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Abstrakt

V této bakalářské práci se věnujeme simulování pozorování horkého meziga-
laktického plynu v okolí masivní kupy galaxií. Tato pozorování provádíme
s rentgenovými satelity současnosti i budoucnosti, tedy s Chandra ACIS-S,
XRISM Resolve, NewAthena X-IFU, HUBS a LEM IFU. Ukazujeme, že schop-
nosti nových misí budou skutečně přesahovat schopnosti těch současných.
Se satelity HUBS a LEM jsme dokázali odpozorovat přímou detekci regionu
s podmínkami blízkými WHIM se signifikancí 1σ.



Abstract

In this thesis, we simulate mock observations of hot gas around a massive
galaxy cluster with the X-ray instruments of today and the future, such as
Chandra ACIS-S, XRISM Resolve, NewAthena X-IFU, HUBS and LEM IFU.
We demonstrate, that the new satellites will indeed have capabilities exceed-
ing the ones of the current missions. With the HUBS and LEM satellites, we
report a direct detection of a WHIM-like region with 1σ significance.
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Introduction

The everyday human experience with the universe resides undoubtedly in
their immediate surroundings. We are used to the baryonic world, we were
born into. Our senses made us many times so naive, we thought this might
just be all the universe has to offer. It is not so long ago when humanity
put the Earth away from the center of the universe. It is roughly a hundred
years since we learned, that the distances to galaxies far away are far from
imaginable. In the era of today, in search for new mysteries and discoveries,
astrophysicists are picturing an ultimately different universe. One full of
matter and energy, we are not used to. One, that is far beyond our everyday
experience. In this world, baryons, the ‘ordinary, everyday’ matter, are in
a vast shortage, making only up to a few (∼ 5) percent of the universe.
And still, in comparison to actual observations, there is a lot of it hidden
somewhere beyond our grasp. Might it be in the filaments of the cosmic
web as the models predict? With new missions focusing on the search, we
will probably find out soon!

1





1 The cosmic web

According to the well recognised ΛCDM model (Schneider [30], 2015) and
cosmological simulations based on it, the early universe was disturbed from
its perfect homogeneity, leaving some space for the gravitational forces to
tear it into quasi-independent large-scale gravitationally bound structures.
Today, we refer to the set of such structures as the cosmic web. In current
universe, it is characterised by dense regions where galaxies, galaxy groups
and clusterswere formed. These are connected by vast filamentary structures
spanning tens of megaparsecs.

Figure 1.1: The distribution of energy and matter in the universe based on
current observations and simulations (Nicastro [28], 2018). Note, that more
than 50 % of all the ‘ordinary’ baryonic matter is in the warm-to-hot phase,
being hidden in the filaments of cosmic web. Credit: European Space Agency
Science Portal [13]

1.1 Interstellar and intergalactic gas

These diffuse baryons are often referred to as hot ‘atmospheric’ gas, even
though it is an optically thin plasma. There are likely no major differences
in the composition of such gas but we can further divide this medium sim-
ply according to where it resides. We call the hot gas close to stars and

3



1. The cosmic web

Figure 1.2: The baryonic gas density (brightness) and temperature (color)
map of the large-scale universe as projected by Illustris TNG300 cosmolog-
ical simulation. The projected region is about 370 Mpc wide in diameter
horizontally. Credit: The TNG Project [38]

galactic cores the interstellar medium (ISM); further away, it is referred to
as circumgalactic medium (CGM). If we seek larger structures, we find the
intragroup medium (IGrM) between galaxies in galaxy groups and the in-
tracluster medium (ICM) in galaxy clusters. The most hidden parts of the
cosmic web and the filamentary structures further away from galaxies are
called intergalactic medium (IGM) with its warm-to-hot phase often denoted
warm-hot intergalactic medium (WHIM).

Due to shock heating Molnar [24], 2009, all of the WHIM, forming struc-
tures of the cosmic web, is heated to temperatures of about 105–108 K (Cen;
Ostriker [9], 1999), prohibiting star formation.

Because the properties of the intergalactic plasma are out of reach for
our terrestrial laboratories, it is impossible to study it experimentally. In
this section, we will try to summarise most of the theoretical knowledge
regarding the WHIM and what we are expecting to observe with future
missions.

4



1. The cosmic web

Hot atmospheres - ISM/ICM/IGrM and the densest phase of the IGM
- are assumed to be in collisional ionisation equilibrium (CIE), a state where
collisions are the dominant process of excitation and ionisation among ions.
It also means that the ionisation and recombination rates are equal. In less
dense regions, far beyond the outskirts of massive halos, CIE is not enough
to describe the gas state (Štofanová [35], 2022), but it is sufficient regarding
all the regions concerned within this thesis. The following sections will
introduce the main processes creating features in the spectra of ICM and
WHIM. Amore detailed review of this topic can be found inWerner;Mernier
[41], 2020 and Kaastra [17], 2008.

1.2 X-ray spectra of hot intergalactic gas

All images of parts of the WHIM taken by X-ray satellites are themselves
a scientific wonder, helping us map the cosmic web itself. But 2D images are
only useful to some point. From the X-ray spectra, much more information
can be derived, e.g. its temperature, state, composition and, if working with
high-resolution spectra, even velocity dispersion.

As it is common in the field of X-ray astronomy, the wavelengths (fre-
quencies) are represented in units of energy, in electronvolts. The X-ray scale,
ranging from about 0.1 keV to over 100 keV is then divided into the soft part
and the hard part of X-ray spectrum, the point of division around 10 keV. In
this thesis, our focus will mostly be on the softer part of the X-ray band up
to the abilities of missions conducting high-resolution X-ray spectroscopy
(to around 12 keV).

1.2.1 Continuum

Continuum is a wide-band spectral feature created by a process occurring at
a range of wavelengths. In this case, inside CIE-modelled hot cosmic plasma,
electrons are free to move around, interacting with ions and being deflected
from their original trajectory by electrostatic interactions. During this free-
free radiation process, the energy lost is radiated away by an X-ray photon.
This process is often referred to as bremsstrahlung. Two-photon emission or
other continuum-creating processes such as Compton scattering or magnetic
interactions are far less important in hot (over about 107.5 K) cosmic plasma.

1.2.2 Emission lines

When an ion directly ‘collides’ with a free electron, it may either capture it
or use part of its energy to excite its own bound electron into a higher state.

5



1. The cosmic web

The following process of de-excitation, when the bound electron releases an
exact amount of energy and returns to its (mostly) original state, is known
to create a photon of the same energy. When measured, this energy can tell
us what specific ion was the source of this emission and into what state was
its bound electron excited. These photons create narrow emission lines, and
because the gas forming the diffuse baryonic component is mostly optically
thin, all photons are radiated away.

Because the cosmic gas is always enriched with heavier elements, the
equivalent widths of X-ray spectral lines allow us to determine the abun-
dances of supernova products, such as O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni.
Figure 1.3 shows the emission lines of different elements to be considered
throughout the soft X-ray band. The study of ICM and WHIM metallicity is
one of the main topics of modern X-ray astronomy and might point to the
different processes of cosmic gas enrichment.

The gas temperature and density are the main parameters that determine
the shape of the resulting spectrum. Whether it will be dominated by emis-
sion lines (such as in the case of low mass systems with lower temperatures)
or by continuum emission.

1.2.3 The study of X-ray spectra

As was mentioned above, it is the X-ray spectroscopy that makes the current
hunt for WHIM properties so exciting and what drives our knowledge of
cosmic plasma. It is not the goal of this thesis to study the exact physical
quantities from spectral fits of real observations, but having a notion of
what physicists are looking for in the data is a very important link when
simulating X-ray spectra for future missions.

Since we are focusing on theWHIM, the obtained quantities tell us about
the state of baryons permeating the large-scale structure of the Universe. The
determined properties of the plasma are its temperature, density, pressure,
entropy and chemical composition.

How to look for the chemical composition of the WHIM has been al-
ready stated in the previous section 1.2.2. By measuring the equivalent
width of each emission line and comparing it to other element’s lines, the
corresponding abundances can be found.

The bremsstrahlung continuum changes its shape according to the tem-
perature of the observed gas, therefore the temperature can be determined
from it.

The gas density can be well estimated from electron density of observed
gas, which can be calculated from the overall X-ray luminosity. From all the

6



1. The cosmic web
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Figure 1.3: A simulated X-ray spectrum of the center of M87 galaxy, observed
by Hitomi with a 100 ks exposition time. Fit (in red) reveals a large number
of emission lines of highly ionised elements. Since the observed region is
very hot, the spectrum is shaped by a great amount of bremsstrahlung
continuum radiation. Credit: Kitayama [18], 2014

quantities mentioned above, all the remaining thermodynamic properties
can be derived – such as entropy and pressure, as mentioned above.

1.2.4 X-ray background

The obtained spectra are not always as legible as expected by ideal model
observations. The Sun is partly contributing to the overall X-ray noise and
also, when observing extragalactic sources, our Galaxy is a source of several
X-ray emission lines, which have to bewell identified and isolated in obtained
spectra for proper analysis (Kraft [20], 2022).
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1. The cosmic web

When observing very faint sources, such as the WHIM, background
radiation can be a critical component in determining the significance of
all measured quantities. The instrumental background of X-ray calorime-
ter detectors is often very low and negligible in comparison to the X-ray
background radiation caused by the local hot bubble and the hot Galactic
halo. This creates another challenge when designing an X-ray mission and
puts constraints on how precisely can we measure almost any of the hot gas
properties mentioned above.

1.2.5 Obtaining X-ray spectra

Actual observations of intercluster filaments are rare. It is complicated
to build and operate observatories probing regions with such faint emis-
sion. So far, the most successful attempts to map the WHIM were done
either by observing distant active galactic nuclei (AGN) (probing small
parts of the WHIM filaments interacting with AGN radiation in absorption:
Kovács [19], 2019) or by direct observations close to massive galaxy clus-
ters or groups, where the emissivity of hot gas is relatively high (Werner
[43], 2008).1

Due to all the technical requirements for X-ray imaging and spectroscopy,
this field of observational astronomy is still in its ‘early days’. More mis-
sions dedicated to the study and mapping of WHIM in X-rays are yet to be
launched with great expectations and even greater visions.

1.3 Cosmological simulations

The creation of cosmological simulations based on popular models of the
universe are a natural response to our inability to effectively observe the
large-scale structure of the universe, along with its evolution. By comparing
simulations to observations, we might be able to confirm or refuse multiple
cosmological models, leading to a better understanding of the universe we
live in.

1.3.1 Illustris: TNG

Various simulations are run today, some very complex, some more simple.
Among them, the recent release of IllustrisTNG project results is peaking in
complexity, offering a multiple-scale, multiple-resolution ΛCDM probe into
the evolution of the universe frommultiple viewpoints, thus being useful for

1. The X-ray emissivity scales with hot gas density to the power of two such as ϵ ∝ n2
gas

(Werner; Mernier [41], 2020).

