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Chapter 1

Introduction to Axion Quark Nuggets

In astronomy, we rely on observations and evidence to proof our rapidly evolving theories right
or wrong. Justifying new theories through elaborate techniques accelerated our understand-
ing of the universe from very basic concepts to sophisticated models of how objects behave
and interact with each other. Light, in the form of electromagnetic waves has been the astro-
nomer’s tool of choice to study the mysteries of the universe even before telescopes were even
developed. Over time, mankind discovered that smeared nebulae are in fact galaxies – islands
of hundreds of billions of stars – and many more observations that expanded our knowledge
of the universe immensely. But what if there is something that certainly exists but cannot
be directly observed? Dark matter – historically anticipated to only interact gravitationally
with its surroundings – is one prominent example. The properties of dark matter can be in-
ferred by analyzing the velocity dispersion of galaxies in massive cosmological accumulations
(Zwicky, 1933) and gravitational lensing in galaxy clusters (Reinhardt, 1971). Even though
it is evident that dark matter exists, a single dark matter particle was never observed.

During Big Bang, a highly energetic environment sets the foundation for theories to emerge
regarding matter and its composition. Modern theories describe a versatile zoo of dark matter
models ranging from elementary particles (sterile neutrinos (Shi and Fuller, 1999, Boyarsky
et al., 2006, Seljak et al., 2006, Gelmini et al., 2010), axion like particles (Hui et al., 2017)),
Weakly Interacting Massive Particles (WIMPS) (Lee and Weinberg, 1977, Primack et al., 1988,
Kolb and Turner, 1990), Massive Astrophysical Compact Halo Objects (MACHOS) (Alcock
et al., 1993, 1998) with for instance primordial mass black holes as promising candidates
(Afshordi et al., 2003, Frampton et al., 2010, Carr et al., 2016, Green and Kavanagh, 2021)
and Composite Compact Objects (CCOs) exhibiting nuclear density (Witten, 1984, Farhi and
Jaffe, 1984, de Rujula and Glashow, 1984), evolved from different cosmological environments.
Constraints on mass, properties and number densities of these dark matter candidates can be
made by various techniques. As for potential dark matter candidates, particle accelerators
are instrumental in proposing mass boundaries for elementary particles, while gravitational
wave detectors may aid in constraining the distribution of primordial black holes. It is rather
rare that a dark matter candidate is observationally falsifiable by testing signatures in the
electromagnetic spectrum.

Here we present a detailed analysis on the observational feasibility of a dark matter model
that is proposed to obey properties of cold dark matter, but is still expected to be the origin
of observable signatures that can be tested in a wide range of the electromagnetic spectrum,
called the Axion Quark Nugget (AQN) (Zhitnitsky, 2003).

AQNs are not only capable of describing generic cold dark matter features of structure
formation but also provide solutions on fundamental cosmological problems. Two of the most
prominent mysteries are: (i) Why is the abundance of dark matter not extraordinarily lower
or larger than the visible component? (ii) Why do we observe more matter over antimatter,
and where does this imbalance come from?

1



2 CHAPTER 1. INTRODUCTION TO AXION QUARK NUGGETS

As it will be described in further detail below, AQNs are capable of explaining the asym-
metry of matter and antimatter and provide a natural solution why Ωdark has a comparable
quantity as Ωvisible.1 In fact, AQNs are directly related to dark and visible matter due to
a common formation process. This process further enables AQNs to exist in two forms of
particle families – normal matter AQNs with a quark core surrounded by a sphere of positrons,
and antimatter AQNs, consisting of an antiquark core and being surrounded by a sphere of
electrons. To anticipate in general, we will follow the convention to use the abbreviation
‘AQN’ when speaking of Anti Axion Quark Nuggets throughout the thesis, as Anti Axion
Quark Nuggets represent by far the most prominent electromagnetic signature out of these
two families. These macroscopic particles are anticipated to interact with the surrounding
gas and if ionized, a stronger interaction can be expected due to Coulomb attraction. The
gas in galaxy clusters, called intracluster medium (ICM) is a highly suitable environment for
both strong degrees of ionization of gas and AQNs. We therefore focus on AQN signatures
in environments of galaxy clusters and analyze the impact of infalling substructures towards
the central potential as they are surrounded by a dark matter halo moving through the ICM.
These halos are expected to likely interact with the surrounding gas if we assume the dark
matter to entirely consist of antimatter and matter AQNs. In this framework we utilize the
constrained cosmological simulation of the local universe ‘SLOW’ (Dolag et al., 2023). Due
to initial conditions based on real observations, a constrained cosmological simulation results
from observationally cross-correlated galaxy clusters at present time. It is the aim of this
Master’s Thesis to identify the most promising digital twins of observed galaxy clusters as
suitable hosts to exhibit AQN signatures that can be tested with today’s state-of-the-art tele-
scopes ranging from radio to gamma ray frequencies. Furthermore, the goal is to infer regions
in cluster environments that pose the best detectability and estimate the strength of an AQN
excess to be expected.

1.1 Formation Process of Axion Quark Nuggets

In order to explain the formation process of AQNs one has to describe the historic foundation
of axions and their introduction by the theory of Quantum Chromodynamic (QCD). Described
in the one of the most recent studies on the formation mechanism of AQNs by (Ge et al.,
2017) and already introduced by (Peccei and Quinn, 1977, Kim, 1979, Dine et al., 1981), the
lagrangian in a gauge theory like QCD can have an additional term:

Lθ = −θ(t)
g2

32π2
G̃a

µνG
a
µν . (1.1)

In this term, θ(t) will later be referred to the axion field, g is the coupling constant
and the gauge field Ga

µν with its dual G̃a
µν . This term induces a Charge-Conjugation Parity

(CP) violation, i.e. the phenomenon that the laws of physics do not behave in the same way
under combined transformations of charge conjugation and parity. Here, charge conjugation
means ‘replacing particles with their antiparticles’ and parity is referred to ‘inverting spatial
coordinates’. This proposes a problem, because CP violation is predicted by a theory that
effortlessly describes the world we live in with many of its complexities, but this type of
violation is simply not observed. Peccei and Quinn (1977) therefore introduced that the full
QCD lagrangian LQCD should possess a chiral U(1) invariance, leading to the consequence that
dynamical values of θ directly influence the definitions of different fields in LQCD. Different
fields influenced by θ ̸= 0 are expected to be equivalent to a theory where Lθ = 0; thus, no
CP violation would occur. Wilczek (1978) and Weinberg (1978) independently found that a
particle must be produced from the neutralizing θ field. Particles, that are the result of a field

1Ωi is the dimensionless cosmological component with Ωi ≡ ρi/ρcrit while ρcrit is the critical density in a
flat ΛCDM universe.
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which ‘washes away’ the problem of CP violation. Described by these papers, the so-called
axion (inspired by a laundry detergent from the 1970s)2 is a particle that is very light and
couples very weakly to ordinary matter.

In the framework of θ ̸= 0, the axion field can interpolate in a single vacuum state on
different topological branches which we call k, i.e. θ → θ + 2πk (Vilenkin and Everett, 1982,
Sikivie, 1982). These different interpolations can occur before inflation, with this phase being
called the Peccei-Quinn (PC) phase. As it is pointed out by Ge et al. (2019), inflation cannot
separate these different k branches, and, as a consequence, axion strings form of these different
topological branches in which θ can interpolate in. This leads to the formation of a network of
axion strings originating from different branches and only at a temperature of Tosc ≃ 1GeV,
axion strings can form domain walls. Before the oscillation of the θ field (and since axion
strings were formed before) the PC phase in one and the same vacuum state, the axion field
is coherent and is therefore correlated on extremely large scales (Liang and Zhitnitsky, 2016)
(the axion field would not be coherent for physically distinct vacuum states). This coherent
state plays an important role on the value of θ that it globally possesses at the point where θ
starts to oscillate, causing the string network to form domain-walls (DW) which can collapse
to closed bubbles due to their topological defects. It is pointed out by Ge et al. (2017) that the
DW formation is a two-stage process: because axion domain walls are formed from a single
vacuum state, we will call them NDW = 1 axion domain walls. It is because of the coherence
of θ that during the DW formation a preferred matter or antimatter species of nuggets will be
formed – it should be mentioned though, that an equal amount of nuggets would have been
formed if θ = 0 at the moment of the DW formation (Liang and Zhitnitsky, 2016). Only
the sign of the coherent θ field before it started to oscillate dictates which nugget family is
preferred to be formed.

At any point during T ∈ [Tosc, Tcrit,form] axion DWs can form (Ge et al., 2019) (and Sikivie
(1982), Vilenkin and Everett (1982), for a general overview). During this time, axions get
emitted because of the oscillation of the θ field under the misalignment mechanism (Ab-
bott and Sikivie, 1983, Dine and Fischler, 1983, Preskill et al., 1983) and topological defects
(Chang et al., 1998, Kawasaki et al., 2015, Fleury and Moore, 2016, Klaer and Moore, 2017,
Gorghetto et al., 2018). In addition to emitting axions, the DWs acquire baryon charges at
T ∈ [Tosc, Tcrit,form] from the Quark-Gluon Plasma (QGP). The reason for this charge accumu-
lation is that a NDW = 1 DW consists of axions, an η′ field and the effective field of low-energy
quarks. Additionally, it was discussed in Liang and Zhitnitsky (2016), Ge et al. (2017), Liang
(2022) that a nontrivial topology in the low-energy quark field causes this baryon charge accu-
mulation. After T ≲ Tcrit,form, the QGP turns into mesons and baryons; therefore, this stage
is called QCD transition. During this phase, the axion DW itself can acquire baryon charge
from two components: one is the domain wall itself with a baryon number of NW ≈ ±23

and the other one comes from changes in the θ field that is oscillating, i.e. Nθ ≈ ∆θ. The
baryon charge on the domain wall BW is directly proportional to NW and can therefore have
different signs for different bubbles. The baryon charge from the axion field Bθ depends on
∆θ, which can also have different signs but changes on larger scales. It is therefore possible
to compare the total Baryon charge on the domain wall BW with the background axion field
baryon charge Bθ:

δ(t) ≡ Bθ

BW
, (1.2)

which is time dependent. Following a detailed derivation in Liang (2022), one finds that the
final radius Rf of a DW bubble establishes after ∼ 10−4s. The termination of the oscillation

2https://www.quantamagazine.org/how-axions-may-explain-times-arrow-20160107/
3We use the convention NW for baryon number on the wall, because we already defined NDW to be the

axion domain wall coming from different vacuum states.

https://www.quantamagazine.org/how-axions-may-explain-times-arrow-20160107/
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and the end of the QCD transition are approximately in the same time range, but can deviate
slightly. After the QCD transition the θ field changes from coherent characterization to being
decoherent (it can therefore independently vary on large scales). Presented in Liang (2022),
Rf is proportional to δ(t) with:

∆Rf

Rf
=

Rf (µ < 0)−Rf (µ > 0)

Rf
=

4

3
δ, (1.3)

where µ is the chemical potential. From this relation it follows that depending on the
sign of δ one either obtains matter AQNs (for δ > 0) and antimatter AQNs (for δ < 0). It
is pointed out by Liang (2022) that antimatter AQNs have larger radii than matter AQNs.
From this relation, one can infer that antimatter AQNs have a larger abundance by a factor
of 0.35 than matter AQNsfor δ ≈ 0.087 and Bform ≈ R3

f . What follows is the remarkable
consequence that (under the assumption of zero baryon net-charge in the universe) one can
estimate the baryon ratio relative to the visible matter via:

B̄AQN : BAQN : Bvisible ≃ 3 : 2 : 1, (1.4)

with bars in the equation denoting the antimatter family. This naturally results in a
visible-to-dark-matter ratio of Ωdark/Ωvisible ≃ 5, as it is observed today. It is important to
emphasize that this feature is a consequence of an approach overcome inconsistencies in QCD
and was not initially motivated to explain the observed Ωdark/Ωvisible ratio.

At this stage, AQNs have been formed but are not stable yet, because the trapped baryon
charges are in a hadronic state due to the excessively high temperature of the universe. Only
after T ≲ 41MeV, the high surface pressure of the DW compresses trapped baryons into an
extremely dense and stable state, called a Color Superconducting (CS) condensate (Zhitnitsky,
2003, Liang and Zhitnitsky, 2016). AQNs in the CS phase exhibit an enormously large binding
energy and hence the baryon charge is not available for the Big Bang Nucleosynthesis (BBN)
at TBBN ∼ 1MeV, where elements of metallicity Z ≤ 3 were formed. Quark cores in the CS
state are in the lowest energy state possible, and it is assumed that quarks in neutron stars
obey the same state (Alford et al., 2008). It is important to note that AQNs remain in this
state as it causes them to be stable over cosmic time scales (Ge et al., 2017).

In Figure 1.1, a schematic sketch is presented to point out the most important formation
steps of AQNs on a cosmic timescale in reference to well-studied cosmological events. Eras
that do not belong to any of the colored boxes are eras proposed by established cosmological
models and are taken from Carroll and Ostlie (2017). Others – like for instance, the ‘Grand
Unification Era’ – would be in contradiction to the AQN model, but are still included in this
sketch for the sake of completeness.

To ensure comprehensiveness, it is important to mention an alternative approach to ex-
plain the observed imbalance of matter over antimatter in the framework of CP violation
which enjoys greater acceptance in the scientific community. Dimopoulos and Susskind (1978)
proposed that CP violation might be the effect of baryogenesis. Baryogenesis, derived from
the Greek words βαρύς (heavy) and γένεσις (birth, origin, creation), meaning the ongoing
creation and decay of baryons over cosmic evolution. Grand Unified Theories (GUTs) are
required to substantiate baryogenesis, and proton decay is one of resulting consequences that
GUTs predict (Kolb and Turner, 1983). Yet, an evident detection of proton decay remains to
be discovered.

If the theory of AQNs on the other hand holds true, the asymmetry of matter to anti-
matter in the observable universe can be explained by a charge separation of baryons and
antibaryons that is caused by charge accumulation in the axion DW bubbles at temperatures
of T ∈ [Tosc, Tcrit,form]. This theory allows an equal amount of antimatter and matter, with
more antimatter being hidden in composite nuggets than the ordinary one, causing it to be
unobservable. These nuggets are stable over cosmic time, as the quark core is in a dense CS
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Figure 1.1: Sketch of cosmological eras in the early universe. Commonly acknowledged cosmological
eras are taken from Carroll and Ostlie (2017). Formation eras relevant to the AQN theory are indicated
by the colored boxes.

state. It serves as cold dark matter because these macroscopic particles exhibit a low num-
ber density due to individual masses of the order of MAQN ∼ g (a more specific description
will be addressed in the following section). In summary, the theory of AQNs provides many
intriguing cosmological implications by explaining how the global baryon number in the uni-
verse remains zero and why the dark matter to visible matter ratio is approximately 5 since
dark and visible matter share the same ancestor.

1.2 Structure of Axion Quark Nuggets and Cosmological Prop-
erties

Theory and observations, can provide boundary conditions on mass and size distribution which
result in specific structures of AQNs. Furthermore, it is important to differentiate matter
families as (anti-)AQN consist of a core of (anti)quarks surrounded by positrons/electrons
that make the electrosphere. The electrosphere, which is surrounded by the NDW = 1 axion
DWand interactions of baryonic matter with the axion domain wall almost never occur. Fast
oscillations of the NDW = 1 axion DW excert a strong pressure on the quark core causing it
to preserve in a CS state. The vacuum-ground-state energies inside and outside the nugget
differ strongly compared to the outside and enable that only the external axion DW pressure
suffices to prevent the AQN from decaying (Zhitnitsky, 2023). To prevent the DW to collapse
further, Fermi pressure from the AQN counteracts the DW surface tension.

Parameters that describe the properties of an AQN are the baryon number B, the electric
charge eQ, where Q typically corresponds to the number of positrons that depleted from
an originally neutral AQN and in some scenarios the magnetization M (VanDevender et al.,
2017, 2020b), which will be neglected in this study for reasons of simplification. It will be
shown in later sections that Q highly depends on the temperature of the surrounding gas
as positrons can deplete if the conditions suffice. Upper limits on B can be observationally
constrained e.g. by non-detections from IceCube with ⟨B⟩ > 3 × 1024 (Lawson et al., 2019,
Zhitnitsky, 2022a). B results in the AQN’s mass MAQN and size RAQN, with most recent
detailed predictions on their distribution in Ge et al. (2019) and refined in (Majidi et al., in
prep.). Since mass contributions from the electrosphere and the DW can be neglected, the
baryonic mass component of an AQN can be estimated as follows:

MAQN ≈ mpB ≃ 16.7

(
B

1025

)
g. (1.5)
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In the state of a CS phase, one can assume the nuclear density to be ρn = 3.5×1014 g cm−3

(Zhitnitsky, 2018) resulting in an AQN radius of:

RAQN =

(
3MAQN

4πρn

)1/3

≈ 2.25× 10−5 cm (1.6)

In a non-relativistic Boltzmann regime, McNeil Forbes and Zhitnitsky (2008b) found that
the radial number density of positrons follows:

n(z) ≃ TAQN

2πα

(
1

z + z̄

)2

. (1.7)

It is important to keep the unit conversion in mind. TAQN in Equation 1.7 is in units
of cm−1, and α is the fine-structure constant, and z is the radial distance relative to the
quark core (see Appendix D for unit conversions). At a specific distance above the quark core
surface, a beta equilibrium will be established, which is where beta decay and electron capture
balance out. z̄ is then defined to be the distance where positrons from the electrosphere reach
a chemical potential of µe+ ≃ 10MeV while the beta equilibrium will be maintained (McNeil
Forbes and Zhitnitsky, 2008b). We obtain:

z̄ =
1

√
2παme

(
TAQN

me

)1/4 . (1.8)

It is important to consistently use proper unit conversion in Equation 1.8, too. Therefore,
following Appendix D, me has to be converted into units of cm−1 (for an AQN with TAQN =
1 eV, one obtains for example z̄ ≈ 1.24×10−9 cm). When choosing z = 0, it is not necessarily
the spacial zero-position to the quark surface, but rather the onset of the Boltzmann regime,
where the positrons are not too close to the surface anymore. For increasing TAQN, less
positrons are located directly at the quark surface and therefore n(z) increments, too.

Ionized AQNs are characterized by a charge Q, and we will provide a more detailed
expression for Q in Subsection 2.1.1. Positrons in the electrosphere are loosely bound due
to their thermal motion, which rises with the internal AQNs temperature. One can define
a TAQN dependent region, where positron evaporation causes a certain net-charge Q to the
AQN system that we call r⋆. A rough estimate for r⋆ can be conducted by following Forbes
et al. (2010) and Flambaum and Zhitnitsky (2019):

r⋆ ∼
αQ

TAQN
. (1.9)

Q depends on TAQN and for a rough estimate we can assume Q(TAQN = 1 eV) ≃ 1.46×106

and Q(TAQN = 10−2 eV) ≃ 4.62 × 103, resulting in r⋆(TAQN = 1 eV) ≃ 5.4 × 10−2 cm and
r⋆(TAQN = 10−2 eV) ≃ 1.71× 10−2 cm following Appendix D. In the case of these numerical
examples, this means that (for an AQN of temperature TAQN = 1 eV) 1.46 × 106 positrons
have already left the system, resulting in a negative net-charge proportional to the number of
evaporated positrons. Later in this study, we will find a similar argument as in Equation 1.9
that can be used to determine a radius depending on the environmental gas temperature where
gas particles are slow enough to be captured by an AQN with a charge Q. Figure 1.2 shows the
radial number density of positrons around an antiquark core from z = 0 to r⋆ = 5.4×10−2 cm.

