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Zusammenfassung

Axionen sind schwach wechselwirkende pseudo-skalare Teilchen, die urspriinglich im
Zusammenhang mit der Peccei-Quinn-Lésung des starken CP-Problems der QCD
postuliert wurden. Im kosmologischen Kontext stellen Axionen eine vielversprechen-
de Losung fiir die Erklarung der fehlenden dunklen Materie im aktuellen Standard-
modell des Universums dar. Wenn das kosmische Axionfeld erst nach der kosmologi-
schen Inflation etabliert wird - wie in dieser Arbeit angenommen - fithren die daraus
resultierenden Fluktuationen in der axionischen Materiedichte zur Bildung kompak-
ter massiver Strukturen. Auf kleinen Skalen fithren diese Strukturen zur Bildung
von Axionen-Miniclustern und Axionen-Sternen — duflerst massedichten Objekten,
die voraussichtlich spéter die Entstehungsorte von Galaxien durch aufeinanderfol-
gende Minicluster-Merger bestimmen. Es wird daher erwartet, dass die Halos aus
dunkler Materie in typischen Galaxien eine vielfiltige Substruktur leichter und mit-
telschwerer Minicluster aufweisen, in deren Zentrum jeweils ein Axionen-Stern vor-
handen ist. Diese zentralen Axionen-Sterne haben hohe Dichten, die ihre mogliche
Detektion durch parametrische Resonanz und relativistische Teilchen-Emission er-
moglichen.

In dieser Arbeit erweitern wir vorangegangene Studien iiber die Massen- und Grofien-
verteilung der Minicluster-Population durch ihre Ubertragung auf Dunkle-Materie-
Halos von Galaxien mit besonderem Schwerpunkt auf den Eigenschaften ihrer zen-
tralen Axionen-Sterne. Ausgehend von den Eigenschaften galaktischer Axionen-
Sterne berechnen wir die erwarteten Ereignisraten fiir verschiedene Signaturen, die
durch Kollisionen zwischen Neutronensternen, Miniclustern und Axionen-Sternen
entstehen. Wir betrachten Axion-Massen im Bereich von 10712eV< m, < 10726V
mit unterschiedlicher Abhéngigkeit m, (T") von der kosmologischen Temperatur. Un-
sere Analyse legt nahe, dass Signaturen aus Kollisionen zwischen Substrukturen aus
axionischer dunkler Materie und Neutronensternen in der Milchstrafle voraussicht-
lich nicht nachweisbar sind. Stattdessen leiten wir in dieser Arbeit neuartige Detek-
tionsmethoden her, die das kontinuierliche Massenwachstum von Axionen-Sternen
in Miniclustern nutzen. Wir zeigen, dass langfristige Massenakkretion von Axionen-
Sternen beobachtbare Signale sowohl durch parametrische Resonanz als auch durch
wiederkehrende Bosenovae liefern kann. Durch die Abschitzung der erwarteten Héau-
figkeit von akkretierenden Axionen-Sternen in unserer Galaxie zeigen wir, dass galak-
tische Radiolinien fiir eine grofle Bandbreite an Axion-Massen und Axion-Photon-
Kopplungen vorhergesagt werden. Dariiber hinaus legen unsere Ergebnisse nahe,
dass die Haufigkeit galaktischer Bosenovae ausreichen kann, um ihren Nachweis in
zukiinftigen Breitband-Detektoren fiir axionische dunkle Materie zu erméglichen.



Abstract

Axions are weakly interacting pseudo-scalar particles originally motivated by the
Peccei-Quinn solution of the strong CP problem of QCD. In the context of cosmol-
ogy, axions provide a compelling solution to explain the missing dark matter in the
standard model of the universe. When the cosmic axion field is established after
the inflationary epoch as assumed in this work, the resulting fluctuations in the
axion matter density source the formation of compact structures. On small scales,
these structures lead to the formation of axion miniclusters and axion stars - highly
overdense objects, which are expected to source the sites of galaxy formation at late
times through consecutive minicluster mergers. As a consequence, the dark matter
halos of standard galaxies are expected to exhibit a rich substructure of lighter and
inter-mediate mass miniclusters, each hosting a single axion star core. These axion
star cores have large central densities that allow for their possible detection through
parametric resonance and relativistic axion emission.

In this work, we extend earlier investigations on the mass and size distribution of
the minicluster population to galaxy dark matter halos with special emphasis on
the properties of their axion star cores. Inferring the properties of galactic axion
stars, we calculate the expected event rates for different signatures given by colli-
sions between neutron stars, miniclusters and axion stars. We consider axion masses
in the range 10712eV < m, < 1072eV with various scenarios for the cosmological
temperature evolution of m,(7T). Our analysis suggests that signatures from colli-
sions of neutron stars with miniclusters and axion stars are unlikely to be detected
in the Milky Way. Instead we provide novel detection schemes by exploiting the
continuous mass growth of the axion star cores. We show that long-time mass ac-
cretion of axion stars can provide observable signals from both parametric resonance
and re-occurring bosenovae. Evaluating the expected axion star abundance of our
galaxy, we demonstrate that galactic radio lines are predicted for a large range of
axion masses and axion-photon couplings. Similarly, we find that the rate of galactic
bosenovae may be sufficient to allow for their detection in future broadband axion
dark matter searches.
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Introduction

The cosmological standard model ranks among the most important scientific achievements since
it encompasses our fundamental understanding of the laws of nature. It provides an important
framework prescribing the interpretation of various observational data and explains the cosmic
history from the early universe until today. The most recent fundamental shift in our under-
standing of the universe occurred in 1998, when its accelerated expansion was discovered through
recession velocities of type 1A supernovae [5]. After that, dark energy (A) was understood to
be a major contribution to the total energy budget of the universe, next to cold dark matter
(CDM), in the so-called ACDM model.

The ACDM model is the most simple and most well-tested cosmological model that stands up to
observational challenges from decades of astronomical observations. Despite its great success in
explaining precision measurements of the cosmic microwave background and the homogeneity of
the present-day universe, the ACDM model still faces a series of fundamental challenges. These
challenges include the Hubble tension arising from different measurements of the present-day
expansion rate of the universe [6], the nature of dark energy and most importantly for this work,
the unknown nature of the name-giving cold dark matter (DM) component.

The first evidence for the existence of dark matter came through observations in the kinemat-
ics of galaxy clusters by Fritz Zwicky [7] in the 1930s. Ever since then, a large amount of
experimental data has consolidated the need for a larger matter component, mainly through
measurements of galaxy rotation curves [8-10], combined observations of the Bullet cluster [11,
12] and CMB measurements [13, 14]. Within the last decades, extensive searches for different
dark matter candidates like massive compact halo objects (MACHOS), primordial black holes
and weakly interacting massive particles (WIMPs) have been performed. Despite these efforts,
neither WIMPs nor any other dark matter particles have been found so far, which raised scien-
tific interest in new models and explanations. Among the most elegant and well-motivated of
these is the QCD axion, a weakly interacting pseudo-scalar particle that was proposed by Peccei
and Quinn in the 1970s to explain the strong CP problem of quantum chromodynamics [15, 16].
Analogous to the QCD axion, there exist many other extensions of the standard model, which
also introduce a spontaneously broken global shift symmetry [17, 18] and a corresponding
pseudo-Nambu-Goldstone boson that can serve as dark matter. These so-called axion-like par-
ticles are generally very light but can be produced abundantly via the non-thermal vacuum
realignment mechanism [19-21], in which the energy stored in the oscillations of the early axion
field behaves like cold dark matter at low cosmological temperatures. The subsequent evolution
of the matter density perturbations sourced by the axion field is fundamentally different de-
pending on if the symmetry breaking occurred before or after cosmic inflation. When the global
symmetry remains unbroken during inflation as will be assumed in this work, the axion field
takes different values across a Hubble patch leading to the collapse of large matter overdensities
around matter-radiation equality [22].



Chapter 1 Introduction

The objects formed from these overdensities are called axion miniclusters [23, 24]. They exhibit
a large range of masses, with typical values M ~ 10712 M, for m, ~ 50 ueV, and are expected
to host a dense core of condensed axions, called an axion star, or soliton [25, 26]. Miniclusters
have been shown to form heavier structures through consecutive mergers throughout the cosmo-
logical evolution [27] and could thereby source the sites of galaxy formation at late times. Just
like their minicluster counterparts in N-body simulations [27-29], the galaxy-sized dark mat-
ter halos formed from such mergers are expected to exhibit a rich substructure of lighter and
intermediate-mass miniclusters [30]. This scenario has important implications for experimental
observations of dark matter in our galaxy: First, the collisions of these objects with earth-based
detectors could lead to observable signals in axion DM search experiments. Secondly and im-
portantly for this work, axion stars on the verge of instability, can source the emission of either
radio bursts [31-34] or relativistic axion particles [35, 36]. Miniclusters, which host an unstable
axion star in their center can therefore allow for either confirmation or exclusion of different
axion models through (non-)observation of the resulting axion star signals.

In this work, we introduce the galactic DM substructure and more specifically the axion star
population of the Milky Way in a hierarchical approach: We start from the production of axion
dark matter in the early universe and consider the galactic dark matter halo of the Milky Way to
be composed out of a large population of lighter and heavy axion miniclusters, each of which can
host up to a single axion star core. Axion stars in return have been considered to yield observ-
able signatures through a variety of mechanisms, namely through spontaneous decay of axions
into photons, relativistic axion emission during collapse and radio amplified radio conversion in
the presence of the strong magnetic fields of neutron stars. The major goal of this work is to
provide a complete evaluation of the aforementioned, most important axion star signatures and
their detectability. A second part of this work is dedicated to the development of new detection
strategies, which exploit the mass growth of axion star cores.

For this, we start by introducing the fundamental properties of different axion models together
with different production and detection mechanisms of axion matter density perturbations in
Chap. 2. Chap. 3 summarizes how current knowledge on the formation and evolution of axion
miniclusters can be applied to estimate their present-day mass distribution in the galactic dark
matter halo. The resulting properties of galactic miniclusters are thereafter used to infer the
mass distribution of their respective axion star cores in Chap. 4. In Chap. 5 the combined
properties of axion stars and miniclusters can then be used to re-evaluate the detectability of
various signatures through calculation of the mass-integrated collision rates with astrophysical
sources. The resulting findings motivate the development of new observational methods for ac-
creting axion stars in Chap. 6 and Chap. 7. First, Chap. 6 focusses on the development of two
major accretion mechanisms for isolated and non-isolated axion-star-minicluster systems. Both
of these mechanisms are shown to induce substantial mass growth and resulting spontaneous
decay in axion stars, which is detectable with existing radio telescopes like LOFAR and FAST
according to our analysis. An equivalent approach is taken in Chap. 7, where the continuous
mass growth of axion stars leads to numerous, re-occurring axion bursts within the Milky Way,
which can potentially be detected using future broadband axion searches. Lastly, the results of
this work are summarized together with possible improvements in Chap. 8.

For the sake of clarity, we provide a schematic overview of the total structure and content of
this work in Fig. A.1 and App. A.2. The different minicluster- and axion star parameters used
in this thesis are summarized together with their respective definitions in Tab. A.1.



Axion Dark Matter

This chapter serves as a basic introduction of both the cosmological QCD axion and other axion-
like particles - together more broadly referred to as azions in this thesis (see Conventions). Such
particles are both motivated by the ongoing search for the missing dark matter in our universe
and by other, model-dependent considerations, most importantly by the solution of the strong
CP problem in the case of the QCD axion. The strong CP problem will be introduced in Sec. 2.1
together with the Peccei-Quinn mechanism in Sec. 2.2. Sec. 2.3 summarizes the interactions be-
tween different axion models and the standard model. The generalization to axion-like particles
and their fundamental properties are introduced in Sec. 2.4. Different production mechanisms
of axion dark matter and its role in the cosmological evolution are summarized in Sec. 2.5 and
Sec. 2.6, with special emphasis on the axion misalignment mechanism. Lastly, Sec. 2.7 gives
a summary of the most relevant experimental techniques designed to either detect or exclude
different axion models, and more specifically their predicted axion small-scale structure. The
content of this chapter is based on more elaborate reviews such as Ref.s [37-39] for the strong
CP problem and Ref.s [40-49] for the cosmological axion.

2.1 The strong CP Problem

Soon after the theory of Quantum Chromo-Dynamics (QCD) was established as the fundamental
theory of strong interactions, it was understood that the general QCD Lagrangian could con-
tain a term which violates invariance under time reversal (T) and parity (P) transformations.
This equivalently CP violating term (with CP denoting the combined transformation of charge
conjugation (C) and parity) is generally referred to as the #-term with Lagrangian

Lo=0 %Ggyéw C Locp (2.1)

where a; = g2/(4r) is the strong fine-structure constant and gs the strong coupling. The field
strength tensor G, = G — 9" G — g5 fOe[GP GV] is built from the gluon field G and the

structure constants f%¢ of the gauge group of QCD. Its dual is defined as G = etvaf G? 3 /2
and importantly, 0 is expected to be an order one parameter, which serves as a measure of the
strength of CP violation in QCD [37].

Another contribution to the strong CP problem arises from the quark mass Lagrangian

Ly = GrMijqir + h.c. (2.2)

with indices L and R labelling the left- and right-handed helicity states of the quark fields g;.
Since, the quark mass matrix M;; is generally complex, a chiral transformation ¢ — exp(iavys/2)q
of the quark fields with the Dirac matrix v5 = i79y1727y3 is needed to change to a physical basis
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by diagonalization of M;;. These chiral transformations change the § vacuum state of QCD by
introducing a rotation [37]

O |9 = |0+ @) . (2.3)

The shift required to render the quark masses real and positive is o = arg(det M), so that the
total contribution to the CP violating #-term including the effects of chiral transformations is
2m-periodic with

0 = 0 + arg(det M) , (2.4)

taking values 6 € [—77,77r] and where # = 0 amounts to no violation of the CP symmetry of QCD
[37, 50]. The general #-term and the corresponding violation of CP symmetry for 6 # 0 induce
an electric dipole moment for the neutron which is roughly on the order of

femy,mg

dy, ~ —Mud
" m2(my, + my)

~107%fecm, (2.5)

with the electron charge e, the neutron mass m, and the masses m,, mq of the up- and down
quarks [51]. Experimental measurements of this dipole moment yield an upper bound of |d,| <
1.8-1072¢ cm [52], which amounts to the stringent constraint || < 10719 for the f-parameter in
Eq. (2.4). Since the natural expectation for § € [—m, 7] is an O(1) number, the apparently exact
CP symmetry of QCD constitutes a fine-tuning problem raising the question why the observed
value of @ is so extremely small.

2.2 The Peccei-Quinn Mechanism and the QCD Axion

The easiest possible solution to the strong CP problem of QCD is to assume that one of the
quarks is massless. In this case det M = 0 and the arg(det M) term in Eq. (2.4) becomes
arbitrary, allowing one to set # = 0 for any 0. However it was quickly found that the lightest
quark mass in the standard model is that of the up quark with m, = 2.2 + 0.5 MeV [53], which
effectively ruled out the massless quark explanation.

Another, more viable solution was proposed by Peccei and Quinn (PQ) in the 1970s, who
introduced a new axial U(1) pg symmetry which is broken at some energy scale f,, often referred
to as the decay constant [15]. Under this symmetry, the newly defined complex scalar field

() = po(x) )/ e (2.6)
transforms according to
o(z) = emgo(x) , (2.7)

where the field ¢ is decomposed into the radial mode ¢o(x) and a pseudo-scalar field ¢(z).
Similar to the Higgs mechanism, the field ¢ has a symmetry breaking potential, where the
U(1)pg symmetry is spontaneously broken by the vacuum expectation value (p) = f,. The
pseudo Nambu-Goldstone boson associated to this symmetry breaking, ¢(z), is known as the

4
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azion [15, 17]. It can be shown that the corresponding axion Lagrangian contains the crucially
important axion-gluon interaction term

ag ¢ ~
Logg = SiﬁGWGW. (2.8)
This term encompasses a solution of the strong CP problem since it provides a similar contribu-
tion than the theta-term in Eq. (2.1) and Eq. (2.4) [15, 37]. The cancellation of the CP violation
contained in Lg, L)r and L,¢4 can also be seen from the axion potential V' (¢), which is inherited
from the Lagrangian Eq. (2.8). A simplified but common assumption for the cosmological axion

potential is [40, 41, 54]

V(g) = m2 f2—d [1 — cos <6+ }i)] , (2.9)

T ﬂm%—i—mfl

whereas its exact form has to be computed numerically from instantons [54] or chiral perturba-
tion theory [55]. It is given in terms of the pion mass and decay constant m,, fr and exhibits
a CP conserving minimum at (¢) = —0f,. The strong CP problem of QCD is thus solved
dynamically by the field ¢(x) relaxing to its potential minimum, where the shift ¢ — ¢ + (¢)
cancels the CP violating contributions from Eq. (2.1) and Eq. (2.2). Accordingly, one can also
interpret the PQ solution as a promoting of the static CP violation parameter  to a dynamical
field @ — ¢(x)/fa. Apart from solving the CP problem, the axion potential Eq. (2.9) induces
an axion mass

2 _ 0%V (9)

mo. =

a 8¢2

2 £2
_ mgfr mymg

2.10
72 mE g (2.10)

min(¢)

with Eq. (2.10) implying m?2 f? = const. Inserting standard model values for the known param-
eters my, mq, Mz, fr, the zero-temperature axion mass from Eq. (2.10) is commonly expressed
in terms of the decay constant as [56]

(2.11)

1.2- 10" Gev
meq ~= 50 pueV <0Ge)

Jfa
where in this work we assume a representative value of m, = 50 peV, in good agreement with

Ref.s [28, 30, 43, 57] . More generally and above the QCD confinement scale, the axion potential
V derived from the Lagrangian Eq. (2.8) evolves with the cosmological temperature T" as

N
V(0.7) = mm)f2 |1 cos (V)] (2.12)
where Npw = 1 is the domain wall number and the temperature dependent axion mass
x(T)
m2(T) = 72 (2.13)

is given in terms of the topological susceptibility x(7') of QCD [54]. Note that the axion field
in Eq. (2.12) has already been shifted compared to Eq. (2.9). For temperatures below the QCD
scale T' < Toep ~ 180 MeV [54], mq(T') approaches its zero-temperature value from Eq. (2.11).
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Conversely, x(T) evolves beyond the QCD confinement scale, rendering the axion effectively
mass-less at high temperatures. Wantz and Shellard [54] reported the scaling

T —2n
X(T) = a Al <> , T>A, (2.14)
Aq
of the susceptibility, with coefficient o, = 1.68 - 1077, temperature index n = 3.34 and A, =
400 MeV. This means that the axion mass temperature evolution in Eq. (2.13) can be parametrized
by a power law according to

SN2 TN\ T\ "
ma(T):\/i (A> ~ma70<A> L T A, (2.15)

where mgq o = mq(T = 0) is the zero-temperature axion mass and the decay constant f, was es-
timated from the zero-temperature relation Eq. (2.13) as fu ~ v/X(0)/mq0 ~ /@aAZ/mq [58].
Unless the temperature dependence is explicitly written out, we refer to the low-temperature
value of the axion mass, i.e. mg = mq. In Sec. 2.5, this parametrization of m,(7") will be used
to determine the present-day axion abundance for a given set of parameters a4, n, Ay, which in
turn have to be found numerically from QCD lattice calculations [41, 54].

2.3 Axion Models and Interactions

In this section we will examine the coupling of different axion models to standard model particles.
It should be noted that the original Peccei-Quinn-Weinberg-Wilczek (PQWW) axion involving
only a single additional complex scalar field is excluded by experiments. As we will see, axion
couplings to the standard model are proportional to 1/f,, which is why the original PQWW
axion with f; ~ 100 GeV on the order of the electroweak phase transition was quickly ruled out
by laboratory experiments [59, 60]. A solution to this problem was the invention of so-called
invisible axion models, for which the PQ scale is introduced independently of the electroweak
scale. This allows for much larger axion decay constants f, > 100 GeV, which lead to smaller
couplings to the standard model, that have not been ruled out yet [19, 61].

Many of these models can be assigned to one of two different categories: the Kim-Shifman-
Vainshtein-Zakharov (KSVZ) type axions introducing heavy quarks next to a PQ scalar, and
the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) type models, which introduce an additional Higgs
field next to the PQ scalar [41]. Conveniently, the zero-temperature axion mass, which is
derived from the axion-gluon coupling Eq. (2.8), is essentially model-independent. The simple
explanation for this is the fact that the Lagrangian £, which gives rise to the axion potential
and which is required to cancel the CP-violating @ term, has to be model-independent in order
to solve the strong CP problem consistently.

In this work and in the context of axion small-scale structure, we will focus on the case of KSVZ-
type models with domain wall number Npw = 1, for which miniclusters are a generic prediction
in standard QCD axion models [58]. For DFSZ-type axion models with Npw > 1 on the other
hand, the axion relic density can be enhanced above ACDM values, as explained in more detail
in Subsec. 2.5.3. Independent of the QCD axion model at hand, the total Lagrangian contains
the terms

i f G G™ C L, (2.16)

87 fa

1
['ind = _5 M¢8M¢ +
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which amount to a kinetic term plus the Lagrangian L4, from Eq. (2.8). At low energies,
the phenomenologically most relevant couplings to the standard model are given by the model-
dependent axion interactions with photons, nucleons, protons and electrons (v, f = n,p,e)

Ea"W - - gal%(bFHVFp,u ) (217)
g -
Lapr= 2;? Oup¥ ¥ g (2.18)
f:n7p7e f
. g —
Lopy=—i > —2;{: G 10,750 (2.19)
f=n,p

where FH, F,“, are the electromagnetic field strength tensor and its dual respectively, ¥, are
fermion wave functions and o, is the spin operator. Here, g,,~ is the axion-photon coupling,
Jass is the coupling to fermions and g4y, is the mixed coupling leading to the neutron electric
dipole moment. Note that g4y, gofy have mass dimension -1, while g,¢s is dimensionless by
definition. The coupling strengths in Eq. (2.17) - Eq. (2.19) are often expressed in terms of the
dimensionless coupling constants Cyy~,Cysr and C,z- defined by

a C, Cofrm C,
Gayy = o ;»ZFY y  Yaff = % y  Yafy = }1{7 ) (220)

where all couplings ¢ scale inversely with f, as mentioned before.
Phenomenologically most relevant for this work is the axion-photon coupling coefficient

E
Cay = 7 — 1.92(4), (2.21)

where E/N = is the model-dependent ratio between the electromagnetic anomaly number E
and the number of color anomalies N. KSVZ-type models usually have E/N = 0, while classical
DFSZ models have E/N = 8/3. The above coefficient yields the axion-photon coupling constant

Mg

FE
avy = [0.203(3)— — 0.39(1) | ——,
Garyy ( ) ( ) GeV2

2.22
- (222)
of the decay process a — v + 7.

In the KSVZ axion model, which we focus on in this work, the axion-nucleon and axion-electron
coupling constants Cqs take the values [43, 62, 63]

CKSVZ — _0.02(3), (2.23)
CEVE = —0.47(3) (2.24)
302 [E f 1GeV
KSVZ _ 9%s | &~ Ja
i = 398 [ (£2) g (162V)]. 229
(2.26)
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For completeness, we also give the corresponding coefficients for DFSZ type models which are
found to be [62, 63]

CDFSZ — (.254 + 0.414sin? B + 0.025 (2.27)
CIFS% = 0.617 + 0.435 sin” 8 & 0.025 (2.28)
Cone? = Sm; & (2.29)

(2.30)

where [ is an angular parameter related to the vacuum expectation value of the Higgs field.
Lastly, the model-independent axion-photon-nucleon couplings [62, 63]

Cany = —Clapy = (3.7 1.5) - 1073 (2.31)

of the neutron and proton have equal magnitudes and opposite signs.

Note that the QCD axion models introduced in this section obey specific relations Eq. (2.20)
between their coupling constants gqy~, gaffs gasy and the decay constant f, of the PQ symmetry
breaking. Taking into account Eq. (2.11), this means that the mass m, of the QCD axion
fixes both its decay constant f, and the standard model couplings guy~, gaff, gafy The search
for axion models constituting the missing cold dark matter thus amounts to optimizing the
parameter range for m, to fix the present-day axion abundance to the correct value (see also
Sec. 2.5). This so-called cosmological axion mass band lies in the range 1076 eV< m, < 1074 eV.

2.4 Axion-like Particles

The ongoing search for dark matter and the realization that the QCD axion provides an excel-
lent dark matter candidate motivated the definition of a broader class of particles with similar
properties than the previous QCD axion models. These so-called azion-like particles (ALPs, or
often simply termed axions) are typically massive pseudo-scalar particles that are either gener-
ated dynamically like the QCD axion or that are present in the universe from the beginning.
Axion-like particles can arise naturally as the pseudo-Nambu-Goldstone bosons from extensions
of the standard model, where an approximate symmetry becomes spontaneously broken. The
introduction of ALPs can hence be seen as a generic class of axion-like dark matter candidates,
that do not solve the strong CP problem and which are often motivated rather by their simple
nature and their CDM like behavior at low temperatures.

Generally, ALPs can appear in many different extensions of the standard model, like SUSY
theories [64] or string theoretical models [65-67], which is why we take a simplified approach in
the following and refer to Ref. [68] for a detailed review on the topic. A common assumption is
that the ALP potential inherited from some strongly interacting sector is similar to the QCD
instanton potential from Eq. (2.12), i.e.

Va(pa) ~ A [1 — cos <(;A>} , (2.32)
A
which gives a similar relation for the ALP mass m4
0*Va(da A?
A lmin(ea) 74
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and where A* takes the role of the topological susceptibility x(7) in Eq. (2.13).

Opposed to the QCD axion models in Sec. 2.3, ALPs can have arbitrary combinations of the
parameters ma, fa and gayy, Gaffs Jaf~, largely enhancing their possible parameter space. Due
to their Nambu-Goldstone nature, ALP couplings are suppressed by the symmetry breaking
scale f4, yielding feeble interactions for large f4 as in the case of the QCD axion.

In the context of arbitrary ALP models, the temperature evolution of the quantity A(T) in
Eq. (2.33), which governs the temperature evolution of the ALP mass, is strongly model-
dependent. We deal with this model-dependence following the approach in Ref.s [58] and [54]
by introducing a parametrization of the form

T —-n
ma(T) =may <A0) , T>Ag (2.34)

to describe the temperature evolution of the ALP mass m 4 with zero-temperature value m 9 =
ma(T = 0) in terms of the temperature index n and a reference scale Ag. Note that this
parametrization is equivalent to the QCD axion mass scaling in Eq. (2.15).

While the QCD axion has mgo ~ 21peV, n = 3.34 and Ag = A, = 400 MeV according to
the instanton liquid model in Ref. [54], the ALP parameters m4, n and Ag are essentially
unconstrained. Eq. (2.34) can therefore be interpreted as a generalization of the QCD axion
relation Eq. (2.15), where each ALP model has a different set of parameters m 4, n and Ay de-
termining the evolution of m 4 with T'. Based on the zero-temperature scaling of the QCD axion
in Eq. (2.13), we assume Ag = A(T = 0) ~ \/maofa for the general ALP mass temperature
evolution in Eq. (2.34)%.

In this work and in the following, the term axions refers to the general class of axion-like particles,
including the QCD axion, whereas the term ALPs refers to axion-like particles specifically.

2.5 Axion Dark Matter Production

In the previous sections we have introduced the QCD axion as the pseudo-Nambu-Goldstone
boson of a spontaneously broken U(1)pg symmetry which solves the strong CP problem. Simi-
larly, ALPs can be generated as the pseudo-Nambu-Goldstone bosons of more general symmetry
breaking, with both mechanisms being described by some high energy scale f,. In a cosmolog-
ical context, the symmetry breaking will take place in the early universe with the axion field
dynamic and subsequent dark matter production depending strongly on the hierarchy of f, and
other cosmological temperature scales. The most relevant such scale is the temperature of the
universe during inflation, given by the Gibbons-Hawking temperature of the de-Sitter horizon

Tr =
I 271'7

(2.35)
which is defined in terms of the inflationary Hubble scale Hy [41, 69]. It is common to distinguish
axion models and their subsequent evolution as CDM into two scenarios: those with a pre-
inflationary symmetry breaking, i.e. f, > Tt and those with a post-inflationary PQ transition,
where f, < T7. We use this distinction to describe axion DM production by the misalignment

!Note that here for the QCD axion Ag # A, which agrees roughly with the scaling Ao ~ 2.51/m 4,0 fa reported
in Ref. [58].
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mechanism in Subsec. 2.5.2, but restrict our analysis to the post-inflationary case for the majority
of our study.

As for this section, we start by introducing the thermal production of relic axions in Subsec. 2.5.1
and put special emphasis on the misalignment mechanism in Subsec. 2.5.2. As it turns out, the
latter provides an excellent explanation linking the axion field to the expected abundance of cold
dark matter in our universe. We also summarize how the decay of the axion string-domain-wall
network leads to additional axion DM production in Subsec. 2.5.3 and how it seeds the formation
of small-scale DM structures in Sec. 2.6.

2.5.1 Thermal Production

There are different thermal processes in the plasma of the early universe, which can contribute
to the production of relic axions, mainly derived from their interactions with quarks, gluons and
pions. In the case of the QCD axion, the most relevant among them is given by pion-scattering
T+ T+ 7+ a [22, 41]. Pion-scattering becomes relevant after hadronization at temperatures
T < 200 MeV. Compared to the QCD axion, ALPs are often more weakly coupled to the strongly
interacting sector, which is why the abundance of thermal ALPs is strongly model-dependent.
For simplicity, we will thus only consider the thermal production of QCD axions in the following.
Once the interaction rate for pion-scattering drops below the Hubble expansion rate, the number
density of relic axions is fixed by freeze-out at the decoupling temperature. Thermal axions
have to be out of equilibrium by recombination, i.e. for T' > 0.26eV>> m,, when they are
still relativistic. Thermally produced axions with sub-eV mass will thus contribute to the total
energy budget of the universe in the form of some yet unobserved ’dark radiation’ component.
This is why the relic density of thermal axions is often expressed in terms of the excess number
of neutrino species ANgg = Negr — 3.044 by writing [42, 70, 71]

7 4 4/3
Path = Prad — Py — Pv = é (11> ANeffpy, (236)

where Ngg is the effective number of neutrino flavours. Here, p,,q denotes the total relativistic
energy density composed out of photons in the cosmic microwave background (CMB) with
density py, the IV, = 3 neutrino species constituting p, and thermal axions with relic density
Pash- Using the conservation of the comoving entropy density, one can show that any light,
weakly interacting scalar particle will contribute to the dark radiation component by an amount
[70]

411 g*s(Tu)r/?’ [ 106.75 r/?’
ANy = = | =952 g 007 | 22 1 9.37
T [4 9x,5(Ty) x5 (1) (2.37)

where g, 5(Ty) is the number of entropic degrees of freedom at the decoupling temperature Ty.
Since the standard model has ¢, 5(T) S g«,5(T 2 3miop) = 106.75 for temperatures above
the top-quark mass 7" 2 100 GeV, it can be seen from Eq. (2.37) that the QCD axion should
contribute at least with AN = 0.027 to the effective number of neutrinos Neg.

For the QCD axion, thermal production becomes more efficient when the axion-pion coupling
gets larger. Recalling the inverse scaling of the standard model couplings in Eq. (2.20) with f,,
this means that a smaller symmetry breaking scale f, will enhance the thermal axion abundance.
The required value for the thermal axion population to become visible in future galaxy redshift

10
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surveys [72] is f, ~ 107 GeV, corresponding to m, > 0.15eV [41]. On the other hand, stellar
cooling constrains the decay constant to f, > 109 GeV, where the thermal relic abundance is
essentially negligible. Depending on the ALP model, thermal production may however become
significant for other axion-like dark matter candidates, see e.g. Ref.s [41, 42, 70] for a more
detailed discussion.

2.5.2 Misalignment Mechanism

In the previous subsection we have summarized how axions can contribute to the total energy
budget of the universe in the form of hot dark matter. However cosmological observations of
both the cosmic microwave background and the matter power spectrum in the ACDM model
strongly constrain the abundance of relativistic DM particles. Instead they suggest that the
majority of the matter component should be non-relativistic, or cold [73]. As we will see in
this subsection, the vacuum realignment of the axion field provides an excellent mechanism for
axion CDM to be produced abundantly [19, 20, 74]. To demonstrate the vacuum realignment
mechanism, we start with the derivation of the equation of motion (EOM) for the axion field
in an expanding universe. Neglecting axion self-interactions and couplings to standard model
particles, the EOM can be obtained from the Lagrangian [41]

Ly = f> —%aueaﬂe -V(6,717)|, (2.38)

where g, is the metric tensor and V' (6, T) is the axion potential from Eq. (2.12). Note that the
axion field has been rescaled to § = ¢/ f, here. Taking the Friedman-Lemaitre-Robertson-Walker
metric with zero curvature

ds* = —dt* + a*(t) (dr* +r%dQ?) , (2.39)
and scale factor a(t), the equation of motion for § becomes

av (0)

.. .1
0+3HO — V0 +
a
where H = a/a is the Hubble constant. The stress energy tensor of the axion field is

TH = f2919"0 + f2g [—;aaeaae - V(G,T)} : (2.41)

which yields the axion energy density p, and pressure P, [41]

pa = f2 [;9‘2 - 2%2(%)2 - V(O,T)} : (2.42)
Po=f2 [;9‘2 _ é(veﬁ _ V(@,T)} . (2.43)

The basic principle of the misalignment mechanism can be understood from Eq. (2.40), Eq. (2.42)
and Eq. (2.43): Assuming a small displacement, i.e. a small initial angle § = 6; < 1 for the
axion field, one can perform a Taylor expansion and write V (6, T) ~ m?2(T)0?/2. This so-called

11
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harmonic approximation linearizes the EOM and allows for a simplified analytical treatment
of the misalignment mechanism. Applying it to the homogeneous axion field with V& = 0,
Eq. (2.40) reduces to the differential equation of a damped harmonic oscillator

0+ 3H(T)0 +m2(T)0 =0, (2.44)

where the Hubble friction term oc 3H (T') takes the role of the damping and where the axion mass
ma(T') evolves according to Eq. (2.15). At early times and before the QCD phase transition,
the axion is effectively massless mq(T") ~ 0. This means that for 7" >> Tcp, the homogeneous
field evolution is dominated by the Hubble drag, with 3H(T) > m,(T), so that the axion
field remains essentially frozen at its initial value § = 6y € [—m,7]. Looking at Eq. (2.42)
and Eq. (2.43) for T' > Tqcp, 6 = 0 and VO = 0, it can be seen that the axion field in the
harmonic approximation has p, = — P, in this epoch, which implies the same equation of state
w = P/p = —1 as dark energy.

In the second part of its evolution, the axion starts to oscillate around the time when 3H (Tpsc) =
ma(Tosc), with a frequency ~ m,. The temperature Tys. defining equality between axion mass
and Hubble drag is called the oscillation temperature. After the onset of axion oscillations, the
field 6 behaves like CDM. The subsequent dynamical evolution of the field # and its density
fluctuations differs drastically depending on the hierarchy between the temperature scales of
inflation and PQ symmetry breaking. We will thus make use of Eq. (2.35) to distinguish between
the pre- and post-inflationary symmetry breaking scenarios in the following.

Before treating the two different scenarios in more detail, we can estimate the relic abundance of
axions produced from the misalignment mechanism as a function of the initial misalignment angle
0 using the harmonic approximation. Once the axion oscillations begin and for slow variation
of my(T), the comoving axion number density nq(T) = pa(T)/mq(T) becomes conserved [41].
This allows us to express the present-day axion density at 7" = Ty = 2.725K [14]

na(To) = 1a(Tosc) <a°>3 (2.45)

ao
in terms of the number density and scale factor agse = a(Thsc) at the temperature Typse. Assuming

that the homogeneous field with V& = 0 and initial value §; does not change significantly until
Tosc, i-e. 0; =~ 0, Eq. (2.42) yields the number density

Pa (Tosc>

a Tosc = N
" ( ) ma(Tosc)

1
~ ima(Tosc)fge% (246)

from the mass density pq(Tosc). Together with p,(Ty) = mq(To)na(Tp) one obtains

1 -3
pa(TO) = ig%fgma(TO)ma(Tosc) (aao > (247)
1 94,5 (T0) T§
— ie%fgma(TO)ma(Tosc) [‘%j(g(ﬂ)si)J%sc 5 (248)

where in the last expression we have used the conservation g, (7)7T2a® = const of the comoving
entropy. It can be shown by taking the average (-) over the field oscillations, that the averaged
axion pressure is (P,) = 0 [41, 75] and that the corresponding time-dependent equation of state
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oscillates around w = 0. Together with the conservation of the comoving number density ng,,
the axion field thus behaves like CDM at T' < Tosc.

The remaining quantity needed to obtain the relic density Eq. (2.47) for a given axion model
with characteristic parameters mg, f,, n and initial angle 6; is the oscillation temperature Togc.
In the QCD axion case with m, obeying Eq. (2.15), the defining condition 3H (Thsc) = mq(Tosc)
can be rearranged to find the expression [42]

10 T
T . = M, T 2ntd 2.49
osc ( 7T29*7R(Tosc) o Pl) QCD » ( )

where Mp) = 1/v/8nG is the reduced Planck mass. The typical oscillation temperature is of
order T,s. ~ 1GeV for representative axion parameters mg, ~ 107°€V | Tgep ~ 180 MeV and
n = 4. Re-expressing Eq. (2.47) in terms of the critical density p. = 3H?M$, yields the axion
relic density contribution

mis __
Q" =

M (To)ma(Tosc) f262 [ 9x.5(T0)T5 ] (2.50)

GHnggl g*as(TOSC)Tg)SC

produced from the misalignment mechanism. For the QCD axion, m, and f, are related by
Eq. (2.11), while the temperature evolution of m,(7T) described by n, A, sets the oscillation
temperature Tys.. However in the most general case of axion-like particles, m4 and f4 can
take independent values so that the oscillation temperature needs to be calculated numerically.
This can be done by equating the ALP mass temperature evolution m4(T) in Eq. (2.34) as
ma(T) = 3H(T) with H(T) obtained from the second Friedmann equation

=9 r(T)T*, (2.51)

where g, g(T) are the relativistic degrees of freedom. In this work we use the fits by Wantz &
Shellard [54] for g.; with ¢ = R, S parametrized by

i ° i T- aéﬂ = T
g*,i = exp G‘O + Z aj’1 1.0 + tanh 273 s T =1n 1 Gev . (252)

a’.
j=1 J

The corresponding fit parameters aé- in Tab. A.2 are accurate up to < 4% precision around the
QCD phase transition and up to roughly 1% elsewhere [54].

With the determination of the oscillation temperature for QCD axions and ALPs outlined above,
Eq. (2.50) allows us to estimate the relic abundance QI for arbitrary axion models, i.e. for
different combinations of m4,n, f4o. The remaining quantity needed to fix Q™ is the initial
misalignment angle §; € [—m, 7] entering quadratically in Eq. (2.50). As mentioned before,
understanding the dynamical evolution of the axion field and its initial conditions prescribed by
01 leads us to study the pre- and post-inflationary scenarios for both QCD axions and ALPs in
the following.

Pre-inflationary Scenario

We start with the pre-inflationary case depicted in Fig. 2.1 on the left. In this scenario, the PQ
symmetry (or any other relevant symmetry for ALPs) is broken before the onset of inflation,
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Pre-inflationary scenario Post-inflationary scenario

PQ unbroken
— No axion field

PQ broken

e

%

\  Horizon | \"}‘c Horizon

'(K\""I";"

Figure 2.1: Conceptual diagram demonstrating the axion field evolution depending on the time of PQ
symmetry breaking, taken from Ref. [42]. Left: In the pre-inflationary case, the axion field gets broken at
some scale f, > T7 and the rapid expansion during inflation leaves a roughly uniform V8 ~ 0 distribution
of # in the current Hubble patch. Right: When the PQ symmetry is broken after inflation f, < T7, the
same horizon is filled with a random ensemble of values for 6 € [—7, 7] so that V8 # 0.

fa > Tr, with the Gibbons-Hawking temperature 77 from Eq. (2.35). Once the temperature
drops below f,, the PQ symmetry becomes spontaneously broken. At this point, each causally
disconnected Hubble patch with horizon size Ry ~ 1/H takes a different value for the ini-
tial misalignment angle, with #; being randomly drawn from a uniform distribution between
[, m]. As argued above, the axion field remains frozen at its initial value § = 6; as long as
mq(T) < 3H(T) and the axion energy density is roughly given by p, ~ f2m2(T)6%/2.
Simultaneously, the universe continues to cool down followed by a rapid expansion during infla-
tion, which stretches out the Hubble patches with different initial values of #;. As a consequence,
the present-day Hubble volume in this scenario exhibits a uniform value of 7 everywhere, with
VO =~ 0, as indicated by the zoomed in panel in the bottom left of Fig. 2.1.

In the pre-inflationary scenario, the value of 87 in our universe is completely random and it sets
the relic abundance of the pre-inflationary misalingment production according to Eq. (2.50). The
dependence of Q™ on #; can be intuitively understood from the fact that the energy stored
in the axion field oscillations depends directly on the initial misalignment angle, with which
the field started to oscillate. This means that with some fine-tuning of ; one can set QI to
almost arbitrary values. As a consequence, the predictive power of the pre-inflationary scenario
is arguably compromised (see Ref.s [76, 77| for discussions on the topic). Importantly for this
work, we will hereafter focus on the post-inflationary scenario, where the ambiguity in the choice
of 67 vanishes.
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2.5 Axion Dark Matter Production

Post-inflationary Scenario

In the second scenario, the PQ symmetry remains unbroken throughout the inflationary period,
i.e. fo < T7 as shown by the absence of the axion field in the gray panel on the right of
Fig. 2.1. After inflation, the radiation temperature eventually drops below f, and similarly to
before, the axion field is established with 67 taking random values on the interval [—m, 7|. The
important difference here is that in the post-inflationary scenario, many regions with different
f; are contained within a single Hubble horizon so that generally V& # 0. It is thus most
reasonable to consider the spatially averaged background energy density

Pa = ‘1//d3:z: pa () (2.53)

instead of its local counterpart p, from Eq. (2.47). Note that this is equivalent to averaging over
different Hubble patches with different 6;. Therefore using the averaged energy density, one can
follow the same steps that led to the relic abundance in Eq. (2.50) by means of the replacement
Pa — Pa- We can estimate that

_ L .o a(Tosc) ’ 2
pulT) = 3 ma (L) (D) (A2 ) (), (2.54)
where the randomly drawn average value of 9% over a Hubble patch is now given by
+7 7.‘_2
(03 = / ) dOF(0)0* = T (2.55)

with a flat distribution function F(0) = 1/(2x). In principle, the resulting modification of the
relic abundance Q2 in Eq. (2.50) amounts to a replacement 6% — (#2) = 72/3. There are
however additional modifications to Q™ in the post-inflationary scenario that we will need to
take into account as well.

The first such modification arises from the fact that Eq. (2.50) has been computed from the
harmonic axion potential V() = m2(T)6?/2, which is valid for §; < 1. However when the
initial displacement angle becomes large, 8y ~ 1, anharmonic corrections caused by the axion’s
self-interactions become relevant. In this case, the axion potential will be flattened for larger 0;
and the onset of oscillations at Ts. will be delayed [41]. This results in the relic abundance being
increased compared to the prediction in the harmonic approximation. The corresponding an-
harmonic corrections are usually taken into account by assuming g, r = const over the timescale
on which anharmonic corrections change Tosc [58]. Under this assumption, the correction to Tosc
can be calculated analytically performing the replacement

pRs _y Fon (07) pis (2.56)

a

with the anharmonic correction function

Fanllr) = {ln <p<zf>>]q ’ (257)

where the power index

n
2n + 4

3
= 2.58
=5 (2.58)
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Chapter 2 Axion Dark Matter

is given in terms of the axion mass temperature index n from Eq. (2.34) [58]. The polynomial
fitting function

p(0) =1- <6>4 (2.59)

™

obtained from Ref. [58] was matched to the solution of the EOM in Eq. (2.40) for a homogeneous
axion field with a cosine potential of the form in Eq. (2.32). Note that as expected Fa, — 0 for
small # and that F,n(f) is monotonically increasing for § — 7. Applying Eq. (2.56) amounts to
replacing 6% in Eq. (2.50) by

7[.2

(03 Fan (01)) = 2i / i dOFun(0)0* = can— . (2.60)

L - 3

Comparing with Eq. (2.55), it can be seen that the coefficient c,, effectively accounts for the
anharmonic corrections from the axion cosine potential. Rearranging Eq. (2.60), the value of
Can can be obtained from the polynomial fit p(6) by writing

3 n
T 27 2n+4
Can = 233/ df 92 lln <694>] . (261)
=L

™

Note that here, c,;, only depends on the axion mass temperature index n. For the extended relic
abundance (23" including anharmonic corrections, we obtain the result

Qan — ma(To)ma(Tosc)fg Can 7'1'2 |: g*,s(TO>T(:)3 :|

6HZME 3 | ges(Tose)T3, (2:62)
which is independent of the initial angle 8; as opposed to Eq. (2.50) for the pre-inflationary case.
As a consequence, the predicted total relic abundance Q2" is completely set by the three model-
dependent axion parameters mg,n, f,, where the remaining constants A, and Ag in Eq. (2.15)
and Eq. (2.34) are fixed by QCD calculations or the approximate relation Ag ~ /maf, for
ALPs respectively.

We conclude by emphasizing that the random values of 67 seeded by the PQ symmetry breaking
in the bottom right panel of Fig. 2.1 contribute large O(1) fluctuations in the energy density of
the axion field p,(x). These fluctuations extend over scales on the order of the horizon at the
time when QCD instanton effects give rise to the axion potential and most importantly for this
work, they are expected to seed the formation of so-called axion miniclusters, which we treat in
more detail in Chap. 3. Before moving on to the formation of axion small-scale structure and
its possible detection, there is yet another production mechanism contributing to the total relic
abundance, that needs to be taken into account.

We also mention for completeness, that next to the standard misalignment mechanism from this
subsection with 6 = 0, there exist similar models in which the axion field has a non-zero initial
velocity @] > 0. This so-called kinetic misalignment mechanism is explored in Ref.s [78-81], but
not considered in this thesis for simplicity.

16



2.5 Axion Dark Matter Production

2.5.3 Decay of Topological Defects

A third production mechanism of axion dark matter arises from the gradient term proportional
to V@ in Eq. (2.40) and from the resulting non-linear axion field dynamics in the post-inflationary
scenario. In this scenario and after the PQ symmetry breaking, the continuous axion field 0(x)
will adopt randomly chosen angles at different locations @ within a Hubble patch. As a con-
sequence of this randomness, there should exist some points in space, where the surrounding
axion field happens to wrap around the entire range of 6 € [—m, 7.

At these particular points, the complex scalar field ¢ will be forced into the center of the com-
plex plane at |p| = 0, i.e. on top of the Mexican hat potential, where the PQ symmetry is
effectively restored and the angle 6 is undefined. The resulting field configuration turns out to
be stable due to the 27-winding of 6 as long as the potential V' (6,T) has no preferred value
of @, or equivalently, as long as the axion remains massless. In three dimensions, the singular
points with |¢| = 0 connect along a one-dimensional line that is commonly referred to as an
azion string [82-84].

The energy contained in the cores of axion strings is set by the radial shape of the complex field
@(x) defined by Eq. (2.6), Eq. (2.40), Eq. (2.12) with 8 = a/f, and is thereby closely related to
the decay constant f, [42]. It is commonly expressed in terms of the string tension s, which is
given in units of energy per unit length. After the PQ symmetry breaking at T' ~ f, and before
the QCD phase transition, the string tension can be calculated using the EOM from Eq. (2.40)
together with the cosmological horizon as a large-scale cutoff r.x = H(t)~! for the string size,
which gives us ~ f2 [22, 42, 85]. Accordingly, the cosmic string network can potentially store
a considerable amount of energy [86, 87], where the exact contributions need to be calculated
from extensive numerical calculations [87-97].

Once the axion acquires a mass around T ~ Tog., the potential V (0, T) develops a CP-conserving
minimum at # = 0, that allows the cosmic strings to unravel themselves due to the existence of
a preferred value for 6. This is often visualized as a tilting of the Mexican hat potential, where
due to the tilting, V' (0,T) exhibits an absolute minimum at # = 0 and a quasi-stable maximum
at the saddle point § = +x. The resulting decay of axion strings contributes to the dark matter
relic abundance and occurs until the axion field oscillates around the minimum 6 = 0 every-
where. During the decay of axion strings, another topological defect arises in locations, where
the axion field gets stuck at the saddle point § = £+x. The two-dimensional surfaces where
this happens are called domain walls because they separate different regions ('domains’) of the
universe, in which the axion field rolls down either along the positive 6§ € [0, 7] or negative set
of values 0 € [—,0] of the shift-symmetric field § € [—m,7]. Importantly, domain wall decay
can provide an additional energy contribution to the relic abundance €2,.

Fig. 2.2 shows a visualization of the string- and domain wall network from numerical simulations
of the QCD axion field in the post-inflationary scenario with m, = 50 ueV before and after the
axion mass becomes relevant at Tosc, taken from Ref.s [28, 42]. At temperatures T > Tys in the
left panel, cosmic strings can be seen to form as the red-colored filaments with larger densities
given by In(p,/pe). After the onset of axion oscillations at 7' < Tosc, domain walls can be seen
to form as the yellow colored surfaces connecting cosmic strings. Throughout the onset of axion
oscillations, both of these structures will decay, thereby stir up the cosmic axion field and lead
to additional production of axion DM compared to the case with V8 = 0.

The calculation of the axion abundance resulting from the decay of strings and domain walls
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Figure 2.2: Visualization of the string- and domain wall network taken from Ref. [42] as reproduced
from the simulations in Ref. [28] for the QCD axion with m, = 50 ueV. The color scaling indicates the
logarithmic overdensity In(p,/p,). Axion strings appear at T > Tog. as the red colored filaments, while
domain walls form later at T' < Ty as seen by the yellow surfaces bound by red strings.

requires sophisticated numerical simulations of the complex PQ field. As it turns out, these
simulations are extremely challenging because they need to resolve string cores with a typical
width Az ~ f. 1 in a system of box size L ~ H(t)™!, eventually reaching L/Ax ~ 10?8 for the
QCD axion [42]. This means that late-time extrapolation of the simulated results, specifically of
the power spectrum of string-radiated axions, is necessary due to numerical limitations. Addi-
tional complication arises from the determination of the initial conditions and by use of different
numerical techniques, see e.g. Ref.s [28, 97-99] for detailed discussions on the topic.
Summarizing the different production mechanisms of axion dark matter, including axion produc-
tion from the misalignment mechanism in Eq. (2.62) and from the decay of topological defects
parametrized by agec, the total axion relic abundance can be written as [41]

QU2 = (1 + agee) Ah2 (2.63)

where predictions for the parameter age. range from 0.16 to 186 [92, 100-102]. The large uncer-
tainty in the determination of age. is related to the inconclusiveness of the numerical simulations
discussed above. In this work we follow Ref.s [92] and [58] by assuming an intermediate value
of order-one, namely agec = 2.48 obtained from the calculations in Ref. [103]. It should be
emphasized that improved numerical simulations are needed to ultimately resolve uncertainties
in the production of axion dark matter from topological defects. For now and fixing cgec = 2.48,
we can finally write the total relic abundance as

ma(TO)ma(Tosc)fg Can 7T2 |: 9*,5(T0)T5’ :|

Qtot = (14«
a ( dec) 6Hg M1%1 3 Gx,s (Tosc)Tgsc

(2.64)

with Tp = 2.725 K and where both the misalignment mechanism with anharmonic corrections
and the decay of the combined string-domain-wall network around 7T, are taken into account.
Note that the above treatment of topological defects was given for the case Npw = 1 considered
in this work. In a more general context with Npw > 1, the Npw minima of V(0,T) become
degenerate, rendering domain walls stable. In contradiction to cosmological observations, stable
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2.6 Axion Structure Formation

domain walls tend to quickly dominate the energy budget of the universe. This property of axion
models with Npw > 1 is called the domain wall problem, see also Ref.s [42, 104] for discussions
and possible solutions.

2.6 Axion Structure Formation

Before moving on to its phenomenological aspects, we briefly summarize the cosmological evo-
lution of the axion field and how it gives rise to observable axion small-scale structure in the
present-day universe. At some high temperature T ~ f, < Ty, the spontaneous symmetry
breaking of the QCD axion- or ALP field occurs, where for the masses 10712eV< m, < 1072eV
and for the axion models considered in this work, the decay constant lies in the range 10'° GeV <
fa < 10" GeV (c.f. Fig. 3.7). After the PQ symmetry breaking and a period of inflation, the
initial misalignment angle 6; € [—m, 7| takes random values over a Hubble patch. The ran-
domness of the axion field 0(x) sources topological defects, which decay around T' ~ Tos. with
model-dependent oscillation temperatures in the range 1 MeV < Toge < 102 GeV. Around the
same time, the energy stored in the axion oscillations with misalignment angle 8 = 6; will give
rise to the production of dark matter while the axion field oscillates around its zero-temperature
value 6 = 0.

The inhomogeneous initial conditions of the axion field and the subsequent decay of the string-
domain-wall network for Npw = 1 turn out to source large isocurvature fluctuations in the axion
energy density. As soon as the axion acquires a mass around Tog, these density fluctuations
become matter density perturbations seeding the formation of dark matter structure. The re-
sulting perturbations are large in amplitude with ® = p,/p, — 1 ~ O(1) but small in size. They
collapse gravitationally around matter-radiation equality and are generally referred to as axion
miniclusters to distinguish them from the large-scale dark matter halos formed at late times.
Their rich phenomenology and substructure is laid out in more detail in Chap. 3 and Chap. 4.

500 AU

Figure 2.3: Snapshots of the merging of miniclusters at redshift z = 999 after the collapse of minicluster
seeds around z 2 zeq =~ 3402, taken from Ref. [42] and based on the simulations in Ref. [105]. The zoomed
in panel shows a significantly heavier and larger minicluster containing a rich substructure of light and
intermediate mass miniclusters. Such heavy miniclusters are expected to evolve into the sites of galaxy
formation at late times, motivating our study of the NF'W dark matter halo in Chap. 3.
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Chapter 2 Axion Dark Matter

For the purpose of this section, we briefly demonstrate how axion small-scale structure emerges
from the initial density perturbations of the inhomogeneous axion field in Fig. 2.3.

Fig. 2.3 shows a visualization of the cosmic structures formed by merging miniclusters in the
N-body simulations performed in Ref. [105] and taken from Ref. [42]. The node and filament
structure of the matter overdensities in Fig. 2.3 was sourced by the initial axion field 6;(x)
and by the subsequent formation and decay of the axion string-domain-wall network depicted
in Fig. 2.2. After the gravitational collapse of the axion matter perturbations into miniclusters
around matter-radiation equality redshft z 2 zeq ~ 3402, the miniclusters evolve to form heavier
structures through successive merger events and tidal disruption.

An example for a high-mass minicluster formed by such mergers is shown in the zoomed in panel
on the right of Fig. 2.3, where a central dense core and several lower-mass miniclusters can be
seen to be embedded in the larger structure. The evolution of the minicluster distribution will
be treated in detail in Chap. 3. For now we emphasize that the successive mergers of these
objects lead to the formation of increasingly massive and large structures, which eventually seed
the sites of galaxy formation in the late universe.

2.7 Experimental Searches

Before moving on to the details of axion small-scale structure and its detection prospects, we
will summarize the fundamental aspects of the most relevant astrophysical and laboratory axion
searches in this section. Based on the different interactions of the axion field with standard
model particles introduced in Sec. 2.3, we distinguish experiments exploiting the axion-photon
coupling gq~~ from Eq. (2.17) in Subsec. 2.7.1 from those using the axion-fermion coupling g, ¢
in Eq. (2.18) and Subsec. 2.7.2.

We focus on the case of the axion-photon interaction in Subsec. 2.7.1 since most of the observation
methods of galactic axion DM structures in this work are based on it. For the analysis of galactic
axion burst signals in Chap. 7 and Ref. [3], we also briefly mention the concept of spin-precession
experiments as an example for DM searches exploiting axion-fermion couplings in Subsec. 2.7.2.

2.7.1 Axion-Photon Coupling

The phenomenologically most relevant interaction relies on the coupling g, between axions
and photons as described in the Lagrangian from Eq. (2.17). This interaction gives rise to the
decay of an axion into two photons, a — v+ . Due to the large lifetime of axion DM particles,
the corresponding interaction rate for this process is generally very small. On the other hand,
and in the presence of a strong magnetic field, axions may be converted into photons (and vice
versa). This process is known as the azion Primakoff effect [106].

The Primakoff effect serves as the starting point for three major types of axion experiments,
which were proposed in the seminal paper in Ref. [107] by Pierre Sikivie. The three classifications
are called Light-Shining-through-a-Wall (LSW), helioscope and haloscope experiments. In a
fourth scenario, the magnetic field needed for the conversion of axions may also be provided
by an active neutron star, which encounters an axion overdensity or a minicluster. For the
considerations in this work, we focus on the above four types of DM detection schemes, but we
emphasize the large range of existing and upcoming axion-photon searches, see e.g Ref.s [41, 42,
44, 45, 48] for detailed reviews on the topic.
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Light-shining-through-a-Wall Experiments

LSW type experiments rely on the partial conversion of photons into axions (and vice versa),
which occurs when photons from a high-intensity laser beam travel along a transverse magnetic
field. Axions are hereby produced from the traversing laser beam in the production region shown
in the left of Fig. 2.4. The newly produced axions can then travel through an optically opaque
barrier or 'wall’ indicated by the black solid bar in the center of Fig. 2.4 to be subsequently
converted back into photons in the reconversion region on the right. For coherent conversion

a

a
')/vaé > > g/\/\/\/*’)’
By By

/ /

g U

Figure 2.4: Schematic representation of an LSW type experiment with production (left) and reconver-
sion regions (right) separated by an optical barrier indicated by the black bar, taken from Ref. [44].

me < /27w/L in a transverse magnetic field of strength By and length L, the conversion
probabilities of the production and reconversion region are approximately given by

ga’y'yBL

2
5 > ~Pla—7), (2.65)

Py = a) ~ <

where w is the photon energy and the observed power will be proportional to P(y — a — v) =
P(a — v)? [44, 45]. The conversion probabilities in Eq. (2.65) can be significantly amplified
by using resonators like optical cavities in the production and regeneration regions through a
process called resonant regeneration [45, 108-110]. In the case of resonant regeneration, the total
conversion probability gains an additional factor of P(y — a — 7) o BpBr, where p, Bg ~ 10
are the power built up factors of the production and reconversion regions respectively. The
corresponding enhancement SpfAr o Q? scales with the quality factor ) measuring the number
of round trips a typical photon can take before exiting the cavity.
Important LSW experiments include the ongoing ALPS-II experiment [111], its predecessor the
ALPS-I experiment [112] and OSQAR [113]. LSW experiments are broadband in nature, but
have the disadvantage of being limited in sensitivity due to the scaling P(y — a — ) gé‘w of
the double conversion process.

Helioscopes

Helioscope DM searches can be understood from the right part of the LSW scheme in Fig. 2.4:
The fundamental idea in this class of experiments is to convert solar axions, which are produced
from interactions between thermal photons and the Coulomb fields of nuclei in the solar plasma.
Due to the temperature T ~ 1 keV of the solar core [114], the observed solar axion flux lies in the

keV-energy range, with a peak around an energy of E, ~ 3keV for the simplest case? involving

2More specifically this is the case for the KSVZ-type axion models considered in this work. For DFSZ models
on the other hand, the axion-electron coupling is usually dominant, leading to a peak around E ~ 1keV, see
Ref.s [115, 116] for details.
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only Primakoff conversion in the solar plasma [117]. In a static magnetic field, the energy of the
reconverted photon is equal to the energy of the incoming axion, F, = E, ~keV, so that X-ray
detectors are used to detect the converted solar axion flux.

Opposed to LSW and haloscope searches, helioscopes have to follow the suns trajectory across
the horizon throughout an observation. The experimental setup is therefore embedded on a
movable platform, which carries a long cylindrical dipole magnet with a homogeneous field of
strength B and length L. Similarly to Eq. (2.65), the conversion probability of a reference
helioscope may be written as [45, 107]

2 2 2
_ 10-17 Gan B, L
Pla—y)=2.6-10 (1010G6V_1> <10 T) <10 > F (2.66)

where the form factor F measures the coherence of the conversion. In vacuum, and for coherent
conversion m, < \/27w/L along the entire magnetic field of length L the form factor is F = 1.
Some of the most important helioscope experiments are CAST [118], the upcoming babylAXO
[119] and its final stage, IAXO [120].

Haloscopes

Similar to helioscopes, haloscopes exploit the axion-photon conversion probability P(a — ) to
obtain a photon signal from an incoming flux of axions. An important difference compared to
helioscopes is the fact that haloscope experiments aim to convert axions from DM overdensities
in the galactic NFW halo. This implies that haloscopes rely on the assumption that axions
constitute the missing dark matter in the universe. They can be used to constrain the product
GayyV/ Pa/ Pdm, where 0 < pg/pam < 1 is the fraction of the local axion dark matter density
relative to the local DM density pgm =~ 0.45GeVcem™ [121]. Accordingly, the sensitivity of
haloscope experiments decreases if axions are a subdominant component, i.e. for p,/pam < 1.
With the axion being one of the most well motivated dark matter candidates, we will assume
Pa/Pdm = 1 in the following (see also Sec. 3.2).

Haloscopes play a particularly important role in the observation of the local axion small-scale
structure, because they can directly probe fluctuations in the local axion DM density. Such fluc-
tuations can be caused by the inhomogeneous local axion field (c.f. Sec. 2.5) axion miniclusters
(c.f. Chap. 3), axion stars (c.f. Chap. 4) and relativistic axion bursts (c.f. Chap. 7).

In general, DM axions are non-relativistic, with a velocity dispersion on the order of o, ~ 1073
related to the virial velocity of the NF'W halo of the Milky Way. The local axion spectrum with
angular frequency

we = Eq =mg + %mGUQ =m, (1+ 0 (107°)) (2.67)
is therefore expected to be close to monochromatic, which allows for the use of microwave cav-
ities with a large quality factor ) to enhance the signal power through resonant conversion.
Given the large range of possible axion masses under consideration, the resonance frequency
of the cavity has to be tunable to the axion mass within a frequency width of Af ~ m,/Q.
This resonance matching is responsible for the characteristic line-like structure of haloscope con-
straints on ggy~-

The design of haloscope experiments capable of achieving resonance for larger m, > peV is tech-
nically challenging because higher frequencies require smaller cavitiy volumes, which in return
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yield a smaller signal power. Conversely, smaller axion masses m, < peV require large cavity
volumes for which suitable large magnets are difficult and expensive to design [45]. To deal
with these challenges, a large range of different experiments are under development. Among
the most important examples are traditional microwave cavity searches like ADMX [122] and
FLASH [123], dish antenna experiments based on the concept from Ref. [124] like BRASS [125]
or BREAD [126] and dielectric haloscopes [127] like MADMAX [128, 129]. For the purpose of
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Figure 2.5: Schematic arrangement of an axion haloscope experiment, modified from Ref. [45]. The
two parallel magnets in red source the homogeneous magnetic field B leading to a resonant conversion of
axions with suitable mass m, ~ w, where w is the tuned frequency of the cavity in blue.

this thesis, we focus on the conventional haloscope design from Ref. [107] and refer to other
experiments in Chap. 7 if needed.

