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Abstract

The QCD axion provides one of the best motivated solutions to the Strong CP problem of the
Standard Model. Meanwhile, axion like particles appear as part of many high energy theories and
could play a role in solving various puzzles of cosmology and particle physics. In particular, owing
to their small couplings and their non-thermal production mechanisms, the QCD axion and axion
like particles are robust candidates for cold dark matter and have been the subject of extensive
research and experimental search effort.

I start by reviewing the motivation for axions and their phenomenology. I explain why an im-
portant aspect is the axion inflationary scenario, either pre- or post-inflationary, related to the time
when the global U(1) PQ symmetry that gives rise to the axion was last spontaneously broken. I
study a precise way to separate these scenarios, characterising them based on the density of axion
strings: the post-inflationary scenario corresponds to large string density at the time when the axion
mass becomes relevant and domain walls form which result in the network collapsing immediately
after, while the pre-inflationary scenario corresponds to negligibly low strings and domain walls
density having re-entered until today. An intermediate scenario when the string network re-enters
the horizon and is destroyed after the axion mass becomes relevant but before today is uncovered,
and I estimate the corresponding axion abundance and discuss phenomenological consequences.
Meanwhile, numerical simulations are used to find a relation between string density and the prob-
ability distribution of the radial mode over regions that have re-entered the horizon, which can be
related to the size of quantum fluctuations during inflation. This allows to predict the evolution of
the string density up until a value sufficient to collapse the network and estimate the time when
the network would be destroyed, which prescribes the inflationary scenario. Additionally, I discuss
alternative ways to restore the PQ symmetry even when quantum fluctuations are small, which can
similarly result in the post-inflationary scenario, and in some cases the intermediate scenario.

I also explain how the spectrum of gravitational waves emitted by axion string networks in
the post-inflationary scenario can be derived by combining effective field theory analysis with
numerical simulations. The spectrum is used to determine when such axions would be detectable
by gravitational waves detectors. Various constraints on axion like particles that could result
in observable gravitational waves are considered. As a result axion like particles in the post-
inflationary scenario with symmetry breaking scales in the range 10 + 10'® GeV and masses
10728 = 10~ eV lead to gravitational waves observable by next generation detectors, both pulsar
timing arrays and space-based interferometers, while being compatible with constraints from dark
radiation, dark matter overproduction and isocurvature. I discuss the conditions under which
axions with such high symmetry breaking scales can be in the post-inflationary scenario.
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Chapter 1

Introduction

1.1 The Standard Model of Particle Physics

The Standard Model of Particle Physics (in short the Standard Model or SM) describes all directly
observed matter and three of the four fundamental forces affecting it, that is the electromagnetic,
weak and strong forces. It is a Lorentz invariant renormalisable quantum field theory (QFT)
based on the gauge group SU(3) @ SU(2), Q U(1)y, where the SU(3) gauge group corresponds
to the strong force which is described by what is known as Quantum Chromodynamics (QCD)
[2-4], and SU(2)L @ U(1)y to the weak force and electromagnetic forces which are unified in
the Glashow, Salam, Weinberg model [5-7] and are spontaneously broken down to the residual
symmetry SU(2), @ U(1)y — U(1)gm. The SM Lagrangian contains renormalisable terms! which
obey the underlying symmetries. These are the gauge symmetry and Lorentz symmetry, which
has combined CPT conservation (charge conjugation+parity transformation+time reversal) as a
consequence [9]. However, charge conjugation (C) i.e. that the action is invariant under replacement
of particles by antiparticles, parity (P) i.e. that the action is invariant under the flipping of the
sign of an odd number of spatial dimensions and time reversal (T) i.e. the action is invariant under
the flipping of the sign of the time dimension, are not imposed individually. Terms in the SM

Lagrangian can be broken into four types:

¢ Kinetic terms corresponding to the gauge bosons that mediate the various interactions: pho-
tons for electromagnetic, W~, W and Z bosons for the weak interaction and eight gluons
for the strong interactions. These terms look like —(1/4)X,,, X*" where X, is replaced by

the field strengths corresponding to the various interactions. These terms conserve CP.

« Dirac terms of the form i1 I)v, where D is the covariant derivative, for each of the fermions

in the SM. These terms conserve CP.

'In d = 4 dimensions operators up to mass dimension 4 are renormalisable [8].



o Kinetic (D,¢)"(D,¢) and potential —,ué(qﬁqﬁ) + As(¢79)? terms for the Higgs boson ¢. The
Higgs is a spin 0 scalar that is charged under the weak interaction, but not the strong or

electromagnetic interactions. These terms conserve CP.

» Yukawa terms —Yy1 9o for each of the fermions with the exception of neutrinos. These
terms describe the fermions’ ¢ interactions with the Higgs boson and are responsible for
giving fermions Dirac mass upon electroweak symmetry breaking [10-12]. These terms violate
P and CP if there are complex phases in the Yukawa matrices, which has been observed

experimentally [13H18§].

Fermions of the SM are split into quarks and leptons. Quarks carry color charge of one of three
colors and are thus subject to the strong force. For this reason quarks cannot generally be observed
as free states, at temperatures lower than about Aqcp ~ 200 MeV they are bound together into
composite particles called hadrons, either mesons which are a quark/antiquark pairs, or baryons
which are made up of three quarks or antiquarks?. There are in total six quark flavours which
are grouped in three generations, each generation containing a quark of electric charge 2/3e: the
up, charm and top quarks, as well as a quark of electric charge —1/3e: the down, strange and
bottom quarks. The weak interaction allows quarks to change flavour: from a quark with charge
—1/3 e to any other quark of charge 2/3 e by emitting a W~ boson and vice versa by emitting a
W boson, and this is responsible for the eventual decay of second of third generation quarks into
the lighter first generation quarks. The transitions between various quarks are parametrised by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix.

Leptons on the other hand do not carry color charge so they are unaffected by the strong
interaction, at least at tree level. They similarly also come in six flavours grouped into three
generations, each generation containing one electrically charged particle: electron, muon and tau,
and a corresponding neutrino which does not carry electric charge. Leptons can also change flavours
via the weak interactions: a charged lepton can decay into a charged lepton and a neutrino of
different flavour plus an antineutrino of the original flavour.

All fermions in the Standard Model except neutrinos come in two chiralities, either left-handed
or right-handed, with only left-handed fermions interacting through the weak force. Fermion masses
are generated through the Yukawa terms above containing left and right-handed fermions once
the Higgs acquires a non-zero Vev [10-12]. For this reason neutrinos are exactly massless in the
Standard Model, as there are no right-handed neutrinos and thus no corresponding Yukawa terms
coupling to the Higgs.

Other than the residual gauge symmetry SU(3) @ U(1)gm and the associated electric charge
and color charge which are conserved, there are additional accidental symmetries in the Standard
Model and correspondingly conserved quantities. These arise as a result of the truncation of the

Lagrangian down to renormalizable terms and are expected to be broken once higher dimension

2In the following, quantities expressed in units of eV are understood to be in natural units for which ¢ = i = kp = 1.



operators are introduced. Examples for these include the baryon number U(1) g, the lepton number
U(1)r and more specifically the lepton number of each generation.

Finally the Standard Model can be tested for experimentally and the various parameters can be
measured, such as the gauge couplings, the masses of various particles and the CKM matrix, Higgs
mass and self-coupling (see [19] for recent values). There has been extensive evidence for the SM
such as the prediction of the existence of the Higgs boson, charm and top quarks, the prediction
of the masses of W* and Z bosons, the branching ratios of Z boson’s decays into fermion pairs,
the agreement between the predicted and measured anomalous electron dipole moment to high
precision. While the SM agrees well with particle accelerator experiments, there are various hints
to physics beyond the Standard Model, coming for example from various patterns and fine tuning

problems within the Standard Model or from cosmology.

1.1.1 Hints of physics beyond the Standard Model

o The discovery of neutrino oscillations [20}21] points to a violation of the accidental lepton
flavour symmetry as well as non-zero masses for neutrinos. This accidental symmetry is
violated by non-renomalizable dimension five operators of the form Z; ;¢¢r;v; which allow
for Majorana masses for the neutrinos once the Higgs acquires a Vev. Extensions of the SM to
include heavy right handed neutrinos and a Higgs triplet can elegantly explain the smallness
of SM neutrino masses [22-28]. Similarly models for which the neutrino acquires a Dirac mass
have been considered [29}30].

e The current best cosmological model requires that the majority of matter in the Universe is
non-baryonic, which cannot be explained by the SM. This additional matter is called Dark
Matter (DM) and there is extensive cosmological and astrophysical evidence for its existence,
which is discussed in the next Section on the ACDM model, together with a few candidates
for DM.

e Similarly, cosmological observations point to the Universe being filled with a substance with
negative pressure called Dark Energy (DE). One explanation for this could be a scalar field
stuck in a relatively flat region of its potential, which is very similar to the inflation which
is discussed in Section However no such scalar or otherwise an explanation for DE is
available in the SM. Alternatively, it could be the zero-point (vacuum) energy density, however
a standard calculation shows that this energy is UV divergent [31] which is typically resolved
by introducing a UV cut-off M. The zero-point energy density in this case is expected to be
of the order py ~ M*, however natural cut-offs such as the Planck scale M ~ 10'® GeV or the
GUT scale M ~ 10'6GeV or even the mass scale of the heaviest Standard Model particles
M ~ 100 GeV lead to a disastrously large prediction, which is away from the observed value of

the cosmological constant by anywhere from 56 orders of magnitude for the Standard Model



scale and up to the infamous 120 orders of magnitude for the Planck scale, which is known

as the cosmological constant problem.

As T explain in Section [I.3] the inflationary paradigm is well-established in cosmology. One
of the ways this could be achieved is through the presence of at least one scalar field, the
inflaton, which has decayed in the early Universe to produce the SM matter. However, the
only such scalar available in the SM is the Higgs, whose self-coupling A4 is too large for it
to be the inflaton while providing the right amplitude of the spectrum of primordial density
perturbations. Therefore some extensions are required to allow the Higgs to be the inflaton,
the minimum one being a non-minimal coupling to gravity (see [32] for a review on Higgs
inflation). Alternatively, the inflationary paradigm would require the addition of at least one
scalar field to the SM.

The SM provides no explanation for the gauge group SU(3) @ SU(2) ® U(1) and in particular
why the electromagnetic and weak interactions are unified while the strong interactions are
not. Grand Unified Theories (GUTSs) have been proposed to also unify the strong interaction
above a large energy scale Agut ~ 10'® GeV and these theories are based on larger symmetry
groups such as SU(5) [33] or SO(10) [34].

The SM as a quantum theory describes three out of the four fundamental forces, with gravity
being described by General Relativity, which is a classical theory. Extensive research is
dedicated to finding the quantum theory of gravity, with many candidates being proposed

(see [35] for a recent review). Ideally such a theory would unify all four fundamental forces.

The SM provides no explanation why there are three generations of fermions and also why the
masses of successive generations differ by large factors. An interesting observation is that these
factors are approximately powers of the so-called Cabibbo angle |V,,s| ~ 0.225, a coincidence
known as the flavour puzzle. An attractive solution is the Froggatt-Nielsen mechanism [36]
which involves the introduction of an additional flavour symmetry G fermions are charged
under, such that renormalizable Yukawa couplings are forbidden for fermions other then the
top quark. Effective Yukawa couplings for fermions are then generated by non-renormalizable
couplings of the form (x/Ap)*PR3),1hr¢, where x is a new scalar called the flavon, which
acquires a Vev upon spontaneous breaking of the symmetry Gg at a scale Ap between the
electro-weak and the Planck scale, while ar,, br are quantum numbers associated with the left
and right chiralities of the fermions. This way Yukawa couplings are approximately powers

of (x) /Ar which explains the flavour puzzle.

The baryon and lepton number conservation means that the today matter/antimatter asym-
metry must be the result of the asymmetry in the initial conditions. This is however not

a very attractive explanation, particularly as the initial matter/antimatter asymmetry must

10



have been extremely small but not zero before they annihilated to leave only the remain-
ing matter. Additionally this is incompatible with the inflationary paradigm, since inflation
is supposed to dilute the initial matter density to a negligible amount, with matter in our
Universe being the result of the decay of the inflaton. A more attractive solution is that
the asymmetry is generated by interactions, which requires the well-known Sakharov condi-
tions [37] that the responsible interactions violate baryon and lepton number conservation,
C and CP and that they happen outside of thermal equilibrium. If any of these conditions
does not hold the rate at which matter and anti-matter is produced are equal and thus no
asymmetry can be created. The CP violating terms in the SM are however insufficient to
produce the matter/antimatter asymmetry [38,39], so this explanation requires extension of

the SM to contain additional CP violation as well as baryon number violation.

An additional CP-violating term can be written in the SM Lagrangian and is consistent with

the symmetries of the model:

6 2
Lo KRRl Gl (1.1)

While this term turns out to be a total derivative it ends affecting the physics due to the
anomalous axial symmetry, and in particular can be probed be the neutron’s electric dipole
moment (nEDM). The vanishing of the nEDM constitutes a fine tuning problem for the
parameter fqcp known as the Strong CP problem. I discuss the Strong CP problem and the

QCD axion solution in more detail in Chapter 2]

Treating the SM as an effective field theory, the mass squared of the Higgs boson receives
quantum corrections for each fermion and boson it couples with. For example at leading

order for a fermion the correction is of the form:
2 2 A2

where Ayy is some UV cut-off at which we would expect new physics to show up. However
such a correction for a natural coupling g r ~ O(1) dominates over the measured mass
of the Higgs boson my ~ 125GeV unless the cut-off is Ayy < O(1TeV) which is smaller
than the energy scale accessible by the LHC. This means that quantum corrections to the
Higgs potential must somehow cancel to a high degree of accuracy, which constitutes a fine
tuning problem called the hierarchy problem. Among the solutions proposed for this is
Supersymmetry, which would ensure an exact canceling between the negative corrections

from fermions and positive corrections from bosons.
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1.2 The post-inflationary ACDM Universe

Meanwhile, the cosmological evolution of the Universe appears well described by the ACDM model,
which is the simplest model that explains the observed abundance of light elements, the spectrum of
temperature anisotropies in the Cosmic Microwave Background data, and the observed accelerated
expansion of the Universe. It is based on General Relativity, which is currently the best description
of gravity available, and the cosmological principle which states that the Universe is homogeneous
and isotropic over large scales. The cosmological principle reduces the metric to the standard

Friedmann-Robertson-Walker (FRW) form [40-42], in comoving polar coordinates (r, 8, ¢):

dr?
1 — kr2

ds®> = dt? — R(t)? ( + 7r2(d#? + sin? 6d¢2)> , (1.3)
where R(t) denotes the scale factor of the Universe, k parametrises the geometric curvature of
the Universe, with k£ > 0 corresponding to a closed Universe and & < 0 to an open Universe. The
standard General Relativity treatment of extracting the Christoffel connection, the Riemann tensor
and the Ricci scalar from the FRW metric can be applied (see [43] for an introduction to General

Relativity), resulting in the Friedmann equations:

3kM?
3SM2H? = p— ?” + M2A, (1.4)
R A
E:—m(p‘F:ﬂP)—Fg, (1.5)

where the Hubble parameter is defined as H = R/ R, P is the pressure, Mp is the reduced Planck
mass Mp = /871G ~ 2.4 x 10'® GeV and A is the cosmological constant. The Friedmann equation
is sometimes divided by the critical energy density today p. = 3M1%H§ to give:

H2

(0) + D0) + (1) + 0 (0) = (1) = 7.

(1.6)
which makes clear the various relative contributions: radiation Q, = p,/(3HZM3), matter Q,, =
pm/(3HZM?E), geometric curvature € = —k/(HZR?) and cosmological constant Q4 = A/(3HE) to
the energy budget today E(ty) = 1 and in the following I denote quantities today by the subscript
0. The cosmological constant term is required to be positive since observations show R > 0
today, however for ordinary matter and radiation the pressure is positive, thus either a positive
cosmological constant or an additional unknown component with negative pressure is required
in the Universe. Since each of these components evolves differently in time with Q, ~ R(t)™%,
Qm ~ R(t)73, Qi ~ R(t)~2 and Q4 is constant, a naive expectation is that each of these components
have dominated the energy budget of the Universe in this order. Under this expectation the history

of the Universe can be summarised as follows.

12



After the end of inflation and subsequent reheating, which are discussed shortly in Section
the Universe is radiation dominated with the SM particles in thermodynamic equilibrium at
a large temperature. Relatively light degrees of freedom m < T are relativistic and having equal
production and annihilation rates. Once the temperature decreases below their mass, they become
heavy and their production is inhibited by their mass, so their equilibrium density quickly decreases
due to the annihilation. Eventually when their annihilation rate falls below the Hubble parameter
they freeze out and are no longer in equilibrium, even then they continue to decay if they are
unstable, which is the case for most SM particles. Thus, as the Universe cools down SM particles
successively become massive, annihilate as well as decay into lighter particles, culminating with
electron/positron annihilation. The remaining SM matter today is primarily made up of stable
particles (protons, neutrons inside nuclei and electrons) which survived annihilation with their
antiparticles due to the matter/antimatter asymmetry, which is expected to have been generated
by some dynamical mechanism.

Additionally, as the Universe cools down the energy of radiation becomes smaller than the
binding energy of nuclei, allowing protons and neutrons to form them. This way the light nuclei
(deuterium d, tritium ¢, helium *He and *He and lithium 7Li) are produced, which is called Big Bang
Nucleosynthesis (BBN), as opposed to heavier nuclei which are produced inside stars much later
in the cosmological history. At temperatures below about 1 MeV the rate of interactions that turn
protons into neutrons such as p 4+ e~ <> n + v, becomes smaller than the Hubble rate, which fixes
the ratio between protons and neutron at subsequent times, apart from the neutron decays. From
here on the neutrons are expected to fuse with protons to form nuclei through a couple interaction
chains, however both these chains require the initial production of deuterium: p+mn — d 4+~ which
is broken down even at temperatures significantly below the deuterium binding energy ~ 2 MeV due
to the high photon to baryon ratio. The formation of deuterium becomes possible at temperatures

below O(0.05 = 0.1) MeV and from here on formation of heavier nuclei proceeds through:
d+d—3He+n SHe +d — ‘He +p, (1.7)

and
d+d—t+p t+d— *He+n, (1.8)

until the point where the temperature is too small to allow for nuclear fusion. Finally, lithium is
produced by either
He +t— i+, (1.9)

or
3He + ‘He — "Be Be+e — Lit v, (1.10)

and heavier nuclei are difficult to be produced at this stage due to the lack of stable nuclei of atomic

mass 5 or 8.
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After BBN the Universe continues to cool until eventually the temperature becomes of the order
of the binding energy of hydrogen atoms. At this time protons and electrons bound into atoms,
and from here on the photons are allowed to travel freely through the Universe. This is called
recombination, or last scattering and is the source of the Cosmic Microwave Background (CMB).
At later times no more energy is transferred into radiation and matter eventually comes to dominate
the energy density of the Universe, since its energy density dilutes slower with the expansion of the
Universe than that of radiation. Under gravitational attraction matter finally forms the galaxies
and stars present in the Universe today, which in the literature is called structure formation.

Since its discovery, the CMB has become one of the most important tools to study cosmology,
as it allows for very precise determination of various cosmological parameters. This is done by
considering the pattern of the baryonic acoustic peaks in the CMB temperature power spectrum,
which are caused by acoustic oscillations of the baryon/photon fluid at times before recombination.
The position and relative amplitude of acoustic peaks can be used to determine the various com-
ponents that appear in the Friedmann equation as well as the density of baryonic matter. In
particular the third acoustic peak is sensitive to the total density of matter €2,,, the second acoustic
peak to the density of baryonic matter 2, these together with the position of the first peak deter-
mine the curvature and cosmological constants €, and Q4 respectively (see [44] for a review). The
latest result are €2, (tg) ~ 0.3, Qp(to) ~ 0.05, Q(to) < 0.01, Q(to) =~ 0.7 [45]. Thus the Universe
today is dominated by the cosmological constant, which has the associated problem of being too
small as discussed in Section [[.1.1] or alternatively by Dark Energy, an unknown substance with a
peculiar equation of state Ppg/ppr < —1/3. Either way, the exact reason for the acceleration of
our Universe remains an open question and is subject to intensive research.

On the other hand, there exist another puzzle related to the density of matter. The CMB
is used to determine the density of baryonic matter €2(t9) ~ 0.05 much smaller than the total
density of matter ,,(tp) ~ 0.3. Additionally, the majority of baryonic matter today, and definitely
all the baryonic matter at the age of recombination, is expected to come from light nuclei which
have formed through BBN (such as helium), rather than heavy nuclei which formed inside stars
at much later times. The BBN prediction of the baryonic matter density is consistent with the
CMB determination of the baryonic matter density [46{-49], which confirms that the vast majority
of matter is not baryonic. This additional matter is called Dark Matter (DM), since it should have
very weak coupling to radiation (and baryonic matter) in order to have evaded direct detection.
The baryonic acoustic peaks could differentiate between dark and baryonic matter due to the
vastly different strengths of coupling to radiation, since the baryons travel together with photons
and encounter the gravitational potential generated by dark matter, which is allowed to cluster due
to its vanishing couplings to radiation (and baryonic matter).

Additional evidence for DM comes from astrophysics, such as the average velocity of galaxies
in the Coma cluster [50], rotation of spiral galaxies [51}53|, large scale structure, gravitational

lensing [54]. An in depth review of the history of DM as well as additional references can be found
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in [55]. Simulations of “hot” versus “cold” dark matter further show that dark matter must be
dominantly cold to explain the scale structure of the Universe [56-59], point being that if dark
matter has too large velocities it would be unable to cluster under the effect of gravity in a way
consistent to the observed structure of the Universe. In fact a lower bound is placed on the mass
of “hot” dark matter particles in thermal equilibrium > 1keV [60], while an upper bound on the
masses of neutrinos is m, S O(eV) [61]. For this reason Standard Model left-handed neutrinos do
not make a good candidate to explain Dark Matter [57]; similarly to Dark Energy its origin lies
beyond the Standard Model. However, the addition of heavier right-handed neutrinos could avoid
this bound [62].

Perhaps the most well-known candidates for DM are weakly interacting massive particles
(WIMPs), which constitute a large class of potential candidates from various beyond the Stan-
dard Model theories such as the lightest supersymmetric partner in the case of supersymmetric
theories [63,64] or light Kaluza-Klein particles in theories with extra dimensions [65]. These have
in common the fact that they are either produced thermally or from decays of heavier particles
which are themselves produced thermally?® [66]. The main attractive feature of WIMPs is the
observation that assuming weak scale interactions their freeze-out abundance is at the same level
as the dark matter density [67], a coincidence dubbed the “WIMP miracle” for typical masses of
the order of 100 GeV, while being predicted by theories that attempt to simultaneously solve the
hierarchy problem and the unification of the strong and electroweak forces. The direct detection at-
tempts for WIMPs have so far been inconclusive, see [68] for a recent review of the direct detection
bounds, while the lack of evidence for weak scale Supersymmetry from the Large Hadron Collider
has somewhat weakened the motivation for WIMPs. However, reasonably natural supersymmetric
models could have evaded detection by the Large Hadron Collider [69] and there is still parameter
space to be explored by direct detection.

Axion like particles (ALPs) are another class of well motivated candidates for DM. The main
representative is the QCD axion, which was initially proposed as a solution to the Strong CP
problem [70-76]. It involves the introduction of an additional U(1) symmetry, the so-called Peccei-
Quinn (PQ) symmetry, which is spontaneously broken at a high energy scale and the QCD axion
is its associated pseudo Nambu-Goldstone bosons (PNGB). The QCD axion is made to couple to
the topological charge e“”aﬁGzszﬁ in such a way that it effectively turns the fixed parameter
fqcp into a dynamic one, which then relaxes to the value that minimizes the energy 0qcp = 0. It
also turns out that axion like particles (ALPs) are numerous in string theory [77-83], with some
potential candidates for the QCD axion * These ALPs are generically very weakly interacting with
matter and radiation and are primarily produced non-thermally with relatively low momentum,
as explained in more detail in Chapter For this reason, axions behave as cold matter even

while being very light, thus avoiding the bounds on hot DM mentioned above. Additionally more

3The later are called super WIMPs.
“Many of these string theory ALPs are not associated to a U(1) symmetry in the 4D effective theory.
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complex models have been suggested in which the QCD axion contributes to solving various other
puzzles such as the hierarchy problem [84], the asymmetry between the abundances of baryons
and antibaryons [85-89], the smallness of neutrino masses [87,89], the flavour puzzle [90]. For
these reasons ALPs and in particular the QCD axion are subject to extensive study as well as

experimental attempts to detect them.

1.3 Inflation

There are two final puzzles of the ACDM model I would like to discuss, the so-called flatness and
horizon problems, which are somehow related in that they are both concerned with the way the
Universe expands in the radiation and matter domination eras. The flatness problem has to do
with the surprisingly small geometric curvature of the Universe Q(to) = —k/(HoRp)? < 0.01,
which is exacerbated by the fact that in the past the curvature ~ 1/(R?H?) was much smaller
since during both radiation and matter domination the product RH decreases with time®. The
horizon problem has to do with the extreme homogeneity of the CMB across the sky, since the
fact that the size of the causal horizon increases faster than comoving length means our observable
Universe today contains a large number of causal patches at the time of recombination, which
have no reason to have the same temperature. Since both of these problems have a similar cause
in the behaviour of RH during matter and radiation domination, they share a common solution:
the inflationary paradigm [91H93]. The idea is that if sometime in the past the expansion of the
Universe was accelerated and this period of so-called inflation lasted for sufficiently long, then it
would solve both of these problems: in the case of flatness starting from any arbitrary curvature
inflation would bring the curvature to a very small value which then increases during radiation
and matter domination up to the (still small) value today, while for the horizon problem the entire
Universe observable today could have been in causal contact during inflation.

A minimum condition for inflation is that the expansion of the Universe is accelerated R > 0,
which requires that the Universe was dominated by some substance with similar properties to Dark
Energy. The main differences to Dark Energy is that we know inflaton must have lasted for long
enough to solve the horizon and flatness problem, which typically in the literature is written in
term of the minimum number of e-folds Ny that the Universe has been inflated for, while having
a mechanism to eventually end, at which point the energy must transfer into radiation to allow for
the standard cosmology.

To estimate the number of e-folds of inflation necessary to solve the horizon problem, notice
that it is sufficient if one region the size of the causal horizon at the time Ny e-folds before the

end of inflation expanded into a region larger than the causal horizon until today. This is written

5The observed curvature breaks the naive expectation of a period of curvature domination between matter and
cosmological constant.
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simply:
eNet Ry 1
H; Rr ™~ Hy’

where Ry denotes the scale factor at the end of inflation. Assuming instant reheating and comoving

(1.11)

entropy density conservation, Ry/R; can be estimated leading to:

1/4
N > 11 To (g*(To)y/?’NTo\/?f =\ @) (1.12)
™~ HoTru \g«(Trn) Ho\ Mp \90 )  g.(Tgu)"/'?’ '
where Try denotes the reheating temperature and g, (7) the effective number of relativistic degrees

of freedom at temperature T'. The number of e-folds of inflation sufficient to solve the horizon
problem is then:
Ty 1 Mp
Niot 21 — ] —=1 — ] 2 60.6 1.13
w2 log () = 1o (57 ) 2 606, (113
where H was replaced by its maximum value H; < 4.2 x 10'3 GeV discussed bellow.

Similarly for the flatness problem notice that

Q. (tin Hy\?
k (tinf) = 2Neot (RO 0) ) (1.14)

Qr(to) RiH;

where Qi (tinf) describes the curvature Nyt e-folds before the end of inflation. Assuming at this
time Q (tinf) ~ O(1) a similar condition to is sufficient to solve the flatness problem as is for
the horizon problem.

Some of the earliest proposals for inflation [93] involved a single scalar field ¢, now called the
inflaton, which initially starts with a value far away from the minimum of its potential, giving it a
large potential energy which dominates the energy density of the Universe. In this case the energy

density and pressure are respectively:

1

pp = §¢2 +V,, (1.15)
1,
P, = §(p2 —V,, (1.16)

so from equation (1.5)) it can be seen that the expansion of the Universe is accelerated if ¢? < V,
and the potential of the inflaton dominates the total energy density. The equation of motion for
the inflaton reads:

v,
¢+3H¢)+d—;:0. (1.17)

Towards the end of inflation the acceleration R is approaching 0. It can be shown from the inflaton’s
equation of motion together with the Friedman equation ([1.4)) as well as the condition that the
expansion is still accelerated R > 0 «» H + H? > 0 that close to the end of inflation the term 3H¢p
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dominates over ¢ in the inflaton’s equation of motion, which becomes:

Ve

3HY ~ —
2 do

(1.18)

The conditions that inflation is maintaned can be written in terms of the slow-roll parameters

€, 1 defined as:

H 1 V'\?
€=—73 =3 l%(v) <1, (1.19)
V//
nzM,%7 <1. (1.20)

These describe the slope of the potential and consequently how slowly the field ¢ and the energy
density evolve in the region that inflation is happening. In the limit ¢,7 — 0 the Universe expands

Ht with a constant H, so the size of the causal horizon 1/H remains constant,

exponentially R ~ e
while the comoving size of the horizon 1/(RH) shrinks.

The slow-roll parameters can be probed due to quantum fluctuations, which perturb the value of
the inflaton (scalar perturbations) and of the metric (both scalar and tensor perturbations). Metric
perturbations are described by a wave equation (see [94] for a review, as well as references therein),
which gives them the name primordial gravitational waves. The wavelengths of these waves are
rapidly stretched by the expansion of the Universe and eventually exceed the size of the horizon
since expansion is accelerated. When this happens, their amplitude remains roughly constant for
as long as they the wavelength is super-horizon, assuming single field inflation. This results in an

approximately scale invariant power spectrum:

k nr (k) 2H2 E o\ 2
Pr(k) = Ar(k) <RH> = (m) : (121)
P

where the right hand side is evaluated at the time of horizon crossing. Similarly scalar perturbations

become frozen when the wavelength of Fourier modes is super-horizon, resulting in a spectrum:

k ns(k)—1 1 H 2 k 2n—6e
As(F) <RH> T 2 <27TMP) <RH> ’ (1.22)

where the right hand side is also evaluated at the time of horizon crossing.

Py

The CMB temperature anisotropy probe the scalar spectrum of curvature perturbations, while
the tensor perturbations are better distinguished by combining temperature anisotropy and the
polarization data [95-H97]. The most recent CMB constraints on the tensor to scalar ratio, the scalar

spectral index and the amplitude of the spectrum of scalar perturbations are respectively [98-100]:

ry = 16€ < 0.028, (1.23)
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ng =1 — 6e + 2 = 0.9649 4 0.0042 , (1.24)

1 H \?
A= — = (2.105 4+ 0.029 10_9 1.25
= (% MP) ( )% 1079, (1.25)

which can be used to place upper bounds € < 1.75 x 1073, H < 4.2 x 10'3 GeV at the time when
CMB scales exited the horizon during inflation.® The relatively low value of € allows to assume that
Hubble is a constant during inflation H = H and the Universe expands exponentially R ~ efrt.

By now there are multiple proposed ways to achieve the slow decrease of energy required for
inflation, see [102-104] for reviews. Many of these require more ingredients than just one simple
scalar field, however in some cases the model can still be written as an effectively single field
model with the values of additional fields being determined by the couplings to the inflaton and
effectively contributing to its potential. This is for example the case in hybrid inflation models
which we discuss later, in Chapter [ and in this situation inflation is similarly maintained as long
as the inflaton is slow-rolling.

One issue in many inflationary models is that they require somewhat special initial conditions,
in particular the simplest single models with high scale of inflation require that the inflaton starts
with very large initial values ¢ = Mp, while many of the low scale inflation models also suffer from
fine tuning problems [105,[106]. An argument in the defense of large scale models is that a small
Universe with huge initial energy density is most likely to be quantum created from “nothing”
through quantum fluctuations [107,|108]. A simplified version of this argument is stated in [103]:
by using the uncertainty principle AEAt 2 1 it can be argued that the most likely Universe is the
one that forms in the shortest possible time At ~ 1/Mp in which case the energy density of such
a Universe is of the order of the Planck density ~ M3 and thus a large energy density during and
at the end of inflation is expected. A more general justification for initial conditions required for
inflation is that parts of the Universe that have been inflated cover exponentially more space than
those that have not been inflated at all and thus we might be more likely to find ourselves in such
a region.

Regardless of the realisation of the inflationary model, eventually the inflaton is no longer stuck
in a relatively flat region of its potential and it starts oscillating, relaxing to its vacuum. At this
point it decays together with the various other fields that were participating in keeping the energy
density approximately constant. During this time the Universe is in a phase of matter domination
called reheating, which is responsible for the decay of the inflaton and the thermalisation of its
decay products. This process is incredibly complicated as it depends on the exact contents of
the early Universe and their interactions, which also necessarily happen outside of equilibrium.

Following this phase, the Universe ends up radiation dominated and in thermodynamic equilibrium

SA future mission to measure CMB polarisation could detect a tensor to scalar ratio, or alternatively strengthen
the upper bound down to rr < 0.001 [101].
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at a (presumably large) unknown temperature, which connects to the standard cosmological history
as explained above.

On top of the flatness and the horizon problem, the exponential expansion of the Universe
characteristic to the inflationary paradigm could also account for the lack dangerous relics which
appear in many high energy theories. These often predict topological defects as a result of phase
transitions at large temperatures, such as heavy magnetic monopoles which would come to domi-
nate the energy density of the Universe and endanger the standard cosmology [109], domain walls
whose energy density dilutes slower than both matter and radiation and thus would result in a
phase of domain walls domination if they are stable and cosmological strings which are heavily
constrained if they survive until recombination [110-113]. A way to avoid these problems is if
these dangerous relics have been additionally diluted, in which case their energy density has been
negligible throughout the history of the Universe, and inflation can easily do this since it introduces

60

a potentially huge dilution as the scale factor grows by a factor ~ € in order to solve the horizon

and flatness problems.

1.4 Gravitational waves

Gravitational waves, first indirectly detected by observations of the orbital period of the Hulse-
Taylor pulsar [114,115] and later directly detected by the LIGO/Virgo collaboration [116], provide
a powerful tool to study astrophysics, cosmology and particle physics.

Indeed gravitational waves have already led to discoveries in astrophysics [117,/118] and they
provide valuable insights into the early Universe, since they are the only signal that was freely
propagating through the Universe at times before recombination. This could result in insights
into particle physics, since the temperature and correspondingly the particles energies in the early
Universe have possibly been much larger than what is achievable in particle accelerators. As
explained above, gravitational waves can also be used to probe the energy scale during inflation Hy
at the very beginning of the Universe.

For these reasons great effort has been dedicated to designing and improving detectors capable
of observing gravitational waves on the experimental front, while on the theory front it is useful
to understand the spectrum of gravitational waves predicted by various proposed extensions of the
SM in order to tell whether current or near future detectors could help us gain insight into these
theories, and if so what might those insights be.

Gravitational waves detectors currently working or proposed for the future can be broken down
into three categories: laser interferometers, atom interferometers and pulsar timing arrays. Laser
interferometers are sensitive to small changes of the arm length of the detector which are sourced
by gravitational waves. These can be either ground-based such as LIGO [119] and ET [120,/121]
or space-based such as LISA [122], DECIGO/BBO [123]. Space-based interferometers allow for a

much larger arm length than ground-based ones and thus are sensitive to lower frequency gravita-
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tional waves. On the other hand, atom interferometers such as AEDGE [124] and AION [125] use
laser pulses to move cooled atoms inside two atom clouds between ground and excited states, with
the interference pattern being generated by the atoms de Broglie waves. In this sense, the laser
pulses act as effective mirrors and beam splitters for these interferometers. Atom interferometers
are sensitive to frequencies typically between space and ground-based laser interferometers. Finally
pulsar timing arrays such as EPTA [126], PPT [127], SKA [128] monitor a network of millisecond
pulsars and are sensitive to changes to the times some of the pulses arrive, which is an indication
of a change in distance along a direction due to gravitational waves. Since the distances between
Farth and the pulsars are much larger than the arm lengths achievable by space-based laser inter-
ferometers, pulsar timing arrays are sensitive to the lowest frequency gravitational waves out of all

types of detectors.

1.5 Outline of the thesis

This thesis is concerned with the dynamics of ALPs in the early Universe, an important question
being when the associated U(1) PQ symmetry has been broken, which is separated into two cos-
mological scenarios for ALPs: either the P(Q symmetry has been broken before the end of inflation
which is the pre-inflationary scenario, or after the end of inflation which is the post-inflationary
scenario. For given values of the parameters that describe ALPs which are the mass m, and sym-
metry breaking scale f,7 the two scenarios result in massively different phenomenological results
as I will explain.

In Chapter [2]I briefly review the Strong CP problem and the QCD axion as a potential solution,
as well as properties of the QCD axion and general ALPs such as the current constraints, their
viability as DM candidates, the standard separation between the pre- and post-inflationary scenario
and how it affects the calculation of relic abundance.

Then in Chapter [3|I review quantum fluctuations during inflation in more detail since they are
an important ingredient in separating the pre- and post-inflationary scenarios, and in particular I
introduce the relevant Langevin and Fokker-Planck equations which are of use in later Chapters.

Chapter[]is dedicated to the exploration of the transition between the pre- and post-inflationary
scenarios assuming quantum fluctuations are the relevant factor in restoring the PQ symmetry. This
is done by using numerical simulations to empirically find a relatively simple correlation between
the energy density in axion strings and domain walls and the distribution of the axion field at the
end of inflation, which in turn is correlated to H; by the Fokker-Planck equation. This way the
pre- and post-inflationary scenarios can be separated more precisely. We also uncover a region of
the parameter space (albeit small) at the edge between the post-inflationary and pre-inflationary
that has for a long time not been considered in the literature, even if the result for the relic

abundance is substantially different in this case. This is characterised by strings and domain

"Which are related for the QCD axion.

21



walls being destroyed later than in the post-inflationary, which enhances the axion abundance. I
estimate the relic abundance in this intermediate region of the parameter space and the applicable
isocurvature constraints, as well as consider phenomenological implications. Additionally, recent
papers [129-131] have considered a similar scenario, which requires that PQ symmetry is broken
during inflation at such a time that scales that correspond to it re-enter the horizon at a specific
time in the early Universe. This may result in late destruction of the domain walls, resulting in a
similar prediction for the axion abundance to the intermediate scenario we uncovered, and I briefly
comment on their results. This Chapter is based on work done together with collaborators and will
be the subject of a future paper.

In Chapter [5] I review other potential ways to restore spontaneously broken symmetries consid-
ered in the literature and apply them to the case of ALPs. They are a large temperature in the
early Universe, a coupling between the PQ field and the inflaton that modifies the PQ potential,
non-perturbative decay of the inflaton and multiple stages of inflation interrupted by brief radiation
or matter domination. Some of these possibilities may lead to the scenario with late domain walls
introduced in [130,/131] that was mentioned above.

A second objective of the thesis is to consider the possibility of probing ALPs through grav-
itational waves. In Chapter [6] I explain how numerical simulations can be used to calculate the
spectrum of gravitational waves produced by the evolution of ALP strings in the post-inflationary
scenario and discuss the possibility of detecting ALPs this way. This is possible due to a relatively
simple relation between the strings’ emissions to axions and gravitational waves which we have
deduced analytically in the Nambu—Goto effective theory, up to numerical factors which could be
extracted through numerical simulations. Meanwhile most of the network’s energy loss is emitted
into axions, so the rate of emissions of axions and by extension gravitational waves can be ap-
proximated by simple means of energy conservation if the energy density stored in the network is
known at every time. This in turn can be done thanks to the existence of a scalling regime towards
which the network evolves, whose properties can also be extracted through numerical simulations.
The gravitational waves spectrum is logarithmically enhanced at low frequencies, meaning pulsar
timing arrays are primarily sensitive to them and the amplitude of the spectrum increases with the
symmetry breaking scale f,. Therefore gravitational waves detectors are most sensitive to axions
in a region where they are invisible to most other experimental searches, which rely on axion inter-
actions with photons and matter, whose couplings are proportional to 1/f,. Various cosmological
bounds applicable at large values of f, required for detectable gravitational waves are considered,
such as the axion contribution to the effective number of degrees of freedom, the DM abundance
and isocurvature perturbations. Additionally, I apply the results of previous Chapters to consider
the possibility of PQ symmetry restoration, which is required for the ALP string network to form,
in the case of high values of the symmetry breaking scale corresponding to detectable gravitational
waves.

Chapter |§| is based on [1] which was written together with collaborators, Dr Marco Gorghetto
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and Dr Edward Hardy. Here I will state my individual contribution to the work presented in this
Chapter:

e I have calculated the constraints from dark radiation, dark matter overproduction and the
constraints due to the strings surviving until recombination presented in Figure I have

also verified the constraints from isocurvature which my collaborators have calculated.

e I have verified the theoretical derivation of the ratio between strings’ emissions to gravita-
tional waves and axions and the derivation of the gravitational waves spectrum which my

collaborators initially performed.

e I have considered various ways that can result in PQ symmetry restoration for large symmetry

breaking scales required for observable gravitational waves.

o I have performed the test of the systematic errors due to lattice spacing presented in Figure

of Appendix
o I have produced Figures presented in this Chapter. I also clearly state in the

caption of every figure whether it was produced by my collaborators.
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Chapter 2

Brief review of QCD axion and ALPs

2.1 Strong CP problem

The Strong CP problem is related to the CP violating term

0qcpys
Lcp = 7‘247#5 PG Gy (2.1)
where G, is the gluon field strength, gs is the strong interaction coupling and a sum over the
gauge index a which labels the SU(3) generators is understood.

This term is a total derivative as first pointed out in [132]

1
iwwqy%:@w, (2.2)
K = P AL |G~ fanc ABAS (2.3)

where A, is the gluon field which defines Gy,:
Gy, = OuAS — 0, A% + fanc AL AL (2.4)

Thus the term in will appear in the action as an integral over a boundary surface o, at
spatial infinity ~ [ do, K*. Such a term would not contribute to the equations of motion under the
naive expectation that the gauge field A}, vanishes at spatial infinity. However the correct boundary
condition must allow A, to also be a gauge transformation of zero [133]. Field configurations exist

with [ do, K" # 0 and in particular they can be classified by their winding number

1
V:%/dO'#Ku, (25)
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which is an integer. The QCD vacuum is a superposition of these vacuum states:

’9QCD> = ZeiueQCD lv) . (2.6)

The vacuum angle fgcop has physical effects in combination with a complex phase in the quark
I The point is that a chiral rotation of the phase of a quark ¥ — €®¥51) results in
an additional term in the Lagrangian of the same form as that in (2.1)), where by v I denote a

four component Dirac spinor. The reason is that the chiral U(1) symmetry is anomalous at the

mass matrix.

quantum level, so the measure in the path integral DD is not invariant under the transformation

but instead transforms as [8]:

DYDY — DYDY exp ( / dre—25 ’“"”ﬂG“ gﬁ> , (2.7)
which corresponds to a change in the Lagrangian
a92 ,uzxaﬁ a a
oL = 612 GGags - (2.8)

This means that the fgcp angle can be moved into the quarks mass matrix phase and vice versa

through chiral rotations, therefore an effective vacuum angle is defined as:
0 = 0qcp + 0y, (2.9)

where 0, = argdet(Y,Yy) and Y, Yy are the Yukawa matrices corresponding to the up and down
quarks respectively.

The vacuum angle 0 has an associated vacuum energy, which at leading order comes from the
neutral pion sector. This can be seen by chiral rotating the # angle into the lightest two quarks
mass matrix, and since we are interested in the vacuum the rest of the quarks can be integrated
out, leaving us with 2 flavours. The pion Lagrangian at lowest order and with derivatives terms

set to zero reads [135]:

Bof?

Ly = 5

(UM} + MU' (2.10)

where By = — (qq) / f? is related to the chiral condensate, f; is the pion decay constant, the 6 angle
has been absorbed in the quark mass matrices, brackets () denote summing over flavour indices

and U = e/f~_ with II parametrising the pion field for 2 flavours:
0 27t
e AR (2.11)
\@W‘ —70

If the lightest quark would be massless m, = 0 then this phase would have no physical effect since we could
perform a chiral rotation to remove it. This is however strongly disfavored by lattice results |134].
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For the leading order potential we may only consider the neutral pion sector, so in the following

we replace:
70 0
n— . 2.12
(0 Y (2.12)
The potential is then
0 7 0 7
= o 9 N T 0 0 0
=—B M!)y=—-B " — 4= — == . 2.1
Vo, ") ng%<U q> 0<m COS(fW+2>+deOS<fW 2)) (2.13)

Evaluating V(0 = 0, 7°) and expanding to second order in 7° allows us to write By in terms of the
neutral pion mass

m2 = By(my + my) . (2.14)

™

Replacing By, equation (2.13) can be re-written as

V(6,7%) = —mfrf7?$ 1-— 4mumd)2 sin? (g) cos <7T0 - q§9> , (2.15)

(mu + mgq g

where ¢q is defined by
— My, 0
tan(¢g) = Md = M o <2> . (2.16)

mg + My,

To minimize the potential the pion acquires a Vev <7T0> = froy, so the f-vacuum energy is:

E(0) = —m? }iJ 1- MSjHQ (g) . (2.17)

My + My

One way for the vacuum angle 6 to be observable is through the neutron electric dipole moment
(nEDM), which is generated by the CP violating pion neutron interaction. Initial estimates of the
nEDM [136,/137] give d,, ~ 5.2 x 10716 ecm. Various other estimates of the nEDM exist in the
literature [138-142] and the results differ by at most one order of magnitude. Thus we can compare
to the experimental limit d,, < 3.6 x 1072ecm [143] to find ‘5‘ <10710,

This fine tuning of the 6 angle constitutes the Strong CP problem, as there is no apparent reason
why both the topological contribution fqcp and the quark mass phase 6, are simultaneously so

small, or alternatively why are they connected in a way as to cancel to such a level of accuracy.

2.2 The axion solution to the Strong CP problem

One of the best motivated solutions to the Strong CP problem is the introduction of an additional
U(1) global symmetry [70-76], called the PQ symmetry after R. Peccei and H. Quinn. The axion

a is the (pseudo) Nambu-Goldstone boson of this spontaneously broken U(1) symmetry and as
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such has a shift symmetry a — a + av,, where v, = Npw f, and in the following I will call f, the
axion symmetry breaking scale and Npw is the number of non-equivalent minimums of the axion

potential and is related to the colour anomaly of the PQ symmetry:

Npw = 6; Y _ Qpq, ; Tr(TiTj) , (2.18)
J

where Tj are the SU(3) generators and Qpq, ; the PQ charge of the fermions that are summed

over.

a

The axion couples to the topological charge 8 GL.Go

5 in a similar manner as the 6 angle

LD a—ggefwﬁaa a (2.19)
6472 s
The idea is that the Strong CP problem vanishes at § = 0, which is the minimum of the vacuum
energy in , but the § cannot minimize its potential alone since transitions between different
f-vacua are topologically forbidden. The axion however contributes to the effective vacuum angle
0 — 0+a/f, which now has the advantage of being dynamical rather than a fixed parameter. Then
it can evolve towards the minimum of the potential where the nEDM vanishes and the Strong CP
problem is solved. Due to the shift symmetry we can define the axion field such that we absorb

the # angle and the vacuum energy eq. (2.17) now gives the axion potential:

4dmymyg a
V = —m?2 f? 1—us'2<>, 2.20
a(a) mwfw\/ (0 + mg)? in T ( )
with minimums at a = 27nf, with n being any integer between —Npw /2 < n < Npw/2, the axion
fundamental domain is (=7 Npw fo, TNpw fa) and Npw is a parameter that depends on the details
of the model that realises this, called the colour anomaly, which is a positive integer setting the
number of minimums of the axion potential.

Expanding this we find the standard result for the mass of the axion at leading order [72]:

2 £2
9 mafi  mymg
a

my o~ 72 G+ )’ (2.21)
6
me =~ 6.2eV <10chW/> . (2.22)

More precise calculations carried out at NLO [144] and NNLO [145] improve on this result:

(2.23)

a

6
mg ~ 5.69eV <10G(—}V> .
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It is worth mentioning the two benchmark classes of models that give rise to the QCD axion.
These are the KSVZ (Kim—Shifman—Vainshtein-Zakharov) [73,(74] and DFSZ
(Dine-Fischler—Srednicki-Zhitnitsky) [75,[76] models®. They differ in the additions to the Standard

a

Model that realise the coupling between the axion and the topological charge e***? GG,

8 in

particular KSVZ model introduces two heavy quarks @7, Qr which couple to the PQ field ¢ as
LD -XQ;Qpr+h.ec., (2.24)
while the DFSZ model introduces two Higgs doublets H,, H; which couple to the PQ field
LD —-\p*H,Hy. (2.25)

In any case QCD axion models of these types have in common the complex PQ field ¢ with
a U(1)pq symmetric potential which contains the axion a as the angular degree of freedom. The
QCD axion potential is the same as it is given by the pion potential and the relation between its
mass and symmetry breaking scale eq. is also model independent with our definition of f,.
Since these are the main ingredients required in the remainder of the thesis it is fine to remain
agnostic to the exact details of the coupling between the QCD axion and the Standard Model and

instead work with a simplified model where the PQ field is expressed as:

(2.26)

with v, = Npw fa, 0 = a/v, and r(x) is the radial mode defined as:
r(z) = V2|¢(x)| — va. (2.27)

With this definition r(z) will be a real field with canonically normalised kinetic term.