One can calculate the number of positrons below r⋆ by integrating the positron number
density n(z) over a spheric shell in a range of z ∈ [0, r⋆] cm. The total positron number is
therefore:
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Figure 1.2: Radial number density n(z) in the range of z ∈ [1.24 × 10−9, r⋆] cm for an AQN at
TAQN = 1 eV.

Ne+ =

∫ r⋆

0
dz

∫ π

0
dϑ

∫ 2π

0
dφn(z) z2 sinϑ (1.10)

=
2TAQN

α

[
z − z̄2

z̄ + z
− 2z̄ ln(z̄ + z)

]r⋆

0

(1.11)

≈ 2.92× 106 (1.12)

It can be seen in Equation 1.10 that Ne+ = 2Q. These Ne+ positrons try to compensate
negative charges from the antiquark core with Nq̄ = 3Q, such that a net-charge of the full
system of eQ is obtained at r⋆. This means that at r⋆, Q positrons have already left the
system. The exact number of Q at a certain radius depends on TAQN and in general, when
TAQN → 0 we naturally obtain Q → 0 and furthermore Ne+ → 0, because less positrons will
be in thermal motion and start to segregate at the surface for low internal AQN temperatures.
It is important to note that Ne+ ≪ B with ⟨B⟩ ≳ 3 × 1024 (Lawson et al., 2019), because
we only considered positrons in the non-relativistic Boltzmann regime since z = 0 is not the
physical quark core surface. Non-thermal positrons that contribute towards a neutral charge
of an AQN are mostly located at a region closer to the surface, i.e. below z = 0. Only thermal
positrons can contribute to the ionization state of an AQN once their thermal velocity suffices
to escape the system. It becomes apparent that AQN mass contribution from the electrosphere
becomes negligible when considering Mtot,e+ = meNe+ ≈ 2.66× 10−21 g.

The axion DW comprises 1/3 of the total mass of an AQN and extents much further than
the nugget core with an DW radius roughly estimated to RDW ∼ m−1

a ∼ cm (Liang, 2022).
Liang (2022) furthermore described the DW with a thickness of ∼ 10−1 cm. In Figure 1.3, a
not true-to-scale schematic slice of the structure of an AQN is visualized in order to show the
different layers of an AQN at different scales.
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Figure 1.3: Schematic slice of an AQN (not true-to-scale).

1.3 Possible Interaction Scenarios

Throughout this thesis, B, MAQN and RAQN will be fixed to the previously estimated values
of:

B MAQN RAQN

1025 16.7 g 2.25× 10−5 cm

Table 1.1: AQN parameters that were utilized for the numerical analysis throughout this thesis.

A distribution function of these parameters is not well-constrained yet and would drastic-
ally increase the complexity of the system. With the fixed parameters describing a single
AQN, one can infer the anti-AQN’s number density by assuming the mass ratio relation from
Equation 1.4. According to the mass ratio relation, a fraction of 3/5 of the entire dark matter
accounts for anti-AQNs. Since ionized gas in the ICM mainly consists of normal matter, the
highest rate of annihilation processes – and hence visible interactions – will be expected from
anti-AQNs. A third of the total AQN mass comes from the NDW = 1 axion domain wall
(Liang, 2022). Therefore – in order to account for the AQN number density nAQN from the
total ‘observable’ dark matter density ρDM – we would have to multiply a factor of 2/3 by
the DM-AQN ratio. We therefore obtain an AQN number density estimate of:

nAQN =
2

3
× 3

5
× ρDM

MAQN
, (1.13)

which typically scales in a galaxy cluster environment as nAQN ∼ 10−29 cm−3. It is because
of the low number density that AQNs mostly preserve cold dark matter features – provided
they are in a suitable environment, however, the occuring interactions can even yield different
emission processes of AQNs. In the following, different interaction scenarios are listed:
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1 Antimatter AQN interaction with electrons: Electrons can interact with the
electrosphere made up of positrons for antimatter AQNs. A direct emission line of
511 keV from e+e− annihilation can be expected (Oaknin and Zhitnitsky, 2005).

2 Antimatter AQN interaction with protons: Free protons propagating through the
electrosphere can collide with the antiquark core. Depending on the relative velocity of
protons to AQNs and the collision angle, protons can either penetrate deeply into the
core or stop close below the antiquark surface. If a proton annihilates with an antiquark
in central regions of the core, quark-antiquark (qq̄) annihilation can take place and a
total reservoir of 2GeV can be transferred to the AQN’s interior via radiation that
thermalizes the core. This heating process leads to thermal emission of the quark core
in the form of blackbody radiation. If the proton annihilates close to the surface, non-
thermal emission from the 2GeV reservoir can immediately escape the system.

3 Anitmatter AQN annihilation with celestial bodies: As it is discussed in detail
by Liang (2022), antimatter AQNs can annihilate with more matter at the same time.
When AQNs loose potential energy by the loss of mass from the core due to annihilation
processes, axions residing off-shell in the domain wall can be emitted, as they are not
in equilibrium anymore. In order to retain a minimum total energy of the system and
therefore maintain stability of the AQN, axions will be emitted to lower the DW’s mass.

4 Matter AQN interaction with antimatter: Technically, one could expect the same
emission processes from 1 and 2 with matter AQNs with positrons and antiprotons.
However, because of the low abundance of antimatter cosmic rays (e.g. (Hillas, 2006,
Blum et al., 2017)) and the slightly lower abundance of matter AQNs over antimatter
AQNs, it is expected that matter AQNs remain dark for most of the time and electro-
magnetic signals originating from matter AQNs can be neglected.

5 Matter AQN-Antimatter AQN interaction: Even though the electromagnetic out-
come of matter-antimatter AQN interactions would result in an impressive electromag-
netic signature, it is because of the low number density of nAQN ∼ 10−29 cm−3 that
this interaction scenario can be entirely neglected (see comments on this for example
in Zhitnitsky (2022a)). And in spite of the fact that both of the AQNs can have an
attractive influence on each other if ionized, the higher effective cross-section would not
drastically increase interaction rates.

6 AQN-AQN interaction from same particle family: Since AQNs from the same
particle family would only collide by chance with no interaction enhancement by their
ionization state, collisions are expected to be even rarer than in 4 . An electromagnetic
signature would at most be visible by thermalization of a heated AQN after collision.

As we will assume the ICM to consist of ionized hydrogen, this work will only focus on
emission phenomena coming from proton-antimatter AQN interactions. Line emission from
e+e− annihilation, axion emission by strong AQN emission and AQN-AQN self-interactions
will be neglected in this study as thermal and non-thermal AQN emission from proton inter-
actions is presumed to dominate the spectrum.

1.4 Observation Proposals and Mysterious Detections

In the following a few observational phenomena are listed that cannot be explained by con-
ventional theories and propose the possibility to be attributed to direct outcomes of AQN
signatures:
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21 cm absorption line: Observations from the Experiment to Detect the Global EoR
Signal (EDGES) (Feng and Holder, 2018) show strong absorption lines in the 21 cm signal.
These detections might propose the possibility for a stronger than expected radio background
at redshift z > 12. This study proposes that if only 0.1% of the today’s radio background
radiation would be present at early times a signal at a frequency of 90MHz can be seen for
10% of the today’s radio background at early times, a very large effect on the 21 cm signal
can be expected. (Lawson and Zhitnitsky, 2019) have shown that 1% of AQN radiation from
z ∼ 17 is capable of explaining the findings from Feng and Holder (2018).

Diffuse UV Radiation: The diffuse ultraviolet background radiation was studied by
Henry et al. (2015) in which he suggested that not only scattered star-light contributes to
the background emission in ultraviolet frequencies. Based on data from the Galaxy Evolution
Explorer (GALEX) (Martin et al., 2005), they proposed that a more exotic origin might
additionally constitute to this background emission as simple dust scattering models cannot
fully explain this excess. The authors further introduce the concept of an additional exotic
component to be of galactic nature and suggest the exotic component to originate from dark
matter. While exploring different dark matter models, Henry et al. (2015) could not find a
reasonable mechanism to explain the shelf-like excess in a band-pass of ν ∈ [1350, 2800]Å ∼
[4.4, 9.2] eV. According to Zhitnitsky (2022b), hot AQNs with a temperature of TAQN ∼ 5 eV
are a possible source for this wide-band background emission. AQNs are indeed suitable
candidates, as they naturally show a relative broad spectral emission feature.

511keV line: Analysis from the spectrometer SPI on the INTEGRAL gamma-ray ob-
servatory, conducted by Knödlseder et al. (2003) resulted in a constraint on the morpho-
logy of a 511 keV line emission coming from the galactic center. This study constrained the
geometry of the bulge by this emission feature and provide estimates on the e+e− annihil-
ation rate for a distance of 8.5 kpc to amount up to (3.4 − 6.3) × 1042 s−1 with a flux of
9.9+4.7

−2.1 × 10−4 photons cm−2 s−1. Oaknin and Zhitnitsky (2005) estimate AQNs to consti-
tute to this line with a flux of 10−3(1033/B)1/3 photons cm−2 s−1 with the baryon charge B.4

However, they claim that they would expect a narrower distribution of 511 keV photons by
assuming a galactic dark matter density profile of ρDM ∼ r−γ with γ ∈ [0.4, 0.8]. In addition,
estimates by Oaknin and Zhitnitsky (2005) are strongly model-dependent. Follow-up studies
found that the 511 keV line must be narrow and is likely produced by the annihilation of po-
sitioniums (Jean et al., 2006, Weidenspointner et al., 2006). Zhitnitsky (2007) found that the
mechanism of positronium annihilation would be feasible by the AQN model and estimated
a similar line width as proposed by (Jean et al., 2006, Weidenspointner et al., 2006). More
details on the 511 keV line in the AQN framework were additionally provided by (Forbes
et al., 2010). Flambaum and Samsonov (2021) discard the idea of electrons annihilating in
the positron cloud being able to explain the SPI/INTEGRAL observations and propose that
more sophisticated proton-antiquark annihilations might provide a more suitable mechanism.

Chandra’s diffuse kBT ≈ 8keV emission: After subtraction of known X-ray sources,
Chandra measurements from the galactic center show a diffuse emission that would correspond
to a kBT ≈ 8 keV plasma (Muno et al., 2004). Explanations of this study ruled out radiating
sources of ≥ 1031 erg s−1 to be attributed to this diffuse emission and that sources either must
be fainter or that heating mechanisms of the ISM are not sufficiently understood yet. McNeil
Forbes and Zhitnitsky (2008a) predict that this diffuse X-ray emission can be attributed to
the non-thermal emission of AQNs produced by interactions of protons with the anti-quark
core of an AQN.

Comptol gamma ray photons in a 1− 20MeV energy range: Analyzed by Strong
4In fact, Oaknin and Zhitnitsky (2005) additionally proposed a flux that scales with (1018/B)1/3. However,

since lower bound non-detection constraints require ⟨B⟩ ≳ 3× 1024 (Lawson et al., 2019), a baryon charge of
1018 can be discarded for AQNs. The other flux estimated by Oaknin and Zhitnitsky (2005) desires B to be
8 magnitudes larger than in Equation 1.5. As only lower bound non-detection constraints exist, B ∼ 1033 is
a valid assumption.
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et al. (2000), their model for diffuse galactic gamma rays struggles to explain an excess of
photons in a range of 1− 20MeV observed by COMPTEL. Alongside by the 511 keV line, a
high energetic emission of photons in a broader range of 1−20MeV accompanied by the same
mechanism. Lawson and Zhitnitsky (2008) attribute these processes to e+e− annihilations in
the electrosphere, while Flambaum and Samsonov (2021) argue that the electric field of the
AQN is responsible for a strong suppression in electron-positron interactions as anti-AQNs
exhibit a repelling characteristic to negatively charged particles. Protons annihilating with
antiquarks from the nugget core might be able to reproduce gamma ray photons as a trapped
proton reduced the net electric charge, and positrons can deplete by an increase of internal
AQN temperature and in order to maintain electric neutrality. The evaporated positrons are
then free to interact with surrounding free electrons from the ISM.

Diffuse microwave excess: Thermalization of AQNs after proton-antiquark annihilation
in the core is expected to be the source of low energy photons that are e.g. observed from
the core of the Milky Way. McNeil Forbes and Zhitnitsky (2008b) suggest that this thermal
AQN radiation can explain the observations that were discussed by Finkbeiner (2004a,b),
Finkbeiner et al. (2004), Hooper et al. (2008), Dobler and Finkbeiner (2008) that pose a
difficulty to attribute known physical sources to observations by the Wilkinson Microwave
Anisotropy Probe (WMAP). The thermal AQN emission would be capable to contribute to a
wide spectral range originating from annihilation-heated AQNs.

Solar corona, EUV and X-ray photons: Observations in extreme ultraviolet (EUV)
and soft X-rays have been discussed in context with coronal heating by Testa et al. (2015).
Additional contributions of coronal heating might be possible by nanoflares resulting from
AQNs that collide with the sun. If such an event occurs, AQNs can fully annihilate and
result in LAQN ≃ 4.8× 1027 erg s−1 (Zhitnitsky, 2017). Large solar flares that are anticipated
to be caused by magnetic reconnection events triggered by shock waves, which in return are
established by supersonic AQNs in the solar atmosphere (Zhitnitsky, 2018). Further, detailed
studies on explaining nanoflares via AQN annihilation in connection with coronal heating
were presented in Raza et al. (2018) while occasional radio emission events were pointed out
in Ge et al. (2020) detected by Mondal et al. (2020). Because multiband detections originate
from the same event, transient radio signals must cross-correlate with EUV photons. Radio
emissions are attributed to plasma instability that develop under the injection of electrons
with a non-thermal, high energy component (Thejappa, 1991). Ge et al. (2020) argue that
non-thermal electrons can be produced at the onset of annihilation once AQNs enter the solar
corona.

Fast radio bursts: Since Fast Radio Bursts (FRBs) are typically not recurring events
and there whereabouts have to be predicted, when and where one could expect a new event,
these transients are still challenging to understand within our today’s physical understanding.
It is believed that magnetars are very likely to host FRBs near the surface due to magnetic
reconnection, as strong magnetic fields of the order of ∼ 1014G can be reached (see for
example Kumar et al. (2017) and Lu and Kumar (2018)). An explanation for triggering
magnetic reconnection events was provided by Van Waerbeke and Zhitnitsky (2019) utilizing
the AQN model. A mechanism that initiates such cataclysmic events can be provided by AQNs
that cause shock waves in the vicinity of the magnetar’s surface due to their high relative
velocity. According to the author, these shock waves are responsible for triggering magnetic
reconnection of preexisting magnetic fluxes. A process driving magnetic reconnection by shock
waves was motivated by Tanuma et al. (2001) in a different physical environment.

Primordial lithium puzzle: A mystery addressing a long-lived cosmological problem is
the primordial lithium puzzle, where fewer elements with metallicity of Z ≥ 3 than expected
were formed in the early universe. It was already mentioned in Section 1.1 that the quark core
of AQNs will occupy very dense phases in a CS state that makes them passive in interactions
and confers them the feature as a ‘dark matter’ particle. A far-reaching consequence is that
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during the BBN, a strong suppression of Z ≥ 3 elements is abundant. (Flambaum and
Zhitnitsky, 2019) propose that the charge of elements with higher metallicity than helium
itself has a strong impact on the cosmological abundance of heavier elements too. Elements
with a charge Z > 2 are proposed to be captured by anti-AQNs and subsequently annihilated.
Additionally, Flambaum and Zhitnitsky (2019) argue that helium and hydrogen nuclei are not
affected by annihilation as strongly as heavier ones. The suppression factor for the synthesis
of elements with Z ≥ 3 comes from a similar expression as displayed in Equation 1.9, with
the only difference being Tgas instead of TAQN. This defines a radius where ionized AQNs are
capable of capturing gas particles that do not exceed a thermal velocity, i.e. αQ > mpv

2
p/2

with the proton mass mp. It is because of this capture radius that ions from lithium and
beryllium are strongly attracted and subsequently annihilated by anti-AQNs.

Skyquarks: Budker et al. (2022) discuss the consequences of AQNs hitting the earth and
point out that a series of events could accompany these collisions. According to this study,
infrasound, acoustic and seismic waves can directly be attributed to AQN-earth encounters.

Seasonal X-ray variations: Seasonal variations in the X-ray background detected by
XMM-Newton in the energy range of 2 − 6 keV were concluded by Fraser et al. (2014). Ge
et al. (2022) propose that the AQN can explain these observations using the motion of the
solar system around the galactic center. They claim that – as the sun passes through an
approximately circular orbit – it would experience a relative constant dark matter wind of
vDM ≃ 220 km s−1. The motion of the earth would therefore experience season-dependent
variations of the dark matter wind due to relative changes in the direction of the motion
during one year. It has to be considered that directional dark matter wind influencing the
sun and also being of the same orbital velocity of the sun around the galactic center is a
strong assumption, as it presumes dark matter particles to be static with respect to the
galactic rotation.

According to a study conducted by Lacroix et al. (2020), halo particles show to follow a
rather isotropic motion. They used a cosmological zoom-in simulation and analyzed the halos
of spiral galaxies. In Figure 6 of their study, one can see e.g. that, at a radial distance where
the sun in the Milky Way is anticipated to be located of r ∼ 8 kpc, β(r ≤ 10 kpc) is relatively
close to 0, which implies the motion of the halo to be isotropic. In addition, it is shown
in Figure 11 (Lacroix et al., 2020) that in a radial distance bin of r ∈ [7, 9] kpc the velocity
distribution of halo particles has a width of multiple ∼ 102 km s−1. Changes in the distribution
of AQN velocities would therefore intuitively be larger than seasonal dependent changes due
to earth’s motion which is proposed to be of the order ∆vearth = cos(60◦)×vearth = 15 km s−1

(Ge et al., 2022).
Multi-modal events detected by Horizon-T: Multi-Modal Events (MMEs), i.e. de-

tections of particle showers with different energies in close succession were detected by the
Horizon-T experiment (Beznosko et al., 2020). Zhitnitsky (2021b) argue that these MMEs
can be explained in the AQN framework and the result of the AQN annihilation events must
be distinct from the conventional cosmic ray air showers.

Exotic events by the Pierre Auger Observatory: Cosmic ray-like events related to
thunderstorms were observed by the Pierre Auger Observatory (Colalillo, 2019). AQNs can
induce lightning strikes and subsequent direct emission from AQNs as proposed by Zhitnitsky
(2022a).

Shower-like events detected by the Telescope Array: Short time bursts were de-
tected by the Telescope Array (TA) and documented in Abbasi et al. (2017) and Okuda
(2019). AQN annihilations might resolve the mysteries regarding these observations (Zhitnit-
sky, 2021a, Liang and Zhitnitsky, 2022a).

Unexplained events by ANtarctic Impulse Transient Antenna: Observations by
ANtarctic Impulse Transient Antenna (ANITA) propose the detection of anomalous events
(Gorham et al., 2016, 2018, 2021). Non-inverted polarity is a feature that was observed for
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two events that cannot be explained by conventional cosmic ray events. It was proposed
by Liang and Zhitnitsky (2022b) that non-inverted polarity might be a feature that can be
reproduced by AQNs.

