This thesis has been submitted in fulfilment of the requirements for a postgraduate degree
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following
terms and conditions of use:
This work is protected by copyright and other intellectual property rights, which are
retained by the thesis author, unless otherwise stated.
A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge.
This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the author.
The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the author.
When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given.

Simulating the X-ray Emission of Hot Gas in
Groups and Clusters

Dylan Robson

N I V E R

S

T H

Y
IT

E

U

G

H

O F
R

E

D I
U
N B

Doctor of Philosophy
The University of Edinburgh
August 2021

2

Abstract
As some of the largest gravitationally bound objects in the Universe, galaxy groups
and clusters provide a unique laboratory for testing models of cosmology and galaxy
evolution. While many of the basic properties of halos are determined by the
dissipationless dark matter component, the baryonic components that govern the
appearance of the visible matter such as the galaxies and the virialised hot gas, are
less well understood. As such the co-evolution of galaxies, gas, and black holes within
groups and clusters can help us examine galaxy evolution. By leveraging the benefits
of simulations we can closely investigate this evolution and the effects of feedback.
S IMBA is a cosmological hydrodynamical simulation run using the G IZMO code, that
utilises a novel approach to black hole growth and feedback. Deviations of the Xray scaling relations within S IMBA from self-similarity give us insight into how the
implemented feedback affects halo evolution. It is then possible to determine more
specifically where feedback is altering halos through their X-ray profiles. Through
this work into the global X-ray properties of halos within S IMBA I have established
a baseline from which to start investigating the evolution of individual halos. Tracing
halos back through time allows us to pinpoint the moments, and events, which lead to
significant changes both in global X-ray properties, and the finer details of the X-ray
profiles. While the initial work was done using X-rays generated through PYGAD,
further work was achieved through the combination of pyXSIM, SOXS telescope
simulator, and XSPEC, to generate mock observations and allow for the more direct
comparison of simulations to observations. This ability to accurately create mock
observations from past telescopes such as Chandra aptly leads to the application of
these tools towards simulating observations for future X-ray telescope projects such as
Athena. As such we move from using these tools to validate the simulation, to using
the simulations to make predictions.
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Lay Summary
Galaxy clusters are massive groups of galaxies held together by gravity. These massive
objects, due to their size, provide a unique laboratory for testing theories of galaxy
formation and evolution as well as providing insight into the history of the Universe.
As these clusters form they collect large amounts of baryonic matter, such as gas
and stars. This gas is heated up as it is pulled in to the cluster by gravity. At high
temperatures the gas is able to emit high energy X-ray photons which provide a unique
insight into what’s going on inside the cluster. Using advanced X-ray telescopes we
are able to observe these photons and as a result study the clusters.
In this thesis I use the S IMBA suite of simulations to investigate the X-ray emissions
from hot gas in simulated clusters.
In Chapter 2 I examine how cluster properties such as the X-ray luminosity, and
temperature of the hot gas along with a few other key parameters scale with each other
and the mass of the cluster at the most recent point in the time of the simulation. Doing
this I found that S IMBA is able to quite closely match the same relations produced using
real world observations. I then go on to create X-ray property profiles to examine
how these properties vary as a function of the distance from the centre of a cluster.
By using simulations it is then possible to compare how these various relations and
profiles change when removing certain parts of the physics behind the simulation. As
a result I was able to show that energetic feedback from black holes in the form of high
velocity outflows, or "jets", was largely responsible for reproducing the relations seen
in S IMBA.
In Chapter 3 I then go on to investigate how these relations and profiles change
over time. This provided further evidence that jets were the driving force behind the
evolution of clusters seen in S IMBA.
Finally in Chapter 4 I describe a method for creating mock X-ray observations of
clusters in S IMBA in a way that more closely matches observations in the real world.
iii

I do this with the intent of investigating the capabilities of the future X-ray telescope
Athena with comparison to the existing Chandra telescope and present a number of
these mock observations.
In Chapter 5 I summarise the work of this thesis and provide my conclusions. I then
go on to discuss potential future work that will build upon the work of this thesis.
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Chapter 1
Introduction

1.1

Clusters

Clusters of galaxies are some of the largest gravitationally bound objects in the known
Universe and as such provide a unique laboratory for testing theories of cosmology and
evolution. Several megaparsecs in diameter, with masses up to the order of 1015 M ,
clusters are comprised of distinct concentrations of galaxies centered around one of the
brightest cluster members.
As cosmological probes, any study of clusters must take heed of the cosmology
in which they formed. Under this framework we assume the Universe is spatially
homogenous and isotropic. Along with Einstein’s theory of general relativity we are
able to establish that the cosmology of our Universe is specified by its curvature, K,
and the scale factor, a(t). In an effort to explain how the Universe has evolved to its
present state many theories regarding the origin of the Universe, or cosmogonies, have
been proposed. These cosmogonies usually describe a universe containing three main
components: baryonic matter (such as gas and stars), dark matter, and dark energy. The
general consensus is that dark matter and dark energy make up ≈ 95% of the energy
density of the Universe with baryonic matter making up the remaining 5% . Different
cosmogonies tend to propose differing contributions of these three components, and
what exactly dark matter and dark energy are. The most well established and accepted
cosmology is the ΛCDM model. This model consists of a flat universe with the energy
density being ∼ 5% baryonic matter, ∼ 25% ’cold’ dark matter, and the remainder a
cosmological constant, Λ . This cosmology is adopted for the presented work.
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While the standard cosmology is very successful in providing a framework with which
we can interpret observations, there remains a few key problems.
The particle horizon for some fundamental observer, O, at the origin, at cosmic time t,
is
Z t
cdt 0
.
(1.1)
χh =
0 a(t 0)
In a universe that has not undergone a contracting phase, radiation dominates the
cosmic energy density at z > zeq and the scale factor scales as a(t) ∝ t 1/2 . In this
universe χh has a finite value, and as such some fundamental observer, O0 must
exist at comoving distances larger than χh . In this instance, physical process at O0
would not be able to influence O at time t, meaning their spheres of causality do not
overlap, and they are not in "causal contact". Under a simple model of an Einsteinde Sitter universe (Ωm = 1), and ignoring that the Universe was radiation dominated at
z > zeq , χh ∼ 180h−1 Mpc at the time of decoupling, when electrons and protons formed
hydrogen atoms, reducing the free electron density thus allowing photons to stream
freely producing a “transparent” universe (z ∼ 1100). The surface of last scattering
that we see in observations of the cosmological microwave background (CMB) lies
at a comoving distance of ∼ 5820h−1 Mpc. This means that the particle horizon at
decoupling subtends roughly 1.8 degrees on the sky, and any points observed more
than 1.8 degrees apart on the CMB have not been in causal contact. Despite this the
temperature of the CMB is measured to be the same in all directions, a feat for which
the standard cosmology can not account. This is referred to as the horizon problem.
Secondly, any deviation of the density of matter and energy in the Universe, Ω, away
from unity would require extreme ‘fine-tuning’ of Ω at the Planck time. Ω is currently
observed to be very close to the critical value required for a flat universe. Any deviation
from this critical value would only increase over time, and as such the Ω value in the
early Universe must have been even closer to the critical density, with
Ω−1
Pl − 1
Ω−1
0 −1

∼ 10−60

(1.2)

(Mo et al., 2010). With ΩPl being 60 orders of magnitude closer to unity than Ω0 a
simple solution would be to propose Ω0 as unity, however this would also require a
valid physical explanation. This is otherwise known as the flatness problem.
At early times particle energies would exceed the levels at which grand unification
(GUT) would happen (TGUT ≈ 1014 − 1015 GeV). Spontanetous symmetry breaking
(SSB) can cause a phase transition as temperatures drop below these levels. Phase
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transitions can result in a number of topological defects depending on the properties of
the symmetry breaking (Vilenkin & Shellard, 1994), and in the case of a GUT phase
transition we would expect to see the formation of magnetic monopoles produced with
a density equal to roughly one per horizon volume at that time, with the mass of these
monopoles being of order of the energy scale being considered. As such it is possible
to predict a present-day magnetic monopole energy density of
TGUT
ρmonopole,0 ∼ 3
tGUT



T0
TGUT

3


∼

TGUT
1011 GeV

4
ργ,0

(1.3)

where T0 and ργ,0 represent the temperature and energy density of the CMB at
 t −1/2
1+z
the present time, and 10T10 K ∼ 10
(Mo et al., 2010). Taking TGUT ∼
10 ∼ 1s
1015 GeV and Ωγ,0 ≈ 2.5 × 10−5 h−2 , the present matter density should be dominated
by monopoles with Ω0 ∼ 5 × 1011 , failing to line up with observations. Almost any
GUT is expected to produce monopoles and as such they become a significant problem
for the standard cosmology
Finally, at early times, shortly after the big bang on cosmological time scales, a
classical cosmological model is expected to break down. At these these times the
Universe is so dense that quantum effects dominate.
Inflationary theory is proposed as an extension of standard cosmology in an attempt
to address these problems. During this period of inflation the Universe undergoes a
rapid, exponential expansion, caused by the vacuum energy of quantum fields. Over
this period of inflation, ∆t, the exponential expansion inflates a region in causal contact
to a size larger than that observable at the present time. As such any region we then
observe on the sky was in causal contact before the effects of inflation, providing a
valid explanation for the isotropy of the CMB seen in all directions, and solving the
horizon problem. During this inflation any potential curvature radius of the Universe
increases exponentially, resulting in the expanded region of space looking effectively
flat after inflation. This expansion would also cause an exponential dilution of the
number density of magnetic monopoles produced before inflation. Provided the scale
factor scales as
a ∝ eHt
(1.4)
as given by the solution of the Friedmann equation in an exponentially expanding
universe, and the inflationary period is
∆t & 60H −1

(1.5)
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the number density of monopoles would be reduced by ∼ (eH∆t )3 ∼ 1078 , rendering
the magnetic monopole’s contribution to the cosmic density negligible. This rapid
expansion is able to solve the previously discussed problems while also enabling
quantum fluctuations in the vacuum energy to produce density perturbations that
provide the initial conditions from which structure is able to form.
While the origins of these initial conditions are not entirely understood, observations
of the cosmological microwave background (CMB) and present day structure provide
constraints on parameters governing initial conditions. With cosmology and initial
conditions established we can now describe the growth of structure in the Universe.
Gravitational instabilities lead to the growth of density perturbations as matter flows
from under-dense to over-dense regions. In a static universe we would expect to see
this growth continue exponentially, however in an expanding universe as assumed in
our cosmology, this accretion of matter is damped by the aforementioned expansion.
This leads to density perturbations growing as δ ρ/ρ ∝ t α where α > 0.
At early times perturbations grow following the expansion of the Universe in what is
known as the linear regime. Eventually these perturbations become over-dense and
begin to collapse. This collapse indicates the transition from the mildly nonlinear to
the strongly nonlinear regime.
This non-linear collapse can be broadly characterised by the spherical collapse model,
while not fully sufficient to explain the collapse it is a useful tool for understanding
clustering and motivating mass definitions.

1.1.1 Spherical Collapse Model
Under this model, a density perturbation is modelled as a spherically symmetric density
fluctuation with initial radius, Ri , amplitude δi > 0, and a mass M = (4π/3)(1+δi )ρ̄R3i
where ρ̄ is the mean density of the Universe at the initial time. As this model is
spherically symmetric it can be solved as a one dimensional problem.
The evolution of this model is satisfied by the evolution of a top hat radius R(t) (Gunn
& Gott, 1972; Lahav et al., 1991). Initially evolution is described by a decelerating
increase in radius as R approaches Rta , the radius at turnaround time, tta , which denotes
the time at which radius stops increasing. For a given perturbation, starting with an
amplitude, ε, tta is expected to occur when the background Universe has expanded by
a factor of 1.06/ε, (Kaiser, 1986). There is then a decrease in radius at t > tta until the
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subsequent collapse and virialisation, in which the potential energy of the system is
balanced by the total kinetic energy of its constituent parts, settling at the final radius
R f . This is a simplistic model in which R f = Rta /2 at t = tcoll in a ΩΛ = 0 universe. In
a ΛCDM cosmology with ΩΛ ≈ 0.7 we would expect the density contrast at tta to be
larger due to the increased rate of expansion, however this will largely be cancelled out
by linear growth from tta to tcoll being smaller. As such, while not perfect the spherical
collapse model provides a useful way to consider timescales involved in the collapse
of halos.

1.1.2

Realistic Collapse

In reality density peaks do not have sharp boundaries as in a top-hat function, but rather
have a profile and curvature (Bardeen et al., 1986; Dalal et al., 2008) . This means that
different regions will collapse at different times, resulting in no overall collapse epoch
(Diemand et al., 2007). This extended profile results in some uncertainty about a halo’s
mass, with several varying definitions being used defined by different properties. For
example M200 and M500 represent the mass of a region in which the density is 200, or
500, times the critical density of the Universe.
These peaks are also not completely isolated, being surrounded by other density
peaks. As a result interactions with the most massive peaks can cause matter to gather
in filamentary structures connecting halos. As large scale structure in the form of
filaments grows, late times see this cosmic web become a significant source of matter
accreting onto clusters in the form of cold gas (Kereš et al., 2005, 2009; Dekel et al.,
2009). The resulting environments can have a significant effect on galaxies within
these halos. Galaxies with less star formation and rotational support tend to have a
higher number of filaments attached to them, or higher "connectivity" (Kraljic et al.,
2020).
Density peaks are not smooth, meaning they contain smaller fluctuations within them.
Collapse of these peaks happens at all scales resulting in the formation of low mass
collapsed objects within larger proto-clusters. Interactions between these smaller scale
objects can have a resulting effect on the further relaxation and evolution of clusters
and their mass distributions.
During this collapse constituent components of the perturbation will behave differently. Cold dark matter will undergo a collisionless collapse relaxing into a quasiequilibrium, while baryonic matter (gas) will be heated to the virial temperature
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(Tvir ) by adiabatic compression and shock heating. This results in a dark matter halo
containing hot gas settled in the potential well provided cooling is sufficiently slow. As
gravity has no characteristic length scale, heating due solely to gravity is expected to
follow predictions of the self-similar model as described below. This prediction holds
in non-radiative hydrodynamical models with only gravitational heating (Eke et al.,
1998; Nagai et al., 2007b; Navarro et al., 1995).

1.1.3 Self-Similar Scaling
The self-similar model of cluster evolution was developed by Kaiser (1986) in an
attempt to understand the gas content of clusters despite the inviability of full threedimensional hydrodynamical simulations at the time. Under three assumptions they
constructed simple analytic formulae to describe the evolution and distribution of
various cluster properties, against which future data could be tested. Firstly we assume
that clusters form from peaks in the initial density field in an Einstein-de-Sitter universe
( Ωm = 1, α ∝ t 2/3 ). In such a universe gravitational collapse is scale-free. Secondly
fluctuations in the initial density field are assumed to be scale-free. Finally it is
assumed that physical processes involved in the formation and evolution of clusters
do not introduce new scales. Under a density field with power-law linear spectrum,
P(k) ∝ kn in this Einstein-de-Sitter universe, density perturbations δ (x,t) will grow
with time as δ (x,t) ∝ D(t) where D(t) is the linear growth rate (Carroll et al., 1992),
and as such the variance scales as σ 2 ∝ D2 (t). For a power-law spectrum σ 2 ∝ r−(n+3)
giving us
−(n+3) 
−(n+3)/3

M
R
2
=
(1.6)
σ (R;t) =
RNL (t)
MNL (t)
where MNL (t) ∝ [D(t)]6/(n+3) , and RNL (t) ∝ [D(t)]2/(n+3) are the non-linear mass
and length scales respectively. Under these assumptions the sole physical scale of
fluctuations, either the mass or length-scale at which fluctuations become non-linear,
can be described by a decreasing power-law function of redshift parametrized in terms
of the spectral index, n.
RNL ∝ aα ∝ t 2α/3 , α = 2/(n + 3)

(1.7)

As a result we can describe the non-linear mass-scale MNL ∝ (1 + z)−6/(n+3) , which
can be used to describe the evolution of halos and halo abundance. Any dimensionless
statistical property of the final density perturbation is therefore a function of M/MNL .
It thus follows that for a density contrast field ∆(rr ,t) where r is a comoving spatial
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coordinate, we expect a scaling such that if ∆1 (rr ) = ∆(rr ,t1 ) and ∆2 (rr ) = ∆(rr ,t2 ) then
any dimensionless statistic S = S[∆]
S[∆1 (rr )] = S[∆2 (arr )]

with

(1.8)

 4/(3n+9)
t2
a=
.
t1

As a more specific example, for 2 clusters with M1 (z1 ) and M2 (z2 ) for which
M1 (z1 )/MNL (z1 ) = M2 (z2 )/MNL (z2 ), dimensionless properties such as gas fraction
will have the same value.
It is important to note that scale-invariant initial conditions are not always applicable
and as such the idea of self-similarity cannot hold at all scales. In considering the cold
dark matter power spectrum (Peebles, 1984; Bond & Efstathiou, 1984; Blumenthal
et al., 1984), the spectral index varies between n = −3 on small scales, and n = +1
on large scales. However several orders of magnitude in length scale are contained
between these 2 extremes. The scale corresponding to rich clusters has an effective
slope of ne f f ' −1 for adiabatic fluctuations, and ne f f ' −1.5 for isothermal. As such
for a small range of masses it is possible to model the spectrum using a scale-free
spectrum with n = ne f f .
By choosing the radius, R, to encompass a given virialized density contrast ∆ ≈ 200
we can define the cluster mass as

M=

4π
∆ρcrit R3
3

(1.9)

where ρcrit is the critical density. By considering a cluster’s characteristic properties to
correspond to this given density contrast we are able to show that said properties will
scale as follows:
Characteristic densities, such as background density, will scale as
ρ ∗ ∝ (1 + z)3

(1.10)
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Characteristic mass will scale as the cube of the comoving length scale

M ∗ ∝ (1 + z)−6/(n+3) .

(1.11)

The characteristic physical radius will scale as

R∗ ∝ (1 + z)−(5+n)/(n+3) .

(1.12)

Characteristic temperature scales as
T ∗ ∝ (1 + z)(n−1)/(n+3)

(1.13)

and characteristic number density will scale as

N ∗ ∝ (1 + z)−6/(n+3)

(1.14)

which is the cube of the scaling for the distance to a comparable neighbour. By
plugging in the appropriate value for spectral index we are therefore able to predict
how clusters will evolve. For n=-1 we can expect clusters to become denser, less
massive, physically smaller, cooler, and present in greater numbers the further back in
redshift we look. The high powers of (1 + z) seen in this scenario result in noticeable,
even for quite recent redshifts.
Under the assumption of hydrostatic equilibrium, with heating coming solely from
gravitational sources we see that

T∝

M
∝ (∆ρr )1/3 M 2/3 .
R

(1.15)

While T here represents the temperature measured at R, we can define T (r) = T ∗ T̃ (x)
where T̃ (x) is the dimensionless profile as a function of dimensionless radius x ≡ r/R.
In this case any average over the same fraction of radial range [x1 , x2 ] will scale as
∝ T ∗ ∝ T (R). While this does not strictly hold for X-ray temperature, TX , deviations
from T ∗ are small and TX remains a useful measure of cluster temperature.
As such we can define our first self-similar scaling relation between halo mass and
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X-ray temperature:
3/2

(1.16)

M ∝ TX

By representing clusters as a cumulative distribution function N(Xi ) Kaiser (1986)
shows that this function is expected to evolve as

6/(n+3)

Nz (X1 ) = (1 + z)


N0


X1∗ (0)
X1 .
X1∗ (z)

(1.17)

where X1∗ represents the characteristic scaling of the parameter X1 at a given z.
We then find that the X-ray luminosity is expected to scale as

LX ∝ M∆ρT 1/2

(1.18)

the characteristic luminosity will thus scale as

LX∗ ∝ (1 + z)(7n+5)/(2n+6) .

(1.19)

Combining equations 1.16 and 1.18 we get

LX ∝ TX2 ∝ M 4/3

(1.20)

at a fixed density contrast.
A final X-ray property worth noting is the X-ray weighted entropy of the intracluster
2/3
medium (ICM), defined as SX ≡ TX /ne where ne is the electron density and self
similarly independent of mass, giving us

SX ∝ TX ∝ M 2/3

(1.21)

Departures from these self-similar scaling relations may be indicative of non-gravitational
processes taking place, but may also be due to inaccurate assumptions in the model.
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1.1.4 Pre-heating
Chandra and XMM-Newton observations have shown that self-similar scaling is shown
in the outer regions of clusters, while core regions exhibit large deviations from selfsimilarity especially in observations of the gas density of small mass clusters (Vikhlinin
et al., 2006; Croston et al., 2008; Arnaud et al., 2010).
In an effort to explain this observed breaking of self-similarity, pre-heating by nongravitational sources at z > 3, such as stellar feedback and AGN, was suggested
(Evrard & Henry, 1991; Kaiser, 1991). Extra heating energy per unit mass, Eh defines
the temperature scale T ∗ ∝ Eh /kB . This results in clusters with Tvir > T ∗ being
largely unaffected by extra heating, while lower mass halos with Tvir < T ∗ are heated,
suppressing gas accretion and lowering density in the cores of these low mass systems.
Hydrodynamical simulations (Bialek et al., 2001; Borgani et al., 2002; Muanwong
et al., 2002) and analytical models (Voit et al., 2003; Babul et al., 2002) have shown
that 0.5 − 1keV of heating injected per gas particle is able to break self-similarity to
the level seen in observations.
In establishing the feedback mechanism responsible for such breaking of selfsimilarity it was shown that SNe cannot provide enough energy alone (Borgani et al.,
2004; Kravtsov & Yepes, 2000; Henning et al., 2009) while the AGN population would
be sufficient (Bower et al., 2008; Lapi et al., 2005; Wu et al., 2000).
Observations of the Lyman-α forest have shown that heating at such early times is not
possible (Borgani & Viel, 2009; Shang et al., 2007). Observed entropy and pressure
profiles that decline towards the core (Pratt et al., 2010; Arnaud et al., 2010) also
do not match the shallow pressure profiles produced in hydrodynamical simulations
incorporating simple pre-heating models (Kay et al., 2012).
Early pre-heating models are not able to explain all the data.

1.1.5 Cooling
In the most massive clusters, hot, X-ray emitting gas, is allowed to stably settle into
hydrostatic equilibrium within the potential well of the clusters due to long central
cooling times (Kravtsov et al., 2018; Rees & Ostriker, 1977). However in less massive
systems, gas in central regions is able to reach high enough densities that it is able
to radiatively cool on timescales shorter than the halo dynamical time. Such cooling
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generally introduces new scales and as a result is capable of breaking self-similarity
without heating (Voit & Bryan, 2001). Cooling removes low entropy gas from the
hot ICM, allowing higher entropy gas from larger radii to move inwards. As a result
cooling leads to increasing entropy in the hot, X-ray emitting intracluster medium
(ICM) phase driving further radiative cooling.
Ongoing radiative cooling due to the X-ray emission from this hot gas would lead to
rates of star formation orders of magnitude higher than those observed (Fabian, 2002),
otherwise known as the cooling flow problem. Solving this problem requires some
form of heating.

1.1.6

AGN feedback

Energetic feedback from active galactic nuclei (AGN) is invoked to counteract cooling
in an attempt to solve the cooling flow problem (Bower et al., 2006; Croton et al.,
2006; Somerville et al., 2008; Somerville & Davé, 2015). Energy from SNe may be
able to counteract some radiative loss, however galaxies in clusters tend to be less starforming lowering the number of Type-II supernovae, and Type Ia supernovae occur too
infrequently to effectively prevent a cooling flow.
The AGN population can be divided into two distinct populations: radiative-mode
AGN, and jet mode AGN (Heckman & Best, 2014).
Objects for which the dominant form of energetic output is electromagnetic radiation
are referred to as radiative-mode AGN, or historically as Seyfert galaxies or quasistellar objects (QSOs). This EM radiation ouput is produced by the potential
energy of accreted gas being efficiently converted, resulting in the formation of a
geometrically-thin, optically thick accretion disk (Shakura & Sunyaev, 1973). A hot
corona Compton-up-scatters the thermal emissions of UV photons emerging from
the contained accretion disk. This X-ray emission in turn photo-ionizes surrounding
clouds of dense gas resulting in what is typically known as the Broad Line Region
(BLR) on the resulting emission spectrum. Further accretion disk UV and hot corona
X-rays are absorbed by a torus of obscuring dust and re-emitted in the infrared.
Radiation escaping along the polar axis of the dusty torus ionizes gas in a population
of quiescent low density clouds and produces emission lines doppler-broadened by
several hundred kms−1 as opposed to several thousand in the BLR, and as such is
known as the Narrow Line Region (NLR).
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Jet-Mode AGN are objects with comparatively little radiative output for which bulk
kinetic energy energy dominates the energetic output in the form of two-sided
collimated outflows, or jets. It is believed that these jets are powered by either the
accretion of gas, or the spin energy of the SMBH (Blandford & Znajek, 1977).
In the absence of a geometrically thin accretion disk, a geometrically thick structure
allows for inflows occuring on timescales faster than the radiative cooling time
(Narayan & Yi, 1994, 1995; Narayan, 2005; Ho, 2008). These inflows are known
as advection dominated accretion flows and are capable of launching two sided jets.
These jets produce synchrotron emission making them easily detectable on radio
wavelengths and can extend to Mpc-scales.
Observations show that clusters have cavities of hot gas inflated by these AGN jets.
The energy needed to inflate these cavities around radio lobes is known as the enthalpy
and is represented by

H = E + pV =

Γ
pV,
Γ−1

(1.22)

(McNamara & Nulsen, 2007)
where E is the thermal energy of the contents of the radio lobes produced by jets, p is
the pressure in the lobe, V is its volume and pV represents the work required to displace
the X-ray emitting gas. Γ is the ratio of specific heats and is equal to Γ = 4/3 in lobes
dominated by relativistic particles, and Γ = 5/3 in lobes dominated by non-relativistic
gas.
We can consider two different scenarios in which jets can inflate these cavities. Firstly
a single highly energetic injection event would create a small cavity with a pressure
much greater than that of the surrounding gas. The thermal energy of this cavity would
be equal to the energy of the jet event. Subsequently the cavity would rapidly expand,
driving a shock through the ICM to the point at which the pressure of the cavity and
the surrounding gas are equal. The final energy of the cavity may then be much smaller
than its initial thermal energy, with the remainder balanced out by the work done on
expanding the cavity.
In the second scenario, a cavity may be gently inflated maintaining an approximate
pressure equilibrium with the surrounding gas throughout. In a scenario in which
the pressure remains constant this would result in ratio of work done to final thermal
energy of Γ − 1, however in practice there will be a decline in pressure as the cavity
inflates. The additional adiabatic loss of energy this causes will boost the ratio of work
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done to final thermal energy.
All this to say that the mechanical work done to inflate these cavities is almost always
more than its thermal energy. As such the cavity enthalpy is comparable to the energy
required to drive shocks and counteract cooling (McNamara et al., 2005; Nulsen et al.,
2005).
In an effort to constrain the physical processes that govern AGN feedback and its
impact on the ICM, it is possible to examine the X-ray emissions of hot gas in groups
and clusters.

1.2

X-ray Observations

The Perseus and Coma clusters were among the first to be identified as X-ray sources
by the UHURU satellite in the early 70s (Giacconi et al., 1971; Gursky et al., 1971;
Forman et al., 1972). By the mid 70s at least 50 clusters were identified as X-ray
sources Gursky & Schwartz (1977). The Ariel 5 (Mitchell et al., 1976) and OSO-8
(Serlemitsos et al., 1977) observatories were able to detect the collisionally excited
6-7 keV Fe-K emission feature, establishing a thermal origin to X-ray emission in the
Perseus, Virgo, and Coma clusters.
Gas temperatures from 107 → 108 K align with X-ray luminosities, LX ≈ 1043 erg s−1 ,
and halo masses, M500 ≈ 1014 M . This hot gas makes up ≈ 90% of cluster baryons,
with the remaining 10% constituting stars (Lin et al., 2003). Within clusters a
hydrostatic atmosphere is formed by this hot gas, with the gravitating mass of the
cluster being reflected in the temperature and density distributions. This atmosphere
represents baryons that haven’t gone to form stars and galaxies, but also serves to
collect the thermal energy and entrained matter resulting from stellar evolution and
AGN feedback during galaxy and cluster formation.

1.2.1

X-ray emission from hot gas

ICM hot gas is composed of ionized hydrogen and helium with trace heavier elements
(metals) at roughly 1/3 solar abundances (Mushotzky et al., 1978; Mantz et al.,
2017). The presence of this hot gas can be understood in the context of cluster
formation discussed in the previous section, with warm baryons being swept inwards
by collapsing dark matter. The gas is then heated to the halo’s virial temperature,
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Tvir , by accretion shocks and adiabatic compression, resulting in gas temperatures that
range from 106 → 108 Kelvin. This leads to a self similar scaling of T ∝ σ 2 where σ
is the line of sight velocity dispersion of the cluster galaxies. Gas densities range from
10−4 cm−3 in cluster halos, to 10−2 cm−3 in some cluster cores.
This gas can be treated as an optically thin coronal plasma in ionization equilibrium.
Electrons and ions interact through coulomb collisions and radiate mainly by thermal
bremsstrahlung emission in the X-ray band (Sarazin, 1988).
Recombination lines of iron, oxygen, silicon, and other elements dominate the Xray emission below 3 × 107 K. Iron K lines at 6-7keV and Iron L lines below 1keV
have a significant effect on the observed spectra that, along with exponential decline
in emission at high energies, allow the temperature and metallicity of hot gas to be
measured accurately using modern X-ray telescopes.
Due to the collisional nature of emission processes the power radiated per unit volume
of hot gas is proportional to the density squared. This means that despite surface
brightness, IX , declining with radius as IX ∝ r−3 at large distances the cluster emission
stands out from the relatively low background emission to very large radii. X-ray
observations therefore provide an excellent probe of gas temperature and metallicity
throughout the cluster volume. The tight scaling of gas temperature and mass
resultingly provides a reliable mass proxy through X-ray observations out to large
radii.
Profiles of the surface brightness are traditionally categorised using an isothermal β profile

IX ∝ [1 + (r/rc )2 ]−3β +1/2

(1.23)

where rc is the core radius of the gas distribution, and β ≈ 2/3 for relaxed, bright
clusters. β is the ratio of the energy per unit mass in galaxies to that in gas (Cavaliere
& Fusco-Femiano, 1976; Branduardi-Raymont et al., 1981; Forman & Jones, 1982).
This is an approximation relying on both gas and dark matter being isothermal. While
it fits well at intermediate radii the fit is worse in both central regions and radii beyond
∼ 0.3R200 where R200 is the radius at which the internal mean mass density of a cluster
is over 200 times the critical density of the Universe.
Profiles of density and temperature can be created using "deprojection" (Fabian et al.,
1981). By assuming spherical symmetry (a very bold assumption), gas content can
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be split into annuli of uniform density, temperature, and composition, from which
extracted X-ray spectra can be fit to determine properties (Ettori, 2000).