The classical Lagrangian is invariant under the U (1) PQ symmetry
L=10,8* = Vy(9), (2.28)

with the simplest form for the potential being

1)2 2
Vo= <I¢l2— 5) =

and m, is the mass of the radial mode defined above.

(chl2 - U‘%>2 (2.29)
2 )

We allow f,, A, Npw to be free parameters in the simple potential above. Model dependence

2
m’l“
2
203

2The original PQWW (Peccei-Quinn-Weinberg-Wilczek) [70{72] introduced the PQ field as a Higgs doublet, with
the PQ symmetry being spontaneously broken at the electroweak scale f, = 250 GeV. This has been since ruled out,
as the axion couplings would be too large.
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will show up in the axion’s couplings, which in turn affect various bounds on the axion mass as we

discuss in the following Section.

2.3 ALPs

Similarly to the QCD axion, axion-like-particles (ALPs) are pseudo Nambu—Goldstone bosons of
spontaneously broken global U(1) symmetries, however without an anomalous coupling to QCD.
Given the standard lore that global symmetries are always explicitly broken in quantum gravity
[146-148] the ALPs are expected to acquire mass due to effects that break their residual shift
symmetry. Global (approximate) U(1) symmetries appear in many extensions of the Standard
Model such as grand unified theories, theories of leptogenesis and neutrino masses, as well as in
string theory constructions.

For the remainder of the thesis it is fine to remain agnostic about the exact model realisation of
the QCD axion/ALPs and work with the simplest ALP potential given by equation (2.29)) above.
For our purposes the only difference between an ALP and the QCD axion is the fact the mass of
ALPs is not related to their symmetry breaking scale, instead it is an additional free parameter,

which means there is more parameter space allowed for ALPs.?

2.3.1 ALPs from string theory

An important motivation for the QCD axion and ALPs is the fact that they arise from compactifying
string theory down to four dimensions, as Kaluza-Klein zero modes of antisymmetric tensor fields
(forms) [77,/78]. Specifically a (p + 1)—form field strength F),,; appearing in the ten dimensional
action as

1
SO / §d10prH AxFpi1, (2.30)

has an associated p-form potential A, defined by dA, = F},4+1, which decomposes into a basis of

harmonic p-forms wy, ;:

A, = % Z a;i(2)wpi(y) . (2.31)

In the above xFj,1; denotes the Hodge dual of F,; and is a 10 — (p + 1) form and A denotes
the wedge product between forms*. Additionally, z denotes coordinates in four dimensions, y in
the compact space and wj, ; are dual to p-cycles C;, which are closed, homologically non-equivalent,

submanifolds of the Calabi-Yau manifold that the theory was compactified on:

. 2.32
/Ci Wy j ( )

3For this reason I will do my best in the remainder of the thesis to separate mq and f, to allow the results for the
QCD axion to be easily generalised to ALPs.
“T adopt the notation for differential forms in [43].
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The gauge invariance of the action of the antisymmetric tensor field F,,; guarantees that the
ALPs a; have no potential to all orders of perturbation theory. The number of such ALPs is the
number of p-cycles C; of the Calabi-Yau manifold that the theory was compactified on, which is
typically of the order tens or higher [83149,(150]. Thus a large number of ALPs is expected, leading
to a “string axiverse” [79H83].

The mass and symmetry breaking scales of ALPs resulting from string theory compactifications
are given by the volume of the corresponding submanifolds (cycles), in units of string length,
which is related to the action of non-perturbative effects that break the ALPs shift symmetry Sinst,
such as strings instantons. The symmetry breaking scale in many string theory constructions is
parametrically [78,151,|152]

M
Jai~ 5 =, (2.33)
inst,i
while the mass
,u,2 Sinst,i
Mai ~ —€ 2, (2.34)

a
where i is a UV scale. Since the action Sy, is related to the volume of submanifolds it is expected
that the symmetry breaking scales of the ALPs are not so different, while the masses scan many
orders of magnitude as they are exponentially sensitive to Sipst (see the detailed analysis in [153]).
Meanwhile we would like one of the ALPs in the axiverse to be the QCD axion. This is possible
since the terms required for the Green-Schwarz mechanism for anomaly cancellation [154] could
give rise to couplings to gauge fields of the type [77,[155}/156], so one of these ALPs could
play the role of the QCD axion [77,,78,157,158]. This places an additional requirement for the size
of the non-perturbative effects that generate the potential of the QCD axion so that it solves the

Strong CP problem:
Sinst,qcp 2 O(200) , (2.35)

for a UV scale u ~ Mp, which translates into f, qep < 109 GeV for a QCD axion arising from

string theory and similar symmetry breaking scales for the rest of ALPs.

2.4 Axion DM

In this Section I briefly explain why the QCD axion and ALPs in general are viable candidates
for DM and then discuss the main methods to produce axion DM. They are the misalignment
mechanism and the decay of topological defects. I discuss the standard separation in the literature
between the pre-inflationary scenario, in which topological defects have negligible contribution, and
the post-inflationary scenario in which topological defects are the dominant production mechanism
for axions.

For ALPs to be DM candidates they require to be stable on cosmological timescales, to be

“cold” and to have weak interactions with baryonic matter and radiation. As we will see ALPs
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are primarily produced non-thermally, by either misalignment or decay of topological defects, and
in both these mechanisms a majority of ALPs are produced when their mass becomes significant,
making them candidates for CDM even while being very light.

Meanwhile, thermally produced axions contribute sub-dominantly to dark radiation. Owing
to its small couplings, the QCD axion decouples before the QCD phase transition for values of
fa 2107 GeV [159], while in Section we see that supernova 1987a constraints on axion nucleon
coupling limit the QCD axion symmetry breaking scale to f, > 10 GeV. Thus for values of f, that
are not already ruled out, the number density of thermally produced axions today is suppressed
compared to that in photons by a factor O(g.(70)/9+(Aqcp)) =~ 30, where g.(T) denotes the
effective number of relativistic degrees of freedom at temperature T'.

For DM candidates with masses of less than about O(30€V), which is the case for the QCD
axion and much of the parameter space for ALPs, their de Broglie wavelength in the galactic halo
exceeds their average inter-particle separation, assuming representative values for the local DM
density of 0.45 GeVem ™ and the velocity dispersion of the galactic halo v ~ 250 km/s. Meanwhile
their occupation number per de Broglie volume is ~ (30 eV /m,)?*, which for QCD axion and light
ALPs is very large. Thus light ALPs can generally be treated as classical waves (see [160] for a
review).

I now move to discuss the question of ALPs stability and the main mechanisms to produce
them.

2.4.1 Axion stability

An estimate of the lifetime of the QCD axion and ALPs involves the decay into two photons through
a coupling of the form [161]

CayyOEM Fo iy
L>—————"quF,, F! 2.36
D) 87Tfa atyy 5 ( )

where ¢4y, is @ model dependent parameter, cqy, ~ O(1) for both KSVZ and DFSZ models [162].

The associated lifetime is

25673 f2
3273 . (2-37)
maca'y'yaEM

Tayy =

For the QCD axion we can replace m, in term of f, via eq. (2.23) and find that axion’s lifetime
exceeds the age of the Universe for QCD axion with symmetry breaking scales f, = O (10° GeV).
As explained in Section there are astrophysical constraints that insure this for the QCD axion.

Meanwhile for more generic ALPs the question of stability also depends on their mass, which
is no longer related to the symmetry breaking scale and it is possible that some ALPs are not
stable over the age of the Universe, specifically ALPs with relatively large mass m, = O(100)eV.
Most light ALPs however are stable, see Figure In particular the QCD axion and ALPs that
give rise to string networks that can be detectable via gravitational waves we discuss in Chapter

[6] are always stable over cosmological timescales. Additional decay channels are not expected to

31



significantly shorten the lifetime and alter this conclusion, since the corresponding couplings are

also similarly suppressed by a factor 1/f,.

2.4.2 Misalignment

The PQ symmetry is spontaneously broken when the temperature of the Universe decreases below
O(f,) and correspondingly the Hubble H > O(f2/Mp) > O(107eV). Thus there exist a period
for which the symmetry is spontaneously broken while the value of the axion field across space is
frozen with H > O(m,). During this time the background axion energy density is approximately
constant. The axion begins oscillating around the time when H ~ H, = m,(7}) and its equation
of state defined as: i V(o)

YT @V (2:3%)
oscillates between w, = £1. On average the equation of state is w, = 0 and thus the axion starts
to behave like matter. By releasing the potential energy on the way down to the bottom of its
potential, the axion always makes a contribution to DM [163-165]. Taking into account that due
to the temperature dependent axion mass it is the axion number density is adiabatically conserved,

and not the energy density, this contribution is:

R? m,
Pmis(t0) = Pmis(tx) =2 ——— , 2.39
win(10) = pis(12) i (2:39)
where the dilution due to the expansion can be calculated under the standard assumption that the
comoving entropy density is conserved between the t, and today i.e. T ~ g*(T)_l/ 3R~1. Entropy
injection would reduce the axion abundance, which was previously considered in [166,/167]. The
axion energy at the time when oscillations begin is purely potential energy, which at leading order
a? < w2 f2 can be estimated:
ma(T*)2a2 ma(T*)Qfg <92>

Pmis ( *) 9 9

(2.40)

where <92> is the spatial average of the vacuum angle at the time when oscillations begin.
At temperatures much larger than the QCD phase transition before the non-perturbative effect
switch on the mass of the axion will be suppressed. The axion mass varies with temperature
approximately as a power law [168-170]:
ma(T) = {ma ) ) forT < Aqep » (2.41)
mg,C (%) forT > Aqcep ,

where m, is the zero temperature mass given by eq. (2.23), C ~ 0.01 is a model dependent
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numerical factor and n ~ 4. Then the misalignment abundance can be computed [171]:

Q,h? ~0.01 (6> o e 2.42
“N'<>1011Ge\/ ' 242

At the time when PQ symmetry breaking happens the axion will acquire a random value in
each causally connected Hubble patch. Since by the time oscillations begin the size of the horizon
has increased massively, by a factor f2/(Mp mq4(Ty)), the Universe at this point contains a large
number these Hubble patches from the time of symmetry breaking, so the axion can be seen as
uniformly distributed over its fundamental domain. This corresponds to an average vacuum angle
(%) = 7?/(3NRw). The caveat to the above argument is that symmetry breaking might have
been followed by a period of inflation, in which case a small number of Hubble patches at the
time of symmetry breaking, potentially a single one, would have expanded to cover our Universe
today. This has the effect of making the field homogeneous over large scales, however the field
will also be affected by quantum fluctuations in de Sitter space which act to randomize its value,
which are discussed in more detail in Chapter [3] Therefore depending on the size of the quantum
fluctuations the field can be anywhere from approximately homogeneous across the observable
Universe, in which case <92> is simply a free parameter, to fully randomised which behaves as if
the PQ symmetry was restored at the end of inflation and (%) = 72/(3N3y) is fixed.

This situation has led to the distinction of two scenarios. The pre-inflationary scenario requires
that PQ symmetry breaking was followed by a sufficiently long period of inflation, that the quantum
fluctuation are not strong enough to randomize the field for which the standard condition in the
literature is Hy < 27w, and that the symmetry was not subsequently restored after the end of
inflation, for example by thermal fluctuations. Conversely the post-inflationary scenario requires
either that the quantum fluctuations are large enough to randomize the field H; = 27y, or that the
symmetry was restored after the end of inflation in another way. These scenarios have important
consequences for the axion abundance and the allowed values of the mass and symmetry breaking
scale. For example, in the case of the QCD axion the misalignment contribution in the post-
> 10'2 GeV. Moreover,

~

inflationary scenario exceeds the total DM density and is thus ruled out if f,
as I explain below the relic abundance in the post-inflationary scenario is likely dominated by the
decay of topological defects which means an even stronger upper bound on f,. On the other hand
in the pre-inflationary scenario the vacuum angle <92> can be taken to be arbitrarily small and
topological defects have negligible contribution, so with sufficient fine tuning the axion density can
be made smaller than the total DM density all the way up to the black-hole superradiance bound
discussed in Section 2.515

5This type of fine tuning is not as bad as the initial Strong CP problem the axion was introduced to solve. Firstly,
even with symmetry breaking scale as large as the maximum allowed by the superradiance bounds the vacuum angle
needs only be fine tuned to be below 10™% compared to 107! for the Strong CP problem. Secondly this type of fine
tuning can be subject to anthropic arguments, as it is required to not overclose the Universe.
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2.4.3 Topological defects

Topological defects are field configurations that appear as a consequence of phase transitions as-
sociated to breaking of symmetries via the Kibble mechanism [172-174]. For our purposes the
relevant topological defects are axion strings and domain walls, since their decay contributes the
most to the axion relic abundance.

Axion strings form at the centre of closed loops in space for which the axion field wraps around
the fundamental domain (—7vg, 7v,) with non-trivial winding, which inevitably will exist at the
time when PQ symmetry is broken [175], or if fluctuations in the radial mode push the field over
the top of the symmetry breaking potential (which effectively restores PQ symmetry). By the
continuity of the axion field, if we shrink these loops down to arbitrarily small radius the winding
will remain, signalling the existence of a region at the centre of the loop where the field is kept in
the unbroken phase at ¢ = 0. These are the axion strings, and they must either form closed loops
or be infinitely long (again due to the continuity of the field). More precisely, axion strings serve

to minimize the average Hamiltonian density:

) = (Jof + Vol + Vo)) (2.43)

which can be decomposed in terms of the axion and radial mode defined in eq. (2.27) as

2

(H) = <’;Vr

r? T 1 9
+ V() + (21)3 + o 2) Val > : (2.44)
where the potential only depends on r and is given by and I have set the time derivatives
to zero to obtain a static solution. It is clear that at the centre of the loops that wrap the
full fundamental domain there exist regions for which |Va| becomes arbitrarily large, so the way to
minimize the Hamiltonian is to have the term that multiplies it be equal to zero, which corresponds
to r = —uvg or |¢| = 0. At larger distance from this singularity the term |Va| drops and at
about O(m; ') it becomes more efficient to set the potential energy to zero, meaning this is the
approximate thickness of the strings.

Domain walls are the boundaries between regions in space in which the axion field has settled
into different minima of its potential for Npw > 1 or between region that were initially on the
opposite sides of the maximum of the potential at a = +7f, for Npw = 1 before they settled in
the minimum at ¢ = 0. By the continuity of the axion field the regions across these boundaries are
kept at the maximum/maxima of the axion potential. Therefore the domain walls store energy,

having an associated energy per unit area which can be calculated from the potential eq. (2.20)):
opw =~ IMmaf2 (2.45)

and they form after H < H, when the field starts oscillating and it settles into the various minima.
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I now introduce the properties of the string network that forms in the early Universe as a result
of spontaneous PQ symmetry breaking that allow the calculation of the resulting axion abundance.
A very useful result is that the string network evolves towards an attractor solution, also called
the scaling regime, regardless of the initial conditions. The way this is typically written in the
literature is in terms of the dimensionless string density & defined as

L(V)t?
E=limV — oo(vv) ) (2.46)

where [ is the length of strings inside a box of volume V. If £ is smaller than about &y ~ O(1) then
strings are rare enough that their interactions are inefficient and their density increases over time.
However, if £ becomes greater than &, the strings start interacting, which in general decreases
their total length. Thus there is a value of £ that the network converges to, where the rate at which
the density is increasing due to extra strings entering the horizon is balanced by the loss due to
string interactions.

The existence of this scaling solution has been used to estimate the contribution of strings to
the axion density [176189]. The idea is that in the post-inflationary scenario the scaling solution is
reached fairly quickly, (long) before H = H,, when the axion field starts oscillating and domain walls
form. Since the field around a string explores the full fundamental domain it is clear that once the
field starts oscillating each string will be connected to Npw domain walls. In the case Npw = 1
the strings/domain walls network is unstable, strings are rapidly pulled together by the tension
of domain walls attached to them and they “chop” each other up, which destroys the network.
Therefore, once the string density in the scaling solution has been estimated and the spectrum of
axion emissions from strings is found from numerical simulations, the contribution of strings in the
final e-folds before network destruction can be derived and appropriately redshifted until today.
Earlier emissions are more diluted such that the axion emissions at later times dominate, which in
principle allows an estimation of the strings’ contribution regardless of the initial distribution, as
long as this initial distribution reaches the scaling regime sufficiently quickly.

In the case Npw > 1 on the other hand the strings/domain walls network is stable. This is a
problem, since in the scaling regime there is on average at least one large domain wall across each
causal horizon. The energy density of domain walls in the scaling solution decreases roughly as the
inverse squared of the scale factor. This is slower than radiation or matter, so the walls will easily
dominate the energy density of the Universe if they survive until today. In the post-inflationary
scenario a solution is to introduce additional symmetry breaking such that the axion field remains
with a single minimum [190]. This is in itself severely restricted in order not to reintroduce the
Strong CP problem: either the position of this minimum has to be fine tuned close to a = 2n7 f,
for some integer n or the size of this additional breaking has to be very small [191]. Thus in the
following I will assume Npw = 1, which corresponds to v, = f,, and substitute this whenever a

numerical value is required for Npw. However I will keep the differentiation between v, and f,
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inside expressions to allow the results to be easily adapted to the case Npw > 1.

In the following I review the estimation in [186,|188] for the strings’ contribution to the axion
density, however I should mention that other groups report results that differ by up to an order
of magnitude. There are two main factors that contribute to this difference, first of all there is
not full agreement on what the emission spectrum is. Secondly, in [186] a logarithmic violation
of scaling has been observed using numerical simulations, in other words the string density in the

scaling regime was found not to be exactly constant, but rather:

m
Escal = C1 log(#) + ¢, (2.47)

with ¢; = 0.24 extracted numerically. This is also found in other recent works [182-185,|187,/189)
and it makes a difference of a factor ¢; log(m,/H,) in the axion abundance compared to estimations
in which & =~ 1 is taken to be constant.

The energy density in the network once scaling is reached is:

pstr(t) = AHE()u(t) (2.48)

where p is the average string tension (their energy per unit length). For strings resulting from a
global symmetry, which is the case for ALPs, the tension is logarithmically divergent due to the
energy stored in the gradient of the axion field. This divergence is cut-off by the presence of a

nearby string, so the theoretical expectation would be:

mrn(t)) , (249)

2
Mh:m)alog<
t A

where 7(t) is parameterizing the shape of the strings and it was found in simulations to be approx-
imately constant and of order 1. Thus at large values of the log applicable at network destruction
the tension can be estimated:
2 m
=~ vy log (HT> , (2.50)
which matches the prediction for infinitely long, straight strings at distance O(H~1).

The energy in the network at scaling grows slower than that of a network evolving freely with
strings remaining at fixed comoving coordinates and ¢ ~ R?, since strings interactions reduce their
total length and keep £ constant up to the log scaling violation. By comparing the energy density
in the network to that of a free network of long strings which matches the actual network at time

t" and later evolves by keeping the strings at fixed comoving coordinates:
prree(t) = 4H'HE(X ) pu(2) - (2.51)

The energy of the free network of long strings evolves as 1/R? as the long strings are stretched by
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a factor R and the above formula assumes radiation domination. The emission rate of the network

can be found, with the emitted energy going primarily into axions:

Fa = pfroo - /)str 5 (252)
T,=p 2H—§—7T3 H+ﬁ—1§ ~ 2H)p (2.53)
a str f LLth n 25 — str - .

This can be integrated to find the energy density of axions:

palt) = / ) @(é/)) >4dt’ _ %”H%gcl log? (’Z) , (2.54)

at times before the network destruction when the axion is effectively massless and behaves like
radiation.
However, to find the axion energy density today the momentum distribution of emissions is

required. It is convenient to define this in the following way:

Mo _Tap ( i m’“) . (2.55)

ok~ H \H H
The spectrum is expected to have two characteristic cut-offs: an IR cut-off at k£ ~ x¢oH and a

UV cut-off at £ ~ m, and a function that matches the simulations well between these cut-offs is:

k-m.\ 1 (xoH q q—1
(%) = (%) L () (250)

My

which is a simple power law between these limits. This means for the axion number density at the

time the field starts oscillating and the network is destroyed:

1
87T01H*v§ log2 (%:) 1- 7 qg>1
Ng(ty) >~ X 1 (2.57)
" w(im)
Hzxq

There is not yet consensus on what the exact power ¢ of the spectrum is. For example [188§]
find zp ~ 10 and ¢ ~ 1 at values of log(m,/H) accessible in the simulation, however they show
evidence for an increase of ¢ with log(m,/H), so at late times ¢ > 1. However [189] find ¢ ~ 1
and no evidence for an increase. The difference between these extrapolations introduces another
potential factor of log(m,/H,) in the relic abundance estimate. Since log(m,/H,) could be as large
as log(fa/ma) ~ O(70), and there is up to a factor of ¢; log? that is not yet agreed upon, there is
a range of estimates for the string contribution, which by comparing (2.57) to (2.39) can be seen

it is anywhere from the same order as the misalignment contribution to much higher. Meanwhile
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the contribution from the destruction of domain walls at ¢, assuming order one domain walls per

horizon at this time is bounded by:

H* 2
~ 9 T,
ma(Ty) ma(T)

na(tx) < opw o> (2.58)
which ranges from somewhat larger than the string contribution to much lower depending on the
relevant factors of log(m,/H,) for the string contribution.

The difference between various estimates is somewhat mitigated due to the nonlinear transient
as the axion mass becomes relevant at H, = m,(T) |188]. The point is that most of the axion
energy density at that time is still contained in the gradient part of the Hamiltonian and for this
reason IR modes that would normally redshift non-relativistically actually continue to redshift
relativistically up until a later time, when the potential becomes comparable to the energy density
in these modes. The result of the nonlinear transient is a reduction of the axion abundance from
~ c1log(m,/H)? to ~ \/cilog(m,/H)2. Overall, given that the string relic abundance has a Fa/6
dependence®, the upper bound on f, differs by about a factor of 20 depending on the various
assumptions about the spectrum and the string density in the scaling regime mentioned above,
between f, < 10 to f, < 2 x 10!, Further in the remainder of the thesis I will assume that the
strings’ contribution dominate over the misalignment and domain walls at the time t,.

The situation is completely different in the pre-inflationary scenario. Since the axion field is
homogeneous in this case the loops required to form axion strings do not appear and the field
throughout space relaxes into the same minimum, so no domain walls appear either. In other
words, any potential topological defects at the time of symmetry breaking have been inflated away,
(far) outside our causal horizon today and the time required for a string network to form and reach
scaling exceed the age of the Universe. For this reason the misalignment contribution dominates the
axion abundance in the pre-inflationary scenario and there is no need to worry about the domain

walls problem even for Npw > 1.

2.4.4 Summary of pre- and post-inflationary scenarios

Here I briefly summarise the standard pre- and post-inflationary scenarios.

Pre-inflationary scenario:

e Axion field homogeneous across space.

o Requires weak quantum fluctuations Hj/v, < 27 and no symmetry restoration by other

means.

5This is true for the QCD axion, since the temperature dependence of the mass 1) means T, has a f;l/G
dependence when the axion begins oscillating before the QCD phase transition.
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Negligible topological defects, axion abundance dominated by misalignment.
No domain walls problem.
Average angle <02> is a free parameter, so the misalignment contribution can be fine-tuned.

Isocurvature perturbations in the misalignment population [192H203] which are heavily con-
strained by the CMB [204,205].

Post-inflationary scenario:

Axion field fully randomised.

Requires either strong quantum fluctuations Hy/v, > 27 or that PQ symmetry was restored

in another way.
Strings reach a scaling regime, domain walls form when the axion begins oscillating.
Average angle (0%) = 72/(3Ngy) is fixed, so misalignment contribution is fixed.

Topological defects (likely) dominate over the misalignment contribution. Upper bound on

vg (subject to uncertainties).

Large domain walls would dominate energy density unless Npw = 1 or additional bias is

introduced.

Isocurvature constraints are modified by the presence of strings and no longer depend on Hy,”
only on f, and m,, see Section for a detailed calculation and eq. (6.17)). In particular,
for values of f,, m, allowed for the QCD axion in the post-inflationary scenario so that DM

is not overproduced, they do not constrain the parameter space any further.

One natural question is how we get from the pre-inflationary to the post-inflationary scenario

and what happens in between. The idea is that the post-inflationary scenario is the limit when the

axion field is fully randomized across the horizon while the pre-inflationary scenario is the limit

when the axion is fully homogeneous. Thus it would be useful to find a quantity that describes the

degree of “randomness” of the field and be able to correlate it to the contribution of topological

defects. Such a quantity could then be used to describe the transition between the pre- and post-

inflationary scenario in a continuous way.

I proceed to introduce quantum fluctuations in more detail in Chapter [3] since they can be

an important ingredient in the formation of topological defects. Then in Chapter [ I show how

the axion and radial mode field distributions at the end of inflation and the density of topological

defects are related, and give further details on when the pre- and post- inflationary scenarios arise

and the intermediate region between them.

"Other than the role it plays in selecting this scenario in the first place.
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2.5 Astrophysical and direct detection bounds on axions

Various ways to probe the QCD axion as well as ALPs in general have been proposed, which so far
resulted in bounds on the allowed parameter space. Many of the traditional ways to detect ALPs
are based on the Primakoff process [206] which involves an ALP conversion into two photons in the
presence of a magnetic field. Classic methods exploiting this are helioscopes and haloscopes [207],
as well as “light shining through wall” (LSW) experiments [208].

Helioscopes, such as CAST [209-211] and in the future IAXO [212] search for axions produced
inside the Sun which would convert into detectable photons in the presence of a strong magnetic
field. For this reason they are an effective detection method regardless of the fraction of DM that
axions account for.

Alternatively, “light shining through wall” experiments point a laser at a wall and apply a
magnetic field to convert photons into axions. As these axions pass the wall, they are converted back
into photons on the other side by a magnetic field. The Any Light Particle Search experiment [213]
currently places the strongest bounds on the axion photon coupling out of this type of experiments.
As axions in this case are produced inside the laboratory, these limits are also applicable regardless
of the axion density.

On the other hand, haloscopes detect DM axions by converting then into photons due to an
applied magnetic field, inside a cavity that is designed such as to make the conversion resonant
and enhance its rate. So far the ADMX experiment [214-217] has put the strongest limits on axion
photon coupling inside a narrow mass window m, ~ 1076 eV, which for the QCD axion specifically
corresponds to f, ~ 10'2GeV, the value roughly required for the misalignment population to
make up all of DM for initial # angles of order one. Projected improvements of ADMX and
other haloscopes [218222] are going to cover the axion mass window 107 6eV < m, < 1072eV.
Haloscopes rely on a large density of DM axion, so the quoted bounds are calculated under the
assumption that axions make up most of DM.

Aside from direct detection bounds mentioned above there are important bounds coming from
stellar astrophysics. Photon conversion into ALPs which subsequently escape stars results in cool-
ing, which alters the lifetime of stars in a phase of core helium burning (also known as horizontal
branch stars) [223]. This can be probed by observing the ratio between stars in the core helium
burning phase and red giants, whose luminosity is supported by hydrogen burning in their shells,
inside globular clusters. Such observations have so far put constraints on the axion photon cou-
pling [224], which for the QCD axion are roughly 107 GeV < f,.

Meanwhile the QCD axion coupling to nucleons is strongly constrained by the duration of the
neutrino burst of supernova 1987a. The idea is that nucleon-nucleon bremsstrahlung produces
axions, which depending on their nucleon coupling would not be trapped inside the supernova core
and thus could be cooling the supernova more efficiently than neutrinos. The limits for QCD axions
in the KSVZ model translate to m, < 15meV or f, > 4 x 108 GeV [225-227], while for DFSZ axions

40



me < 15+ 20meV depending on the value of tan(3) [227], which is stronger than that from the
ratio of horizontal branch stars and red giants. However, these limits are based on supernova core
collapse simulations and their reliability is being disputed [228§].

Having considered some of the bounds on axions that are dependent on the strength of their in-
teraction to light and matter, let us now discuss black hole superradiance which is based completely
on gravitational interactions and thus places bounds on axions that depend only on their masses.
For the QCD axion such bounds rule out a region at high symmetry breaking scale, which is oth-
erwise inaccessible to observations that rely on axion’s couplings. The point is that light bosonic
field such as the QCD axion and ALPs extract energy and angular momentum from spinning
black holes of size comparable to their Compton wavelength through the Penrose process [229.230].
Such bosons are trapped into energy levels around the black hole, allowing them to continuously
take away its energy, which in turn exponentially amplifies their occupation numbers [231}232].
Thus spinning black holes that have been observed can be used to exclude the existence of light
bosons of specific masses, which would have otherwise resulted in the black holes losing much of
their rotational energy [79,[233-238|. For stellar mass black holes this excludes a range of masses
10713 eV < mg < 107! eV, which for the QCD axion translate into a bound f, < 2 x 1017 GeV.
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Figure 2.1: Axion parameter space in terms of mass m, and coupling to photons g.,. Figure
reproduced by using the Python notebook available at , where complete references to the
data can be found. Red regions mark exclusions by direct detection experiments (helioscopes,
haloscopes, LSW). Green regions represent exclusions from astrophysical searches for axions which
are independent of the fraction of DM that axions make up. Blue regions represent exclusions
from astrophysical searches which rely on DM axions. The grey region labeled “Black hole spins”
represents the bounds from black hole superradiance in , which assume a relation between the
self-coupling of the ALP field A\, and the coupling to photons g4~ that is the same as for the QCD
axion (normally for a generic ALP the symmetry breaking scale does not fix the ALPs couplings,
but for the QCD axion it does, up to model dependent order 1 constants). Additionally I have
modified the plot to include the blurred light blue region labeled “SN1987A (n)”, which does not
represent bounds on the axion-photon coupling but instead approximate model dependent bounds
on QCD axion mass from the supernova 1987a, which restricts axion nucleon coupling as explained
in the text.
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Chapter 3

Quantum fluctuations

3.1 Introduction

In this Section I review quantum fluctuations of scalar fields during inflation following the relevant
sections of [240,241] and explain how the field configuration at the end of inflation can be determined
through the Langevin and Fokker-Planck equations. By applying this to the radial mode and axion
I show how this relates to the formation of strings and domain walls in the following Chapter.
For this we consider a real scalar field ¥ that is not the inflaton, with a potential V() that is
sub-dominant during inflation, i.e. V(V¥) < HIQM]%, and we express it in the Heisenberg represen-

tation in terms of mode functions:
U(x, 1) = / 0k (e Wic(t)e ™ + al W (1)) | (3.1)

where aL, ax are creation and annihilation operators. The mode functions satisfy the equation:

. . k2
Uy + 3H Uy + (R2 + mﬁ,> Uy, =0, (3.2)

where H is the Hubble parameter during inflation, which is a slow varying function of time (in
the sense that ’HI‘ < HIQ) and for simplicity we take to be a constant, R is the scale factor, k is
the comoving momentum of the modes and myg is the mass of the field.

To gain some qualitative understanding let us start by looking at the effectively massless case.
Consider a mode that is initially sub-horizon, with a wavelength much smaller than the size of the
horizon k > RHj, then (3.2)) simplifies to:

. k2
U + E\Dk =0, (33)

so the mode function oscillates with time dependent frequency. However, during inflation the
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comoving wavelength of momentum modes rapidly increases and eventually it ends up much larger
than the horizon k < RH;. In this case (3.2]) can be written as:

\.I.Jk + 3H[\i/k =0, (3.4)
which is straightforward to integrate:
Uy (t) = A(k) + B(k)e 3H1t (3.5)

The time dependent part quickly becomes negligible, meaning the mode function is constant in
time on super-horizon scales.

It is said that modes “exit” the horizon when their wavelength becomes larger than the Hubble
length & < RH7 and these modes are “frozen” since their amplitude will remain constant until after
the end of inflation, when the size of the horizon increases to be again larger than the wavelength
k 2 RH and modes “re-enter”.

To see this in a more precise way it is useful to work in terms of the conformal time 7 =
—1/(HRoef'*), which can vary from —oo in the limit of far past t — —oo to zero at the end of
inflation, and re-scale the mode functions v, = R¥y. We now re-write eq. in the form of the

Mukhanov equation:

d*vy 1 d’R
— k- ——= =0. 3.6
i < Rdr? )™ (36)
This is the general form of the Mukhanov equation, however in the case of constant Hj it simplifies
to: )
e (k: - 72) me=0. (3.7)

This is a good time to introduce a subtlety relating to quantum fields in curved space-time:
there is not a unique choice for the mode function and thus no unique vacuum. To solve this we
need to specify an extra boundary condition to fix the vacuum, the standard choice in the literature
being the Bunch-Davies vacuum [242]. This requires that in the limit 7 — —oo the vacuum state

is the Minkowski vacuum, which for the mode function means 14 = e~*7 /y/2k, fixing the solution

of (3.7) to:
e—ik‘T i
w=——1_1-—+—]). 3.8
VG ( k:r) (38)
Taking (3.9)) in the limit ¢t — oo or equivalently 7 — 0 we find:

I (3.9)
V2I3RT|  V2K3 '

which confirms our qualitative understanding that after sufficiently long time momentum modes

U] = [n/R| — \

end up frozen.
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If we now move to the case where ¥ is a massive non-interactive field of mass my eq. (3.7) is

modified to: 2
1 1
ko [k2—7_2<)<?1,—>] =0, (3.10)

dr? 4
where Xﬁ, =9/4 — mgp / HI2 This can be solved generally in terms of the Hankel functions of the
first and second kind HQI,), H>((2q,) when g is real, which is the case for both the axion and radial
mode in the region we are interested in. Indeed axions are typically massless during inflation, while
for the radial mode relevant values of m,., Hy for string formation are such that m2/H? < 0(0.5),
as can be seen in the summary of our results in Figure
Similarly to the massless case the solution is fixed by the Bunch-Davies vacuum: in the limit

T — —00 to v = e *7 /y/2k. This boundary condition is enough to fix the solution to:
a4 ()|
H —_— A1
Xw H[R ’ (3 )

Uy| = — =
TN
where H&, is the Hankel function of the first kind. We then take this solution in the super-horizon
limit k < RH[:

H; E o\ 3/2xv

Uyl =— | = . 3.12

W= o (th) (3.12)

The solutions (3.11) and (3.12]) are valid if yy is real i.e. myg/Hr < 3/2. As a side note, if

the field has large mass my/H; > 3/2 super-horizon modes are no longer frozen, instead their

w (_k
Hip (HIR>

amplitude decreases exponentially:

| = ez VT
2R/ RH;

where pg = /m32,/H? —9/4 is real in this case.

3.2 Langevin equation

: (3.13)

A standard method to consider quantum fluctuations is the stochastic formalism [243,244], which
involves the introduction of a momentum cutoff to separate the far IR modes that have left the
horizon from the modes that are either sub-horizon or have just left the horizon!. It has been shown
that far super-horizon modes behave classically [243], contributing a c-number to the average value
of the field inside the horizon ¥, while the short wavelength modes are quantum fluctuations that

act as a small perturbation of the average §W. The point is that for super-horizon modes k < H;R

!This is required because for self-interacting fields it was found that a divergence appears in the 4-point and higher
correlation functions [245].
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the occupation numbers are of the order [240]:

H 4
Ny ~ (;R) : (3.14)

which become very large for modes that have left the horizon for a long time H;R > k, while
being < O(1) when the modes were sub-horizon. As the sub-horizon modes exit the horizon, they
end up contributing a random amount to ¥, corresponding to their phase at the time they become
“frozen”.

It is standard to re-write eq. in the following way:

U(x,t) = U(x,t) + 60 = U(x,t) + / d*k © (k = ReHy) (axWi(t)e ™ + al Ui ()e™) ,  (3.15)

where W(x,t) represents the average value of the field inside a region of radius 1/(eH ), which is
meant to be somewhat larger than the horizon. Meanwhile, the step function © separates modes
that have wavelength shorter than this radius from those with wavelength larger than this radius.
As explained, the short wavelength modes are quantised and are treated as perturbations of the
long wavelength modes, which in turn contribute to the average value ¥(x, t) and behave classically.
Here € is a parameter that distinguishes whether a mode is considered “long” or “short” wavelength
in this approximation and is not to be confused with the slow-roll parameter —H; JHr.

We perform a so-called coarse graining procedure, dividing our space into patches of size
1/(eHy), each having a corresponding value for W(x,¢) which is uniform inside the patch. It is
convenient to absorb the (slow) time dependence of H; into the parameter € such that the product
€H; is constant, this way the patches we divided the space into are of constant size. We would
like these patches to be sufficiently larger than the size of the horizon during inflation so that the
amplitude of the modes with wavelength the size of the patch can be estimated by or
for massless and massive field respectively, this corresponds to € < 1.

Let us now derive an equation for the evolution of the average field value over patches of size
1/(eHy), which is ¥(x,t) from eq. above. A detailed derivation is given in [246], which I am
following here while adding discussion regarding some points. Upon breaking ¥ = ¥ 4 6¥ as above

we can re-write the equation of motion for ¥, expanding around ¥ up to the first order in 6W:

1
R?

42V (T
dqjg ) _o. (3.16)

= - 1 .. —_  dV (T .. . - _
U+ 3H; ¥ — ﬁé”ﬁiﬁj\lw— dEI/ ) + o0V + 3H 0¥ 5”81'8]'5\114-5\1/

In the following we can neglect the spatial derivative of the average value of the field %5” 0,0;¥
compared to H;¥ [243]. Additionally we neglect the second time derivative ¥, which is self-
consistent if dyyV (V) < 9H?. For light fields compared to H; this happens in the vicinity of the
minimum of the potential, and since in Chapter [4] where we apply these results we work with the

radial mode initially starting in the vacuum, this is a safe assumption to make.
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Expanding this using (3.15) and the fact that the time derivative of the step function is:

) d(k— ReH;) 00
il — ReH/,) =
O (k = ReHi) ot 0 (k— ReHy)

5 = —€eRH?5 (k — ReHy) , (3.17)
results in a rather long equation. Fortunately some of the terms in this equation also appear in the
equation of motion for the short wavelength modes ([3.2)), so they can be cancelled out?. After this

the remaining equation is:

= AV (¥ . .
3H;U + ‘;EP ) _ 3H}eR / d3k 8 (k — ReHyp) (ak\I/k(t)e_ka + aL\Ifﬁ(t)e’kx) =0. (3.18)

We write the above in the form of a Langevin equation:

- 7
3H, T + d‘;fp ) _ A(x, 1), (3.19)

where we have denoted the integral by A(x,t). The function A(x,t) represents a stochastic (ran-
dom) noise, the effects of the perturbations due to the short wavelength modes exiting the patch
and becoming long wavelength.

The left hand side of eq. correspond to the evolution of the average value of the field
toward a minimum of its potential under the influence of the potential alone, which is continuously
affected by the random noise described by the right hand side of the same equation. Additionally the
space expands and existing patches split up into new ones, which up until the point of splitting share
the history of the noise that the original patch received, but from there on evolve independently. We
show this by calculating the two-point correlation (A(x1,t1)A(x2,t2)) = (0] A(x1,t1)A(x2,t2) |0),
which also sets the typical size of the noise. The first step is to replace A(x,t) and use the standard
way the creation and annihilation operators act on the vacuum as well as their commutation
relation® {ak, a;f(,} =1/(2m)? 63(k — K'). The result of this is:

9H?62R1R2 d3k1d3k2
— H — H
(2m)3 / (273) Ok = FacHr)§ (ks = RncHy) (3.20)

X (53 (kl — kz) ei(kzx2_klxl)qjk1 (tl)\Ijkz (t2)* )

(A(x1,11)A(x2,t2)) =

where we have denoted R; = R(t;). We chose to define the product eH; to be constant in time by
absorbing the time dependence of H; into € and for simplicity we also treat the extra factors of H}L

as constant due to the condition that the Hubble only evolves slowly during inflation as discussed
in the introductory Section .

20ne such term is 6.

3The factor 1/(27)* appears in the commutation relation due to the convention for the Fourier transform in A

“Earlier noise is stronger as it happened when H; was larger. This difference is not too significant if inflation
proceeds in one go, but crucial if inflation is interrupted and restarted with a significantly lower H;, as we briefly

consider in Section
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After integrating the §° (k; — ko) we move to polar coordinates, setting the z-axis along the
direction x1 — X2:
_9HPe*Ri Ry

(Aar, 1) Az, 1) =053 / k2dk:8 (ky — RueH;) 8 (ko — RocH)

_ (3.21)
Wiy (1) Wiy (12)° [ dsin (9wl con(0),
0
The 0 integral is straightforward to evaluate. Additionally, one of the two delta functions can
be turned into § (RieH; — RoeH) = §(t1 — t2)/(eH7Ry) and the integral over the momentum can

be performed:

9HS3 RS

(A(x1,t1)A(x2,t2)) = 92

(W ep, 1, (t1))? 8(t1 — to)sine (eH Ry |x1 — Xa|) , (3.22)

where we denote sinc(x) = sin (z)/z. The mode with momentum k; = eR;H; < Ry Hj is a super-
horizon mode for € < 1 required in the stochastic formalism. As an approximation we replace
the solutions that we have discussed above, for mode functions for a massless field (3.9) and for a

massive non-interacting field (3.12)). Upon this replacement the noise correlation becomes

9H?
<A(X1, tl)A(Xz, t2)> = ?215(151 - tQ)SiIlC (GH[Rl |X1 - Xz‘) s (323)
for the massless case and
9H? : 3-2
<A(X1, tl)A(Xg, tg)) = Wé(tl — tQ)SlnC (EH[Rl ’Xl — X2|) €T XY (3.24)

for the massive non-interactive case.

We are interested in the distribution of the field inside the horizon at times after the end of
inflation to relate it to the formation of topological defects. Thus it would be useful if we could
approximate W(x,t), the value of the field at a point after inflation, by W(x,%enq), the average
value over the patch at the same position at the end of inflation (apart from the evolution of the
field post inflation). This is possible at times after the end of inflation when a very large number
of patches used in the coarse graining have re-entered the horizon, such that each patch can be
treated as an infinitesimally small region, and the larger € is the earlier this approximation holds
in the post-inflationary Universe. Meanwhile an upper bound on € comes from the fact that we
replace the super-horizon limit into equation . This works if the dominant term in
the expansion of the Hankel function in equation is the one proportional to e X%, which
corresponds to € < 2y/xy — 1. For values of H; and m, that are relevant to string formation (see
Figure we find that we are allowed to perform the coarse graining procedure for € ~ 1 in a

self-consistent way and the factor €372X¥ introduces at most an order 1 uncertainty which can be
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absorbed into H15 in equation 1} . Thus in the following we use as an approximation for
the noise correlation function.

We now move to the factor sinc (eHy Ry |x1 — x2|) in and, given that it only makes sense to
consider points at distances |x3 — x2| > 1/(eH[) to be distinct due to the coarse graining procedure,
we see that for such points this factor quickly becomes very small due to the exponentially large
R;. On the other hand in the limit |x3 — x2| — 0 it is equal to 1. Thus we further approximate

the correlation function

9H?

(Alx, ) A(xz,12)) = T

5(t1 — £2)0x,s xg - (3.25)

This is zero for points in different patches while for points in the same patch

9H?
(A(x,t1)A(x,t2)) = mé(tl —t9). (3.26)
Also it is straightforward to show:
(A(x,t)) =0. (3.27)

Unfortunately it is impossible to solve the Langevin equation to find a unique spatial distribution
of U at the end of inflation, since the noise inside each patch takes a random value at each time.
What we can do however is to use the Langevin equation together with the correlations of
the noise function above to find a deterministic equation for the probability distribution
of U.

3.3 Fokker-Planck equation

Here we derive the Fokker-Planck equation which describes the evolution of the probability dis-
tribution of U. As opposed to the Langevin equation which contains a stochastic noise term, the
Fokker-Planck equation is fully deterministic and can thus be solved, either analytically for simple
potentials of ¥, or otherwise numerically. This however comes at the cost of losing some of the
information encoded in the Langevin equation, such as the spatial distribution of the field.

For future convenience the time during inflation will be measured by the number of e-folds that
have passed starting from the moment when scales that re-enter the horizon today have exited
the horizon, and we denote the number of e-folds at the end of inflation by Nt ~ O(60), which
is required to solve the horizon and flatness problems. With the assumption of constant H; the
conversion from time to number of e-folds is simply At = AN/Hj.

With this convention, we define the probability density pg (¥, N, ¥y, Np) i.e. the probability

5As will be seen in Section it is useful to interpret various uncertainties as an equivalent uncertainty in the
value of H; that corresponds to the string network being destroyed at a given time, and these will correspond to
O(1) factors.

49



that the field in a patch has average value between (U, U +dWV) is py (V)dV at time labeled N, with
the initial condition that the distribution at some initial time labeled by Ny was a delta function
pw (U, Ny, ¥g, Ng) = 6 (@— @0). Here Ny and ¥y do not mean quantities today, but rather at
some initial time during inflation, which is convenient to be identified by the time when scales the
size of the horizon today exited the horizon. The reason for this choice of initial conditions is that
if we look at the probability distribution py over a region of size L > 1/(eHj) which contains a
large number of patches at moment labeled N, then if we set No < N — log(LeH ) at this time
this region was the size less than one patch, which had an average value of the field ¥y. But then
it is trivial that at the time Ny the distribution was a delta function, since we sample over a single
patch. Thus the reason to always consider delta function configurations for initial conditions is
that for any region over which we are interested in the probability distribution during inflation, we
can set our initial time far enough in the past when it was the size of (less than) a single patch.
This works only if between the times of interest and the corresponding initial times the Universe
is in a period of inflation with approximately constant Hj, which is reasonable given that it only
makes sense to evolve the probability density for at most the number of e-folds that re-entered the
horizon until today Niot.

We will now derive the Fokker-Planck equation, which describes the evolution of the probability
density py. I follow the steps of the derivation in [247], which is done in the context of Brownian
motion and involves following a particle over the possible paths that it could have gone through due
to the various noise realisations to find the probability distribution of the position of the particle.
The position of particles in Brownian motion and the average value of the field ¥ are analogous in
the sense that their evolution are both described by a corresponding Langevin equation.

One may be worried about what happens to the distribution as patches continuously creating
other new patches during inflation. This however is not a problem once we observe that the process
of patches expanding into new patches has no effect over the probability distribution. To see this,
let us follow some initial set of causal patches for the time it takes for the scale factor to double and
for simplicity take them to be cubic. As the scale factor doubles, each of these causal patches have
expanded into 8 causal patches, so the number of patches with a specific value of ¥ increased by a
factor of 8 as the scale factor doubled, but so did the total number of patches. Patches “splitting”
this way as the scale factor grows does mean that regions that are located closer together have
somewhat similar values of ¥ as they have shared some of the stochastic noise at earlier times,
however this is the kind of information that is lost when moving from the Langevin to the Fokker-
Planck equation, as the Fokker-Planck equation is only concerned with the probability distribution
of U over all the patches and not the spatial distribution of the field.

With the observation above it is enough to simply follow the evolution of a single initial patch
over all possible noise realisations for a number of e-folds N — Ny. Let us start by looking at the
distribution at an intermediate time and its evolution for a short time py (¥, N + 6N, ¥’ N). The
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field starting from T’ has moved an amount:

1 dV(\I/) /N+§N , ,
U (x) = 2SN A(x,tdN 3.28
(x) 3H%< dU + ¢ (x,t) ’ (3:28)

where A(x,t') is the stochastic noise function appearing in the Langevin equation (3.19) and
t' = N'/Hj is the corresponding time to N'.

Of course if we were to know the exact noise the patch went through this probability distribution
would be trivial py (¥, N + N, @/, N)=9¢ (@ - (5@), but since multiple noise realisations are
possible we must average over all of them pg (¥, N + 6N, ¥, N) = <5 (@ ~T - 5@)>

We now proceed to Taylor expand the delta function above, only keeping the terms that are at
most O(JN):

pu(¥,N + 6N, ¥, N) = <1 + (o) 8‘1, + % (59°) £,2> 5(v-T). (3.29)

The mean and the correlation of the noise egs. (3.26}3.27) can be used to calculate

() =g s () =T @30

while further terms such as <5@3> only contain terms of order O(6N?) or higher.
Additionally, we can write the probability distribution at the final time as a conditional prob-
ability that the field is at ¥ after N e-folds given that it was at U’ after N’ e-folds:

pu (¥, N, Wy, No) = /P\If(@a N, T, N")py (T, N', g, No)dT' . (3.31)
Instead of N we write N +JN in the above so that we can replace py (¥, N + 6N, ¥y, Ny) from eq.
(3.29) and after integrating by parts the derivatives will move from acting on delta function:

8<WP\1/(‘I’ N, ¥ No)) 92 TN
7] T I NT 1 dw Y H? 8?py (¥, N, ¥y, N,
py (U, N+6N, Ty, No) = pu (¥, N, Uy, No)+ L Hi pu(¥, N, W, No)

3H? ov 872 o>
(3.32)
It is straightforward to Taylor expand py (¥, N + 6N, ¥y, Ny) directly and compare with eq.