The basic microwave cavity design depicted in blue in Fig. 2.5 consists of a homogeneous mag-
netic field with strength B surrounding the blue cavity with volume V and a tunable resonance
frequency. When the cavity frequency matches m,, the axion-photon conversion gets enhanced
by a factor proportional to the quality factor @ of the cavity. The resulting signal power in the
mass band m, + m,/Q is given by [45, 107]

2 p2
P~ p Ty, (2.68)

mq
where C is the geometric factor of the resonant mode, assuming that the DM bandwidth is
smaller than the width of the cavity resonance, 02 < 1/Q. For ADMX-like parameters with
pa = 0.45GeVem ™3, gopy ~ 10714 GeVY, By ~ 7T, mg ~ 50 ueV, V ~ 1401, C = 0.4 and
Q = 50000, the expected power is roughly on the order of Py ~ 1072 W [122]. For QCD axions,
the signal power Ps is typically much smaller than the system noise

m,o2 T. m
P, =Tis Af = Taps—2 ~ 10719 [ 222 a 2.
vs A Y or 0 < K >(50ueV>’ (2:69)

where the noise temperature Ty, accounts for amplifier and thermal fluctuations in the detector
[45]. This means that haloscope experiments have to rely on large observation times tqps to
sufficiently increase the signal to noise ratio, given by Dicke’s radiometer Equation

E: Ps tobs
N Ty Af°

(2.70)
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The large amount of measurements with a narrow width of Af = m,/Q required to scan across
a considerable parameter range in m, and the observation times tops = (S/N)?(T, sys/ P)2Af
imply experimental run times on the order of months to years [45, 122].

It should be noted that the above microwave cavity experiments, by construction, require es-
tablishing a precise resonance between axion mass and the cavity resonance. Due to the narrow
width of this resonance and because of the long measurement times required, both spectral and
time-dependent modulations of the axion DM density are hard to obtain. However time vary-
ing, O(1) background fluctuations of the local axion field and its expected modulations arising
from the occurrence of galactic axion bursts (see Chap. 7) motivate the additional development
of broadband DM searches. The experimental details of these searches are beyond the scope
of this work and can be found in Ref.s [124, 127] and [125, 126, 128]. We briefly summarize
the fundamental concepts and differences compared to microwave cavity searches but refer to
Ref.s [44, 45, 114] for reviews on the topic.

The concept of dish antennas as introduced in Ref. [124] relies on the fact that a time-dependent
axion field ¢(t) induces a homogeneous electric field

Ea(t> = _ga77B0¢(t) (2.71)

in the presence of a locally homogeneous magnetic field Bg. In this case, the axion field and
its induced electric field E,(t) parallel to By oscillate at a frequency w, ~ mg. For conducting
or dielectric media, the effective field E, decreases due to polarization effects and free charge
currents in the medium, compared to the vacuum case in Eq. (2.71). It can be shown from the
axion-modified Maxwell equations, that the continuity of fields at the boundaries of different
media is ensured through the emission of almost monochromatic photons with frequency f =
ma/(2m). When the magnetic field is aligned parallel to the boundary of the medium, e.g. along
a metallic mirror, the electromagnetic wave is emitted perpendicular to the mirror surface as
shown in the left panel of Fig. 2.6. The BRASS experiment [125] uses this concept and a
spherical metallic mirror to focus the emitted photons in the center of curvature of the dish.
The resulting power emitted from a dish with surface A is [45]

_ A|Ea‘2 _ AgaW|B0]2
2 2

m? \ 10-11GeV~! Mg 10T) \m2?)’ '

which implies that stronger magnetic fields and larger dishes can be used to increase the ob-
served signal strength.

Dielectric haloscopes are designed to achieve both of the above effects by employing a series of
parallel dielectric discs between a mirror and a receiver as depicted in the right panel of Fig. 2.6.
In this configuration, each of the parallel, transparent dielectric disks takes the role of a single
dish antenna, which emits photons perpendicular to its surface. The emitted electromagnetic
waves will be reflected by and transmitted through the surrounding disks before eventually
reaching the receiver. Additionally, the separation of the disks can be optimized to amplify the
emitted power of photons in the dielectric haloscope.

Since the axion-induced electric field in Eq. (2.71) and the resulting photon-emission from the

P, (2.72)
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SISISRESEIAE

- —

Mirror Dielectric Disks Receiver

Figure 2.6: Left: Concept of a dish antenna with a spherical metallic mirror and parallel magnetic field
B, similar to the one used by the BRASS collaboration [125], taken from Ref. [44]. Right: Mirror and
disk arrangement of a dielectric haloscope with parallel B-field [130], similar to the setup of MADMAX
[129].

boundary surface occur for a whole range of axion masses and photon frequencies f = m,/(27),
the broadband detection range is mostly limited by the receiver. The dielectric haloscope experi-
ment of the MADMAX collaboration [128] aims to probe the range 40 peV < m, < 400 peV with
DSFZ sensitivity [131, 132]. Likewise the dish antenna experiment of the BRASS collaboration
aims to explore QCD axion models in the range 50 eV < m, < meV [125] while the BREAD

collaboration focuses on the range 20meV < m, < 0.1meV [44, 126, 133]. Importantly for the
considerations in Chap. 7, all three of these experiments can operate in broadband-mode.

Neutron Star Collisions

A common property of most axion-photon search experiments is the use of a strong magnetic field
to enhance the conversion probabilities arising from the Primakoff effect. In an astrophysical
context, a sufficiently strong magnetic field may similarly be provided by an active neutron
star encountering an axion DM overdensity, e.g in a galactic transient event. As we will see in
Chap. 5, such events can potentially occur numerously between galactic miniclusters and neutron
stars and they have been conjectured to provide measurable radio bursts within observation times
on the order of a year [134-137].

Fig. 2.7 shows a graphical representation of an axion particle entering the vicinity » < +120 km
of an active neutron star in gray, where the spatially dependent plasma frequency wpy(r) of
the neutron star magnetosphere in eV is indicated by the color gradient. The representative
trajectory of an incoming axion in purple ends at the conversion surface R, defined by equality of
axion mass and plasma frequency, wy,(r) ~ m, ~ peV. At this distance, the conversion probability
is greatly enhanced, leading to the effective production of radio photons with frequency f =
me/(4m) as indicated by the purple outgoing wave.

The plasma frequency w, is related to the modified dispersion relation of photons traveling
through a plasma, which generates an effective photon mass. It is given in terms of the spatially
dependent number density of electrons n.(r) by [138]

wp(r) = 1 | 2TEMTe(E) (2.74)

Me
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Figure 2.7: Visualization of the neutron star magnetosphere in the Goldreich-Julian model taken from
Ref. [42]. The color-coding indicates the spatially dependent plasma frequency w,(r) of the NS mag-
netosphere and the pink contour line indicates the conversion surface where wy,(r) =~ m, ~ peV. A
representative trajectory of an axion particle reaching the conversion surface R, and being converted into
a radio photon is depicted in purple.

where agpr ~ 1/137 is the fine structure constant and the electron mass is m, = 511keV [53].
The most simple approach to model the electron density n.(r) in a rotating neutron star with an
aligned, co-rotating magnetosphere is given by the Goldreich-Julian model [139]. In this model,
the strong rotating magnetic field induces electric surface fields that lead to the extraction of
charges from the neutron star surface. The extracted charges form a current along the magnetic
field lines and constitute the plasma in the stars magnetosphere. Associated with the electric
fields induced on the neutron star surface, is the so-called Goldreich-Julian charge density
_ 2Qns - B 1

_ , 2.75
nay (r) e 1— Q%VSTQ sin? 6 ( )

where Qyg = (27r/Pyg)z is the angular rotation vector of the neutron star magnetic field with
period Png and velocity v = Qrsinf at a polar angle 6 relative to the z-axis. Importantly, for
B || Qng and at the magnetic poles § = 0,7, Eq.(2.75) simplifies to ngy = 2QnsB/e.

The co-rotating magnetic field B is generally modeled as a (misaligned) dipole with field strength
By at the NS surface and B ~ By(r/rns)? beyond. For typical neutron stars, the rotation period
is on the order of Pyg ~ O(s) and the magnetic field strength at the surface lies in the range
By ~ 1013 — 10 Gauss. A common assumption that we apply in this work is to set the electron
density n. = |ngy| to be equal to the absolute of the Goldreich-Julian charge density given
by Eq. (2.75) [140, 141]. From this approach, one can derive the conversion surface R, of
the neutron star, where wy,(r) ~ m, and axion-photon conversion is resonantly enhanced by
the magnetosphere. The detailed formula for a magnetic field configuration, which is misaligned
with respect to the rotation axis was derived in Ref. [140], who found R, ~ 100 km for m, ~ peV
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and typical neutron stars with ryg = 1, By = 10'* Gauss, P = 1s.

Most importantly for this work, effective axion-photon conversion in a NS transient event requires
sufficiently large plasma frequencies w;, and thus large enough By to fulfil the resonance condition
wp ~ my for a given axion mass m,. As will be shown in Chap. 5, this condition drastically
limits the fraction of neutron star encounters producing radio signals in our galaxy.

2.7.2 Axion-Nucleon Coupling

Different to haloscope-type experiments who exploit the axion-photon coupling in Eq. (2.17),
spin precession experiments utilize the axion-fermion couplings from Eq. (2.18) and Eq. (2.19) to
obtain an axion DM signal using nuclear magnetic resonance (NMR) techniques. In preparation
of the analysis in Chap. 7, we summarize the basic concept of the cosmic axion-spin precession
experiment (CASPEr) [142] in this section. More specifically we will constrain our analysis
to the CASPEr Wind search [142] looking for couplings of the form in Eq. (2.18). The full
potential of CASPEr and other axion-spin experiments can be read up in Ref.s [142, 143]. It
can be shown that the relevant Lagrangian L,f¢ for nucleons f = N = n,p in Eq. (2.18) results
in a non-relativistic Hamiltonian [143]

H,n = gaNqu(I',t) “ON, (2.76)

which is similar to the potential energy H. D —upB - o 3 of an electron with spin operator o
in a magnetic field B, where up = e/(2m,) is the Bohr magneton. Eq. (2.76) thus describes the
interaction of nuclear spins with an oscillating 'pseudo-magnetic field’ generated by the gradient
V¢(r,t) of the axion field. The magnitude of this gradient can be estimated from the momentum
operator p = —iV, which gives

Vol = mavgo (2.77)

where ¢ is the amplitude of the oscillating axion field with ¢(t) ~ ¢ cos(w,t) at leading
order and v ~ 1073 is the relative velocity of the incoming axion flux. Since the corresponding
values of ¢g and v are locally dependent on the galactic position of earth-based experiments, spin
precession searches like CASPEr Wind rely on the assumption that axions constitute the galactic
DM. The resulting flux of dark matter particles arriving at earth as described by Eq. (2.77) is
often called the azion wind. It acts as a pseudo-magnetic field directed along v [143] and induces
an energy-shift H,y to the nuclear spins in an NMR experiment. Expressing ¢g by assuming
an axion-dominated DM energy density pam =~ m2¢3/2 ~ 0.4GeVcem™3, the corresponding
time-dependent value of H,n can be estimated to be on the order of [143]

HunN =~ gaN\/ 2Pdm cos(wat) V- o N . (2.78)

The induced energy shift in Eq. (2.78) is small, but it can be measured using NMR techniques
as depicted in Fig. 2.8. In this approach, the sample of nuclear spins is embedded in an homoge-
neous background magnetic field By in red that determines the Larmor frequency Q7 = v,|Bo|
with which the spins precess around the direction of By. As long as the leading field By is
misaligned with the axion-induced pseudo-magnetic field B, o< gonn+/2pDMV in green, the spins
can be tipped away from their initial orientation. This tipping occurs when w, ~ §2; and the

3Where the g-factor of the electron was approximated to g ~ 2.
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magnetometer

B.(t)

Figure 2.8: Schematic representation of the CASPEr Wind arrangement, taken from Ref. [142]: The
leading field By in red determines the Larmor frequency Q5 = 7|Bg| of the spin sample. When the axion
wind induces a pseudo-magnetic field B, in green, which has a resonant oscillation frequency w, ~ Qp,
the spins will be tipped away from By. The amplitude of the magnetic field arising from the precessing
magnetic dipoles g, in the spin ensemble can then be detected using a magnetometer.

oscillations of the axion field match the Larmor frequency of the background magnetic field. In
the laboratory frame, the nuclear spins with magnetic dipole moments puy can then be seen to
precess around By, as indicated by the gray sphere and black arrow in Fig. 2.8.

For experimental detection, a magnetometer can be used to measure the transverse magnetiza-
tion arising from the ensemble of polarized spins with magnetic dipoles p 5 in the sample. Due
to the dependence of the Larmor frequency €27, on |Bg|, the axion mass to be probed can be set
by tuning the strength of the leading field |Bo| [44, 45].
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Axion Miniclusters

As was already pointed out in Sec. 2.5 and Sec. 2.6, the post-inflationary symmetry breaking
of the axion field is characterized by the emergence of large inhomogeneities. The density per-
turbations seeded by these inhomogeneities generate significant deviations from standard CDM
on small scales due to the formation of dense axion miniclusters [23-25, 28-30, 144-148]. On
galactic scales, miniclusters are expected to constitute the NF'W dark matter halos of galaxies,
which implies that a significant number of these objects could be contained in our galactic en-
vironment.

This scenario has important phenomenological consequences for possible observations of axion
DM: First, miniclusters (or minicluster remnants, sometimes called tidal streams) in the solar
neighbourhood can induce fluctuations of the local dark matter density pgm probed in earth-
based detectors [42, 149, 150]. Secondly, galactic miniclusters and their solitonic cores can collide
with other astrophysical objects like neutron stars producing bursts of radio photons [134, 136,
140, 151-157]. And most importantly for this work, we can employ various existing knowledge
on galactic miniclusters to constrain the properties of their accreting axion star cores to develop
new detection strategies for axion dark matter in Chap. 4 to Chap. 7.

In this chapter, we summarize the current status of analytical and numerical research on the
formation, evolution and present-day properties of axion miniclusters. We start by introducing
the equations of motion governing the non-relativistic evolution of axion DM with and without
self-interactions in Sec. 3.1. Sec. 3.2 incorporates the spherical collapse model describing the
formation of miniclusters around matter-radiation equality. After their formation, miniclus-
ters evolve during the matter dominated epoch, where the analytical description of their mass
distribution is summarized in Sec. 3.3 and Sec. 3.4. In Sec. 3.5, we consider the full range of
minicluster masses predicted from numerical simulations in Subsec. 3.5.1 and analytical calcu-
lations in Subsec. 3.5.2. From this, we infer the estimated properties of the galactic minicluster
distribution in the NF'W dark matter halo of the Milky Way at present-day redshift in Sec. 3.6.
Lastly in Sec. 3.7, we introduce the canonical core-halo mass relation linking the properties of
miniclusters to those of their axion star cores in Chap. 4. The combined content presented in
this chapter and in Chap. 2 constitutes the green shaded panels in the schematic summary of
Fig. A.1.

3.1 Gross-Pitaevskii Poisson System

As laid out in Chap. 2, the early universe evolution of the axion field from the symmetry break-
ing around T' ~ f, until the onset of axion oscillations at T" ~ T, is dominated by non-linear
axion self interactions and the formation of topological defects. Later, at T' < Tys after the
axion mass becomes relevant and topological defects have decayed, the remaining fluctuations
in the matter density will collapse gravitationally and decouple from the Hubble flow. At these
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Chapter 3 Axion Miniclusters

temperatures, the axion field behaves like cold dark matter, which allows for a non-relativistic
treatment, which we introduce in the following.

We follow the derivation of the non-relativistic EOM for the QCD axion similar to the calcu-
lations in Ref.s [33, 158-161] and modify the approach to include axion-like particles by also
considering arbitrary combinations of m, and f,, next to the QCD axion relation Eq. (2.11).
More precisely, this thesis closely follows the approach in Ref. [1], which lays the foundation for
the subsequent publications, Ref. [2] and Ref. [3], all of which are part of this thesis.

The total Lagrangian density of the self-gravitating axion field in Eq. (2.38) can be written as

R

Guv v
L=+—g|-"=0"pd"p -V — 3.1
where the Ricci scalar R accounts for the evolution of the metric g, and G =1/ (87TMP2,1) is the
gravitational constant. From the Lagrangian in Eq. (3.1) one obtains the relativistic equations

of motion
1
RM — 59"” = 8nGT!" , (3.2)

0, [V=ag" D] 6+ V'(9) = 0. (33)
V9

which are often called the Einstein-Klein-Gordon equations (EKG) [162]. Eq. (3.3) describes the
evolution of the axion field, while the Einstein Eq. (3.2) determines the geometry of spacetime
as a function of the stress energy tensor 7" of the axion field from Eq. (2.41). A crucial step
in the derivation of the non-relativistic EOM is to make appropriate assumptions for the axion
potential V' (¢) from Eq. (2.12), the metric tensor g"” and the axion field ¢. Starting with V'(¢),
we can expand the axion potential around the CP-conserving minimum ¢ = 0, keeping only the
two leading-order terms

V(p) = mef [1 — cos (?)} = n;‘%qﬁQ + %(ﬂl + O (A2¢6/m§) , (3.4)

where we have introduced the quartic coupling constant

m2

La
fa
of the attractive self-interaction with A < 0. For the case of the QCD axion, the constant c)
depends on the up- and down quark masses m,, mg with ¢y = 1 — 3mumd/(mi + mfl) ~ 0.3
according to more accurate calculations using chiral perturbation theory and lattice QCD [33,
43]. More generally and for the case of axion-like particles, ¢y is an O ~ 1 parameter, which is
why we assume ¢y = 1 for different axion models in the following [41, 158] This also coincides
with the standard dilute instanton gas approximation for the QCD axion.

As will be shown in Chap. 4, the second-order term in Eq. (3.4) is crucial for the stability of
axion matter fluctuations, because it describes the self-interactions of the axion field. The other
relevant force is the gravitational interaction of axions, where in the context of miniclusters,
a Newtonian treatment is sufficient. This can be seen by estimating the magnitude of the
Newtonian potential &y ~ GMy/R < 1 using the characteristic minicluster mass My ~

A= —C) (3.5)
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1072 M and radius R ~ 107 km (see Sec. 3.2). In the Newtonian limit and for vanishing
anisotropic stress, the metric can be written as [163]

ds? = —(1 +2®y)dt* + (1 — 2® ) dz’da’ (3.6)

with /=g ~ 1 —2®y and R =~ 2(V®y)2. Expressing g using Eq. (3.6), the Lagrangian of the
axion field from Eq. (3.1) reduces to
(Vo) 1-4dy .y (Vo)

L=t g — (1 -200) V(@) (3.7)

where V(¢) obeys the Taylor expansion from Eq. (3.4). The third assumption to be made in
this section relates to the axion field ¢ in Eq. (3.7). At temperatures below Tgs, the axion field
behaves like cold dark matter, where we assume that its relic density is Q,h? ~ Q.h? = 0.12
[14]. From this, we can infer the occupation number of CDM axions by estimating its de-Broglie
wavelength as

2 50 peV 250 km/s
B = 1 = 29.8m< Ke ) ( m/b> : (3.8)
a ma v
which together with the local axion DM density p, = pam yields
50 ueV\* (250 k 3
N, ~ Pamys o 10% < Ke ) < m/s> (3.9)
m[l ma v

for the number of particles in a de Broglie volume V' ~ )\gB. Considering only sub-eV axion
masses, the occupation number N, turns out to be so large that the system is best described
by classical waves, similar to how the large occupation number of photons in electromagnetism
motivates a classical treatment of the electric and magnetic fields. Furthermore the axion field
is also highly non-relativistic with a typical minicluster escape velocity on the order of ves. ~
VGMo/R ~ 1072 < 1. Thus expressing the classical real (pseudo-)scalar field ¢ in terms of a
slowly varying complex scalar field ¢ (x,t) one can write [161, 164, 165]

o(x,t) = [W(x, t)e™ et + o (z, )™ "] . (3.10)

2my,
with || < map and |¢)| < m2y so that m, is the dominant energy scale in the problem. Inserting
Eq. (3.10) into the Lagrangian Eq. (3.7), the rapidly oscillating terms proportional to e*"mat
may be neglected since they average to zero over time. This way, the non-relativistic evolution
of the complex field ¢ can be shown to follow the Gross-Pitaevskii-Poisson system (GPP):

oy 1 AL e

ADy = 4rGmg||?, (3.12)

where the Newtonian potential ®y in Eq. (3.12) is sourced by the matter density p, = mq|¥|?
of the non-relativistic axion field [158]. The same matter density can be used to determine the
total number and mass of the system according to

N = /d3x]¢]2 , M= ma/d%\w, (3.13)
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both of which are conserved quantities. Other important conservation laws relate to the total
energy E and angular momentum L of the system [166]. The conservation of energy and the
stationary solutions to the GPP system are examined in detail in Sec. 4.1.

Note that the GPP system Eq. (3.11) and Eq. (3.12) is given for attractive self-interactions
A < 0 explicitly. In a more general context, repulsive self-interactions have A > 0, while in the
specific case of A = 0 the system reduces to the Schridinger-Poisson system

0P 1

= A PN, 14

i S W+ mgPnp (3.14)
ADy = 4rGmg||?, (3.15)

which is commonly used in numerical simulations and for axion miniclusters with smaller den-
sities |¢| and negligibly weak self-interactions (see also App. B and e.g. Ref.s [30, 167-172]).
We emphasize that both the GPP and the SP equations are classical by nature due to the large
occupation numbers of the axion field., as explained in Ref. [173].

Lastly, the solutions to the GPP equations, Eq. (3.11), Eq. (3.12) - and those of the SP system
for A =0 - obey a scaling symmetry of the form

{r, 6,0, B, on, A} = {7 e, u 2t i, 1B 2@, A (3.16)

with an arbitrary, non-zero shift parameter p [174]. Essentially, the symmetry in Eq. (3.16) can
be used to transform a given solution of the GPP system onto another solution with a different
density profile p = mq|1|? but the same A\2p [174]. We focus on the derivation of the stationary
solutions in Sec. 4.1 and continue with the formation of miniclusters in the next section.

3.2 Spherical Collapse Model

The gravitational collapse of miniclusters is seeded by density fluctuations in the axion field,
which emerge at temperatures around 1" ~ Tys.. Until matter-radiation equality, the horizon-
sized patches with initial overdensities ® = p,/p, — 1 will collapse forming highly overdense
objects, which are called azion miniclusters. Their characteristic size is given by the horizon size
at T = Tyse, which leads to radii on the order of R ~ 1/H(Tys.) ~ 10" km. The corresponding
typical mass is set by the mass enclosed within a sphere with radius R ~ 1/H(T,s), which
implies M ~ 10712 M, for m, = 50 peV and the QCD axion. Typical miniclusters have ® ~ 1
and collapse redshifts z. ~ zeq, where more generally ® € (0, 10%] is expected from numerical
calculations [28, 175].

Since ¢ stays roughly constant during the radiation-dominated epoch, the spherical collapse
model can be used to estimate the central minicluster density pmc as a function of ®. The
equation of motion for a spherical region in a flat universe with radiation density py.q and
matter density py, is [24]

_ 87TGprad " G./\/l

"= 3 r2 ’

(3.17)
where 7 denotes the radius of the region and M is its enclosed mass. Eq. (3.17) can be rephrased

by changing to conformal time dn = dt/a(t) and expressing the radius r = a(n)Re¢(n)¢ in
terms of a comoving shell with label £, where R¢(n) measures the deviation of the shell motion
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3.2 Spherical Collapse Model

from the Hubble flow. Using the Friedmann equations for a flat universe and the densities
Prad = Peq(Geq/@)?, pm = peq(aeq/a)® set by the value peq at matter-radiation equality, one
obtains the equation of motion [24]

GM  4nG
angl"i‘a/R/& + (531:52 o 3 agmei) =0. (3'18)

The total mass enclosed within a comoving shell £ can be parametrized as

M= T pegal, [1+2(0)] €, (3.19)

which together with the definition x = a/aeq yields

d’R 3 \dRe 1[1+9@
z(1+ ) dw2§+<1+2$>d;+2< R —R&)—O. (3.20)

Eq. (3.20) was solved numerically in Ref. [24], but an analytic solution may be found by ex-
panding R in a power series to second order in z. Using this assumption, Eq. (3.20) reduces
to

3.21
5 S (3.21)
For 7 = 0 in Eq. (3.17), or equivalently at R¢ + xdR¢/dx in Eq. (3.20), the spherical fluctuation
with size r switches from an expanding to a collapsing sphere. To second order in Eq. (3.21),
the scale factor and matter density corresponding to this turn-around are given by

3 d

pergga g (1 )€ (3.22)

C
Tta = %7 and  pta = Cp
where the parameters C; and C), are determined numerically. Using the numerical result C, ~ 17
from Ref. [24] and considering that the virial radius is half of the turn-around radius, the central
density of the minicluster with initial overdensity ® is roughly

Q.h2\*
ah) GeV (3.23)

Prme = 140 peg @3 (1 + @) =~ 7-10° ®3(1 + @) <0 T

o’
where the factor 2 from the virial radius yields a relative factor 8 between the virial density
and pg,. The characteristic density in Eq. (3.23) is of crucial importance for the analysis in this
work. It determines both the density and radius of the collapsed miniclusters as a function of
® € (0,10%.

Note that as discussed in Ref.s [29, 30, 176], the radial density profiles of typical miniclusters
can be well-fit using the NFW profile from Eq. (A.1). Their expected concentration parameters
¢ = rvir/ Rs with the virial and scale radius 7viy, Rs range from 160 < ¢ < 400 depending on
the minicluster mass M and for m, = 50 ueV [28-30]. Since the scaling of the minicluster
concentration ¢ with M, ®, m, and z is not generally known, we rely on a homogeneous sphere
model for the minicluster profile throughout this work. Deviations from the NFW profile of
dense miniclusters exhibiting a steeper central slope at late times were recently discussed in
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Ref. [175].
Assuming a spherically homogeneous profile with total mass M = 47 /3pmR>, the characteristic
minicluster radius

3.4- 107 M\
o~ k .24
R D(1 + @)1/3 (10—12M@> m (3.24)

is easily obtained as a function of the overdensity parameter ® from Eq. (3.25). In order
to determine the range of R, both knowledge on the distribution of ® and M is required.
Starting with M, the distribution and time evolution of minicluster masses is a major source of
uncertainty. A summary of semi-analytical methods following the work in Ref. [58] is presented in
Sec. 3.3 to Sec. 3.6. As for now, the characteristic mass Mg of miniclusters can be estimated from
the amount of axion dark matter contained within a spherical region of radius R ~ 1/H (Tysc).
Using a spherical geometry for the minicluster collapse and writing the comoving horizon size
in terms of the comoving wavenumber kose = aH (T ), one obtains

Mo= T (7 (3.25)
O—Pa3 kosc ) .

which is equivalent to other definitions of My, e.g. in Ref. [146], up to a geometrical factor of
47*/3 ~ 130 [58]. The range of minicluster masses is typically centered around M ~ Mg and
it will be determined in the following sections.

Continuing with the second open parameter in Eq. (3.24), the distribution of the initial mini-
cluster overdensity ® was calculated from Eq. (2.40) in the simulations of Ref. [146]. We follow
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Figure 3.1: Left: Initial cumulative mass fraction F(> ®g) of miniclusters with ® > ®y. Righi:
Probability distribution pe(®) of objects with initial overdensity parameter ® following Ref.s [2, 58, 146].

the approach of Ref. [58], who showed that the mass fraction of miniclusters with & > @y from
Ref. [146] is well-fit by a Pearson-VII-type distribution of the form

1
F (> @) ~ W, (3.26)
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with a1 ~ 1.023 and ag ~ 0.462. From the initial cumulative mass fraction in Eq. (3.26), we can
derive the initial probability distribution:

pa(®) = &

= 2
a1(1 i (I)/al)a2+17 (3 7)

as a function of ®. It can be seen from the left panel of Fig. 3.1, that roughly 70% of the
miniclusters form with initial overdensities ® > 1 and that approximately 14% of miniclusters
form with large overdensities of ® > 10 [146]. The distribution of ® depicted in the right panel
of Fig. 3.1 will be applied to the minicluster population of the galactic DM halo in Chap. 6 and
Chap. 7. Before, we continue to constrain the remaining free parameter from Eq. (3.24): the
range of minicluster masses M and its evolution over time.

3.3 Linear Growth of Matter Perturbations

The linear growth of miniclusters with the initial properties from Sec. 3.2 can be understood
by considering the growth of axion matter perturbations in an expanding universe. In this
section we recall the most fundamental results on the dynamics of linear axion fluctuations
from cosmological perturbation theory following Ref.s [41, 177, 178]. Considering the continuity
and Euler equations of a relativistic fluid, the EOM describing the linear growth of the time-
dependent matter perturbations 0,(t) = pa(t)/pa(t) — 1 in an axion-dominated universe for
T < Tose can be shown to take the form [41, 177]

. . k22
5o+ 2Hb, + ( 2 - 47era> 5a =0, (3.28)

where ¢, is the sound speed of the fluid. Eq. (3.28) describes an oscillator with a time-dependent
damping, that expresses the competition between pressure and gravitational collapse. Matter
perturbations d, will thus experience a different evolution depending on the scaling of the first
and second term in round brackets. The azion Jeans scale kj is defined as the scale, where
the pressure term c2k%3,/a? and the gravitational term cancel each other. Entering the axion
effective sound speed ¢ ~ k?/(4m?2a?), one obtains

ky = [167Ga*pa(a)] " ml/2. (3.29)

The scale-dependent behavior of the density fluctuations can also be understood by considering
the solutions to Eq. (3.28). Using the axion effective sound speed and expressing H for a matter
dominated universe one obtains [41]

8o = C4 Dy (k,a) + C_D_(k,a), (3.30)

where Cy carry information on the initial conditions and the solutions D4 (k,a) are the growing
and decaying modes respectively. The exact form and time-dependent behavior of D4 (k,a) can
be found in Ref. [178]. For this work, we summarize that modes with k& < k; will grow linearly
after matter-radiation equality, similar to the standard cold dark matter case.

The modes with k& > k; on the other hand separate into two different categories: First, the
largest wavenumbers k > kj(ag) correspond to fluctuations which are still smaller than the
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present-day Jeans scale. They show an oscillating behavior in D, D_ with constant amplitude
over time, thus suppressing structure formation on very small scales. Secondly, modes in the
range kj(aeq) < k < kj(ag) oscillate as long as they remain below the a-dependent Jeans scale
kj(a). As soon as they move above the Jeans scale, these modes show the usual growing and
decaying modes Dy (k,a) and D_(k,a).

This observation has two important consequences: First, axion dark matter differs from standard
CDM on scales below the Jeans scale k > k; and secondly, it exhibits a CDM-like behavior on
large scales in the limit k%¢2 — 0 with a growing mode § oc a and decaying mode §, o a3/,
Importantly for this work, the similarity to standard CDM allows us to employ analytical linear
growth models to the mass distribution of miniclusters in the next section.

3.4 Press-Schechter Formalism

As mentioned in Sec. 3.2, miniclusters are expected to form over a wide range of masses until
matter-radiation equality. While the characteristic quantities from Sec. 3.2 provide order-of-
magnitude estimates for typical minicluster properties, a more precise knowledge of the mass
and size distribution of these objects is required. This is specifically important due to the
ongoing tidal interactions and mergers between miniclusters that dominate their evolution in
the matter-dominated epoch and which lead to the formation of heavier structures over time.
The standard approach to model the linear mass growth of axion miniclusters is given by the
Press-Schechter formalism [179, 180].

Calculations involving a spherically symmetric perturbation in a flat, matter-dominated universe
show that a linearly evolved overdensity ¢ has collapsed into a halo or minicluster once §(x,t) >
0. = 1.686 [181]. Using the linear growth model from Sec. 3.3, the time-dependence of the density
contrast can be expressed in terms of the growing mode D(t) ~ D, (t) as 6(x,t) = D(t)do(x),
which is valid at late times t > g 1.

This simple collapse criterion serves as the main assumption in the estimation of the mass
distribution of collapsed objects in the Press-Schechter approach. An important first step in
this formalism is to smooth the density field d(x, R) with a window function W (x, Ry)

ds(x, Ry) = /d3a:' do (x’) %% (x +x/, Rf) , (3.31)

which amounts to a filtering of 6(x, Rf) on a length scale Ry through convolution with W (x, Ry).
In this framework all points in space satisfying ds(x, Ry,t) > d. are considered to be part of
a minicluster. There exist different choices for the window function W, with the two most
prominent being the spherical top hat filter and the Gaussian filter

1 —|x?

used in Ref. [58] and in Sec. 3.6 of this work. The variance o%(Ry) of the density field 5(x, Ry, t)
smoothed on a scale Ry can be expressed in terms of the linear power spectrum P(k) as

o*(Ry) = (02(x, Ry)) = # /OOO dkk*P(k)W?*(kRy), (3.33)

!Note that this is equivalent to the common formulation of a time-dependent collapse barrier §.(t) = 6./D(t),
for the initial overdensity with threshold do(x) > d.(%).
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where W (kRy) = exp(—k:QR?c /2) is the Fourier transform of the window function W (x, Ry).
Since the smoothing length R is directly related to the mass M = C' fﬁRi’c of the structure with
a filter-dependent constant Cy = (27)3/2, the variance o>(M) = 0%(R) is often called the mass
variance.

Press and Schechter [179] postulated that the probability P[> d.] to find ds(x, M,t) > J. at a
given time t is equal to the mass fraction F[> M] contained in objects with mass greater than
M. For a Gaussian density field, the probability is found to be [182]

P> o] = 27“17(M) /5 OO 45 exp [_20(‘5;4)2} = L arfe [2?(%} , (3.34)

with the complementary error function erfc(x) = 1 — erf(z). The mass function n(M,t)dM
gives the number of objects with masses in the range [M, M + dM] per comoving volume, with
n(M,t) = dn/dM = 1/Mdn/dIln M. This can be used to equate the mass function using the
fraction of mass OF /OMdM contained in structures with masses in the range [M, M + dM]:

p OF(> M)
M  OM
where p is the comoving background density. Taking into account an additional fudge factor

2, the relation between the probability P(> d.) and the mass fraction of objects more massive
than M is F(> M) = 2P[> d.]. This relation yields the Press-Schechter halo mass function [58]

n(M,t)dM = dM (3.35)

dn__, OP(>08) _ [2p & p( ' Je >’dlna(M)‘7 (3.36)

dnd ~ P om TN amoen) TP\ 20(a)2) | din M

which gives the comoving number density of objects per logarithmic mass interval as a function
of M and where it was used that OP/OM = 0P /0c(M)|do(M)/dM|. The time dependence of
the mass function in Eq. (3.36) enters through the linear growth factor D(t), which determines
the time evolution of the smoothed density field d5(t) and the mass variance o (M ).

Note also that Eq. (3.36) was derived using a spherical collapse model. There exist extensions of
the simple Press-Schechter approach introduced in this section, namely the ellipsoidal collapse
model by Sheth and Tormen [183], which provides better agreement with N-body simulations
[171]. As argued in Ref. [58], the use of the Press-Schechter approach in Eq. (3.36) provides
a reasonable estimate for the linear growth of the minicluster mass function due to the large
underlying uncertainties (see Subsec. 3.5.2 for a more detailed discussion).

3.5 Minicluster Evolution

In the previous sections, we have introduced the spherical collapse model of Ref. [23] and showed
how it can be used to estimate characteristic minicluster properties for different axion masses
or models. From this, the next step is to infer the present-day properties of miniclusters with
special emphasis on the minicluster (halo) mass function (MCMF) using the Press-Schechter
approach from Sec. 3.4 and Ref. [58].

In this context, it is useful to divide the evolution of the axion field into three distinct stages:
First, in the early universe, the axion field arises from the spontaneous symmetry breaking
around T ~ f, and acquires a mass around T ~ Ty leading to the formation of topological
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Chapter 3 Axion Miniclusters

defects as summarized in Sec. 2.5. This stage and the emergence of early minicluster seeds has
been investigated by means of lattice simulations following Eq. (2.40) in Ref.s [23, 28, 184]. In
the second stage, the system is dominated by the gravitational force, which allows for the use
of N-body simulations in the context of miniclusters [29, 30]. Lastly, and in the third stage,
minicluster mergers lead to the formation of large-scale dark matter halos seeding the formation
of galaxies at late times. In this section, we discuss the results from N-body simulations obtained
from the second stage in Subsec. 3.5.1 following Ref. [30]. Subsequently in Subsec. 3.5.2, we
apply the predictions from Ref. [58] to estimate the properties of axion miniclusters in the third
evolutionary stage, i.e. in the present-day universe.

3.5.1 Numerical Simulations

Starting with the gravitational evolution of the MCMF, this section summarizes the numerical
results found in Ref.s [30] and [29]. The authors of Ref. [30] used the initial conditions from
the lattice simulations in Ref. [185] together with the GAGDET-3 code [185] to trace the evo-
lution of the QCD axion density perturbations with m, = 50 ueV from redshift z ~ 10% down
to z = 99. The redshift-dependent evolution of the MCMF reproduced from the corresponding
N-body simulations is shown in Fig. 3.2, where the left and right panels depict the mass distri-
bution of structures before and after matter-radiation equality zeq =~ 3402.

In the left panel of Fig. 3.2, it can be seen that the MCMF at early times, z ~ 10° in blue, peaks
at the lower masses close to the low-mass resolution cutoff at M ~ 10715 M. The miniclusters
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Figure 3.2: Evolution of the minicluster mass function with redshift z before (left) and after (right)
matter-radiation equality z.q =~ 3402. A power-law fit with slope aw ~ —0.7 following Eq. (3.37) is applied
to the z = 99 data in black. The data is taken from the numerical N-body simulations of miniclusters in
the post-inflationary scenario performed in Ref. [30] for the QCD axion mass m, = 50 ueV.

forming at these large redshifts z > z.q amount to structures, which are deeply non-linear and
thus characterized by large initial overdensities ® > 1. As mentioned before and as shown in
Fig. 3.1, the majority of the overall collapsed objects has moderate overdensities ® ~ 1, which
is why most miniclusters collapse around comparatively lower redshifts z ~ z¢q in purple.

Accordingly at lower redshift z, the overall number of collapsed objects grows quickly and the
MCMF develops a pronounced second peak at M > 10713 M around z ~ 4 - 10%. This second
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3.5 Minicluster Evolution

peak corresponds to the canonical miniclusters with characteristic masses M ~ M predicted
by Eq. (3.25). Until matter-radiation equality, the evolution of the MCMF exhibits a contin-
uous growth in amplitude due to the ongoing collapse of minicluster seeds and a simultaneous
extension towards the high-mass end M ~ 107! M. Note that similar results were obtained
in the N-body simulations performed in Ref. [29].

Around redshifts z ~ zeq ~ 3402, the second peak has been flattened out and the MCMF is
well-fit by a power-law with slope index oo = —0.7 [30]

dn
dln M

x M*. (3.37)

Finally and after matter-radiation equality, the overall (comoving) number density of miniclus-
ters decreases due to tidal interactions and minicluster mergers, which simultaneously raise the
high-mass end of the MCMF to M ~ 107 M, at the lowest redshift z = 99. The evolution of
the MCMF following Eq. (3.37) has several important consequences for this work, namely:

1. The MC mass distribution peaks towards the lower masses, presumably extending to
masses lower than the resolution cutoff mass M ~ 10715 M

2. A slope index o = —0.7 can be used to characterize the MCMF for z < zeq
3. The range { M} of minicluster masses changes over time due to gravitational interactions

4. Large-scale dark matter haloes are expected to have a (sub-)minicluster population similar
to the late-time MCMF at z = 99 in the right panel of Fig. 3.2 in red

We note that point 4 in the above enumeration is not directly evident from the MCMF in
Fig. 3.2. This observation is best made by counting the number of sub-miniclusters, which are
embedded within the virial radius of a heavier ’host’ minicluster with Mpost > Mgup. From
this we obtain the global sub-halo MCMF depicted in figure Fig. 3.3 as a function of the host
minicluster mass Myost. As can be seen in Fig. 3.3, the evolution of the sub-halo MCMF is
approximately frozen after matter-radiation equality. The high-mass end Mgy, > 10712 My, of
the MCMF is subject to large uncertainty due to the low number of samples in the simulation
volume. Importantly for this work and point 4., the fitted slope-index o = —0.7 of the host
MCMF in the right panel of Fig. 3.2 also remains approximately valid for the global population
of sub-miniclusters as seen by the black line in Fig. 3.3.

The conclusion to draw from this observation, is that the approximate power-law slope of the
(sub-halo) MCMF can be assumed to also apply at late times in the following. This assumption
has the important consequence that the galactic NFW halo of the Milky Way (and those of other
standard spiral galaxies) are expected to host a large number of miniclusters with a wide range
of masses {M} and an MCMEF slope index « at z = 0 due to their host minicluster nature.

It should however be emphasized that there is an underlying uncertainty on the exact value
of the slope parameter —0.7 < o < —1/2 [29, 30, 58] depending on the initial conditions,
the method of investigation and on the mass range { M} under consideration. Since N-body
simulations can not be performed until present-day redshift z ~ 0, it is common to extrapolate
their power-law behavior at z < 100 down to z = 0. N-body simulations predict o ~ 0.7 [30],
while o — 0.6 [180] and o = —1/2 [58] are obtained from semi-analytical models. Crucially for
the considerations in this work, additional predictions estimating the present-day range of M
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Figure 3.3: Evolution of the global sub-halo MCMF at redshifts z < z.q as a function of the parent
halo mass My, for m, = 50 ueV. A power-law fit with slope o = —0.7 following Eq. (3.37) is applied
to the z = 99 data in black. The data was extracted from the numerical N-body simulations performed
in Ref. [30].

for different axion models myg, n, f, are needed (c.f. Sec. 2.4). Such predictions are best obtained
from semi-analytical considerations, which will be introduced in Subsec. 3.5.2.

As for this section dealing with the MCMF evolution in N-body simulations, we conclude that the
initial mass distribution which is established around z ~ 2, is determined by the initial power
spectrum of axion density perturbations [28, 184]. Subsequently in the matter-dominated epoch,
the MCMF evolves due to tidal disruption and minicluster mergers leading to the formation of
increasingly heavy structures over time. This leads to an extension of the mass range towards
larger minicluster masses M, where the power-law slope « established at z., is expected to
remain roughly preserved at z < zeq.

3.5.2 Parametrization for Mass Distributions

In the previous subsection, we have shown how numerical simulations can be used to predict
that the MCMF evolves with a roughly constant slope index o = —0.7. In this section, we follow
the semi-analytic Press-Schechter approach from Ref. [58] to motivate the second representative
value o = —1/2 of the MCMF slope considered in this work. More specifically, we summarize
the steps performed in Ref. [58] leading to the parametrization of the z = 0 mass distribution
of miniclusters, which we will use to infer the galactic MCMF in the following sections.

The authors of Ref. [58] used a Gaussian window function of the form in Eq. (3.32) to smooth
the axion density field, for which the mass contained within a comoving volume of radius R
is M = (277)3/ 25, R3. In their framework with a constant collapse threshold §. = 1.686, the
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3.5 Minicluster Evolution

statistics of the smoothed density field d,(n) ? following Eq. (3.31) are characterized by the
time-dependent power spectrum P(k,n) according to the relation

3
<mmmﬂ=/é§mhm (3.38)

where the (conformal) time-dependence 7 is inherited from the linear growing or oscillating
modes of Eq. (3.28). The initial power spectrum at the temperature T, when the axion matter
density perturbations are established is truncated at the comoving size kose = aH (Ths) of the
horizon at Toe. according to

_ 247¢?
k3

0osc

Po(k) = P(k, nosc) O(kose — k), (3.39)
where () is the Heaviside function [58]. Expressing the evolution P(k,n) = Py(k)T?2(k,n) in
terms of the isocurvature transfer function 7 (k,n) from Ref. [186] together with the Heaviside
initial power spectrum Py(k), the mass variance evolves with time as

2
M) = [ S ROTHR W M, (3.40)

which exhibits a scaling of o(M) oc M~1/2. More details on the calculation and properties of
the mass variance o(M) can be found in Ref. [58]. Since the present-day n = 7y overdensity
from linear growth scales as §(n9) o< D(10)/D(Neq)d(Meq) = 6(1eq)/D(neq) and from o2 o 6% in
Eq. (3.33), it follows that the mass variance at z = 0 is simply given by

o?(M, Zeq)

2 — ) —
oc°(M,z=0) = D2(e)

(3.41)

with the initial mass variance 0(M, z¢q) and the linear growth factor D(zeq). The linear growth
factor of cold dark matter in a flat universe with Qp =1 — Q,, is

Qu 5H() [~ [ H(E) 17°
D(z)—mg . /Z dz [(1—1—2”) Ho] , (3.42)

which is normalized to unity at z = 0 and where ﬁ(O) is the corresponding growth factor before
normalization [58].

Using the time-dependent mass variance of the Gaussian filtered density field from Eq. (3.40),
the authors of Ref. [58] calculated the redshift-dependent evolution of the MCMF for different
Ma, fa,n from zeq until present-day redshift z = 0. Details on the calculation can be found in
Ref. [58] and the references therein; as for this work, we will only demonstrate their results and
apply them to axion-like particles in the following.

The evolution of a representative MCMF given for an axion with m, = 1077 eV and temperature-
independent mass evolution n = 0 following Eq. (2.34) is depicted in Fig. 3.4.

2Note that compared to the general Press-Schechter formalism in Sec. 3.4 we have switched to conformal time
dt = adn here.
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Figure 3.4: Evolution of the MCMF with redshift z obtained from the Press-Schechter approach in
Ref. [58] for m, = 1077eV and n = 0 in Eq. (2.34). The MCMF is established at matter-radiation
equality zeq o~ 3402 and broadens over time due to tidal interactions as indicated by the colored lines.

It can be clearly seen from the initial MCMF at z = z,q ~ 3402 in purple that the mass
distribution of miniclusters is comparably narrow and roughly centered around the characteristic
MC mass Mg ~ 10712M, at early times. Towards lower redshift, the MCMF broadens due to
the ongoing collapse of density seeds with modes in the range kj(1.q) < k < kj(no) and due to
the formation of heavier structures from minicluster mergers. Eventually, at redshift z = 0 in
red, the present-day MCMF is established, thus providing an analytical estimate for the present-
day range of minicluster masses from linear growth predictions.

As it turns out, the predicted MC mass range at z = 0 indicated by the red line in Fig. 3.4 can
be expressed in terms of the characteristic mass My from Eq. (3.25) and in terms of the Jeans

mass
-3/2 7 14 o \1/2
= 1.4-10" 80, (e Zim T 4
M 0" Mo <5oﬂev> (0.32) (0.67> ’ (343)

which is derived from the Jeans scale in Eq. (3.29). Specifically, in the case of the z = 0 MCMF
and for different choices of mg,n, f,, the authors of Ref. [58] showed that the mass range of
miniclusters can be parametrized using an upper and a lower mass bound M jpin and Mpax

respectively.

These two limiting masses are indicated by the red dashed lines and red notations in Fig. 3.5,
together with the z = 0 MCMF taken from Fig. 3.4 in black lines. Comparing the analytical
MCMF to the lower and upper mass bounds M jmin, Mmax in red, a good agreement in the
predicted mass ranges can be seen. As was shown in Ref. [58], the lower mass bound is related
to the redshift-dependent Jeans mass M ; by

1.8 ’
. 44
MJ, (m ) L M |:7‘5 +log10D(z = ()):| (3 )
—-3/2 0 1/4 h 1/2
~83-1072" M, L : .
8310 ° <5OMeV> <0-32> <O'67> ’ o
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Figure 3.5: Parametrization of the MCMF in black at present-day redshift z = 0 for mg, = 1077 eV,
taken from Ref. [58]. The characteristic MC mass M, is indicated by the gray dashed line and the blue
dashed line shows the power-law fit from Eq. (3.37) with slope index e = —1/2. The absolute low- and
high-mass cutoffs from the Jeans limit My = My min in Eq. (3.45) and from linear growth, M,y in
Eq. (3.46), are shown in red dashed lines.

where the index J indicates the connection to M ; and Eq. (3.45) will only be evaluated at z = 0
in this work. Below this mass scale, miniclusters do not form by gravitational collapse.

The corresponding upper mass bound can also be expressed in terms of the linear growth factor
D(z) from Eq. (3.42) according to [58]

Muax (M, n) 49 10% Mo (mg,n) D(z = 0)?, (3.46)
where we have indicated an additional dependence on the axion mass temperature evolution
index n - opposed to the temperature-independent lower mass bound in Eq. (3.45). The upper
mass bound M.y is related to the linear growth of structures with M ~ Mg at zeq, that leads
to the occurrence of high-mass MCs with M > M, at late times. Note that the definition
of Mpax depends on the characteristic MC mass Mg from Eq. (3.25). Therefore, the mass
distribution of miniclusters at z = 0 can be parametrized by the three masses M jyin, Mo and
Mmax - together with the slope index o = —1/2 in Fig. 3.5 [58].

Between the minimum and maximum minicluster masses M jmin and Mpyax, the MCME slope
in Fig. 3.5 is well-fit by a power-law of the form in Eq. (3.37) with @« = —1/2 indicated by
the blue dashed line, except for the lowest masses with M below the gray dotted line . The
corresponding low-mass tail has M < M/25 and exhibits a cut-off dependence as mentioned
by the gray arrows in Fig. 3.5.

This cutoff dependence is expected to modify the MCMF slope at the low-mass tail to a degree,
which strongly depends on the initial power spectrum in Eq. (3.39) and on the applied window

3The discrepancy between the o = —0.7 scaling observed in Subsec. 3.5.1 at z > 100 and linear growth
predictions with @ = —1/2 at z = 0 is currently unresolved.
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function in Eq. (3.31). A detailed discussion on the impact of different filters on the MCMF
can be found in Ref. [58]. In this work, we briefly summarize the most important uncertainties
leading to the cutoff dependence at M < M /25 for the Gaussian filter and Heaviside power
spectrum:

On scales M < M, the density field §(n) is highly non-Gaussian, which means that the standard
Press-Schechter formalism can not be applied for these matter perturbations. Independent of
the Gaussianity of the field, a cutoff in the MCMF is expected from the truncated axion power
spectrum in Eq. (3.39) for M < M. Indications for this cutoff were found in numerical
simulations [187] and from the filter-dependence observed in Ref. [58]. Using the parametrization
introduced in Subsec. 3.5.2 based on the Gaussian window function and Heaviside initial power
spectrum, Fairbairn & Marsh [58] found that this cutoff dependence becomes relevant below an
approximate Mg-cutoff scale

Momin = Mo /25, (3.47)

where the index '0’ indicates the connection to the characteristic mass M.

To account for the large uncertainties in the low-mass tail of the MCMF Eq. (3.47), we will
consider two different low-M cutoffs in the following: First the cut-off prediction in Eq. (3.47)
proportional to My and secondly the Jeans mass cutoff M i, introduced in Eq. (3.45).

In the range where M(/25 < M < Mpax, the MCMF can be parametrized by a power-law with
a = —1/2 with good precision (c.f. Fig. 3.5). For simplicity, we also apply the scaling o = —1/2
in the range M jmin < M < Mpax with the Jeans cutoff M jyin, similar to what was done in
Ref.s [136, 188].

3.6 Galactic Minicluster Mass Distribution

With the combined numerical and analytical predictions for the evolution of miniclusters from
Sec. 3.3 to Subsec. 3.5.2, we are now in a position to extrapolate their initial properties from
Sec. 3.1 and Sec. 3.2 to the hypothetical present-day population of galactic sub-miniclusters in
the NFW halo of the Milky Way. Analogous to the approach in Ref.s [58] and [1], we consider
different classes of axion models in the range 1072 eV < m, < 1072 eV with QCD-like potentials
from Eq. (2.32) and a modified temperature dependence n of the axion mass m,(7T) in Eq. (2.34).
We introduce the characterization of different axion models following Ref. [58] in Subsec. 3.6.1
and apply the resulting MC mass predictions for different models mq, n, f, to the Milky Way
DM halo in Subsec. 3.6.2 following Ref. [1]. In Subsec. 3.6.3, we also consider the impact of tidal
disruption on the long-time survival of miniclusters.

3.6.1 General approach for axion-like Particles

Our implementation of different axion models (i.e. of ALP DM models, including the QCD axion)
is best understood by listing the three characteristic quantities that allow for the parametrization
of the z = 0 MCMF in Subsec. 3.5.2, namely: o, M jnin and M.

The first is the power law scaling « from Eq. (3.37), where the corresponding slope indices o =
{=1/2,—-0.7} considered in this work are motivated by the analytic and numerical predictions
from Fig. 3.2 and Fig. 3.5 respectively. Secondly and thirdly, the low-mass bound M j i, in
Eq. (3.45) only depends on the axion mass m,, while the high-mass bound Mp,.x in Eq. (3.46)
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also depends on the characteristic MC mass My from Eq. (3.25).

This characteristic mass scale measures the amount of dark matter contained within a Hubble
horizon around T ~ Tis.. Following Eq. (3.25), the dependence of Mg on Ty is encoded in the
comoving wavenumber

/
9x.5(To) r b T H(Tose) (3.48)

kose = a(Tpse)H (T, =
osc CL( osc) ( osc) |:g*,S(Tosc) T

at T' = Tos. and where g, s(T') are the entropic degrees of freedom from Ref. [54] and Tab. A.2.
Eq. (3.48) clearly depends on the oscillation temperature Typse, which can be determined ana-
lytically only for the QCD axion case (see Eq. (2.49)). For our considerations involving axion-
like particles, the oscillation temperature needs to be calculated numerically by equating the
temperature-dependent scaling of the axion mass in Eq. (2.34) with the Hubble drag from
Eq. (2.40), i.e. 3H(Tose) = mq(Tose), as explained in Subsec. 2.5.2. The left-hand side of this
equation can be obtained from the second Friedmann Eq. (2.51) using the fit for g, z(T") in
Tab. A.2.

Moving on to the right-hand side, the remaining quantity needed to determine the temperature
which gives 3H(T') = mq(T') is the temperature scale Ay defined in Eq. (2.34). As mentioned
before, this quantity is equivalent to the QCD susceptibility in Eq. (2.14), which specifies the
zero-temperature mg-f, relation from Eq. (2.11) (see Sec. 2.3 for details). For the generalization
to axion-like particles, we adopt the approach from Ref. [58] by assuming the simplified QCD-
like scaling Ag = v/mgf,. Note that in the specific case of the QCD axion, this temperature
scale is given by A ~ 2.5v/mg fo [58], which is well within the uncertainties of the linear growth
predictions from Subsec. 3.5.2.

Following this procedure, we can calculate Togc, kosc and My for any combination of the three
parameters myg, fq, n, or equivalently for arbitrary axion-like models with properties defined
in Sec. 2.3. However since we are interested mainly in axion-like dark matter candidates which
should have order-one relic abundance Q,h% ~ Q.h% ~ 0.12, we can use the total relic abun-
dance Q°(f,) from Eq. (2.64) to fix the symmetry breaking scale f, in the following. The

corresponding requirement §2,(f,)h? < 0.12 for fa is equivalent to the consideration of axion
models, which constitute 100% of the missing dark matter.

In this approach, we characterize each axion model by choosing a set of parameters (mg,n) from
the range 1072 eV< m, < 1073 eV and for three characteristic values of n = {0,1,3.34}, where
n = 3.34, my =~ 50 eV roughly corresponds to the numerical calculation of the QCD axion in
Ref. [54]. Since the aforementioned generalization of axion-like DM candidates is crucial for
the analysis in the following chapters, we summarize the fundamental steps performed for each
axion model (mg,n) in short below:

1. Choose an axion model (mg,n) with mq =m0 = me(T = 0) and n defined in Eq. (2.34)

2. For this model, determine f, by requiring 100% DM abundance Q°(f,)h? = 0.12 using

o the total relic abundance Q°(f,) from Eq. (2.64)
o with Topse from 3H (Tosc) = ma(Tose) and Ag = v/mqf, in Eq. (2.34),
o H(T) from Eq. (2.51) and m4(T") from Eq. (2.34)

3. Determine Tys again for the above specific value of f, and Ag = v/mgfa
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4. From this calculate kosc according to Eq. (3.48)
5. Using koge calculate the characteristic MC mass Mg(mq,n) in Eq. (3.25)
6. Apply the Press-Schechter predictions from Sec. 3.4

o With a = —1/2 (or @« = —0.7 in some cases) for the MCMF slope, Eq. (3.37)
o With low-mass cutoffs M jmin or Mo min from Eq. (3.45) or Eq. (3.47)
o and the high-mass cutoff M, of the MCMF in Eq. (3.46)

7. Obtain the galactic MCMF by normalization to the Milky Way DM halo (see Sec. 3.6)

We emphasize the dependence of Tysc, Mo, Mmax and M min on the axion parameters (mq, fo,n),
where in our formalism the dependence reduces to (mg, n) as explained above. The application of
the generalized axion-model approach to the hypothetical minicluster distribution of the Milky

Way in point 7. will be presented in Subsec. 3.6.2. Note also that the entire range of steps 1.

to 7. in the above enumeration is displayed in green panels in the schematic representation of

Fig. A.1.

Before moving on to galactic minicluster properties, we continue by plotting our results for Togc

and f, in Fig. 3.6. As seen in the left panel of Fig. 3.6, the oscillation temperature decreases

| MC Formation excluded |

\::f::: —_— N \
v\‘\‘--:::::t‘\\ﬂ\
——  fa(me,n=0) —  fa(ma,n =3.34) §
| — falma,n=1) ——= Ja(ma,n = 4) h
------ fa(mg,n =282) ---=- f,(m,), Eq.(2.11)
1072107107 1070 107! 072 107 10 10 107
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Figure 3.6: Left: Oscillation temperature T,y defining the onset of axion oscillations with 3H (Tos.) =
ma(Tosc) in Eq. (2.40) obtained from the above procedure following Ref. [58] and Subsec. 2.5.2. Right:
decay constant f,(mgq,n) fixed by matching the relic abundance in Eq. (2.64) at different n in colored
lines, compared to the black dashed QCD axion scaling from Eq. (2.11). The green band and lines
correspond to different predictions for the temperature index n of the QCD axion [54, 55, 189]. The gray
region is excluded by inflationary constraints on the tensor-to-scalar ratio f, < 8.2 - 102 GeV [58, 190].

with stronger temperature dependence n and for smaller axion masses m,. This is related to
the fact that the temperature of equality with 3H(T") = m4(T") decreases with smaller m,(T),
which in turn decreases both for smaller m, = mg, o and larger n for T > Ap in Eq. (2.34). In
other words, the axion mass switches on with decreasing temperature and becomes relevant,
ma,0(T/Ag)™" ~ H(T'), earlier for larger zero-temperature mass mq, o and smaller temperature-
dependence n. For the QCD-axion-like case with m, ~ 50 peV and n ~ 3.34 in green, we obtain
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3.6 (Galactic Minicluster Mass Distribution

Tosc ~ 1 GeV in agreement with the literature [41, 42, 54].
Additional information is contained in the right panel of Fig. 3.6, where the decay constants giv-
ing Q%°'h? = 0.12 are shown. To demonstrate the underlying uncertainty in the determination of
the temperature index n, we also show the decay constants for n = 2.82 obtained from Ref.s [41,
189] and n = 4 from the dilute instanton gas model in Ref.s [41, 189]. The spread in f, arising
from different values of n = 2.82,3.34,4 is large, but the representative value of n = 3.34 from
Ref.s [41, 54] lies in between. Our choice of n = 3.34 hence provides an intermediate estimate
on the possible range of the QCD axion temperature dependence.
We also depict the QCD axion my-f, relation from Eq. (2.11) in black dashed lines and indicate
its approximate agreement with axion-like models for m, ~ 100 zeV and n ~ 3.34 by the solid
vertical line. For n = 3.34, the QCD axion mass lies in the range 50 ueV< mg, < 200 peV [58],
where uncertainties in the determination of Q' (and more specifically agec and c,, see also
Sec. 2.5) have been taken into account. Since the analysis in this work focuses on the observa-
tional prospects of current and next-generation radio-telescopes such as SKA-mid ranging from
350 MHz to 14 GHz, we choose the lower bound of m, =~ 50 ueV for the QCD axion, which
amounts to roughly 12 GHz and f, ~ 10'2 GeV [191].
The gray shaded area in Fig. 3.6 is of specific importance for the minicluster scenario consid-
ered in this chapter. It is derived from constraints on the tensor-to-scalar ratio r < 0.07 of
the CMB [190]. In an inflationary scenario, this ratio constrains the Hubble scale and thus the
temperature Eq. (2.35) of the inflationary universe, as demonstrated in Ref.s [192, 193]. To
be consistent with the post-inflationary (PQ) scenario assumed in this work (see Sec. 2.5), the
symmetry breaking at T' ~ f, has to occur below T = f, < 8.2-10'2GeV [58]. This condition
defines the boundary of the gray-shaded area indicated by the black dotted line in the right
panel of Fig. 3.6.
To summarize, the post-inflationary constraint f, < 8.2 -10'2 GeV truncates the MC properties
My at some low-mass value of m,, which depends on the temperature index n. For the remain-
der of this work, we will omit the gray-shaded region indicating the cutoff in f, for simplicity.
We continue our application to general axion-like models by moving on to point 5 in the above
enumeration, i.e. to the determination of Mg(mg,n) 4
The characteristic minicluster masses from Eq. (3.25) obtained from T,s, fo and (mg,n) in
Fig. 3.6 are plotted in Fig. 3.7, which shows Mg for temperature-independent axions in red
and for n = 1, n = 3.34 in blue and green. The scaling of My in Fig. 3.7 shows both an
increase with decreasing axion mass m, and an increase with larger n. This can be under-
stood by means of the scaling of ks in Eq. (3.48) with Tps.: Considering radiation domination
H(Typse) ~ Hor/Quaqa(Tose) 4 o< T2. and neglecting the change of 9x,5(T) for simplicity, we
obtain kese X H(Tpsc)/Tose X Tose from Eq. (3.48). Applying this scaling to My in Eq. (3.25)
yields

Mo o ko oc T2 H (Tose) ™2 o< Tig? (3.49)
which roughly coincides with the scaling of Ty and My in Fig. 3.6 and Fig. 3.7 (and also with
that of kos. obtained in Ref. [58]).
The precise scaling and shape of Mg(mg,n) in Fig. 3.7 is caused by the temperature depen-
dence of H(T) in Eq. (2.51), the relativistic degrees of freedom g, r(T) in Eq. (2.51) and the

4The interested reader may find the results for step 4 and kosc depicted in Ref. [58].
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10712 10710 0 108 106 10~
mg [eV]

Figure 3.7: Characteristic minicluster mass Mg(mg,n) as a function of axion mass m,, and its (colored)
temperature dependence n, reproduced from the procedure in Ref. [58], Sec. 3.2 and taken from Ref. [1].
In this plot and in the following figures, the truncation of axion models m,,n at low axion masses m,
arises from the condition f, < 8.2-10'2 GeV as shown in Fig. 3.6.

temperature evolution of the axion mass in Eq. (2.34). In the case of temperature-independent
axions with n = 0, the characteristic mass can be shown to agree with [58]

=3/2 s () B2 Qo \ 4 (14 20\ ¥4
o =0) ~ 6.5 107167, [ e : a5 3 350

where the scaling Mg m;3/2 will become important at a later point. For n = 1,3.34 the
scaling of My is slightly changed due to the different temperature evolution of the axion mass.
Nevertheless, even for n > 0 the scaling Mg x mq 32 from Eq. (3.50) remains roughly valid.