1.2.2

Mass Proxies

The gas temperature of hot gas is largely determined by the mass profile, with the effect
of both gravitational and non-gravitational heating taking a lesser role (Voit et al., 2005;
Babul et al., 2002). This connection is made clear in the relation between velocity
dispersion σ and gas temperature (Edge & Stewart, 1991). Relations of σ ∝ T 0.63
have been shown in clusters at temperatures between 0.5 and 10keV (Kochanek et al.,
2003), deviating only slightly from the expected self similar scaling.
As previously discussed models of gravitational collapse lead to scaling relations
between virial mass (M500 ), X-ray temperature (TX ) and X-ray luminosity (LX ) of
M ∝ T 3/2 and L ∝ T 2 (Evrard et al., 1996) providing useful mass proxies for dark
matter halos.
Deviations from these self-similar relations are representative of the effect of physics
beyond solely gravitational heating, such as stellar feedback, AGN feedback, and the
potential effects of magnetic conduction (Markevitch, 1998; Voit et al., 2005).
Assuming spherical symmetry, hydrostatic equilibrium, and pressure mainly coming
from thermal gas, temperature and density profiles allow for the computation of the
mass profile from the equation of hydrostatic equlibirum


kTr dlogne dlogT
M(r) = −
+
GµmH dlogr
dlogr

(1.24)

where G is the gravitational constant, mH is hydrogen mass, and µ ≈ 0.61 is the mean
molecular weight of the hot gas.
Mass determinations using X-ray observations rely on the assumption the gas is
hydrostatic and the source of pressure. As a result the presence of other sources
of pressure such as cosmic rays, bulk motion of gas, and magnetic fields (Govoni
& Feretti, 2004) will result in underestimated masses. While X-ray masses agree
with velocity dispersion and weak lensing mass estimates to within a few tens of
percent in many systems, bulk motions have been shown to cause hydrostatic mass
approximations to be biased low by 5 → 20% (Nagai et al., 2007a).
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1.2.3 Existing Observations
LX − M

Vikhlinin et al. (2009) derived the LX − M relation at cluster scales for YX (the product
of temperature and X-ray derived gas mass), TX , and Mgas mass proxies finding them
all to be very similar. A best fit relation of 1.61 ± 0.14 is found against M500 with
normalisations matching those observed in Reiprich & Böhringer (2002). Large scatter
in the LX − M relation indicates that the Malmquist bias may have a very significant
effect causing a bias in luminosity of ≈ 26% at a fixed mass. This has potential
implications for characterising the tail end of the LX − M relation.
Using the M500 −YX relation from Arnaud et al. (2010) to estimate cluster masses, Pratt
et al. (2009) produce a LX − M500 relation to investigate the use of LX as a mass proxy.
Using a number of fitting methods they find slopes of ∼ 1.8. When considering all
emission withing R500 they find a relation of 2.08 ± 0.13 agreeing well with the slopes
of similar measurements from Maughan (2007) despite normalisation roughly 20%
higher. Excluding the core regions (0 → 0.15R500 ) produces a slope of 1.80 ± 0.05 for
Pratt et al. (2009) and a shallower slope of 1.63 ± 0.05 for Maughan (2007) more in
agreement with that found by Vikhlinin et al. (2009).
Eckmiller et al. (2011) found the LX − M200 relation to remain consistent over group
(1.37 ± 0.2) and cluster scales (1.43 ± 0.1), matching well with relations found by the
stacked relation from Rykoff et al. (2008), and the compromise model from Stanek
et al. (2006). For LX − M500 they found that their group relation was shallower than
relations found by Vikhlinin et al. (2009), and Pratt et al. (2009) however remained
consistent with the HIFLUGCS cluster sample from Reiprich & Böhringer (2002).
They found a larger scatter at group scales than cluster scales with 0.287 for groups
and 0.254 for HIFLUGCS clusters.
More recent work from Lovisari et al. (2020) analysed XMM-Newton observations
of 120 clusters in the Planck Early Sunyaev-Zel’dovich sample. They fit relations for
both LX − Mtot and LX,exc − Mtot where LX,exc is the X-ray luminosity found when
excising the core regions to 0.15R500 . When leaving the time evolution to vary with
the fit they found an LX − M relation of 1.82 ± 0.25, steeper than that predicted by
self-similarity. They suggest this is likely the combined effect of gas cooling, AGN
feedback, and subcluster mergers. Further to this they find mild evidence for a negative
redshift evolution, however their sample only ranges from 0.059 < z < 0.546. This
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scaling relation is offset from those derived from X-ray selected samples except for
the REXCESS sample with which these observations agree extremely well. It is
worth noting that direct comparison between many of these previous studies is not
straightforward due to the different methods used to derive total mass. When fitting
the relation assuming redshift to be self-similar they find a flatter relation of 1.45 ± 0.1
inline with results from Schellenberger & Reiprich (2017). In splitting the observations
into relaxed and disturbed clusters, they found that on average relaxed clusters had
higher LX in the 0.1-2.4keV band, resulting in similar slopes for the two subsamples
with differing scatter and normalization. The disturbed clusters showed a higher scatter
likely due to the a number of processes having different effects on the cluster that are
either not present, or have a diminished effect, in the relaxed clusters. They find that
on average the luminosity of disturbed clusters is ∼ 30% lower than that of relaxed
clusters. With X-ray selected samples being biased towards relaxed clusters this poses
a potential problem for studies in which the dynamical state can not be accounted.
Much like Pratt et al. (2009) and Maughan (2007), Lovisari et al. (2020) find that
excising the core regions, corresponding to 0.15R500 , reduces the scatter in the LX −
Mtot relation. This reduction in scatter is shown to be larger for relaxed clusters where
the dominant contribution occurs in the dense and peaked core. These core excised
clusters also exhibited a shallower relation of 1.668 ± 0.183 potentially suggesting a
larger fraction of relaxed clusters at higher masses.

TX − M
Chandra observations in the range 0.7 → 9keV were used to measure the mass
vs temperature relation for relaxed clusters Vikhlinin et al. (2006). Gas profiles
were measured for 13 low-redshift relaxed clusters to large radii allowing for direct
hydrostatic mass estimates to R500 and beyond. Gas density profiles were not described
well by a β -model with a continuous steepening out to large radii. They found
that gas density and temperature profiles showed significant scatter in the cores of
clusters (R < 0.1R500 ), becoming self similar larger radii. As a result a relation of
M500 ∝ T 1.5−1.6 , in close agreement with self-similarity, was found when excluding
central cores. Eckmiller et al. (2011) tested the low mass end of X-ray scaling relations
to investigate the presence of a "break" arising as the result of a larger effect from
non-gravitational processes on low-mass halos. They similarly found that with cores
excised, TX − M followed self-similarity, while the core regions exhibited a variety of
profiles ranging from flat to a considerable drop in temperature.
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Lovisari et al. (2015) found that the slope of the TX − M relation retained a similar
slope at group and cluster scales, slightly steeper than self-similarity. They tested a
number of densities, fitting the relation for R2500 and R1000 as well as R500 and found
that slope was quite stable.
Later work by Lovisari et al. (2020) found an agreement in the TX −M relation between
low and high mass clusters suggesting that gravitational processes do not strongly
effect the relation.

LX − TX
Pratt et al. (2009) find an L − T relation of 2.70 ± 0.23 consistent with results from
Markevitch (1998) (2.64 ± 0.16), Arnaud & Evrard (1999) (2.88 ± 0.15), Allen &
Fabian (1998) (2.9 ± 0.3), and Novicki et al. (2002) (2.82 ± 0.32).
Clusters are often characterised by the presence or absence of a "cool-core". Cool-core
clusters exhibit strong surface brightness peaks in X-ray emission, along with a drop
in temperature towards the centre and a low entropy core. Non-cool-core clusters on
the other hand have high central entropies (Hudson et al., 2010; Santos et al., 2010).
Through investigations into the large scatter around the L − T relation they find that
cool-core systems preferentially lie above the relation while morphologically disturbed
systems are more often found below the relation. They find that the cool-core sample
has slope matching the non-cool-core sample, with a significantly higher normalisation
bringing it above the total relation. They suggest then that a cooling core mainly works
to move any system orthogonally against the relation. A large scatter around the coolcore sample indicates the presence of a range of cooling strengths.
A similar effect is seen in morphologically disturbed, and relaxed samples. With
relaxed clusters following a statistically identical slope with a higher normalisation.
They note this is likely due to the high number of relaxed cool-core systems. As a result
they suggest that excising cluster cores should lead to a tightening of the luminosity
scaling relations. They find that the LX − TX relation of clusters where both luminosity
and temperature are calculated in the 0.15R500 < R < R500 follows a 2.78 ± 0.13 slope,
with a factor of two smaller scatter.
Lovisari et al. (2020) find a similar result with a slope of 3.11 ± 0.42, much steeper
than self similarity, with core-excised luminosities bringing the relations of relaxed
and disturbed clusters inline. The scatter seen in temperature was lower than that seen
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in mass indicating that temperature is less effected by the processes introducing the
scatter such as substructure.
Eckmiller et al. (2011) found that the LX − TX relation steepens at T < 3keV indicating
the greater effect feedback may have on cooler systems.
However Lovisari et al. (2015) found that the LX − TX scaling relation of the group
regime shows no steepening when compared to the HIGLUGCS clusters.
Further research into the Chiu et al. (2021) results will hopefully provide greater insight
into galaxy groups!
All in all, relations are observed to deviate from self-similarity to varying degrees with
a variety of processes potentially being responsible. The use of core-excised values
reduces the scatter, often also flattening the relation towards self-similarity indicating
processes breaking self-similarity may be occurring in the core regions of clusters.
This is further indicated by the comparison of morphologically disturbed and relaxed
clusters, with the excision of core regions bringing the relations closer in line and
reducing the scatter of relaxed systems more than disturbed systems.

1.3
1.3.1

Cosmological Simulations
History

Existing surveys provide large amounts of data, with future X-ray surveys potentially
providing a multiple orders of magnitude increase in sources, however theoretical
predictions are needed to interpret this wealth of information. While various theories
offer insight into what these observations mean, the physics behind cluster formation
and evolution is complicated and multifaceted.
Cosmological simulations provide an avenue through which to approach this complex
problem. Large scale structure formation is governed by dark matter and as such is
used as a building block in constructing the "skeletons" of cosmological simulations,
while dark energy drives the accelerated expansion of the Universe and must be taken
into account.
Little is known about the exact nature of dark matter and dark energy, however it is
possible to establish reliable prescriptions for them based on general characteristics
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and observations. These two components make up ∼ 95% of the energy budget of
the Universe, however the impact of baryonic matter is still vital to the evolution of
galaxies and clusters with its effect being the hardest to simulate.
Modern simulations use a wide range of physical prescriptions to determine how this
baryonic matter evolves within simulations, from initial conditions all the way to
realistic galaxy populations. These models govern everything about how gas, stars,
and black holes evolve through these simulations, from gas cooling to energy feedback
from stellar and AGN populations. In the rest of this section I will provide a brief
description of the various methods used in cosmological simulations.
Underpinning each simulation is the cosmological framework in which it operates.
As previously discussed the Universe is said to be geometrically flat with ∼ 95%
of the energy density being made up of dark matter and dark energy. It is widely
accepted that dark matter is cold and collisionless, and dark energy is represented
by the cosmological constant, Λ resulting in the ΛCDM model. The fundamental
parameters of the ΛCDM model are constrained to a high precision by the distanceredshift relation from type Ia supernovae, galaxy cluster abundances, and observations
of the CMB (Planck Collaboration et al., 2016).
These simulations start from a set of initial conditions which describe the perturbations
imposed on a homogeneous expanding background from which structure forms. This
background is modelled as a Friedmann-Lemaître-Robertson-Walker space time with
a defined composition of dark matter, dark energy and baryons. Perturbations on
this background can be represented by a Gaussian, with the probability distribution
of the density fluctuations themselves being represented by a multi-dimensional
Gaussian specified by its matter power spectrum P(|k|) where k is the wavenumber.
A linear theory approximation (Zel’dovich, 1970) or low-order perturbation theory
(Bertschinger, 2001; Jenkins, 2010; Hahn & Abel, 2011; Garrison et al., 2016) is
then used to displace, and set the velocities of, dark matter particles from a Cartesian
lattice (Baugh et al., 1995; White, 1996), with baryons then having their positions and
velocities set in a similar manner.
Typically initial conditions come in two forms: uniformly sampled periodic boxes in
which resolution is balanced with box size, and zoom initial conditions in which a lowresolution background surrounds a much higher resolution region of interest, typically
a galaxy or cluster.
Cosmological scale simulations can offer a statistically significant number of sources
from which certain property relations may be able to be determined, while zoom
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simulations can offer a higher mass resolution giving greater insight into smaller scale
features such as morphology and tidal interactions. As a result both types of simulation
have a lot to offer and work excellently in tandem.
To simulate dark matter the Boltzmann equation coupled to Poisson’s equation must
be solved in an expanding universe described by the Friedmann equations. Linear
structure formation is identical in both general relativity and Newtonian gravity, and
non-linear large scale structure is non-relativistic, meaning that despite the Friedmann
equations being derived from the field equations of general relativity, Newtonian
gravity provides a suitable approximation in many simulations.
The complex nature of these equations makes traditional numerical solutions to these
equations prohibitively inefficient. As a result newer numerical techniques were
developed in an effort to provide efficient solutions.
The most significant category of these techniques is N-body simulations, of which
there are multiple variations. N-body methods seek to solve the equations by
simulating dark matter dynamics, sampling an ensemble of points in phase-space.
High particle numbers reduce the Poisson noise produced in these methods. Kernelbased smoothing, and adaptive softening schemes are implemented to avoid unphysical
interactions between nearby particles. N-body simulations are most simply put,
simulations of the gravitational interactions between "N" bodies, where N is the
number of particles in the system. Gravitational forces must be determined, followed
by particles being advanced in time based on these forces.
There are two main approaches to calculating the gravitational forces of an N-body
system. First involves the direct summation of forces based on approximations. Distant
particles are represented by the lowest-order terms of a multipole expansion of the mass
distribution. This is knows as the tree approach (Barnes & Hut, 1986). Typically an
octree approach is employed in which the simulation is split into 8 cubes, which in turn
are each divided into 8 child cells. Force calculations can then be made based on these
cells due to the well-defined groups of particles within each cell. Secondly we see
mesh-based-methods. In this approach gravitational forces are calculated using fast
Fourier transforms (Hockney & Eastwood, 1988), in which complexity is a function of
the number of mesh cells, meaning particle distribution does not effect computational
cost.
Modern simulations tend to use a combination of these two methods to produce a
hybrid scheme in which direct summation techniques are used for short range forces
within octree cells, while octree methods are used for mid-range forces and fourier
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transform methods are used over long ranges.
Early dark matter simulations gave insight into the evolution of the large scale structure
of the Universe (Aarseth et al., 1979; Efstathiou, 1979), and studied halo population
models (Press & Schechter, 1974) and the assembly of massive clusters (White,
1976). Computational advancements allowed for ever increasing resolution leading
to predictions of a web-like structure to the large scale distribution of dark matter,
consisting of filaments, walls, voids and halos (Klypin & Shandarin, 1983; White et al.,
1987; Bertschinger & Gelb, 1991). This later came to be known as the cosmic web
(Bond et al., 1996).
To make predictions of the visible Universe, simulations must include baryonic
components as well as dark matter and dark energy. To do this baryons in simulations
start out as an ideal gas, meaning hydrodynamics is required, resulting in increased
computational demand due to the large dynamic range involved in gas interactions.
Hydrodynamics are done using Eulerian, Langragian, or arbitrary Lagrangian-Eulerian
techniques. Eulerian methods apply a Riemann Problem solver across the cells of
an adaptive mesh to calculate the required fluxes of conserved quantities (Berger &
Oliger, 1984; Berger & Colella, 1989; Klein et al., 1994). The most widely known
Lagrangian method in cosmological simulations is Smoothed Particle Hydrodynamics
(SPH). SPH approximates the continuum dynamics of fluids using particles, or
interpolation points and seeks to conserve linear momentum, angular momentum,
mass, and entropy flowing through these points (Springel, 2010a). Lastly the arbitrary
Lagrangian-Eulerian techniques are seen astrophysically in a scheme based around
Voronoi tesselation (Springel, 2010b). In this scheme a moving unstructured mesh
is defined around a set of discrete points. This mesh is then used to solve for the
conservation laws of idea hydrodynamics using a Riemann solver. Further information
on numerical techniques used for simulating both dark matter and baryons can be found
in Vogelsberger et al. (2020).
In an effort to reproduce the observed galaxy population accurately, simulations
include a number of models to represent various astrophysical processes that contribute
to the evolution of the galaxies and clusters. These processes include but are not limited
to gas cooling, the complex structure of the interstellar medium, stellar feedback,
supermassive black holes, and feedback from AGN. Due to the limits of resolution
within cosmological simulations many models are implemented on a sub-grid basis,
with theoretical models based on both observations, and higher resolution simulations
such as the FIRE simulations (Hopkins et al., 2014).
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Sub-grid models of stellar feedback typically come in one of three forms: injection of
kinetic energy (Navarro & White, 1993; Springel & Hernquist, 2003; Dalla Vecchia &
Schaye, 2008; Dubois & Teyssier, 2008) usually with temporary hydrodynamic decoupling (wherein feedback is temporarily disabled from interacting hydrodynamically
with the surrounding medium) (Springel & Hernquist, 2003; Okamoto et al., 2005;
Oppenheimer & Davé, 2006), directly preventing radiative cooling (Gerritsen, 1997;
Stinson et al., 2006), and the explicit decoupling of different thermal phases (Marri &
White, 2003; Scannapieco et al., 2006; Murante et al., 2010; Keller et al., 2014).
Feedback from black holes is often modelled considering the difference between a
"quasar mode" and a "radio mode" (Croton et al., 2006; Bower et al., 2006; Sijacki
et al., 2007) considering the observed dichotomy in outflows relating to different
modes of accretion (Heckman & Best, 2014). However due to the lack of resolution in
cosmological scale simulations BH feedback is often implemented solely as thermal
energy injected directly into gas surrounding the BH (Springel et al., 2005; Booth &
Schaye, 2009; Schaye et al., 2015).
Modern simulations use a variety of approaches to model these baryonic processes and
I will go on to discuss the ways in which some current state-of-the-art cosmological
simulations implement this models to give an idea of the techniques used.

1.3.2

Current Simulations

Illustris

Illustris (Vogelsberger et al., 2014a) simulates 18203 dark matter, and 18203 baryonic
resolution elements within a (106.5Mpc)3 box from cosmological initial conditions
down to z = 0. This is achieved using the AREPO moving-mesh code (Springel, 2010b).
This moving mesh solves the Euler equations on a quasi-Lagrangian mesh of moving
Voronoi cells in an effort to overcome limitations with both SPH and adaptive mesh
refinement (AMR).
Following Springel & Hernquist (2003) stars are formed stochastically from the
interstellar medium (ISM) above a gas density, ρsfr , on timesales of tsfr . This process
is quite common for simulations with an unresolved ISM (Ascasibar et al., 2002;
Springel & Hernquist, 2003; Springel et al., 2005; Robertson et al., 2006; Dubois &
Teyssier, 2008; Hopkins et al., 2008; Schaye & Dalla Vecchia, 2008; Few et al., 2012).
However Vogelsberger et al. (2013) make a few modifications, switching to a Chabrier
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initial mass function (Chabrier, 2003) over a Salpeter IMF (Salpeter, 1955) (resulting
in higher energy input from Type II Supernovae per formed solar mass of stars), taking
stellar mass-loss into account, and preventing star formation in cells with a temperature
higher than that expected from the effective equation of state.
Stellar evolution and chemical enrichment is modelled by integrating the time evolution of stellar particles, determining mass-loss and chemical enrichment as a
continuous function of time. Stellar evolution calculations return expected mainsequence lifetime, mass return fraction, and heavy element production. This means
that the model returns the rate at which mass is lost to the ISM along with its chemical
composition.
Metal line cooling based on CLOUDY cooling tables (Smith et al., 2008) is implemented in a spatially uniform time-dependent UV background, scaling rates for a solar
composition gas linearly with metallicity Z. As is common in cosmological simulations
the gas is assumed to be optically thin and in ionization equilibrium, however in
gas densities ρ ' 10−3 cm−3 this approximation breaks down. To accommodate this
Illustris implements an on-the-fly prescription for the self-shielding of gas from the
UVB radiation, based on the results of radiation transfer simulations by Rahmati et al.
(2013).
Stellar feedback is implemented through two wind schemes. Firstly "non-local" stellar
feedback comes in the form of winds launched directly from star-forming ISM gas,
tying wind rate directly to SFR. Gas cells converted into wind particles are launched,
decoupled from hydrodynamics until a density threshold or travel time is reached. The
wind particle then deposits its mass, momentum, thermal energy, and tracked metals
into a gas cell. Secondly "local" stellar feedback is implemented such that during
enrichment gas cells receive SNII energy. These cells then have a probabilty of turning
into a wind particle based on the SNII energy received. At this point wind particles
are treated identically to the initial case. As well as a mass loading factor for winds,
Illustris also includes a metal loading factor which relates the metallicity of new wind
particle, ZW , to the metallicty of the ISM, ZISM , as ZW = γW ZISM where γW is the wind
metal loading factor.
Black holes (BHs) are seeded in halos passing a mass threshold of 5 × 1010 h−1 , turning
the most dense particle into a BH sink particle. These particles then grow through
accretion and mergers with accretion described using Bondi-Hoyle-Lyttleton accretion
(Hoyle & Lyttleton, 1939; Bondi & Hoyle, 1944; Bondi, 1952). Subsequent BH
feedback is modelled in two forms, quasar mode feedback and radio mode feedback
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as previously described. This quasar mode feedback assumes a fraction of radiative
energy released by accreted gas is coupled thermally to nearby gas within a set radius.
Radio mode feedback is implemented by injecting bubbles of energy each time the
BH has increased by a factor of δBH . Radiative feedback as the result of strong
ionization surrounding AGN is approximated based on metal-line cooling and heating
rates for different AGN bolometric luminosites. This model was able to produce a
bimodal color magnitude diagram, with a red galaxy fraction in good agreement with
observations (Peng et al., 2010; Vogelsberger et al., 2014b).
Illustris-TNG (Springel et al., 2018) builds upon this model, incorporating new
physical models and numerical techniques in an effort to alleviate areas in which
Illustris is deficient while expanding the scope of the simulations with larger box sizes,
and higher resolution. A key difference is that radio mode feedback now incorporates
kinetic jets distributed in a random direction, with the feedback energy from the kinetic
jets depending on the BH accretion rate (Weinberger et al., 2017).

Eagle

The "Evolution and Assembly of GaLaxies and their Environments" (EAGLE) simulation project is a suite of hydrodynamical simulations using a modified version of
the N-body Tree-PM SPH code GADGET 3 (Springel, 2005). The subgrid physics
are based on those described in Schaye et al. (2010) with a few key modifications,
most significantly to the implementation of stellar feedback, BH accretion, and star
formation. The simulations use a collection of numerical methods collectively referred
to as "ANARCHY" which incorporate the conservative pressure-entropy formulations of
SPH derived by Hopkins (2013), the artificial viscosity switch from Cullen & Dehnen
(2010), an artificial conduction switch (Price, 2008), the C2 Wendland (1995) kernel,
and time step limiters described in Durier & Dalla Vecchia (2012). They suggest that
A NARCHY improves dramatically upon standard GADGET 3 in standard tests however
differences are still inconsequential compared to differences caused by subgrid physics
(Schaller et al., 2015).
Simulations were run with a standard set of subgrid physics and numerical techniques
for box sizes ranging from 12.5 → 100cMpc and particle number ranging from 1883 →
15043 , however high resolution simulations were also run with re-calibrated values for
stellar and AGN feedback in an attempt to match the observed galaxy stellar mass
function at z ∼ 0 at this higher resolution.
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Cooling here is implemented on an element by element basis, using CLOUDY tables
against a Haardt & Madau (2012) UV/X-ray background, assuming gas in ionization
equilibrium. Self shielding of dense gas is not considered here.
Star formation is implemented similarly to Illustris however makes the star formation
rate depend on pressure to avoid the need for calibration of the star formation law.
Schaye et al. (2015) opt to simulate stellar feedback in EAGLE by implementing
stochastic thermal feedback. In this scheme gas particles receiving feedback energy
experience a specified temperature jump. As stellar particles reach 3 × 107 yr, the
fraction of the total amount of energy from core collapse per unity stellar mass is
used to set the probability that an SPH neighbour is heated.
A key area in which simulations differ quite significantly is in their implementations of
AGN feedback. While Illustris attempts to model both quasar and radio mode feedback
separately, EAGLE includes a single mode of AGN feedback with a fixed efficiency.
Feedback is injected thermally at the BH proportionally to the rate of gas accretion.
At each time step an amount of energy proportional to the accretion rate is added
to a "reservoir" of feedback energy within the BH. Once this reservoir surpasses the
energy required to head a set number of particles of a specific mass the BH begins to
stochastically heat its SPH neighbours by increasing their temperature by ∆TAGN . This
temperature jump is considered the key parameter for this form of AGN feedback with
calibrated high resolution runs having a slightly higher value.

FABLE

The FABLE suite of cosmological hydrodynamical simulations (Henden et al., 2018)
is based on the Illustris simulations, using both the AREPO moving-mesh code and a
similar set of physical models for galaxy formation. FABLE’s key difference lies in its
updated AGN and SNe feedback models, aiming to reproduce the observed redshift
evolution of the galaxy stellar mass function (GSMF) along with the stellar and gas
mass fractions of local groups and clusters. They in turn produce good agreement with
observed LX − M relations for both Mgas and Mtotal , and for TX − Mtotal relations.
The simulations consist of a 40h−1 Mpc periodic box evolved to z = 0 along with
a series of zoom simulations of individual groups and clusters with an effort to
expand the model to higher mass objects. The initial periodic box follows a Planck
cosmology, simulating 5123 dark matter particles of mass mDM = 3.4 × 107 h−1 M
and approximately 5123 baryonic resolution elements with a typical mass of m̄b =
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6.4 × 106 h−1 M . The zoom simulations utilise groups and clusters selected from the
dark matter only Millennium XXL (Angulo et al., 2012), which were then resimulated
at high resolution with the FABLE calibrated parameters for baryonic physics. Six
systems, spanning from groups to massive clusters, were selected logarithmically
spaced in mass, with no information other than total mass used to determine the
selection.
Stochastically launched wind particles modelling galactic outflows as a form of stellar
feedback are modelled in a similar way to Illustris, however instead of dissipating
energy entirely through hydrodynamical interactions, one third of the wind energy is
imparted as thermal rather than kinetic energy. As a result the cooling of ejected gas
is slowed allowing it to remain outside of the dense ISM for a longer period of time.
This same model was also adopted in IllustrisTNG, albeit imparting 10% rather than a
third, bringing the two models of stellar feedback closer in line. The same method was
also used in Marinacci et al. (2014), and the Auriga galaxy simulations (Grand et al.,
2017)
Feedback from BHs is done using an adapted model of that used in Illustris, described
above. In Illustris quasar-mode injects thermal energy into the surrounding gas
continuously, an approach that can lead to artificial overcooling due to small amounts
of thermal energy being quickly radiated away by large amounts of mass. FABLE
adapts the method for AGN feedback in SPH simulations developed by Booth &
Schaye (2009) in which feedback energy is stored in BHs until it reaches the threshold
at which it is able to raise the temperature of a set number of SPH particles by a
specific amount. This is similar to the method seen in the EAGLE simulations. Radio
mode feedback operates in the same way as the Illustris model, injecting hot buoyantly
rising bubbles into the surrounding gas.

1.3.3

X-ray Relations in Current Simulations

Fable

The FABLE simulations were used to study the redshift evolution of the X-ray scaling
relations of groups and clusters (Henden et al., 2019). By supplementing a uniformly
sampled cosmological volume with an expanded sample of 27 high resolution zoom
simulations, Henden et al. (2019) were able to find very good agreement with
observational constraints to z ∼ 1. While in good agreement, the simulated clusters
27

did lie on the upper end of the scatter observed in the LX − T relation indicating that
LX or T may be over or underestimated respectively. The effects of hydrostatic masses
or masses based on weak lensing will determine which property skews the placement
on the scaling relation. The discrepancies seen between these masses is known as the
X-ray mass bias and its impact may range from no effect (Gruen et al., 2014; Israel
et al., 2014; Applegate et al., 2016; Smith et al., 2016), to a biasing low of X-ray
hydrostatic masses of between 25 − 30% within R500 (Donahue et al., 2014; von der
Linden et al., 2014; Hoekstra et al., 2015; Sereno et al., 2017; Simet et al., 2017; Hurier
& Angulo, 2018).
Through this expanded sample they investigate: Mgas − Mtotal , Mtotal − T , YX − Mtotal ,
LX − Mtotal , LX − T , and SZ flux −Mtotal .
They discuss three key findings : Firstly they see significant deviations from selfsimilarity for all investigated scaling relations. Secondly they find no strong evidence
for redshift evolution in scaling relations except for a mild steepening in the LX
relations with increasing redshift. A mild increase in slope with decreasing redshift
is also seen at z . 0.6 potentially driven by increasing radio mode feedback in the
simulations. Finally normalizations evolve positively with respect to self-similarity for
all relations.
These findings are attributed to a combination of the increased effectiveness of AGN
in lower mass halos, larger binding energy of gas at a given halo mass at higher z and
larger non thermal pressure support from kinetic motions at higher z.
Spectroscopic temperatures and X-ray luminosities were calculated using XSPEC
(Arnaud, 1996), a spectral fitting tool for X-ray spectra, to fit mocked spectrums from
either Chandra or Athena. Through the use of mock Athena observations they show
that significant deviations from self-similarity in the evolution of scaling relations are
expected to be found out to z ∼ 2

BAHAMAS & MACSIS

BAHAMAS (BAryons and HAloes of MAssive Systems) (McCarthy et al., 2017) is a
suite of large-volume cosmological hydrodynamical simulations incorporating simple
models of stellar and AGN feedback callibrated to reproduce the present day GSMF
and hot gas mass fractions of groups an clusters. Based on work seen in OWLS/cosmoOWLS (Schaye et al., 2010) (and later EAGLE) in which important parameters of
the subgrid model were systematically varied to observe their impact on halos stellar
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and hot gas properties helping to ensure that the overall impact of feedback on the
matter distribution is broadly correct. These simulations also adopt the simple subgrid
prescription for AGN feedback of Booth & Schaye (2009) which uses heat from
accreted gas to increase the temperature of neighbouring gas particles by a specified
amount, ∆T .
BAHAMAS clusters match observed hot gas mass fractions remarkably well across
several orders of magnitude. While parameters were tuned to hot gas properties, the
calibration was quite simplistic and as such the good agreement is non trivial.
They investigated the scaling relations of X-ray luminosity against hydrostatic X-ray
mass, M500,X-ray , and temperature for halos with M500,X-ray > 1013 M . Both scaling
relations match well to observations from Pratt et al. (2009), Vikhlinin et al. (2009),
Lovisari et al. (2015), Sun et al. (2009, Mass only), and Osmond & Ponman (2004,
Temperature only) over 3 orders of magnitude in LX , with slightly over predicted LX
values amongst the highest mass clusters.
The MACSIS suite of zoom simulations, provide an extension of 390 massive clusters
to the BAHAMAS sample. Hot gas mass fraction-M500 and LX − TX follow on in
agreement with the BAHAMAS sample producing relations that are slightly steeper
than observed. The sample of massive clusters allows for tentative comparison with the
sparse observational data at high redshifts, indicating that progenitors of the MACSIS
sample show good agreement with observations in both the median relation, and scatter
of observations.
Profiles of the BAHAMAS clusters were compared to observations at the group (5.25×
1013 < M500,X-ray /M < 2 × 1014 ) and cluster (M500,X-ray > 2 × 1014 M ) scales. This
was done as gas content scales strongly with halo mass in both observed and simulated
systems and as such it’s important to compare objects of similar mass.
Density profiles show impressive agreement with observations of both groups (Sun
et al., 2009) and clusters (Croston et al., 2008). With the majority of gas residing
at large radii, agreement in these regions is expected due to the calibration to gas
fractions within R500 , however the agreement at small radii for both the median and
intrinsic scatter is a non-trivial result. Pressure profiles also show good agreement with
observations at cluster scales, and at large radii in group sized objects. BAHAMAS
objects show slightly lower pressure at small radii compared to Sun et al. (2011).
This is potentially indicative of a slight lack of thermal pressure support. Through
both density and pressure profiles we can infer good agreement with temperature and
entropy profiles in all but the very inner regions of groups.
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Eagle