(3.32)) to arrive at the Fokker-Planck equation:

ﬁ 82p\11(@7 Na E07 NO)
82 AR

(3.33)

8p\1’(@a Nvﬁ()vNO) _ 1 0 dV(@)
d¥

- —_ AN U, N. T, N,
ON 3H? OV pu (¥, N, ¥o, °)>+

The first term on the right side of the Fokker-Planck equation (3.33)) is related to the evolution of

the field under the influence of the potential alone, while the second term describes the random walk
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behaviour of the field due to the random noise. In the presence of a potential the Fokker-Planck

equation predicts that the probability distribution evolves towards an equilibrium distribution with

dpy/ON = 0 [244):
— 1 8m2V (W)
PUeq(V) = 7 &Xp <_3H;L > ; (3.34)

_ 8rV ()
3HT
In the following we are interested in applying the Fokker-Planck equation (3.33]) above to the

axion and radial mode of the complex PQ field. The axion will correspond to a massless non-

where Z = ff:oo exp ( ) d¥ is the appropriate normalisation factor.

interacting field, while the radial mode is interacting and we work with numerical solutions of the
Fokker-Planck equation. Either way, it is useful to discuss the massive non-interactive case, if
only to gain an intuitive understanding, and in this case the Fokker-Planck equation can be solved
analytically.

We start by noticing that the solution in the massless case is a normal distribution and we

check if this is a solution for the massive case as well. We start with an ansatz:

1 _(T-p)?

et (3.35)

/0\1/(@: N7@07 NO) =
2mo

where 0 = o(N) is the standard deviation and ¥,,, = ¥,, (N, ¥, Np) is the mean of the distribution,

both of which we allow to be time dependent.
By taking the average of the Langevin equation (3.19)) and using eq. (3.27)):

3H; (V) + <d‘;$1')> — (A(x,t)) = 0. (3.36)

Replacing the potential V (V) = (1/2)m%¥? we find that we can treat the mean of the distribution
v, = <@> as a field of mass my evolving only under the influence of the potential (the noise
average is 0).

Replacing the ansatz into the Fokker-Planck equation we also find a condition for o:

1do m% H?
- v I _ 3.37
ocdN 3H? 8n20? ’ ( )

which we can re-write as: ) ) )
do®  Hp  2my , (3.38)

— = o-.
dN  4x?  3H?
The solution is Gaussian with mean evolving towards W,,, = 0 as described in equation (|3.36|)
and variance increasing over time given our usual initial condition for the distribution which is
a delta function. It eventually reaches an equilibrium distribution, which is Gaussian with mean

V,, = 0 and variance 0? = 3H}/(87?m3%). The solution for the massless, non-interacting case
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follows by setting mg = 0 and is a Gaussian distribution with mean the initial value of the field

and variance continuously increasing:
NH?
o2 = I
472

(3.39)

3.4 Approximate field distribution from the Langevin equation

It should be clear that we cannot solve the Langevin equation exactly, as the noise function
A(x,t) takes random values at different positions and times. If we knew the exact probability
distribution of the noise we would in principle be able simulate the evolution of the field corre-
sponding to the Langevin equation numerically, by simply applying random kicks to the field over
infinitesimal times N and then solving for the evolution between kicks. Such a procedure would
produce one of the many possible realisations of the evolution of the field.

Unfortunately we do not know the exact distribution of the noise, which would require to calcu-
late the higher point correlation functions of A(x,t) just like we did for the two-point correlation.
While for odd point the correlation function is trivially zero as all the terms contain an odd number
of creation and annihilation operators, the correlation function for even point are quite difficult to
calculate. Fortunately a Gaussian distribution for the noise function is a good approximation, to see
this more precisely let us start by following the evolution of one patch for negligible potential. Over
a time interval AN = ndN the field has moved by a random amount K = WUy + WUy + ... + IV,
where §U; are small random kicks, each corresponding to the effect of the noise over an infinitesi-
mally small time step N. The exact distribution of §¥; is unknown, however its mean and variance
are given by equation . It follows from the Central Limit Theorem that in the limit n — oo
the distribution for their sum K is Gaussian with mean 0 and variance AN H7/(47?). Thus in the
absence of the potential we can approximate the evolution of ¥ by kicking the field by an amount
K distributed as above every AN e-folds.

Moving to a non-zero potential the situation is complicated by the fact that at intermediate
times between N and N + AN the value of the field is unknown due to the distribution of §W,
which translates into unknown field evolution due to the potential —dN/(3H?) (dV(@) / d@). We
show in Appendix [B] that if the gradient of the potential is small enough

Jibi
21vV/AN

< (3.40)

dv (W)
av

then the evolution of the field is well approximated by kicking the field by an amount K and then
following the evolution in the absence of noise for a time AN.

A procedure to simulate the Langevin equation would thus be as follows. We discretise
the space on a grid where each point corresponds to a coarse graining patch of physical size 1/(eH)
and discretise time in steps of size AN which we choose such that the inequality in eq. holds.
We then apply a kick K to each grid point which is a random quantity normally distributed with
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mean 0 and variance AN H?/(47?) as explained above and compute the evolution in the absence
of noise at each point until the next time step when another kick is applied. Additionally when
the scale factor would double in size which happens every log(2) e-folds, we split each point into 8
grid point with the same value of the field initially and which subsequently evolve independently.
To do this splitting it is convenient to pick AN such that the ratio between the time it takes for
the scale factor to double in size and the time step AN is an integer.

This procedure will be useful when generating realistic initial conditions at the end of inflation
for numerical simulations of the PQ field. The probability distribution of the field values obtained
this way clearly obeys the Fokker-Planck equation , for which only the correct mean and
variance of the noise function are necessary. Additionally, this procedure has an advantage over
simply allocating to each grid point a random value distributed according to the Fokker-Planck
equation in that it retains some of the information encoded in the Langevin equation that is
otherwise lost, in particular the field in closer grid points takes similar values since they have

shared some of the earlier kicks.
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Chapter 4

The edge of symmetry restoration

4.1 Introduction

In this Chapter we consider in more detail the boundary between the pre- and post-inflationary
scenarios. To do so we focus on the simplest axion theory that consists of a complex scalar with
a potential , and we comment at the end of the Chapter on how our results and analysis
could be adapted to more general axion theories. Here we assume that quantum fluctuations
during inflation are the main ingredient that result in the formation of strings and domain walls,
i.e. we assume that PQ symmetry has not been restored after the end of inflation by thermal or
non-thermal fluctuations and also that it has not been restored by other mechanisms during the
last Nior e-folds of inflation which have re-entered the horizon up until today, such as a coupling

between the inflaton and the PQ field. In particular, this is the case provided

’1)4
r, < “ 4.1

for the inflaton decay rate I', to not generate a too large temperature, which is discussed in Section
5.3} as well as a sufficiently small coupling of the PQ field to the inflaton which is discussed in Section
Additional details on alternative ways to restore PQ symmetry can be found in Chapter [5
As discussed in Section it is typical in the literature to consider two extreme scenarios. The
post-inflationary scenario for Hy 2 2mv, is associated with the formation of numerous topological
defects such as strings and domain walls that reach a scaling regime, as well as a fully randomised
axion field. Meanwhile the pre-inflationary scenario Hy < 2mv, is associated with negligible topo-
logical defects and an approximately uniform axion field. The idea is that during inflation each
e-fold kicks the axion and the radial mode by random amounts of typical size Hy/(27), so the post-
inflationary scenario is roughly equated with the radial mode moving over the top of the symmetry
breaking potential and the axion exploring the full fundamental domain over order one e-folds,

while the pre-inflationary scenario corresponds to negligible spatial changes in the axion field due
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to small quantum fluctuations.

Here we focus on the region between these two scenarios, in which fluctuations accumulated
over many e-folds of inflation are significant to form strings and domain walls, but not so large as
to fully randomise the field over one e-fold. In doing so, we pin down the boundary between the
pre- and post-inflationary scenarios more precisely, up to uncertainties due to the not fully known
details of the destruction of strings/domain walls network as discussed in Section and under
the assumption that the behaviour of the string network we observed in numerical simulations and
present in Section [4.4] is applicable to later times, which are otherwise inaccessible to numerical
simulations. We also uncover an intermediate regime interpolating between the post- and pre-
inflationary scenarios that allows the QCD axion to comprise the full dark matter relic abundance

with a larger mass than would otherwise be possible.

Intuitive summary of our results

Before proceeding to our detailed analysis, which will be backed up by results from numerical
simulations, it is useful to give a simple intuitive description of the intermediate regime at the edge
between the post- and pre-inflationary scenarios.

An important observation is that strings will form at points where quantum fluctuations have
pushed the radial mode over the top of the potential, as once the field around these point settles
around the various vacua there must be some region kept at the top of the potential due to the
continuity of the field. It would be ideal if we could also quantitatively connect the size of quantum
fluctuations in the radial direction to the formation of strings by relating the probability that the
radial mode has been pushed over the top of the potential inside a causal region some time after
the end of inflation to the density of strings inside the same region. We show using numerical
simulations how this can be done, which for a particular UV completion of the QCD axion would
give a sharp prediction of the conditions for strings to form.

To explain what is meant by the fluctuations “accumulating”, we start by assuming the Universe
is radiation dominated instantly after the end of inflation, i.e. immediate decay of the inflaton and
thermalisation, and we leave a brief discussion on how our results could be adapted to an early
period of matter domination during reheating to Section Let us follow a specific patch of
the Universe that exited the horizon N e-folds before the end of inflation and denote the average
value of the radial mode and axion over this patch at the time of exiting by rg, ag respectively.
By the end of inflation this patch will be inflated into an exponentially large number of causally
disconnected new patches, which will all re-enter the horizon at a time when the Hubble parameter

H is given by:
1 1 v R

g 4.2
T-m° B (4.2)
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Figure 4.1: Schematic representation of the role of quantum fluctuations in the formation of topo-
logical defects. Radial fluctuations form strings when the pass over the top of the potential, and
subsequently domain walls resting on them. Angular fluctuations form closed domain walls as they
pass 8 = w, but not necessarily strings.

where Ry is the scale factor at the end of inflation and in a radiation dominated Universe we have

which means

Hy

0 m "
/i »
The radial mode and axion fields inside these patches that have re-entered up to this point were
distributed at the end of inflation according to the solutions of Fokker-Planck equations
which evolved for N e-folds, corresponding to their respective potentials. As explained in Section
[3-3] the initial condition for the probability distribution before the final N e-folds of inflation was a
delta function for both the radial mode §(r —r¢) and the axion §(a —ag). The distributions of radial
mode and axion that solve the respective Fokker-Planck equations are wider at the end of inflation
the larger N is.! Thus the more e-folds re-enter the horizon the more randomized the axion and
radial mode are inside the horizon, so the more likely the radial mode has passed over the top of the
potential to form strings, and similarly the more likely the angle 6 passed over 7 to form domain
walls. This is both because we are taking more samples of the probability distribution as more
patches of size 1/H; that were causally disconnected at the end of inflation have re-entered, but

primarily because the probability distributions we are sampling over have spread with the number

'Up to an eventual equilibrium distribution if N is large enough.
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of e-folds. We can see that the way the fluctuations accumulate as the Hubble horizon grows after
inflation leads to the possibility that a network of strings forms only late, once the probability the
radial mode has passed over the top of the potential inside the horizon is sufficient?. Likewise, even
for small radial mode fluctuations and consequently in the absence of strings, angular fluctuations
similarly accumulate and may create domain walls.

Since we expect radial mode fluctuations to lead to strings (and consequently domain walls),
while angular fluctuations lead to domain walls without strings, it is time to consider the fluctua-

tions in these directions separately.

4.2 Negligible radial mode fluctuations

First let us consider the case of small radial mode fluctuations, where the axion field at the end
of inflation is given by the solution to the Fokker-Planck equation (3.33) with the field ¥ = a
replaced by the axion and no strings form. This corresponds to the case of a radial potential that is
sufficiently steep so fluctuations in this direction are negligible even if they accumulated over Nyt
e-folds.

In typical theories of inflation m, < Hj as well as Aqcp < Hj, so the axion has effectively
no potential. However it is interesting to mention the results for the situation Hy < Aqcp which
has been considered in [248,249]. In this case the axion has a mass and will eventually reach an
equilibrium distribution if inflation lasts for a large number of e-folds > O(H}Y/ mgA%CD). The
equilibrium distribution is strongly peaked in the minima of the axion potential with very small
variance controlled by the size of H;. This means that the initial misalignment angle is no longer
a free parameter as in the usual pre-inflationary scenario, but rather (62) ~ 10~% (H;/Aqcp)'?,
which is naturally small while the usual isocurvature constraints present in the pre-inflationary
scenario are satisfied since Hr < Aqep < fa-

Back to the case of negligible axion potential, as we have seen in Section the solution to the
Fokker-Planck equation for a massless field starting from a delta function initial distribution
is a Gaussian distribution with constant mean and a variance increasing linearly with the number
of e-folds elapsed 02 = NH?/(47w?). At a time after the end of inflation when N e-folds have
re-entered the horizon, the axion fluctuations inside the horizon have been produced during the
final Nye e-folds of inflation. It was argued in [197,/198] (see also [250]) that if the variance of the
distribution of the field inside the horizon is sufficiently large
(4.5)

Oq

™

then domain walls will form that are larger than the size of the horizon at the time when N

’By a network forming we mean that strings are at a distance typically the size of the horizon. Strings still exist
even before, but they are very rare and far apart, at distances much larger than the horizon.
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e-folds re-enter. The problem with these walls is that, in the absence of the strings that would
collapse them, they will be stable while they are larger than the size of the horizon and they will
dominate the energy density at late times, even if Npw = 1 or if an energy bias is present reducing
the number of inequivalent minimums of the axion potential to one. The point is that even with a
single minimum of the potential, walls form at places where the axion was at the maximum of its
potential and interpolate between regions that have reached the same vacuum while the complex
PQ field moved over opposite sides of the bottom of the Mexican hat potential described by .

Therefore, in the absence of strings there is a necessary condition that there is no such domain

wall larger than the horizon today

vV Niot H
72:: ! S7fa- (4.6)

Additionally an estimation of the number density of wall bubbles of any size in [197] translates to

less than one bubble having re-entered the horizon if:

V NtotHI < ﬂ—fa

. 4.
2 12 (47)

The situation between these limits is rather complicated and we do not consider it in detail.
However we remark that such values of Hy/v, ~ O(1) would be ruled out by isocurvature in the
absence of domain walls if the axion makes up a significant fraction of DM [201], and the presence
of decaying domain walls can only tighten these bounds, as they are located at regions where the
axion is close to the top of the potential a = wv,, precisely where the largest contribution from the
misalignment is coming from.

We conclude that in the case of small radial fluctuations domain walls can only have a negligible
contribution to axion density compared to the DM density, as all the other possibilities are ruled out
either by stable domain walls dominating the energy density today or by isocurvature. A necessary
condition for the standard pre-inflationary scenario is eq. which corresponds to the absence
of walls, together with the characteristic isocurvature constraints [192-199,201-203|, which require
H; < f, if the axion makes up a significant fraction of DM. If condition holds it is also likely

that strings do not re-enter the horizon until today, as we discuss in subsequent Sections.

4.3 Radial mode fluctuations

Once radial fluctuations are large enough for the field to go over the top of the PQ potential the
distribution of the axion field is no longer determined by the fluctuations in the angular direction
alone. Firstly, the field displacement required to go from a = 0 to a = 7wy, is larger when going
around the circle than over the top. Additionally, the effect of axion fluctuations is also enhanced
when the radial mode is closer to the top of the potential, since a kick of the same size of the

axion field now results in a larger angular displacement due to the reduced radius. This leads to a
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complicated description of the axion spatial distribution at the end of inflation and consequently
at the time the axion mass becomes relevant, which we do not attempt to consider in detail.

Instead, we recognize that radial fluctuations are the important ingredient to the formation
of strings, during which the axion field around strings is adjusted in such a way as to explore
the full fundamental domain around a closed loop. Meanwhile the complicated distribution of the
axion field away from the strings is only relevant to the calculation of the axion misalignment
contribution, which is not the dominant one in the post-inflationary and the intermediate scenario
we will uncover. On the other hand in the pre-inflationary scenario the radial mode remains
approximately in the vacuum so the treatment of the previous Section can be applied.

The effect of quantum fluctuations in the radial mode has been previously considered in [251]
which finds approximate solutions to the Fokker-Planck equation in the limits Hf/v} < A and
H}L /vt > X and identifies these with the pre- and post-inflationary scenario respectively.

More specifically, in [251] the complex PQ field is written in term of its real and imaginary
part ¢ = (¢1 + i¢2) /v/2 with ¢; and ¢ being real fields with canonically normalised kinetic terms,
each evolving according to a respective Langevin equation during inflation. This gives rise to
an individual Fokker-Planck type equation for each field, which after moving to polar coordinates
(b1, 2) = (V20| ,0) and integrating over @ results in an equation for the probability distribution
of |¢| reproduced here:

o (300 _ 1 Ppigy o 10 [(1V2101(VRI6] + ) (VRI6l “u) v
W VAN T 1z ajer” T 10 C203 Valol )]
(4.8)
s\ V4
where ¢ = | 5Lz , and pyg| is the probability distribution for the absolute value of the complex
PQ field.

In the limit ( <« 1 the equilibrium distribution of eq. is strongly peaked in the vacuum,
which corresponds to the field being stuck in the vacuum with fluctuations too small to bring it
over the top of the potential and form strings.* Additionally if ¢ < 1 and perturbative self-coupling
A < O(1), the condition to avoid domain walls in the absence of strings we have discussed in
Section holds, so this limit clearly leads to the standard pre-inflationary scenario.

Conversely in the limit ¢ > 1 the distribution is very spread and large values |¢| > v, are
common, meaning it is likely that the radial mode was pushed over the top of the potential inside
regions the size of the horizon 1/H at the end of inflation. This is expected to lead to the formation

of numerous strings once many Hubble patches at the end of inflation will have re-entered the

31t is interesting that even though the radial mode is self-interacting, a qualitatively similar conclusion could be
reached by comparing the equilibrium variance for a massive non-interactive field discussed in Section ~ H}/m? ~
H}l/()\vg) to the distance squared between the vacuum and the top of the potential vZ.

In fact in our single field approach that is introduced bellow, it can be shown that fluctuations would need to
accumulate for an exponentially large number of e-folds N ~ e/ 2" pefore the probability that the field passed over
the top of the potential is O(1) |244].
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horizon, which interact to reach the scaling regime characteristic to the standard post-inflationary
scenario.

Our approach differs from that in [251] since we are interested in exploring the situation between
the limits ( > 1 and ¢ < 1. Since we expect that string formation corresponds to the radial mode
passing over the top of the potential we consider the fluctuations in the radial direction separately
from the angular fluctuations to find the condition to form strings. We do so by looking at a slightly

modified theory in which we consider a real field which we denote 7 with a potential:

Vi) =5 (P —2)’ (1.9
The field 7 has a similar potential to that of the radial mode, with the exception that its potential
exhibits a Zo instead of a U(1) symmetry and it is allowed to take any value (compared to the
radial mode as defined in eq. which only takes values larger than —v,). We would then apply
the Fokker-Planck equation by replacing the generic field ¥ with 7 to find the probability
distribution of 7 and relate this to the string density via numerical simulations presented in Section

While this one field system is not identical to the complex PQ field it has some advantages:

o The solution of the Fokker-Planck equation for the field 7 quantitatively captures the difficulty
of pushing 7 over the top of the potential, which we expect is necessary to form strings.
Meanwhile the Fokker-Planck solution to the full complex potential does not distinguish
between the field passing over the top of the potential through radial fluctuations and rotating

to the other side along the flat axion direction.

o It is numerically less demanding to solve the Fokker-Planck equation for the one field # than
it is for the two component PQ field. This is helpful when exploring the parameter space,
for example to produce a contour plot such as Figure we have solved the Fokker-Planck

equation for a large number of parameters (Hy/vg, A).

e Finally for the typical parameters that are relevant for the edge of the post-inflationary
scenario which can be seen in Figure4.9|(i.e. Hy/v, ~ 2, however there order 1 uncertainties),
the difference between the solution to the one field Fokker-Planck equation and two field

Fokker-Planck equation is not very dramatic, an example is shown in Figure [A73]in Appendix

Al

Another difference between our approach and that in [251] is that we are looking for a more
precise condition to form strings which does not necessarily involve reaching the equilibrium distri-
bution. In fact if the equilibrium distribution of 7 has been reached it is expected that numerous
string would form, since the equilibrium distribution has equal amount of probability on both sides
of the Zs symmetric potential , see equation and Figure Since strings form even

if the equilibrium distribution of 7 is not reached, that means that initial conditions for 7 matter
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Figure 4.2: An example of the evolution of the probability distribution of 7 with potential
following the Fokker-Planck equation for Hy /v, = 2.5 and A = 0.5. Different colors corre-
spond to different number of e-folds the distribution evolved for as labeled, while initial condition
are p#(7, N = 0) = 50 sech?(100 (7#/v, — 1)), which is a narrow distribution around 7 /v, = 1. The
thicker red plot corresponds to the equilibrium distribution, which is calculated by replacing the

potential (4.9) into equation ((3.34]).

for the precise boundary of the post-inflationary scenario. As explained in Section the initial
distribution at the time N e-folds before the end of inflation is a delta function on the average
value of 7 over the Hubble patch that will expand to be the size of our Universe today, but this
value is unknown. In the following we present results assuming initially # = v,, corresponding to
the PQ field starting in the vacuum, although our approach can be in principle adapted to different
initial conditions.

Additionally, in Appendix [C] we discuss the situation where 7 starts very far away from the
vacuum. This is possible if the quantum fluctuations are large and the radial mode can take
large values with significant probability, which is likely to lead to the post-inflationary scenario.
Alternatively, with additional model building it is possible to have simultaneously large radial mode
and low Hj during inflation, which has an interesting consequence of suppressing the otherwise

strong isocurvature constraints typical to the pre-inflationary scenario [252,253].

4.3.1 Solution to Fokker-Planck equation

In the simulations presented in the next Section we will show how the string density at some time
after inflation when NN e-folds re-entered the horizon is correlated to the probability distribution (in
particular the variance of the distribution seems to be a good measure) of 7 at the end of inflation

over regions that would be the size of the horizon at the time when the same N e-folds re-entered.
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To find the radial mode distribution over regions that re-enter the horizon at a time N e-
folds re-entered, we would ideally solve the Fokker-Planck equation multiple times with
initial conditions sampling over the distribution of the field 7 at the time N e-folds before the
end of inflation for a given pair (Hj/v,, A), weighting the initial conditions appropriately, i.e. by
their own probability distribution which is the solution of the Fokker-Planck equation this time
starting at Nyot before the end of inflation and evolving until N e-folds before the end of inflation.
Unfortunately it would be very difficult to achieve this weighting numerically, since we also need
to do so for many pairs (Hj/v,, \) to explore the parameter space. Instead we use the fact that
for parameters of interest on the edge of the post-inflationary scenario, i.e. fluctuations that are
relatively small over one e-fold and affect the string formation through accumulation over many e-
folds, the probability distribution of the radial field IV e-folds before the end of inflation is expected
to be peaked in the vacuum, as it also obeys a Fokker-Planck equation, having evolved from the
start of inflation. As an approximation we always set the initial conditions for the Fokker-Planck
equation as a delta function in the vacuum and we checked numerically that a proper accounting
for the initial conditions does not change the results by a large amount and it is likely not the
dominant source of uncertainty.

We solved the Fokker-Planck equation for various (Hy/v,, A\) numerically using Mathe-
matica NDsolve [254], method "BDF” and a maximum step size of 0.1. The initial condition is a
sharp function pz(7, N = 0) = 50 sech?(100 (7/v, — 1)) and the equation is solved inside a box
between (—3.5v4,4.5v,) with boundary conditions ps(—3.5v4, N) = 0 and p(4.5v,, N) = 0 at all
times. Convergence checks for the maximum step size and box size can be found in Appendix [A]
Then for each pair (Hj/v,, A\) we extracted the variance as a function of e-folds re-entered Ny,
which as we show in the next Section is correlated to the string density.

We plot as a representative example the way variance calculated grows with the number of
e-folds N, for various Hy/v,, A in Figure In general, the variance grows at most linearly with
the number of e-folds, the fastest growth corresponding to A = 0.

We now present the results of numerical simulations and then explain how they can be used to

explore the edge of the post-inflationary and pre-inflationary scenarios.

4.4 Results of numerical simulations

The claim we would like to check using numerical simulations of the underdense string networks
is that the string density is simply a function of the probability that the radial mode went over
the top of the potential inside causally connected regions. We will do this by plotting the string
density as a function of the variance of 7 over regions the size of the causal horizon for various pairs
(Hy/vg, A).

Our numerical simulations of the string network incorporate two phases. First there is a phase

of generating the initial conditions, which involves populating a cubic lattice of size Ng’rid = 20483
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Figure 4.3: Plot showing the variance of the solution of the Fokker-Planck equation for
various values of parameters A\, Hr/v, as a function of e-folds during inflation, color coded by the
value of A\. The initial condition for the distribution is a delta function centered on the minimum
of the potential as explained in the text. As expected, larger values of H; and smaller values of A
lead to faster growth of the variance, which grows at most linearly with the number of e-folds. As
explained in the text, we use this as an estimate for the average variance over regions that will be
the size of the horizon when N, e-folds have re-entered during the radiation dominated era.

points by assigning values for the components ¢1, 92 of the complex PQ field at each point, i.e.
¢ = (¢1+ip2)/v/2. We use a procedure to populate the grid that is meant to simulate the evolution
of the Langevin equation (3.19) as follows:

e We start by setting a grid point in one corner of the lattice to ¢1 = wve, ¢2 = 0. This
corresponds to some initial Hubble patch during inflation with the complex PQ field in the

vacuum. Further grid points correspond to a Hubble patch during inflation each.’

e Then we apply random “kicks” to ¢1 and ¢ at this point, distributed according to a Gaussian
distribution with mean 0 and variance log(2)H?7/(47?). As explained in Section this
corresponds to a duration of log(2) e-folds of inflation, which is the time it takes for the scale

factor to double.

e We then copy the values of ¢; and ¢o from this grid point to the seven neighbouring grid
points. This “splitting” of the initial grid point correspond to the fact that over log(2) e-
folds an initial Hubble patch has expanded into eight Hubble patches, which then evolve
independently.

®Since we set the distance between grid points to the size of the horizon during inflation 1/H7 this corresponds
the coarse graining procedure discussed in Section after setting the parameter e = 1.
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Figure 4.4: Schematic representation of the first two steps of the procedure to generate initial
condition in the case of no potential. At each step a Hubble patch “splits” into two along each
dimension, which share the history of random kicks up until that point but then evolve indepen-
dently. For a non-zero potential the evolution of the field due to the gradient of the potential also
has to be applied.

o We allow the field to evolve under the potential term (i.e. the evolution of the field in the
Langevin equation in the absence of random kicks) for a duration of log(2) e-folds. As shown
in Appendix [B] we can apply the kicks and the relaxation separately and approximate the

Langevin evolution if:
36 n)

8my/log(2) v3

o We continue this procedure of applying kicks, allowing the field to relax and splitting the grid

A< (4.10)

points until the entire grid is populated. Since we started with one populated grid point and
end up with 2048, this corresponds to the scale factor doubling 11 times, or 11log(2) ~ 7.6

e-folds of inflation.

In Figure [4.4] we show a schematic representation of the field going through two “splits”, while
in Figure [4.5] we show a 2D slice through a realisation of the Langevin equation according to the
procedure discussed above.

By construction the probability distribution of the fields (¢1, ¢2) for initial conditions generated
in this way is expected to obey the Fokker-Planck equation (for two fields there are two coupled
equations, see equation ), since the procedure mimics the evolution of the fields under the
Langevin equation. The reason we chose this procedure is that some of the spatial information
about the field distribution is maintained, as opposed to the Fokker-Planck equation. We show
that indeed the field distribution obeys the Fokker-Planck equation in Figure

We generate initial conditions in this way for various values of the relevant parameters Hy/v,
and A and then for each realisation of the initial condition we proceed to the second phase of the
simulations, which is following the formation and evolution of strings after the end of inflation. We
do so by integrating the equations of motion resulting from the action on the discrete cubic
lattice that we populated. The code for used to do this phase was written and provided to me by
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Figure 4.5: Two dimensional slice through a realisation of a Langevin evolution for 8 doubling
of the scale factor (or 8log(2) = 5.5 e-folds), Hr/v, = 2.5 and A = 0.5. Colours represent the
value of ¢ in units of v,, while initial conditions were ¢1 = v,, ¢p2 = 0. Red squares mark regions
corresponding to 4, 6, 7 doubling respectively. Points at the edge of red lines have only been distinct
and received different kicks for the corresponding number of doubling.

66



0.5¢ .
S
|- .l ‘
04 [ .'I \
Lo )
.I
[ e/ J‘
0.3/ 1
4 o
o \
o, I': .\‘
O?Z{j \\
’/.;I : .‘\
oAl A
. I \
(4 L b \
" —-”".’ ! § ! ! .‘}&A " d)
3 -2 1 - 1 2 3 4 !

Figure 4.6: Comparison of the probability distribution of the field ¢; generated by the Langevin
procedure explained above (blue dots) and the prediction from the two-field Fokker-Planck equation
, which we solved numerically as explained in Appendix|A| Additionally, we show in Appendix
[A] that the probability distribution of ¢; found by solving the two-field Fokker-Planck equation is
numerically very similar to that of the field 7 found by numerically solving the one field Fokker-
Planck equation as explained in the main text (see Figure . For definiteness we plotted for
Hi/ve = 2.5, A = 0.5, and the field was evolved for 11log(2) e-folds, which is the same as in the
evolution of the initial conditions used in simulations, i.e. the network size doubled 11 times, from
initial conditions ¢ = 1, ¢ = 0. Kicks were applied every log(2) e-folds, i.e. every time the
network size doubled, the same as in the generation of initial conditions used in simulations. In
Appendix [B| we also provide a check that applying kicks every log(2) e-folds is sufficiently often,

see Figure

my collaborators, Dr Marco Gorghetto and Dr Edward Hardy. More details about this phase can
be found in Appendix [E| as well as in the Appendices of [186}|188].
We employ the fat string model, which involves replacing the constant self-interaction coupling

A to a time dependent one:

R2. b
At) = Aini 2t = Aipi— 4.11
(1) = N ot = (@11

where the subscript ini denotes quantities at the time when the simulation of the string network
starts and we assume radiation domination at the start of the simulation. A period of matter
dominated during reheating can be accounted for as we explain briefly in Section The fat
string model has the advantage that the number of grid points inside the string cores remains
constant, in particular one grid point per string core in our simulations, which was found to be
sufficient to resolve the string core for simulations of scaling networks (see Appendix B.1 and Figure
15 of [186]) and we also show evidence for that in Appendix For this reason we expect that
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one grid point per string core is also sufficient resolution to resolve strings in the case of underdense
network, however as we briefly discuss in Appendix there are some complications if we wish to
test this directly. Nevertheless, the test that we show in the Appendices points to the fact that the
error due to our choice of resolution is not too large. Conversely in the physical case a large number
of grid points would be inside string cores at the initial time and the initial conditions would lose
some of their resolution.

We initialise the value of the Hubble at the start of this second phase of strings evolution to be
equal to the initial mass of the radial mode H = m; jni and set Ajp; = 1. This means that there is a
time discontinuity between the end of inflation when H; ~ 1.7 + 3.4v, in the various simulations,
and H = m, ~ v/2\v, at the start of the post-inflationary evolution. We do this because the
formation and subsequent evolution of strings happen after H < m,., so this way we can follow
the string network for the longest time possible inside the simulation, which otherwise would have
been a problem particularly for A < 1 simulations. During this time additional fluctuations would
re-enter physically, so there is a difference between the distribution we are simulating and the exact
distribution for small A\. However given that we find that the string density depends on the variance
of the distribution and not time it is likely that this is not a problem, and that the empirical relation
we find also holds for the physical distribution.

For each realisation of the initial conditions the quantity we are interested in is the string density
¢ defined as in equation . First we performed simulations with various Hj/vg, A on smaller
grids (Ngrig = 512) to find the most relevant values of the parameters to simulate on the largest
grids. In particular we are looking for parameters such that the fluctuations are large enough for
the network to evolve and £ to grow, while small enough so that network remains in the underdense
regime £ < 1 throughout the simulation. Due to the random nature of the initial conditions, we also
generated multiple realisations for each such pair of parameters while only changing the random
seed, allowing us to have some idea about the size of statistical errors.

In Figure we plot the string density for various values of (Hj/v4, A) used in the generation
of initial conditions as a function of the variance agvg of the probability distribution for the field 7
defined in Section [4.3] The string density & is extracted directly from the numerical simulations as
a function of time, while the variance is computed from the solution of the Fokker-Planck equation
as a function of Hy/v,, A and time. The key result is that the growth of £ as a function of variance
overlaps and aligns for different simulations with different initial conditions, which reach equal

variance at different times. Therefore this shows evidence for a linear relation between log({) and

2

Tive:

02 re
log(£(t)) = aavgv(QN) +8, (4.12)

a

with @ = 3.72 £ 0.03, 8 = —3.41 + 0.01 extracted from the fit.
For simulations with A = 0 this may not come as unexpected, since in this case the variance

fully describes the probability distribution, which is a Gaussian with mean in the initial value of 7
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Figure 4.7: Plot of £(t) versus average variance over causal regions as explained in the main text.
Various colours represent different values of A and different shades represent different Hy/v, at the
same A. For each pair of parameters the evolution of £ has been averaged over multiple simulations
which differ only in the random seed. The exact number of simulations we have averaged over
varies between 4 and 20 for each pair of parameters, depending on the size of statistical errors
towards the end of the respective simulations, which is discussed in more detail in Appendix[E] and
we have plotted only for values of Hy/v, for which 20 simulations were enough to have at least 6
data points with reasonable statistical errors. The fact that the evolution of the string density in
simulations for various Hj/v,, A partially overlap and align when plotted as a function of variance
provides evidence for the claim that string formation is associated with the probability that the
radial mode has been pushed over the top, more specifically by the relation , and that the
variance is a good measure for this probability.

which we took to be v,. The plot in Figure [£.7] also points to the variance being a good measure
of the probability that 7 passes over the top of the potential even for A > 0, since simulations with

A >0 and A =0 do overlap.b

5We have tested and the variance actually provides a better fit than the integral of the probability distribution
between 7 = —oo and 7 = 0. This is because there is another way the field can be pushed over the top, namely that
the field is pushed to values ¥ > /2v, where its potential is greater than that at the origin. In this case 7 can also
pass over the top of the potential by the oscillations of the field after the end of inflation, and the actual calculation
of the probability that 7 passes over the top must take this into account. We discuss this in more detail in Appendix

&
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In the following we assume this relation holds in the underdense regime £ < 1 for larger £ and
log(m,/H), that are otherwise inaccessible in the simulations, including after the time the axion
mass becomes relevant. We extrapolate this relation and use it to estimate the contribution of the
string network to the axion relic abundance in the following Section.

For comparison the evolution of & with time rather than variance would proceed differently for
each pair Hj/v,, A, generally growing faster with larger Hy/v, and smaller A as one would expect.
This can be seen in Figure for a selection of pairs Hy/vg, A.
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Figure 4.8: Comparison of a selection of simulations in the underdense regime to the evolution in
the scaling regime. The scaling regime corresponds to initial conditions obtained by evolving the
Langevin equation for a large value Hy = 16.9v,. Such large values of Hj introduce additional
complications in the simulations, which we explain in Appendix The black line corresponds
to a fit of the black data points to the expression & = c¢_slog(m,/H)™2 + c_1log(m,/H)™* +co +
c1 log(m,/H), where log(m,/H) = Ny for the fat string model applicable to these simulations. We
find ¢; = 0.22 + 0.13 which is consistent to the result ¢; = 0.24 in [188] for the fat strings in the
scaling regime.

4.5 Late strings and the edge of symmetry restoration

We now have the tools necessary to estimate the relic abundance as a function of Hy,v,, A. First
of all, as we will show in Section the dominant contribution of strings and domain walls to
the axion density is the energy released by the domain walls when the network is destroyed, if that
happens sufficiently late. Thus the time when the network is destroyed is an important quantity

and we discuss how it can be estimated.
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We start by recognizing that there exist some minimum value &, ~ O(1) that is required for
the network to be destroyed. This is because for a domain wall larger than the horizon the strings
it rests on are outside of causal contact, and they cannot “chop” up each other in order for the wall
to decay. Then at the time of network destruction each long string must be away from the closest
other long string by at most the radius of the horizon. This means at least order one long strings
inside each causal horizon, which corresponds to & it ~ O(1). Thus we define the time the network
is destroyed tqes as either the time the axion mass becomes relevant and domain walls form when
H = H, = my(T,), where mq(T) is given by equation , or the time when & = £, whichever
happens later.

For a given &.it we can estimate the time the network is destroyed as a function of Hj/v,
and ), by taking the corresponding o2, directly from Figure or alternatively by extrapolating
the expression to & = &t and the corresponding agﬁt in case &t is above the values of &
represented.” Then we numerically solve the Fokker-Planck equation to find the number of
e-folds Nyes that re-enter until this specific value of the variance is reached. In Figure [£.9] we show
the number of e-folds before the network is destroyed for various Hj/v,, A and a set value &yt = 1,
focusing primarily on the region that corresponds to the intermediate scenario.® If the Universe
was radiation dominated immediately after inflation the network is destroyed at a time when the

Hubble parameter is
1 H;

Hppy = —— = 2L
“ 2t des e2Naes

(4.13)

The time the network is destroyed also sets the inflationary scenario. Large values of Hj
for a given A and v, result in the network reaching scaling before the axion starts oscillating so
that Nyt < Ni and thus the network is destroyed approximately at Hges ~ Hy. This would
be the standard post-inflationary scenario and in this case the dominant contribution to axion
density is from strings and can be estimated as explained in Section The resulting upper
bound f, < 10 <+ 10! GeV [188]|189] depends on the value of the network’s density while scaling
and the details of the emissions spectrum. Somewhat lower values of Hj result in the network
being underdense at H,, this is an intermediate scenario interpolating between the post- and pre-
inflationary scenario. As we show in Section the later the network is destroyed the larger
the domain walls contribution to axion abundance is, and it dominates the strings contribution
if Hyes < Hy. Eventually the network is destroyed so late that the walls contribution saturates
the DM abundance today, later destruction times and correspondingly lower H; are ruled out.
Alternatively, if the network would be destroyed too late the intermediate scenario could also be

in tension with isocurvature constraints discussed in Section [4.5.2] Finally if the network has

"We expect equation to hold in the underdense regime defined as € < &iny ~ 1 which is the limit of inefficient
string interactions. We also expect &erit S Eint since the presence of domain walls is expected to enhance the string
interactions as walls pull strings together.

81n producing Figure we have actually solved for the number of e-folds required for the average displacement
away from the minimum squared to be equal to ¢2;; rather than the variance, to account for the change in the mean
of the distribution.
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not developed sufficiently and topological defects have negligible contribution we are in the pre-
inflationary scenario.

The precise transition between the region of the intermediate scenario ruled out by DM abun-
dance or isocurvature and the pre-inflationary scenario would be challenging to estimate, because
the domain walls emissions to gravitational waves become relevant if the network survives to very
late times. In this situation the walls emissions to axions would be difficult to estimate and the
DM abundance and isocurvature bounds would be modified in an unknown way, on top on the fact
that the backreaction of gravitational waves could modify the behaviour of the network’s evolution
in eq. . Similarly, as discussed in Section there may exist a region in which small domain
walls form in the absence of strings due to the angular fluctuations, which subsequently decay into

axions. We do not consider any of these situations further.

4.5.1 The dark matter parameter space

In this Section we explain how the axion abundance in the intermediate scenario can be estimated
which allows us to consider the corresponding axion masses allowed and phenomenological conse-
quences later on in Section

We start by writing the energy density of strings and domain walls at times before network
destruction. For strings the energy density stored in the network is simply the length of the strings
times the tension:

my

pstr = 4mv2 H?€ log <H> : (4.14)

For domain walls it is useful to define a dimensionless wall density A, analogous to ¢ for strings:

AVt

=limV
A =lim —>oov,

(4.15)

where A(V) is the total area of domain walls inside the volume V. Then the energy density in
domain walls is:
ppw = 20pwHA, (4.16)

where opw is the domain walls tension in .

In order for the network to maintain the relation it is clearly emitting some of the stored
energy, otherwise ¢ would grow as £ ~ t. Additionally once walls form the loss of energy and
therefore length of strings also translates in a loss of area and energy of the attached walls. This
will go primarily into axions rather than gravitational waves, as long as the network is not destroyed
too late, while emissions of strings to heavy radial mode are expected to be suppressed by a factor
of log(m,/H) compared to axions, and we will see that the emissions of walls dominate those of
strings anyway. The ratio between the rate of energy transfer to gravitational waves and axions

can be estimated using the quadrupole formula and is O(v2N2, /M32) for strings as we explain in
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Figure 4.9: Contour plot showing the number of e-folds N4 that re-enter before the average
variance is 02 corresponding to it = 1. Marked in red are the contour that corresponds to
the edge between the intermediate and post-inflationary scenario, as well as the contours that
corresponds to axions produced by walls saturating the DM bound, both for f, = 107 GeV. For
this value of the symmetry breaking scale the intermediate scenario is allowed between the red lines.
Higher values of f, result in a narrower parameter space for the intermediate scenario. The precise
transition between the region labeled “Too much DM”, which is ruled out, and the pre-inflationary
scenario for even lower H7 is difficult to estimate as we explain in the main text, primarily due to
the backreaction of gravitational waves becoming relevant if the network survives to very late times.
However a sufficient condition for the pre-inflationary scenario is given by , corresponding to
H; < 0.4f,. Values for which m,/H; > 3/2 resulting in the stochastic formalism no longer being
valid as explained in Chapter [3| correspond to the pre-inflationary scenario and are located outside
the range of this plot.

more detail in Section and O [(mqf2)/(HaesM3)] for domain walls [255]. Thus let us denote:

2
_ Mafy

rav —
YT MR

H, ~107% GeV( Ja ) , (4.17)

1012 GeV

which parametrises the time when the walls start emitting comparable amounts of their energy
into gravitational waves and axions. In the following calculations we assume that Hges > Hgray i.€.
that almost all of the energy emitted by the network goes into axions, so we ignore gravitational

waves backreaction. The case when the domain walls network survives to much later times so
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that gravitational waves emissions become relevant is subject to many uncertainties, such as the
exact time the network would decay to gravitational waves and the fraction of its energy that went
into axions and gravitational waves respectively. Additionally it is unclear if the behaviour of the
network described by eq. which we use to estimate the time the network would be destroyed
continues to hold in the presence of significant gravitational waves backreaction.

We first estimate the axion abundance from the evolution and final destruction of domain walls
assuming that A is a general monotonically increasing function of time. This can be done by setting
an upper and lower bound for the total domain wall contribution, which are within a factor of 2
of each other. Similarly we estimate an upper bound for the contribution of strings during their
evolution and final destruction and show that it is in general much smaller than that of domain
walls in the intermediate scenario.

The relevant scales to the emissions of the domain walls are the size of the horizon 1/H > 1/m,
after walls form and their thickness 1/m,. Thus we expect that axions produced by the domain
walls are at most mildly relativistic in which case we can convert from the energy emitted by the
walls to the number of axions emitted by dividing by mg, up to an order 1 correction. A lower
bound on the domain walls contribution to the axion density is obtained simply by the energy in

the network at the time it is destroyed:
18f2Hdes-A(tdes) < Ma DW - (4.18)

Domain walls also emit axions during the network evolution, at a rate which can be estimated
by comparing the evolution of the network of walls to that of a free network which is identical to

the actual network at a time ¢’ is later described by the walls staying at fixed comoving coordinates:

I'pw = PDW, free — PDW - (4.19)

The energy density of the free network of walls larger than the horizon evolves as ~ 1/R since the

walls are stretched by a factor R? and we assume radiation domination:

PDW, free = 2A(t,)O'DW\/ﬁ, (420)

A
I'pw = HpDW — XpDW . (4.21)

The total domain walls contribution is then:

taes Tyw (1)) / R(t) )3
— 2 DW ,
Na,DW (tdes) = 185 Haes A(tdes) + () ( Rlta) dt’ . (4.22)
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Replacing I'pw from eq. (4.21]) the integral above breaks into:

18f2 tdes A tdes \/]7',4_
n tdes) = 1812 Hyes A(tes) + —o2 / dt’ — dt' | , 4.23
a,DW( des) fa des (des) tiés < ” 4\/;/ ” 2 ( )

where the first integral can be performed by parts to give:

182 (A(tdes)\/@ _AlIVE [l ﬁAdt’) L (4.24)

n taes) = 182 Hyes A(tqes) +
a,DW( des) fa des (des) t3/2 9 2 ty

des

For positive A this means an upper bound as well:
18f3Hdes~A(tdes) < na(tdes) < 36f3HdesA(tdes) 5 (425)

i.e. the contribution from the evolution of the network is at most equal to that from the final
destruction of the network.
For the contribution of strings an upper bound can be obtained by noticing that the rate of
emission during the evolution of the network is lower than that of a network with constant £ = &.pit:
Tt < 2H pety < ST0EH3Eoriy log (”;) . (4.26)
As opposed to the domain walls, the strings are also evolving at times before t,, when axions
emitted would have been relativistic. We estimate the axion density from the energy emissions as
dn/dt ~ T'gy/H at times before t, and dn/dt ~ Ugy/mg S D/ H, at times between t, and fges.
Upon performing the integrals and discarding the negative terms as we are interested in an upper

bound, we find:

m H, H, m
Nastr < 47TvgfcritHdes <log (Hd;> I;js +4 I;ES log <Hi)> . (4.27)

Comparing the upper bound on the contribution of strings to the lower bound on the contri-
bution of domain walls (4.25)) we find that indeed the domain walls contribution dominates in the

intermediate scenario if the network is destroyed somewhat later than t, such that:

Hdes < E-A(tdes) 1

~0(1073), 4.28
H, ™ 167 &t log (%) ( ) ( )

assuming &t and A(tqes) are of order 1. Thus we can estimate the axion number density at the

time the network is destroyed in the intermediate scenario as:

na(tdes) = 18f3Hdes~A(tdes) . (429)
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The axion number density above redshifts until today as 1/R? and can be multiplied by the
mass of the axion to give the energy density. This must not exceed the total DM energy density,

which results in a minimum value for Hubble when the network is destroyed:

10 f. 2
Hies 2 Hupin = 2.1 x 10710 GeV ( 2 ) tdes)? 4.30
des < {1min € g*(Tdes) 1012 GeV -A( des) ) ( )
where the network being destroyed at Hy,j, corresponds to axions making up the entirety of DM.
Notice that Hyin > Hgray for values of f, allowed for the QCD axion, so the assumption that
the majority of the domain walls energy goes into axions that was used to calculate H,, is self-

consistent.

2x10° 4x10° 6x10° 8x10° 1x10'0
f.1GeV

Figure 4.10: The minimum temperature at which the domain walls are allowed to collapse in order
to not overproduce dark matter as a function of the symmetry breaking scale f,, in the range
allowed by astrophysical constraints f, € (108 GeV,10'°GeV). This is calculated by converting
Hin of eq. into a temperature. We have plotted two different values of A(tges) to show that
for sufficiently low density of walls at network destruction, this is potentially allowed to happen
around the time of the BBN.

4.5.2 Isocurvature constraints

During the evolution of the network and at the time domain walls annihilate, the axion field contains
inhomogeneities. Since these involve only the axion energy density, they correspond to isocurvature
perturbations [256], which could potentially be in conflict with cosmological observations, even if
the axion makes up only a fraction of the total dark matter. An analysis of such perturbation has

previously been carried out for the QCD axion [257] and axion-like particles in [258,1259] in the
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post-inflationary scenario. In this Section we explain in more detail how to calculate the potential
isocurvature constraints in the intermediate scenario, while in Section[6.3.3|we apply the same to the
post-inflationary scenario of ALPs which are relevant in our analysis in Chapter [f] The calculation
in these two scenarios is qualitatively very similar, the only difference being the dominant source
of axions: domain walls in the intermediate scenario, strings in the post-inflationary scenario.
The perturbations in the axion energy density p, are most easily studied using the overdensity
field 6q(z) = (pa(x) — (pa))/{pa), where the brackets indicate the spatial average. It is useful to

express d, in terms of the (dimensionless) power spectrum A2 (k), defined by
L 2
(da(k)da(k')) = =5 AL(K)O° (k — X') | (4.31)

where 4, is the Fourier transform of 8, and we assumed statistical homogeneity and isotropy. It is
straightforward to show that (§2) = [ A2(k)/k dk.

After the strings/domain walls network is destroyed, A2 is expected to have a non-zero (and
order one) value at momenta k ~ Hes, since Hges sets the typical size of fluctuations, and therefore
the typical correlations between momentum modes. At these scales, the precise shape of A2 depends
on the dynamics of the network at H ~ Hge. Conversely, fluctuations at scales larger than
the horizon at that time, i.e. k < Hges, are expected to be uncorrelated. From eq. ,
this fixes the form of A2 oc k3, which is the prediction from a white noise spectrum, so A2 is
suppressed at large scales. We therefore parametrise A2(k) = C(kcom/Haes)® at comoving momenta
kcom = kR/Rqes S Hges, where C' is a dimensionless coefficient.

It is worth noting that the isocurvature perturbations in the post-inflationary scenario as well
as those produced by the domain walls in the intermediate scenario differ from the scale invariant
isocurvature perturbations characteristic to the pre-inflationary scenario. For this reason they are
not necessarily constrained if the scales probed by the CMB lie in the k3 part of the spectrum of
A?(k) above. For the QCD axion in the post-inflationary scenario this means no constraints on
the parameter space and we derive bellow potential contraints in the intermediate scenario.

During the network’s evolution and destruction A2 changes. However, once all the strings and
domain walls have vanished and the axion field has mostly settled down to have amplitude < f,
the axion energy density is redshifting non-relativistically, so the k3 part of A2 is constant leading
to a time-independent C.?

