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Abstract

In this contribution we introduce a novel numerical approach, based on a full-radiative
transfer code, which is able to generate multi-wavelength synthetic observations of the gas
component in cosmological simulations by integrating the transfer equation along the null-
geodesic of photons. In order to test the capabilities of this numerical tool, we have applied
the code on a large galaxy cluster developed in a full cosmological simulation and we have
compared the emission associated to the whole inter-galactic medium (IGM) and to the
warm-hot intergalactic medium (WHIM) gas components in three different energy bands:
in soft X-rays, through the thermal Sunyaev-Zel’dovich (SZ) effect and in radio.

1 Introduction

As suggested by hydrodynamical simulations [10], most of the “missing” baryons are supposed
to be located in a mildly overdense, warm-hot intergalactic medium (WHIM). The WHIM,
which is thought to contain ∼50% of the local cosmic baryons, is expected to be mainly in
filaments but also around large clusters and between pairs of interacting systems. Therefore,
the WHIM plays a central role in the solution of the “missing baryons problem”. Moreover,
despite its relatively low densities (from ∼ 4×10−6 to ∼ 10−4 cm−3) and temperatures (107−
108 K), the WHIM also represents a perfect scenario for multi-wavelength observations. In
this sense, the forthcoming generation of telescopes will certainly improve our understanding
of the WHIM in several wavelength bands.

Within this context, our goal is to use a well-resolved simulated galaxy cluster to gen-
erate multi-wavelength synthetic images (of the IGM and of the WHIM) directly comparable
with observations. In order to compute the emission, we introduce a novel numerical ap-
proach, based on a relativistic full-radiative transfer code, to post-process the simulation
data. To compute the change in the intensity along each line of sight, the code integrates the
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null-geodesic of photons. Although in our case the absorption is negligible, the code is also
able to compute the self-absorption. Therefore, in this contribution we briefly compare the
emission associated to the IGM and to the WHIM gas components in soft X-rays, through
the thermal SZ (tSZ) effect, and in radio at a frequency of 1.4 GHz. We wish to emphasize
that all bands are treated consistently, without tuning of parameters, by the same code.

While this is just a short contribution, we refer the interested readers to [11], where
an extended and more detailed description of the employed numerical approach and of the
obtained results is presented.

2 Numerical details

Below we only provide a brief description of the present study, while we refer the reader to
[11] for further details.

2.1 The cosmological simulation

We analyse a simulation performed with the cosmological code MASCLET [12]. The sim-
ulation, which accounts for a flat ΛCDM universe, consists in a computational box with
a comoving side length of 40 Mpc, with a peak physical spatial resolution of ∼ 610 pc at
z = 0 (see [13] for further details). The best mass resolution for the dark matter particles is
∼ 2 × 106M�. The simulation is set up to develop a big galaxy cluster at the centre of the
computational domain.

Besides gravity and hydrodynamics, the simulation includes inverse Compton and free-
free cooling, UV heating, atomic and molecular cooling for a primordial gas, cooling rates
dependent on metallicity, star formation and feedback from SN-II. However, feedback from
SN-Ia, stellar winds, or AGN are not included.

Using the halo finder ASOHF ([8, 4]) we have identified the central and largest halo
(Mvir ∼ 3.2× 1014M� and Rvir ∼ 1.7 Mpc) in the simulation at z = 0.33. In the following,
we will analyse the X-ray, SZ or radio signals coming from inside and from an extended
region of 5×Rvir around this main central halo. Within this region we will consider two gas
components: the IGM (formed by all the gas elements) and the WHIM (formed by those gas
elements with a temperature within 105K < T < 107K).

2.2 Computing the emission

To compute the thermal and non-thermal emission in different observational bands we employ
the full-radiative transfer code SPEV [6, 7, 1]. SPEV can produce consistent multi-band
and multi-epoch synthetic observations by following the emission along the null-geodesics.
Therefore, in order compute the emission from MASCLET outputs, we apply SPEV in post-
processing (see [11] for further details on the code). In particular, we have implemented in
SPEV the computation of three different signals:
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Figure 1: Evolution with redshift of the fraction in volume (left) and in mass (right) occupied
by different gas components within the whole simulated domain. Figure from [11].

• Thermal emission. In order to account for the contribution from both free-free thermal
Bremsstrahlung and metal line emission, we built a large interpolation table of the
X-ray emission in different energy bands using the publicly available code Cloudy [3].

• Non-thermal emission. To compute the synchrotron emission at different frequencies,
we accounted for several simplifications: we assumed that the magnetic field satisfies
flux conservation, we did not include any transport scheme for the non-thermal (NT)
electrons, and we used a simplified formalism to estimate the NT electron distribution.

• The SZ effect. We took advantage of the way in which SPEV sorts the data along
different lines of sight to compute the thermal (tSZ) and kinematic (kSZ) SZ effects in
the non-relativistic approximation.