Schaye et al. (2015) created mock X-ray observations of their simulations with which
they derived various parameters commonly measured from X-ray observations by
applying observational analysis techniques. Single temperature, single metallicity apec
models are fit to mock Chandra spectra in 3D radial bins centered around the halos
minimum gravitational potential. Apec models are spectral models for hot plasmas
calculated using atomic data from the Astrophysical Plasma Emission Database (Smith
et al., 2001). This allows gas density, temperature and metallicity profiles to be
determined. Assuming hydrostatic equilibirium mass profiles can be obtained from
the density and temperature profiles. R500 can then be determined from the density
profiles, allowing for the calculation of M500,hse where "hse" indicates the quantity was
derived from simulations under the assumption of hydrostatic equilibrium. Further to
this, mean X-ray temperatures and elemental abundances can be determined within
R500 by fitting apec models over this region.
All halos with a friends-of-friends (FoF) mass > 1012.5 M were included however
results were only discussed for halos with M500,hse > 1013 M . In doing this they found
that M500,hse was systematically biased low by ∼ 20%
In the reference simulation they found that the gas mass fraction, Mgas,500,hse /M500,hse ,
as a functon of M500,hse lies around 0.2 dex higher than observations for most of the
examined objects. This gas mass is derived from the X-ray data and as such only
accounts for gas at X-ray emitting temperatures. Le Brun et al. (2014) demonstrate the
effect that the temperature to which AGN heat surrounding gas has on the gas fraction.
Particularly lower gas fractions come as a result of higher heating temperatures leading
to less frequent but more energetic bursts that act to eject gas more effectively.
This lead to a slight increase in ∆TAGN , of 108.5 K → 109 K, used in the "AGNdT9"
model with the aim of reproducing closer matches to high mass galaxies. This
recalibration lead to group gas fractions at M500,hse < 1013.5 M agreeing with an
extrapolation of the observations of high mass systems.
Comparisons to observations of the LX − T scaling relation show good agreement at
low temperatures for the reference model however are limited by the lack of halos with
M500,hse < 1013 M . However luminosities above 1keV lie a factor of 3 higher than
observations. The AGNdT9 model shows even better agreement at T < 1keV, however
more sources at T > 1keV are needed to fully determine the level of improvement.
Cluster-Eagle (C - EAGLE) (Barnes et al., 2017) utilises the AGNdT9 model of the Eagle
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simulation code to produce zoom simulations of 30 galaxy clusters ranging in mass
from 1014 < M200 /M < 1015.4 . Profiles were computed as before by fitting an apec
model to the spectrum of a mock Chandra observation to produce a spectroscopic
temperture, and LX given by the integrated spectra of particles falling within a set
energy band.
They find a median bias due to the assumption of hydrostatic equilibrium of bhse =
0.16 ± 0.04 for the C - EAGLE clusters, in agreement with the EAGLE reference sample
(0.14 ± 0.02) and the AGNdT9 sample (0.21 ± 0.06). Despite using the AGNdT9
EAGLE model, C - EAGLE cluster produce a continuation of the trends seen in the
reference model periodic box. This is due to the subgrid model not being calibrated
for cluster scales. By plotting the gas mass fraction as a function of the "true" M500
instead of the hydrostatic estimate , the C - EAGLE clusters are brought more inline with
observations, especially at the upper mass end, however systems ∼ 1014 M are still
too gas rich.
The TX − M500 relation shows a good match to observed data across the entire mass
range of the C - EAGLE clusters, producing a tight linear power law relation when plotted
with the reference and AGNdT9 EAGLE models. An examination of the ratio between
the spectroscopic X-ray temperature and the expected virial temperature show the most
massive systems have ratios close to one, while the lower mass systems have ratios
approaching 1.5, indicating feedback may be able to more efficiently heat and expel
gas in lower mass objects. Previous simulations have found similar results (Short et al.,
2010; McCarthy et al., 2010; Planelles et al., 2014; Le Brun et al., 2014; Hahn et al.,
2017).
The gas rich C - EAGLE clusters produce an LX −M500 relation that follows the observed
trend, albeit with a slightly higher normalization. These clusters are also in line with
the relations seen in both the reference and AGNdT9 models, with a mild break seen in
the power law at group scales. A number of simulations including AGN feedback are
able to reproduce the observed gas fractions and X-ray luminosity-mass relation (Le
Brun et al., 2014; Pike et al., 2014; Planelles et al., 2014; McCarthy et al., 2017) while
simulations lacking effective AGN feedback over-estimate the normalizations of these
relations (Biffi et al., 2014; Hahn et al., 2017).
Barnes et al. (2017) also present a number of hot gas profiles with comparison to a
similar in mass subsample of the REXCESS cluster sample (Böhringer et al., 2007).
Profiles of the three-dimensional dimensionless median density at z = 0.1, indicate
densities lower than observations at R < 0.1R500,spec but rising to hot gas slightly
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denser than observations at R > 0.4R500,spec . They suggest that this is indicative
of energy from AGN feedback expelling hot gas from central regions, however not
providing enough energy to fully eject gas beyond R500 .
Dimensionless temperature profiles show good agreement with REXCESS clusters
beyond 0.2R500,spec however the profiles of the C - EAGLE clusters continue to rise until
0.03R500,spec to values ≈ 60% higher than the flattened central profiles seen in the
inner 0.2R500,spec region of the observed sample. This remains consistent with AGN
feedback ejecting and heating central gas in the cores of clusters.
Entropy profiles of the C - EAGLE show a flatter profile at r < 0.2R500,spec with an
entropy roughly a factor 5 larger than observations. Beyond 0.5R500,spec the C - EAGLE
profiles follow a power law in line with observations. These profiles demonstrate a
lack of cool-core clusters in the sample, in line with the over heating of central regions
by AGN feedback.
These results suggest AGN feedback carries on injecting energy feedback into central
gas after the clusters have formed, maintaining these core regions and preventing cool
cores from forming. While previous studies using similar models of AGN feedback
(Planelles et al., 2014; Pike et al., 2014; Le Brun et al., 2014; McCarthy et al., 2017)
have been able to reproduce observed entropy profiles, the increased mass resolution
of these zoom simulations lowers the energy threshold for AGN feedback leading to
less energetic but more frequent individual events. This is the opposite to the situation
proposed at the beginning of this section and as such may lead to overall higher gas
fractions, despite the recalibrated ∆Tagn of the AGN feedback.

Illustris

While no direct studies have been done on the X-ray scaling relations of clusters within
Illustris or IllustrisTNG, results from other studies can give us insight into how well
they may be reproducing results.
Oppenheimer et al. (2021) indicate that for groups Illustris underpredicts the fgas,200 −
M200 relation while IllustrisTNG100 manages to more closely match observations,
lying slightly above that from BAHAMAS, and below the over predicted relation from
EAGLE .
TNG100 temperature profiles agree closely with EAGLE and observations from Sun
et al. (2009). This is interesting to note considering the difference in AGN feedback
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prescriptions, indicating the temperature of the intragroup medium (as opposed to the
intracluster medium) may be set by virialization.
Density profiles of groups in TNG100 also seem to match observations quite closely
as well as profiles in EAGLE.
Extended cores are seen in the entropy profile extending to ≈ 0.3R500 with the more
aggressive AGN feedback potentially leading to higher entropy cores when compared
with the profiles of EAGLE. These entropy cores are not seen in observations, and
as such point out that this lack of agreement in spite of reasonably well matching
pressure profiles may indicate that the intragroup medium of simulated objects remains
in pressure equilibrium through the AGN energy and entropy injection (Barnes et al.,
2017).
These high entropy cores are also seen at clusters scales, linked to non-cool-core
systems (Barnes et al., 2018). The fraction of cool-core systems was seen to quickly
decline at z < 1 caused by the implementation of AGN feedback being too efficient at
removing baryons from the central regions, within 0.01R500
Investigations in Marinacci et al. (2018) reproduced the scaling relations between radio
power and X-ray emission and M500 . While not directly comparable to the work from
other simulations this still gives insight into the effectiveness of AGN feedback in
TNG in reproducing X-ray observations. A clear correlation is seen between M500 and
radio power using 2 differing models for diffuse radio emission. Objects that would
pass observational selection criteria show a much tighter relation at high masses than
observations, sitting on the higher end of observational scatter in radio power.
The radio power-LX scaling relations were used to calibrate the free parameters of the
used radio emission models such that they broadly matched observations from Feretti
et al. (2012) at the high mass end. Given these two relations we can infer a reasonable
match to the observed LX − M500 for the most massive clusters, with TNG clusters
potentially having slightly more luminous halos than observed.
A more detailed study into the X-ray properties of hot gas in groups and clusters
in the Illustris and IllustrisTNG simulations may offer deeper insight into how the
implementations of feedback affect the internal mechanics of cluster formation and
evolution.
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1.3.4

S IMBA

S IMBA (Davé et al., 2019) is built around the G IZMO meshless finite mass hydrodynamics code, and implements updates to the framework established with the M UFASA
simulations described in Davé et al. (2016).
While many of the subgrid models are updated and added to based on more up to date
theoretical and observational results than in M UFASA, S IMBA also includes a more
physically motivated implementation of black hole growth and feedback, as well as
dust.
Dark matter and gas elements are evolved together including gravity and pressure
forces, with shocks being handle by a Riemann solver with no artificial viscosity.
This method has been shown to perform well in a number of standard hydrodynamics
tests (Hopkins, 2015). Mass is also preserved within each fluid element during the
evolution, allowing for the detailed tracking of gas flows.
As a result this method combined the advantages of particle codes with the hydrodynamics accuracy of a Riemann solver-based mesh code, while avoiding the potential
difficulties of using a Cartesian mesh.
The fiducial S IMBA run consists of a (100h−1 Mpc)3 box with 10243 dark matter particles, and 10243 gas elements evolved from initial conditions to z = 0.
The suite of simulations also includes a number of smaller volumes ranging from
(12.5h−1 Mpc)3 → (50h−1 Mpc)3 with particle numbers ranging from 256 → 1024.
There also exists a number of (50h−1 Mpc)3 boxes that include varying levels of
feedback. These runs have the same resolution as the fiducial run, with 5123 particles,
however due to the smaller volume size are less able to probe more massive clusters.
These models include: the "No-X" model (S IMBA-NoX) including everything but Xray feedback; a "No-Jet" model (S IMBA-NoJet) in which both jet and X-ray feedback
are turned off; a "No-AGN" model with all AGN feedback excluded; and finally a
"No-Feedback" model which includes neither AGN nor star formation winds. The
step-by-step exclusion of prescriptions allows for a close inspection of their respective
impacts.
S IMBA implements updated radiative cooling and photoionisation heating using the
G RACKLE -3.1 library (Smith et al., 2017) which evolves adiabatic and radiative
terms together during the cooling sub-timestep rather than first evolving the system
adiabatically over the timestep and then applying cooling, resulting in more accurate
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thermal evolution. G RACKLE -3.1 includes self-shielding based on the Rahmati et al.
(2013) prescription previously described. A Haardt & Madau (2012) spatially-uniform
ionising background is assumed.
Star formation rate is given by the H2 density divided by dynamical time, with H2
fraction computed based on a modified version of the Krumholz & Gnedin (2011) subgrid model. Eleven elements are tracked during the simulation, tracking enrichment
from Type II SNe, Type Ia SNe, and Asymptotic Giant Branch stars. Heating from
Type Ia SNe and AGB winds are included in the form of heating to the surrounding
gas. In an effort to ensure the Jeans mass can be resolved in star-forming gas as density
increases, an artificial pressure is applied above a density threshold, suppressing
fragmentation below the scale of the smoothing volume.
Star formation-driven winds are modelled as decoupled two-phase winds, with 30%
of wind particles ejected with a temperature set by the supernova energy minus the
kinetic energy of the wind. Decoupled here indicates that once launched a gas element
does not interact hydrodynamically until either it reaches a set density threshold, or
has been a wind particle for 2% of a Hubble time (at launch).
This operates similarly to the M UFASA model, with the key difference being an update
to the mass loading factor scaling with stellar mass. Scalings for M UFASA were
taken from Muratov et al. (2015) using outflow rates computed on mass advection
in the FIRE zoom simulations. S IMBA on the other hand uses mass outflow rates
calculated from individually tracked particles within the FIRE simulations (AnglésAlcázar et al., 2017b). Launched wind particles extract metals from nearby particles
to model enrichment by SNe driving the wind.
Wind velocity scalings from Muratov et al. (2015) are used, scaling to the host galaxy’s
circular velocity with S IMBA modifying the normalisation of this scaling to account for
the increase in mass loading factor from low-mass galaxies. S IMBA also attenuates the
wind speed when necessary to ensure that the wind’s kinetic energy is limited to energy
available from supernovae.
A friends-of-friends (FoF) finder is applied to stars and dense gas to find galaxies and
compute various galaxy properties such as M∗ on the fly (Davé et al., 2016). By using
this FoF galaxy finder during the simulation it is possible to seed black holes on the
fly, allowing for their accretion energy to drive feedback and quench galaxies.
Black holes are seeded at 104 M in galaxies exceeding M∗ = 109.5 M , with two
modes used for their growth. The first is torque-limited accretion (Anglés-Alcázar
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et al., 2017a), applicable for cold gas with T < 105 K, and the second is Bondi &
Hoyle (1944) accretion for the hot gas component.
The gas inflow rate due to torque-limited accretion, ṀTorque is driven by instabilities
in the cold gaseous disk surrounding the central black hole and is modelled following
Hopkins & Quataert (2011).

 

MBH 1/6 Menc (R0 )
ṀTorque ≈
108 M
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εT fd ×



(1.25)

where fd is the disk mass fraction (including both stars and gas), Menc (R0 ) is the
total gas+stellar mass, fgas is the gas mass fraction in the disk component, f0 ≈
0.31 fd2 (Md (R0 )/109 M )−1/3 , and all quantities are evaluated within a distance R0
of each black hole enclosing the nearest 256 gas elements, with an upper limit
R0 ≤ 2 h−1 kpc (comoving) imposed throughout the simulation.
The typically spherical distribution of hot gas allows for the use of Bondi accretion
in calculating the gas inflow rate of hot gas, ṀBondi , computed following the standard
Bondi (1952) formula:

ṀBondi = εm

2 ρ
4πG2 MBH
(v2 + c2s )3/2

(1.26)

where ρ is the mean density of hot gas within the black hole accretion kernel, cs . is
the kernel averaged sound speed of the hot gas, and v is the kernel averaged velocity
of the hot gas relative to the black hole. v is set to 0 since the black hole particle is
repositioned within the simulation.
The black hole accretion rate is thus

ṀBH = (1 − η) × (ṀTorque + ṀBondi )

(1.27)

with η = 0.1 (Yu & Tremaine, 2002).
Accretion rate is limited based on the black hole’s Eddington accretion rate, with
torque-limited accretion experiencing a limit of 3 times the Eddington rate, while
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Bondi accretion experiences a strict Eddington limit. This is due to non-spherical
accretion potentially being able to exceed Eddington as seen in observations (MartınezAldama et al., 2018) and accretion disk simulations (Jiang et al., 2014).
Black hole feedback is incorporated through a kinetic subgrid model that aims to ape
the observed dichotomy of outflow characteristics arising from the two modelled black
hole growth modes (Heckman & Best, 2014), more specifically a "radiative mode",
and a "jet mode".
This is done using purely biploar feedback injecting energy into the gas surrounding
black holes on large scales. At high Eddington ratios ( fEdd ≡ ṀBH /ṀEdd & few
percent), corresponding to radiative mode, outflow velocity is based on ionised gas
linewidth observations of X-ray detected AGN from SDSS by Perna et al. (2017a),
parametrised in terms of black hole mass MBH (in M ) as

vw,EL = 500 + 500(log MBH − 6)/3 km s−1 .

(1.28)

This form of feedback represents AGN winds, with ejected gas experiencing no
modification to temperature. This matches closely to the AGN feedback model
included in G IZMO however includes a variable outflow velocity.
At fEdd . 0.2 feedback begins to transition to jet mode, with increasing strength until
fEdd . 0.02 at which the velocity increase is capped at 7000kms−1 . This velocity
increase is given by

vw,jet = vw,EL + 7000 log(0.2/ fEdd ) km s−1 .

(1.29)

Jet mode also requires MBH > MBH,lim following observation that radio jets arise in
galaxies with black holes of MBH & 108 M (Barišić et al., 2017). The mass limit in
S IMBA is chosen as MBH, lim = 107.5 M .
The amount of material ejected within AGN winds is set based on momentum and
energy input inferred from observations of outflows (Fiore et al., 2017; Ishibashi et al.,
2018), resulting in a momentum input of Ṗout = 20L/c where L = η ṀBH c2 is the AGN’s
bolometric luminosity, and η = 0.1.
Bipolar outflows are ejected parallel to the angular momentum vector of the simulated
black hole accretion disk, with zero opening angle for radiative mode winds, and jets.
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The collimated outflows remain stable over tens to hundreds of Myr and as a result
"sphericalisation" of the jet energy on super-galactic scales happens self-consistently
via hydrodynamic interactions at large scales.
Outflows experience a short hydrodynamic decoupling time of 10−4tH , where tH is the
Hubble time at launch, to avoid further entrainment of matter within the unresolved
ISM that has already been accounted for by the mass loading factor. Decoupling also
helps to avoid issues with high Mach number shocks potentially caused in very dense
gas. As a result jets begin to deposit energy at distances comparable to the extent of
observed radio lobes.
X-ray photon generated by the accretion disk of black holes impart a pressure and as
such a level of heating is applied to gas within the black hole accretion kernel, scaled
to the inverse square of the distance between the black hole and gas elements. NonISM gas is directly heated while the low resolution pressurised ISM is given half of the
X-ray energy as heat with another half as a radial outward kick to avoid unphysically
quick cooling that may occur within S IMBA.
While S IMBA models a similar approach to Illustris-TNG with the two-mode thermal
and kinetic AGN feedback, the use of torque-limited accretion for cold gas, along
with kinetic feedback at high fEdd provides self-regulating black holes consistent with
observed scaling relations, along with a more physically motivated approach to the
implementation of jets at low fEdd . This allows for a close investigation of the impact
of jets on cluster formation and evolution.
Davé et al. (2019) show that S IMBA is able to make a number of predictions that
successfully match data. The evolution of the stellar mass function matches well with
data across all masses at all cosmic epochs, however may see a slight overproduction at
the massive end by z = 0. A good agreement is seen for the star-forming main sequence
at z = 0, and sits a factor of 2 low at z = 2, a disagreement that can be explained
with observations systematics. S IMBA is also able to reproduce good agreement for
quenched fractions, and gas fractions with M∗ at z = 0 with the evolution of gas
fractions with M∗ also in good agreement with observations. Hot halo gas fractions
rising with halo mass agrees well with data. Thomas et al. (2019) demonstrate that
a number of black hole - galaxy correlations in S IMBA show good agreement with
local studies, such as the MBH -stellar velocity dispersion relation, the black hole
accretion rate - star formation rate relation, and the black hole mass function. The
half-light radii of star-forming galaxies at z = 0 as well as their evolution agree with
observations, however only agree for passive galaxies at high redshift with numerical
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heating producing passive galaxies that are too large at z = 0 (Appleby et al., 2019).
S IMBA is able to reproduce a wide range of observed galaxy and halo properties,
however it is important to note the areas in which it falls down. It does not reproduce
a knee as sharp as observed in the stellar mass function at z = 0, low mass quenched
galaxies are larger than star-forming systems, stellar metallicities are overproduced,
and a break is seen in many low redshift scaling relations that is sharper than current
observation.
Taking these discrepancies into account, S IMBA still provides a state of the art set
of simulations that allow for the study of galaxy group and cluster formation and
evolution and provides the platform from which the work of investigating the X-ray
properties of groups and cluster in this thesis is done.
In general, the simulations here tend to largely agree with observed scaling relations,
with slight abundances in LX a common theme, and deviations from the observed
trends at the most massive cluster scales, and towards the group regime. While it is
generally agreed that the implementation of AGN feedback is important in reproducing
these trends, the specific models used changes between the simulations. How these
models differ allows us to further constrain the physical models behind AGN feedback
and work towards a more complete understanding. It thus becomes important to
examine the X-ray properties of groups and clusters in S IMBA due to its unique
implementation of AGN feedback.
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1.4

Thesis Overview

The goal of this thesis is to investigate the X-ray properties of hot gas in the
galaxy groups and clusters using the S IMBA suite of cosmological simulations. By
investigating the X-ray scaling relations and profiles of not only the fiducial S IMBA
simulation but also the number of varied feedback models it is possible to investigate
the impact of different forms of feedback on the formation and evolution of galaxy
groups and halos. The content of each chapter is provided below.

• Chapter 2: We examine the scaling relations of X-ray properties for halos with
M500 > 1012.3 M at z = 0 in the S IMBA simulations. This involves determining
the X-ray emission from hot gas within halos and using this to calculate the X-ray
luminosity (LX ), X-ray weighted temperature (TX ), Entropy (SX ), and Metallicity
(ZX ). Scaling relations are compared to self-similarity and observations to
determine the effectiveness of the S IMBA models.
• Chapter 3: We investigate the evolution of the X-ray properties of hot gas
in halos from z = 0 → z = 3. X-ray emission is determined in the same
way as Chapter 2 for both the fiducial S IMBA simulation and smaller volume
simulations with varying levels of feedback. This is done to investigate the
impact of each component of the S IMBA feedback model on the formation and
evolution of galaxy groups and clusters.
• Chapter 4: We develop a pipeline to create mock observations of halos within
the S IMBA simulations and subsequently fit an APEC model to calculate LX and
TX . This is done in an effort to test the effectiveness of modern and future
telescopes in probing the group and cluster regimes.
• Chapter 5: In this final chapter I summarise the results from the previous
chapters and provide a plan of how I wish to continue with this work.
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Chapter 2
X-ray Emission of Hot Gas in Galaxy
Groups and Clusters

2.1

Introduction

As some of the largest gravitationally bound objects in the Universe, galaxy groups
and clusters provide a unique laboratory for testing models of cosmology and galaxy
evolution. The basic properties of groups and clusters are largely determined by
the initial conditions and the hierarchical evolution of the dissipationless dark matter
component, which is reasonably well understood. Since they probe the massive tail
of the spectrum of mass perturbations, they are useful for constraining the growth
of structure and hence the matter power spectrum. But the formation of clusters also
involves numerous baryonic processes that govern the appearance of the visible matter,
in particular the galaxies and the hot virialised gas, which are less well understood.
Hence the co-evolution of galaxies, intergalactic gas, and black holes within groups
and clusters allows us to investigate the physical processes that govern galaxy evolution
in a unique environment.
During hierarchical collapse, adiabatic compression owing to gravity and subsequent
shocks heat the intracluster gas to X-ray emitting temperatures (T & 106 K). In
the simplest scenario, this gas then settles into hydrostatic equilibrium within the
potential well of the cluster (Kravtsov et al., 2018). For the most massive clusters,
this configuration is stable, as the central cooling time is quite long (Rees & Ostriker,
1977). For less massive systems, the gas in the central regions is expected to reach
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a sufficiently high density that it can radiatively cool on timescales short compared
to the halo dynamical time. The resulting cooling flow is then expected to feed star
formation and accretion onto the super-massive black hole in the massive central
galaxy. Simple estimates suggest that the cooling flows in clusters should be of order
hundreds to thousands of solar masses per year, but most observed clusters show orders
of magnitudes lower rates of stars formation, and very little gas cooling (Fabian, 2002).
This is known as the cluster cooling flow problem.
The most accepted scenario for solving the cooling flow problem invokes energetic
feedback from active galactic nuclei (AGN) that counteracts cooling (Bower et al.,
2006; Croton et al., 2006; Somerville et al., 2008; Somerville & Davé, 2015). It
is possible that magnetic conduction (Narayan & Medvedev, 2001; Fabian, 2002)
could play a role in preventing cooling flows, but cosmologically situated simulations
suggest that it cannot fully balance the expected cooling rates (Jubelgas et al., 2004).
Supernova feedback could also provide some energy input, but since cluster galaxies
are typically not star-forming there are few Type II supernovae, and the Type Ia
supernovae are not sufficiently frequent to inject enough energy to prevent a cooling
flow. Observationally, clusters are seen to have bubbles of hot gas putatively blown
by AGN jets, whose mechanical inflation work has approximately sufficient amplitude
to counteract cooling (McNamara & Nulsen, 2007). Hence jet-driven feedback from
AGN are at present the leading candidate to inject large amounts of energy into the
intracluster medium (ICM), and thereby quench star formation in massive galaxies
and solve the cluster cooling flow problem.
Modeling the impact of AGN jet feedback within a cosmological structure formation
context is challenging, owing to the large dynamic range involved and the relatively poor understanding of the physics of AGN feedback. Nonetheless, recent
improvements in simulation input physics along with the ever increasing computing
power available have enabled a number of large-scale cosmological simulations that
directly include black hole accretion and the resulting energetic output. These include
Illustris (Vogelsberger et al., 2014a; Genel et al., 2014), Magneticum (Hirschmann
et al., 2014), Horizon-AGN (Dubois et al., 2014; Volonteri et al., 2016; Kaviraj
et al., 2017), EAGLE (Schaye et al., 2015), MassiveBlack (Khandai et al., 2015),
Blue Tides (Feng et al., 2016), Romulus (Tremmel et al., 2017), Illustris-TNG (TNG;
Springel et al., 2018), FABLE (Henden et al., 2018), and S IMBA (Davé et al., 2019).
EAGLE , TNG, FABLE, and S IMBA were particularly successful at reproducing the
observed massive red and dead galaxy population via AGN feedback, plausibly
connecting AGN feedback with quenching of star formation and even morphological
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transformation (Genel et al., 2014; Pillepich et al., 2018; Dubois et al., 2016).
While various simulations are now broadly successful at reproducing the galaxy
population, they employ substantively different sub-grid models for black hole
accretion and feedback. For instance, TNG and S IMBA directly employ high-velocity
jet outflows from accreting black holes, FABLE provides input energy at the expected
location of inflating bubbles, while EAGLE super-heats gas near the black hole to
generate collimated AGN outflows. In most cases, the AGN feedback model was
specifically tuned to reproduce certain galaxy observations, such as the galaxy stellar
mass function in which the high-mass exponential truncation is driven by AGN
feedback. To discriminate between these simulations and narrow down the plausible
models of AGN feedback, we must thus rely on other observational diagnostics.
One promising avenue is to look at the impact of AGN feedback on intragroup and
intracluster gas. McCarthy et al. (2017) pointed out that the hot gas content of galaxy
halos in the group and cluster regime can be a difficult observable for simulations to
reproduce; this is still true even for otherwise successful models such as TNG (Barnes
et al., 2018). S IMBA and FABLE reproduce these data more closely, though not
perfectly, with both FABLE and S IMBA slightly over producing hot gas in their most
massive halos (Henden et al., 2018; Davé et al., 2019). Hence examining the hot
X-ray emitting gas within groups and clusters appears to be a promising way to
constrain the physical processes driving AGN feedback and galaxy formation in dense
environments.
In this chapter we examine the X-ray emission from hot halo gas in the S IMBA
simulation. Specifically, we investigate X-ray scaling relations, and X-ray property
profiles to determine the effectiveness of S IMBA’s implemented feedback in reproducing observed trends. S IMBA employs three AGN feedback modules concurrently
representing different physical modes of feedback, so by turning these on and off we
are able to use several runs of S IMBA to test the impact of specific AGN feedback
aspects. These varying runs include S IMBA which implements the full feedback
model, S IMBA-NoX which includes stellar and jet feedback but no X-ray feedback,
and S IMBA-NoJet which further turns off AGN jet feedback. We also compare to
the older M UFASA simulation which does not include black holes and uses a less
physically motivated heating model for quenching. We find that the inclusion of jet
feedback is mainly responsible for pushing halos away from self-similar predictions,
and has by far the most important effect on both global properties and profiles when
compared to other AGN feedback aspects, confirming expectations that AGN jets are
crucial for reproducing observed hot gas properties in massive halos.
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This chapter is organised as follows: In §2.2 we discuss the simulation code, and more
specifically the AGN feedback mechanisms implemented, we also discuss the variants
of AGN feedback employed here, and outline how the X-ray emission is computed.
In §2.3 we discuss the self-similar scaling relations of halos. In §2.4 we investigate
the cluster mass budget by looking at the mass fractions of halos within the S IMBA
simulation. In §2.5 we discuss the mass scaling relations of S IMBA halos and also the
comparisons between scaling relations within S IMBA , S IMBA NoX, S IMBA No-Jet,
and M UFASA. In §2.6 we investigate the X-ray radial profiles in S IMBA. Finally in §.7
we summarize our results.

2.2

Simulations and Analysis

2.2.1 The S IMBA simulation
S IMBA (Davé et al., 2019) is a cosmological hydrodynamic simulation run using the
G IZMOcode. The S IMBA simulation models a (100h−1 Mpc)3 random cosmological
volume with 10243 dark matter particles and 10243 gas elements evolved down to z =
0. In accord with Planck Collaboration et al. (2016) it adopts a ΛCDM cosmology with
ΩΛ = 0.7, Ωm = 0.3, Ωb = 0.048, h = 0.68, σ8 = 0.82, and ns = 0.97. More information
on the details of S IMBA can be found in Davé et al. (2019); here we briefly recap key
modeling elements.
S IMBA implements star formation using an H2 -based model, where the molecular
fraction is computed following the prescription of Krumholz & Gnedin (2011).
Chemical enrichment is followed for 9 metals ejected owing to Type II and Type
Ia supernovae and asymptotic giant branch (AGB) stars. G RACKLE -3.1 is used for
radiative cooling and photoionisation heating assuming a Haardt & Madau (2012)
ionising background. We note that S IMBA, like its predecessor M UFASA, includes
energy input from AGB stellar winds in the form of heating of the surrounding
gas (Davé et al., 2016), which Conroy et al. (2015) argued could be an important
preventive feedback mechanism in early type galaxies.
Galactic winds from star formation are modelled using decoupled two-phase winds,
with a mass loading factor that scales with galaxy stellar mass M∗ as predicted by
the tracking of individual particles in the FIRE simulations (Anglés-Alcázar et al.,
2017b). The wind velocity, implemented as a kinetic kick to the gas elements, scales
approximately with the host galaxy circular velocity. Decoupled winds means that a
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gas element launched in an outflow does not interact hydrodynamically for some time,
until it reaches a density that is 1% of the star formation density threshold, or has
been a wind for 2% of a Hubble time (at launch). Galaxy properties such as M∗ are
computed on-the-fly via an approximate friends-of-friends (FoF) finder applied to stars
and dense gas (Davé et al., 2016). This FoF technique also allows for black holes to
be seeded on the fly by calculating galaxy properties as the simulation is run. Halos
are also identified using a 3D FoF finder with a linking length of 0.2 times the mean
inter-particle spacing.
Black holes are seeded at 104 M when galaxies exceed 109.5 M in stellar mass, and
grown in two modes: A mode applicable for cold gas where angular momentum
loss is the primary bottleneck to accretion (torque-limited accretion; Anglés-Alcázar
et al., 2017a) for gas with T < 105 K, and Bondi & Hoyle (1944) accretion at higher
temperatures. S IMBA also includes AGN feedback; owing to its central nature in this
work, we describe this implementation in the next section. Simulations from the FIRE
project found that stellar feedback strongly suppresses black hole growth in low mass
galaxies, motivating the galaxy stellar mass threshold used in S IMBA (Anglés-Alcázar
et al., 2017c).
For this analysis focusing on hot halo gas, we mostly restrict our study to halos with a
halo mass M500 > 1012.3 M . This results in a total of 1379 halos above this mass limit
in the 100h−1 Mpc3 volume at z = 0. We will further consider higher mass limits, closer
to what is observable with current X-ray telescopes, and employing an M500 limit. In
these cases, there are 229 halos above M500 > 1013 M and 9 halos > 1014 M , with a
maximum halo mass of 1014.8 M .