The CMB is the longest standing source of constraints on isocurvature perturbations, with
the best currently available data coming from Planck [204,205], from modes close to the pivot
scale ko = 0.05 MPc™!. Such observations bound the fraction of isocurvature fluctuations figo
(k)/ A% (k), where AZ

is the spectrum of isocurvature perturbations and A% (k) = As(k/kevp)™ ! is the (almost scale

relative to the curvature perturbations at these scales, defined by f2, = A2

invariant) spectrum of curvature perturbations. For the QCD axion in the intermediate scenario,

9We neglect the effect of gravity, which is expected to not affect the far IR-momenta [259).
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2 Hpin given in eq. (4.30) which is before CMB decoupling, therefore

~

the network decays at Hges
kcyp is inside the k3 part of A2(k). An order of magnitude limit can be obtained by calculating
fiso at the scale kpjgn = 0.100 MPc~! and comparing this to the limit reported in Table 14 of [205]
at this scale, either in a general model with a free spectral tilt for isocurvature perturbations (which
is named “axion II” in [205], and we are taking the strongest limit reported) or the model with
scale independent spectral tilt corresponding to the pre-inflationary scenario (“axion I” in [205]).
The k3 suppression of the isocurvature spectrum insures that limits derived in this way at the scale
knign are stronger than those that would be derived at lower k, which can be easily seen from Table
14 of [205] after converting from SBiso t0 fiso DY fiso = v/Biso/(1 — Biso), i.e. that the upper bound
on fis, increases slower with momentum than k3, even for the free spectral model. A comparison
of the k3 spectrum of the isocurvature produced by the destruction of the domain walls and the
scale invariant spectrum constrained by the CMB can be seen in Figure

In general the axions only comprise a fraction of the total dark matter, so there is a factor of

Q8¢ /Qpy in their contribution to fiso. Consequently, assuming there are no isocurvature fluctuations

in the remainder of the DM:
Q | CK3R3
iso k) = 2 0 . 4.32
f ( ) QDM ASH(?eSRges ( )

(gf’fis))f‘) | (433)

Leading to a limit for “axion I"”:

S~
SIS

—24 Ja 5 2
Hdes 2 1.8 x 10 GGV (1012(}6\7> C5A(tdes)

and “axion II” respectively:

(g*gfj%)ﬁ | (430

However the limits above are derived by fitting either a free spectral tilt model for the isocurva-

(S

Hiw > 1.6 x 10~ Gov [ 10 %CgAt
des < 1.0 X e 102 Gav (des)

ture spectrum or a scale invariant model and to obtain precise limits we would need to fit a model
with a k3 isocurvature spectrum. This has already been done in [258,[259] and we can directly

apply the limit fiso(kcys) < 0.64 obtained in [259].1° This corresponds to a lower bound on Hges:

4 1
5 2 4 3.9 10
Hiyes 2 3.3 x 1072 GeV (f“> O35 A(tges)s () : 4.35
s Yimear) At (g ma) 3
In addition to CMB bounds, it has recently been shown that isocurvature fluctuations at smaller
scales are constrained by Lyman-a observations [260], and that these can be important in post-

inflationary axion dark matter models [261]. We use the constraint from [260], which assumes a

10The precise numerical bound depends on the cosmological data that is combined. Interestingly the analysis
in [259] shows a mild preference for a non-zero isocurvature component.
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Figure 4.11: Comparison between the fraction of isocurvature perturbations produced by the de-
struction of domain walls relative to curvature perturbation as defined in equation for various
network destruction times (colored lines), and the scale invariant isocurvature fraction constrained
by the CMB [205] (black line). The various isocurvature fractions are represented as functions of
momentum in units of kcyp = 0.05 Mpc_l. We have also plotted the values of kjoy = 0.002 Mpc_1
and kpign = 0.1 Mpc*1 at which the CMB limits on the isocurvature fraction are reported in [205].
Due to the k% momentum dependence of A2 and f2 , if the CMB limits are satisfied at the highest
momentum Kky;gp, they are automatically satisfied at lower momentum. We represent the various
destruction times as Hgyes in units of Hpj, defined in equation , which is the latest time the
network could be destroyed in order to not overproduce DM. It can thus be seen that the isocurva-
ture constraints are weaker than those from DM overproduction. Stronger constraints come from
Lyman-« forest observation, see equation , which are sensitive to higher momentum scales
kre =~ 10Mpc™t. For definiteness we have set f, = 108GeV, C' = 1, A(tqes) = 1 to produce this
figure.

k3 power spectrum. Expressed in terms of the isocurvature fraction at the Planck pivot scale, this
requires fiso(kcmp) < 0.004. For axion masses such that the observed modes are in the k3 part of
Ag, this can be immediately converted into a bound on Hges similarly to eq. . However, the
dominant scales in Lyman-a studies correspond to momenta of order kr, ~ 10 MPc™! much larger
than those relevant to CMB observations [261] (and more sophisticated analyses are potentially
sensitive to even smaller scales). Given the bound on Hgyes in eq. , Lyman-a observations
are relevant for the QCD axion in the intermediate scenario, since krq is also in the k% part of A2.

This tightens the isocurvature constraints to:

IS

L

(g*(?’fies)> v (4.36)

fa
1012 GeV

[SF

~

5 2
Hyes > 1.9 x 1072 GeV ( > C'5 A(tges)
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The isocurvature bound is weaker than the bound from DM abundance in eq. (4.30)) if
fa> 1.3 x 10°GeV O3 A(tges) ", (4.37)

where C < 1 and A(tges) ~ O(1) is expected. Given the bound on axion nucleon coupling from
supernova 1987a and the bound on axion photon coupling from the ratio of horizontal branch stars
to red giants discussed in Section [2.5| we expect that the isocurvature bound is weaker than the
DM abundance bound for a QCD axion in the intermediate scenario.

We stress that the results of this Section should be taken as a conservative estimate and that
there are many potential uncertainties. Since we do not know the exact way the domain walls
density evolves over time, we only considered the isocurvature perturbations in the axions produced
by the destruction of the domain walls at the final time. Meanwhile, for the destruction of the
network it is difficult to extract the quantitative details precisely since it happens at times far out

of the reach of numerical simulations.

4.5.3 Observational implications

An interesting feature of the intermediate scenario is that the axion abundance is larger the later
the network is destroyed. Therefore for values of f, below the upper bound in the post-inflationary
scenario discussed in Section fa <1019 = 10! GeV, it is possible that axions make up the
entirety of DM if the network is destroyed at the corresponding time H,i, in eq. (4.30). The lowest
fa for which this is possible is found by equating Hpi, to the lowest Hges allowed by isocurvature
in eq. , ie. fu>1.3x10%GeV C’%, where C' is the amplitude of the spectrum of isocurvature
perturbations. This means that the QCD axion can be all of DM in the intermediate scenario
down to the lowest values of f, allowed by astrophysics, such as the model dependent supernova
1987a bound f, > 10% GeV [225,1227] or the bound from the ratio of horizontal branch stars to
red giants f, > 107 GeV [224] which were discussed in Section Thus the intermediate scenario
would be of interest in the case of a detection of the QCD axion with mass anywhere inside the
region allowed in the post-inflationary scenario 0.5meV < m, < 20meV. This is especially so if
the detection happens by means of a method which relies on axions being a significant fraction of
the dark matter, as is the case of haloscopes.

Most of the axions are produced by the destruction of the network in the intermediate scenario,
and at that time the number of domain walls per horizon is expected to be of order 1. Therefore
we expect axion density to have order 1 fluctuations on scales the size of the horizon at network
destruction 1/Hges. These fluctuations subsequently collapse into bound objects at the time of

matter-radiation equality [2564262,1263|, which are axion miniclusters of typical mass:

4 RS Tie) 1 [102GeV)’
Mo~ 75 Mea oo qg-1ayy 9xTaes) < AR (4.38)

?pa,eq Rienges 10 -A(tdes) fa

80



where P, o and Rges denote the axion density and the scale factor at the time of matter-radiation
equality respectively, Mg is the solar mass and we set Hges = Hpmin from eq. , i.e. axions
make up the entirety of DM.

Other possibilities exist that also allow the QCD axion to be all of DM even for larger masses
mg 2 0.5meV than that in the post-inflationary Npw = 1 scenario. One such possibility is that
the misalignment angle is close to the top of the axion’s potential a ~ 7 f, in the pre-inflationary
scenario, in which case the misalignment abundance is enhanced [171,[198}264-266] as well as the
characteristic isocurvature perturbations [201]. Simultaneous requirements that H; is small enough
to be allowed by isocurvature constraints in this case and that it is larger than m, so that the
misalignment angle can remain large during inflation limit this scenario to 0.5 meV < m, < 1.5 meV
[188]. Inside this range the intermediate scenario and the large misalignment pre-inflationary
scenario could be in principle still be separated if miniclusters are observed, as the predictions of
the typical mass of miniclusters in these scenarios are expected to be different. The typical mass of
miniclusters in the pre-inflationary scenario for f, ~ 10!° GeV is about 10718 M), see [267], while
in the intermediate scenario they would be typically much heavier according to eq. , at about
1078M. Of course such a distinction would require a quantitative understanding of the mass

distribution of miniclusters in the intermediate scenario.

0.010}
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Figure 4.12: The typical mass of axion miniclusters produced in the intermediate scenario as a
function of the axion symmetry breaking scale f,, described by equation (4.38)), in the range allowed
by astrophysical constraints f, € (10% GeV, 10'° GeV). For definiteness we have set A(tges) = 1.

On the other hand, the intermediate scenario shares many similarities to the post-inflationary

scenario for Npw > 1, since in both cases the domain walls network is stable at the time when the

axion begins oscillating t,. The domain walls must eventually decay, or they will end up dominating
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the energy density of the Universe; for Npw > 1 this is done by introducing an additional explicit
symmetry breaking of the remaining symmetry [268], which can be sourced for example by Planck
suppressed operators [146,/147,269]. If the bias is parametrised as V;, = 0V cos(f — 66), the walls
are collapsing roughly when the pressure due to the energy difference between vacua is comparable

to the energy density of the walls [190,268,1270], parametrically corresponding to:

1%

H, es ™ T N 9
95 At ges )M f2

(4.39)
Similarly to the intermediate scenario for Npw = 1, the domain walls will dominate axion

production for Hyes < H,, which corresponds to 6§V < m2 and the walls contribution can be

o,
estimated in the same way as in Section This also requires lower values of f, for axions
to make up all of DM than in the post-inflationary scenario with Npw = 1, and the miniclusters
formed in the post-inflationary scenario for Npw > 1 will have similar mass as in the intermediate
scenario for Npw = 1.'' The difference is that, while in the intermediate scenario Hyes is given by
the density of the network and can in principle take any value between Hpin < Hges S Hy, in the

post-inflationary scenario with Npw > 1 the size of the bias sets Hges, while it is constrained as to

not re-introduce the Strong CP problem. This also puts an upper bound on H geg:

le)w ‘5’ Mg,

Hypm S H, —
~ Hdes < A(tges) sin(06)

(4.40)

where 0 is the effective QCD vacuum angle which parametrises the CP violation in the strong

sector, as defined in Section [2.I], and it is bounded by the requirement that a neutron electric

dipole moment has not been observed ’5‘ < 10710, Replacing Hyin from eq. (4.30) we find this is
NEw (1012Cev’

in(60) < 0] —2W 4.41

sin( ‘ ’ Altgee)? ( 7 ) ) (4.41)

which would be tight for sin(d0) ~ O(1) and 108GeV < f,. The post-inflationary scenario for

Npw > 1 might require fine tuning of the 46 angle to be close to one of the minimums of the axion

only possible for:

potential and could also be potentially detectable if a non-zero value of the nEDM, and thus a
vacuum angle ’5‘ close to its current upper limit, is measured in the future. A definite conclusion
would require a more precise expression for the time the network is destroyed as a function of the

size of the bias.

UEor Npw > 1 we expect the final walls density A to be larger by up to a factor Npw compared to the case
Npw = 1, as there are Npw walls attached to each string.
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4.5.4 Uncertainties

Here we summarise the various assumptions and simplifications we have made and discuss associated

uncertainties in our results.

e As we have discussed, we require the value of &t to calculate the axion relic abundance in
the intermediate scenario, as it sets the time when the network is destroyed. While &qqp ~
O(1) has been found to be sufficient to collapse the network in simulation with accessible
log(m,/H), see for example [271] and we also performed simulation of domain walls collapse
at log(m,/H) = 5 for a scaling network with corresponding £ ~ 0.5 (see Appendix , we
cannot exclude that a significantly different value is necessary at large log that is relevant
in the intermediate scenario and not accessible in simulations. Additionally, we have not
performed dedicated simulations in which we turn on the axion mass at various point of the
evolution of an underdense network to find the exact necessary density to collapse it. The
uncertainty in the value of & translates straightforwardly into an uncertainty in the critical
variance from eq. or Figure This in turn translates to an uncertainty in Nges
and thus Hges, which is non-obvious to calculate since it depends on the numeric solution to
the Fokker-Planck equation. For a specific A and Hge, this can alternatively be seen as an
uncertainty on the value of Hy that would result in the network being destroyed at this time.
To give a simple example, the difference between &t >~ 0.1 and &3¢ >~ 1 which we represented
in Figure corresponds to a difference of the variance of the radial mode distribution at the
time the network is destroyed between 0.3v2 and 0.9v2. For A = 0 which allows for an analytic
solution of the Fokker-Planck equation, this corresponds to factor of order v/3 decrease in H

to maintain the same H jes.

e In interpreting the result of numerical simulations we have solved the Fokker-Planck equation
assuming a one dimensional field space, i.e. we have replaced the radial mode’s potential
into the Fokker-Planck equation while keeping the axion at a constant value. This was
done because we wanted a measure of the probability that quantum fluctuations in the radial
direction have pushed the field over the top of the potential. We think this approximation
was reasonable for our purpose, especially given the results presented in Figure [£.7] together
with the procedure to generate initial conditions discussed in Section [£.4] The point is that,
while the calculation of the variance in Figure [4.7] was done by only considering the one
dimensional Fokker-Planck equation in the radial direction, the distribution of the field inside
the simulation box which results in the string density £ has been simulated in the full two
dimensional field space, both in the phase of generating initial conditions and the phase of

evolving the string network.

e A source of uncertainty is the simplification in our calculation of the average variance as

explained in Section by always setting the initial conditions of the radial mode in the
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vacuum when solving the Fokker-Planck equation rather than taking into account the actual
distribution of initial conditions. For a sample of values Hj/v,, A, we have checked this
approximation numerically by solving the Fokker-Planck equation for various initial conditions
and then weighting their contribution to the average variance by calculating the probability
distribution for the starting positions. We have found that the approximation results in about
a 10 — 20% uncertainty in the critical variance, which may be smaller than the uncertainty
due to &t and can similarly be absorbed in uncertainty of the value of H; corresponding to
fixed A, Hdes-

We have assumed that radiation domination is reached immediately after inflation. During a
period of matter domination that lasts between the end of inflation and the end of reheating at
Hpy the number of e-folds that re-entered is Nyt = (1/3) log(H/Hgryp ), which is smaller than
Nyaa = (1/2)log(H/Hgnu) if this period was also radiation dominated as we assumed. Since
the e-folds re-entered correspond to the number of e-folds of inflation over which fluctuations
accumulated, we see that for a period of matter domination fluctuations enter slower, so
the network will be destroyed at later times. We provide additional detail on the reheating
temperature in Section but for now we note that for the result of this Chapter to be
relevant we required that PQ symmetry is not restored by a high reheating temperature.
This puts a lower limit on the number of e-folds that re-entered during matter domination at
Nmat 2 6.

We have assumed that the empiric relation that we have found from simulations with
massless axions still holds after the axion mass becomes relevant. We expect that to be the
case in the intermediate scenario, since the network is underdense and long strings are on
average many horizons apart and cannot interact, even if the domain walls are pulling them

together.

We have not derived the spectrum of domain walls emissions and instead set the energy
of emitted axions to m,. As mentioned in Section the relevant momentum scales are
H < mg and my, so this at most introduces an order 1 error in the calculation of the relic
abundance. Additionally an error up to a factor of 2 in the relic abundance is due to the

unknown contribution of domain walls during the network’s evolution.

In the underdense regime accessible in the simulations we have not found evidence of further
dependence on log(m,/H) in the evolution of the network, other than the fact the variance
increases with the number of e-folds re-entered. However we cannot fully exclude additional

log dependence at late times.

We ignored friction between strings and the plasma. This is typically a reasonable assumption
[272-276] in the post-inflationary scenario, and even more so in the intermediate scenario, in

which the relevant dynamics happen at lower temperature.
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e The statistical error when fitting the data in Figure is comparatively low, at about 1%.

4.6 Comparison with recent papers on related scenario

Very recently a couple of papers have considered a similar scenario with late strings/domain walls
[130,/131]. Both of these works consider the possibility that symmetry breaking happens at some
time during the last Niot ~ 60 e-folds of inflation such that the strings and domain walls produced
only re-enter the horizon after the time the axion field starts oscillating. The mechanisms mentioned
that could achieve this are a coupling between the PQ field and the inflaton, a coupling between
the PQ field and the scalar curvature, and multiple stages of inflation, all of which are considered in
more detail in Chapter [5 Meanwhile the intermediate scenario we discussed so far was concerned
with the case of strings formed by quantum fluctuations, whose size is set by the value of Hy. Thus
the size of Hj controls the evolution of the strings after the end of inflation, and there must exist
values of Hy for which the strings become sufficiently dense only late.

In any case, various mechanisms that realise late strings/domain walls re-entry have in common
that the domain walls contribution dominates that of strings and misalignment, and is larger the
later walls re-enter, which can easily saturate the DM bound even for low values of f,. More
specifically, the calculation of the relic abundance proceeds in the same way as already discussed
in Section and this puts a limit on how late the network can be destroyed, which in
the case of |[130}/131] is an upper limit on the number of e-folds of inflation that have passed after
PQ symmetry breaking. Similarly [129] considers a period of supercooling that lasts close to the
QCD phase transition characteristic to strongly coupled theories at TeV scale, which would result
in the intermediate scenario if otherwise the PQ symmetry was restored in the early Universe, and
discusses the consequences for the axion relic abundance.

Let us start by comparing our estimate for the axion abundance in the intermediate scenario

and comment on the differences. In [130] the axion abundance is written as!?:

Qpw = Qmise(Ndcs_Ne”) , (4.42)

where Ng,. roughly corresponds to IVy since at that time the energy in domain walls is similar to that
in misalignment and absorbs all other sources of uncertainty, such as the exact time the network is
destroyed compared to the time the PQ breaking scales re-enter, the density and shape of domain
walls at this time and the spectrum of emissions. They estimate N, in a fairly large interval to

correspond to the range of f, allowed by astrophysical constraints and the various uncertainties.

12 A minus sign in the exponential comes from the fact that we denote by Nges the number of e-folds that re-enter
before the network is destroyed.
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On the other hand in [131] the axion abundance is expressed in a form very similar to ours:

27
PDW = ngma(Tdes)Hdes’ (443)

which would be the same as our estimate if A(tges) = 3/8. This checks out, as they assume
one flat domain wall of area 7 /H, ges per horizon at the time the network is destroyed, which indeed
corresponds to A(tqes) = 3/8 from eq. (4.15)).

Additionally [131] discusses typical properties of the axion miniclusters produced in the inter-
mediate scenario. They point out that there are multiple mechanisms which allow axions to account
for all of DM for axion masses larger than that in the post-inflationary scenario for Npw = 1. In
the case of a detection of an axion of such mass, the spectrum of potentially observable miniclusters
could be used to differentiate between the intermediate scenario and other such mechanisms, with
the exception of the post-inflationary scenario with Npw > 1, which could be tested if the precision
of Strong CP phase measurement is improved and possibly requires fine tuning of the additional
explicit symmetry breaking required to collapse the domain walls. Our estimation for the mass of
the miniclusters eq.(4.38) corresponds to theirs, again we if we set A(tqes) = 3/8.

Meanwhile [130] considers isocurvature constraints on axions produced by quantum fluctuations,
which in the intermediate scenario may have higher density than the misalignment population.
Similarly to the constraints detailed Section these are weaker than the DM abundance bound
for a QCD axion.

4.7 Conclusions

For a long time two axion inflationary scenarios have been recognised, pre- and post-inflationary,
each associated with vastly different predictions for the QCD axion mass such that the axion
constitutes the entirety of DM. The typical condition separating the two scenarios in the literature
was whether the quantum fluctuations in the angular direction during inflation are sufficiently
large to randomise the field over an order 1 number of e-folds. We have studied the conditions
for string formation in more detail in order to find a more precise condition separating pre- and
post-inflationary axion scenarios.

We intuitively expected that the density of strings that form after the end of inflation is cor-
related to the probability that the radial mode has passed over the top of the potential during
inflation due to quantum fluctuations. We have checked this assumption via numerical simulations
of the strings evolution in a theory with the simplest U(1) symmetric potential starting from
realistic initial conditions for the PQ field, i.e. that were obtained by an approximate realisation of
the Langevin equation which describes the evolution of the field under the effect of quantum
fluctuations. The precise relation between the string density and the probability of the field going
over the top of the potential is represented in Figure and is fit well by eq. , where the
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variance of the radial mode distribution is used as a measure of the probability. The main point is
that when the string density £ is plotted against the variance of the radial mode distribution over
regions that have re-entered the horizon, the evolution of the strings over various simulations cor-
responding to different Hy/v,, A overlap and align as shown in Figure The variance is directly
related to the probability to pass over the top of the potential in the limit A = 0 and the overlap
between A = 0 and A > 0 simulations suggest that is is a good measure even for A > 0.

We explained how the time at which the strings/domain walls network is destroyed can be
used to characterise the inflationary scenario: if it happens as soon as the axion mass becomes
relevant and domain walls form we have the post-inflationary scenario, while if the network would
re-enter and be destroyed significantly later than today we have the pre-inflationary scenario,
since topological defects would give a negligible contribution to axion density compared to that of
misalignment. The time the network is destroyed is expected to be connected to the string density,
since strings on both ends of large domain walls must have re-entered each other’s horizon before
they can be destroyed, implying a minimum string density at network destruction &qi ~ O(1).
For a given value of the network density necessary for the strings/domain walls network to collapse
Ecrit as well as fixed Hy, fq, A\, the relation can be extrapolated to find the number of e-folds
that have re-entered until the network becomes dense enough to be destroyed and correspondingly
the relevant inflationary scenario. This signals the existence of an additional scenario, one for
which the network is destroyed somewhat later than the time the axion mass becomes relevant,
but before today. We have found that in this scenario which interpolates between the post- and
pre-inflationary, the contribution of domain walls to axion density ends up dominating over that of
strings if the network is destroyed sufficiently late. Additionally, the axion abundance will depend
on the time the network is destroyed, which allows the axion to account for all of the DM for
values of the axion mass higher than what would be possible in both the pre- and post-inflationary
scenario with Npw = 1, up to the maximum mass allowed by supernova 1987a bounds. We give
an example in Figure [1.9] of the parameter space corresponding to this intermediate scenario by
assuming that the network requires &t = 1 to be destroyed.

While we expect that our approach of considering the probability the radial mode passes the
top of the potential would hold for more complex potentials than that in , the situation could
be more complicated. First of all for more complex potentials it could be that the distribution
deviates from Gaussianity significantly more than for the simple potential we considered, and thus
the variance may no longer be a good measure of the probability the radial mode has been pushed
over the top of the potential. This would require to fit the string density as a function of the actual
probability of the field passing the top of the potential. Unfortunately we cannot exclude that
the quantitative details of the relation between the string density and the probability the field was
pushed over the top of the potential are model dependent in a currently unknown way. Therefore
more complex models could require dedicated simulations, which would be interesting to investigate
further.

87



On the other hand, we have seen that the axion abundance in the intermediate scenario is very
sensitive to the moment the network is destroyed, the exact details of which are unknown. We
have limited to assuming that the condition for the network to be destroyed is simply that the
strings are dense enough iy ~ O(1). A more precise determination would require a quantitative
understanding of requirements for domain walls collapse, which would likely involve simulations of
underdense networks with the mass of the axion turned on at various values of the string density.

This is also a potentially interesting future direction to consider.
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Chapter 5

Alternative ways to restore PQ)

symmetry

Having considered the case of quantum fluctuations, we now move to alternative ways that lead to
PQ symmetry restoration. We explore various mechanisms that can achieve this and discuss when
they lead to the post-inflationary scenario, or the intermediate scenario introduced previously
corresponding to strings re-entering late. All of these have been previously considered in the
literature in various contexts, and we apply these to the case of axions and discuss phenomenological

implications.

5.1 Coupling between PQ field and inflaton

One interesting possibility which was initially considered in [277] is that of a direct coupling between
the PQ field ¢ and the inflaton ¢, for example of the form (1/2)g¢? |¢|?. This interaction contributes
to the potential of the PQ field (2.29)), resulting in a single minimum at ¢ = 0 if:

gp? >m?2 =22, (5.1)

If we work with a model where the inflaton during inflation is slowly rolling towards a minimum
at ¢ = 0, then eventually we have ¢ < ¢. = m,/,/g and symmetry would be spontaneously broken,
with the value of the axion field being fully randomised after this time. Let us denote the number
of e-folds after spontaneous symmetry breaking and until the end of inflation by Ney;. Then when
these Neyt e-folds have re-entered the horizon after the end of inflation the field would have large
inhomogeneities corresponding to long strings re-entering each other’s horizon. Let us denote the
value of the Hubble when that happens by Hent, which in a radiation dominated Universe after
inflation is given by:

Hepy = Hye 2Nent | (5.2)
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Again we distinguish the same scenarios as before: the standard post-inflationary scenario corre-
sponds to Hen > Hy, while for Hepy < H, the strings and domain walls re-enter late. This is
very similar to the the intermediate scenario discussed in Section [£.5] the network is expected to
collapse approximately when the strings re-enter Hges ~ Hent, although we do not provide an exact
quantitative condition and it is possible the network collapses some time before. For a given Hgeg
the axion abundance is calculated in the same way as in Section[£.5.1] The strings and domain walls
must re-enter before the time corresponding to Hpi, of eq. , or otherwise the domain walls
contribution to axion abundance would exceed the total DM abundance. Alternatively, spontaneous
symmetry breaking could have happened before the last Vi e-folds of “visible” inflation, in which
case the strings have not re-entered until today, which corresponds to the standard pre-inflationary
scenario.

Another possibility is that this coupling restores PQ symmetry even at the end of inflation, i.e.
©Yend =, @c- This corresponds to the standard post-inflationary scenario as spontaneous symmetry
breaking happens during the reheating era as the inflaton decays.

Meanwhile the interaction term also affects the potential of the inflaton and modifies the slow-
roll conditions, in particular making slow-roll easier to achieve. While symmetry is restored in this
way and ¢ is kept in the minimum at ¢ = 0 it contributes a constant V,(0) = Avj/4 to the total
energy density, while the condition for inflation to continue is

] _

S 1. (5.3)
Once symmetry breaking happens the PQ field will settle into the new minimum and lose its
extra energy. Of course it is possible that slow-roll did not rely on this extra contribution and
inflation will ultimately end by the inflaton potential alone, and in this case the post-inflationary
and intermediate scenario are certainly possible, depending on the number of e-folds of inflation
that happen after symmetry breaking. However, the post-inflationary scenario is more naturally
achieved in hybrid models in which inflation relies on the extra contribution to the potential, since
in this case inflation is expected to end relatively soon after spontaneous symmetry breaking. Let

us consider this type of models in more detail.

5.1.1 Hybrid Inflation

Hybrid inflation models were initially introduced in [277,278] and in particular have the advantage
that inflation happens for relatively small field values and correspondingly small Hubble parameter
Hjy. The idea in hybrid inflation is that there is an additional field other than the inflaton (we take
this to be the PQ field), which is kept in a false vacuum through its interaction with the inflaton as
explained above. Characteristic to hybrid models is that the constant contribution to the potential

due to this additional field being in the false vacuum is substantial and it maintains inflation for
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lower values of the inflaton than the potential V,, would allow alone, by dominating the energy
density near the end of inflation. This means that once the PQ field starts rolling toward its true
vacuum, inflation can only continue for a limited amount of time. In particular, as we show below,
inflation will end by the time the effective mass of the radial mode becomes of order O(Hy) [279].

To see this we can estimate the change in the inflaton field AN e-folds after symmetry breaking
as 0p = (PAN) /H where ¢ = — (Vé(gp&) / (3H) is taken at symmetry breaking. The number of
e-folds until the effective mass of the radial mode m2; = m?2 — gp? becomes at least of order O(H)

is then:

Avbo.

AN = —-2— |
GIMAV (o)

(5.4)

Once the PQ field starts oscillations AN e-folds after symmetry breaking it will soon track the
position of its instantaneous minimum:

2
Vg

g
o - 2, (5.5)

2 _ -~

This allows us to replace ¢ in terms of ¢ in the potential and thus calculate the effective slow-roll

parameters as if inflation was single field:

B M2V’ N M%(Vé +4g v2ip)?

T vz T 2172 ! (5:6)
ME (VY — gva)
n= |P“§/ : (5.7)

at lowest order in dep.

It is easy to see that after AN e-folds the slow-roll condition n < 1 generally fails, since:

guaMp  4gvi  8Mp
VT o 2

>1, (5.8)

in most hybrid inflation models.
Therefore an upper bound on the number of e-folds between PQ symmetry breaking and the
end of inflation, which we also use as an estimate for the number of e-folds that need to re-enter

before the string interaction become efficient in order to destroy the network:

AvSpe

Nept S AN ~ — ~are
ent ~ 64MAV) (o)

(5.9)

Additional constraints on hybrid inflation are coming from the CMB for example the amplitude
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of the spectrum of density perturbation gives [280]:

V3/2 \3/2,6
T i . S T (5.10)
MpV SMpvcp(‘PCMB)

since at the time CMB scales exit the horizon symmetry will be restored in the intermediate and
post-inflationary scenarios. This can be deduced from the equation (1.25) by replacing H; and e
from equation ([1.19)) in terms of the potential, i.e.:

1 [ Hp \* V3 9
S - —2.1x10 5.11
s 7T 9 (%Mp) 1272 MO (V)2 S (5:11)
where
3SHIME: =V, (5.12)
M3 (V'
_ Y\ 5.13
=23 (v) (5.13)
The conditions ((5.10|) leads to:
5 x 1074y,

Ne (5.14)

nt < — .
~ AMp/Zg

Given the upper limit f, < 10'°GeV for the QCD axion in the post-inflationary and interme-
diate scenarios, we find that indeed the post-inflationary scenario is naturally achieved in hybrid
models. The condition that the vacuum energy of the PQ field dominates at the end of inflation

also sets the Hy:

A 02
Hy~ | ——2&
I 12 Mp’

(5.15)
clearly much smaller than v,. Therefore hybrid models require much smaller H; to achieve the
post-inflationary scenario than the case of quantum fluctuations. On the other hand in order to
achieve late strings Hepny < H, the coupling g must be very small g < O (10*28) and correspondingly
A <1072 and Hy < 20keV.

We have not yet specified the potential of the inflaton V,. At the time the CMB scales exit the
horizon the inflaton will contribute to the slow-roll parameters through V;; and V] and so it will
be responsible for meeting the CMB constraints.

We conclude that, while it should be possible to achieve the intermediate scenario through
hybrid inflation, it requires substantial fine tuning of the couplings of the PQ field, both its self-
coupling A and its coupling to the inflaton g. Hybrid inflation most naturally results in the post-
inflationary scenario, even for low values of H; and reheating temperature that would otherwise
correspond to the pre-inflationary scenario. Indeed, the absolute maximum temperature achievable
in the early Universe is parametrically \/H;Mp, even for instant inflaton decay and thermalisation.
Meanwhile in hybrid models PQ symmetry is restored at a scale v, ~ /H;Mp/\'/4, even for

92



A =~ O(1) the Hubble during hybrid inflation is H; ~ O(f2/Mp) < f,. As we show later in Section
hybrid inflation is also more efficient at restoring the PQ symmetry than non-perturbative
energy transfer from the inflaton to the PQ field during preheating, in the sense that is requires

smaller coupling between the inflaton and the PQ field.

5.2 Coupling to scalar curvature

So far we have considered minimal coupling to gravity. We could add the lowest order non-minimal
coupling between the P(Q field and scalar curvature R, of the form £ D eR\gb|2 where during
inflation R ~ —12H?. Similarly to the case with a coupling to the inflaton the modified potential:

2

2
) 1287 o (5.16)

V:V¢—6R]¢|2:)\<|¢|2— 5

has a single minimum at ¢ = 0 if € > \/(12(H?/v2)), which means PQ symmetry is restored. This
would be mostly interesting for values Hr/v, < O(1) for which symmetry is not restored by the
quantum fluctuations already.

If the PQ symmetry is restored in this way at the end of inflation, it will eventually be broken
as the Universe reheats to become radiation dominated, resulting in the standard post-inflationary

scenario.

5.3 Symmetry restoration by finite temperature

After inflation the Universe must transition from a stage of matter domination by the inflaton field
to a stage of radiation domination through the decay of the inflaton and subsequent thermalisation
of its decay products, which requires thermal and chemical equilibrium to be reached. This is of
course incredibly complicated to analyse in full detail and involves many unknowns, so we limit to
considering consequences for the QCD axion and more generally ALPs in relatively simple models,
with the particular assumption that thermalisation happens nearly instantaneously after the decay
of the inflaton and thus the temperature is the highest it could be. Efficient thermalisation indeed
occurs for some couplings and matter content (e.g. if this happens through interactions with
massless gauge bosons, see [281,282]), in which case temperatures close to the estimates in this
Section are achieved.

If we denote the maximum radiation temperature during the early Universe by Tiax and the
sector that gives rise to the axion is sufficiently close to thermal equilibrium at this time, then
the PQ field would receive finite temperature corrections to its effective potential AV ~ \T2_ 4>

which restores the PQ symmetry if Tinax > O(v,). This is generally the case for many choices of
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matter content and potentials (including eq. ) [283-285].1 In this case, the PQ symmetry
spontaneously breaks when the temperature subsequently drops below O(v,) and a string network
forms [172-174]. Notice that this restoration mechanism cannot result in a situation where strings
and domain walls form late, which would be similar to the intermediate scenario discussed in Section
since that would require symmetry restoration to happen at a temperature Tipax < 1%, much
lower than the symmetry breaking scale v,.

There exist a standard estimate in the literature for the reheating temperature Try [287-289)],
which is defined as the effective temperature when the Hubble is equal to the inflaton decay rate
Hgry = I'ryg- The inflaton rapidly decays after this point, and assuming thermalisation happens

instantly the Universe enters radiation domination at a temperature:

90 1/4
)7r2> MpT,,. (5.17)

Thy ~ (
R 9x(Tru

We see that there exist the possibility that Try > v, > Hj, so that symmetry is restored by
thermal fluctuation but not by quantum fluctuations during inflation. Additionally, at earlier times
the total energy density is much larger than it would eventually be at reheating, so it is possible
that, even if the inflaton has only partially decayed to radiation, the temperature is larger than
Try. This has been studied in [290] where the maximum temperature has been estimated, again

assuming instant thermalisation:

1 1 1 1 1 1
Tinax =~ 0.30Mp HF T2 ~ 0.22M2H/ T4, (5.18)

which is parametrically larger than the reheating temperature Try.

In this estimate it was assumed that the perturbative decay rate I';, is constant. However, the
inflaton can also lose it’s energy via scatterings such as ¢ 4+ ¢ — x + x where x is an effectively
massless scalar field (compared to the inflaton) and the corresponding interaction term in the
Lagrangian giving rise to this scattering is £ D —gg,xchXQ. The interaction rate of such scattering

(at the perturbative level) is proportional to the square of the amplitude of inflaton oscillations [291]:

92,9

%)

(5.19)

If right after inflation we have peng > my, these scatterings will dominate the energy loss of
the inflaton in the early Universe when only a small fraction of the inflaton has decayed, which is
the rate relevant in the calculation of Ti.x. Meanwhile at completion of reheating the amplitude
of the inflaton oscillations will have decreased substantially and thus the decay rate at reheating

will be dominated by different decay channels, such as those resulting from trilinear couplings to

'High temperature does not restore symmetries in all theories, and the relevance of this to the formation of
topological defects has been studied in [286].
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bosons or fermions, whose decay rate is non-zero in the limit of very small amplitude of inflaton

oscillations. Overall we can modify (5.18)) to:

1/4
I ) : (5.20)

Tinax ~ 0.22M * H T2 (FRH

where 'y, I'gpy are the decay rates at the end of inflation and end of reheating respectively.

10°+ ]

10

Figure 5.1: Example of the evolution of the temperature of radiation assuming instant thermali-
sation. Red line corresponds to constant decay rate of the inflaton, while blue corresponds to an
initially larger energy loss rate due to 2 to 2 scatterings which decreases down to the decay rate at
reheating which is dominated by 1 to 2 decays. The time the maximum temperature is achieved is
not substantially modified by including scatterings.

5.4 Preheating

Another possibility is that the inflaton decays through non-perturbative processes, rapidly trans-
ferring its energy to other scalar fields. This is sometimes called preheating and it is enhanced by
exponentially growing occupation numbers of the modes the inflaton decays into. There are two
ways this could result in PQ symmetry restoration: firstly the effective decay rate for such processes
increases exponentially while they are efficient, meaning a correspondingly large Ti,ax which could
restore PQ symmetry through thermal fluctuations. Secondly, the fluctuations in the daughter field
at the end of preheating are potentially huge even outside of thermal equilibrium and correspond
to an equivalent temperature T% ~ (¢?) which could exceed the maximum temperature in the
Universe Tiax. The possibility that these fluctuations restore symmetry for a daughter field with

symmetry breaking potential has been considered before [292-297].
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We start by considering a general scalar field ¥ coupled to the inflaton through a term % g2,

We follow [298] and write the equation of motion for the fluctuations of ¥ in momentum space:

. . k2

Uy + 3Hy, + <R(t)2 +my + 9@ sinQ(wwt)> Uy =0, (5.21)
where by U;, we denoted the momentum modes of ¥, w, is the frequency of inflaton oscillations
around the minimum of its potential and ¢ is the amplitude of inflaton oscillations. If the dominant
term of the inflaton potential around the minimum is quadratic, which is generally the case, then
the frequency of the inflaton oscillations is simply the mass of the inflaton w, = m,,.

This is usually recast in the form of the Mathieu equation:
L4 [Ar — 2gcos(22)]¥), =0, (5.22)

by replacing ¢ = g@*/(4m?2); Ar = ((k/R)* + mg)/m2 + 2¢; z = myt and differentiating with
respect to the re-scaled time z. In the usual Mathieu equation the parameters g, Ay, m, would be
constant in time, which corresponds to no expansion of the Universe and no decay of the inflaton.
The Mathieu equation has been studied extensively, see [299] for a review, and solutions have
resonance bands which depend on the parameters ¢, A; and are centered at integer multiples of
the inflaton frequency w,. Modes whose momentum correspond to parameters inside this band are
exponentially amplified in time ¥y ~ e¢** with Re(a) > 0.

However, the expansion of the Universe results in a redshifting of modes momentum, meaning
that modes inside resonance bands exit it while modes of higher momentum enter the bands.
Meanwhile as energy is transferred from the inflaton to the daughter field ¥ the parameter ¢ which
control the width of the resonance bands will decrease and the mass of the inflaton will receive a

contribution, which at tree level has the form:
Am? =g <\1/2> , (5.23)

so the frequency of oscillations increases and the position of bands changes. The complications due
to the expansion of the Universe and backreaction due to the inflaton decay have been considered
in [298]. The result is a so-called stochastic resonance inside a broad, continuous band at relatively
low frequency. This resonance is different to the simple resonance bands of the Mathieu equation is
the sense that a mode inside the broad resonance is not actually continuously amplified, instead it
rapidly shifts into and out of multiple different Mathieu resonance bands, meaning it is exponentially
amplified for only a portion of the time. Nevertheless, on average modes inside the broad band
grow exponentially in time provided that the amplitude of inflaton oscillations is sufficiently large,
qz % [298]. Therefore, preheating is eventually terminated either by the inflaton losing its energy

to Hubble friction or by the backreaction of the created particles, both of which reduce the value
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of q. For simplicity we will assume that modes inside the broad resonance continuously grow
exponentially with some average exponent? o ~ 0.1, which on average replicates the effect of the
stochastic resonance on the occupation numbers.

More specifically, modes will be amplified inside a broad band w € (0, wmax) Where we denote

[ 1/2 5
Wmax = %; (524)

which means efficient preheating can only last while wyax > my.

2 . .
w= % +m%, and wpay is given by:

5.4.1 Direct preheating of the PQ field

Here we consider the idea that preheating happens directly to the radial mode of the PQ field,
which could result in large non-thermal fluctuations (¢?) > O(v2) and restore the PQ symmetry.
For this we replace the generic field ¥ to be the radial mode of the PQ field and remember that
for ggbgnd > m?2 the PQ symmetry is already restored at the end of inflation by the contribution
of the interaction term to the PQ potential as discussed in Section so there is no point to
further consider restoration through preheating. However if we simultaneously impose 995311(1 < m?
and wmax > m, we find g < %, which does not correspond to the broad resonance case according
to [298] so preheating directly to the PQ field is not efficient through a broad resonance unless the
PQ symmetry was already restored by the large inflaton Vev.
The situation for the PQ field as the daughter field is thus more appropriate to be studied as
a narrow resonance band than a broad resonance. Narrow resonance bands have been studied for
example in [291] for quadratic and quartic inflaton potentials. Modes are exponentially amplified
inside a resonance band centered on the inflaton frequency, w, = m, for a quadratic inflaton
potential, with a width: ) ,
Sw = % = %, (5.25)
© ©
and an exponent that is at most:

~2
a< ¥ (5.26)
8my,

The modes quickly scan the narrow resonance band due to the expansion of the Universe,
which reduces their momentum, while the width of the resonance band continuously decreases as
the inflaton is losing its energy. For values of g and ¢ such that g@? < m,. so that the PQ symmetry
was not already restored by the coupling during inflation and m, < m, so that the resonance is
energetic enough to produce the radial mode, initial fluctuations of the radial mode are amplified

by at most a small factor e ~ 1.1

2The actual exponent varies with g between 0.1 + 0.2, see the table in [298] for more detail.
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The analysis is a bit different if preheating happens while the inflaton is effectively massless
with a potential Vi, = (\,/ 4)p*, since in this case the frequency of inflaton oscillations Wy ~ \/ApP
redshifts at the same rate as comoving momentum i.e. as the inverse scale factor 1/R. Because
of this the resonance would be expected to last longer even for narrow resonance bands, as modes
have to be taken out of the resonance by backreaction or scattering.

The narrow resonance band? is again centered around the frequency of inflaton oscillations [291]:

wp ~ 0.85(/ A%, (5.27)

and has a width i
dw o T2 (5.28)
4w,

Assuming modes for which k/R ~ w, > m,, their frequency redshifts at the same rate as
the narrow band, i.e. as 1/R, so modes that started inside the band remain there and their
occupation numbers are exponentially amplified. However the amplitude and frequency of the
inflaton oscillations decrease slightly faster than pure redshift due to energy transfer to the PQ
field. When the difference is larger than the width of the narrow band, the modes leave the band
and are no longer amplified.

Let @reda(t) = @enaRr/R(t) be the amplitude of inflaton oscillations in the absence of energy
transfer to the PQ field, where o4 is the amplitude of inflaton’s oscillation at the end of inflation

Then the resonance ends at a time ¢y when the inflaton amplitude is:

dw
Df = QPred(tf) — ————. 5.29
Pf = Prea(ty) 085/ (5.29)
Meanwhile, the energy transferred to the PQ field until this time can be written:
Ao (o 4 -4 gPrealty)?
pra = 5 (Grealty)! = ¢f) = T (5.30)

since dw < wy,.
On the other hand the energy transferred can be written in terms of the amplification of the

occupation numbers:

ko k2 2 20t —tend)
PPQ = / — |¢k,end‘ e S bend) ke (5.31)
kp—ow 2

In the equation above kf = 0.85\/AyPred(tf) denotes the momentum of modes that started in the

centre of the band at the end of inflation, ¢y, cng are the modes functions inside the resonance band

at the end of inflation which are exponentially amplified and o ~ g3%/(8w,,) is the coefficient that

3The conditions for an efficient stochastic resonance in the case of a quartic inflaton potential were studied in [300).
Similarly to the quadratic inflaton potential the relevant situation to PQ symmetry restoration is that of a narrow
resonance.
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parametrises the exponential amplification of modes inside the resonance band.

It is possible to replace the parameters in equations in terms of Hy, Mp,g, \,, Hy
and thus estimate ppq. This is sufficient to restore PQ symmetry if ppq > O(m?2f2Z) which
parametrically requires:

9> Mp
A

> f2. (5.32)

We conclude that non-perturabative inflaton decay to the radial mode does not open any ad-
ditional parameter space to restore PQ) symmetry if the inflaton potential around the vacuum is
approximately quadratic, since it would require values of the coupling g for which PQ symmetry
was already restored during inflation in the way discussed in Section On the other hand pre-
heating is more efficient if the inflaton potential around the vacuum is approximately quartic and
could restore the PQ symmetry even for lower coupling g which corresponds to it being broken at
the end of inflation, however it would be challenging for such an inflaton potential to correspond

to a viable inflationary model.

5.4.2 Indirect preheating of the PQ field

As we have shown the PQ symmetry is not restored by broad resonance preheating directly to the
radial mode, unless the coupling to the inflaton is so large that symmetry was already restored at
the end of inflation, or the inflaton potential around its vacuum is quartic rather than quadratic.
This however is not an issue if preheating first happens to a new, light, scalar and this then transfers
energy to the sector that gives rise to the axion. This way the coupling between the inflaton and
PQ field could be small enough so that PQ symmetry is broken at the end of inflation while the
coupling between the daughter field and the inflaton is sufficiently large to support the broad
resonance. As an example in which this happens we consider a theory where the energy transfer
to the axion sector happens through an interaction of the form gq,¢\112|¢\2, where W is a real scalar
that is preheated as before and to maximize the efficiency of preheating we take it to be effectively
massless.

Calculating the effective temperatures ¥ and ¢ reach after this process is complex due to the
non-perturbative and out of equilibrium nature of the dynamics. We therefore take a simplified
approach in which we analyse the distribution of energy in ¥ after preheating and use this to
approximate the scattering rate I' of W+ WV — ¢+ ¢. We will compare this to the Hubble parameter
H at the time when the energy density transferred into ¥ and the energy density remaining in the
inflaton are equal. Earlier than this, the energy density in ¥ will be significantly lower, leading
to a lower effective temperature in the axion sector. However, if preheating lasts beyond this
time, then backreaction will play an important role in the evolution, which makes the dynamics
more complicated and is expected to slow down energy transfer from the inflaton to ¥. Assuming
preheating ends when half the energy is transferred is enough for an order of magnitude estimate

of the maximum effective temperature achievable (indeed, even if the entire energy density of the
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inflaton is subsequently transferred into W, this will be at most a factor of 2 higher than that at
the moment of equality).

We denote the amplitude of the inflaton oscillations at the point where the energy density of
the inflaton and of ¥ are equal by @eq. To estimate the typical occupation numbers ny of ¥; modes
that are inside the resonance band k € (0, wmax) We equate the energy density in ¥ at this moment

4 i =2 2
3 max — gnkQQOeqm@ ) (533)
to the energy density in the inflaton %gf)zqma, so ng ~ 3/(mg) inside the resonance band. Mean-
while, modes outside the resonance band k > wpax have not been exponentially amplified, so their
occupation numbers are negligible.

To transfer energy to ¢ efficiently there must be ¥ modes that are energetic enough for V+W¥ —
¢ + ¢ to occur, which requires wyax > m,. This puts a lower bound on g:

4m?

> T 34

Given the momentum distribution described above, the scattering rate I' = n (ocygv) can be

calculated, where oy is the interaction cross section: 4

. 9\21;¢\/ k% —m2

_ 5.35
ove 1287k3 (5.35)

leading to
_ 3gemd e’ 39igh Hed®
322w g3/4 3227 g3/4
If this scattering rate is larger than the Hubble at that time preheating ends I' 2 Heq then
¥ and ¢ will reach equilibrium at an effective temperature Toq ~ \/m. Both I'" and Hq

depend on the values of m, and Penq i.e. on the details of the inflationary model. For example in

(5.36)

the simplest chaotic inflation model the potential is purely quadratic® which sets Geng = V2Mp
and my, = V/3H;. In this model preheating lasts for approximately 20 inflaton oscillations until a
significant fraction of the inflaton energy has been transferred, provided that preheating lasts until
this point, which requires g > 1076 [298,1301]. In this case the Hubble at the end of preheating
can be estimated Heq ~ 0.025H;. Meanwhile, if I' < H immediately after preheating the energy
transferred to the axion sector through this process is not sufficient to restore the PQ symmetry,
since the rate of energy transfer by W+ W — ¢ + ¢ will decrease faster than the Hubble parameter.

Let us check if this type of non-perturbative decay of the inflaton actually restores PQ symmetry

in situations where the temperature that would otherwise be achieved perturbatively does not.