3.57keV excess in the spectra of galaxy clusters: As a final remark of this Section,
a intriguing spectral feature in the X-ray regime of galaxy clusters was inferred by (Bulbul
et al., 2014). They found an emission line in the stacked X-ray spectra of 73 galaxy clusters at
E = (3.55− 3.57)± 0.03 keV. While a decay line by sterile neutrinos was discussed amongst
other possible sources for this excess, other dark matter candidates were not addressed. We
would like to point out that it will come clear in the following sections that an excess in the
high energy regime in the spectra of galaxy clusters produced by non-thermal AQN emission
is not absurd. A cascade of discussions addressing alternative dark matter models regarding
the findings from Bulbul et al. (2014) were published (see for example Bashkanov and Watts
(2020), Kuksa and Beylin (2020), Belfatto et al. (2022), Nielsen and Froggatt (2023)). These
studies refer to dark matter models that include quarks to some extent, with the dusty dark
matter model by Nielsen and Froggatt (2023) coming close to the AQN model. However, none
of these and other studies appearing in the citation list5 studied AQNs with regards to the
3.57 keV emission line discovered by Bulbul et al. (2014), and we will discuss the results of this
work with respect to their findings as we focus on galaxy cluster emission in a full spectrum
in a range of ν ∈ [10−8, 108]/(2π) eV. Gonzalez Villalba (2024), on the other hand, point out
that observed excesses can be of non-physical origin due to calibration issues. Calibration
routines have to account for individual features in the effective areas in the 3− 4 keV regime,
and (if the signal-to-noise ratio is too high) unidentified line features can appear.

5See on the Astrophysics Data System (ADS): https://ui.adsabs.harvard.edu/abs/2014ApJ...789...
13B/citations

https://ui.adsabs.harvard.edu/abs/2014ApJ...789...13B/citations
https://ui.adsabs.harvard.edu/abs/2014ApJ...789...13B/citations
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Chapter 2

Methodology

2.1 Physical Description of AQNs

2.1.1 Internal AQN Temperatures Through Ambient Gas Interactions

Internal temperature of AQNs are influenced by annihilation processes of protons penetrating
through a nugget with anti-quarks from the inner core. The internal temperature of a nugget
can be estimated from the conservation of energy. More precisely, if a proton will be captured
by an AQN, the injected energy must equal the radiative output. Protons can be captured
more efficiently if the anti-quark nugget is ionized, but loses efficiency under certain conditions
of the environment – we therefore have to introduce an effective cross-section σeff to model
collision rates. The energy conversion efficiency during a collision depends on a proxy for
the probability of quantum reflection for neutral gas called f , and the key contribution of
photon production g ≃ 0.1. Because of the increased Coulomb potential in an ionized gas,
the quantum reflection probability P = (1− f) is highly suppressed, and we therefore obtain
f ∼ 1. The Coulomb potential causes the hydrogen ion to be trapped around an AQN until
the final collision and therefore annihilation occurs. The injected energy per unit time can be
estimated by:

dE

dt
=

σeff
V

Ngas∆E∆v (2.1)

= σeffngas∆E∆v. (2.2)

∆E is the energy which will be released by an annihilation event of a single proton amount-
ing up to ∆E ∼ 2mpc

2 ≈ 2GeV and ∆v = |vAQN − vgas| is the relative AQN-proton velocity.
The radiative output is the luminosity of a nugget with radius RAQN, i.e.:

L = 4πR2
AQNF (2.3)

If we set dE/dt = L and after reexpressing the effective cross-section σeff = κπR2
AQN using

the scaling parameter κ, we obtain the expression:

F = 2GeV
κ

4
ngas∆v(1− g)f (2.4)

As a consequence of the internal temperature increase due to the annihilation process, the
positrons in the electrosphere will be accelerated and emit Bremsstrahlung. In natural units,
i.e. c = ℏ = 1 and h = 2π, the total surface emissivity of an AQN is calculated by McNeil
Forbes and Zhitnitsky (2008b) and is given by:

F ≈ 16α5/2

3π
T 4
AQN

(
TAQN

me

)1/4

. (2.5)
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α is the fine-structure constant and TAQN is the internal temperature of the AQN. After
equating Equation 2.4 with Equation 2.5, one can solve for TAQN and obtains:

TAQN =

(
3πm

1/4
e

32α5/2
GeVngas∆v(1− g)fκ

)4/17

. (2.6)

Equation 2.6 can be represented in a more intuitive way if we use scaling parameters
of ngas ∼ cm−3 and ∆v ∼ 10−3c. It shall be noted that in galaxy cluster environments
the number density of gas scales with ngas, cluster ∼ 10−3cm−3. However, we will use the
higher density scaling parameter in order to maintain consistency with the results from the
underlying literature. Utilizing the numerical conversion values displayed in Appendix D, we
obtain:

TAQN ∼ β4/17 eV
( ngas

cm−3

)4/17( ∆v

10−3c

)4/17((1− g)f

0.9

)4/17

κ4/17, (2.7)

with β = 0.011963. The numerical factor κ boosts the internal AQN temperature if
the effective cross-section is larger than its geometrical cross-section. We therefore use the
following condition for each AQN:

κ =





(
Reff
RAQN

)2
, Reff > RAQN

1, Reff ≤ RAQN

(2.8)

In order to find an expression for Reff , two important contributions have to be taken
into account. First, the charge of an AQN Q, which is a proxy for the ionization stage, and
second, the temperature of the surrounding plasma. In galaxy clusters, the ICM consists of
highly ionized gas with temperatures of TICM ∼ keV. In an entirely ionized gas, Zhitnitsky
(2023) shows that cross-section of AQNs can scale with Reff instead of RAQN, leading to a
potential increase in the collision efficiency with the surrounding gas. It is important to note
that geometrical radii of AQNs are of the order of RAQN ∼ 10µm and – given that the gas
number density in galaxy clusters is of the order of ngas ∼ 10−3 cm−3 – collision rates with
surrounding particles can be quite low if Reff < RAQN. It is possible to derive Reff from
physical properties of the nugget and its environment.

In the following Zhitnitsky (2023) proposes that the potential energy of attraction for
AQNs in an ionized gas scales with the thermal energy of the plasma in the environment, i.e.:

αQ

Rcap
∼

mpv
2
p

2
∼ Tgas, (2.9)

with the fine-structure constant α, the charge Q, the proton mass mp and proton velocity
vp. It is striking that Equation 2.9 differs from Equation 1.9, as r⋆ labels the radius at which an
AQN is ionized by a factor of Q, which only depends on its internal temperature. Equation 2.9,
on the other hand, shows at which radius an ionized AQN is able to capture protons from
the gas with thermal velocities of Tgas ∼ mpv

2
p. What follows from this scaling relation is a

capture radius which decreases for increasing gas temperatures. Zhitnitsky (2023) used the
capture radius instead of the effective radius with Rcap =

√
πReff . In this thesis, however, we

will adapt the convention of using Reff instead of Rcap. After reexpressing Equation 2.9, we
obtain the following relation:

Reff =
αQ

Tgas
√
π

(2.10)

It is important to note that Q is in fact a function of TAQN. The higher TAQN, the
higher the thermal motion of positrons in the electrosphere with positrons following a non-
relativistic Boltzmann regime (McNeil Forbes and Zhitnitsky, 2008b). If kinetic positron
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energies exceed the potential energy of the AQN, it is possible for positrons to deplete, leading
to a negative charge for anti-AQNs. The positrons are rather weakly bound and the number of
positrons Q which are likely to evaporate from the AQN can be estimated by using the mean
field approximation (McNeil Forbes and Zhitnitsky, 2008b) of the local density of positrons
n(z, TAQN) at a distance z from the surface of an AQN. Following Zhitnitsky (2023), we
obtain:

Q ≈ 4πR2
AQN

∫ ∞

0
n(z, TAQN) dz ∼

4πR2
AQN√
2πα

(meTAQN)

(
TAQN

me

)1/4

(2.11)

For reasons of consistency, me and units of cm from Equation 2.11 will be reexpressed in
units of eV using natural units (i.e. c = ℏ = 1 and h = 2π). Unit conversions into eV are
displayed in Appendix D. We thereby obtain:

Q ≃ 1.46× 106
(
TAQN

eV

)5/4( R

2.25 · 10−5 cm

)2

(2.12)

Now, we can insert Equation 2.12 into Equation 2.10 and find:

Reff =
21.03√

π
× 10−2 cm

(
1 eV

Tgas

)(
TAQN

1 eV

)5/4( R

2.25 · 10−5 cm

)2

(2.13)

Now, it is possible to insert Equation 2.6 into Equation 2.13 and use κ = (Reff/RAQN)
2

to solve for Reff . We then obtain:

Reff ≃ 1043.64 cm
( ngas

cm−3

)5/7( ∆v

10−3c

)5/7( R

2.25 · 10−5cm

)24/7(1 eV

Tgas

)17/7

. (2.14)

κ in the case of Reff > RAQN can then be reexpressed as:

κ ∼
(

1043.64 cm

2.25 · 10−5 cm

)2 ( ngas

cm−3

)10/7( ∆v

10−3c

)10/7( R

2.25 · 10−5cm

)34/7(1 eV

Tgas

)34/7

. (2.15)

It is thereby possible to insert Equation 2.15 in Equation 2.7 to find:

TAQN = 1430.31 eV
( ngas

cm−3

)4/7( ∆v

10−3c

)4/7( R

2.25 · 10−5cm

)8/7(1 eV

Tgas

)8/7

. (2.16)

It is important to keep in mind that in cluster regimes, high gas temperatures usually
lead to κ ≈ 1. This can be shown when using the case distinction from Equation 2.8 and
Equation 2.15 to check at which gas temperature κ = 1. It is shown in Figure 2.1 that if
extremely high relative velocities can be reached, κ > 1 in regions where the ICM is no hotter
than 527.59 eV ≈ 6.12×106K. AQNs with relative velocities of ∆v ∼ 108 cm s−1, on the other
hand, are more likely, but require ICM temperatures of Tgas ≲ 268.04 eV ≈ 3.11 × 106K to
gain factors of κ > 1. Since typical ICM temperatures are in the range of TICM ∼ 107 − 108K
(e.g. Sarazin (1986), Navarro et al. (1995), Mohr et al. (1999)), it is rather unlikely that many
AQNs in central regions of galaxy clusters will obtain Reff ≫ RAQN. With κ = 1 and taking
the expression from Equation 2.7, TAQN obey the following scaling after inserting suitable
cluster parameters:

TAQN ∼ 6.95 · 10−2 eV
( ngas

10−3 cm−3

)4/17( ∆v

10−3 c

)4/17((1− g)f

0.9

)4/17

(2.17)
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It might be possible to find regions of sufficiently low temperatures where the infalling
substructures still can reach high ∆v. For galaxies moving along the filaments and falling
towards the central potential of the cluster chances would be increased. A high initial velocity
in the filament would help to reach the desired velocity of the galactic halo with respect to the
ICM. It is subject to Subsection 3.1.3 to provide further details on the radial velocity profiles.

101 102 103

Tgas [eV]

101

103

105

107

κ

κ-Scaling in Different Environments

ngas = 10−3cm−3, ∆v = 105cm s−1, T crit
gas = 35.14 eV

ngas = 10−3cm−3, ∆v = 106cm s−1, T crit
gas = 69.17 eV

ngas = 10−3cm−3, ∆v = 107cm s−1, T crit
gas = 136.17 eV

ngas = 10−3cm−3, ∆v = 108cm s−1, T crit
gas = 268.04 eV

ngas = 10−3cm−3, ∆v = 109cm s−1, T crit
gas = 527.59 eV

Figure 2.1: Transitions from κ ≥ 1 to κ = 1 for different environmental properties of ngas and ∆v.
The critical temperatures T crit

gas mark the transitional gas temperature of κ ̸= 1 to κ = 1.

2.1.2 Radiation Processes of AQNs

AQNs can emit both thermal and non-thermal radiation. The key process is the annihilation
of protons with anti-quarks in the core and – depending on how far a proton originating from
the ionized gas can penetrate through the core – annihilation emission of the energy 2GeV
can either occur close to the surface or far in the centre of the quark core. The total surface
emissivity was already introduced in Equation 2.5 which was derived by McNeil Forbes and
Zhitnitsky (2008b). It is the integral F of the spectral surface emissivity dF/dω obtained by
integrating the emissivity E(z) = dE/dt/dV of a Boltzmann gas of positrons for the cross-
section of two positrons emitting a photon in the Boltzmann regime. The emissivity of the
positrons in the electrosphere depends on the positrons’ number density n(z, TAQN), which in
return depends on the radial distance z from the surface of the quark core (cf. Section 1.2)
and the internal AQN temperature. It is explained in detail in McNeil Forbes and Zhitnitsky
(2008b) that in these regions the emissivity will have the following form:

dE
dω

=
8α

15

(
α

me

)2

n2(z, TAQN)

√
2TAQN

meπ

(
1 +

ω

TAQN

)
e−ω/TAQNh

(
ω

TAQN

)
(2.18)

=
8α

15

(
α

me

)2(TAQN

2πα
(z + z̄)−2

)2√2TAQN

meπ

(
1 +

ω

TAQN

)
e−ω/TAQNh

(
ω

TAQN

)
(2.19)

(2.20)

Here, z̄ is an integration constant. After integrating, McNeil Forbes and Zhitnitsky (2008b)
obtained the following expression:
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dF

dν
≃ 1

2

∫ ∞

0

dE(ν, z)
dω

dz (2.21)

∼ 8

45
α5/2T 3

AQN

(
TAQN

me

)1/4

· f(x) (2.22)

With f(x) being:

f(x) = (1 + x)e−x

{
(17− 12 ln(x/2)), x < 1

(17 + 12 ln(2)), x ≥ 1
(2.23)

and x = 2πν/TAQN. Majidi et al. (in prep.) rewrote Equation 2.21 in physical units. This
also changes x to x̃ = 2πℏν/(kBTAQN), such that we get:

dF (ν)

dν
=

8

45

α5/2k3BT
3
AQN

ℏ2c2

(
kBTAQN

mec2

)1/4

· f(x̃) (2.24)

The definition in Equation 2.24 provides that TAQN must be given in units of K. Figure 2.2
shows a plot of dF (ν)/dν for a set of internal AQN temperatures for ν ∈ 1.59× [10−9, 105] eV.
Temperatures which fall into the cluster regime are mostly abundant in the radio- and mi-
crowave bands.
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Figure 2.2: Spectral range for thermal emission from AQNs. The magnitude and width of a thermal
spectrum increases for increasing TAQN and can reach from radio to X-ray frequencies for extraordinary
hot AQNs.

In the case of an annihilation process taking place at the surface of an AQN, one would
expect non-thermal radiation to dominate, because energy can immediately escape as photons
without being scattered in the core and hence no heating process will take place. Without
providing a rigorous physical motivation, McNeil Forbes and Zhitnitsky (2008a) proposed the
non-thermal emission per frequency to scale with:

dF (ν)

dν
=

ν

νc

∫ ∞

ν/νc

K3/5(x) dx (2.25)
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K3/5(x) is the second modified Bessel function. The critical frequency νc = ωc/(2π) was
approximated by McNeil Forbes and Zhitnitsky (2008a) to be of the order of 30 keV following:

ωc ∼
√

2α

3π

(
z0

z + z0

)2 µ2
0

ϵ0 + µ0
, (2.26)

with z0 being the characteristic radial distance from the quark core surface, where the
mean field approximation in the relativistic regime plays a dominant role. For a positron’s
chemical potential of µ0 ∼ 10MeV, the characteristic distance would be z0 ≃ 1.29×10−11 cm.
z can be any radial distance greater than z0 that was not specified in their estimation. ϵ0 is
the positron’s energy and is of the order of 5MeV. Since no precise numerical value for ωc

can be established, we adapt the conventional value of ωc = 30 keV throughout this thesis.
For the expression of the synchrotron function

F(x) = x

∫ ∞

x
K3/5(x

′) dx′ (2.27)

various approximations can be estimated by different approaches and integration methods
(see for example Crusius and Schlickeiser (1986), Rybicki and Lightman (1986), Weniger
and Cížek (1990), Seidel (2003), Fouka and Ouichaoui (2013, 2014), Yang and Chu (2017),
Palade and Pomârjanschi (2023)). Majidi et al. (in prep.) provided an analytical function to
approximate Equation 2.27 provided that the synchrotron radiation is from a highly correlated
beam:

F(x) ≈ 1.81xβe−x ≡ 1.81x1/3e−x. (2.28)

It is important to note that β is usually not a fixed number and can vary depending on the
energy distribution of positrons. Additionally, the exponent depends on the emission mech-
anism at the nugget’s surface, which can be free-free emission rather than synchrotron. This
would result in β = 0. It has been discussed to set β as a free parameter until further studies
will provide better constraints. In order to obtain a rough understanding on the cosmolo-
gical impact of the non-thermal emission on cluster environments, we follow the convention
to adapt the numerical value of β ≡ 1/3 in our work, but have to keep in mind that the non-
thermal AQN spectrum is not constrained well enough to propose definite predictions. With
this in mind the non-thermal AQN emission has to be understood with caution. Nevertheless,
the total surface emissivity of the non-thermal component can then be calculated by first,
integrating over the whole spectrum:

FX-ray(ν) =

∫ ∞

0
F(ν) dν (2.29)

=
1.81

ν
1/3
c

∫ ∞

0
ν1/3e−ν/νc dν (2.30)

After substituting ν/νc in the exponent of the integrand, we will find the following ex-
pression:

FX-ray(ν) = 1.81νc

∫ ∞

0
u1/3e−u du (2.31)

This integral can be solved by the integral form of the Γ-function:

Γ(n) =

∫ ∞

0
xn−1e−x dx. (2.32)

Which gives us for the emission integrated over all frequencies:
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FX-ray(ν) = 1.81νcΓ

(
4

3

)
(2.33)

After solving Equation 2.33 for 1.81 and inserting it in:

dF (ν)

dν
= 1.81

(
ν

νc

)1/3

e−ν/νc , (2.34)

one finds the following expression:

FX-ray(ν) = νcΓ

(
4

3

)
dF (ν)

dν

((
ν

νc

)1/3

e−ν/νc

)−1

(2.35)

Commencing with Equation 2.3, the luminosity being radiated by an AQN after the col-
lision of ionized particles is:

dE

dt
= 4πR2F (2.36)

with the total energy which is injected after one collision:

dEX-ray

dt
= 2GeVfgσeff∆vngas (2.37)

Which is almost the same expression as Equation 2.4 with the main difference being the
factor fg instead of (1 − g)f . This is because now – instead of thermalizing in the nugget
with the fraction (1 − g) – we consider the fraction g that is radiated non-thermally after
annihilation. The two equations lead to the expression:

FX-ray(ν) =
2GeV

4πR2
fgσeff∆vngas (2.38)

After setting Equation 2.35 equal to Equation 2.38, one obtains:

dF (ν)

dν
=

2GeVfg

4Γ(4/3)

ngas∆v

νc

(
Reff

R

)2( ν

νc

)1/3

e−ν/νc (2.39)

Here, σeff = πR2
eff was used. As a second option we try to physically motivate the approx-

imate solution of the synchrotron function as an alternative expression to Equation 2.28. It
is important to account for random emission directions and one has to consequently compute
the angle averaged spectral emission. Crusius and Schlickeiser (1986) carried this out for a
mono-energetic isotropic electron distribution. Further, it should not matter whether we are
considering positrons or electrons. We therefore present the approximate analytical solution
provided by Enßlin et al. (1999):

F̃(x) = x

∫ π/2

0
dθ sin θ

∫ ∞

x/ sin θ
dx′K3/5(x

′) (2.40)

=
22/3

Γ(11/6)

(π
3

)3/2
x1/3 exp

(
−11

8
x7/8

)
(2.41)

After following the same steps for the integration, the non-thermal X-ray radiation can
be expressed using Equation 2.40:

dF (ν)

dν
=

2GeVfg

464
77

(
8
11

)11/21
Γ(32/21)

ngas∆v

νc

(
Reff

R

)2( ν

νc

)1/3

exp

(
−11

8

(
ν

νc

)7/8
)

(2.42)
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The function modelling the non-thermal spectrum peaks at a frequency related to the
critical frequency. It is important to note that the critical frequency of νc = 30 keV/(2π),
whose numerical value is set to 30 for conventional reasons, is not strictly constrained. The
peak of the non-thermal emission shifts with the choice of νc. Here we will briefly present the
peak frequency as a function of the critical frequency. First, a simpler form of Equation 2.42
can be defined by:

F̃ν =

(
ν

νc

)1/3

exp

(
−φ

(
ν

νc

)γ)
(2.43)

By taking the derivative of Equation 2.43, the maximum can be found at a frequency of:

νmax =
νc

(3φγ)1/γ
. (2.44)

In the case of Equation 2.42, the parameters of Equation 2.44 become φ = 11/8 and
γ = 7/8, which yields νmax ≈ 1.10 keV. A plot of the non-thermal spectrum for typical Reff ,
ngas = 10−3cm−3 and ∆v = 107cm s−1 in a galaxy clusters is shown in Figure 2.3. In most
cases, Reff = RAQN, and when comparing this to Figure 2.2 for typical AQN temperatures
in galaxy clusters (TAQN ∈ [10−2, 10−1]eV), it can be seen that the non-thermal emission is
expected to be a few orders of magnitude lower than the thermal emission.
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Figure 2.3: Non-thermal AQN emission spectrum for different Reff . The position of the peak frequency
is independent of the size of Reff .