2.2.2

AGN feedback in S IMBA

Due to its highly energetic nature, AGN feedback can have a significant impact on the
host galaxy and its evolution. Active galactic nuclei (AGN) feedback can be split into
two main modes, as described in Heckman & Best (2014): Radiative mode at high
Eddington ratios ( fEdd ≡ ṀBH /ṀEdd ); and jet mode at lower fEdd . Radiative mode
AGN have their energetic output dominated by electromagnetic radiation emitted by
the accretion disk around the central super massive black hole (SMBH). AGN jets have
energetic output that is dominated by bulk kinetic energy in the form of collimated jets,
powered by gas accretion and/or from the spin of the SMBH. There is also the impact
of photon pressure from high-energy (X-ray) radiation generated by the accretion disk.
S IMBA thus incorporates three types of black hole feedback: Radiative winds, jets, and
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X-ray photon pressure.
Radiative winds are thought to arise when the black hole has a cold accretion disk
that reaches into the innermost stable circular orbit. The energetic output from the disk
results in photon pressure that lifts material off the disk, up to speeds of & 1000 km s−1 .
By entraining surrounding material, the total momentum input can be an order of
magnitude higher than L/c, where L is the AGN luminosity. Such winds are observed
as ionised (e.g. Perna et al., 2017b) or molecular (e.g. Sturm et al., 2011) outflows,
typically detected as broad emission line wings.
At low accretion rates, the black hole accretion changes character, with the black hole
now being surrounded by a hotter torus whose accretion is advection dominated. This
is thought to occur at accretion rates below around 1 − 2% of the Eddington rate (Best
& Heckman, 2012). The angular momentum and magnetic field of the accretion flow
drive a highly collimated relativistic jet of high-energy particles out from the polar
directions.
Black holes also produce significant X-ray emission off their accretion disks, in either
mode. This provides photon pressure on material surrounding the black hole. When
the immediate environment is cold gas-rich, it is likely that any of the X-ray photon
pressure that gets absorbed is quickly radiated away by the dense gas. However, at
low accretion rates when the surrounding gas is hotter, the photons can provide a net
outwards momentum, which is more spherical in nature than the jet feedback.
S IMBA includes each of these modes of AGN feedback, in a manner that attempts
to mimic observations as closely as feasible. The interplay of all of these black
hole feedback modes with the surrounding gas provide key feedback mechanism that
significantly affects the growth and evolution of their host galaxies as well as the
gaseous halos in which they sit.We now describe these models.
To model radiative and jet feedback in S IMBA, we employ purely kinetic and bipolar,
continuous outflows, acting parallel to the axis of angular momentum within the inner
disk, defined by the 256 nearest neighbours to the black hole. For radiative mode, we
set the outflow velocity based on observations of the ionised gas linewidths of X-ray
detected AGN (Perna et al. (2017b)), parametrised in terms of black hole mass MBH
as:
vw,EL = 500 + 500(log MBH − 6)/3 km s−1
(2.1)
As fEdd drops to < 0.2 the jet feedback begins to add an additional velocity component,
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whose strength depends on the Eddington ratio:
vw,jet = vw,EL + 7000 log(0.2/ fEdd ) km s−1 ,

(2.2)

with the velocity increase capped to 7000 km s−1 at fEdd . 0.02. The logarithmic
dependence means that the velocity ramps up more quickly towards low fEdd . Hence
full jet mode is achieved only below a couple percent of Eddington, at speeds of ∼
8000 km s−1 . These gas wind elements experience a short hydrodynamic and radiative
cooling decoupling time, and as such are not subject to significant radiative losses in
the dense gas surrounding the black hole.
X-ray feedback is simulated using a spherical input of kinetic energy into the gas
surrounding black hole if it is star-forming gas, or else thermal input if it is nonstar-forming gas. The kinetic input is required because in S IMBA the star-forming
gas is forced to lie on a density–temperature relation as specified to resolve the Jeans
mass (see Davé et al., 2016), so thermal input would have limited effect. X-ray
feedback is only active alongside full velocity jets ( fEdd < 0.02), since in this case
the immediate surroundings are expected to be free of cold gas that would radiatively
cool away the energy input. We further require the galaxy have a cold gas fraction
fgas < 0.2, to model the assumption that gas rich galaxies are able to absorb and radiate
away X-ray energy.
In order to isolate the physics responsible for setting the various scaling relations, we
run alternative versions turning off various AGN feedback forms. Owing to computational limits, we run these in a 50h−1 Mpc3 box with 5123 dark matter particles, and
5123 gas elements, thus having the same resolution as our full 100h−1 Mpc run but
with 8× less volume. Unfortunately, this reduces the number of high mass halos in
these volumes, nonetheless we can still glean some interesting trends. Specifically,
we run a “no-jet" model (S IMBA-NoJet) where we turn off both the jet mode and
X-ray feedback, and a “no-X" model (S IMBA-NoX) where we only turn off the Xray feedback but leave jets on. In all cases the radiative AGN feedback remains on,
but radiative feedback is found to have very minimal impact on galaxy or halo gas
properties, so for clarity we do not include this because the results is very similar
to the “no-jet" case. Finally, as a point of comparison, we also include results from
the M UFASA simulation (Davé et al., 2016), which used a halo heating model as a
proxy for AGN feedback, also in the same box size. The initial conditions for all these
50h−1 Mpc runs are identical.
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2.2.3 Computing X-ray emission
X-rays are computed using the python module P YGAD (Röttgers & Arth, 2018), a
multipurpose tool that allows for the general analysis of Gadget-based simulations.
P YGAD allows for the creation of a sub-snapshot based on various criteria such as
desired particles, specific regions such as individual FoF halos, or particles within
specific property (e.g. temperature or metallicity) range.
P YGAD includes an X-ray luminosity analysis module that utilises XSPEC (Arnaud,
1996), an X-ray spectral fitting package, to compute the X-ray spectrum, described
more fully in Eisenreich et al. (2017). By using the pre-prepared emission tables from
XSPEC, P YGAD is able to calculate the X-ray luminosity of selected gas particles
based on the particle temperatures and metallicities. In our analysis of S IMBA’s X-ray
properties we use the provided 0.5–2 keV X-ray table which is similar to the range
quoted for most of the observations we will compare to. P YGAD is publicly available
at https://bitbucket.org/broett/pygad.
In Figure 2.1 we show events created from X-ray photons produced using XSPEC
within the most massive halo in S IMBA. The halo has M500 of 1014.8 M and an Xray luminosity of roughly 1045 erg s−1 . We see a centrally peaked luminosity with a
relatively smooth, if somewhat asymmetric, decline towards the edges. This is usual
for the most massive halos, typically being dominated by a single central galaxy, while
lower mass halos tend to contain satellite galaxies with luminosities approaching those
of their respective central galaxy.

2.3

Self-similar scaling relations

Hot gas appears in galaxy halos primarily owing to shock heating of gas as massive
objects collapse during gravitational structure formation (Rees & Ostriker, 1977). Such
shock heating happens only in halos above Mhalo & 1011.5−12 M , as below this mass
the accretion shock is unstable due to radiative cooling (Birnboim & Dekel, 2003;
Kereš et al., 2005; Gabor & Davé, 2012; Nelson et al., 2013). Hence X-ray emission
from hot halo gas generally only appears in fairly massive systems.
Assuming only gravity and free-free emission from the hot gas, it is possible to derive
expected scaling relations between the halo mass and the X-ray emission. These are
known as the self-similar scaling relations (Kaiser, 1986), because in this case there
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Figure 2.1: X-ray photons produced by the most massive halo in S IMBA at z = 0, with
an M500 of 6.6 × 1014 M . This image was created using pyxsim and SOXS and spans
a physical distance of 1.3 Mpc on a side. Pixels are scaled logarithmically with the
X-ray photon count.
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is no intrinsic scale and hence halos of all masses are self-similar. Real groups and
clusters are known to deviate from self-similarity, through gas cooling out of the hot
phase via radiative processes (Voit, 2005), as well as feedback providing additional
energy to gas. The self-similar relations thus provide a baseline from which to measure
deviations owing to non-gravitational processes.
For a given virialized density contrast ∆ ≈ 200, the mass of a halo is given by
M∆z =

4π
∆ρcrit,0 Ez2 R3
3

(2.3)

where R is the halo radius, ρcrit,0 is the z = 0 critical density, and Ez = Hz /Ho =
[(Ωm (1 + z)3 + (1 − Ωm − Ω∆ )(1 + z)2 + Ω∆ )]1/2 describes how the Hubble parameter
evolves with z. In hydrostatic equilibrium, the thermal energy of the hot gas must
balance the gravitational potential energy, hence
GM
∝ R2
R

TX ∝

(2.4)

where TX is the hot gas temperature. Therefore our first self-similar scaling relation
relates halo mass and X-ray temperature:
3/2

M ∝ TX .

(2.5)

To obtain the expected X-ray luminosity, we must appeal to free-free emission (thermal
bremsstrahlung) as the dominant emission mechanism. For systems in which the ICM
has been heated to & 106 the free-free volumetric emissivity is given by
1/2

2
ε ≈ 3 × 10−27 TX ρgas
erg cm−3 s−1 .

(2.6)

where ρgas is the gas density Giodini et al. (2013). If we assume that the density profile
of all halos are self-similar, then the X-ray luminosity scales as
1/2

1/2 2
fgas R3

2
R3 ∝ TX
LX ∝ εR3 ∝ TX ρgas

2
∝ fgas
TX2 ,

(2.7)

and thus for a constant gas fraction, fgas ,
LX ∝ TX2 ∝ M 4/3 .

(2.8)
2/3

Finally, in X-ray studies it is common to define the entropy SX ≡ TX /ne . For selfsimilarity, ne at a given fraction of the virial radius is independent of mass, so SX ∝
TX ∝ M 2/3 .
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This gives the expected scaling for X-ray luminosity versus temperature, mass, and
entropy under the assumption of self-similarity (Vikhlinin et al., 2009; Kravtsov &
Borgani, 2012). These scaling relations hold for halos of gas experiencing solely
gravitational heating processes. As a result, departures from self similarity can be
evidence of non-gravitational processes taking place, such as radiative cooling and
AGN feedback.

2.4

Baryonic Mass Budget

Energy input from AGN within S IMBA quenches massive galaxies in large halos. The
main feedback mode responsible for quenching is AGN jets (Davé et al., 2019). Jets
are able to directly evacuate some gas from halos owing to their large velocities, but
also deposit heat into halo gas in such a way that it becomes unbound from the halo.
As a result, AGN feedback has a strong impact on the hot gas within halos. The
most basic quantification of this is the amount of baryons remaining in the halo. Hot
gas fractions are seen to deviate from the cosmic mean baryon fraction particularly at
group scales, as observed via X-ray emission from intra-group and intra-cluster gas.
Also, stellar baryon fractions are increasingly reduced towards massive halos relative
to ∼ 1012 M halos where they they peak (Moster et al., 2013; Behroozi et al., 2013).
These observations provide important constraints on the AGN feedback model.
In this section we examine the baryonic mass budget in stars and hot gas within massive
S IMBA halos. Unless otherwise specified, we will focus on halos with M500 > 1013 M ,
which is the regime where X-ray data on diffuse halo gas is generally available. We will
focus on computing quantities to R500 , which is the radius out to 500 times the critical
density computed via a spherical overdensity algorithm, since that is commonly what
is quoted from X-ray observations. Broadly, the results are similar to those within R200 ,
but some quantities are slightly systematically biased by focusing on the inner ∼ 2/3
of the virial radius.

2.4.1

Stellar mass fraction

Figure 2.2, shows the stellar-to-M500 ratio within R500 of all halos above 1013 M , as
a function of M500 . Here we include all stars, not just those in the central galaxy,
though typically the central galaxy dominates the mass. The points are colour-coded
by the halo specific star formation rate (sSFR), computed as the total star formation
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Figure 2.2: Stellar mass fraction of clusters at z = 0 in the 100h−1 Mpc3 S IMBA box,
with colour scaled by the total specific star formation rate out to R500 . Observations
of the stellar mass fraction are shown from X-ray data of Gonzalez et al. (2013) and
Sanderson et al. (2013); following Chiu et al. (2016) and Henden et al. (2018), these
have been reduced by 24% to change from Salpeter to our assumed Chabrier IMF.
We show a fit to weak lensing-based measurements from Leauthaud et al. (2012) as
the dashed black line. The dotted line is the mean relation taken from Illustris (Genel
et al., 2014) at z = 0. S IMBA shows good agreement with the X-ray observations at
the highest M500 , and agrees more closely with Leauthaud et al. (2012) towards the
lower mass halos. S IMBA produces reasonable agreement with observations of stellar
content in galaxy groups, suggesting that it offers a plausible platform to investigate
X-ray properties of intragroup gas.
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rate over the stellar mass in all galaxies out to R500 . The running median is shown as
the dashed green line. At the massive end, X-ray determined observations are shown
from Gonzalez et al. (2013) and Sanderson et al. (2013), including the contribution
of intracluster light (ICL) which can be very significant at the low mass end. Also,
the black dashed line shows observations from a weak lensing plus halo occupancy
distribution analysis from Leauthaud et al. (2012), which probes to lower masses than
can be done via X-ray emission. Finally, for comparison, we show the mean relation
from the Illustris simulation as the grey dotted line.
The S IMBA halos broadly match the data from Gonzalez et al. (2013) and Sanderson
et al. (2013) for the massive halos, falling slightly below these observations at
M500 . 1014 M . In this regime, the contributions from the ICL are fairly strong,
but are relatively more uncertain. Gonzalez et al. (2013) points out that previous
determinations of this ratio have found somewhat shallower trends of stellar fraction
versus M500 , which they attribute to not including the ICL contribution.
A shallower slope is seen for the Leauthaud et al. (2012) data, and here S IMBA is
in better agreement at M500 ∼ 1013 M , as the trend with M500 in these observations
is significantly shallower than seen for the X-ray data. The disagreement between
the trends was pointed out in Gonzalez et al. (2013), and it is beyond the scope
of the present work to assess this; it could be that the HOD analysis fails to
accurately account for the ICL, or it could be that the ICL is overestimated owing to
foreground/background contamination. A more careful comparison mimicking each
dataset is warranted, but we leave that for future work.
Finally, examining the colours of the plotted S IMBA halos, we do not detect any
systematic trend in the stellar fraction with the sSFR within the halo. The sSFR will
correlate with other properties we examine later, so we show it here for reference.
This suggests that the high stellar fraction halos do not have systematically higher
current sSFR of their member galaxies; instead, the high stellar mass must be related
to its growth history. Similarly, we found no obvious trend versus current black hole
mass or accretion rate (not shown). We leave for future work an investigation of what
determines the spread in stellar fractions at a given halo mass, via tracking halos back
over time.
We conclude that the predictions of S IMBA for stellar baryon fractions seem to be in
accord with available observations for more massive (& 1014 M ) halos, though may
under-predict the stellar fraction in lower mass halos when observations account for the
ICL, with the caveat that such observations come with larger systematic uncertainties.
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It is notable that the amplitude agreement with observations is not a trivial outcome of
galaxy formation simulations, as evidenced by the fact that Illustris shows ratios that
are well higher. It is important to note that both S IMBA and Illustris were tuned to the
GSMF. Overall, within the range probed by X-ray observations (M500 & 1013.5 M ),
S IMBA generally produces reasonably good agreement with stellar baryon fractions
given the uncertainties.

2.4.2 Hot gas mass fraction
In galaxy clusters, the majority of baryons are in the form of hot gas; in groups, this
is less clear. As mentioned earlier, the hot gas fraction within groups and clusters has
been a challenging observations for simulations to reproduce (McCarthy et al., 2017).
In Davé et al. (2019) we presented a preliminary prediction of this, but here we update
this via a more careful comparison to a fuller suite of observations.
Figure 2.3, shows the hot gas mass fraction within R500 of all halos above 1013 M .
We define hot gas as having T ≥ 105.5 K, but these results are generally insensitive to
any choice from 105 − 106 K. The dashed green line shows the running median from
S IMBA. The points are colour-coded by overall halo specific star formation rate, as
in Figure 2.2. Observations are shown from Gonzalez et al. (2013), Sanderson et al.
(2013), Gastaldello et al. (2007), Giodini et al. (2009), and Lovisari et al. (2015). For
model comparisons, the running median from Illustris is shown as the dotted grey line,
and the running median from FABLE is shown as the dotted blue line.
This plot is similar to Figure 8 in Davé et al. (2019), but there the hot gas fraction
was computed over the entire halo (although plotted vs. M500 ) whereas here we have
computed the hot gas fraction specifically within R500 . Hence it is a more accurate
comparison to the observations. This tends to slightly increase the hot gas fraction,
as hot gas tends to be more centrally concentrated in galaxy groups. Relative to their
plot, we also show the observations as individual data points, to illustrate the scatter in
observations more clearly.
At the massive end, S IMBA has 80-90% of its halo baryon fraction in the form of hot
gas. These numbers are typical of observed galaxy clusters. There is a weak dropoff
towards smaller halos down to ∼ 1014 M , and then the dropoff steepens towards lower
masses, with a substantial increase in the scatter. This suggests that stochastic AGN
feedback processes have a larger impact in poor group-scale halos than in the most
massive systems.
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Figure 2.3: Hot gas mass fraction of clusters at z = 0 in the 100h−1 Mpc3 S IMBA box,
with colour scaled by the total specific star formation rate out to R500 . Observations
of the hot gas mass fraction come from Sun et al. (2009), Gonzalez et al. (2013),
Sanderson et al. (2013), Gastaldello et al. (2007), Giodini et al. (2009), and Lovisari
et al. (2015). The blue dotted line is the mean relation from FABLE (Henden et al.,
2018), while the black dotted line is the mean relation from Illustris (Genel et al.
(2014)). S IMBA largely agrees with observations, sitting on the high end for M500 >
1014 M . S IMBA produces reasonable agreement with observations of gas content
in galaxy groups, suggesting that it offers a plausible platform to investigate X-ray
properties of intragroup gas.
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S IMBA produces generally good agreement with the observations, both qualitatively
and quantitatively. However, the S IMBA halos tend to lie at the high end of the
observations for M500 & 1014 M , indicating a potential discrepancy. We note that
our temperature limit of 105.5 K is well below what can typically be traced by X-ray
observations, so it’s possible that the S IMBA values are biased high because of this.
Nonetheless, this level of agreement is a non-trivial success, as for instance shown
by the stronger disagreement with Illustris. More recent simulations tend to show
agreement at a similar level to that seen in S IMBA (e.g. Illustris-TNG and FABLE;
Barnes et al., 2018; Henden et al., 2018). S IMBA agrees well with FABLE for their
M500 & 1013.5 M , but FABLE tends to show a less steep relation to lower masses;
current observations have a large scatter in this regime that encompasses both models’
predictions.
In summary, S IMBA produces stellar and hot gas baryon fractions that are in reasonable
agreement with available observations. It is worth noting that no specific tuning of the
feedback model in S IMBA was done in order to match hot gas properties in galaxy
groups, as the tuning focused on the overall stellar mass function and black hole
properties. Hence this level of agreement is encouraging, and indicates that S IMBA
provides a plausible platform to investigate the X-ray properties of intra-group gas, as
we do next.

2.5

X-Ray Scaling Relations

The most basic X-ray observation for a group or cluster of galaxies is its total X-ray
luminosity. The comparative ease with which X-ray luminosities can be measured
enables X-ray surveys to estimate the mass of clusters, making X-ray luminosity–
mass relation a crucial tool for cosmology. Studies have found that the observed LX −
M500 slope is ∼ 1.4 − 1.9, suggesting non-gravitational processes push the relation
away from the slope of 4/3 as expected from self-similarity. Measurements of the Xray temperature TX versus mass likewise show deviations from self-similarity, though
typically only mildly. Hence such X-ray scaling relations allow us to probe the gas and
galaxy physics at play in massive halos.
Hot gas metallicity and entropy further highlight the impact of cluster galaxies, where
the metals are generated, and their feedback processes that distribute metals and alter
the gas entropy. The hierarchical formation history and resulting gas dynamics can
introduce a significant scatter into these relations, with much of the scatter being
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introduced in the core of the cluster where effects such as merging and cooling are more
pronounced. Thus X-ray scaling relations embody a complicated set of processes that
connect structure formation and galaxy growth, and are a key benchmark for galaxy
formation models.
In this section we examine X-ray property scaling relations versus M500 and TX in
S IMBA, to quantify the impact of such non-gravitational processes within groups and
clusters. The two comparisons are closely related, but the first is more theoretically
oriented and connects better with the amounts and properties of the hot gas, while the
latter is more observationally oriented and enables a wider suite of data comparisons
to more carefully test the simulation.

2.5.1

Scaling Relations Versus Mass

Figure 2.4 shows the scaling relations of a X-ray luminosity LX (panel a), X-ray
luminosity weighted temperature TX (b), X-ray luminosity weighted iron metallicity
(c), and the X-ray weighted entropy at 10% of the virial radius, S0.1 (d), versus M500
2/3
for > 1013 M halos at z = 0 within S IMBA. Entropy S0.1 is calculated as TX /ne , using
particles located between 0.05R200 and 0.15R200 . The points are colour coded by halo
specific star formation rate. For LX − M500 , observational data from Vikhlinin et al.
(2009), Pratt et al. (2009), and Sun et al. (2009) are plotted as stars. For TX − M500 ,
observational data from Kravtsov et al. (2018) and Vikhlinin et al. (2009) is plotted.
Observational data from Pratt et al. (2010) is plotted for entropy at 0.1R200 .
Comparing the LX − M500 relation to observational data in panel (a) shows that S IMBA
halos broadly follow observed trends. The predicted LX − M500 relation follows a slope
of ≈ 5/3 down to M500 ≈ 1013.5 M where it experiences a break and follows a slope
of ≈ 8/3. This break is suggestive of the effect of AGN feedback on halo gas in which
gravitational heating becomes dominant over feedback heating towards more massive
halos. This is also seen in the hot gas fractions which have a steep dependence on M500
below this mass (see Figure 2.7).
There is still a mild deviation from self similarity even at the most massive halos in
S IMBA, which is also indicated by the observations. The most massive clusters at
M500 > 1015 M are expected to follow self similarity, but our 100h−1 Mpc volume is
too small to contain such systems. Interestingly, the relation against mass computed
using weak lensing has been shown to more closely follow self-similarity (Sereno et al.,
2020).
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Figure 2.4: X-ray scaling relations versus halo mass M500 of halos in S IMBA, with
points colour-coded by halo sSFR. (a) The top left subplot shows the LX − M500
relation, compared with observations from Vikhlinin et al. (2009),Pratt et al. (2009),
Eckmiller et al. (2011), Lovisari et al. (2015) and Sun et al. (2009) indicated by black
stars. Self-similar scaling is shown as thin dashed line, and power law fits of S IMBA
data below and above M500 = 3 × 1013 M are also plotted with slopes of 8/3 and
5/3, respectively. (b) The top right subplot shows the X-ray luminosity weighted
temperature TX vs. M500 , compared with the observed fit taken from Kravtsov et al.
(2018, black line), and observations from Vikhlinin et al. (2009), Eckmiller et al.
(2011), and Lovisari et al. (2015) plotted over. The self-similar relation is also plotted
as the dashed black line, showing S IMBA halos largely follows this relation, deviating
slightly at the lowest masses. (c) The bottom left subplot shows the LX -weighted
iron abundance [Fe/H] vs. M500 . We show running medians plotted in blue and red
for sSFR > −11 and sSFR< −11 respectively, showing that low-sSFR halos tend to
have higher hot gas metallicity at a given M500 . (d) The bottom right subplot shows
the relation of M500 versus S0.1 , the X-ray weighted entropy at 0.1R200 in units keV
cm2 , with observational data from Pratt et al. (2010). S IMBA halos lie in the range of
observations, and show little to no trend with M500 .
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Moving to panel (b), the TX − M500 relation in S IMBA is seen to follow a power law
over almost the entire mass range. The predicted power law follows the self similar
scaling relation, deviating slightly towards a shallower slope at lower masses (M500 .
1013.5 M ). This again suggests that feedback mechanisms have the strongest impact
in the poor group regime, increasing the temperature slightly over that expected from
self-similarity. The suppression in LX at these low masses thus does not owe to a
suppression of the gas temperature, but instead to a lowering of the hot gas density.
The observations of TX − M500 suggest more deviation from self-similarity and hotter
temperatures than predicted by S IMBA, though it is still mild , with recent observations
from Umetsu et al. (2020) showing a closer relation to self-similarity than previous
observations, when computing M500 through weak-lensing analysis. Overall, however,
S IMBA does a reasonable job of reproducing the TX − M500 relation.
In the lower left panel (c), we show the X-ray luminosity weighted iron abundance
versus M500 predicted in S IMBA. We will compare to observations when we examine
the [Fe/H] − TX relation, but here we can already see that lower mass halos exhibit
higher hot gas metallicities on average, along with a larger scatter compared to the
more massive halos. This suggests that in low mass halos, the hot gas is more
associated with enriched feedback coming from within galaxies as opposed to more
gravitational shock heating of more pristine infalling gas. By fitting a power law for
halos with sSFR > -11 and sSFR < -11 we can see that halos with a lower specific star
formation rate appear to exhibit a much steeper relation with lower mass halos having
higher metallicities, while those halos with higher specific star formation rates have
metallicities independent of M500 . This is consistent with the idea that low-sSFR halos
have been impacted by feedback energy that preferentially impacts smaller systems,
and this feedback concurrently plays a role in enriching the hot gas.
Finally panel (d) shows the S0.1 − M500 relation. Interestingly, S0.1 shows almost no
dependence on halo mass, and ranges between 102 − 103 cm2 K. If anything, there
appears to be a slight trend for higher entropies in lower mass systems, which again
suggests a greater impact of non-gravitational processes on the hot gas at the poor
group scale relative to more massive systems. The observed groups from Pratt et al.
(2010) also show little trend, and in the overlapping mass range S IMBA produces
fairly similar S0.1 values. The cause for the large spread is less clear, but given the
very tight relation for TX − M500 , it appears to be more related to variations in the
core hot gas density. It is worth noting that several studies have found a hydrostatic
mass estimate bias of 20 − 30% (Hurier & Angulo, 2018; von der Linden et al., 2014;
Sereno et al., 2017), which would in turn bias any values for M500 derived under the
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assumption of hydrostatic equilibrium, such as those from Eckmiller et al. (2011);
Lovisari et al. (2015), and Sun et al. (2009). Accounting for such a bias by shifting
S IMBA halo masses by 20% would see values exceed those of observations only in
the most massive halos, where this bias is the weakest. Similarly a shift in the masses
would see the S IMBA TX − M500 relation move closer to the observed trend.
Overall, the scaling relations versus M500 indicate a stronger impact from nongravitational processes at M500 . 1013.5 M , with a steepening of the LX − M500
relation, a slightly shallower TX − M500 , and a mild increase in the hot gas metallicity
and core entropy in the poor group regime. S IMBA generally does reasonably well
at reproducing available observations in amplitude and scaling with mass, albeit with
somewhat too high LX values at high halo masses, and slightly too low TX at low
halo masses. A detailed comparison using carefully constructed mock observations,
analysed in a similar way, is required to assess how significant these discrepancies are;
we leave this for future work.

2.5.2 Scaling relations versus TX
We now compare to relations versus the X-ray luminosity-weighted temperature TX .
Due to the relative ease of observing TX as compared to halo mass, these relations
are more commonly quoted by observers, so here we focus more on comparing to
observations.
Figure 2.5 shows the scaling relations of various X-ray properties against TX . The
top left panel (a) shows LX − TX , with black points showing observational data from
Pratt et al. (2009). The top right panel (b) shows the X-ray luminosity weighted iron
abundance [Fe/H] − TX , with black markers representing observational data from
Helsdon & Ponman (2000) and Fabian et al. (1994). The bottom left panel (c) shows
S0.1 − TX with the observational line of best fit taken from Ponman et al. (2003). The
bottom right panel (d) shows S500 − TX where S500 is the entropy at R500 . The self
similar relation for LX − TX and both entropy relations are represented by the dashed
black line.
The first and best studied scaling relation is the LX − TX relation (e.g. Mitchell
et al., 1977; Markevitch, 1998; Maughan et al., 2012). Several studies have shown
that this relation deviates from self similarity, suggesting that the gas heating is not
due to gravitational processes alone. These studies have generally found that lower
mass galaxy groups have increasingly larger deviation towards lower LX versus self
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Panel (a) shows observational data for the LX − TX relation comes from REXCESS
Pratt et al. (2009), Eckmiller et al. (2011), and Lovisari et al. (2015), which S IMBA
generally matching the relation by lying slightly above, likely owing to the slightly
low temperatures seen in Figure 2.4. Panel (b) shows observations from Helsdon
& Ponman (2000) and Fabian et al. (1994) scaled to match the solar abundances of
S IMBA. S IMBA shows a broadly similar trend of slightly increasing metallicities at
lower M500 , but does not reproduce some of the data that shows quite low metallicities.
Panel (c) shows the best fit observed SX − TX relation from Ponman et al. (2003, PSF),
along with data from Pratt et al. (2010). S IMBA core entropies lie slightly below the
observations at high-TX , but below TX . 2 keV show an increase that deviates from
self-similarity. Panel (d) shows the entropy at R500 and data from Pratt et al. (2010),
which follows self-similarity very well down to TX ∼ 1 keV. Overall, S IMBA is broadly
successful in reproducing available observations, with some small discrepancies.
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similarity at kT . 2 keV ( e.g. Ponman et al. (1996), Balogh et al. (1999), Maughan
et al. (2012)). It has been suggested that the deviation is as a result of the variation of
gas content with mass. Since LX is proportional to the square of the gas density, this
would drive a lowering of the observed luminosity for low mass systems, leading to a
steeper relation.
In Figure 2.5 (a) we see that S IMBA’s LX − TX relation follows a reasonably tight
power law with a best-fit slope of 2.85 at TX & 1 keV, steepening significantly below
this. There is also an increase in scatter at low TX . At all masses, this relation is steeper
than the slope of 2 predicted for self-similarity, just as for the LX − M500 relation. This
indicates that S IMBA’s implemented feedback mechanisms are working to alter the hot
halo gas properties away from that shown by purely gravitational collapse, in a manner
that is broadly concordant with observations.
The relations between entropy and temperature provide a useful way to reflect on the
LX − TX relation. Processes that change the entropy of gas within the system will
change how the gas behaves within it. For example, increasing the entropy of the
gas would prevent gas from concentrating in the centre of the potential well, thereby
reducing LX . AGN feedback, radiative cooling, star formation, and galactic winds are
capable of heating the gas or removing low entropy gas thus effectively increasing the
entropy in clusters. This can result in the observed deviations from self similarity.
These effects will act more strongly on low mass galaxies owing to their smaller
potential wells, resulting in the observed trend of the most massive galaxies staying
closer to self similar scalings.
Investigating this within S IMBA we can see in Figure 2.5(c) that the S0.1 − TX relation
matches closely to the observed trend from Ponman et al. (2003) across a range of
temperatures, showing a shallower relation than seen for self-similarity (dashed black
line). In contrast, inspecting the entropy at R500 (S500 ), as shown in Figure 2.5(d),
we see a relation closer to what is seen in self-similar scaling. This would suggest
that S IMBA’s feedback is playing a larger role at 0.1R200 closer to the central galaxy,
while gravitational heating effects becoming dominant in the outskirts. Below 1 keV
we see a large scatter in entropy at both 0.1R200 and R500 . These halos have quite
small amounts of hot gas to begin with, and thus can be more significantly impacted
by energy injection, even out to R500 . This suggests that while some small halos follow
the trends seen at higher temperatures, feedback may be expelling low entropy gas in
many cool halos resulting in increased entropy. It is also noticeable that the halos with
lower sSFR (redder points) tend to have higher S500 , and since jet feedback tends to
occur in quenched galaxies, this corroborates the idea that jet feedback is responsible
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for the high entropies (i.e. low hot gas densities) in the outskirts of low-mass halos.
Figure 2.5 (b) shows the trend of TX with hot gas iron abundance. There is a slight
negative correlation between [Fe/H]−TX that generally matches observations across
the range of observed temperatures. At low temperatures, there is a larger scatter, but it
appears that S IMBA tends to overproduce the hot gas metallicity. This could be because
the hot gas in these systems is more strongly impacted by jets from the central galaxy,
which is carrying out metals. Alternatively, these metals may have been deposited at
an earlier epoch owing to star formation-driven winds, but now is being heated by jets.
Investigating this will require tracking individual particles to understand where and
when metal injection occurs, which we leave for future work.
Overall, the temperature scaling relations demonstrate that S IMBA does a creditable
job at reproducing various scaling relations, which is encouraging since no attempt was
made to tune S IMBA to these observations. There is a clear trend of non-gravitational
feedback processes having a larger impact on hot gaseous halos at lower temperatures.
A potential discrepancy is the over-enrichment of hot gas in low-mass halos. At TX &
1 keV, S IMBA produces a steeper-than-self-similar relation versus LX , a shallowerthan-self-similar relation versus S0.1 , while showing self-similarity in S500 . There is
a blowup of the scatter in scaling relations at TX . 1 keV owing to the dominance of
feedback energy in generating hot gas in these systems, something that could be tested
with future observations with Lynx (The Lynx Team, 2018; Gaskin et al., 2019) and
Athena (Ettori et al., 2013; Croston et al., 2013; Barcons et al., 2017), or perhaps even
eROSITA (Predehl et al., 2007, 2021).