“See for example [8] for a review of the calculation of interaction rates.
5Such model is ruled out by Planck data, and is only shown here as a simple example.
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In [290] the scale factor when the maximum temperature is reached is calculated, and thus we can
estimate @max =~ 0.5@enq at this time and the perturbative decay rate associated with the coupling

between the inflaton an ¥:
2~9
9" Pmax

. 5.37
dmm, ( )

I‘pert =

It is interesting to see when Tty 2 Tmax corresponding to this decay rate, plugging everything
in and replacing g for the lower bound ([5.34) a necessary condition is:

HiMpm? > 10m} (5.38)

where in typical models of inflation one would expect Hy 2 m/ V/3 to keep the second slow-roll
parameter small. For the QCD axion even for strong self-coupling m, ~ f, > Hj it is possible for
this mechanism to be the more efficient at restoring the symmetry than both thermal and quantum
fluctuations. For ALPs with much larger f,, this mechanism still might be more efficient than a

large temperature if A\ < 1.

5.5 Roller-coaster inflation

So far we have assumed that the Hubble during inflation remains roughly constant over the last
0O(60) e-folds of inflation, which correspond to scales exiting the horizon that are now the size
of our Universe. Here we consider the converse, where inflation is broken into multiple separate
stages, briefly interrupted by periods of radiation or matter domination. Such a possibility has
been considered in [302] (see also references therein). The idea is that in order to solve the typical
problems, such as the horizon and flatness problems, inflation only requires a total number of e-
folds O(60), but not that they all happen in one go. Meanwhile, if the last O(15) e-folds to re-enter
happened in one go (which correspond to the first O(15) out of the last O(60) e-folds of inflation)
and the periods of decelerated expansion between successive stages of inflation are comparatively
short, then the modes corresponding to scales that are currently probed by the CMB have all exited
inside the same stage of inflation and have remained frozen, and thus there will be no observable
difference in the CMB between one stage of continuous inflation or multiple.

There are many ways in which multiple stages of inflation can lead to a situation similar to the
intermediate scenario discussed in Section For example the PQ symmetry could be restored
inside some of the earlier stages of inflation by a coupling to the (respective) inflaton or to the
scalar curvature, but not during the later ones. Alternatively, the PQ symmetry could be restored
by the temperature achieved during stages of radiation domination between consecutive stages of
inflation. Then subsequent stages of inflation during which the PQ symmetry is not restored could
result in late strings and domain walls re-entry Hyin < Heny < Hi.

Finally, it is possible that some of the earlier stages of inflation had Hy > f, corresponding to

quantum fluctuations that easily produce strings, while the final stages of inflation have H; < f,
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and have diluted the strings. In Figure we showed the value Hj/v, necessary for strings
to become relevant at relatively late times after the axion field starts oscillating, which is the
intermediate scenario. We see that the intermediate scenario happens for H; in a relatively narrow
interval since an order O(1) increase of H; would move us into the post-inflationary scenario
while an O(1) decrease into the pre-inflationary scenario, or in a region that is ruled out by DM
overabundance®. This means that, if the last O(N,) e-folds of inflation happened in a stage with a
value H o that corresponds to the pre-inflationary scenario and before that there was a stage with
Hip 1 which corresponds to the post-inflationary scenario, then late strings could be achieved while
the required separation between H;j; and H o, which corresponds to the duration of the stage of
decelerated expansion between these two stages of inflation, need not be too large.” This is just
a simple example, as discussed in Chapter (] the string density is connected to the variance of the
distribution of the radial mode, which accumulates with the number of e-folds. With multiple stages

of inflation there exist many possibilities to accumulate the required variance o2

2.t corresponding

to network destruction over a number of e-folds larger than Nj.

5.6 Symmetry Restoration with a Light Radial Mode

Here we show that if the radial mode (and additional PQ quarks) are light, the PQ phase transition
happens at temperatures that are lower than f,. Consequently, PQ symmetry restoration happens
for reheating temperatures lower than if the mass of the radial mode is around f, (which as
discussed, typically requires temperatures 2 f,).

As an example we consider the Lagrangian in eqs. , with a quartic A = m2/(2f2) <
1, with the radial mode coupled to fermions v (such interactions are present e.g. in the KSVZ
QCD axion model).

Although it will turn out not to restore the PQ symmetry for T' < f, it is useful to first consider
the finite temperature contribution from ¢ to its own thermal potential. In the high temperature
limit 7" > m, this is given by

L

~ 2
VT_24mr(¢)T ~

2
1my

5 oPT (5.30)

where m,. (¢)® ~ X|¢|? is the mass of the radial mode on the background of its own expectation
value (and in the second equality we have dropped a ¢ independent term). Comparing egs. ([2.29))
and (5.39)), we immediately see that eq. (5.39)) can only restore the symmetry for 7' 2 f, (i.e.

5Tn Figure we have assumed a specific value for .1+ = 1. While the exact it is not known it is still true that
the region between pre- and post-inflationary scenario corresponds to a relatively narrow interval of Hj.

"In fact, one of the examples considered in [302] consists in two stages of accelerated expansion each 25 e-folds long
separated by a stage of radiation domination for 3 e-folds and is compatible with cosmological constraints. In this
case Hy1/Hr2 = 5 ~ 400, which is enough difference to allow H;1 to correspond to the post-inflationary scenario
while Hr 2 to the pre-inflationary scenario, which could overall result in the intermediate scenario.
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T = m, is not sufficient). It is straightforward to show that the conclusion is unchanged if the full
thermal potential is used rather than eq. [2851303].

However, the complex scalar could also couple to new fermions. In a QCD axion model these
might be the fermions that generate the QCD-PQ anomaly in KSVZ models, but more generally
the new fermions need not be charged under the SM gauge group.® We consider an interaction of
the form

LD gy +hec. (5.40)

where 1 and ¢¢ are Weyl fermions that are massless in the absence of a ¢ expectation value (and
h.c. denotes the Hermitian conjugate).” The dependence of the mass of ¥ on ¢’s expectation value

leads to finite temperature contribution to ¢’s potential [303,304]

—nsT4 oo
Vi = o / ¢*log (1 +e V q2+92|¢2/T2> dq , (5.41)
0

272

where ny = 4 if there are a single pair of fermions. In the high temperature limit 7' > my, = g (¢)
eq. (5.41)) is approximately
L 990
~ T . 42
Vr =~ 529°¢ (5.42)

Consequently (¢) = 0 is a local minimum of the potential for any temperature T' 2 m,./g. However,
we impose a stronger condition, which is that the thermal potential ensures that the system reaches
() = 0 regardless of the initial conditions.!® This is not automatic given eq. , because this
is only valid for T > g (¢), which is not satisfied around (¢) ~ f, if T < gf,. Instead, for
T < gf, the thermal potential of eq. is exponentially suppressed at (¢) ~ f,. Physically, this
happens because ¢ decouples from the thermal bath when its mass is greater than the temperature.
Therefore, there is a local minimum close to the zero temperature minimum for temperatures in
this range.

Combining the preceding conditions, the lowest temperature at which the PQ symmetry is

restored regardless of the initial condition is parametrically given by:
Trnin ~ Max ("; gfa) : (5.43)

which is lower than the temperature required for the ¢ contribution to its own potential to restore
PQ symmetry if m, < gf,. Precise results for the minimum temperature for a given model can
easily be obtained by evaluating eq. (5.41) numerically. In Figure we plot the results for the

8Indeed to avoid a too large axion mass for the parameter space that we are interested in, they must not lead to
a QCD induced axion mass.

9Unless g is tiny radiative corrections induced by this term typically require that ¢’s mass is fine tuned. We do not
worry about this issue, which could be avoided for example if the axion and new fermion sector is supersymmetric.

YWe could e.g. consider models of inflation such that (¢) = 0 initially, in which case T > m,/g would keep the
system at this point. However, in such a theory strings will form anyway, so the thermal potential is not required for
this.
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Figure 5.2: The minimum reheating temperature required to restore the axion PQ symmetry
(regardless of the system’s initial conditions) in theories such that the radial mode of the complex
scalar ¢ that gives rise to the axion has a mass m,. that is significantly smaller than the axion decay
constant f,, and ¢ has an interaction with fermions with coupling constant g as in eq. .

simple model of eq. with a single pair of fermions 1 ¥¢ as a function of m,/f, and the
coupling g. It can be seen that eq. is quite accurate (although the condition T > gf, is
slightly too strong since the fermions do not decouple from the thermal bath immediately when
this condition is violated). If an axion arises from a more complex theory the minimum temperature
required will change by order 1 factors, but the main parametric dependence will remain fixed.

Finally note that the typical interaction rate of the fermions ¢ with the thermal bath is of
the order ¢T, which has to be larger than the Hubble in order for the fermions to be in thermal
equilibrium and our analysis using the thermal potential to be valid. Parametrically this requires
gMp 2 fo and g*Mp 2 m,.
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Chapter 6

ALP detection via gravitational waves

6.1 Introduction

Gravitational waves can provide valuable insight into high energy physics and in particular evidence
for various extensions of the Standard Model or alternatively constraints on them. As such it would
be interesting to know if ALP models predict a background of gravitational waves and whether
these are observable by proposed GWs detectors. For this reason we have considered the spectrum
of gravitational waves resulting from a network of scaling axion strings which are characteristic to
the post-inflationary scenario reviewed in Section !

The crucial ingredients needed to determine the resulting spectrum are: 1) the energy emitted
instantaneously from the string network in GWs as a function of time, and 2) the momentum
distribution with which this energy is emitted. In fact, we will be able to derive these quantities
(up to order one coefficients) analytically from energy conservation and the Nambu—Goto effective
theory with the Kalb-Ramond term, which describes strings coupled to the axion field in the limit
of small string thickness (and captures the logarithmic dependence of the tension mentioned above).
We will then see that these predictions are reproduced remarkably well by first principles numerical
simulations of the physical system, which confirm the validity of the theoretical assumptions and
allow us to extract the unknown coefficients. As will be clear in what follows, numerical simulations
can only access a relatively narrow time range, and it is impossible to directly extract the GW energy
and its momentum distribution at the physically relevant time, so a careful extrapolation is essential.
However, the existence of the scaling solution, in combination with our analytic understanding on
the GW emission, makes this extrapolation reliable.

We will show that the energy emitted in GWs at later times during the scaling regime is

logarithmically enhanced, primarily as a result of the logarithmic increase of the string tension,

!Other papers have considered the case of GWs sourced by ALP domain walls [191,/305], which can dominate the
contribution of strings if domain walls survive later than the time the ALP field starts oscillating. This can happen
because in the post-inflationary scenario with Npw > 1 domain walls are stable until additional energy bias becomes
relevant.
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and the energy is always produced with a momentum distribution localised at frequencies of order
the Hubble scale. When the emission from the entire scaling regime is taken into account, this
leads to logarithmic deviations from a scale invariant GW spectrum, which increase the amplitude
of the spectrum at low frequencies (indeed, these frequencies are emitted the latest, when the
enhancement is largest). As we will show in Section the deviation can be approximated by a
spectrum dQgy /dlog f 10g4(fa/Hf), where f, is the axion decay constant and Hy oc f? is the
Hubble parameter at the time when GWs of present day frequency f are emitted. Given the large
value of this logarithm (up to 102 for the relevant axion masses), the deviation from scale invariance
is substantial and means that axions with f, > 104 GeV lead to GW spectra that are observable
in multiple upcoming experiments.

To better understand the range of decay constants and masses that could be discovered via
GW observations, in Section [6.3] we study additional properties of the post-inflationary scenario,
which give constraints on the axion parameter space. In particular, we derive a lower bound on the
relic abundance of axions from strings. We also calculate the spectrum of density perturbations
in the axion field, which leads to isocurvature perturbations measurable for instance in the cosmic
microwave background (CMB) that are potentially in conflict with observations. Finally, we discuss
how the axions emitted during the scaling regime contribute to dark radiation, which is constrained
by big bang nucleosynthesis (BBN) and CMB measurements.

We will see there is a significant region of allowed and observable masses and decay constants
for ultralight axions, i.e. with a mass < 107'7 eV. However, the GWs from QCD axion strings
are not observable due to the bound f, < 1019 GeV from DM overproduction in this case [188].
GW searches are particularly useful since they are complementary to other approaches, such as
astrophysical observations and DM direct detection experiments, with their sensitivity strongest for
large decay constants for which the axion couplings are typically suppressed. Our work will enable
limits from GW observations, or even possible future discoveries, to be related to physics at energy
scales far beyond any that could be explored directly. It will also allow complementary progress
(e.g. potential improvements in searches for isocurvature perturbations and of the measurement of

Negt) to be interpreted in terms of the post-inflationary scenario.

6.2 Gravitational Waves from Strings

During the scaling regime the motion and interactions of the strings act as a continual source of
GWs. In this Section we study the resulting spectrum by combining the effective theory of global
strings, and field theory simulations of the physical system described by the PQ Lagrangian in
eqgs. (12.28/12.29) for Npw = 1, so v, = f4. In particular, in Section we use the Nambu—
Goto effective theory coupled to the axion field via the Kalb—Ramond term, which captures the
dynamics of the parts of the network with small curvature. Both the effective theory and numerical

simulations will show that the GWs can be self-consistently treated as a perturbation of the string
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network if Gu?/f2 < 1, which will be satisfied for all f, and m, of interest. In this case, the fact
that GWs are produced does not significantly influence the evolution of the network, which follows
the previously described attractor.?

For Gu?/f? < 1 energy conservation and the scaling regime fix the time dependence of the
energy emitted into axions I'y, via eq. . However, this cannot be directly used to infer the
emissions to GWs I'y, which accounts for only a small fraction of the energy released. Nevertheless,
in this Section we will show that we can still make use of eq. thanks to a convenient relation
between the rate of energy emission into GWs and that into axions. We will argue for this relation
theoretically using the Nambu—Goto effective theory, and confirm it with numerical simulations of
the physical system in the scaling regime. This will allow us to have analytic control of I'; at all
times, except for an order one coefficient that will be directly extracted from the simulations. In
combination with the momentum distribution of the instantaneous GW emission, whose general
form can be easily guessed and will be confirmed in simulations, this will allow us to determine
the total GW spectrum produced by the network up to H = H, when it is destroyed. After being
produced the GWs propagate freely, redshifting as the universe expands, so today they make up
an irreducible contribution to the stochastic background. As we will see in Section [6.2.4] during
the scaling regime the GWs at the observable frequencies are emitted when log > 1, and therefore

in the following we will often refer to the large log limit, where we define log = log(m,/H).

6.2.1 Theoretical Derivation of GW Emission

The required relation between I'y and I', can be argued for via the low energy limit of the action
in eqgs. (2.282.29), which is the effective theory of Nambu-Goto strings coupled to the axion
field [306] by the Kalb-Ramond action [307]. In particular, this effective theory can be obtained
from eq. on the background of a string and at energies smaller than m, (i.e. integrating out
the radial mode, see [308] for the explicit derivation). It describes the evolution of an infinitely thin
string, with a trajectory identified by the space-time coordinate X*(7, o), where 7, o are worldsheet
coordinates. The string is coupled to the axion field, described by its (dual) antisymmetric tensor

A,. The corresponding action is

1
S = —,u/dea\/—'y — 6/d4azFW”Fw,p —g/deae“baaX“abX”AW(X) , (6.1)

where F,,, = 0,Au, + 0,Ap, + 0pA, and v is the determinant of the induced metric on the
worldsheet vq, = 0, X*0, X, with a,b = 7,0. The coupling g defines the axion-string interaction,
while p is the string energy per unit length (this is easily seen from the first component of the
energy momentum tensor, see eq. ) As we will see in the following, 1 accounts for the energy

in the axion gradients, as well as that localised in the core. The axion is related to the only degree

2If instead Gu?/f2 > 1 gravity dramatically changes the evolution of the system, and affects the scaling regime

~

in a way that is not known.
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of freedom of A, by FMr = MP7 Qpa)/\/2.3

Since a changes by multiples of 27 f, around a string, the coupling g is quantised in terms
of f, as g = 27mfa/\/§, with n integer.* The gauge invariance A — Ay + 0N, + 0 A, and
worldsheet reparametrisation invariance of eq. can be fixed by choosing the gauge 0,A4"" =0
and X - X' = X2+ X2 = 0 where X* = 9, X" and X'* = 9,X". In the frame 7 = t, the equations

of motion for a string with winding n = 1 are

p(XH — X" = 2V2r f PP X, X, (6.2)
Dad AP — \/2n ], / do (X#X" — X/ X") %@ - X) . (6.3)

This system of coupled equations determines the evolution of the string and the axion field. The
axion is sourced from a moving string via eq. , whose motion is itself influenced by the axion
via eq. .

Before proceeding, let us clarify a subtlety of this theory. As discussed in [3064[309] the action
in eq. (6.1)) is strictly speaking ill defined, since the solution of the equations of motion for A,
in eq. (6.3)) is divergent as z* approaches X*. This makes the interaction term in eq. (log-
arithmically) divergent when evaluated on such solutions. This UV divergence can be regularized
and completely reabsorbed in the redefinition of the (bare) string tension u. After reabsorbing the
divergence, the equations of motion will have the same form as eqs. and , but (just like
in the renormalization of quantum field theories) with finite 1(A) and A, (A) depending on a new
(unphysical) length scale A, which can be interpreted as the length at which one probes the string
core. In particular, under the change of this scale to A’, u(A’) = p(A) + (¢%/27)log(A'/A) =
pw(A) + 7w f21log(A’/A).> As this scale is not physical, it can be chosen arbitrarily. If A is chosen
as m; ' < A < L, where L is the IR cutoff (~ H~! for long strings), the interpretation of u(A)
will be that of an effective tension that includes the energy in the axiostatic gradient (up to the IR
cutoff A), while A4, (A) will include mostly the axion radiation.® In the following we will tacitly
assume that the preceding regularization and subtraction has been performed, and that A has been
always chosen in this way, so that p(A) (which we will call u for simplicity) corresponds to the total
energy per unit length, including the gradient energy (see [309] for a more complete treatment).
From eq. it follows that the effective coupling of the axion to the string is determined by

3The normalisation is fixed by equating the energy momentum tensor of the second term in eq. to that of a
free axion.

“This is a consequence of the fact that the commutator [9;,d;]a is non-zero (and quantized) around a string
[308] and is easily seen by imposing 2mnf, = fc dz"9ua where C is a loop surrounding the string, and eval-
uating the right hand side of this equation via Gauss’ theorem and using the equations of motion 9,F""* =
—g deUe“bﬁaXyﬁbX”64(m - X).

The same running has been studied in a generalisation of the theory we consider in the context of the effective
string description of vortices in superfluids [310].

5The fact that changing A does not change the equations of motion implies that, as far as the dynamics of the
string at small curvature is concerned, it does not matter whether the energy is localised in the string core or in the
axion gradient.
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f3/m o< 1/ log.

Notice that the preceding discussion does not hold when the inverse core-size m_! is of the
order of the IR cutoff L. Consequently, this effective theory describes the dynamics of the physical
system in the parts of the network where the finite string thickness is smaller than the inverse
string curvature, but it will break down when strings intersect and reconnect, or when loops shrink
(such processes are sensitive to the details of the structure of the potential of the field ¢ and will
therefore need the full theory in eq. (2.29)).

In the presence of gravity a moving string sources gravitational radiation, which can be deter-

mined by linearising Einstein’s equations giving e.g. in the harmonic gauge 0*h,, = %&,h

1 s S
0a0“hH = 167G (Ts“” - 277‘“’Ts’\/\> , T =p / do (X“X” - X’“X”’) B @—-X), (64)
where g, = 1 + hyw is the metric, h = h¥, and T!* is the energy momentum tensor of the string
from the first term of eq. (6.1)). It is straightforward to show that the energies radiated at infinity

per unit time in axions and GWs from a string trajectory X* are respectively

dE,
dt

dF,
X2, S =X G (6.5)

where 7,[X] and r4[X] are dimensionless functionals of the shape of the string trajectory (but
independent of the string length). In more detail, for any string trajectory X* that is a solution
of eqs. and , the axion and GW fields are determined by egs. and . These are
wave-like equations of the form 9,0%B = j, with solution B = [d3yj(t — |% — i, ¥)/(47|% — 7)),
and therefore A, < f, and hy, o< Gu. The emitted energy is dE/dt = — [ 32T where for the
axion T/ ~ (9A)? and for the GWs T/ ~ G~1(9h)?. This fixes the dependence on f7 and Gp?
of eq. , while the remaining factors (called r, and r;) must be dimensionless functionals of the
string trajectory only.

The main conclusion from eq. is that GWs are emitted proportionally to the (square of)
the string tension, since they are sourced by the energy momentum tensor. Conversely, the axion
coupling to the string is fixed by f, and the axion energy is proportional to f2 only. We stress that
eq. (6.5) is valid for any trajectory that is a solution of egs. and (/6.3]), irrespective of the ratio
f2/u, i.e. regardless of the magnitude of the axion-string coupling. Therefore eq. is expected
to capture the energy emission from the pieces of the string network for which the string thickness
can be neglected at all values of the log, including those accessible in simulations (related previous
analysis in the literature has been carried out in the limit of zero coupling [3111312]).

Since we will not need the functional form of r,[X] and ry[X], we give their expressions in
Appendix where we also give further details of the derivation of eq. . From egs. in
Appendix it can be seen explicitly that (as expected given that they are dimensionless) r,[X]

and r4[X] are invariant under the rescaling of the length of the trajectory and of time, and therefore
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depend only on the shape of the trajectory. We note that the coefficients 7,[X] and ry[X] have
been calculated in [312] for particular trajectories in the limit of zero coupling.

Finally, we observe that, as mentioned, this effective field theory predicts that the GWs do
not significantly influence the motion of the strings provided Gu?/f? < 1. Indeed, the inclusion
of gravitational backreaction modifies eq. by introducing, on the right hand side, the term
—uFﬁP(X”XerX’”X’p), where I'}) ) are the Christoffel symbols (this was first studied in [313,314]).
Since I'}}, ~ Oh, and h is of order G, this term is suppressed by Gu?/f? with respect to the one
already present in eq. . Similarly, the energy emitted in GWs from eq. is suppressed with

respect to that into axions by the same factor.

6.2.2 GW Spectrum during the Scaling Regime

We now apply the results of Section to the evolution of the scaling network reviewed in Section
[2.4.3] to extract information on the emission of GWs during the scaling regime. As outlined, we use
an approach that avoids having to calculate the GW emission directly from eq. , which would
require understanding the form of the trajectories X* of long strings and loops during scaling.
Given that eq. holds for a generic string trajectory, the energy densities I', and I'y emitted
per unit time during the scaling regime are related by rGu2;/f2, where r = r4[Xs]/rq[Xs]. We can
therefore use our knowledge of T', from energy conservation (i.e. eq. ) to infer the energy

density emitted per unit time in GWs during the scaling regime. This reads

Gulg
f2 7

. Guig
f2

T, = r, 23! serms (6.6)
where the second relation holds in the large log limit, and in that case I'y ~ 8mirG fAH3¢ log®. In
eq. the dimensionless coefficient 7 is a functional of the average shape of the string network
(and expected to be of order 1). The average shape of the strings is preserved throughout the
scaling regime, and therefore we expect r to be time-independent, or at most have a weak log
dependence. The coefficient r can be interpreted as a form factor of the string network that encodes
how efficiently the string trajectories during scaling emit GWs compared to axions. In particular
it parametrises the string dynamics that are responsible for the GW emission (long strings, small
loops, string reconnection, etc.).

The validity of eq. with a constant r relies solely on energy conservation during the scaling
regime and on the Nambu—Goto effective theory. While the latter must break down when strings
reconnect and loops shrink, it is possible that most of the axion and GW energy is emitted in the
regime where the effective theory is valid. Indeed, we will see in Section that eq. is
reproduced remarkably well with a constant r in first principles field theory simulations, which will
allow us to also directly extract its value (instead of calculating it from its definition). We will also

see that peg, which we defined in terms of the string energy, is well matched by the theoretical form
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eq. . Given this, we will assume that eq. holds in the remainder of our present analysis.”
In particular, assuming the growth of £ as in eq. , this implies that I'; is proportional to
H31log* at large log.

Since GWs redshift freely, we can straightforwardly obtain the GW energy density p, at a
generic time during the scaling regime from p, + 4Hp, = I'y + ..., where the dots stand for
possible additional GW sources, which we subsequently neglect. It immediately follows that py(t) =
fttl dt'(R(t')/R(t))Ty(t'), where t1 is the time when the scaling regime starts. The remaining
ingredient required to calculate the GW spectrum is the momentum distribution of I'y. It is
convenient to write I'y as a function of the differential emission rate 0I'g/0k and to further express

this in terms of the instantaneous emission spectrum Fy, i.e.

r,0 = | dk%l;j[k,t] , %l;j[k,t] _ 29((35’9 [Z”;J . (6.7)

The function Fyz,y] fully captures the momentum dependence of the instantaneous emission via
the variable z = k/H and its possible time dependence via the variable m,/H, and is normalised
to one by definition, [ dxFylz,y] = 1. Plugging eq. into py(t) we obtain the total GW energy
density spectrum, defined by py = [ dkOpy/0k,

dpg t T0 (R\? K m,
I tl= | dl-L (=) F,|—, — )
Ok [k, o H <R> Q[H”H’] ’ (6.8)

where k' = kR/R’ is the redshifted momentum and all other primed quantities are evaluated at t'.
Eq. is just the superposition of all the spectra emitted from ¢; to ¢, properly redshifted.

Given the existence of a scaling solution, we have some theoretical expectations for the form of
the instantaneous GW spectrum Fy, which closely resembles the analogous axion spectrum studied
in [188]. First, since strings typically have a curvature of order Hubble, the spectrum of GWs
emitted at each instant should be peaked at momenta of order the Hubble parameter at that time.
Meanwhile, production of GWs with momentum below Hubble or above the string core scale is
expected to be strongly suppressed. The absence of any scale between H and m, suggests that
between these two (IR and UV) cutoffs the spectrum follows a single power law Fj, oc 1/x9. It
is also expected from the Nambu-Goto description that most of the GW energy I'; is contained
in (IR) momenta of order Hubble, as opposed to (UV) momenta of order m, (see [309]), which
corresponds to ¢ > 1.

We will show in the next Section that all of the properties above are verified in numerical sim-
ulations of the scaling regime, where we will provide the exact form of Fy. To get a general picture

of the resulting total GW spectrum, it is sufficient to approximate the instantaneous emission with

"Eq. must break down when log ~ Mp/f.. In Sectionwe will see that the values of f, allowed by existing
constraints are always small enough for this to be true (for all m,). With an abuse of language, we will therefore use
the phrasing ‘large log’ to indicate log < Mp/ fq.
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sharp IR and UV cutoffs at momenta zoH and m,., i.e. Fylz,y] o< 1/2? for x € [x¢,y], and zero
elsewhere. Inserting this Fy into eq. we obtain the GW spectrum. At a generic time during
the scaling regime with log > 1, in the momentum range k > zoH but k& < z9v/HH; (where
Hy = 1/2t; is the Hubble parameter at the start of the scaling regime) this is given by

r H\?
8?0pggk [k, t] = 8m°cirGf H log! ln;[ (xok ) ] . for woH Sk SaoVHH (6.9)

where ¢ defined in eq. determines the growth rate of £, and we omitted terms proportional
to additional inverse powers of log, which are negligible in the regime we are considering. The full
expression for the spectrum is given in Appendix

We observe that the spectrum is (approximately) scale invariant between the IR and UV mo-
menta xoH and xo\/HHi, so the total GW energy is spread over a wide range of frequencies. This
is because the rate at which energy in previously emitted GWs redshifts and the main decrease
in I, o« H? in a radiation dominated universe combine to give dp,/0k o< 1/k. Such a spectrum
accumulates only between the two extremes xoH and xz\/H H;, which correspond to the peaks of
the instantaneous emission at H and at Hj respectively (redshifted until H).

However, as time progresses the GW emission is enhanced due to the (increasing) log? factor
in I'g. This leads to a violation of the spectrum’s scale invariance, which consequently has larger
values at smaller k. This is captured by the logarithmic factor in eq. , which ranges from
log*(m,/H) = log* at k ~ zoH to log*(m,/H,) at k ~ zq/HH,;. One log? factor is due to the
increase in the energy stored in the network (from ¢ and jg), and the additional log? factor to
the efficiency at which this energy can be emitted in GWs, proportional to coupling of the GWs
to the string Gu?. Although a single power of log relies on the extrapolation of the log growth of
¢ observed in simulations, the other three powers are inevitable. Since at the end of the scaling
regime log ~ 100, the violation of scale invariance is substantial and — as we discuss in Section
— it could make the low frequencies of an otherwise invisible signal detectable. It is also clear that it
is essential to extrapolate to large log to make any sensible physical predictions, and results directly
extracted from simulations, which can reach only log < 8, are guaranteed to be off by many orders
of magnitude.

There are several other features of the GW spectrum from scaling that are worth noting. First,
the dependence of the spectrum in eq. on xg is only logarithmic, and the dependence on ¢
only comes in (neglected) terms proportional to (¢ — 1)"'log™! (i.e. together with inverse powers
of log, see eq. (D.11) in Appendix . Thus, as long as ¢ — 1 is definitely larger than 1/log the
dependence on ¢ is negligible for modes with k& > xgH. This means that even an approximate
determination of xy and ¢ from simulations will be sufficient to understand the spectrum in the
momentum region of eq. . Moreover, a possible dependence of xg and ¢ on log — as long as it
keeps ¢ > 1 — would not significantly change the spectrum.

Second, if the effective number of degrees of freedom in thermal equilibrium ¢ is not constant,
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the scale factor away from particle thresholds is R o t1/2¢g~1/12

where ¢ is evaluated at the tem-
perature corresponding to the time ¢. The spectrum in eq. at time t gets the (k-dependent)
multiplicative correction (g(t)/g(tx))'/3. Here, t; is defined by zoH(t;) = kR(t)/R(ty), and is
the time when most of the GWs that have momentum & at time ¢ are emitted. We refer to Ap-
pendix for the explicit derivation. As we will see in more detail in Section the change in
g distorts the log* dependence at the momenta corresponding to the temperature when the degrees
of freedom decouple from the thermal bath.

Finally, as explained in Appendix at UV momenta k > zov/HH; the spectrum dp,/dlogk
is suppressed as 1/k9~! and rapidly falls. The critical Hubble /HH; is model dependent, since
it depends on when the scaling regime began (and so when and how the string network forms).
Meanwhile, at IR momenta k < xgH the spectrum is also power law suppressed and follows the
same behaviour as Fy for z < zg. Contrary to the simplified case discussed above, we will see that
Fylz,y] < 23 for x < o and this implies 9py/0k o k> at k < woH. This last part of the spectrum
is produced at the time when domain walls form, so will also get a contribution from domain walls,
which is expected to change it by at least an order one amount (we discuss this contribution briefly
in Appendix .

We also note that in the large log limit the total energy in GWs emitted from #; to ¢, i.e.
pg = fttl dt'T,(R'/R)*, is pg = (4/5)H*G & log / f3 o< H? log®. The additional log factor is related
to the fact that this energy gets equal contributions from all the times from ¢; to ¢ on a logarithmic
scale. It is straightforward to see that the approximately scale invariant spectrum in eq.

reproduces this formula.

6.2.3 Comparison with Numerical Simulations

We now show that results from numerical simulations match the preceding analysis extremely well.
This confirms our theoretical assumptions (i.e. that the Nambu-Goto EFT is valid at least for
determining the relative emission into axions and GWs, and the general shape of the instantaneous
emission spectrum) and allows us to extract the values of the parameters r, 2y and q.

In the simulations we evolve the complex scalar ¢ by numerically integrating the equations of
motion that follow from eqs. (2.282.29) on a discrete lattice. The simulation code was written
by my collaborators, Dr Marco Gorghetto and Dr Edward Hardy in C++ and it was not made
publicly available. More details of their implementation can be found in Appendix [E]as well as the
Appendices of their previous papers [186,[188]. Starting from suitable initial conditions, a network
of strings forms and evolves, and is driven to the attractor. Due to the competing requirements
that the grid must contain at least a few Hubble patches (to capture the infinite-volume properties
of the network), and must have at least a few lattice points per string core (to reproduce the string

interactions correctly), such simulations can only access values of log < 8.8 This is the origin of the

8Tn more detail, the maximum log is limited to ~ log N, where N is the number of gridpoints in the box side. Here

113



previously mentioned required extrapolations (in our approach, we need to extrapolate r, zy and g,
as well as &).

As well as the physical system of eq. , we also simulate the so-called ‘fat’ string system,
which is defined by the same potential as eq. but with m, oc R~! decreasing with time. In
this way the string core size remains constant in comoving coordinates. In this system the same
hierarchy in log corresponds to a larger ratio between final and initial cosmic times, and the string
network therefore flows to the attractor faster, leading to cleaner results. Although the qualitative
features are expected to be reproduced, the quantitative parameters of the scaling solution could
differ from those of the physical string system (which we therefore use to extract the numerical
values). For both systems we set the initial conditions as close as possible to the scaling solution,
on which £ grows logarithmically (the evolution of £ is plotted in Figure in Appendix where
we give more details). It is straightforward to evaluate the energy in axions and radial modes in
simulations, and therefore the emission rates I'y and I',..

The GWs produced during the evolution are obtained by numerically solving the linearised
Einstein equations

hij + 3Hhi; — R*V?hyj = 167GT,, ; (6.10)

where Tgﬁ, is the transverse-traceless part of the energy momentum tensor of eq. .9 At
a generic time the energy density in GWs is p, = T3, where T = (321G R?) 10 hagd” hP)
is their energy momentum tensor and the brackets stand for the spatial average. From p, the
emission rate of GWs can be calculated using I'y = R*4%(R4pg). Further details concerning our
numerical implementation can be found in Appendix[E] In Appendix [E.I] we analyse the systematic
uncertainties in simulations, e.g. from the finite lattice spacing, and the results we show are with
parameter choices such that these are negligible.

The gravitational backreaction (in the weak gravity regime) is represented in the equations of
motion of the Lagrangian in eq. by the addition of a term R™2h%9,0;¢. By carrying out
simulations with this term included, in Appendix we show that — as expected — the (evolv-
ing) effective parameter that controls the gravitational backreaction during the scaling regime is
G,ugff /f2. This is shown in Figure of Appendix where the deviations in ¢ and p, due to
the backreaction depend only on G,uzﬁ /f2 for different choices of f,/Mp. In particular, provided
G2/ f2 < 0.5, corresponding to log < Mp/f,: (1) gravity is self-consistently in the weak regime
and (2) it does not alter the dynamics of the string network.'® The decay constants (and logs) of
interest, studied in Section are all safely within this limit, so we do not include backreaction

in the remainder of our simulations.

we used grids of size to N3 ~ 2500 (as opposed to 4500° in my collaborators’ previous work) given the additional
computational cost in the evolution of the GWs. The resulting maximum log ~ 7.5 is still sufficient for the properties
and trends in the attractor solution to be reliably identified.

9Here h is in the transverse-traceless gauge, which is convenient in the FRW background.

10This is expected, since the backreaction term is negligible with respect to the gradient term —R™2V?¢ for such
fa, as h ~ Gf2 from the linearised Einstein equations.
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We now turn to our main results from simulations. We first observe that the total energy emitted
per unit time from the network (I'y + I';) in simulations should match the theoretical formula for
T in eq. with the theoretically expected form of the tension uyy, given by eq. . In more
detail, although eq. determines uniquely p¢, at large log, at the small log relevant in the
simulations gy, (and consequently I') is sensitive to the (only) free parameter 7. We extract the
value of ) by fitting the data such that (I, +1T',)/T" is constant in the range log > 4, for the simplest
model in which 7 is constant as a function of time, where as mentioned (I', +1I') is measured in the
simulations and I' is given by . However there an additional complication since I' of equation
strictly applies to long strings only and this energy does not fully go into radiation directly,
since some short loops are also emitted at first which eventually also decay into radiation. We give
additional detail in Appendix where we explain that this complication can be accounted for
due to the fact that the fraction of string length in long strings is constant in the scaling regime. For
the fat string system this fraction was determined to be fi, . = 0.84 in [186] and we can directly
fit the data for the value of n to find 7gs ~ 0.95/ V47 ~ 0.27, which is close to the value it would
have if the long strings were straight and parallel to each other 1/y/4x. In the case of physical
strings however we add the ratio fi, pnys as an additional free parameter to the fit. The best fit
values in the physical string system are found to be fi, phys = 0.9 and nphys ~ 0.7/ VAT ~0.2. We
show in Figure the ratio (I'y + I';)/T" for fat strings, with the corresponding n = 0.27 set to
its best fit value and fr, = 0.84. The fact that the ratio (I', + I';)/I" is close to unity at all times
for such time-independent choice of 7 is a non-trivial check that eq. captures the emission
rate at the logs accessible in simulations. This also (indirectly) shows that peg is well reproduced
by the theoretical expectation u, of eq. and is growing logarithmically as expected, so we
can use the latter expression in the analysis that follows. ' To assign an error to 1 we plot the
ratio (I'y + T, /T") for various values 7,y in Figure Additionally, in Figure of Appendix
we plot the same ratio for fat and physical strings, for data collected for a previous paper of my
collaborators [188], which was taken on larger grids (45003 instead of 2500%). Based on this we
assign ranges ngeV4m € (0.8,1.1) and nppysvV4T € (0.4,1.5) in order to estimate the error on the
coefficient r. Inside these ranges the ratio (I', + I';;)/T" is constant to within about 10% tolerance.

Having confirmed the validity of I' and py, we are ready to study the GW emission I'y and
extract the coefficient r. As discussed, we do so using r’s relation to I'y and T’y of eq. ,
ie. r = f2',/(ToGu?s). This leads to a small ambiguity in determination of r at small log,
because the small (and decreasing) proportion of energy emitted into radial modes is by construction
not captured by the Nambu-Goto description, and could be included along with I'y in eq. .
Since the radial modes take a proportion of the energy that would otherwise go into axions, it
is natural to expect that the inclusion of I', leads to the quantity conserved during scaling. In

the following we therefore consider rgm = f2Ty/(TGuz,), where I' and 4y, are calculated from

1 As also explained in Appendix eq. (2.49) strictly speaking holds for non-relativistic strings (since there is no
boost factor), but any corrections from this are absorbed in the definition of 7.
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Figure 6.1: The ratio between the energy emitted by strings as measured in the simulation into
axions (blue) and axions plus radial mode (black) and the energy lost by the strings for the fat
strings system. The total energy lost by strings I' is given by the energy lost by long strings eq.
(2.53)) multiplied by a correction factor depending on the ratio of long strings to loops, which
adjusts for the fact that the energy lost by long strings does not fully go into radiation, with some
of it going into short string loops which decay later. For the fat strings system we have fitted the
data with a constant free parameter 7,y appearing in the string tension eq. and set the
fraction of length in long strings to fi, far = 0.84 as found in [186]. The best fit value of 7, was
neat = 0.27. Error bars represent the statistical errors over a set of 30 simulations on grids of size
25003 grid points, which we run to study the gravitational waves emissions and differ only in the
random seed used to generate initial conditions.

eqs. (2.49) and (2.53)) with the same constant value of n mentioned before (indeed I' reproduces

I'y + I'y measured in simulations), while I'y is evaluated in the simulations. Note that using the
theoretical I' in the extraction of r instead of the result of I', + I, from simulations reduces possible
systematic uncertainties related to fluctuations of the last two quantities, which especially at small
logs are affected by parametric resonance effects between axion and radial modes especially for the
physical system.!?

In Figure [6.3] we plot the time evolution of 7y, for the fat and the physical systems. The
uncertainties on the data points represent the statistical error over a set of 30 simulations with
initial conditions with the same initial string density £, which differ only in the random seed and
are otherwise identical. In both cases rgm is of order one and its time-independence is manifest
over more than three e-foldings. This corresponds to a verification of eq. and provides a
remarkably consistent picture of the dynamics of the string system. First, it confirms the validity
of the effective Nambu—Goto description at least for the emission of GWs, which therefore also
allows analytic control of I'y beyond the range that can be simulated. The constant form of rgy,
even holds well from log = 4 when there is only a mild hierarchy between the string core scale

and the Hubble parameter. In fact it is not unreasonable that r is constant even at such early

20n the other hand T', fluctuates far less since the coupling of the GWs to the radial modes is much weaker.
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Figure 6.2: The ratio between the energy emitted by strings as measured in the simulation and
the energy lost by the strings for various values of ng¢. The blue plots correspond to the range
(0.8,1.1) which we have allocated to v/47ng.¢, while the black dots correspond to the best fit value
VAT = 0.95. Inside this range the ratio (T, + I'y)/T differs by about 10% or less inside the
simulation range 4 < log < 7.4 and this is true also for data on larger grids from [188], which reach
up to log = 7.9 and are represented in Figure in Appendix

times, since the theoretical expectation in eq. does not rely on the string system being in the
pure Nambu—Goto limit (namely it should hold even at small log when the strings are strongly
coupled to the axion). Moreover, as anticipated in Section the constant value of rgy, is
strong evidence that the string configuration is self-similar. This in turn confirms that the scaling
regime has been achieved in the simulation and that the logarithmic increase in £ is a part of
it.1? Although we cannot exclude a qualitative change in the evolution of rgy, after log = 7.5,
both theory and simulations suggest that such a change is unlikely. The extrapolation of r after
log = 7.5 therefore seems robust despite the difference in log between the simulations and the
physically relevant system. On the other hand, simulations can never exclude the possibility that
there is a small logarithmic running of r» but only bound its value, and we comment on this when
discussing the uncertainties on our predictions of GW spectra in Section

In Figure [6.3] we also show the fit of this observable with a constant function. For the physical
system we start the fit at log > 4.5, since the first few data points at small log seem to deviate
slightly, as the system has not yet fully reached the scaling regime at such early times (see also the
not completely linear behaviour of £ at those log in Figure .14

We now estimate the uncertainty on r = f2I',/(I,Gu2s) for physical string network. A first

131f the logarithmic increase were a transient, we would expect the configuration not to be self-similar. This is also
consistent with the observation that the fraction of ¢ in strings of different lengths remains constant [186].
14The small disagreement of the last two data points of the fat system is likely to be due to a statistical luctuation.
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Figure 6.3: The evolution of energy density I'; emitted in GWs per unit time during the scaling
regime normalised to I'G u?h /f2, where I is the total energy emission rate and py, is the theoretical
expectation for the string tension, for the fat string system (left) and the physical system (right).
Error bars on the data points represent the statistical error over a set of 30 simulations. The
red bands are centered on the average value of r over all data points and its width is given by the
standard deviation. The constant value of this ratio is in agreement with the theoretical expectation
of Section and indicates that the relative emission to GWs grows as T'y/T', o log?(m,./H) at
large log. This Figure was produced by my collaborators for our joint work [1].

source of uncertainty comes from the precise value of the string tension peg at small log (for which,
as mentioned, the value of 7 is relevant), which feeds into the value of r extracted from I'j measured
in simulations. As mentioned, peq is well reproduced by i for npnys >~ 0.20. However, given the
large fluctuations of I'; 4+ I', in the physical system, values of npnys = 0.1 + 0.3 still reproduce
I' =T, + I', acceptably well (this range is obtained by varying 7 such that (I, + I';)/I" remains
approximately constant, see Figure and Appendix . This translates into an uncertainty on
Tsim in the range 0.17 = 0.34 (estimated by evaluating rgm at the final time for 7,y in the range
0.1 + 0.3, see Appendix and Figure for more details). Moreover, the previously mentioned
ambiguity in using I' or I', introduces a theoretical uncertainty in the value of r (although rgm
seems to be the conserved quantity). We can conservatively quantify the associated error as about
10%, corresponding to the contribution that I', provides provide to I' at the largest simulated log
of Figure The actual statistical uncertainty on data of I'y is negligible with respect to the

mentioned ones. As a result, we obtain a value for r with a conservative error estimate of
r=0.26(11) . (6.11)

Since r is of order one, as expected for f, < Mp only a small fraction of energy is emitted in
GWs. Moreover, as well as qualitative agreement, in Appendix we show that our value of r is
quantitatively consistent with the decrease in axion energy, for a fixed f,/Mp, when backreaction

is included.
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Figure 6.4: The evolution of the total energy density in GWs p, (black points, with statistical
errors smaller than the plotted data points), and the theoretical prediction for this quantity with
the range of r extracted from Figure (red bands). The data are in full agreement with the
predictions. We also plot p, oc H 2log”, which is valid at log > 1, and which the prediction and
data asymptote to. This Figure was produced by my collaborators for our joint work [1].

In Figure @ we also show the evolution of the total GW energy density p, measured in the
simulations (black points). In the same plot we show the theoretical prediction for this quantity,
ie. pg = fttl dt'T(R'/R)*, with Ty = rGugT'/f3 where the constant r (together with its error)
is extracted from Figure and I is as in eq. and is evaluated as before (in doing the
integration we take t; such that log(m,/H;) = 3.5). As expected given Figure the agreement
between the prediction and the data is excellent. We also note that the data approach the expected
large log behaviour p, oc H 2log®, discussed in Section

The remaining input required to calculate the GW spectrum is the momentum distribution
of the instantaneous GW emission Fy. It is straightforward to extract this from simulations, and
results for Fy[z,y| are plotted for the physical system in Figure (left) at different times, i.e.
different y = m,/H (labelled by log(m,/H)). As expected, the distribution has an IR cutoff
corresponding to xg ~ 27 and a UV cutoff at around the string core scale, corresponding to

15 The spectrum has a somewhat

x ~ my/(2H), which are the same as for the axion spectrum.
broad peak around the IR cutoff, from z ~ 5 to 20. Above this, an intermediate power law is
visible and compatible with ¢ = 2, which implies an IR dominated emission. Thus, the numerical
results fully confirm (at least at small log) our assumptions of Section

The parameters zg and g appear to be time-independent in the range of log accessible to
simulations. This can be seen from the fact that the F, overlap for all y (we carry out a more
detailed analysis in Appendix . It is interesting to note that, although the IR and UV cutoffs of
F, are similar to those of the corresponding axion instantaneous emission spectrum F,, the spectral

indices of the two, ¢ and g, respectively, are dramatically different. For the axion ¢, increases with

5The value k/H =~ 27 is also motivated since for such momentum the wavelength equals the Hubble distance.
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Figure 6.5: Left: The momentum distribution Fy[z,y] of the GWs emitted instantaneously from
the string network, as a function of their physical momentum normalised to Hubble, z = k/H.
Different lines indicate different times i.e. changing y = m,/H, which are labelled by log(m,./H).
At all times the distribution is dominated by (IR) momenta of order Hubble, and decays as z~2 at
higher momenta. Right: The evolution of total spectrum of GWs produced by the network, plotted
at different times. We factor out the expected time dependence of the amplitude of the IR peak
o H?log*. This Figure was produced by my collaborators for our joint work [1].

log (from g, = 0.75 to 0.95 between log = 6 and 8 indicating a UV dominated spectrum that is
gradually becoming IR dominated).'® We also note that an emission with ¢ = 2 is characteristic of
kink-kink collisions [315], as opposed to cusps and kinks which instead provide ¢ = 4/3 and ¢ = 5/3
respectively. Although this could be an indication that kink-kink collisions are the dominant source
of the emission, our results do not rely on the modelling of the particular process sourcing the GWs,
as the evolution of the field equations captures the full dynamics of the system.

Despite these results, we cannot exclude a slow logarithmic running of zg and ¢q. However,
as discussed in Section [6.2.2] a slow increase in ¢ would have little effect on the integrated GW
spectrum (and a decrease in ¢ until ¢ < 1 would be extremely surprising). Likewise, a slow change in
xo would only have a very minor effect, so we do not analyse this possibility in detail. Consequently,
we can safely assume that the form of Fy is preserved also at large log.

In Figure (right) we also show the total GW spectrum Odp,/0logk at different times as
a function of the physical momentum normalised to Hubble. The general features derived in
Section [6.2.2] are reproduced. However, due to the small final log, the approximately scale invariant
region xoH < k < x9v/HH; of eq. corresponds only to a small portion of the spectrum.
Indeed, the first nontrivial emission in the scaling regime happens around log (m,/H;) ~ 4 and
therefore eq. holds in the restricted range zo < k/H < xov/HH1/H ~ 4050 at the final time

6This could be due to the fact that the coupling of the radial modes to axions is much larger than the coupling of
radial modes to GWs. Therefore the radial modes which are partly emitted by the strings at small log could produce
energetic axions [188], contributing to the UV part of the axion spectrum (but not to the GW one). The emission of
radial modes diminishes logarithmically, and the spectrum therefore decreases in the UV.

120



log = 7.4.17 Nevertheless, the key result from eq. that at fixed k/H ~ x( the spectrum (once
the leading H? is factored out) grows proportionally to log*(m,/H) is matched well in Figure
(right), which is of course consistent with the extrapolation to large log being essential (a version of
the plot without the log* factored out is given in Figure of Appendix .18 Finally we observe
that dp,/0k o k3 for k < xoH (this is the same behaviour as F at small z), while dp,/0k o< k971 at
momenta higher than zov/HH;. In Appendix [E| we show the results for F,, and the total spectrum
for the fat string system, which are qualitatively, and even quantitatively, similar to those of the

physical system.

6.2.4 The GW Spectrum Today

The present day remnant of the GW spectrum from the scaling regime can be straightforwardly
computed by combining the theoretical discussion of Section and the results of Section [6.2.3
For the sake of definiteness for now we assume a temperature-independent axion mass, and we
discuss the temperature-dependent case later.

As mentioned, the scaling regime ends (approximately) when H = m,, at which time the
network is destroyed and GWs stop being produced at the rate in eq. . The GW spectrum at
H = m, follows from eq. . From H = m, on the GWs redshift freely until today, and their
contribution to the present day total energy density of the Universe is Qgw = pg/pe, Where p, is
the critical density.