8



1. The cosmic web

Figure 1.4: The X-ray background radiation components. Observations across
the X-ray spectrum are burdened by local sources similarly to optical terres-
trial observations, corrupted by the Earth’s atmosphere. The sources include
the Local Hot Bubble and Galactic Halo in the soft X-ray band. The hard band
background is dominated by the Extragalactic Background (unresolved point
sources). The region abbreviated as NPS is the north polar spur hot gas emis-
sion, as observed directly by Suzaku XIS. Usually, the NPS emission is not
dominant in the spectrum. Adapted from: Miller [23], 2008 and Svačinková
[36], 2023

9



1. The cosmic web

Figure 1.5: An illustration of the three available volumes of TNG simulations,
mapping dark matter density. Credit: The TNG Project [38]

almost any cosmological simulation related research. TNG gravomagnetohy-
drodynamical simulations consist (so far) in total of 18 simulations across
three volumes. TNG50, TNG100 and TNG300 are the available sizes repre-
senting roughly 50, 100 and 300 Mpc3 boxes. TNG simulations come in three
resolutions. All TNG runs are modelling the evolution of dark and bary-
onic matter, star formation and supermassive black hole activity (Zingler
[47], 2020) within 100 snapshots representing universe at different redshifts
(Nelson [27], 2019). The new (so far not publicly available) TNG-Cluster
simulation offers a smaller-scale large cluster-only snapshot with increased
resolution (Nelson [26], 2024).

10



2 X-ray spectroscopy

It is not a simple task to conduct astronomical observations in the X-ray band.
The technology needed for even the simplest of observations is demanding
and complex and comes hand in hand with added challenges. For starters, it
is impossible to observe the X-ray universe directly from Earth’s surface. This
is why all of the collected data we have today rely on space based satellite
observations. The detection of X-ray photons is also more of a treasure hunt
than comfortable research. X-ray flux of the most X-ray luminous object
in the night sky – the Crab Nebula – is about 4 photons cm−2 s−1, so for
successful observations, long exposure times and large photon collecting
areas are demanded.

Figure 2.1: The Crab Nebula as observed by Chandra in X-rays. Credit: Chan-
dra X-ray Observatory [10]

All spectroscopic measurements are further burdened by finite spectral
resolution ∆E, which is a function of energy itself and which limits the
information given by an obtained spectrum and depends massively on the
technology used for photon detection. For statistical purposes, we can also

11



2. X-ray spectroscopy

define resolving power R = E/∆E = λ/∆λ. These technical details will be
referred to in the following chapters.

2.1 The evolution of X-ray spectroscopy

The first successful attempts to measure X-ray radiation with satellite mis-
sions were done by proportional counters, tubes filled with gas, capturing
photons and transferring their energy into signal. The first mission to im-
plement such devices was the Uhuru satellite, and many followed. Because
of the limitations of this technology, the Einstein observatory, launched
later, used Solid State spectrometers – like the Bragg Crystal Spectrometer –
limited only by the inability to obtain spectra in all possible wavelengths
simultaneously.

The next step towards high-resolution spectroscopy inX-rayswere diffrac-
tion (reflection) gratings, used until this day onboard Chandra X-ray Ob-
servatory and XMM-Newton. Dispersion spectroscopy is a very useful tool
regarding the study of point sources, but its use is very limited in terms of
extended sources.

The next generation of X-ray spectroscopy is being slowly but steadily re-
vealed. Microcalorimetry can yield high-resolution spectra with comparable
or better resolution than that of CCD grating spectroscopy. With the few re-
sults of Hitomi and XRISM satellites, we know how powerful this ‘new’ tool
can be, and on the horizon, Transition-Edge Spectrometer microcalorimeters
will soon be making their way into orbit.

2.1.1 Grating X-ray spectroscopy

Diffraction and reflection grating X-ray spectroscopy takes advantage of
the refraction and reflection of light. All detected photons are focused into
sensitive spectrometers, their path depending on their respective energy
(wavelength) and as a cone of light, this spectrum is then spread across a set
of CCD detectors, converting photon energy to electrons and performing
the measurement.

A disadvantage of such an approach is the inability to effectively observe
extended sources, as was mentioned above, due to a dispersion effect caused
by the spectrometer design.A challenge is therefore only to distinguish the
dispersion effect from the correctly reflected photon paths, but for WHIM
observations, even a careful approach to data analysis would bear no re-
sults. But gratings are still very useful tools regarding point sources in soft
X-ray band, with Chandra reaching resolving power R ∼ 103 at around
1 keV, which is for example a goal of the HUBS satellite with a far more ad-

12



2. X-ray spectroscopy

Figure 2.2: HRC – the High Resolution Camera grating spectrometer onboard
Chandra X-Ray Observatory. A simplified scheme and picture of the actual
payload before launch in 1999. Credit: Bambi; Jiang [6], 2023

vanced technology1. New designs of grating X-ray spectrometers are being
developed, so it seems that in soft X-rays, it still hasn’t said its last word yet.

2.1.2 Microcalorimeter arrays

In 1999, a short sounding rocket experiment was performed, surveying
the night sky in X-rays using a microcalorimeter for the very first time in
history (McCammon [22], 2002). This yielded spectra over the soft X-ray
band (up to 1 keV) with an excellent energy resolution of 5–12 eV. Very
similar microcalorimeters were used by JAXA on Hitomi satellite and are
now being used on XRISM.

Microcalorimeter detectors use arrays of sensitive small-thermal-capacity-
calorimeters, measuring the change of temperature when a single X-ray pho-
ton reaches the detector. The photons are focused into an absorber, causing
a steep rise in temperature ∆T. The energy of individual photons can be then
found easily by2 E = C · ∆T, where C is the heat capacity of used medium.
After this rise, the excess temperature is transferred by a thermal link into
a heat sink until a quasi-equilibrium is reached.

The advantage of this design, in comparison to gratings, is its ability to
reach a relatively high resolving power even at higher energies, over 1 keV
and higher. The energy resolution of microcalorimeters is (directly) propor-
tional only to the absorber temperature, therefore remains constant across

1. Of course, themissions of the future are expected to exceed those of today. The ultimately
different design of HUBS will make it far more efficient than Chandra with increasing
photon energy (Cui [12], 2020).
2. This relation is only an illustrative simplification of the whole process.
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Figure 2.3: A simple scheme of how ordinary X-ray photonmicrocalorimeters
work. Credit: Bambi; Jiang [6], 2023

the whole energy spectrum. Because of this, all microcalorimeter absorbers
are to be kept at as low temperatures as possible, reaching now about 50 mK.
Because microcalorimeter arrays are non-dispersive detectors, their use is
not limited to point sources only, allowing us to probe all interesting X-ray
sources, potentially including the cosmic web and its properties, in more
detail.

2.1.3 TES microcalorimeters

The Transition Edge Sensor microcalorimeter design is in many ways compa-
rable to ordinary microcalorimeters, introduced in the previous subsection.
Instead of directly measuring the temperature rise with a microcalorimeter,
a superconducting material is heated. Superconductors are defined hav-
ing a certain (material dependent) critical temperature TC at the transition
between the ordinary material phase and superconductivity. There even
the slightest change in temperature can ‘drastically’ change its conducting
capabilities, i.e. its resistance.

TESs are now designed to be kept at the temperature level given by TC
(usually around 0.1 K) so when an X-ray photon hits the TES detector, the
used material becomes non-superconductive and a process is underway to
reduce the temperature to stable TC again. The change of resistance is easily
measured, the excess heat is quickly transferred into a heat sink. To illustrate
TES microcalorimeter detector designs, see Fig. 2.4.

The future of TES designed X-ray spectroscopic missions is yet to be
written. The great success of microcalorimeters is yet to be introduced by
XRISM and the TES arrays are to follow in upcoming mission designs such
as Athena (NewAthena), LEM or HUBS. TESs promise to come especially
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Figure 2.4: A simple scheme of how TES microcalorimeters detect X-ray
photons. Credit: Bambi; Jiang [6], 2023

with enhanced energy resolution capabilities (possibly around only 1 eV
over the whole spectrum in some cases). Its design is more complex than
that of Hitomi and XRISM microcalorimeter arrays so possible trade-offs
for better resolution will be a smaller collecting area or field of view. That’s
why most future X-ray spectroscopic missions come along with another less
complicated instrument with large field of view – an imager. If nothing else,
it may very well be used to create pretty images!

For a more detailed description of the topic, please see Bambi; Jiang
[6], 2023 and references therein.

2.2 Missions focusing on X-ray astronomy

In the following section of this thesis, our focus will be on missions currently
operating and onX-raymission concepts planned to launch in the near future.
However, it would have been a great shame, if there was no memorial built
for all the predecessor X-ray missions of the past, for they are not to be ever
forgotten.

The X-ray universe with its countless secrets has been observed for
decades now, with the first steps being the Vela constellation or X-ray ded-
icated Uhuru. The imaging capabilities of The Einstein Observatory have
produced the first X-ray images of the universe. The first ESA X-ray mission
EXOSAT or Japanese missions Hakucho and the ASTRO- series of missions
were further milestones in observations of X-ray transients or solar observa-
tions. At the end of the European ROSAT mission in 1999, we were gifted
with the very first X-ray all-sky survey catalog consisting of more than
150 000 objects. Apart from satellites of our focus, the hard X-ray satellite
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Figure 2.5: The ROSAT all-sky survey. Panorama of the X-ray sky from 1 to
100 keV as observed by the satellite between the years 1991–1997. Credit:
European Space Agency Science Portal [13]

NuSTAR launched in 2012 and, in the hunt for a new X-ray all-sky survey,
the German-Russian mission eROSITAwas launched in 2019 as a younger
successor to ROSAT with better resolution and larger field of view.

2.2.1 Chandra X-ray Observatory

Chandra, a satellite named after Subrahmanyan Chandrasekhar, the Nobel
Prize laureate, is one of the four Great Observatories of NASA. It occupies
such a place alongside the Hubble Space Telescope, Compton Gamma-Ray
Observatory and Spitzer Space Telescope, which by itself underlines its
scientific significance. Chandra was launched in July 1999 and, although
being a bit outdated in comparison to new planned missions such as Athena
or LEM, it remains a valued well of X-ray data of the universe. Being more
than twenty years in orbit, Chandra is still fully operational.

Chandra’s HRMA (High-Resolution Mirror Assembly) consists of two
sets of mirrors coated with iridium and has angular resolution better than
0.5 arcsec. At the time of assembly, thosewere the smoothest mirrors ever cre-
ated. X-ray photons are resolved in CCD grating spectrometers and imagers
ACIS3 and HRC3 in X-ray band range of 0.06–10 keV with about 120–200 eV
resolution across the harder part of the X-ray spectrum. At about 1 keV,
ACIS’s High-Energy Transmission Grating (HETG) is able to observe spec-
tra with up to the resolution of 1 eV. In addition to beautiful images of
hot X-ray sources by HRC’s large field of view, Chandra has so far been an
endless source of X-ray spectra and light curves (Bambi; Jiang [6], 2023).

3. The Advanced CCD Imaging Spectrometer and the High-Resolution Camera.
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Unfortunately, due to its relatively high hard X-ray grating resolution, it
is virtually unable to resolve individual lines in its spectra beyond the soft
X-ray band and is also not equipped to observe in detail the faint filamentary
structures which are of interest of this thesis. Chandra has been known to
observe the most luminous parts of such structures with high gas densities
and temperatures as well as various point sources.