2.5.3

X-ray luminosity versus stellar mass

Another interesting test of S IMBA is the relationship between the halo X-ray gas and
the central galaxy. This has been recently quantified in observations via stacking the
X-ray halos around galaxies down to relatively low stellar masses (Anderson et al.,
2015). By using a stellar mass selection rather than X-ray selection, owing to the
relatively tight relationship between halo mass and stellar mass (e.g. Behroozi et al.,
2013; Moster et al., 2013), one can probe the typical X-ray properties in such low
mass systems. Given that many predicted X-ray properties in S IMBA seem to have
larger scatter at lower masses presumably owing to the greater impact of feedback on
hot gas, comparing to the Anderson et al. (2015) data offers a novel approach to testing
this regime.
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Figure 2.6 shows the stellar mass of central halo galaxy plotted against host halo X-ray
luminosity. Here we use the 0.5 − 2 keV band to compute LX , to match what was done
in the stacked observational points taken from Anderson et al. (2015) (shown as stars).
The dashed green line shows the running mean of the linear LX from S IMBA, which
is equivalent to what would be obtained for an analogous stacking exercise in S IMBA.
We further colour-code the points by the sSFR of the central galaxy.
S IMBA follows the observed mean relation remarkably well over the full mass range
probed from M∗ ≈ 1010−12 M . S IMBA sits slightly above observations in the region
below L? , and slightly below the most massive halos but this is likely within the
systematic uncertainties of this relatively crude comparison. This out-of-the box
agreement over the full mass range is an impressive success of S IMBA.
Interestingly, there is no steepening of the LX − M∗ relation at low stellar masses, as
there is in the LX −M500 relation. Instead, if anything there is a flattening of the relation
at LX ≈ 1040 erg s−1 for low M∗ , which is seen consistently in both the observations
and in S IMBA. It is not immediately evident why there is a flattening; in this regime,
X-ray binaries may begin to contribute significantly, but our analysis does not include
these and yet S IMBA reproduces this flattening. This M∗ regime is where quenching
must occur for the bulk of the galaxy population, so perhaps it is indicative of increased
AGN feedback activity. We will more fully explore the impact of AGN and other forms
of feedback in heating halo gas in future work.
Finally, we note a strong trend versus sSFR: central star-forming galaxies tend to
have larger X-ray luminosities than quenched ones at a given mass. In Thomas
et al. (2019) we showed that star-forming galaxies in S IMBA often have substantial
black hole accretion rates and thus black hole feedback, though typically not in
jet mode. It is possible that such feedback is still providing substantial heating of
halo gas, particularly close to the galaxy, even if it does not strongly impact galaxy
properties (Davé et al., 2019). A similar correlation between SFR and the LX − M
relation was seen by Davies et al. (2019) in EAGLE, although to a lesser extent, with
the link believed to be due to black hole mass.
Overall, the good agreement of S IMBA predictions with LX − M∗ data suggests
that S IMBA is properly capturing the interplay between feedback processes and
gravitational heating processes around central galaxies at a wide range of stellar
masses.
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sSFR and a running mean as the dashed green line. Stacked LX −M∗ observations from
Anderson et al. (2015) are plotted as stars. S IMBA shows quite good agreement with
the observations down to the lowest M∗ values, including a flattening of the relation
below L? , however S IMBA does sit slightly higher than observations in this region.
S IMBA further shows a clear trend of star-forming galaxies having higher LX at a given
M∗ , but only at low masses since high-mass star-forming galaxies are rare.
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Figure 2.7: Running medians for the stellar mass fraction and hot gas mass fraction
against M500 for halos in the 50h−1 Mpc boxes of S IMBA, S IMBA NoX, S IMBA NoJet,
and S IMBA 100h−1 Mpc. Jet feedback plays a distinct role in both the stellar, and hot
gas mass fractions, bringing them in line with observations shown in Fig 2.4.

2.6

AGN feedback variants

An advantage of galaxy formation simulations is that it is possible to vary the included
physics to directly quantify the impact of particular input physics modules. To do
this, we run versions of S IMBA with aspects of the AGN feedback turned off. We can
thus compare full S IMBA with all feedback on, versus runs with the AGN jets and
X-ray heating turned off (S IMBA-NoJet), and with only the X-ray heating turned off
but AGN jets on (S IMBA-NoX). Due to the computational time required, comparisons
are made between various versions of S IMBA within 50h−1 Mpc boxes, with 2 × 5123 ,
thus providing the same resolution but one-eighth the volume. This limits our statistics
particularly at the massive end, but allows us to investigate the effect that each aspect
of feedback has on the X-ray scaling relations and profiles in S IMBA.
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Figure 2.8: Running medians for the TX − M500 and LX − M500 scaling relations of
halos in the 50h−1 Mpc boxes of S IMBA, S IMBA NoX, S IMBA NoJet, and the 100h−1
Mpc box of S IMBA. A clear difference is seen in the TX − M500 relation at low masses,
converging towards higher masses. S IMBA matches the LX − M500 more closely
with observations than all other models suggesting the inclusion of X-ray feedback
is working to increase luminosities, towards observed levels in the most massive halos.
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Figure 2.7 shows the median stellar-to-halo mass ratio (top) and the hot gas-to-halo
mass ratio (bottom) as a function of M500 in our three S IMBA variants, as well as
S IMBA in the 100h−1 Mpc box (dashed green line). For reference we reproduce the
observations as shown in Figure 2.2, but our focus here is comparing between models.
The inclusion of AGN jet and X-ray feedback both have a significant impact on the
stellar content in these massive halos. The larger effect comes from jets (going from
NoJet→NoX, i.e. blue to red), but there is a significant effect when turning on the Xray feedback as well (NoX→S IMBA, i.e. red to green). The jet feedback is primarily
responsible for quenching galaxies (Davé et al., 2019), but X-ray feedback provides
important suppression of residual star formation in massive galaxies, by providing
inside-out quenching (Appleby et al., 2019). The impact is relatively invariant in mass,
and including full AGN feedback physics tends to produce the best agreement with
observations, at least in larger better-measured systems.
For the hot gas content, we also see strong differences from including AGN feedback.
Here, X-ray feedback appears to have essentially no impact (green vs. red lines).
This is expected since X-ray feedback acts fairly locally to the black hole. In contrast,
AGN jets have a dramatic impact, strongly suppressing the hot gas content in low-mass
halos. This is better for producing agreement with observations suggesting low hot gas
fractions in groups, although in the range where the models are strongly discriminated,
the observations are currently inconclusive.
Finally, we note that these results are generally insensitive to simulation volume: The
green dashed line from the 100h−1 Mpc box follows the same trend as the 50h−1 Mpc
box. This is a good sanity check that the smaller volume, while unable to produce the
largest halos, provides an unbiased sample for the halos that it is able to generate.
To examine the effects of AGN feedback in terms of X-ray predictions, we look at
both TX and LX against M500 . Naively, one might expect that additional heating would
increase the temperature, and would increase the entropy and thus lower the X-ray
luminosity.
Figure 2.8 shows the comparison of TX and LX versus M500 for the 3 AGN feedback
variants of S IMBA. The results for the full 100h−1 Mpc S IMBA run is also shown
(green dashed), which shows good agreement to the 50h−1 Mpc S IMBA volume (green
solid). We show estimated sampling variance for the NoJet case (shaded blue), by
sub-sampling the median relation from 8 simulation sub-octants. Observations of the
TX − M500 relation from Kravtsov et al. (2018), and Vikhlinin et al. (2009) are shown.
Observations of the LX − M500 relation come from Vikhlinin et al. (2009), Sun et al.
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(2009), and Pratt et al. (2009).
Counter-intuitively, the full feedback model as used in S IMBA significantly lowers the
TX values across a large range of masses, with values beginning to match observations
as well as the other models approaching M500 ∼ 1014 M . Turning on the jets
(blue→red) actually has very little impact on TX , but turning on X-ray feedback
(red→green) significantly lowers the temperature. Our implementation of X-ray
feedback pushes dense gas outwards, which can add cooler gas to the core of the halo.
This also can add density to the core that will enhance cooling. Note that with jets on,
more baryons are evacuated, which lowers M500 ; hence the shift in TX − M500 cannot
be explained by changes in M500 between the runs.
Meanwhile, for LX , the runs are similar at low masses, while the jets increase LX in the
more massive systems. Comparing the NoX and NoJet cases, it appears that including
jets lowers LX , presumably by evacuating gas from the halos. However, including
X-ray feedback raises LX particularly in massive systems, since as argued above it
increases the density of the core gas. Note that since these boxes are all run from the
same initial conditions, these variations, while small, cannot be explained by sampling
variance.
In general, these comparisons highlight the role of AGN jet feedback in establishing
the properties of hot gaseous halos in groups. They results in a strong reduction of the
halo hot gas content particularly at low masses relative to a model without jets. The
X-ray luminosities are not much impacted, but the X-ray temperatures are significantly
lowered.

69

2.7

X-ray Profiles

2.7.1 Profiles as a function of mass
X-ray profiles provide a complementary view of how energy is deposited into hot
gas owing to gravitational shock heating and non-gravitational processes. To quantify
profiles, we compute median values of stacked halo X-ray quantities from all halos in
several mass bins above 1012.5 M , in log radial bins from 0.01R200 to R200 . Electron
density, ne , is taken directly from the gas particles; LX is calculated as described in
section 2.2.3; TX is given by the particles’ temperatures weighted by LX ; and finally
2/3
SX is calculated as TX /ne . We also compute the LX -weighted iron metallicity, scaled
to a solar value of [Fe/H]+12 = 7.50 (Asplund et al., 2009).
Figure 2.9 shows the median LX , TX , entropy, and electron density profiles for all halos
with a log(M500 /M ) > 12.5, split into mass bins of 12.5 ≤ log(M500 /M ) < 13, 13 ≤
log(M500 /M ) < 13.5, 13.5 ≤ log(M500 /M ) < 14, 14 ≤ log(M500 /M ). The profiles
are normalised to their respective properties value at R200 in order to better see the
mass dependence of the profile shapes. The shaded blue region represents the standard
deviation of the second most massive bin (where there are good statistics), divided by
the total number of halos within said bin.
The normalisation values at R200 in these mass bins are presented in Table 1. Overall,
this shows the expected trends that ne , LX , and TX all increase with increasing M500 .
However, SX shows a more interesting behavior, which we discuss after presenting the
profiles.
In Figure 2.9(a) we see the electron density profiles are similar across lower mass bins,
but the most massive halos have a clearly higher electron density towards the central
region. This is likely due to feedback having a more significant effect on lower mass
halos, adding more energy which pushes more gas towards the outskirts of the halo,
producing a flatter profile.
Table 2.1: Median values at R200 for ne , LX , TX , SX , binned by M500 .
ne
12.5 ≤ log(M500 /M ) < 13 9.7 × 10−6
13 ≤ log(M500 /M ) < 13.5 1.8 × 10−5
13.5 ≤ log(M500 /M ) < 14 3.3 × 10−5
14 ≤ log(M500 /M )
5.8 × 10−5
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LX
2.1 × 1038
4.3 × 1039
8.6 × 1040
1.1 × 1042

TX
SX
0.29 855.8
0.31 454.2
0.49 411.6
0.87 513.7
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Figure 2.9: Median profiles in bins of 12.5 ≤ log(M500 /M ) < 13, 13 ≤
log(M500 /M ) < 13.5, 13.5 ≤ log(M500 /M ) < 14, 14 ≤ log(M500 /M ) for a)
electron Density, b) LX , c) TX , and d) entropy, all scaled by the value at R200 from
top left to bottom right respectively. The values at R200 are listed in Table 2.1. Median
values within radial bins are taken from the individual profiles of each halo, with the
standard deviation plotted for the second most massive bin (which is representative)
as the shaded blue region. The electron density profile shows a core out to ∼ 0.2R200 ,
and drops beyond that, more rapidly for the high-mass halos. The luminosity profiles
closely follow the shape of the electron density profiles, with M500 & 1014 showing
peaked core luminosities, while lower mass halos exhibit much flatter profiles. The TX
profiles are fairly similar for all except the least massive groups, which show significant
cooling in the core. The entropy profiles of intermediate mass halos are considerably
flatter than those of the most and least massive halos.
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Panel (b) shows that the X-ray luminosity surface density largely follows electron
density, with the halos of M500 > 1014 M exhibiting a much more centrally peaked
luminosity, with halos of M500 < 1014 M showing a much flatter luminosity profile.
However, the lowest mass halos show a clear deficit of X-ray luminosity in the central
region. Since the electron density isn’t dropping, this must owe primarily to the gas
temperature.
This is seen in panel (c), which shows the temperature profiles. Halos above M500 >
1013 M show similar temperature profile shapes, dropping by a factor of two from the
core to the outskirts, but the lowest mass halos show no temperature gradient.
Finally in panel (d) we see the culmination of the two significant trends in ne and
TX . While the entropy in intermediate mass bins remains relatively flat with a slight
increase towards R200 , the most and least massive bins see ∼ ×2 drop in entropy
towards the core, caused by a steeper electron density profile, and a flatter temperature
profile respectively. Hence while the most massive halos are less affected, the
intermediate mass range shows a more significant impact from feedback, which means
they may be good targets to examine the impact of AGN feedback.
Returning to the normalisation values at R200 from Table 2.1, we now discuss the
entropy values that reveal a non-trivial trend. When compared to intermediate mass
halos, the most and least massive halos have lower entropy at the core, rising much
higher towards R200 with the lowest mass halos showing significantly higher entropy
towards the edges. While this doesn’t follow the expected relation, by looking at Figure
2.4 we can see that the large scatter at low masses is likely responsible, with entropy
increasing at low temperatures (and as a result masses as seen in figure 2.4b) as we
move outwards, shown in Figure 2.5d. For the most massive halos, > 1014 M , the
increase in entropy towards the outskirts further demonstrates the move from a flatter
scaling relation at the centre towards self similarity at R500 and R200 .
In Figure 2.10 we compare both temperature, and entropy profiles to observations. In
order to do this we must first scale the profiles to be comparable to observational data.
Temperature profiles from Sun et al. (2009) are scaled by TX within R2500 , allowing
us to easily scale to this value. Profiles from Pratt et al. (2007) are scaled by Tvir and
scaled to R200 . The flat cores seen within S IMBA mean that scaling Tvir or TX,2500
makes little difference in the most massive halos, however the least massive halos do
experience a shift above observed profiles when scaling by Tvir .
The halos of comparable mass to the data (i.e. the intermediate mass bins of
1013−14 M ) closely follow observations from Pratt et al. (2007), however show a flatter
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core than Sun et al. (2009), and perhaps also a flatter outer profile out to R500 . These
higher temperatures in the core regions suggest that the feedback may be too efficient
in heating the inner regions.
This inner heating is also reflected in the entropy profiles. To compare to observations,
we scale the entropy profiles by the adiabatic entropy scale K500,adi , as described in Sun
et al. (2009). While there is a large scatter in the entropy profiles in the group regime,
we denote by the shaded region the area between by baseline entropy profiles from Voit
(2005) at the lower end, and an estimate of the upper envelope on profiles shown in
Sun et al. (2009). Profiles from S IMBA show a flatter entropy core, steepening towards
R500 . In fact, the profiles are in better agreement in our lowest mass bin, though the
amplitude, relative to K500,adi , is elevated.
These results suggest that feedback in S IMBA is over heating the inner regions of halos,
producing too large an entropy core. We note that the outer entropy profile at low and
high masses do have a significant upturn, as can be seen in Figure 2.9 which has a much
smaller y-axis range, but at intermediate masses they are too flat. This is in contrast
to e.g. FABLE (Henden et al., 2018), which shows entropy profiles in better agreement
with observations, falling into the inner regions, though some of their profiles seem to
show too steep a drop in the centre. This demonstrates the power of using the inner
profiles of hot gas in groups to constrain the details of AGN feedback injection.
Figure 2.11 shows the X-ray weighted iron metallicity profiles binned by M500 as
before. A fit to observations from Leccardi & Molendi (2008) and stacked X-ray data
from Mernier et al. (2017) are plotted in black. The yellow shading shows standard
deviation around the largest mass bin values.
Some interesting trends are notable. First, there is clear trend in the profile shapes with
increasing M500 . The highest mass halos show a shallow declining trend with radius
throughout. These are probably the most comparable to the observed halo samples,
though probably still somewhat lower masses. Overall, however, it is clear that
while the core metallicity agrees well with observations and thus leads to reasonable
looking global X-ray luminosity weighted metallicities (as seen in Figure 2.5), the iron
abundance in the outskirts is clearly well above observations. This suggests overly
widespread metal enrichment within the hot halo gas. It is possible that differences in
the typical halo mass between the observations and S IMBA could be partly responsible,
but this would require next-generation X-ray facilities to examine. For now, we view
this as a failing of S IMBA that should be investigated, perhaps via particle tracking to
identify where the iron in the outskirts originates.
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Figure 2.10: Median profiles of TX scaled by TX,2500 , and Entropy scaled by K500,adi ,
binned by halo M500 values. Observational data of the temperature profiles come from
Sun et al. (2009) represented by the black stars, and Pratt et al. (2007) represented by
the grey shaded region. A baseline entropy is provided by Voit (2005), while the upper
envelope on entropy profiles comes from Sun et al. (2009).
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Figure 2.11: Median profiles of halo solar metallicity profiles in S IMBA, binned by
the halo M500 values. Observational data of the metallicity within 0.4R/R200 are taken
from Leccardi & Molendi (2008) and Mernier et al. (2017). The X-ray weighted iron
metallicity profiles are over predicted in all mass bins, agreeing with the [Fe/H] −
M500 relation seen in figure 2.4.
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At lower halo masses, the metallicity profiles are significantly higher in the outskirts,
in part reflecting the larger spread in metallicities seen in Figure 2.4. This suggests
that at R & 0.1R200 , the hot gas has been considerably more enriched than in higher
mass systems. This is consistent with the idea that we have seen before, that the hot
gas in low-mass systems is more strongly dominated by feedback coming from the
galaxy, which carries out enriched galactic gas. Interestingly, at small radii, the hot gas
metallicity in low-mass groups drops quickly. It is not immediately evident why this
is, though it may be impacted by the fact that jets are decoupled from hydrodynamics
(and excluded from our analysis while decoupled) out to as much as ∼ 0.1R200 in
the smallest halos. Particle tracking analyses can help probe the nature of metal
distribution; we leave this for future work.
In summary, while S IMBA generally does a good job of reproducing overall group
and cluster properties, comparisons to observed profiles identify some non-trivial
discrepancies between S IMBA predictions and observations. In particular, while
the temperature profiles are in general agreement, the entropy profiles are too
shallow, suggesting that S IMBA has displaced too much gas from the central regions,
particularly in intermediate-mass groups. The metallicity profiles, in contrast, show
an over-abundance of iron in the outskirts, which may reflect too much enriched gas
being moved from the core to the outer parts. These suggest that S IMBA’s feedback
model may need adjustment to better match these constraints. Improved observations
from eRosita will hopefully provide larger and more robust samples for comparison.

2.7.2 The impact of AGN feedback on profiles
To better understand the physics that shapes the hot gas profiles, we now examine these
same X-ray profiles in the AGN feedback variant runs discussed in §2.6.
Figure 2.12 shows X-ray profiles in our three 50h−1 Mpc AGN feedback variant runs
discussed in §2.6. In particular, we show median profiles of ne , LX , TX , and SX as a
function of R/R200 for all halos with masses of 1013 M < M500 < 1014 M , which
is the mass range where AGN feedback appears to have the largest impact on X-ray
properties. Here we further compare with the older M UFASA simulation, which did not
include black holes or associated feedback but rather used a halo gas heating scheme
to quench galaxies. M UFASA was run with the identical 50h−1 Mpc initial conditions
of the S IMBA variants. Hence we are also able to see how S IMBA’s new model of
feedback impacts hot gas scaling relations.
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Figure 2.12: Electron Density, LX , TX . and Entropy profiles for halos with mass 1013 <
M500 < 1014 within M UFASA, S IMBA, S IMBA NoX, and S IMBA NoJet , with the y axes
values being scaled logarithmically. From these profiles we see that the inclusion of
jet mode feedback has a significant impact on both the shape and value of the profiles.

77

Here, by far the strongest impact is seen from including jet AGN feedback. The NoJet
run has much higher electron densities and LX values, and greatly reduced entropies,
compared to the runs with jets (either NoX or the full S IMBA case). Hence, jets are
crucial for raising the entropy of hot halo gas, which is directly related to its ability to
quench star formation. It is interesting that despite the fact that jets are implemented
in a purely bipolar fashion, the entropy increase is felt throughout the halo.
Interestingly, there is very little impact on the temperature profiles, though full S IMBA
does have mildly higher temperatures in the inner regions apparently owing to X-ray
feedback. This shows that X-ray feedback primarily has an impact within . 0.1R200 ,
which is as expected since it acts only on gas reasonably close to the black hole. The
entropy profiles are fairly flat in all cases, but strongly increased by the jet feedback.
Thus it appears to be the jet feedback that causes the overly flat entropy profiles in
S IMBA.
The M UFASA run, despite its very different feedback mechanism, produces ne , LX ,
and SX profiles that are very similar to S IMBA’s. M UFASA’s preventive feedback
model was an ad hoc shutting off (or offsetting) of cooling in diffuse halo gas above a
(mildly) evolving mass threshold, tuned to quench galaxies. S IMBA’s jets, despite
being implemented kinetically and in a bipolar manner, appears to have the same
general effect on the physical properties of halo gas as a function of radius. This
is likely why it ends up having similar massive galaxy properties such as producing
a observationally-concordant population of quenched galaxies, despite implementing
quite different feedback schemes.

2.8

Summary

In this chapter we have examined the X-ray scaling relations, and X-ray property
profiles of halos within the S IMBA cosmological galaxy formation simulations. Using
hot X-ray emitting gas within groups and clusters we are able to discriminate between
various models and place constraints on the physical processes governing AGN
feedback and galaxy formation in dense environments. We have shown that:
• S IMBA is able to produce good agreement with observed stellar baryon and
hot gas mass fractions as a function of halo mass. The hot gas fraction drops
increasingly rapidly towards low halo masses, showing the importance of gas
evacuation by feedback. However S IMBA sits on the low end of observations
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at intermediate masses indicating it may be under producing hot gas below
1013 M .
• Although observed X-ray scaling relations against M500 are broadly successfully
reproduced, we do see LX − M500 falling beneath observations in the least
massive halos. S IMBA halos are consistently cooler than observations across
all masses by < 0.2dex, but it is important to note that correcting for a potential
underestimate of M500 due to the assumption of hydrostatic equilibrium could
bring S IMBA and observations in line. Changes in these relations below M500 .
1013.5 M such as an increased slope for LX − M500 , a TX deviating above selfsimilarity, and an increased scatter in [Fe/H] and entropy, SX , indicate a stronger
impact from non-gravitational processes in poor groups versus larger systems.
• S IMBA’s predicted X-ray scaling relations versus X-ray temperature, TX , broadly
reproduce observations despite no attempt to tune the model to these data.
These include LX − TX , [Fe/H]−TX , S0.1 − TX , and S500 − TX . At TX ≤ 1keV ,
S IMBA predicts more rapidly dropping LX , an increasing metallicity, and a large
entropy scatter; these predictions can be tested with statistical samples from e.g.
eROSITA.
• X-ray profiles of S IMBA halos vary significantly in shape at high and low masses.
In M500 > 1014 M halos, the electron density profile increases sharply down
to 0.1R200 before flattening into a core, whereas lower mass halos have flat
ne profiles. Halos with M500 > 1013 M have dropping temperature profiles as
expected for hydrostatic equilibrium, but the least massive systems show a flat
TX profile, likely owing to efficient cooling in the core. The entropy profiles are
thus rising rapidly beyond 0.1R200 in high and low mass systems, but have a
plateau at a higher value in intermediate mass halos.
• S IMBA’s temperature profiles are in reasonable agreement with observations, but
the entropy profiles are too flat in the inner regions, showing an overly-large core
for intermediate mass halos. This suggests that too much gas has been removed
from the central region by S IMBA’s feedback.
• S IMBA’s X-ray weighted iron metallicity profile is too flat compared to observations, showing agreement in the core but significantly higher metallicities than
observed in the outskirts.
• Using variants of S IMBA with different AGN feedback modules turned on and
off, we show that S IMBA’s jet AGN feedback is most responsible for altering the
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halo properties, primarily by evacuating hot gas and thus lowering the electron
density.
• The M UFASA simulation, despite using a quite different approach to modeling
AGN feedback, yields profiles similar to S IMBA. This shows that the first-order
impact of S IMBA’s AGN jets is to keep halo gas hot via energy injection, as is
done explicitly in M UFASA. However, there are some differences such as the
X-ray temperature at radii & 0.3R200 being higher in M UFASA than in S IMBA.
Overall, S IMBA is successfully demonstrating the balance between feedback and
gravitational heating in halo gas around massive galaxies across a range of halo masses.
This is an independent test of S IMBA’s feedback models, as compared to the stellar or
black hole properties that have been examined in previous works. The fact that there
was no tuning explicitly done to match X-ray halo gas properties is a nice success
of S IMBA’s feedback model, and in particular its AGN jet feedback implementation.
Since the primary impact of AGN jets is to evacuate gas increasingly particularly in
lower-mass halos, improving constraints on the hot gas contents of group-sized halos
promises to be an important way to constrain models of AGN feedback.
The X-ray profiles highlight additional constraints on how feedback alters group and
cluster X-ray properties. In particular, S IMBA’s jet feedback causes a strong drop in
the electron density and thus the X-ray luminosity at all radii, moreso in lower mass
systems. The consequence is that the entropy of the hot gas is raised substantially,
which then prevents gas cooling and resulting star formation which would otherwise
happen more vigorously particularly in lower mass halos. The solution to the cooling
flow problem in S IMBA is thus provided by gas evacuation owing to AGN jet feedback.
However, the profiles also highlight significant discrepancies between S IMBA and
observations. The shallow entropy profiles in M500 . 1014 M systems suggests that
gas is being redistributed too strongly from the core regions into the outskirts. This
may require significant modifications to the jet feedback scheme. Relatedly, the fact
that the metallicity profile is too flat compared to observations raises a more significant
issue. In these systems, iron is generated by Type Ia and Type II supernovae, so the
discrepancy may reflect something to do either with the way iron is generated or how
it is distributed from its various sources. A complementary probe would be to examine
α elements such as oxygen or magnesium, which arise purely in Type II supernovae.
Good spectral data for low-mass halos is necessary to measure these emission lines,
which would be a valuable constraint on X-ray gas enrichment processes. At face
value, the excess in iron in the outskirts suggests overly widespread dispersal from
80

feedback, though it is not typically AGN feedback that causes significant metal
dispersal since it does not carry much mass as compared to star formation feedback.
In the next chapter we go on to examine how X-ray halos develop and what additional
constraints may be obtained on AGN feedback physics from evolutionary trends. We
will then investigate how next-generation facilities will shed new light on the physics
of intragroup and intracluster gas. S IMBA provides a plausible platform to interpret
such observations, which in turn will provide valuable constraints on uncertain input
physics processes such as AGN feedback.
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Chapter 3
Redshift Evolution of Galaxy Group
X-ray Properties in S IMBA

3.1

Introduction

Clusters of galaxies are formed as peaks in the primordial density field collapse
and subsequently grow through hierarchical clustering. As probes of the high-mass
tail of the spectrum of mass perturbations, these clusters allow us to constrain the
evolution of structure in the Universe. The basic properties of these clusters are largely
determined by initial conditions and the dynamically dominant dissipationless dark
matter, although baryonic processes can have a non-trivial impact particularly in the
group regime. Models of dark matter driven dissipationless collapse are nonetheless
broadly successful in predicting relationships between cluster properties, the most
common of which being the self-similar model of clusters (Kaiser, 1986). In this
scenario, groups and clusters are identical when scaled by mass, which is known as
strong self-similarity (Bower, 1997). Under strong self-similarity, the slope of the
resulting scaling relations is not expected to evolve with redshift, although there is an
expected evolution in the normalisation due to the changing density of the Universe.
This model provides us with a clear baseline from which to examine the impact of
baryonic physics in cluster formation.
As matter collapses to form these clusters gas experiences adiabatic compression and
shock heating, creating a hot intracluster medium (ICM) with temperatures T > 106 K,
which emit X-rays as a result of thermal bremsstrahlung as well as metal emission
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lines. This hot gas cools and settles into hydrostatic equilibrium. Radiative cooling
from dense gas in the cores of all but the most massive systems is expected to create
a cooling flow that feeds star formation and accretion onto the central super-massive
black hole. However, observed star formation rates (SFRs) are orders of magnitude
lower than cooling flow estimates would suggest (Fabian, 2002), resulting in the cluster
cooling flow problem.
Feedback from active galactic nuclei (AGN) is often proposed as the solution to the
cooling flow problem (Bower et al., 2006; Croton et al., 2006; Somerville et al., 2008),
by injecting large amounts of energy into the ICM to keep the gas hot. Several other
candidates to solve this problem have been suggested such as magnetic conduction
(Narayan & Medvedev, 2001; Fabian, 2002), Type Ia supernova feedback (Sasaki,
2001), and dynamical heating (Birnboim et al., 2007), but the current consensus is
that none of these are able to sufficiently counteract cooling. Meanwhile, bubbles of
hot gas seemingly created by AGN jets have been observed with sufficient mechanical
inflation work to counteract cooling (McNamara & Nulsen, 2007) lending credence to
the idea that AGN jet feedback is responsible for the heating of the intracluster medium
(ICM), which quenches massive galaxies and solves the cluster flow problem.
Modern models of groups and clusters must therefore include the impact of AGN
feedback. Among hydrodynamic simulations, Illustris (Vogelsberger et al., 2014a;
Genel et al., 2014), Magneticum (Hirschmann et al., 2014), Horizon-AGN (Dubois
et al., 2014; Volonteri et al., 2016; Kaviraj et al., 2017), EAGLE (Schaye et al.,
2015), MassiveBlack (Khandai et al., 2015), Blue Tides (Feng et al., 2016), Romulus
(Tremmel et al., 2017), Illustris-TNG (TNG; Springel et al., 2018), FABLE (Henden
et al., 2018), and S IMBA (Davé et al., 2019) all include black hole growth and the
energetic output resulting from black hole accretion. A plausible connection between
AGN feedback and quenching of star formation was able to be established by EAGLE,
TNG, FABLE, and S IMBA thanks to their success in broadly reproducing the observed
massive red and dead galaxy population.
Due to the difficult nature of modelling AGN, different simulations have approached
the problem in a variety of ways. EAGLE’s implementation employs a single mode
of AGN feedback with a fixed efficiency, injecting energy thermally at the location of
the black hole (BH) proportional to its accretion rate. This model closely resembles
quasar feedback and as such may be effective in breaking self similarity but may lack
the effect of jets in opposing cooling and quenching star formation. TNG conversely
employs two forms of feedback, with kinetic black hole-driven winds at low accretion
rates, and thermal feedback heating gas surrounding the BH at high accretion rates.
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employs a modified version of this, in which quasar mode feedback at high
accretion rates is stored in the BH until there is enough energy to raise the temperature
of a set number of particles by a given amount. Finally, S IMBA employs high-velocity
jets similar to TNG, but does so in a stably bipolar fashion. The nature of the torquelimited black hole accretion model used in S IMBA means that BHs inherently grow
along galaxy-black hole scaling relations with no need for self-regulation (AnglésAlcázar et al., 2013), allowing for a more collimated AGN feedback to enact galaxy
quenching.
FABLE

Observations allow us to place constraints on these varying forms of AGN feedback at
low redshifts, as we explored in Chapter 2. X-rays provide an efficient and physically
motivated method of detection that allows us to probe the potential well of a cluster
through the observation of its X-ray luminosity, LX . Observed properties such as LX
and the X-ray luminosity-weighted temperature TX allow us to establish proxies for
the cluster mass through the use of scaling relations. These scaling relations have been
studied in great detail for low redshifts (Arnaud et al., 2010; Vikhlinin et al., 2009;
Pratt et al., 2009; Böhringer et al., 2007). We are then able to use the halo mass to
examine the space density of clusters, and more thoroughly test theoretical models of
cluster formation.
Moving to higher redshifts, X-ray observations rapidly become more challenging
owing to surface brightness dimming, making it difficult to precisely know the
evolution of scaling relations with redshift (Reichert et al., 2011). Several studies have
found self-similar evolution to redshift z ∼ 1 driven primarily by the density of the
Universe increasing with redshift (Vikhlinin et al., 2002; Maughan et al., 2006). Other
works however have found evolution departing from that predicted by self-similarity
(Ettori et al., 2004; Branchesi et al., 2007). This lack of consensus may arise from
difficulties in managing selection bias in samples of high-redshift clusters drawn from
different surveys. Future X-ray telescopes such as Lynx and Athena are expected to
allow us to probe larger samples to higher redshifts.
Thus it is timely to make predictions for the expected evolution of groups and clusters
within self-consistent models including galaxy formation processes. Such simulations
can help us to better understand what constraints on key physical processes such as
AGN feedback are possible from present data, as well as improvements to be expected
from future facilities. By further examining how the hot gas content of halos evolves
over redshift we can hopefully constrain not only the physical processes driving AGN
feedback in these dense environments, but also determine how AGN drive the evolution
of intragroup and intracluster gas. Particularly enabled by simulations, studying the
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evolution of a set of simulated halos over time may help us better understand these
samples and improve our ability to deal with surveys of high-z objects.
In this chapter we examine the redshift evolution of the X-ray scaling relations of
halos in the S IMBA suite of cosmological simulations (Davé et al., 2019). We also
track how populations of halos binned by mass evolve along these scaling relations, in
order to examine how various galaxy formation processes, particularly AGN feedback,
have a differential impact with halo mass. Finally, we examine these trends in test
simulations where we turn off individual feedback modules, in order to isolate the
particular physics in S IMBA driving the evolution.
This chapter is organised as follows. In Section 3.2 we discuss the S IMBA suite of
simulations and the key tools in reproducing X-ray scaling relations. In Section 3.3 we
discuss the evolution of X-ray scaling relations from z = 3 to z = 0. In Section 3.4 we
investigate the evolution of these scaling relations utilising differing levels of feedback
within simulations. And finally in Section 3.5 we discuss the evolution of profiles both
within the fiducial run, and within the 50h−1 Mpc No-Jet run of S IMBA to examine the
impact of jet feedback.