As a final remark, it has been discussed by other groups that the synchrotron function for
modeling the non-thermal emission leading to a 1/3 exponent in (ν/νc)

1/3 of Equation 2.42
might not be suitable, and larger exponents can be expected. It is therefore likely that this
exponent will be left as a free parameter and that 1/3 will be discarded in future studies.

In a system of multiple AQNs a more appropriate representation of radiation is the emissiv-
ity jν , which depends on the number density of AQNs nAQN, and it is therefore crucial to
evaluate the local number densities at each AQN instead of assuming a single nAQN (the
denser the environment, the more emission we can expect). A more detailed description how
local properties in a particle simulations are inferred will be presented in Subsection 2.2.1.
We will adapt Equation 1.13 for describing the number density, while we have to keep in mind
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that ρDM,i should be evaluated at the ith AQN tracer particle. The emissivity is represented
by:

jν = 4πR2
AQNnAQN

dF (ν)

dν
. (2.45)

2.2 Emission of Simulated Particles

2.2.1 Mapping AQN Properties onto Halo Tracer Particles

Cosmological simulations in the SPH formalism use tracer particles to represent environmental
properties in a specific region. Depending on the resolution in our simulation a tracer has a
mass of Mpart ∼ 109 − 1010h−1M⊙. In the underlying AQN model, a particle will represent
properties of temperature, density and its velocity relative to the environment within the
region it exists in. In our analysis of the simulation, particle families are split into gas and
halo tracer particles. The motion of halo tracer particles is only defined by their gravitational
interactions with their surroundings. It is because of this property that halo tracer particles
will serve as tracers for AQNs in this analysis. As proposed in Equation 2.16, physical
properties of AQNs rely on the cluster environment – more specifically, on the underlying
gas properties of the ICM. It is not trivial that gas properties of SPH tracer particles can be
mapped onto a single halo tracer particle and it will therefore described in more detail how
the mapping process was numerically implemented.

Tree Construction

Initially, the number of neighbouring gas particles that can influence the AQN properties was
defined to be Nneigh = 200. Due to the sheer amount of hundreds of millions of particles within
a single snapshot, it can be a tricky task to collect all neighbouring gas particles surrounding
individual AQN particles. Sophisticated sorting algorithms that can provide a well-ordered
data structure on the basis of the desired circumstances are therefore required to reduce
the computational effort. In addition, structuring the gas particles by an algorithm that
easily provides access to the metrics is also necessary. The package NearestNeighbors.jl
(Carlsson et al., 2022) is a useful tool providing a built-in function to sort particles by the
k-d tree algorithm.

A k-d tree generally splits points recursively into groups – in k dimensions, hyper-planes
are responsible for splitting the sectors. In Figure 2.4, a distribution of gas particles (red
circles) is shown in a simplified setting for k = 2 dimensions. The algorithm starts to bisect
the particles alongside an initial orientation which can arbitrarily be chosen, depending on
the implementation on how the partition rules are set. In this example the initial orientation
was set to be the x-axis with the x-position of the particle being closest to the median x-value
of all particles in the underlying sector setting the intersection that divides the space in two
(see line 1 ). ‘A’ is therefore the root of the tree. Since the space is now separated in a left
and right portion, particle position of the median y-position in each sector are computed and
taken for the horizontal lines to separate the two halves (see lines 2 and 3 ). This goes on
until particles remain as leaves on the tree structure after intersecting the initial space in a
maximum amount of subspaces. In this example ‘E’ and ‘F’ represent leaves of the tree.

Nearest Neighbour Localisation

Given a metric-constrained structure in the particle distribution it is now significantly easier
to find nearest neighbours to a particle that is not part of the tree from the initial particle
distribution. Figure 2.5 shows that only a few relations have to be considered to find the
corresponding nearest neighbour to the AQN particle that is visualized in a simplified manner
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Figure 2.4: Schematic construction of a k-d tree starting from particle ‘A’.

in this sketch. This algorithm can recursively be carried out until the desired number of
neighbours to the specific AQN were found.

Property Mapping

Now that for each AQN all gas particles were localized, the relative velocities in each of the
x, y and z-coordinates to all neighbouring gas particle were calculated to infer the absolute
relative velocity which is then saved in an array. Depending on their distance relative to
the gas particles, AQNs are characterized by different weights W for each neighbouring gas
particle. Kernel weights are usually a function of the corresponding kernel function kK , the
AQN distance to the jth gas particle di,j and the smoothing length hAQN,i = max(d) if
d ̸= 0 of an AQN with respect to the jth gas particle, i.e. WAQN(kK , di,j , hAQN,i) and can be
calculated by using the package SPHKernels.jl (Böss, 2023). A 3-dimensional Wendland C2
kernel was chosen for AQNs and a 3-dimensional Wendland C4 for gas particles (see Dehnen
and Aly (2012) for choosing kernels). When considering the ith AQN particle any arbitrary
SPH property Aj of the jth gas particle can be calculated according to Dolag et al. (2008)
via:

⟨Ai⟩ =
Nneigh∑

j=1

mgas,j

ρgas,j
AjWAQN(kC2, di,j , hAQN,i) (2.46)

In this case, this is how ⟨∆vi⟩ was calculated. However, in order to properly infer gas
properties at positions of AQN particles relative to their environment it is crucial to define
a kernel that only computes weights from the given HSML property and their corresponding
distances to the AQN. For the gas properties, we will therefore obtain the mapped gas particle
SPH property onto the AQN via:

⟨Ai⟩ =
Nneigh∑

j=1

mgas,j

ρgas,j
AjWAQN(kC4, di,j , hgas,j) (2.47)

This will finally give us the following set of equations that has to be solved numerically:
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Figure 2.5: Sketch of the iterative algorithm to find the nearest neighbour of an AQN particle by
walking down the k-d tree.

⟨∆vi⟩ =
Nneigh∑

j=1

mgas,j

ρgas,j
∆vjWAQN(kC2, di,j , hAQN,i) (2.48)

⟨ngas,i⟩ =
Nneigh∑

j=1

mgas,j

ρgas,j
ngas,jWAQN(kC4, di,j , hgas,j) (2.49)

⟨Tgas,i⟩ =
Nneigh∑

j=1

mgas,j

ρgas,j
Tgas,jWAQN(kC4, di,j , hgas,j) (2.50)

Here, hgas,j can be directly read in from the HSML block of each gas particle. To ensure
that numerical values will not fall below sensible SPH values, the conditions

⟨Tgas,i⟩ = min(Tgas) for ⟨Tgas,i⟩ < min(Tgas) (2.51)
⟨ngas,i⟩ = min(ngas) for ⟨ngas,i⟩ < min(ngas) (2.52)

will be applied. It is illustrated in Figure 2.6 how ⟨∆vi⟩ can be calculated for a single
AQN in a particle gas cloud. For reasons of simplification, only the absolute relative velocity
for each particle was taken to calculate a SPH representative for the AQN, which can be
calculated via:

∆vj =
√
(v x

j,gas − v x
i,AQN)

2 + (v y
j,gas − v y

i,AQN)
2 + (v z

j,gas − v z
i,AQN)

2 (2.53)

It is a direct consequence of this approach that ⟨∆vi⟩ is obtained independently of the
direction for velocity vector of a gas particle relative to the AQN. Only a single scalar will
be saved to describe the smoothed absolute relative velocity of an AQN with respect to its
environment. It is therefore possible that particles that will be strongly weighted because
of their relative distance to the AQN particle but already passed the AQN and move away.
This circumstance, on the other hand, is not too big of an issue, since tracer particles are
representations of particle distributions, and direct collisions will therefore not be desired in
the setup of an SPH simulation.
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Figure 2.6: Schematic illustration of the SPH mapping process for ∆v in an environment where a
single AQN is surrounded by gas particles. Directions of velocity vectors are neglected since absolute
relative velocities will be calculated as scalars.

2.2.2 ICM Bremsstrahlung

It is important to compare the AQN emission to gas emission in order to infer AQN excesses
and to identify potential emission windows. Amongst other sources of radiation in the X-
ray continuum, Bremsstrahlung coming from the hot ICM is the most dominant emission
process (Felten et al. (1969), and Sarazin (1986) for an overview). Following Section 2.2.1,
two different SPH gas properties are accessible: the gas properties at each AQN position
and the gas properties at each gas particle. For gas emission, the latter will be chosen,
since the spacial distribution of gas particles differs from the ones of halo tracer particles. It
is specifically important to analyze different regions where gas emission is more prominent
and where AQN positions might differ. The X-ray emissivity was calculated by utilizing the
x_ray_emissivity() function taken from the SPHtoGrid.jl package (Böss, 2023). The X-
ray emissivity jX-ray,ν depends on the hydrogen mass fraction XH , the gas temperature Tgas,
the gas density ρgas, on the gaunt factor g(ν, Tgas) and the frequency ν. It has the following
form:

jX-ray = 4Cjg(ν, Tgas)(1 +XH)2

(
ñ

f̃mp

)2

ρ2gas[g cm
−3]
√
Tgas [keV]

×
(
exp

(
− hν0 [keV]

Tgas [keV]

)
− exp

(
− hν1 [keV]

Tgas [keV]

))
erg cm−3s−1 (2.54)

with

ñ =
XH + 0.5(1−XH)

2XH + 0.75(1−XH)
(2.55)
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and

f̃ =
4

5XH + 3
(2.56)

Cj = 2.42 × 10−24 is a numerical factor provided by Bartelmann and Steinmetz (1996).
Since a detailed comparison of the AQN and gas spectra requires the emissivity per unit
frequency and Equation 2.54 only provides the emissivity in an integrated form, we will have
to take the derivative per frequency bin in order to obtain the units erg cm−3Hz−1s−1. In the
numerical implementation a frequency array of 1000 elements was defined in the frequency
range of ν ∈ [10−8, 108] eV given in log-space. Each consecutive element has an increased
factor of a = νi+1/νi, which is constant for any i. For the factor a, we can therefore choose
i = 0 for simplification, i.e. the first element in the frequency array. The ith frequency band
is then calculated by:

∆νi = aνi − νi (2.57)

A sufficient approximation of the derivation is then:

jX-ray,ν =
jX-ray

∆νi
(2.58)

2.2.3 Radiation Through Cosmic Rays

The package SpectralCRsUtility.jl1 contains a function for calculating the synchrotron
emissivity by adapting the model from Donnert et al. (2016) for a time-dependent spectral
Cosmic Ray (CR) distribution f(p̂, t) with the CR momenta p̂. The source code provides the
analytical function for inferring the synchrotron emissivity following Böss et al. (2023a):

jsynch,ν =

√
3e3

m2
ec

3
B(t)

Nbins∑

i=0

π/2∫

0

dθ sin2θ

p̂i+1∫

p̂i

dp̂ 4πp̂2f(p̂, t)K(x) erg cm−3Hz−1s−1 (2.59)

Here, K(x) is the synchrotron kernel which is the integral of the Bessel function K3/5 and
B(t) is the homogeneous time-dependent magnetic field.

As a result of hadronic interactions of CR protons in the ICM, they can lose energy through
coulomb interactions. As a side effect pions will be produced and, when decaying, highly
energetic γ-rays will be emitted. The same SpectralCRsUtility.jl package additionally
contains the function gamma_emissivity_pions(), that estimates the γ-ray emissivity of CR
protons by adapting the model from Werhahn et al. (2021).

2.2.4 SPH to Grid Mapping

When visualizing simulated tracer particles, it is important to include their corresponding
properties with respect to their environment (i.e. smoothing length, mass and density of each
particle). We would lose this information if we would only display the tracer particles in a
scatter plot and the visualization would not be physically sensible. It is therefore crucial to ad-
apt a method that maps SPH particle properties onto a two-dimensional grid. SPHtoGrid.jl
(Böss, 2023) perfectly provides the necessary tools to map arbitrary particle properties of both
gas and AQNs onto a grid. To generate SPH maps we first have to define mapping parameters
that include information such as the physical size and the desired resolution in units of pixels
that the generated image should have. Throughout this study a pixel size of Np = 2048 was

1https://github.com/LudwigBoess/SpectralCRsUtility.jl/tree/master

https://github.com/LudwigBoess/SpectralCRsUtility.jl/tree/master
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chosen. In order to map particle properties, a kernel function has to be chosen and can be
as easily implemented as already described in Section 2.2.1. Afterwards a physical weighting
function has to be called to generate arrays in units of cm/px that include pixel side length in
terms of the physical size kpc in units of cm per pixel in each element. With the given para-
meters and weights, the sphMapping() function can be called. With the respective particle
positions, smoothing lengths, particle masses, densities, weights, mapping parameters, kernel
and the desired mapping quantity, SPH maps will be generated and written as fits files. For
emission quantities it is important to disable reduce_image, as this is only important if one
is interested in obtaining the mean quantity along the line of sight, which is not the case for
emissivity.

2.3 The Constrained Simulation of the Local Universe ‘SLOW’

The underlying simulation is a constrained cosmological simulation of the local universe, called
‘Simulating the LOcal Web (SLOW)’ (Dolag et al., 2023). Derived from the CosmicFlows-2
catalog (Tully et al., 2013), the peculiar velocity field can help to constrain initial conditions
for a simulation of our local universe, when tracing back the trajectories up to a defined
redshift. Tracers, like velocity and density fields are direct proxies for the underlying grav-
itational fields which are important for the initial conditions of the simulation. This study
uses the constrained cosmological simulated simulation, covering a volume of (500h−1Mpc)3

and including 30723 gas and dark matter particles. It assumes a cosmology based on Planck
measurements (Planck Collaboration et al., 2014), which are displayed in Table 2.1. This sim-
ulation is non-radiative including magneto-hydrodynamics with a CR component Böss et al.
(2023b). The CR component is required for the emission sources discussed in Subsection 2.2.3,
which can be accessed by reading in the blocks CRpC, CRpN, CRpS for the CR proton spectrum
and CReC, CReN, CReS for the CR electron spectrum. The endings in the individual block
names are the parameters that define the spectrum (see Böss et al. (2023b) for more details).
Here, C, N and S refer to ‘cutoff’, ‘normalization’ and ‘slope’, respectively.

H0 [km s−1Mpc] ΩM ΩΛ ΩB σ8 n

67.77 0.307115 0.692885 0.0480217 0.829 0.961

Table 2.1: Table of the cosmological parameters adapted from Planck Collaboration et al. (2014)
utilized in the SLOW simulation. From the left to right, the columns correspond to the Hubble
constant H0, the total matter density ΩM , the cosmological constant ΩΛ, the baryon fraction ΩB , the
normalization of the power spectrum σ8 and the slope of the primordial fluctuation spectra n as it
was described in Dolag et al. (2023).

2.3.1 The Sample

In this work we tested the spectral emission of AQN quantitatively for a large sample and
qualitatively for a small sample. A large sample of 150 galaxy clusters (which we call ‘sample
A’) ordered in 5 corresponding mass bins was used to test scaling relations and mass depend-
encies for the search of emission excesses in the spectra. Each mass bin was defined to contain
30 galaxy clusters with bin sizes of Mvir,1 ∈ [0.8, 0.9]× 1014M⊙, Mvir,2 ∈ [1.1, 2.0]× 1014M⊙,
Mvir,1 ∈ [4.0, 5.0]× 1014M⊙, Mvir,1 ∈ [7.0, 7.9]× 1014M⊙ and Mvir,1 ∈ [10.7, 31.7]× 1014M⊙.
Mass bins were arbitrarily chosen with the aim to maintain a relatively equal mass distri-
bution and conserving a well-distributed population of virial masses. The lowest mass range
was chosen to be 0.8 × 1014M⊙ due to the fact that it becomes tricky at lower masses to
separate galaxy clusters from galaxy groups. As an upper mass range, the 31.7 × 1014M⊙
were obtained by taking the most massive galaxy clusters above the boundary of 1014M⊙.
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We used the subfind algorithm (Springel et al., 2001, Dolag et al., 2009) implemented into
the GadgetIO.jl package (Böss and Valenzuela, 2023) to receive the necessary halo IDs in
order to read out the halo and gas tracer particles within a certain box. Clusters from sample
A were selected by their virial mass while their corresponding particles were read out from a
volume of Vcluster,r200 = (2× b× r200)

3 with b = 1.5 being the multiplier of how many r200 the
cube is extending its side lengths.

‘Sample B’ consists of 11 out of 45 cross-identified galaxy clusters (Hernández-Martínez
et al., 2024) that resemble digital twins to their real counterparts, which was then utilized to
identify the most promising galaxy cluster candidates that exhibit AQN signatures. According
to Hernández-Martínez et al. (2024), galaxy clusters from observations were cross-identified
with simulated galaxy clusters by comparing their mass, X-ray luminosity, temperature and
Compton-y signal. A probability of the cross-identification can be established by comparing
these features to a random selection. By computing the significance, the authors could assess
how well the cross-identified clusters are associated with each other. The most massive galaxy
cluster from the digital twin-sample is Coma (Mvir = 18.82× 1014M⊙) and the least massive
is Fornax (Mvir = 0.61 × 1014M⊙). In sample B, we selected particles from the volume
Vcluster,rvir = (2× b× rvir)

3.
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Chapter 3

Results

Amongst physical AQN properties, emissivities like, for instance, thermal AQN, non-thermal
AQN, thermal gas, and non-thermal CR processes have been calculated for a total of 167
galaxy clusters, split into two samples A and B. In order to get a first glance at the parameters
that physically describe AQN properties and how they are influenced by their environment,
several scaling relations will be presented in the following section. We furthermore study the
distribution of the physical properties with respect to their host cluster masses.