3 Results

As a consistency check, Fig. 1 shows the redshift evolution of the fractions in mass and
in volume occupied by the warm (T < 105K), the WHIM (105K < T < 107K), and the
hot (T > 107K) gas components within the whole simulated box. As expected, most of the
volume is occupied by the warm and the WHIM gas components. In agreement with previous
studies, the WHIM represents up to ∼ 55% of the mass content at z = 0.

Figure 2 shows the density maps, projected along the line of sight, of the IGM and of
the WHIM gas phases within our volume of interest. As expected, while the central cluster
dominates the IGM map, in the case of the WHIM the map is mainly connected to the
smallest objects and shows a much more filamentary and volume-filling distribution.

In Fig. 3 we show a sample of some of the mock images we presented in [11]. In
particular, we show, for IGM and WHIM (top and bottom rows, respectively), the soft X-
ray emission (left column), the signal associated to the tSZ effect at ν = 128 GHz (middle
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Figure 2: Surface density maps of the IGM and the WHIM gas components within a region
of ∼ 0.6◦ × 0.6◦ around the main cluster in the simulation. The cluster virial radius is
represented by the white circle. Figure from [11].

Figure 3: Left column: X-ray thermal emission maps associated to the IGM and to the WHIM
gas components (top and bottom rows, respectively) at the soft (0.5 − 2 keV) energy band.
Middle column: Intensity maps, ∆I/Iν , of the thermal SZ effect at ν = 128 GHz for the
IGM and the WHIM. Right column: Mock radio observations of the IGM and the WHIM gas
components at 1.4 GHz for a beam size of 1× 1 arcsec2. Composited image from [11].
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column), and the radio emission at 1.4 GHz (right column).

The synthetic X-ray emission maps shown in the left column of Fig. 3 have a pixel size
of ∼ 0.68′′. Although this resolution is in line with that of XMM-Newton and Chandra, we did
not account for the response function of any specific observational instrument. Qualitatively,
as already shown in previous studies, most of the IGM thermal emission is detected in the soft
regime, where the emission from small structures is highlighted. Instead, the WHIM emission
is mainly found in outer cluster regions around the main cluster with a more filamentary and
extended distribution. Quantitatively, we obtain a broad agreement between the IGM soft
X-ray emission associated to our simulated cluster and recent observations of massive galaxy
clusters (e.g. [2]).

As shown in the middle column of Fig. 3, the tSZ signal at ν = 128 GHz shows
always negative values and is dominated by the main galaxy cluster, which can reach central
intensities as high as |∆Iν,th/Iν | ∼ 3× 10−5. Regarding the WHIM, most part of the central
tSZ signal is removed, leaving a much fainter and outer distribution around the cluster. On
average, most part of the tSZ signal is contributed by hot and/or massive structures. Despite
the weakness of the WHIM tSZ effect, its observational detection, especially at high redshift,
represents a valuable complementary approach to X-ray observations.

Analyzing the radio maps shown in the right column of Fig. 3, we can draw several
general conclusions: (i) only a small fraction of the cluster volume emits in radio, (ii) the
IGM radio emission is correlated with dense and hot IGM regions and, (iii) there is a minor
radio signal at the very outer cluster regions (r ≥ 4 × Rvir). Overall, IGM and WHIM
have a maximum radio signal of around half mJy arcmin−2 at 1.4 GHz. In our case, the
comparison of these radio maps with the distribution of shock waves (see [9, 5] for details
on the detection of shocks) suggests that most of the cluster radio emission is connected to
weak internal shocks within the cluster, whereas there is only a tiny contribution from strong
external accretion shocks.

4 Summary and conclusions

In view of the next generation of improved observational facilities (e.g. ATHENA+, SKA
or CCAT-prime), it is important to produce and analyse proper multi-band synthetic ob-
servations derived from full cosmological simulations. The combination of observational and
synthetic images of the cosmic web in different bands is crucial to deepen our knowledge of
the IGM physics in a number of aspects.

In this short contribution (an extended analysis is presented in [11]), we analyse a
massive galaxy cluster, formed in a full cosmological simulation, through the comparison of
the spatial distributions and the emissions associated to the IGM and to the WHIM gas
components in different wavebands. In order to generate proper synthetic observations of
the IGM and of the WHIM gas components, we present a novel numerical approach, based
on the full-radiative transfer code SPEV [6], that integrates the transfer equation along the
null-geodesic of photons in order to compute the intensity along each line of sight. We have
modified SPEV in order to estimate, using exactly the same numerical scheme, the emission
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in X-rays, through the thermal SZ effect, and in radio at different frequencies. In general,
as discussed in [11], we obtain at all three bands a broad agreement with previous numerical
and observational estimates.

We would like to emphasize that this analysis represents our first attempt in the design
of a complex numerical approach able to treat, consistently, the IGM emission at any obser-
vational frequency. Despite the optimistic results we have obtained, the employed simulation
and the presented numerical procedure show some limitations that we will certainly improve
in the near future. In this regard, now that the method has been tested, we are working on
a new set of larger and improved simulations (in terms of physics and statistics) that will
produce a larger sample of clusters. Moreover, we are already improving the estimation of
the different observational signals in SPEV in order to produce improved and more realistic
mock observations.
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