2.2.2 XMM-Newton

Still operating today, ESA’s XMM-Newton (launched in 1999) is, along with
Chandra, one of the greatest X-ray observatories at orbit. Citing from its
user’s handbook: ‘It is (...) clear that Chandra and XMM-Newton have comple-
mentary characteristics and that both have constituted a new generation of X-ray
missions, with enormously improved capabilities compared to their predecessors
ASCA, ROSAT and RXTE.’4 We can think of XMM-Newton, Chandra and
Suzaku as of great milestones shaping X-ray astronomy into the picture we
see today.

XMM-Newton consists of three X-ray telescopes and one 30 cm opti-
cal/UV telescope. At ordinary conditions, all of these can operate at the
same time, resolving the universe at multiple wavelengths, which adds
to the total scientific value of obtained data. Beyond the X-ray telescopes
are located two EPIC MOS detectors and one EPIC pn detector5. Together
they add to a field of view of 30 arcmin, operating at 0.2–12 keV with about
75 eV resolution as for today. For calibration purposes, XMM-Newton is
frequently observing the Crab Pulsar. The EPIC pn instrument is used for
its fast readout and for observing rapidly variable objects with about 30 µs
time resolution in a special observation mode. To filter optical reflected
light being detected on the CCD cameras, filters with various thickness are
installed.

The spectrometer used onboard of XMM-Newton is called RGS, the
Reflection Grating Spectrometer. Two of those are used for high resolution
spectroscopy mostly at longer wavelengths. In soft X-ray band of about
0.33–2.5 keV, it can resolve spectra with a resolution of ∼ 4 eV. This is the
region of most interest to most astronomers, where a plenty of emission
lines can be found within the spectra. The optical/UV detector is named the
Optical Monitor (OM) and is used for imaging of the optical light collected
by XMM-Newton’s telescope. It is to be used only for very faint sources with
optical magnitudes higher than 7.4 mag, but is able to produce spectra in

4. XMM-Newton Users Handbook [44], 2023, p. 154
5. The European Photon Imaging Camera – Metal Oxide Semiconductor and pn.
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Figure 2.6: The two great X-ray observatories, surveying the X-ray and far UV
sky until this day with CCD resolution, operating for about 25 years now.
From left to right: Chandra X-ray Observatory and XMM-Newton. Credit:
NASA Science [25] and European Space Agency Science Portal [13]

those wavelength ranges. Those can be later compared to the resolved X-ray
spectra.

Similarly to Chandra, XMM-Newton is more than capable of observing
single bright X-ray sources and has produced countless spectra during its
lifetime. Even though XMM-Newton likely experienced a few micromete-
orite impacts and an unhealthy saturation of OM, until this day it continues
to successfully observe the X-ray/UV/optical universe.

2.2.3 ASTRO-E, Suzaku and Hitomi

Astro-E was the first satellite to carry an X-ray microcalorimeter on board. It
launched in 2000 but was lost during a failure in launch and never conducted
any measurements. In response to this unfortunate event, JAXA developed a
similar machine comparable to ASTRO-E: ASTRO-E2. Soon after its launch,
Suzaku, as it was named after a successful launch into orbit in 2005, expe-
rienced a helium leak form a tank supporting its cooling system. Without
proper cooling, the onboard microcalorimeter was deemed useless and al-
though Suzaku continued to measure X-ray spectra of many sources for
years to come, its most valued scientific potential was ultimately lost. Even
though the Suzaku mission ’failed’, it remains the first to deliver an X-ray
microcalorimeter to space.

Hitomi, also called Astro-H, was yet another JAXA project to resolve
X-ray universe using a microcalorimeter array. In its design, it followed its
predecessors, inheriting the Suzaku detector with only a bit of novelty. In
hopes of obtaining revolutionary X-ray spectra, Hitomi was launched from
Tanegashima in 2016 and was successfully delivered to its orbit. Most unfor-
tunately, JAXA lost contact with Hitomi about a month later. The satellite
was lost because of attitude control system failure. Before this happened,
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Figure 2.7: A quick comparison of a CCD spectrum (in red) obtained
by Suzaku and a simulated microcalorimeter spectrum (in black) from
the Hitomi satellite. In higher energy X-rays, the spectra obtained by
microcalorimeter-based missions are superior to those with CCD resolution.
Credit: Hitomi Collaboration [15], 2016

Hitomi managed to survey a part of the Perseus cluster of galaxies but due
to this being a rushed event, not all calibration was yet performed. Never-
theless the obtained spectra give us a picture about how exciting it is to have
data from microcalorimeter surveys.

2.2.4 XRISM

In September 2023, after almost twenty-three years of unsuccessful or just
partially successful attempts, JAXAmanaged to deliver one fully operational
X-ray microcalorimeter into orbit. Onboard of XRISM, it is today revolution-
ising our view of the whole X-ray universe.

XRISM, a successor of Hitomi, equipped with almost identical instru-
ments, consists of two separate detectors: Resolve and Xtend, both having
the same mirror assembly (XMA) coated with aluminium.

The Xtend tool is relatable to Chandra’s HRC having a relatively large
field of view (30 arcmin2) and a resolution of a CCD camera. It is introduced
as an soft X-ray imager and operates at a temperature of −120 ◦C. Its main
purpose is to observe targets simultaneously with Resolve and produce
images of larger regions.

Being undoubtedly the most valued detector onboard, Resolve consists
of a microcalorimeter array of HeTe absorbers in silicon. As it stands for
a microcalorimeter detector, it needs to be constantly cooled to retain temper-
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Figure 2.8: The Japanese X-ray satellites. From left to right: Hitomi, that was
unfortunately lost in 2016 and XRISM, surveying the X-ray sky today. Credit:
High Energy Astrophysics Science Archive Research Center [14] and Bambi; Jiang
[6]

atures of around∼ 50 mK which is achieved by multiple cooling procedures
(see XRISM Quick Reference [45], 2022 for a more detailed description). With
a resolution of less than 7 eV at a large spectral band of 0.3–12 keV with
a small field of view, Resolve is the most scientifically important instrument
onboard the satellite. Another advantage of Resolve is the absence of disper-
sion in creation of spectra which means, unlike XMM-Newton or Chandra,
it does not lose the spatial information of its data. On top of that, Resolve
is equipped with a set of five different filters including a Fe-55 calibration
filter, an empty one, beryllium, polyimide-aluminium and neutral-density
filter.

In their white paper (Science with the X-ray Imaging and Spectroscopy
Mission (XRISM) [32], 2022), XRISM team promises to shed light upon
vast fields of astronomy including black hole outflows, galaxy evolution,
supernova remnants, evolution of stars and compact objects and larger
structures such as the properties of ICM, IGM and WHIM, which are the
main topics of this thesis.

Unfortunately, as for May 2024, the gate valve of XRISM has not been
opened. From the practical perspective, this means that XRISM can no longer
observe in the soft X-ray band (up to about 1.5 keV), since only harder X-ray
photons will be detected by the Resolve instrument. Therefore, in this thesis,
we will not simulate the XRISM observations under 1.5 keV.
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2.2.5 Hot Universe Baryon Surveyor

The Hot Universe Baryon Surveyor (HUBS) mission is a Chinese proposed
concept for an X-ray satellite hoping to manage to launch around the year
2030. So far a prototype has been constructed and tested in a laboratory and
the design results are promising (Cui [12], 2020).

The HUBS satellite will consist of a large 1 deg2 field of view X-ray tele-
scope of ordinary design, focusing photons onto an array of TES Mo-Cu
microcalorimeters. These spectrometers will operate at extremely low tem-
peratures with angular resolution of about 1 arcmin and are expected to
produce spectra with energy resolution< 2 eV in the soft part of X-ray band
(0.2–2 keV). Due to its large grasp – the product of field of view and effective
photon collecting area – HUBS can theoretically be just the mission we need
for effective observations of faint intergalactic gas.

Aside from that, HUBS’s focus will be on distinguishing the ICM and
CGM in individual galaxies, galaxy clusters and groups. Being so far just
a proposed project, HUBS satellite, its components and mission focus may
be all a subject to a change in the near future.

2.2.6 Athena

Advanced Telescope for High ENergy Astrophysics, the Athena X-ray obser-
vatory is a 2014 selected project of ESA, currently in progress with launch
expected in the 2030’s. Similarly to HUBS, it aims to conduct X-ray spec-
troscopy using a TES microcalorimeter. The NewAthena (a redesign of the
original project) will consist of a single telescope with twomain instruments
nested inside: theWide-Field Imager (WFI) and the X-ray Integral Field Unit
(X-IFU) (Science with the Athena X-ray Integral Field Unit, X-IFU Preliminary
Requirements Review [31], 2019).

Of the most scientific interest remains the X-IFU, an array of TES mi-
crocalorimeters, promising to resolve spectra at a range of 0.2–12.0 keV with
an energy resolution of less than 2.5 eV up to 7 keV. That will be, for exam-
ple, enough to study a plenty of yet hidden emission lines in the WHIM.
As it stands for a microcalorimeter, X-IFU will be constantly cooled to very
low operational temperatures of about 50 mK. The other instrument, WFI,
being a very fast Silicon Active Pixel Sensor camera with a large field of view,
will provide further imaging in the soft X-ray band. One of the most valued
scientific drives is Athena’s ability to observe very distant structures, far
beyond the reach of the current X-raymissions. The possibility to observe the
cosmic web at redshift of z ≈ 3 will enable us to study not only the current
composition and characteristics of the greatest structures in our universe
but also their evolution in time.
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Figure 2.9: Athena: X-IFU instrument. From left to right: a single TES mi-
crocalorimeter pixel; the same pixel viewed as a cross-section; the Athena
X-IFU prototypewith the central array consisting ofmore than 3000 calorime-
ters. Credit: Bambi; Jiang [6]

The Athena team and ESA have announced that they are very open to ob-
servation proposals andwant to spend the lifetime of Athena as productively
as possible. The observatory has a life expectancy of five years.

2.2.7 Line Emission Mapper

The Line Emission Mapper (LEM) satellite concept is a mission with com-
parable imaging capabilities to XMM-Newton’s EPIC with better spectral
resolution given by its microcalorimeter design. Or as the LEM team in-
troduces the satellite: it is useful to think of LEM as an XMM-Newton with
a calorimeter.6 Being now just a concept, it is not yet certain if LEM will be
selected to launch by NASA.

Under 1.5 m diameter mirror, an array of TES microcalorimeter detectors
(similar to ATHENA and HUBS) will be nested, again operating under
extreme temperature of 35–50 mK. LEM is expected to operate in soft X-rays
(projected 0.2–2 keV) with a resolution reaching 1 eV across the spectrum
in the middle of its field of view. It will be equipped with Integral Field Unit
(IFU) non-dispersive spectrometer. To enhance its observational capabilities
beyond XRISM or Athena, LEM is said to have the most effective grasp
(Kraft [20], 2022).

How and where the spacecraft will be positioned is currently under
study, along with talks about an all-sky soft X-ray survey and observations
of the Earth.

The authors of the LEM concept praise the capabilities of their mission as
it will be a great tool to study galaxy formation and feedback from newborn
stars and black holes. LEM will be able to especially resolve the properties
of IGM and ICM, such as its densities, temperatures, entropy, dynamics and

6. cit. from Kraft [20], 2022 [p. 12]
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Figure 2.10: High resolution X-ray spectroscopy missions of the future. From
left to right: The HUBS, NewAthena and LEM satellite concepts. Credit:
HUBS mission webpage [16], Athena mission webpage [4] and Kraft [20], 2022

overall chemical composition of mentioned gas. The great grasp of LEM is
what makes it a promising tool for the study of WHIM, extended sources
and its properties.