With the characteristic minicluster masses in Fig. 3.7 at hand, the next step to apply the linear
growth predictions from Ref. [58] using the MCMF parametrization from Subsec. 3.5.2. This
will be done together with the normalization to the galactic DM abundance in the next section.

3.6.2 Generalized Minicluster Mass Distributions

We calculate the MCMF parametrization from Subsec. 3.5.2 for axion miniclusters in the Milky
Way dark matter halo using both low-mass cutoffs M jmin, Mo min from Eq. (3.45), Eq. (3.47).
This combined treatment of the possible low-M cutoffs allows us to estimate the phenomenolog-
ical impact of the MCMF cutoff dependence from Subsec. 3.5.2 in the following chapters. Since
also the final slope of the MCMF is subject to open debate, we will assume the Press-Schechter
power-law index o = —1/2 from Subsec. 3.5.2 unless stated otherwise and consider the case
a = —0.7 separately later. In the most general way, we can define the normalized minicluster
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mass function as

dn M \“
CMM—Q«MM>7 (3.51)

where Mmin = {M jmin, Mo min} takes the role of a reference MC mass and C,, is a normaliza-
tion constant to be determined in the following. For simplicity, we will assume that the mass
distribution of miniclusters is independent of the galactocentric radial coordinate r.

The total mass of minclusters can then be calculated from Eq. (3.51) by integrating over the
MC mass density dm/dM = Mdn/dM. Assuming a spherically symmetric Milky Way volume
Virw = 47/ (3R3w) with radius Ryw = Rago = 237 kpe following the mass models in Ref. [194],

we obtain the total MC mass
Mmax a+1
—11 . 3.52
< Mmin ) ] ( )

The normalization constant C,, from Eq. (3.52) is found by setting Mjqy L fme Myw, where
fme =~ 0.75 is equal to the fraction of galactic dark matter contained in miniclusters [30] and
Muw = 1.43-10'2 My, is the mass of the Milky Way DM halo taken from Ref. [195]. Using this
normalization, the corresponding total number of galactic miniclusters

Minax Cn [ M \“ Chn [ Mmax \“
ot = — = — -1 .
Moor = Varw Mumin M M <Mmin> Yanw G [(Mmin ) ] (3.33)

M a
max M CTL
Mm—Ww& dM@(Mm>meme

min

can be found by integrating over the number density dn/dM. We determine the normalization
constant Cj, together with the total MC number N for every axion model (mg,,n) and for both
cutoffs of the MCMF, i.e. for Myin = Momin and Muyin = M jmin. The resulting number of
miniclusters is strongly model-dependent and lies in the range 10'® < Mo < 1026 for the QCD
axion mass mg, = 50 eV as shown in Fig. C.1.

We show the resulting MCMF obtained for the QCD axion mass m, = 50ueV and n =
{0,1,3.34} in Fig. 3.8. The different shades and colored lines in Fig. 3.8 refer to the differ-
ent mass cutoffs of the MCMF, which truncate the MC mass range through M.« in Eq. (3.46),
through Mpin = Mo min in solid lines and through Muyin = M jmin in dashed colored lines.
Dotted colored lines and shaded regions indicate the My-cutoff at Mg min = Mo/25. Note that
the dashed Jeans mass cutoff M jmin in Eq. (3.45) is temperature-independent, while the value
of Muax in Eq. (3.46) is directly proportional to M. Accordingly, the spread of the minicluster
mass range in Fig. 3.8 increases with larger Mg and specifically for larger n as seen in Fig. 3.7.
More importantly, we highlight several fundamental features of the MCMF that are crucial for
understanding the properties of galactic axion small-scale structure: First, the MCMF peaks
around the low-M cutoff which means that the MC number and typical mass will be subject to
large uncertainty arising from the cutoff dependence discussed in Subsec. 3.5.2. Furthermore,
the majority of miniclusters will exhibit masses close to the low-M cutoff M ~ M.
Secondly, Fig. 3.8 also demonstrates that the intermediate- to high-mass component My < M <
Max of the MCMF is essentially insensitive to the low-mass cutoffs and to the normalization
in Eq. (3.52). The reason for this is the fact that a large majority of the mass relevant for the
normalization of the MCMF is contained in the high-mass tail M > M. The total number
of miniclusters Eq. (3.53) on the other hand is very sensitive to the low-mass cutoff as can be
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Figure 3.8: MCMF per Milky Way volume obtained using the parametrization from Subsec. 3.5.2 for
mg = 50 ueV, a = —1/2 and different n = 0, 1,3.34 indicated by colored lines, taken from Ref. [1]. The
shaded regions and dotted colored lines denote the low-mass cutoffs given by Mg min = Mo(n)/25. Solid
lines show the MCMF after applying the Mg(n)/25-cutoffs while dashed lines display the MCMF with
the M j-cutoff from Eq. (3.45). Taken from Ref. [1].

understood from Eq. (3.53) and Fig. C.1.

Independent of the low-mass cutoff, large MC masses are predicted in both cases of My, es-
pecially for larger values of n. This observation has important implications for DM searches,
which we discuss in detail in Chap. 5, Chap. 6 and Chap. 7.

3.6.3 Tidal Disruption in stellar Encounters

In the previous section we have constrained the mass distribution of galactic miniclusters. While
we assumed that the MC mass M and the galactocentric radial coordinate r are independent
of each other, we have to consider another effect, which constrains the spatial distribution of
axion miniclusters in the Milky Way. This additional effect on the galactic MCMF arises from
close encounters between the gravitational fields of stars with M ~ M and the much lighter
miniclusters with M < Mg. Owing to the stellar density distribution and the NFW distribution
of the dark matter, these events occur most numerously in the vicinity of the galactic center
r < 1kpce. The gravitational dynamics and present-day implications of the tidal interactions of
miniclusters with stellar and galactic fields (from the disc and DM halo) have been investigated
by numerous studies [42, 149, 150, 188, 196-198].

In this work we employ a simplified approach to model the radial and ®-dependence of the
tidal MC disruption based on the results of Ref.s [188, 197] and Ref. [196] respectively. More
precisely we treat the set (M, ®,r) of minicluster parameters as independent and consider the
r- and ®-dependence of the resulting survival probabilities separately. Starting with the former,
the spatially dependent tidal interactions between stars and miniclusters with typical densities
® ~ 1 at position r introduce an effective minicluster survival probability Pgury(R) over long
times t ~ tg, as shown in Fig. 3.9 from Ref. [188]. The two colored lines in Fig. 3.9 show two
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Figure 3.9: Survival probability of galactic miniclusters as a function of the galactocentric radius r,
taken from Ref. [188]. The vertical dashed line marks the position of the solar system, while green and
blue colors indicate different minicluster profiles.

different minicluster density profiles that were considered in Ref. [188]: First a power-law profile
pme ¢ (Rs/r)%* truncated at the spherical radius R from Eq. (3.24) and secondly the NFW
profile from Eq. (A.1). In our analysis, we apply the results from the power-law profile since it
provides the same minicluster size R as Eq. (3.24), but with a more realistic, non-homogeneous
density profile.

As can be seen by the blue curve in Fig. 3.9, the survival probability for MCs with a power-law
profile is roughly equal to 1 for large radii » 2 3kpc. Below r ~ 2kpc, Psuy drops rapidly
until reaching a ~ 10% level at r ~ 0.1kpc. We use the turnaround point where Pgsyy =~ 0.5
at Rsurv =~ 1kpc as a benchmark for our cutoff and assume that an order one fraction of the
miniclusters at » > 1kpc survive, while all objects below this threshold with » < 1kpc are
assumed to be disrupted. Using this approach, the NFW distribution of miniclusters in the
Milky Way halo is truncated below

r < Rguwv ~ lkpc. (3.54)

Since this amounts to neglecting the ~ 10% component of the MCMF close to the galactic center
r < 1kpc, our approach can be seen as a simplified but conservative modeling of the effects of
stellar disruption on miniclusters with a power-law profile and radius R.

Comparing the results with the green curve and NFW profile miniclusters in Fig. 3.9, the trun-
cation of the MCMF would be at a much higher radial coordinate giving roughly rnrw ~ Re ~
8.3 kpc. While this effect could significantly lower the predicted event and signal rates in Chap. 5,
Chap. 6 and Chap. 7, there is currently no stringent evidence for the NFW profile to apply uni-
versally. In a recent study performed in Ref. [175], the authors showed that while miniclusters
form with NFW-like density profiles initially, there is evidence that the inner density profiles
scale like ppe ~ 72 at later times. This result is comparable to the scaling of pye ~ r—9/4
assumed for the power-law profile in Ref. [188], and hence provides further motivation for our
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choice of the minicluster density profile.

Moving on to the ®-dependence of the minicluster survival probability, Psury(®), we briefly
recall the results from Ref. [196] in the following. The authors of Ref. [196] used a superpo-
sition of energy eigenstates and the WKB approximation [199, 200] to describe gravitationally
bound miniclusters and their interaction with external fields. Ref. [196] estimated the survival
fraction of miniclusters in an NFW dark matter halo interacting with the stellar distribution
of the Milky Way over cosmic timescales up to t ~ 10 Gyr. According to their calculations,
stellar disruption at the solar position r = R, affects the distribution of the initial overdensity
parameter ® € (0, 10*] according to

¢kmw(®)::;P;+tanh.<h%hopmcgb)_-425>} : (3.55)
~ Pme(P)
mc ®) = PR .
Prac(P) TMopc? (3.56)

which is given in terms of the dimensionless minicluster density pme derived from ppe(®) in
Eq. (3.23) [196]. We demonstrate in Fig. 3.10 that Eq. (3.56) effectively constrains the density
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Figure 3.10: Survival probability of MCs as a function of the overdensity parameter ® from Eq. (3.56),
taken from Ref. [2] and reproduced from the results of Ref. [196].

distribution of present-day ¢ ~ 10 Gyr galactic miniclusters to ® = 0.5.

We use the full functional form of Pgyy (P) in our subsequent calculations and extend the result
from Ref. [196] obtained at r ~ R to the entire range r > Rgyry from Eq. (3.54). Improved
results could be obtained by investigating the dependence of Py (P) on the three-dimensional
galactic cylindrical coordinates g, z, ¢. Since such an extensive analysis is beyond the scope of our
simple estimations, we will deal with the uncertainties from the combined - and ®-dependence
of stellar disruption by overestimating the effects from Eq. (3.56) at » > Rg and possibly
underestimating them at smaller radii Rsyv < 7 < Rg. On the technical side, our numerical
calculations performed in Chap. 5 and following can easily be modified by incorporating improved
modeling of galactic minicluster disruption compared to Eq. (3.54) and Eq. (3.56) - once such
results become available.

52



3.7 Core-Halo Relation

3.7 Core-Halo Relation

The last important property of gravitationally bound miniclusters to be mentioned in this chap-
ter is the formation of a dense solitonic core at the center of a given minicluster, as observed
in Ref.s [167-169, 172, 201-206]. The dynamics and evolution of these solitonic cores will be
explored in detail in Chap. 4, whereas this section motivates the further investigation of their
properties by means of the MCMF and the evolution of their host miniclusters. An example
for a composite minicluster-core system is shown in Fig. 3.11, which was taken from the sim-
ulations of Ref. [167] for an axion mass m, = 1078eV and a box size L = 0.356 pc/h. The

Projected Density [M,/pc?] Density [M, /pc?]

0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
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Figure 3.11: Numerical simulation of an axion minicluster with a solitonic core formed around z ~ zq
and shown at z = 1277 for m, = 107%eV, A\ = 0 taken from Ref. [167]. The matter density is given in
Mg pe=2, for a soliton mass M, = 5.04 - 10712 M, and a total mass of M = 5.98 - 10711 M.

authors of Ref. [167] evolved the Schrodinger-Poisson system in an expanding universe to trace
the redshift-dependent formation of axion minicluster cores, finding typical formation redshifts
2 ~ Zeq With the example in Fig. 3.11 shown at z = 1277. As can be seen by the color grading
in Fig. 3.11, the axion star core in red is much denser than the yellow to green minicluster
background in which it is embedded. The granular structure of the minicluster is shown in the
bottom right panel of Fig. 3.11. It arises from wave interference of the self-gravitating system
forming granular overdensities (see also the simulations in Sec. 4.3 and App. B).

Based on the simulations of several composite systems in Ref. [167] with the solitonic cores form-
ing around z ~ z.q, we will assume for simplicity that axion stars appear together with their
host miniclusters in a virialized state at the collapse redshift z. = zeq. Even more important for
this work is the fact that the mass of the red solitonic core in Fig. 3.11 can be related to the total
mass (i.e. including that of the core) of its host minicluster in green, as was first shown in the
simulations of Ref. [169]. Since the corresponding mass relation was first derived in simulations
of ultra-light dark matter with m, ~ 10722eV and O(kpc) halo sizes, it is commonly referred
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to as the core-halo (mass) relation. The axion-star core mass M, predicted by the core-halo
relation

1/3
M (2)] (3.57)

Mh,min

depends on the axion mass m, and the redshift of formation z through the redshift-dependent
minimum halo mass

- 142 \34 ATV g 2
o<, () O] ()
eq eq

which is defined by requiring M, = M. Physically, the minimum halo mass M}, min (2) represents
the lightest halo or minicluster mass, at which the formation of a composite core-halo system
with M > M, can occur at a given redshift. Note also that the factor 1/4 from the original
definition in Ref. [169] was dropped here, since we use a different definition of the soliton mass
compared to the original authors of Ref. [169].

The quantity ((z) in Eq. (3.58) is the overdensity at virialization [207]

N 1872 + 82[Q(2) — 1] — 39[Qun(2) — 1)?

M.(2) = Miin) |

z 3.59
@) o (3.59)
in a flat ACDM cosmology, which sets the redshift-dependent halo mass according to
4 _
M= T8, (3.60)
with the comoving virial radius 7y [169]. The matter density parameter
Qmo(1+ 2)3
U (2) = mo(l+2) (3.61)

Qo1+ 2)3+ Qo1+ 2)4 4+ Qo

in Eq. (3.59) depends on the redshift z, which gives ((zeq) ~ 180 for our considerations and
Planck [14, 167] parameters ,, o = 0.3089, .o = 8.486 - 107> and Q9 = 0.7.

To summarize, the results from Ref. [169] established a relation between the mass of the solitonic
core and the mass of its host halo, for ultra-light dark matter with m, ~ 10722 ¢V. Additionally,
the authors of Ref. [167] showed that the corresponding mass scaling relation Eq. (3.57) remains
valid also for axion miniclusters with masses m, = 10786V and a formation redshift of order
Z ~ Zeq, as depicted in Fig. 3.11. Simulations involving composite systems with larger axion
masses m, > 1078 are currently not feasible due to numerical limitations in grid resolution
and computational performance. However from the scaling symmetry Eq. (3.16) of solutions to
the GPP and SP systems Eq. (3.11) and Eq. (3.14) it is expected, that the same scaling which
applies in the range 1072 eV< m, < 1078 eV remains valid also for larger sub-eV masses. This
scaling argument motivates the use of the core-halo relation for larger axion masses, like the
QCD axion mass m, = 50 ueV assumed in this work.

We also emphasize that both the results from Ref. [167] and Ref. [169] were obtained for the
Schrédinger-Poisson system, i.e. for A = 0, which is a good approximation for the gravitationally
dominated evolution of the large and dilute host miniclusters. However as we will see in the
next chapter, the self-interaction of the axion becomes important when considering the balance
of forces that ensures the stability of axion star cores in Sec. 4.1. This complication motivates
us to further investigate the validity of the core-halo relation in Eq. (3.57) for axion stars with
weak attractive self-interactions in Sec. 4.6.
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Axion Stars

In the previous chapters we have followed the evolution of small-scale axion structure from the
symmetry breaking at T' ~ f, in the early universe, over the production of non-relativistic dark
matter at T ~ T,s. down to the present-day minicluster distribution of the Milky Way DM
halo. These predictions can finally be used together with the core-halo relation from Sec. 3.7 to
infer the properties and mass distributions of the most overdense component of axion small-scale
structure: so-called axion stars, which have been studied extensively in the literature [23, 26,
162, 164, 167, 172, 174, 208-229].

We introduce axion stars as the stationary solutions to the GPP system focusing on the case
of weak attractive self-interactions A < 0 in Sec. 4.1. The formation and mass growth of axion
stars are examined by means of numerical simulations in Sec. 4.2 and Sec. 4.3 respectively. Over
time, the continuous accretion of the axion star core from its surroundings can trigger one of two
instabilities leading either to the resonant conversion of axions into radio photons in Sec. 4.4 or
to the relativistic emission of axion dark matter as shown in Sec. 4.5. Lastly we validate the use
of the A = 0 core-halo relation for dilute axion stars in Sec. 4.6 and derive the first estimates
of the galactic axion star mass distribution from the properties of their host miniclusters in
Sec. 4.7.

In terms of the schematic representation in Fig. A.1, this chapter provides the basis for axion
star signatures to be investigated in Chap.s 5 to 7 and describes the derivation of the axion star
mass distribution shown by the blue shaded panel in Fig. A.1.

4.1 Mass-Radius Relation

In this section, we will extremize the total energy of the system to introduce axion stars as
the stationary solutions to the GPP equations, Eq. (3.11) and Eq. (3.12). Depending on the
context and on the self-interaction parameter A, these stationary solutions are generally termed
solitons, bose stars (A = 0) or ALP/azion stars (typically A < 0, like for the QCD axion). As
was shown in Ref.s [25, 26, 158, 159, 209, 210, 212, 230-232], the strength of the self-interaction
constant A is crucial to determine the possible range of soliton solutions. While the QCD
axion has A\ = —cym?2/f? set by the decay constant f, in Eq. (2.11), ALPs can have arbitrary
combinations of the parameters mg, f, and A. In this work, we fix A = —m2/f2 with c) = 1
for ALPs and use the correct dark matter abundance Q,h? = 0.12 to find f, as summarized in
Subsec. 3.6.1.

Our derivation of the properties of axion stars is closely based on the approach applied in
Ref.s [1, 33, 158]. The first step in finding the soliton solutions to the GPP system Eq. (3.11),
Eq. (3.12) is to assume an analytic expression for the radially symmetric soliton density profile
p«(r) = mg|i(r)|?. There exist a range of choices for the profile p,, many of which were
analyzed and compared to numerical ground state solutions in Ref. [231]. Importantly, the
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Chapter 4 Axion Stars

different analytical profiles show O(1) deviations, which are well within uncertainties arising
from the linear growth of axion DM structure, compared to the exact numerical solutions of the
GPP system.

Similar to Ref.s [158, 159], we employ a Gaussian ansatz for the spherically symmetric wave
function

T

M, \ -%
e = (4.)

defined in terms of the axion star mass M,, radius R, and the radial coordinate r [159]. We
choose the Gaussian profile for simplicity but keep our approach general by tracking the corre-
sponding ansatz-specific coefficients oin, agrav and aing, which will be introduced in the follow-
ing. We also confirmed that the resulting soliton solutions predicted from the ansatz in Eq. (4.1)
do not deviate significantly from the best-fit sech(z) profile obtained in Ref. [231].
Independent of the specific profile, we can express the Newtonian potential ®y(x,t) in Eq. (4.3)
through the Green’s function for the Poisson Eq. (3.12) [231], and write the different energy
contributions of the non-relativistic axion star as

1 3 2 *
Bun = o [ 2 [V0@) = osin s “2)
m GM?
Egav = —a/d?’x @N(m)W(w)\Q = —Qgrav——— , (4.3)
2 R,
A 3 4 A[MF
Bu = 1oz [ Prlb@)* =~ S (4.4
where the ansatz-specific coefficients
3 1 1
B - =T 4.5
Qkin 4 Qgrav m y  int 3271_\/% ( )

are calculated for the Gaussian profile in Eq. (4.1). The three different energy components in
Eq. (4.2), Eq. (4.3) and Eq. (4.4) correspond to the three relevant forces in the system. Stability
is ensured by an exact cancellation of the kinetic quantum pressure in Eq. (4.2) by the combined
gravitational and attractive self-interactions. Within the Gaussian ansatz, the total energy of
the axion star with mass M, and radius R, may be written as [159]

3M,  GM} |\ M2
4m2R2  \/27rR, 32m\2mmiR3’

Eytot = (4.6)

Varying the energy E, iot in Eq. (4.6) with respect to the axion star radius R,, one can find
the stationary solutions R, = M, = 0 of the GPP equations. Before doing so and for ease
of computation, it is useful to transform the physical variables x,t, v, ® onto dimensionless
quantities of order unity by means of the rescaling [33]

=7/(VGmaf,), t=1t/(Gmaf?), (4.7)
) =/Gmafii, Oy =Gfl Py, (4.8)
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4.1 Mass-Radius Relation

where the rescaled variables are indicated by a tilde and the spatial coordinates y, z transform
just like x. The rescaling in Eq. (4.7), Eq. (4.8) excludes all factors G, m, and A from Eq. (3.11)
and Eq. (3.12), which yields the rescaled Gross-Pitaesvskii-Poisson system

O o~ = = 1y
ZE = —§A¢ + PNy — §‘¢| Y, (4.9)
Ady = 4r||?, (4.10)

that is often used in numerical simulations (see also App. B). The dimensionless observables of
the rescaled GPP system in Eq. (4.9), Eq. (4.10) are connected to their physical counterparts
by the relations

~ 2 —~
NoGma o ogp Gma gy, (4.11)
faVG fuVG

~ My ~ 1
Eitot = ——=Fstot , P=—-"F-P, 4.12
tot G tot mufu/G ( )

where the total momentum of the system

P= / A3z )(x)*Vih(x) (4.13)

is important for the numerical simulations to come in Sec. 4.2, Sec. 4.3 and App. B. Using
Eq. (4.12) to rewrite the total energy of the axion star in Eq. (4.6) in its dimensionless and
profile-independent form yields the total energy relation

N A
E*,tot(R*) = akinT; - O‘gravT* - O‘intT* s (414)
R2 R, I

which we extremize with respect to the star radius R, to obtain the rescaled mass-radius relation
of axion stars [158, 159]

: —
B, o S Vol - Somgran My (4.15)
agravM*

The range of axion star radii given by the plus and minus sign in Eq. (4.15) separates the sta-
tionary solutions to the GPP system into two distinct branches: First, the stable dilute branch,
characterized by solutions with a plus sign, and the unstable dense branch of axion stars in-
dicated by the minus sign. We also show the resulting branches of the mass-radius relation
Eq. (4.18) in Fig. 4.1, where stable soliton solutions are plotted in green and unstable profiles
in red lines. The detailed contents of Fig. 4.1 are explained at the end of this section.

The critical point M, = ain/ /3intQgray between the two branches constitutes what is com-
monly referred to as the mazimum mass M,  and minimum radius R, ) of stable, dilute axion
stars. Scaling back to physical variables we obtain the critical quantities

[32nf, 31
M* = ~ ) kA 7 > 4.1
ATV G m, Br =\ 322G ma (4.16)
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Chapter 4 Axion Stars

where we have entered the specific coefficients in, @ing and ogray of the Gaussian ansatz in
Eq. (4.5). For later calculations involving the properties of axion stars we also express the
mass-radius relation from Eq. (4.15) in physical units

V2T R,

M, = QmEGRQ > (4.17)
167 f2
R — Qkin + Olkin 2 . 3int (4 18)
* agrama?IM* agramagM* O‘gramagfc% ‘ ‘

We emphasize that the mass and radius of the axion star M,, R, should not be interpreted
as an absolute mass and size of the object, but rather as characteristic quantities. In order to
determine the total mass enclosed within the soliton profile with boundary conditions p,(r) — 0
for r — oo, one has to specify a cutoff radius at which to truncate the non-vanishing mass
density p.(r) > 0 at finite r.

We define the cutoff radius R, go of the soliton profile as the value of r containing 90% of the
total axion star mass, where R, g9 = 1.76796 R, for the Gaussian profile [158]. In the following
sections, we will use R, g9 as the representative value for the physical soliton radius and drop
the index 90’ thereafter. The physical equivalents M, (R. 90), R« 90 of Eq. (4.17), Eq. (4.18) are
indicated by the black star in Fig. 4.1.

Another important constraint to be considered for soliton solutions on the dense branch with
R, < R, ) is the validity of the non-relativistic approximation inherent to the GPP system
Eq. (3.11), Eq. (3.12). With decreasing R, < }1’,\ = /3cint/0gray in Eq. (4.15), the density of
the soliton with M, o R, increases as p, o M,/ Rf x 1/ Rz. Eventually and at small enough
R, the soliton profile reaches a point, where the Taylor expansion in Eq. (3.4) breaks down
and higher order terms in the axion potential need to be taken into account. This regime is
governed by the relativistic Einstein-Klein-Gordon equations Eq. (3.2), Eq. (3.3), which were
solved numerically in Ref. [35].

In the above relativistic limit, the invariance of the Lagrangian density under the transformation
¢ — ¢ + 2w f, is broken. From this one can infer the non-relativistic condition [231]

¢ _ o _ G2, (4.19)
2 fa  Tfa/2mg 7r7/2m2 ng?’ 271-7/2R3 ’

for the mass M, and radius R, of the axion star and where 1)y = 1)(x = 0) was expressed from
the profile in Eq. (4.1). Physically, Eq. (4.19) introduces a lower bound on the dense branch
radius

M, 1/3
R, > <2 T 2f2> : (4.20)

which we implement in any calculation involving the mass-radius relation of axion stars in
the following. Solitons with radii below this bound violate the non-relativistic assumptions
from Sec. 3.1 and can therefore not be modeled by the mass-radius relation Eq. (4.17) used in
this thesis. The corresponding critical point for the validity of the GPP equations defined by
Eq. (4.20) is indicated by the red dot in Fig. 4.1.
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4.1 Mass-Radius Relation
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Figure 4.1: Mass-radius relation in Eq. (4.17) for QCD axions with m, = 50 ueV and f, ~ 10! GeV
using R, g9 as characteristic axion star radius. The dense branch of unstable solutions (II) is given in red,
together with the relativistic limit from Eq. (4.20) indicated by the red dot. Stable solutions of dilute
axion stars (I) are shown in green, while the critical solution with maximum mass M, » and minimum
radius Ry g0 x, which separates (I) and (II), is labeled with a black star. Taken from Ref. [1].

We summarize the above results in Fig. 4.1, which shows the mass-radius relation Eq. (4.18) of
QCD axion stars with m, = 50 ueV, n = 3.34 and f, ~ 10" GeV 1.

By definition of M, x, R, x in Eq. (4.16), the dilute branch solutions (I) in Fig. 4.1 in green are
dominated by the self-sourced gravitational force of the axion field in Eq. (3.12), while the dense
branch solutions (II) in red are dominated by the short-range forces of the axion self-interaction
from Eq. (3.4). More importantly for composite axion-star-minicluster systems (ASMCs), the
dilute branch solutions have been shown to be stable against perturbations in the stability anal-
ysis of Ref.s [159, 212, 231, 233], whereas solitons on the dense branch are typically unstable
against perturbations [35, 209] [36] [234]. This observation leads us to the crucial assumption
that the present-day axion star distribution of the galactic dark matter halo should mainly be
composed of dilute solitons with B > R, .

We also emphasize at this point, that the critical mass M,  in Fig. 4.1 does not provide a strict
distinction between the stable and unstable soliton solutions. Instead the numerical analysis
performed in Ref. [235] using the three-dimensional simulations introduced in App. B showed
that solutions in the vicinity of the critical point R, ~ R,  can exhibit a semi-stable behavior
leading to possible transitions between the two branches under specific perturbations. While
these transitions can potentially lead to interesting observable phenomena (see e.g. Sec. 4.4 and
Sec. 4.5), they will not be considered in the analysis in this work.

!The approximate value of the decay constant is related to the QCD-axion-like properties of the axion model
with m, = 50 ueV, n = 3.34 in Sec. 3.5 and Fig. 3.6.
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Chapter 4 Axion Stars

We conclude that long-lived, stable axion stars should exclusively populate the green branch of
solutions in Fig. 4.1, which is why we focus our work on dilute axion stars. Using this assumption
together with the mass-radius relation Eq. (4.17), we can fix the axion star radius Ry, profile p,
and energy E, ot as a function of its mass M, for a given axion model with parameters m,, n
and f,. In principle, the last step in determining the present-day axion star mass distribution
is to fix the remaining free axion star parameter - the soliton mass M, - from the minicluster
mass M. However, the derivation of the present-day core mass distribution requires a deeper
understanding of the mass- and time evolution of axion stars, which will be provided in the next
sections.

4.2 Axion Star Formation

The obvious starting point in the time evolution of any axion star is its formation, which we
assume to always appear in the center of an axion minicluster?. In the context of numerical
simulations, the formation of axion stars is typically observed from random initial conditions
and it has been examined in various studies, e.g. in Ref.s [167, 170, 174, 213]. Since the axions
in the soliton populate the same ground state solution with the statistics of a Bose-Einstein
condensate, the process of axion star formation is often called condensation [237, 238].

In order for the axion ensemble to form a condensate, the system has to establish a locally
coherent configuration through gravitational scattering in the Newtonian potential of the inho-
mogeneous density field. Since the random initial conditions of wave dark matter simulations
(m, SeV) are characterized by random phases, the time needed to reach a coherent ground
state is generally much larger than the gravitational free-fall time

TR3/2
oM

of the system with size R and total mass M. To see this, we summarize the fundamental
analytical calculations and assumptions utilized in the simulations of Ref. [170] in the following.
The characteristic timescale for the condensation of a soliton from random, globally homogeneous
initial conditions can be calculated in the kinetic regime

(4.21)

1
R > ) Tgr > 9
mqv MgV

(4.22)

where the initial coherence length and time scale of the particles given by the de-Broglie wave-
length of the axion field with velocity v are much smaller than the system size R and the
expected formation time 74, [170] of the condensate.

The authors of Ref.s [170, 215] demonstrated by means of numerical simulations that the time-
dependent energy spectrum F'(t,w) = dM/dw of particles with energy w evolves according to
a Landau kinetic equation. Considering the gravitational scattering rate I'gy o nogv o 1/7kin
with cross section oy, the kinetic behavior of the numerical simulations motivates the use of

2Note however that there exist also other scenarios, namely the enhanced formation of axion stars from the
decay of topological defects at scales near the quantum Jeans scale, which was investigated in Ref. [236]. In this
case, the numerous appearance of axion stars with increased relative core masses leads to a significant boost of
their relative DM abundance. Their study is complementary to our work involving composite ASMC systems.
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4.2 Axion Star Formation

the kinetic relaxation time [170]

4v2

4.23
O'gr'Unf ) ( )

Tgr ~ Tkin =

where the bosonic axion system has an occupation number f >> 1, size L and number density
n = N/L3. The Rutherford cross section of the gravitational scattering

8m(mG)2A

. (4.24)

Ogr A
& v

depends on the Coulomb logarithm A = In(mvL) and the occupation number f in Eq. (4.24)

6m2n

f= (4.25)

mu3

accounts for the large phase space densities due to Bose statistics [170, 211]. Putting the above
together one obtains the gravitational relaxation time [170]

W2 mad 1010 yr < M )2< Ma )3, (4.26)

T T 198 G2n2A T B3(1+ @) \10-18M, )\ 50peV

where the coefficient b ~ 1, relating 7, compared to 7yip, is determined numerically depending on
the initial conditions at ¢ = 0. Note however that the gravitational relaxation time in Eq. (4.26)
only provides a rough estimate of the true formation time 7, ~ 74 observed in simulations.
This statement is best demonstrated by performing the same three-dimensional simulations
that were used to validate 75 in Ref. [170]. As described in detail in App. B, the numerical
simulations of non-relativistic axion stars are often based on a pseudo-spectral operator splitting
method similar to Ref.s [170, 239]. The operator splitting scheme essentially decomposes the
time evolution operator

t+At t+At k2 ’)\|
U=Texp <—z/ dt'%) =Texp {—z/ dt’ [2 +mePn — |¢|2] } . (4.27)
t t

M, 8m?2

of the GPP system in Eq. (3.11), Eq. (3.12) with time ordering operator T into exponentials of
the spatial and momentum components Hy, Hy of the total Hamiltonian

He -y L WYY (4.28)
= Imy a¥ N 8mg = Tix k> .
_ AL _ Vv

Mo = may = P =g (4.29)

The above separation of the Hamiltonian H facilitates the calculation of the energy expectation
value and other observables in position and in Fourier space, where (| Hy [10) and (¢ | Hy |1k )
become diagonal. In this approach, the wave function ¥ (x,t+ At) = Utp(t) - or its Fourier space
equivalent v (k, t) - may be evolved in time through repeated Fourier transforms and combined
multiplication with exponentials exp (—iH;dt) of the Hamiltonian components Hy and Hy in the
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corresponding eigenspace ¢. For this, the time evolution operator ¢ needs to be ’split up’ into
an ordered series of products of the second-order representation

exp [—i(Hx + Hy)dt] = exp <—z’7;kdt> -exp (—iHxdt) - exp <—fi7;kdt> + O(dt?) (4.30)

at each discrete timestep dt in Eq. (4.27). Note that the identity in Eq. (4.30) can be di-
rectly obtained by applying the Baker-Campbell-Hausdorff formula in Eq. (B.8) to the product
exp(A) exp(B) as explained in App. B and Ref. [239].

Although the method used in the simulations in this thesis is of higher order O(dt?), all of the
fourth- to 8th-order schemes from App. B are based on the second-order splitting in Eq. (4.30).
We refer to App. B for a detailed explanation of the grid discretization and operator splitting
methods of the numerical GPP system in three-dimensional simulations. For now and given
a three-dimensional grid with resolution N, the numerical system can be evolved in time to
arbitrary ¢ using a discrete step size At and repeated Fourier transforms to compute the energy
eigenvalues and their exponentials exp(—iH;dt) in the respective (diagonal) basis i.

With the numerical time evolution being prescribed by Eq. (4.27) and Eq. (4.30), the final state
of the system is completely determined by the initial state ¢y(x) - apart from small numeri-
cal errors. The initial wavefunction in return is typically specified in Fourier space, where two
approaches are common in the literature [170, 174, 213]: First the Gaussian initial distribution

Bo(k) = 2v/27%/4V/ N exp (—E; + iﬁr(k)> (4.31)

where the initial phase 6, (k) € [0,27] is randomly drawn from a uniform distribution at each
point k on the momentum space grid. And secondly, the d-distributed wave function

[¢0(K)[* o< 5p (k| — mavo), (4.32)

which constitutes the surface of a sphere with radius |k| = m,vg equal to the characteristic mo-
mentum ko = mgv of the system and again with random phases 6, € [0, 27]. For the Gaussian
and d-distributions considered in this section, we obtained b = 0.9 and b = 0.6 respectively,
which agrees with the predictions from the original work, Ref. [170]. Note that in Eq. (4.31) and
in the following, numerical variables of the simulations are prescribed in rescaled units following
Eq. (4.8) for A # 0 and Eq. (A.5) for A = 0.

We demonstrate the initial configuration and subsequent evolution of a d-distributed system in
Fig. 4.2, which was obtained using the pseudo-spectral algorithm from App. B. Fig. 4.2 shows
different two-dimensional planes z in position space, at which the soliton is situated at a given
t. The three-dimensional grid was set up with a resolution of N, = 256 and initialized with a
d-distributed initial field for a rescaled system size L =44 and particle number N = 55 shown
in the top left panel. As before, the quantities labeled by a tilde indicate the dimensionless
variables obtained from the rescaling in Eq. (4.8). We use rescaled coordinates to evolve the m,-
independent GPP system in Eq. (4.9), Eq. (4.10) for negligible self-interactions A = 0 and choose
N , L appropriately such that the resulting soliton mass M* corresponds to a dilute soliton with
M, ~1.9-10~% M, after t = 104 for my = 50 peV, fo ~ 10" GeV and vg ~ 1079 3. The mass of

3Here, the physical mass-dependence of the rescaled GPP system is absorbed in the rescaling Eq. (4.58). As
soon as we relate the m,-independent simulation to a specific axion model, the axion parameters m, f, determine
the physical system properties of the simulation.
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4.2 Axion Star Formation

the total system is M ~ 1.5-10713 M, and its length is L = 1.7-10° km for the aforementioned
QCD axion parameters. Note that the soliton mass growth is substantial, since the initial core
mass at ¢ = 2500 shown in orange in Fig. B.3 with N ~ 2 is roughly M, ~ 5-10~'® M. For the
operator splitting and time coordinate, we use the fourth-order scheme from Eq.s (B.18), (B.19)
and At = 0.01, where a more detailed analysis of this simulation can be found in App. B.
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Figure 4.2: Simulation of the formation and mass growth of a soliton, starting from globally homoge-
neous, random initial conditions as in Eq. (4.32). The simulation was run for A = 0, L = 44, N = 55 on an
N, = 2563 grid with timesteps At = 0.01 and predicted condensation time Ter =~ 1445, Initial conditions
are shown in the top left panel, followed by the formed soliton at different times ¢ = 1830, 2500, 9860.

Initially, the system is globally homogeneous, with random fluctuations on scales & ~ kg and
random phases 6,., as seen in the top left panel of Fig. 4.2. After an amount of time, which roughly
agrees with the predicted condensation time 74, ~ 1445, a spherical object can be seen to have
formed in the top right panel. The physical formation time of the soliton is 74 ~ 600 yrs for QCD
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axion parameters. It is surrounded by spherical overdensities, which interact with the soliton
and are sometimes referred to as gravitationally bound quasi-particles or granular overdensities
due to their Brownian-like motion in the global Newtonian potential. Over time, the newly
formed soliton grows in mass leading to an increase of the maximal density maxz [1)(t,T)|? as
seen by the yellow color in the bottom panels of Fig. 4.2. The time-dependent mass growth of
this object will be analyzed in more detail in the following section.

4.3 Axion Star Mass Growth

Once a given axion star has formed inside of its host minicluster around the condensation
time 7. ~ T, it begins to accrete mass from the surrounding density field through repeated
interactions with the granular quasi-particle overdensities observed in Fig. 4.2. The rate of
mass growth of the soliton depends mainly on the time ¢ > 7, and secondly on the minicluster
parameters M, ®, R as well as on the axion model m, n setting the former .

Importantly for this work, the continuous accretion of the axion star from some initial value
M, o = M,(7g) can drive the composite ASMC system to criticality, leading to observable
phenomena through soliton instability (see Sec. 4.4 and Sec. 4.5). In this section we introduce
two approaches to model the mass evolution of axion stars: First the power-law fits for M, (¢) in
Subsec. 4.3.1 and secondly the semi-analytical attractor model investigated in Ref. [170], which
provides a crucial framework for the accretion estimates in Chap.s 6, 7 as shown by the yellow
bottom panel in Fig. A.1.

4.3.1 Power-Law Fits

The first observations of soliton mass growth in numerical simulations relate to the early stage
of accretion, right after condensation and at times ¢ 2 74,. At these early times, the axion star
acquires mass from the surrounding gas of particles leading to a time-dependent mass growth
similar to [170]

t— Tgr 1/2
M, (t) = My o , (4.33)

Tar

where M, o is the initial mass at formation ¢ = 75,. The above growth rate was confirmed in
numerous studies [167, 170, 174, 213, 215] including our simulations using the pseudo-spectral
method in App. B.

Fig. 4.3 shows the maximum field density maxg |QZ(§) obtained from the long-time evolution
of the condensed soliton in Sec. 4.2 and Fig. 4.2 using the code from App. B. The numerical
results in red show a rapid increase of the maximal density after ¢ ~ 1000 and demonstrate
that the numerically determined collapse time 7. = 1325 ~ 7, is in good agreement with the
prediction Ty, &~ 1445 from Eq. (4.26). It can further be seen from the scaling M, (t) oc py(t,0)1/4
[174] that the power-law scaling in Eq. (4.33) implies roughly py(t,0) o t'/2, as indicated by the
black dashed line in Fig. 4.3 [174]. Similarly, the dotted line corresponds to the density scaling
inferred from Eq. (4.33) with a fitting constant 75 = 1000. In both cases, the soliton growth is
roughly approximated by the predictions p, o t2 and Eq. (4.33) for ¢ > 2000.

Note that as a consequence of of the mass-radius relation in Eq. (4.17), the mass increase of the
dilute soliton induces a decrease of its radius R, ~ 1/M,, as is best observed in the radial profile

‘ 2
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Figure 4.3: Maximum density maxgz |1Z(f, %)|? of the three-dimensional grid in the simulation from

Fig. 4.2 and App. B, as a function of rescaled simulation time ¢. The numerical results in red are compared
to a simple power-law scaling p, 2 in black dashed lines and the actual scaling from Eq. (4.33) in the
black dotted line. Note that here we have replaced the gravitational condensation time 74, in Eq. (4.33)
with a fitting constant 7y = 1000 due to large uncertainties in the numerical determination of 7.

plot of [¢)(7)| at different ¢ in Fig. B.2. Most importantly, the mass growth in Fig. 4.3 starts to
saturate around the latest simulation times ¢ < 10*, which indicates a possible transition to a
third stage of axion star evolution (after formation and early mass growth oc #2).

This observation raises the crucial question whether the power-law scaling in Eq. (4.33) continues
indefinitely or whether the growth rate changes after long times ¢ >> Tgr- To answer this question,
it makes sense to consider the expected equilibrium configuration of the SP or GPP system,
where the size of the overdensities is approximately equal to the soliton size R, vir corresponding
to a mass M, vir. In this particular state of balance, the accretion rate of the virialized soliton is
expected to drop. A natural prediction for the time 74, where the mass growth rate saturates,
may be obtained by setting the virial velocity of the A = 0 soliton [49, 171]

Vivir ~ GM,m, (4.34)
equal to the virial velocity
GM
Ume,vir = R (435)

of its host minicluster. Inserting Eq. (4.34) for v in Eq. (4.26) and assuming the power-law from
Eq. (4.33) to hold, one obtains the mass growth law [167, 171, 174]

fea\ 1/
M*(tstar) =~ M*,vir (sar) (4.36)

Tsat
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of the saturated axion star at ¢ > 74t with the saturation time [167]

bﬂ mvg,sat
1273 G?n2 In(mupR)

Teat = (4.37)
where M, yi; is the boson star mass at ¢ = Teat and Vi sat = Vs vir (M vir)-

Due to the significant amount of computational power required to reach the saturated stage
t > Tst and due to lack of numerical resources, we do not reproduce the power-law from
Eq. (4.36) in our simulations. Instead we summarize the result of the original work, Ref. [174],
confirming that the late-time accretion indeed saturates at M, (t) oc t'/® in Fig. 4.4.

Figure Fig. 4.4 shows the averaged time-dependent central densities p,(,0) oc M2(t) of solitons
formed in a series of simulations with box sizes L = 25,20, 18, 15 and different particle numbers
N = 691, 754, 817, 880, 942, 1005, 1131. The shaded regions indicate the 1 — o intervals of
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Figure 4.4: Averaged central densities p,(¢,0) for different solitons formed in numerical simulations at
fixed L = 25,20,18,15 and for different N = 691, 754, 817, 880, 942, 1005, 1131, taken from Ref. [174].
The black lines show the power-law predictions from Eq. (4. 33) and Eq. (4 36) respectively. Shaded
regions indicate the 1 — o intervals of the averaged simulations at different N and same L. The densities
are normalized to a power of the total mass Ngg1 = N /691 for better representation.

the averaged densities at fixed L and the density is normalized to a power of the total mass
Neor = N /691.

Due to the large overall densities in the system, the axion stars form almost immediately 7 ~ ¢
and thereafter accrete with the predicted scalings py(t,0) o t> and t'/2 shown in dotted and
dashed lines. This is opposed to the numerical system in Fig. 4.2 and App. B, which has a
significantly lower density n and thus larger 7, in Eq. (4.26). We emphasize however that the
decrease of 74, in terms of the parameters N , L comes at the cost of drastically smaller required
timesteps At < 1075, so that even the simulations in Fig. 4.4 require immense computation
times compared to Fig. 4.3.
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4.3 Axion Star Mass Growth

Lastly, the power law deviations, which occur around the transition region ¢ ~ 7ua at the
intersection of the dotted and dashed black lines, indicate the need for an improved modeling
of the mass growth rates. Such an improved model providing a smooth time evolution of the
soliton mass will be introduced in the next subsection.

4.3.2 Self-similar Attractor Model

The first detailed model of the time- and M-dependent mass growth of an axion star is the self-
similar attractor model introduced in Ref. [240], which we summarize in this subsection. Similar
to the power-law fits from Subsec. 4.3.1, this model was tested in numerical simulations of the
Schrodinger-Poisson system Eq. (3.14), Eq. (3.15), which amounts to negligible self-interactions
A = 0. Since axion miniclusters are dominated by gravitational forces [167, 241], and since the
self-interaction of their dilute axion star cores in our considerations is relatively weak?, we will
use the A = 0 attractor model also for the ASMC systems with weak attractive self-interactions
A <0.

A more detailed discussion on the minicluster- and core energy deviations induced by additional
consideration of the self-interaction energy in Eq. (4.4) compared to the A = 0 case can be found
in Sec. 4.6. To summarize, we find that even in the most extreme case M, = M, , the self-
interaction only contributes 1/3 of the total system energy. Compared to the large uncertainties
arising from the linear growth in Subsec. 3.5.2, this justifies the use of the A = 0 attractor model
as an order-of-magnitude estimate for the true axion star growth rate in the following.

Coming back to the derivation of the original authors, who considered solitons with A = 0, it is
helpful to consider the energy spectrum F(t,w) = dM/dw of the boson mass distribution over
different energies w. As originally shown in the related Ref. [170], the energy spectrum develops
a sharp peak with w < 0 at the time of condensation. Physically, the mass and energy of this
peak correspond to the soliton mass and potential energy of the gravitationally bound axion
star. An explicit example of the spectrum evaluated at two different points in time ¢ ~ 3.274,
in pink and ¢ &~ 10.97,, in blue is depicted in Fig. 4.5.

The energy spectrum in Fig. 4.5 is given in rescaled units with dimension one, namely F =
2woF /M and & = w/(2wy), where wy = mv/2 is the characteristic energy of the particles. Two
more important features in the spectrum in Fig. 4.5 are the bath component of the ambient,
gravitationally unbound particles in the simulation at @ > 0 and the bound states with @ < 0,
which constitute the granular environment of the soliton seen in Fig. 4.2.

Over time and comparing the pink and blue spectra, the system can be seen to evolve into
a configuration with a more strongly bound bose star, indicated by the blue peak at smaller
@ and a thermal bath with an increased high-w tail extending to the largest particle energies
@ ~ 5. The total mass of the system can be found by integrating over the above two and a third
component, which gives a total system mass M = M, + My + My, where M describes the
excited bound states in the vicinity of the soliton and Mj, is the mass of the bath or background.
A crucial observation in the derivation of the mass growth model is the realization that the
time-dependent spectra in Fig. 4.5 exhibit a scaling symmetry of the form [240]

F(t,@) = asFy(bs@), as=1""Ps  by=72Ps71 (4.38)

4That is, by definition of the stable dilute branch of axion stars in Sec. 4.1 and A = —mZ/f2, which we have
limited our analysis to.
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Figure 4.5: Simulated rescaled energy spectra F = 2woF/M at two different points in time after
condensation: ¢ ~ 3.27, in pink and ¢ ~ 10.97,; in blue. The sharp peaks at negative energies @
correspond to bose stars (i.e. with A = 0) and the bell-shaped curves represent the bath at different
times. The latter of which can be parametrized by the rescaling in Eq. (4.38) as shown by the white
circles. The figure was taken from Ref. [240].

where 7 = t/7y is the relative time coordinate and D, = 2.8 is a numerical coefficient. The
parametrization of the time-dependent spectra using Eq. (4.38) with the self-similar scaling
function Fy (ws) is indicated by the white circles in Fig. 4.5.

Importantly, the rescaling in Eq. (4.38) describes a time-dependent mass Mj, oc 7°M of the bath
and a corresponding energy Ej, o< 7FF with power-law parameters [240]

kv =1—3/Ds, kp=2—-5/D,, 3kgp—5ky =1 (4.39)

Physically, this means that some fraction of the particles in the bath will eventually lose energy
through gravitational scattering and become bound to either the soliton M, or to a quasi-particle
overdensity in its surrounding M~. The scaling in Eq. (4.39) can then be used to derive an equa-
tion of motion for the resulting mass growth of the total system.

A crucial step here is to assume that the weakly time-dependent scaling parameters from
Eq. (4.38) are given by Ds = Dg(7), kp(7) = dln My/dInT and kg(r) = dln Ep/dInT and
that at different times 7 they satisfy the relation 3kr — 5kyr =~ 1 in Eq. (4.39). Then writ-
ing the mass of the soliton and its quasi-particle environment as Mg = M, + Mg, the con-
servation of the total mass M, = M — Mg and energy E, = £ — Eg of the system give
dlnT ~ 3dIn (€ — Eg) — 5d1n (M — Mg), which after integration yields

E@\ 3 M@ =5 T — T
1- 29 _e) & 4.4
< 6>< M> . (4.40)

where Eg = E,+Eq, € is the total energy and 7, an integration constant to be determined later®.
Since the excited states in M carry relatively little energy, the energy of the bose star and its
environment in Eq. (4.40) may be approximated as Eg ~ E, = —yM} with v ~ 0.0542m2G>.

5Note here that for consistency with other chapters, the '+’ symbols used in this work correspond to the index
'bs’ in Ref. [240], while the symbol '®’ replaces the '+’ symbol in Ref. [240].
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4.3 Axion Star Mass Growth

Additionally defining €2 = £/(yM?3) one finally obtains the mass growth equation

M3 My M v
[1+62M3} [_M_M] ~ (441)

of the self-similar attractor [240]. The quantities 7; ~ —0.1 and 7, in Eq. (4.41) are empiric
fitting parameters where the integration constant 7, ~ (1 —7;) (1 — Mg/M)® is fixed by the
initial condition M, = 0 at 7 = 1.

Taking all of the above together, we show a comparison between different simulations of the
self-similar system in Eq. (4.41) with relative energies € ~ 0.186 and € ~ 0.074 in Fig. 4.6. The
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Figure 4.6: Time-dependent soliton mass M, () obtained from 22 simulations with different M, L, Ter
but same € ~ 0.186 and € ~ 0.074 in colored lines, taken from Ref. [240]. The dashed black lines indicate
the predictions from Eq. (4.41) after fixing 7, from the initial conditions. White circles indicate the
average over different simulations with same e.

corresponding predictions from the mass growth model in Eq. (4.41) are shown in black dashed
lines and can be seen to agree well with the different numerical simulations in colored lines.
The same remains true for the averaged numerical data at same ¢, as seen by the white empty
circles in Fig. 4.6. Similar to the results in Fig. 4.3 and Fig. 4.4, the largest disagreement can
be observed at early times ¢ ~ 7, where the system is most sensitive to the random nature of
the initial conditions from Sec. 4.2.

For completeness and for later considerations, Eq. (4.41) can be used to derive the mass growth

rate [2]
6
M
oo (- %) Y

r~ 4.42)
2 ) (

ot 5+1 M2 . 4M* 1+1 MA® 1.1 7,

e \ M M e \ M

of the axion star core in a composite ASMC system with e determined by [240]

10713 Mo\ *® (50 pev
¢ ~ 0.008VP(1 + @)/ (®> ( He > (4.43)
M Mq

and where the small contribution of the excited states around the soliton was neglected. This
means that for a given axion model m,, n, the accretion rate in Eq. (4.42) generally depends on
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three parameters: the minicluster density parameter ®, the minicluster mass M and the axion
star mass M,. As already pointed out in Sec. 3.2, we assume the two parameters M and ® to
be independent from each other and from the galactocentric radial coordinate r for simplicity.
At this stage, M is prescribed from the MCMF in Subsec. 3.6.2 and ® € (0, 10%] is known from
the simulations in Ref. [146]. The remaining parameter, M, will be fixed in section Sec. 4.7.

For now, we show the accretion rates from Eq. (4.42) after normalization to the characteristic
value M /7, in Eq. (4.42) for the two classes of systems in Fig. 4.6 with € ~ 0.186 and € ~ 0.074
in orange and blue. Importantly for the analysis in this work, the accretion rates are initially
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Figure 4.7: Predicted accretion rates of the solitons in Fig. 4.6 with € ~ 0.186 in orange and e ~ 0.074
in blue, taken from Ref. [2]. The growth rates are normalized by M /7, following Eq. (4.42).

large, shortly after the time of condensation, and drop significantly at large values of ¢ > 7.
Even at the latest times ¢ > 74, the accretion remains sufficiently large for the star mass to
change considerably over long timescales t ~ tg as will be shown in Chap. 7. This means that
after forming with some initial mass M, o, the axion star will continue to accrete over time until
potentially reaching one of the two critical mass thresholds to be explored in the following two
sections.

4.4 Bosenovae

The first and most important critical soliton mass was already introduced in the derivation of the
mass-radius relation in Sec. 4.1: the maximum stable axion star mass due to self-interactions,
M,  in Eq. (4.16). Physically, the stationary solution with M, », R, x describes the point of
approximate equipartition between the gravitational energy Egray(M,) from Eq. (4.3) and the
self-interaction energy Fin(M,) from Eq. (4.4).

Once an axion star exceeds the critical mass M, > M, \, the self-interaction potential of the
axion in Eq. (2.9) triggers relativistic multi-particle interactions in a process commonly referred
to as a Bosenova or azion nova [35, 209, 212, 217, 225, 234, 242-244]. During the ensuing
collapse of the super-critical soliton, relativistic axions are generated in repeated cycles of col-
lapse, particle emission and expansion until the resulting mass-loss drives the system to become
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4.4 Bosenovae

sub-critical, M, < M, y, again. Due to the relativistic nature of the field dynamics, the non-
relativistic pseudo-spectral method from App. B is insufficient to trace the Bosenova process.
Instead, the full Einstein-Klein-Gordon equations, Eq. (3.2), Eq. (3.3) need to be solved numer-
ically.

In the following, we recall the most important results from Ref. [35], who solved the spherically
symmetric relativistic field equations for a marginally super-critical solution M, R, numeri-
cally. The resulting collapse of a super-critical axion star is depicted in Fig. 4.8, which shows
the time-dependent evolution of the central density p(¢,0). In this case, the super-criticality
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Figure 4.8: Time-dependent central soliton density p,(¢,0) during one of several collapse cycles from
the relativistic simulations for m, ~ 2-107%eV, f, ~ 3-10'° GeV and cy ~ 0.44, taken from Ref. [35]. The
time coordinate is normalized by the characteristic time scale 7 ~ 1/(m,c?) of the relativistic particles.

was achieved by performing a transformation 9 (r) — y1(yr) with vy = 1 — 10~% on the critical
soliton profile with initial mass M, » [35].

The numerical parameters correspond to an axion model with m, ~ 2-107% eV, f, ~ 3-10° GeV.
Note also that the authors used a different coupling constant cy = (1+y? —y)/(1 +y?)? ~ 0.44
with y = my/mg =~ 0.56, compared to our simplified assumption of ¢y = 1 for the quartic
coupling in Eq. (3.4). As argued in Subsec. 3.6.1, the exact value of ¢, setting the coupling
A= —cam?/f2 is not expected to drastically alter the qualitative evolution of the system since
the corresponding critical mass in Eq. (4.16) scales as M,y oc 1/v/A o 1/,/¢x. From a different
perspective, the leading order peak in Fig. 4.10 has the lowest k/m, = 2.4, which suggests that
higher order processes in A\ are subdominant, see also Eq. (3.4). The axion model simulated in
Ref. [240] is therefore in rough correspondence with the models considered in this work.

At early times, the soliton exhibits an increase in central density compared to the initial value
mat = 1800 of the normalized time coordinate. At a central density of p(t,0)/(m2f2) ~ 102,
the relativistic collapse and subsequent emission of relativistic particles from the soliton lead to
a sudden drop in density down to p.(t,0)/(m2f2) ~ 1073. This collapse process repeats itself
N, = 8 times until enough axion matter is depleted for the star to relax to a stable configura-
tion M, < M, x. As was shown in the simulations of Ref. [35], the process in Fig. 4.8 involving
N, = 8 collapse cycles can also occur repeatedly, with the number of cycles N, ~ 5 ¢ depending
on the initial mass M, > M, ) of the super-critical soliton configuration [240].

Specifically, the authors of Ref. [240] compared two simulations with different f,, leading to different M, x in
Eq. (4.16) and N, = 5,7 collapse cycles.
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Additional insight on the production of relativistic waves in the system can be obtained by
inspecting the radially symmetric soliton profile p,(r,t) at different times ¢ in Fig. 4.9. The
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Figure 4.9: Radial axion star profile p,(r,t) at different times ¢t = 0,802,2253 in red, green and blue
colors, taken from the relativistic simulations of Ref. [35]. The text indicates the generation of relativistic
(green) and non-relativistic (blue) waves in the system, which become visible in the soliton profile. Note
that between the different points in time ¢ = 0, 802, 2253, several collapse cycles of the form in Fig. 4.8
have occurred in the meantime.

red line in Fig. 4.9 shows the initial soliton profile at m,t = 0, which soon develops into the
green profile around m,t = 802 once the production of relativistic waves in the central region
px(t,0) commences. These relativistic waves with k/m, > vesc, With the escape velocity vesc,
will quickly leave the central region thereby transporting energy away from the soliton core.
The emission of relativistic particles in Fig. 4.8 is accompanied by the production of non-
relativistic modes which are shown as slow density waves in the bottom panel and blue curve
of Fig. 4.9. These low energy waves can partially escape the system if their wavenumbers fulfill
the inequality k/mg > vesc. However most of the non-relativistic waves with k/m, < vesc are
eventually captured again by the soliton remnant, so that M,(t¢) ~ 0.7M,(t = 0) at the final
simulation time ¢y [240]. As outlined above, the production of high- and low energy waves, the
subsequent soliton dilution and its re-collapse repeat itself multiple times during the evolution
of a super-critical system.

An important measure of the bosenova dynamics is given by the energy spectrum d€/dk of
emitted axions shown in Fig. 4.10. The solid line in blue shows the energy spectrum obtained
from the simulations of the collapsing axion star, compared to a power-law fit d€/dk o k=23
shown by the black dashed line. It can clearly be seen, that the energy spectrum exhibits four
well pronounced peaks with an approximate width of Ak ~ my,.

Different peaks are indicated by the red colored shades and lines respectively, whereas the peaks
are centered around the characteristic values k/m, ~ 2.4,3.9,5.5,7.1. The amplitude of the
spectrum in Fig. 4.10 is normalized by the scaling of the leading-peak component at k/m, ~ 2.4

82 4 2.9 d& 2 f2
— = d(k/mg)— =~ 3400N, % o« N, % 4.44
ma 1.9 (k/m )dk m2 x m2 ( )
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4.5 Parametric Resonance

Figure 4.10: Energy spectrum of emitted axions in a bosenova in solid lines together with a power-law fit
of the form d& /dk o k=2 in black dashed lines. The leading peaks of the spectrum with width Ak ~ m,
are indicated by the red lines and shaded regions, which are centered around k/m, ~ 2.4,3.9,5.5,7.1.
This figure was taken from Ref. [36] and reproduced from the data in Ref. [240].

with Ak = m, and the explosion number N, = O(few) [36]. After several repeated collapse
cycles involving N, explosions for mq ~ 2-107%eV, f, ~ 3 -10'° GeV as above, the authors of
Ref. [35] showed that the total energy loss of the system may be well-fit by the linear parametriza-
tion

_ gloss fa fa

= ~ 0.3+ 830 , 2L <1073, 4.45
T M, mp) mp) (4.45)

)

where mp; is the Planck mass. The final state of the soliton with initial super-critical mass
M, > M, » in Eq. (4.45) - after experiencing an energy loss g - corresponds to a diffuse
gravitationally bound configuration. In different simulations, collapsing axion stars have been
observed to lose between 30% and 60% of their mass through axion emission [35].

For simplicity, we will use the conservative estimate fo,, = 0.3 of the emitted energy of a
bosenova in the following [3]. Another important scale relates to the duration of a single axion
burst emitted from a bosenova event at the source, which is approximately given by

4 \%
Stiest ~ % ~ 6ns <50 He > (4.46)

a ma

and which we use in the considerations of axion burst detection in Chap. 7.

4.5 Parametric Resonance

Moving on to the second critical soliton mass, this section deals with the modification of the
Maxwell equations in the presence of a homogeneous axion field. The basic goal is to derive a
simplified resonance criterion for solitons, similar to what was done in Ref.s [31-33]. Opposed
to the critical mass M, ) from Eq. (4.16) and Sec. 4.4 due to the self-interaction instability, the
critical mass in this section represents the onset of resonant conversion of gravitationally bound
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axions in the soliton into photons under specific conditions.
To understand these conditions, it is useful to start from the Lagrangian L4, from Eq. (2.17)
describing the interaction of the electromagnetic field in the presence of an axion field ¢. Varying
the Lagrangian in Eq. (2.17) with respect to the four vector potential A* = (Ap, A) and neglect-
ing gradients of the non-relativistic axion field ¢, which is slowly varying in space |V¢| < 99|,
one obtains the equation of motion

. 9 , A3k

Ay + E“Ay + ga’Y’YZk/ Watgﬁk_k/Ak/ =0 (4.47)
in Fourier space [32]. Here, the two degrees of freedom of the propagating photon are described
by A, where the corresponding vector potential is formulated in the Coulomb gauge, V- A = 0.
The next step is to assume the time- and k-dependence of the axion field in Eq. (4.47). Physically,
the system under consideration is a soliton with a Gaussian profile p, () of the form in Eq. (4.1),
which depends on the soliton mass M,. However as was shown in the detailed study of Ref. [32],
the condition for resonant axion-photon conversion inside of the soliton may be qualitatively
described by considering a homogeneous axion field

¢(t) = do cos(wo't) (4.48)

with field amplitude ¢y and an oscillation frequency wy ~ m,. It is therefore sufficient to
insert the homogeneous axion field ¢ from Eq. (4.48) into Eq. (4.47) while expressing the vector
potential A in terms of time-dependent mode functions sk(t) (see App. D.1 and Ref. [32] for
details). Using these assumptions, the different polarizations decouple and the corresponding
mode functions can be shown satisfy so-called Mathieu equation [32]

Sk + [k:2 — Ganyy wo k ¢ sin(wo t)] sk = 8+ wi(t)sy =0, (4.49)

which describes an oscillator with a periodic pump frequency wi(t) = wi(t + T) and period
T = 27 /wy. According to common literature [245, 246], the solutions to the Mathieu equation
exhibit a band structure of stable, oscillating and unstable, exponentially growing solutions.
These solutions can be written in the general form

sk(t) = P(t)e! ! + P(—t)e #t (4.50)

where P(t) is a periodic function of time and the parameter py is called the Flogquet exponent.
Importantly for our considerations of resonant axion-photon conversion, the real component of
the Floquet exponent py is responsible for the exponentially growing modes.