In Figure [6.6| we plot the GW spectrum d€gy /dlog f (from a numerical integration of eq. (6.8))),
where f is the frequency. We use the value of r from eq. to evaluate I'y in eq. , and
a functional form of Fj that fits Figure (left) (see Appendix for more details). Results
are shown for different choices of axion decay constant and mass that are not excluded by other
cosmological constraints (derived in Section. For an axion that produces GWs in the detectable
frequency range, these constraints require f, < 10'° GeV (from dark radiation bounds discussed in
Section and 10728 eV < m, < 10717 eV (the lower limit is due to bounds on string surviving
until recombination which is discussed in Section [6.3.4] and as a result the network is destroyed
before matter-radiation equality, the upper limit is due to the bound on the axion relic abundance
discussed in Section .19 We also show f, = 3 x 10'® GeV, which is likely to be in tension with
dark radiation bounds, see Section [6.3.2

In this plot we assume that the Hubble parameter H; when the scaling regime starts is suffi-
ciently large that the GW spectrum is in the approximately scale invariant region for the entire
range of frequencies shown. Later in this Section we show that this assumption is highly plausible.

We also assume a standard cosmological history with radiation domination up to high temperatures

" H, corresponds to when the UV and IR cutoffs of the spectrum zoH and m,./2 coincide.

18 At small log, Op,/dlogk actually grows faster than log® due to the subleading log corrections of I' in eq. ,
and indeed at k/H ~ zo the spectrum in Figure (right) shows a slight increase.

9This confirms that the condition for gravitational backreaction to be negligible Gues/f2 < 1 is satisfied.
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and only the particle content of the SM plus the axion, and that m, = f,. We describe the errors

that we include on the GW spectra and other sources of uncertainty in detail at the end of this

Section.
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Figure 6.6: The contribution to the energy density of the Universe today from the GWs emitted
by axion strings during the scaling regime, as a function of their present day frequency f. To
produce this figure the parameters xy and ¢ which describe the instantaneous emissions spectrum
F, discussed above were set to z9 = 5 and ¢ = 2. Different lines correspond to different values of
the axion decay constant f, and mass m,. We plot values of m, that are compatible with current
constraints on the post-inflationary scenario. Values of f, < 10 GeV are possible, while larger
values are in tension with isocurvature and dark radiation bounds. GWs with higher frequencies
are produced at earlier times, and we indicate the temperature of the Universe when GWs of
a particular frequency are dominantly produced, T, as well as the corresponding value of the
log at this time log(m,./Hy). All the GWs are emitted in radiation domination and the network
decays before matter-radiation equality. We also indicate the range of masses allowed for symmetry
breaking scales f, > 10" GeV which are detectable by gravitational waves. For this range of masses
the frequencies at which detectors are sensitive are always larger than the value corresponding to
the IR peak of the emissions spectrum, and as mentioned are lower than the value corresponding
to the and UV peak for H; > keV.
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A useful (and for most purposes accurate) analytic approximation for gy in the log > 1 limit

is derived from eq. in Appendix (see eq. (D.13)) and reads
}4

2 4 3 -8 2
dc?lig} =080 x 107 (0.6;4) (0.26> <101{Z}ev) (;(f)) {1 +0.012log l(lolTéev) <10 sz)
(6.12)
where gy is the effective number of degrees of freedom in thermal equilibrium at the temperature T,
when most of the GWs with today’s frequency f are emitted.?’ Eq. holds in the frequency
range 3 x 10712(m,/10720eV)1/2 < f/Hz < 103(H;/ GeV)'/2. This corresponds to the extremes in
eq. evaluated at H = my, redshifted to today. As stressed in Section at lower and higher
frequencies than these IR and UV cutoffs, dQgy /dlog k is suppressed as f3 and f47! respectively.?!

Several comments are in order. First, we observe that f, controls the overall amplitude of the
spectrum, since it ultimately determines both the energy density of the string network and also
the efficiency at which this is emitted into GWs. Conversely, m, only affects the position of the
1/

IR-cutoff o« me/? of the approximately scale-invariant part of gy, (which is m, independent). This
is not surprising given that m, is unimportant during scaling, and its only role is in determining
when the network is destroyed. The resulting IR cutoff is visible in Figure

The log* dependence of the frequency is evident in Figure and eq. . In Figure
we indicated the value of the log when most of the GWs with frequency f are emitted, log; =
log(m,./Hy). Since this varies by more than a factor of 2 over the frequencies of observational
interest (in the range logy = 30 < 90), there is a substantial effect on the spectral shape as well
as the amplitude. We also note that the GWs in most of the observable range are emitted when
¢ = 10 + 20 from eq. . As expected, the spectral shape is also modified by the changes
in number of relativistic degrees of freedom in the Universe. In particular, this has an effect at
frequencies that are dominantly emitted at temperatures T¢ (shown on the upper axis) at which
such changes occur (the largest effect is around 7" ~ 100 MeV when a large number of the degrees of
freedom decouple). As a result the spectrum at higher frequencies is suppressed by more that the
log* factor, since these are emitted at earlier times when gy is larger leading to increased expansion
of the Universe. However, such effects are fairly weak, as {1y, depends only on gjl/ 3,

In Figure [6.6] we also show the projected sensitivity curves for ongoing and proposed GW
searches (EPTA [126], PPT [127], SKA [128], LISA [122], DECIGO/BBO |[123], AEDGE [124],
AION [125], LIGO [119], and ET [120,121]), as well as an extremely tentative possible signal by
NANOgrav [317], which we comment on in the Conclusions. In particular, we plot the power-law-
integrated sensitivity curves [318-320] as derived in [321]. Partly due to the enhancement of the
signal at low frequencies, the near future detection prospects are best at Pulsar-Timing Arrays
such as SKA, which scan the lowest frequencies and could be sensitive to all f, > 10 GeV.

Detection is also possible at space-based interferometers: although LISA could be sensitive only

2OMore precisely, this temperature is defined by zoH(Ty) = fR(To)/R(Ty).
21The dependence on f? of the super-horizon modes is fixed by causality after such modes starts oscillating [316].
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to fo = 5 x 10* GeV, its proposed successors could explore lower values of f,. The wide range
of axion masses and decay constants that lead to a measurable GW signal motivates the effort to
develop such experiments.

As mentioned, complementary constraints require m, < 1077eV, and therefore in case of a
detection the actual value of m, will not be inferred. This is because, for this mass range, all
the detectable frequencies are emitted deep inside the scaling regime, so the IR cutoff of (1, is
unobservable. Additionally, any temperature-dependence of the mass — as long as is monotonically
decreasing — does not affect the detectable GWs, as it can only modify lower frequencies, emitted
when the mass is relevant. We note that if the string network is destroyed before T' ~ 106 GeV
(e.g. for a heavy axion mass, m, = MeV, which is still allowed by the observational constraints
in Section , the IR cutoff frequency is so large that the spectrum does not extend down to
observable frequencies.

Although neglected in this discussion, after H = m, additional GWs will be emitted by domain
walls, which will supplement those from the scaling regime. As discussed in Appendix [G] one
calculable contribution to these GWs has frequencies (and amplitude) of the same order as that
from the last e-folding of the scaling regime. Therefore, although it will modify the shape of
the IR-cutoff of the GW spectrum from the scaling regime, this contribution at least will not be

observationally relevant.

Uncertainties on the Spectrum

Given its experimental importance, an understanding of the possible sources of uncertainty on the
GW prediction is crucial. The error bands on the GW spectra plotted in Figure are obtained by
combining the uncertainties on the coefficient of the growth of £ (i.e. ¢; of eq. ), on r, and by
varying ¢ in the range 510 (which only has a visible effect on the location of the IR cutoff). We do
not think it would be fair to associate a sharp numerical uncertainty to the extrapolations necessary
to reconstruct the scaling regime at large log. Instead, we now summarise the assumptions needed
to obtain eq. and Figure and the corresponding possible uncertainties. In all cases we
have made the most conservative extrapolations possible, and taken together a deviation of more

than a factor of 2 + 4 from our predictions would be surprising.

o We assumed that £ continues to grow logarithmically as in eq. during the scaling regime
beyond the range of simulations. While such an increase has not yet found a mathematical
proof, it has been numerically demonstrated in simulations at log < 8, providing the best
fit of the data (which disfavours any function that saturates soon after log = 8, as observed
in [186,(188] and evident in Figure of Appendix .22 Such a growth is theoretically

22This behaviour has been confirmed independently [182,/184,/185L/187]. An enhanced value of ¢ is also suggested
by Nambu-Goto string simulations [177,[178}/322], and in a system where the tension of the strings is increased via
additional degrees of freedom, [323,324].
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plausible given the logarithmic sensitivity of the system to m,/H, and given the excellent
fit over the range of logs that can be simulated it is the most conservative assumption for
the late time behaviour of €. The resulting string densities at the times relevant to the
emission of observable GWs are £ = 10 + 20. This is a factor of 10 larger than is reached in
simulations, correspondingly increasing the energy emitted into GWs, on top of the (much

larger) enhancement from fiefg.

Nevertheless, we cannot exclude the possibility that £ saturates (or its growth accelerates) at
log far beyond the reach of simulations. In these cases, the emission would be damped (or
increased) proportionally to the value of . In particular, a different value of £ would modify
the amplitude in Figure at the frequency f by the factor ~ /(c1logy). Therefore, as
long as £ does not saturate at a value smaller than 5 (which seems highly unlikely given that
such values are obtained in simulations that partly reproduce the dynamics of the system at
large log by boosting the string tension [324]), in the case of a saturation the amplitude of
Qg would only decrease by a factor of two at LISA frequencies and a factor of four at SKA
frequencies. Consequently the uncertainty on £ does not qualitative change the prospects of
detection, strengthening the robustness of our results (e.g. f, > 10* GeV remains just about
detectable by SKA).

e We assumed that the energy emission rate into GWs continues to follow the prediction in
eq. based on the Nambu—Goto strings effective theory, with r constant, throughout the
scaling regime. Numerical simulations confirmed this result for log < 7.5 with fixed r =
0.26(11), as in eq. . As mentioned, we cannot exclude a small logarithmic dependence
in r (for instance, due to a change in the average shape of the string trajectories). However
such a running is bounded by Figure and (if present) would most likely give I'y a log
dependence that is subleading to that from &. This possibility therefore only makes a small

contribution to the overall uncertainty on (g .

o We assumed that the form of the instantaneous emission spectrum of GWs Fj of Figure[6.5|is
preserved during the whole scaling regime, also after log ~ 7.5. This assumption is motivated
by the existence of the scaling regime (and Fj is seen to be preserved during the whole
simulation range). As noted in Section as long as the IR cutoff g does not change
exponentially and ¢ does not decreased below 1 (both of which are unlikely), the uncertainties

on gy from these quantities are negligible.

As well as those from our reconstruction of the scaling regime, there are also uncertainties on

Yy due to unknown features of the early Universe.

o In obtaining Figure[6.6 we have taken the Hubble parameter H; when the scaling regime starts
sufficiently large that the GWs in the observable frequency range are in the approximately

scale invariant part of the spectrum. This is actually a mild assumption requiring just that
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H, Z keV (corresponding to a temperature of the order of 100 TeV), so the UV cutoff of
the spectrum is at frequencies f 2 Hz. Values of H; much larger than this are expected in
all of the models that lead to symmetry restoration at the relevant f,, which we discuss in
Section It is also expected that there is sufficient time for the string network to reach the
attractor prior to the Universe dropping to the temperature 10” GeV when the first GWs in the
observable frequency range are emitted. Moreover, friction on the string due to interactions
with the thermal bath, which is relevant at high temperatures if the axion couples to standard
model particles (but we do not include in our analysis of the scaling regime), will be negligible
by this point for axion decay constants that lead to observable signals. In particular, the
friction is expected to be irrelevant for temperatures < 101 GeV/(f, /10 GeV)? [273], which
is safely far above those corresponding to observable frequencies (further analysis would be
required to determine the temperature at which friction becomes irrelevant precisely, see
also [272,274H276]).

In contrast, the UV part of the spectrum f > (H;/keV)'/? Hz depends on how (and when) the
network formed and reached the scaling regime, and possibly gets additional contributions e.g.
from the U(1) phase transition. However, in practice this is not detectable in any motivated

model.

e In our derivation we also assumed that the Universe is in radiation domination up to high
temperatures (say, 10® GeV, as show in Figure . Different cosmological scenarios, e.g.
matter domination or kination, would drastically modify the spectrum’s shape. Indeed, it is
easy to show from eq. that, if R oc t, Opy/0log k is proportional to a negative (positive)
power of k depending on o > 1/2 (o < 1/2) [3251328]. An accurate determination of the

spectrum in such scenarios would require recalculating £ and r from simulations with such a.

¢ Finally, we assumed only SM degrees of freedom. If additional degrees of freedom are present
the prediction will be modified as in eq. . Indeed, as pointed out in [329], a precise
measurement of the spectrum could in principle provide information about g at high temper-
atures (it is plausible that a significant number of beyond SM degrees of freedom could enter
at energies 2 TeV, and the possibility this could be detected by analysing the GW spectrum
from strings has been considered in [327]). However, given the uncertainties discussed above
and the weak dependence of {)s, on gy, extracting the number of degrees of freedom would

appear to be very challenging.??

ZStrictly speaking, our results for & and 7 have been obtained from numerical simulations with R o t'/2, that do
not account for the change in the number of degrees of freedom. We expect however a very minimal change in such
observables when one takes into account the time-dependence on R from g.
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6.3 Constraints on the Axion Mass and Decay Constant

Having shown that post-inflationary axions lead to GWs with amplitude and frequency that could
be accessible to proposed experiments, we now analyse some other phenomenological features of this
scenario. These provide direct and indirect constraints on f, and m,, completing our understanding
of the axions that could be discovered via GWs, and also giving complementary observational
signatures.

In the following we will consider a single axion with a temperature-independent mass mg.2*
Axions with f, > 10" and m, < MeV are cosmologically stable regardless of the details of their
couplings to the SM [330]. In Section we will see that, given this stability, only ultralight
axions are not ruled out by dark matter overproduction for the relevant values of f,, so we focus on

this mass range (as described in Appendix |J| axions with m, =

~

MeV can decay, but, as mentioned,
for such values the scaling regime ends before observable GWs are produced). In Appendix [J| we
show that only the ultra-light mass range is allowed for large f, also in the case of a temperature-
dependent axion mass.

In Figure we summarise the constraints, which we detail in the remainder of this Section.
Given their stability, axions form a component of dark matter (potentially overproducing the ob-
served abundance) and those that are relativistic at the time of BBN or decoupling act as dark
radiation. The resulting limits are shown in red and blue respectively. DM axions from strings and
domain walls have isocurvature perturbations, which are constrained by CMB and Lyman-« obser-
vations. As explained in Section [6.3.3] it is challenging to determine the resulting limits precisely,
however we will derive reasonable conservative bounds (which should still be treated with caution),
shown in purple. We also show bounds on the fraction of dark matter that can be ultralight from
Lyman-« observations (La). Finally, if m, is small enough, axion strings persist at the epoch of
CMB decoupling, and are constrained by CMB observations. In Appendix [H| we summarise other
constraints that are less strong than those shown, e.g. from from black hole superradiance.

Even though these limits are fairly restrictive and become stronger for larger f, (exactly when
the GWs become detectable), there is about one order of magnitude of allowed values of f, and
many orders of magnitude of m, that provide observable GW signals from strings. We note that
these constraints do not depend on the possible axion couplings to the SM (which we did not
specify). Moreover, although we considered a model with a single axion, the bounds are not
expected to significantly change if additional light fields are included and coupled to the axion, so

our conclusions apply to generic axion models in the post-inflationary scenario.?®

24 Although we remain agnostic on how the mass is generated, we observe that this mass could arise from explicit
breaking of the axion’s shift symmetry in the ultra-violet (UV) theory.
25Some models with unusual features (such as the clockwork mechanism) might avoid these constraints.
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Figure 6.7: Constraints on axion mass and decay constant in the post-inflationary scenario, with a
temperature independent axion mass. Limits from dark matter overproduction and dark radiation
are shown in red and blue respectively. The bound from isocurvature perturbations is conservative
but is still particularly uncertain (see the main text for details), and it based on the assumption
that the spectrum of isocurvature perturbations is very strongly suppressed beyond the peak at
k, = H,R,/Ry. In particular in the region m, < 10722 eV marked by the purple arrow a complete
reanalysis is required to obtain fully reliable bounds, using the full details of the spectrum of
isocurvature perturbations which are difficult to extract. In case such bounds could be obtained
they are potentially stronger than those plotted. A similar analysis would be required to extract
the exact bounds in the region m, < 1072 GeV, however in this region there are already strong
constraints. Specifically, direct CMB observations rule out extremely light axions with large f,
(in grey), since strings persist at the time of decoupling causing anisotropies. There are also
constraints on the fraction of DM that ultra light ALPs can make up, for example from Lyman-
« forest observations which we plotted in light blue. Additionally the CMB also constraints the
fraction of DM that ALPs with masses 10723 eV < mg, < 10722 eV make up , which we have
not plotted since they are weaker than the dark radiation bounds. We mention further constraints
that are less strong than those plotted in Appendix [H We also identify the parts of parameter
space in which axion strings produce a GW spectrum that is detectable by SKA and LISA, and
the fraction of DM that axions from the scaling regime comprise (red dotted lines). This Figure
was produced by my collaborators for our joint work , which I have slightly modified to include
the purple arrow pointing to the region with uncertain isocurvature limits.
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6.3.1 Dark Matter

As discussed in Section during the scaling regime energy is continuously radiated into axions
at the rate I';. Such axions are relativistic during the scaling regime (since m, < H), and most
of them become non-relativistic soon after the axion potential V' becomes relevant, when H >~ m,.
Since these axions are stable they form a component of dark matter.

The number density of axions during the scaling regime can be obtained following a similar
approach as for GWs in Section [6.2.2] As mentioned, the momentum distribution of I'; has the
same form as that of I'; in Figure However, the spectral index ¢, for the axion emission
changes in time and, although ¢, < 1 for log < 8, its extrapolation indicates that g, > 1 at log = 9,
which we will assume in the following (see [186,(188|] for more details). Once g, > 1, the axion
number density during the scaling regime nS' = [ dk/wi0p,/0k is approximately 8 HE fiof /70 a
(here w,% = k% + m2; Op,/0k is the axion energy density spectrum, defined in the same way as
the GW one in eq. ; and o, is the IR cutoff of the instantaneous axion emission spectrum).
Consequently, the number density nzt , at H = H, is enhanced by a factor of & log, > 1 with
respect to that in the pre-inflationary scenario, which is of order 62 H, f2 at this time [163] (the
subscript ‘x’ refers to quantities evaluated at H = H, = my,).

We can obtain a conservative lower bound on the final axion abundance by considering only
the axion waves emitted during the scaling regime up to H, (i.e. nif , only), which can be reliably
determined (following the logic applied to QCD axion strings in [188]). Additional axions will
be produced during the destruction of the string network, however a reliable calculation of this
component appears challenging as the system of strings and domain walls cannot be simulated at
the physical value of m,/m,.25

As shown in [188], the waves emitted during the scaling regime redshift relativistically for some
time even after H,, since their kinetic energy a factor of &, log, > 1 larger than their potential
energy (bounded by V' < m2f2), which is therefore negligible.2” The relativistic redshift ends
when the potential and kinetic energies become comparable. At this time, the waves experience
a nonlinear transient (the main features of which can be understood analytically, up to order 1
coefficients that need to be obtained from numerical simulations). Soon after this most of the
axions from the scaling regime become non-relativistic and their number density per comoving
volume is conserved. The net effect of the relativistic redshift and the nonlinear transient is a
non-conservation of the comoving axion number density between H, and the end of the transient.
However, unlike the case of a temperature dependent mass, this only amounts to an up to O(20%)
effect for a temperature-independent mass with &, log, = 3 x 10% or smaller (see Appendix for
the derivation). Given the much larger uncertainties involved, in what follows we will therefore

make the approximation that nS' is conserved.

26The final number density of axions arising from the axions emitted by the scaling regime is not expected to be
affected by more than an order one factor by the presence of domain walls connected to strings [188].
2"The relevant kinetic energy is the one is IR modes, approximately given by 87, log, HZf2 > m2 f2 at H,.
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Number density conservation from H, leads to the (non-relativistic) axion energy density today
P2 = my(Ry/ Ro)gnfﬁ ,, and the relic abundance of axions from strings during the scaling regime
Ot = pY/p. is

. log froN2/ me \3 [ 10 35 \1
o0 (55 () (i) (22) ()
a =0 <3><103 101 GeV 10-18 eV Toa ) \gx(Ti)) (6.13)

for &, 1log, < 103. For larger values of &, log,, eq. (6.13) must be changed to take into account the
non-conservation of the number density. For a temperature independent axion mass, this results
in Q% o (&, log, )3/* up to logarithmic corrections (see Appendix [F.3). Note that, unlike the QCD
axion, in eq. (6.13) f, and m, can vary independently and, for a fixed f,, smaller values of m, give

smaller Q5.

As expected, for & log, small enough that the transient is negligible, the relic density of axions
from strings is a factor of &, log, larger than that from misalignment in the pre-inflationary scenario
(with O(1) misalignment angle) [333], with the same leading parametric dependence on f, and mg.
For ultralight axions log, = log(m,./m,) ~ 10? and, as discussed in Section the extrapolation
of ¢ suggests that & = cjlog, >~ 25. Therefore, the relic density leads to severe constraints for
fa 2 10 GeV, forcing m, < 10717 eV. We show the bound Q' < Qpyy in Figureassuming that
the IR cutoff of the spectrum is zg, = 10 also at large log, and that the growth of £ in eq.
continues (we also fix that the network persists until 3H = m,, as suggested by simulation results
for a temperature independent axion mass in Appendix [F.3] which leads to a constraint that is
stronger by a factor of v/3).

Eq. is expected to hold at best up to an order one coefficient that encodes the effect of
the system of strings and domain walls on the axion waves produced during the scaling regime. We
finally note that eq. only provides a lower bound on the axion dark matter abundance, as
it misses the unknown part from string-domain wall collapse. In any case, as shown in Figure
even if this contribution to the axion relic abundance is a few orders of magnitude larger than Q5
a wide range of axion masses are still allowed for f, > 10'* GeV (thanks to the dependence of QS
on mg and f,).

As mentioned, we obtained eq. by assuming that at large log the axion spectrum becomes
IR dominated, with ¢, > 1, as suggested by extrapolations of simulation results [188]. If this is not
the case the number density of axions from strings will be negligible with respect to that predicted
by the misalignment mechanism with an effective initial misalignment angle (63) ~ 2.15%. The
resulting relic abundance is a factor of &, log, smaller than eq. , and the correspondingly
weakened bound from dark matter in Figure can be straightforwardly obtained. We also note
that Lyman-a observations limit the fraction of the dark matter that can have a mass below
~ 10720 eV [334,1335]. We plot the resulting constraints in Figure labelled La.. Even though

they are weaker than those from isocurvature that we study later, these bounds have the advantage
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of not depending on the (uncertain) details of the axion density power spectrum.?®

6.3.2 Dark Radiation

For the ultra-light axion masses allowed by the relic abundance constraint in eq. (plotted
in Figure , the scaling regime ends when the Universe’s temperature is less than an MeV (see
also the upper axis of Figure . Consequently all the axions emitted during the scaling regime
up to that point are relativistic at the time of BBN. Additionally, due to the approximately scale-
invariant form of the axion energy density spectrum 0p,/0k (see eq. (F.6) in Appendix , an
order one fraction of the axion energy is in modes that are relativistic at CMB decoupling even
if the string network is destroyed prior to this. Constraints from current limits on dark radiation
at these times, usually expressed in terms of the effective number of neutrinos Ng, are therefore
potentially relevant.?”

Similarly to gravitational waves, during the scaling regime the energy density in axions is
pa(t) = fttl dt'(R'/R)'T},, where I, takes the form in eq. (2:53)). As a result, up to 1/log corrections

and neglecting changes in the number of relativistic degrees of freedom ¢, and assuming £ = ¢; log

as in eq. (Z17),
4
Pa = §H2017rf3 (log3 - 10g:1”> , (6.14)

where log; = log(m,./H1) is the value of the log when the scaling regime starts. From eq. we
see that the energy in axions could be sizeable as it is enhanced by a log® factor, which ultimately
comes from the fact that the axion spectrum deviates from scale invariance by a log? correction.
Moreover, the dependence on the initial condition, which sets log;, is not important as long as
log; < log (in the following we therefore neglect log;, and the resulting bound is barely affected
by varying this in its plausible range).

The axion energy corresponds to an effective number of neutrinos ANeg = (8/7)(11/4)%/3
where p, is the energy density in photons.?® At a temperature of 1 MeV eq. leads to

C1 fzz 2 <10g)3
ANz = 0. -5 1
off 06<0.24> (1015 GeV) 90 ) (6.15)

where log(m,./ Hppn) = 90 if m,, = 101410 GeV. To determine the overall coefficient in eq. (6.15))
precisely, we improved the calculation of p, in eq. (6.14)) by numerically integrating I';, to account

pa/p'y

for the changing number of relativistic degrees of freedom. Owing to the increased expansion of

28There is an additional constraint from Lyman-« [336] observations, not plotted, which requires mq > 2x1072° eV
in the case the axion makes up the entirety of the dark matter. While this excludes some values of m, and f, such
that the axion makes up the whole DM abundance, the extension of this bound to the case of an axion that makes
up a fraction of the total DM is currently unknown.

29For larger axion masses a fraction of p, is in modes that are relativistic at BBN, but constraints from dark matter
overproduction are stronger in this case.

30The effective number of neutrinos is defined by Neg = (8/7)(11/4)*/3(p, +px)/pa. In principle the energy density
in strings and gravitational waves also contributes to px, however this energy is much smaller than pg.
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the Universe this suppresses the result by about 30%.3!

Although bounds that we will study in Section require that the string network is destroyed
prior to the formation of the CMB for the f, > 10'* GeV, limits on dark radiation from the CMB
are still potentially relevant. In this case, the energy in relativistic axions at the time of decoupling
is simply obtained by redshifting the value of eq. from the time of the network destruction,
accounting for the proportion of the axions that become non-relativistic.

We use the 95% limits from [45], which correspond to ANgg < 0.46 and 0.28 at BBN and CMB
times respectively (imposing constraints derived from different analyses or the 68% limits, e.g. [337]
only changes the constraint on f, relatively mildly). As can be seen from eq. , the limits from
BBN constrain f, < 10 GeV as shown in Figure Those from the CMB lead to a comparable
bound, although the maximum allowed AN.g is more uncertain given tensions between different
determinations of the Hubble parameter. As we will see shortly, all such values of f, are in tension
with limits from isocurvature. However, the constraints from dark radiation are still useful since
they are subject to fewer uncertainties.

We finally note that the detection of GWs from strings would predict a non-vanishing ANg.
Conversely, given the quadratic dependence on f,, a plausible improvement in the measurement of
AN,g to an uncertainty of o(ANeg) ~ 0.02 [338] could rule out f, > 2 x 104 which is a large part

~

of the range that gives GWs that could be observed in the near future.??

6.3.3 Isocurvature Perturbations

The main equations used to calculate constraints from isocurvature perturbations have been re-
viewed in Section [£.5.2] where the intermediate scenario was considered. The main difference here
is that in the post-inflationary scenario the strings contribution is dominant and that the net-
work is destroyed at the time t,. The important quantities to consider are the (dimensionless)
power spectrum A2 (k) defined by eq. , which by the same causality argument also has a k>

shape at momenta bellow the peak H, R,/Ry, and the fraction between isocurvature and curvature

0, [ CkR}
fisolh) = =\ 4 Fams (6.16)

Given the highly nonlinear dynamics of the scaling regime and the destruction of the string

perturbations:

network, the only way to determine A2 accurately would be to numerically simulate the system until
the strings and domain walls have all vanished. Unfortunately, as discussed, it is extremely hard
to study the network’s destruction reliably. Despite this, similarly to the dark matter abundance,
we can obtain a conservative isocurvature constraint by considering only the axion waves produced

during the scaling regime up to H,. Provided the presence of domain walls does not affect these

3'In particular, the contribution to p, from earlier times, already suppressed by log®, is further suppressed by gl/ 3.
32 Additionally, the possibility that the background of relativistic axions left over today could be directly detected
(for axion-to-photon coupling ga~ larger than f; ') has recently been studied [339).
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waves by more than an order one amount, the axions from the scaling regime can be approximated
as a separate component of DM (distinct from that produced by domain walls) with its own power
spectrum and a relic abundance given by eq. . Neglecting the effects of domain walls, we will
be able to determine the power spectrum for this component and in doing so obtain an isocurvature
bound. The DM axions from domain walls will also have density perturbations so are expected to
only strengthen the constraint.?® Finally, the power spectrum at k > H, depends on the details
of the destruction of strings and domain walls, and it could be affected by oscillons [184], and is
beyond the scope of our present work.

To determine A2, we solve the equations of motion G + 3Ha — R~2V2a + V'(a) = 0 (with
V =m2f2(1—cos(a/f,)) and m, temperature independent as before) numerically. As discussed in
Appendix we expect very similar results from any other potential bounded to be < m2f2. We
start at H = H, with initial conditions given by a superposition of waves with the energy density
spectrum dp,/0k predicted by the scaling regime at &, log, = 10® (see Appendix and [18§] for
more details). As mentioned in Section the field undergoes a period of relativistic redshift
and a nonlinear transient, after which the non-relativistic regime is rapidly reached with (at least
the IR part of) A2 constant.?*

In Figure (left) of Appendix we plot the resulting A2, defined as in eq. (4.31)), as
a function of the momentum and time. As expected, the spectrum reaches an order one value
at momenta corresponding to the scale H,. The peak is somewhat above H, since xg, ~ 10
and correlations at smaller scales are likely since the average axion momentum is larger than xg
(see [188]). At smaller momenta the expected k2 behaviour is reproduced, with a constant coefficient
C =~ 2 x 1075 (the nonlinearities turn out to be important, as this coefficient is about a factor of
4 smaller than if the evolution of these waves were linear, i.e. with V' = 1/2m2a?, see the green
line in Figure (left) of Appendix . In the following we will derive constraints assuming
A2 and Q' as described above. To get a feel for how much the DM axions from domain walls
might potentially strengthen the constraint, in Appendix [F.4] we also plot and discuss results for
the power spectrum obtained after the destruction of the full string-domain wall network at the

unphysical value log, = 5.

Isocurvature constraints from the CMB and Lyman-«

For axion masses m, 2, 10~22 eV such that the modes constrained by Lyman-a observations kr,q ~
10 Mpc~! are in the k3 part of A2, we can be immediately apply the results in [260,261] to obtain a
bound on f,, which can be written in term on fis,(kcmp) in (6.17) bellow, i.e. fiso (kcms) < 0.004.

For sufficiently small masses, m, < 10722 eV, such modes are not in the k3 region however.

~

33 A large weakening of the bound would require that the domain walls absorb a large fraction of low momentum
axion waves emitted during scaling and homogeneously remit them as high momentum modes.

34Unlike simulations of the string network, the axion only simulations do not need to probe length scales f, ' (since
it is the IR part of the axion spectrum that contains the majority of the axion number density so is relevant to the
constraint), therefore the physical dynamics are reproduced directly.
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Consequently the results of [260] cannot be applied since they rely on the specific k3 shape of the
spectrum, and instead a complete reanalysis is needed, which would take into consideration the full
shape of the spectrum, including momenta higher than the peak. We do not attempt this in our
present work, and instead we discuss conservative constraints coming from the CMB alone. We
stress however that given the density power spectrum remains of order 1 up to k/H ~ 100 and
drops relatively slowly above this, a full reanalysis of the Lyman-« constraints in this mass region
is likely to result in stronger bounds than the those discussed bellow in the region m, < 10722 eV.

For 1072 eV < m, < 10722 eV, koup is inside the k% part of A2(k) while kpo is not. In
this mass region we directly apply the CMB limit fis, < 0.64 obtained in [259] for a k% shape of
the spectrum of isocurvature perturbations, which gives conservative isocurvature constraints. In
general the axions from scaling only comprise a fraction of the total dark matter, so there is a
factor of Q5'/Qpyp in their contribution to fis,. Consequently, assuming there are no isocurvature

fluctuations in the remainder of the DM, at k = kcup

ot [Ok
fiso (kCMB) = Qi ﬁ
DM shuy (6.17)
NOQ(S*log*) ( fa )2< M )1/4< C >1/2
T UT\83x 103 5 x 104 GeV 10-28 eV 2% 107° ’

where Ay = 2.1 x 1079, and k, = H,R,/Ry is the comoving momentum corresponding to H at
H = H, = m, redshifted to today. As discussed, we expect eq. ((6.17)) to give a lower bound on fis,,

and to be valid up to an order one factor. We note that the isocurvature constraint is potentially

important even when the axions produced by the scaling regime make up a small fraction of the
abundance. This is because, for sufficiently light axions, the relative density fluctuations reach
values close to one at the observationally constrained scales.

Finally, for masses m, < 10728 eV the limit in [259] can no longer be applied as kcyp is not
in the k% part of A2(k). However in this region we expect strong constraints due to the fact that

strings survive until the time of recombination, which are discussed in Section [6.3.4]

Impact on the allowed axion masses and decay constants

The bounds on the axion mass and decay constant from CMB and Lyman-« isocurvature constraints
are plotted in Figure The limits at higher axion masses come from Lyman-« observations, while
those at lower masses are due to the CMB observations. As discussed, we do not give bounds from
Lyman-a for axion masses smaller than about 10722 eV.

Although we expect the domain walls not to affect the power spectrum associated to pre-existing
axions waves by more than an order one factor, we blur the resulting constraints in Figure to
reflect this uncertainty. Moreover, the constraints from isocurvature would strengthen if the axions

from domain walls have large density perturbations, i.e. if their density power spectrum corresponds
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to a larger coefficient C, if their relic abundance is comparable to that of the axions from scaling
(though the bound on f, would increase only proportionally to cl/ 4). The bounds would also
strengthen if the domain walls produced more DM axions than the scaling regime, even if they
have the same density power spectrum as those from scaling, because fis, includes a factor of
Q./QpM, as in eq. . We also note that there are other possible constraints on isocurvature
from spatial scales between the CMB and Lyman-« observations (e.g. from structure formation
and galaxy clusters [261]), which could matter for intermediate axion masses ~ 1072° eV. However,
these are more sensitive to astrophysical details, and would require a dedicated analysis.

We note that it is clear from eq. that the isocurvature constraints are not relevant for
the QCD axion in the post-inflationary scenario. Indeed, for the QCD axion H, corresponds to the
Hubble parameter shortly before the QCD crossover, which is much larger than that for ultralight
axions, and so ky is larger and fis, more suppressed. Finally, for both the QCD axion and ultralight
axions, isocurvature perturbations sourced during inflation (if the axion was present at this point)
are averaged out by the dynamics of the strings and are simply incorporated into the coefficient C'

of the white noise spectrum.
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Figure 6.8: Comparison between the fraction of isocurvature perturbations produced by strings
relative to curvature perturbation as defined in equation for various values of the symmetry
breaking scale (colored lines), and the scale invariant isocurvature fraction constrained by the CMB
[205] (black line). The various isocurvature fractions are represented as functions of momentum
in units of kcyp = 0.05 Mpe™! and the ALP mass was set at m, = 10726 e¢V. We have also
plotted the values of kjoy = 0.002 Mpc_1 and kpign = 0.1 Mpc_1 at which the CMB limits on the
isocurvature fraction are reported in [205]. Due to the k* momentum dependence of A2 and f2 ,
if the CMB limits are satisfied at the highest momentum kygn, they are automatically satisfied
at lower momentum. However, strictly the CMB limits should be derived by taking the shape of
the isocurature perturbations spectrum into account, which is k3 rather than scale invariant, and
for this reason we rely on the analysis in [259] which considers this spectral shape for the plot in
Figure [6.7 At higher ALP masses stronger constraints come from Lyman-« forest observation,
which are sensitive to higher momentum scales ko ~ 10 Mpc~!. For definiteness we have also set
the normalisation of the isocurvature spectrum in equation to C'=2x1075.
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6.3.4 Strings and CMB anisotropies

If strings are present at the time of decoupling their gravitational interactions introduce additional
anisotropies in the CMB [340,1341|. In particular, a long string induces a ‘deficit angle’ § = 87Gu
in the locally flat metric around it, giving the metric a global conical structure. As a result, two
particles moving towards the string in parallel acquire a nonzero relative velocity as they pass
the string, and eventually collide.3> If this is applied to an observer and a source of photons, the
observer will see a discontinuous Doppler shift of the photons as the string is passed. Consequently,
strings lead to discontinuous temperature fluctuations, of order §7/T « Gpu, in the CMB photons
around them [342]. Moreover, a string that moves in the primordial plasma produces a wake behind
it by pure gravitational interactions, and therefore additional density perturbations, which are again
potentially measurable in the CMB. Since the strings act as a random source, such perturbations
are not coherent and do not result in the observed acoustic oscillations [343}1345]. Consequently
they can contribute, at most, a relatively small fraction of the total anisotropy (see e.g. [110-113]).

A statistical analysis comparing the effects mentioned above with CMB observations gives an
upper limit on the string tension p and consequently on the allowed f, for an axion network that
is not destroyed prior to decoupling. These constraints are therefore relevant for axion masses
mg <1072 eV. As for the GW spectrum and axion DM abundance, it is challenging to determine
the string induced anisotropy spectrum at the relevant time, which cannot be studied directly in
simulations. Reliable constraints can only be obtained by fully accounting for the effects of scaling
violations on the string induced anisotropy spectrum, and we do not attempt this in our present
work.30 Instead, we simply note that, based on the previous literature (e.g. [346-348] for local
strings and [349] for global strings), a bound very roughly in the range of Gu < 1077 is plausible,
corresponding to f, < 2x 10 GeV. This is in possible tension with any axion with m, < 10728 eV
and f, large enough for observable GWs. We however stress that there is significant uncertainty
remaining and blur the bound in Figure [6.7] to indicate this. In particular, if the bound on Gu turns
out to be significantly weaker than the quoted limit, observable GWs from axion strings would be

allowed for arbitrarily small axion masses.

6.3.5 The case Npw > 1

In the previous Sections of this Chapter we have performed our analysis assuming that the U(1)
breaking scale v, equals the axion decay constant f,. Our results are however easily generalised
when Npw = v./fo > 1. In this case additional explicit breaking of the remaining discrete

symmetry must be present to avoid the domain walls over-closing the Universe [191], and this

350n the other hand, loops are expected to oscillate many times before disappearing and at large distances the
gravitational field averaged over one oscillation is the usual Newtonian potential, which affects the motion of bodies
like conventional matter.

36Tt would be particularly challenging to accurately determine constraints around mq ~ 10728 €V, given that the
string network is being destroyed by domain walls around the time of decoupling in this case.
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breaking must be sufficiently large that axion emission from domain walls does not produce a
too large dark matter abundance (as previously, our constraints from the dark matter abundance
considering emission from the string network are conservative).

First we observe that the calculation of the axion and GW emission from the strings depends
on v,, which enters in eq. and therefore determines the string tension in eq. and the
emission rates I'; and I'y. Thus, the GW spectrum in eq. and Figure is valid for a generic
ve With the substitution f, — v,. Similarly, the bounds from dark radiation and CMB anisotropies
in Sections [6.3.2 and [6.3.4] and Figure [6.7] apply to v,.

On the other hand, since the decay constant f, determines the axion potential V oc m2 f2, a v, #
fa affects the dark matter abundance and isocurvature perturbations discussed in Sections [6.3.1]
and In all our calculations in those Sections the scale v, enters only through the inputted
axion energy density spectrum from the scaling regime, and it appears together with & log, (in
particular, 9p,/0k x v2&log,). The dark matter abundance in eq. is therefore easily
generalised by substituting &, log, — N3¢, log,. However, as discussed in Section if Npw > 1
one needs to account for the number density non-conservation. This is done by multiplying eq.
by the suppression factor in eq. (F.3), which makes Q5 o< (N3 &« log, )®/* (instead of a quadratic
dependence on Npyw). A similar change occurs in eq. via the DM abundance (notice that C
depends on &, log,, and needs to be recomputed).

The overall effect of Npw > 1 can therefore be summarised by substituting f, — v, in Fig-
ures and but with a stronger constraint from dark matter overproduction (by a factor
O(N?/2) on the vertical axis of Figure .

6.4 Peccei-Quinn Restoration in the Early Universe

The post-inflationary scenario occurs if the U(1) symmetry has ever been restored after inflation. In
this Section we apply the mechanisms considered in Chapters [ [5] to see which of them could lead
to symmetry restoration for the relatively large symmetry breaking scales f, > 10 GeV required

~

for observable gravitational waves.

¢ Quantum fluctuations during inflation induce perturbations in any effectively massless scalar
field present at this time. As mentioned before, the rough condition often considered in the
literature for the post-inflationary scenario is simply Hy/2m 2 f, [197,251]. Given the results
presented in Figure it is likely that the actual condition is of the order Hy/f, = 2. The

current bound on H; from the non-observation of tensor modes is [205]

H
2—] < 9.6 x 10" GeV . (6.18)
m

Consequently such fluctuations do not lead to the post-inflationary scenario for values of f,

that give observable GWs, even if we relax the condition for restoration as suggested by our
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analysis in Chapter [

The PQ symmetry can be restored if the maximum temperature Ty, during reheating is
greater than O(f,) and the sector that gives rise to the axion is sufficiently close to thermal
equilibrium at this time. As explained in Section the maximum temperature of the

Universe can be estimated [290]:
11 1 111
Tonax ~ 0.30Mp HATE, ~ 0.22M2H, TS . (6.19)

With H; close to the maximum allowed value, symmetry restoration for f, ~ 104+ 10 GeV
requires that the inflaton decay rate is of the order I', ~ 108 = 102 GeV. For a mass of
the inflaton m, ~ H; and a decay to fermions through a coupling £ D gpyt) for example,
g ~ 1073 = 0.1 would be required. We conclude that this is possible, albeit a bit tight for
fa =~ 10% GeV, especially since in achieving this maximum temperature instant thermalisation

of the inflaton decay products is also required.

Additionally, for many types of interaction, the inflaton expectation value during inflaton
restores the PQ symmetry if it couples to the PQ sector, provided the coupling is large
enough [350-353|. Depending on the details of the theory, the PQ symmetry might then
break during inflation (as the inflaton evolves towards its final expectation value), or during
reheating (once the inflaton is settling down e.g. to (@) = 0). In many theories the inflaton
expectation value is large compared to other scales, so this restores a PQ symmetry with
large f, even if the inflaton only has relatively weak couplings. This was considered in detail
in Section [5.1] and the particular case of hybrid inflation in Section [5.1.1} The attractive
feature of hybrid inflation is that, for values of A that are not very small, slow-roll inflation
ends within a very short time after PQ symmetry breaking, which naturally results in the

post-inflationary scenario. Additionally the value of Hj is relatively small in this case:

A f2
Hy~ ] —24
g 12 Mp

< 10M Gev, (6.20)

which is significantly below the CMB constraint even for A ~ O(1) and f, ~ 10 GeV. We
see that this mechanism is very efficient at restoring the PQ symmetry, which happens for

maximum temperatures significantly smaller than f,.

For an inflaton coupling of the type

1
‘/int = 59902’¢‘2 ) (621)
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the condition for PQ symmetry to be restored during inflation is

g(p*) >m?, (6.22)
which is possible for couplings g < O(1) if the inflaton assumes a large value (¢?) > f2.

Similarly a non-minimal coupling of the PQ field to scalar curvature £ D €R |gb|2 could restore

2
symmetry for € > 1’\2%2 . However this would require either A < 1 or Hy close to the maximum
I

limit in eq. (6.18)) so that the coupling € < 1.

We discussed in Section that the PQ symmetry could be restored by non-perturbative
decay of the inflaton. We have considered two cases: that the inflaton couples directly to the
PQ field, where we found that the size of the coupling necessary for efficient preheating would
have restored the PQ symmetry already during inflation; and that the inflaton preheats an
intermediate massless scalar which then heats up the PQ field. The indirect preheating is
considered in more detail in Section [5.4.2] where the condition that it could restore symmetry

for parameter values for which T}, could not is found:
Him Mg > 10m; . (6.23)

For large values of the self-coupling A such that m, ~ f, ~ 10 GeV this is not significantly
more efficient than restoration via the maximum temperature Ti,.x, although it could be for

somewhat smaller ).

In Section we discussed the possibility to restore PQ symmetry at a lower reheating
temperature, if the radial mode is light and is coupled to light fermions as £ D g¢y©y. The

minimum temperature needed to restore PQ symmetry in this situation is parametrically:
m
Trnin =~ Max <gr,gfa> . (6.24)

Additionally ¢?Tinin > H is required for the fermions to be in thermal equilibrium and
the treatment of Section [5.0] to be valid. Overall the simultaneous requirements that PQ
symmetry can be restored in this way and that the treatment is consistent translate to
¢*Mp 2> Tmin = gfa and ¢3Mp > gTimin = m, up to order 1 factors. Given the maximum
temperature discussed above and the parameter space of interest 10 GeV < f, < 10 GeV
this is possible for ¢ < 1073 and sufficiently light radial mode m, < 10° GeV.

~

So far in this Chapter we assumed m, ~ f,, however the GW signal emitted by such a network
will be largely unaffected by the small m,, i.e. it will approximately match the predictions
of Section [6.2] This is because the GW energy depends on the string tension, which is set
by f, not m,, and the GW spectrum is IR dominated so it is unaffected by the UV cutoff
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at m, being much smaller than f,. The only effect on the GW spectrum will be through the
value of log(m,./H) being slightly reduced.?” This will feed into & and the ratio I'qw /Iy as
well as the tension. However, the change is not too dramatic as long as m, is not too small.
For example, taking m, = 5 x 10 GeV and f, = 5 x 10 GeV (so that, from Figure
the symmetry can be restored for temperatures ~ 5 x 10! GeV), the value of the log when
the GW emission is relevant to SKA is log ~ 60, as opposed to log ~ 75 if m, ~ f,. The
amplitude of the resulting GW signal is reduced by roughly 50% relative to that plotted in
Figure 6.6 but it remains detectable by SKA.

6.5 Summary and Conclusions

Gravitational wave observations can only be used to learn about physics beyond the Standard
Model if we understand the spectrum expected in motivated theories. Here we have made a step
towards such a goal by studying the GWs emitted by the network of global strings that forms in the
early Universe in a generic axion model if the U(1) symmetry has been ever restored after inflation.

During the subsequent scaling regime GWs are produced by the motion and interactions of
strings. Calculating the resulting spectrum directly from numerical simulations is impossible, as
these only have access to a small range of early times. However, in Section we have shown
that the Nambu—-Goto effective theory with the Kalb-Ramond term — which describes the parts
of the string network for which the string thickness can be neglected — gives us analytic control of
the GW emission I'y at all times, up to an (order one) constant coefficient r related to shape of
the string trajectories during scaling. In particular, I'y/T'q = rGu?/f2, where T', is the emission
rate into axions and is fixed by energy conservation. As shown in Section [6.2.3] this result is
reproduced spectacularly well by first principles numerical simulations of the string network (at
the accessible small values of log(m,/H)), from which we have extracted the value of r together
with the momentum distribution of I'y (this is peaked at momenta of order Hubble and falls off at
higher momenta as oc 1/k?). The existence of the attractor solution then allowed us to reconstruct
the GW spectrum from the entire scaling regime, and our results are shown in Section Due
to the logarithmic increase of u (and of £), the spectrum has substantial deviations from scale
invariance. This enhances its amplitude at low frequencies, and makes it observable by multiple
planned experiments for f, > 10 GeV. Importantly, the detection prospects are not significantly
altered by the remaining uncertainties. We note that similar scaling violations have previously been
predicted in the GW spectrum from global strings, using models aiming to capture the emission
from small loops, and we discuss the relation of our work to the existing literature in Appendix [[}

In passing, we noted the remarkably self-consistent picture of the scaling regime arising from
numerical simulations. In particular, the logarithmic scaling violations of many of the observables

seem to be a part of the scaling regime (for instance { and the power law ¢, of the instantaneous

37Since the divergence in the energy of the string is cut of by the physical string core size m, * rather than f,'.

140



emission spectrum of axions o 1/k% both increase logarithmically with time). This is particularly
convincing because the energy emitted in axions and radial modes in the simulations is reproduced
precisely by the energy emission rate in eq. with the £ in eq. and string tension in
eq. (2.49), see Appendix Moreover, the theoretical expectation that T'y/T, oc Gu?/f2 (for
trajectories with a fixed shape) is matched in the numerical simulations of the scaling regime, which
suggests that the scaling solution in which £ increases logarithmically is self-similar (showing that
this increase is not a transient). Additionally, the GW spectrum shows the similar features as the
axion spectrum, but with ¢ > 1. This suggests that indeed our extrapolation of the axion spectrum
is correct and that g, > 1 at large log (when the axion will be more weakly coupled to the string
cores, like the GWs are).®

In Section we studied other general properties of axions in the post-inflationary scenario
(including their dark matter abundance, contribution to dark radiation, and isocurvature pertur-
bations), which led to complementary constraint on the axion mass and decay constant. This
analysis shows that for all masses in the range 10728 eV < m, < 10717 eV ultralight axions can
have decay constants large enough (f, > 10'* GeV) to lead to observable GWs. The upper limit on

~

mg comes from dark matter overproduction, while the lower limit comes from CMB observations
(see Figure . As discussed in Section this last limit is particularly uncertain and a revised
analysis of Gy from CMB anisotropies could make it irrelevant by weakening the lower bound on
fa for mg < 10728 V. In particular, our results exclude the possibility that GWs from QCD axion
strings during scaling are observable, assuming a standard cosmological history, since the dark
matter bound in this case requires f, < 1019 GeV.3?

