative cool contribution is
particularly noticeable to the outskirts of clusters simulated assuming purely adiabatic medium.

Conclusion

In order to measure and quantify the ICM thermal structure within galaxy clusters, we introduce
an elliptical wavelet analysis scheme matching the cluster geometry. A possible caveats of the
method concern the fact that thermal structure is analysed within radial bins of variable width,
due to the rapidly decreasing gas brightness with cluster radius. Consequently, as it is presented
here, our isoradial wavelet scheme enables us to compare thermal features detected at a given
radius with each other, but doesn’t allow us to compare features detected at various radii.
Nevertheless, from hydrodynamical N-body simulations, we show that this scheme enables us
to disentangle the thermal structure associated with different ICM physics. We will apply it
to simulated and real cluster samples in order to constrain ICM physics from observations, in
particular to quantify the effect on thermal conduction on the ICM thermalisation.
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