3.1 Environmental Impact onto Physical Properties of AQNs

3.1.1 Scaling Relations

An important question to be answered is to what extent the mass of a galaxy cluster influences
the strength of an AQN emission signature. This will be one of the intriguing problems to
be tackled, and it is not always unambiguous which specific cluster property has a positive
or negative impact on the final detectability of AQN signals. In the simplest terms, we
seek galaxy clusters that mostly exhibit low ICM temperatures, high gas densities, and high
relative velocities of gas with respect to halo substructures. However, it will become clear in
the following sections that not all criteria must or can be fulfilled simultaneously.

Sample A consists of NGC = 150 galaxy clusters, each containing Npart,DM ∈ [3.2, 94.3]×
105 particles, each characterized by their own properties. In addition to AQN properties such
as TAQN, nAQN, Reff , and ∆v, but also gas properties, like for instance Tgas and ngas will
be stored for each halo tracer particle (as described in Section 2.2.1), resulting in a total of
Nprop = 6 properties. Therefore, we need to store approximately Ntot = Npart×Nprop×NGC ∈
[2.9, 84.9] × 108 parameters to describe our full sample. Storing and analyzing this data
efficiently is resource-intensive, and we will explore more efficient methods in the following
sections.

Starting with the physical parameters, we calculate the median property values over all
particles in a galaxy cluster, in order to grasp an initial physical understanding how median
AQN properties scale with the surrounding gas. It is sensible to use median values instead
of the mean, since single outliers in the parameter might not properly follow the overall
distribution. Additionally, the parameter distributions are not always symmetric and not
normal distributed. The median therefore provides a more robust representation of the central
tendency.

When considering Mvir, we find that higher cluster masses will result in an increase of the
median TAQN, because the relative velocities increase for higher cluster masses. In particular,
it can be seen in Figure 3.1 (i) that high relative velocities of infalling substructures towards
the central potential of the galaxy cluster are a dominant factor for contributing to an in-
creasing TAQN, since a deeper potential of massive clusters cause higher velocities of infalling

31



32 CHAPTER 3. RESULTS

substructures (see for example Sarazin (1986), Bryan and Norman (1998), Sheth and Diaferio
(2001) and Binney and Tremaine (1987)). On the other hand, it is still remarkable that AQN
temperatures of TAQN > 4× 10−2eV can be reached with low relative velocities even for the
lowest Mvir. These outliers show the degree of degeneracy of the internal temperature model
of AQNs. And it is specifically shown in Figure 3.1 (ii) that low Tgas are one of the dominating
contributions for low cluster masses to obtain high internal AQN temperatures. It is easily
explainable when keeping in mind that TAQN ∝ T

−8/7
gas . As it is shown in Figure 2.1, depend-

ing on the environment and relative velocities, critical gas temperatures of T crit
gas ∼ O(102eV)

can be possible where κ > 1 – specifically in low galaxy cluster masses, gas temperatures are
approximately in the same range. It is therefore more likely that galaxy clusters with low
Mvir exhibit conditions where κ > 1, which is embedded in the scatter of relatively high TAQN

for low cluster masses in Figure 3.1 (ii).
On the other hand, it is important to point out that high ∆v come with high Tgas, when

comparing both subfigures in Figure 3.1. Galaxy clusters that show high median ∆v (which
are simultaneously relatively cold) are therefore hard to find. However, this is where the
approach to analyze median values only reaches its limits, as relative velocities are local
features of substructures falling through the central potential. Local high ∆v features might
therefore be hidden in the median ∆v values.

(i) (ii)

Figure 3.1: (i) & (ii) Mvir versus median TAQN for all particles in each of the 150 galaxy clusters. (i)
∆v in the colormap increase for increasing cluster masses. AQNs in low Mvir with low ∆v are still
capable of obtaining high TAQN. (ii) Tgas increases for increasing Mvir. High TAQN in low Mvir can be
reached because gas with low median Tgas resides in these environments. A value of κ > 1 therefore
becomes more likely, which can positively contribute to a rise in TAQN.

Furthermore, it is displayed in Figure 3.2 (i) that clusters with the highest TAQN also
host gas with the highest Tgas. At a first glance this might appear counterintuitive because
of Equation 2.16. We have to keep in mind that this equation does not hold true in all
environments as κ will be set to 1 at a certain threshold of the gas temperature – otherwise,
Reff would be smaller than RAQN, which is physically not realistic. Therefore, at some point
the ICM temperature will not play a crucial role anymore, because relative velocities and gas
number densities will dominate (cf. Equation 2.17). This consequence is visible in Figure 3.2
(ii), where high TAQN will be reached with a combination of high ∆v and ngas. Galaxy clusters
that show similar ∆v clearly stand out with a higher median TAQN when their overall ngas is
larger.

3.1.2 Histograms

Given the indication that high relative velocities scale with the cluster mass (see Figure 3.1 (i)),
it is important to study its parameter distribution alongside other physical AQN parameters.
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(i) (ii)

Figure 3.2: Scaling relations of ∆v versus TAQN color-coded by (i) Tgas and (ii) ngas. High TAQN can
still be reached for high Tgas, because κ = 1. In these regimes only ∆v and ngas will contribute to the
internal temperature of AQNs.

As mentioned before, values from Figure 3.1 and Figure 3.2 only represent the median out
of a full distribution of ∼ 106 particles per galaxy cluster. Since the median is less sensitive
to outliers and will only provide information on central tendencies, it is crucial to have an
understanding whether only minor individual or a wide distribution of properties contribute
the most to the median value.

Histograms in Figure 3.3 show the distribution of TAQN, ∆v, nAQN, Reff , ngas and Tgas,
respectively. Out of the distributions of all 150 galaxy clusters, the median distribution in
each mass bin, i.e. for 30 galaxy clusters each, was taken and plotted. It can be seen that – the
larger the range gets – all properties show a relatively wide distribution with fewer outliers.
Since the cluster mass directly scales with the particle numbers, a general trend of increased
total counts can be seen in all histograms – however it is interesting to see how the shape of
the histograms changes for increasing mass bins.

• Internal AQN temperature: The TAQN-histogram is heavily weighted for values of
TAQN ∈ [10−2, 10−1] eV and occasionally high TAQN ≳ 1 eV can be possible for massive
clusters. Peaks in the distribution shift from approximately 4×10−2eV to 6×10−2eV for
increasing cluster masses. Here, ∆v is likely to play the dominating factor (as discussed
before).

• Relative velocity: In the ∆v-histogram, most of the particles are distributed towards
∆v ∼ 108cm s−1 ∼ 0.3%c. Intriguingly, an additional low velocity population compon-
ent of ∆v ≲ 106cm s−1 seems to be present especially in massive galaxy clusters. A ∆v
peak shift towards higher velocities for larger cluster masses can be observed as well.

• AQN number density: Following Equation 1.13, values in the nAQN-histogram are
generally low, since AQNs are large and massive compared to elementary particles.
Therefore, a smaller abundance of AQN is required, which results in low nAQN.

• Effective AQN radius: The Reff -histogram directly shows that most of the Reff are set
to RAQN = 2.25×10−5cm, since κ = 1 in most environments. Depending on the cluster
mass, the general shape of the Reff distribution does not change. However, the more
AQNs can reach effective radii of Reff ≳ 10−2cm at maximum. This is an interesting
outcome, since more massive clusters are typically characterized by a hotter ICM, which
attenuates the value of Reff (cf. Equation 2.13), but the peak shift in ∆v towards higher
velocities can be occasionally responsible for a stronger influence on Reff than Tgas.
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• Gas number density: ngas shows a reasonable distribution with a heavier weight
in number densities of ngas < 10−3cm−3, because particles were read from a box of
2× 1.5× r200 side length and especially in the outskirts one would expect lower values
of ngas.

• Gas temperature: For increasing Mvir in galaxy clusters the peak in the Tgas-histograms
shifts to larger values. Higher gas temperatures for heavier galaxy clusters can be ex-
pected due to a steeper potential that in return attracts more substructures. A constant
infall of new galaxies continuously heats up the ICM and provides a general increase in
Tgas (see Sarazin (1986), for a review).

3.1.3 Radial Profiles

A better understanding on the spatial distribution of AQN properties in galaxy clusters can
be obtained when considering their radial profiles. Figure 3.4 shows how SPH properties, for
instance TAQN, ∆v, nAQN, Reff , ngas and Tgas, mapped onto the position of AQNs scale with
increasing distances from the cluster’s center of mass. Radial profiles were taken from each
galaxy cluster in sample A and the median radial profile was taken for each mass bin. SPH
properties were inferred according to the proposed methodology in Subsection 2.2.1.

Generally speaking, TAQN, ∆v and Tgas increase with the mass of the galaxy cluster. A
scaling relation of Mvir and the aforementioned properties was already identified in Subsec-
tion 3.1.2. Tgas and infall velocities have already been discussed in various studies and there-
fore does not require further comments (Sarazin (1986) and Binney and Tremaine (1987) for a
collection of scaling relations). On the other hand, the properties nAQN, Reff and ngas appear
to radially scale independently with respect to the mass.

• Internal AQN temperature: TAQN are most likely increasing for different masses
with higher ∆v. For larger radii and in all mass bins, TAQN seems to converge towards
a single radially normalized value. Given the underlying AQN model, it is assumed
that TAQN will artificially rise for radii r ≫ 1.5 r200, because Reff → ∞ for Tgas → 0K
(more details in the Reff bullet point). Moreover, this means that at a certain relative
distance, TAQN will mainly be influenced by properties of filaments and voids.

• Relative velocity: An interesting outcome of the radial ∆v profiles are that for
the most massive galaxy clusters the profile increases towards normalized distances
of r/r200 ∼ 0.1 and decreases at larger distances. Relatively flat radial profiles until
r/r200 ∼ 0.3 can be seen for intermediate mass bins, i.e. Mvir ∈ [7.0, 8.0]× 1014M⊙ and
Mvir ∈ [4.0, 5.0]× 1014M⊙ and Mvir ∈ [1.0, 2.0]× 1014M⊙. In the smallest mass bin, a
steady decrease towards larger radii can be observed.

• AQN number density: The radial shape of nAQN follows the normal dark matter
distribution by definition of Equation 1.13 nAQN(r) ∼ ρDM(r). The profile is constantly
offset to smaller values since a lower total number of AQNs is required to enclose the
same mass a cluster halo contains.

• Effective AQN radius: Reff represents an intriguing property of AQNs since (due
to the high ICM temperature in the central regions) the gas properties do not permit
effective radii to be larger than RAQN. At larger distances, individual regional properties
enable small increases in Reff that highly depend on the degenerate AQN properties
present in the surrounding gas. Single substructures might be capable to obtain large
effective radii, and it is subject to Section 3.3 to identify these regions in spatially
resolved maps of individual galaxy clusters to properly infer their physical properties.
It is important to note that a slight trend of increasing Reff can already be observed at
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Figure 3.3: Histograms of of physical properties relevant to the AQN emission. Median values were
taken for each mass bin, i.e. for 30 galaxy clusters, respectively.

r ≤ 1.5 r200. Even though the increase is almost negligible with a maximum increase of
Reff hosted by the lowest cluster mass bin of ∆Reff ≃ 8.08 × 10−7 cm (i.e. an increase
of ∼ 3.6%), the phenomenon of higher Reff in the peripheries becomes more significant
the further the distance is. This is a feature of the underlying AQN model that was
anticipated for this thesis, since AQNs are expected to be surrounded by a fully ionized
gas. In regions of r ≫ 1.5 r200, smaller Tgas values consequently yield large Reff , as
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ionized particles can be captured over larger distances if the thermal motion of the ions
is sufficiently low. This will lead to a runaway effect for increasing Reff that is not
physically meaningful. It is therefore crucial to constrain the sample to galaxy cluster
regions with an extent of approximately rmax ∼ 1.5 r200 (or rmax ∼ 1.5 rvir in the case
of sample B) at maximum for the underlying AQN model.

• Gas number density: No radial tendency can be observed in the different mass bins
for ngas and no outstanding spatial features can be observed in the radial profiles. As
expected, number densities decrease from ∼ 10−3cm−3 to lower values from the center
towards the cluster’s peripheries.

• Gas temperature: All mass bins show relatively flat temperature profiles and only
the lowest mass bin exhibits temperatures Tgas < 102eV. The more massive the cluster,
the steeper the slope at r ≳ 0.3 r200.

3.2 Spectral Profiles

A spectral energy distribution can be obtained by using Equation 2.24, Equation 2.42, Equa-
tion 2.54 and Equation 2.59 for thermal and non-thermal AQN emission, thermal Bremsstrah-
lung emission from the ICM and CR emission, respectively. It shall be noted that we have
to apply Equation 2.45 to Equation 2.24 and Equation 2.42, in order to obtain an emissiv-
ity in units of erg cm−3Hz−1s−1. The emissivity is then calculated for each particle in each
frequency in a range of ν ∈ [10−8, 108]/(2π) eV with a spectral resolution of 103 bins for
AQN and gas. For the CR synchrotron emission and the CR pion decay emission frequency
ranges of νsynch ∈ [10−8, 10−1]/(2π) eV and νγ ∈ [10−3, 101] GeV were chosen respectively in a
spectral resolution of 100 bins. Figure 3.5 displays the spectral energy distribution of the five
mass bins from sample A: Here, the median for each frequency in each mass bin was taken
out of the 30 respective galaxy clusters. AQN thermal emission, non-thermal emission, ICM
Bremsstrahlung, CR synchrotron emission and pion decay emission are represented by solid,
dash-dot-dotted, dashed, dash-dotted and dotted lines, respectively.

It is noticeable that higher cluster masses result in an increment of the general spectral
energy. In this figure, the reader’s attention shall be drawn towards the regions where both of
the AQN emission become comparable to the ICM Bremsstrahlung emission in the low and
high energy regime, as it is possible to obtain small frequency windows where AQN emission
would overtake the ICM Bremsstrahlung. In the low energy regime of νlow ≲ 10−3eV, AQN
and ICM emission roughly increase equally for higher Mvir. This opens the possibility that
thermal AQN radiation has a potential to outshine ICM Bremsstrahlung independently of
cluster masses.

It becomes a bit more tricky when comparing non-thermal AQN emission to the high
energy Bremsstrahlung regime in frequencies of νhigh ≳ 10 keV. Non-thermal AQN emission
will increment not as strongly as X-ray emission of the hot cluster gas. Since jX-ray ∼ ρ2gasT

1/2
gas

(see Equation 2.54) and Tgas increases with Mvir (see Figure 3.3), jX-ray,ν will especially
increase drastically for increasing Mvir in the high energy regime, leading to the circumstance
that non-thermal AQN is expected to only be visible in sufficiently low cluster masses.

The CR contributions embedded in synchrotron and pion decay emission in Figure 3.5 are
increasing for higher Mvir because of resolution constraints in the simulation. Galaxy clusters
that are too low in mass cannot resolve CR populations sufficiently and will therefore yield
lower synchrotron and pion decay emission. In the most extreme cases it is even possible that
CR SPH particle abundance is below 10 in an entire galaxy cluster. Emission from pion decay
does not interfere with the AQN spectrum because the decay of pions results in higher photon
energies as non-thermal AQN could possibly produce. Synchrotron emission, on the other



3.2. SPECTRAL PROFILES 37

Figure 3.4: Radial profiles of TAQN, ∆v, nAQN, Reff , ngas and Tgas mapped onto AQN tracer particles.
The median radial profile was taken for each mass bin (i.e. 30 galaxy clusters each) and compared to
other mass bins in a region of r ∈ [0, 1.5] r200.

hand is likely to interfere with the thermal AQN emission, especially in the regions where
thermal AQN emission would dominate the ICM Bremsstrahlung emission. It is therefore
worth noting that one has to account for synchrotron emission and ICM Bremsstrahlung in
the low energy regime when searching for an optimal frequency window for thermal AQN
emission.

In the following paragraphs we will focus on the promising frequency bands where AQN
emission is expected to dominate. First, in order to measure how strongly AQN emission
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Figure 3.5: Median cluster spectrum with lines for each mass bin out of sample A over a frequency
range of ν ∈ [10−8, 108]/(2π) eV. The solid, dash-dot-dotted, dashed, dash-dotted and dotted lines
represent AQN thermal emission, non-thermal emission, ICM Bremsstrahlung, CR synchrotron emis-
sion and pion decay emission, respectively.

outshines the background emission a metric has to be defined that includes the frequency
and the magnitude of the increment in emission. Depending on mass and other physical
properties of the galaxy cluster, thermal and non-thermal AQN emission will distinctively be
higher or lower in individual frequencies for different galaxy clusters. Therefore, a transition
frequency νT has to be defined, where the absolute jAQN,ν value transitions from higher to
lower values compared to the background emission jbackground,ν . Both emissivities for AQN and
background will be integrated from a minimum frequency νmin to the transition frequency. In
the simulation, the numerical integration is conducted by applying the trapezoidal rule which
is implemented in the NumericalIntegration.jl package.1

3.2.1 Low Frequency Regime

For the low energy regime, we define νmin to be the lowest possible frequency that was used
to calculate the spectra, i.e. νmin = 10−8/(2π) eV. As it is shown in a general sketch in
Figure 3.6, the emissivities will be integrated and the background flux will be subtracted
from the AQN flux in the frequency range of νmin to νT . We will hereby obtain the integrated
spectral difference ∆j(νmin, νT ):

∆j(νmin, νT ) =

∫ νT

νmin

jν,AQN dν −
∫ νT

νmin

jν,background dν. (3.1)

In the following, the ∆j(νmin, νT ) was determined in both the low and high energy regimes
for sample A and sample B. After applying the condition that thermal AQN emission has to
be higher than thermal gas emission at frequencies below νT , one obtains a slightly reduced
sample of 91.3% out of 150 galaxy clusters from sample A. Figure 3.7 shows the integrated
spectral difference in dependence of the transition frequency. Due to the integration itself, a

1https://github.com/dextorious/NumericalIntegration.jl

https://github.com/dextorious/NumericalIntegration.jl
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AQN, thermal

background

Figure 3.6: General spectral sketch for an arbitrary galaxy cluster exhibiting thermal AQN emission
that outshines the background emission in a certain frequency band. The transition frequency νT
is defined where jAQN,thermal,ν < jbackground,ν with νmin < νT and νmin being the minimum possible
frequency where jAQN,thermal,ν > jbackground,ν .

larger surface area of the offset of AQN versus background emission can be observed for higher
νT . An important outcome is that galaxy clusters with relatively low Mvir are still capable
of reaching high ∆j(νmin, νT ) and follow relatively well-constrained tangents indicated by the
colormap for different cluster masses (see Figure 3.7 (i)). The same trend can be seen in
colormaps showing the ICM Bremsstrahlung emission integrated over the full frequency range
of ν0 = 10−8/(2π) eV to ν1 = 108/(2π) eV, because thermal emission of the ICM scales with
the gas temperature and therefore with the galaxy cluster mass (see Figure 3.7 (ii)).

(i) (ii)

Figure 3.7: Transition frequency-integrated spectral difference relation color-coded by (i) Mvir and
(ii) jgas,thermal. The slope of the νT -∆j(νmin, νT ) relation highly depends on the total thermal gas
emission and the cluster mass.