At small amplitudes, k/wy > gayyP0/2, the resulting spectrum of narrow resonant bands is
composed of equally spaced lines with decreasing width, centered around k% ~ (nwg/2)? for
n € N*. We demonstrate the derivation of the corresponding EOM in App. D.1 by employing
the small-amplitude analysis from Ref.s [32, 33]. As for the resonance condition, we summarize
that the exponential growth of the photon occupation number from Eq. (4.50) is dominated by
the first instability band with n = 1, which has the largest width and Floquet exponent u,gn),
respectively. Following the derivation in App. D.1, one obtains the exponential growth rate [32]

L{J2 2
(1) _ | Yary K 4% B <k2 B TO)
Hi” = 4 wg

(4.51)
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of the first instability band at n = 1. The width of this resonant band can be found from the
wavenumbers k, where pr = 0 and the resonance gets shut off. Denoting the lower and upper
edges of the band with minus and plus signs, the edges of the first instability band are given by

2 2,22 (1)
Yary Wo P | Gary Wo G0 Ak
B = /20 4 Jory + Jay O Ml 4.52
where kgl) is the center of the n = 1 band and the corresponding bandwidth Ak is proportional
to the axion-photon coupling constant g,:

AW = g — kﬂl):w. (4.53)

For small amplitudes k/wg > gayy¢0/2, the central wavenumber

kt(zl) = w0/2 \/ 1+ 9277¢%/2 (454)

(1)

with wg ~ m, is approximately equal to half the axion mass k¢’ &~ m,/2. At this specific value

of k =k ~ ma/2, the growth exponent in Eq. (4.51) takes its maximum value of

Gayy Ma %o

yam— (4.55)

HH =

where the subscript H emphasizes that this result was obtained for the homogeneous axion field
in Eq. (4.48). Note that the n = 1 instability band considered in this section represents the
decay process a — ¥+, which does not include effects of Bose enhancement and therefore does
not depend on the number of previously produced particles. Similarly, the second instability
band with n = 2 and w = wy in Eq. (D.11) amounts to the process a + a — v + 7. For the
small amplitudes considered in this section however, higher order processes n > 1 are suppressed
compared to the first instability band so that the leading-order resonance described in Eq. (4.55)
is sufficient to find the resonance condition we are interested in.
Coming back to the relevant case of solitons with a non-homogeneous profile p,(r), Ref. [32]
investigated the parametric resonance of axion stars by exploiting the spherical symmetry of the
problem. According to their numerical calculations, the corresponding maximum growth rate
1« of the spherically symmetric soliton is approximately given by

HH — Hesc; HH > Hesc
~ , 4.56
i { 07 HH < Hesc ( )

where pgy is the maximum growth rate of the homogeneous condensate in Eq. (4.55) and jiesc &
1/ (2R,) is the photon escape rate of the soliton with characteristic radius R,. For the Gaussian
radial profile in Eq. (4.1) assumed in this work, the axion field amplitude ¢g in Eq. (4.55) can
be obtained from the wavefunction ¢ (r) following Eq. (3.10) and

Po =1/ ¢0 \| T337273 m27r3/2R3 (4.57)
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Inserting the above expression for ¢g together with jesc = 1/ (2R,) and puy from Eq. (4.55), the
resonance condition pg > fesc in Eq. (4.56) can be rephrased into the condition [2, 33]

axg(ay) V2
GayyJa > 0.42 [a] (4.58)
*
for the axion parameters g, ,, A = —cxm?2/f? and f,. Here the parameter o, € (0,1] and the

function g(aw) = (14 /1 — a2)/a, were used to express the soliton mass M, and radius R, [33]

M, = o, M, (4.59)
R, = g(ay)R. x, (4.60)

in terms of the mass-radius relation Eq. (4.17) and the critical quantities M, x, R, ) from
Eq. (4.16) 7.

Since v, g(a) are essentially functions of M,, R, with the critical quantities M, x, R, x being
fixed at each axion model mg, n, the condition Eq. (4.58) can be rephrased into a mass require-
ment for the axion star mass M, > M, .. Thus entering M,, R, from Eq. (4.59), using the
mass-radius relation from Eq. (4.17) and rearranging for M,, we obtain the critical mass [2]

10-11 —1\ 2 1011 v [ 2
M, ~594-10"4M, <50“ev> ( 0 Gev ) < 0 Gev) (g ”f> A (461)
Mg YGaryy fa 0.42 2

beyond which the decay of axions into photons in the soliton leads to a parametric resonance
with exponential enhancement of the photon occupation number with p, given by Eq. (4.56).
The detailed derivation of M, - can be found in App. D.2.

Importantly, axion stars with M, > M, , can act as resonant amplifiers of ambient photons
with frequencies f ~ m,/(4m) through cascade-like stimulated emission. The essential picture
here is that a photon with suitable frequency f passing through the soliton with radius R,
can stimulate the emission of another photon, which excites emission of another photon along
traveling a distance ~ R, and so forth.

Accordingly, axion stars with M, > M, , acquire an additional mechanism of energy emission,
which is triggered rapidly after reaching M, , and which has directly observable consequences.
We demonstrate numerical predictions for the expected radio emission of resonant axion stars in
Subsec. 5.5.1 and explore the combined predictions arising from the continuous mass growth of
axion stars in Sec. 4.3 triggering the instability above M, , in Chap. 6. Before doing so however,
we need to establish a formalism to derive the mass distribution of axion stars from that of their
host miniclusters in Chap. 3. This will be done in the remaining sections of this chapter.

4.6 Core-Halo Relation of Axion Stars

The missing link connecting the mass distribution of galactic miniclusters from Sec. 3.6 to the
properties of their axion star cores was already introduced in Sec. 3.7. However there is a
crucial limitation inherent to the canonical core-halo relation in Eq. (3.57), which is related
to the fact that it was derived for negligible self-interactions, A = 0, specifically [169]. An

"Note that the different proportionality constant in Eq. (4.58) is due to the fact that Ref.s [32, 33] used a
sech(z) profile opposed to the Gaussian profile used in Eq. (4.1) and Ref. [2].
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4.6 Core-Halo Relation of Axion Stars

important question, which arises naturally for the ASMC systems with weak self-interactions
A = —m2/f2 < 0 considered in this work, is whether and to what extent the mass relation
Eq. (3.57) may be applied for soliton cores with a A\-dependent mass-radius relation of the form
in Eq. (4.17). To answer this question, we take two different approaches for estimating the
expected modification of the core-halo relation from Eq. (3.57), under the influence of weak
attractive self-interactions. Both of the approaches in Subsec. 4.6.1 and Subsec. 4.6.2 are based
on the analytical calculations in Ref.s [241, 247, 248], which will be used to infer constraints on
the applicability of the A = 0 relation from Ref. [169] as a function of M,, M and mg,n.

We emphasize, that the derivation and simulation of an extended core-halo relation for self-
interacting systems are beyond the scope of this work. Furthermore it is important to note here
that the canonical core-halo relation in Eq. (3.57) is far from universal. To this date, there is
an ongoing discussion on the meaning and distinction of different core-halo scalings M, o M”
with 1/3 < 8 <2/3[169, 204, 249]. The major conclusion seems to be that the observed scaling
depends sensitively on the initial conditions and the merger history of the simulation. We direct
the attention of the interested reader to Ref.s [241, 247-249] for detailed reviews on the topic
and to Ref.s [205, 206, 250, 251] for recent investigations.

Since our considerations involve axion minicluster systems forming around redshifts z ~ 2,
we use the canonical relation in Eq. (3.57), which was numerically confirmed for z ~ z¢q in the
minicluster simulations of Ref. [167]. In a more general context, our approach in deriving the
ASMF in Sec. 4.7 and Fig. A.1 is strongly modular, so that any update on the mass relation of
axion stars could be easily implemented.

4.6.1 Modification of virial Velocities

We start with the first of two equivalent approaches in the derivation of the M, oc M/3 scaling.
This first approach is based on the assumption that the virial velocity of the total system
equilibrates with the characteristic velocity of the soliton, v, vir 2 Umcvir at late times [171, 174].
Using the virial velocity of a gravitating sphere for the minicluster in Eq. (4.35) together with
the soliton groundstate property from Eq. (4.34), one can directly obtain the 5 = 1/3 scaling
by expressing the radius as R = [3M /(47 ppe)] /3.

Note however that the groundstate solution of the Schrédinger-Poisson system used to derive
Uy vir deviates from Eq. (4.34) in the general case [A| # 0. This is why the authors of Ref. [247]
modified the standard assumption vy vir =~ Umcvir for the virial velocities of the star and total
system by introducing a modified virialization condition of the form

G M, ~ Dy GM

R, R

(4.62)

where the perturbative coefficient Dy is determined by matching the A = 0 results to those of
Schive et al. [169]. In this approach, both the minicluster and its soliton core are modeled as
spherical overdensities, where the deviations from the standard virialization condition are con-
tained in the effective modification constant Djy. In the following, we summarize the results from
Ref. [247], who presented a redshift-independent extension of the core-halo relation Eq. (3.57)
for arbitrary |A| > 0 based on the analytical approaches in Ref.s [169] and [249].

Combining Eq. (4.62) with the mass-radius relation of self-interacting axion stars in Eq. (4.17),
the authors of Ref. [247] showed that the extended core-halo relation scales as M, o< /1 + AA(M)
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at z = 0, where the corresponding perturbation term

-2 2/3
_ -9 fa M
AA=148-10 (wnev) (1013M®> (4.63)

quantifies the expected modification of M, compared to Eq. (3.57) and Eq. (3.58). We apply the
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Figure 4.11: Perturbation term AX (M, f,) from Eq. (4.63) measuring the modification of M, (M) at
|A| > 0 compared to the A = 0 mass relation in Eq. (3.57). Both with colors indicating different values
for the axion mass m, and its temperature dependence n. The ranges of M, obtained with the M- and
M j-cutoffs from Subsec. 3.5.2 are shown in solid and dashed lines. Stars correspond to the maximum
stable AS mass M, » from Eq. (4.16). The figure was taken from Ref. [1].

perturbative measure A\ from Eq. (4.63) to redshift z = z.q in Fig. 4.11 for m, = 50 peV and
find that the predicted modification due to self-interactions A remains negligible AX < 3-107°
for every mq,n = 0,1,3.34 and for every stable branch soliton with mass M,.

The colored lines in Fig. 4.11 indicate the different axion star mass ranges predicted from the
two low-mass cutoffs of the MCMF in Sec. 3.5, where solid lines correspond to the Mjg-cutoff
from Eq. (3.47) and dashed lines show the M j-cutoff from Eq. (3.45). As a consequence of the
scaling of My in Eq. (3.46) with Mg and n (see also Fig. 3.7), the range of AS masses for
n = 1,3.34 in blue and green extends to larger M, compared to the temperature-independent
cases in red.

We generally confirm that for all axion models m,,n under consideration, the contribution of
A\ remains negligible. For the specific case of m, = 50 ueV in Fig. 4.11, the perturbation
parameter reaches its maximum value of AN ~3-107° at M, = M, x.

This result is not surprising since we had limited our analysis to the dilute stable branch of
axion stars, which is characterized by dominance of gravity over short-range interactions. Let us
emphasize here that, in contrast, the smallness of A\ would break down entirely on the dense
branch, where axion self-interactions become the dominant force in the system. The long-term
stability of the dilute component in the mass radius relation in Fig. 4.1 thus provides a natural
parameter space in which the A = 0 relation Eq. (3.57) remains applicable.

Nevertheless, some modifications of the core-halo relation in Eq. (3.57) are expected to occur
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4.6 Core-Halo Relation of Axion Stars

once the star mass approaches the critical point M, = M, ), where both gravitational and self-
interacting contributions become comparably important. This is why we additionally employ a
second, more conservative approach to estimate possible modifications to the core-halo relation
in Subsec. 4.6.2.

4.6.2 Modification of specific Energies

The second approach to derive the mass relation Eq. (3.57) is given by the approximate equality
of the specific energies F, /M, and €/ M of the soliton and its host minicluster respectively. This
scaling was originally observed in the numerical simulations of Ref. [169], which established the
canonical § = 1/3 relation. As was shown in Ref. [241], the virialization condition v, vir & Vme,vir
is equivalent to the requirement

’E*,tot‘ |g| E*,totNEgrav GM* GM
~ — — ~—
M, M R, R

(4.64)

for the specific energies of the composite ASMC system. The total star energy E, (o in Eq. (4.64)
is typically assumed to be on the order of the gravitational binding energy Fgray from Eq. (4.3)
[169, 247]. This assumption remains valid for most of the dilute branch solitons with M, < M, y,
which are considered for the galactic ASMF'. Instead of the modified virialization approach from
Subsec. 4.6.1 and Eq. (4.62) we can thus consider the changes in Ej ot and £ to measure the
effective modification of the core mass relation in Eq. (3.57).

Starting with the right-hand side of Eq. (4.64), which measures the change A€ in the minicluster
energy, we can argue that for typical ASMC systems with overdensity parameter ® ~ 1, the
minicluster density pmc in Eq. (3.23) will be much lower than that of their axion star cores
px S My y/RS ~ 10% GeV /cm?®, where we have used QCD axion parameters m, = 50p eV and
n = 3.34. In these dilute systems, the short-range self-interaction will be negligible compared to
the long-range gravitational force (see also Ref. [247] for a detailed calculation). Physically, the
self-interaction energy of the minicluster in the Hamiltonian of Eq. (4.9) scales with a higher
power of the small field Ein; o< [9| compared to the gravitational scaling Egray o [¢|? with
Y| < 1 as depicted in Fig. 4.2.

Thus assuming AE < & for the host miniclusters, the relevant energy shift in the equilibrium
state described by Eq. (4.64) is simply given by the left-hand side contribution

AFE, = ’E*,tot - E*,tot()\ = 0)\ = ’Eint| ) (4-65)

where E, tot(A = 0) is the Schrédinger-Poisson soliton energy evaluated at A = 0. We show
the relative energy shifts |AE, /Egray| = Fint/Egrav appearing in the specific energy ansatz from
Eq. (4.64) in Fig. 4.12, again for m, = 50 ueV and n = 0,1, 3.34. Like before, the range of
masses M, in Fig. 4.12 corresponds to the core-masses derived from the MCMF in Fig. 3.8 using
the core-halo relation in Eq. (3.57) with the M j-cutoff in dashed and the My-cutoff in solid
colored lines. Fig. 4.12 thus demonstrates that the condition in Eq. (4.64) is more stringent than
the virial velocity approach from Eq. (4.62) and that it yields qualitatively similar results by
predicting negligible energy shifts |[AE,/Egay| < 1 for the majority of the soliton mass range
M,.

There is however a small mass range, where M, becomes similar to the maximum stable
mass M, ) (i.e. close to the gray line and colored stars) and the relative perturbation term
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Figure 4.12: Relative core energy fractions |AE,/FEgayv| as a function of AS mass M, reaching up to
|AE, /Egrav| = 1/3 indicated by the gray line. Stars correspond to the maximum stable AS mass M, x
from Eq. (4.16). The figure was taken from Ref. [1].

|AE, /Egrav| = 1/3 reaches its maximum value. In this mass range, one expects any extended
core-halo relation to be modified compared to Eq. (3.57) from Ref. [169]. Importantly for our
considerations, even at the critical point M, = M, ), the expected energy shift in Eq. (4.64)
is of order one. This leads us to the conclusion that the A = 0 core-halo relation should still
provide us with a reasonable estimate that is well within the large uncertainties of the linear
growth MCMF in Sec. 3.5.

To summarize the results of this section, we have checked the applicability of the core-halo re-
lation from Eq. (3.57) using both the virial velocity approach from Ref. [247] in Fig. 4.11 and
our more stringent energy modification in Fig. 4.12. In both of these cases we find negligible
effects for the majority of soliton masses with M, < M, , and limited evidence for order-one
modifications at near-critical masses M, ~ M, ). Therefore and restricting our analysis of the
galactic axion star distribution to dilute stable solitons, we use the canonical mass relation in
Eq. (3.57) as an order-of-magnitude estimate for M,, while keeping in mind the need for an
extended core-halo relation for more precise predictions.

4.7 Galactic Axion Star Mass Distribution

Having confirmed the validity of the core-mass relation Sec. 3.7 in the previous section, we
are finally in a position to derive the galactic axion star mass distribution from the MCMF in
Sec. 3.5. To ensure the physical consistency of our composite ASMC model, we need to obey
the minimum mass requirement M > My, i, from Eq. (3.58) together with another condition
for the size of R, and R. These additional cutoffs will be introduced in Subsec. 4.7.1 before we
analyze the resulting ASMF in detail in Subsec. 4.7.2.

In terms of the schematic representation of Fig. A.1, we have arrived at the rectangular lightblue
panel depicting the determination of the present-day ASMF. This step presents a crucial result
for the analysis in this thesis since it allows us to combine previous investigations, namely
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4.7 Galactic Axion Star Mass Distribution

numerical results in yellow and experimental limitations in gray panels in Fig. A.1, with the
ASMF to infer novel observation methods for axion small-scale structure in Chap. 5 to Chap. 7.

4.7.1 Low-Mass Cutoffs in Axion Star Distributions

Starting with the introduction of the two fundamental consistency requirements of the ASMF,
we have assumed that each minicluster can contain up to a single soliton core, whose mass
M, C M is embedded in the composite structure with total mass M, also referred to as the
minicluster mass. Furthermore, the definition of the axion star core requires the object to be
situated at the center of the minicluster, which implies that its size is expected to be smaller
than the size R from Eq. (3.24). We formulate these fundamental considerations analytically by
demanding two conditions for the existence of a composite ASMC system: First, that the total
mass M entering the core-halo relation in Eq. (3.57) is larger or equal to the mass of its core
and secondly that the radius of the axion star should not exceed that of its host minicluster:

M (M) < M, (4.66)

R.(M,) < R, (4.67)

where we use the dilute branch mass-radius relation from Eq. (4.18) in the second condition,
as before. Note that the mass configuration leading to the equality in Eq. (4.66) was used
in Ref. [169] to define the redshift-dependent minimum mass from Eq. (3.58). This means
that the corresponding low-M, cutoff of the ASMF is straight-forwardly obtained by requiring
M, > M, (M} min) = Mp min using the core-halo relation and Eq. (3.58).

The second axion star mass threshold relating to Eq. (4.67) can be calculated by solving for M,,
with R, given by the mass-radius relation Eq. (4.18) and R from Eq. (3.24). Again demanding
equality, R L R, and using Eq. (4.18), Eq. (3.24) and Eq. (3.57), we obtain the critical minimum
axion star mass of the radius cutoff with index 'R’

in 2 1+2 \ Y4 ¢(z) iz o -3/2
M, rp=4387- 10_17M P(1+ P 1/6 [ @kindlx,90 "
R © \/>( + ) OégravR* 1 + Zeq C(Zeq) 50 ,LLeV 9

(4.68)

where we have dropped an additional term which can be neglected as long as the condition

1/2 1/4 1/12
1/6 m 142 ¢(2) ]
fo> 18CGeV V(1 + @) <50,ueV> <1 +Zeq> [C(zeq) (4.69)

is fulfilled (see App. D.3 for details). We checked that in our framework with f, > 100 GeV
following Fig. 3.6 and for an axion mass range of 1072eV < m, < 1073 eV, Eq. (4.69) remains
valid even for the densest miniclusters with ® ~ 10%.

Note that as argued in Ref. [1], our predictions for the radius cutoff do not match the results
observed in Ref. [188], who used the same MCMF parametrization and core-halo relation from
Subsec. 3.5.2 and Sec. 3.7 at a QCD axion mass of m, = 20 ueV. The simple explanation for
this discrepancy is the fact that our approach to the core-halo relation Eq. (3.57) was evaluated
at redshift z = z,q compared to the assumption z = 0 applied in Ref. [188]. Using the collapse
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redshift z = 0, Ref. [188] reported that none of the systems with M < 5-107'6 M, passed the
radius cutoff from Eq. (4.67) at m, = 20 ueV and ® ~ 0.1. We can compare our result from
Eq. (4.68) to their prediction by relating M, g to its minicluster equivalent, which gives

3/2 ~3/4
' _ 018 Okin 2 90 3 142
M Rmin(2) = 2.07 - 10 Mb(o@MR*> q>u+¢)<1+%q

" [ci((z)] - <5oﬁlv)3/2 » (4.70)

where the coefficients «; and R, g9 are specific to the Gaussian ansatz in Eq. (4.1). Thus evalu-
ating Eq. (4.70) for z = 0 and with m,, ® as in Ref. [188], we find Mg min(0) = 6.55 - 10715 M,
at mq = 20 eV, ® ~ 0.1, which agrees well with the observation Mp min(0) = 5 - 1016 Mg
made in Ref. [188].

The remaining question is which of the two approaches for the collapse redshift z. = 0, zeq should
be used. Referring to the formation of axion stars in Fig. 3.11 and Ref. [167], numerical sim-
ulations clearly favor z. ~ 2zeq. This means that the ASMC systems undergo an early collapse
around matter-radiation equality after which the gravitationally bound structures decouple from
the cosmic expansion, thus freezing the redshift-dependence of the collapsed system at z = zeq.
Despite this preference, the redshift dependence of the core-halo relation Eq. (3.57) remains
subject to open debate, which is why keep track of z in our calculations.

Putting all of the above together, we can use Eq. (3.58) and Eq. (4.70) to calculate the two ASMF
cutoffs for different axion models m,,n. For completeness, we have also added the n-dependent
low-mass cutoffs Mo min and M jmin from Eq. (3.45), Eq. (3.47) to the cutoff masses My, min,
MPE min in Fig. 4.13. It can be seen that essentially all of the AS-cutoff (minicluster) masses
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Figure 4.13: Different MC masses setting the low-M cutoffs of the ASMF at z = z.q as a function of
mg, taken from Ref. [1]. Quantities in solid colored lines are independent of the axion mass temperature
index n, while the dashed colored lines show the different n-dependent My-cutoffs from Eq. (3.47).

3/2

in Fig. 4.13 scale as M o« m, ™", with only minor deviations applying to the to the dashed
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colored My-cutoffs with n > 0 and a modified temperature evolution [58]. In the absence of the
Mo-cutoff and for n = 0 in red lines, Fig. 4.13 shows that the most stringent requirement for
the formation of composite ASMC systems is the purple minimum MC mass M}, in. Note that
this prediction differs from the results in Ref. [188] due to the deviating redshift-dependence of
M, 1(z) and M, r(z) in Eq. (3.58) and Eq. (4.68).

In a more general context, the choice of the relevant minicluster threshold masses M; min depends
on the specific scenario at hand. While the cutoff masses in Fig. 4.13 apply to any consideration
involving axion star cores, we will see in Chap. 6 and Chap. 7 that additional cutoffs become
necessary when accretion is taken into account. We also emphasize that the low-mass cutoffs
M mins MR min introduced in this section do only apply to axion star core formation i.e. only
to the ASMF and not to the MCMF in Subsec. 3.6.2. This fact can be phenomenologically
advantageous since the total number of miniclusters in the Milky Way is less constrained than
the total number of axion stars, i.e. Niot > Ny tot, as we will see in the next section.

Lastly we also implement an additional cutoff to the axion model parameter space mg,n nu-
merically, where the minimum soliton mass in the ASMF becomes comparable to the maximum
stable AS mass, min(M,) = M, x, and the gravitational limit of the core-halo relation breaks
down for the entire AS population. However this condition only applies to a small region of the
low-m, component of axions with n > 3.34 and for the My-cutoff.

4.7.2 Axion Star Mass Distributions

In this subsection, we can finally infer the galactic ASMF from the MCMF for both the M ;-
and the Mg-cutoff from Subsec. 3.5.2 under additional consideration of the core-halo cutoff
from Eq. (3.58) and the radius cutoff in Eq. (4.68). The results presented in this subsection
are taken from Sec. VI.C in Ref. [1]. Analogously to the MCMF in Eq. (3.36), the logarithmic
mass distribution of axion stars is defined as the comoving number density dn,/dIn(M,) per
logarithmic AS mass interval. The ASMF is connected to the MCMF by the relation dn = dn,
[34], which leads to the simple relation

dn, dn

_3 471
dinM, ~ “din M (4.71)

with the right-hand side defined in Eq. (3.51) and where the factor of 3 comes from the core-halo
scaling M, oc M3 in Eq. (3.57).

Combining this definition with the knowledge from previous sections, we can follow the approach
from Fig. A.1 leading to the blue ASMF panel, which we briefly summarize for reasons of com-
prehensibility: We apply our generalized axion model approach from Chap. 2 and Subsec. 3.6.1,
where we determine f, by requiring Q°t = 0.12 for a given model mg,n. For each combina-
tion of mg,n, we infer the characteristic minicluster mass Mg and from that the parametrized
MCMF from Subsec. 3.5.2, whose total mass in Eq. (3.52) we normalize to the Milky Way mass
Mictot = fmeMmw with fine = 0.75 [30]. We then apply the A = 0 core-halo relation to the
MCMF hosting dilute stable axion stars while taking into account the effective low-mass cutoff

M*7min = maX(Mminu Mh,minv MR,min) (472)

of the ASMF given by the MCMF cutoff masses Mmin = M jmin, Mo min, together with My, in
from Eq. (3.58) and Mpgmin from Eq. (4.70). Only ASMC systems with total masses M >
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M, min are expected to host a stable axion star core according to our previous analysis.
The representative ASMF obtained from the host MCMF in Fig. 3.8 for an axion mass m, =
50 eV and with slope index o = —1/2 is shown in Fig. 4.14. For each value of n = 0,1, 3.34,
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Figure 4.14: ASMF per Milky Way volume obtained from the MCMF for o« = —1/2 in Fig. 3.8.

Colored lines and symbols indicate AS masses at different n = 0,1, 3.34; the shaded regions and thin
dotted colored lines denote the low-mass cutoffs given by Mg (mg,n)/25. Solid and dashed lines indicate
the ASMF with and without applying the My-cutoffs; dash-dotted lines represent the radius cutoff in
Eq. (4.68) in purple and the core-halo cutoff in Eq. (3.58) in black. Colored stars refer to the maximum
stable AS mass M, » from Eq. (3.57), above which the n = 3.34 component is truncated due to stability
(see thick green dotted line). The average AS masses for the two low-M cutoffs from Subsec. 3.5.2
following Eq. (4.77) are shown in colored diamonds and crosses. Taken from Ref. [1].

the maximum stable AS mass M, = M,  due to self-interactions is indicated with colored stars,
while dashed and solid colored lines show the ASMF mass ranges obtained from the two different
low-M cutoffs M, in Subsec. 3.5.2.

In the case of n = 3.34 in green, we have additionally applied a high-mass cutoff in dotted
green lines, where the predicted core mass lies above the maximum stable mass M, > M, ,.
The relatively small number of such systems could have reached a critical stage resulting in a
bosenova as discussed in Sec. 4.4. In theory, the repeated axion bursts produced during the
collapse could introduce sufficient mass-loss for the star to reach a sub-critical configuration
again, i.e. M, < M, », thus ensuring long-time survival of the corresponding ASMC systems.
However, due to their relatively small abundance and from a lack of knowledge about their
detailed evolution, we will ignore the super-critical ASMF component in this work.

In agreement with the low-M cutoffs shown in Fig. 4.13, the red low-M, component of the
n =0 ASMF in Fig. 4.14 is truncated by the core-halo cutoff My, yin from Eq. (3.58) for both
of the MCMF cutoffs Muyin = M jmin, Momin (see the black dash-dotted line in Fig. 4.14 and
Fig. 3.8). The other cases n = 1, 3.34 in blue and green on the other hand, are either cut off by
the core-halo mass M, min or the My-cutoff mass Mg min. Comparing the low-mass components
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of the MCMF and ASMF with the M j-cutoff in solid lines in Fig. 3.8 and Fig. 4.14, it can be
seen that numerous ASMC systems do not pass the effective AS cutoff in Eq. (4.72) due to their
total masses being below the minimum threshold M < M, .

We also highlight an important feature of the ASMF and MCMF in Fig. 3.8 and Fig. 4.14,
which is the approximate independence of the high-mass population M > M, from the low-
mass cutoffs Mp,i,. This observation indicates that even with different M, and considering the
large uncertainties in the low-M-cutoffs from Subsec. 3.5.2, the abundance of high-mass ASMC
systems predicted from linear growth does not change significantly. The simple explanation for
this weak cutoff dependence is the fact that we fix the number of ASMC systems by their total
mass Myt in Eq. (3.52), to which the high-mass tail yields the largest contribution. On the
other hand, the total number of objects depends sensitively on the low-M cutoffs due to the
slope index a = —1/2 in Eq. (3.51) (c.f. Eq. (3.53), Fig. C.1 and Fig. C.3).

We conclude that the mass range of the ASMF in Fig. 4.14 is determined mainly by the Mg min,
M min and M ax-cutoffs with a strong temperature dependence inherited from M in Fig. 3.7.
Additionally defining the core mass range

min(M,) = M,(M min) , (4.73)
max(M,) = min(M,(Mmax), M 2) (4.74)

of the ASMF using M, min from Eq. (4.72), Eq. (3.46) and Eq. (4.16), we can directly calculate

the total mass and number of galactic axion stars cores for different m,, n, analogous to Eq. (3.52)

and Eq. (3.53). A simple integration of the ASMF over M, yields the following expression for
the total mass contained in axion stars

max (M) C. M3a—1
M, 1ot = AT R} / dM, M. e
e 20 min(M,) T ﬁlinM}Qfmin(z)
_ AmR3,,Cy min (M, )3T — max(M, )3
3a+1 M%ianZl,amin(z) 7

(4.75)

where C), is determined by Eq. (3.52) and Eq. (3.51). Similarly, the total number of axion stars
can be obtained from the relation

max (M) C. M3a—1
Nytot = 4TR3 / dM s
ke 200 min(My) *M%inMimein(z)
B 47 R3 00 Cy, min(M,)3® — max(M, )3 (4.76)
3a %inM%L?émin(z) '

In the following chapters, we repeatedly determine the relevant high- and low-mass cutoffs of
both the MCMF and ASMF for every axion model mg,n with 1072eV < m, < 1073 eV and
n = 0,1,3.34. The important result from this extensive approach is that we can infer the dis-
tribution of various axion star properties M,, Ry, Ny ot as well as their MC equivalents from
knowledge of the axion parameters mg,n alone. We exploit this knowledge and its phenomeno-
logical consequences in more detail in Chap. 5 to Chap. 7.

To obtain a better understanding of the physical implications of the ASMF, we continue to
evaluate the exemplary case of the QCD axion with m = 50 ueV and n = 3.34 from Fig. 3.8 and
Fig. 4.14 by supplementing the mass-radius relation from Fig. 4.1 with the ASMF results from
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Fig. 4.14. The axion star mass ranges predicted from the M ;- and My-cutoff are indicated by
the light and dark gray shaded regions in Fig. 4.15. For comparison with previous works, we
have additionally plotted the characteristic axion star parameters that were used in earlier lit-
erature on axion star phenomenology, namely in Ref.s [33, 134, 135, 137]. The clustering of the
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Figure 4.15: Mass-radius relation from Eq. (4.15) with AS properties inferred from the MCMF in
Fig. 3.8 using the core-halo relation in Eq. (3.57) for QCD axions with m, = 50 ueV, n = 3.34 and
fa =~ 10* GeV. Green and red lines show the stable and unstable branches, black symbols denote the
AS parameters used in the literature [33, 134, 135, 137]. Light/dark gray shaded areas and dotted lines
correspond to the ASMF with the M j-/My-cutoff in Fig. 4.14. The upper (dotted) boundary of the
shaded areas corresponds to the maximum stable mass M, » shown by the red star. Average AS masses
from Eq. (4.77) obtained from the two MCMF cutoffs are labeled by red symbols. Taken from Ref. [1].

black symbols in Fig. 4.15 demonstrates that most of the previous authors chose the maximum
stable mass M, , as a representative value for the expected core mass range.

Our results confirm the existence of such near-critical systems but also indicate that their abun-
dance is generally much lower than previously assumed. The reason for this discrepancy is
essentially given by the core-halo scaling M, o< M3 in Eq. (3.57), which means that a ma-
jority of the galactic dark matter is contained in miniclusters but not in their typically much
lighter soliton cores with M, < M, x. This is especially relevant for the intermediate- and high-
M systems in Fig. 3.8 with masses M > M, ) leading to M, 1ot < Miot. An additional factor
reducing the AS abundance is the negative slope of the MCMF, which peaks at the lowest MC
masses M ~ My, well before the core-halo cutoff mass M, yin thus restricting the presence
of soliton cores in the lightest and most abundant ASMC systems.

The deviations between the assumptions from previous literature in black symbols and our re-
sults for M,, R, can also be seen by the red cross and hexagon in Fig. 4.15, which indicate the
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4.7 Galactic Axion Star Mass Distribution

averaged axion star masses

fmax(M*) dM* M* dny

min(My) dM,
(M) = i) (4.77)
fmin(g\/[*)) dM jﬁ

over the mass distribution of the M ;- and My-cutoffs respectively. The average soliton radius
(Ry) corresponding to (M,) is defined as the radius of the averaged mass, i.e.

(Ry) = Ri((M,)) (4.78)

using the mass-radius relation in Eq. (4.18). Our results for the averaged axion star quantities
(M,), (R,) are plotted in Fig. C.4 and Fig. C.5 of App. C. We note that the n-dependent average
values (M,), (R,) coincide for the M j-cutoff and n = 0, 1,3.34, because the vast majority of
objects has properties similar to the low-mass cutoft M, min.

In most previous studies, the distribution and average mass or radius of axion stars were essen-
tially unknown. This is why the authors of Ref.s [33, 137] calculated the collision and merger
rates of such objects in the Milky Way using a parametrization of their relative abundance and
typical mass. More specifically, they expressed the number and typical mass of axion stars in
terms of two parameters, fy and &4, which are defined as

M*7tot <M*>

L= ) 4.79
Mar 2 (4.79)

f* = M*7)\ .

Here, f. € [0,1] describes the relative dark matter abundance of galactic soliton cores and
e« € (0,1] their typical masses as a fraction of the critical mass M, y. An understanding of the
different assumptions for f, &, between our work and previous literature is crucial to compare
our predictions for galactic signal rates in Chap. 5 to those of Ref.s [135, 137, 188]. We therefore
use the numerical results from Eq. (4.75) and Fig. C.4, to directly calculate our linear growth
estimates for these two parameters, which are shown in Fig. 4.16 and Fig. 4.17.

Starting with n = 0 in red in Fig. 4.16, both of the two low-M cutoffs in dashed and solid lines
coincide, because the core-halo requirement from Eq. (3.58) is more stringent than both M jin
and Mg min. The cases n = 1 and n = 3.34 on the other hand show significant deviations
between the solid and dashed lines in both f, in Fig. 4.16 and e, in Fig. 4.17. Because of the
scaling of Mo min With Mg, n (and the temperature-independence of M jmin, see also Fig. 3.7),
the separation becomes more significant with larger values of n. Physically, a larger My means
that the My-cutoff truncates a larger fraction of the intermediate-mass range of the ASMF (c.f.
Fig. 4.14).

Apart from the cutoff dependence, the strongest impact on f, and e, is given by the temperature
index m, which sets the characteristic minicluster mass My determining both the MCMF and
ASMF ranges according to Eq. (3.47). In the case of f, oc My 1ot shown in Fig. 4.16, the tem-

perature dependence f,(n) can be explained by the core-halo scaling M, ./\/l(l)/ 3, which implies
that for lager Mg, n, the relative contribution of the core mass M, to each composite system
with mass M decreases. Similarly, looking at the average core mass (M, ), which increases with
larger Mpin and Muax &< M, it is straightforward to see that e, = (M,)/M,  in Fig. 4.17 will
also increase with larger n.

Let us also highlight the precise independence of f, on m, for axion models with n = 0 in red
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Figure 4.16: Axion star dark matter abundance f, from Eq. (4.79) at different axion masses m, and
for n =0,1,3.34 in colored lines, taken from Ref. [1]. Dashed/solid lines show the results obtained using
the M j-/ My-cutoffs of the MCMF from Subsec. 3.5.2, both for o = —1/2.

lines of Fig. 4.16. This effect and the weak dependence of the other two cases n = 1,3.34 can be
understood by considering the scaling My < mq 3/2 6f the characteristic mass in Eq. (3.50): The
normalization condition Myt = fine Mmw with Mot in Eq. (3.52) implies that the constant
C, in Eq. (3.51) scales as C,, oc M.

Neglecting one of the two boundaries of the integral in Eq. (4.75) with min(M,)~'/2 > max(M, )~ 1/2
and inserting the scalings of M jmin, Mp min, Mo(n = 0) m,;g/z from Eq. (3.45), Eq. (3.58),
and Eq. (3.50), one arrives at the scaling

M, 4o(n = 0) ox Cou My min M2 min(M,) /2

ox Mgtmy 2 Pm 34 m 34 o const (4.80)

of the total axion star mass, where we have used that M, o< mq 3/2 for the two low-M cutoffs
of the MCMF [1, 58] and inserted o = —1/2. Note also that the minimum star mass min(M,)
for n =0 in Eq. (4.80) is derived from the core-halo cutoff M, min, which allowed us to rewrite
min(M,) = My(Mp, min) mg /2 using the core-halo relation and Eq. (3.50).

Since f, o< My tot, one directly obtains fi(mg) o< const from the scaling in Eq. (4.80). For n > 0
in Fig. 4.16, f, is only roughly constant in m,, since as argued in Fig. 3.7 before, the scaling
My x mg 32 g weakly violated by the temperature evolution for n > 0 of the axion mass m,.
This approximate scaling is the reason why f, in Fig. 4.16 is only approximately independent
of mg for n = 1,3.34 in blue and green lines.

The important conclusion to draw from this section is that the common assumption f, < 1
[33, 137] in the literature was proven to be inadequate when dealing with composite ASMC
systems in the galactic environment. Conversely, our estimates predict much smaller ranges
107% < f, <1, potentially suppressing the galactic event rates, which will be examined in more

~

detail in the next chapter. Similarly, a considerable range of axion models mg,,n can reach the
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Figure 4.17: Axion star mass parameter &, from Eq. (4.79) at different axion masses m, and for
n=0,1,3.34 in colored lines for o« = —1/2, taken from Ref. [1].

previously anticipated value e, ~ 1 for n = 1,3.34. Their soliton abundance f, on the other
hand is expected to be strongly suppressed 1077 < f, < 10™* by the larger mass contribution
of the host minicluster population for M, o M/3. In the specific case n = 0 of temperature-
independent axion masses, we obtain the largest abundance of axion stars f, ~ 1073, yet with
drastically reduced star masses ¢, < 1073, which renders bosenovae and parametric resonance
signatures improbable.

In a more general context, the detailed predictions of the properties and distributions of ASMC
systems obtained in Subsec. 3.6.2 and Subsec. 4.7.2 represent a crucial improvement in the
understanding of galactic axion-small scale structure. To this date, similar results were only
obtained in Ref.s [34, 252], who focused on the case A\ = 0. Our results in Subsec. 3.6.2
and Subsec. 4.7.2 demonstrate that the uncertainties in the low-M cutoff of the MCMF from
Subsec. 3.5.2 are essentially irrelevant for the abundance of high-mass ASMC systems in our
galaxy. As we will see in Chap. 6 and Chap. 7, these systems are of particular interest for
phenomenological observations of the AS instabilities at M, = M, x, M, 5.

Conveniently, also the A = 0 core-halo relation is expected to remain roughly applicable for most
of the long-time stable solitons on the dilute branch in Fig. 4.1. On the other hand, our analysis
indicates a strong dependence of the predicted mass and number of axion stars on the exact
scaling a = 1/3 of the core-mass relation M, oc M3, Better understanding of this relation is
especially relevant when considering the long-time accretion of axion star cores as demonstrated
in Sec. 4.3 and Ref. [240].

For now, we conclude that our approach of using linear growth predictions for the minicluster
mass distributions from Subsec. 3.5.2 and the canonical core-halo mass prediction at z = zeq
constitutes a conservative estimate on the true late-time axion star mass distribution. As we will
argue in the later chapters, the ongoing accretion from the host minicluster onto its soliton core
over a Hubble time is expected to further boost the number of the phenomenologically relevant
systems with M, < M, in Chap. 6 and M, < M, ) in Chap. 7 respectively.
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In the previous chapters, we have applied results from previous investigations on the properties
of axion miniclusters to infer the properties of their axion star cores. As shown in Fig. A.1, the
major objective of this approach is to estimate the rate and potential detectability of different
interactions between axion stars, miniclusters and astrophysical sources in the Milky Way. In
the last years, several promising detection methods exploiting the high density and particular
properties of axion stars have been proposed.

As for this particular chapter, which is indicated by the red colored rectangle of Fig. A.1, we
re-evaluate the expected signal rates of the most promising methods for axion small-scale struc-
ture in our galaxy. These are given by the self-interaction instability from Sec. 4.4 and Ref.s [35,
36, 253], the resonant conversion of axion dark matter in the strong magnetic fields of active
neutron stars [134-137, 140, 151-157, 214, 254-256] from Fig. 2.7 and the parametric resonance
of axion stars [32, 33, 253, 257, 258] in Sec. 4.5.

This chapter therefore serves as an extension of the predictions from previous literature, specif-
ically Ref.s [135, 137, 188, 197], which performed similar estimates on the expected event rates
but without detailed knowledge on the mass and size distribution of these objects. Our work
improves these predictions by incorporating the full mass distributions of ASs and MCs, the two
MCMEF cutoffs from Subsec. 3.5.2, the two representative MCMF slopes a« = —1/2, a« = —0,7
and different axion models m, and n. Importantly for this thesis, the results obtained in this
chapter will pave the way for the most promising detection prospects, which we examine in
Chap. 6 and Chap. 7. The contents of this chapter are taken from Ref. [1].

We start our analysis of the galactic signal rates by summarizing the calculation of the mass-
integrated collision rates in Sec. 5.1. The first application of the latter is presented in Sec. 5.2,
where we examine the signal rates arising from collisions between neutron stars and axion stars.
An analogous evaluation is given for the collisions between axion miniclusters and neutron stars
in Sec. 5.3. Sec. 5.4 and Sec. 5.5 focus on the detectability of bosenovae from ASMC mergers and
parametric resonance, respectively. Lastly, we also estimate the possible observation of axion
star signals from extra-galactic events in Sec. 5.6 before summarizing our results in Sec. 5.7.

5.1 Mass-integrated Collision Rates

Looking at the mass distributions from Fig. 3.8 and Fig. 4.14, it becomes clear that the properties
of galactic axion stars and their host miniclusters span across multiple orders of magnitude.
Additionally, the spatial distribution of dark matter throughout the galaxy leads to a strong
dependence of the number densities n(r), n.(r) from Eq. (3.51), Eq. (4.71) on the galactocentric
radius r. In order to account for the combined mass, size and number density distribution of
these objects, we introduce the mass-integrated collision rates of axion stars and miniclusters
with astrophysical objects using Milky Way parameters (see App. A).

91



Chapter 5 Signatures of Axion Stars

We use the indices i’ and ’j’ to label encounters between different types of objects, where the

symmetry factor
1 . .
-
s=42 "7 (5.1)
L i#j
prevents double counting in the case that ¢ = j. The total rate of collisions per year and

galaxy can thus be obtained by integrating over the galactocentric radius » and over the mass
distributions of M;, M; according to

R
Fi—j :47['8/0 dTTZTLl(T‘)n](’I“)/dMZpZ(MZ)/ depj(Mj) <O’eff(U,Mi,Mj)U>U, (52)

where n;(r),n;(r) are the radially symmetric number densities of the objects ¢ and j. For our
considerations, the radial symmetry holds for axion stars ¢ = x and miniclusters ¢ = mc, both
of which follow the NFW profile in Eq. (A.1). The effective cross section

O'eff(U,Mi,Mj,Ri,Rj) = W(Rl +R])2 (]‘ +77gr) (53)
in Eq. (5.2) depends on the masses and sizes M;, R;, where

_ 2G(M; + M;)

r = 5.4
77g (R’L 4 Rj)'U2 ( )

is the gravitational enhancement and v is the relative velocity of the collision. The mass distribu-
tions of each object i follow a probability distribution function p;(M;) obtained from Eq. (3.51)
and Eq. (4.71) respectively. Angled brackets ’(),” in Eq. (5.2) refer to the average over the
distribution of relative velocities. We set the escape velocity of the Milky Way vese = 622 kms ™!
[194] as an upper limit on v and define the velocity-averaged cross section as

(it (0)0)y = 47 /O R (5.5)

with the Gaussian velocity distribution

po(v) =
obeying the normalization condition

477/ ™ dv v2p,(v) = 1. (5.7)
0

The reference velocity vy, = 239kms—! [194] is set to the virial velocity of the MW dark matter
halo and the normalization constant p,(0) ~ 1/(7v2,)%? in Eq. (5.6) was approximated for
Vesc 2 Uvir [33]

While the NFW dark matter halo exhibits a spherical symmetry allowing us to integrate I';_;
according to Eq. (5.2) in the case of AS- and MC collisions, the baryonic matter distribution of

the MW follows the well-known disc and bulge profile. For collisions involving neutron stars,
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we will thus use cylindrical coordinates instead and express the galactocentric radial coordinate
r = /02 + £2 in terms of its cylindrical counterpart o. Since the spread in observed neutron star
masses is small Myg ~ Mg compared to the MCMF and ASMF, we neglect the corresponding
NS mass distribution and assume the typical values of Ryg = 10km and Myg = 1.4 Mg
instead. This assumption is also computationally beneficial, because it ensures that all of the
mass-integrated rates amount to four-dimensional integrals (one in v, one to two in M;, M; and
one to two in space, see Eq. (5.2) and Eq. (5.8) respectively).

Therefore switching to cylindrical coordinates and dropping the dependence on M;, we only
need to integrate over the galactic spatial neutron star distribution nyg(r) according to the
analogous definition

R, Ry
T, ns = 47rS/ dgg/ dlnys(o,)n; (\/ 0? +€2)
0 0

< [ AV (on(w. M) v}, (5.8)

where the boundaries R, = 50 kpc, Ry = 25 kpc are fixed by the fitting functions to observational
data from Ref. [259] and Sec. A.7. The number densities n; used in the following sections are
the AS density, MC density and NS density defined by

ne(r) = Cx pnrw (1), (5.9)
nmc(r) = Ce PNFW(T) , (510)
Cns

= — L 5.11
nns(p, z) S0 po(0)pe(0;0) (5.11)

where the normalization constants C, Cy with units of inverse mass are set by requiring
Ny tot = 47r/d'r r*n.(r) (5.12)
Niot = 47T/d’l“ 7"2nmc(7ﬂ) (513)

with Ny tot, Niot according to Eq. (4.76) and Eq. (3.53). The neutron star number density and
its dimensionless normalization constant C'yg on the other hand are determined by requiring

R, Ry
Nys = 2/ dg/ dlCys pg(g) pz(g, 5) = 10" (5.14)
0 0

with p,(0), pe(0, £) taken from the phenomenological fit to the galactic NS distribution introduced
in Ref. [259] and summarized in Sec. A.7. Note that the collision rates defined in Eq. (5.2)
and Eq. (5.8) are integrated over the mass range of the ASMF/MCMF and over the galactic
coordinates r, o, £, which means that they describe the total rate of collisions occurring in the
entire AS/MC population per year and galaxy.

We numerically solve the integrals in Eq. (5.2) and Eq. (5.8) using a CPU-parallelized Python
algorithm, which determines the boundaries of the mass integrals for ¢ = %, mc automatically
from the corresponding ASMF and MCMF in Sec. 4.7 and Subsec. 3.6.2. Same as in the
previous chapters, we repeat the procedure for different axion models m,, n from Subsec. 3.6.1
with 10712eV < m, < 1072V and n = 0,1, 3.34. We start our analysis of the expected signal
rates with the neutron star collision rates described by Eq. (5.8) in the following two sections.
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5.2 Neutron-Star-Axion-Star Collisions

Over the last years, the resonant conversion of axion dark matter in the strong magnetic fields
surrounding active neutron stars has been investigated in numerous studies [134-137, 140, 151—
157, 214, 254-256]. We introduced the fundamental mechanism of this process in the theory
section on experimental detection in Subsec. 2.7.1 and apply the Goldreich-Julien model for
neutron stars to determine their magnetic field properties, similar to what was done in Ref.s [1,
134, 141]. Let us also emphasize that the resonance in this scenario amounts to the equality of
axion mass and photon plasma frequency on the conversion surface R, of the neutron star and
that it is fundamentally different from the parametric resonance occurring inside axion stars in
Sec. 5.5.

In order to infer the total number of galactic and extra-galactic radio signals from neutron-star-
axion-star (NS-AS) encounters, we need to combine the collision rates from Sec. 5.1 with the
predicted single event signatures from existing literature. We therefore start by summarizing
predictions for the single event signal of a typical NS-AS transient in Subsec. 5.2.1 and combine
the resulting information about the transient signal strength with its expected abundance in
Subsec. 5.2.2 and Sec. 5.6. The same approach of a combined signal strength and rate analysis
will also be taken in the following sections and applied to an extra-galactic context in Sec. 5.6.

5.2.1 Signals of Neutron-Star-Axion-Star Transients

The dynamics of a transient event between a dilute axion star and an active neutron star
have been studied in Ref. [135] using Schrédinger-Poisson solvers. In their work, the authors
demonstrated that in the presence of the strong gravitational field of the neutron star, both the
self-gravity and the kinetic pressure of dilute axion stars can be neglected. Additionally ignoring
contributions from self-interactions A = 0, they showed that the total system is dominated by
tidal forces from the neutron star in head-on collisions. This observation can be understood by
comparing the characteristic timescale of the gravitationally interacting axion star [135]

R}
= 5.15
Tx GM, ( )
to the crossing time
T RRoche (5 16)

- \/2GMNS/RRoche + Ugo ’

that the AS with velocity ve = 1072 at infinity needs to travel from the Roche radius [214]

2MNS 1/3 6 R* MNS 1/3 10_12M@ 1/3
= ~13-10° k _— 1
RROChe R, < M, ) 3-10° km 102 km M@ M, (5 7)

to the NS surface. Physically, the Roche radius represents the distance to the neutron star,
where the self-gravitational force of the soliton equals the external tidal force. For QCD axion
parameters and dilute axion stars with M, < 107! Mg, the crossing time 77 is smaller than
Tx so that the transient time is too short for the AS dynamics to become relevant, 7p/7, < 1.
Similar effects were also studied extensively in Ref. [209].
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Therefore neglecting the energy contributions of the axion star in Eq. (4.2), Eq. (4.3) and
Eq. (4.4), Ref. [135] used hydrodynamical N-body simulations of the Schrodinger-Poisson sys-
tem! with an external NS potential to simulate the collision of a soliton of mass M, = 1012 M,
and radius R, = 2691 km with a neutron star of mass Mys = 1My and conversion radius
R. ~ 100km. The resulting dynamics of the collision are shown in Fig. 5.1. In the top panel of
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Figure 5.1: Representative head-on collision between an axion star and a neutron star simulated for
m, = 107%eV, M, = 1072 My, R, = 2691km, Myxg = 1 My and with an axion star velocity v, = 1073
at infinity, taken from Ref. [135]. The two-dimensional mass densities are shown in cylindrical coordinates
0, p, £, where the radial distance g and height ¢ are shown. The white circle in the bottom panel indicates
the scale of the conversion radius R, ~ 100km of the neutron star.

Fig. 5.1, the dilute axion star is initially in its spherically symmetric ground state configuration
with a radial extension of R, = 2691 km along both ¢ and ¢. At ¢t = 0s, the initial separation
between the neutron star- and axion star center is on the order of D ~ 3.5-107 km. Later around
t ~ 10%s, the axion star approaches a separation of D ~ 29.000km ~ 10R,. By this time, the
gravitational perturbation introduced by the neutron star leads to a significant elongation of the
soliton profile across a radius of R, ~ 10R, along the (-direction. The bottom panel of Fig. 5.1
shows the time shortly after, when a fraction of the axion star mass has already been scattered
by the neutron star. At late times, when the entire soliton profile has crossed the neutron star
region, the initially bound axion star configuration is completely disrupted [135].

The key takeaway here is that the stretching of the dilute axion star in the neutron star gravita-
tional field leads to a time modulation of the resulting radio signal from axion-photon conversion
on the conversion surface R, ~ 100 km shown by the white circle in Fig. 5.1. In this context,
the duration of the signal t; ~ 7 depends on the size R, of the axion star and the relative
velocity v ~ 1073 of the collision. The signal strength on the other hand scales with the soliton

!The SP equations can be transformed into continuity and Euler equations using the Madelung transformation
in App. A.8.
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density p., which decreases with larger R, and smaller M, according to the mass-radius relation
of dilute axion stars in Eq. (4.17) with R, oc 1/M,.

Recently, the authors of Ref. [134] investigated the brightness, spectral width and time depen-
dence of the radio flux arising from a NS-AS transient event in great detail. To this date, their
work represents the most complete analysis of the expected signatures from both NS-AS and
NS-MC collisions. We recall their results for the observed radio flux in the following and from
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Figure 5.2: Sky-averaged differential flux as a function of the transient time in three NS-AS encounters
with different impact parameters b = 103km, b = 5 - 103km and b = 10°km at an observation distance
dr = 1kpc. The representative transient events were simulated for m, = 26 ueV, goyy = 10714 Gev 1,
M, = 107'3 M, R, = 3905 km assuming an observation bandwidth of Afr = 107°m,. Neutron star
and collision parameters are summarized in Tab. 5.1. Taken from Ref. [134].

this infer the galactic signal rates in Subsec. 5.2.2, Subsec. 5.3.2 and the extra-galactic signatures
in Sec. 5.6.

The authors of Ref. [134] calculated the rate of resonant conversion occurring inside a neutron
star whose Goldreich-Julien charge density follows Eq. (2.75) and whose rotation axis is mis-
aligned by an angle 6,, with respect to the dipolar NS magnetic field B. They computed the
position- and velocity-dependent resonant photon production rate of axions on the NS conversion
surface, assuming a flat axion velocity distribution below the escape velocity of the axion star
Vese(M,). The final results obtained for the sky-averaged differential flux observed from three
NS-AS collisions with different impact parameters b = 10,5 - 103, 10* km are shown in Fig. 5.2.
For these representative transient events, the NS properties are summarized in Tab. 5.1, whereas
the axion mass and coupling are m, = 26 ueV, ggy, = 107" GeV~! and the AS parameters are
M, = 107 My, R, = 3905km. Fig. 5.2 shows the observed spectral flux densities St in the
bandwidth A f7 = 1075 m, and at a distance of d7 = 1kpc in units of mJy.

In all cases, the peak flux densities ranging from St ~ 10°mJy to St ~ 108 mJy are used to
determine the ¢ = 0s point of the transient. The total duration of the signal is roughly on
the order of t5 ~ 80s, where signals with larger impact parameter b have slightly larger t;, as
seen by the blue line in Fig. 5.2. Remarkably, the blue flux density with the largest impact
parameter b = 10* km yields by far the largest peak flux with S7 ~ 108 mJy. This observation is
opposed to the naive expectation, that small impact parameters b =~ 0 should provide the largest
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Parameter Value
By 1.6-10" G
PNS 3.76s
O, 0.2rad
v 100 km/s
0, Orad

Table 5.1: Neutron star (collision) parameters used in Fig. 5.2 and Fig. 5.6, both taken from Ref. [134]:
The magnetic field strength at the NS surface By, the NS rotational period Pyg, the misalignment angle
0., between magnetic field and rotation axis, the relative velocity of the NS-AS/MC collision v and its
orientation with respect to the NS rotation axis 6,,.

axion densities p,(r ~ 0) in the NS region and hence the strongest signals. The explanation for
this behavior lies in the non-trivial structure of the axion star velocity distribution and in the
trajectories of the infalling axions, which tend to miss the conversion surface for small b [134].
Additionally, NS-AS signals with non-zero impact parameter show stronger sky-averaged flux
densities, but also strong anisotropy due to the modified particle trajectories, as discussed in
Ref. [134].

For the considerations in this section, we conclude that the radio flux observed from a NS-AS
transient event is considerable even at O(1kpc) distances. The strong time modulation of the
signal is largely dependent on the orientation and dynamics of the specific collision, where in this
work, we neglect the anisotropy of the signals from Ref. [134] and use the results from Fig. 5.2
as benchmark for a representative NS-AS radio signal in Sec. 5.6. Before, the next step is to
compute the corresponding encounters rates of the above single event signals in our galaxy.

5.2.2 Galactic Signal Rates and Neutron Star Evolution

The event rates of collisions between axion stars and neutron stars in the Milky Way have been
found to be considerable I',_yg > 1yr~!galaxy ™! in several earlier studies [135, 137, 188]. The
calculations were commonly based on the assumption that an O(1%) to O(1) fraction of dark
matter is gravitationally bound in axion stars or miniclusters. We apply our improved modeling
of the AS and MC mass distribution to the NS collision rates from Eq. (5.8) for an MCMF slope
of @ = —1/2 using both low-mass cutoffs from Subsec. 3.5.2 in Fig. 5.3.

As before, solid lines indicate the Mg-cutoff of the MCMF, while dashed lines show the results
using the lower Jeans mass cutoff, M jnin. The encounter rates in Fig. 5.3 suggest that for
larger axion masses m, and smaller temperature dependence n, a considerable range of axion
parameters could be detected. This is firstly due to the fact that for smaller n, the average AS
radius R, o 1/M, is significantly larger, thus enhancing the cross section in Eq. (5.3). Sec-
ondly, for lighter structures My, My in Fig. C.4 and Fig. 3.7, the total number of axion stars
Nitot S Niot x 1/ My is increased.

More precisely, the NS-AS collision rates show slightly different scalings with m, and n depend-
ing on the temperature index n, as already explained for Mg(mg,n) in Sec. 3.2. In the repre-

sentative case n = 0, we can use the identities Ny tor o ./\/la1 o mZ/Q and (R,) oc my 2(M,)~!
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Figure 5.3: Mass-integrated collision rates per year and galaxy between axion stars and neutron stars
in the Milky Way as a function of m, with MCMF power-law index a = —1/2, taken from Ref. [1].
Colored lines indicate the temperature index n, solid and dashed lines represent the two different low-M
cutoffs of the MCMF in Subsec. 3.5.2. In this case and in the following figures, the cosmological mass
band 107 %eV < m, < 1074 eV of the QCD axion is indicated by the gray-shaded region, where the black
solid line marks m, = 50 ueV.

my 2 Myt oc m™1/2 from Eq. (4.75) and Eq. (4.18) to obtain the relations

Ih—nNs (5.18)

x N*,tot <R*>2 X mt11/27 Ner <1
n=0 N*,tot<R*>MNS X Mg, Ngr > 1 ’

where we used Myg > M,, Mys = const and the results displayed in Fig. C.3, Fig. C.5. The
turnaround point between the two scalings is reached when the gravitational enhancement term
Ner in Eq. (5.3) becomes relevant. The other cases with n > 0 roughly follow the same trend,
but with different turnarounds for 7, and marginally different scalings with m, from the tem-
perature evolution index n. Note also that for n = 0 the results in Fig. 5.3 and Fig. 5.5 are
independent of the low-M cutoff because the minimum MC mass Mj, min > Mo min > M jmin
from Eq. (3.58) is the dominant constraint on the ASMF.

Summarizing the predictions of Fig. 5.3, the M j-cutoff is generally beneficial, because it in-
creases the total number of objects by including the low-mass tail of the MCMF and ASMF
in Fig. 3.8, Fig. 4.14. Especially for m, > 107%eV, n = 0 and mq > 107°¢V, n = 1 with the
M j-cutoff, NS-AS encounters seem to be sufficiently probable to be observed over observation
timescales on the order of a decade or less. However the emission of a radio signal from an
AS-NS encounter in Subsec. 5.2.1 requires the neutron star to have an active magnetic field with
suttable photon plasma frequency wy, 2 mq to allow for the resonant conversion of axions into
photons at the NS conversion surface.

In order to quantify the fraction of NS collisions, which are suitable to produce radio signals
through resonant conversion of axion DM from galactic ASs and MCs, we introduce the following

procedure: We compose a statistically distributed sample population of Ng = 10° neutron stars,
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for which the initial magnetic field strength By, misalignment angle 6, and rotation frequency
Qng = 27w /Png with period Pyg are determined from Gaussian distributions in By, 6, and
Py s respectively (see also Tab. 5.1).

For the corresponding distributions, we follow the approach in Ref. [141] by employing the results
from the neutron star population synthesis of Ref.s [260, 261]. This way, each of the Ng = 10°
neutron stars in the sample has its initial properties By, 0,,, Pns drawn from the distributions

_ {logy (Bo) — MB}2
2ch2B ’

(5.19)

po(0r) = sin <9;n> , (5.20)
2
pp(Pns) = ! exp [—(PNSQ_QMP)] : (5.21)
\/ 2702 Op

where By is given in Gauss, 6, in degrees and Pyg in seconds [141]. The fit parameters are
pp = 132,05 = 0.62, 1, = 0.22 and 0, = 0.423 [260]. With the initial NS properties specified
by Eq. (5.19) to Eq. (5.21), the individual time evolution of the total sample is determined by
the evolution equations

. B2
Om = —Br2—5— sin Oy, cos Oy, (5.22)
PNS
. B2
Pys = B—— (ko + K18in% 0, (5.23)
Pyns

where kg ~ K1 ~ ky ~ 1 and B8 = 6-1071s/G? following Ref. [141]. As for By, the Ohmic
dissipation of the dipolar magnetic field with initial strength By leads to an exponential decay

B(t) = Boexp(—t/Tohm) , (5.24)

that is characterized by the Ohmic decay constant Topy,. Same as in Ref. [141], we assume
Tohm = 1 Myr, which gives an approximate average NS lifetime of tyg ~ 10 Tonm.

In order to obtain a representative NS population from the above evolution model, we assume
a constant formation rate over the age of the universe for the Ng = 10° neutron stars with
uniformly distributed individual ages t; € [0, 10 Tony,) and evolve each object 4 in time until ¢;
by numerically solving the evolution equations Eq. (5.22) to Eq. (5.24). The constant forma-
tion rate and Ohmic decay yield an overall survival suppression factor feury ~ 10 Tonm/tH ~
10 Myr/10 Gyr = 10_3, which has to be combined with an additional resonance factor fes(mq)
accounting for the relative fraction of active neutron stars with a plasma frequency fulfilling the
mq-dependent resonance condition w, 2 M.

To infer the remaining suppression factor fr.s(mg), we need to determine wl(,i) (t;) for each of the
neutron stars. This is done by assuming n. = |ngj| for the typical electron density, which yields
the Goldreich-Julien plasma frequency at the NS surface

drngioem Bagm
Wy = 4| ———— =4y | 5.25
P Me ePnsme’ ( )
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where we have evaluated ngy = 2QygB/e from Eq. (2.75) for § = 0, 7. We use Eq. (5.25) as
an estimate for the locally dependent plasma frequency wy(r), similar to Ref. [141] and use the
latter in the resonance condition w, 2 m, for a given m,.

Following the above approach we determine the relative NS fraction fyes(m,) numerically by
counting the number of neutron stars fulfilling the condition w, 2 m, for every m, in the range
10712eV < m, < 1073eV. The resulting effective fraction fxs(ma) = Ffsurvfres(Mma) is plotted
in Fig. 5.4. For m, < 1077 eV, we obtain f,es(m,) =~ 1 and the effective NS fraction saturates

~

10—3_

107 10-6 105 10~ 1073
mg [eV]

Figure 5.4: Fraction fys(m,) of active neutron stars in our mock model, which exhibit a plasma
frequency w, 2 m, enabling the resonant conversion of axions with mass m,, taken from Ref. [1].

at fNS(ma) ~ fsw"v ~ 10—3-

On the other hand, in the range m, > 107" eV the fraction of objects in the sample fulfilling
the resonance condition quickly drops, until reaching fys(mq) =~ 0 at m, > 10~%eV. Since we
assume a total number Nyg = 10? in this work, dropping below fyg ~ 1078 effectively excludes
NS-collisions from occurring in our galaxy. The m,-dependence of the suppression rate fyg in
Fig. 5.4 has important phenomenological consequences for the detectability of the expected NS-
AS encounters. We compute the expected signal rates emitted from galactic NS-AS encounters,
which are predicted from our NS population in Fig. 5.4 and from the collision rates in Fig. 5.3
by writing

IS _ns = fns-Ti-ns (5.26)

and plot the corresponding results in Fig. 5.5. As a consequence of the scaling I'y_ yg(mq) o< myq

in Eq. (5.18), Fig. 5.3 for large m, and from the NS fraction fys(m,), the signal rates in Fig. 5.5

peak around m, ~ 107°eV. Above these values, 'y s_, quickly drops to zero, as expected from

fns(mg). Crucially, for every of the axion models mg,n the signal rates end up well below
Ny = 1yr~lgalaxy~!. We therefore find that galactic radio signals from NS-AS collisions

are expected to be extremely rare, especially for axions with n = 3.34 and the QCD axion.