3.2

Simulations and Analysis

3.2.1 The S IMBA simulation
The S IMBA simulation (Davé et al., 2019) is a cosmological hydrodynamic simulation
using the G IZMO code (Hopkins, 2015). The flagship simulation evolves a random
cosmological volume of (100h− 1 Mpc)3 including 10243 dark matter particles and
10243 gas elements evolved from initial conditions to the present day. S IMBA adopts
a ΛCDM cosmology with ΩΛ = 0.7, Ωm = 0.3, Ωb = 0.048, h = 0.68, σ8 = 0.82, and
ns = 0.97 in line with Planck Collaboration et al. (2016).
An H2 -based model with the H2 fraction computed from the Krumholz & Gnedin
(2011) sub grid model is used to model star formation from gas in a Monte
Carlo fashion. Chemical enrichment is tracked from Type II supernovae (SNe),
Type Ia SNe, and Asymptotic Giant Branch (AGB) stars, tracking eleven elements
(H,He,C,N,O,Ne,Mg,Si,S,Ca,Fe) during the simulation. Radiative cooling (both
primordial and metal-line) and photoionisation is included using G RACKLE -3.1
assuming a Haardt & Madau (2012) ionising background, with on-the-fly self86

shielding. Star formation driven galactic winds are modelled as decoupled two-phase
winds with a mass loading factor scaled to stellar mass as described by the tracking of
individual particles in the FIRE zoom simulations (Anglés-Alcázar et al., 2017b).
Black holes are seeded at 104 M in galaxies that exceed stellar masses of 109.5 M .
There are two modes for the growing of black holes: Torque-limited accretion for
gas with T < 105 K (Anglés-Alcázar et al., 2017a) in which angular momentum is
the primary bottleneck to accretion (Hopkins & Quataert, 2011); and Bondi & Hoyle
(1944) accretion from higher temperature gas. The galaxy stellar mass threshold is
motivated by findings in the FIRE project simulations showing that stellar feedback
strongly suppresses black hole growth in low mass galaxies (Anglés-Alcázar et al.,
2017c). S IMBA also includes AGN feedback, which we detail in the next section
owing to its central importance in this work.

3.2.2

AGN feedback in S IMBA

With AGN feedback proposed as a significant mechanism in quenching star formation
and contributing the the evolution of groups and clusters, simulations must take care
in modelling their impact. (Heckman & Best, 2014) described two main modes of
AGN feedback: Radiative mode at high Eddington ratios ( fEdd ≡ ṀBH /ṀEdd ); and jet
mode at lower fEdd . S IMBA includes these two modes, plus X-ray feedback from and
high-energy photon pressure.
The energy output of radiative mode AGN is dominated by electromagnetic radiation
emitted by the accretion disks of central super massive black holes (SMBH). The
photon pressure drives multi-phase winds up to speeds of & 1000 km s−1 or more,
entraining surrounding materials and as a result can include molecular (Sturm et al.,
2011) and warm ionised (Perna et al., 2017b) gas.
Jet mode AGN on the other hand produce feedback in the form of collimated jets,
moving at speeds of order ∼ 104 km s−1 on large scales, and this dominates the
energetic output as bulk kinetic energy. This mode is thought to be powered by the
advection dominated accretion of hot gas prevalent at low accretion, below 1 − 2%
(Best & Heckman, 2012) and the spin of SMBHs.
Significant emission from the BHs in both modes also provide a photon pressure on
surrounding material. Cold gas, often found around radiative mode AGN, is able to
quickly absorb and subsequently radiate away this X-ray photon pressure. However
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in systems with low cool gas fractions, the photon pressure is able to drive a spherical
outward momentum.
The way in which these modes interact with their surrounding medium can have a
significant impact on the growth and evolution of the galaxies and halos in which they
reside. As a result S IMBA attempts to implement these forms of feedback in a way
that mirrors observations as closely as possible. It is not only important to consider
how the feedback is implemented, but when, since we are concerned here with redshift
evolution.
Radiative and jet feedback in S IMBA is modelled as purely kinetic and bipolar,
continuous outflows, ejected parallel to the axis of angular momentum of the inner
disk. Using observations of ionised gas linewidths of X-ray detected AGN (Perna
et al., 2017b) the outflow velocity for radiative mode is parametrised in terms of black
hole mass MBH as:
vw,EL = 500 + 500(log MBH − 6)/3 km s−1

(3.1)

This model is similar to the AGN feedback implemented in G IZMO (Anglés-Alcázar
et al., 2017a) however includes a variable outflow velocity.
As fEdd drops to < 0.2 the jet feedback begins to add an additional velocity component,
with a strength depending on the Eddington ratio:
vw,jet = vw,EL + 7000 log(0.2/ fEdd ) km s−1 ,

(3.2)

with the velocity increase capped to 7000 km s−1 at fEdd ≤ 0.02. Additionally jet mode
will only be triggered when MBH > 107.5 M following observations in which radio
jets only occur within galaxies containing black holes with MBH & 108 M (Barišić
et al., 2017). This limit has implications on when jet feedback typically begins in
the simulations. As black holes grow in mass with time, we also see a decreasing
fEdd (Anglés-Alcázar et al., 2013). With this combination of MBH beginning to cross
the limit of 107.5 , and a decreasing fEdd we expect to see jet feedback turning on at
≈ z ∼ 1.5 for central galaxies in group-sized halos.
While radiative mode winds are ejected at the ISM temperature, gas in jets is raised
to the virial temperature of the halo. Jets are typically observed to be made up of
synchroton-emitting plasma, eventually thermalising at around Tvir with surrounding
hot gas (Fabian, 2012). To avoid significant radiative losses in the dense gas
surrounding the black hole, gas wind elements undergo a short hydrodynamic and
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radiative cooling decoupling time of 10−4tH where tH is the Hubble time at launch.
X-ray feedback operates in two forms, depending on the gas it is heating. Non-ISM
gas is heated directly according to the heating flux. ISM gas however is low resolution
and pressurised such that any added heat would quickly be cooled away. Thus, one
half of the energy is applied as a radial outward kick with the other being added as
heat. X-ray feedback is only activated at low eddington ratios ( fEdd < 0.02) alongside
full velocity jets. In an attempt to model the ability of gas rich galaxies to absorb and
radiate X-ray energy, galaxies must also have a cold gas fraction of fgas < 0.2. This
heating has a minimal effect on the galaxy mass function, however contributes to fully
quenching galaxies (Appleby et al., 2019).
Alongside the fiducial 100h−1 Mpc box, we have also run a number of versions
excluding various modules of the implemented feedback. Due to the computational
requirements of running these simulations, these runs use a 50h−1 Mpc box with 5123
dark matter particles and 5123 gas elements. This gives these runs the same resolution
as the fiducial run, with 81 th the volume. While this reduces the number of high mass
halos, we are still able to examine the impact of the various forms of feedback amongst
group-sized halos. The various models run are: a "No-X" model (S IMBA-NoX) with
only X-ray feedback turned off and jets are left on; a "No-Jet" model (S IMBA-NoJet)
with jet and associated X-ray feedback turned off; a "No-AGN" model in which all
AGN feedback is turned off; and finally a "No-Feedback" model in which all feedback
including star formation winds is turned off. The initial conditions for all 50h−1 Mpc
runs are identical.

3.2.3

Identifying halos and computing X-ray emission

Halos are identified via a 3-D friends-of-friends (FoF) finder implemented within
G IZMO, using a linking length that is 0.2 times the mean interparticle spacing.
Galaxies are identified in post-processing from within these halos, using a 6-D FoF
finder applied to star-forming gas and stars. The galaxies and halos are identified
and catalogued using the C AESAR code (Thompson, 2015). These catalogs, along
with particle snapshots, for all the runs described above are publicly available at
simba.roe.ac.uk.
The python package P YGAD (Röttgers & Arth, 2018) is a multi-purpose analysis
toolkit for particle-based hydrodynamics simulations, and gives us tools for the general
analysis of simulations. Various criteria such as specific particles, defined regions, or
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particles that fit within a specified parameter range (e.g. temperature or metallicity)
can be used to create sub-snapshots with particles contained within individual C AESAR
halos.
A module for analysing X-ray luminosity is included in P YGAD, using XSPEC
(Arnaud et al., 2010) to compute X-ray spectra. XSPEC is fully described in Eisenreich
et al. (2017). P YGAD calculates the X-ray luminosity of selected gas particles using
emission tables in XSPEC along with particle temperatures and metallicities taken
from the simulation. In our analysis of S IMBA’s X-ray properties we use the 0.5-2keV
X-ray table to be consistent with the work done in Chapter 2. P YGAD is publicly
available at https://bitbucket.org/broett/pygad.
In the end, we identify 1379, 1051, 509, and 126 halos with M500 > 1012.3 M at z =
0, 1, 2, 3, respectively, in our flagship run. This constitutes the main sample that we
will analyse for this work.

3.3

Evolution of Scaling Relations

We begin by examining the evolution of X-ray scaling relations in our selected
galaxy groups. Intragroup gas can be characterised by its X-ray luminosity LX , Xray luminosity-weighted temperature TX , the hot gas fraction fgas , and the X-ray
luminosity-weighted metallicity ZX . To understand the physical drivers behind these
relations, we first examine the evolution with respect to M500 , both by looking at the
scaling relations at various redshifts, and by tracking individual halos back in time.
In the end, we make predictions for the evolution in the most common observable
barometer of hot bound gas, the LX − TX relation, and use the evolution in the physical
quantities vs. M500 to provide a context for the predicted evolution in LX − TX .

3.3.1 LX − M500 evolution
Figure 3.1 shows the LX − M500 scaling relation for all halos with Mhalo > 1012.3 M
in S IMBA at z = 3, 2.5, 2, 1.5, 1, 0.5, 0. Points colored by the black hole mass fraction
fBH ≡ MBH /M500 , where MBH is the black hole mass of the central galaxy. The dashed
line shows the scaling predicted from the self-similar model, normalized to the most
massive halo at that epoch.
A clear LX − M500 is already in place at high redshifts, even though the halos are still
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Figure 3.1: LX − M500 scaling relation from z = 3 to z = 0 at intervals of 0.5. Colourbar
is scaled as MBH /M500 . The self-similar scaling normalised to the most massive halos
is shown by the dashed line. The slope of the scaling relation shows little evolution.
As we move from z = 3 to z = 0 the most luminous halos appear to increase in mass,
while the lower luminosity halos populate the lower mass end. A significant increase
in scatter is also seen in halos with M500 < 1013.5 M between z = 1.5 and z = 1 when
jet feedback starts suggesting jet feedback may have a significant effect on these low
mass halos. At a given mass, lower luminosities increasingly coincide with higher
MBH from z = 1.5 to z = 0
relatively small. As time progresses, the overall scaling relation does not change much,
but there is a marked increase in the scatter, moreso at low M500 . This starts to become
particularly prominent at z . 1.5. At any given redshift, the most luminous X-ray halos
at a given M500 follow self-similarity, but there is an increasing number of halos that
deviate strongly from it.
A clear trend can be seen in the fBH of lower mass halos. From z = 1.5 → 0 we see the
drop in LX of low mass halos correspond to an increase in fBH .
These results can be understood by appealing to the impact of AGN jet feedback in
S IMBA. As noted earlier, jet feedback turns on at low fEdd . As shown in AnglésAlcázar et al. (2013), at these mass scales, the Eddington ratio becomes comparable
to the jet threshold at z ∼ 1.5, albeit with a fair amount of scatter. Thus we expect
that black holes that have managed to grow large by these epochs will be putting out a
significant fraction of their AGN feedback in high-energy jets into intragroup gas. This
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Figure 3.2: A plot showing the median evolution of a halo from z = 3 to z = 0, binned
by final M500 with blue, yellow, green, red, and finally purple representing least to
most massive mass bins. X marks indicate the positions of z = 2 and z = 1 on each
track. Light grey dots represent the scaling relation at z = 3 while black dots represent
the scaling relation at z = 0. Halos with final masses > 1013 M show little change
in luminosity over an order of magnitude increase in M500 . Halos with final masses
< 1013 M show an order of magnitude decrease in luminosity. This indicates that the
main driver behind significant evolution of LX mostly impacts the lower mass halos.
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circumstantially correlates well with driving a decreasing LX in systems with large fBH
at z . 1.5. We will show more evidence for this connection with jet feedback when
examining the other scaling relations.
Figure 3.2 provides another view on how the z = 3 population evolves to z = 0. Here we
examine the median evolutionary tracks of halos binned by mass. The small points are
in two groupings: The high-LX grouping (red points) is at z = 3 while the low grouping
(black points) shows the individual halos at z = 0. The coloured lines show median
tracks of halos in various z = 0 M500 bins: M500 > 1014.5 M (purple), 1014 < M500 <
1014.5 M (red), 1013.5 < M500 < 1014 M (green), 1013 < M500 < 1013.5 M (gold),
1012.5 < M500 < 1013 M (blue). These are constructed by following individual halos
back in time via their most massive dark matter progenitor, so long as the progenitor
has M500 > 1012.5 M .
This shows that halos with M500 > 1013.5 M (at z = 0) show little change in LX despite
an order of magnitude increase in M500 from z = 3 to z = 0. In contrast, halos with
a z = 0 M500 < 1013 show over an order of magnitude decrease in LX , with a smaller
increase in mass. The slope of the scaling relation is maintained by low mass halos
losing luminosity, along with younger halos forming at the low mass end. In effect, the
LX scaling relation spreads out in M500 over time.
We checked that including only z = 0 halos with progenitors all the way back to
z = 3 revealed similar trend in the median tracks. However, if one only follows the
main descendants of halos from z = 3 → 0, this reveals that individual scaling tracks
almost exclusively retain a constant luminosity as mass increases from z = 3 to z = 0.
This indicates that the LX − M500 relation evolves via a combination of massive halos
gaining hot gas compensated by the lowering density of the cosmos, along with lowmass halos entering into our sample above our mass cut but containing less hot gas.
We will later show that this owes primarily to jet feedback removing hot gas from these
lower mass halos, as found in Chapter 2.

3.3.2 TX − M500 Evolution
Figure 3.3 shows the TX − M500 scaling relation at z = 3, 2.5, 2, 1.5, 1, 0.5, 0 with points
colour-coded by fBH = MBH /M500 , similar to Fig. 3.1. The self-similar relation is
again shown as the dashed line in each panel.
The evolution from z = 3 → 0 shows a very slight steepening of the slope driven by a
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Figure 3.3: TX − M500 scaling relation from z = 3 to z = 0 at intervals of 0.5. The
colourbar is scaled as MBH /M500 . The expected self-similar scaling normalised to the
most massive halos is shown by the dashed line. While the slope of the scaling relation
at M500 > 1013 M shows little evolution, a drop in TX is introduced at masses below
this threshold. This drop in TX coincides with the occurrence of jet feedback indicating
that jets may be working to lower the temperature of small halos, potentially through
the removal of hot gas. From z = 3 to z = 1.5 lower TX corresponds to a lower MBH ,
while from z = 1 to z = 0 MBH increases with increasing M500 .

decrease of TX amongst the lowest mass halos. The most notable trend is that, amongst
the lower mass halos, we see a large scatter in TX increase from a span of around
0.5 dex, to > 1 dex from z = 3 → 0, with again the most significant change happening
around z ∼ 1.5.
Looking at the trend with fBH reveals a muddier situation than with LX . At high
redshifts, there is a clear (though mild) trend that high- fBH halos have high TX . This
makes sense because the integrated AGN feedback energy is higher for high-mass
black holes. Yet, the trend disappears at z . 1. This suggest that the switching on of
jet feedback is breaking the relation between TX and MBH amongst smaller halos. A
possible explanation is that jet feedback expels the hottest gas out of low-mass halos
altogether, leaving only (relatively) cooler gas. As a result, there is not a simple
relationship with fBH for the TX − M500 scaling; in S IMBA, stronger AGN feedback
does not monotonically increase TX .
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Figure 3.4: A plot showing the median evolution of a halo from z = 3 to z = 0, binned
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Figure 3.4 shows median tracks within different halo mass bins, tracked backwards in
time from the z = 0 population, analogous to Fig. 3.2. Again, we show 5 z = 0 halo
mass bins in log M500 as denoted in the legend, and we plot tick marks along the tracks
at integer redshifts. The tracks start at z = 3 on the left hand side and evolve rightwards
(growing in M500 ) with time.
We see that the evolution here has some similarities but also some differences relative
to the tracks in LX − M500 space. The highest mass halos show a clear increase in
temperature from z = 3 → 0, while the least massive halos at z = 3 show less change
in the X-ray weighted gas temperature. Interestingly, all halos start along the same
mildly upwards trend, but while the massive halos continue that trend to z = 0, at z . 1
the low-mass halos stop evolving in TX , with the lowest mass bin actually dropping in
median TX since z ∼ 1. The net effect is a slight steepening of the TX − M500 slope.
This differential evolution with halo mass is likely driven by the interplay between
jet feedback and structure formation. At the lower masses, the jets are fast enough to
drive substantial material out of halos, heating the surrounding gas but depositing less
energy into the halo itself. At the higher masses, the jets cannot escape the halo as
easily, and the kinetic energy is thermalised within the halo.

3.3.3

fgas − M500 evolution

In examining LX and TX vs. M500 , we have identified the halo hot gas fraction fgas
as an important quantity that is directly impacted by jet feedback. Chapter 2 showed
that without jets on, gas fractions show much larger values in small halos, with not
nearly as strong a trend with halo mass. Thus it is worth examining how the gas
fraction evolves with time, to provide insights into the evolution of other more directly
observable quantities.
Figure 3.5 shows the fgas −M500 scaling relation at z = 3, 2.5, 2, 1.5, 1, 0.5, 0 with points
scaled by the stellar mass fraction fstar . We note that the top of each panel corresponds
to fgas reaching the cosmic halo baryon fraction Ωb /(Ωm + Ωb ). We define hot gas as
gas with T > 105.5 K.
From z = 3 → 1.5 we see that fgas has a fairly weak trend with halo mass. As time goes
on and particularly at z . 1.5, the scatter increases dramatically at the low-mass end,
with an increasing number of halos with lower fgas values. This scatter introduced at
lower masses results in a steepening of the fgas − M500 scaling relation.
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Figure 3.5: fgas − M500 scaling relation from z = 3 to z = 0 at intervals of 0.5. The
colourbar is scaled as MBH /M500 going from red to blue. A small evolution in scatter
of the least massive halos is seen as M500 increases up to z = 1.5. After z = 1.5 we
see a large increase in scatter at the low mass end with a a significant decrease in hot
gas mass fraction at these masses. This coincides with the switch on of jet feedback.
Halos with M500 < 1013.5 M show higher MBH corresponding to lower fgas .
The colour scaling shows an inverse relation between MBH and fgas at M500 <
1013.5 M , with lower mass black holes corresponding to higher hot gas fractions.
This trend is already beginning at z = 2, showing the effects of early jet feedback
that results in early quenched galaxies, with the effects ramping up most strongly from
z = 2 → 1.5. The lower hot gas content in halos with more AGN feedback might seem
counterintuitive, since one expects AGN feedback to heat gas. But the wind speed
of the jets is such that it can easily unbind gas at these lowest masses, whereas for
the high-mass halos it will be more easily trapped within the halo. Thus the impact
of AGN jets isn’t so much to heat the halo gas, as expel it. This is why we see a
correspondingly strong trend with fBH in LX which is sensitive to gas density, but a
weak trend with TX . We will examine gas densities later when we look at the X-ray
profiles.
Figure 3.6 tracks the gas fraction over time for these halos. We see that it is only the less
massive halos showing a decrease in fgas with halos of M500 > 1013.5 M demonstrating
steady or mildly increasing fgas . This trend is qualitatively similar to what was seen in
tracking LX (Fig. 3.2), highlighting the direct impact of fgas on LX .
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1013.5 M show a clear drop in fgas suggesting jet feedback is working to remove hot
gas from the least massive halos.
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Figure 3.7: ZX − M500 scaling relation from z = 3 to z = 0 at intervals of 0.5. The
colourbar is scaled as fstar from 0 to 0.1 going from red to blue. A clear increase in
metallicity is seen at the low mass end.

3.3.4 ZX − M500 evolution
While emission via bremsstrahlung dominates for systems with TX & 3keV metal line
emission becomes increasingly important towards lower-TX systems. This includes all
but the most massive systems in our sample, and as such an examination of the hot gas
metallicity of these systems also provides insight. Moreover, metals provide a unique
tracer of supernova-generated products and their distribution into intragroup gas.
Figure 3.7 shows the ZX − M500 scaling relation at z = 3, 2.5, 2.0, 1.5, 1.0, 0.5, 0 with
points coloured by the stellar mass fraction fstar . fstar here is defined as the ratio of
stellar mass within R500 against M500 . Through fstar we can infer a level of stellar
feedback within a cluster, a key driver behind metallicity. Scaling by MBH /M500 , as in
previous plots, showed no relation motivating us to investigate the effects of different
forms of feedback on evolution.
Between z = 3 and z = 1.5 little evolution is seen in the shape of the relation, with
an increase in halos above the mass cut we see little change in metallicity at any
given mass with the exception of more massive halos become present. However after
z < 1.5 we begin to see a change in metallicities seen among low mass halos. Much
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like previous scaling relations, we see an increase in the scatter at lower masses. In
particular, the lowest mass groups can show high intragroup metallicities, exceeding
solar in some cases at M500 < 1013 M .
Noting the colour-coding, the high intragroup metallicities correlate fairly well with
high fstar in the central galaxy. This trend is very pronounced at high-z, but remains
noticeable all the way to z = 0. At z > 1, the lowest metallicity systems have very
low stellar fractions, which suggests that these systems have been quenched early
on (Cui et al., 2021). This is perhaps not surprising, since the stars are responsible
for producing much of the metals in the system, particularly early on. Moving to
lower redshifts, re-accretion of enriched intergalactic gas (i.e. “outside-in enrichment";
Oppenheimer et al., 2012) imparts a metal floor in these high density environments,
and dilutes the strong trend arising purely from self-enrichment. Nonetheless S IMBA
predicts that poor groups with higher stellar masses (which also tend to have more
star-forming galaxies; Cui et al., 2021) will generally have higher metallicities.

3.3.5 LX − TX evolution
The LX −TX relation has long been a key observational diagnostic of hot gas in massive
halos. The evolution of this relation will obviously be a combination of the evolution in
each quantity versus M500 from the previous sections. Here we examine this evolution
directly, including examining how groups at different masses evolve within LX − TX
space.
Figure 3.8 shows the LX − TX scaling relation at z = 3, 2.5, 2, 1.5, 1, 0.5, 0 with points
colour-coded by MBH /M500 . We impose a mass cut of M500 > 1012.3 M at each
redshift. The dashed line shows the self-similar relation normalized to the highest
TX group.
From z = 3 → 1.5, the LX − TX relation looks broadly very similar. The largest halos
with the highest TX are already on the self-similar relation, and by z ∼ 1 there is a
fairly tight locus which sets an upper edge following self-similarity. Over time, there
is a growing scatter of points to lower LX . This becomes particularly prominent at
z ∼ 1−1.5 in the lower mass halos. We have similarly seen in LX −M500 and TX −M500
scaling relations that there is a change in evolution for lower-mass groups around this
epoch.
There is a marked trend that the groups with the lowest LX values have the highest fBH
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Figure 3.8: LX − TX scaling relation from z = 3 to z = 0 at intervals of 0.5. The
colourbar is scaled as MBH /M500 . The expected self-similar scaling normalise to the
most massive halos is shown by the dashed line. A tight scaling is retained amongst the
hottest most luminous halos, however a large scatter is introduced at low temperatures
and luminosities. The introduction of jet feedback after z = 1.5 coincides with the
introduction of a number of low temperature, low luminosity halos exhibiting a large
scatter.
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values. This directly implicates the impact of AGN feedback in growing a population
of low-mass groups that deviates from self-similarity. As we discussed earlier, the
effect of the jets is to evacuate the low-mass halos. This lowers the amount of X-ray
emitting gas and thus LX , but we showed that it does not have a strong impact on
TX values in low-mass systems because there is the competing effect that the hottest
gas is evacuated from these systems altogether. S IMBA’s prediction of a strong anticorrelation between LX and fBH at TX . 1 keV can be tested with next-generation
X-ray facilities.
In Figure 3.9 we show the evolution of the LX − TX relation in 5 z = 0 log10 M500
mass bins as indicated in the legend, as before. In this case, the red points depicting
z = 3 values are not wholly distinct from the z = 0 black points, since there is not a
monotonic increase in TX as there is in M500 .
The scaling tracks offer a very interesting perspective on LX − TX evolution. The
overall relation at z = 3 and z = 0 are not that different in terms of the slope and
amplitude, although at z = 0 there are many more low-TX systems with a large scatter
in LX . The apparent lack of evolution in the LX − TX relation has been noted in some
observations of clusters (Holden et al., 2002; Borgani et al., 2001), though not for
lower-mass groups since current X-ray data lacks the sensitivity at z  0. Several
other studies have shown this weak evolution at z > 0.3 however show varying levels
of evolution from z = 0.3 → z = 0 motivated by the consideration of the effect of coolcore clusters (Vikhlinin et al., 2002; Ettori et al., 2004).
The modest evolution in LX − TX is seen across all masses, though again there is
a different trend for M500 & 1014 M systems that tend to evolve rightwards with a
modest increase in LX , while M500 . 1013.5 M evolve downwards in LX with little
change in TX . The net effect is to leave the overall relation relatively unchanged, but to
spread out the groups along the relation. Hence even though LX − M500 and TX − M500
individually show significant change over time, the LX − TX relation combines these
two coincidentally into a nearly non-evolving relation, albeit with a large increase in
scatter at very low TX .
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Figure 3.9: A plot showing the median evolution of a halo from z = 3 to z = 0, binned
by final M500 with blue, yellow, green, red, and finally purple representing least to
most massive mass bins. X marks indicate the positions of z = 2 and z = 1 on each
track. Light grey dots represent the scaling relation at z = 3 while black dots represent
the scaling relation at z = 0. Halos with M500 > 1013 M show little evolution in the
LX − TX space however the least massive halos below this threshold demonstrate a drop
of nearly 2 orders of magnitude in LX while maintaining a consistent TX .
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3.4

Effects of Feedback on Scaling Relations

We have implicated jet feedback in driving the evolution of the intragroup medium
scaling relations particularly at the low-M500 end. We can test this more directly
by examining a suite of smaller 50h−1 Mpc runs having the same resolution, with
individual AGN and star-formation modules turned on and off. This offers us the
chance to directly connect the scaling relations to the physics of the implemented
feedback processes.
As previously described, the variant models used for comparison are the full S IMBA,
No-X, No-Jet, No-AGN, and No-Feedback models. No-X turns off only X-ray
feedback, No-Jet additionally turns off jet feedback, No-AGN additionally turns off
radiative AGN feedback, and No-Feedback additionally turns off star formation winds.
Overall, the No-AGN results were very similar to the No-Jet results, showing that the
radiative AGN feedback has minimal effect on X-ray scaling relations (as likewise
found for galaxy properties; Davé et al., 2019), and as such it has been left out of the
following plots for brevity. By investigating the evolution of scaling relations with
each feedback variant run we are able to demonstrate each specific model’s impact on
each of the previously studied scaling relations.

3.4.1 Hot Gas Fraction
Since the hot gas fraction is implicated in driving much of the evolution of the scaling
relations, we begin by examining how feedback impacts this quantity.
Figure 3.10 shows the median fgas as a function of M500 at redshifts z = 3 → 0 (blue
to red) in various colours as indicated in the legend. The upper left panel shows a
50h−1 Mpc run with full S IMBA physics, and the other panels show the No-X run
(upper right), No-Jet (lower left), and No-Feedback (lower right).
There is a dramatic difference in the evolution of fgas once the jet feedback is turned
on, seen by comparing No-Jet in the lower left, and No-X in the upper right. Turning
on star formation feedback and X-ray AGN feedback have in contrast a fairly minor
effect. We clearly see the impact of jet feedback at M500 < 1013.5 M at z . 1.5 while
having a limited effect at M500 & 1013.5 M . Once jets are turned off (No-Jet and NoFeedback runs), there is essentially no evolution in fgas . This clearly demonstrates that
it is jets that are responsible for evacuating the hot gas from halos.
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Figure 3.10: Evolution from z = 3 to z = 0 of the running median of the fgas − M500
scaling relation for S IMBA, S IMBA without X-ray feedback, S IMBA without jet
feedback, and S IMBA with no feedback. All models lacking jet feedback (No-Jet,
No-AGN, No-Feedback) show no evolution in fgas while both models including jet
feedback (S IMBA, No-X) exhibit a very large drop in fgas in the halos with M500 <
1013.5 M .
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The most notable evolution occurs at z ∼ 1 − 1.5, which is consistent with the strong
increase in scatter seen in various scaling relations at these lower masses around this
epoch. This suggests that jet feedback drives gas out of halos in a more stochastic
manner, thereby creating large scatter in LX . Since jet feedback becomes strong at
fEdd below a few percent, which tends to occur when the black hole mass grows to
above & 108 M (Thomas et al., 2019), this then connects the larger black holes with
the lower fgas and hence lower LX . We can see this more clearly by examining the LX
and TX relations more directly using our feedback variant runs, which we do next.