Table 2.1: A comparison of all the new missions instrument capabilities.
Adapted from: Kraft [20], 2022.

XRISM Resolve NewAthena X-IFU HUBS LEM IFU
Energy band [keV] 0.4–12 0.2–12 0.2–2 0.2–2
Field of view [arcmin] 3 5 60 30
Effective area at 0.5 keV [cm2] 50 6000 500 1600
Angular resolution [arcsec] 75 5 60 15
Spectral resolution [eV] 7 2.5 2 1

2.3 Main topics of modern X-ray astronomy

All proposed X-ray missions do have a certain goal they wish to accomplish,
a physical phenomena to probe or explore in more detail. In most cases,
this expands to more than one addressed issue from obtaining beautiful
images to uncovering the greatestmysteries the universe is yet hiding beyond
our reach. In the following sections, only some of the most fundamental
physical problems that are being constantly probed by X-ray instruments
are addressed.

2.3.1 The search of the missing baryons

The hot baryonic matter, of which the filamentary structures of the cosmic
web are made, is so sparse we have not yet effectively observed it. The
methods of observing such structures are delicate. As mentioned above, so
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HUBS

Chandra ACIS-S

LEM IFU

NewAthena X-IFU

XRISM Resolve

Figure 2.11: A comparison of the field of view of selected X-ray missions and
instruments. During our simulated observations, all were centered at the
same point, this figure is only an illustration.
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far it has been observed only in absorption spectra when a supernova, or
a similarly bright event, helped us see the invisible. With the help of TES
microcalorimeter surveyors, mapping those filaments might just be a far
easier task (Bregman [7], 2023).

2.3.2 Accretion shocks and AGN heating

One of the possible explanations of the intergalactic and intracluster gas
being so hot it can not formnew starsmight be shock heating due to accretion
shocks. This is a not yet very well understood process and to obtain the
important answers, AGN feedback processes should be studied. During its
active phase, compact galactic cores are known to form massive jets, driving
large amounts of energy and matter from its host galaxy into outer space.
These ejecta further interact with the, so far, cooling non-galactic gas, heating
it to such temperatures, that we can observe it in X-rays. Observations of
active compact objects as well as areas of interaction will help us further
deepen our understanding of this process (Werner [42], 2019).

A similarity can be seen among much smaller radii, on the scale of star
forming regions and molecular clouds. Supernovae and massive stars are
driving stellar winds across their neighbourhood, heating the surrounding
gas, not allowing any other stars to form in their vicinity (Bregman [7], 2023)
(Kraft [20], 2022).

2.3.3 Dynamics of cosmic plasma

Not only thermal shock are responsible for the motion of gas in between
galaxy clusters or in the filamentary structures. Multiple processes may
play a vital role in directing the motion of the whole structures as well as
in creating small instabilities within the local plasma. Galactic mergers and
interactions, magnetic fields in the ICM, distribution of dark matter and
much more may have shaped the cosmic web into the form we see today.
And even now, with detailed maps of gas motions, we may get a better
picture of its behavior and evolution (Bregman [7], 2023).

2.3.4 Chemical composition of the universe

By reading emission/absorption lines in the spectra of any observed hot
X-ray visible region, one can derive the chemical composition of such regions.
Multiple bright sources were observed so far but only a few fine measure-
ments of faint cosmic web regions were conducted. With the upcoming
X-ray observatories not only the chemical composition of the local universe
could be stated but also the chemical composition of earlier universe to up
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to z ≈ 3. This can give us not only a constant abundance information but
also a very valuable time dependent relation that could help to deepen our
understanding of the evolution of the universe itself (Kraft [20], 2022).

2.3.5 Stars and supernova remnants

A great number of stars are confirmed to be X-ray sources. It is thought
that many different processes are creating this X-ray luminosity and such
processes are dependent on the star type, stage of life, etc. Apart of that,
cataclysmic variables and extreme events such as supernova explosions or
remnants are all observable in X-ray radiation (Bambi; Jiang [6], 2023).

Not only the deaths of stars are worth observing. As was mentioned
above, their births are also a not yet fully understood mystery. With X-
ray spectroscopy and observations, star forming regions or even molecular
clouds forming star babies could be probed in the future (Bregman [7], 2023).

There is much more to this topic. The list of possible observations and
discoveries seems almost endless. Every proposed scientific X-ray mission
consist of many ideas of what to observe, not even mentioning all the techno-
logical wonders that are created for those missions to be possible. The ideas
even include observations of Solar system planet’s atmospheres, probing of
X-ray cosmic background or an X-ray all-sky survey. We refer the reader at
all the publications mentioned in this chapter.
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By simulating the X-ray spectra of baryon-sparse regions of the cosmic web,
wewish to demonstrate the importance of newX-ray satellitemissions. In this
chapter, we will show how our spectra were obtained from Illustris TNG100-
3 simulation, analysed and fitted. Fitting the spectra with models including
background components may show whether the new X-ray observatories
have the capabilities to resolve faint structures of the cosmic web or not.

3.1 Used packages

Nowadays, working with very complex data structures – such as cosmo-
logical simulation results – is not really handled by pen and paper. The
everyday work of an astronomer requires much faster, stronger and more
reliable methods. To process simulation data, to create mock observations
with telescopes and instruments, to simulate spectra and to fit those spectra
accordingly, we used various computational algorithms.

3.1.1 pyXSIM

For simulating the X-ray emission based on the TNG simulation, we used the
pyXSIM Python package (ZuHone; Hallman [48], 2016). pyXSIM is a tool,
built by John ZuHone1, used to simulate X-ray events and photons from
astrophysical sources and to create gas maps of hot regions. pyXSIM is
heavily supported by the yt package developed by the yt collaboration2 (39).
In our workspace, we used pyXSIM version 4.3.2.

3.1.2 SOXS

SOXS (ZuHone [49], 2023), Simulated Observations of X-ray Sources, is
a Python package developed by scientists at CfA mainly to be used with the
future X-ray mission concepts of LEM and Lynx. SOXS is an environment,
where mock X-ray observations are conducted. It consists of a database of
instruments and their parameters. SOXS is also a tool used for modelling
background emission for observations including instrumental background
and overall cosmic X-ray background. The resulting product of SOXS obser-
vations are mock event files from which full field of view (FOV) spectra can

1. John ZuHone is an astrophysicist and researcher at the Harvard-Smithsonian Center for
Astrophysics (CfA) in Cambridge, USA.
2. The yt Project is a collaboration of many enthusiastic physicists at Open Hub. It aims to
be a general tool to be used to simulate and visualise a range of various data structures.
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be extracted as observed by various satellites. In our workspace, we used
SOXS version 4.7.1.

3.1.3 Xspec

Xspec (Arnaud [3], 1996) is a NASA’s HEASARC3 (14) HEAsoft4 tool used
for spectral fitting. Its interface is terminal-based and because its base func-
tions are very straightforward, it has been used by a wide range of scientists
for over 35 years now. In our workspace, we used Xspec version 12.12.1.

3.2 Handling the simulation data

For the purposes of this thesis, we decided to use the TNG100-3 simulation
– the 100 Mpc3 volume of TNG, where massive structures (such as galaxy
group halos) are formed. In between galaxy groups and clusters, thin gas
of the WHIM-like temperatures can be found. Regarding data acquisition,
all TNG simulations are available for download from the TNG web page
archive (Nelson [27], 2019)5.

The loading of TNG data structure can be done in many ways, either
by loading only a defined subset of data (such as halos or sub-halos) or by
loading the whole snapshot at given redshift. For the purposes of demon-
strating the capabilities of X-ray missions, we decided that the last snapshot
with redshift z = 0.01 is satisfactory. As we found for the most massive halo
in TNG100 simulation, this region is full of interesting features. We decided
to load this subset of simulation data:

1 basePath = "/space/IllustrisTNG/TNG100-3/output/"
2 snap = 99
3 haloID = 0
4 halo = il.groupcat.loadSingle(basePath, snap, haloID=haloID)
5

6 fields =['Coordinates',
7 'GFM_CoolingRate',
8 'Density',
9 'InternalEnergy',

10 'ElectronAbundance',

3. The High Energy Astrophysics Science Archive Research Center is a NASA archive for
high-energy related astrophysical research.
4. HEAsoft is a complex software suite containing several packages for high-energy related
astrophysical research. It includes FTOOLS/FV and XANADU (later divided into Ximage,
Xronos and Xspec).
5. We acquired the TNG data set at (38).
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11 'StarFormationRate']
12 gas = il.snapshot.loadHalo(basePath, snap, haloID, "gas")
13 header = il.groupcat.loadHeader(basePath, snap)
14

15 with h5py.File(il.snapshot.snapPath(basePath, snap),'r') as f:
16 header_snap = dict(f['Header'].attrs)

After that, the data is loaded by yt (see the Appendix C and D for the
whole code) and projection is centered at the center of selected halo, group
or cluster. When searching for WHIM regions, center of projection must be
shifted away from the group/cluster. This shift is easily performed:

1 ds = yt.load(filename)
2

3 c = ds.arr([
4 halo["GroupPos"][0],
5 halo["GroupPos"][1],
6 halo["GroupPos"][2]],
7 "code_length") # Centered at selected halo
8

9 dx, dy, dz = 0.0, -50.0, 50.0 # Define shift values
10 c_shifted = ds.arr([
11 halo["GroupPos"][0] + dx,
12 halo["GroupPos"][1] + dy,
13 halo["GroupPos"][2] + dz],
14 "code_length") # Center shifted

When centering at WHIM filaments, a hot gas filter is added to yt (see
the Appendix C) and the search is performed by projecting this hot gas with
yt.ProjectionPlot, such as:

1 prj = yt.ProjectionPlot(ds, "x", ("hot_gas","density"),
width=(1, "Mpc"), center=c)↪→

2 prj.set_zlim(("hot_gas","density"), 1.0e-7, 1.0e-3)
3 prj.show()

When the center c is set accordingly, the model observation can be set
with pyXSIM and mock observation can be configured with SOXS.

All cosmological parameters within the loaded snapshot are printed by
default when loading a yt object and are shown in Table 3.1.
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Table 3.1: All the cosmological parameters values used within the TNG100-3
simulation volume and used snapshot.

Parameter Value
ΩΛ 0.6911

Ωmatter 0.3089
Ωrad 0.0

Redshift 0.0
H0 67.74 km s−1Mpc−1

Current time 4.36 × 1017 s

3.3 Instrument simulations

The most powerful tool of SOXS are undoubtedly its instrument simulations.
The package creates mock observations of X-ray sources just given a dataset
of events and photons. Themethod soxs.instrument_simulator() offers a range
of observational parameters to be set.

3.3.1 X-ray satellites: response files

Response files, or response matrices are calibration files used for calibrating
observations – both real and simulated. They usually consist of a pair of files
measuring the energy sensitivity and channel distribution. These are called
the ancillary response file (ARF) and the redistribution matrix file (RMF).