Let us emphasize here that the same remains true for a modified MCMF slope of a = —0.7,

which boosts the signal rates in Fig. 5.5 by n-dependent factors of order ~ 10 to ~ 100 giving
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Figure 5.5: Mass-integrated NS-AS signal rates per year and galaxy in the Milky Way, calculated from
Fig. 5.3 by applying the NS fraction fygs(mg) in Eq. (5.26). Colored lines indicate the temperature
dependence of the axion mass, solid and dashed lines represent the two different low-mass cutoffs of the
MCMF. Taken from Ref. [1].

I'._ng < 10t yr=! for n = 0 and even smaller rates for n > 0 and the QCD axion. We checked
the resulting modifications and confirmed that none of them are sufficient to qualitatively alter
the results shown for & = —1/2 in Fig. 5.5.

Unless a majority of the galactic dark matter is contained in axion stars rather than in mini-
clusters (thus yielding f, ~ 1), NS-AS collisions will be far less promising than anticipated. A
possible exclusion to this prediction is given by the numerous formation of axion stars from topo-
logical defects in Ref. [236], for which the AS abundance would be greatly enhanced, fy ~ 1. As
previously mentioned, this mechanism is expected to apply only to specific axion models, which
leaves us with the conclusion that NS-AS collisions are generally improbable due to the limited
number and size N, o1, R« of the solitons. This observation motivates a similar investigation
for the signatures of their larger and more numerous host miniclusters, which we perform in the
next section.

5.3 Neutron-Star-Minicluster Collisions

With the signal rates for NS-AS encounters being insufficiently frequent, a reasonable next step
is to explore the abundance and signal strength of the resonant axion conversion in the NS
magnetosphere during minicluster-NS transients. This idea is especially appealing because the
mass M > M, and size of miniclusters with R ~ 107 km is much larger than that of their
AS cores, thus enhancing the cross-section of their interactions. Another advantage is the fact
that the size of miniclusters with a spherically homogeneous profile in Eq. (3.24) scales with
their mass as R oc M3, opposed to the inverse mass scaling R,  1/M, of dilute axion stars
in Eq. (4.17). Owing to the modified scaling behavior of R in Eq. (5.3), the collision rates
of heavier objects are less suppressed by the cross-section in Eq. (5.3) compared to the axion
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star case. On the phenomenological site, this can be beneficial, because heavier ASMC systems
generally host a denser AS core.

On the other hand, the weaker gravitational binding and large size of miniclusters make these
objects more prone to tidal disruption, especially in dense environments such as the galactic
bulge. The resulting constraints on the survival of typical miniclusters over long times were
discussed in Subsec. 3.6.3 and explored in more detail in Ref.s [136, 188, 196, 197]. On the
basis of the results from Ref. [188] in Fig. 3.9, we adopt a simplified approach by truncating the
radial distribution of the MC population above the lower integration boundary Rsuv = 1kpc
in Eq. (5.8). Therefore restricting our analysis to miniclusters outside of the galactic bulge,
r > Reurv, we employ the same methods as in Sec. 5.2 using the MC mass and radius distribution
obtained from the MCMF and Eq. (3.24). As before, we start by summarizing the single event
signal in Subsec. 5.3.1 and combine the resulting detectability with the encounter rates from
Eq. (5.8) in Subsec. 5.3.2 and Sec. 5.6.

5.3.1 Signals from Neutron-Star-Minicluster Transients

The collision dynamics in a NS-AS encounter are fundamentally different from the NS-AS event
described in Subsec. 5.2.1 and Fig. 5.2. This is mostly because of the greatly enhanced radius
R/R, > 1 and mass M /M, > 1 of the axion overdensity undergoing photon conversion. Since
Moy < Mg, for all axion models mg, n in Fig. 3.7, the gravitational and tidal forces in the inter-
action are again dominated by the neutron star. The size of the two colliding objects however
differs by many orders of magnitude, typically R/Rys ~ 10" km/10km ~ 109, which implies
that the grid resolution in numerical simulations poses great challenges.

Due to lack of adequate numerical data on the temporal and spatial evolution of NS-MC encoun-
ters at the time of writing, we go on to describe the expected collision dynamics qualitatively
instead of demonstrating numerical simulations. Comparing the NS-MC scenario to the NS-AS
collision in Fig. 5.1 and Fig. 5.2, it is clear that the crossing time 77 in Eq. (5.16) should be
much greater due to the larger size of the minicluster. Accordingly, the resulting signal duration
should be orders of magnitude larger t; > 80s than in the NS-AS case. In a similar way, the
large radius of the minicluster also increases the maximum impact parameter b leading to radio
conversion, which is shown in blue lines in Fig. 5.2 and Fig. 5.6.

On the other hand, and due to the reduced density pyme ~ 107 GeVem™3 compared to p, <
M*,,\/RiA ~ 102 GeVem™3 at M, = M, », the resulting signal strength will be drastically re-
duced compared to St in Fig. 5.2. The dilute nature of the minicluster indicates that it too is
expected to experience significant elongation for distances D < RRroche Well below the Roche
radius. An important quantity determining the temporal evolution of the collision and resulting
signal is the profile of the miniclusters, which was shown to be well-fit by NF'W profiles with an
increased concentration in Ref. [30].

Regarding the observed radio conversion signal, we already mentioned in Subsec. 5.2.1 that
Ref. [134] provides a detailed analysis of the resulting radio fluxes from both axion stars and
miniclusters in NS encounters. We demonstrate their predictions for the sky-averaged differen-
tial flux obtained from a collision involving a minicluster with NFW-distributed mass density
and the same NS parameters from Tab. 5.1 in Fig. 5.6. In agreement with the aforemen-
tioned expectations from the underlying collision dynamics, we find that the signal duration is
ts ~ 400d for all of the three impact parameters b = 0,108km and b = 10° km. The maximum
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Figure 5.6: Sky-averaged differential flux as a function of the transient time in three NS-MC encounters
with different impact parameters b = Okm, b = 108%km and b = 10°km at an observation distance
dr = lkpc. The representative transient event was simulated for m, = 26 ueV, goyy = 10714 Gev 1,
M = 10712 My, R = 1.86 - 10° km assuming an observation bandwidth of Afr = 1075m,. The
minicluster density was modeled using an NF'W profile, while the neutron star and collision parameters
are the same as in Fig. 5.2 and Tab. 5.1. Taken from Ref. [134].

observable impact parameter in blue is bypax =~ 107 km for the minicluster with M = 10712 M,
R = 1.86 - 10° km, and thus much greater than by, ~ 10*km in Fig. 5.2.

Owing to the modified velocity distribution? and infall dynamics of the larger miniclusters, the
dependence of St on the impact parameter b is inverted compared to the AS case. A possible
explanation for this behavior is the fact that even with b > 0km, an order one fraction of the
NS conversion surface is surrounded by the axion MC cloud with R > Ryg during most of the
conversion time tg.

Looking at the signal strength, we confirm the expectation from the reduced axion density
pme < py that the signal is significantly weaker than the AS collision with S7 ~ 10~2mJy
compared to the maximum of Sy ~ 10® mJy from Fig. 5.2. Remarkably for smaller values of b,
the slope of the peak in S7 at t = 0d is significantly increased compared to Fig. 5.2. This can
be understood from the scaling pnpw o 1/r below Rg, which enters in the observed flux density
ST X nme x 1/r, thus greatly enhancing the emission close to the MC center at 7 = 0kpc.

The expected reduction in brightness also directly implies a reduced detectability, however as
we will show in the next part, the resulting collision rates in turn are greatly enhanced. Since
Sr x 1/ d%, where dr = lkpc in Fig. 5.6, it is clear that the maximum observable distance
of NS-MC encounters is much smaller than the AS case. The important question about which
observation distances are typical within a given time frame will be answered in the following by
computing the encounter rates of the above signals.

*Where we note that for the minicluster, the authors of Ref. [134] assumed a Maxwell-Boltzmann distribution
truncated at vesc(M) opposed to the flat truncated AS distribution below vesc (M) in Fig. 5.2.
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5.3.2 Galactic Signal Rates of Neutron-Star-Minicluster Collisions

Starting with the mass-integrated collision rates between neutron stars and miniclusters at
galactic distance coordinates R,, Ry > Rguv = lkpc in Eq. (5.8), we show the results for an
MCMF slope of o = —1/2 using both low-mass cutoffs in Fig. 5.7. Compared to the analogous
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Figure 5.7: Mass-integrated collision rates per year and galaxy between miniclusters and neutron stars
as a function of m, for « = —1/2, taken from Ref. [1]. Colored lines indicate the temperature dependence
of the axion mass, solid and dashed lines represent the two different low-M-cutoffs from Subsec. 3.5.2.

AS case in Fig. 5.3, one observes a significant boost in the overall number of collisions per year
and galaxy. As argued before, this boost is a direct consequence of the increased number density
of MCs, nye in Eq. (5.8), and of the enhanced cross section for R oc M'/3 in Eq. (5.3).

The qualitative behavior with mg, n is similar to the AS case in Fig. 5.3, where both larger m,
and smaller n are beneficial due to the decreased mass and increased number of the objects.
Analogous to Eq. (5.18), the n = 0 scaling of the NS-MC encounter rates in red in Fig. 5.7 and
Fig. 5.9 may be divided into two regimes using My < Myg, Niot Mal and R o« M3 from
Eq. (3.24)

/\/'tot,R'2 08 mé/zv Ngr < 1

Toe ‘ o< : 5.27
oS n=0 {MotR X Mg, Ngr > 1 ( )

with a modified turnaround 7, ~ 1 around the QCD axion mass m, ~ 50 ueV. For the cases
n > 0 in blue and green a similar trend with slightly different turnaround point 7, ~ 1 can be
seen.

Note that the results in Fig. 5.7 are nearly independent of the low-mass cutoffs M, and
Mo min because the major contribution to the mass-integrated collision rates is given by the
high-mass tail with M 2 M, and R(M) 2 R(My). Without considering the NS resonance
condition w, 2 mg, as done in Fig. 5.7, NS-MC collisions appear rather frequently, reaching
~ 4yr~! galaxy~! for the QCD axion with both MCMF cutoffs and up to ~ 103 yr~! galaxy~!
for n = 0 and m, = 50 ueV. Estimating the abundance of the corresponding galactic signal
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rates, which we are interested in requires multiplication of 'y, ng with fyg from Fig. 5.4. The
resulting signal rates obtained from Fig. 5.7 are plotted in Fig. 5.8. Coincidentally as before,

1 . -
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Figure 5.8: Mass-integrated signal rates per year and galaxy, calculated from the encounters between ax-
ion miniclusters and neutron stars in Fig. 5.7 by applying the resonance condition fygs(m,) in Eq. (5.26).
Shown as a function of axion mass m, for & = —1/2. This figure is taken from Ref. [1].

the regions where I';,.—ns(m,) becomes large are strongly suppressed by fys(mg) so that the
effective rates for producing astrophysical signatures are typically well below 1 per decade for
most models my,n in Fig. 5.8. The only region, where the signal rates are comparable to one
per decade and galaxy is given by n = 0 in red and for m, ~ 1075 eV, which leaves the general
observation of galactic NS-MC encounters very improbable.

We emphasize that this result strongly depends on the power-law index o = —0.5 of the MCMF
dn/dln M « M®* which we have assumed until now. For comparison, the authors of Ref. [136]
used a steeper power-law with o = —0.7, motivated by numerical simulations of the formation
and evolution of miniclusters from Subsec. 3.5.1 and Ref. [30]. For this slope index, the relative
contribution of the low-M components is significantly increased, yielding enhancements by a
factor of ~ 10 to ~ 100 for the n-dependent encounter rates of miniclusters. We can confirm the
prediction of I'y,.— ng ~ 4 /day from Ref. [136], after neglecting the NS resonance and modifying
the MC mass range at mq = 20eV to 3.3- 10719 My, < M < 5.1-107° M, with a = —0.7.

We also note that different to Ref. [136], we use the phenomenological NS distribution fit from
Ref. [259] in Sec. A.7 instead of the stellar distribution used by Ref. [136]. The results of our
calculations with power-law index o = —0.7 are shown in Fig. 5.9.

For the slope index a« = —0.7 in Fig. 5.9, the low-mass cutoff dependence becomes stronger due
to the larger contribution of light miniclusters with M < My, as argued above. The conclusion
to draw from our analysis of NS collisions is that despite the very promising encounter rates
with ASMC systems, the occurrence of actual signatures from axion-photon conversions is much
less common than previously expected. This is especially true for NS-AS collisions which are
basically undetectable in the galactic minicluster scenario. For the NS-MC case, detection might
still be possible, especially for n = 0, & = —0.7 and axion masses around m, ~ 10 ueV shown
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Figure 5.9: Mass-integrated collision- (left) and signal rates (right) per year and galaxy between axion
miniclusters and neutron stars as a function of m,, both taken from Ref. [1]. Calculated for the same
parameters as in Fig. 5.7, but for a modified MCMF slope of o = —0.7 instead (similar to Fig. 3.2).

in Fig. 5.9. Taking into account the large uncertainties in the NS properties and in the detailed
evolution of the minicluster population, the occurrence of radio signals from NS-MC collisions
cannot be ultimately ruled out. Our results suggest however, that future research on axion
miniclusters should aim to explore new detection mechanisms due to the small expected rates
of NS-AS/MC signals in our galaxy.

5.4 Axion Star Mergers and relativistic Bursts

With the galactic detection of radio bursts from axion small-scale structure in neutron star
encounters rendered improbable, we direct our attention towards the remaining two major
prospects of axion star detection: axion bursts from bosenovae in this section and radio bursts
from parametric resonance in Sec. 5.5. The relativistic bursts from axion star core mergers are
expected to yield similar signatures to the super-critical solitons from Sec. 4.4, since in both
cases the (merged) core mass can reach a super-critical level, M, > M, ,.

An important distinction of the bosenovae occurring in the isolated stars of Sec. 4.4 is that the
super-criticality was not introduced through a dynamic process like the gravitational collapse
and subsequent soliton merging considered in this section. We therefore summarize the funda-
mental collision dynamics following the numerical simulations of dilute axion star mergers from
App. B in Subsec. 5.4.1 and consider the abundance of the corresponding bursts separately in
Subsec. 5.4.2. In the latter section, we explore both the mass-integrated rates for direct mergers
of axion stars, with I',_, from Eq. (5.2), as well as that of core mergers following previous host
minicluster mergers with rate 'y me.

5.4.1 Axion Star Merger Dynamics

Starting with the collision dynamics between two collapsing dilute axion stars, we can employ
the numerical methods from App. B to simulate the non-relativistic evolution of the merging
system. Analogous simulations were previously performed in Ref.s [31, 33, 172] using similar
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numerical methods. It should be noted here that the above references as well as our subsequent
analysis focus on the case of dilute, non-relativistic soliton solutions. This regime is distinct
from the collapse and signatures of compact axion stars, for which the resulting multimessenger
merger signal was recently investigated for the first time in Ref.s [34, 253].

Compact axion stars exhibit significantly higher densities thus requiring relativistic simulations,
for which the self-interactions are often neglected - as was also done in Ref.s [253, 257]. Our
considerations of axion bursts are crucially different from their results, as we are interested
in the scalar emission arising from the relativistic multi-particle processes induced by the axion
self-interactions with A < 0 and the axion potential from Eq. (2.9). The scalar emission observed
in Ref.s [253, 257] on the other hand arises only from the relativistic collapse of the compact
objects, where no self-interactions A = 0 were assumed.

We will therefore rely on the signal predictions from Sec. 4.4 for a qualitative understanding
of the resulting axion bursts and demonstrate the non-relativistic collision dynamics leading
to the super-criticality of the merged axion star by means of the non-relativistic simulations
from App. B. More specifically, we re-simulate the condensation of the A = 0 SP system with
N = 55, L = 44 from App. B and Fig. 4.2 until ¢ = 4000 in order to obtain a stable soliton con-
figuration including its quasi-particle environment. The total merging system is then composed
out of spherical background fluctuations of the axion field, of the soliton core, the excited states
around it and of another solitonic object to be specified in the following.

The technical details of the simulation in Fig. 5.10 are presented in App. B and will be summa-
rized together with its time evolution in the following. The condensed axion star core is first
evolved until well after the time of condensation, t = 4000 ~ 37gr. After reaching this time, the
grid fields get shifted such that the soliton core sits in the origin of the transformed coordinates?.
We determined that the initial mass of the central soliton core at x = 0, t = 4000 is roughly
M, ~ 5, which corresponds to M, ~ 1.34 - 10~ M, for QCD axion parameters m, = 50 ueV,
fa ~ 101 GeV. -

Next, a spherical object with similar mass M, = 6 or M, ~ 1.6 - 10714 M, and initial velocity
[Vo| = vy = 1 is embedded at position X = (0,17,0) in the volume. The corresponding spheri-
cal overdensity with physical velocity —vg along the y-direction* can be seen together with the
condensed soliton system in the top left panel of Fig. 5.10, which shows the axion field density
p(X) = [¢(X)|? at different times and Z ~ 0°.

For the numerical implementation of the additional soliton M, s, we follow the best-fit sech profile
obtained in Ref. [231] using the definition

V(&) = thsect (|E]) exp(iU, 7 + i6s) , (5.28)

where 6, = 0 in Fig. 5.10 is a relative phase and thsecn (7 = |&|) is the profile fit from Eq. (B.38).
Both of these objects can be seen to have similar size and density in Fig. 5.10, where the actual
merger event at t ~ 4010 is depicted in the top right panel. After the solitons have collapsed, a
spherically shaped wave front of gravitationally accelerated particles can be seen to spread out
from the central simulation region in the bottom left panel of Fig. 5.10. The wave front expands
and dilutes over time, as some of the accelerated particles lose energy through scattering in the

3The shift symmetry is ensured by the periodic boundary conditions with ¢ (X) = ¢(X + Liig) [170]

“For the SP system in Eq. (3.14), Eq. (3.15), vo is the reference velocity of the rescaling in App. A.6.

5Note that the approximate equality of the position 7 is related to the stochastic motion of the soliton, which
slowly drives it away from the origin after ¢ = 4000.
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background fields. A fraction of the wave front particles with velocities v > vese(Mirm) would
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Figure 5.10: Simulation of two /vsub—critical axion stars with initial masses M* R b, MS = 6 merging
into a stable configuration with M, ,, ~ 8 < M,  around T 2 4010 for A = 0. The numerical system is
identical with the one simulated in Fig. 4.2 and App. B, except for the spherical object MS with 05 = 0 in
Eq. (5.28), initial position Zo = Zp = 0,90 = 17 and velocity |[Vo| = 7, = 1. At ¢ = 4000, the condensed
soliton M, is set to the origin x = 0. For QCD axion parameters m, = 50 ueV, this corresponds to
M, ~1.34-107* Mg, M, = 1.6 - 10714 M, with a total merger duration of t,, ~ 6.3 yrs.

exit the simulation volume after ¢ = 4015. The overall collision with ¢ = 15 takes roughly 6.3 yrs
for QCD axion parameters. -

At ¢ > 4010, the two solitons have formed a stable object with merged mass M, =~ 8 or
My = 2.14-1071* M, for QCD axion properties. The initial momentum of the moving soliton,
Mgvs, gets absorbed into the quasi-particle environment of the central core region. We also
confirm the mass prediction [33]

M*,m ~ 0-7(M*,1 + M*,Q) (529)
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5.4 Axion Star Mergers and relativistic Bursts

for the final merger mass in all of our simulations. We emphasize that for the sub-critical
configuration M, ,, < M, ) simulated in Fig. 5.10, the merged soliton remains stable over long
times ¢ > 4015.

Accordingly, the simulation in Fig. 5.10 is purely non-relativistic, so that only the gravitational
collapse of dilute stars without the self-interaction instability from Fig. 4.8 can be demonstrated.
We thus do not investigate the long-time evolution of the merged system, but continue by
comparing the dependence of the collision dynamics on the relative phase 85 of the object My in
Eq. (5.28). Since the system at hand is of wavelike nature, the interference between the objects
M, and ]\Z is effectively governed by their relative phase 6, — 6,°.

To demonstrate this effect, we show the results from four different, analogous merger simulations
with the same grid parameters from Fig. 5.10 and different 6, in Fig. 5.11. Remarkably, the

max;|i) (¢, )|

501 — ¢,=
— Os=7/2

404 — b=
— 0s=371/2

30 1

20 1

10 1

4000.0  4002.5 4005.0 40075 4010.0 40125 4015.0 4017.5

Time t

Figure 5.11: Maximum density maxz |1(Z,X)|? over the three-dimensional simulation volume in three

merger simulations with the same parameters from Fig. 5.10 but at different 5 = 0,7 /2, 7, 37 /2. Different
colors indicate different phases 65 of the soliton wavefunction 1 in Eq. (5.28).

resulting collapse around ¢ = 4010 is most violent for §; = 7/2 in blue lines in Fig. 5.11.
This is most likely due to the two soliton profiles having more suitable phases for constructive
interference. In contrast, the green curve with 65 = 37/2 shows the largest peaks at earlier times
t < 4010, when the soliton travels through the axion background fluctuations.

This peculiar behavior suggests a separate effect of constructive interference with the background
field. Even more remarkable is the fact that the late-time oscillations of the merged soliton at
t > 4010 in green are also enhanced, compared to the other three phases 65 in blue, black
and red. It could therefore be possible that the phase matching between background field and
external soliton plays a particularly important role in the merging process.

For future research, the role of background fluctuations in the merger process would be worth

5We do not determine the time-dependent phase 6, of the condensed core in our simulations.
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further investigation. This would be feasible through use of the techniques from App. B with
minor additional effort. However for the purpose of this work, we conclude that the collision
dynamics of dilute axion stars behave similar to the simulation of sub-critical axion stars in
Fig. 5.10 until the self-interaction instability develops. After the instability is triggered, the
merged soliton mass is considered to be greater than the critical value of M, ) from Eq. (4.16)
leading to the emission of a relativistic axion burst similar to the one in Fig. 4.10.

An important restriction to this process is that the relative velocity v < vesc(My,m) required
for the formation of a merged soliton with M, ,, ~ 0.7(M, + M) is very small compared to
astrophysical scales vyir > Vese(Mm ), Where vyi, = 239 km s~ ! is the virial velocity of the NFW
halo. We use this observation to investigate the resulting abundance of the AS merger events in
the next section.

5.4.2 Axion Star Merger Rates

With the fundamental collision- and burst dynamics demonstrated in Subsec. 5.4.1 and Sec. 4.4,
we will ignore any further details of the bosenova evolution in this subsection and assume that the
resulting density fluctuations in the axion dark matter background could potentially be detected
by earth based experiments [36, 234]. We dedicate a separate chapter to the detectability of the
resulting burst signals in Chap. 7 and motivate the in-depth analysis with estimations of the
galactic signal rates in the following.

To estimate how common the occurrence of such axion bursts in our galaxy is, we start by
computing the model-dependent (m,,n) and mass-integrated collision rates for i = j = x, mc in
Eq. (5.2) with symmetry factor S = 1/2. The results for direct AS-AS core collisions are shown

T

n = 0, My-Cutoff ---=- n =0, M j-Cutoff

n=1 === n=1 1
n=3.34 ---=- n =334 p

102 1070 108 106 10~4
mg [eV]

Figure 5.12: Mass-integrated binary collision rates of axion stars per year and galaxy as a function
of axion mass mg, taken from Ref. [1]. Colored lines indicate the temperature dependence of the axion
mass, solid and dashed lines represent the two different low-M cutoffs for « = —1/2.

for both MCMF cutoffs in Fig. 5.12 as a function of m, and n.
The collision rates in Fig. 5.12 show a linear scaling with m,, which can again be explained by
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5.4 Axion Star Mergers and relativistic Bursts

simple considerations: For both axion stars and miniclusters, the gravitational enhancement in
Eq. (5.4) is negligible, 1y, < 1, so that the encounter rates for n = 0 in red lines in figures 5.12
with Ny tor 0 My ' and (Ry) oc m™Y/2 (see Fig. C.5) simply scale as

Toms| N2 oo (Re)? ocm? . (5.30)
n=
The same scaling also applies to the n = 0 minicluster rates in red in Fig. 5.14 and Fig. 5.16.
For the remaining cases n = 1,3.34 in blue and green, the scalings of the binary collision rates
with m, will be marginally different but qualitatively identical as argued before.
Coming back to the predicted encounter rates in Fig. 5.12, we find that for all of the models
Mma,n with n = 0,1 the resulting collisions are extremely common, I',_, > 1yr ! galaxy !.
This is especially true for QCD axion masses m, = 50 ueV and heavier axions, with the only
exception given by the two My-cutoff with temperature index n = 3.34 in green dashed lines.
As in the previous sections, the M j-cutoff produces larger event rates due to the reduced mass
and enhanced number of galactic objects, see Fig. C.3. Overall, we can summarize that similar
to the previous cases, the occurrence of AS-AS collisions is mostly governed by their abundance
and therefore increased for lighter object masses, i.e. for heavier m,. Equivalent predictions
were already made by the authors of Ref. [33]. In contrast, the same statement does not hold
true for the case of AS-AS merger rates, which we aim to investigate in this section.
By our definition, mergers are different from collisions in the sense that the final state is a
gravitationally bound merged soliton with final mass M, ,,, ~ 0.7(M, 1 + M, 2). The probability
for the two solitons involved in an AS-AS collision to merge can be estimated from the ratio of
the escape velocity of the binary cores, vesc(M, ) and the typical velocity vyir of objects in the
NFW dark matter halo, which for the scaling in Eq. (5.5) yields

Vesc (M*

4
i, ~ [ )] Lhs = fosclus (5.31)

Uvir
for the corresponding merger rate I'7" ,. We apply this estimate to our calculation of the total
number of AS mergers determined by Eq. (5.2) in Fig. 5.13 by replacing the velocity cutoff vesc
in Eq. (5.5) with the escape velocity vy esc(My,1 + My2) =~ \/QG(M*J + M, 2)/(Ri1 + Ry2) of
each binary axion star collision. The corresponding fraction of encounters, which can lead to a
merger has an upper bound of

_ 4
1’*»656(]‘4*7*)]45%6"( 10m s~ ) ~ 10716 (5.32)

M,,n=0)< 10ms™
fesc(Masm O)N[ 100 kms—1

Uvir
and it depends on the distribution of AS masses M, < M, ) in the ASMF, where we have taken
the maximum AS properties as an upper bound for n = 0 and neglected the impact of the
reduced number density at large M, for simplicity.

Integrating the M,-dependent suppression factor from Eq. (5.32) over the whole range of AS
masses and taking into account the reduced number densities at large values of M,, the effective
suppression can become orders of magnitude smaller than fesc(M, x) ~ 10716 - depending on
the temperature index n and the low-mass cutoff M. Accordingly, the AS merger results for
an MCMF slope of &« = —1/2 in Fig. 5.13 are generally many orders of magnitude lower than
the corresponding collision rates in Fig. 5.12. More specifically, all of the AS merger rates in
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Figure 5.13: Mass-integrated total merger rates of axion stars per year and galaxy as a function of
axion mass m, for a = —1/2, taken from Ref. [1]. Successful AS mergers are determined by applying the
merged core escape velocity vy esc(My,1 + My 2) \/2G(M*71 + M, 2)/(Ri1 + Ry 2) as a velocity cutoff
in Eq. (5.3).

Fig. 5.13 are well below I',_, < 1/tg ~ 1070 yr~! galaxy !

cesses are unlikely to occur even over the age of the universe.

The above analysis shows that while galactic axion star encounters in Fig. 5.12 are very common
Iy > 1yr~ ! galaxy ! for most models except n = 3.34 with the My-cutoff, they are extremely
unlikely to ever merge. The simple explanation for this strong suppression are the relatively
very small binding energy of axion stars and their large typical velocities in the Milky Way DM
halo with velocity dispersion vyi, = 239kms™1.

The small escape velocities in return are related to the low masses of axion stars M, < Mg.
This observation motivates another equivalent study of merger events in the host minicluster
population, which generally exhibits significantly larger masses M > M, compared to their
AS cores, which means that these objects are overall much more likely to merge. Since in the
gravitational limit with weak self-interactions A = —m?2/f2, every minicluster has been shown
to host at most a single core (see Fig. 4.2, Fig. 5.10), AS core mergers are guaranteed to appear
after a successful host minicluster merger.

Therefore replacing the AS parameters in Eq. (5.2) with the corresponding MC properties and
USING Ume,esc (M1 +M2) =~ \/2G(M; + Ma)/(R1 + Ra2) as a velocity cutoff in Eq. (5.3) instead,
we can similarly compute the collision- and merger rates of miniclusters shown in Fig. 5.14 and
Fig. 5.15, again for a = —1/2. Starting with Fig. 5.14, we find a significant increase in the
overall collision rates of miniclusters compared to the AS-AS encounters in Fig. 5.12. This can
be understood from two effects: First, the increased number of objects due to the absence of the
ASMF cutoffs from Subsec. 4.7.1 in the MCMF and secondly the different scaling of the radius
R o M3 compared to R, x 1 /M, which enhances the cross section of the intermediate and
high-mass component of the MCMF in Eq. (5.3).

Concerning the merger rates of miniclusters, it is important to note here that only MC-MC

, which indicates that these pro-
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Figure 5.14: Mass-integrated MC collision rates per year and galaxy as a function of axion mass mg,
taken from Ref. [1]. Colored lines indicate the temperature dependence of the axion mass, solid and
dashed lines represent the two different low-M cutoffs for a = —1/2.

mergers with a total mass M; + Mg > M(M, ) will safely lead to the production of relativistic
bursts (where we have inverted the core-halo relation in Eq. (3.57) to find the MC mass corre-
sponding to M, ). For this reason we plot the minicluster bosenova merger rates in Fig. 5.15
and Fig. 5.16 by only considering collisions, which simultaneously pass the velocity cutoff vy, esc
and the requirement Mj + Mg > M(M, »). In a more general context, the AS cores are not ex-
pected to merge simultaneously with their host miniclusters. Nevertheless, the relevant free-fall
time of the two AS cores is generally much smaller than the time between two MC collisions,
so that we can assume the axion stars to merge quasi-instantaneously to a good approximation
(see also the calculation in Sec. 5.6) in the following.

For the case n = 1 in blue lines in Fig. 5.15, the bosenova merger rates quickly drop to zero
beyond m, > 1075 eV where 2M a0k < M(M, »). More importantly, the MC signal rates are
significantly enhanced in the case of the M j-cutoff due to the large total number of MCs,
reaching Iime_me > 1yr~! galaxy ! for axions with n = 3.34 and at m, ~ 50 ueV, a = —1/2.
The weak dependence of the merger rates on m, indicates that for larger axion masses and
hence smaller Mg(m,), the boost from having an increased number of objects Nior ox 1/ My
roughly cancels with their decreased merger rates due to the smaller typical size R o M(l)/ 3,
The corresponding suppression factor for minicluster merger rates is bound from above by

'U*,esc(MmaX):|4 50 peV ( 100ms_1 >4 10_12

= < [,
feselMin =0) 5 [ 100 km s—1

o (5.33)
which as expected is orders of magnitude larger than the corresponding factor of the AS case in
Eq. (5.32). Here we have again evaluated fes.(M) at the maximum MC mass M,ax given by the
high-mass cutoff in Eq. (3.46) and neglected the reduced number density dn/dM at M = Mpax
to obtain an upper bound on fegc.

Lastly, we note that due to the suppression factor in Eq. (5.33) and its mass-dependence, the
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Figure 5.15: Mass-integrated bosenova MC merger rates with My + My > M(M, ) per year and
galaxy as a function of axion mass m, for « = —1/2. Successful MC mergers are determined by applying
the merged core escape velocity vmc,esc(M1+ Msa) \/2G(./\/l1 + Ms3)/(R1 + R2) as a velocity cutoff in
Eq. (5.3). Taken from Ref. [1].

bosenova rates in Fig. 5.15 are dominated by encounters between the numerous low-mass mini-
clusters with M ~ M, and the rare high-mass MCs with M ~ M. To investigate the
benefit from an increased number of light MCs with M ~ M i, which can be captured by the
heaviest structures, we also plot the results obtained for a modified MCMF slope index o = —0.7
from Subsec. 3.5.1. The steeper MCMF slope resulting from assuming a = —0.7 in Eq. (3.51)
implies a larger relative abundance of the lightest miniclusters M ~ M.
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Figure 5.16: Mass-integrated MC collision rates (left) and MC merger rates with My + My > M(DM, )
(right) per year and galaxy as a function of m,, taken from Ref. [1]. Colored lines indicate the temperature
dependence of the axion mass, solid and dashed lines represent the two different low-M cutoffs for
a = —0.7. Note that MC mergers could also produce radio bursts when M, , < M, x (see Sec. 5.5).

As a consequence, the total number of miniclusters N is significantly boosted due to the
smaller fraction of heavy MCs and hence larger number of light MCs in the Milky Way with
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total mass Mot = fine Mmw. For the same reason, the total numbers of MC-MC encounters
Cme—me o N2, and bosenova mergers in Fig. 5.16 are strongly enhanced compared to the
a = —1/2 case in Fig. 5.14 and Fig. 5.15.

We conclude that for the detection of bosenovae from galactic ASMC systems, the low-M cutoff
and the slope index @ = —1/2,—0.7 of the MCMF have a strong impact on the expected
bosenova event rates investigated in this section. Our results suggest that for the QCD axion
case my, = 50 pueV, n = 3.34 and axions with similar temperature evolution, bosenovae can occur
as often as ~ 1 per year for « = —1/2 and as often as ~ 3 per day for a = —0.7, both with the
M j-cutoff.

Conversely, for the My-cutoff the expected merger rates in Fig. 5.15 and Fig. 5.16 are well below
one per year - independent of m, and n. Bosenovae from MC-MC mergers thus require large
numbers of miniclusters and benefit from a larger maximum mass My as seen for n > 0 in
dashed lines in Fig. 5.15 and Fig. 5.16. Even in the cases, where bosenova merger rates are
small, other mechanisms such as AS accretion, could still trigger large numbers of bosenovae
even for the My-cutoff. This possibility will be explored in more detail in Chap. 7.

5.5 Parametric Resonance and Axion Star Accretion

The last major axion star signature to be evaluated by means of the galactic ASMF is the
parametric resonance of solitons with M, > M, , from Eq. (4.61) and Sec. 4.5. Similar to
the previous case of the critical mass M, , the decay mass M, , may be reached through two
fundamental processes: First through successful mergers of axion stars, which were found to
be sufficiently common in our galaxy for n = 1, 3.34 with the M j-cutoff in Subsec. 5.4.2 and
secondly through the ongoing mass growth of the solitonic core that was observed in Sec. 4.3.
In this section, we investigate both possibilities, while focusing on the second case of axion star
accretion, which turns out to be the most promising mechanism. The merger process on the
other hand was already discussed in Sec. 5.4, where the AS resonance rates are qualitatively
similar as long as M, , < M, » and the resonance is not prevented by the relativistic collapse at
the maximum stable mass M, x. As with the previous signatures, we start by demonstrating the
electromagnetic signal and luminosity of parametrically resonant solitons in Subsec. 5.5.1. We
compute the abundance of the corresponding radio bursts in Subsec. 5.5.2 and estimate their
extra-galactic detectability in Sec. 5.6, using the signal strengths from Subsec. 5.5.1.

5.5.1 Signals from parametrically resonant Axion Stars

While the resonance condition for axion stars in Eq. (4.61) could be derived by means of simple
considerations and for a homogeneous soliton profile, the computation of the exact properties
of the corresponding signal is very challenging to perform. The most complete analysis of the
electromagnetic signal from dilute R, 2 R, » and self-interacting A # 0 axion stars is currently
provided in the extensive study of Ref. [31].

Importantly for this work, the authors of Ref. [31] investigated two separate scenarios in which
radio emission may be observed from critical solitons: First, when the parametric resonance gets
triggered in an axion star with resonant mass M, = M, ., < M, y, as introduced in Sec. 4.5. And
secondly, when the increased axion densities p, during the collapse of a non-resonant, unstable
soliton with M, = M, y < M, , alleviate the resonance condition from Eq. (4.58), leading
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to stimulated decay of axions into photons below the resonance mass M, . The first case of
resonant axion stars on the dilute branch can be described by neglecting self-interactions, i.e. A =
0, since the dynamics are governed by the gravitational and electromagnetic interactions. The
second case on the other hand involves larger axion field densities and thus requires consideration
of the full axion potential from Eq. (2.9).

Starting with the first scenario involving resonant solitons and vanishing self-interactions, we
emphasize that the resonance mass for A = 0 is different to M, , due to the absence of self-
interactions in the groundstate solution M; of the SP system. To make clear the distinction
between an ’actual’ axion star M, with A = —m2/f2 < 0 and the Schrédinger-Poisson soliton
mass Mg for A = 0, we change the subscript from ’x,v’ to ’s,7’. The corresponding A = 0
Schrédinger-Poisson resonance mass can then be written as [31]

M, =7.66—21  A=0, (5.34)
MaJaryy

where we note that the parametric resonance process occurring for M, > M, ., is equivalent to
the case M, > M, , - apart from the modified mass-radius relation for A < 0.

The A = 0 soliton radius corresponding to the soliton mass My can be obtained from numerical
calculations of the eigenstates of the Schrodinger-Poisson system Eq. (3.14), Eq. (3.15), which
are given in App. A.5. It is commonly expressed in terms of the half-mass radius R of the
corresponding n = 0 ground state with mass M from Eq. (A.2) according to [49]

= drg, (5.35)

where the equivalent scale radius ro = m#,/(Mym?) provides a dimensional estimate of the half-
mass radius, see also Fig. 5.18. In the following simulations for A = 0, the Schrédinger Poisson
solitons M, undergo the same parametric resonance and qualitative behavior, which is expected
for the A = —m?2/f2 axion stars treated in this work.

The representative radio luminosity L. o< n, o< exp(2ut) from a resonant Schrodinger-Poisson
soliton with My = 1.04M,,, is depicted in Fig. 5.17. Fig. 5.17 has been obtained using the
rescaled units from Ref. [31] and App. A.6. The results are shown in universal units, which
are fixed by the specific value of My = 1.04M,, and the axion model with mg, fa, garyy. For
QCD axion values m, = 50 ueV, f, ~ 10" GeV and with an axion-photon coupling gay, =
10712 GeV~! that is enhanced compared to standard KSVZ models, this corresponds to M, =
1.74 - 10712 Mg and R, ~ 24.2km following Eq. (5.35).

Overall, the time evolution of the resonating A = 0 soliton in Fig. 5.17 can be roughly split
into two stages: First the stage of exponential growth in which L., o n, o exp(2ut) in dashed
lines and secondly the late-time regime indicated by the gray region and black dotted line in
Fig. 5.17. The late-time behavior is characterized by the onset of backreaction, which appears
when the exponentially growing decay of axions into photons starts to deplete the total mass
of the soliton. Since the photon conversion rate depends on the decaying axion field density
ps(t) ~ M,/R3, the backreaction eventually leads to a decrease and saturation of the luminosity
in Fig. 5.17.

For the exemplary case of a resonant SP soliton with My = 1.04M,, in Fig. 5.17, g4y, =
10712GeV~! and QCD axion values for my, fs, the peak luminosity corresponds to Ly max ~
2-10% ergs—!. Assuming a galactic Doppler spread of Af ~ 1073m, from vy, ~ 1072 and a
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Figure 5.17: Evolution of the luminosity of a resonating soliton with M, = 1.04 M, ,, from Ref. [31].
For QCD axion parameters m, = 50 ueV, f, = 10! GeV with enhanced axion-photon coupling g, =
10712 GeV~1, this corresponds to M, = 1.74- 10712 M, and R, ~ 24.2km. The dashed black line shows
the regime, where L, o exp(2ut) increased exponentially, whereas the black dotted line indicates the
regime after the onset of backreaction.

sensitivity of S ~mJy [191], the resulting photon flux could possibly be detected at maximum
distances of O(Gpc), see Sec. 5.6 for details.

We also demonstrate the directional dependence of the resulting electromagnetic flux predicted
in Ref. [31] in Fig. 5.18. The left panel of Fig. 5.18 shows the photon flux in a cubic volume of
size L ~ 4.2ry obtained from a resonant soliton with A = 0 and increased mass My = 1.36M -,
again in rescaled units. For QCD axion values mq = 50 ueV, f, ~ 10! GeV with an enhanced
axion-photon coupling gqyy = 1012 GeV~!, the resonant soliton in the left panel has a mass
M, = 2.28 - 10712 Mg and radius Rs; ~ 18.5km. The electromagnetic flux is normalized to
its maximum value F ma.x, which can be estimated from Fig. 5.17 and Ref. [31] to be of order
Fy max ~ 1030 ergs™' m~2 at a distance of d ~ 2.1 ry.

Similarly, in the second case of a collapsing soliton with attractive self-interactions A ~ —m2/ f2
and non-resonant mass My = M, < M, , in the right panel of Fig. 5.18, the resulting emitted
flux remains qualitatively similar to that of the A = 0 soliton in Fig. 5.17 - apart from the shifted
color scale of Fy and p,. An important difference with respect to the A = 0 simulation on the left
is the fact that the rescaling for A # 0 on the right is no longer universal, since vy in Eq. (A.5)
is fixed by the self-interaction parameter \7. Accordingly, the soliton parameters in the right
panel of Fig. 5.18 are set to My = 2.77- 1077 Mg ~ M, , fo = 1.2- 10 GeV, m, =5-10"%eV,
A= -—m2/f? and ggyy = 2.79 - 1071° GeV~L. For QCD axion parameters, the luminosity of the
collapsing soliton in Fig. 5.18 was reported to saturate around

-3
L,=21-10% <E)(;,71/;W/> ergs !, (5.36)

"For the same reason, the two panels in Fig. 5.18 show different normalizations of the coordinates and electro-
magnetic flux, see Ref. [31].

117



Chapter 5 Signatures of Axion Stars

2 b ' ' ' 1B Fpe ) " | =
1 200 | 015725 102
— 7 rr //7 Z W \\\\\\
1+ 1 ////// \\\\\
100 7 N n
\ /1//////////// 7 /i \\\\\\\\ 10
Al \\\\\\\\n\\“ 10-1 W / % f
€ o o ol ] Py NI
3 WL i ”” = A\ | : it //////// ] 10
) «\\\\\\\\\ 2oy %4//
", /
A _ | e 100 ANWNIR Y
—200 |- =— ,’3% |
_al I I P | 1 I Z 2 L
o 1 0 1 5 10 —200 —100 0 100 200
x/To m-x

Figure 5.18: Left: Electromagnetic flux from a resonating SP soliton with mass M, = 1.36 M, ., radius
ro = mb,/(m2Mj) [49], and for A = 0. For QCD axion values m = m, = 50 ueV, f, = 1.2- 10" GeV with
enhanced axion-photon coupling gq,y = 10712 GeV~!, this corresponds to M, = 2.28 - 10712 M, R, ~
18.5km and F max ~ 1030 ergs™  m™2 at d & 2.1y (from L, max in Fig. 5.17). Right: Electromagnetic
flux from an off-resonant, collapsing unstable axion star with mass M, = 2.77 - 1077 My ~ M, » and
radius R, = 123km for A ~ —m?2/f2. Simulated for f, = 1.2- 10 GeV, m, = 5-1078¢V and g4y, =
2.79 - 1071° GeV 1, for which Eq. (5.36) predicts L., ~ 10 ergs~!. Both taken from Ref. [31].

which indicates that both of the above photon conversion processes are potentially observable
at O(Gpc) cosmological distances.

Fig. 5.18 also shows random fluctuations in the electromagnetic flux, which are caused by the
spontaneous decay of axions into photons. In the simulations of Ref. [31], the quantum effects
were implemented by means of randomly distributed classical waves with amplitudes set by the
spontaneous decay of the soliton profile.

The important conclusion here is that the photon emission observed from the unstable axion
star with M, = M, ) in the right panel of Fig. 5.18 occurs for a mass that lies below the
resonance mass, M, < M, . Equivalent results were recently confirmed in Ref. [258]. It should
therefore be understood that the distinction between the relativistic axion emission from Sec. 4.4,
Subsec. 5.4.1 and the parametric resonance in this section is not of physical nature. Instead, the
occurrence of resonant radio emission from axion stars is expected to appear either in an isolated
way for M, , < M, < M, ) or accompanied by the production and emission of relativistic axions
for M, 2 M, » [253, 258] due to the self-interaction instability at A # 0.

Summarizing the above two processes, we conclude that the parametric instability of resonant
axion stars leads to short bursts of exponentially growing photon flux, which last until the soliton
relaxes back to a sub-critical stage M, < M, . The duration of these roughly isotropic radio
bursts depends on the AS mass and photon coupling gq, and was recently reported to be on
the order of ~ 0.1s in Ref. [258].

5.5.2 Abundance of parametrically resonant Axion Stars

In the previous section we have demonstrated the remarkable observational potential for the
detectability of distant O(Gpc) radio bursts from different resonant M,  and collapsing M,
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5.5 Parametric Resonance and Axion Star Accretion

axion stars. The next step is to estimate the galactic abundance of these signals from the mass
distributions and encounter rates obtained from the ASMF considering both AS mergers and
AS accretion.

Axion Star Mergers

We found in Fig. 5.15 that the rate of galactic minicluster mergers, which eventually lead to
the formation of merged axion star cores with core-halo masses above the critical value M, ),
is significant for n = 1,3.34 and the M j-cutoff. Since the maximum stable AS mass due to
self-interactions M, ) imposes an absolute upper limit on the existence of (stable) axion stars,
the corresponding escape velocity cutoff vesc(M, x), which we applied for the bosenova rates
in Subsec. 5.4.2, can also be seen as an optimistic estimate for the resonant merger rate with
Uesc(M*,ﬂy) ,5 Uesc(M*,/\)‘

Therefore assuming that the two signal rates are qualitatively similar, we infer from Fig. 5.15
and Fig. 5.16 that between ~ 1yr—! galaxy ™' and ~ 10% yr~! galaxy ! events are predicted for
a = —1/2 and a = —0.7 respectively. Analogous to the conclusion from Subsec. 5.4.1, the
corresponding minicluster merger rates suggest that radio bursts from parametric resonance in
merged solitons are sufficiently probable to be observed in our galaxy. Let us emphasize here,
that this result remains true only for the range of axion-photon-couplings g,~, which are suffi-
ciently strong for the decay mass in Eq. (4.61) to have M, , S M, ».

On the other hand for very weak axion-photon couplings g, < 10717 GeV™L, we get M, >
M, », which effectively prevents the parametric instability from occurring in most of the pre-
dicted mergers with M, ,, ~ M, ) following Eq. (5.29). Note that this is also the case for most
of the standard QCD axion models like the KSVZ and DFSZ axion models with g,y and f,
fixed by Eq. (2.22) and Eq. (2.11) (see also the constraint plot in Fig. 5.19).

Axion Star Accretion

The same constraint remains true in the accretion scenarios of combined resonance and on-
going axion star mass growth, which we focus on in the following. Applying this scenario to
the hypothetical ASMC population of the Milky Way has profound consequences due to two
different aspects. First, we have assumed the core-halo relation from Eq. (3.57) to describe the
virialized equilibrium state between the star and its host minicluster. As a direct consequence
of this approach and for suitable couplings g.,~, we predict a large number of stars residing in
heavier miniclusters to have M*W(gaw) < M, < M, ). However these solitons are prevented
from reaching a virialized state by the developing parametric instability and resulting mass-loss
mechanism described in Subsec. 5.5.1 and Sec. 4.5.

The consequence in this scenario is an ASMC system that continuously (or repeatedly) feeds
axion dark matter into its soliton core trying to reach an equilibrium state that is prohibited
by the exponential decay into radio photons at M, = M*ﬁg. Similarly, in a second accretion
scenario, the numerical simulations from Sec. 4.3 predict that the accretion from the host mini-
cluster onto its axion star core continues even at late times [167, 174]. The recent semi-analytical
study performed in Ref. [240] suggests that up to an order one fraction of the MC mass could

80ne expects the axionic mass-loss due to exponential decay into photons to eventually overtake the moderate
AS accretion from the MC background, soon after the resonance develops. The parametric instability then gets
shut off but it can develop again after sufficient mass growth, see also Chap. 6 for details.
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be absorbed by the soliton core over time. Incorporating these effects, of what we call long-time
AS accretion, in composite ASMC systems leads to a continuous mass growth of the AS core
until reaching either M, = M, y, M, = M, y or M, ~ M. For both of these two mass growth
mechanisms, a considerable fraction of the galactic axion dark matter can be converted into
radio photons (and axions for M, y < M, ) in the narrow frequency band f ~ m,/(4r), where
Af ~ 1073 f is set by the galactic Doppler-shift.

It should therefore be clear, that the generic existence of galactic axion small-scale structure
in KSVZ-like axion models mg,,n and its characteristic properties from Chap. 3, Chap. 4 can
already be probed by existing radio telescopes. A study of the parametric resonance in accret-
ing axion stars would require detailed estimations of the time- and mass-dependent evolution of
the solitonic cores. It is therefore advisable to first infer preliminary estimates on the expected
abundance and observational potential of such systems in our galaxy from the galactic ASMF
in Subsec. 4.7.2, as will be done in the following.

We plot the parameter space in m, and g4~ for which radio emission from parametric resonance
can occur in the galactic ASMFs for different n in Fig. 5.19. Black background contours indicate

10—10

n =0, M, < max(M,)
B n=1
S n=334

i n=0, M., < M,
in= 1k
n=3.34

-
-
-

Figure 5.19: Solid colored lines and dark shades: Regions of parameter space with axion-photon coupling
Jar~y in GeV ™! and axion mass m,, in €V, where the core-halo relation in Eq. (3.57) predicts the existence of
photon-critical axion stars below the maximum AS mass in the ASMF, i.e. where M, , < max(M,)|n m,-
Dashed colored lines and light shades: axion-photon couplings, with M, , < M, \, where parametric
resonance can occur before the self-interaction instability develops at M, x. This part of parameter space
could be explored when including effects of AS accretion. Current parameter constraints are shown in
black and the QCD axion band is indicated by the yellow-shaded region [262]. Taken from Ref. [1].

existing exclusions in the corresponding parameter space [262]. The dashed and solid lines in
Fig. 5.19 indicate two different limitations: First in darker shades and solid lines, we plot the
requirement that the present-day MCMF from the linear growth of miniclusters in Subsec. 3.6.2
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5.5 Parametric Resonance and Axion Star Accretion

predicts the existence of parametrically resonant axion stars, i.e.

M*;’Y(méh n, ga’y’y) S max(M*) |ma,n ) (537)
max(M,) = min(M,(Mmax), My ) (5.38)

where max(M, ) indicates the maximum core mass in the ASMF from Fig. 4.14 for a given model
mg,n. The condition in Eq. (5.37) represents a more conservative approach since it only involves
the linear growth MCMF and the core-halo relation from Eq. (3.57) to determine the soliton
mass while neglecting both long-time AS accretion (see Fig. 4.6) and the previous core merger
events. On a similar note, the second case in Fig. 5.19 shown by the light shades and dashed
colored lines indicates the weaker constraint that

M*,'y(maa nyga'y'y) < M*,)\(ma’ n) ) (5-39)

which basically demonstrates where axion stars in models with mg,n, f, can experience para-
metric resonance before the self-interaction instability given by Eq. (4.16) starts to develop.
The weaker condition in Eq. (5.39) is especially relevant when including the effects of long-time
accretion from the minicluster onto its AS core, similar to what was suggested in Ref. [240].
Most importantly, the accreting solitons could eventually absorb an order one fraction of the
mass of their host MCs - unless prevented by the critical masses M, , and M, ). As a con-
sequence, the expected mass range of the galactic population of parametrically resonant axion
stars could be significantly boosted compared to the linear growth predictions from Subsec. 3.6.2
and Subsec. 4.7.2. In this late-time accretion scenario, every ASMC system with

M Z My 2 My (5.40)

could potentially serve as a site of radio conversion. We emphasize that in this case, the late-
time equilibrium state between the AS core and its host minicluster has become fundamentally
different from the canonical core-halo relation in Eq. (3.57). Recalling the core-halo scaling
of M, oc M'/3 in Eq. (3.57), the condition in Eq. (5.40) is therefore equivalent to a modified
core-halo scaling more similar to M, ~ M.

With the three aforementioned resonance conditions describing different predictions from the lit-
erature, we are now in a position to estimate the abundance of the corresponding radio bursts. In
order to quantify the predicted number of potentially resonant axion star cores in our galaxy, we
can use the integration method from Eq. (4.76) together with the conservative resonance condi-
tion in Eq. (5.37) and the optimistic prediction Eq. (5.40) due to long-time accretion. We denote
the resulting number of resonant ASMC systems for which the ASMF obeys Eq. (5.37) N tot
and plot the result for different models mg,n at the representative value of gg\y = 10~ GeV in
Fig. 5.20.

The solid lines in Fig. 5.20 show our results using the canonical core-halo relation with M,
M?1/3_ which correspond to Eq. (5.37) and solid lines in Fig. 5.19. The dashed lines on the other
hand indicate the results from the more optimistic second accretion scenario from Ref. [240] with
M, ~ M, which implies Eq. (5.40) and hence larger numbers of resonant ASMC systems, as
seen in Fig. 5.20. For the conservative case M, oc M/3, N tot quickly drops to zero at the point
where max(M,)|n,m, = My. The detailed shape of the curves depends on the temperature-
dependence n of the axion mass and on the interplay of the different cutoffs of the ASMF in
Fig. 4.13 with the decay mass M, ..
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Figure 5.20: Total number of resonant ASMC systems in the Milky Way for which Eq. (5.37) holds.
Shown for different axion models mg,n with MCMF slope a = —1/2, for an axion-photon coupling
Gary = 10711 GeV and using the My-cutoff of the MCMF, but with different core mass relations. Solid
lines show M, given by the core-halo relation in Eq. (3.57) with M, « M3 while dashed colored lines
assume M, ~ M as suggested in Ref. [240]. Taken from Ref. [1].

Conversely, in the case M, ~ M in dashed lines, the number of resonant systems only vanishes
at significantly larger axion masses m,, when M, , > M, ) again depending on the temperature
index n. The crucial observation for both of the discussed scenarios is the prediction of very large
numbers 10 < Nyt S 10% of potentially resonant ASMC systems in the Milky Way. Due to
the resonant nature of the emission process in Subsec. 5.5.1, the diffuse radio background signal
emanating from these highly abundant objects should be peaked around a narrow frequency
range centered around f ~ mg/(47).

We conclude that there is a significant potential in exploiting the combined effects of axion star
accretion and parametric resonance in the context of galactic ASMC systems. Let us emphasize
again that the occurrence of radio bursts from resonant axion stars in a given model mq, 1, gay-
is essentially limited to the color-shaded regions in Fig. 5.19, where M, , < M, . Similar limi-
tations are expected for the case of collapsing unstable axion stars shown in the right panel of
Fig. 5.18, since the parametric instability is unlikely to be triggered far away from the resonance,
i.e. for M, > M, .

5.6 Cosmological Event Rates

The last consideration to be inferred from the galactic ASMF and the combined signal rates
from previous sections is related to extra-galactic axion small-scale structure. While the clear
focus of this work lies on the analysis of different signatures from galactic ASMC systems, it is
helpful to also evaluate the detectability of the resulting signals in the context of nearby galaxies.
The considerations from this section will not be investigated further in this work, but should
rather be seen as an estimate of the broader and cosmological scope of our results. We therefore
constrain our analysis to order of magnitude estimates and leave a more detailed calculation to
future research.
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5.6 Cosmological Event Rates

Throughout our estimations, we will assume other galaxies to exhibit a similar dark matter
abundance, NF'W halo profile and neutron star distribution from Sec. A.7. This allows us to
translate the galactic signal rates from Eq. (5.2) and Eq. (5.8) onto the cosmological distribution
of Milky-Way-like galaxies. For the latter, we assume a galaxy density of ng, ~ 10~2 Mpc—3
[263] to estimate the isotropic emission from extra-galactic AS/MC-NS and MC-MC collisions.
Neglecting redshift defects, we define the duty cycle

47

D~ ’73§d§b5t5 y Vs = ngalrs ’ (541)

where the extra-galactic signal rate vs = ngql's in units of s~ 'Mpc~3 is given in terms of the
galactic signal rates I's. Here, the typical observation distance is taken to be dons = 2 Gpce, and
the signal duration t; depends on the specific encounter under consideration. The corresponding
duty cycle within a beam size AS) of a given radio telescope is then simply given by DAQ/(4m).
For a typical beam size of order ~ 1° one has AQ/(47) ~ 3 - 10~ *sr.

In the following, we require the duty cycle per beam DAQ/(47) to not be much smaller than one
in order to have individual events, which are sufficiently frequent to be detectable with typical
radio telescopes and accessible observation times. A rough estimate for the observed spectral
flux of a single event with total emitted energy E, and at cosmological distance dgps is given by

Es

~ e~ 10719 z - 2 e 5.42
ind?, Aft, Y (1042eV) <50,ueV> (50s) (2Gpc) o 64

obs

Js

where we assume the bandwidth Af ~ 1073m, from the galactic velocity dispersion. The next
step is to enter the signal rates I'; based on the results from Subsec. 5.2.2 to Subsec. 5.5.2 for a
QCD axion mass m, = 50 peV combined with Fj, ts; from the single event signals in Subsec. 5.2.1
to Subsec. 5.5.1.

NS-AS Collisions

Starting with the AS-NS collisions from Fig. 5.5, we get 75 ~ 1076 Mpc=3s~! for the M ;-
cutoff and an MCMF slope index of @ = —1/2. The duration t; can be inferred from the
results in Fig. 5.2 by considering the signal from an AS-NS transient event with non-zero impact
parameter b = 103km. The resulting signal duration ¢, ~ 50s leads to a duty cycle of roughly
D ~2-10~* < 1. Using the same event with b = 103km in Fig. 5.2, we obtain the total emitted
energy E, ~ 4w kpc?t,Afr St ~ 10*2eV from the flux density St ~ 10° mJy at a distance of
1kpe. This yields an observed flux of js ~ 10713 Jy at dops = 2Gpc in Eq. (5.42), which lies
way below the sensitivity of current radio telescopes.

NS-MC Collisions

For the more common NS-MC collisions we predicted larger signal rates vs ~ 10712 Mpc=3s~!

in Fig. 5.9 for the M j-cutoff with a = —0.7. From Fig. 5.6 and for an impact parameter of
b = 108km, we find t; ~ 150d, which leads to a much larger duty cycle D ~ 4-10° > 1
compared to the previous NS-AS case. To further estimate the observed flux density of a single
NS-MC collision according to Eq. (5.42), we consult the differential fluxes from Fig. 5.6 and find
that Fy ~ 4nkpc?tyAfr St ~ 10°7 eV from Sp ~ 10~%mJy at 1kpe distance, which yields an

123



Chapter 5 Signatures of Axion Stars

essentially undetectable signal with j; ~ 4 - 10724 Jy.

This result is expected since the spectral flux in Eq. (5.42) scales inversely with the signal
duration ts and linearly with S7. The signal duration in return scales with the velocity and size
of the minicluster. A consideration of the densest miniclusters with ® ~ 10* would therefore
have advantageous effects due to both the reduced size R in Eq. (3.24) and the increased central
density pue in Eq. (3.23). Tracing the scalings R o ®*3 and ppe o< ®* for & ~ 10* and
assuming that the NS conversion rate scales linearly with the MC density, ST & pmc, one
obtains a potential boost of order ~ 10%! for the densest miniclusters. The substantial benefit
does however come at the cost of a drastically reduced collision rate, which renders such signals
too rare to be searched for.

Parametric Resonance and MC-MC Merger

The last and most relevant scenario in the cosmological context is the occurrence of parametric
resonance in AS core mergers following a successful minicluster merger - as was calculated in
Subsec. 5.4.2 for bosenovae. For sufficiently large axion-photon coupling g,y and M, ., < M, ,
one expects a strong radio emission following a host minicluster merger. An important detail to
this scenario is the question how long it takes for the axion star cores to merge after their host
miniclusters have merged. For the preliminary considerations of this section, we can estimate
the typical time between two MC mergers with final mass My + My > M(M, ) by dividing
the corresponding rate I'me—me/Nutot ~ 103 ylr_l/l()23 from Fig. 5.16 by the total number of
MCs for m, = 50 eV, n = 3.34, « = —0.7 in Fig. C.1, which gives tmerg ~ 1020 yr. This time
should be compared to the intrinsic timescale of the ASMC system.

Note that the condensation time from Eq. (4.26), which measures the required time for soliton
formation starting from random initial conditions, does not apply here since the merged host
minicluster provides a distinct potential minimum for the merging AS cores. Instead we use the
free-fall time of the merged miniclusters as an estimate for the timescale of the AS core merger,
which gives

TR3/2
L GMQM,y)

for QCD axion structures with M(M, ) ~ 4-1077 Mg, and R ~ 2-10° km from Eq. (3.24). With
the timescale of MC merger interactions tmerg ~ 10%° yr being much larger than the free-fall time
in Eq. (5.43), we can assume AS mergers to happen quasi-instantaneously in the following.
The resulting energy emitted in a single radio burst can be estimated from the saturated axion
star luminosity in Eq. (5.36) assuming a burst duration of ¢t; = 0.1s as reported in Ref. [258] for
mgq =~ peV. Thus expressing

~ (0.2yrs (5.43)

L L A R
s ~ ———— ~400J = e 5.44
J drd? Af Y <1042 ergs—1> <ueV> (2Gpc> (5:44)

we find a significant spectral flux for m, = peV, which corresponds to js ~ 0.1mJysr—! for
the QCD axion mass m, = 50 ueV with undetermined signal duration ¢;. Combining the above
numbers with 5 ~ 1076 Mpc=3s~! from Fig. 5.16 for the M j-cutoff with o = —0.7, Eq. (5.42)
also yields a considerable duty cycle of D ~ 3-10%. For a beam size of ~ 1° with AQ/(47) ~
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3-107%, the beam duty cycle is of order unity for the resonant MC mergers in Eq. (5.41). This
means that within one beam we would expect a popcorn like signal that should be easy to
distinguish from backgrounds as long as the time integrated intensity is above the sensitivity of
the radio telescope considered. Note however that our above considerations predict narrow line
signals with Af ~ 10~3m,, for which the frequency gets redshifted depending on dgps.

As an estimate, we compare the expected flux density js ~ 400Jysr—! from Eq. (5.42) to
the SKA-mid sensitivity S ~ 10 uJy hr~/? [191], which, integrated over a signal duration of
ty = 0.1s [264], gives S ~ 2mJy (0.1s/t,)'/2. This is significantly smaller than the estimate in
Eq. (5.44) for the resonant AS flux density at cosmological distances. Parametric resonance in
AS core mergers therefore provides the most compelling detection mechanism in the context of
extra-galactic background signals from axion small-scale structure. A particularly interesting
feature of the predicted flux density in Eq. (5.44) is the strong dependence on m,, which greatly
enhances the detectability for low-mass QCD axions due to the luminosity scaling from Eq. (5.36)
and Ref. [31]. We also note that a similar study involving soliton merger rates of cosmological
dark matter halos with collapse redshifts z. 2 10 was already performed in Ref. [34].