These scatter plots show how strongly the AQN emission depends on the physical prop-
erties of the galaxy clusters and that their radiation offset is highly dictated by parameters
in dependence to the corresponding transition frequency that are important to describe gas
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emission and AQN emission. The population dependency of Mvir and jgas,thermal in the scat-
ter plots of ∆j(νmin, νT ) is visible due to different scales of jAQN,thermal,ν and jgas,ν . When
assuming Reff = RAQN and following Equation 2.21 with Equation 2.45 we find that

jAQN,thermal,ν ∼ nAQN T
17/4
AQN ∼ nAQN ngas∆v, (3.2)

provided that f(x) from Equation 2.23 does not strongly change. Thermal emission from
the ICM on the other hand scales according to Equation 2.54 with:

jgas,ν ∼ n2
gas

√
Tgas (3.3)

It was already seen in Figure 3.3 and Figure 3.4 that ngas and nAQN do not change with
cluster mass. Therefore, in Figure 3.7, jAQN,thermal,ν ∼ ∆v and jgas,ν ∼

√
Tgas for increasing

cluster masses when galaxy clusters populate the same νT . A constant shift of ∆j(νmin, νT )
for fixed νT comes from a stronger general increment of ∆v over

√
Tgas for increasing cluster

masses, and we therefore expect that the integrated spectral difference is at fixed νT in fact
a function of ∆v and Tgas. This trend can be seen in Figure 3.8 (i).

(i) (ii)

Figure 3.8: Transition frequency-integrated spectral difference relation color-coded by (i)
√
Tgas and

(ii) ∆v.

It is important to find out how cross-correlated galaxy clusters populate in this relation in
order to identify promising real-world cluster candidates. It is therefore shown in Figure 3.9
how sample B is distributed in the νT -∆j(νmin, νT ) diagram. In Figure 3.9, it can be seen that
Fornax and Virgo appear to be the best candidates for the strongest AQN emission offset with
respect to the background gas emission while extending to the highest νT . Coma cluster, on
the other hand, is interestingly enough the least promising candidate for a significant thermal
AQN emission excess. Coma is the most massive galaxy cluster out of sample B and does
not show a strong signature in AQN emission, most likely because Tgas and ∆v cause an
equilibration in the AQN and gas emission.

For Figure 3.8 and Figure 3.9, it is important to note that this comparison did not account
for background synchrotron emission anticipated to play an important role for more massive
galaxy clusters in the simulation, which will be subject to the following paragraphs.

When including synchrotron emission, Equation 3.1 has to be completed with:

∆j(νmin, νT ) =

∫ νT

νmin

jν,AQN dν −
∫ νT

νmin

jgas,thermal dν −
∫ νT

νmin

jsynch,ν dν. (3.4)

In cases of ∆j(νmin, νT ) < 0 thermal AQN emission would not be detectable. Here,
νT is still defined as the frequency where AQN emission intersects with the gas emission.
This frequency range was adapted for the synchrotron emission integral, where either the
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Figure 3.9: νT -∆j(νmin, νT ) relation for cross-correlated galaxy clusters in the simulation.

contribution can be negligible, or strong and will result in a negative ∆j(νmin, νT ). For many
massive galaxy clusters it is the case that ∆j(νmin, νT ) will become negative after synchrotron
emission was included, therefore reducing the sample down to 48.0% of the original number
in sample A. As it is displayed in Figure 3.10 (i), approximately one half of the clusters in
sample A disappeared. The remaining galaxy clusters are the ones with low Mvir, because
their synchrotron emission is too low to eliminate the thermal AQN excess – it remains to
be unanswered if this is due to a limited resolution or a physical background. For instance,
it can be seen in Figure 3.10 (ii) that Fornax still remains to be the cluster with the largest
∆j(νmin, νT ), however, Fornax might be less promising than expected, because it exhibits
a relatively low number of CR particles and therefore does not fully reliable represent the
actual real-world synchrotron emission. A safer potential candidate regarding this metric
would therefore be Virgo, which is a relatively massive galaxy cluster exhibiting the second
largest ∆j(νmin, νT ).

(i) (ii)

Figure 3.10: νT -∆j(νmin, νT ) relation including synchrotron radiation with thermal gas emission as
background contamination. (i) sample A and (ii) sample B, both color-coded by Mvir. The y-range
and colormap in (ii) are adapted to ranges of sample A.
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Cluster Name Mvir νT ∆jno synch ∆jwith synch
[1014M⊙] [eV] [erg cm−3s−1] [erg cm−3s−1]

Coma 18.82 3.21× 10−9 4.32× 10−35 ✗

Virgo 9.91 2.85× 10−4 2.99× 10−29 1.88× 10−29

Perseus 10.75 4.00× 10−9 7.62× 10−35 ✗

Centaurus 10.18 4.76× 10−6 6.48× 10−31 ✗

A119 10.21 3.96× 10−6 3.78× 10−31 ✗

A539 6.34 8.44× 10−5 4.79× 10−30 3.87× 10−30

A1185 4.42 6.26× 10−7 1.72× 10−32 1.25× 10−32

A2256 3.27 1.70× 10−4 2.27× 10−30 2.26× 10−30

A2877 2.22 2.24× 10−5 3.38× 10−31 3.08× 10−31

Norma 0.79 ✗ ✗ ✗

Fornax 0.61 2.51× 10−3 4.25× 10−29 4.25× 10−29

Table 3.1: Table of the cross-correlated galaxy clusters with physical properties from the simulation
and their ability to show AQN signatures with and without synchrotron radiation in the background
(∆jno synch, ∆jwith synch) at a transition frequency νT .

3.2.2 High Frequency Regime

Since non-thermal AQN emission is expected to show two intersections in the high energy
regime, one has to define νmin to be the first transition frequency where jAQN,nonthermal,ν >
jbackground,ν and νT is again where jAQN,nonthermal,ν < jbackground,ν with the condition that
νmin < νT . Non-thermal AQN emission causing an excess over the background emission in the
high energy regime is mostly dictated by the individual X-ray brightness of a galaxy cluster.
Figure 3.5 shows that emission from the pion decay does not contaminate the background gas
emission and the AQN emission, and AQN signatures can therefore be directly identified by
strictly comparing gas emission versus the non-thermal AQN emission.

Figure 3.11 shows the only mass bin hosting galaxy clusters that exhibit an excess in the
high energy regime due to non-thermal AQN emission.2 In this image, dashed lines represent
the Bremsstrahlung emission from the ICM and dash-dot-dotted lines are the non-thermal
AQN emission. If there is an excess occurring, the signature is only very subtle and many low
mass galaxy clusters are still too bright in X-rays in order to permit a window for non-thermal
AQN emission to dominate.

In the following, the condition that non-thermal emission will be considered if any of the
fluxes in the frequency bin is larger than the thermal Bremsstrahlung emission of the ICM.
If that is the case, νT will then be saved for each galaxy cluster respectively again. After
applying this condition, a ratio of 10% of remaining galaxy clusters proposes detections of
non-thermal AQN signatures to be more challenging in galaxy clusters. Only 14 out of 15
points are visible in Figure 3.12, because two clusters with similar ∆j(νmin, νT ) were obtained
at the same νT . This can happen, since the frequency resolution is 1000 bins and therefore
different clusters with the same νT can populate similar integrated spectral differences.

As already indicated in Figure 3.11, galaxy clusters that exhibit an AQN excess reside on
the lower side of the mass spectrum and it is therefore no surprise that the integrated thermal
gas emission is also described by low values (Figure 3.12 (i)). Similar to thermal radiation,
non-thermal AQN radiation scales according to Equation 2.43 and Equation 2.45 with

jAQN,nonthermal,ν ∼ nAQN ngas∆v, (3.5)

for Reff = RAQN. In general, non-thermal AQN emission is weaker than thermal AQN

2High energy window spectra for other mass bins are displayed in Figure A.1.
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Figure 3.11: Spectral plot for non-thermal AQN emission and thermal Bremsstrahlung emission of
the hot ICM. A small fraction of galaxy clusters shows small regions where AQN emission dominates
gas emission.

(i) (ii)

Figure 3.12: νT -∆j(νmin, νT ) relation of galaxy clusters that fulfilled the conditions desired to identify
an AQN signature in the high energy regime taken from sample A, color-coded by (i)

√
Tgas [eV] and

(ii) ∆v. Both plots show that galaxy clusters are populated in the lower parameter range.

emission (cf. Figure 3.5) – therefore, fewer clusters dominate in AQN over gas emission.
Figure 3.12 shows that an excess is only possible for clusters with low Tgas. ∆v appears to
reside on lower values, but we have to keep in mind that we are considering the lowest mass
bin and if we consider Figure 3.3, the intermediate values in Figure 3.12 are of the order
of ∆v ∼ 5 × 107 cm s−1. These relative velocities correspond to higher ∆v in the respective
lowest mass bin. It can therefore be concluded that an AQN excess is only caused by low
brightness in the gas emission which comes from low cluster masses in a higher dynamical
state of dark matter particles with respect to the surrounding gas particles. When applying
the same methodology to sample B, no cross-correlated counterpart can be found that showed
an excess of AQNs in the high energy regime.

In conclusion, it shall be noted that the non-thermal emission model is not developed in
great robustness yet and therefore cannot provide predictions with the same sturdiness as the
thermal emission model of the AQNs. In future studies, the exponent of 1/3 in Equation 2.42
for the frequency, will most likely be replaced by a free parameter β allowing to be adaptive.
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The exponent of 1/3 is an approximate solution to solve the synchrotron function (cf. Equa-
tion 2.27). It is crucial to note that particular solutions for the synchrotron function to model
the non-thermal spectrum have to be motivated in greater detail and new precise models
should aim for a more detailed physical implementation. In addition, the critical frequency
as proposed in Subsection 2.1.2 is set to 30 keV by convention and should be understood in
an ‘order of magnitude estimate’ (McNeil Forbes and Zhitnitsky, 2008a). These estimates
do not provide robust reference values as they suffer from an insufficiently refined theory of
the non-thermal physics in the structure of AQNs due to an approximate treatment in the
mean-field of the Maxwell equations. It is therefore not safe to discard the possibility to detect
AQN signatures in the high energy regime immediately and a final conclusion shall be made
once a better non-thermal AQN model is developed.

3.3 Cluster Maps

It is important to note that one looses information when only considering spectral features.
Since AQNs spatially follow the halo distribution, positions of dark matter with respect to
gas might slightly differ from each other. Extremely low emissions do not contribute to the
spectrum, because jν was summed over all particles in the corresponding frequency bin, so
spatial regions of low emission are not resolved in a spectrum. It is especially important for
the gas emission to identify regions of low emissivity where AQN emission would be proficient
to outshine thermal gas emission. It can even be possible to find an AQN excess in small
regions in spatially resolved maps where one did not expect an excess only by considering the
spectrum. On the other hand, it is not possible to look for excess features in all 167 galaxy
clusters by finding their individual optimal region where AQN features dominate over the
background emission, when scanning through a spectral resolution of 1000 frequency bins.
We therefore stick to the methodology presented in Equation 3.4 to analyze cluster regions,
where AQN radiation certainly dominates in the spectrum by inferring the emission offset
and only consider promising candidates of cross-correlated galaxy clusters.

Given this reasoning, in this section, SPH maps of gas and AQNs are represented using
their most contributing physical properties and fluxes integrated over an adaptive best possible
frequency range. Figure 3.13 and Figure 3.14 display the Fornax and Virgo cluster in 1 AQN
emission, integrated from νmin to νT , 2 gas emission, integrated over the same frequency
range, 3 difference images of AQN subtracted from the gas emission, 4 synchrotron emission,
integrated from νmin to νT , 5 relative pressure, 6 AQN number density, 7 internal AQN
temperature, 8 relative velocities of AQNs with respect to their surrounding gas environment
and 9 the effective radius of AQNs, respectively. Relative pressure maps were obtained by
generating SPH maps by utilizing the ideal gas relation pgas ∼ ngasTgas. Hence, the product
of ngas and Tgas will represent the scaling of the pressure in the gas particles and SPH maps
were constructed this way. With the obtained pressure map, a Gaussian filter was applied to
the projected bitmap of the galaxy cluster with σ = 5 in the Gaussian kernel. The relative
pressure change is therefore obtained via:

δp =
poriginal − pgaussian

pgaussian
(3.6)

In Fornax (see Figure 3.13), less filamentary structures with strong emission are visible
in thermal AQN emission compared to thermal gas emission, because dark matter is not
affected by environmental friction effects that would perturb the particle distribution. Only
small distinct regions with a strong AQN excess can be seen in the difference image and it is
interesting to note that these regions are visible in the Reff map as well.

Prominent regions of Reff > RAQN are only possible if the gas environment provides the
necessary parameter combination. Compared to other cross-correlated galaxy clusters (with
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their SPH maps displayed in the appendix from Figure A.2 to Figure A.9), it is quite rare to
see large regions high Reff values. The effective radius increments with increasing ngas and
∆v and decrements for increasing Tgas. Tgas scales with the largest exponent and therefore
shows the strongest influence on Reff . Radial profiles showed that especially in the central
regions high gas temperatures can be reached. Fornax is a relatively small cluster with a
comparable low thermal gas emission coming from a low Tgas. Reff can therefore reach values
of Reff > RAQN in central regions, too. However, when comparing Reff maps in Fornax to
other cross-correlated clusters one can see that Reff > RAQN values are more likely to find in
the peripheries of galaxy clusters.

An intriguing physical property is that regions of Reff > 10−4 cm are typically not abund-
ant in relative velocity maps, and it is especially in these regions where ∆v seem to be
lower compared to their nearest surroundings. Following Reff ∼ n

5/7
gas∆v5/7T

−17/7
gas (cf. Equa-

tion 2.14), gas overdensities in conjunction with low Tgas yield higher Reff . In the case of
Fornax, the prominent Reff > RAQN-region is too close to the cluster center and will therefore
be hotter than in the outskirts. In this case, ngas would be the only free parameter that could
directly influence Reff .

Regions of high TAQN do not necessarily follow the nAQN distribution, since TAQN is also
influenced by the surrounding gas. Shocked regions are not significantly embedded in the
AQN emission map and vice versa. A further interesting feature is that the AQN emission
does not seem to show an significantly stronger abundance at extended regions. This is not
trivial since dark matter particles do not suffer from friction and are not interacting other than
with gravity in the simulation. Therefore, it would have been sensible to expect additional
emission contributions in the periphery of Fornax that are not strongly present in the gas
emission maps.

The Virgo cluster (see Figure 3.14) differs strongly from Fornax as it is more massive,
hotter and in a more relaxed state. No signs of a current major merger are visible in the
relative pressure maps (other than visible in Fornax with its prominent northern bow shock).
And yet, both of these clusters independently show the strongest AQN excess. It is not
obvious that shock features are no tracers for AQN emission as shocked regions are always
accompanied by significant offsets in thermodynamic properties (such as for instance density
or temperature). It was therefore expected that at least shocked regions will play a diminishing
or reinforcing role on the AQN emission – in neither of the galaxy clusters this can be directly
confirmed, and shock maps of other cross-correlated galaxy clusters do not show signs of shock
signatures in the AQN maps either (see Section A.2).

In the difference image of the Virgo cluster one can see that regions of infalling substruc-
tures prominent in the gas maps are carved out and only regions without overdensities of
galaxies are visible. This proposes the reasonable idea to look for AQN signatures where no
galaxies are located when searching for signatures outside the center of the galaxy cluster
– otherwise, it becomes apparent that the strongest offset of AQN signatures is located in
its center (counterintuitively, this happens where the ICM shows the highest temperatures).
Certainly, one of the reasons for a stronger excess in the central regions is given by the high
relative velocity of AQN particles with respect to the gas. Interestingly enough, the nAQN

distribution shows a similar lenticular distribution as it is observed in the difference image.
Since Virgo is more massive and more SPH particles are abundant, a higher CR resolution
can be obtained leading to a non-negligible synchrotron radiation contribution one has to take
into account.

In all cross-correlated galaxy clusters one can see that high ∆v can be reached in the
cluster’s peripheries, too. The distribution of strong ∆v appears to be anisotropic and AQN
emission does not necessarily follow the distribution of high relative velocities on large scales.

In order to learn how AQN signatures evolve in bands of higher energies, individual energy
ranges of five different instruments were taken. AQN and gas emission were integrated within
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Figure 3.13: Cross-correlated Fornax cluster in all maps; (i) AQN Thermal emission from νmin to νT ;
(ii) Thermal gas emission from νmin to νT ; (iii) Difference image from AQN and gas emission; (iv)
Synchrotron emission from νmin to νT ; (v) Relative pressure of the ICM; (vi) AQN number density;
(vii) Internal AQN temperature; (viii) Relative AQN-gas velocity; (ix) Effective AQN radius.

the respective energy ranges and AQN emission was superimposed by its thermal and non-
thermal component. For the sake of a versatile energy coverage, the instruments LOFAR (van
Haarlem et al., 2013), WMAP (Bennett et al., 2013), Planck (Tauber et al., 2010), Euclid
(Laureijs et al., 2011) and XRISM (Mori et al., 2022) were considered. Table 3.2 shows the
corresponding maximum energy range with upper and lower limits denoted by νmin and νmax

for each instrument in units of eV.

LOFAR WMAP Planck Euclid XRISM

νmin [eV] 4.14× 10−8 9.38× 10−5 1.24× 10−4 6.20× 10−1 4× 102

νmax [eV] 9.93× 10−7 3.85× 10−4 3.54× 10−3 2.25 1.3× 104

Table 3.2: Band-passes for LOFAR (van Haarlem et al., 2013), WMAP (Bennett et al., 2013), Planck
(Tauber et al., 2010), Euclid (Laureijs et al., 2011) and XRISM (Mori et al., 2022) in units of eV.

In the following the two most promising galaxy clusters, determined by Figure 3.10 were
selected for a multiband analysis. Figure 3.15 and Figure 3.16 show the gas and AQN emission
with the corresponding difference image in the selected bands. In order to compare how the
brightness of the emission evolves, all frames in their corresponding emission feature share
the same colorbar limits. In each feature the minimum and maximum j was selected from all
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Figure 3.14: Cross-correlated Virgo cluster in all maps; (i) AQN Thermal emission from νmin to νT ;
(ii) Thermal gas emission from νmin to νT ; (iii) Difference image from AQN and gas emission; (iv)
Synchrotron emission from νmin to νT ; (v) Relative pressure of the ICM; (vi) AQN number density;
(vii) Internal AQN temperature; (viii) Relative AQN-gas velocity; (ix) Effective AQN radius.

bands.
While the gas emission shows a continuing brightening for increasing band-energies, the

AQN signatures shows a significant decrease in brightness in the Euclid band. This decre-
ment originates from the spectral feature that thermal AQN emission transitions into the
non-thermal regime. Euclid operates in the energy range, where the thermal emission exper-
iences its cutoff (cf. Figure 3.5). Even though AQN signatures show a rebrightening once the
non-thermal regime takes over, AQN emission cannot compete with the thermal gas emission
in the X-ray regime. It is visible in the difference images in the third row that AQN emission
would only be able to dominate in the low energy regime. In the difference images of LOFAR,
WMAP, and Planck, an interesting feature emerges: the surface area of positive values de-
creases with increasing energies across the frequency range; however, smaller regions exhibit
larger offsets of ∆j.

It can be concluded that Euclid and XRISM are the least promising instruments for a
potential AQN signature detection as the gas outshines the AQN emission in this energy
range. LOFAR, WMAP, and Planck, exhibit AQN signatures in the difference images, even
when synchrotron emission is included. Due to a limited CR resolution, almost no synchrotron
emission seems to impact the difference image in the Fornax cluster, whereas minimal tracers
of synchrotron emission can be seen in the difference image for Virgo. No clear spatial trend
can be pinpointed, where AQNs are most likely to dominate the background emission.
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Figure 3.15: Fornax cluster AQN, gas and synchrotron emission generated from LOFAR, WMAP,
Planck, Euclid and XRISM energy ranges. Only minimal synchrotron emission is abundant in LOFAR
bands, which results in almost no impact on the difference images. Higher energies than in the LOFAR
range show no synchrotron emission. Gas completely outshines AQN emission in Euclid and XRISM
energies.