The ARF is somehow similar to a measure of energy sensitivity of the
detector when compared to infrared or optical astronomy. It is a dependence
curve of effective area as a function of X-ray photon energy. Every piece
of equipment in X-ray satellites, such as mirrors, spectrometers, filters or
detectors, usually contributes to this generally non-constant distribution.

When an X-ray photon is detected by a satellite, it is (based on its energy)
immediately designated an energy channel, where this information is stored.
Sometimes it happens, that some photons may ‘fall’ into different channels
than expected. This probability is reflected by the RMF matrix. Ideally, the
RMF is a linear distribution (a matrix with diagonal terms only), but in
reality it contains some second-order (and higher) contributions.

Usually other calibration files are provided by X-ray satellite collabo-
rations. These include the background radiation file (often denoted PHA
– Pulse Height Amplitude, a name, that still remained from ancient times,
when proportional counters were used as X-ray detectors), mapping the in-
strumental background of the satellite and the Point-Spread Function (PSF),
a measure of spatial photon distribution across the detector. The PSF is
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Table 3.2: All the available parameters of soxs.instrument_simulator().

Argument Function
source_file By default the first parameter. Selects a source file

(usually a pyXSIM event list or SIMPUT catalog) from
which the simulation data will be drawn.

out_file Sets the name of output file.
exp_time Sets exposition time of the mock observation.
instrument Searches the instrument registry and selects

an instrument of choice for which the X-ray source
will be observed.

sky_center Usually, within pyXSIM event list, the sky coordinates
of observed source are set. By setting the
sky_center coordinates accordingly, shifting
the viewpoint of the satellite is possible.

roll_angle Sets the satellite angle (its rotation around source
center) under which the observation is conducted.

ptsrc_bkgnd Parameters needed to simulate all the background
instr_bkgnd radiation. (more about simulating the background
foreground in the following sections). By default, all three

are set to True.
dither_params The dithering of the satellite can be set using this

parameter. In case no dither is to be simulated, the
no_dither parameter can be used instead.

aimpt_shift By using this parameter, it is possible to shift the
(otherwise) center of observation.
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Figure 3.1: The Chandra RMF and ARF response matrices. Note the RMF
non-diagonal elements, causing the same-energy photons to be sometimes
detected in different channels (color refers to detection probability). Credit:
An X-ray Data Primer: What I Wish I Knew when Starting X-Ray Astronomy [2]

a somewhat complex matrix, binding together photon energy, actual spatial
distribution of the source, mirror geometry and distance of the source from
the center of the satellite’s field of view. For example, when observing an
X-ray point-like source on the edge of field of view, it does usually spatially
spread out. The reconstruction of such source is then very difficult.

Most of the response files are usually publicly available, for example,
we can obtain them via SOXS or at a web archive. Acquiring response
files via SOXS is very simple. The SOXS package comes with a method
soxs.fetch_files() with the only required parameter being the name of the
respective X-ray instrument we wish to obtain files for. This command then
downloads respective files (used by SOXS) from a web archive to current
folder. The following Table 3.3 shows the list of response files we usedwithin
the simulations.

We acquired the response files used through various methods. Files for
Chandra (cycle 22) were obtained directly via the soxs.fetch_files()method
and downloaded into our workspace from a SOXSweb archive. The same
method of acquisition was used with files of LEM and XRISM satellites.
As for the NewAthena, we downloaded their newest response files at the
web page of the Athena collaboration (4). The HUBS response files were
not publicly available. We obtained the HUBS ARF and RMF directly via
asking the HUBS collaboration. With this being said, I wish to thank the
collaboration for handing in all the files necessary without hesitation.

32



3. Simulating the X-ray spectra

Figure 3.2: The effect of PSF, the Point Spread Function when observing
X-ray sources off-axis with Chandra X-ray Observatory. See how is the point
source spread across the detector with increasing energy (0.92, 1.56 and
3.8 keV) and off-axis angle (0, 2.4, 4.7 and 9.6 arcmin). Credit: An X-ray Data
Primer: What I Wish I Knew when Starting X-Ray Astronomy [2]

Table 3.3: List of all response files used and corresponding satellites.

Response file Satellite Type
aciss_aimpt_cy22.rmf Chandra RMF
aciss_aimpt_cy22.arf Chandra ARF

chandra_aciss_cy22_bi_particle_bkgnd.pha Chandra Background file
resolve_h5ev_2019a.rmf XRISM RMF

resolve_pnt_heasim_noGV_20190701.arf XRISM ARF
resolve_h5ev_2019a_rslnxb.pha XRISM Background file
athena_xifu_3eV_gaussian.rmf NewAthena RMF

athena_xifu_13_rows_no_filter.arf NewAthena ARF
athena_psf_defoc_20231211.fits NewAthena Background file

lem_1.3eV_110422.rmf LEM RMF
lem_300522.arf LEM ARF

lem_1.3eV_171222_fov_bkg.pi LEM Background file
hubs_cc_s_v20181130.rmf HUBS RMF
hubs_cc_s_v20201227.arf HUBS ARF
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3.3.2 Adding custom instruments

The lack of some instruments or their parameters in SOXS instrument_registry
led me to update it manually. The HUBS mission was not present among
SOXS instruments, so we had to add it into the registry and include all
response files necessary for it to work along with our code.

To add custom instruments along with all the necessary response files
into the SOXS registry, a sophisticated method add_instrument_to_registry()
is implemented within SOXS. A little less complicated method, that we used
to create a new instruments and instrument specifications is updating the
registry directly, since it is only an editable Python script. This instrument
registry can be by default (for Linux and anaconda users) found at
home/yourname/anaconda3/envs/envname/lib/python3.11/site-packages/SOXS,
where yourname represents the Linux username and envname the name of
a respective anaconda environment, where SOXS is installed. We proceeded
to edit the script by copying an existing instrument and rewriting its param-
eters to best represent the HUBS satellite. With this setup, we decided to ig-
nore the instrumental background (thought not to be relevant in comparison
to all the other background components) and to represent the point-spread
function as a simple Gaussian profile with a width of 1 arcsec.

1 # HUBS --- my own HUBS
2

3 instrument_registry["hubs"] = {
4 "name": "hubs",
5 "arf": "hubs_cc_s_v20201227.arf",
6 "rmf": "hubs_cc_s_v20181130.rmf",
7 "bkgnd": None,
8 "fov": 60.0,
9 "num_pixels": 600,

10 "aimpt_coords": [0.0, 0.0],
11 "chips": [["Box", 0, 0, 60, 60]],
12 "focal_length": 5.0,
13 "dither": True,
14 "psf": ["gaussian", 1.0],
15 "imaging": True,
16 "grating": False,
17 }

For this to work properly, all the respective response files need to be
stored in SOXS cache located by default at home/yourname/.cache/soxs.

For simulating observationswithAthena, a similar approachwas needed,
because response files used by SOXS were too outdated. After obtaining
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newest response files from (4), we reworked the instrument registry by
copy-pasting the Athena instrument, renaming it and rewriting the ‘rmf’,
‘arf’, ‘bkgnd’ and ‘psf’ key values to the respective filenames of new response
matrices.

1 # NewAthena XIFU --- my own Athena
2

3 instrument_registry["NewAthena"] = {
4 "name": "NewAthena",
5 "arf": "athena_xifu_13_rows_no_filter.arf",
6 "rmf": "athena_xifu_3eV_gaussian.rmf",
7 "bkgnd": ["athena_xifu_nxb_10asec_radius.pha",

79552.92570677],↪→

8 "fov": 5.991992621478149,
9 "num_pixels": 84,

10 "aimpt_coords": [0.0, 0.0],
11 "chips": [["Polygon", [-33, 0, 33, 33, 0, -33], [20, 38, 20,

-20, -38, -20]]],↪→

12 "focal_length": 12.0,
13 "dither": True,
14 "psf": ["multi_image", "athena_psf_defoc_20231211.fits"],
15 "imaging": True,
16 "grating": False,
17 }

Similarly to handling HUBS response files, we uploaded the newest
Athena files to proper default directory, so that SOXS can use them. All the
other instruments were already present in SOXS instrument registry with
response matrices enough up to date.

3.3.3 Simulating background radiation

SOXS offers a complex way to simulate X-ray background events directly
within the soxs.instrument_simulator() method. By default, SOXS simulates
three types of background (see Table 3.4): the Galactic foreground, cosmic
X-ray background (CXB) and the instrumental background. The most im-
portant of those are the Galactic foreground and point-source background.
Because instrumental background is generally negligible in comparison to
the other sources when observing with a calorimeter, we can safely ignore it
regarding the aim of this thesis (except for the Chandra X-ray Observatory).

The Galactic foreground consists of two components: the local hot bubble
and hot halo (see Fig. 1.4). Both are in SOXS bydefaultmodelled by a thermal
model
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apec LHB + phabs (apec GH),

with the parameters values shown in Table 3.46.
TheCXB represents emission noise originating fromdistant point sources

such as AGN or galaxies. The CXB background is simulated using discrete
point sources distributed randomly during the simulation and each is given
a power-law spectrum. More details on simulating background models with
SOXS can be found at SOXS: Simulated Observations of X-ray Sources [34].

Table 3.4: Galactic foreground models parameters in SOXS. Credit: SOXS:
Simulated Observations of X-ray Sources [34]

Model: phabs (apec LHB) apec GH

nH 0.018 × 1022 cm−2 -
kT 0.225 keV 0.099 keV

abund 1.0 Z⊙ 1.0Z⊙

redshift 0.0 0.0

norm 7.3 × 10−8 × 10−14
∫

nenHdV
4ßD2

A(1+z)2 1.7 × 10−7 × 10−14
∫

nenHdV
4ßD2

A(1+z)2

3.3.4 Configuration of observations

Following all the steps above in this chapter, we arrived at creating pyXSIM
model observations of selected sources. The pyXSIM package offers configu-
ration of a thermalCIE sourcemodelwith its function pyxsim.CIESourceModel().
For our setup, a yt hot gas filter was defined in advance by restricting the
temperature, star formation rate and cooling rate parameters within our
dataset. The source model was then defined based on the hot gas filter and
a temperature range in kev as follows:

1 source_model = pyxsim.CIESourceModel(
2 "apec", emin, emax, nbins, ("hot_gas","metallicity"),
3 temperature_field=("hot_gas","temperature"),
4 emission_measure_field=("hot_gas", "emission_measure"))

Based on the created CIE model, simulated emission from a selected box
could be drawn using pyxsim.make_photons() and pyxsim.project_photons()

6. Apec, the Astrophysical plasma emission code is a widely used model for simulating hot
X-ray emitting gas. It consists of several components (as can be seen in the mentioned Table
3.4). The phabs, photon electric absorption on gas within our own Galaxy, is an absorption
model.
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functions. Note that projecting photons in pyXSIM naturally requires an axis
of projection as an argument. If we wish to project under an axis rotation, an
array must be used instead. The following code demonstrates how we could
project photons in different directions, which was useful when searching for
the most suitable observation angle. The first example shows the default use
of the projecting function, the second a rotated version. The code includes
the well known numPy Python package.