3.4.2 LX − M500

Figure 3.11 shows the median LX as a function of M500 at reshifts z = 3 → 0 (blue
to red) in various colours as indicated in the legend. The upper left panel shows a
50h−1 Mpc run with full S IMBA physics, and the other panels show the No-X run
(upper right), No-Jet (lower left), and No-Feedback (lower right), as in Figure 3.10.
In full-physics S IMBA we see a steady decrease in the lowest luminosities, with the
highest luminosities remaining relatively consistent as masses increase from 1013 M
to > 1014 M . This is in line with what we saw in the 100h−1 Mpc box. We see
very little difference in the overall evolution of the No-X run, suggesting that X-ray
feedback has minimal effect on the evolution of the X-ray luminosity.
In contrast, in the No-Jet run we immediately see the impact of jet feedback. Scaling
relations at high redshifts match closely with S IMBA’s, but much less evolution in LX
is seen, with minimum values not going below 1041 erg s−1 . The slope of the relation
is mostly invariant. No-Feedback shows a similarly low amount of evolution, showing
that SF feedback (and radiative AGN feedback) have fairly minimal impact on this
scaling relation. However, there are some non-trivial differences, particularly in the
most massive halos that seem to have lower LX without any feedback. Hence stellar
and radiative AGN feedback seem to work to increase the X-ray luminosities. The
origin is likely from the slight increase in hot gas content from No-Feedback→No-Jet
as seen in Figure 3.10, because the No-Feedback case locks more of the halo’s baryons
into stars (Appleby et al., 2021).
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Figure 3.11: Evolution from z = 3 to z = 0 of the running median of the LX − M500
scaling relation for S IMBA, S IMBA without X-ray feedback, S IMBA without jet
feedback, and S IMBA with no feedback. Little change is seen between the NoFeedback, No-AGN, and No-Jet runs, with the No-X and S IMBA runs exhibiting
similar larger evolutions. The key difference here being the inclusion of jet feedback
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Figure 3.12: Evolution from z = 3 to z = 0 of the running median of the TX − M500
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3.4.3 TX − M500
Figure 3.12 shows the median TX as a function of M500 at redshifts z = 3 → 0 (blue to
red) in various colours as indicated in the legend. The panels are ordered among the
feedback variants as before.
We see quantitatively similar behaviour as in the LX − M500 relation, though less
dramatically. Jet feedback has the clearest impact on this scaling relation, particularly
on the least massive halos. This can be seen from the difference between the No-Jet in
the lower left, and No-X in the upper right. The noticeable difference in the evolution
between these two runs begins at z ∼ 1.5. The outcome of jets is to, perhaps counterintuitively, lower the temperature of the hot gas in low-mass halos; we speculated
this earlier, but here it is clearly demonstrated. At high masses, none of the feedback
models have a significant effect on TX . Nonetheless, it is worth noting that stellar
feedback impacts the temperature of low mass at early times, producing a steeper
scaling relation. Thus TX − M500 evolution owes to a combination of different feedback
processes operating at different times.

3.4.4 LX − TX
Figure 3.13 shows the median TX as a function of M500 at redshifts z = 3 → 0 (blue to
red) in our various feedback runs.
Remarkably, despite clear evolution in LX − M500 and TX − M500 , the LX − TX relation
seems to show little evolution, and indeed not much sensitivity to feedback. This
occurs because jet feedback lowers both LX and TX , resulting in halos moving further
down the LX −TX relation, but not changing its slope or amplitude much. The net effect
is that AGN jet feedback “stretches out" the LX − TX relation, but doesn’t substantially
alter it. In detail, the LX − TX relation does get a bit steeper once jets are turned on,
because the drop in LX due to the evacuation of halos is more severe than the lowered
TX owing to the hot gas being unbound from low-mass halos. Hence AGN jets do
break the self-similarity in LX − TX at low masses, but the effect is not as dramatic as
seen in the individual relations vs. M500 .
In Chapter 2 we proposed that S IMBA’s scaling relations at z = 0 were a result of the
implemented jet feedback evacuating hot gas in lower mass halos. In Fig 3.11 and Fig
3.12, S IMBA and No-X show a clear deviation in their evolution after z = 1.5, around
the time jet feedback kicks in in the S IMBA simulations. This lends credence to the idea
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Figure 3.13: Evolution from z = 3 to z = 0 of the running median of the LX −TX scaling
relation for S IMBA, S IMBA without X-ray feedback, S IMBA without jet feedback, and
S IMBA with no feedback. Little difference is seen in the No-Feedback, No-AGN, and
No-Jet runs. The No-X run shows an further evolution into the low LX − TX region
of the plot indicating jets impact on both lower temperatures and luminosities. The
S IMBA run shows even further evolution into the lower temperatures indicating that
X-ray feedback may have a small effect in these low temperature halos at late times.
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that jets are responsible for S IMBA’s ability to match X-ray scaling relations, which is
mainly driven by the gas fraction evolution.

3.4.5 ZX − M500
Figure 3.14 compares the ZX − M500 scaling relations of the various feedback runs, in
the same format as the previous plots.
In contrast to the other quantities, jet feedback appears not to be the main driver of
evolution in ZX . In No-Feedback we see a steady increase in metallicity over time,
which disappears in the No-Jet case, which instead has metallicities remaining fairly
steady ZX ≈ 0.2−0.3 solar across time (i.e. roughly the z = 0 value in the No-Feedback
run). We do not show it, but the No-AGN case is similar to No-Jet. This shows us that
stellar feedback is increasing the metallicity of hot gas to observed levels early on and
then maintaining them.
Nonetheless the jets do have some effect. In the No-X run, with the introduction of
jet feedback we see the X-ray weighted metallicities increase mildly after z = 1.5 in
the most massive halos relative to No-Jet, and slightly later but more noticeably after
z = 1 in the least massive halos. Hence jets are an important factor for increasing the
metallicity in hot intragroup gas at later epochs, presumably by transporting metals out
of galaxies in the process of quenching them.
The inclusion of X-ray feedback in the S IMBA run then sees these late ZX brought back
down to ≈ 0.3 in all but the least massive halos at z = 0. This drop relative to No-X
is concordant with the drop in the stellar fraction produced in massive galaxies (Davé
et al., 2019), thus indicates the effect of X-ray feedback in fully quenching galaxies in
S IMBA.
Overall, jet feedback has the largest impact in altering the scaling relations from the
No-Feedback case. The No-Feedback scalings are, not surprisingly, broadly consistent
with self-similar scaling, albeit with deviations at low masses owing to excessive
cooling in this model (Davé et al., 2002). Jets evacuate low mass halos and result
in lower temperatures for the gas that remains, giving lower LX and TX values. The
metallicity, meanwhile, is primarily deposited by star formation feedback at early
epochs, though jet feedback tends to result in higher ZX in low-mass halos at late
epochs.
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Figure 3.14: Evolution from z = 3 to z = 0 of the running median of the ZX − M500
scaling relation for S IMBA, S IMBA without X-ray feedback, S IMBA without jet
feedback, and S IMBA with no feedback. The no feedback run shows a steady increase
in ZX with redshift. With the introduction of stellar feedback in the no jet run we see no
evolution from z = 3 to z = 0 with stellar winds raising the metallicity to ≈ 0.3 before
z = 3. The no xray run shows jets increasing ZX at late times, especially amongst small
halos. Finally the full S IMBA again shows very little evolution, demonstrating X-ray
feedback’s effect in full quenching halos in S IMBA.
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3.5

Profiles

Global LX −weighted measures tend to weight central regions more heavily where
much of the X-ray emission arises, resulting in the properties used in these scaling
relations being more sensitive to the core. It is interesting to ask where in radius the
various feedback processes in S IMBA impact the observable properties. To garner
a more detailed view of where feedback impacts the halo we examine the evolution
of these halos’ profiles. Thus we examine the evolution of profiles in the fiducial
100h−1 Mpc S IMBA run for electron density (ne ), X-ray surface brightness ΣLX , TX ,
and entropy SX , and subsequently compare with the No-Jet run since we have shown
that the jets have the largest impact on the hot gas properties.
We generate projected (2-D) profiles for halos with 1012.5 < M500 < 1013.5 M and
M500 > 1013.5 M , by stacking halos in these mass bins scaling each to their respective
R200 values. These profiles are plotted for z = 2, 1, 0. Profiles at z = 3 show similar
trends as at z = 2 and so were omitted for clarity.

3.5.1

Full S IMBA Profiles

Figure 3.15 shows the median profiles for electron density (ne ) in the top left plot,
LX surface density (ΣLX ≡ LX /A where A is the surface area of the 2-D radial bin)
scaled by its value at R200 in the top right, TX scaled by its value at R200 in the bottom
2/3
left, and Entropy (SX ) in the bottom right. Here Entropy is defined as TX /ne and is
2/3
calculated by dividing the temperature of each particle by its ne and then calculating
the LX weighted average across the radial bin. Profiles are represented by dotted,
dashed, and solid lines for z = 2, z = 1, and z = 0 respectively. Profiles of halos with
M500 < 1013.5 M are blue and halos with M500 > 1013.5 M are red. The shaded areas
represent the standard error and are shown on halos with M500 > 1013.5 M at z = 0.
We scale ΣLX and TX by their values at R200 in order to highlight the evolution in the
shapes of these profiles; the amplitude evolution for these quantities was quantified in
the previous section.
The top left panel shows the electron density profiles. The most visible trend in both
mass bins is a steady decrease in the amplitude with time. Less evident but still clear
is a slight flattening, indicating a stronger decrease in core density. At z = 2 and
z = 1 the profiles for M500 < 1013.5 M and M500 > 1013.5 M lie very close to each
other, consistent with self-similarity. However, at z = 0 we see that the two mass
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Figure 3.15: Median Profiles at z = 2, 1, 0 for electron density, ΣLX , TX , and SX . z = 2
is represented by a dotted line, z = 1 by a dashed line, and z = 0 by a solid line.
The median profiles of halos with M500 < 1013.5 M are coloured blue while those
> 1013.5 M are represented by the red lines. The ΣLX profiles are scaled to their values
at R200 to accentuate the evolution in shape however the shift in trends can still be seen
in the other plots. ne shows a profile decreasing with radius at all redshifts, with profiles
flattening due to a higher decrease in the core regions as we move from z = 2 to z = 0.
We also see overall higher densities at all radii within the M500 > 1013.5 bin at z = 0, a
shift from the similar levels at previous redshift. ΣLX profiles for M500 > 1013.5 show a
slight flattening with redshift. This evolution matches closely in the outer regions of the
M500 < 1013.5 halos, however these halos exhibit a growing low luminosity core, with
the radial extent of the core increasing with redshift to ≈ 0.1R200 at z = 0. TX profiles
show little evolution in shape, however demonstrate a more significant decrease in
overall temperature in the lower mass halos, bringing both mass bins in line with each
other by z = 0. SX profiles flatten with redshift driven by a higher increase in entropy
in core regions.
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Figure 3.16: Median profils at z = 2, 1, 0 for electron density, ΣLX , TX , and SX in the
50h−1 Mpc No-Jet S IMBA run. z = 2 is represented by a dotted line, z = 1 by a dashed
line, and z=0 by a solid line. The median profiles of halos with M500 < 1013.5 M
are coloured blue while those > 1013.5 M are represented by the red lines. The ΣLX
profiles are scaled to their values at R200 to accentuate the evolution in shape however
the shift in trends can still be seen in the other plots. ne profiles experience an overall
decrease with redshift, maintaining much steeper profiles than the fiducial runs. There
is little difference between mass bins. ΣLX profiles experience very little evolution in
shape, with the least massive halos developing a slightly flattened core at z = 0. TX
profiles experience an overall decrease in both mass bins, however fail to converge at
z = 0. Little evolution is seen in the shape of the profiles at either mass bin. SX profiles
experience a smaller increase especially at lower masses, with very little evolution seen
in the shape of the profiles.
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bins have diverged in amplitude, with more massive halos having an overall higher
electron density. Notably, this occurs at all radii, and is not limited to the core. This is
consistent with the stronger removal of hot gas due to jet feedback that heats the gas
in lower mass halos, but is not expected in a scenario where more efficient cooling in
lower mass systems depletes the hot gas in the central region.
Moving to the temperature profiles in the lower left panel of Figure 3.15, we first note
that most of the profiles are within a factor of two of being isothermal (note the small
range in y-axis). Within this, however, some notable differences in profile shapes are
seen. Even at early epochs, high-mass halos have a steeper profile than low-mass ones.
Both mass bins have steeper profiles with time, and by z = 0 they exhibit a mildly
cooler core at R  0.1R200 . None of these core drops are so dramatic as to identify
these systems as “cool-core" systems, which have TX profiles dropping well below
TX (R200 ) in the centres. While some individual profiles do this, the mean profile is not
a classic cool-core system in either mass bin. The variation among individual profiles
and their central cooling times is an interesting study that we leave for future work;
here we simply note that there are mild differences in profile shapes in the two mass
bins over time.
The electron density plus the temperature are the main determinants of the X-ray
luminosity. Figure 3.15, top right, shows ΣLX profiles scaled to their value at R200 .
Overall, the profiles in both mass bins becomes slightly shallower with time, showing
a pronounced central peak at z = 2 reflective of the peak in the ne profile then. Already
at z = 1, differences emerge in the core, with a slight flattening of the inner profile
between z = 2 → 1 in the low-mass halos, becoming even more pronounced at z = 0.
The outer (R & 0.2R200 ) profiles remain fairly consistent at all redshifts, indicating that
the drop in X-ray luminosity for low-mass systems at late times (and the associated
departures from self-similarity) arises primarily from the core region, likely indicating
the effect of jets on the cores of lower mass halos.
Finally we investigate the X-ray weighted entropy profiles in the bottom right plot
of Figure 3.15. Here the combined effect of TX and ne can be seen as given by the
2/3
SX ≡ TX /ne entropy definition. A steady increase in entropy can be seen in both mass
bins, with lower mass halos exhibiting more flattening across redshift. While both mass
bins show a similar raising of core entropies, lower mass halos do appear to exhibit
overall lower entropies at early times. This is consistent with the idea that cooling is
more effective in low-mass halos at early epochs, but by z = 0, the jet feedback has
evacuated gas such that it raises the entropy particularly strongly in low-mass systems.
This raised entropy is likely a critical factor to suppress cooling in these systems in
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order to keep galaxies quenched.

3.5.2

No-Jet Profiles

We have implicated jets in impacting the evolution of low-mass profiles in comparison
with higher-mass systems. We can test this more directly by examining the same
set of profiles in our No-Jet run. We note that here we must use the 50h−1 Mpc run
here, but we have checked that the profiles in the 50h−1 Mpc full S IMBA run follows
the same trends as those in the 100h−1 Mpc fiducial volume that we presented in the
previous section. However, this does mean that the M500 > 1013.5 M bin is notably
less populated in the No-Jet case owing to the smaller volume.
Figure 3.16 shows the profiles in the No-Jet run, formatted as in Figure 3.15, displaying
profiles at z = 0, 1, 2 (solid, dotted, dashed lines) in high and low halo mass bins (red
and blue, respectively).
For the ne profiles, in the top left plot, we see two interesting effects: Firstly there
is significantly less evolution across mass scales, with only an order of magnitude
decrease in density, as opposed to the 3 orders of magnitude decrease seen in
Figure 3.15. This difference in evolution is most notable in the core regions, with
all halos maintain a much higher core density over redshift, even while the electron
density at R200 has fairly similar evolution with and without jets; the electron density
profiles without jets are thus much steeper than with jets.
Secondly the two mass bins evolve in line with each other, with the only difference
being a flatter inner core electron density seen in the lower mass halos. Thus without
jets, the profiles are much more in line with self-similarity, with perhaps a mild effect
from other feedback processes concentrated at . 0.03R200 in lower-mass groups.
Comparing with Figure 3.15, this implicates jets in lowering the electron densities
across the entire mass range, and doing so across all radii.
The TX profiles in the lower left panel of Figure 3.16 also experience a similarly mild
evolution. The shapes of the profiles remain fairly constant in both mass bins, with
halos maintaining higher temperature cores. In detail, the TX profiles are actually
steeper for low mass halos vs. high-mass ones, which is opposite to the trend seen in
the full-physics S IMBA case. By z = 0, the inner profiles in the low-mass groups shows
a significant elevation, possibly due to enhanced energy input from other feedback
processes combined with cooling out of the lower-temperature gas to form into stars.
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Comparing to Figure 3.15, the No-Jet profiles are clearly much steeper, and the effect
of jets here is already evident at z = 2 with steeper TX profiles. This may indicate that
even early low level jet feedback works to push hot X-ray emitting gas from cores to
the outer regions. This trend strengthens down to z = 0, particularly in the low-mass
groups.
In the top right plot of Figure 3.16, the ΣLX profiles are again notable for showing very
little evolution in the shape of the profiles, except for a slightly lower core luminosity
seen in the lower mass halos. This directly mimics the trend seen in the electron
densities. Moreover, by z = 0, the ΣLX profiles are definitely steeper than in the fiducial
run in Figure 3.15. This most clearly demonstrates that it is AGN jet feedback that is
primarily responsible for breaking the self-similar scaling of the X-ray emission. Other
feedback and cooling effects have a much smaller impact.
Finally in the bottom right panel of Figure 3.16 we show the entropy profiles. We see
a steady but slow increase in the normalisation of the entropy profiles. The lower mass
halos fail to come in line with the most massive halos, and most notably neither bin
experiences a rise of core entropy with respect to the outer regions. This is in line
with the idea that jets work to remove low entropy gas, especially from the cores of
halos. The low central entropy allows for substantial cooling that keeps galaxies fueled
and star-forming even in high-mass halos in the No-Jet run, which does not agree with
observations. This highlights how jets are responsible for quenching star formation in
massive systems, via their impact on the hot gas in the cores of massive halos.
Overall we see little to no evolution in the shape of the X-ray profiles in the No-Jet case,
along with a smaller evolution in the normalisation of these profiles. This indicates that
jets not only impact the overall properties, but also importantly how these properties
are expressed as a function of radius. Interestingly we see jets having an effect in
flattening profiles, or creating larger cores (specifically in the low mass LX profiles).
Finally while jets have a clear impact in the shapes of profiles in both mass bins, larger
effects are seen in the normalisations of these profiles in the M500 < 1013.5 M bin,
highlighting the greater impact of jet feedback on lower mass halos.
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3.6

Summary

In this chapter we have examined the redshift evolution of the X-ray scaling relations
and X-ray profiles of intragroup gas within the S IMBA suite of cosmological hydrodynamical galaxy formation simulations. We consider the scaling relations at particular
redshifts from z = 3 → 0, the median paths of halos in different mass bins through
scaling relation space, and the hot gas and X-ray profiles of intragroup gas. We isolate
the physical processes driving this evolution by comparing among feedback variant
S IMBA runs with different feedback models turned on an off, in comparison with the
baseline model of self-similar evolution. We show that:

• S IMBA halos are consistent with a self-similar slope of their X-ray scaling
relations at z & 1.5, while at z . 1.5 there are an increasing number of groups
that are substantially deviated from self-similarity.
• Evolution of the LX − M500 scaling relation sees significant change occurring
after z . 1.5 driven primarily by a decrease in LX among halos with M500 <
1013.5 M . This is further corroborated by median tracks of halos showing
that the least massive halos show a 2 dex drop in LX for a 0.3 dex increase in
M500 while the most massive halos show a slight increase in LX for an order of
magnitude increase in M500 from z = 3 → 0.
• Evolution of the TX − M500 appears to be driven by an overall decrease in TX for
halos with M500 < 1013.5 M . Following halos over time indicate that the least
massive halos at z = 3 do not lower in TX suggesting that halos crossing above
1012.3 M at later epochs are responsible for the lowering of TX in the smaller
halos.
• The hot gas fraction fgas vs. M500 shows dramatic evolution at z . 1.5
with a large drop and increasing in scatter particularly for M500 < 1013.5 M
systems. This scatter is highly correlated with the black hole mass fraction
fBH ≡ MBH /M500 , such that halos with central galaxies having high fBH have
low fgas and vice-versa. Median tracks show that halos with M500 > 1013.5 M
have hot gas fractions encompassing the majority of the cosmic baryon fraction,
while M500 < 1013.5 M halos show an order of magnitude decrease.
• The X-ray weighted metallicity shows a significant trend with the stellar baryon
fraction in halos at early epochs, which gets washed out over time. Larger groups
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have a metallicity around one-third solar, while smaller groups generally have
slightly higher metallicity but with a very large scatter.
• The LX − TX relation shows an increasing departure from self-similarity with
time, with a growing population at TX . 1 keV having lower LX that becomes
particularly prominent at z . 1.5. The halos that are most deviant from selfsimilarity are the ones with the highest fBH , circumstantially implicating black
hole feedback as the cause of this deviation.
• To pinpoint the particular physical processes driving the above evolution, we
examine smaller 50h−1 Mpc S IMBA runs with specific feedback modules turned
off. Turning off both AGN and star formation feedback results in little evolution
in fgas , and modest evolution in LX and TX mostly consistent with self-similarity.
• Introducing stellar (but no AGN) feedback does not change fgas , LX , or TX , but
it does result in significantly earlier deposition of metals into the hot gas even by
z = 3.
• Introducing AGN jet feedback has a dramatic impact on scaling relations. Jets
are clearly implicated in lowering fgas in M500 < 1013.5 M groups, particularly
at z . 1.5. This reflects in a dramatic reduction in LX − M500 in such groups over
time, and an increased reduction in TX − M500 with time.
• Remarkably, the LX − TX evolution undergoes a sort of cancellation, in that the
lowering of both LX and TX results in groups evolving mostly along the relation.
The net effect is that groups today end up much more spread out along the LX −
TX relation, but the overall relation is surprisingly similar in slope and amplitude
in all the feedback variants.
• The ZX − M500 evolution is unique in that it is more impacted by stellar feedback
than AGN feedback. With no feedback, a steady increase is seen in metallicity.
The inclusion of stellar feedback produces hot gas metallicities > 0.1Z even
by z = 3. The inclusion of jet and X-ray feedback then seems to reintroduce a
modest level of upwards evolution in metallicity particularly in low-mass halos,
resulting in the final z = 0 relation that increases mildly to low halo masses.
• Electron density profiles in S IMBA drop and flatten with time, at all masses.
The drop in smaller groups from z ∼ 1 → 0 is however significantly greater
than in larger systems. LX profiles also experience a flattening at all mass
ranges, however it is most prominent at M500 < 1013.5 M , growing a constant
surface brightness core (R . 0.1R200 ) by z = 0. The temperature evolution is
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not dramatic, but entropy is also flattened, resulting in all groups having median
core entropies above 100 keV cm2 .
• Turning off jet feedback has significant impact on both the shape and normalisation of these profiles. Electron density, temperature, and luminosity profiles are
steeper. There is much less difference between the two mass bins, with only a
very small core appearing at late times in the lower mass groups. The entropy
profile is much steeper, with typical entropies at ∼ 0.01R200 below 10 keV cm2
at all masses.

These results overall show that the implementation of AGN jet feedback in S IMBA has
a significant impact on X-ray properties both globally and in terms of their profiles.
It is this feedback that causes strong departures from self-similarity, which tend to
become noticeable around z ∼ 1.5 as AGN jets turn on in central group galaxies,
and that results in intragroup gas that closely matches X-ray observations at z = 0
as shown in Chapter 2. The evolution of X-ray profiles provides further constraints on
these models, demonstrating the effects of feedback in evacuating low entropy gas and
creating X-ray surface brightness cores particularly in lower-mass groups.
A dearth of observations at these mass scales at z  0, along with an overall lack
of consensus caused by selection biases in available results, makes it premature
to compare the evolution of S IMBA’s groups to X-ray observations. With future
missions such as Lynx and Athena providing significantly deeper observations that will
push toward higher redshifts, it should be possible to further constrain these models
providing even greater insight into exactly how AGN feedback impacts the growth
of groups and clusters. In the next chapter we plan to examine how next-generation
telescopes will help uncover the physics of gas within groups and clusters, with the
successes of S IMBA suggesting that it provides a suitable framework for interpreting
these observations.
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Chapter 4
Mocking Telescopes

4.1

Introduction

X-ray measurements provide one of the best tools in investigating the structure of
galaxy groups and clusters, via the emission of hot gas residing in their potential wells.
These observations can be used to determine a number of key properties, including the
mass using temperature and density measurements under the assumption of hydrostatic
equilibrium. However as previously discussed, current X-ray observations appear to
show a bias in the hydrostatic mass. This is seen both in observations when compared
to other mass proxies such as the weak lensing mass (Nagai et al., 2007a; Donahue
et al., 2014; von der Linden et al., 2014; Hoekstra et al., 2015; Sereno et al., 2017;
Simet et al., 2017; Hurier & Angulo, 2018), and in simulations when compared to the
"friends-of-friends" (FoF) mass (Schaye et al., 2015).
Not only this but observed scaling relations, such as LX − M500 and TX − M500 , can
be compared to theoretical models of cluster formation providing constraints on these
models, moving us towards a more complete understanding. For example deviations
from self-similarity as discussed in Chapter 1 may indicate the presence of additional
forms of heating during the formation of clusters. This demonstrates the need not only
for detailed X-ray observations, but also large numbers of sources.
Observations from telescopes such as Chandra, and XMM Newton have produced a
great number of sources spanning a range of masses in the cluster regime. However
these studies are often limited to the brighter core regions of clusters. To fully
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understand the formation and evolution of groups and clusters, a more thorough
examination of the outermost regions of halos is needed. While the first two of eight
scans as part of the All-Sky Survey from eROSITA, the remainder are expected to be
completed in the coming years detecting and resolving of order 105 clusters to at least
z ∼ 1 and down to masses of M500 ∼ 1013 M .
Future observatories Athena and Lynx will offer even greater resolution providing
deeper observations allowing for the detailed investigation of the structure of clusters
in the X-ray regime.
Modern hydrodynamical simulations at large cosmological scales are capable of
simulating cluster scale halos, incorporating a wide range of subgrid models with
increasingly better mass resolution.
With the confluence of these ideas it is possible to model the observations of future
telescopes such as Athena using simulated clusters. By providing insight into the
capabilities of future observatories, we not only pave the way for future studies, but
also explore the capabilities of further constraining our theoretical models.
Chandra was launched and deployed on July 23, 1999 providing an impressive
evolution in our ability to observe X-ray emissions in space. The telescope has a field
of view of 30’ diameter, along with an effective area of 800 and 400 cm2 at 0.25 and
0.5 keV respectively, and a spatial resolution of 0.5 arcsecond. The AXAF Charged
Coupled Imaging Spectrometer (ACIS) has energy range of 0.2 - 10 keV with a total
of 10 chips splot of 2 CCD arrays. Amongst these 10 chips, 8 are front illuminated
(FI) and 2 are back illuminated (BI). While both sets of chips have an effective area of
340cm2 at 1keV, the FI chips have a spectral resolving power of E/dE = 20 and 50 at 1
and 6 keV. The BI chips however have a spectral resolving power of E/dE = 9 → 35.
The ACIS-I 4-chip imaging array uses only FI chips and provides a FOV of 16’ x
16’. The ACIS-S 6-chip spectroscopic array utilises the remaining 4 FI chips and 2 BI
chips with an FOV of 8’ x 48’. When used with the High Energy Transmission Grating
(HETG), the spectroscopic array is capable of providing a spectral resolving power of
60-1000 over the 0.5-10 keV range.
Athena is a planned future telescope from the European Space Agency that intends to
provide an impressive advance in the realm of X-ray surveys, with an effective area of
2m2 at 1keV. It consists of two main instruments, the Wide Field Imager (WFI) and
the X-ray Integral Field Unit (X-IFU).
The WFI has an energy range of 0.2-15 keV with a 40’x40’ field of view, along with a
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5" angular resolution (Meidinger, 2018).
The X-IFU will provide a spectral resolution better than 2.5 eV at 7keV, with a pixel
size of around 5". It will achieve an effective area of around 8200cm2 and 970cm2 at
1keV and 7 keV respectively (Barret et al., 2018).
Athena trades the level of spatial resolution seen in Chandra for a significant increase
in spectral resolution, and effective area across a wide energy range and over a much
larger field of view. This positions Athena as an impressive tool for X-ray surveys of
large, energetically complex objects, with the ability to discern large energetic events,
and to detect a significant increase in sources at high redshifts.
At intragroup scales Athena will have sufficient spectral resolution to resolve the
interior metal emission of the intragroup medium. The improved ability of Athena
over Chandra in tracing Mg XII, O VII, and O VIII would allow us to test the “virial
temperature thermometer” model of Oppenheimer et al. (2016) and Wijers et al. (2020)
that the volume-filling virialized halo gas at the temperature of an ion’s peak collisional
ionization fraction should be traced by that specific metal ion.
Athena will have a flux sensitivity of nearly 10−17 erg cm−2 s −1 in the 0.5-2 keV
band, compared to a flux sensitivity of 5 × 10−15 erg cm−2 s −1 for the COSMOS
Chandra survey (Rau et al., 2016). This flux sensitivity will allow Athena to make
significant advances in several key areas. Observations with Athena/WFI will probe
the X-ray emission of AGN at z > 6 with 1043 < LX < 1044 erg s−1 . By examining
these objects at the faint end of the AGN luminosity function it will be possible to
constrain the origins and processes behind the early growth of SMBHs. The survey
speed enabled by Athena in unveiling these origins will be 100× faster than possible
with Chandra (Rau et al., 2016). This high survey speed will also be beneficial in
observations at 0 < z < 2, by providing sufficient sensitivity over a large enough field
of view to provide spatially resolved entropy measurements of galaxy clusters at and
beyond R500 . Deviations from self-similarity in the inner regions of clusters may be
indicative of non-gravitational processes such as cooling and AGN-feedback, while
deviations beyond R500 are caused by gas clumping during its accretion into the cluster.
As such the detailed observations WFI can provide will help provide vital insight into
the formation and evolution of galaxy clusters. While Athena will have a lower spatial
resolution than Chandra, its impressive field of view and effective area makes it ideal
for large area surveys, and will enable a powerful era in X-ray astronomy when used
in conjunction with other instruments such as Lynx or AXIS.
This chapter is structured as follows: In Section 4.2 we describe the pyXSIM python
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package used to simulate X-ray photons along with the SOXS instrument simulator use
to convolve telescope response files with simulated events. In Section 4.3 we describe
the XSPEC package used to analyse mock spectra. Section 4.4 discusses the results
of my mock observations using both Athena and Chandra observations, and presents
a select few interesting halos observed at a greater number of redshifts. Finally we
discuss the results of these mock observations and draw conclusions on the capabilities
of Athena in furthering the study of X-ray scaling relations and profiles.

4.2

pyXSIM

X-ray photons for use in mock observations are produced using the Python package
pyXSIM (ZuHone & Hallman, 2016). pyXSIM is an implementation of the PHOX
(Biffi et al., 2011) algorithm developed to generate synthetic X-ray observations from
simulations.
X-ray emission from a hot gas component is calculated using a theoretical emission
model, in this case the APEC model (Smith et al., 2001). Through the Monte-Carlo
sampling of the produced spectral distribution, a package of ideal photons is associated
to each emitting element within the simulation.
A fiducial exposure time, collecting area, and redshift of the given source are specified
to control the number of photons generated. These values are chosen to be larger than
the parameters of the simulated observation to provide a statistically robust sample of
photons. The photons are generated in the rest frame of the source, with positions on
the sky, and Doppler shifting of photons being accounted for in the next step.
A set of simulated events are created by projecting the generated photons along a
specified line of sight. This determines both the position of each event on the sky along
with the Doppler shift of the photon from the velocity of the material from which it
was emitted.
These simulated events are exported for use with SOXS, a package that allows for the
accurate simulation of X-ray observatories.
SOXS includes an instrument simulator that collects unconvolved simulated events in
the form of a SIMPUT file and attempts to mimic the observational parameters of
several telescopes.
This is done by firstly determining which events will be detected using the effective
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area curve from an Area Response File (ARF). The detected events are then projected
on the plane of the detector and point spread function blurring and dithering of their
positions is performed. Instrumental and astrophysical background events are added,
and subsequently all event energies are convolved with the response matrix in a
Response Matrix File (RMF) to produce channels. Everything is written to an events
file similar to those used in real observations.
I use this system to create mock observations with both Chandra and Athena from
which I can create mock spectral energy distributions (SED’s).
By creating observation for all halos with M500 > 1013.5 M at z = 0, and tracking them
back it is possible to investigate how effective Athena would be at creating new X-ray
surveys that look further back in time than ever before.
At each redshift a mock observation is made of the SOXS simulated background with
no object in the FOV. This allows for the creation of a background spectrum that can
be used for background subtraction when analysing spectra.