3.4 Observational Feasability of Promising Cluster Candidates

It came clear in Section 3.3 that spatial features of strong AQN signatures are hard to identify
and differ from cluster to cluster. Even though AQN emission excess is abundant in galaxy
clusters, it becomes challenging to pinpoint regions of clusters that are expected to be the
most promising.

In observations, galaxy cluster emissions are typically analyzed by radial profiles in a
given frequency band. This approach enables to identify important spatial features that
are dependent on distance and the corresponding frequency band. In this section radial
profiles will be shown for the cross-correlated galaxy clusters that show an excess signature
of thermal AQN emission integrated over their individual frequency bands from νmin to νT .
Radial profiles in 50 bins were taken for each individual emission property and a final radial
profile was calculated after summing the AQN, gas and synchrotron maps.

Figure 3.17 shows how the cross-correlated galaxy clusters evolve in emission over a radius
of r ∈ [10−2, 1.5] r200. Averaged over a radial profile, the gas emission mostly shows larger
values of j compared to the thermal AQN emission. In all galaxy clusters strong variations of
synchrotron emissions can be seen due to their different masses. The AQN and gas emission
profiles similarly decrease for increasing radii while sharing multiple morphological features
in the radial profiles. Similar radial emission profiles of AQN and gas are observed due
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Figure 3.16: Virgo cluster AQN, gas and synchrotron emission generated from LOFAR, WMAP,
Planck, Euclid and XRISM energy ranges. Synchrotron emission is abundant in LOFAR, WMAP and
Planck bands, which in return shows a slight impact on the difference images. Higher energies than in
the Planck range show no synchrotron emission. Gas completely outshines AQN emission in Euclid
and XRISM energies.

to the fact that AQNsare predominantly characterized by gas features. Despite the strong
radial similarity of AQN and gas, no specific trend that can be attributed to AQNs only.
Furthermore, no strong radial excesses in the AQN emission can be determined in all the
cross-correlated galaxy clusters.

Even though the overlayed radial profile shows an increment due to AQN emission, it is not
possible to predict where to look for AQN signatures in the radial profiles of real observations.
It appears that a general increment of the total emission of a galaxy cluster can be attributed
to AQN properties. However, the constant radially independent shift towards marginal higher
emissions will not permit a possible detection of AQNs in the radial profiles, even though their
existence might be reasonable and a signal might be abundant.
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Figure 3.17: Radial profiles for cross-correlated galaxy clusters that showed a thermal AQN emission
excess in spectral features. AQN emission was compared to gas, synchrotron and a superimposed,
overlayed emission of gas and synchrotron obtained after integrating from νmin to the individual νT .



Chapter 4

Discussion

4.1 Comments on Observationally Motivated Phenomena

Numerical analysis of AQNs in galaxy clusters in a cosmological simulation have shown that
direct signatures of this new dark matter model can be challenging to pinpoint. To assess it
on the whole, the most important outcomes of this study will be emphasized. In Section 1.4,
tracers of AQN signatures and further unexplained observational phenomena were pointed
out that were analyzed by various studies, which will be discussed in the following paragraphs
in consideration of the underlying results of this thesis.

First we address the possible source for a strong signal in the 21 cm absorption line: they
claim that at a redshift of z = 17 during the early universe, AQN emission could be responsible
for a signal at 90MHz (see Lawson and Zhitnitsky (2019)). Clusters of galaxies did not form at
this time yet and early protoclusters – observationally confirmed to be progenitors of present-
day galaxy clusters – are detected at z ∼ 6− 7 (Harikane et al., 2019). We therefore cannot
assume the same conditions for the AQN increment which was obtained in the framework of
this thesis. However, it is worth mentioning that protoclusters at z ∼ 7 could be capable to
influence the radio background, if the AQN signal would be similarly significant as in galaxy
clusters at present-time. The total emission increment in the radial profiles of cross-correlated
galaxy clusters at z = 0 can be attributed to ∆jtot ≈ 21.24% thermal AQN emission only,
when calculating:

∆jtot =
1

Nclusters

Nclusters∑

i=1

∑Nbins
k=1 j i

AQN,k∑Nbins
k=1 j i

AQN,k +
∑Nbins

k=1 j i
gas,k +

∑Nbins
k=1 j i

synch,k

. (4.1)

It is however important to mention that early clusters possess different physical properties
(Chiang et al., 2013, Overzier, 2016), which would likely yield different AQN signatures.
Results from this study only provided information of AQN signatures from cluster properties
at z = 0. It would be sensible to implement AQN features already in snapshots at higher
redshift and implement a dynamical AQN-treatment, in order to grasp a full evolution of AQN
signatures from early to present-time galaxy clusters that could contribute to the background
radio emission.

The study by Zhitnitsky (2022b) analyzed the diffuse galactic UV radiation and suggested
that hot AQNs with TAQN ∼ 5 eV could reproduce such observations – however, since our
study focuses on scales of galaxy clusters and not galactic scales, we cannot verify these pre-
dictions. The same argumentation is applied to the proposal to the contribution of Chandra’s
diffuse 8 keV emission by AQNs (McNeil Forbes and Zhitnitsky, 2008a). However, it is worth
commenting that in a galaxy cluster it is rather unlikely to find AQNs with temperatures of
5 eV because of the surpression of capturing protons in the hot ICM. Galactic environments
differ strongly from galaxy cluster environments with different Tgas, ngas, nDM and ∆v as the
ISM is cooler and denser as the ICM. In addition, galaxies exhibit a significantly lower gas

51
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emission and especially non-thermal AQN emission in the high energy regime might indeed
be capable of dominating highly energetic galactic background emission.

It is not possible to comment predictions on the 511 keV as predicted by Oaknin and
Zhitnitsky (2005), Zhitnitsky (2007), Forbes et al. (2010), Flambaum and Samsonov (2021)
as we did not consider e+e− annihilation lines in our approach.

In Section 3.3, AQN emission was studied for different instruments in their corresponding
bands. While this thesis focused on AQN properties in galaxy cluster environments rather
than properties within the Milky Way, a direct comparison to McNeil Forbes and Zhitnit-
sky (2008b) cannot be conducted. Nevertheless, it is striking to observe the abundance of
AQN signatures in the WMAP maps depicted in Figure 3.15 and Figure 3.16. A positive
AQN signature in the WMAP band-pass can be identified even after including synchrotron
background emission from the CRs as it can be seen in the difference images. While it is im-
portant to interpret the results with caution given the significant differences between cluster
and galactic properties, the possibility of an excess in microwaves in the galactic core due to
AQN emission may not be entirely unfounded.

Even though it is not the scope of this work to verify the predictions regarding seasonal X-
ray variations (see Ge et al. (2022)), we would like to provide a brief comment on the relative
velocities of gas to dark matter particles that are an integral assumption for the study by
Ge et al. (2022). As it can be seen for example in Figure 3.13 and Figure 3.14, ∆v can vary
in region. It is not the aim of this work to question their assumptions, but it is important
that relative velocities on large scales can differ in direction and magnitude and it is rather
unlikely that ∆v would follow a well-ordered pattern on galactic scales.

An excess in the ∼ keV regime of galaxy clusters, as it was proposed by Bulbul et al.
(2014) might indeed be a possibility to consider. However, given the fact that the physics
non-thermal emission processes of AQNs are not sufficiently developed yet, it would not be
sensible to trust the excess obtained in the high energy regime in this underlying work. In
addition, Gonzalez Villalba (2024) pointed out that calibration issues can yield an excess of
nonphysical origin. The effective areas of XMM and Chandra have ‘ripples’ in the 3− 4 keV
regime. If calibration routines did not account for these ripples properly, observations can
show unidentified line features if the signal-to-noise ratio is too high. The discrepancy in CCD-
based telescopes can even be seen in temperature measurements of galaxy clusters (Migkas
et al., 2024).



Chapter 5

Outlook

In this outlook the most important key results are summarized, followed suggestions on pos-
sible follow-up studies starting with the recommendations that would directly improve the
outcomes of this work and closing this chapter with a less conservative speculation on pos-
sible outcomes of an enhanced magnetized AQN model.

5.1 Key Results

1 As it was pointed out numerous times throughout this work, ωc and β have to be refined
in order to properly model non-thermal emission processes in AQNs.

2 Even though more massive galaxy clusters typically exhibit higher ICM temperatures,
the largest population of high Reff can be observed for the most massive mass bin
in sample A as ∆v scales with cluster mass as well. This is an interesting feature,
since TAQN directly scales with Reff and the AQN emission highly depends on TAQN.
Consequently, strong AQN emission can be expected for massive galaxy clusters. The
increased AQN emission, however, is always accompanied by high cluster gas emission,
as thermal gas emission of the ICM scales with cluster gas temperatures as well. To
some degree, relative emission domination is therefore equilibrated for higher cluster
masses.

3 Median AQN properties for each galaxy cluster show a strong mass dependence. While
median ∆v and Tgas equally increase with cluster mass, Tgas will become less important
for TAQN since it only plays a role in environments where κ > 1. The highest median
TAQN were reached in sample A for densest galaxy clusters that showed relatively similar
∆v.

4 A strong AQN emission offset does not scale with the mass of a galaxy cluster in the
low energy regime. For a fixed νT , however, Tgas and ∆v are the most dominant factors
of influence for strong ∆j(νmin, νT ) for different galaxy cluster masses.

5 On the other hand, a strong AQN emission offset does scale with the mass of a galaxy
cluster in the high energy regime. Only the smallest galaxy clusters showed a small
excess of non-thermal AQN emission.

6 A strong reduction of galaxy clusters with nonzero ∆j(νmin, νT ) from 91.3% to 48.0% is
observed when synchrotron emission from CRs is included. Given this inclusion, galaxy
clusters only survive when the synchrotron emission is sufficiently low. However, it is
not possible to predict if the remaining 48.0% are of physical nature or due to limited
CR tracer particle resolution. It was pointed out that the remaining galaxy clusters can
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be assigned to low mass galaxy clusters, making the presence for nonzero ∆j(νmin, νT )
presumably of numerical nature.

7 With a small amount of galaxy clusters exhibiting large values of νT enable to conduct
follow-up observations in a wider range of possible surveys. Fornax hosts an environment
that is responsible for an extremely high transition frequency of νT = 2.51 × 10−3 eV,
which ranges almost up to infrared frequencies. In order to make use of this feature
that is naturally embedded in the thermal emission property of AQNs, improvements on
pinpointing regions in galaxy clusters that can only be attributed to an AQN emission
excess are required.

8 Shock features are no tracers for regions of strong AQN emission.

9 The spatial distribution of ∆v in the SPH maps is not strongly correlated with AQN
emission signatures.

10 A suitable compromise for the Virgo cluster seems to lie within a frequency range where
synchrotron emission is not overly dominant, yet a significant excess attributed to AQN
emission is evident. This range corresponds to ν ∈ [9.38× 10−5, 3.85× 10−4] eV, which
aligns with the band-pass of WMAP. Within this range, AQN signatures are observable
in both central and peripheral regions of the cluster. The Virgo cluster was chosen
for analysis due to its notable ∆j(νmin, νT ), ranking second highest among background
gas and synchrotron emission, while maintaining adequate resolution for CR particle
detection.

11 Even though a general increase of emission in the radial profiles can be attributed to
AQN signatures, it is hard to identify specific regions that only trace AQN signatures,
since radial AQN emission profiles share a similar morphology as gas emission profiles.
We assumed the model to be true and showed that AQN emission affects the spectrum
and is visible in the emission maps. The AQN-background emission offset, however, is so
small that it is not possible to verify or discard this dark matter model observationally,
even though it might be one of the most promising ones.

12 An additional important insight that was aimed to be achieved was to identify promising
galaxy cluster, where a detection of AQN signatures might be possible. Here we propose
Virgo as a suitable candidate as it is the cluster with the second largest ∆j(νmin, νT ) in
the low energy regime with a high CR tracer particle resolution. It is therefore rather
unlikely that synchrotron emission would outshine a possible AQN signature in this
cluster. It is still important to mention that even for the most promising candidate no
special features could be pointed out that would definitely hint towards a distinctive
trace of AQNs.

These key findings show that this exotic model to explain dark matter cannot be discarded
and simultaneously proposes many new different opportunities to test and verify the predicted
outcomes of AQNs. Even though the signal is minimal, the best outcomes of a strong AQN
excess resulted in the Virgo cluster in a frequency range of ν ∈ [1.45, 5.92] × 10−5 eV. The
results of this work are by no means definite, as the theory of AQNs is under ongoing evolution
and improvements for robustness. As final remarks we would like to propose additional AQN
features that would improve the physics and the pertaining feasibility to discover signatures
in the following chapter.



5.2. FUTURE WORK 55

5.2 Future Work

First of all, our study was constrained to regions enclosing a radius of 1.5 r200 for sample A and
1.5 rvir for sample B. This provides first valuable insights on expectable AQN signatures from
the innermost regions. However, it is expected that especially in the peripheries of galaxy
clusters – more specifically in the warm-hot intergalactic medium – the environmental gas
temperature of Tgas ∈ [105, 107] K (Davé et al., 2001) may permit a better detection of AQN
signatures. Lower gas temperatures and number densities would yield a lower thermal emis-
sion. On the other hand, a lower number density of gas and AQNs would play a decrementing
role in peripheral AQN excess detections. In general, AQN signals are expected to be weaker
in the outskirts of galaxy clusters as it was already pointed out in the radial profiles of this
thesis. Simultaneously, the background emission polluting the AQN signature would decrease
as well and both of the emissions will probably fall below the detection limit. However, it
is still important to study outskirts of galaxy clusters for tracers of AQNs, for example in
simulations, in order to confirm or discard possible non-detection predictions. In order to
improve the robustness of synchrotron emission from CRs, it is highly advised to increase the
resolution, which can be conducted, for example, in zoom-in simulations.

Furthermore, we did not use a mass and size distribution for AQNs throughout this study
and set every AQN to a size of RAQN = 2.25 × 10−5 cm and a mass of MAQN = 16.7 g. Of
course, this is a simplification that is not expected in the real world (see for example Ge
et al. (2019)). It is reasonable to assume the utilized RAQN and MAQN as a rough reference
value in an analysis conducted for a single snapshot at z = 0 from the cosmological simula-
tion. However, it would also be sensible to implement an on-the-fly model for AQNs directly
evolving in a cosmological simulation. This would imply different halo distributions due to
dynamical friction of differently massive AQN particles, leading to a segregation of more
massive AQNs in the central regions of galaxy clusters and probably influencing the radial
dark matter density profiles, too. Consequently, not only density profiles would be altered by
a constant influence of AQNs on the cluster environment throughout time. Annihilation and
heating processes of AQNs would result in feedback mechanisms that act directly on the ICM.
Therefore, temperature profiles in galaxy clusters would be influenced too, if the AQN model
in the simulation would be treated dynamically. An additional consequence would be that
the heated ICM will become visible as tail-like traces behind substructures that fall towards
the center of the galaxy cluster. Tails of galaxies are already detected in radio observations
(Vallee, 1988, Sun et al., 2005, Terni de Gregory et al., 2017, Chen et al., 2020, de Vos et al.,
2021, Hu et al., 2021, Müller et al., 2021, Pal and Kumari, 2023) and are mostly attributed
to AGN feedback mechanisms and ram-pressure stripping. Constant gas interactions with an
infalling subhalo would cause similar effects that are recommended to be verified in a dynam-
ical AQN treatment in the simulation. A suitable AQNs mass distribution would therefore
be reasonable if on-the-fly AQN models are implemented in the simulations.

Throughout this thesis, the similarity between AQNs and neutron stars was pointed out
multiple times, as both objects are expected to host cores in a CS state – the same connec-
tion can be drawn with respect to magnetars. It is assumed that strong magnetic fields of
magnetized neutron stars can be established if the core is ferromagnetic with nuclear density.
We therefore propose the following question: why should quark nuggets not be ferromagnetic
too?1 A solid foundation of the model for magnetized quark nuggets (MQNs) and predictions
were developed over the years in for example VanDevender et al. (2020a,b, 2021b), Sloan et al.
(2021), VanDevender et al. (2021a, 2024). Following these studies, an MQN is a ferromag-
netic liquid of nuclear density. The system itself will generate a magnetic dipole of with a
field strength of B0 ≃ 1.65± 0.35× 1012T = 1.65± 0.35× 1016G (VanDevender et al., 2021b,

1A pioneer on magnetized quark nuggets is J. Pace VanDevender who described his idea in a short video
on https://mqncollaboration.com/.

https://mqncollaboration.com/
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2024). These studies anticipate that the strong magnetic field is what makes MQNs stable
over cosmic time.

If MQNs exist, interesting implications on features for galaxy clusters and observations
would follow from their properties. First, MQNs would propose an additional source for
magnetic fields in galaxy clusters as multiple MQNs could possibly form – when aligned –
a large magnetic field, and MQNs as additional magnetic field sources are not far-fetched.
Various sources can contribute to magnetic fields in galaxy clusters, with some reasonable
magnetic field sources in the ICM being for instance normal galaxies, starburst galaxies,
active galactic nuclei and primordial magnetic fields generated prior to recombination (Grasso
and Rubinstein, 2001, Carilli and Taylor, 2002, Govoni and Feretti, 2004). Second, if MQNs
propagated through the ICM, electrons will be accelerated by their strong magnetic fields due
to an additional Lorentz force component. Since MQNs could be aligned to form large scale
magnetic fields, they could further act as a Faraday rotating medium of polarised synchrotron
emission from the ICM. Since no studies were found addressing these large scale implications
of MQNs, these features are purely of speculative nature, and it is important to verify if these
implications hold true or not by conducting analysis from simulations and observations.

The physical effects of a magnetisation in quark composites serving as dark matter is that
their effective radius would be influenced by the surrounding magnetic field. Furthermore,
studies show that the strong magnetic field in MQNs influences the interaction with the sur-
rounding plasma as each MQN would develop a magnetopause that causes them to lose kinetic
energy while moving through the plasma (VanDevender et al., 2017, 2020a). This would have
the effect that dark matter halos of substructures in galaxy clusters would experience a fric-
tional component. By estimating an on-the-fly stopping power effect for a dark matter halo,
it would be possible to observe a change in the radial dark matter profiles. On the other hand,
the aforementioned studies focused on magnetized quark nuggets with a different composition
in the quark core and slightly different properties than axion quark nuggets. Santillán and
Sempé (2020) studied magnetic effects specifically for quark nuggets that contain an axion
domain wall in their structure and suggest that once an axion domain wall is present, a fer-
romagnetic state cannot be established. They concluded, however, that this state might be
possible for ordinary matter nuggets.