~

5.7 Implications for Axion Searches

Throughout this chapter, we have used the ASMF from Subsec. 4.7.2 to improve previous esti-
mates on the galactic abundance and detectability of the three most anticipated AS signatures
from Chap. 4: Neutron star collisions, bosenovae and radio bursts from resonating axion stars.
The evaluation of the resulting signal rates paves the way for a more detailed analysis of what
turns out to be the most promising axion star signatures. An improved analysis will be per-
formed separately in the remainder of this thesis in Chap. 6 and Chap. 7. As for this section, we
summarize our results for the different event rates obtained in Sec. 5.1 to Sec. 5.6 and deduce
the most important implications for galactic axion searches, which aim to exploit the properties
of axion small-scale structure. The following considerations thus provide a potential guideline
for future and possibly more detailed research efforts.

We start with the case of resonant axion-photon conversion in the neutron star magnetosphere,
which received significant attention in the recent literature [134, 135, 137, 141, 188]. While
previous work on the radio flux [134] and encounter rates of NS-MC/AS transient events [135,
137, 188] determined the potential detectability of the resulting radio signals in our galaxy to be
significant, our results indicate the opposite. This conclusion is first related to the fact that we
assumed the population of galactic axion stars to be gravitationally bound in miniclusters, which
significantly constrains their relative dark matter abundance f, < 1 in Fig. 4.16. Secondly and
more importantly, the signal rates of both suitable NS-AS encounters in Fig. 5.5 and of the
more probable NS-MC encounters in Fig. 5.8, Fig. 5.9 are greatly reduced by the suppression
factor fng(mg) in Fig. 5.4, which accounts for the resonance condition w, 2 m, of the NS
magnetic field. This leads to an essentially undetectable signal abundance I'pe_ng < 1073 yr—!
galaxy ! for QCD axion parameters. The strong suppression indicates that a majority of the
Nys = 10° galactic neutron stars assumed in this chapter are either inactive or expected to
have incompatibly weak magnetic fields due to Ohmic dissipation.

We note that the first of the two previous points of small AS abundance f, may be modified
in the case of enhanced axion star formation, which was suggested in Ref. [236]. Apart from
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this exception, we conclude that neutron star encounters are found to be unlikely to become
observable in current radio telescopes - independent of the axion model m,, n and MCMF slope
.

In the context of bosenovae on the other hand, our results for n = 3.34 in Fig. 5.15 and Fig. 5.16
suggest that MC-MC mergers can appear as often as ~ 10yr—! galaxy~! for « = —1/2 and
~ 103 yr=! galaxy~! for a = —0.7, using the M j-cutoff. This prediction has important conse-
quences for the future detection of AS signatures from both parametric resonance and bosenovae
triggered by AS core mergers [33, 253, 264, 265] following a MC merger. A particularly impor-
tant observation is the fact that this prediction remains true also for the well-motivated QCD
axion with n = 3.34 and m, = 50 ueV. Conversely for the Mjy-cutoff, the total number of
galactic miniclusters in Fig. C.1 is significantly lower, which is why AS core mergers can not be
efficiently triggered by MC collisions using this cutoff. A better understanding of the evolution
of the low-mass component M < M of the MCMF in Subsec. 3.5.2 is therefore crucial in
improving our predictions for the detectability of AS core mergers. We also emphasize that the
M-cutoff does not exclude the occurrence of radio/axion bursts in general since the long-time
effects of ongoing accretion are expected to play a vital role in the AS evolution.

The same realization led us to develop a new emission mechanism for resonant ASMC sys-
tems with M, , < M, < M, ), for which the ASMF from Subsec. 4.7.2 predicts a considerable
abundance in Fig. 5.20 - depending on the axion-photon coupling g.,. For these systems, we
expect a continuous mass growth of the axion star core from two basic mechanisms: First the
system with M > M(M, ) tries to reach a virialized state given by the (inverted) core-halo
relation in Eq. (3.57) leading to an effective mass increase of M,. Similarly, in the second
case, the AS core is expected to continuously accrete axion dark matter from the minicluster
background as observed in Fig. 4.3, Fig. 4.7 and Ref.s [167, 170, 174, 240]. In both of the
above scenarios, the total ASMC system continues to drive its solitonic core into instability at
M, = M, ,, due to parametric resonance or at M, = M, ) due to self-interactions - depending
on gayy and Eq. (4.61).

This has grave consequences for the observability of both radio bursts and bosenovae: The corre-
sponding super-critical systems will not only reach the point of instability once, but repeatedly.
In this case, a considerable fraction of the dark matter is contained in miniclusters, which drive
their AS cores to become unstable, converting an order-one fraction of their mass M into either
photons or relativistic particles and repeat the process at a later time depending on the rate of
AS accretion. The combined accretion scenario thus carries extensive observational potential,
which motivates us to dedicate the remaining two chapters to a more careful investigation of AS
mas growth and its consequences for radio signatures in Chap. 6 and for axion bursts in Chap. 7.

Lastly in Sec. 5.6, we have briefly discussed the potential of extra-galactic NS-AS/MC encounters
and minicluster mergers with a parametrically resonant AS core. Our rough estimates suggest
that NS-AS/MC signals are too faint for individual detection but that the extra-galactic radio
bursts from resonant AS mergers can have large spectral fluxes of ~ 0.5 Jy even at cosmological
distances of dgps >~ 2 Gpe. The corresponding duty cycle can reach order-one values within a
typical radio telescope beam with degree-scale opening angle suggesting potential observability
of such events.
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The evaluation of the different signal rates from Chap. 5 and their implications for the detection
of axion dark matter from Sec. 5.7 motivate us to develop a combined framework of AS accretion
and parametric resonance in the following. An analogous framework will be used in Chap. 7
to analyze the detectability of galactic axion bursts from the self-interaction instability, which
develops at M, . In this chapter, we start with the case of galactic radio line emission from
resonant axion stars with M, > M, , from Sec. 4.5 and Sec. 5.5, since the resulting background
emission can be probed by existing radio telescopes. The contents of this chapter are taken from
Ref. [2].

As was already mentioned in Sec. 5.7, the calculation of the background signal from the galactic
population of accreting solitons with M, > M, - requires us to employ detailed mass growth
models for the AS cores. To do this, we introduce two different accretion models for composite
ASMC systems: First the external minicluster accretion model in Sec. 6.2, which involves the
capturing of axion dark matter from the galactic NFW background of the Milky Way and
secondly the internal MC accretion model in Sec. 6.3, which utilizes the self-similar attractor
solution from Eq. (4.41). For both of these models, we estimate the resulting background photon
flux from resonant ASMC systems and compare it to galactic radio backgrounds in Subsec. 6.4.1.
This allows us to demonstrate the possible constraints on the axion-photon coupling g4~, which
can be inferred through future radio observations, in Sec.s 6.5 and 6.5.

Similar to the previous chapters, we assume at most a single axion star core to be embedded
in each minicluster, where (unless stated otherwise) the mass relationship between core- and
total system mass is given by the z. core-halo relation in Eq. (3.57). Opposed to Chap. 5,
we constrain our analysis of accreting systems in Chap. 6 and Chap. 7 to the My-cutoff from
Eq. (3.47) with an MCMF slope o = —1/2, since the relevant ASMC population with core-
masses M, ~ M, and M, ~ M, ) is mostly independent of the low-mass component with
M < M. We extend our analysis of the MCMF by additionally scanning through the (M-
independent) parameter range ® € (0, 10%] of the initial MC overdensity from Sec. 3.2 and where
® follows the distribution from Fig. 3.1. The resulting ASMF cutoffs constraining the existence
of resonant ASMC systems in this approach are summarized in Sec. 6.1.

For the expected radio signals of the resonant AS cores, we assume a conversion efficiency of
order-one between the mass excess M, = M, — M, at M, > M, and the energy of the
emitted photons with resonance frequency f = mg,/(4m) of half the axion mass. Although the
single event luminosity is expected to modulate significantly over observation timescales as shown
in Fig. 5.17, we employ an averaged approach by assuming a constant emission rate, which is
proportional to the accreted mass excess d M. The validity of the averaged radio emission of the
total resonant AS population is essentially ensured by the large number of resonating systems,
e.g. Ny tot = 107 for ggyy = 1071 GeV~! in Fig. 5.20.
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Chapter 6 Radio Lines from Axion Stars

6.1 Mass Distribution of resonant Systems

We start by specifying the fundamental approach with which we determine the galactic abun-
dance of resonating ASMC systems from the MCMF of the Milky Way in Subsec. 3.6.2. For
this, we essentially follow the low-mass cutoff M, yin of the ASMF in Eq. (6.1), but with the
definition Mpyin = Mo min specifically. An important distinction to previous considerations is
the fact that we vary ® alongside M, which implies that the radius cutoff mass from Eq. (4.70)
is promoted to ®-dependent quantity M g min(®). Tracing the scaling M g min(®) o< ®2 for large
® > 1, it can be seen that the radius cutoff becomes especially important for the densest mini-
clusters in the population, see also Fig. 4.13. The effective low-mass cutoff at Myin = Mo min
takes the form

M*7min(q>) = maX[MD,miny Mh,mim MR,min((I))] s (61)

where we highlight the dependence on ®, which we discuss at the end of this section. Another
obvious constraint on the resonant ASMC population is provided by the gq-,-dependent decay
mass from Eq. (4.61). Combining this with the high-mass ASMF cutoff due to the existence of
the maximum stable AS mass M,  from Eq. (4.16), we obtain the effective low- and high-mass
cutoffs

M%min(gavw P) = maX[Mv(ga'y'y)v M*,min(q))] )
M’y,max = min[M(M*,/\)7 Mmax]

of the resonating ASMC population, where M, = M(M, ) is expressed using the inverted core-
halo relation. Examples for the ® = 1 case of this population were already shown in Fig. 5.20.
An important question for the understanding of the resonant ASMC population relates to the
hierarchy of the different low-mass cutoffs in Eq. (6.2).

It was already mentioned that the oc ®2-scaling of the radius cutoff M Rmin from Eq. (4.70)
at large ® makes it the dominant low-mass cutoff for M, min in Eq. (6.1). As seen by the
blue and dashed lines of the ASMF cutoff comparison in Fig. 4.13, the takeover in ®, for which
M min(®) > Mo min, is generally model-dependent!. Additional axion model-dependence arises
from the scaling of M, and M, ., from Eq. (4.61) with the axion-photon coupling g,y,. Putting
the above relations together, the relevant hierarchy in Eq. (6.2) is governed by the interplay
between Mo(n), Mpgmin(®) and M, (gay~), where only the dependence on the most relevant
parameters is indicated. We performed a qualitative analysis of the different scalings and briefly
summarize our findings in the following.

For very weak axion-photon couplings gayy S 107 GeV ™!, the decay MC mass M., takes over
as the dominant cutoff, which combined with the maximum stable AS mass M, ) prevents the
existence of resonant systems altogether. At larger values of g,,~ and for moderate overdensities
® < 10, Mg min becomes the most relevant. The densest miniclusters with & > 102 on the other
hand are strongly constrained by the radius cutoff M p min (®) and their suppressed abundance
from the probability distribution pe(®) in Eq. (3.27). We checked the impact of the Mg min-
cutoff and found that it does not affect our qualitative predictions, since the major contribution
to the radio emission is given by ASMC systems with ® in the intermediate density range

'More specifically and for the Mo-cutoff, it depends mainly on the temperature index n, since all low-mass
cutoffs scale roughly as M min < m;3/2 [58].
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6.2 External Minicluster Accretion Model

1 < & < 100.

We also mention for completeness that we neglect contributions from parameter regions P,
M, gayy, where M, < M, iy since the long-term stability of such systems is questionable.
Conveniently, the large values of g4, where the above detail becomes relevant, are already
excluded by helioscopes and other observations [118].

Summarizing the above considerations, the number of resonant ASMC systems in the Milky
Way can be calculated from the galactic MCMF according to the relation

Ra00 104 Moy max dn
N tot = 47T/ drr? d® pe (P) Psury (P) / dM ——(r) (6.4)
0 Mo dM
surv ~,min(®)

for « = —1/2, Mmin = Momin and where the Milky Way volume in Eq. (3.53) is absorbed
in the spatial integral over the galactocentric radius r. Note that here, the renormalization
constant C),(r) was promoted to a function of r set by the NFW profile of the dark matter halo.
The boundaries of the spatial integral are given by the minicluster survival cutoff due to stellar
disruption from Eq. (3.54) and the radius Rago of the DM halo. Another survival probability is
contained in the ®-integral, which follows the distribution from Eq. (3.27) and the minicluster
survival probability Psurv(®) at r = Rg from Eq. (3.56) and Ref. [196].

With the galactic abundance of parametrically resonant ASMC systems being prescribed by
Eq. (6.4), the next step in determining the background signal is to infer the signal strength of
the individual resonant systems. This will be done by introducing different accretion models in
the next two sections.

6.2 External Minicluster Accretion Model

We start with the external minicluster accretion model - sometimes referred to as ’external
accretion’ - in this section. As the name suggests, the source of the accreted core mass growth in
this scenario is external with respect to the total ASMC system. The fundamental assumption
that motivates the development of this non-isolated model is related to the simulated abundance
fme = 0.75 of axion dark matter in gravitationally bound structures like miniclusters [29, 30].
Translating the above MC dark matter abundance to the NFW halo of the Milky Way, one
expects a background dark matter field with mass density

Pa,f(1) = (1 = fue) pnew () = 0.25 pnrw (1) (6.5)

to be present in our galaxy, next to the NFW-distributed minicluster population. Physically,
such a background field can be provided by tidal streams from disrupted minicluster remnants
[42, 149, 150] or by ’free-streaming’ axions within the dark matter halo.

As a consequence, galactic miniclusters with typical velocities vye ~ vyir ~ 100km s~ are
expected to encounter and potentially capture a fraction of the background axions over time.
Note here that in this approach, we neglect MC-MC encounters for simplicity, since the resulting
collision dynamics and effective mass growth or loss depend sensitively on the combination of
parameters My, ®1, My, Py of the binary system.

We lay out the resulting accretion scenario involving gravitationally bound miniclusters and
background DM particles in the schematic representation in Fig. 6.1. In this figure, the host
minicluster and its density are indicated by the blue spherical shades, where the dense, yellow
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Chapter 6 Radio Lines from Axion Stars

AS core is embedded in its center. This composite ASMC systems moves through the galactic
DM halo and encounters axions from the background field p, ¢(r) in Eq. (6.5), shown by the
black dashed arrows. Depending on the minicluster size R, mass M and density ®, a mass

I3
&’ 3
oM i
e e’ )
SM, x M e’ 0“\
- o0
/ §00
Axion star ,\% Q,‘aﬁ}&%
. =

e M, > M,
£’ Axion MC

(External accretion)

Figure 6.1: Schematic representation of the external minicluster accretion model for axion star cores,
taken from Ref. [2]. In this scenario, the composite ASMC system in blue shades travels through the dark
matter background of the galactic NFW halo with mass density in Eq. (6.5), shown in dashed arrows.
It encounters background axions with relative velocities v ~ vy, and captures a fraction of the colliding
particles as indicated by the solid black arrows. A fraction of the acquired DM mass I M captured by the
minicluster is subsequently accreted onto the axion star core in yellow, see red arrow. The resulting mass
excess 0M, o< 0M can be converted into the blue radio photons for suitable core masses M, > M, .

excess 0 M of the incoming particles can be captured by the MC, shown by black solid arrows.
In a secondary stage of this accretion process, a fraction of the accreted mass can be transferred
onto the axion star core, which induces the core mass growth d M, o« § M indicated by the red
arrow. Importantly, the resonating systems of our interest are expected to host an AS core
with mass M, ~ M, ~. In such systems, the mass excess 0, can be resonantly converted into
radio photons shown by the blue wave in Fig. 6.1. The corresponding conversion-efficiency of
the axion DM decay into photons will be introduced together with the resulting photon flux in
the following.

It should be emphasized at this point that the typical velocities vy ~ vyiy in an average encounter
are very large compared to the typical escape velocities vese(10712 M) ~ 0.1ms™! of ASMC
systems. We therefore start by developing a simplified geometrical capture model, which utilizes
the M- and ®-dependent escape velocities of the total system, in the following. Defining the
corresponding cross section oy = 47R(®, M)? of the total system with negligible gravitational
enhancement, we can write the external MC accretion rate at a radial position r in terms of

Pa,f(r) as [2]

22 @0, M. ) = ARR (8, M) () (. M. 1) (6.6)
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6.2 External Minicluster Accretion Model

where R(®, M) obeys Eq. (3.24), and the average relative velocity of the captured particles
(Veap(®, M, 1)) is defined in terms of the relative velocity distribution f,(r)

Vesc (@, M)
(Veap (@, M, 7)) = /0 dvw fo(r), (6.7)

such that particles with v > ves. (P, M) are considered to withstand the gravitational capturing.
We assume a one-dimensional Gaussian distribution for the spatially dependent relative velocities
in f,(r) given by

1)2

B 20y (1)?

1
fu(r) = mexp (

where the virial velocity vyir(r) ~ 239km/s is computed from the spatially dependent velocity
dispersion of the Milky Way rotation curve in Ref. [194]. Entering the Gaussian distribution for
fu(r) in Eq. (6.7), the average capture velocity is found to be [2]

) : v € (—00,00), (6.8)

o ,UVir(r) 'Uesc(q)aM)z
(Veap (P, M, 1)) = N [1 — exp (Wﬂ , (6.9)
L Vese(® M)® (6.10)

- 2\/ 27 Uvir (T)

In general, the r-dependent velocity integral in Eq. (6.10) would need to be evaluated at ev-
ery point of the parameter space in M,®,r. However as can be checked numerically, the
velocity vyir(r) ~ 200kms™! is roughly constant in the relevant radial range from 1kpc to
O(100) kpc [194, 266, 267]. We therefore simplify our numerical calculations by assuming
voir(r) &~ 239kms~! as approximately constant and find that it does not affect our qualita-
tive results in the following

In the above framework, axion DM particles encountering the ASMC system with relative veloc-
ities v < vese are considered to get captured by the minicluster. The MC accretion efficiency fcap
with respect to the background field p, ¢(r) can be estimated for typical QCD axion parameters
M ~ 1072 Mg, ® ~ 1, R ~ 10" km by considering the ratio

Vese (M, @) N 0.1ms™!
Vvir 100 kms—!

feap(M, @) ~ ~107°, (6.11)

which gives fcap << 1 for most M, ®. Note also that while large values of ® increase vesc and feap,
they simultaneously decrease the cross section oy, in Eq. (6.6). Overall, the dominant scaling
of M in Eq. (6.6) effectively benefits from small values of ®, which increase R in Eq. (3.24)
and thus the geometric cross section of the total system.

In a more general context, the highly overdense ASMC system can also capture particles through
repeated scattering in the gravitational AS/MC potential - a process which we neglect in our
approach. For the considerations in this work, Eq. (6.6) provides a qualitative estimation for
the expected mass growth of MCs in the galactic dark matter halo.

In order to obtain a radio signal from the MC accretion rate M /dt in Eq. (6.6), the next step
is the derivation of the corresponding core mass growth rate 6 M, /dt. We assume the core-halo
mass relation from Eq. (3.57) to provide the virial equilibrium configuration of the composite
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Chapter 6 Radio Lines from Axion Stars

ASMC system. This interpretation is in agreement with the virialization condition in Eq. (4.62)
and it provides an intuitive connection between the mass growth of the host minicluster and its
AS core.

The corresponding virialization condition can straight-forwardly be exploited by differentiating
the core-halo relation with respect to time. Combining the resulting relation of the mass growth
rates with the definition of dM/dt in Eq. (6.6), we obtain the AS accretion rate [2]

oM™ 1 M \"3 M

s (M) =3 <Mh,min> 57 (M), (6.12)

2

47 M -3
E) (M . ) R(®, M)?pa, 1 () {veap(®, M, 7)), (6.13)

h,min
\/ﬁ M _% 2 Uesc(q),M)Z

3 (thmm> RA®, M) pas (1) == 5 (6.14)

in the external minicluster model. We emphasize that our approach of using the core-halo
relation at formation redshift z = z.q is conservative because we tend to underestimate the
abundance of resonating ASMC systems by neglecting the long-time mass growth 6 M /dt - ty
over a Hubble time ¢y and its impact on the core mass Mj.

The possible enhancement of the accretion rate in Eq. (6.14) due to long-time AS accretion
motivates us to introduce the effective efficiency factor

M a
= .1
Ch < Mh,min ) ’ (6 5)

which is a direct consequence of the z = z.q core-halo relation in Eq. (3.57). We introduce
a second, external MC accretion model in which the core mass growth is increased by setting
Cr =11in Eq. (6.14) and Eq. (6.15). We call this specific scenario with increased growth rate

SMenh V2r
@ = —_—
5 (M) ==

Wi

Vese (P, M)?

Uvir (T‘)

R(®, M)?p, ¢ (r) (6.16)
and Cp, = 1 the enhanced external MC accretion model in the following. This enhanced growth
rate prediction can be seen as a less conservative estimate on the expected (late-time) viri-
alization rate of ASMC systems in an NFW background. In the following, we compare our
predictions from the conservative external scenario in Eq. (6.6) and its enhanced equivalent in
Eq. (6.16). Before continuing with the resulting radio emission of these systems, we investigate
the predicted growth rates in some more detail.

A natural consistency check of our models can be obtained by comparing the predicted mass
accretion of the AS core, 6M, /dt - tyy over a Hubble time ¢z to the mass M of the total sys-
tem. When the relative fraction 6 M/dt - tfr/M exceeds order unity, the NFW background
pa,f(7) is expected to be depleted at present-day redshift z = 0. Since M = dM,/3 in the
enhanced model in Eq. (6.16), the above statement is equivalently true for the core mass growth
rate dM, /ot in Eq. (6.14), Eq. (6.16). We present the corresponding mass fractions for typical
ASMC systems with a predicted core mass M, y and ® = 1 in Fig. 6.2. Here, the conservative
external model from Eq. (6.14) is indicated by the solid colored lines, while dashed lines corre-
spond to the enhanced case from Eq. (6.16) with Cj, = 1.
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6.2 External Minicluster Accretion Model

Fig. 6.2 clearly demonstrates that the efficiency factor Cj, in Eq. (6.15) induces a significant
suppression of the AS growth rate. More importantly, for every n = 0,1,3.34 and both ac-

10—4_

— n=0,®=1, M,

« — n=1,%=1
: 10713 = n=334,2=1
w V] n=0®&=1, My, Cp=1

- n=1,0=1
10716 | 7 on= 3.34, o =1
10712 1070 10 1076 10"
mg [eV]

Figure 6.2: Relative fraction of accreted mass 6 M, /8t -ty /M over a Hubble time ty ~ 1.3 - 100 yrs,
normalized by the total mass M of the ASMC system with core mass M, = M, » and ® = 1. Both
given for the external MC accretion model from Eq. (6.14) as a function of m,, n, with the enhanced case
C} =1 indicated by dashed colored lines.

cretion models, the relative mass gain over ty is found to be non-substantial, thus ensuring
possible mass growth in the present-day galaxy without depletion of the NFW background p, s.
For better comprehensibility, we also present the absolute growth rates at two different values
of the initial MC overdensity ® = 1,10% in Fig. 6.3. Solid lines correspond to typical values
® = 1, while dashed lines show some of the densest miniclusters with ® = 103. As previously
mentioned for the scaling of R and M/t with ® in Eq. (6.14), the growth rates benefit from
smaller values of ®, which increase the MC radius in Eq. (3.24) and its geometric cross section.
On the other hand, the survival probability function Psuy(®) from Eq. (3.56) strongly con-
strains the abundance of the ® < 1 population, so that the dominant contribution is given by
the & ~ 1 component nevertheless. Lastly, the increased mass growth at low axion masses m,
and fixed n in Fig. 6.3 is related to the increased mass and escape velocity of typical structures
with Mo o mg>/? in Eq. (3.50).

In the last step of the depicted accretion process, the AS core can serve as a powerful site of
radio conversion when it reaches the decay mass, M, , and any mass excess 6 M, = M, — M, ,
is converted into photons with a frequency f ~ m,/(4mw). We continue to estimate the result-
ing radio flux emitted from the accreting galactic ASMC systems with resonant core masses
M, > M, . The accretion-induced flux F, s oc M, /6t received from a single resonant axion
star depends on three different parameters: on the initial overdensity parameter ®, the host MC
mass M, and the galactic position r. This simplified dependence can be expressed as

c? oM,

Frg = fgyq o 205%
s na7747rdobs(r)2 5t

(P, M, 1), (6.17)
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Figure 6.3: Absolute accretion rates of a critical ASMC system with maximum stable core mass M, =
M, » in kgs™!. Shown for different n, at ® =1 in solid and ® = 103 in dashed colored lines.

where dops(r) is the distance to the observer and the factor of ¢ is written to indicate the
conversion from core mass excess to radiated energy. The coefficient 74, = 1 in Eq. (6.17)
denotes the order-one efficiency of the resonant axion-photon conversion. In the most general
sense, 7y~ is expected to encode the onset of backreaction, the luminosity evolution L. (t) with
time and its dependence on the axion-photon coupling gq-, as depicted in Fig. 5.17.

In this work, we are mostly interested in the averaged galactic background signal arising from the
N tot > 10® resonant ASMC systems, which is why we set 7, = 1 for simplicity. The overall
flux observed from the total population of resonating systems can be obtained by integrating
the single event flux F s over M, ® and the galactic radial position r, similar to what was done
in Eq. (6.4) for AV ot. An important difference to Eq. (6.4) is the consideration of the three-
dimensional position r to account for the random nature of the observed distances dqps(r) of the
different single event fluxes. Thus considering the full spatial dependence, we obtain the total
flux estimate [2]

104 M-y,max dn
F*,tot = / dd p@((I))Psurv(q)) / dmM d37“ 7(1') F*,s, (618)
0 M’y,min(¢') |r|>Rsurv dM
10* My, max
= nayvCQ / dd p@((I))Psurv((I’) / dM (6.19)
0 M’y,min(<1>)

x / gy O
1> Rewy ATdobs(T)2dM 7 5t

(6.20)

where dn/dM(r) is the MC distribution defined in terms of the MCMF in Eq. (3.51). In the
above expression, the spatial dependence of the distance dps(r) = |r — Rp| ~ max(r, Rg)
between a single event and the observer can be simplified by averaging over two limiting cases
of observation distances: first (dops(r))r<r, =~ R in the central region and (dops(r))roy<r >~ 1
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beyond the solar radial position, which gives

M'y,max Ra00

104
F*,to = Na c? / d® p@(q))Psurv((I)) / dM dr |:
' 7 0 M'y,min(q>) Rsurv max(

r 2 dn oM,
(r)
r,Rg)| dM ot
(6.21)

Subsequently entering the external accretion rate from Eq. (6.14), one arrives at the total flux

ex 2m 10t Moy max M 7%
Pt = Y [ a0 pe(@)Pun(@) [ dra ( | )
3 0 My min (P) Mh,mln

% R(q)7 M) Uvir surv dr maX(ﬁ R@) pa7f(r) dM (T>7 (622)

of the external MC accretion model, which we calculate numerically using the results from
Sec. 3.6 and Sec. 6.1. Note here that the contribution to radio signals from the galactic center
7 < Rsury is suppressed by the MC survival from Fig. 3.9 and similarly for the periphery beyond
100kpc due to the low density p,, f(r) and the large distances dgps to earth.

Lastly, we can perform the same calculation from Eq. (6.22) for the case Cj, = 1 in Eq. (6.16)
to infer the total flux

2 104 M'y,max S (P M 2
Fot = \/;rnmcz AP e (P) Poury (P) / M R(@,M)QM
0 M’mein(q)) Uvir
Ra200 r 2 dn
dr | ————=—~| Pas(r) 5 (). 6.23
X/ . [max(r,R@)] Pa.s (1) G ) (6.23)

of the enhanced minicluster accretion model with order-one mass translation onto the AS core.
The remaining step at this point is to evaluate the detectability of the corresponding radio flux
densities with different telescopes. Before doing so, we continue to introduce a second class of
accretion scenarios in the following section.

6.3 Internal Minicluster Accretion Model

This second class of models focuses on isolated ASMC systems, where the source of the accreted
AS core mass is given by the minicluster itself. To make clear the distinction to the non-isolated
external accretion model from the previous section, we call this second accretion scenario the
internal MC' accretion model in the following. The physical motivation for this accretion process
comes from the long-time evolution of isolated ASMC systems in the numerical simulations of
Subsec. 4.3.2 and Ref. [240].

According to the predictions from Ref. [240], the axion star mass growth obeys the time evolution
from Eq. (4.41) after soliton condensation around t ~ 74, where the condensation time 74 is
given by Eq. (4.26). The resulting mass growth is depicted in Fig. 4.6 for different values of
€ in Eq. (4.43), which in turn is defined in terms of the minicluster parameters M, ® and the
axion mass mg. Most importantly for the considerations in this chapter, we can obtain the
time-dependent mass growth rate of the self-similar system by taking the time derivative of
Eq. (4.41). The resulting internal MC accretion rate in Eq. (4.42) and Fig. 4.7 will be used to
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determine the total flux of the resonant ASMC population in the following - analogous to the
computation of F} to; performed in Sec. 6.2.

We demonstrate the fundamental accretion mechanism of the internal model in Fig. 6.4, which
shows the total ASMC system composed of the yellow AS core and the blue minicluster. The

oM,

Axion sta> T'l{l/l]\{*bz M,

Axion MC

(Internal accretion)

Figure 6.4: Schematic representation of the internal minicluster accretion model for axion star cores,
taken from Ref. [2]. In this scenario, the isolated ASMC system exhibits a continuous mass growth of the
axion star core, predicted from Eq. (4.41) and Eq. (4.7). The resulting mass excess 0M, in red arrows
can be converted into the blue radio photons for suitable core masses M, > M, .

major distinction between Fig. 6.4 and Fig. 6.1 is the absence of the background DM field p,, ;.
As mentioned before, the core mass growth § M, in red is sourced by the corresponding mass-loss
of its surrounding minicluster background with mass M — M,. A more complete scenario of
AS accretion would be given by the combined contributions from internal and external mass
growth. We leave a more sophisticated treatment of this combined process up to future research
and instead explore the possibility of the two major mechanisms separately.

According to Eq. (4.42) and Eq. (4.43), the core mass growth rate dM,/dt in the internal
accretion model is fixed by a set of five different quantities: The minicluster parameters M, ®,
the axion model mgy,n setting the former through Mg and the core mass M,. In the context
of our approach using the ASMF prediction from Subsec. 4.7.2, the core mass M, is fixed by
the 2z = z¢q core-halo relation in Eq. (3.57). An alternative modeling of the corresponding core
mass growth could be obtained by using the initial soliton mass M, ¢ at the time of formation
t ~ T and the present-day time coordinate ty of the system. In this way, the present-day core
mass M, would be predicted by evolving the system in Eq. (4.41) until ¢g.

We note here that a similar study of the long-time mass growth of soliton cores without self-
interactions A = 0 was recently performed in Ref. [252]. Since the self-similar attractor model
faces fundamental uncertainties after reaching the critical masses M, = M, , or M, = M,
and since our previous approach to the ASMF was determined for the conservative core mass
estimate at z = zqq in Eq. (3.57), we use a different way to determine the soliton mass in the
following.
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6.3 Internal Minicluster Accretion Model

We take the present-day parametrization of the linear growth MCMF from Subsec. 3.5.2 and
derive the core masses from the core-halo relation at z = z¢q like before. This approach takes into
account the linear long-time mass growth of miniclusters but not the long-time (internal) mass
growth of their AS cores. Thus assuming M, to be given by the conservative initial estimate
from the canonical core-halo relation, we can compute the corresponding mass growth rate from
Eq. (4.42) for a given model m,,n while integrating over the distributions of M and ®, similar
to Eq. (6.21). More specifically, the resonating systems of our interest are expected to have
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Figure 6.5: Relative fraction of accreted mass §M, /0t -ty /M over tg ~ 1.3 - 101 yrs, normalized by
the total mass M of the accreting system with core mass M, = M, . Both given for the internal MC
accretion model from Eq. (4.42) for n = 0,1,3.34, for ® = 1 in solid and ® = 103 in dashed colored lines.

M, = M, ., where larger core masses are prohibited by the parametric instability from Sec. 4.5.
This way, the mass growth rate of the internal accretion model in Eq. (4.42) is fixed by the
parameters M, ®, M, ., for each axion model m,,n. We demonstrate the long-time stability of
the accreting systems in Fig. 6.5 by plotting the relative mass gain dM, /dt -t/ M. The typical
overdensity ® = 1 is indicated by the solid colored lines, while dashed lines correspond to some
of the densest miniclusters with ® = 103. Fig. 6.5 demonstrates that the long-time stability
OM, /6t -t/ M < 1 of the systems is guaranteed for the most abundant ASMC systems with
D~ 1.

The same statement does not hold true however for the densest miniclusters ® = 103, for
which the mass fraction in Fig. 6.5 exceeds order one for the smallest m, and largest n in
the sample. This is mostly due to the increased absolute mass of the structures as seen from
My in Fig. 3.7. To ensure the consistency of the accreting systems in the ASMF at large
&, we introduce an additional requirement for the resonating ASMC population in the internal
accretion model. The resulting condition ensures the long-time survival of the respective systems
through linear extrapolation of the mass growth rate at M, = M, ,, which can be expressed
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through multiplication with a Heaviside function in Eq. (6.4) according to

) Rao0 My, max -1/2
g / dr 12 / 4 poy (D) Prrses (@) / g Elr) ( M )

M’y,min(d)) M MO,min
Mz'nt
x © (M _ oM,

ot

th— My |, (6.24)
M*:M*,'y

where the © function equates both the combined AS mass and its accreted mass after t = ty
with the minicluster mass M. Let us also mention for completeness, that in all applications of
the internal accretion rate, we check the kinetic regime condition from Eq. (4.22) for consistency.
From the above assumptions and with the internal mass growth rate given by Eq. (4.42), it is
straight forward to obtain the overall AS flux of the internal accretion model equivalent to the
procedure in Eq. (6.21). The expected total flux can then be estimated from the expression [2]

int 9 10 My max Ra200 r 2
F*mo = TavyyC / d‘I)Pcb ¢ Psurv o / dM dr <>
7t ' " 0 ( ) ( ) M’y,min(é) Rsurv maX(T, R@)
d SMint SNt
o T () O M- 22 ty — M, |, (6.25)
dM" TSt 5 larar,

where we have neglected the mass-loss backreaction of having increased M, /M and thus de-
creased accretion rates 0 M, /dt at late times ¢t ~ tp.

Similar to the definition of the enhanced external accretion model in Sec. 6.2, it is helpful to
introduce a less conservative modification to the expected signal in Eq. (6.25). In this case the
so far neglected long-time mass growth of the AS cores over tg can lead to a significant boost
of the expected number of resonating systems in Eq. (6.24) and Eq. (6.25). We explore the re-
sulting phenomenological potential by introducing a fourth type of scenario in which the initial
core-halo relation at z = z¢q from Eq. (3.57) is relaxed to account for the prediction M, ~ M
in Ref. [240]. This can be achieved by parametrizing the late-time core mass relation of the
internal model in terms of a constant C,.. < 1 according to

M, = CoeeM, (6.26)

where we set Cyec = 1/2, such that the AS core can absorb up to 50% of the total mass M.
Since in this case, the core-halo relation is effectively replaced by the relation in Eq. (6.26),
we also drop the corresponding cutoffs My, in in Eq. (6.1) and Mg yin for consistency. As
a consequence, the late-time relation Eq. (6.26) leads to an effective decrease of the low-mass
cutoff M, in in Eq. (6.2). The corresponding total flux predicted by the enhanced internal
accretion model is then found by additionally expressing M, through Eq. (6.26), which yields

FR oo Fint (Mo = M,/ Cace) (6.27)

with modified My min = max(Momin, M) as outlined above. We use the above enhanced
internal accretion model to estimate the potential detectability of resonant axion stars with
improved accretion modeling at late times.

We also note for completeness that the condensation time 7, in Eq. (4.26) can become larger
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than ¢y for some parameters. This observation does not contradict the existence of axion stars
in such systems since 74 was derived for random homogeneous initial conditions, which are
different from the gravitational collapse of the large overdensities in Sec. 3.2. As mentioned in
Ref. [167], the time of AS formation can be significantly enhanced in the early universe.

6.4 Line Emission & galactic Radio Backgrounds

In the previous sections, we have introduced two major accretion models - internal and external
- which each contain a conservative and an enhanced estimate on the expected accretion rates.
The purpose of this section is to investigate the resulting signal flux densities in more detail.
In the following analysis, we compare the expected flux rates from Eq. (6.21) to galactic radio
backgrounds over a range of observable radio frequencies.

Subsec. 6.4.1 introduces a phenomenological fit to the galactic radio backgrounds, which we
use to evaluate the detectability of external and internal signal rates in Subsec. 6.4.2 and Sub-
sec. 6.4.3. We also discuss the possible detuning of the parametric resonance in the gravitational
potential of the Milky Way in Subsec. 6.4.4 and demonstrate the directional dependence of the
AS line signal in Subsec. 6.5.4.

6.4.1 Galactic Radio Background

The strength of galactic radio backgrounds is accounted for by using the power-law fit for the
observed thermodynamic background temperature Ty, from Ref. [268]. The phenomenological
fit in Ref. [268] was obtained by matching data from different radio surveys in the range from
22 MHz to 10.49 GHz. It is essentially composed of the blackbody temperature Toyp = 2.722 K
of the cosmic microwave background and of a temperature power-law found from the observed,
averaged radio excess. The resulting fit for predicting the background temperature at different
frequencies f is [268]

f By f —2.58
T =T T — =T 304K | ——— 6.28
bkg(f) = Tems + Tro (va0> cMB + <310 MHz> ) (6.28)
where Tr o = 30.4 K is the background reference temperature at a reference frequency of fro =
310 MHz and 3y = —2.58 the spectral index of the power law. In order to compare our flux

rate predictions from Eq. (6.21) to the background emission from Eq. (6.28), we convert T,
and Fj ot into spectral flux densities. We use Planck’s law to convert the thermodynamic
temperature predictions from Ref. [268] into the background flux density

8mhf3 1
3 h
¢ exp <k51{)kg — 1)

with Tk from Eq. (6.28). The resulting flux density has units of power per unit area and
frequency, integrated over the solid angle €2. Similarly, we can compare the units of Fj io in
Eq. (6.21), which are power per unit area integrated over solid angle, to find the corresponding
spectral flux density S, tot-

Since the leading-order conversion process in resonating axion stars produces a nearly monochro-
matic emission, for which the narrow bandwidth A f o g, is given by Eq. (4.53), we can simply

Spkg(f) = (6.29)
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divide Fj ot by Af to obtain its spectral equivalent S, tot. For the axion-photon couplings un-
der consideration, the corresponding frequency width of the expected signal is dominated by the
Doppler broadening in the Milky Way gravitational potential. Using the velocity dispersion of
the galactic disc and DM halo for the relative velocities of the resonating ASMC systems, we
find vl = vyir ~ O(200km/s), which results in Af/f ~ v /c ~ 1073, as before . Therefore
writing Af = 1073 f with f = m,/(47), we obtain the total spectral flux density [2]

F* O a
Setot (Ma = 4mf) = —2& t(ma) (6.30)

= 103 ma/(47)

emitted from the galactic population of resonating axion stars over the entire sky. Finally
expressing the center frequency f = m,/(4m) of the expected radio line background in Eq. (6.29),
we can directly compare the magnitude of Spye and Sy tor for different axion models mg, n. This
will be done for a representative value of g,,~ in the next section.

6.4.2 Spectral Flux from External Accretion

Starting with the scenario of external minicluster accretion from Eq. (6.22) and Eq. (6.23),
we show the resulting spectral fluxes obtained for a representative axion-photon coupling of
Gayy = 10~ GeV~! in Fig. 6.6. The frequency range in MHz encompasses axion masses in the
range 1078 eV < m, < 1072 eV, which can potentially be probed by terrestrial radio telescopes.
We extend the considered range of m, beyond these frequencies to demonstrate predicted signals
in units of MJy, which could potentially be searched by space-borne telescopes.

On a more general note in Fig. 6.6 and in the following plots, we show the conservative estimate
in the left panel together with the enhanced accretion scenario on the right. The black solid
line in Fig. 6.6 indicates the radio backgrounds predicted by the power law fit in Eq. (6.28) and
Eq. (6.29). We have separated the black body spectrum of the CMB from the overall fit as
indicated by the gray dashed line at lower frequencies f < 1 GHz. Note that in Fig. 6.6 and in
following figures, the colors were changed with respect to the representation of n =0,1,3.34 in
previous chapters.

It can clearly be seen by comparing the black solid to the colored lines at different temperature
indices n, that the expected spectral fluxes can become orders of magnitude larger than the
backgrounds. This is especially true away from the CMB peak around f ~ 160 GHz and for
lower frequencies of f < 1 GHz corresponding to m, < 5ueV. We emphasize here that each point
in Fig. 6.6 corresponds to a narrow line, for which the central frequency is set by Eq. (4.53)
and the amplitude by the axion model mg,n following Eq. (6.22), Eq. (6.23). The narrow
radio line nature of the expected signal is mainly responsible for the increasingly large flux
densities Sy 1ot > 1 GJy at small f o< m,. Two major reasons for this observation are the scaling
Sytot o< my 1 in Eq. (6.30) and the increased accretion rates from Eq. (6.14) for heavier and
larger structures Mg o m;3/2, R ox M3, see Eq. (3.50), Eq. (3.24).

Furthermore, a comparison of the conservative and enhanced models in the left and right panels
of Fig. 6.6 reveals the strong impact of the efficiency factor Cj, = (M /M, min)>/? in Eq. (6.14).
This observation does not only demonstrate the benefit of improved understanding of the (time-
dependent) core-halo relation of composite ASMC systems, but it also indicates a significant
potential for enhancements of the expected signals through additional consideration of long-
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Figure 6.6: Spectral flux density Sy 1o1(m,) of the external accretion models in Eq. (6.14) (left) and
Eq. (6.16) (right) in MJy, taken from Ref. [2]. Calculated from Eq. (6.22) and Eq. (6.23) for an axion-
photon coupling of guyy = 10~ GeV ™!, where each point represents a narrow line centered around
the frequency f = mg/(47m) of the axion mass m,. The black solid line describes the radio back-
grounds, including the cosmic microwave background (dashed) and observed radio excesses, parametrized
by Eq. (6.28).

time accretion?. The important conclusion from Fig. 6.6 is that the external MC accretion

model provides spectral fluxes, which are comparable to galactic backgrounds for a large range
of axion models mg, n - especially for the enhanced scenario in the right panel.

On a technical side, the amplitudes of S, ior at different n in Fig. 6.6 arise due to a mixing of
the following effects: the modified ranges of the ASMF in Fig. 4.14, the different abundance of
the objects in Fig. 5.20 and their different scalings compared to M, , in Eq. (4.61), which is
approximately constant for different n?. Effectively, the high-frequency cutoffs in Fig. 6.6 are
given by regions of mq, n, where the resonant AS mass M, , > max(M,) grows beyond the range
of the ASMF. Lastly, the scaling of the spectral flux densities in different accretion models can
be understood from the relation

_dn oM, —3/2 \qp
S*7t0to</deM oo [ AMMMe, (6.31)

where p ~ 2/3 for the conservative ezternal MC accretion and p ~ 4/3 due to the absence of
Cy, in Eq. (6.14) for the enhanced external accretion scenario. The scaling of S, ot with M
in Eq. (6.31) and p > 1 indicates that the dominant contribution to the total galactic radio
flux from resonating ASMC systems is given by the high-mass component of the MCMF with
large M > M. Note however that we apply a stability cutoff to the largest MC masses with
predicted core masses M, > M, » due to the unknown late-time evolution after occurring of the
self-interaction instability from Sec. 4.4.

To conclude, we highlight that the external accretion model from Sec. 6.2 provides a promising
mechanism and strong expected radio line emission for a large range of axion models mg, n.

2This is because the factor C}, essentially relates the mass distribution of the AS core and its host minicluster,
where C, ~ 1 corresponds to increased or late-time AS core masses as predicted by Ref. [240].

3This is because the second term under the square root in Eq. (4.61) is negligible for most models mq,n so
that M, is essentially independent of f,(n) in Fig. 3.6.
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6.4.3 Spectral Flux from Internal Accretion

Next we examine the detectability of the spectral flux density given by the flux in Eq. (6.25) and
Eq. (6.27) for the (enhanced) internal accretion scenario. Analogous to the previous section, we
plot the resulting flux density predictions for different models m,, n with representative axion-
photon coupling g4, = 101 GeV~! compared to the galactic radio backgrounds from Eq. (6.29)
in Fig. 6.7. As before, black solid and dashed lines show the total and CMB components of the
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Figure 6.7: Spectral flux density Sy to (M) of the internal accretion models in Eq. (4.42) with the core-
mass given by Eq. (3.57) and M, oc M3 (left) and M, ~ M in Eq. (6.26) (right) in MJy, taken from
Ref. [2]. Calculated from Eq. (6.25) and Eq. (6.27) for an axion-photon coupling of gg,, = 10~ GeV ™!,
where each point represents a narrow line centered around the frequency f = m,/(4x) of the axion mass
mg. The black-solid line describes the radio backgrounds, including the cosmic microwave background
(dashed) and observed radio excesses, parametrized by Eq. (6.28).

backgrounds while different colors indicate axion models with different temperature evolution
index n. The left panel of Fig. 6.7 shows the standard internal accretion model, which uses the
canonical core-halo relation from Eq. (3.57) to fix the mass range of the ASMF. In contrast,
the right panel of Fig. 6.7 depicts the same results for the enhanced internal accretion, which is
given by the modified mass relation in Eq. (6.26).

Remarkably, both internal accretion models show significantly larger spectral flux densities
compared to the external scenarios in Fig. 6.6. A major reason for this boost in signal amplitude
is given by the increased accretion rates, which can become particularly large for dense ® > 1
and heavy M > M, miniclusters. Opposed to the external accretion rates in Eq. (6.6), which
benefit from small values of ®, the survival probabilities Psy,y (P) for large ® are not suppressed,
see Fig. 3.10. This leads to an increased survival of the most strongly emitting ASMC systems
in the internal models.

Comparing the left and right panels of Fig. 6.7, one observes that the major distinction between
the conservative and enhanced accretion models is the extended observable frequency range at
large m, on the right. This can simply be explained by the relaxed low-mass cutoff of the
resonant MCMF population given by Eq. (6.26). The important conclusion for the internal
accretion scenarios in Fig. 6.7 is that the observability of the radio line emission is essentially
limited by the existence of resonating ASMC systems in the galaxy altogether. If this population
is present, as predicted by the cutoffs from Eq. (6.2), Eq. (6.3) and Eq. (6.26) respectively, the
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received spectral flux is expected to be overwhelmingly strong compared to galactic backgrounds.

6.4.4 Gravitational Detuning

Before we investigate the parameter constraints in the next section, we turn to briefly discuss the
potential detuning of the AS resonance from Sec. 4.5 in the galactic gravitational potential, as
presented in Ref. [269] and Ref. [2]. Physically, Ref. [269] investigated two fundamental detuning
mechanisms, which were shown to suppress the exponential growth of stimulated photon decay
in some configurations.

The first mechanism relates to the momentum spread ¢, of the axion field, which should not
exceed the characteristic length scale of the resonance for the instability to develop. If the
momentum spread is much larger than the resonance length, an average emitted photon will
be prevented from triggering further stimulated emission due to the significant change in axion
energy across its trajectory. In the framework of Ref. [269], the momentum spread of a coherent
clump is given by the inverse length scale, ¢, ~ 1/R,, and the resonance length 1/pp is defined
as the inverse of the growth factor upy from Eq. (4.56), which sets the physical scale of the
parametric resonance.

The second source of potential detuning is given by the gravitational redshift of photons in an
external potential like that of the Milky Way dark matter halo. When the gravitational redshift
changes the photon energy sufficiently over the resonance length 1/u, an average photon will
be detuned with respect to the energy of the axions it is supposed to stimulate. Both of the
above mechanisms can be formulated into two requirements for the resonance condition, as done
in Ref. [269]. Defining the detuning distance of a photon as the spatial distance it has to travel
in a constant external potential ®.y; to be shifted out of resonance from the resulting energy
loss, the two criteria can be summarized as [269]

1. The axion momentum spread ¢, ~ 1/R, should be smaller than the growth factor, 6, < py
(i.e. smaller than the inverse resonance length 1/u}" as formulated in Ref. [269))

2. The detuning distance Az of the gravitational redshift should be longer than the resonance
length 1/, so that Az > 1/uy

Note that the first point is equivalent to the resonance condition pg > fiesc from Eq. (4.56)
and Eq. (4.58) with pese = 1/(2R,). It is therefore sufficient to test the validity of the second
requirement in the following. For this, we can express the second condition by writing ugAz > 1
in terms of the effective axion momentum pegr = 1/p2 — 2m2 Pyt in the roughly constant external
potential @y as [269]

4:“’%{ Deff o gczry'yp* AV4 —QW?L(I)ext

mc% |arq)ext(r)’ B 2mg |0r Pext (7)]

ALHAZ = >1, (6.32)

where p, ~ M,/(47/3R2) and p, < 2m2®.y is the typical momentum of the clump in a
dominant external potential. The properties of ®.y can be estimated from the corresponding
Poisson equation as ®eyt (1) ~ —47G pexir? and 9, Peyxy ~ —8TG pextr, Where peyt is the dominant
matter density sourcing the overall potential ®eyy.

In the case of diffuse axions, pext is set by the Milky Way potential, whereas for the overdense
axion clumps of our interest pext = p« [2]. Thus considering the gravitational redshift induced
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by the dominant AS matter density p,, we can rearrange Eq. (6.32) for the radius R, to obtain
the resonance condition

2/3 1/3 1/3
R < 1\/§ / ggwM* / N ggwM* / (6.33)
*~\sr V2 m2G m2G ‘ ‘

due to gravitational detuning [2]. Apart from the order-one numerical prefactors, the scaling
in Eq. (6.33) is identical to the scaling of the resonating AS radius R, = R,(M, ) obtained
from Eq. (4.17) and Eq. (4.61). We therefore conclude, that the two detuning mechanisms
from Ref. [269] are (1.) already included in our formalism and (2.) only expected to differ
within order-one ranges, which are well within uncertainties of the galactic MCMF and ASMF.
Effectively, a potential change of the resonance condition in Eq. (4.58) by order-one factors
would drive the corresponding mass M, - slightly above the values in our consideration, which
does not affect our qualitative results. Opposed to the case of diffuse axion configurations in
Ref. [269], we summarize that the coherent clumps of our interest are not considerably affected
by gravitational detuning.

6.5 Constraints on the Axion-photon Coupling

With the exemplary signal flux densities evaluated in the previous sections, a straight-forward
next step is to explore the potential constraints, which can be inferred from exclusion of the
corresponding signals. For this, we follow the approach in Ref. [2] by employing two different
criteria for the detectability of the total AS line emission: First, a simple background comparison
based on the galactic radio backgrounds from Subsec. 6.4.1 and secondly a dedicated signal
search using different radio telescopes and their respective sensitivities. Both of these criteria
will be introduced in Subsec. 6.5.1 before applying them separately for the external MC accretion
models in Subsec. 6.5.2 and the internal MC accretion scenario in Subsec. 6.5.3.

6.5.1 Approaches to Background Comparison

In the general context of this chapter, we scan the axion models mg,n from Subsec. 3.6.1
across an axion mass range 1078eV < m, < 1072eV and for n = 0,1,3.34 as before. The
resulting signal fluxes from Eq. (6.21) and Eq. (6.30) depend sensitively on the model mg,n
and on the axion-photon coupling g4+, which in our considerations spans across the range
10717 GeV! < Jayy < 1078 GeV ! - independent of mg,n. For each model mq, n, we use the
abundance of resonating ASMC systems from Eq. (6.4) together with the internal and external
accretion rates to obtain a corresponding signal flux in Eq. (6.21), which we compare both
with radio backgrounds from Eq. (6.28) and with telescope sensitivities. Same as in Fig. 6.6
and Fig. 6.7, we use the black-body radiation law in Eq. (6.29) and Eq. (6.30) to convert from
temperature and flux to spectral flux densities in units of MJy.

The corresponding signal flux densities of the galactic AS radio line emission is then compared
to semsitivity requirements from two different approaches to be introduced in the following.
As a major result for each of the two signal comparisons, we obtain the potential constraints
in the parameter space of mg, gey, at a given n, which can be inferred in the future through
(non-)observation of the predicted radio lines from resonating systems.
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Simple Background Comparison

In the first most straight-forward approach, we employ a simple comparison of the predicted
spectral flux density S, ot with the spectral flux from galactic radio backgrounds in Eq. (6.29).
Accordingly, we evaluate each point mg, gsy in the parameter space at given n by calculat-
ing the different galactic flux densities numerically (analogous to Fig. 6.6, Fig. 6.7 for g.y, =
10~ GeV_l), and determine the parameter space in mq, gy, Where

Sy tot (Ma,n) > <Ji> Sbkg(Ma) - (6.34)

The resulting two-dimensional parameter plots of potentially constrainable regions are given for
a signal-to-noise ratio of S/N = 5 with n = 0,1, 3.34 and correspond to axion models mq, 7, gy,
for which the galactic line emission from resonating axion stars is expected to be detectable.
Importantly, the predicted constraints of the simple background comparison in Eq. (6.34) do
only depend on the signal-to-noise ratio S/N and not on the experimental properties of a given
telescope. They can therefore be seen as a preliminary estimate on the observational potential
that can be probed with current and future radio telescopes.

We show the exclusion potential obtained from this approach in Fig. 6.8 and Fig. 6.10 and
evaluate the results in detail in Subsec. 6.5.2 and Subsec. 6.5.3 respectively. Before moving on
to potential constraints, we continue with the second, experimentally motivated approach.

Radio Telescope Sensitivities

As seen in Fig. 6.6, the expected spectral flux of the galactic population of resonating axion
stars drops below the expected radio backgrounds for some mg, n in the external accretion sce-
nario. It is therefore helpful to explore the possibilities of different existing and upcoming radio
telescopes in this section. This is particularly relevant since the radio line emission predicted
in this work needs to be either observed or excluded by astronomical observations to derive the
respective constraints on the axion-photon coupling gg,. In the following, we consider four
different telescopes: LOFAR [270, 271], FAST [272, 273], ALMA [274, 275] and the upcoming
square kilometer array, SKA [276, 277].

The experimental requirements for a possible detection of S, (ot are best understood by dis-
cussing the expected nature of the radio line signal. Owing to the NFW profile of the Milky
Way dark matter halo in Eq. (A.1) and Eq. (6.5), the distribution of resonating axion stars
should be roughly isotropic when observed from the galactic center. This isotropy is obviously
violated at the solar position Rz = 8.3 kpc, however the MC survival cutoff, which we apply
at r < Rgurv = Lkpc in Eq. (3.54) is expected to partially reduce anisotropic effects from the
central DM component at r < Rg. For simplicity and due to the large uncertainties in the
evolution of the galactic ASMF, we will therefore assume that the line emission of resonant
axion stars can be treated as approximately isotropic in the following.

We also note that, while the AS emission will be stronger towards the galactic bulge with larger
pnEw (1), the radio backgrounds (and foregrounds) of the baryonic matter will also be boosted,
thus complicating possible detection of our signal. The above circumstances also motivate an
observation strategy in which the telescopes are pointed away from the Milky Way disc. This
approach is especially promising, because S, (ot - opposed to the signal event signal in Eq. (6.17)
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- amounts to a diffuse signal, that can also be observed far away from the galactic plane?. Ac-
cordingly, the AS line signal is expected to be smooth over large angular scales compared to the
size of the typical beam of radio telescopes.

The diffuse nature of S, (ot implies that our signals do not benefit from the interferometric tech-
niques, which LOFAR, ALMA and SKA provide. Interferometers are designed to increase the
angular resolution through an array of smaller dishes with a large maximal distance between
them (called the baseline), where the effective area of the dish is given by the baseline. Im-
portantly for our considerations, the largest angular scales in the interferometric mode, which
are larger than the shortest baseline and connected to our diffuse signal, will be removed. This
limitation requires us to only consider the single-dish mode of interferometers for detection.
Lastly at the same time, we consider a large parameter range in m, € [10~8eV, 1072 eV], which
leads to the requirement of a large range of observable frequencies f € [fmin, fmax] for a given ex-
periment. To summarize the above, our signal has several fundamental properties: The narrow
spectral width of the line, which benefits from sufficiently small frequency bins, the diffuse nature,
which requires single-dish (mode) observations and the large range of constrainable frequencies
f € [1MHz, 10® GHz]. We choose the FAST telescope as a single dish with a particularly large
diamter Dy = 300 m and the LOFAR, ALMA and upcoming SKA arrays to cover a broad range
of frequencies, see Tab. 6.1 for details.

With the experimental requirements and telescope choices summarized above, the next step is
to infer the potential detectability of our line predictions using the aforementioned methods.
In the context of radio astronomy, the spectral flux density Sy tot in Eq. (6.30) should be more
commonly expressed in terms of the antenna temperature T,y,¢, which is the noise temperature
of a hypothetical resistor that gives the same amount of power density as the observed signal.
For this, the sky-integrated total flux density S, to; needs to be converted into the spectral flux

density Sf;?ot within the observed solid angle A€, of the primary beam of the telescope

AQpy,

gpb
4

*,tot (ma) =~ Sk tot (mq)

(6.35)

where AQpp = 2m(1 — cos(fph/2)) is a function of the primary beam angle 0y, [278, 279]. Note
that by applying Eq. (6.35), we have implicitly assumed that the chosen bandwidth AB of
the given telescope is similar to the spectral width Af ~ AB of the AS signal. If for a given
experiment, the bandwidth AB > Af exceeds the line width, the resulting signal would be
suppressed by an additional factor

_Af 107 m,
IAB=AB~ T AB

(6.36)

compared to Eq. (6.35).
Then, setting the bandwidth efficiency nap = 1 by employing Eq. (6.35), we can convert the
observed flux density Sf}got into the corresponding antenna temperature

b 1 b
Tont = %Aeff Sf,tot (Ma), (6.37)

4Depending on the telescope, there will be limitations to the observable elevation of the dish and antennas,
which we do not consider in the qualitative estimates of this chapter.
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of the primary beam, where Aq = naA is the effective area of the telescope, with efficiency
factor n4 and dish surface area A [278, 279]. For single dish telescopes, the detectability of the
signal Sf};ot inducing the antenna temperature Toys in Eq. (6.37) is typically expressed by means
of the radiometer equation

S TR
<> = ~ant (6.38)
N single Tmin
where in this work S/N =5 as before. The minimum observable temperature

T.
oY (6.39)

V AB tobs

depends on the bandwidth AB ~ Af ~ 1073m,/(47) and the observation time ¢y,s = 100 hrs.
Physically, Tinin quantifies the noise of the system with total temperature Tyys = Trec +Thig given
by the sum of the receiver noise and the radio background temperature Ty, from Eq. (6.28)
in a given measurement. Note also that the criterion in Eq. (6.38) is valid only for single dish
telescopes, i.e. for FAST in our considerations.

Telescope arrays like LOFAR, ALMA and SKA on the other hand consist of multiple, smaller
single dishes which are operated together. For a telescope setup involving N;e individual dishes
with Npo = 2 polarizations, the single-mode signal to noise ratio can be inferred from Eq. (6.38)
according to

Tmin =

S TP

S
<N> =V Ntel Npol (N) =\ Ntel Npol Tant . (640)
array single min

For a given telescope, the detectability for S/N = 5 depends on the primary beam angle 6,
setting 1, in Eq. (6.35), on the effective area Ae in Eq. (6.37), the observation bandwidth
and duration AB, t.hs and on the system temperature Tyys. For telescope arrays, additional
parameters are given by the number of telescopes Niej, where we set Ny = 2 in Eq. (6.40). The
corresponding specifications of the different telescopes considered in this work are summarized
in Table 6.1 [2]. We indicate the observable frequency ranges using the lowest and highest
observable frequencies fmin, fmax Of the telescopes. In the special case of the ALMA telescope,
we have simplified the frequency dependence of the system temperature due to the existence of
different observation bands. The system temperatures of the ten frequency bands of ALMA are
shown separately in Tab. 6.2 for completeness.

In the case of the LOFAR-LBA in the first column, we have set the primary beam angle to 7/3
since the LBA dipole beam covers most of the sky above an elevation of ~ 30°. In the case of
FAST, N indicates the number of beams of the single dish telescope and the effective area an
primary beam angles depend on the wavelength A = ¢/ f of observation. For simplicity, we have
grouped different ALMA bands in Tab. 6.2 with same Ty together.

To summarize the above approach, we determine if the antenna temperature in Eq. (6.37) of
the respective accretion- and axion model mg, n, ga~~ is sufficient to yield a signal-to-noise ratio
of S/N > 5 using Eq. (6.38) for FAST and Eq. (6.40) for LOFAR, ALMA and SKA with the
parameters from Tab. 6.1 and Tab. 6.2. If we find S/N > 5 for a given axion model mq,n, gayy,
we consider the corresponding point in the parameter space of mg, gey constrainable through
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Parameter ~ LOFAR-LBA FAST SKA-Low / Mid ALMA

fmin [MHz] 10 1050 50 35k

Jmax [MHz] 90 1450 14k 950k

Dyel [m] 81.34 300 35 /15 12

Niel 40 19 911 / 200 50

Npol 2 2 2 2

tobs [hrs] 100 100 100 100

Tree [K] 104 24 40 / 20

Tsys [K] Trec + Tbkg Trec + Tbkg Trec + Tbkg 90 to 3700
Apgr min(16A%, ., 4500m?) 0.55 7(Dger/2)? 0.8 7(Dier/2)? 0.26 7(Dye1/2)?
Opb /3 1.02 A\obs/Diel 1.02 Agbs/ Drel 1.02 Aobs/ Drel

Table 6.1: Specifications of different radio telescopes: LOFAR-LBA [270, 271], FAST [272, 273], SKA
[276, 277, 280] and ALMA [274, 275] taken from Ref. [2]. For ALMA, the range of Ty, € [90K, 3700 K] is
due to the ten different frequency bands in the range of [35 GHz, 950 GHz], see Tab. 6.2. The parameters
are not chosen to maximize detectability but to offer comparable estimates of the achieved sensitivity.
The quantities fiin, fmax indicate the observable frequency ranges, Die is the telescope diameter, Aops
the observed wavelength and the remaining parameters are defined in accordance with the main text.

Frequency Band Frequency Range [GHz] Tiys [K]

Bl (35, 50] 90
B2 - B3 67, 116] 200
B4 - B7 (125, 373 400
BS 385, 500] 870
B9 (602, 720] 2200
BO 787, 950] 3700

Table 6.2: ALMA specifications from Tab. 6.1 and Ref. [2] for the ten different frequency bands under
consideration [274, 275]. Frequency ranges of the respective bands are given in units of GHz, together
with the different system temperatures Tgys in units of Kelvin. Where possible, bands with same system
temperature have been grouped together.

(non-)observation of the expected radio signals. We do not perform the data analysis looking
for AS radio lines in this work and continue our evaluation by demonstrating the resulting
constraints for the external accretion models in the next section.