As well as constraints, the phenomenological features discussed in Section [6.3] also lead to
complementary observational signals of ultralight axions in the post-inflationary scenario, including
A Neg and isocurvature perturbations. For values of f, that lead to observable GWs these are close
to current bounds, and within reach of future improvements. Moreover, a PQ symmetry with large
fa is most easily restored in the early Universe for large Hubble during inflation, so tensor modes
with an amplitude close to the current observational upper bound might be present if GWs from
strings are discovered. We also see that any interpretation of the recent possible GW signal by the
pulsar timing experiment NANOgrav as being from global strings of an ultralight axion is in tension
with cosmological observations. Although we do not attempt a detailed analysis of the possible
signal, from Figure a GW signal of the observed magnitude (with a standard cosmology) requires
fa 2 10" GeV, which from Figure is in conflict with bounds on ANg from BBN.40

We also note that the small axion masses mentioned above are theoretically plausible, see

381t would be useful to reach large enough log to directly see g, > 1, possibly employing adaptive mesh refinement
approaches such as the one used in [354].

39We cannot exclude signals from the subsequent dynamics of domain walls.

4OThe power law of the spectrum extracted by NANOgrav might also suggest that the signal is not approximately
scale invariant as is predicted by global strings. GWs from QCD axion strings in non-standard cosmologies has been
recently considered in [328], which modelled the GW emission from loops and suggested that the NANOgrav result
could be interpreted as the emission from QCD axion strings if the equation of state is w < 1/3 [355].
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e.g. [356] and references therein. It appears inevitable that quantum gravity will explicitly break
all global symmetries [146,/147,1269], including the PQ one. The resulting breaking is often expo-
nentially suppressed (e.g. in the ratio f,/Mp [148.|357]) and could therefore lead to the required
ultra-light masses.

Finally we consider the remaining open questions and directions for future work. From a theo-
retical direction, it would be valuable to understand further which classes of axion models cosmic
strings can form in. In particular, we have focused on axions that arise as the PNBG of a symme-
try that is realised in four dimensional Lagrangian (e.g. from a scalar with a symmetry breaking
potential or a new sector that runs into strong coupling, i.e. a composite axion model). Such
axions can appear in string theory models from the closed string sector [358]|. However, in string
theory compactifications axions often come from the open string sector. Although the conventional
picture is that cosmic strings cannot form in this case, given the uncertainties surrounding early
Universe cosmology and de Sitter vacua in string theory we believe this merits further study.

Another direction in which to extend our work is the study of local strings, which arise from
a spontaneously broken gauged U(1) symmetry. In a system of local strings all the degrees of
freedom are massive, and, when the Hubble parameter is much smaller than the UV physics scale,
the energy might be radiated only in GWs. However, the emission of heavy modes is efficient at
small values of log(m,./H) (where m, is the mass of the heavy modes). Consequently, extrapolation
will be essential to determine the GW spectrum at observable frequencies.*!

We also note that the GW signals from axion strings are fairly close to the maximum reach
of proposed detectors. Consequently, continued detailed analysis of astrophysical foregrounds will
be essential if such signals are to be identified.*> Although challenging, subtraction of e.g. the
foreground from neutron star and black hole binaries in the BBO frequency range appears feasi-
ble [361]. A careful study of the impact of the foregrounds on the prospects of the detecting GW

signals from strings in different frequency ranges would be worthwhile in the the future.

“Indeed, at small log the system of local strings seems to resemble the global string one in many ways.

4ZNote also that, if an ultralight axion makes up an order one percentage of the observed DM, the oscillations in its
gravitational field lead to signals at pulsar timing array frequencies that are of the same order as the stochastic GW
background from black hole binaries [359]. Axion miniclusters that appear in the post-inflationary scenario could
also leave imprints in pulsar timing arrays through their gravitational interactions [360], though there are still large
uncertainties on the properties of these objects.
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Chapter 7

Conclusions

The Standard Model of Particle Physics encapsulates our current understanding of matter in the
Universe, while the ACDM model of cosmology explains the history of the evolution of the Universe
under the effect of gravity and is consistent with most of the cosmological data. However, both these
models have associated open questions. In particular, one of the major questions which concerns
both particle physics and cosmology is that of dark matter, which is required to explain many
astrophysical and cosmological observations such as the CMB, structure formation, galaxy rotation
curves and gravitational lensing observations, while having no explanation inside the Standard
Model of Particle Physics.

A leading candidate for cold dark matter is the QCD axion, which is a pseudo Nambu-Goldstone
boson associated with the spontaneously broken U(1) Peccei-Quinn symmetry introduced to solve
the Strong CP problem of the Standard Model. The axion’s couplings and mass are proportional
to the inverse of the symmetry breaking scale of the associated Peccei-Quinn symmetry, meaning
that the axion’s interactions could be small enough for it to behave like dark matter and remain
stable over times longer than the age of the Universe. Meanwhile, the main production mecha-
nisms for the axion are non-thermal, meaning that axions are primarily created with relatively low
momentum, allowing them to evade bounds on hot dark matter otherwise relevant for particles so
light. Additionally, on top of the Strong CP and dark matter puzzles the QCD axion plays a role in
more complex models which seek to solve further open questions of particle physics and cosmology,
such as the hierarchy problem, the matter/antimatter asymmetry in our Universe, the smallness
of neutrino masses, the flavour puzzle. For these reasons extensive theoretical and experimental
efforts have been made over the past decades to understand the possible parameter space in which
axions can be dark matter as well as ways to detect them.

Similarly to the QCD axion, more general axion like particles have come under consideration
as viable dark matter candidates. These are pseudo Nambu-Goldstone bosons associated with
spontaneous symmetry breaking of global U(1) symmetries, which appear in many extensions of

the Standard Model such as grand unified theories, theories of leptogenesis and neutrino masses,
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as well as in string theory constructions. They behave in a similar manner as the QCD axion, with
the exception that their mass is not fixed by their symmetry breaking scale due to an anomalous
coupling to QCD.

It is standard lore that there are two inflationary scenarios for axion like particles, related to
whether spontaneous symmetry breaking of their associated U(1) symmetry last occurred before
or after the end of inflation. These scenarios have very different consequences for the parameters
of axions which are allowed and which can produce the expected dark matter abundance, mainly
because they are associated with vastly different densities of topological defects. More specifically,
the post-inflationary scenario involves a large density of axion strings and later of domain walls,
which reach a scaling solution whose properties could in principle be extracted from numerical
simulations. On the other hand the pre-inflationary scenario involves effectively no strings or
domain walls. A rough condition separating these two scenarios is usually written in terms of
the approximately constant Hubble parameter during inflation and the axion’s symmetry breaking
scale. One of the objectives of this thesis was to revisit the conditions separating these two scenarios
in more detail, and I have done so in Chapter [4] by showing empirical evidence in Figure [£.7]for the
relation between the density of axion strings and the probability that the radial mode of the
complex scalar field that gives rise to the axion is pushed over the top of its potential by quantum
fluctuations. Assuming the validity of this relation, the density of strings can be calculated at
different times after the end of inflation for given values of the relevant parameters, which are the
axion symmetry breaking scale, the Hubble parameter during inflation and the quartic coupling of
the radial mode’s potential. The post-inflationary scenario is then relevant if the string density at
the time the axion begins oscillating is close to the scaling value, while the pre-inflationary scenario
when the density today would be small and topological defects have negligible contribution to
the energy density. There exist a small intermediate region of the parameter space where strings
and domain walls become dense enough to decay only much later than the time the axion begins
oscillating around its potential, but before today. A representation of this intermediate scenario
can be seen in Figure which is an example for a specific value of the string density required
for the network to decay. Despite the lower density of topological defects the axion abundance is
actually enhanced in this intermediate scenario, owing to the lower dilution of the energy stored in
domain walls due to the expansion of the Universe than is the case of radiation or matter. Thus this
intermediate scenario predicts an even higher axion abundance than the post-inflationary scenario,
which is interesting as it allows the QCD axion to be all of dark matter for any value of its mass
that is otherwise allowed by astrophysical bounds.

Alternatively, the post-inflationary scenario and the intermediate scenario could be achieved by
mechanisms that restore the U(1) symmetry associated to the axion other than quantum fluctua-
tions during inflation. Chapter [5|is dedicated to various such possibilities for symmetry restoration.
The mechanisms considered are a coupling between inflaton and PQ field restoring the symmetry

during inflation, non-perturbative decay of the inflaton generating large non-thermal fluctuations
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of the PQ field and a large temperature in the early Universe restoring the symmetry through
thermal fluctuations. Additionally, I discussed the possibility of multiple stages of inflation and
found that the intermediate scenario can also be achieved in this way.

Additionally, Chapter [6] considered the spectrum of gravitational waves that would be emitted
by an evolving network of axion strings for a general axion like particle in the post-inflationary sce-
nario. This was done by showing that the effective Nambu—Goto theory with a Kalb-Ramond term
predicts a simple relation between the energy that the strings emit into axions and gravitational
waves respectively, up to order 1 factors that parametrise the average shape of the strings during
their evolution. This relation insures analytic control over the gravitational waves emissions at all
times and allows us to conclude that the backreation of the gravitational waves should have negligi-
ble effects on the strings evolution while the scale of U (1) symmetry breaking is much smaller than
the Planck mass. Numerical simulations confirm that the factor related to the shape of the strings
is constant for a scaling network, at least over the range of log(m,/H) accessible in simulations,
and were used to extract its value. It was found that the gravitational waves spectrum deviates
substantially from scale invariance, and in particular is enhanced at lower frequencies, which could
be probed by future gravitational waves detectors if the symmetry breaking scale is sufficiently large
fa = 10 GeV, as can be seen in Figure This is particularly interesting since gravitational
detectors are more sensitive to axion like particles with largest symmetry breaking scales, which
otherwise are those with the lowest coupling to light or matter, meaning most other detection meth-
ods are least sensitive to them. Various constraints applicable to axion like particles detectable in
this way were considered and the resulting range of masses and symmetry breaking scales allowed
is shown in Figure [6.7] In particular, constraints on additional number of relativistic degrees of
freedom put an upper limit on the symmetry breaking scale f, < 10'® GeV while the requirements
that axions emitted by the scaling network do not overproduce dark matter and that the network
is destroyed prior to recombination limit the axion masses to the range 10722 eV < m, < 10717 eV,
with parts of this parameter space also being ruled out by isocurvature constraints. Finally, we
discuss the possibilities that lead to the post-inflationary scenario for large symmetry breaking
scales that result in detectable gravitational waves. We see that indeed a future observation of
gravitational waves with a spectrum consistent with the emissions of a scaling network of axion
strings can provide insights into our Universe, including the nature of dark matter, the size of the

reheating temperature or the energy scale of inflation.
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Appendix A

Checks of the numeric solution to the

Fokker-Planck equation

In this Appendix we show various consistency checks related to the numeric solution of the Fokker-
Planck equation we implemented, as discussed in Section In particular we have checked
that the solution does not depend on the limits for 7 between which we have chosen to solve the
equation, shown in Figure or on the parameter “MaxStepSize”, shown in Figure [A.2]

é "Va

Figure A.1: Comparison between the solution to the Fokker-Planck equation for the proba-
bility distribution of 7 for the box size 7 € (—3.5v,,4.5v,) that we have used to obtain the results
of Chapter [4] (red), and a larger box size 7 € (—4.5v, 5.5v,) (blue). For definiteness both solutions
are for Hy/v, = 2.5, A = 0.5 and N = 40 e-folds.

Additionally, in Figure we compare the one field Fokker-Planck solution for the distribution
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Figure A.2: Comparison between the solution to the Fokker-Planck equation for the prob-
ability distribution of 7 for “MaxStepSize= 0.1” that we have used to obtain the results of Chap-
ter [4] (red), and a smaller “MaxStepsize= 0.01” (blue). For definiteness both solutions are for
Hi/vg, =2.5, A= 0.5 and N = 40 e-folds.

of 7 with a potential (4.9)) to the solution for one of the components of the complex PQ field after

solving the two field Fokker-Planck equations, which are the coupled partial differential equations:

ap¢<¢17¢27N) _ 1 8
ON 3H? 0¢;

ﬁa2p¢(¢lv ¢27 N)
82 0¢? ’

(Ai(@1 + 63 — v2)po(61, 00, N) ) + (A1)
where ¢; stands for either ¢1 or ¢o, ¢ = (¢1 + ¢2)/v/2 and the initial conditions are ps(¢1, d2,0) ~
sech?(100 (¢1/va — 1)) x sech?(100 ¢2/v,) (a sharp distribution around ¢; = v,, ¢2 = 0). We
similarly solve equations (A.1)) in Mathematica [254] using “NDSolve”, method “BDF” with a
“MaxStepSize”= 0.1, inside a box ¢12 € (—3.5v,4,4.5v,). We then integrate for the probability
distribution of ¢1, which we compare with the probability distribution of ¥ obtained from the one
field Fokker-Planck equation.
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Figure A.3: Comparison between the probability distribution of 7 (red) found by solving the Fokker-
Planck equation replacing the potential by and the probability distribution of the ¢
component of the complex PQ field (blue) which is found by solving the coupled equations .
The initial conditions for both 7 and ¢ are the same i.e. ¥ = v, and ¢; = v, at the initial time
N = 0. For definiteness we have plotted for Hy/v, = 2.5, A =0.5, N = 7.
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Appendix B

Consistency of generating initial

conditions by the Langevin equation

In Section we have introduced a procedure to approximately simulate the Langevin eq. ,
which we later used to generate initial conditions for our numerical simulations detailed in Section
The procedure involves kicking the value in each coarse graining patch of size 1/(eH) at each
time step by a random number K distributed by a Gaussian with mean 0 and variance AN H? /(47?)
where AN is the size of the time step measured in number of e-folds. We then evolve the value
of the field in each patch between time steps with the noise turned off. Here we show that this
procedure indeed approximately reproduces the effect of Langevin equation if the potential is not
too steep. Let us start by breaking the time step AN into a large number of infinitesimally small
steps 0N, AN = ndN with n a large integer.

Over each of these smaller time steps the field experiences a random kick ¥ which are random
numbers distributed according to an unknown distribution with mean 0 and variance 6N H? /(47?),
which can be derived from equations . The kick over the larger time step is then the

sum of these smaller kicks: .
K=Y 6V, (B.1)
i=1

which as mentioned in Section can now be approximately taken as a Gaussian distributed
quantity with mean and variance as above due to the Central Limit Theorem.

Denote the value of the field inside an arbitrary patch at the start of an arbitrary time step
before receiving the corresponding kick by Wo. Then after one time step the value of the field in

our approximate procedure is:

L 1 AN gV (T(I))
Vo = T + K~ 1 /0 S AN (B.2)
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Meanwhile the exact value of the field inside the same patch at the end of the time step is:

a1 N QU(T(N))
T, =T 5T, — 7/ TN N B.3
0t Z; ( 3H? Ji-1)sN ov (B-3)

in the limit of infinitesimally small V, i.e. n — oo.
Our approximation works if ’@ex — @app‘ < ’@ex — @0’ or equivalently ’@ex — Wapp‘ < ’@app — @0‘
since then the difference between the distance the field traveled in our approximate procedure and

the distance it actually traveled is small. We have

_ 1
T, — \lfapp‘ <37 (

which is further bounded up

n (i+1)6N GV(@(N))
Lw o i

dN‘+

/AN Wd]\fD , (B.4)
0

= JioN 0

‘7 — ‘ 2AN max(V') (B.5)

Vex — Wapp| < 32 5
where max(V”) is the maximum absolute value the gradient of the potential achieves over the path
of the field. This is a very rough upper bound, since the two integrals are expected to have the
same sign and cancel each other to some degree.

Similarly a lower bound on ’@app — @0‘ is:

AN max(V"')

“Ijapp - ‘1’0’ > |K| - 3H? (B.6)
Now for the approximation to be correct it is sufficient:
AN max (V')
— gz < |K| . (B.7)
T

Upon replacing | K| by its typical value which is of the order VAN H[/(2m), this translates into a

condition for the gradient of the potential:

_H
21vV/AN

Given that we use the procedure discussed is used to generate initial condition starting from

max (V') < (B.)

one grid point in the vacuum as we explain in Section [£.4] the relevant gradient of the potential
is in the region between the top of the potential and the vacuum. For the potential , then
max (V') is 4\ f2/(3v/6), and given the values of H;/f, and A we used in simulations represented in
Figure (i.e. Hr/fa ~25+28for A=0.25, Hy/f, ~ 3 for A = 0.5, Hy/fq ~ 3.25 for A\ = 0.75
and Hy/f, ~ 3.4 for A = 1), we see that indeed the approximation of applying a cumulative kick
K and then allow the field to relax for AN = log(2) works well, which is the time it takes for the
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scale factor to double during inflation.
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Figure B.1: Comparison between the probability distribution of the field ¢; when generated with
the Langevin procedure with kicks applied every time the network doubles in size AN = log(2)
(blue dots) as was done for the numerical simulations, distribution generated with the Langevin
procedure with kicks applied twice as often AN = 0.5log(2) (green dots), and the prediction from
the Fokker-Planck equation (red dashed line). We plotted for A = 0.5 and H/v, = 3, which
is one pair of values of Hy, A used in the simulations, see Figure
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Appendix C

Large initial radial mode displacement

The conclusions in Chapter [d] have been based on the situation when the average of the radial mode
inside causal patches during inflation is close to the vacuum. Here we consider the opposite case
in which the radial mode inside many causal patches during inflation takes a large value. This
could happen either because the radial mode has been pushed to very large values by quantum
fluctuations, or because the potential of the radial mode during inflation is modified in a way that
maintains the radial mode at large values, for example by a coupling to the inflaton or scalar
curvature.

Let us start with an unspecified distribution of the average value of the radial mode over the
causal regions at the end of inflation that will re-enter the horizon until today. We assume only
that the mean of this distribution is r,, > v, and that after the end of inflation the relevant radial
mode potential is the one in eq. . As in Chapter 4| we replace the radial mode by 7 with
potential . Eventually the field 7 in each of the patches at the end of inflation will lose its
energy to Hubble friction and will end up in one of the minimums of the potential after passing
the top of the potential a number of times. We define a set of positions r, such that if the field
in some patch started at 7 € (ry,,7,41) it has passed n times over the top of the potential before
relaxing to the vacuum. The point is that if the probability distribution at the end of inflation is
such that there is substantial probability for the 7 to be in two or more such consecutive intervals,
then there would be many such patches that will settle on each side of the top of the potential.
We expect this results in strings similarly to the case where quantum fluctuations push the radial
mode over the top of the potential during inflation.

Therefore, if the mean of the distribution of 7 at the end of inflation is r,, € (r,—1,7,) and the
variance is comparable to min(ry, —r,—1, 7, — 7 ) strings would be expected to form. The positions

r, can be found by solving the equation of motion after the end of inflation:

O*F 2 0F

w‘Fga—i—)\’F(fQ—Ug):O, (Cl)
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Figure C.1: Schematic representation of the second way quantum fluctuations can result in strings,
which is most relevant to the situation where the value of the radial mode at the end of inflation
is displaced away from the minimum. While quantum fluctuations represented by red arrows can
push the radial mode over the top of the potential to produce strings, they can also result in the
radial mode reaching higher potential energy than at the local maximum at ¢ = 0 (or 7 = 0). When
that happens the field will pass over the top of the potential after the end of inflation and during
the matter domination period prior to thermalisation, represented by the green arrows. The radial
mode in each causal patch will pass over the top of the potential a number of times depending on
its value inside the patch. This means that calculating the probability that the radial mode passed
over the top of the potential by integrating the probability distribution is not fully accurate, and
for the full result one must add the contribution from regions in the field space that pass over the
top of the potential an odd number of times while oscillating.

for various values initial values of 7, which we did numerically using Mathematica “NDSolve” [254].
In general the positions 7, are sensitive to the coupling A as well as the evolution of the scale factor
after the end of inflation, which in the equation above we assumed it behaves as in matter
domination. We argue that the interesting situation is when the field oscillations happen during a
period of matter domination before the end of reheating, since otherwise the reheating temperature
exceed v, and the PQ symmetry is already restored by thermal fluctuations as explained in Section
m To see this parametrically notice that the field starts oscillating at a time when m, ~ v Av, > H
and if the Universe is radiation dominated at this point we can write H ~ T2 /Mp so VvgMp ~ T2.
But 7 < v, if the PQ symmetry is not restored thermally, meaning vV AMp < v,, which is only
possible for very small A < 10716, Meanwhile the variance of the probability distribution can be
found by solving the Fokker-Planck equation for 7 in the same way as we did in Chapter

but with different initial conditions. An example of the various turning points r, can be seen in

Figure [C.2]
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Figure C.2: The final position of the field 7 as a function of the initial position 7iy;. This is found
by solving for A = 1 and under the assumption that the field oscillates and losses its energy
matter domination, which as explained is required if we want the PQ symmetry not to be restored
by a large reheating temperature.

We remark that, if the reason the radial mode takes such large values is the effect quantum
fluctuations alone without any modification to the potential during inflation, then the equi-
librium distribution of the radial mode must be sufficiently spread, which requires parametrically
H} > Al In this case fluctuations starting from a delta function configuration initially accu-
mulate as if the potential is negligible, i.e. the variance grows as NH?/(47w?) with the number
of e-folds. Thus variance large enough for the post-inflationary scenario is likely to be achieved
regardless if the radial mode initially started close to the vacuum or at large values'.

On the other hand if the radial mode potential is modified during inflation such that the radial
mode is stuck at large values the situation is more complicated. Finding the relevant axion scenario
in this case would require solving the Fokker-Planck equation for the new potential to find
the distribution at the end of inflation.

!This is even without taking into account potential parametric self-resonance effects that would significantly
enhance the fluctuations of the PQ field when the initial displacement is large, see .
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Appendix D

More Details on GWs from Strings

In this Appendix we give more details on the analytic derivations of Section [6.2] In particular,
we will discuss the GW emission from Nambu—Goto strings in Appendix and from the whole

scaling regime in Appendix

D.1 Axions and Gravitational Waves from Nambu—Goto Strings

In this Appendix we derive eq. (6.5]) in detail and compute the coefficients r,[X] and r4[X], showing
that they are invariant under rescaling of the string trajectory.

Eq. (6.4) can be rewritten in terms of the transverse metric fluctuation H* = h*" — %17”” h and
reads 0,0“HM = 167GTH. At large distance r = |Z| from the region where the trajectory X is

localised, eq. (6.3) and this last equation provide the axion and gravitational wave field

fa / Y v oy
AW = do (XFX" - X"X"), D.1
2V/2r ’ ( ) (-1
e 2O [ g (e - X (D.2)
r

where we neglected terms that decay faster than 1/r. The right hand sides of eqgs. and
are evaluated at the retarded time t' = ¢ — |7 — X |, which at this order in 1/r reads ' = ¢ — r+X i
with 77 = Z/r. Clearly egs. and verify the wave relations 9, H* = no H* with n® =
(so that n? = 0) up to 1/r? terms. The harmonic gauge condition is rewritten as 8, H*” = 0 which
implies the relation nMH # = ( for the solutions of egs. and .

The axion and gravitational wave energy radiated per unit time at infinity is given by dE/dt =

— [d3zT%, where TH is the energy momentum tensor of the axion (from the second term in
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eq. (6.1)) or the gravitational waves, which are respectively

1

T — F”aﬁFyag _ EWWFQBWFQIB% (D.3)
1 1
Ty = oo (a HY9,H,5 — 5m"0 HaaH> : (D.4)

with H = HSY. We can use the conservation of T"” and Gauss theorem to rewrite dE/dt =

i d3x8jTj0 = [d¥IT7° where the last integral is done on the sphere at spatial infinity. So,

dE
dt

Plugging egs. and ( into egs. and (D.4)), and then plugging these in eq. (D.5)), the

whole (neglected) subleadlng dependence on 1/r vanishes in the limit and we obtain eq. (6.5]). For

Thrn r /dQnJTJO (D.5)

instance, the coefficient for the gravitational wave emission is

o= [ B[ farairie x| 3 faacxn ) oo

where again the right hand side is evaluated in ¢ =t —r + X - 1. A similar equation holds for
the axion emission. The parameter o can be taken to parametrise the string trajectory at a fixed
time, and in this case it runs in the interval [0, L] where L is the length of the string trajectory. As
initially claimed, eq. is invariant under the rescaling t - at and L — oL (and & — &). This
can be easily seen by noticing that! X*(at,o) = aX*(t,o/a) and making the change of variable
o — ao.

Note that in the non-relativistic limit the dependence on 7 in t’ is subleading and one can
perform the angular integral in eq. exactly. The result is the well-known quadrupole approx-

imation

ralX] :%” { / dod (X' X" — XjX’i)r , (D.7)

ro[X] :é { { / daaf(Xin)r - % { / daaf(XiXi)r} . (D.8)

D.2 GW Spectrum during the Scaling Regime

In this Appendix we give more details on the derivation of the GW spectrum in eqs. and (6.12]).
We perform in eq. the change of variable x = k//H (t') with ¥’ = kR/R’, and use egs. (6.6)

!This is because, by dimensional analysis, X*(¢,0) must be proportional to ¢ times a dimensionless function of
all the other parameters on which X* depends, i.e. t/o, L/o and t/L, etc.. Such a function is therefore left invariant
by the mentioned rescaling.
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and (2.47). As a result, for R o t'/2 and in the large log limit

k/H

0911 4] = 8derrG A /

dlogk max {9&07 k?

JH
. 1dzFy 2, y] log? <x2m> , (D.9)
x/HiHJ

where y = m,k?/(Hx?) and, as mentioned in Section we approximated the momentum
distribution to be Fylz,y] = 0 for x < x¢. For k < x9y/HHi, the lower extreme of the integral in

eq. (D.9) is just zp. Approximating the momentum distribution with a single power law, i.e.

(¢—Daf™"
Fylz,y] = i € lroy] : (D.10)
0 x ¢ [$07y]

eq. for k < x9/HH; leads to

4 -1
Os (1, 1] = 8x%er G2 log! (”g){(mlog(k/ko)> (B

Ologk log k

i () - ()| e |02 - (8)

where ko = zoH and the dots stand for terms proportional to further inverse powers of (¢ — 1) log

-

(D.11)

(up to (¢ — 1)"*log™?). In the large log limit and as long as ¢ — 1 remains definitely larger than
1/log, only the first two terms in eq. survive (see also the discussion in Section . The
second term in eq. is negligible for k > 20H,? and the first terms indeed corresponds to the
full eq. (6.9). For higher momenta, k > xo\/HH, the lower extreme in eq. is k/v/HH; and

the integration gives

—1 g—1
apg o 3 4 2 4 mr IEO HHl 7 H 2
ek [k, t] = 8n3cirGf H? log (H> e 1 <I'Il> T

(D.12)

which gives the dependence on 1/k9~! mentioned in Section (the dots stand again for sub-

dominant (g — 1)~ log™*

corrections).

Note that if the effective number of degrees of freedom in thermal equilibrium g is not constant,
entropy conservation (gR3T® = const) and the Friedmann equations (H? = 1/(2t)? o gT*, valid
away from particle thresholds) imply R o< g~*/12t1/2, In this case, neglecting time derivatives of g,
the same change of variable as before provides the overall factor (g(t)/g(t))"/3 in egs. (D.9),
and (D-12)), plus a change in the argument of the logarithms of a factor (g(tx)/g(t))'/%, which is

negligible. Finally, we observe that the spectrum in eq. (D.11]) is has a very similar form as the

2This term encodes the IR profile of dp,/dlogk, and as visible in Figure is not well resembled by the simple
assumption of a hard IR cutoff for Fy[z,y].
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axion spectrum in Appendix E.1 of [188], with however two more powers of log since I'g /T, o< log?
at large log.

From the end of the scaling regime (when H = H,) to today the GWs redshifts freely, i.e.
%ﬁgkj[to,k] = (R,/ R@‘L%[t*,kR* /Rp]. From eq. and conservation of entropy density, we
get the spectrum today in the log > 1 limit

Ay crmirfd goTe (90)1/3 4l radg m. T3 (D.13)

dlogk — 90ME&  p. \gk 3v/10g, (T,)>/ Mpk? |’

where Ty and gg are the temperature of photons and the effective number of relativistic degrees of
freedom today, and gy, is the effective number of relativistic degrees of freedom at time ¢, defined by
xoH (ty) = kR(t)/R(tx), which is the time when most of the GWs that have momentum £ at time
t are emitted. Eq. is the numerical evaluation of eq. and is valid in the momentum
range 1oH.(R./Ro) < k < wov/H,Hy(Rs«/Ro). Although eq. is a very good approximation
of the spectrum at large log, as mentioned in Section [6.2.4] to obtain the lines in Figure [6.6] we
integrated numerically eq. , accounting for the smooth change in ¢ and using a double power-
law form for Fy[xz] (this resembles well the simulation results of Figure . In particular we used
Fylz) o< 23 for x < xg and Fyz] oc 1/22 for z 2 zg, as in eq. (38) of [186] with zo — oo.
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Appendix E

Details of Simulations

In Chapter [ numerical simulations were used to explore underdense string networks, while in
Chapter [0] they were used to explore gravitational waves emissions of scaling string networks. In
this Appendix we give more detail about these simulations.

Both the simulations in Chapters {4 and [6] proceed in two phases. Phase one is the generation of
initial conditions, which is responsible for producing a field configuration for the two components
@1, p2 of the complex PQ field ¢, which are defined as:

1
V2

This phase is different whether we are interested in studying underdense networks or scaling net-

¢=—=(¢1 +ig2). (E.1)

works. For underdense networks I have implemented a procedure that mimics the evolution of the
fields ¢1, ¢o during inflation, which is formally described by the Langevin equation . This
procedure was introduced in Section For the scaling networks my collaborators have imple-
mented a different procedure to generate initial conditions, which has the purpose of reaching the
scaling solution as quickly as possible. This procedure is best described later, after we first consider
the second phase which is simulating the formation and the evolution of the strings.

The second phase is that of the evolution of strings, starting from the respective initial conditions
for the components of the PQ field. This phase is nearly identical between simulations considering
underdense and scaling networks, with the exception of the calculation of the gravitational waves
emissions and of the backreaction of gravitational waves for the scaling networks, as well as the
choice of the time step in the evolution of the equations of motion, all of which we discuss bellow.
The code that performs this phase was written by my collaborators, Dr Marco Gorghetto and Dr
Edward Hardy and it has been previously used to obtain the results in their papers [186,/188]. The
code was written in C++ and makes use of the fftw library [362] for Fourier transforms. It runs in
parallel on multiple cluster nodes using OpenMP [363] and Open MPI [364] for the parallelisation.

To perform the simulations presented in Chapter [6] we have used the Marconi Skylake partition,
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for which we thank the collaboration between both SISSA and CINECA, and ICTP and CINECA;
the Ulysses HPC Linux Cluster, for which we thank SISSA and ICTP; as well as the University
of Liverpool Barkla HPC cluster. Simulations presented in Chapter [ have used the University of
Liverpool Barkla HPC cluster exclusively.

The second phase involves evolving the equations of motion resulting from the Lagrangian in
2.29). It is most convenient to work with the re-scaled PQ field defined as ¢ = R(t)¢/v, and
conformal time defined as: _

0= | Fa (E.2)

We also write the equation of motion in terms of dimensionless time and distance variables, which
are m,7 and m,x respectively, where m, is the mass of the radial mode. Assuming radiation

domination in a spatially flat background, the equation motion is then:

V" = Vo + u(r)y (\W - R2> =0 (E.3)
x 9 - Y .

where prime denotes differentiation with respect to the dimensionless time and V, with respect to
dimensionless distance as defined above, and u(7) is a function that depends on the model, either
physical strings u(7) = 1 or fat strings u(7) = Tini/7, where 7iy; is the conformal time at the start
of the phase of the evolution of strings. We also set A = 1 for the physical strings model or Ajp; = 1
at the start of the phase of the evolution of strings in the case of the fat string model. The fat
string model involves replacing the constant mass of the radial mode m, with a time dependant
mass:
m(T) = mr,ini;:(i:_i) = mr,ini% . (E.4)
This has two advantages: 1) it takes a longer physical time for the maximum log to be reached,
and 2) the string core scale changes with time at the same rate as the momentum redshifts, which
means that axion waves emitted at the string core scale remain in the UV part of the spectrum
(this leads to a cleaner spectrum in the physically relevant region k < m, /2, as discussed in [188]).
We discretise the space on a three dimensional cubic lattice containing Ng’ﬁd uniformly dis-
tributed grid points (so Ngiq points on each side) with periodic boundary condition. For the
results presented in Chapter |§| the grid size was set to Ngiq = 2500 points. Meanwhile for the
simulations presented in Chapter [ the grid size was required to be a power of two due to the way
we generated initial conditions as explained in Section @, and it was thus set to Ngiq = 2048
points. In both cases the maximum number of grid points was limited by the available memory.
We then numerically integrate the equation of motion following a standard central-
difference Leapfrog algorithm for wave-like PDEs [365], discretising the time in equal intervals
of dimensionless conformal time m,A7r. Meanwhile the physical distance between grid points
A(7) grows with time as A(7) = A(Tini) T/7Tini = A(Tini)/Hini/H given that we assume radiation
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domination and where Hjy; denotes the Hubble at the start of the phase of evolution of strings.
To ensure convergence of the algorithm a maximum ratio between the size of the time step and
distance between grid points is allowed. A necessary condition is the Courant—Friedrichs—Lewy
condition [366] A7/A(7ini) < 1, however for a sufficient condition a numerical analysis has to be
performed. For the case of scaling networks studied in Chapter [6] a sufficient condition has been
found to be A7/A(7ini) S 1/3 in [186] (for more detail see Appendix B.2 and Figure 16 of this ref-
erence), and we subsequently set the time step size to AT = A(7pi)/3. Meanwhile, for the different
initial conditions that result in the underdense networks studied in Chapter [ we have found that
convergence of the algorithm requires a stronger condition A7/A(7ini) < 1/6, see Section and
Figure [E4]

It is essential that systematic uncertainties from simulations are under control if their results
are to be reliable. The most important sources of systematic errors come from the lattice spacing
myA(T), the time spacing A7 and the number of Hubble lengths in a box HL, where L = NgyigA(T)
is the physical box length. We discuss these in further detail in Section [E.I] bellow.

In order to calculate the string density inside the simulation it is important to have a procedure
to identify strings. We do so by adopting the algorithm proposed in the Appendices of [182]
involving counting plaquettes that are pierced by a string, which are those around which the value
of the complex field crosses the real axis twice with the same handedness. This allows us to flag grid
points that are close to the string cores, the number of which is related to the string length which can
be computed by using a statistical correction factor, under the assumption that strings are equally
distributed in all directions. This algorithm has also been implemented by my collaborators.

Now that we have explained the phase of the simulations that follows the evolution of strings
we can also discuss the procedure to generate initial conditions that reach scaling as quickly as
possible, in order to show the properties of the scaling regime as clearly and accurately as possible.
To achieve this, we start with random initial conditions and follow the evolution of the network
as explained above until the string length inside the box is close to some fixed string length to
within a 10% tolerance. We use the resulting configuration as the initial condition for the phase of
the evolution of strings after resetting the value of the Hubble parameter and the size of the box.
The desired string length at which the generation of initial conditions stops is chosen such that
the initial string density at the start of the phase of strings evolution is small, &,; = 0.01. For the
fat string system the second phase of the simulation, that of formation and evolution of strings,
starts at log(m, (tini)/Hini) = 0, while for the physical string system the results have been found to
be cleaner for log(m,/Hiyi) = 2. Additional details as well as extensive further discussion can be
found in [186,/188].

We calculate the GWs emission following the method developed in [367], to which we refer for
the details. In this approach, six independent fields w;;, with u;; = wj;, are evolved according
to eq. , but sourced by the total energy momentum tensor (rather than its TT part). The
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Fourier Transform (FT) of the GW field, h;;(t, E), is then obtained by projecting the FT of u;; as

(6. F) = (PaF) (D) = 5 P9 P () ) (8. F) (E5)
where Py, (k) = dij — k‘lk]/|l;]2 (it is indeed easy to see that h;; solves eq. if and only if wu;;
solves the same equation sourced by the total energy momentum tensor).! This procedure avoids
the need to obtain the TT part of the energy momentum tensor at every simulation timestep, which
greatly reduces the computational cost. Instead FTs are only required at particular timeshots when
the h;; are needed to evaluate the GW energy and spectrum. We use the same approach when
evaluating the GW emission at the time of the axion mass turn on in axion only simulations, as
studied in Appendix [G] simply by substituting the appropriate energy momentum tensor.

As mentioned in Section numerical simulations including the GW backreaction (analysed
in Appendix require that eq. is evolved with the additional term R~2h;;0;0;¢ on the left
hand side, and thus the expression of h;; needs to be known at every timestep. For such simulations
we calculate h;; from u;; via eq. (E.5) at all time steps (by carrying out all of the required FTs and
anti-FTs). Given the computational cost, we limit ourselves to grids of size 8003 for this analysis,
which allows log ~ 6 to be reached. Such a log is sufficient for the system to be in scaling and
emitting axions with a momentum distribution with a gap between the IR peak and UV scale for
an interval Alog ~ 2, enough to extract the time-dependence of the relevant physical observables.
For our main simulations, which are much less computationally demanding, we use larger grids,
with 25002 lattice points.

E.1 Analysis of Systematics

In [186,/188| it was shown that HL > 1.5 and m,A > 1 are accurate for £ and most observables
relevant to the axion emission in the scalling regime. Here we will show that the same values of HL
and A are accurate for the GW observables of interest as well, and we therefore use these for our
main simulations. We fix the time step to be A7 = A(7)/3 where A7, A are the comoving time
and space steps respectively, which is small enough to introduce a negligible error in all quantities
for the scalling network as discussed in [186].

In particular, we analyse the effect of m,A and HL on two of the most important observables:
the fraction of energy going into GWs, defined by rg,, and the instantaneous GW emission spec-
trum, F,;. The latter is more sensitive to finite box size systematics than the total GW spectrum,
which, even at the end of simulations when H L is small, includes emission from earlier times when
H L was larger. In combination with the analysis of the effects on the axion observables described

in [188], this assures us that the effects of systematics on the results in the main text are negligible.

'See [368] for an analysis demonstrating that the lattice version of the projector does not introduce systematic
errors.
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Figure E.1: The dependence on the lattice spacing m,A of the energy emission rate into GWs
(left), and of the GW instantaneous emission spectrum, plotted at log = 5.4 (right). Data is
shown for m, A = 1 (blue) which was used for the main simulations, and also for finer lattices
with m,A = 0.67 (green) and m,A = 0.5 (purple), as well as a less fine lattice with m,A = 1.4
(orange). The agreement between these data sets indicates that m,A = 1 does not introduce
significant systematic uncertainties (in particular, they are smaller than the statistical fluctuations
in our main data set, while networks with lower resolution than the main simulations still give
similar results). For this test we have used averaged over 10 simulation runs that differ only in the
random seed used to generate initial conditions. We have used smaller grids i.e. Ngiq = 1500 for
the green data and Ngiq = 1024 for the orange and purple data. We performed this test for the
fat string system since in this case the resolution of the strings m,A remains constant during the
simulation. For the physical system however the resolution decreases (i.e. m,A increases) during
the simulation, so setting the final resolution for the physical system to be the same as the one in
the fat system can only result in finer resolution throughout the simulation.

In Figure we plot rgm = f2T,/(Gu?,I') and F, for m,A = 1, for the finer lattice spacing
m,A =2/3 and m,A = 1/2, as well as a less fine lattice spacing m, A = 1.4, all for the fat string
system (the results are averaged over 10 simulations). The only deviations between rg, the data
sets are small statistical fluctuations at late times (when the number of independent Hubble patches
is indeed smallest), and the form of Fj is consistent in all cases (as for the axion instantaneous
spectrum Fj, a finer lattice spacing reduces the energy going into modes with momentum k > m,.,
however it has no effect on the part of F; from which we extract the spectral index q).

Similarly, in Figure we study the H L systematics. To do so we carried out a set of simula-
tions on small grids, of size 8003, with smaller value of HL (but with otherwise identical properties
as the main simulations, e.g. identical initial string density and also with m,A = 1). At a log such
that HL ~ 1 on the small grids, HL is safely > 1 on the large grid, enabling the finite volume
effects to be easily identified. From Figure it is clear that HL 2 1.5 has no visible effect on
the result for 7gy. For smaller values of HL, the IR part of F, starts being distorted, but the
momentum range of interest for extracting the spectral index ¢ (i.e. k/H = 10) is unchanged.

For the scaling networks the maximum time log(m, /H) for which the simulation lasts is limited
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Figure E.2: The effect of the finite box size L on the fraction of energy going into GWs, left, and
the normalised GW instantaneous emission spectrum (plotted at log = 6.2), right. The two data
sets are from simulations on different sized grids. The smaller grids reach HL ~ 1 earlier, when
there are many Hubble patches left in the larger simulations. The agreement between these two
data sets up to when the smaller grid has HL = 1.5 indicates that HL > 1.5 does not lead to large
systematic uncertainties in these quantities. This Figure was produced by my collaborators for our
joint work [1].

by two requirement: that systematic errors from the finite lattice resolution as well as finite box
size are not too large. The former requires that there is at least order one lattice point per string
core in order to resolve the string m,A(t) < O(1) as seen in Figure while the latter translates
into a lower bound on NgiaA(t)H 2 1.5 + 2 as seen in Figure i.e. there are at least some
minimum number of causal patches inside the simulation box at any time. In the case of underdense
networks however there is an additional requirement that the statistical errors towards the end of
the simulation are not too large. In more detail, since we selected initial conditions specifically to
keep networks underdense, a side effect is that there are few (if any) simulations containing strings
sufficiently long to be larger than the size of the horizon by the time when finite size systematic
errors mentioned above become relevant. In principle such issue could be resolved by averaging
over a large number of simulations, however in practice it would take a very long amount of time
to gather sufficient simulations for each pair of parameters (Hj/v,, A) that we represent in Figure
[4.7] to have reasonable statistical errors all the way up to the time when finite size systematic errors
become relevant. Instead for each pair (Hj/vg, A) we averaged for a number of 4 simulations which
differ only in the random seed used to generate the initial conditions. Then we directly inspect
the results of the numerical simulations averaging £ over these outputs for each pair of parameters.
We cut the points where there is a large jump in the size of statistical errors, see Figure for
an example. Sometimes, but not always, this large jump directly corresponds to the moment when
¢ starts decreasing, which is an indication that there are no more strings longer than the horizon
inside any of the simulation boxes that we average over. Then for pairs of parameter where only

a small number of points remain uncut we add additional simulations to gather more data, until
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a satisfactory number of good data points (we choose 6 points minimum to plot) is left and we
plot those in Figure [£.7] We stopped at a maximum number of 20 simulations for a given pair
(Hr/vq,A), and for this reason we did not plot result of simulations with Hr/v, < 1.78 in Figure
A7
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Figure E.3: The string density of an underdense network as a function of the average variance of
the distribution of the radial mode over regions the size of the horizon. Initial conditions were
generated by the procedure introduced in Section [1.4], which mimics the evolution of the Langevin
equation , for Hy/v, = 2.55, A = 0.25. The red data points have been cut due to large
statistical errors, which appear because toward the end of the simulations only few, if any of the
underdense networks still contain a string longer than the size of the horizon (this is also visible
by the drop of £ over the final few data points). For each pair of parameters Hy/v,, A we have cut
the data by directly inspecting when the statistical errors have a large jump.

In the case of underdense networks the generation of initial conditions also results in more
dramatic differences between the field at neighbouring grid points, which as a result requires a
smaller time step for the algorithm to converge. To find the size of the time step we perform
simulations of underdense networks with identical initial conditions (i.e. same random seed), but
different ratios of A7/A(7yi) in the second phase of evolution of strings. We show results in Figure
which points to the time step used to obtain the result in Chapter [4f i.e. A7 = A(7in;)/6,
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being sufficiently small for the systematic errors to be bellow 1%.
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Figure E.4: The string density of underdense network as a function of the number of e-folds which
re-entered the horizon for various ratios of A7/A(7yi), normalised by dividing by the density for
the smallest ratio simulated A7/A(7ini) = 1/8. It can be seen that for A7/A(7ini) = 1/6 the errors
are bellow 1%, which is the value we have set for simulations of underdense networks. For each
ratio A7/A(7ini) we have averaged over a set 20 simulations on smaller grids of size Ngq = 512,
and use the same random seeds to generate initial conditions over all ratios A7/A(Tini).

Additionally let us discuss potential systematic errors introduced by the lattice spacing in the
case of underdense networks. One would expect that the required strings resolution in this case
should not be different than that in the case of scaling network, however this is difficult to test
exactly due to the fact that different lattice spacing result in different sizes of fluctuations inside
the string cores at early times when m, ~ H. We show in Figure the evolution of strings
in simulations with identical Hj/v, and A but with different lattice spacing m,A € {0.5,1,2}
respectively. It can be seen that the errors for the lattice spacing m,A = 1 that we used in
the main simulations are not very large, about 10% when compared to the highest resolution.
Unfortunately even higher resolution would be difficult to test for available grid sizes, since that
would result in finite volume systematic errors due to the lower number of Hubble patches inside

the simulation. We also point out that the higher resolution also results in larger fluctuations
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inside the string core at the start of the simulation, which is similar to the situation with large
values of Hy/v, where we have found that the subsequent evolution suffers from systematic error,
as discussed in Section [E.2] bellow. It is possible that the difference we see between the evolution

for m, A =1 and the higher resolution m,A = 0.5 is partially (or totally) due to this effect.
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Figure E.5: Evolution of the string density ¢ as a function of the number of e-folds which re-entered
the horizon for various lattice spacing. Orange data points correspond to one grid point per string
core, which is the resolution we have used for the main simulations, while blue and green points
correspond to lower and higher resolution respectively. For each lattice spacing we have averaged
over 10 simulation with the same Hy/v, = 3.2 and A\ = 0.25 with grid size Ngiq = 1024.

E.2 Initial conditions with large H;

Simulations that we have represented in Figure [I.7) of Chapter [ have in common that they remain
well in the underdense regime for the time window being simulated. The reason is that we are
interested in obtaining a way to describe the evolution of the network towards scaling without
having to worry about additional complications introduced by the interactions between strings as
the network becomes dense. However, we run into complications if we wish to perform simulations

with the same way to generate initial conditions, i.e. by evolving a discretised Langevin equation,
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but with a larger H;. The issue is that if we increase the value of H; above some threshold
depending on A, the subsequent growth of ¢ is slower than it is for lower Hy, which makes no sense
physically.

We suspect that the reason for this behaviour is that for large H; the fluctuations between
neighbouring grid points, which at early times are inside (or close to) the string cores since, m, = H
at the start of the simulation. To solve this we have employed a trick of “skipping” the kicks, i.e. in
the final few e-folds of generating the initial conditions we only expand the grid, without modifying
the values of the field at each grid point by a random kick. With this change the behaviour of
simulations approaching the scaling regime is more in line with expectation, in the sense that the
growth of £ is again faster for larger Hy. We used this trick to obtain the black line labeled “scaling”
in Figure which corresponds to Hy /v, = 16.9. The asymptotic behaviour of scaling simulations
obtained with this procedure also matches the one observed in |186,|188] quantitatively, which is

evidence that our “skipping” trick works as intended.
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Appendix F

Further Results from Simulations

In this Appendix we provide further results from the numerical simulations of the string system.
In particular, in Appendix we give more details on the scaling regime and the emission of
radiation from long stings. In Appendix we discuss the effect of the backreaction of the GWs
on the string network. In Appendix and we describe the end of the scaling regime for
a temperature-independent mass and the power spectrum of axion overdensities after the string
network is destroyed. Finally in Appendix we show the distribution of loop lengths for an
underdense network resulting from initial condition as explained in Section and compare to

that for a scaling network.

F.1 The Scaling Regime

In Figure we show the evolution of the number of strings per Hubble volume &, where the
logarithmic increase mentioned in Section is evident. The black points correspond to the
simulations used in this work, while for comparison we also show data from [186}/188] starting from
different initial conditions and reaching larger log.! As discussed in [186}/188], the data clearly
rules out any behaviour that saturates soon after log = 8. Moreover, for the most overdense initial
conditions, & first drops and then starts rising again, suggesting that the logarithmic growth is not
a transient but a part of the attractor solution.

As shown in [186], the logarithmic growth affects both long strings (defined to be the strings
with length much larger than H~1) and loops (which are all the other strings). In particular, &
restricted only to long strings — which we call {7, — is at any time during the scaling regime a fixed
fraction of &, i.e. & = fr& with fr, ~ 0.814 for the fat string system (this can be extracted from
the jump of the cumulative distribution of £ in Figure 4 of [186]; this jump makes the distinction

between long strings and loops sharp). As a result, the fraction of strings in loops is also constant.

! As mentioned, in our present simulations, evolving the fields u;; adds to the computational cost, so to gain
sufficient statistics we use slightly smaller grids.
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Figure F.1: The number of strings per Hubble volume ¢ for the fat (left) and physical (right) string
systems. The initial conditions that we use for the GW analysis, starting close to the attractor,
are plotted in black. The evolution of the system starting from other initial conditions (studied
in [186,/188]) is shown for comparison. This Figure was produced by my collaborators for our joint
work [1].