1 # Original projection along "x" axis
2 n_events = pyxsim.project_photons(f"halo_{haloID}_photons",
3 f"halo_{haloID}_events", "x", (45.,30.),
4 absorb_model="wabs", nH=0.01)
5

6 # A random rotation along projection axis
7 original_axis = np.array([1, 0, 0])
8 ang_x = 45
9 ang_y = 20

10 ang_z = 0
11

12 r_x = R.from_rotvec(np.radians(ang_x) * np.array([1, 0, 0]))
13 r_y = R.from_rotvec(np.radians(ang_y) * np.array([0, 1, 0]))
14 r_z = R.from_rotvec(np.radians(ang_z) * np.array([0, 0, 1]))
15

16 rotated_axis = r_z.apply(r_y.apply(r_x.apply(original_axis)))
17

18 n_events = pyxsim.project_photons(f"halo_{haloID}_photons",
19 f"halo_{haloID}_events", rotated_axis, (45.,30.),
20 absorb_model="wabs", nH=0.01)

As a next step, a pyXSIM event list and a simput catalog are created,
from which mock observations and spectra are obtained.

3.3.5 Mock observations and spectra

All mock observations of X-ray sources simulated within TNG100 and mod-
elled by yt and pyXSIM are created by SOXSwith soxs.instrument_simulator().
Finally, after projecting hot gas emission into an event list, observations of
a source are done simply by convolving projection data with individual
satellite response files and its field of view, given an exposure time and
simulated background option. One-dimensional spectra are acquired with
soxs.write_spectrum(). The output is typically a .pi file with the spectrum.
Raw full FOV spectra obtained with SOXS need to be fitted with a spec-
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tral fitting tool, since inside them resides the most scientifically valuable
information.

3.4 Spectral fitting with Xspec

As was stated above, the X-ray spectrum of the hot intergalactic gas is com-
posed of various different components. Apart from the WHIM region itself,
the background radiation contributes to it significantly. There are technically
two ways of how to tell if a satellite spectrometer/microcalorimeter is able
to resolve the hot gas region from the background radiation.

The less scientific approach is done by simulating emission from thin
regions without background radiation completely and then overviewing
the whole spectrum itself. If there is no significant detection, or the number
of detected source counts is extremely low, we can safely label the region
undetectable. If there is, however, any sign of X-ray photon detection, the
simulation must be repeated with simulated background events and the
resulting spectrum must be fitted to tell the significance of the detection.

To fit the resulting X-ray spectrum, we used the Xspec tool. Xspec runs
in an open terminal and an external widow can be used to visualize the
data. First, loading of the data is done using the load path/to/file.pi command,
which loads the given spectrum and the respective response matrices. Usu-
ally, there is no need to use more commands for response files loading, since
if they are present in the local directory, Xspec loads them automatically.

Next, we proceeded to the creation of a fitting model. According to the
background model form SOXS, for the full model, we used

apec LHB + phabs (apec GH) + phabs (apec + powerlaw CXB),

with the parameters (such as temperature or redshift) corresponding to
the model parameters in Table 3.4 and the last two terms representing the
hot gas component itself and the unresolved point source X-ray background.
In cases, where the powerlaw photon index could be fitted, we used the
value of 1.5 as a default starting point. For the phabs model, the bcmc cross-
section was assumed (Balucinska-Church [5], 1992) and abundances were
expressed with respect to proto-Solar abundances Lodders [21], 2009.

The initial parameters of the hot gas component were set according to
the values drawn from the simulation volume. The fitting itself was then
done by thawing and fitting the background component normalisations first,
then fitting the hot gas component parameters one by one along with the
background normalisations. Note that the Cash-statistic (Cash [8], 1979),
set with the command statistic cstat, was used to fit all simulated spectra.
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In some cases, beside the normalisation itself, we also tried estimating the
temperature of selected region, or its abundance (metallicity). Furthermore,
the photon index can also be constrainedmainlywith satellites able to resolve
spectra over 2.0 keV.

3.4.1 Data analysis

The final data analysis is done with Xspec fitting results. The uncertainties
are obtained via the error command. In some cases, the data are not sufficient
to constrain parameters of all fitted components (e.g. only upper limits can
be estimated). We may inspect the relevance of given fits also by fitting the
data only with the background components (searching if adding the apec
component provides a better fit than fitting just the background model).
The respective results are discussed in the next chapter.
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By simulating mock observations of a cluster halo and a baryon-sparse
region within the TNG100-3 simulation with next-generation X-ray instru-
ments, we were trying to figure out whether the regions are observable
by a given instrument and, if so, how significant this WHIM/ICM/IGM
detection would be. We chose five distinct regions. The first three are the
halo center, r500 region and r200 region1, since the values of r500 and r200 are
easily obtained directly from TNG halo database. For comparison, it is often
stated that current X-ray missions are able to observe cluster/group halos
approximately up to r200. The respective distances of the two chosen regions
from cluster center are 437 and 696 kpc. To show the ability of missions
of the future, two more regions were selected. One still belonging to the
cluster halo beyond r200, 889 kpc from the center, and one 2.96 Mpc away,
representing (by its physical description) a filament-like structure. All the
regions are visualised in Figure 4.1.

All of our simulated regions were situated at fixed redshift z = 0.01
and with absorbing Galactic hydrogen column nH = 0.01 × 1022 cm2. All
uncertainties are expressed within 1σ (68.3%) confidence level.

4.1 Halo center

The region in the very center of the selected massive halo was simulated
with a 10 ks exposure time with all of our instruments. This region is the
hottest and densest region, with average density of (2.0 ± 0.4)× 10−2 cm−3.

As can be seen from the resulting fits (see Figures 4.2, B.1, B.2 and Table
A.1), this region is easily recognized by every instrument that we used.
Even from the Chandra ACIS-S CCD and the usually photon-starved XRISM
Resolve spectra, the local component normalisation and temperature can
be determined with high enough accuracy. This result was expected as the
number of photons detected by the satellites was sufficiently high and the hot
gas component dominated over all the simulated background components.

Since the hot gas component at given high temperature dominates over
the powerlaw spectrum, it is only natural, that the powerlaw component could
not be distinguished within any of the spectra. We fitted this component
only to demonstrate this fact. Otherwise, when fitting spectra of actual

1. These stand for the halo radii, where the total gas density (computed simply as total
baryonic mass divided by local volume given by the radius r) reaches 200 or 500 times the
cosmological critical density.
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observations, the powerlaw component is not fitted in such regions. Full fit
results along with spectra can be found in the Appendix A and B.

As can be seen in Figure 4.2, this was the only region, we were able to fit
properly with Chandra ACIS-S. In the remaining regions, the instrumental
background of ACIS-S CCD detector started to dominate over the spectrum
and the spectral fits became inaccurate. Therefore, we did not simulate
spectra further away from the halo center with Chandra ACIS-S.

4.2 Halo r500

Going further away from the center, the hot r500 region was observed with
100 ks exposure time. The average number density of this particular region
was (3.6 ± 1.3)× 10−3 cm−3.

The hot gas component in a region centered at r500 of the selected halo
was again distinguished from the background radiation by all of the used
instruments excludingChandraACIS-S, where the instrumental background
dominated the spectrum. We can only comment on the wide temperature
range fitted within virtually all of the spectra. This divergence was likely
a product of two distinct temperature populations in our sample, as can
be seen in Fig. 4.4. The inability of some instruments to fit the powerlaw
normalisation properly in this region is again driven by the same means as
it was commented earlier in the central region. Full fit results along with
spectra can be found in the Appendix A and B.

4.3 Halo r200

At the current theoretical border of detection capability, in the region of r200,
the average number density of particles was (1.1 ± 0.3)× 10−3 cm−3.

Simulating this region, the XRISM Resolve detection was already very
faint and no hot gas component was found within it. This can be seen in
Table A.3. The powerlaw spectrum now started to dominate over all the other
components, so it could be fitted well with all of the used instruments.
Regarding the detections with NewAthena X-IFU, HUBS and LEM IFU, all
of these newmissions were still able to resolve the hot gas component within
their respective spectra with high enough accuracy. Full fit results along
with spectra can be found in the Appendix A and B.
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4.4 Halo beyond r200

Beyond the current observable horizon of ∼ r200, we simulated spectra
for all microcalorimeter instruments with 100 ks exposure time. With the
HUBS satellite we also created one 1 Ms observation for comparison with
the 100 ks spectra (the HUBS collaboration is planning to schedule such
long-exposure measurements). This region was characterised by the average
particle concentration of (6.5 ± 1.4)× 10−4 cm−3.

By simulating and fitting spectra of the halo outskirts, 889 kpc from the
center of selected massive halo, we obtained results summarized in Table
A.4. For XRISM Resolve, the hot gas emission is almost (or totally) non-
detectable. Because XRISM (along with Chandra) could not significantly
resolve the hot gas component even at r200, their failure to do so in a less
dense region is not very surprising.

The NewAthena mission, along with the HUBS and the LEM satellite did
all distinguish the hot gas component within their spectra. From the fitting
results in Table A.4, we can see, that all the normalisation fits are significant
enough. When fitting the HUBS 1 Ms exposure time spectrum, we obtained
even better results in terms of the average temperature determination.

4.5 WHIM filament

The results for simulating spectra of a filament-like region of the WHIM are
summarised in this section. All the mock observations were again simulated
with an exposure time of 100 ks with the exception of HUBS and LEM
satellites, where a 1 Ms observation was also simulated. The average number
density of the filament region was (7.3 ± 2.1)× 10−5 cm−3.

As can be seen from the spectrum in Fig. 4.8 and from the resulting fits
in Table 4.1, XRISM Resolve was not able to resolve the WHIM filament at
all. A 100 ks exposure time is not enough for XRISM to detect enough X-ray
photons to sufficiently resolve any hot gas component.

Some of the finer spectra were fitted separately with and without the
filament component to observe whether the detections are statistically better
or worse. From the remaining plots and fits (see Figures 4.8, 4.9, 4.10 and
Table 4.1), we can see that NewAthena satellite is not able to resolve the
WHIM gas component in the spectrum. The detection is rather weak and
the margin of error virtually exceeds the value fitted itself, or is too large for
the detection to be considered relevant. When fitting only the background
components, NewAthena produces a fit almost indistinguishable from the
result obtained when fitting with hot gas component. The HUBS mission
was however more successful in detecting the WHIM filament. As we can
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observe, even the 100 ks observation of HUBS has detected the emission
of the filament and also allowed estimating its temperature. From the ob-
tained C-statistics in Table 4.1, we can see that for both 100 ks and 1 Ms
observations, including the component for the WHIM emission significantly
improves the fit statistics. Regarding the LEM satellite, the hot gas detection
for 100 ks exposure time is very faint, however it is visible in the resulting fit
and statistically preferred. The 1 Ms simulated spectrum fit results for the
LEM satellite are even more promising, with the hot gas component being
recognised very well.