6.5.2 Constraints from External Accretion

Starting with the conservative (left) and enhanced (right) external MC accretion models from
Eq. (6.22) and Eq. (6.23), Fig. 6.8 shows the parameter regions of mg, gqvy, where the observed
signal-to-noise ratio from resonating axion stars following Eq. (6.34) is S/N > 5. The resulting
plots only show the potential constraints that can be inferred through simple comparison of
S tot With galactic backgrounds, while neglecting experimental constraints like the observable
frequency range [fimin, fmax] from Tab. 6.1. For comparison, we also plot existing laboratory and
astrophysical constraints on the axion-photon coupling in gray shades. To indicate experimental
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Figure 6.8: Potential constraints inferred from the external accretion model for different axion models
Mq,n with couplings gq, in the range m, = 107" eV — 1072 eV, taken from Ref. [2]. In this simple
background comparison, the spectral flux densities S, ot () from Fig. 6.6 and Eq. (6.22) are compared
to the background spectral flux density from Eq. (6.28), requiring S/N = S*p};ot/Sbkg > 5. Dark shades
correspond to existing constraints and the yellow band represents the couplings of QCD axion models.

limitations of terrestrial telescopes, we impose an additional low-m, cutoff at the radio window
boundary of f = 10 MHz, which corresponds to m, ~ 10~7 eV. The colored regions indicate the
potential constraints that can be inferred for different my, goy at a given n.

In both panels of Fig. 6.8, the constrainable regions differ depending on n, where the n = 3.34
case in the left panel vanishes completely. The scaling of the flux density S, 1ot with the temper-
ature index n is generally difficult to trace, since it incorporates several interdependent effects.
These effects include the different mass cutoffs of the resonating MCMF in Eq. (6.2), Eq. (6.3),
the dependence of the accretion rates in Eq. (6.14), Eq. (6.16) on mg, n and the varying scalings
of N tot, My, max(M,) with mg,n, geyy in Eq. (6.4) and Eq. (4.61).

The same statement remains true for the upper and lower boundaries of the potential con-
straints with respect to the range in g,,~. More specifically, the high-g4, regions are excluded
because the resonance mass M, , x 1/gqy drops below the predicted mass range of the ASMF,
M, < min(M,). In such cases, we drop the resulting signal due to violation of the (initial)
core-halo relation in Eq. (3.57) - except for the enhanced internal model from Eq. (6.26), which
uses a modified mass relation altogether. Similarly, the lower boundaries of the potential con-
straints in g.,, appear when the decay mass exceeds the maximum core mass M, , > max(M,)
of the ASMF. This can either appear for M, , > M,  or earlier for lower values of n with smaller
high-mass cutoffs Max of the MCMF in Eq. (3.46).

Further comparing the conservative and enhanced external scenarios in the left and right panel
of Fig. 6.8, it can be seen that the axion masses, where the potential constraints start to vanish,
are larger for the enhanced model. This observation coincides with expectations from the en-
hanced flux densities in Fig. 6.6. In agreement with the scalings of Sy tot(m4) and Spkg(ma) in
Fig. 6.6, the external flux densities drop below the backgrounds around m, ~ 1075 eV, while the
spectral fluxes of the enhanced model with C}, = 1 only vanish around the CMB peak around
mq ~ 1073 eV. The same scalings between signal and background are also responsible for the
appearance of the narrow regions at m, < 1072 ¢V in the right panel of Fig. 6.8.

We conclude that the simple background comparison of the two flux densities at S/N > 5
demonstrates the potential for new constraints around the parameter regions m, ~ 107 %eV,
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Gayy ~ 10712GeV™! and m, ~ 10716V, Gayy ~ 10711 GeV~! for the enhanced external ac-
cretion model in the right panel of Fig. 6.8. The next step is to examine the experimentally
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Figure 6.9: Potential constraints inferred from the external accretion model in Eq. (6.22) by comparing
our signals in Fig. 6.6 with the sensitivities of different telescopes in Tab. 6.1. The spectral flux density
S, tot () is translated into the antenna temperature 7%, in Eq. (6.37) and compared to the minimum
observable temperature Ty in Eq. (6.39), requiring (S/N)aray > 5. SKA constraints are denoted by
dotted lines, while all others are represented by solid lines. ALMA constraints appear as narrow strips
due to the six sets of frequency bands, which have gaps between them. Dark shades correspond to existing
constraints and the yellow band represents the couplings of QCD axion models. Taken from Ref. [2].

motivated comparison of the representative telescope properties from Tab. 6.1, for S/N > 5
following Eq. (6.38) and Eq. (6.40). Fig. 6.9 shows the resulting potential constraints which
can be inferred with the existing telescopes LOFAR, FAST and ALMA in solid lines and with
the upcoming SKA telescope in dotted lines. Same as in Fig. 6.8, colored shades denote ex-
cludable regions for different n, gray shades demonstrate existing constraints and the yellow
band indicates the QCD axion parameters m, and g,y in eV and GeV~! respectively. Note
here that overlapping regions in mg, gay, can amount to different axion models due to the color-
dependence of n.

Overall Fig. 6.9 demonstrates the same behavior with the axion mass range being constrained by
experimental limitations and the range of g,y constrained by the scaling of M, . with the cut-
offs min(M,), max(M,) of the ASMF. The major difference compared to the simple background
comparison is given by the increased range of the potential constraints in m, and specifically
the appearance of the n = 3.34 models in the left panel of Fig. 6.9. The reason for this increased
detectability in radio telescopes is given by the narrow spectral shape of the expected line signal,
which can be distinguished from the smooth, broad emission from galactic backgrounds.
Comparing the two accretion scenarios in the left and right panel of Fig. 6.9, the accretion
model-dependence of the potential constraints is reduced compared to Fig. 6.8, so that the en-
hanced external accretion with C} = 1 only allows for an extension to the high-m, range, which
can be probed with ALMA. With respect to new constraints , the overall potential in Fig. 6.9
is qualitatively similar to that from the background comparison in Fig. 6.8 - apart from the
improved coverage of ALMA around m, ~ 1073 eV and Garyy ~ 10~ GeV~L. We conclude that
again, the AS line emission is either prevented by the high-mass cutoffs M, ,, min(M,), and
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max(M,) or significantly larger than the background flux density Spkg(mq)°. For both accre-
tion scenarios and sensitivity approaches, new experimental constraints can be inferred from
dedicated searches for line emission around frequencies corresponding to mg ~ 107%eV and
107° <my S 10726V.

6.5.3 Constraints from Internal Accretion

In this chapter we perform an equivalent analysis of the two sensitivity approaches for the in-
ternal accretion models from Eq. (6.25) and Eq. (6.27). Like before we set the signal-to-noise
ratio to S/N > 5 as a requirement for both the potential constraints in Fig. 6.10 and Fig. 6.11,
which show the excludable regions inferred from the background comparison in Eq. (6.34) and
Eq. (6.38), Eq. (6.40) respectively.

We begin by evaluating the simple background comparison for the internal accretion rates with
the canonical core-halo relation M, o< M3 in the left, and the modified mass relation with
M, ~ M in Eq. (6.26) in the right panel of Fig. 6.10. Note here the intersections between
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Figure 6.10: Potential constraints inferred from the internal accretion model with M, oc M3 from
Eq. (3.57) and M, ~ M from Eq. (6.26) for different m,,n, g¢~. In this simple background comparison,
the spectral flux densities S ot (m4) from Fig. 6.7 and Eq. (6.25) are compared to the background spectral

flux density from Eq. (6.28), requiring Sf}iot /Sbkg > 5. Dark shades correspond to existing constraints
and the yellow band represents the couplings of QCD axion models. Taken from Ref. [2].

the color-shaded regions and the yellow QCD axion band in the right panel of Fig. 6.10 do not
correspond to QCD axion models since the different ALP models have differing values of n. As
mentioned before, the condition M, , < min(M,) is not accounted for in the enhanced model due
to the absence of a low-mass cutoff equivalent to My, yin, which is why the potential constraints
in the right panel extend to the largest g, , compared to the other three accretion scenarios.
While the high-g,,- region presents an uncertainty in our different approaches, its impact on the
observational constraints is negligible since the corresponding couplings are already excluded by
helioscopes and other experiments in gray.

Another important difference between the two core-halo scalings of the internal model in Fig. 6.10
is given by the inverted hierarchy of the lower boundaries in g4+, at different colors n. While the
n = 1 constraints extend to the lowest values of the axion-photon coupling for M, oc M3 in

5This observation indicates that the impact of the chosen value S /N =5 is low compared to the other effects
mentioned in the main text of this section.
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the left panel, the enhanced model with M, ~ M on the right has n = 0 models reaching lower
values of gq~. The explanation for this behavior is an increased benefit from having large num-
bers of low-mass miniclusters with M ~ Mj in the n = 0 case. Effectively, the mass relation in
Eq. (6.26) removes the low-mass cutoff My, yin in Eq. (6.2) and alleviates the low-mass cutoff
M., substantially. This modification increases the importance of the total number of miniclus-
ters Mme tot for the observed flux over the range of their high-mass tail My < M < Mpax.

For a similar reason, the overall signal strength of the internal models is enhanced compared
to the external cases, which leads to the extended ranges of inferable constraints in the col-
ored regions of Fig. 6.10 compared to Fig. 6.8. The increase in magnitude of the predicted
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Figure 6.11: Potential constraints for the internal accretion model in Eq. (6.25) with M, oc M/3
from Eq. (3.57) and M, ~ M from Eq. (6.26). Inferred by comparing our signals in Fig. 6.7 with the
sensitivities of different telescopes in Tab. 6.1, requiring (S/N)amay > 5. SKA constraints are denoted
by dotted lines, while all others are represented by solid lines. ALMA constraints appear as narrow
strips due to the six sets of frequency bands, which have gaps between them. Dark shades correspond
to existing constraints and the yellow band represents the couplings of QCD axion models. Taken from
Ref. [2].

flux density S, tot is also responsible for the fact that the telescope sensitivity approach does
not considerably improve the excludable parameter space in Fig. 6.11 - apart from the largest
couplings gg~~, which are already ruled out.

Especially in the case of the internal and enhanced external accretion scenarios, the nature of
the predicted AS signals is best understood in terms of an on-off-pattern: Either the resonance
mass M, - is present in the ASMF of a given axion model mg,n, goyy and the resulting signal
becomes detectable, or M, , lies below or above the mass range of the ASMF and no signal is
expected.

To summarize, the numerically motivated internal exclusion models provide enhanced accretion
rates and resulting flux densities S, tot, which can be measured using earth-based experiments
for a wide range of axion models mg4, n, gayy. Similar to the prospects inferred from the en-
hanced external model in Fig. 6.9, both internal accretion models can be used to provide novel
constraints on the axion-photon coupling g4+~ for axion masses in the ranges m, ~ 1075 eV and
1072 <mg <107 2eV.
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6.5.4 Directional Dependence of resonant Emission

As emphasized before, the potential constraints in Subsec. 6.5.2 and Subsec. 6.5.3 need to be
combined with dedicated radio line searches in order to obtain actual information on the param-
eter space of the axion-photon coupling gg+,. On the experimental side, a dedicated analysis of
astronomical radio data may require careful identification of galactic foregrounds, backgrounds
and specifically an identification of atomic and molecular transition lines, which could exhibit
similar features to our signal predictions. While we do not perform an analysis of the correspond-
ing radio data in this work, we present additional information on the directional dependence of
the signal, which should prove helpful in the development of future search strategies for galactic
AS line emission.

The spatial distribution of galactic ASMC systems (and the background density p, ¢(r) in the
external accretion model) follows the spherically symmetric NFW profile of the Milky Way. It is
therefore possible to express the simplified directional dependence of the total emitted flux Fj tot
in terms of the observed polar angle #r on earth. For this, we assume the earth to be aligned
with the galactic plane as shown in the right panel of Fig. 6.12. Defining the flux density, which
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Figure 6.12: Left: Flux density per solid angle as a function of the polar angle 6 at the earth,
normalized by its average value, Fj io1/(47). The blue line shows the directional dependence of the
external accretion models from Eq. (6.22), Eq. (6.23), while the orange line shows the angular dependence
of the internal accretion model in Eq. (6.25). Gray shades represent the observing direction towards the
galactic bulge, where galactic foregrounds could easily overwhelm the expected signals. Right: Schematic
representation of the observation angle 6 at earth with the NFW DM halo in gray shades and the
galactic disc and bulge in yellow. Both taken from Ref. [2].

is observed within a solid angle dQg at polar angle 6g, as F, g(0g)dS2g gives the flux density per
solid angle F, 5 (0g) along the line of sight.

We plot the angular dependence of the flux density per solid angle F, g(fg) in the left panel
of Fig. 6.12, where blue and orange lines indicate the external and internal accretion models in
Eq. (6.22) and Eq. (6.25) respectively. The quantity F, g(fg) in Fig. 6.12 is normalized by the
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sky-averaged flux density

1 1
(Fu(fr))ar = in /dQEF*(gE) = EF*,tot (6.41)

and the polar angle g is given in unit of radians. Gray shades in Fig. 6.12 indicate the galactic
center at r < 3kpc, where the NFW-distributed dark matter density yields the largest flux
densities. Note that here F, g(fg) peaks at 6 > 0 due to the applied survival cutoff Ry from
Eq. (3.54), which prevents the existence of gravitationally bound miniclusters in the galactic
bulge.

Effectively, the direction dependent flux density F, g(6g) depends on the product of the total
number of resonating axion stars ./\/'%tot and on the model-dependent accretion rate 6 M, /§t. The
different slopes of the two curves in Fig. 6.12 can be explained by the additional dependence
of the external accretion rate dM, /0t in Eq. (6.14) on the background density p, ¢(r). While
the flux in the internal model is proportional to pnpw(r) through the total number of objects
given by the spatial number density dn/dM(r), the external model has a quadratic dependence
F tot o< pxpw (1)? due to the additional background dependence of §M, /dt.

Importantly for future searches, the normalized angular flux density Fi g(fg) in Fig. 6.12 is of
order one or above for 0 < 7/3. Telescopes in AS line searches may hence be pointed away
from the galactic plane and towards polar angles of g ~ m/3, which allow for a significant
reduction of galactic foregrounds. This is especially promising because the direction-dependent
flux density in these directions is Fy(0g) 2 Fi tot/(47), which renders our constraint predictions
from Subsec. 6.5.2 and Subsec. 6.5.3 essentially valid also for 0 ~ 7/3.

6.6 Outlook on Axion Star Radio Lines

In this chapter, we have combined knowledge on the present-day MCMF and ASMF from
Sec. 4.7 with different predictions for the mass growth of axion star cores in our galaxy. For
axion-photon couplings guy~, which render the axion star resonance mass M, , < M, ) smaller
than the critical mass of the axion self-interaction A, the accretion rates of the solitonic core lead
to significant radio line emission at the solar position. As shown in Subsec. 6.5.2 to Subsec. 6.5.4,
the predicted spectral flux densities are either non-existing or overwhelmingly strong compared
to the galactic background emission from Subsec. 6.5.1.

For all of the four accretion scenarios discussed in this work, we find that new constraints on
the axion-photon coupling can be inferred for parameters in the range 1077 eV < mq < 107% eV
and ggyy ~ 10~ GeV~!, with additional dependence on the temperature evolution index n. In
the case of the enhanced external and for both internal accretion models, additional exclusion
potential is predicted in the range 107°eV < m, < 1072eV and Gay 3 10~ GeV~t. Most
importantly, all of these parameter regions can be probed by existing radio telescopes, with the
specific examples given for LOFAR, FAST, ALMA and the upcoming SKA telescope.

We have also briefly explored the directional dependence of the predicted flux densities in Sub-
sec. 6.5.4 and found that the approximate isotropy of our signal at large polar angle 0 can be
used to avoid galactic foreground emission while keeping an order-on intensity of the desired AS
signal. Future experimental searches and additional analysis of existing radio data can directly
combine observational evidence with our predictions to infer new constraints covering a signifi-
cant region of currently unconstrained parameter space in mq, gay--
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This finding is especially promising considering the fact that our modeling of the linear growth
MCMEF in Subsec. 3.6.2 and the use of the z = z¢q core-halo relation with M, o M/3 have
been conservative approaches to the late-time predictions of axion star mass distributions. More
specifically, our predicted signals can potentially be boosted by additional considerations of the
following effects:

1. The non-linear evolution of the galactic minicluster population

2. The consideration of the long-time mass growth of solitonic cores, which is predicted to
reach substantially increased masses, My ~ M for A = 0 in simulations, see Sec. 4.3

3. A combined consideration of the mass growth of axion stars due to both internal and
external MC accretion, which we have treated separately for simplicity

4. The possible survival of systems with M, > M, y, which we have neglected

Next to these major effects, which are expected to enhance the intensity of the radio emission,
there are also other effects, which can reduce the radio emission and abundance of resonating
systems, namely

1. The radio conversion efficiency 7, of the resonating axion stars, which is assumed to be
of order one

2. The time modulation of the signal described by 7),~, which could reduce the background
emission if the burst duration dt, < 1/T',  is much smaller than the inverse rate of galactic
axion bursts I', , for a given model my,n, gaw6

3. The long-time survivability of galactic ASMC systems due to the combined

e Parametric resonance at M*,,
 Self-interaction instability at M, x

e M-, r- and ®-dependent tidal disruption in stellar encounters

We emphasize that according to our findings, the above effects should rather enhance than de-
crease the signals obtained from our conservative predictions. The process of radio emission
from resonating axion stars in our galaxy hence provides a compelling mechanism to probe cur-
rently unexplored axion models. For future studies, our results can be combined with improved
modeling of the evolution of miniclusters, axion stars and the triggering of the instabilities at
M, ~, M, ) to reinforce and extend the potential constraints presented in this chapter. We
emphasize that especially the ®-dependence of the AS mass growth rates and core-halo mass re-
lation from Ref. [240] and Ref. [169] require further investigation. Lastly, for axion masses below
mq ~ 1077 eV, space-borne radio telescope can theoretically be used additionally to constrain
even smaller values of gq, and my,.

5We do not perform the corresponding calculations due to a lack of numerical data on the signal duration dt.,
for different axion models mq,n, gayy and AS masses M, .
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In the previous chapter, we have developed different accretion models for composite ASMC
systems and investigated how the parametric instability at M, , can lead to the emission of
radio line signals at M, > M, . The potential constraints in Sec. 6.5 remain true as long
as M, < M, , whereas in the second case M, , > M, ), which amounts to relatively weak
axion-photon couplings, the self-interaction instability develops before the AS resonance. For
completeness and complementary to Chap. 7, we treat the observational consequences of the
second scenario M, - > M, ) in more detail in this chapter. The results presented in the
following are taken from Ref. [3].

Opposed to the radio line emission from resonating axion stars, the relativistic axion bursts from
galactic bosenovae can not be straight-forwardly probed by existing experiments. The results
of this chapter hence provide an incentive for the development of new experimental techniques
for the detection of galactic axion bursts. Due to the lack of adequate observational methods
at the time of writing, our treatment of the galactic bosenova rates is further simplified and
less elaborate compared to the evaluation of galactic radio signals in Chap. 6. Our approximate
modeling of the AS core collapse rates relies on conservative assumptions, for which we indicate
possible extensions and improvements for future research at the end of this chapter.

As before, we use the galactic MCMF and ASMF from Subsec. 3.6.2 and Sec. 4.7 with a slope
index oo = —1/2 and for the My-cutoff of the MCMF in Eq. (3.47). This means that we neglect
the low-mass component of the galactic minicluster population M < My since the corresponding
soliton cores are the furthest away from reaching the relevant critical mass M, . For simplicity,
we ignore any effects of the parametric resonance at M, , > M, \ on the population of galactic
AS cores and consider only the emission of relativistic particles from the bosenova collapse
according to Sec. 4.4 and Ref. [35]!.

For the mass growth of the AS cores, we employ the internal accretion model from Sec. 6.3,
since it provides the largest and numerically most motivated accretion rates of the different
approaches in Chap. 6. Same as in previous sections, we consider the parameters M, ®,r to be
independent of each other, where M is determined from the MCMF at each axion model mg,n
with 1072 eV < m, < 1072 eV and modified temperature indices n = 1,2, 3.342. The remaining
assumptions about the survival probability of miniclusters at different r and ® are identical to
previous chapters, see Eq. (3.54), Eq. (3.56).

We summarize the modified mass growth modeling that describes the abundance of galactic
bosenovae in Sec. 7.1 and combine it with the generalized sensitivity criteria from Ref. [36]
to measure the expected detectability of these events in Sec. 7.2. The resulting observable

!Note here that in the physical context and away from the case M, < M, ., a multi-messenger signal
involving both radio and axion emission is expected, see Ref.s [31, 253, 257, 258].

2We do not consider temperature-independent axion masses n = 0 here since for n < 1, our predictions are
significantly diminished due to the non-existence of heavy axion stars with M, < M, x in the ASMF, see Fig. 4.14.

~
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parameter range in m, depends strongly on the nature of the utilized axion coupling in a given
experiment. We calculate the corresponding collapse rates in Sec. 7.3 and Sec. 7.4 and use them
to infer the number of detectable bosenovae occurring within an observation time of ty,,s = 1 yr.

7.1 Mass Growth Modeling

In the context of accreting ASMC systems, the predicted number of galactic bosenovae depends
mainly on three quantities: the observation time t,ps = 1 yr, the minicluster mass M determining
M, and its initial overdensity parameter ®. As in previous chapters, we integrate over the MC
mass M obtained from the MCMF and over ® € (0, 10%], with the probability distribution pg(®)
from Eq. (3.27) and survival probability Psury(®) from Eq. (3.56). We employ the internal MC
accretion rate from Eq. (4.42) with the canonical core-halo relation in Eq. (3.57), where the
resulting mass growth is determined by M, ® and M, at given mg,,n respectively. Integrating
the MCMF over M, ® and the galactocentric radius r, the remaining quantities to be determined
are the corresponding low- and high-mass cutoffs of the collapsing AS population of the Milky
Way.

In the context of bosenovae, a straight-forward choice for the high-mass cutoff is given by the
maximum core mass at ¢ = 0, which can be estimated from the z = z.q core-halo relation
according to

M)\,max = min(Mmaxa M/\) , (71)

where the minicluster mass My = M(M, ) is obtained by inverting Eq. (3.57). Note here that
the above high-mass cutoff is conservative in the sense that it neglects the long-time accretion
of axion stars, which likely sets M nax = M at present-day redshift. The low-mass cutoff on
the other hand needs to be inferred from the minimum core mass M, acc, which can reach the
critical mass M, ) after continuous mass growth over ¢,,¢. In general, this minimum core mass
needs to be determined by considering the whole range of minicluster masses M for each value
of ® and for each axion model mg,n.

To increase computational efficiency, we adopt a simplified approach for the determination of
M, acc, which can be motivated by means of the time dependence of the internal accretion rate
in Fig. 4.7. An important observation in this figure is the fact that the accretion rate obtained
from Eq. (4.42) decreases monotonically with increasing M, for a given M, ®,e. Accordingly,
the mass growth rate of galactic axion stars with attractive self-interactions reaches its minimum
at the largest stable mass M, = M, ,.

Furthermore, the high-mass tail of the MCMF with M > M provides a major contribution to
the number of miniclusters hosting an AS core close to the critical mass M, ~ M, x. Due to the
scaling M, oc M'/3 of the core-halo relation in Eq. (3.57), these near-critical ASMC systems
exhibit very small values of M, /M (see also Fig. C.4, Fig. C.2), which renders the AS accretion
rate 0 M, /0t x M /Tg o< 1/ M in Eq. (4.42) smaller for larger M. Together, the above observa-
tions lead us to take the simplifying but conservative assumption that every axion star accretes
with a rate similar to that of a critical ASMC system, i.e. M, /0t ~ M, (M, M, », ®)/ét.
Under this assumption, we can extrapolate the minimum AS mass, which reaches criticality over
an observation time ¢, as a function of ®, which gives

5M*(M>\7 M*,)\u (I))

M*,acc((ba tobs) = M*,)\ - 5t

tobss (7.2)
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at the critical mass M, ), and corresponding MC mass M), where the internal growth rate
reaches its lowest value. We derive the corresponding minicluster threshold mass corresponding
to the AS mass M, acc from the core-halo relation, i.e.

M)\,acc = M(M*,acc) . (73)

For typical miniclusters with ® ~ 1, M} acc in Eq. (7.3) provides the dominant low-mass cut-
off of the ASMF. However at the largest overdensities ® ~ 10%, the internal accretion rates
IM (My, M, x, @)/t can increase substantially so that the low-mass cutoffs of the MCMF be-
come relevant. It is therefore important to consider the effective low-mass cutoff of a given
ASMC system with overdensity parameter ® to be composed out of the combination

M)\,min = maX[MO,mina Mh,min; M)\,acc((I)u tobs)] ; (74)

where Mg ymin is the Moy-cutoff and My, i, is the core-halo minimum mass threshold from
Eq. (3.58). In this approach, any axion star with initial mass M, > M, acc(tobs) Will accrete
enough axion dark matter from its surrounding minicluster within a given time ¢, to become
super-critical M, > M, y.

Note that in Eq. (7.4) we have neglected the AS radius cutoff, since for the densest MCs with
® ~ 10*, the mass scaling of the canonical core-halo relation in Eq. (3.57) used to derive the AS
radius cutoff in Eq. (4.70) can arguably be modified. A direct application of the AS radius cutoff
would diminish the predicted collapse rates, because many of the densest MCs with & > 10
would be removed from the sample. There are however physical considerations from which a
modification of the cutoff scaling is expected.

Following the virialization condition vy vir ~ Umcvir that can be used to derive the canonical
core-halo scaling M, oc M/3 the virial velocity of the minicluster is generally a function of M
and @, since Ve vir =~ / GM/R(P) according to Eq. (4.35) and Eq. (3.24). Tracing the scalings
with ® one obtains vpye,vir d2/3 for d > 1, which implies that the increased central density pmc
increases the virial velocity of the total system. The above scaling would lead to an increased AS
core mass and a relaxation of the AS radius cutoff in Eq. (4.70) compared to our considerations.
In order to resolve this uncertainty, future studies can extend the numerical analysis of the
core-halo mass relation performed in Ref. [169] to account for variable MC densities ®.
Therefore neglecting the AS radius cutoff and using the effective ASMF cutoffs from Eq. (7.1),
Eq. (7.4), the number of expected bosenovae expected in super-critical ASMC systems can be
calculated from the MCMF according to

R200 104 M)\,max dn
Niova(fans) = 4m / drr? / 0 i (©) P (D) / My, ()
surv 0 M/\,min(q’vtobs) dM

where the lower boundary of the mass-integral has to be evaluated at each value of ® in the
distribution. From the scaling 6 M, Tg_rl x ®* in Eq. (4.42), we can already see that the
strongest contribution to Myova is given by the densest miniclusters, which have ® < 10%. In
some extreme cases with ® ~ 10%, the accretion rates can become large enough for M ace in
Eq. (7.2) to reach negative values, when dM, /0t - tops > M, . In the following, we drop the
corresponding ASMC population with {M, ®} predicting M, 4. < 0, due to uncertainties about
their long-time stability. We also note that in principle, the AS cores of the heaviest miniclusters

with M > M, which we have neglected by applying Eq. (7.1), can additionally contribute to
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the number of bosenovae through repeated collapse events.

For QCD axion parameters with n = 3.34, m, = 50 peV, critical masses M, \ ~ 2- 1071 Mg, and
M)y >~ 21077 My, we find that typical systems with ® ~ 1 should have §M, (M, M, 5, ®) /5t ~
2.10738 Mg s~! which implies M, acc = M, ). On the other hand, for the densest miniclusters
with ® ~ 10* we obtain §M,(My, My, ®)/0t ~ 10722 Mg s™!, which gives 6M, /0t - tops =
4-10715 Mg, for the accreted mass in Eq. (7.3) after tps = 1yr, corresponding to an order one
percent mass growth.

We illustrate the total number of galactic bosenovae derived from Eq. (7.5) for three different
values of n = 1,2,3.34 in Fig. 7.1. The sharp turn-arounds arise from the m,-dependence of the

10%
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Figure 7.1: Predicted number of bosenovae occurring within the Milky Way DM halo for tons =
1yr for the My-cutoff, i.e. without the low-M tail of the MCMF. Colors denote axion models with
different temperature evolution n according to Eq. (2.34). As before, the gray shaded region denotes the
cosmological QCD axion mass band with 107%eV< m, < 10~* eV and the black solid vertical indicates
the QCD axion mass m, ~ 50 peV assumed in this work. Taken from Ref. [3]

accretion-induced low-mass cutoff M 5. derived from Eq. (7.2) and from the cutoff-dependence
of M min, M max following Eq. (7.4) and Eq. (7.1). Notably, the number of galactic bosenovae
increases with larger n. The different scaling of the peaks in Fig. 7.1 is related to two competing
effects: First, the increased number of composite ASMC systems N tor x 1/ My for smaller n
and My, and secondly the increased accretion rates for larger n.

The first of these effects is a direct consequence of the normalization of the MCMF, which is
set to match the total DM mass of the Milky Way, hence Mot x 1/ My, where Nt is the
total MC number (see Fig. 3.7 and Fig. C.3). The second effect on the other hand relates to
the scaling of the critical mass M,  « fq in Eq. (4.16), which inherits an implicit temperature
dependence from the n-dependent decay constant f, in Fig. 3.6. We demonstrate the scaling
of M, x with three representative temparature indices n = 0,1, 3.34 together with the resulting
accretion rates dM, /6t = SM, /0t(M, x, M)) of the critical ASMC systems at mq,n in the left
and right panel of Fig. 7.2.

For larger n, Eq. (4.16) yields smaller critical AS masses M, x, which turn out to boost the
accretion rates of the self-similar attractor in Eq. (4.42) and Fig. 7.2. The enhanced accretion
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Figure 7.2: Left: Maximum stable AS masses M, » from Eq. (4.16) for different axion models mg,n
with colors indicating n = 0,1,3.34. Right: Internal accretion rates dM, »/dt from Eq. (4.42) in kgs™!
for critical ASMC systems with core mass M, = M, x, M = M, and ® =1 at different mq,, n.

rates for smaller M,  in Fig. 7.2 can be qualitatively understood as a shifting of the monotoni-
cally decreasing mass growth rate from Fig. 4.7 towards earlier times with smaller M, ).

As can be seen by the scaling of Nnova with larger n in Fig. 7.1, the benefit of having larger
accretion rates and smaller M, ) is dominant over the scaling of Niot. Lastly and in the case of
small n = 1 in blue, a sudden drop in Nnova arises from the different scalings of M. and M.
Eventually at some m,, the accretion-induced critical mass M acc > Mmax grows beyond the
range of the initial ASMF, yielding Nnova = 0.

We also mention for completeness, that the results in Fig. 7.1 imply that the number of bosen-
ovae occurring within a Hubble time can become as large as Nxova tig > Niot for some (mg,n).
This observation indicates that a large number of axion stars are expected to collapse repeatedly
on cosmological timescales. In fact, we can consider the exemplary case of the QCD axion with
me = 50 ueV and n = 3.34 to find that M, y/ My ~ 1075, which means that a typical ASMC
system with near-critical AS/MC-masses can undergo ~ 10% bosenovae until it is eventually
depleted of its total mass.

Answering the question of how many of the ASMC systems are expected to shed their initial
mass within ¢y requires investigation of the full time evolution of the MCMF, ASMF and core-
halo relation - all of which are beyond the scope of this work. We also refer to Ref. [281] for a
similar study, which constrains axion models through significant depletion of cold dark matter
following repeated bosenovae in the cosmological context. Our analysis complements the work
in Ref. [281] by using the direct observation of relativistic axions from galactic bosenovae in
different axion dark matter searches.

7.2 Detectability of galactic Axion Bursts

With the number of galactic axion bursts over tops = 1yr being determined by Eq. (7.5), the
next step lies in the derivation of approximate criteria for the detectability of such bursts in
different earth-based experiments. We approach the derivation of an experimentally independent
sensitivity criterion in this section by first recalling the fundamental properties of the relativistic
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axion bursts from Sec. 4.4 and their propagation following Ref.s [3, 35, 36]. After a brief
introduction about burst wave spreading, we define the resulting maximal observable distance,
which can be used to infer the number of observable bursts for experiments exploiting both
axion-photon and axion-fermion couplings of the form in Eq. (2.17) and Eq. (2.18).

7.2.1 Burst Properties and Propagation

The intensity of a given axion burst is mainly determined by the total energy £, which is emitted
during the relativistic collapse. We follow the numerical results from Ref. [35] and Eq. (4.45),
which stated that the typical energy loss is approximately 30% of the critical AS mass. In this
approach, one can simply estimate the total energy output of the axion burst by defining the
mass loss fraction fe, = 0.3, where fe, ~ 0.2 — 0.5 according to simulations [35], and write

-1
~ fom M,y ~ 10% Ja a .
£ JemBip ~ 107 GeV (1011 GeV> (SOMeV (7.6)

for QCD axion parameters. The local burst density p, 4 measured at the detector corresponding
to Eq. (7.6) will be diluted by two major effects. First, from the propagation of the spherical
waves over a distance dgps to the observer, the resulting signal is reduced by a relative factor of
Pr,d X d;bi. Secondly, the emission of relativistic axions with an energy spectrum following the
one in Fig. 4.10 implies a range of particle momenta k = gm, with ¢ = 1. Since particles with
larger ¢ will reach the detector sooner than axions with ¢ ~ 1, the burst signal experiences an
additional temporal spread, that leads to the measured burst duration dt at the detector.

In general, the temporal and spatial dilution of the signal varies depending on the spread dk of
the emitted axion momenta. The scalings of these three quantities can be obtained from the
relativistic axion dispersion relation

w=+k>+m2, (7.7)

which can be rephrased in terms of the velocity v = dw/0k as

]{22 q2
2 _
TR emE T g2+l 78)

where we have used k£ = ¢gm, in the last equation. Applying differentials one both sides one
obtains [36]

q9q
U(S’U = W s (79)

which can be written in terms of the relative velocity spread dv/v as

v dqg 1 Skm? Sk m?
v qq*+1 k w k k*+m?

For an instantaneous burst centered at ko with a negligible momentum spread 0k/k < 1, the
relative spatial spread dz/z with x = do,s is equal to the velocity spread in Eq. (7.9), which
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yields the observed signal length ox [36]

ox ox ovt  ov
el - 7 7.11
T dobs vt v ( )
ov ok m2 ok dobs
& dr = —dops & — a obs = — ————— - 7.12
T T K2+ m2 " maq(?+1) (7.12)

The observed signal duration 0t at the detector from an axion burst with dk/k < 1 is straight-
forwardly approximated from Eq. (7.12) as

5t:5$z5kd°bs~80d<d0bs> : (7.13)
v Ma q21/q? + 1 1pc

where in the last expression we have entered ¢ = 2.4 and dk ~ m, from Fig. 4.10. An important
question is whether the above wave spreading effects are expected to considerably modify the
signal properties at galactic distances dyps ~ 1pc. Notably, the minimum momentum spread
0k is given by the uncertainty principle dk = 1/dx¢, where dz¢ is the original burst duration
at the source. We can use this observation as a lower boundary on the spatial broadening dz
in Eq. (7.12) to estimate the ratio of the observed signal duration dz at the detector over the
actual burst duration dxg by writing

-1 13 “
e Ok dw L 50% () (e 71
dxog ~ maq(g® +1)ox5  q(¢®>+1) \ pc 50 pueV

where in the last equation we have used that dxoy =~ 400/m, according to the simulations in
Ref. [35]. Taking the leading peak at k/mg, ~ 2.4 from the same simulation in Fig. 4.10, with
0k/mg ~ 1 and ¢ =~ 2.4, the wave spreading effect described by dx in Eq. (7.12) dominates over
the intrinsic burst duration dzg for mg > 1071 eV and dops 2 0.03 pe [36].

We therefore continue to evaluate the burst properties by only considering the spatial and
temporal dilution due to wave spreading according to Eq. (7.12) and Eq. (7.13) in the following.
An important realization in the above approach is that for relativistic particles with v ~ 1, the
spatial and temporal spread of the observed signal are approximately equal

Oka dobs
Mg, q3 ’
where we have used that ¢? + 1 ~ ¢? [3, 36]. Therefore replacing the temporal dilution of the

observed signal p, 4 o< 1/t with dx, the observed burst density p,q at the detector from a
bosenova event with total energy output € from Eq. (7.6) can be written as [3, 36]

£ 15 GeV [(dops\ ° f me \ "
d e~ 310712 [ 22 2 2 7.16
Prd = 2 o cm? (1pc> <1011 Gev ) \sopev) - (10

obs

oz ~ 6t ~ (7.15)

where dps is the distance to the bosenova, and dx ~ 0t for relativistic particles. The local axion
matter density p, 4 can be probed by different axion search experiments, like the axion DM
searches from Sec. 2.7.1 and the spin precession experiments from Subsec. 2.7.2.

Taking the first relativistic momentum peak in the bosenova spectrum in Fig. 4.10 with g ~ 2.4
and 0k, >~ m,, it can be seen from Eq. (7.15) that the temporal spread is 6t ~ 10~ 2d,,s, which
implies a long duration of the observed signal at the detector 6t ~ 80d for d,,s ~ pc. Lastly
and as mentioned in Ref. [36], the momentum spread of the burst 0k is much larger than for the
cold DM case (where 6k, ~ 1073m,,), indicating that broadband searches are most suitable for
detecting bosenovae, rather than resonant-type searches.

163



Chapter 7 Galactic Axion Novae

7.2.2 Burst Sensitivity and Detection

The wave spreading of the relativistic axion burst in Eq. (7.12) provides an approximate estimate
on the observed signal shape from the properties of the emission process, which was simulated
in Ref. [35]. In this section, we will use the corresponding burst properties at the detector
together with additional considerations on the temporal scaling of the sensitivities in axion search
experiments. For this, we will define two additional time parameters - next to the observed burst
duration ¢t from Eq. (7.13). The first important time scale is the observed coherence time [36]

27 - 2mdobs N Tdobs ~1d <dobs)

(7.17)

5w T Pmadt, 20043 Ipc
of the burst, which is dominated by wave spreading in the limit in Eq. (7.14) and Eq. (7.15)
under consideration. In the last equality of Eq. (7.17), we have used that the burst duration
at the source is 0t ~ 400/m, following Eq. (4.46). The coherence time at the detector given
by Eq. (7.17) is important for the sensitivity of a given experiment, as we will explain in the
following.

Continuing with the second important timescale for the sensitivity approach from Ref. [36], we
introduce the equivalent coherence time of the cold dark matter background p,, which is given
by the de-Broglie wavelength Aqg = 27/(mqvvir) from Eq. (3.8) as

2 50 ueV
To ™ 7r2 ~1O_4s< He >, (7.18)

MmaUg;, Mg

where as before vyi; ~ 239 kms™! is the virial velocity of the galactic dark matter halo [130].
The two coherence times from Eq. (7.17), Eq. (7.18) will be combined with the observed burst
duration dt from Eq. (7.15) and the observation time t,ps = 1 yr in order to determine the time
scaling of the relative sensitivity to axion bursts. We define the sensitivity in a given experiment
in terms of the minimum detectable coupling g; min of a signal i’ probed in terms of a given
interaction Lagrangian. In the concrete example of the axion-photon coupling from Eq. (2.17),
we can write the axion-photon interaction as

['am/ ~ ga”y'y¢iFleuu ) (7.19)

where ¢; = /p; is the axion field observed from either the burst 7 = b or the cold dark matter
density i = a. As in Eq. (2.20), we set gayy < Cayy/ fo for different axion models, where the
model-dependent coefficient C,,, may be chosen arbitrarily, except in the case of the QCD axion
with m, = 50 peV, n = 3.34 and C,,, = E/N — 1.92 following Eq. (2.21).

Defining the ratio of the bosenova sensitivity over the sensitivity to cold axion DM as g« min/ga,min,
it can be seen from Eq. (7.19) that the corresponding sensitivity ratio is proportional to the
inverse of the respective field values ¢;, which implies g« min/ga,min ~ \/Pa/Px.d- Another im-
portant scaling is that of the relative burst sensitivity g« min/ga,min With the observation time
tobs. Complementary to the density scaling from Eq. (7.19), the time scaling can be motivated
heuristically using the above timescales dt, 7, and 7.

Starting with the time scaling of the cold dark matter background, the minimum detectable
coupling should scale as gg min t;bls/ % for a coherently oscillating signal, i.e. for tops < 74. On
the other hand in the temporally incoherent regime t,,s > 7,, the sensitivity scales with the
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—~1/4

obe 136, 282]. Combining the above two cases, we may write

measurement time as gg min < ¥
—1/4 . 1/4 1/4\_1
Ja,min X tobs/ mm(to{)s, Ta/ )
Analogously for the axion burst with duration §t and coherence time 7, one obtains each a sensi-
1/

tivity improvement oc t_; / *if tobs < 0t and one if t,,s < 7x. This means that the burst sensitivity

may be written in terms of the minimum coupling as g min o min(ti{):, Stt/4)=1 min(t(l){)g, 7*1/4)*1.

Both of the above statements were used to motivate the approximate scaling of the relative burst
sensitivity in terms of the minimal couplings [36]

1/4_ . 1/4 1/4
M N Pa tobsmln [tobsa Ta ] (7 20)
ga7min P*,d min [ti{):’ 5t1/4i| min [ti{);l’ Tj/4:|

where in our case we set tops = 1yr. While the burst duration 0t and burst coherence time 7y
are of order 1d and 100 d, the coherence time of cold dark matter is 7, ~ 10™%s, which indicates
that the time scaling of Eq. (7.20) is ti{): for tops = 1yr.

Concerning the scaling of the densities, p, is close to the canonical cold dark matter value
pa = 0.4 GeV/cm®. Without tidal streams, the local DM density is a factor of 4 smaller, arising
from the minicluster DM abundance of fy. = 0.75, which we assume following Ref.s [28, 30].
This gives pg = (1 — fue) 0.4 GeV /ecm? for the local DM background. According to Eq. (7.20),
this would change gy min/ga,min by a factor of 1/2 thus improving the detectability of bosenovae
compared to the cold DM case.

The burst density p, q at the detector in Eq. (7.16) on the other hand depends strongly on the
observation distance dops and on the mass of the axion star M, ). For smaller axion masses m,,
one obtains larger M, ), larger emitted energies £ oc M, y and thus larger densities p, 4, which
reduce the sensitivity ratio in Eq. (7.20) and thereby improve the relative burst detectability.
Therefore bosenovae are detectable at larger distances dgps for smaller m,,.

Note that at this point, the only unknown in Eq. (7.20) is the observation distance, since all
other parameters either depend on dg,s or on the axion model m,,n. This allows us to formulate
a simplified criterion for the detectability of observed bosenova events by defining the mazimum
observable sensitivity ratio (gxmin/Ja,min)max = 1 as

Jx,min

< <g*,min> =1, (7.21)
Y9a,min Ya,min / pax

where the point of equality introduces an upper bound on dgns. The distance of equality can
be found by recalling the scaling of the different temporal quantities to,s = 1yr, 7, ~ 10745,
0t o 80ddops/pc and 7, x 1ddyps/pe, which indicates that to,s is typically the dominant
temporal scale. We can therefore simplify the time scaling from Eq. (7.20) and enter p, 4 from
Eq. (7.16) together with the expressions for 7,, 0t and 7, which yields

1/4
Gx,min Pa tobsTa 1/4 200d2bspa 400q6tobs /
Sl ~ ~ 5 5 s tons >0t (7.22)
Ja,min / ax Px,d 0t 7 fernM*,)\ dobsmavvir
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as long as tops > 0t as argued above. Rearranging the above equation for d,hs, we obtain the
mazimum observable distance, which gives gi min/ga,min = 1

femM* AUvir < Mmgq ) 14 <g* min>
Amax ™ : —_— , T > Ot 7.23
BN 2000300\ 400 gps Ya,min / max obs (7.23)

1/2 —1/4 —1/4
~ 710~ po (—do P ma T (o) (L) o)
1011 GeV 50 peV lyr 239kms—!

for a typical bosenova signal and QCD axion parameters mg, f,. Typically, the maximal distance
is a few orders of magnitude smaller than a parsec for couplings of the form in Eq. (7.19), and
somewhat larger for axion-fermion-like couplings similar to Eq. (2.18), depending on the input
parameters.

The former type of couplings are exploited in the spin precession experiments introduced in
Subsec. 2.7.2. Due to the presence of the spatial derivative d,¢ in Eq. (2.18), we call these
interactions derivative couplings, with the typical example given by the axion-fermion coupling

L~ gafp(0u01) 0y 70 (7.25)

where ¥ is a standard model fermion field and ¢; is the field density of the burst and cold
dark matter field respectively. A crucial difference of derivative couplings compared to the non-
derivative axion-photon coupling in Eq. (7.19) is the fact that the corresponding sensitivity ratio
Gx,min/gamin receives an additional factor of vyir/v, ~ vyir from the gradient of the axion field
V¢; in Eq. (7.25). This factor suppresses the sensitivity by v;h} ~ 10 in the non-relativistic

DM case, giving searches for relativistic fields a comparative advantage. The corresponding
sensitivity ratio with derivative couplings takes the form [36]

1/4_ . 1/4 _1/4
G%,min v ~ Vs Pa_ Fobs M0 [tObs’ T } (7.26)
. = Uvir ] 1/4 ci1/4 . 1/4 _1/4]° .
Ja,min Px,d min tobs’ ot min tobs’ Tx

where we use the index 'V’ to indicate the distinction from the non-derivative couplings in
Eq. (7.19). As we will see in the next section, this factor of ~ 103 enhancement in sensitivity
ratio motivates ongoing and future experiments searching for axions with derivative couplings,
e.g. CASPEr [142, 282|, which is under development but designed for resonant searches. Note
also that since gu min/gamin is a ratio of sensitivities, the results in Egs. (7.20) and (7.26) are
independent of the properties of a particular broadband-type experiment.

Similar to the derivation of dpyax in Eq. (7.23), we can follow the same steps in order to obtain
the maximum observable distance of derivative coupling interactions

- Jem My \Vvir Meq /4 Gx,min v -1
dy, o~ oyt ’ Zomin = 0 dpax 5 tobs > Ot 7.27
max = i\ [ 9006700 \ 40071s Gomin ) e T obs (7.27)

which is boosted by a factor of ~ 103 compared to the non-derivative case in Eq. (7.23) and
where the detectability threshold (g« min/ gamin)V =1 is defined analogously to Eq. (7.21).

max
In the above framework of detectability, we can compare the maximum observable distances

dmax, Ay, to the typical observation distance of galactic axion bursts, which can be inferred
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from the abundance of NVNova in Eq. (7.5). Since the maximum observable distance derived from
Eq. (7.20) is small dyax < 1pc compared to galactic length scales ~ 1kpc, we can estimate the

~

typical distance between two bosenovae by writing

(d) ~ (V@)l/g ~ (4”R?é/3)1/3 , (7.28)

NNova |T<R@ f@NNova

where Vi = 47TR% /3, with the solar position R = 8.3 kpc and where fg &~ 0.032 is the fraction
of galactic MCs contained within r < Rg. Physically, Eq. (7.28) gives the average distance
between foNNova €vents within a spherical volume of radius Rg, where the NFW distributed
nature of the events is accounted for by fs and Nnova from Eq. (7.5). From this we define the
average observed burst distance as

{d)

(dobs) = -5 (7.29)

which differs from Eq. (7.28) only by the geometrical factor of 1/2. Summarizing the above
approach for each axion model mg,n, the AS properties derived from the ASMF in Fig. 4.14
and the internal accretion rate in Eq. (4.42) yield a fixed average observation distance (dgps)
defined by NNova in Eq. (7.5), which needs to be compared to the maximum observable distance
dmax- As we will show in the following, the sensitivity ratios of these experiments, given by
Eq. (7.20) and Eq. (7.26), depend strongly on the axion model and coupling.

7.3 Non-Derivative Couplings

In this and in the following section, we consider the detectability of galactic bosenovae with dif-
ferent axion interactions separately. Starting with the azion-photon interaction from Eq. (2.17),
or more generally with non-derivative type couplings of the form in Eq. (7.19), we show the re-
sults for dpax from Eq. (7.23) and (dgps) from Eq. (7.29) at different axion models m,,n in
Fig. 7.3. More specifically, colored dashed lines show the n-dependent contour lines, where
Gx,min/9a,min(dobs) = 1 and the axion bursts emitted from collapsing ASs are sufficiently close to
become distinguishable from the background DM. The contour lines are determined numerically
and are well-fit by the analytic expression for dy.x in Eq. (7.23).

As mentioned before, the maximum observable distance needs to be compared with the av-
erage expected distance of galactic bosenovae in solid lines. In this approach and for given
n = 1,2,3.34, regions of m, with (dops) < dmax can potentially be probed by current and
upcoming broadband experiments. The solid lines in Fig. 7.3 thus demonstrate, that using
the MCMF from Sec. 3.5 and for composite ASMC systems obeying the core-halo relation in
Eq. (3.57), bosenovae occur too rarely to be detected in axion DM searches.

Nevertheless, there are several considerations that can improve these predictions. First and
mainly, we have neglected long-time AS accretion, which is expected to significantly boost the
number of bosenovae within ¢,ps. Secondly, the relative burst sensitivity of future telescopes
could be improved, for example by including spectral information about the signal or by per-
forming dedicated axion burst searches, thus enhancing the maximum observable distance dpyax
for bosenovae detection. And lastly, there have been recent studies, namely Ref.s [236] and [252],
which suggest that an order-one fraction of the total galactic dark matter may be contained in
the form of axion stars, rather than miniclusters as we have assumed. We can equivalently
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Figure 7.3: Typical observation distance (dops) of galactic bosenovae in solid colored lines, the same
for the case that f, ~ 1 in dotted lines, and maximum observable distance dmax for ¢u min/ga,min = 1 in
dashed lines. Colors denote axion models with different temperature evolution n = 1,2, 3.34. Shown for
axions with non-derivative couplings in Eq. (7.19) using the My-cutoff of the MCMF. The gray shaded
region denotes the cosmological QCD axion mass band with 1076eV< m, < 10~%eV and the black solid
vertical line indicates the QCD axion mass m, &~ 50 ueV assumed in this work. Taken from Ref. [3].

evaluate these models by setting the relative DM abundance f, of axion stars from Eq. (4.79)
equal to one, f, = 1.

Recalling the results from Subsec. 3.6.2 and Fig. 4.16, our approach predicts f, ~ 1077 to
fx ~107% depending on n. Setting f, ~ 1 would thus boost the total number of ASs (and thus
also MNova) by a linear factor of f.'. According to Eq. (7.28), this can significantly lower the
expected average distance of galactic bosenovae. The resulting reduction is of order ~ 1072 for
the average distance (dops) fi/ . We plot the corresponding predictions from setting f, = 1
in dotted colored lines in Fig. 7.3 and find that such an enhanced AS abundance can potentially
allow for the detection of axion bursts with only minor improvements in the sensitivity ratio
Gxmin/gamin and for axion models with small m, < 1079 eV. Therefore, relativistic axion bursts
can specifically be used to constrain the most optimistic predictions for the abundance of AS
dark matter through the development of dedicated axion burst searches.

Note that our predictions for (d,ps) in Fig. 7.3 and the remainder of this chapter are based on the
initial ASMF from Sec. 4.7 without the long-time AS mass growth predicted in Eq. (4.36) and
Ref. [240]. Incorporating long-time accretion effects on the AS cores could lead to a pile-up of
axion star masses around M, ~ M, ) thus enhancing the expected number of galactic bosenovae
MNova, and presumably reducing the predicted values (dyps) below the threshold of observability
dmax. Better understanding of AS mass growth could therefore still yield observable signatures
even in the case of axion-photon couplings.
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7.4 Derivative Couplings

Moving on to the second scenario, we can exploit derivative type couplings like the azion-
fermion interaction from Eq. (2.18) for the possible detection of galactic bosenovae following
Eq. (7.26) and Eq. (7.27). This consideration is especially promising because the sensitivity ratio
(G%,min/Ga,min)v of DM search experiments utilizing derivative-type axion couplings is boosted
by the ratio of non-relativistic to relativistic burst speeds, roughly vyiy /v, =~ 1073. As shown

(g*,min/ga,min)ZaX =1

_ - <d0bs> ) n=1 -TTT dzaxv n=1 ~o
10 4_ - <dol>s> , n=2 T3 era)U n= L\s:
— (dops), mn=2334 ~77° anxv n =334
1072 : - i =
0°2 107 10% 1009 107* 1072
mg [eV]

Figure 7.4: Typical observation distance (dons) of galactic bosenovae in solid colored lines and maximum

observable distance dax given by (gx.min/Ja.min)max = 1 and Eq. (7.27) in dashed lines. Calculated for

axions with derivative couplings as in Eq. (7.25), using the Mg-cutoff. Color-shaded regions indicate the
axion mass range, where bosenovae are detectable, i.e. where (dobs) < dmax. Taken from Ref. [3].

in Eq. (7.27) and by the dashed lines in Fig. 7.4, this circumstance increases the maximum
observable distance dpax determined from setting (gx min/Ja.min)max = 1 Dy a factor of ~ 103.
For visualization, regions of m, with (dops) < dmax are highlighted by colored shades, indicating
that the resulting boost in relative burst sensitivity is sufficient to render a large part of the
axion mass range detectable.

As argued in Sec. 7.1, the detailed scaling of dy,,. with n in solid colored lines in Fig. 7.4 arises
from a combination of the scaling of the decay constant f, fixed by Eq. (2.64), the scaling of the
characteristic MC mass M from Eq. (3.25) and the internal accretion rate from Eq. (4.42) used
to determine M, 4cc in Eq. (7.2). Coincidentally, the cosmological axion band indicated by the
gray-shaded regions in Fig. 7.4 is just beyond detectability for dmax set by (gx.min/ga.min)max = 1-
In the future, dedicated bosenova searches using information on the energy spectrum of the burst
could be used to improve the sensitivity g, in Eq. (7.26) relative to the cold DM sensitivity g4 min
(see Ref. [36] for discussion).

We can therefore estimate the prospects of axion burst DM searches with increased sensitivity
ratios, assuming an improvement of order 10, which is equivalent to increasing the maximum
sensitivity ratio in Eq. (7.27) t0 (gx.min/da.min)pax = 10 as depicted in Fig. 7.5. In this scenario,
the maximum observable distance d,,x of galactic bosenovae is sufficiently enhanced to allow
probes of axion models in the cosmological axion band 107%eV< m, < 107%eV using axion
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Figure 7.5: Typical observation distance (dons) of galactic bosenovae in solid colored lines and projected

maximum observable distance dmax of future experiments with (g min/ ga7min)zax = 10 in dashed lines.

Shown for axions with derivative couplings in Eq. (7.25) using the My-cutoff. Color-shaded regions
indicate the axion mass range, where bosenovae are detectable, i.e. (dobs) < dmax- Taken from Ref. [3].

bursts. Conveniently, the case n = 3.34 with QCD-like temperature dependence of m, in green
lines and shades covers nearly the entire range of the axion mass. Even axion models with
n = 1,2 in blue and red can be probed for a wide range of axion masses. This enhancement
in the case of axion-fermion coupling searches motivates further innovation and potentially
dedicated searches for bosenovae in future broadband experiments.

For future improvements and potential experimental searches, we also provide the estimated
number of bosenovae occurring within an observation volume Vg,s = 47d>,.. /3 assuming a
constant DM density over the volume V; = 47rR% /3, given by

3
Nobs ~ b‘(;bs f@NNova =b <dgax> f@NNovaa (7'30)
® o)

where b = 6/ is an order one coefficient introduced to set Nops = 1 galaxy~! when (dobs) = dmax
for consistency using our definition of (dos) in Eq. (7.29).

We show the resulting number of observable bosenovae N, which pass the sensitivity thresholds
(Gx,min/ ga,min)xax =1 in solid and (g«,min/ ga,min)IYlax = 10 in dashed colored lines for ¢, = 1yr
in Fig. 7.6. While a more sophisticated treatment of the detectability and galactic distribution of
bosenovae is required to give more concrete predictions, our rough estimations demonstrate that
bosenova signals are expected to occur even within smaller observation times than ¢y, = 1yr. In
the case of order-one sensitivity thresholds in solid lines, Nyp,s ranges from order one to roughly
100 observable events depending on (m,, n). Assuming a roughly constant collapse rate for
simplicity, this suggests that required observation times range from ty,s ~ 1yr for n = 3.34
down to tops ~ 3d for n = 1.

The temporal requirement is further relaxed in the case of (g min / ga,min)v = 10 in dashed lines,

max
where all axion models (mg, n) allow tons < O(10) days for mg < 1074 eV. The cosmological axion

~

band and the canonical QCD axion parameters m, ~ 50 ueV are expected to yield Ny ~ 10,
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Figure 7.6: Expected number of galactic bosenovae N occurring within a maximum observable
distance dpax from Eq. (7.27), given by (gx.min/ga,min)max = 1 in solid and (s min/Ga,min)max = 10 in
dashed colored lines. Shown for axions with derivative couplings from Eq. (7.25), using the Mj-cutoff
and tops = 1yr. The gray horizontal line indicates Nyps = 1 galaxy~!. Taken from Ref. [3].

which implies a required observation time of about a month. We note for completeness that the
detailed time-dependence of N5 depends sensitively on the detailed accretion and reformation
rates before and after the AS collapse, which we have neglected in our estimates.

7.5 Outlook on Detection of Bosenovae

Summarizing the results from Sec. 7.3 and Sec. 7.4, we find that in axion models with non-
derivative couplings like the axion-photon coupling in Eq. (2.17), bosenovae are unlikely to be
detected in current axion DM searches. Nevertheless, we have shown that with minor improve-
ments in the relative burst sensitivity, our approach can be used to test predictions involving
large AS abundance f, ~ 1 as suggested in Ref.s [236] and [252]. For f, ~ 1 and different tem-
perature evolution of m,, axion masses with m, < 1076eV could be probed in future broadband
experiments. Importantly, our conservative treatment of the present-day ASMF from Sec. 4.7
does not exclude the occurrence of bosenovae in experimental searches using the axion-photon
coupling, since the number of burst signals can be significantly enhanced under additional con-
siderations of long-time AS mass growth.

Even without consideration of the long-time core accretion and using conservative assumptions,
we find that galactic bosenovae in axion models with derivative couplings, like the axion-fermion
coupling in Eq. (2.18), could be probed experimentally for a wide range of axion masses, ranging
up to 1072 eV< m, < 107 %eV, depending on the temperature index n. Most importantly, our
analysis suggests that moderate increases in the relative sensitivity of future broadband tele-
scopes can potentially probe the QCD axion model with n = 3.34 and m, ~ 50 ueV as well as
ALPs with n = 3.34 up to the cosmological mass band 107 %eV< m, < 10~*eV. We emphasize
however that the detection of the spectrally broad bosenova signals benefits from broadband
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axion DM searches and that the exemplary CASPEr experiment using derivative couplings is
of resonant type. Our predictions thus motivate further innovation in broadband DM experi-
ments, both for axion-photon and axion-fermion couplings. Since the detection of galactic axion
bursts provides a complementary mechanism to the radio emission from resonant AS cores in
Chap. 6, the development of new experiments and dedicated axion burst searches can be seen
as a promising additional method to probe the axion parameter space in Fig. 5.19.

On the experimental side, there exist several current and planned broadband-type axion ex-
periments which exploit the axion-photon interaction L4, and could thus potentially be used
for bosenova searches. These experiments include dish antenna setups like BRASS [124, 125]
and BREAD [126, 133], which can probe axion masses in the range 50 eV < m, < meV and
20meV < mg < 0.1eV, respectively. Other potentially suitable broadband experiments are
ABRACADABRA [283, 284], which utilizes a superconducting toroidal magnet to search for
axion masses in sub-ueV ranges and WISPLC [285], which uses an LC circuit for axion masses
around the O(neV) range. Since our predictions in Fig. 7.3 favor lower masses m, < 107 4eV,
mainly BRASS, ABRACADABRA and WISPLC could reach the relevant parameter space for
fo ~ 1 and n = 3.34. At distances dops < dmax ~ 1072 pc for m, ~ ueV, fo ~ 2- 10! GeV

in Eq. (7.23), the signal duration would be 6t < 2hrs and the density at the detector is
pxa = 0.01 GeVem™3, according to Eq.s (7.15) and (7.16). The corresponding spectral width
following Ref.s [35, 36] and Fig. 4.10 would be approximately dk ~ m, for the leading peak at
k/mg ~ 2.4 and dk ~ Tm, for the overall bosenova spectrum.

Lastly and for possible extensions of our work, we list the most important uncertainties in our
modeling of galactic AS collapse rates. Most of these uncertainties are directly inherited from
the linear growth predictions of the MCMF in Sec. 3.6 and Ref. [58], as well as from the semi-
analytic predictions for the mass growth of AS cores from Sec. 6.3 and Ref. [240]. We refer to
the conclusion of the mass growth modeling from Sec. 6.5 for detailed explanations and only
add specific uncertainties, which differ from the parametric resonance case in Chap. 6.

First, the bosenova rates exhibit a stronger dependence on the initial overdensity parameter ®,
compared to the parametric resonance in Chap. 6. This is mainly due to our simplified model-
ing of the AS collapse rates, which neglect the mass-loss backreaction on the AS accretion rate.
Secondly, we have not taken into account the possibility of multiple bosenovae occurring inside
a single ASMC system for simplicity. We do however find evidence for such systems since the
internal accretion rates scale as M, /dt ~ Tg}l ~ ®*, For the densest MCs in the MCMF with
® > 10, which dominate the contribution to NMxova, multiple axion bursts within ¢, = 1yr are
possible.

A more careful study of the galactic AS collapse rates including the effects of long-time AS accre-
tion would hence provide a promising extension of our work. Finally, a more reliable prediction
of the galactic bosenova rates would also require additional consideration of the anisotropic
distribution, long-time core mass growth and long-time stability of galactic ASMC systems.
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Conclusion & Outlook

To summarize the results of this work, we put our combined predictions for galactic axion dark
matter substructure into context with existing literature in Sec. 8.1. We also discuss extensions
of our work and its implications for future research on signatures of axion dark matter in Sec. 8.2.

8.1 Conclusion

In Chap.s 2 to 4, we have gathered results of earlier investigations on the properties and time
evolution of axion miniclusters together with the stability of their AS cores in order to infer
the first predictions for the combined present-day mass distribution of galactic axion stars with
attractive self-interactions A < 0. For this, we have employed a generalized approach for the de-
scription of axion-like particles following Ref. [58], which allowed us to extend the corresponding
predictions to a broad range of light scalar dark matter candidates, including the QCD axion
with n = 3.34 and m, = 50 ueV. Our application of the canonical core-halo relation in the grav-
itational limit of stable axion stars with attractive self-interactions indicates that their relative
DM abundance 10~7 < f, < 107* is generally much smaller than was commonly assumed in
the literature with f, < 1 [33, 135, 137]. We emphasize that this result is not particular to
our modeling of the mass distributions but that it is a general finding for single-core ASMC
structures in which the stable core mass is much lighter than the total mass of the structure.

A second crucial result of this work is the mass-integrated calculation of the spatially distributed
collision- and signal rates for the most promising signatures of galactic axion stars in Chap. 5.
In this chapter and in the corresponding publication, Ref. [1], we have performed the currently
most detailed calculation of the abundance and detectability of galactic axion star encounters
with astrophysical objects. We extended previous calculations by additionally considering the
exact mass- and size distribution of these objects while keeping track of the different low-mass
cutoffs and slope indices @ = —1/2, —0.7 of the MCMF-.