In conclusion, the general theory of AQNs and similar derivations of this model yield
physically interesting outcomes. It is remarkable that the AQN model was initially introduced
as a consequence of a solution for the CP problem. Long-lived cosmological problems are in
return naturally resolved by this model. Observable features propose predictions that can be
validated by numerical methods as we showed throughout this study. This work serves as a
first foundation to show that observable AQN features can be studied in cluster environments
using cosmological simulations. Many outcomes that were summarized in the discussion, and
it was proposed that AQN signatures might not be impossible to find. Can AQN signatures
be expected using the underlying thermal and non-thermal AQN emission model in cluster
environments? Yes and no. They might be abundant and could positively contribute to the
emission spectrum of galaxy clusters. However, incorporating our approach, it is not possible
to disentangle pure AQN contributions from the radiation background in galaxy clusters and
we need improved strategies and more sophisticated models to learn more about possible
AQN signatures. Until further improvements on the model of axion quark nuggets and their
dynamical implementation in cosmological simulations are established, the mysterious dark
matter will remain to be dark.
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Figure A.1: High energy spectra from sample A. Dashed lines represent thermal gas emission and
dot-dot-dashed lines show non-thermal AQN emission. Only the lowest mass bin occasionally exhibits
intersecting gas-AQN spectral lines.
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Figure A.2: Cross-correlated A119 cluster in all maps; (i) AQN Thermal emission from νmin to νT ;
(ii) Thermal gas emission from νmin to νT ; (iii) Difference image from AQN and gas emission; (iv)
Synchrotron emission from νmin to νT ; (v) Relative pressure of the ICM; (vi) AQN number density;
(vii) Internal AQN temperature; (viii) Relative AQN-gas velocity; (ix) Effective AQN radius.
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Figure A.3: Cross-correlated A539 cluster in all maps; (i) AQN Thermal emission from νmin to νT ;
(ii) Thermal gas emission from νmin to νT ; (iii) Difference image from AQN and gas emission; (iv)
Synchrotron emission from νmin to νT ; (v) Relative pressure of the ICM; (vi) AQN number density;
(vii) Internal AQN temperature; (viii) Relative AQN-gas velocity; (ix) Effective AQN radius.
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Figure A.4: Cross-correlated A1185 cluster in all maps; (i) AQN Thermal emission from νmin to νT ;
(ii) Thermal gas emission from νmin to νT ; (iii) Difference image from AQN and gas emission; (iv)
Synchrotron emission from νmin to νT ; (v) Relative pressure of the ICM; (vi) AQN number density;
(vii) Internal AQN temperature; (viii) Relative AQN-gas velocity; (ix) Effective AQN radius.
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Figure A.5: Cross-correlated A2256 cluster in all maps; (i) AQN Thermal emission from νmin to νT ;
(ii) Thermal gas emission from νmin to νT ; (iii) Difference image from AQN and gas emission; (iv)
Synchrotron emission from νmin to νT ; (v) Relative pressure of the ICM; (vi) AQN number density;
(vii) Internal AQN temperature; (viii) Relative AQN-gas velocity; (ix) Effective AQN radius.
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Figure A.6: Cross-correlated A2877 cluster in all maps; (i) AQN Thermal emission from νmin to νT ;
(ii) Thermal gas emission from νmin to νT ; (iii) Difference image from AQN and gas emission; (iv)
Synchrotron emission from νmin to νT ; (v) Relative pressure of the ICM; (vi) AQN number density;
(vii) Internal AQN temperature; (viii) Relative AQN-gas velocity; (ix) Effective AQN radius.
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Figure A.7: Cross-correlated Centaurus cluster in all maps; (i) AQN Thermal emission from νmin to
νT ; (ii) Thermal gas emission from νmin to νT ; (iii) Difference image from AQN and gas emission; (iv)
Synchrotron emission from νmin to νT ; (v) Relative pressure of the ICM; (vi) AQN number density;
(vii) Internal AQN temperature; (viii) Relative AQN-gas velocity; (ix) Effective AQN radius.
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Figure A.8: Cross-correlated Coma cluster in all maps; (i) AQN Thermal emission from νmin to νT ;
(ii) Thermal gas emission from νmin to νT ; (iii) Difference image from AQN and gas emission; (iv)
Synchrotron emission from νmin to νT ; (v) Relative pressure of the ICM; (vi) AQN number density;
(vii) Internal AQN temperature; (viii) Relative AQN-gas velocity; (ix) Effective AQN radius.
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Figure A.9: Cross-correlated Perseus cluster in all maps; (i) AQN Thermal emission from νmin to νT ;
(ii) Thermal gas emission from νmin to νT ; (iii) Difference image from AQN and gas emission; (iv)
Synchrotron emission from νmin to νT ; (v) Relative pressure of the ICM; (vi) AQN number density;
(vii) Internal AQN temperature; (viii) Relative AQN-gas velocity; (ix) Effective AQN radius.
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Supplementary Tables

Mvir ∈ [0.8, 0.9]× 1014M⊙

HaloID Mvir Low νT Low ∆jwith synch High νT High ∆jX-ray only
[1014M⊙] [eV] [erg cm−3s−1] [eV] [erg cm−3s−1]

(17, 42) 0.88 8.10× 10−7 2.14× 10−32 3.90× 104 7.33× 10−30

(18, 14) 0.86 2.40× 10−7 7.50× 10−34 ✗ ✗

(18, 102) 0.89 2.67× 10−9 3.35× 10−36 ✗ ✗

(18, 128) 0.83 1.69× 10−6 4.18× 10−32 3.90× 104 1.28× 10−29

(20, 156) 0.88 2.54× 10−6 8.48× 10−32 ✗ ✗

(21, 50) 0.82 3.67× 10−6 4.08× 10−32 6.07× 104 4.90× 10−30

(21, 156) 0.81 ✗ ✗ 6.78× 104 4.36× 10−30

(21, 180) 0.89 5.10× 10−8 4.44× 10−34 4.87× 104 4.64× 10−30

(21, 231) 0.83 4.10× 10−6 4.66× 10−32 4.69× 104 2.39× 10−30

(21, 243) 0.89 2.55× 10−4 3.25× 10−30 2.90× 104 2.78× 10−32

(21, 272) 0.8 2.64× 10−6 3.28× 10−32 ✗ ✗

(22, 91) 0.88 2.03× 10−8 2.58× 10−34 ✗ ✗

(22, 128) 0.89 1.04× 10−3 1.88× 10−29 ✗ ✗

(22, 152) 0.87 ✗ ✗ ✗ ✗

(22, 181) 0.88 ✗ ✗ 8.78× 104 1.51× 10−30

(22, 212) 0.85 3.47× 10−7 2.45× 10−33 ✗ ✗

(22, 267) 0.86 1.63× 10−6 2.09× 10−32 4.69× 104 1.49× 10−30

(22, 272) 0.87 5.12× 10−6 8.10× 10−32 ✗ ✗

(22, 274) 0.88 1.65× 10−9 2.12× 10−38 ✗ ✗

(23, 49) 0.89 3.48× 10−5 5.75× 10−31 ✗ ✗

(23, 64) 0.82 2.04× 10−6 2.51× 10−32 ✗ ✗

(23, 129) 0.84 3.66× 10−8 2.68× 10−34 ✗ ✗

(23, 202) 0.89 ✗ ✗ ✗ ✗

(23, 225) 0.82 1.42× 10−4 2.58× 10−30 ✗ ✗

(23, 243) 0.89 4.83× 10−7 4.88× 10−33 3.01× 104 3.16× 10−31

(23, 257) 0.84 1.03× 10−5 8.23× 10−32 2.90× 104 3.36× 10−30

(23, 287) 0.86 ✗ ✗ 5.44× 104 7.56× 10−32

(23, 302) 0.83 6.85× 10−8 1.07× 10−33 4.52× 104 1.32× 10−29

(24, 45) 0.84 ✗ ✗ 3.62× 104 1.50× 10−31

(24, 117) 0.9 7.40× 10−6 4.93× 10−32 4.69× 104 1.49× 10−30

Table B.1: Table of cluster properties from the mass bin Mvir ∈ [0.8, 0.9]× 1014 M⊙.
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Mvir ∈ [1.0, 2.0]× 1014M⊙

HaloID Mvir Low νT Low ∆jwith synch High νT High ∆jX-ray only
[1014M⊙] [eV] [erg cm−3s−1] [eV] [erg cm−3s−1]

(6, 61) 1.73 5.81× 10−7 3.26× 10−32 ✗ ✗

(7, 90) 1.41 5.29× 10−8 1.36× 10−33 ✗ ✗

(9, 89) 1.8 3.47× 10−7 9.93× 10−33 ✗ ✗

(9, 109) 1.7 3.11× 10−7 7.42× 10−33 ✗ ✗

(9, 110) 1.99 5.31× 10−6 2.45× 10−31 ✗ ✗

(9, 111) 1.91 8.58× 10−6 1.88× 10−31 ✗ ✗

(9, 120) 1.82 1.39× 10−5 3.71× 10−31 ✗ ✗

(10, 30) 1.45 7.84× 10−5 6.88× 10−31 ✗ ✗

(10, 61) 1.98 4.33× 10−7 1.67× 10−32 ✗ ✗

(11, 61) 1.84 6.71× 10−9 ✗ ✗ ✗

(11, 101) 1.34 3.75× 10−5 1.09× 10−30 ✗ ✗

(11, 108) 1.77 3.06× 10−6 6.22× 10−32 ✗ ✗

(11, 110) 1.15 ✗ ✗ ✗ ✗

(12, 8) 1.71 2.67× 10−9 ✗ ✗ ✗

(12, 14) 1.73 5.02× 10−7 8.79× 10−33 ✗ ✗

(12, 36) 1.95 1.57× 10−6 1.47× 10−32 ✗ ✗

(12, 37) 1.88 1.26× 10−8 1.70× 10−34 ✗ ✗

(12, 41) 1.89 ✗ ✗ ✗ ✗

(12, 49) 1.97 6.63× 10−6 1.69× 10−31 ✗ ✗

(12, 95) 1.05 2.49× 10−7 5.96× 10−33 ✗ ✗

(12, 123) 1.67 ✗ ✗ ✗ ✗

(12, 124) 1.97 5.20× 10−7 1.39× 10−32 ✗ ✗

(12, 126) 1.89 2.18× 10−8 2.26× 10−34 ✗ ✗

(12, 129) 1.67 1.61× 10−5 3.33× 10−31 ✗ ✗

(12, 153) 1.43 ✗ ✗ ✗ ✗

(12, 157) 1.27 1.67× 10−5 3.98× 10−31 ✗ ✗

(13, 7) 1.84 1.47× 10−4 3.50× 10−30 ✗ ✗

(13, 9) 1.08 1.86× 10−5 4.56× 10−31 ✗ ✗

(13, 32) 1.88 2.83× 10−8 4.50× 10−34 ✗ ✗

(13, 42) 1.98 1.93× 10−5 5.08× 10−31 ✗ ✗

Table B.2: Table of cluster properties from the mass bin Mvir ∈ [1.0, 2.0]× 1014 M⊙.
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Mvir ∈ [4.0, 5.0]× 1014M⊙

HaloID Mvir Low νT Low ∆jwith synch High νT High ∆jX-ray only
[1014M⊙] [eV] [erg cm−3s−1] [eV] [erg cm−3s−1]

(3, 34) 4.67 4.35× 10−5 1.29× 10−30 ✗ ✗

(4, 20) 4.8 5.04× 10−5 1.52× 10−30 ✗ ✗

(4, 23) 4.7 6.88× 10−6 2.66× 10−31 ✗ ✗

(4, 26) 4.29 ✗ ✗ ✗ ✗

(4, 36) 4.23 2.72× 10−8 ✗ ✗ ✗

(4, 51) 4.78 4.02× 10−7 ✗ ✗ ✗

(5, 11) 4.39 1.63× 10−6 ✗ ✗ ✗

(5, 15) 4.04 4.47× 10−9 ✗ ✗ ✗

(5, 36) 4.72 7.81× 10−7 3.17× 10−32 ✗ ✗

(6, 13) 4.18 2.45× 10−6 1.26× 10−31 ✗ ✗

(6, 16) 5.0 7.77× 10−9 ✗ ✗ ✗

(6, 31) 4.82 4.58× 10−6 2.31× 10−31 ✗ ✗

(6, 40) 4.94 1.08× 10−8 ✗ ✗ ✗

(6, 51) 4.21 1.49× 10−7 ✗ ✗ ✗

(6, 54) 4.5 1.22× 10−6 ✗ ✗ ✗

(6, 62) 4.78 1.22× 10−6 4.14× 10−32 ✗ ✗

(6, 64) 4.64 2.41× 10−5 ✗ ✗ ✗

(6, 72) 4.26 4.26× 10−6 6.72× 10−33 ✗ ✗

(6, 84) 4.79 2.24× 10−5 3.47× 10−31 ✗ ✗

(7, 9) 4.32 4.42× 10−6 1.26× 10−31 ✗ ✗

(7, 14) 4.24 1.05× 10−6 ✗ ✗ ✗

(7, 32) 4.71 1.21× 10−8 ✗ ✗ ✗

(7, 51) 4.04 2.24× 10−5 3.01× 10−31 ✗ ✗

(7, 52) 4.06 5.40× 10−7 ✗ ✗ ✗

(7, 55) 4.7 2.78× 10−7 ✗ ✗ ✗

(7, 60) 4.13 1.05× 10−6 ✗ ✗ ✗

(7, 61) 4.08 2.46× 10−4 7.18× 10−30 ✗ ✗

(7, 65) 4.71 1.63× 10−6 ✗ ✗ ✗

(7, 66) 4.09 4.17× 10−7 1.54× 10−32 ✗ ✗

(7, 69) 4.9 7.14× 10−6 1.86× 10−31 ✗ ✗

Table B.3: Table of cluster properties from the mass bin Mvir ∈ [4.0, 5.0]× 1014 M⊙.
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Mvir ∈ [7.0, 8.0]× 1014M⊙

HaloID Mvir Low νT Low ∆jwith synch High νT High ∆jX-ray only
[1014M⊙] [eV] [erg cm−3s−1] [eV] [erg cm−3s−1]

(2, 22) 7.61 5.04× 10−5 ✗ ✗ ✗

(3, 3) 7.86 2.31× 10−7 ✗ ✗ ✗

(3, 6) 7.04 3.29× 10−6 ✗ ✗ ✗

(3, 19) 7.94 9.95× 10−6 3.41× 10−31 ✗ ✗

(3, 21) 7.52 5.37× 10−9 ✗ ✗ ✗

(3, 23) 7.11 1.43× 10−7 ✗ ✗ ✗

(3, 26) 7.25 3.22× 10−7 ✗ ✗ ✗

(3, 28) 7.23 1.38× 10−7 ✗ ✗ ✗

(3, 37) 7.61 1.41× 10−6 ✗ ✗ ✗

(3, 38) 7.05 1.28× 10−7 ✗ ✗ ✗

(4, 14) 7.11 2.50× 10−5 8.60× 10−31 ✗ ✗

(4, 16) 7.51 1.63× 10−6 ✗ ✗ ✗

(4, 22) 7.04 2.32× 10−5 ✗ ✗ ✗

(4, 31) 7.86 3.01× 10−5 ✗ ✗ ✗

(4, 32) 7.72 7.44× 10−4 4.22× 10−29 ✗ ✗

(4, 34) 7.16 2.75× 10−4 2.68× 10−29 ✗ ✗

(4, 35) 7.14 1.39× 10−5 ✗ ✗ ✗

(4, 38) 7.82 3.12× 10−5 1.21× 10−30 ✗ ✗

(4, 41) 7.37 3.11× 10−7 3.21× 10−33 ✗ ✗

(4, 46) 7.33 3.47× 10−7 ✗ ✗ ✗

(4, 47) 7.85 1.44× 10−5 1.18× 10−30 ✗ ✗

(4, 48) 7.71 9.90× 10−8 ✗ ✗ ✗

(4, 49) 7.58 1.26× 10−8 ✗ ✗ ✗

(4, 52) 7.5 3.34× 10−7 ✗ ✗ ✗

(4, 54) 7.3 9.90× 10−8 ✗ ✗ ✗

(4, 55) 7.17 1.39× 10−5 ✗ ✗ ✗

(4, 56) 7.43 2.31× 10−7 ✗ ✗ ✗

(4, 57) 7.6 1.02× 10−4 5.82× 10−30 ✗ ✗

(4, 58) 7.58 8.94× 10−4 3.46× 10−29 ✗ ✗

(5, 1) 7.74 8.72× 10−7 ✗ ✗ ✗

Table B.4: Table of cluster properties from the mass bin Mvir ∈ [7.0, 8.0]× 1014 M⊙.
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Mvir ∈ [1.1, 3.2]× 1015M⊙

HaloID Mvir Low νT Low ∆jwith synch High νT High ∆jX-ray only
[1014M⊙] [eV] [erg cm−3s−1] [eV] [erg cm−3s−1]

(0, 1) 31.74 7.56× 10−5 ✗ ✗ ✗

(0, 2) 16.78 1.66× 10−7 ✗ ✗ ✗

(0, 3) 18.35 1.31× 10−6 ✗ ✗ ✗

(0, 4) 21.65 ✗ ✗ ✗ ✗

(0, 5) 12.24 7.81× 10−7 ✗ ✗ ✗

(0, 6) 19.6 1.82× 10−6 ✗ ✗ ✗

(1, 1) 14.15 9.43× 10−5 4.42× 10−29 ✗ ✗

(1, 2) 20.08 7.97× 10−6 ✗ ✗ ✗

(1, 3) 15.84 4.19× 10−5 ✗ ✗ ✗

(1, 4) 18.22 2.30× 10−9 ✗ ✗ ✗

(1, 5) 19.29 1.17× 10−6 ✗ ✗ ✗

(1, 6) 17.03 3.33× 10−9 ✗ ✗ ✗

(1, 7) 12.93 8.06× 10−9 ✗ ✗ ✗

(1, 8) 18.0 6.49× 10−7 ✗ ✗ ✗

(1, 9) 16.57 5.31× 10−6 ✗ ✗ ✗

(1, 10) 16.19 2.31× 10−7 ✗ ✗ ✗

(1, 11) 18.06 3.04× 10−8 ✗ ✗ ✗

(1, 12) 17.02 1.11× 10−5 ✗ ✗ ✗

(1, 13) 14.73 ✗ ✗ ✗ ✗

(1, 14) 15.75 2.49× 10−7 ✗ ✗ ✗

(1, 15) 13.06 2.53× 10−8 ✗ ✗ ✗

(1, 17) 15.51 8.44× 10−5 ✗ ✗ ✗

(1, 18) 10.7 1.36× 10−6 ✗ ✗ ✗

(1, 19) 14.21 1.61× 10−5 ✗ ✗ ✗

(2, 1) 15.1 2.90× 10−5 ✗ ✗ ✗

(2, 2) 13.51 4.31× 10−9 ✗ ✗ ✗

(2, 3) 11.91 2.11× 10−6 ✗ ✗ ✗

(2, 5) 13.1 5.81× 10−7 ✗ ✗ ✗

(2, 6) 12.84 9.20× 10−8 ✗ ✗ ✗

(2, 7) 12.72 5.51× 10−6 ✗ ✗ ✗

Table B.5: Table of cluster properties from the mass bin Mvir ∈ [1.1, 3.2]× 1015 M⊙.
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Appendix C

Abbreviations

Abbreviation Meaning

AQN Axion Quark Nugget
BBN Big Bang Nucleosynthesis
CP Charge-Conjugation Parity
CR Cosmic Ray
CS Color Superconducting
ICM Intracluster Medium
ISM Interstellar Medium
MQN Magnetized Quark Nugget
MAQN Magnetized Axion Quark Nugget
PQ Peccei-Quinn
QCD Quantum Chromodynamic
QGP Quark-Gluon Plasma
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Appendix D

Units

eV Equivalents for c = ℏ = 1 and h = 2π

me 510998.950 eV
cm−1 1.973× 10−5eV
K 8.617× 10−5eV
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