4.6 Data availability

Regarding our data analysis, we wish to be transparent. The full code along
with the resulting raw spectra and plots of spectra used in this thesis are avail-
able at github.com/madmad02/Bc-Thesis_XRS_public, in a public GitHub
repository. The reader is encouraged to explore our results.
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Figure 4.1: All the observed regions around selected halo: the halo center,
r500 and r200 regions, a less dense region beyond r200 and a filament-like
WHIM region, all marked by black dots. A total gas density projection (top)
and a temperature slice (bottom). The r500 and r200 regions are marked by
a black and a red circles.
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Figure 4.2: Fitted spectra of the halo center region along with fit residua
with Chandra ACIS-S (top) and a plot of Chandra observations of halo
center (black), halo r500 (red), r200 (blue) and the halo beyond r200 (green)
regions. We can observe, that from the r500 region onward, ACIS-S spectra
are dominated by instrumental background radiation.
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Figure 4.3: Distribution of the temperatures and electron densities of indi-
vidual super-particles within the simulated box for halo center region. The
color of individual particles refers to their abundance.
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Figure 4.4: Distribution of the temperatures and electron densities of indi-
vidual super-particles within the simulated box for the halo r500 region. The
color of individual particles refers to their abundance.
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Figure 4.5: Distribution of the temperatures and electron densities of indi-
vidual super-particles within the simulated box for the halo r200 region. The
color of individual particles refers to their abundance.
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Figure 4.6: Distribution of the temperatures and electron densities of indi-
vidual super-particles within the simulated box for the region beyond r200.
The color of individual particles refers to their abundance.
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Figure 4.7: Distribution of the temperatures and electron densities of indi-
vidual super-particles within the simulated box for the filament-like WHIM
region. The color of individual particles refers to their abundance.
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Figure 4.8: Fitted spectra of the WHIM filament along with fit residua with
XRISM Resolve (top) and NewAthena X-IFU (bottom).
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5 Conclusion

By simulating observations of multiple regions within the cosmic web with
the X-ray satellites of today (the Chandra X-ray Observatory and XRISM)
and of the future (NewAthena, HUBS and LEM), we were trying to de-
termine the actual observational capabilities of all the missions. For our
analysis, we chose a massive cluster halo and its outskirts from the Illustris
TNG100-3 cosmological simulation. We simulated observations of five re-
gions in total: the center of selected cluster, two regions at the distance of
r500 and r200 from the center, one region at the very edge of the cluster halo
and one region with WHIM-like properties, far away from the halo center.
To conduct simulated observations and fit the resulting spectra, the pyXSIM,
yt and SOXS Python packages and the Xspec fitting tool were used.

In the subsequent analysis of our results, spectra were fitted with a com-
plex model including background components from the local hot bubble,
Galactic halo, cosmic X-ray background, and the hot gas component itself. As
expected, the hot gas component in halo center region was well recognised
by all used instruments as can be seen in Table A.1. The r500 region was only
non-detectable for Chandra ACIS-S. The fitting results are shown in Table
A.2. The fitted spectra can be found in Figures 4.2, B.1 B.2, B.3 and B.4. The
current missions with CCD spectral resolution have already shown their
capabilities and the missions of the future are expected to have even better
resolution.

This was further demonstrated by simulating a 100 ks exposure time
spectra of the less dense regions. The halo r200 region was on the very edge
of detection ability for XRISM Resolve, while all other TES-microcalorimeter
designed instruments could still resolve the hot gas component with high
enough confidence. All the results for the r200 region can be found in Table
A.3 and fitted spectra in Figures B.5 and B.6.

The abilities of the next-generation X-ray missions were probed by sim-
ulated observations of a region further away from the center, where the
average number density of particles was (6.5 ± 1.4) × 10−4 cm−3. While
XRISM Resolve was unable to detect any significant hot gas component,
NewAthena X-IFU, HUBS and LEM IFU all reported a significant detection
within their spectra even with only a 100 ks exposure time. The significance
of this detectionwas further improvedwhen a 1 Ms exposure time simulated
observation was conducted with the HUBS satellite. The results can be seen
in Table A.4 and all fitted spectra are in Figures B.7, B.8 and B.9.

In the last region, where the simulations were conducted, the average
number density of particles was (7.3± 2.1)× 10−5 cm−3. In our dataset, this
region represents a WHIM-like filament – the hidden baryons of the cosmic
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5. Conclusion

web. We conducted 100 ks simulated observations with all the available
instruments and a 1 Ms exposure time observation with the HUBS and LEM
satellites. As for the future ofmapping the baryons of the universe, the results
(in Table 4.1) were very promising. The NewAthena X-IFU instrument did
unfortunately not succeed in the WHIM component distinction, with the
normalisation of this component capped at the upper limit of < 1.4 × 10−6.
However, bothHUBS and LEM IFU resolved theWHIM component from the
background components in their spectra. The normalisation of the WHIM
component for HUBS was (using 1σ levels) 1.4+1.1

−1.0 × 10−5, but simulating
a 1 Ms observation, the uncertainty lowered to 1.4+0.8

−0.7 × 10−5. Similarly, the
LEM IFU 100 ks observation yielded the WHIM component normalisation
of 3.1+8.3

−2.7 × 10−5, but simulating a 1 Ms spectrum significantly improved
the fit result as 1.66+0.17

−0.11 × 10−4. All the fitted spectra can be seen in Figures
4.8, 4.9 and 4.10.

These results are truly fascinating. Especially from the WHIM region
fitted spectra, we can see, that the abilities of future X-ray missions are
far beyond the abilities of missions of today. Implementing the TES-based
microcalorimeter arrays, the satellites such as NewAthena, HUBS and LEM
will eventually probe the universe further away from the brightest and most
massive clusters and halos. We can expect them to directly discover the
hidden baryons in the filaments of the cosmic web.
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Figure B.1: Fitted spectra of the halo center with XRISM Resolve (top) and
NewAthena X-IFU (bottom), both simulated with a 10 ks exposure time.
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Figure B.2: Fitted spectra of the halo center with HUBS (top) and LEM IFU
(bottom), both simulated with a 10 ks exposure time.
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Figure B.3: Fitted spectra of the halo r500 region with XRISM Resolve (top)
and NewAthena X-IFU (bottom), both simulated with a 100 ks exposure
time.
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Figure B.4: Fitted spectra of the halo r500 region with HUBS (top) and LEM
IFU (bottom), both simulated with a 100 ks exposure time.
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Figure B.5: Fitted spectra of the halo r200 region with XRISM Resolve (top)
and NewAthena X-IFU (bottom), both simulated with a 100 ks exposure
time.
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Figure B.6: Fitted spectra of the halo r200 region with HUBS (top) and LEM
IFU (bottom), both simulated with a 100 ks exposure time.

73



B. Results: all remaining fitted spectra

10−4

10−3

c
o

u
n

ts
 s

−
1
 k

e
V

−
1

XRISM :: Halo beyond r_200

2 5

−5×10−4

0

5×10−4

10−3

c
o

u
n

ts
 s

−
1
 k

e
V

−
1

Energy (keV)

10−3

0.01

0.1

1

10

c
o

u
n

ts
 s

−
1
 k

e
V

−
1

Including hot gas component
NewAthena :: Halo beyond r_200

10.5 2 5

−0.5

0

0.5

c
o

u
n

ts
 s

−
1
 k

e
V

−
1

Energy (keV)

Figure B.7: Fitted spectra of the region beyond halo r200 with XRISM Re-
solve (top) and NewAthena X-IFU (bottom), both simulated with a 100 ks
exposure time.
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Figure B.8: Fitted spectra of the region beyond halo r200 with HUBS (top)
and LEM IFU (bottom), both simulated with a 100 ks exposure time.
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Figure B.9: Fitted spectrum of the region beyond halo r200 with HUBS, simu-
lated with a 1 Ms exposure time.
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C Code: loading and handling of TNG data structure

The following is the code used within this thesis in order to load a TNG data
structure from a downloaded file. Note that the code is structured to jupyter-
notebook-like cells using the ‘#%%’ symbols, supported by the Visual Studio
Code. Most of the code structure was obtained via TNG tutorials at The TNG
Project [38].

1 # %%
2 # -------------------------- Import --------------------------
3 from soxs.utils import soxs_cfg
4 soxs_cfg.set("soxs", "bkgnd_nH", "0.01")
5 import soxs
6 import yt
7 import pyxsim
8

9 print("pyxsim version:", pyxsim.__version__)
10 print("soxs version:", soxs.__version__)
11

12 import h5py
13 import numpy as np
14 import illustris_python as il
15

16 import os
17 from regions import RectangleSkyRegion
18 from astropy.coordinates import SkyCoord
19 import astropy.units as u
20 from astropy import wcs
21 from astropy.io import fits
22 from scipy.constants import m_p
23 # %%
24 # ------------------------ Load data ------------------------
25 basePath = "/space/IllustrisTNG/TNG100-3/output/"
26 snap = 99 # snap 99 = redshift 0.01
27 haloID = 0 # the most massive halo in selected snapshot
28 # %%
29 groupcat = il.groupcat.loadHalos(basePath, snap)
30 halo = il.groupcat.loadSingle(basePath, snap, haloID=haloID)
31 # %%
32 fields = ['Coordinates',
33 'GFM_CoolingRate',
34 'Density',
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C. Code: loading and handling of TNG data structure

35 'InternalEnergy',
36 'ElectronAbundance',
37 'StarFormationRate']
38 gas = il.snapshot.loadHalo(basePath, snap, haloID, "gas")
39 header = il.groupcat.loadHeader(basePath, snap)
40

41 with h5py.File(il.snapshot.snapPath(basePath, snap),'r') as f:
42 header_snap = dict(f['Header'].attrs)
43 # %%
44 # ----------------------- yt settings -----------------------
45 filename = "halo_%d.hdf5" % haloID
46 # %%
47 with h5py.File(filename,'w') as f:
48 for key in gas.keys():
49 f['PartType0/' + key] = gas[key]
50

51 # some metadata that yt demands
52 f.create_group('Header')
53 f['Header'].attrs['NumFilesPerSnapshot'] = 1
54 f['Header'].attrs['MassTable'] = header_snap['MassTable']
55 f['Header'].attrs['BoxSize'] = header['BoxSize']
56 f['Header'].attrs['Time'] = header['Time']
57 f['Header'].attrs['NumPart_ThisFile'] =

np.array([gas['count'],0,0,0,0,0])↪→

58

59 # Must have the next six for correct units
60 f["Header"].attrs["HubbleParam"] = header["HubbleParam"]
61 f["Header"].attrs["Omega0"] = header["Omega0"]
62 f["Header"].attrs["OmegaLambda"] = header["OmegaLambda"]
63

64 # These correspond to the values from the TNG simulations
65 f["Header"].attrs["UnitLength_in_cm"] =

header_snap['UnitLength_in_cm']↪→

66 f["Header"].attrs["UnitMass_in_g"] =
header_snap['UnitMass_in_g']↪→

67 f["Header"].attrs["UnitVelocity_in_cm_per_s"] =
header_snap['UnitVelocity_in_cm_per_s']↪→

68 # %%
69 # ----------------------- Load yt file -----------------------
70 ds = yt.load(filename, default_species_fields="ionized")
71 # %%
72 # ------------------- Add an X-ray filter -------------------
73 def hot_gas(pfilter, data):
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C. Code: loading and handling of TNG data structure

74 pfilter1 = data[pfilter.filtered_type, "temperature"] >
3.0e5↪→

75 pfilter2 = data["PartType0", "StarFormationRate"] == 0.0
76 pfilter3 = data["PartType0", "GFM_CoolingRate"] < 0.0
77 return (pfilter1 & pfilter2) & pfilter3
78