In the context of resonant axion conversion in galactic NS-AS/MC transients, we confirmed pre-
vious findings that the collision rates of these events are considerable for a large range of axion
models [135-137, 188], especially for larger axion masses. Crucially, our additional modeling of
the resonance criterion between axion mass and typical NS plasma frequencies indicates that
the signal rates from the above encounters are substantially diminished, rendering NS-AS/MC
collisions effectively undetectable - independent of the MCMF cutoffs and slope index «.

A more positive conclusion could be inferred for the case of galactic AS core mergers in com-
posite, merging ASMC systems. In this case and including the low-mass MC component, we
found that the rate of AS core mergers can reach up to ~ 3d~!galaxy ™! for a = —0.7, and
~ 10yr~! galaxy ™! for & = —1/2, both for the QCD axion. Minicluster mergers can hence lead
to frequent emission of radio bursts or to relativistic axion emission, where the signal properties
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depend on the detailed merger dynamics outside of the scope of this work. We also performed
simple estimations demonstrating that the resulting radio bursts become observable even over
cosmological distance dgps ~ 2 Gpc.

Most importantly for this work, the analysis from Chap. 5 indicated a remarkable potential for
scenarios of combined AS accretion and triggering of radio- or axion bursts at the respective in-
stabilities. We investigated the corresponding mass growth and resulting radio line backgrounds
in more detail in Chap. 6 and Ref. [2]. Our analytical modeling of the external MC accretion from
the NF'W halo of the Milky Way and the semi-analytical predictions from numerical simulations
of isolated ASMC systems both indicate that the expected radio signals are overwhelmingly
strong if present. For both of the above accretion scenarios we estimated their potential de-
tectability using different radio telescopes and found that dedicated line searches can be used
to infer new constraints in ranges of up to 1077 eV < m, < 10726V and ggry = 10712 GeV L.
The combined scenarios of AS resonance and core mass growth hence provide a compelling new
mechanism to probe previously unexplored axion-parameter space with existing radio telescopes.

Lastly and complementary to the previous analysis, we also investigated the occurrence of re-
peated bosenovae in the Milky Way in Chap. 7 and Ref. [3]. While the observable distance of
axion bursts is generally low, dops < 1pe, the large (internal) accretion rates of ASMC systems
with density parameters in the range 1 < ® < 10* are sufficient to potentially become de-
tectable over observation times on the order of years. More specifically for experiments, which
probe the axion-photon coupling, we find that optimistic predictions with order-one AS dark
matter abundance f, ~ 1 can be probed by dedicated axion burst searches. The detectabil-
ity of axion bursts is further enhanced for experiments exploiting derivative couplings like the
axion-fermion interaction, which could potentially yield observable signatures up to QCD ax-
ion masses, m, < 107%eV. However at the time of writing, there exist no suitable broadband

~

experiments, which utilize derivative axion couplings.

8.2 Outlook & Implications for Future Research

Summarizing the above findings, the investigations in this work greatly diminished prospects
on the detection of NS-AS/MC collisions, but on the other hand opened up new promising
observational methods for composite ASMC systems, especially when the mass growth of the
AS core is accounted for. A particularly appealing possibility is given by the combined use of
analytical radio line predictions from this work together with future, dedicated line searches
with existing radio telescopes, as suggested in Chap. 6. Similarly, broadband experiments like
BRASS [124, 125], ABRACADABRA [283, 284] and WISPLC [285] can potentially be used to
constrain axion models with large AS abundance f, through development of dedicated axion
burst searches. A major benefit from such methods is the fact that they can be performed with
comparatively low financial expenditure. However, the financial benefit comes at the cost of
large theoretical uncertainties so that these searches should be seen as a promising addition to
existing laboratory and astrophysical searches.

In future studies, the corresponding large uncertainties can be reduced through improved un-
derstanding of the evolution of galactic axion DM substructure. For possible extensions of our
studies, we conclude by listing 1. the major uncertainties inherent to our modeling of the mass
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distributions and corresponding accretion rates and 2. the fundamental dependence of our re-
sults on different assumptions and parameters.

First and mainly, we have used the canonical A = 0 core-halo relation from Ref. [169] in the
gravitational limit and the Press-Schechter theory predictions from Ref. [58] for the present-day
minicluster distributions. The most relevant uncertainties in the Press-Schechter model include
the low-M cutoff of the MCMF, the initial power spectrum and non-linear effects of structure
formation. There is also ongoing research on the MCMF slope «, the M-, ®-scaling of the A =0
core-halo relation and on the ®-dependence of AS accretion rates. For all of these uncertain-
ties we have used the most well-tested assumptions, but we emphasize that our approaches can
be straight-forwardly updated by using modified versions of the above relations without loss
of generality. We continue to briefly elaborate about the impact of such modifications on the
predictions in this work.

Starting with the canonical A = 0 core-halo relation, we have used different analytical estima-
tions finding that the impact of weak attractive self-interactions on the equilibrium configuration
of the ASMC system lies below uncertainties from the mass growth of these structures. Consid-
ering a modified core mass scaling M, o< M? where 1/3 < 8 < 7/9 has been found in different
literature [167-169, 172, 201-206, 247-249, 251, 286-290], we can summarize that larger 5 would
increase the abundance of high-mass axion stars in MCs of mass M > M. Therefore our pre-
dictions based on the instabilities of axion stars from Chap.s 6 and 7 benefit from larger values
of 5.

Additional uncertainty arises from the long-time AS mass growth after the collapse of composite
ASMC systems around matter-radiation equality when the core-halo relation is established [167].
On one hand, we have demonstrated how modified core mass relations of the form in Eq. (6.26)
can significantly enhance the number of resonant and critical systems. On the other hand, any
of these scenarios of late-time accretion quickly raise additional questions about the stability and
time evolution of AS cores after triggering one of the two AS instabilities. We emphasize that
such uncertainties are inherent to any study aiming to exploit axion star collapse- or resonance
rates and that additional simulations are required to resolve these uncertainties.

Conveniently for the different low-mass cutoffs of the MCMF, we found in Chap. 5 that the
largest and phenomenologically most relevant AS masses are mostly independent of the low-
mass MC population. This also led us to solely consider the My-cutoff in Chap.s 6, 7. The only
exception of this rule is given by the merger rates of ASMC systems in Fig. 5.15, which benefit
from numerous capturing of light miniclusters. Similarly, the MCMF slope index o = —1/2,—0.7
controls the abundance of the lightest miniclusters, which is why the MCMF with a = —0.7
enhances the expected MC merger rates in Fig. 5.16. On the other hand, a flatter MCMF slope
of @« = —1/2 would increase the relative abundance of high-mass miniclusters, thus boosting the
abundance of near-critical systems in Chap.s 6, 7.

Another crucial ASMC parameter is the initial overdensity parameter ® € (0,10*] considered in
Chap.s 6 and 7. While the effect of & > 1 on collision and merger rates is expected to be small,
the resulting impact on some of the most promising detection mechanisms involving axion star
accretion was found to be substantial. In the external MC accretion model, the geometric cross
section favors smaller values of ® < 1, whereas for the numerically tested internal accretion
model, the radio signals are dominated by larger overdensities of 1 < & < 100. The latter
statement also remains true for the collapse rates of ASs in Chap. 7, which benefits from having
large ® > 10 and thereby enhanced AS accretion- and collapse- rates.
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Cosmological Context

A.1 Table of important Parameters

Quantity Explanation Definition
s Characteristic MC density Eq. (3.23)
P MC overdensity parameter D = pa/pa
My Characteristic MC mass Eq. (3.25)
R Spherically homogeneous MC radius Eq. (3.24)
JA g s Low-mass MCMF cutoff from the Jeans mass M ; Eq. (3.45)
Momin | Low-mass MCMF cutoff from the characteristic MC mass My | Eq. (3.47)
Muin Applied low-mass MCMF cutoff at z =0 I s
M ax High-mass MCMF cutoff at z =0 Eq. (3.46)
M, min MC mass of ASMF cutoff from core-halo relation Eq. (3.58)
MR min MC mass of ASMF radius cutoff where R = R, Eq. (4.70)
y Effective low-mass cutoff of the ASMF Eq. (6.1)
My min Combined M-, ®-cutoff of the P-integrated resonant MCMF Eq. (6.2)
Il e High-mass cutoff of the above resonant MCMF Eq. (6.3)
M ace MCMF high-mass cutoff due to accretion over tqpg Eq. (7.3)
A i Combined M-, ®-cutoff of the ®-integrated accreting MCMF Eq. (7.4)
M) max High-mass cutoff of the above accreting MCMF Eq. (7.1)
Mot Total mass of MCs in the MW Eq. (3.52)
Niot Total number of MCs in the MW Eq. (3.53)
N, tot Number of MCs hosting a resonant AS with M, > M, , Eq. (6.4)
Nova Total number of galactic bosenovae occurring within tgpg Eq. (7.5)
M, 5 Maximum stable AS mass imposed by self-interactions Eq. (4.16)
R, » Minimum stable AS radius imposed by self-interactions Eq. (4.16)
M, p, Low-mass ASMF cutoff from core-halo relation A, i
M, r Low-mass ASMF radius cutoff where R = R, Eq. (4.68)
M, ~ Decay mass of ASs triggering parametric resonance Eq. (4.61)
M, ace ASMF high-mass cutoff due to accretion over g Eq. (7.2)
M, tot Total mass of ASs in the MW Eq. (4.75)
Ny tot Total number of ASs in the MW Eq. (4.76)
fx Fraction of total MW mass contained in ASs Eq. (4.79)
Ex Parameter describing the typical AS mass Eq. (4.79)

Table A.1: Different minicluster (top) and axion star parameters (bottom) used in this work.
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App. A Cosmological Context

In Tab. A.1 we summarize the different minicluster (top part) and axion star parameters (bottom
part) used in this thesis together. For each parameter, a short explanation is provided together
with the corresponding equation of definition in the right row. In the specific case of the
minimum mass M, ; imposed by the core-halo relation in Eq. (3.58), we emphasize that M, j, =
M min by definition of My, yin.

A.2 Schematic Summary of Contents

Fig. A.1 depicts a graphical summary of the contents of this work highlighting the logical struc-

Chapter 2 Chapter 3
Axion models Press-Schechter Theory Minicluster Mass Function
Fix fo(ma,n) Subsec. 3.6.1 ¢ Initial power spectrum From parametrization of Fairbairn
from ¢ Gaussian window function at z = 0, with
Q.h% =0.12 £ | e Cutoffs: Mo min, M jmin M, -, M - cutoffs
a(Ma,n), anda = —1/2
Mg, N > Tosc(mm n)s > /
Mg(mq,n) Subsec. 3.5.2
Alternative MCMF
Chapter 4
P same parametrization & properties
3.7 - i as above, but with
Axion Star Mass Function 4.6 Core-Halo Relation a=—07
Derived from linear growth MCMF with ¢ Collapse redshift z. > 2z¢q X
* Core-scaling M, ~ M1/3
s Mo -, M=, Mpmin =, MR min - cutoffs o Weak self-interactions .
o Gravitational limit R, > R, ) < : 3.5.1
. . . 4
e Using A = 0 core-halo relation with 4.7.1 ASMF Cutoffs Numerical Simulations
M, ~ MI/S
« Minicluster collapse at z = 2¢q e R>R, = Mpumin  Evolution from z > Zeq 10 2 100
* MCMF slope index o = —1/2 * M2 M, = Mjmin 2 Do) atlgronsif) w0 MICRLE
o M, <M, power-law index a = —0.7
----------------------------------------------- Chapter 5
Alternative ASMF P
same MCMF & properties Collision Rates Subsec. 3.6.2 Milky_Wny 1ass
as above, but for MCMF slope index ! £ Sienatures normalization:
a=-07 ] & Mot = frmeMarw
Chapter 6
Subsec. 4.3.2 Sec. 6.4 Radio Detection
»| Axion Star Radio T LOFAR. FAST
Self-similar Accretion i issi > >
Self-similar Accretion Line Emission SKA, ALMA
e Fix M, (M) from Core-
halo relation at 2 = 2eq Chapter 7
e Fix € from ®, M, m, :
Burst Detection
Recurring Sec.7.2
> Bosenovae USing g*,min/ga,min =1 for

relative burst sensitivity

Figure A.1: Schematic representation of the structure of this thesis, modified from the scheme in Ref. [1].
Green panels indicate methods derived from Ref. [58], yellow panels relate to other literature [30, 194,
240], while black-framed colored elements indicate the results obtained in this work and Ref.s [1-3].
Underlying assumptions are explained by text items and the corresponding sections are shown in blue.
Gray panels indicate additional considerations of experimental requirements.
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A.3 Relativistic Degrees of Freedom

ture of the different chapters. Corresponding chapters and sections are indicated in dark blue
numbers, green panels indicate the approach from Ref. [58], light blue panels show the results
taken from Ref. [1] and black rectangles indicate phenomenological implications corresponding
to the three publications, Ref.s [1-3] in Chap.s 5, 6, 7, respectively. Yellow and gray panels
indicate additional input from numerical simulations and experimental instrumentation.

To summarize the overall structure in a few sentences: The green panels indicate the derivation
of the present-day properties of axion miniclusters for different axion models m,, n from Sec. 3.6.
Combining the minicluster properties with the core-halo relation from Eq. (3.57) together and
additional consistency requirements in Sec. 4.7.1, we obtain the present-day mass distribution of
axion stars in the Milky Way after normalization to the total mass of the NF'W DM halo. The
inferred knowledge on axion stars is thereafter applied to existing (Chap. 5) and novel signatures
(in Chap.s 6 and 7) of galactic axion stars and miniclusters.

A.3 Relativistic Degrees of Freedom

In order to obtain the oscillation temperature T,s. numerically from the condition mq(Thse) =
3H (Tysc), we employ the fits to the relativistic and entropic degrees of freedom from Ref. [54],
analogous to what was done in Ref. [58]. The corresponding fit parameters used in Eq. (2.52)
are summarized in Tab. A.2.

il v 2 | 8] 4 | 5
alf 1.21

af | 0.572 | 0.330 | 0.579 | 0.138 | 0.108
afy | -8.77 | -2.95 | -1.80 | -0.162 | 3.76
affy | 0.682 | 1.01 | 0.165 | 0.934 | 0.869
agy 1.36
af; | 0.498 | 0.327 | 0.579 | 0.140 | 0.109

ajy | -8.74 | -2.89 | -1.79 | -0.102 | 3.82
afy | 0.693 | 1.01 | 0.155 | 0.963 | 0.907

Table A.2: Parameters for the fits of the relativistic R’ and entropic ’S’ degrees of freedom as a function
of temperature following Eq. (2.52), taken from Ref. [54].

A.4 Navarro-Frank-White Profile

For the profile of the galactic DM halo we use the Navarro-Frank-White (NFW) profile [291]

pPNFW (1) = Lz, (A1)
w1+ %)

with characteristic density pg = p, = 0.32 GeV/cm? and core radius Ry = 20.2kpc [194].
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A.5 Ground States of the Schrodinger-Poisson System

Complementary to our analytical calculations of the soliton properties in Sec. 4.1, there have been
numerous studies about the numerical computation of the exact groundstates of the Schrédinger-
Poisson system, e.g. in Ref.s [49, 235, 292-294]. The groundstate properties of the lowest energy
eigenstates with n = 0 are commonly used for the derivation of the core-halo mass relation in
Eq. (3.57) [171] and for other qualitative A = 0 soliton properties, e.g. in Eq. (5.35).

For the considerations in this work and for completeness, we briefly recall the fundamental re-
sults from Ref. [49] for the parameters of the lowest five 0 < n < 4 eigenstates of the SP system
with

1 2
RS = mfn N ES = — (GMma) €n, (A2)
Ps = (Gmg)3 Mp,, Vs vir = GMSmawTI/Q. (A.3)

Note that the half-mass radius in Eq. (A.2) describes an effective mass-radius relation for A = 0,
analogous to the A < 0 case in Eq. (4.17). The dimensionless constants py, fn, €, and w,, are
determined numerically and taken from Ref. [49]. Together with the relation w, = Ze,, the
corresponding parameters are summarized in Tab. A.3.

Pn fn €n Wn

0.00440 3.9251 0.16277  0.10851
0.000180 23.562 0.03080  0.02053
0.000031 60.903 0.012526 0.008351
9.400-107% 116.18 0.006747 0.004498
3.733-107% 178.60 0.004209 0.002806

AW~ oS

Table A.3: Properties of the lowest energy eigenstates of the Schrédinger-Poisson equation [49].

A.6 Rescaling of the Schrodinger Poisson system

Similar to the A # 0 case of the GPP system in Eq. (4.7) and Eq. (4.8), there exists a class
of transformations, which excludes the physical parameters m,, G from the system Eq. (3.14),
Eq. (3.15). The corresponding rescaling can be achieved by normalization of the system prop-
erties with the de-Broglie wavelength (m,vo)~! and coherence time ~ (m,v3)~! according to

[170]

r =1/(mgvo), t=1t/(mqvd), (A.4)
1/1:1)(2)\/ma/GQZ, @N:vgéN, (A.5)

where as in the main text the tilde indicates the dimensionless, rescaled quantities. The resulting
rescaled Schrodinger-Poisson system is

0 1 -
vl —§A1/J + N, (A.6)
Ay = 4rfy]?, (A7)
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A.7 Galactic Neutron Star Distribution

which is equivalent to Eq. (4.9) and Eq. (4.10) for A = 0 as expected. Note here that the
A < 0 rescaling from Eq. (4.7) and Eq. (4.8) is essentially a special case of the SP rescaling for
vo = fa/G/cy, where vy is fixed by the self-interaction strength A [35].

A.7 Galactic Neutron Star Distribution

We model the galactic neutron star distribution using the phenomenological fit from Ref. [259]

_ Cns
nns(p,€) = om0 po(0)pe(0, 1), (A.8)
o't A
Po(0) = Ao+ A= —e™?/%, (A.9)
pe(0,€) = Ao 0(£ — 0.1kpc) + Ay gm0 4 4, je=t/h2(0) (A.10)

where 6(z) is a Heaviside function. The scale heights hq2(p) are defined by

h1(0) = k10 + b1, (A.11)

kso+bs, o< 4.5kpe
ha(0) = { ’ 2

. A.12
kyo+bs, o> 4.5kpc ( )

with the relevant parameters summarized in Tab. A.4.

Parafl;leter \?;ge Parameter Value .
Aoy 1.8-1075 kpe~! f 9225 io
Ay 1.87 kpe L 05
Asy 35.6- 1073 kpc~! bi AR Ot
= 13 10-3 b2> 0.03 kpc
ks 18.4-1073 b2 06?3 kpc —1
ks 0.05 Ay 20

Table A.4: Best-fit parameters obtained from Ref. [259] for the galactic neutron star distribution of
the Milky Way used for the calculation of the total mass-integrated collision rates I';_ng in Eq. (5.8),
Sec. 5.2 and Sec. 5.3.

A.8 Madelung Transformation

In the context of N-body simulations, it is useful to rewrite the wavefunction of the SP equations
as [171, 295]

b= L eimate/f — J gimatp/h (A.13)
Mg

where the velocity amounts to the phase gradient v = V#6,. We keep track of powers of % in this
section to indicate the connection between the Schrédinger equation and the hydrodynamical
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App. A Cosmological Context

representation in the following. In this approach, the first line of Eq. (3.14) takes a form analo-
gous to the mass- and momentum conservation equations in fluid dynamics. The corresponding
transformation is called the Madelung transformation and it yields the equations

Op+V(pv) =0, (A.14)

h? V2./p

a
Comparing Eq. (A.14) with the Euler equations of fluid dynamics, one finds that the only
difference is given by the last term, which encodes the contribution of scalar field gradients to
the change of momentum:
h? V2
P L (A.16)
2mg /P
The extra term in Eq. (A.16) is often referred to as a quantum pressure term, since it is derived

from the Schrédinger-Poisson equations. We note however that it is neither a pressure nor of
real quantum nature in the context of the classical axion field equations derived in Sec. 3.1.
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Numerical Methods

This chapter summarizes the numerical techniques used for the non-relativistic three-dimensional
simulations, which are employed in Subsec. 4.3.1 and Subsec. 5.4.1 following Ref.s [170, 239].
Numerical simulations of the SP and GPP system have been performed in numerous studies,
e.g. Ref.s [27, 32, 33, 166, 167, 170, 172, 174, 175, 202, 213, 231, 296-301], using either N-body
simulations or pseudo-spectral methods. The fundamental goal in all of these simulations is to
evolve the rescaled wavefunction v in the rescaled Gross-Pitaesvskii-Poisson system

,81; R T S e
ZE = —§A¢ + PNy — §|¢| Y, (B.1)
Ady = dn(|v* —7), (B.2)

starting from random homogeneous initial conditions for i/;oN: J(f = 0) as argued in Sub-
sec. 4.3.1. Note that the rescaled number density 7 = N/L? in the dimensionless Poisson
equation in Eq. (B.2) is related to the periodic boundary conditions in Sec. B.2, B.3. In the case
of periodic boundary conditions, one can show that the volume integral over the source term
needs to vanish. This is ensured by subtracting the average over |¢|?, given by n.

We introduce the pseudo-spectral operator-splitting method, which allows for high-performant
parallel computations, in Sec. B.1 following Ref. [239]. The operator splitting scheme decom-
poses the time evolution operator from Eq. (4.27) into diagonal components on the corresponding
position- and Fourier space grids from Sec. B.2. Combining the numerical grid setup with the
discrete Fourier transformation from Sec. B.3 and the overall summary of the resulting algo-
rithmic scheme in Sec. B.4, we apply our simulations to the case of axion star condensation in
Sec. B.5, Subsec. 4.3.1 and to non-relativistic AS core mergers in Subsec. 5.4.1.

B.1 Operator-Splitting Methods

As mentioned in Sec. B.5, the time evolution of cold axion dark matter, described by @Z (X, t+AfL),
can be determined from the time evolution operator

o +AL B +AL iz » 1 ~
U=Texp —i[ dt'H | = Texp —i/ dt’ ?+<I>N—§|¢|2 (B.3)
t t

of the rescaled GPP system in Eq. (B.1), Eq. (B.2), where T is a time ordering operator. A
crucial realization in Eq. (B.3) is the fact that the Hamiltonian of the system may be separated
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App. B Numerical Methods

into exponentials of the spatial and momentum components ﬁ;, ’,':ZE according to

- \Z 2. 1~y ~ ~
-1~ . V2
H%Z‘I)N—gh/f\Q o Hpg=-—— (B.5)

The decomposition in Eq. (B.4) can be used to facilitate the calculation of different expectation
values in the corresponding eigenspace, i.e. in position and in Fourier space, where <1,Z| Hy |J>
and @%\ ﬁﬁ W]ﬁ become diagonal. By means of the above separation of the Hamiltonian, the
wave function 12(32, t+Af) = L?J(f) may be evolved in time by multiplication with exponentials
exp H; of the Hamiltonian components 7—~[§ and 7—~l§ in the corresponding eigenspace i. focusing on
a single step At in Eq. (B.3) for simplicity, the time evolution operator exp(—iﬁAf) needs to be
decomposed into a series of products of exp(—z”;flgAf) and exp(—iﬁEAf). Since the commutator

of the two eigenbases is non-vanishing [x, k] # 0, a specific decomposition into the above products
can only be accurate up to a certain order in time.

In the simplest case, exp(—iHATL) = exp(—iHzAL) - exp(—i’gﬁAf) + O(At?) the resulting error
is quadratic in the timestep size At. Another particularly simple and well-known scheme is the
so-called Strang-splitting [302]

o H L He -
exp [—z(’l—[; + ’HE)AI{| = exp (—i;At) exp (—ngAt> exp (—i;At) +O(AP), (B.6)

which is accurate up to O(A#?). This can best be seen by applying the Baker-Campbell Hausdorff
formula [239, 303], which states that the general product of the exponentials

exp(X)exp(Y) = exp(Z) (B.7)

of two arbitrary non-commuting operators X and Y may be expressed as

Z=X4Y 4 XY+ DX XY+ VY X+ XX+ (BS)

Applying the Baker-Campbell-Hausdorff formula twice to the Strang product [239]
X X 11X 1 X
eFered =exp {2 IR [TY] T3 [Y 2] * 0<dt3>} =+ O(AF)  (BY)

one finds that the O(A??) contributions given by the commutator of X = —iﬁﬁAtN and Y =

—iﬁgﬁf cancel each other. More specifically, it can be shown that all other commutators, which
correspond to even orders in time, also vanish. Following Ref. [239], one can apply Eq. (B.8)
repeatedly at higher orders and write

exp <‘§> exp(Y) exp <‘§) = exp(W) (B.10)
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with
1 1
W=X+Y+ E[Y) [K X“ - Q[Xv [X7YH + ﬁ[*x? [Xv [X) [Xv Y”H
1 1 1
— g W VY, IV XI + o [X, Y, [, X + s [V X [ X V)
I DG, 1Y, X + s [V 1V DG X Y+ (B.11)

480

Defining the time-independent operators A = X /At and B = Y /At, Eq. (B.10) implies that
the second-order integrator from Eq. (B.9) may be expressed in odd powers of At as

~ A . A -
Sa(At) = exp <2At> exp (BA) exp <2At>
= exp (a1 At + s AP + as AP + .. ) (B.12)

where the corresponding coefficients «; can be read off from Eq. (B.11), namely

o =A+ B, ay= B [B,A] - oA 4 B], (B.13)
a5 = %[A, A A A B + ... . (B.14)

As argued in Ref. [239], the vanishing of even powers in Sy is a direct consequence of the fact
that the operator is symmetric and time reversible, Sa(A#)Sa(—At) = 1.

Crucially for the splitting schemes used in this work, the fundamental operator S5 can be used
to derive higher order splitting schemes

Sgn_:,_Q(A{) = Sgn (ZlAf) Sgn (zoAf) Sgn (zlAﬂ =, (B15)

where the effective time arguments z; At of Sy, with n € N introduce two coefficients zy and 21,
which must satisfy the conditions’

20+22 =1, 2" 42 =0 (B.16)

in order for the higher order product Sa,2(Af) to produce an operator of order O(A#?"*+2) in
the time coordinate Af. Ref. [239] used the inductive method in Eq. (B.15) to derive operators
of up to eigth order in time. For arbitrary A, B the resulting schemes So,12 can equivalently
be characterized by a product series of the form

k
exp [Af(A + B)} = H exp (ciAfA) exp (diAfB) + O (At~"+1) , (B.17)

=1

where the products are ordered from left to right and the splitting parameters ¢;, d; are deter-
mined from repeated application of Eq.s (B.15) and (B.16) respectively. For the case of interest,
A = —iHy and B = —iHx as mentioned before. Geometrically Eq. (B.17) separates each time
step At into two sets of sub-intervals {¢;At, d;At}, which correspond to the kinetic and potential

!This can be straight-forwardly shown by repeated application of the identity in Eq. (B.12) for Sz, at n =0
combined with induction arguments.
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components of the rescaled Hamiltonian in Eq. (B.4).
Specifically, for the fourth-order splitting scheme the coefficients are [239]

1 1—2!/3
Cl =C4 = m, 622632m7 (B18)
1 21/3
dy =d3 = m, do = —m, dy = (B.19)

Importantly for the numerical algorithm in this thesis, we find that the fourth-order splitting
has the best combination of computational efficiency and resulting numerical errors. We briefly
elaborate on numerical efficiency of our simulations at the end of this section and continue with
the higher order splitting schemes.

At higher orders, the splitting schemes are often characterized by a set of m equivalent coefficients
w;, which are related to the coefficients ¢;, d; in Eq. (B.17) via the conditions

k k
da=>di=1, (B.20)
i=1 i=1
together with the coefficient relations
Cj = Chy1—j = 5( m+2—j + Wmt1-j) 5 Wmt1 =0 (B.21)
dj =dp—j = wmi1—5 , dp=0, (B.22)

where k = 2m + 2 is the number of parameters ¢;,d;, 1 < j < (m+1)/2 and m = 3,7 for O(6)
and O(8) in this work [170, 239]. We implement the above approach of using different sets of w;
from the literature for operators of order O(At") for n = 4,6,8. At each n, we compared the
results from various literature [239, 304-307] to find the best splitting scheme with coefficients
w; for our simulations.

Crucially, we find that higher orders in time reduce numerical errors but simultaneously lead to
an O(2) increase of the required steps, namely k = 4, 8,16 for n = 4,6, 8. It is therefore advisable
to choose lower orders n in time together with smaller stepsizes At, which after adequate choice
for At, turns out to yield the best combination of numerical performance and computational
error control. The corresponding time stepping scheme is introduced in Sec. B.2.

w; n=6,m=3 n=8 m=1"17

wy  -1.17767998417887  0.315293092396767
we  0.235573213359359  0.334624918245298
ws  0.784513610477560 0.299064181303656

Wy -0.573862471116082
w5 0.190754710296238
We -0.409100825800032
wy 0.741670364350613

Table B.1: Splitting coefficients wj, ..., w,, at different orders n determining the k = 2m + 2 splitting
steps in Eq. (B.17). The n = 6 scheme was taken from Ref. [239] and the n = 8 scheme from Ref. [304].
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Before, we finish this section by listing the optimal sets of w; determined from different literature
and optimization tests to our problem in Tab. B.1. The time splitting schemes in Eq.s (B.18),
(B.19) and Tab. B.1 contribute operator splitting methods at orders n = 4,6,8 in time. The
remaining choice of the time step size At will be discussed together with the spatial grid setup
in the next section.

B.2 Three-dimensional Grid Setup

Starting with the spatial grid setup, we use three-dimensional, evenly spaced grids for both
position space, where Y5(t) is multiplied by components exp(—id; HzAt) of U, and momentum

space, where ¢ (f) is evolved using exp(—ic; HzAt). Each axis of the Z— and k-grids has the

maximum values Tmax, kmax and grid spacing Az, Ak given by

~ E T T Nres
max — 5 s max — ~ B.2
z 5 k 7 (B.23)
L ~ 27
Nres L ( )

where L is the rescaled grid length and N,e its resolution. In the simulations, L and Nies are
specified by user input, from which the grid parameters are inferred. Note here that due to the
zero-points of the grid, there is an asymmetry for the even grid resolution N,es = 256 which we
use?. In the algorithm, the slightly asymmetric grid axes are set up as

—Tmax + AT < T Tmax » (B.25)

ki < kmax — Ak, (B.26)

IN

IN

- kmax

where we note that the periodic boundary condition @Z(i) = (X + Lnzx) is fulfilled. The
asymmetry of the Fourier space grid requires the vanishing of modes with large k ~ kp.x, where
the asymmetry becomes relevant.NThis can either be achieved by increasing the resolution Nyeg
or by decreasing the grid length L according to Eq. (B.25).

Our code performs automated consistency checks at specified timesteps to ensure that the modes
in the system fulfill £ < kpax. This can straight-forwardly done by computing the expectation
value of the total momentum operator P(f) of the system in Eq. (4.13), since the initial conditions
to be specified in the following are isotropic in Fourier space and since P is a conserved quantity
of the rescaled GPP system.

Moving on to the isotropic initial conditions of the three-dimensional simulations, we emphasize
that the final state of the system is completely determined by the initial state 1p(x) and the time
evolution specified by the operator splitting schemes in Eq. (B.17) and Tab. B.1. The initial
wavefunction in return is specified in Fourier space, where we employ two approaches that are
common in the literature [170, 174, 213]. First the Gaussian initial distribution

Jo(k) = 2v27¥ 1V N exp (-E; + 6, (E)) (B.27)

2Tt is important to choose powers of 2 for the fast Fourier transform algorithm to perform efficiently.

187



App. B Numerical Methods

where the initial phases 0, (k) € [0, 2] are randomly drawn from a uniform distribution at each
point k on the momentum space grid. And secondly, the §-distributed wave function

|Y0(K)[? o< O (Jk| — mqvo) (B.28)

which constitutes the surface of a sphere with radius |k| = m,vg equal to the characteristic mo-
mentum kg = mqvg of the system and again with random phases 6, € [0,27]. For the Gaussian
and J-distributions considered in this section, we obtained b = 0.9 and b = 0.6 respectively,
which agrees with the predictions from the original work, Ref. [170]. On the technical side, we
also allow for variable radii of the initial momentum sphere by employing the delta distribution
as |Y(k)|? < dp(|k| — colko|) with coko = co = 0.6 for the simulations in this work.

As mentioned in the main text, we demonstrate the initial configuration and subsequent evo-
lution of a J-distributed field 1y(X) in Fig. 4.2, which was obtained using the pseudo-spectral
operator splitting method in App. B. The simulations in this work were set up with a resolution
of N, = 2563 and initialized with a dJ-distributed initial field for a rescaled system size L = 44
and particle number N = 55 shown in the top left panel.

After specification of the initial wavefunction (k) according to the above procedure, the next
step is to initialize the three-dimensional operator field ®(xX), which determines the position
space component Hz in Eq. (B.4) and thereby the time evolution in Eq. (B.17). In order to
obtain the Newtonian potential from the source term o [1(X)* in Eq. (B.2), we use Fourier
transforms to calculate ® (k) in momentum space. The procedure and numerical implementa-
tion of the Fourier transformation is presented in Sec. B.3.

Before, we summarize the numerical grid setup of this section by introducing the adaptive time
stepping scheme obtain from the Courant—Friedrichs—Lewy condition [308, 309] of the system:

AZL 1

At = min , —
TCk ¢, max [CIJN(EZ)}

, (B.29)

where max[EI; ~N(X)] is the absolute maximum of the Newotnian position space potential and
AZ is the spatial cell size from Eq. (B.26). The numerical constants ¢y = ¢, depend on the
system at hand, where for the simulations in this work ¢; = ¢, = 10 provides the best results.
Upon initialization, our numerical algorithm allows the determination of a constant number of
timesteps N; together a fixed, temporal step size Af. When the step size At is omitted upon
initialization, the adaptive method from Eq. (B.29) is employed automatically.

For long-time simulations like the results in Fig. 4.2 and Sec. B.5, the best approach is to first
perform a test simulation of the condensation process with adaptive Af until £ > Tgr to obtain
a suitable step size from the data output. This step size can then be used to re-calculate the
same simulation with improved Af to enhance the numerical stability at large ¢ > Tgr- The
simple reason for the resulting improvement is the fact that at the time of rapid collapse during
condensation, the position term max[®x(X)] can change considerably between two time steps
At in Eq. (B.29).

B.3 Discrete Fourier Transform and Discrete Observables

As mentioned in the previous sections, the kinetic components o exp(—idiﬁEAf) of the time
evolution operator in Eq. (B.17) need to be applied in Fourier space. Similarly, the Newtonian
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potential @y needs to be computed using Fourier transformations as will be specified in the
following. In this section, we summarize the implementation and application of the discrete
Fourier transformation (DFT) in the numerical algorithm.

For the implementation of the DFT, we use the FFTW library [310] in C++17, which we
normalize according to

~_ >3
w N3 Zw —zkx: A‘T Z —1kx (B?)O)

res %

where the sum goes over all N2 discrete points X of the position space grid. Similarly, the

inverse discrete Fourier transform (IDFT) is defined with the same normalization constant

AT~ ~ i
b (X) Né”es Zzp - ,L% Zz/z(k)e“‘x, (B.31)
k

which yields a factor of N,;3 after consecutive application of the DFT and IDFT. The discrete
Fourier transforms are applied using periodic boundary conditions and the above FFTW algo-
rithm to allow for CPU parallelization, for which we find that generally 64 CPU threads yield
the best performance. N

After initialization of the t = 0 wavefunction in k-space, the Fourier transform of the Newtonian
potential ® can be computed from the Poisson equation in Eq. (B.2) according to

N il
(I)N(k) - |E|2

., On(k|=0)=0, (B.32)

where we have set the k = 0 mode to zero, as in Ref. [170]. The coordinate representation @y (X)
is then simply obtained by applying the inverse DFT to the field in Eq. (B.32). In the case of
adaptive time stepping in Eq. (B.29), the maximum of ® ~(X) is used to determine Af for the
next propagation length in time.

On a different note about Fourier transformations, we employ the evolution operator decomposi-
tion in Eq. (B.17) to the total Hamiltonian in Eq. (B.4) and its components 7—7;, ﬁﬁ' This implies
that the propagation of the wavefunction J(f + Al) at each timestep Af requires k = 2m + 2
applications of the DFT and IDFT respectively in order to switch between position and mo-
mentum space, where the split steps ¢; and d; in Eq. (B.17) are performed.

Simultaneously, the algorithm computes the expectation values for different observables of the
system. The first such quantity is the rescaled total particle number

N =AY [ =2z k), (B.33)
X k

which can either be computed in position or in Fourier space and which is equal to the total
mass in rescaled coordinates. Another important conserved quantity is the total energy of the
system

E = AE3Z |2+—Z<1>N y2+—ZA|¢ (B.34)
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which is composed out of the kinetic, gravitational and self-interaction energy of the system,
equivalent to Eq.s (4.2), (4.3), (4.4). Crucially for our checks of the numerical stability, the
relative energy

AE({)  B(f) - B(0)
Ef=0)  E(0)

(B.35)

can be used to check the conservation of energy in the system (see Fig. B.1). We ensure that
none of our simulations exceed AE/E(0) ~ 1073 for consistency.
A third conserved quantity of the rescaled GPP system is the total momentum

P =A% "k[pk), (B.36)
k

which is computed numerically in Fourier space. As mentioned in Sec. B.2, the initial wavefunc-
tion at £ = 0 is specified with ]3(0) = 0 in Fourier space, so that the conservation of momentum
can simply be checked by ensuring that ]5(5) < 1 over time. In each simulation and at different
specified time steps, the numerical algorithm computes all three of the above expectation values,
provides them as live output during runtime and raises warnings if any of the conservation laws
are considerably violated. In order for a simulation to be considered numerically stable, all three
of the above quantities need to be conserved at all £.

B.4 Pseudo-spectral Operator-splitting Scheme

With the basic numerical techniques of our simulations being specified in Sec.s B.1 to B.3, we
continue to briefly summarize how these techniques are combined in the schematic structure of
the algorithm. For later use, the documentation of the numerical C++ code is contained in
the respective ’cpp’ files and in the main file. We also mention some technical details about
parallelization, data output and operating systems at the end of this section.

Starting with the schematic summary of the algorithm, each simulation can be broadly summa-
rized by the following points:

1. Initialize the spatial grid with N , L and resolution Nies
2. Set the number N; and size At of timesteps to be performed

3. Initialize £ = 0 wavefunction (k) in Fourier space (either Gaussian or §-distributed,
see Eq.s (B.27), (B.28))

4. Perform kinetic evolution through multiplication of J(E) by exp(—iciﬁEAf)

5. Fourier transform to position space to compute the source term in Eq. (B.2) with n =
N/L3? from (X) and Eq. (B.33)

6. Transform back to Fourier space with DFT
7. Compute the Poisson potential in Fourier space from Eq. (B.32)

8. IDFT to position space and evolve 1(X) through multiplication with exp(—id;HzA?)
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B.4 Pseudo-spectral Operator-splitting Scheme

9. Repeat steps 4. to 8. until k = 2m + 2 and the product series in Eq. (B.17) is complete
for a given time step At

10. Calculate expectation values E, P and N from Eq.s (B.34), (B.36) and (B.33)
11. Save expectation values to data and print to user output

12. Repeat steps 4. to 11. for each of the N; time steps with step size At

13. Save final density field J(f ) to output for later simulations

The above enumeration demonstrates the importance of the computational efficiency of the
DFT in Eq. (B.30), (B.31). In principle the parallelization can also be performed on graphics
processing units as for example done in Ref.s [170, 174]. As mentioned before, in our code we
use CPU parallelization, which is implemented with the FFTW library [310] using 64 cores and
the OpenMP library using arbitrary multiples of 2 for the thread number.

The code also allows for controlled data output at dedicated steps by tracing the axion star in the
Z-plane through determination of the point with maximum density max(|¢)|?) in X. This allows
to significantly reduce data output through saving only the corresponding z-plane in position
space at specified steps nAt with n € N.

Other utility functions include the time dependent output of the projected Fourier spectrum
4(|k])|2 as a function of [k|, the output and animation of the radial profile ¢ (7, ) over time and
the implementation of absorbing boundary conditions for AS mergers similar to what was done
in Ref.s [33, 172]. The absorbing potential is defined in terms of an overall amplitude V with
center L. and width d,ps according to [33]

Vipe () = _% 94 tanh (max((sx]; y.2) — Lc) tanh <5L]z )] . (B.37)

This potential was used in the non-relativistic AS merger simulation from Fig.s 5.10 and 5.11 to
prevent back-reflection of emitted waves, where we choose V) = 100, L. = 22 and §,s = 0.5 from
optimization of the collision process. It is implemented as an external addition to the Newtonian
potential ® ~ and added to the position space Hamiltonian H in Eq. (B.4). Note here that we
have omitted the tilde for some variables since they do not have a physical equivalent, namely
Vo, Le and Japs.

In the specific case of the AS merger from Fig. 5.10, we have added a second axion star through
implementation of the best-fit, spherically symmetric sech-profile [33, 231]

b(7) = 54};3 sech <;0> , (B.38)

where EO ~ 1 is a length scale which sets the profile shape of the sech-fit and where we use
M, = 6. As part of the thesis in Ref. [235], the numerical code in this work was also extended by
an implementation of the exact, spherically symmetric soliton solutions, which were calculated
in Ref. [231]. The stability analysis in Ref. [235] using improved exact profiles compared to the
sech-fit in Eq. (B.38) showed that there exist transition regions in the stable and dilute branches
of axion stars in Fig. 4.1. This realization can be interested for transition between the two
branches and future research on long-time stability of axion stars.
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To conclude this section, we mention that all of the simulation figures in this thesis and several
from Ref. [235] were produced using a fully automated plotting routine in Python, which uses
the C++ output data and a Python-C++ interface.

B.5 Application to Axion Star Condensation

We continue with the application of the above numerical simulations to axion star condensation,
which was already shown in the main text in Sec. 4.2 and Sec. 4.3.1. The simulations in this
thesis are performed for A = 0, L = 44, N = 55 on a N, = 2563 grid with timesteps At = 0.01
and predicted condensation time 7, ~ 1445. For computational efficiency, the order of the time
splitting scheme was chosen as four, corresponding to Eq.s (B.18) and (B.19), and the time step
size At = 0.01 was found from previous test simulations.

Fig. B.1 clearly shows that all of the relevant observables remain precisely conserved up to
deviations of order O(A) ~ 10~% or lower. The largest relative violation of conservation laws

At=1.0,0(At) =4, 5 =4

—4 |
10 M
106 _f
< 1071
=
x
2
E 10710_
< -
y P(t)
107 AE(D)/E(O)
— |AN(©)/N(0)]
~14 | - .
10 — |Baa(1)/E(1)] - 1077
0 2000 4000 6000 8000 10000

Time ¢

Figure B.1: Time-dependent numerical consistency checks for different conserved observables of the
GPP system in Eq.s (B.36), (B.34) and (B.33) with the conserved dimensionless total momentum P(t)
shown in black lines. The violation of energy- and mass-conservation are measured by the relative energy
shift [AE(t)/E(0)] in red and by the relative shift [AN(£)/N(0)| of the total particle number in blue lines.
The green line indicates the relative potential binding energy |Egrav ()/E(D)] of the dilute system, which
is dominated by Egray in Eq.s (4.3) and (B.34). Prior to the point of condensation around ¢ ~ 7y, ~ 1445,
the potential energy can be seen to rapidly increase, see also Fig. 4.2.

is seen for the total momentum P (t) in black, which indicates that the asymmetry of the k-space
grid is a dominant effect in the simulations. On the other hand, the particle number N (1) is
well-preserved since it only inherits numerical errors through repeated application of the DFT
and IDFT in Eq.s (B.30), (B.31), as argued in Ref. [170].

Another useful tool for the considerations of axion star mass growth is given by the radial profile
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B.5 Application to Axion Star Condensation

vZ( [t], %), which can be saved and animated automatically. The corresponding soliton profiles of
the long-time simulation with A = 0 from Fig. 4.2 and B.1 are depicted by colored lines at
different times ¢ in Fig. B.2. Importantly and in accordance with the mass-radius relation of
stable axion stars M, o< 1/R,, the profile can be seen to increase in amplitude and decrease in
radius during the mass growth at larger £.

0.0 05 1.0 15 9.0

Figure B.2: Radial axion star profile 1;( t],%) over time obtained from the simulations in Fig.s 4.2 and
B.1. At t < Tg =~ 1440 in blue, the automated algorithm determines the maximum density from the

background fluctuations, which gives a roughly homogeneous 1;( [r],t)

10 -
—— £=1010
—— 1 =2500
84 —— t=4000
— 1
— 1
~ 6' - t~
T |7
z
2.

Figure B.3: Integrated rescaled mass (i.e. particle number) of the axion star over time in the simulations
from Fig.s 4.2, B.1 and B.3. At ¢ < 7, ~ 1440 in blue, the automated algorithm determines the maximum

density from the background fluctuations, which gives a roughly constant mass N (|71, t)
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The wave-like features in the cumulative radial AS mass in Fig. B.3 are essentially caused by
the spherically symmetric quasi-particle fluctuations in the excited surrounding region of the
condensed soliton, see also Fig. 4.2.

B.6 Outlook on numerical Simulations for Future Research

We conclude the summary of the numerical simulations from this thesis by listing the most
promising fields of its application for future studies. It should be clear from the theory part
in Chap. 4, that the field of axion star condensation from isotropic initial conditions is well-
established at the time of writing. Accordingly, mass growth simulations of interest to scientific
publications require enhanced performance with GPU acceleration and use of large computer
clusters, both beyond the scope of our simulations. Instead, there are some other, less straight-
forward directions, which can be explored using the numerical techniques from this appendix.

1. Through implementation of the redshift-dependent Schrédinger-Poisson equations in an
expanding universe, the virializition of composite ASMC systems around matter-radiation equal-
ity could be explored, similar to what was done in Ref.s [30, 169], but with special emphasis
on the ®-dependence of the core-halo mass relation from Eq. (3.57). This dependence was also
mentioned as one of the major uncertainties for ASMC phenomenology in the conclusions in
Sec.s 6.5, 7.5.

2. The numerical study of the stability of exact spherically symmetric solutions of axion stars
in Ref. [235] using this code demonstrated that the dilute and stable branch regions around the
critical value M, ~ M,  should not be understood as absolutely distinguishable. Instead the
simulations in Ref. [235] showed that quasi-stable solutions can exist on the top of the dense
branch, and that transitions between the two branches can be induced through external pertur-
bation, e.g. through external gravitational fields in transient events. Such stability simulations
have not been published to date and would be worth exploring.

3. The interference effects in axion star mergers from Fig. 5.11 suggested possible constructive

interference with the minicluster background, which could have considerable effect on the merger
dynamics. While such effects have been observed in the collisions of isolated solitons before, for
example in Ref.s [33, 172], the interaction of the minicluster background has not been taken into
account so far. Constructive interference effects could prove beneficial for the development of
parametric resonance or Bosenovae following MC mergers and would contribute to the current
understanding of composite ASMC systems.
Overall, the combined phenomenology of axion stars in galactic miniclusters allows for a range
of new scientific studies, which can be performed with three-dimensional solvers like the one
developed in this thesis. The modular and automated nature of the corresponding algorithm
and its data output hence allows for simple extensions of our work in future investigations.
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Additional Information
on Mass Distributions

This chapter provides additional information on our results for different AS-/MC-properties
inferrred from the MCMF and ASMF in Subsec.s 3.6.2 and 4.7.2, respectively. Sec. C.1 shows
the total number, average masses and radii of miniclusters obtained for different axion models
mg, n considered in this work. Similarly, Sec. C.2 contains the same quantities inferred from the
core-halo relation in Eq. (3.57) for axion stars at different mg, n.

C.1 Properties of galactic Miniclusters

— n =0, My-cutoff
1064 — =1
93 — n=2334
10727 - n =0, M j-cutoff
1020.
2 1017.
1014.
1011.

10712 10710 108 106 10-*
mg [eV]

Figure C.1: Total number of galactic axion miniclusters for different axion models m,,n from Sub-
sec. 3.6.1, obtained from the linear growth MCMF from Sec. 3.6. Shown for both MCMF low-mass cutoffs
from Subsec. 3.5.2 in solid and dashed lines. Taken from Ref. [1].
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(M)/Mgo
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Figure C.2: Average mass (left) and radius (right) of galactic axion miniclusters from Eq.s (4.77),
(4.78) for different axion models mg, n from Subsec. 3.6.1. Obtained from the linear growth MCMF from
Sec. 3.6 for both MCMF low-mass cutoffs from Subsec. 3.5.2 in solid and dashed lines.

C.2 Properties of galactic Axion Stars

n=1
n =3.34

n =0, My-cutoff
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10712 10710

108 106 10~4
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Figure C.3: Total number of galactic axion stars for different axion models m,,n from Subsec. 3.6.1,
obtained from the linear growth MCMF and the core-halo relation in Eq. (3.57). Shown for both MCMF
low-mass cutoffs from Subsec. 3.5.2 in solid and dashed lines. For n = 0, the AS number is independent
of the low-M cutoffs. Taken from Ref. [1].
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Properties of galactic Axion Stars
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Figure C.4: Average mass of galactic axion stars for different axion models mg,n from Subsec. 3.6.1,
obtained from the linear growth MCMF and the core-halo relation in Eq. (3.57). The different M j-cutoffs
in dashed lines and the n = 0 Mg-cutoff in red solid lines yield almost identical results. Taken from

Ref. [1].
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Figure C.5: Average radius of galactic axion stars for different axion models m,,n from Subsec. 3.6.1,
obtained from the linear growth MCMF and the core-halo relation in Eq. (3.57). The different M j-cutoffs
in dashed lines and the n = 0 Mjg-cutoff in red solid lines yield almost identical results. Taken from

Ref. [1].
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Analytical Calculations
on Axion Stars

D.1 Parametric Resonance

In this chapter, we summarize the derivation of the AS resonance criterion from Sec. 4.5 following
Ref. [32]. The first step is to start from the Lagrangian L4, from Eq. (2.17), which describes
the interaction of the electromagnetic field in the presence of an axion field ¢. Varying the
Lagrangian in Eq. (2.17) with respect to the four vector potential A* = (Ap, A) and neglecting
the gradients of the non-relativistic axion field ¢, which is slowly varying in space, one obtains
the equation of motion

A — V%A + g0y V (9:6A) = 0 (D.1)

for the two degrees of freedom of the propagating photon described by A. Note that Eq. (D.1)
is formulated in the Coulomb gauge V - A, as indicated by the fact that the time-derivative ¢
is contained inside the brackets and spatial derivative V. In Fourier space, Eq. (D.1) may be
expressed in terms of the electromagnetic modes in k-space as

3 1./

A+ k2Ak + gawik/ ((é:)?ﬁtcpk_k/Ak/ =0, (D.2)
where again gradient terms have been neglected compared to the time-derivatives of the axion
field, |Vo¢| < |0:¢].

The next step is to insert the time- and k-dependence of the axion field into Eq. (D.2). As was
shown in the detailed studies of Ref. [32], the fundamental dynamics of the soliton resonance we
are interested in may also be captured by assuming a homogeneous axion field

o(t) = ¢pocos(wo t) (D.3)

with field amplitude ¢g and an oscillation frequency wg ~ m,. While the system in Eq. (D.3)
is by nature unstable against gravitational collapse and soliton formation, it allows for a sim-
plified analytical treatment. Importantly for this work, the condition for resonant axion-photon
conversion inside the soliton is derived from the properties of the homogeneous axion field in
Eq. (D.3). Therefore using the above approach for ¢(¢) in Eq. (D.2), the electromagnetic modes
decouple in Fourier space, yielding the simplified EOM

Ap + K2 Ay — Gary wo Qo sin(wo t) ikAx =0 (D.4)

for the vector potential A, whose Fourier transform can be expressed in terms of the time-
dependent mode functions sk(t)

Axt) = 3 acr i st) +af, e sil0)] (D.5)
A==

199



App. D Analytical Calculations on Axion Stars

where €, \—4 are vectors describing the circular polarization and ay x and al]; , are annihilation
and creation operators. Finally writing ikex x = ke ), the two polarizations in Eq. (D.4)
decouple so that the mode functions sy(t) satisfy the Mathieu equation

Sk + [k‘Q — Jarywo k dosin(wo t)] sk =0, (D.6)

which describes an oscillator with a periodic pump frequency wi(t) = wi(t + T') and period
T = 27 /wp. Defining the effective frequency w?(t) = A + Bsin(wot), Eq. (D.6) reduces to

B+ wi(t)s =0, (D.7)
where the coefficients
A=k |  B=—guydokwo (D.8)

will prove useful at a later point in the calculation. Due to the periodicity of the pump, the
system exhibits a resonance for modes with certain values of k. To see this in general, the
Mathieu equation, needs to be solved numerically, see also Ref. [32] for a detailed analysis.

For the purpose of this work, it is sufficient to perform a small amplitude analysis, in which the
pumping term stays relatively small. The corresponding solutions to Eq. (D.6), Eq. (D.7) can
be written in the general form

sk(t) = Pi(t)el + Be(—t)e 1t (D.9)

where Fy(t) is a periodic function of time and the parameter puy is the Floguet exponent describing
the stability of the solution. As stated in the main text, the real component of the Floquet
exponent py is responsible for the exponentially growing modes. At small amplitudes, k/wy >
Gayv$0/2, the resulting spectrum of narrow resonant bands is composed of equally spaced lines
at k? ~ (nwo/2)? for n € N*.

Next, taking advantage of the small amplitudes of the periodic pump, one can write the mode
functions from Eq. (D.9) in terms of the harmonic expansion

—+00

st) = Y €€l fu(t), (D.10)

w=—00

where the frequencies w are summed over the range of w = dnwy /2. Inserting the harmonic
expansion Eq. (D.10) into Eq. (D.6) and dropping terms  f,,, gives [32]

4iwfu(t) +2(A = W) fu(t) =i B [fumws (t) = furwo ()] =0 (D.11)

for the differential equations at different frequency bands w = +nwp/2. Then focusing on the
dominant instability in the n = 1 band and the lowest frequencies w = +wy/2, one obtains the
coupled pair of differential equations

df fe® ] _ifa- =8 1] fa®

According to standard matrix theory, the system Eq. (D.12) exhibits an exponential growth
o exp (+uxt) where the growth rate uy is given by the eigenvalues of the above matrix. Solving
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the coupled differential equations in Eq. (D.12), and inserting the expressions for A and B in
Eq. (D.8), yields the exponential growth rate

g2 k2 b2 <k2 — ;)2
N}E;l) _ 0’774 0 _ 5 (D.13)

wWo

of the dominant n = 1 instability band. Since the width an growth factors u,(Cn) of higher order

instabilities decrease with larger n, it is sufficient to consider the leading n = 1 instability for
AS resonance, as done in the remaining steps in Sec. 4.5.

D.2 Derivation of Axion Star Resonance Mass

This appendix contains the derivation of the decay mass from Eq. (4.61) for the Gaussian profile,
analogous to what was done in Ref.s [33, 231] for the sech-profile in Eq. (B.38). As argued in
Sec. 4.5, the condition for the parametric instability to develop in a given soliton can be inferred
from the growth exponent Eq. (4.55) of the first instability band for the homogeneous axion
field in Eq. (D.3). Requiring pg > ftesc With g from Eq. (4.55) and pesc = 1/(2R,) [231], one
obtains

GayyMa 1

— D.14
A ¢0 > QR*’ ( )

where the central density ¢g = ¢(r = 0) can be obtained from Eq. (3.10) for the Gaussian profile
in Eq. (4.1), which gives ¢o = \/2M, /(73/2m2R3) in Eq. (4.57). This leads to the AS resonance

condition
GayyMa 2M, 1
- > , D.15
4 \/ w/2m2R3 T 2R, ( )
M,
< 9o\ 532R, ~ L, (D.16)

where the rescaling from Eq. (4.7) and Eq. (4.8) can be used to write

M, N mp1fa mafaj\z* _ fg@

T = s 7 (D.17)
R, maci/ 2 mplci/ R, O R,
This leads to the condition
12 | R,
Ja f(z > 271'3/2 —C)

vy ( ) 2L

= V2r%/ {g(a*)cx]m el _ g {g(%)fﬁx]m (D.18)
Oy M, * Oy

from Eq. (4.58), where in the last two equations, we have expressed the AS quantities M,, R,
in terms of the critical quantities M, , R, x by introducing an additional parameter o, € (0, 1],

201



App. D Analytical Calculations on Axion Stars

which parametrizes the mass-radius relation according to Eq. (4.59) and Eq. (4.60) with g(ay) =
(14++/1 — a2)/a, [33]. Just like the critical quantities M, x, Ry x from Eq. (4.16), the parameter

(D.19)

in Eq. (D.18) depends on the chosen ansatz for the radially symmetric wavefunction, where
Bx &~ 0.42 for the Gaussian profile in Eq. (4.1) used in this work. In rescaled coordinates, the
critical quantities take the values

M, , = 10.88, (D.20)
R.)=0.173. (D.21)

With the above relations we can derive the decay mass, beyond which the parametric resonance
develops. Rearranging the point of equality given by Eq. (D.18) in terms of the mass parameter
ay from Eq. (4.59) leads to

c,\g(a*) 12
Jary fa = B [] (D.22)
Oy
14++/1—a?
o etV 029)
*
2 2
Jarny Ja
o 1 1— a2 = o229/ D.24
+ Oé* * BEC)\ ( )
4 4 2 2
G |, Gar ],
1—a2=tlola 1 _9,2700770 D.25
< % = O pic2 * “ B2, (02
4 4 2,2
2
o azgal'y-;ca — ga;’Yfa -1 (D26)
+CA Biea
2¢y 32 42 M.
o - QCAB*z L (D.27)
ga'yfyfa gavfyfa M*7/\

Then expressing M, » in terms of its rescaled equivalent from Eq. (D.20) and rearranging for
M, = M, ,, we obtain the Gaussian profile decay mass

~ mpifaV208 910 1
M,y = My 2 2 2 Y
Mg gafy'yfa Biea 2

_ M*)\mpl V20} \/<9awfa>2 o (D.29)

(D.28)

T myg gg’y'yfa B 2
_ R 1 2
— M, TPy /ord/2 A \/<gawf“> _a (D.30)
My M, ) YaryJa Bx 2

B 50 eV (1071GeV\? /101 GeV gamfa 2 e
=5.94-10" "M e} -2 (D.31
@< Ma >< Garyy fa 0.42 ; (D3Y

from Eq. (4.61) and Ref. [2].
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D.3 Derivation of Axion Star Radius Cutoff

The axion star radius cutoff masses Mpg min, My g from Eq. (4.70), Eq. (4.68) can be derived
from the condition Eq. (4.66), as will be shown in this chapter. For ease of computation, it is
useful to first rewrite the spherically homogeneous minicluster radius from Eq. (3.24) in terms
of a ®-dependent function fg(P) according to

3.4-10"km M 1/3
"=t (10—12 M®> = fo(®) M2 (D.32)

Similarly, we define the function f,(z) as the power of My, nin in Eq. (3.57), Eq. (3.58) which
relates the AS core mass

M, (2) = M3 (M3 = f.(2) M3 (D.33)

h,min

to the mass M of its host minicluster. Note also that we defined the physical radius of the
soliton to be given by the radius

Ri90 = Cio0Re , Ciogo=1.76796 (D.34)
containing 90% of the total soliton mass at position r — oo, and where C, g9 is a profile-
dependent constant. For the Gaussian profile in Eq. (4.1) assumed in this work, Cy g9 = 1.76796

[159]. This way, we can express the equality of axion star core and host minicluster size in
Eq. (4.66) as

Ri90 = CugoRy = R. (D.35)

Lastly, we express the scale radius R, in the above equation in terms of the AS mass M, through
the mass-radius relation Eq. (4.17) and write the MC radius in terms of its mass M, which gives

Olkin < Olkin )2 B _ fa(@)M'? (D.36)
Qgrav Gm% M, agramagM* Qgrav Gmg f(% C*,QO . .
The axion star mass can be eliminated from Eq. (D.36) by using the core-halo relation from
Eq. (3.57), which after re-arranging yields

2
fo(@)M3 Okin _ @M 20050 fa(P)
C*,QO agramagfz(Z)Ml/?’ Cigo agramagfz(Z)C*,QO
2 2 2

+ ( Qlkin ) _ < Qlkin ) _ 3aintakin (D 37)

QgrayGmM2 [ () M1/3 QgrayGm2 [ (z) M1/3 QgravGm2 f2 '
fq%((I))MQ/S . 2akinf<1>(q)) . 3ainta12(jn (D 38)

Cf,g() B agramagfz(z)C*,QO agramagfg ' ’
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App. D Analytical Calculations on Axion Stars

Solving the above equation for the minicluster mass M at the point of equality, R, 90 = R, and
re-entering the helper functions fg and f,, we obtain the final low-mass cutoff

. 3aipia’, C? 3/2
Mizin = < 20in C 90 t Viein Cx,90 )2> (D.39)

agramagfz(Z)fCD(q)) ; agramagfgqu(q)
[ 20060 Ci 0@ (1 + @)1/3(10712 M) Y3
\ QgravGMEM min (2)2/3 - 3.4 - 107 km

(D.40)

3/2
B0, C2oo @ (1 + 2)*3(10712 M )/? /
agramagfg (34 - 107 km)2

= (2%“@(1 +2)!Cuon 1.28 - 108 kg2/3 (50ueV>2 ( l1+z >1/2 ( 36 )1/6

Ugray a 1+ Zeq g(ZGCl)
3/2
Sainead, ®2(1 + )%/3C? * (610" i
_ tCkin ( ) *,90 8.892 kg2/3 <50 ,ueV> (6 10 GeV> (D41)
Qoray Ma Ja

of the ASMF. The complete relation in Eq. (D.41) contains a modification term o ajy,t that arises
due to the weak attractive self-interactions A = —m?2/f? considered in this thesis. Comparing
the corresponding coefficients we find that the condition for the self-interaction term to be
negligible is

30t n @ (1 + (1))1/30*’90 3.8 My 1+ 2 1/2 £(2) 1/6 6101 GeV 2 -
2 1.3-108 \ 50 ueV ) \ 1+ 2zeq (2eq) fa ’

(D.42)

which for the axion models mg, n from Subsec. 3.6.1 can be formulated in terms of the symmetry
breaking constant f, to obtain the condition

1/2 1/4 1/12
1/6 m 142 ¢(2) ]
fu> 18CGeV V(1 + @) <5o ,ueV) <1 - Zeq) [C(zeq) . (D.43)

We checked that the condition in Eq. (D.43) remains valid for all of the axion models with
10712eV < m, < 1072eV and n = 0,1,2,3.34 considered in this work. We note that this
statement can also be read off from Fig. 3.6 and that it coincides with our definition of weak self-
interactions. Physically, Eq. (D.43) demonstrates, that the self-interaction is indeed negligible
for the dilute and large solitons on the stable branch of Fig. 4.1, which have R, > R, ) and are
hence dominated by gravity.

Therefore neglecting the o iy term in Eq. (D.41), we finally obtain the minicluster mass

Mianin ~ 49 - 1017 Moy V(1 + B)1/6 (akmchgo)”? ( 1+ 2 )1/4 [ ((2) ]/ <50ueV>3/2

Qgrav 1+ Zeq C(Zeq) Mq
(D.44)

corresponding to the ASMF radius cutoff in Eq. (4.70). Note that after entering f.(z) in the
above expressions, the radius cutoff masses become dependent on the core-halo relation. Addi-
tional dependence on the assumed soliton profile is indicated by the constants co; and C gp.
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