4.3

XSPEC

Once spectra have been created it is then possible to analyse them in a way intended to
closely match analysis of standard observations. It is important to note I do not create
profiles to determine the R500 value of each halo, and as such spectra are fit for the
entire C AESAR determined halo. The determination of halos in C AESAR is described
in Chapter 3.
A single temperature APEC model multiplied by a TBABS absorption model with a
neutral hydrogen density , nH , is fit to the background subtracted spectrum of each
halo. These are calculated at a fixed redshift as given by the snapshot of the observed
halo.
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Figure 4.1: A selection of mock Athena (A) and Chandra (C) observations at z = 0.05
ordered by simulation halo ID.
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Figure 4.2: The left plot shows the resultant fits image of a mock Athena observation
of the most massive halo in S IMBA at z = 0.05. Pixels are scaled by the number of
detected photons. The right plot shows the corresponding spectrum of said halo, fitted
with a single temperature APEC model convolved with a galactic absorption model.

4.4
4.4.1

Results
Mock observations at z = 0

A selection of halo images, at z = 0, created with mock observations from both the
Athena and Chandra X-ray observatories are presented in Figure 4.1. All halos have
M500 > 1013.5 and are ordered by the halo ID as taken from the simulation C AESAR
catalogues. Images are normalised to a scale provided by a mock observation, for each
respective telescope, of empty sky, taking only the simulated background into account.
Halos remain clearly visible in a greater number of Athena mock observations when
compared to Chandra. In this section we go on to investigate these mock observations,
and the X-ray properties that we are able to infer from them.
Figures 4.2 and 4.3 show mock observations from Athena and Chandra respectively,
for the most massive halo in the fiducial S IMBA run. The left figure shows a
mocked image of the detected X-ray events, with halo ID, X-ray luminosity and X-ray
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Figure 4.3: The left plot shows the resultant fits image of a mock Chandra observation
of the most massive halo in S IMBA at z = 0.05. Pixels are scaled by the number of
detected photons. The right plot shows the corresponding spectrum of said halo, fitted
with a single temperature APEC model convolved with a galactic absorption model.

temperature calculated from the mock observation, and M500 taken from the C AESAR
catalogues. The right figure shows the mock spectrum represented by red dots, with
the single temperature APEC model represented by the blue line.
The halo can be seen distinctly against the background, centred in the upper right
quadrant of the mock Athena observation. A single temperature APEC model, at a
fixed redshift of 0.05, multiplied by a TBABS galactic absorption model with a fixed
neutral hydrogen density of nH = 0.04, fits well to the background subtracted observed
spectrum. This results in an LX of 4.1 × 1044 erg s−1 and a TX of 5.59 keV, inline with
the expected values for this mass of halo.
The mock Chandra observation sees the halo take up a larger amount of the small
field of view, centred on the middle of the detector. The mock observation shows
orders of magnitude fewer events detected at the most luminous point. The mock
spectrum shows much less detail with the main feature being a single peak centred
around 1.3keV. This spectrum is poorly fit by the single temperature APEC model at
low and high energies, however fits reasonably well at intermediate temperatures. This
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Figure 4.4: The left plot shows the resultant fits image of a mock Athena observation of
a halo of mass 1.85×1014 M in S IMBA at z = 0.05. Pixels are scaled by the number of
detected photons. The right plot shows the corresponding spectrum of said halo, fitted
with a single temperature APEC model convolved with a galactic absorption model.

fit results in a lower luminosity of 3.55 × 1044 erg s−1 and a slightly higher temperature
of 5.81keV.
Even at this high mass Athena exhibits a clear advantage in observation, with high
resolution, less noise, and more detailed spectra.
Figures 4.4 and 4.5 show mock observations from Athena and Chandra respectively,
for a halo with M500 = 1.85 × 1014 M . The left figure shows a mocked image of
the detected X-ray events, with halo ID, X-ray luminosity and X-ray temperature
calculated from the mock observation, and M500 taken from the C AESAR catalogues.
The right figure shows the mock spectrum represented by red dots, with the single
temperature APEC model represented by the blue line.
Athena is again able to detect a considerably higher number of counts at energies <
1 keV while still detecting the same feature seen between 1 and 2 keV in the mock
Chandra observation. This halo was shown due to the notable feature at ∼ 0.8keV that
was not fit by the single temperature APEC model. A similar feature is seen in a number
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Figure 4.5: The left plot shows the resultant fits image of a mock Chandra observation
of a halo of mass 1.85 × 1014 M in S IMBA at z = 0.05. Pixels are scaled by the
number of detected photons. The right plot shows the corresponding spectrum of said
halo, fitted with a single temperature APEC model convolved with a galactic absorption
model.

of halos, not shown, and prompts the question of how capable the single temperature
model may be at deriving X-ray properties from these mock observations.
To test the effectiveness of these mock observations we can look to the scaling
relations. Figure 4.6 shows the LX − M500 scaling relations produced using mock
observations from Athena indicated by red crosses, Chandra indicated by blue plusses,
and luminosities produced non-observationally using PYGAD as done in Chapters 2 and
3 indicated by the grey dots. Lines of best fit are plotted using a first order polynomial
for each method of "observation", with colours corresponding to the respective points.
A clear overlap is seen of the mock observation and PYGAD LX − M500 scaling relation
among clusters with M500 > 1013.5 M , albeit with a slightly higher normalisation
seen with Athena. Mock observations have also been plotted for the masses 1013 <
M500 /M < 1013.5 however were not included in the plotted lines of best fit due to the
lowering quality of observations at the lower end of this mass range.
At M500 > 1013.5 M mock Athena observations give a slope of 1.80, lowering to 1.62
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Figure 4.6: Figure showing the LX − M500 scaling relation with LX produced using
PYGAD (grey dots), mock Athena observations (red crosses), and mock Chandra
observations (blue plusses). PYGAD luminosities are shown for halos with M500 >
1012.3 M while mock observations are created for halos with M500 > 1013.5 M due
to computational constraints. Mock observations exhibit a clear agreement with
luminosities from PYGAD, overlapping across the full extent of the mass range.
when including halos with masses 1013 < M500 /M < 1013.5 .
Mock Chandra observations show good agreement to Athena with a slope of 1.79,
lowering to 1.68 when including halos with masses 1013 < M500 /M < 1013.5 .
pyXSIM mock observations for both observatories agree closely with PYGAD at
M500 > 1013.5 M with a slope of 1.82. However when including all halos with
M500 > 1013 M the relation steepens to 2.18 demonstrating that mock observations
are failing to match the intrinsic relations at low masses.
A similar overlap is seen for the TX − M500 scaling relation presented in Figure 4.7 with
points demarcated as before. Mock Athena observations show a slope of 0.65 matching
that of PYGAD sources slope of 0.65 with a lower normalisation, while mock Chandra
observations show a shallower relation of 0.56. Excluding the outlying mock Chandra
observations seen above the scaling relations produces a steeper Chandra slope in line
with that of Athena.
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Including halos with M500 > 1013 M lowers the Athena relation to 0.43, while
steepening the Chandra relation to 0.62. Again it appears that mock observations
of lower mass halos begin to deviate more significantly from expected values making
the relations at these ranges less trustworthy.
The LX − TX scaling relation in Figure 4.8 shows a slight overlap between mock
observations and PYGAD. Mock Athena observations exhibit a slightly shallower slope
of 2.37 compared to PYGAD’s 2.77, driven by several overly luminous halos at low
temperatures. The mock Chandra observations are shallower still at 1.69, skewed
by the 3 outlying halos at the bottom right of the relation. Excluding these 3 halos
produces a steeper relation of 2.46 more in line with that of PYGAD.
It is no surprise here that the inclusion of lower mass halos again produces a
relationship no longer in close agreement with PYGAD values.
While 1Ms mock observations appear to be sufficient at M500 > 1013.5 in matching
expected scalings, this level of exposure is insufficient in correctly reproducing X-ray
properties at lower masses.
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Figure 4.7: Figure showing the TX − M500 scaling relation with LX produced using
PYGAD (grey dots), mock Athena observations (red crosses), and mock Chandra
observations (blue plusses). PYGAD luminosities are shown for halos with M500 >
1012.3 M while mock observations are created for halos with M500 > 1013.5 M due to
computational constraints.
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Figure 4.8: Figure showing the LX −TX scaling relation with X-ray properties produced
using PYGAD (grey dots), mock Athena observations (red crosses), and mock Chandra
observations (blue plusses). PYGAD luminosities are shown for halos with M500 >
1012.3 M while mock observations are created for halos with M500 > 1013.5 M due
to computational constraints. Mock observations show good agreement with PYGAD,
however do exhibit a slight increase in luminosity at a given temperature.
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Figure 4.9: Fits images of mock Athena observations produced for the progenitors of a
chosen halo at z = 0.05. Observations are made at z = 0.53, 0.43, 0.33, 0.23, 0.14 and
z = 0.05 respectively from top left to bottom right. Observations are shifted to the top
right quadrant to avoid occlusion of smaller sources by the central cross. 2 sources
can be clearly seen at snapshot 123 with some kind of halo-halo interaction happening
between snapshot 123 to 128 coinciding with an increase in mass, luminosity, and
temperature.

4.4.2

Mock observations across redshift

By leveraging the power of simulations it is possible to follow the evolution of a single
halo creating mock observations at multiple redshifts, demonstrating the capabilities
of each telescope.
The first of these halos is shown in figures 4.9 and 4.10. The "observed" halo
is the most massive halo in the simulation, with mock observations made at z =
0.53, 0.43, 0.33, 0.23, 0.14 and z = 0.05 corresponding to snapshots 123,128, 133, 138,
143, and 148 respectively.
In the Athena observations in figure 4.9 we see an interesting evolution. At z = 0.53
we observe 2 sources. While the single temperature APEC fit applied to general
observations gives a temperature of 2.83 keV, a tbabs(APEC + APEC) model with
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Figure 4.10: Fits images of mock Chandra observations produced for the progenitors
of a chosen halo at z = 0.05. Observations are made at z = 0.53, 0.43, 0.33, 0.23, 0.14
and z = 0.05 respectively from top left to bottom right. Observations are shifted to
the top right quadrant to avoid occlusion of sources at large redshifts. A faint second
source can be seen in snapshot 123 with a potential halo-halo interaction between 123
and 128 being indicated by an increase in luminosity, mass, and temperature.
temperatures of 4.2 keV and 0.3 keV gives a more reasonable fit. At z = 0.43 the
luminosity temporarily increases to 11.88 × 1044 erg s−1 before dropping again at
z = 0.33. A brief increase in mass and luminosity indicates there may be a second
halo present, though it is not obvious visually.
At a qualitative first glance the mock Chandra observations are much fainter exhibiting
coarser detail than the mock Athena observations. While a similar evolution can be
seen in the Chandra observation from z = 0.43 onwards, it is clear that, even at the
most massive scales S IMBA has to offer, Athena demonstrates a clear observational
advantage, especially at higher redshifts.
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Figure 4.11: Fits images of mock Athena observations produced for the progenitors of
a chosen halo at z = 0.05. Observations are made at z = 0.53, 0.43, 0.33, 0.23, 0.14 and
z = 0.05 respectively from top left to bottom right. Observations are shifted to the top
right quadrant to avoid occlusion of smaller sources by the central cross.
The differences between the two observatories becomes even more apparent at the
second most massive halo in Figure 4.11 for Athena and Figure 4.12 for Chandra.
While the mock Chandra observations at high redshift are less apparent, the most
notable difference here is a feature apparent in the z = 0.14 Athena observation. Faintly
luminous objects can be seen surrounding the central bright objects. Along with the
earlier fluctuations in mass from z = 0.53 to z = 0.33 this suggests there may be some
halo-halo interaction or orbiting sub-halo. This feature is not visible in the mock
Chandra observation, however the derived temperatures appear more consistent with
Chandra. This may indicate that Athena is picking up the effect of something that the
single temperature model in XSPEC is not accounting for.
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Figure 4.12: Fits images of mock Chandra observations produced for the progenitors
of a chosen halo at z = 0.05. Observations are made at z = 0.5, 0.43, 0.33, 0.23, 0.14
and z = 0.05 respectively from top left to bottom right. Observations are shifted to the
top right quadrant to avoid occlusion of smaller sources by the central cross.
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Figure 4.13: Fits images of mock Athena observations produced for the progenitors
of a chosen halo at z = 0.05. Observations are made at z = 0.5, 0.43, 0.33, 0.23, 0.14
and z = 0.05 respectively from top left to bottom right. Observations are shifted to
the top right quadrant to avoid occlusion of smaller sources by the central cross. A
distinct ring like feature can be see all the way down to z = 0.33 with the source but
not features still clearly visible down to at least z = 0.53.

In figures 4.13 (Athena) and 4.14 (Chandra) we present mock observations for a halo
with mass M500 = 1.34 × 1014 M at z = 0.05 lowering to M500 = 9.9 × 1013 M at
z = 0.53, offering insight into the lower end of the cluster regime. This halo was chosen
in particular for the noticeable ring like structures observed in the X-ray emission of
the halo’s hot gas. At z = 0.05 a distinct ring can be seen emanating from one side of
a central bright point, with what appears to be a trailing arm like feature in the other
direction. A similar feature can still be seen at z = 0.14 in both the Athena and Chandra
observations. A similar ring like structure can be seen in Athena observations all the
way down to z = 0.33 with the source still bright but lacking any clear feature beyond
z = 0.53.
The same ring like feature is not seen in the Chandra observations beyond z = 0.23.
This demonstrates the advantage of newer telescopes in investigating the structure of
halos, giving greater insight into their formation and evolution. Longer observation
times may reveal the source of the ring like structure while requiring less time and
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Figure 4.14: Fits images of mock Chandra observations produced for the progenitors
of a chosen halo at z = 0.05. Observations are made at z = 0.5, 0.43, 0.33, 0.23, 0.14
and z = 0.05 respectively from top left to bottom right. Observations are shifted to
the top right quadrant to avoid occlusion of smaller sources by the central cross. A
distinct ring like feature can be see down to z = 0.14 with the source but not features
still faintly visible down to at least z = 0.53.
fewer resources with Athena than with Chandra.
While I have only selected a handful of interesting halos, the common theme is
Athena’s ability to observe in greater detail, and to a higher redshift as expected. This
not only opens up a greater number of sources at cluster scales, but also will offer
easier access to sources approaching the group regime.
This is most clearly demonstrated in observations of low mass halos approaching the
group regime as seen in figures 4.15 and 4.16. A halo with M500 = 5.9 × 1013 M at
z = 0.05 is clearly detected using Athena, with the halo faintly visible even at z = 0.53.
The halo is also detected clearly in the background subtracted spectrum down to at
least z = 0.53 as demonstrated in Figure 4.17.
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Figure 4.15: Fits images of mock Athena observations produced for the progenitors of
a chosen halo at z = 0.05. Observations are made at z = 0.5, 0.43, 0.33, 0.23, 0.14 and
z = 0.05 respectively from top left to bottom right. Observations are shifted to the top
right quadrant to avoid occlusion of smaller sources by the central cross.
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Figure 4.16: Fits images of mock Chandra observations produced for the progenitors
of a chosen halo at z = 0.05. Observations are made at z = 0.5, 0.43, 0.33, 0.23, 0.14
and z = 0.05 respectively from top left to bottom right. Observations are shifted to the
top right quadrant to avoid occlusion of smaller sources by the central cross.
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Figure 4.17: Spectra for the progenitors at z = 0.53 and z = 0.33 of a halo with M500 =
5.9 ×1013 M at z = 0.05. The measured SED is shown by the red dots while the single
temperature APEC model is given by the blue line. The top row provides mock SED
from Athena while the bottom row provides mock SED from Chandra.
Figure 4.17 shows the mock SEDs produced using Athena (top row) and Chandra
(bottom row) for redshifts z = 0.53, z = 0.33, and z = 0.05 from left to right
respectively. The mock observations are indicated by the red dots while the blue line
describes the fitted model.
While the halo is detected in the background subtracted Chandra spectrum at z = 0.05
the detection shows fewer normalized counts at a peak of ∼ 0.30, compared to ∼ 1.25
at the peak of the mock Athena observation at z = 0.53. Chandra is unable to detect
anything in the background subtracted spectrum at z = 0.53.
To further demonstrate the sheer disparity in count rates between Athena and Chandra
we show the same plot as before with the y axis set to that of the z = 0.05 mock
Athena observation in Figure 4.18. In comparison to mock SED from Athena, the mock
Chandra observations appear almost completely flat other than that of the z = 0.05,
which still shows fewer counts than the z = 0.53 mock Athena SED.
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Figure 4.18: Spectra for the progenitors at z = 0.53 and z = 0.33 of a halo with M500 =
5.9 ×1013 M at z = 0.05. The measured SED is shown by the red dots while the single
temperature APEC model is given by the blue line. The top row provides mock SED
from Athena while the bottom row provides mock SED from Chandra. A common
y-axis is used for all plots, set to the axis of the z = 0.05 mock Athena observation.
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4.5

Conclusions

Scaling relations LX − M500 and LX − TX are reliably reproduced, with respect to
PYGAD at z = 0.05 by both the mock Athena and Chandra observations. Mock
observations produce a LX − M500 slope in line with that of PYGAD although with a
slightly higher normalisation, while LX − T x is shallower for Athena observations and
shallower still for Chandra observation. It is worth noting that the slope of the Chandra
observations steepen slightly, sitting between Athena and PYGAD, when excluding the
extreme outliers sitting to the bottom right of the other observations.
While the LX − M500 and TX − M500 relations appear to be reproduced closely, the more
observationally motivated LX − TX relation indicates that mock observations may start
to worsen at low temperatures, approaching the group regime.
This can be further seen in the model fits of lower mass halos, especially for Chandra
observations. While model fits to the spectrum indicate improved observations from
Athena, longer exposure times, along with observations of halos in the group regime
will prove beneficial.
Close inspection of the images of halos and their progenitors demonstrate the Athena
observatory’s improved ability to detect more detailed features both visually and within
the spectrum of objects. Not only this but Athena offers the ability to more easily
observe halos approaching the group regime, while also observing further back in
redshift.
In conclusion the future Athena observatory will prove an invaluable resource in
providing deeper and more detailed X-ray observations that will allow us to test
theories of formation and evolution in not only clusters but at group regimes as well.
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Chapter 5
Conclusions and future work

5.1

Conclusions

The aim of this thesis was to investigate the X-ray emission of hot gas in galaxy groups
and clusters within the S IMBA suite of cosmological hydrodynamic simulations. By
examining the X-ray scaling relations and profiles of S IMBA’s halos we intend to
demonstrate the ability of S IMBA in recreating realistic clusters, and discover the key
models driving this formation and evolution. This was then used to establish a base
from which the tools to create mock observations and predictions were developed. A
discussion of the fundamental concepts behind this work along with a discussion of
the current literature is included in Chapter 1.

5.1.1

X-ray Emission of Hot Gas in Galaxy Groups and
Clusters

In Chapter 2 we examined the X-ray scaling relations, and X-ray property profiles
of S IMBA groups and clusters at z = 0. By examining these scaling relations and
profiles not only in the fiducial run, but also in a number of smaller volume runs with
decreasing levels of implemented feedback we were able to place constraints on the
physical processes governing AGN feedback.
We showed that S IMBA is able to successfully match a number of observed relations,
including stellar and hot gas mass fractions as a function of halo mass, the scaling
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relations of X-ray properties against M500 , and that of X-ray properties against Xray temperature TX despite no tuning being done to match X-ray halo gas properties.
Deviations in these relations at M500 . 1013.5 M provide evidence for a stronger
impact from non-gravitational heating at group scales compared to more massive
cluster scale systems.
This good agreement was shown to be largely due to the impact of AGN jet feedback,
with jets primary effect being the evacuation of gas especially in lower-mass halos.
This was further seen in X-ray profiles with the evacuation of gas from jet feedback
providing a solution to the cooling flow problem in S IMBA by causing a lowering in
electron density and consequently a raising of entropy in the hot gas.

5.1.2 Redshift Evolution of Galaxy Group X-ray Properties in

S IMBA
In Chapter 3 this work was continued, by examining the X-ray emission of hot gas in
halos across redshift from z = 3 → 0. This is done by following not only the scaling
relations across redshifts, but also the median paths of halos in different mass bins
through scaling relation space over time.
Deviations from self-similarity are shown for S IMBA halos at z . 1.5, while scaling
relations are consistent with self-similarity at z & 1.5. Median tracks show that
significant changes in the evolution of LX − M500 are driven by a drop in LX at
M500 < 1013.5 M while the evolution of TX − M500 at these scales appears to be
motivated by halos crossing above 1012.3 M at later epochs.
An examination of the hot gas fraction fgas vs. M500 shows a dramatic drop and
increase in scatter in fgas for M500 < 1013.5 M . We show that this scatter is highly
correlated with the black hole mass fraction, fBH , indicating that halos with a low fgas
have central galaxies with a high black hole mass fraction.
High fBH in halos deviating from self-similarity in the LX − TX relation motivate an
investigation into the 50h−1 Mpc S IMBA runs with decreasing levels of feedback. AGN
jet feedback is again shown to have the most significant impact on scaling relations,
with jets clearly responsible for lowering fgas at M500 < 1013.5 M , most noticeably at
z . 1.5. This lowering is also seen in a large drop in LX − M500 at group scales over
time.
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We then show that jet feedback is responsible for the shape and normalisation
of profiles of X-ray properties, with jets flattening profiles of electron density,
temperature, and luminosity. Most significantly jets appear to be responsible for the
presence of cores in S IMBA halos with M500 < 1013.5 M .
Overall Chapter 3 shows that jet feedback from AGN in S IMBA has a significant impact
on the X-ray properties of halos, causing deviations from the self-similar model. The
evolution of X-ray profiles, and the effect of jet feedback, shows how jets appear to be
evacuating low entropy gas, especially at group scales.
Chapters 2 and 3 show that results from S IMBA are largely in agreement with
the consensus of current simulations, with AGN feedback being a key driver in
recreating observed trends. The examination of these X-ray properties in S IMBA
further influences this understanding by demonstrating the key effect of jet feedback
in driving the evolution of these scaling relations, and recreating these trends at z = 0.
With this knowledge we are hopefully able to further constrain the physical model
behind AGN feedback in galaxy groups and clusters.

5.1.3

Mocking Telescopes

A lack of observations at these low mass group scales at z >> 0 indicates the need for
advanced X-ray observatories capable of probing to lower masses and higher redshifts.
In Chapter 4 we establish the tools necessary to test the viability of future telescopes
in probing these regimes.
We begin by demonstrating the observational capabilities of both Athena and Chandra
at the largest mass scales available in S IMBA. Through both the mock observed image
and spectrum it is clear that Athena provides a greater level of detail over a larger field
of view. These observational tools are then used to recreate the previously examined
X-ray scaling relations. Here we see that both Athena and Chandra are capable of
closely matching observed scaling relations at M500 > 1013.5 M .
A small sample of halos are then selected with observations made from z = 0.05 →
0.53 with both the Athena and Chandra mock observatories. This work demonstrates
that Athena provides more detailed and reliable observation of halos at all examined
mass scales, to a higher redshift. The final presented halo begins to probe the group
regime, with Athena able to make a clearer detection at z = 0.53 than Chandra is at
z = 0.05. This demonstrates the capabilities of future telescopes in providing useful
151

samples of observations with which it will be possible to test and constrain our models
of cluster formation and evolution.
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5.2

Future Work

With the technology to create mock observations in S IMBA now well established, a
number of avenues of research open up. By leveraging the power of large computing
clusters it will be possible to create a more robust and detailed sample of mock
observations. By increasing the exposure times it will be possible to create even deeper
observations testing the limits of what will be possible with the Athena observatory in
the future.
Not only will it be possible to create large samples for use in scaling relations, but
mock observations also allow for a more observationally motivated examination of
the halos as a whole. By examining density and temperature profiles through mock
observations it is possible to determine values such as R500 , and subsequently M500
under the assumption of hydrostatic equilibrium. On its own this offers a more robust
comparison to observation with both X-ray properties and masses determined from the
observation alone, however by combining this with the existing power of simulations
it is possible to compare mass estimates from observations to the FoF mass taken
directly from the C AESAR catalogues. The ability to compare values such as the
hydrostatic mass estimates to the total mass of baryons within a halo provides a useful
tool for investigating the existence and scale of a hydrostatic mass bias in the S IMBA
simulations.
With the machinery to create these mock observations already in place, it is easy to
adapt them for a variety of telescopes provided the response files are available. We
will use these tools to also investigate the capabilities of the Lynx X-ray observatory.
The volume of the fiducial S IMBA run limits the most massive halos to M500 <
1015 M , so while we have been able to investigate the X-ray emission of hot gas
at group scales massive clusters are missing from this sample. The 300 project (Cui
et al., 2018) provides a sample of 324 large cluster zoom simulations, modelled with
full physics using the modern SPH code G ADGET-X. The initial regions are taken from
the 324 most massive regions in the dark-matter-only MDPL2, MultiDark simulation
(Klypin et al., 2016). This sample of clusters is also being re-simulated using the full
S IMBA model allowing us to extend the mass range of the cluster sample in the same
way that C - EAGLE extends EAGLE. As a result it will be possible to investigate both
how the X-ray scaling relation extends to higher mass clusters in S IMBA and how
feedback impacts the X-ray profiles of these massive clusters.
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The mock observations for this work were achieved using yt 3.0. The recently released
yt 4.0 has been built to better accommodate particle based simulations such as S IMBA.
As such we aim to recreate the mock observation pipeline utilising the added benefits
of yt 4.0.
Future X-ray missions propose to answer a number of astrophysical questions, ranging
from the structure of hot gas at large scales, to the origin and growth of black holes.
Athena will attempt to address the broad theme of "The Hot and Energetic Universe".
Firstly, X-rays are uniquely able to examine the formation and evolution of potential
wells at the centre of groups and clusters of galaxies, in which resides warm-hot
gas, along with the Warm Hot Intergalactic Meium (WHIM) residing in filamentary
structures between dense regions. These two areas are believed to contain most of
the Universe’s baryonic matter. The combination of wide-field imaging and high
resolution spectroscopy, both at a high sensitivity, will allow Athena to resolve
the accreting regions of galaxy groups and clusters spatially and spectroscopically
providing key insight into the physics of X-ray emitting hot gas in these halos, while
also deepening our understanding of how large-scale structure forms and evolves
(Ettori et al., 2013).
The impressive spectral resolution will also allow for the detection of absorption lines
of the WHIM that may help to reveal where baryons currently missing from the cosmic
budget at z < 1 reside (Kaastra et al., 2013)
Parallel to this line of study Athena is well positioned to investigate the AGN
population. The wide-field imager will provide a large sample of low luminosity
and obscured AGN to z > 6 (Georgakakis et al., 2013; Aird et al., 2013). Follow up
observations of these sources can then be made with the X-ray Integral Field Unit (XIFU) which will allow for the mapping of the disk-corona system surrounding AGN,
providing a vital contribution to the understanding of the physics driving accretion
around AGN (Dovciak et al., 2013). The X-IFU will also offer key observations
for the understanding of the impact of feedback in local AGN. The high spectral
resolution will enable the determination of key physical parameters of AGN outflows
on a dynamical time-scale, hopefully answering questions surrounding the energy
content of outflows along with how this energy is deposited into the surrounding
medium (Cappi et al., 2013).
The Lynx observatory will have a factor of 10 greater spatial and spectral resolution
over a smaller field of view. As such the telescope will provide important observations
in a variety of complementary fields including "The Dawn of Black Holes", "The
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Invisible Drivers of Galaxy and Structure Formation", and "The Energetic Side of
Stellar Evolution and Stellar Ecosystems". Focusing here on the programs dedicated
to the physics of hot gas in groups and clusters Lynx will investigate the diffuse baryon
content of galactic halos at z = 0 both through direct imaging, and absorption line
spectroscopy. Observations with the Lynx X-ray Microcalorimeter (LXM) will provide
gas temperature, density, and metallicity profiles at z > 6, while the High-Definition
X-ray Imager (HDXI) will attempt to characterise the first galaxy groups at z = 3 − 4.
LXM along with an enhanced spatial resolution subarray will investigate the energies
of AGN feedback from its source to the way its deposited both on galactic and cluster
scales (Gaskin et al., 2018).
The surveying capabilities of Athena along with the high resolution capabilities of
Lynx will provide orders of magnitudes more information with which to understand the
hot gas content of groups and clusters, and the impact of feedback. The potential of
these studies to constrain the physical models behind group and cluster formation and
evolution, along with AGN feedback will serve to improve cosmological simulations,
which in turn will provide further understanding of the physics behind these processes.

155

156

Bibliography
Aarseth S. J., Gott J. R. I., Turner E. L., 1979, ApJ, 228, 664
Aird J., et al., 2013, arXiv e-prints, p. arXiv:1306.2325
Allen S. W., Fabian A. C., 1998, MNRAS, 297, L57
Anderson M. E., Gaspari M., White S. D. M., Wang W., Dai X., 2015, MNRAS, 449,
3806
Anglés-Alcázar D., Özel F., Davé R., 2013, ApJ, 770, 5
Anglés-Alcázar D., Davé R., Faucher-Giguère C.-A., Özel F., Hopkins P. F., 2017a,
MNRAS, 464, 2840
Anglés-Alcázar D., Faucher-Giguère C.-A., Kereš D., Hopkins P. F., Quataert E.,
Murray N., 2017b, MNRAS, 470, 4698
Anglés-Alcázar D., Faucher-Giguère C.-A., Quataert E., Hopkins P. F., Feldmann R.,
Torrey P., Wetzel A., Kereš D., 2017c, MNRAS, 472, L109
Angulo R. E., Springel V., White S. D. M., Jenkins A., Baugh C. M., Frenk C. S.,
2012, MNRAS, 426, 2046
Appleby S., Davé R., Kraljic K., Anglés-Alcázar D., Narayanan D., 2019, arXiv eprints, p. arXiv:1911.02041
Appleby S., Davé R., Sorini D., Storey-Fisher K., Smith B., 2021, arXiv e-prints, p.
arXiv:2102.10126
Applegate D. E., et al., 2016, MNRAS, 457, 1522
Arnaud K. A., 1996, in Jacoby G. H., Barnes J., eds, Astronomical Society of the
Pacific Conference Series Vol. 101, Astronomical Data Analysis Software and
Systems V. p. 17
Arnaud K. A., 2016, in AAS/High Energy Astrophysics Division #15. p. 115.02
Arnaud M., Evrard A. E., 1999, MNRAS, 305, 631
Arnaud M., Pratt G. W., Piffaretti R., Böhringer H., Croston J. H., Pointecouteau E.,
2010, A&A, 517, A92
157

Ascasibar Y., Yepes G., Gottlöber S., Müller V., 2002, A&A, 387, 396
Asplund M., Grevesse N., Sauval A. J., Scott P., 2009, Annual Review of Astronomy
and Astrophysics, 47, 481
Babul A., Balogh M. L., Lewis G. F., Poole G. B., 2002, MNRAS, 330, 329
Balogh M. L., Morris S. L., Yee H., Carlberg R., Ellingson E., 1999, The Astrophysical
Journal, 527, 54
Barcons X., et al., 2017, Astronomische Nachrichten, 338, 153
Bardeen J. M., Bond J. R., Kaiser N., Szalay A. S., 1986, ApJ, 304, 15
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