79 yt.add_particle_filter("hot_gas",
80 function=hot_gas,
81 filtered_type='gas',
82 requires=["temperature","density"])
83 # %%
84 ds.add_particle_filter("hot_gas")
85 # %%
86 # --------------- Projection and visualisation ---------------
87 c = ds.arr([halo["GroupPos"][0],
88 halo["GroupPos"][1],
89 halo["GroupPos"][2]],
90 "code_length")
91 # %%
92 # Define shift values
93 dx, dy, dz = 0.0, 0.0, 0.0 # halo center
94 # dx, dy, dz = 0.0, 0.0, -2000.0 # halo 0 filament
95 # dx, dy, dz = 0.0, 0.0, 600.0 # halo 0 beyond r200
96 # dx, dy, dz = 0.0, 0.0, 470.0 # halo 0 r200
97 # dx, dy, dz = 0.0, 0.0, 295.0 # halo 0 r500
98

99 # Shift the center of projection
100 c_shifted = ds.arr([halo["GroupPos"][0] + dx,
101 halo["GroupPos"][1] + dy,
102 halo["GroupPos"][2] + dz],
103 "code_length")
104 # %%
105 # Gas density projection
106 sphere_center = c
107 r0_pt = ds.quan(10, 'kpc')
108 r200_sp = ds.quan(696.5179446533203, 'kpc')
109 r500_sp = ds.quan(436.4346303222656, 'kpc')
110 prj = yt.ProjectionPlot(ds,
111 "x",
112 ("gas","density"),
113 width=(7, "Mpc"),
114 center=c_shifted)
115 prj.annotate_sphere(c_shifted,
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116 radius=r0_pt,
117 circle_args={'color':'black',
118 'linestyle':'solid'})
119 prj.annotate_sphere(sphere_center,
120 radius=r200_sp,
121 circle_args={'color':'red',
122 'linestyle':'dashed'})
123 prj.annotate_sphere(sphere_center,
124 radius=r500_sp,
125 circle_args={'color':'black',
126 'linestyle':'dashed'})
127 prj.set_zlim(("gas","density"), 1.0e-8, 1.0e-2)
128 prj.show()
129 # %%
130 # Gas temperature slice
131 sphere_center = c
132 r0_pt = ds.quan(10, 'kpc')
133 r200_sp = ds.quan(696.517944653320, 'kpc')
134 r500_sp = ds.quan(436.4346303222656, 'kpc')
135 slc = yt.SlicePlot(ds,
136 "x",
137 ("gas","temperature"),
138 width=(7, "Mpc"),
139 center=c_shifted)
140 slc.annotate_sphere(c_shifted,
141 radius=r0_pt,
142 circle_args={'color':'black',
143 'linestyle':'solid'})
144 slc.annotate_sphere(sphere_center,
145 radius=r200_sp,
146 circle_args={'color':'red',
147 'linestyle':'dashed'})
148 slc.annotate_sphere(sphere_center,
149 radius=r500_sp,
150 circle_args={'color':'black',
151 'linestyle':'dashed'})
152 slc.set_zlim(("gas","temperature"), 1.0e2, 1.0e8)
153 slc.show()
154 # %%
155 # Off-axis projection (if needed)
156 prj = yt.OffAxisProjectionPlot(ds,
157 [1,1,1],
158 ("gas","density"),
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159 width=(10, "Mpc"),
160 center=c)
161 prj.set_zlim(("gas","density"), 1.0e-5, 1.0)
162 prj.show()
163 # %%
164 # Hot gas density
165 sphere_center = c
166 r0_pt = ds.quan(10, 'kpc')
167 r200_sp = ds.quan(696.5179446533203 , 'kpc')
168 r500_sp = ds.quan(436.4346303222656 , 'kpc')
169 prj = yt.ProjectionPlot(ds,
170 "x",
171 ("hot_gas","density"),
172 width=(2, "Mpc"),
173 center=c_shifted)
174 prj.annotate_sphere(c_shifted,
175 radius=r0_pt,
176 circle_args={'color':'black',
177 'linestyle':'solid'})
178 prj.annotate_sphere(sphere_center,
179 radius=r200_sp,
180 circle_args={'color':'red',
181 'linestyle':'dashed'})
182 prj.annotate_sphere(sphere_center,
183 radius=r500_sp,
184 circle_args={'color':'black',

'linestyle':'dashed'})↪→

185 prj.set_zlim(("hot_gas","density"), 1.0e-7, 1.0e-2)
186 prj.show()
187 # %%
188 # Eventually save the projection and slice plots
189 prj.save(f"prj_h{haloID}.pdf")
190 slc.save(f"slc_h{haloID}.pdf")
191 # %%
192 # -------- Getting region info and physical quantities --------
193

194 width = ds.quan(0.15, "Mpc")
195 le = c_shifted - 0.5*width
196 re = c_shifted + 0.5*width
197 box = ds.box(le, re)
198
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199 # This is the way to obtain quantities from a small box within
the coordinates of "box", along with some terrible factors
to translate from TNG simulation comoving units to the
units ordinary astrophysicists (such as we are) often use.

↪→

↪→

↪→

200

201 abundance = np.average(box[('hot_gas', 'metallicity')])/0.0127
202 abundance_err = np.std(box[('hot_gas', 'metallicity')])/0.0127
203 print("Z :: Abundance :", abundance.value, "pm",

abundance_err.value, "Z_solar")↪→

204 # %%
205 temperature = np.average(box[('hot_gas', 'temperature')],

weights=box[('hot_gas', 'density')])↪→

206 average = np.average(box[('hot_gas', 'temperature')],
weights=box[('hot_gas', 'density')])↪→

207 variance = np.average((box[('hot_gas',
'temperature')]-average)**2, weights=box[('hot_gas',
'density')])

↪→

↪→

208 weighted_std = np.sqrt(variance)*8.617333262145e-8
209 tempkev = temperature*8.617333262145e-8
210 print("Temperature in keV :", tempkev.value, "pm",

weighted_std.value, "keV")↪→

211 # %%
212 density = np.average(box[('PartType0', 'Density')])

*((2e+40)/1.67e-27)/(((3.09e+19)**3)*(0.6774**2)*100**3)↪→

213 density_err = np.std(box[('PartType0', 'Density')])
*((2e+40)/1.67e-27)/(((3.09e+19)**3)*(0.6774**2)*100**3)↪→

214 print("mean density :", density.value, "pm", density_err.value,
"particles/cm3")↪→

215 # halo_mass = groupcat['Group_M_Crit200'][haloID]*0.6774*1e10
216 # print("halo_mass :", halo_mass, "M_solar")
217 r200 = halo["Group_R_Crit200"]*0.6774
218 print("r200 :", r200, "kpc")
219 r500 = halo["Group_R_Crit500"]*0.6774
220 print("r500 :", r500, "kpc")
221 # %%
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The following Appendix D is a code used for simulating mock observations
and spectra along with saving all the files created in the process: photon
lists, event simput catalogs, images or spectra itself.

1 # %%
2 # ------------- Mock observation - configuration -------------
3 emin = 0.2
4 emax = 12.0
5 nbins = 4000
6 source_model = pyxsim.CIESourceModel(
7 "apec", emin, emax, nbins, ("hot_gas","metallicity"),
8 temperature_field=("hot_gas","temperature"),
9 emission_measure_field=("hot_gas", "emission_measure"),

10 )
11 # %%
12 exp_time = (100, "ks") # exposure time
13 area = (3000.0, "cm**2") # collecting area
14 # Note that this collecting area should be bigger than the

collecting area of any of the used telescopes.↪→

15 redshift = 0.01
16 # %%
17 # Create a box from which photons are drawn
18 width = ds.quan(0.15, "Mpc")
19 le = c_shifted - 0.5*width
20 re = c_shifted + 0.5*width
21 box = ds.box(le, re)
22 # %%
23 # ---------------- Create and project photons ----------------
24 n_photons, n_cells =

pyxsim.make_photons(f"halo_{haloID}_photons",↪→

25 box,
26 redshift,
27 area,
28 exp_time,
29 source_model)
30 # %%
31 n_events = pyxsim.project_photons(f"halo_{haloID}_photons",
32 f"halo_{haloID}_events",
33 "x",
34 (45.,30.),
35 absorb_model="wabs",
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36 nH=0.01)
37 # %%
38 # Additional rotation, if necessary
39 original_axis = np.array([1, 0, 0])
40 rotation_angle_x = 30
41 rotation_angle_y = 20
42 rotation_angle_z = 0
43

44 r_x = R.from_rotvec(np.radians(rotation_angle_x) * np.array([1,
0, 0]))↪→

45 r_y = R.from_rotvec(np.radians(rotation_angle_y) * np.array([0,
1, 0]))↪→

46 r_z = R.from_rotvec(np.radians(rotation_angle_z) * np.array([0,
0, 1]))↪→

47

48 rotated_axis = r_y.apply(r_x.apply(original_axis))
49 # Rotated event file:
50 n_events = pyxsim.project_photons(f"halo_{haloID}_photons",
51 f"halo_{haloID}_events",
52 rotated_axis,
53 (45.,30.),
54 absorb_model="wabs",
55 nH=0.01)
56 # %%
57 # Write all to a simput catalog
58 events = pyxsim.EventList(f"halo_{haloID}_events.h5")
59 events.write_to_simput(f"halo_{haloID}", overwrite=True)
60 # %%
61 # ---------------- Create mock image with SOXS ---------------
62 exposure = (100.0, "ks") # exposure time of the observation
63

64 # Our instrument menu:
65 # instrument = "chandra_aciss_cy22" # the Chandra we use
66 # instrument = "xrism_resolve" # the XRISM we use
67 # instrument = "NewAthena" # the Athena we use
68 # instrument = "hubs" # the HUBS we use
69 instrument = "lem_inner_array" # the LEM we use
70

71 # %%
72 # ---------------- Prepare image and spectrum ----------------
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73 soxs.instrument_simulator(f"halo_{haloID}_simput.fits",
f"evts_{instrument}_expks:{exposure[0]}.fits", exposure,
instrument, (45,30.), overwrite=True, foreground=True,
ptsrc_bkgnd=True, instr_bkgnd=False)

↪→

↪→

↪→

74 # %%
75 # Image
76 soxs.write_image("image.fits",
77 "image.fits",
78 emin=0.1,
79 emax=12.0,
80 overwrite=True)
81 # %%
82 center_sky = SkyCoord(45, 30, unit='deg', frame='fk5')
83 region_sky = RectangleSkyRegion(center=center_sky,
84 width=32*u.arcmin,
85 height=32*u.arcmin)
86 with fits.open(f"img_{instrument}_expks:{exposure[0]}.fits") as f:
87 w = wcs.WCS(header=f[0].header)
88 fig, ax = soxs.plot_image("name.fits",
89 stretch='log',
90 cmap='afmhot',
91 vmax=1500.0,
92 width=0.2)
93 ax.add_artist(region_sky.to_pixel(w).as_artist())
94 # %%
95 # Spectrum
96 soxs.write_spectrum("name.fits",
97 "spectrum.pi", overwrite=True)
98 fig, ax = soxs.plot_spectrum("spectrum.pi",
99 xmin=0.3,

100 xmax=10.0,
101 xscale="log",
102 yscale="log")
103 # %%

Some filenames and sections were slightly modified within shown code
to better fit the thesis setup. All technical parameters however remain func-
tional. For the full code, we again refer the reader to our public GitHub
repository at github.com/madmad02/Bc-Thesis_XRS_public.
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