The fact that the proportion of length in long strings and loops remains the same provides another

convincing evidence that the logarithmic growth is a property of the scaling solution.

Energy Emission Rate and Long Strings

As mentioned in Section [2.4.3] in order to maintain the scaling regime the energy that needs to be
released from the string system is I' = p®® — .. We derived such a quantity in eq. assuming
that pfre® oc R~2 (see [186] for the details). However, this derivation, strictly speaking, applies only
to the part of the string network whose energy decreases proportionally to R~2 in the free limit,

which are only the long strings.? For the sake of a completely consistent treatment, we therefore

loops

loops wwhere pl = £pup /t? is the energy in long

split the energy density in strings as ps = pL + p
strings and p!°°P* the energy in loops. The tension of long strings juy, is expected to take the form
pin in eq. (2.49) during the scaling regime. The total energy lost by long strings, I' = pprec — %, is

then correctly given by eq. (2.53) but with £ substituted with &, i.e.

b [, € wf? no1¢
T o

where for convention we evaluate pu, with  (rather than £7: the difference is a constant reabsorbed
in 7) and in the square bracket we can use & instead of £, given that they are proportional.
The energy I' lost by long strings is either directly converted into axion and radial mode radiation

(I7ad) | or lost by the formation of string loops (I''°°P%), which continually arise from the intersection

2Sub-horizon loops redshift as non-relativistic matter in the free limit.
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of long strings and then decay into radiation. Therefore I' = I'™»d 4 [l°°Ps  The total emission
rate into axions and radial modes I'y, 4+ I, from the network is the sum of the energy emitted
into radiation directly from long strings (I'"*!) and the one from loops. If such loops decay into
radiation efficiently, this last quantity also equals the energy lost by long strings by the formation
of loops, T1°°PS  Ag a result, we expect I' = I'y + T',.. In the following we will show that numerical
simulations reproduce this expectation remarkably well.

We stress that in this picture the energy emitted into radiation I'y + I', originally comes from
long strings. However a part of it comes directly from long strings (I'™4), and the other wvia loops
that decay (I'°°P%), which thus act as an efficient mean dissipation of the energy that is originally
in long strings. So, although fixed by I' in eq. , the eventual emission into axions happens
through both long strings and loops, which is why in Section we studied a generic trajectory,
which includes long strings and loops. Similarly, the total emission into GWs, which for a trajectory
with a fixed shape is proportional to the one into axions (see Section , depends on both long
strings and loops, but we will refer to I'y as the sum of the two (I'y will have a contribution from
long strings and another from loops, which we will not distinguish, as we cannot distinguish them
in simulations). In the following, by proving that I' = T', 4+ I, we will see that this picture agrees
with the evolution of the physical system at least at small log. We will comment on the possible
changes of this picture if the energy is not emitted efficiently from the decay of loops at large log.

Similarly to [186,188], during the evolution of the field we extract the energy densities in axions
pa and radial modes p, (that are present at a generic time) from the kinetic energies (a2) and (72),
where the averages are done over spatial points away from the string cores (to avoid the contribution
from the strings). The emission rates are then calculated as the time variation of these energies,
namely I';, = R_4%(R4pa) and T, = R_Z%(Rzm) where z = 4 for the fat strings.® For the
physical system the redshift factor is 3 < z < 4, and can be calculated as [ dkz[k/m,]|0p,/0k where
zlk/m.] = 3 + (k/m;)?/((k/m;)? + 1) is the redshift factor of one mode with momentum k (the
spectrum of radial modes dp,/0k can be found in [188]).4

In Figure we show the numerical results for I', and I'y +I';. for the fat and physical systems
using the data from the larger 4500% grids of [188], reaching log = 7.9 (we did the same for the
data that we collected in simulations including gravitational waves emissions in Figure of the
main text). To allow the direct comparison with the previous discussion, the results are normalised
to the theoretical expectation in eq. for the total emission rate I'. In this last equation we
fit the data for the simplest model in which the only free parameter 7 is kept constant, and in
such a way that (I'; +I';) /T equals unity. The fact that I" reproduces I', + I', over more than

four e-foldings in time (especially clearly for the fat system) is a remarkable confirmation of the

3Trrespectively of whether they are relativistic or not, free radial modes in the fat string system have energy
Vk2 + m? that redshifts as R™', given that m, o< R™' (so the energy density redshift as R~* assuming comoving
number density conservation).

4This is easily seen by calculating dlog E/dlog R where the energy E is E = ncom(Ro/R)S\/mE + kZm(Ro/R)?
and assuming comoving number density conservation dncom/dR = 0 and using dkcom/dR = 0.
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Figure F.2: The energy density emitted in axions and radial modes, I'; and I',., during the scaling
regime calculated in the simulation, normalised to the theoretical expectation of the total emission
rate from (long) strings I in eq. after fitting the (constant) value 1, defined in eq. . The
fact that I’y + I',. coincides with the theoretical expectation I' is a confirmation that the emission
rate is described by eq. and that the string tension is reproduced by py in eq. for
a fixed value of 1. For the fat strings the time derivatives in eq. are done averaging over
Alog = 0.2, while for the physical system for Alog = 0.4 and Alog = 0.1 respectively, as labeled.
To produce this figure the data from my collaborators’ previous paper [188] has been used, which
was collected on larger grids Ngjq = 4500. This Figure was produced by my collaborators for our
joint work [1].

theoretical picture described above. In particular this shows that the form eq. captures the
total emission rate during scaling when £ is restricted to the only long strings, that such emission
happens either directly or via loops, and that eq. reproduces the effective string tension uy,
even at small log for a fixed choice of 7.?

We now discuss the details for fat and physical strings separately. For the fat string system,
shown in Figure (left), the agreement between I' and I'; +T',. is excellent and 7 is fixed precisely.
The value of 1 selected by the fit (in which we consider only log > 4 data and, as mentioned, we
evaluate I' using fr = 0.84), is V4mn ~ 0.95. This is close to 1/v/4m, which is the value this
parameter would get if all the long strings were straight and parallel to each other.® Although such
n reproduces the emission, we assign to it a conservative 15% uncertainty, i.e v/4mng, = 0.95(15).
This uncertainty is estimated by looking at how much the ratio (I'y 4+ I',,) /I’ varies with log for
different choices of n: as shown in Figure if \/47n is outside the range 0.8 + 1.1 the ratio is not
constant (to assign this range we have chosen values of 7 that result in a maximum change of the

ratio (I'g + I') /T of 10%), suggesting that the choice of this parameter outside this range is not

5 Another approach to measure the string tension would be by subtracting the energy in waves, as was done in [188],
which leads to compatible results.
5This is seen requiring that the argument of the log in eq. (2.49) equals the inter-string distance in units of m, '.
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Figure F.3: The dependence of the ratio (I'y +I';)/T" on the choice of the parameter 1. Values of
n outside the intervals 0.8 = 1.1 and 0.4 = 1.5 for the fat and physical strings respectively (shown
in light grey) do not lead to a constant ratio, signalling that they are not able to reproduce the
emission and therefore the string tension (for this purpose we considered the ratio to be constant
if it does not differ by more than 10% throughout the range 4 < log(m,./H) < 7.9). This Figure
was produced by my collaborators for our joint work [1] and uses data collected for their previous
paper [188].

appropriate to describe the emission.”® Notice that the agreement between I' and I'y, + I, for the
value of fr, = 0.84 extracted from the jump of loop distribution is remarkable, and is a particularly
convincing confirmation of the theoretical discussion above. Even more remarkably, leaving both
n and fr as free parameters in the fit (I'y + I';) /I’ = 1 provides a similar value of 1 and a value of
fr that differs by less than 1% from the one extracted from the loop distribution. Notice also that
as shown in detail in [188], radial modes are still produced (i.e. T', # 0), though increasingly less
with respect to axions (i.e. I',/T', diminishes), and it is indeed the sum I', + T, that reproduces I'.

The results for the physical system are shown in Figure (right), where we calculate the
derivative averaging over Alog = 0.1 (shaded lines) and over Alog = 0.4 (solid lines). For such
a system some fluctuations are visible, and are particularly evident at early times and with the
smaller time averaging. As already noted in [188], these are related to parametric resonance effects
between the axion and radial modes, and possibly to the emission from excited string cores due
to imperfect initial conditions.” As the value of f; is not known for physical strings, in the fit
(e +T;)/T = 1 (done for log > 4.5) both the parameters n and fr, are allowed to vary. The
best fit values correspond to fr, ~ 0.9 and /4wy ~ 0.7, which are those for which we evaluate
I' in Figure (right). As expected, the fit selects fr, < 1, and the parameters f; and 7 turn
out to be remarkably very close to the fat string values. As shown in Figure (right), despite

the fluctuations, for such values of n and fr, the ratio (I'y + I';)/T" is in average close to unity at

"Note that indeed the definition of long strings is not completely fixed (and so fr), so in principle one can just
require the ratio to be a constant close to one rather than exactly one.

8For the fat string time derivatives are done averaging over Alog = 0.2.

9These effects are clearly visible in the axion instantaneous emission spectrum as studied in [188], which has large
oscillations at around the string core scale.
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Figure F.4: The dependence of r = f2I',/(Gu2 ') on the parameter 7, which enters the string
tension pyy, for the fat (left) and physical (right) string systems. We plot results for the range
of 17 compatible with the measured instantaneous energy emitted to axions and radial modes of
Figure For the value of i across this range, the plotted ratio approaches a constant value, as is
expected from the theoretical analysis in Section [6.2.1] The red bands are centered on the average
value of r over all data points and its width is given by the standard deviation. This Figure was
produced by my collaborators for our joint work [1].

all times. The large fluctuations however lead to a greater uncertainty on the actual value of 7
that reproduces the emission. Similarly to the fat string system, we estimate this uncertainty by
varying n and looking at the impact on I'. As is clear from Figure (right), all the n’s in the
range 0.4 + 1.5 give an approximately constant ratio, while if they are outside this range the ratio
starts tilting. We can take this range as a conservative estimate for nppys.

As in the fat system, the production of radial modes is non-negligible. However the fluctuations
make the time evolution of I', /T, more unclear than in the fat string system. Notice that such
radial modes are mildly relativistic (in particular, z ~ 3.3 in the whole time range; this turns out
to be an essential information for getting a I', # 0 from R*Z%(RZ or))-

Let us now discuss the GW emission I'y and r, defined in eq. . As mentioned in Section
the uncertainty on 7 translates into an uncertainty on the string tension peg (more precisely on py;
we discuss later the contribution of pl°°P% to p,). This uncertainty also affects the value of 4, to be
used in the calculation of rgm = f2I',/(Gu3,I') defined in Section10 In Figurewe show the
value of rgjy, from different 7’s chosen in the ranges mentioned above (note that n enters both in
and in I'). Remarkably, the best fit value of 1) selected by the above discussion leads a constant rgjy,.
As described in the main text, this matches the expectation from the Nambu—Goto effective theory,
further confirms that the value of 7 reproduces the string tension and ensures the energy emitted
into GWs can safely be extrapolated to large log. As expected, larger (smaller) values of 1 lead to

an increasing (decreasing) rsim, and the results are compatible with rg,, evolving asymptotically to

0As in the main text, T', is calculated by averaging the time derivative of p, over Alog = 0.2, which is already
consistent with the continuum limit.
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Figure F.5: The normalised instantaneous emission spectrum (left) and the total spectrum of GWs
in simulations (right) for the fat string system. The key features match those of the physical system
plotted in Figure This Figure was produced by my collaborators for our joint work [1].

the same constant regardless of the value of 1. Although the best fit values of 1 lead to a constant
Tsim, We conservatively estimate the uncertainty on r from the one on 7 by varying ne; and 7pnys
in the intervals mentioned before for which (I'; +I',.)/I" is constant, and considering the range in
which 7y, varies at the largest available log = 7.4 for such n’s. For instance, rpnys ranges in the
interval 0.17 < 0.34.11

The discussion above confirms that the tension of long strings py is reproduced by pin, i.e.

pk = o /t?, with the 7 fixed as before. As mentioned at the beginning, the energy density in

loops
s

strings ps = pL + plo°P% however contains also the contribution from loops p . This in principle
changes ps and therefore could make the effective string tension peg not match p¢, anymore for the
same value of 7 (note that peg — and not puy — is the one determining the GW emission, as GWs
are emitted both from long strings and from loops, and therefore should be the one that leads to
a constant r = f2I',/(Gu®T,), since Ty is the total GW emission rate).

First, we expect a possible overall (constant, see [188]) factor on the total string tension peg due
to the non-trivial boost factor of loops but, as mentioned in footnote [I1]in Section [6.2.3] this gives
an overall correction to p, and could be simply reabsorbed in the definition of r. In particular, I',
defined in eq. with r extracted from Figure still provides the correct large log behaviour
of the emission.

Moreover, the fact that n predicted by long strings works well in providing a constant r suggests
that even the time dependence of pg is close to that of pg with the same value of n (or that,

alternatively, most of the GW emission is from long strings).!?!3

"Notice that strictly speaking T'y = &L/t at large log (rather than T'y = &uen/t?). This makes the extraction
of the numerical value of r from rsim a factor of f, ! larger and I'y a factor of fr, smaller than what mentioned in the
main text, leaving in any case the GW emission rate I'y in eq. invariant.

12The fact that the effective tension of the strings is close to pw, with 7 &~ 1/v/4r is also suggested by the direct
measurement of the string tension in |188].

3During the scaling regime, the loop distribution is scale invariant, i.e. contains a fixed number of loops per
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Figure F.6: The time-evolution of the power-law ¢ of the instantaneous GW spectrum Fyz,y] o
1/27 for the fat (left) and physical (right) string systems. In both cases after log = 5 the values are
approximately constant (and compatible with 2). For smaller times the GW spectrum fluctuates
and has no definite power law. This Figure was produced by my collaborators for our joint work [1].

We finally comment on the validity of this picture at larger values of log. If the loops become
very long lived, the energy could be radiated less efficiently from loops into radiation, therefore the
total emission rate will be enhanced with respect to the energy lost by long strings in eq.
(i.e. 'y + Ty > T'). Indeed, the string loops oscillate under the effect of their tension, and in the
limit of infinite oscillations the loop energy density will redshift as R~3, which diminishes slower
than R4, which is the rate at which the energy would decrease if it were immediately radiated
into axions. Although we do not see a sign of this in the simulation between log = 4 and log = 8,
we cannot exclude this possibility at very large log. If this is the case, this would enhance most

likely the axion and GW emission, and our predictions would still be reliable lower bounds.

The GW Spectrum

Finally, we give more details on the GW spectrum 0p,/0k. To extract dpy/0k in the simulation we
used its explicit expression in terms of uw(l;) defined in eq. (E.D)), easily derived from its definition
[ dkdpy )0k = T° = (320G) =M hijhi;), see e.g. eq. (29) in [367]. From dp,/0k we calculate

the instantaneous emission spectrum F,; defined in eq. (6.7)) as (we calculate the time derivatives

decade of loop length, for lengths between the IR and UV cutoffs ~ H~! and ~ m; ' (see [188] for more details). For
such a distribution the energy takes the form (¢ — &1)m f2 log(m,./Hn')/t?, where 7' is a (possibly time-dependent)
parameter that depends on the precise location of the cut-offs in units of H~' and m;'. [To show this, notice that
for such a distribution the number of loops per unit length and unit volume is dne/dé = 4H>(¢ — £1)/¢ and the

—1
energy of a loop of length £ is E, = 7 f2log(m.£). The mentioned energy density follows from f:,l dl E¢dng/dl in

loops

the limit m, > H.] This formula implies pl®°P* ~ (¢ — £L)pn/t> (except for the value of i), which justifies why peg
in eq. ([2.48) is approximated by jn, at least at large log. We stress in any case that the precise form of pl°°P® is still
uncertain as loops could become longer lived at late time, meaning we do not know the full details of the cutoffs of
the loop distribution and of the boost factors of the loops, which could change the formula above.
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Figure F.7: The total GW spectrum for the fat (left) and physical (right) string networks. The
results are identical to those in Figures and except without the log* normalisation. The
growth of the spectrum is clear in both cases. This Figure was produced by my collaborators for
our joint work [1].
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In Figure we plot Jpy/0k and Fylx,y| for the fat string system. Both these observables
have similar features to the physical system, shown in Figure [6.5] In particular, the approximate
power law ¢ ~ 2 is reproduced and is time-independent. As a further study, in Figure we show
the best best fit value for the slope of Fj; in the momentum range 30H < k < m, /4. As mentioned
in Section given that ¢ is safely above 1 (and appears constant), we do not analyse further
its time-dependence and the possible dependence of the fitted value of the slope on the momentum
range.'* Although already clear from the previous plots, to show explicitly the time-dependence
of the spectrum we also plot the total GW spectrum without the log* normalisation in Figure
for the fat and physical system.

F.2 GW Backreaction on the Strings

In this Appendix we discuss the GW backreaction on the string network in the physical system of
eq. (2.28) by solving the coupled egs. and (including the backreaction term R_thj 0;0;¢
in the left hand side of this last equation). As mentioned in Appendix this is numerically
expensive as requires to perform FT and anti-FT every time step, and we therefore limit ourselves

to small 800% grids that can explore values of log < 6.15

1Such detail is more important for the power law of the axion instantaneous spectrum since it changes with the
log.
15GQimilarly to the simulations in the main text, this corresponds to the time when HL = 1.5 for m,A = 1.
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Figure F.8: The evolution of the average square value of the GW field (h) = (h;;h;;)'/? for different
values of f,/Mp, and in the limit f,/Mp — 0 normalised to the theoretical expectation for the
string tension squared p% (left). We also show the relative deviation of (h) for different non-zero

fa/Mp from its value for f,/Mp — 0 (right). On the z-axis we plot Gﬁl/Q,uff/fa, which is the
parameter expected to control the deviation of (h). This Figure was produced by my collaborators
for our joint work [1].

The theoretical discussion of Section suggests that the (evolving) effective parameter con-
trolling the relevance of the GW backreaction on the string network during scaling is Gu?/f2? =
7/8(f,log /Mp)? (as in the main text, Mp = 1/v/87G). Numerical simulations will confirm this ex-
< Mp/log),

~

pectation. In particular we will see that, as long as Gu?/f2 < 0.5 (corresponding to f,
(a) gravity is always in the perturbative regime and (b) the effects of the GWs on the properties
of the string network (e.g. £ and p,) is smaller than few percent. Therefore the backreaction is
relevant only for f, = Mp/log which is well beyond the region allowed by the bounds in Figure
A detailed analysis of the impact of the backreaction is therefore not necessary (and, as mentioned,
we did not include the backreaction in the simulations presented the main text).

First, notice that the equations of motion and depend only on the dimension-
less ratio f,/Mp.'® We evolve these equations for fat strings and different values of f,/Mp =
0.05,0.1,0.2,0.3,0.4, for the same set of initial conditions (similar to those in Figure , as well
as in the limit f,/Mp — 0, i.e. not taking into account the backreaction term in eq. . In
Figure (left) we show the evolution of the average square value of the GW field (h) = (h;;h;;)'/?
in the limit f,/Mp — 0. As expected from the form of the instantaneous GW emission in eq.
and of the energy density in GWs, (h) is of order f2/M3 for log = O(1) and increases proportionally
to log? (up to subleading corrections).

Figure (right) and Figure show the effect of a finite value of f,/Mp on (h), £ and p, by
plotting the time evolution of these observables for different values of f,/Mp, normalised to their

value in the absence of backreaction. To make the role of the effective parameter G2/ f2 manifest,

'8This can be seen by redefining ¢ — ¢ f, and hij — hi; f2/M2 in such equations.
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Figure F.9: The evolution of { and p, for different values of f,/Mp, normalised to their value in
the limit f,/Mp — 0 (i.e. without GW backreaction, as in the main Sections). We plot Gu2, /f>
rather than log(m,/H) on the z-axis to highlight that the deviations of these observables from GW
backreaction depend on the effective (evolving) parameter GuZg/f2. The filled circles correspond
to the time when the numerical evolution of the linear approximation of the Einstein equations
breaks down, and at this point Guzﬁ /f? ~ 0.5. For smaller values of this parameter, the linear
approximation is valid and the observables deviate by less than few percent from their value in the
fa/Mp — 0 limit. This Figure was produced by my collaborators for our joint work [1].

we trade log(m,/H) with Gu2 /f? = 7/8f2/MElog*(m,/Hn/\/€) in the z-axis.!” For a non-zero
value of f,/Mp, the quantities (h)/(f2/M3) and ¢ increase with respect to their value in the limit
fa/Mp — 0, while p, decreases. Indeed, as expected, more energy is transferred to GWs rather
than to axions, making h;; larger and p, smaller. Crucially, the deviation of these observables
from their value at f,/Mp — 0 is controlled by the combination Gufh /f2, rather than by log and
fa/Mp separately. Indeed, simulations with different value of f,/Mp present the same deviation at
a different value of log but at the same G,u%h /2, as suggested by the fact that the lines overlap in
Figure [F-9]

When G,u%h /f% ~ 0.5 the numerical evolution of the equations of motion breaks down for all
fa/Mp.*® This can mean either a numerical issue that results in the simulation not reproducing the
continuum limit of the equations of motion we used, or it is signalling that the linear approximation
of the Einstein equations is no longer valid, which corresponds to higher order terms being relevant
in the equations of motion. We therefore show the results for (h), ¢ and p, until the evolution
makes sense, with a filled circle at the time when the numerical evolution breaks. From Figure
it is easy to see that this value of Gu? /f2 corresponds to (h) ~ 0.1 (the local value of h;; will be
larger than this). Moreover, at this value of GuZ /2, the observables £ and p, have changed only of
a few percent with respect to their value in the absence of backreaction. Given that the numerical

breakdown happens at a specific value of Gu2, /f2 ~ O(1) which is the same for f,/Mp = 0.3 and

"We fix the same value of 7 as in the main text.
18This is seen by the non-convergence of the numerical algorithm that integrates egs. (6.10) and (E.3).
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fa/Mp = 0.4, and that the corresponding value of h;; at breakdown also approaches order one, this
suggests that the cause could be indeed that the linear approximation of the Einstein equation is
no longer sufficient. The dramatic change of the evolution of the network beyond this point can be
only captured by the full general relativity description of the system.

The decrease in energy in axions seen for non-zero f,/Mp in Figure left is quantitatively
consistent with the energy that is found to be in gravitational waves, and therefore the value of r
obtained in Section (there is a small increase in the sum of the energy in all components as
fa increases, which is expected since the effect of backreaction is to slightly increase &, as seen in
Figure right).

We observe that, while the dependence on the parameter G,ufh /f2 has only been tested for
small logs and relatively large values of f,/Mp, the theoretical discussion in Section allows to
extrapolate the results of Figure and also at large logs (and smaller f,/Mp), in particular
ensuring that the GW backreaction is negligible for all f, in Figure despite the large log.
Finally notice that, as the evolution of the system is not known for f, = Mp/log, there are in
principle two orders of magnitude of f, below Mp for which the bounds in Figure do not apply,

and a complete general relativity reanalysis would be needed.

F.3 The End of the Scaling Regime and Nonlinear Transient

In this Appendix we give more details on the end of the scaling regime for a temperature-independent
axion mass. We will also study in more depth the non-conservation of the comoving number density
of axons at H ~ H,. Most of the discussion of this Appendix builds on the material of Section 3
of [188] and Appendices D and E of the same reference, to which we refer for a more pedagogical

presentation.

End of the scaling regime

As mentioned in Section the axion potential becomes relevant in the evolution of the string
system only for H < H, = mg,, at which time a network of domain walls forms and destroys
the string system. To determine precisely the critical value of H (which we call H;;) when the
scaling regime starts getting affected by the axion potential, we evolve eq. with the same initial
conditions as in the main text for the fat string system, but with the additional term —m?2/(v/2m?),
which corresponds to including the axion potential V = m2f2(1 — cos(a/f,)) in the Lagrangian of
eq. (see Appendix D of [188]). Notice that the dependence on m, of the equations of motion
enters only through the ratio m,/m,, and we therefore refer to different axion masses via the value
of log(mr/mq) = log(m,/H,) = log,.

In Figure (left) we show the time-evolution of { for different values of log,, plotted as
a function of H,/H, together with the evolution of the equations for m, = 0 (dashed lines). In
Figure (right) we also show the time-evolution of the axion spectrum dp,/dk for log, = 5. It
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Figure F.10: Left: The evolution of ¢ for a non-zero constant axion mass at different log, =
log (m,/mg) (solid lines), and for m, = 0 throughout with the same initial condition (dashed
lines). Independently of log,, £ is unaffected by the mass before H = H, = H,/3. Right: The
axion spectrum in the presence of the axion mass with log, = 5 (upper lines) at different times
labelled by H,/H, and for vanishing axion mass (lower lines, dashed). Before H = H,j the effect
of the non-zero axion mass has on the spectrum is negligible. This Figure was produced by my
collaborators for our joint work [1].

can be easily seen that for values of H larger than H, = H,/3 both £ and the axion spectrum are
not significantly affected by the axion potential, as they closely follow the evolution for m, = 0.
For smaller values of H, ¢ diminishes (as the network starts being destroyed) and the spectrum
gets affected, starting from its IR part. Although the value of Hgit can be numerically studied

only at small values of log,, it is reasonable to expect that it will not change at larger log,.

Nonlinear evolution of the axions waves

As mentioned in Section and explained in detail Section 3 of [188], the axion waves produced
up until H, have kinetic energy much larger than the potential energy at H = H, (we momentarily
assume that H.q = Hy, and discuss to the modification to a generic Hepit later).19 This results in
a period of relativistic redshift and a nonlinear transient, which implies a partial non-conservation
of the comoving number density. However we now show that the number density non-conservation
is small for the value of &, log, discussed in Section for a temperature-independent mass.
The number density after the nonlinear transient follows the analytic description and eq. (36)

of |188] (evaluated for a constant axion mass, i.e. « = 0). The corresponding number density

9Recently it has been claimed that this cannot be true because the compactness of the axion field bounds the
energy that can be stored in low momentum modes [369]. In fact, the periodicity of the axion only affects the
zero-mode: all the other modes can be populated by arbitrarily large amplitudes.
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where W}, is the Lambert W-function evaluated on the k-th Riemann sheet and in the second
line we expanded W_; for large negative values of its argument. The coefficients ¢,,,, ¢y, ¢, have
been extracted in [188] by fitting eq. with the number density obtained from the numerical
evolution of

i+3Ha— R™*V2a+m?2f,sin(a/f,) =0, (F.5)

with mg = H,(H,/H)** and o = 4,6, 8, with initial conditions (at H = H,) given by a superposi-
tion of axion waves with energy density spectrum dp,/0k from the (reconstructed) scaling regime
at H = H, (see [188] and the following eq. for the explicit expression of the initial conditions).
Note that such simulations (that include only the axion field) can study directly the physical point
(i.e. without extrapolation, unlike simulations of the physical system in , which must include
modes with k ~ m,.).20

Let us now discuss what changes if H.4 < Hyx. In this case the number density at H = Ht
is approximately n, = 87&, log, Herit f2/20,q-2 If this number density is thought as coming from
an axion field at H = H, (which redshifts relativistically from H, to Hgsit), such a field has the
same energy density spectrum 9dp,/0k|, but with o, — aco,a(lﬁfcrit/I-I*)l/2 = xoya/\/g (i.e. an IR
cutoff smaller by v/3).22 To evaluate the suppression of the number density for Hey < H, we can
therefore use eq. with 29, — 20,4/ \@, which gives a 20% non-conservation of the comoving
number density for &, log, = 3000 (and zo, = 10).%

In support of this, in Figure [F.11] we also show the evolution of the comoving number density
for different values of &, log, from the numerical evolution of the equation of motion . The

set up of the simulations is explained in |188], to which we refer for the details. As in [188], we

20The coefficients read ¢, = 2.40, ¢y = 0.12, ¢, = 1.20 and ¢,, = 2.08, ¢y = 0.13, ¢, = 1.35, respectively for an
initial axion energy density spectrum given by the convolution of F, sharp IR cutoff at x = x¢ , and a more physical
form as described in [188] (in both cases with g, = 5).

21 As defined in Section the number density is nSt = f dkOpa/Ok, and can be approximated with pir /(z0,o H)
during the scaling regime (up until Heyit), where pir = 87 f2£ log H? is the energy density in IR modes. The difference
& log, from &t log,,;, is insignificant with respect to the change in H.

22In particular, at H = H, its (relativistic) number density will be enhanced by a factor +/3 with respect to
87é, log, Hyfz /0,0

%1n doing this estimate we used a cv that is (1 — 1/¢a)™" = 5/4 larger than what mentioned before, in order to
account for the fact that the coefficients have been extracted for ¢, = 5 instead of ¢ — oo (which is the limit in which
ne = 8nélog /xo,qa f2 H is valid.)
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Figure F.11:  The evolution of the comoving number density of the axions (produced during
the scaling regime) through the nonlinear transient that occurs when the axion potential becomes
cosmologically relevant. The initial conditions are set at H = Hi = H,/3 to be a superposition
of axion waves with the energy density spectrum dp,/0k from the (reconstructed) scaling regime
at H = Hgit (see [188]). For &, log, < 3000 (which are the relevant values for ultralight axions)

the number density non-conservation is at most 20%, and was therefore neglected in the derivation
of Q5 of Section This Figure was produced by my collaborators for our joint work [1].

start from H = Heiy = H,/3 with initial conditions given by an axion field made of a random
superposition of waves with the energy density spectrum of the scaling regime at H = H, i.e.
(for k > ko = x0 o Herit)

2 2 qa—1
sty <S5t (o) (b

Ok k log, k
1— 241‘)%1(’“/%) B (,20)%—1 1— (%)q“_l (F.6)
+4 et +8 —
(ga — 1) log, (ga — 1)?log?

which follows from eq. with I'y replaced with I'; and F; with Fj, and we assume Fj, o< 1/z2%
for z > 204 and ¢, > 1 (and F, = 0 for z < x07a).24 Notice from Figure that for values of
¢.log, = O(10%) the suppression is the predicted one, and for smaller values the conservation of
the number density is even more accurate (and eq. breaks). Finally, for larger (not relevant,
unless N > 1, see Section values of &, log, the non-conservation of the number density
becomes substantial, and the relic density in eq. must be multiplied by the suppression
factor in eq. . In particular, as mentioned in the main text, Q5% o (&, IOg*)?’/ 4,

24We used ¢a = 5 and as mentioned zg,, = 10.
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F.4 The Density Power Spectrum

In this Appendix we give more details on the determination of the power spectrum of axion over-
densities A2(k) defined in eq. , and discuss the uncertainties on this.

As described in Section [6.3.3] and Appendix we consider only the axion radiation emitted
during the scaling regime up to H = Hqi = H,/3. In particular, we neglect the strings and the
domain walls that are present in the field at this time. The evolution of such radiation follows
the axion equations of motion . Similarly to Appendix we start at H = Hcy with
initial conditions given by a superposition of waves with the axion spectrum 0dp,/Jk from the
extrapolated scaling solution (with &, log, = 2000) in eq. .25 As discussed in Appendix
the axion number density (and in general the dynamics of the IR part of this radiation) can be
directly studied at the physical value of log, in these simulations without the need of extrapolations
(thanks to the absence of strings).

Such simulations capture the dynamics of axion field up the momentum mode kyy =~ Ngyiq Hy/(Hy L)
at H,, where Ngiq is the number of lattice points and H, L, is the number of Hubble lengths in the
box at this time. While most of the energy density of the field is not included in the simulations
due to the almost scale invariant form of the energy density spectrum dp,/0k (see eq. ), the
axion number density n, = [ dk/wi0p,/0k dominantly comes from IR modes, which are included
(at k > m, the contribution to the number density from the mode k is proportional to k~2).
Consequently, the IR modes of the field also dominantly determine the axion dark matter power
spectrum A2 (k) at least at IR momenta.?0

Since we are primarily interested in the coefficient of the k3 IR part of the density power
spectrum, the simulations are carried out starting with HL = 20 at H.j so that modes with
momentum down to k/H, ~ 0.2 are included, giving a large enough momentum range for the k3
slope to be present and C' to be fit. Moreover, we set Ngiq = 1300, which is large enough that
modes with k/H, ~ 200 are included, corresponding to 95% of the number density. During the
evolution of the field, we calculate the (discretized version of the) power spectrum as A2(k) =
k3/(27r2L3)<52(E)>||E|:k where 4(k) is the Fourier Transform of d(z) and (-) stands for the
average over the momenta with modulus k.

In Figure left we show the results for A2(k) at increasing times during the evolution of
the system at H < Hcj (as the mass becomes relevant), for the input spectrum in eq. with
T.. = 10. As expected, A2(k) changes, in particular growing at scales kcom/Hyx =~ 10. Thanks to

||E|=k

25 Although this spectrum derives from a simplified form of F,, we have confirmed that starting with a more realistic
F, (discussed in [188]) with the same xo,, but with an IR tail F(x) ~ z* for 2 < o, changes the fit of the constant
C to the IR of A3 by less than 20%, which is much smaller than the uncertainties we subsequently discuss.

26In particular, the UV modes evolve freely without affecting the dynamics of the IR modes at any point including
during the previously discussed non-linear transient [188|. Subsequently, the energy in the UV modes simply redshifts
away leaving a negligible contribution to the DM abundance. The fact that simulations do not include the (large
fraction of the total axion) energy that is such UV modes therefore does not introduce uncertainty in the power
spectrum that we extract.
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Figure F.12: Left: The power spectrum A2, as a function of comoving momentum keom = k(R/R),
during the evolution of the axion waves (produced during the scaling regime) when the axion mass
becomes cosmologically relevant (blue), and at the final simulation time (black), after the the
nonlinear transient and once it has reached an approximately constant form. The simulation starts
at H = Heyw = H,/3 with waves with the energy density spectrum 9dp,/0k predicted from the
scaling regime in eq. at &, log, = 2000 and g, = 10. The green line is the result at the final
time for a purely linear evolution. Right: The result of A2 at the final time for different values of
the IR cutoff of Fy, i.e. the parameter x4, in the initial energy density spectrum. This Figure was
produced by my collaborators for our joint work [1].

the relatively large Ngiq used, the transient has finished and the axion energy in the simulation
is redshifting non-relativistically by the end of the simulation.?” As it is clear in Figure at
this time the IR part of A2(k) has reached a time-independent form. The UV part of A2(k) is not
fully constant, due to the presence of high momentum modes and oscillons (these contain only a
small fraction of the total energy and will eventually decay into high momentum modes so will not
alter the IR of the density power spectrum), and as mentioned in Section its understanding
is beyond our current scope.

The IR part of A2(k) approaches the expected k3 dependence, with coefficient C' ~ 2 x 10°
(defined in Section[6.3.3)). Note that even with a linear evolution (i.e. with potential V = 1/2mZ2a?),
A2(k) would evolve simply due to modes turning non-relativistic. However the results we obtain
differ from those with a linear potential due to the, previously discussed, relativistic redshift and
the small non-linear transient. To understand the importance of these two effects, in Figure [F.12]
we also plot the A2 that is obtained at the final simulation time evolving with a linear potential.
From this is can be seen that the non-linear effects decrease AZ2(k) by a factor of 4 in the IR.
This is reasonable since the transient moves energy to higher momentum modes, and it is also not
surprising that the effect is relatively small given that the transient only has a minor effect on the

axion number density. Although we have fixed a potential of the form V(a) = m2 f2(1 —cos(a/fs))

27 As discussed, in reality soon after H, a large fraction of the axion energy is in UV modes that are not captured
by simulations. However, these continue to redshift until the energy they contain is negligible so the true power
spectrum will eventually reach the form measured in simulations.
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Figure F.13: The evolution of the power spectrum A2 during the destruction of the string network
at the unphysical value of log(m,/H,) = 5. See Figure [F.10|for the corresponding evolution of £ and
the axion energy density spectrum at these times. This Figure was produced by my collaborators
for our joint work [1].

we expect any other bounded potential to lead to a similar A2(k) (since the main effect of the
non-linear potential on A2(k) comes from the extra era of relativistic redshifting).

Let us discuss the possible uncertainties in C. One uncertainty comes from the value of the
IR cutoff zp, of F,. As mentioned, at log ~ 7 + 8 the value of 29, = 10 (as we have used) fits
well the simulation results [188], with no evidence for a strong log dependence. Nevertheless, we
cannot exclude that xg, has a log dependence that is smaller than would be visible with current
simulations (for instance the growth of £ might increase zg,). In Figure (right) we plot A2 (k)
with zg, between 5 and 50, from which it can be seen that z¢, > 10 decreases Ag(kz) in the IR
leading to a smaller C' and a weaker limit via eq. . Decreasing xg , below 10 actually barely
affected the fitted C, since the non-linear transient has a greater effect in this case, removing energy
from IR modes. For z¢ , between 5 and 30, which we take as a plausible range, C' varies by a factor
of 20. For a fixed fiso, the bound on f, ~ C1/%, s0 this leads to a 100% uncertainty on the limit
on f,. In Figure we correspondingly blur the limit above a lower edge corresponding to the
constraint for xp, = 10 to reflect this uncertainty. Together these uncertainties mean that the
isocurvature bounds that we plot should be treated with substantial caution as discussed in the
main text.

Finally, as discussed in Section [6.3.3] our analysis of density perturbations in DM axions from
the scaling regime gives a conservative isocurvature bound, since it misses the DM axions produced
by the network of strings and domain walls formed when the mass becomes cosmologically relevant.
To get an idea of how much these could strengthen the bound, we also calculate A2 from simulations

of the string network through the mass turn on until its destruction at a small (unphysical) value
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of log,, by numerically solving eq. with an additional mass term, as in Appendix Of
course, such simulations are at small scale separations (i.e. small tension) and have no hope of
accurately reproducing the dynamics of the system at the physical point, and our results are solely
to give an indication of the possible magnitudes of effects. The various competing requirements
in such simulations discussed in Appendix F of [18§] dramatically limit the value of log,, and the
results we show are for log, = 5.28

The results for A2 are shown in Figure at increasing times until the network is destroyed
(see Figure for the behaviour of £ and the axion energy density spectrum at the corresponding
times). Given the more challenging simulations, the minimum values of keom/Hy (where keom =
k(R/R.) = k(H,/H)"? is the comoving momentum) are larger than in simulations in which only
the axion field is evolved. Nevertheless, the expected k% IR power law is reproduced and in this
momentum region A2 is time independent after the network disappears. The coefficient C' =~
5 x 1072 is much larger than in the axion only simulations (this is perhaps not surprising, since at
H = H.; most of the string length is in long strings, which are expected to lead to fluctuations
on Hubble scales).?? Similar results have been observed in analogous simulations where the axion
mass has nontrivial temperature-dependence. This has been studied for the first time in [184],
where a detailed analysis of the power spectrum (at all momenta) has been carried out at small
log, for the QCD axion.3°

It is plausible that the slope of the k® tail may be similar at large values of log,, and if the
relic abundance of axions from the destruction of the network is comparable to (or larger than)
that from scaling, the isocurvature constraint would be significantly strengthened. For instance,
assuming equal DM abundance from the waves produced during the scaling regime and from the
destruction of the network, and C' ~ 5 x 1072, using eq. for a fixed m, the bound on f,
Figure would strengthen by a factor of 7, ruling out large parts of the ranges of f, and m, that
could be detected at SKA. As mentioned in the main text, even if the true C' from the destruction
of the network at large tension is small, if the DM abundance is larger than that produced during
scaling the isocurvature limit can also strengthen, owing to the DM abundance factor in eq. .

F.5 Distribution of loops in the underdense regime

As explained in Section the evolution of the string density £ in the underdense regime is
empirically described by eq. (4.12)). In the limit A = 0 this corresponds to a power law £ ~ t7 with

v = (aH?)/(87%v2) and o ~ 3.7 was extracted numerically. For values of Hj/v, that correspond

%8These requirements include, in particular, the lattice spacing < m. !, a large enough hierarchy between axion
and radial model mass, and that HL is sufficiently large that the k® IR part of the density power spectrum can be
fit once A2 has reached a constant form in the IR part.

2The UV part of AZ is still evolving at the final simulation time, but the overall energy density is mostly in IR
modes so the IR part of the density power spectrum will not change dramatically.

30In particular, the power spectrum is also characterized by a peak related to the presence of oscillons.
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to the underdense regime -y is roughly smaller than 0.2. Compared to the evolution of a network
of exclusively long, non-interacting strings for which £ ~ ¢ the network in the underdense regime
grows slower. The expectation is thus that a substantial fraction of the string length is in relatively
shorter loops. We have followed the distribution of loop lengths in Figure which we compare
to Figure 4 of [186].

scaling

0.50F

ae | 4
0.10

0.05}

0.01 : : : :
100 10°
Hl/x

Figure F.14: Comparison of the evolution of the distribution of loops for an underdense network
starting from initial conditions as explained in Section (colored lines) and an overdense network
shown in [186] (black lines). This shows that the underdense network has a higher proportion of
short loops as compared to the distribution in the scaling regime.

It is not surprising that the underdense network contains many small loops, since the radial
mode is most likely to fluctuate over the top of the potential towards the end of inflation, since it
had to longest time to get close to the top. Meanwhile, fluctuations over the top at late times are

likely to lead to small loops, as the length of the strings is least stretched by inflation.
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Appendix G

G Ws from the Nonlinear Transient

and Oscillons

As mentioned, we refrain from attempting to calculate the contribution to the GW background
from the collapse of the system of strings and domain walls at H ~ m,, since the dynamics of this
system is yet not fully understood. One contribution to the GW spectrum from this collapse is
expected to lie at frequencies and amplitudes of the same order as the last e-folding of the scaling
regime, as already pointed out in [191] (where numerical simulations at small scale separations have
been carried out). As described in Section such a contribution has a too low frequency for
ultralight axions (for the masses that are not excluded by DM overproduction) and a too small
amplitude for the QCD axion, for which f, < 10'° GeV (but in principle at frequencies that are
under investigation) to be observed.

As we will now explain, there could be an additional source of observable GWs in this system.
As discussed in Section and in more detail in [188], the axion waves (accumulated during
the scaling regime) experience a period of relativistic redshift after at H ~ m, and a small non-
linear transient. During the nonlinear transient, the field is a superposition of waves containing
(topologically trivial) domain walls that decay rapidly into axions. After the transient, the axion
field is mostly in the linear regime (settling down to a = 0), except in small regions called oscil-
lons where it oscillates with an amplitude of order f,. If the evolution of the axion waves were
purely linear, the axion waves would not produce GWs [370]. However, the existence of a small
nonlinear regime provides a possible source of GWs. Unfortunately, this contribution is again in
amplitude and frequency of the same order as the last e-folding of the scaling regime, and therefore
not observationally relevant both for ultralight axions and for the QCD axion.

This conclusion can be easily drawn by estimating the parametric dependence on f, and H,
of this contribution via quadrupole formula (valid in the non-relativistic limit) applied to the
topologically trivial domain walls. In any case, in Figure[G.1I] we show the full spectrum of GWs from

the numerical evolution of the axion waves during the nonlinear regime, discussed in Appendix E
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Figure G.1: The evolution of the GW spectrum generated during the nonlinear transient that the
axion waves (emitted during the scaling regime) experience at the time H < H,, as a function of
the (comoving) momentum. Increasing times are labelled by different values of Hy,/H. We show
with a grey point the momentum corresponding to the axion mass. The overall redshift of the
waves has been factored out in the plot by dividing the spectrum by H?2. This Figure was produced
by my collaborators for our joint work [1].

of [188]. We start with a configuration of waves with the energy density spectrum from the scaling
regime for log, = 65, and we assume m, = R*/? with a = 8, which is the case for the QCD axion (see
Section 3.2 in [188] for more details on the details of the evolution of these waves). It is immediate
to see that the spectrum in Figure is peaked at momenta a few times larger than k ~ xoH, and
is of the same order as the spectrum in eq. evaluated at H = H, (and k = xoH,). Moreover,
most of the GWs are produced around the time H/H, ~ 6, when the potential energy equals the
kinetic energy and the system becomes completely nonlinear (see [188]). At the final times the
field is in the linear regime except for the presence of oscillons. Being spherical, oscillons do not
contribute significantly to the GWs. Indeed, the GWs stop being produced after the nonlinear
regime ends (at around H,/H ~ 10), and are not produced during the subsequent times when
oscillons are present.

Finally notice that the for a temperature-independent mass, the nonlinear regime is much
milder, and the contribution to the GW spectrum is smaller (and, as mentioned, outside the
detectable frequency range). Given the experimental irrelevance of the GWs from the nonlinear

transient, we refrain from a more detailed analytical study.
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Appendix H

Other bounds

Black hole superradiance Weakly interacting light particles can spontaneously draw energy out
of black holes through the phenomenon of superradiance. The observation of spinning black hole
that have not had their angular momentum removed by superradiance therefore constrains the
axion parameter space [233,235,237]. Currently, axions in the mass range 10716 = 10718 eV are in
tension with observations, however sufficiently large self-interactions prevent superradiance so the
constraints only apply to f, > 105 GeV, see [238] for a detailed analysis. In the post-inflationary
scenario that we consider these limits are less important than that from the axion relic abundance.

Other CMB bounds Dark matter axions with masses ~ 10725 eV are constrained by their
effect on CMB observables independently of the presence of strings [331] (we note that bounds on
such ultra light axions from neutral hydrogen intensity mapping could strengthen substantially in
the future [371]). In the post-inflationary scenario these bounds are subdominant to dark energy
bounds, which in some parts of the parameter space are weaker than the isocurvature constraints
even with our most conservative assumption for the power spectrum of density perturbations.
Additionally, a new approach to detecting strings that exist beyond the time of decoupling and
are associated to an axion that interacts with photons has recently been proposed [372]. This is
probably not relevant for strings that give the observable GW signals, since such long lived strings
are likely to be in conflict with CMB anisotropy constraints for f, > 10 GeV.

~
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Appendix 1

Comparison to the Literature

In this Appendix we first comment on the difference between our approach and previous works on

GWs from global strings from the scaling regime."

o Refs. [375] and [321,376] utilise a particular model of the string evolution (also known as one-
scale velocity-dependent model) and the expressions for the rate of energy emission to GWs
and axions (in the zero coupling limit, derived in [311},312]) to calculate the GW spectrum
from the loops produced during the scaling regime. Such references correctly reproduce the
logarithmic deviation of the GW spectrum due to the logarithmic time-dependence of the
tension. In particular, the resulting log® dependence on the momentum (and the correspond-
ing enhancement of the spectrum) has been already pointed out in [321]. However, as such
a model does not seem to always reproduce the logarithmic increase in &, the corresponding

increase in the GW spectrum has not been captured.

o Refs. [377,378] extract the GW spectrum directly from numerical simulations of physical
systems similar to that in eq. at small log, without any extrapolation. These references
claim that the GW spectrum asymptotes to an ezactly scale invariant form. However, as is
clear from Section this is in contradiction with conservation of energy and effective field
theory, and also with our simulation results. Indeed, the spectrum results in [378] appear to

show a residual time increase (and not an exactly scale invariant form).

We also observe that the original analysis of isocurvature perturbation of Section has been
developed for the QCD axion [257] and axion-like particles in [258,[259]. However, compared to
these works we differ in our expression for the relic abundance, in the power spectrum that we use
(which we obtain from simulations of the string network rather than motivated by misalignment
production) and in allowing the axion to comprise a subdominant fraction of the dark matter.

We also apply constraints on isocurvature from Lyman-a observations. These were derived in the

'There has also been some work on GW signals from axions in the pre-inflationary scenario [373,/374], which can
arise if there the an axion is coupled to a light hidden sector gauge boson.
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context of primordial black hole dark matter models and extended to axion string scenario in [261]
(our analysis differs from this work again in our calculation of the relic abundance and in the

density power spectrum that we use), see also [379,[380].
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Appendix J

Cosmological Stability of the Axions

and Temperature Dependent Masses

In this Appendix we show that all generic axions that lead to observable GW signals and are not
ruled out by the constraints of Section are cosmologically stable, and that also a temperature-
dependent mass forces the axions to be ultralight.

As discussed in Section and visible in Figure for a temperature-independent axion
mass GWs in the observable frequency range are only possible for f, > 10'* GeV and m, < 100keV
so that the string network is not destroyed before T, ~ 107 GeV. In this case the axion is always
stable on cosmological timescales regardless of its interactions. For example, the axion might have

an interaction with photons of the form [330]

QEM =
LD —-C—-aF,, F" | J.1
8rf, M (J.1)
which allows decays, where F},, is the electromagnetic field strength with associated coupling con-
stant agy, and the coefficient C' is model-dependent and expected to be not much larger than order
one for the theory to be perturbative. However, denoting the temperature of the universe when

H = m, by T the corresponding lifetime

1/ MeV\? f. 2
-1 _ a 21
Facy = C2< myg, ) (1014 GeV) 107 s (J2)
6
1 (6x107 GeV fa 2 o
_02< - ) <1014 GeV) 102 s | (1.3)

exceeds the age of the Universe for all the decay constants of interest and for axion masses m, <
MeV, and in particular m, < 100 keV. If the axion is sufficiently heavy and has suitable interactions
it could also decay to leptons or hadrons, or hidden sector particles. However, these channels (or

similar decays into hidden sector states) are not expected to significantly shorten the axion lifetime
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compared to that corresponding to the only photon coupling and do not change the conclusion.

As mentioned in Section [6.3] a temperature-dependent mass does not relax the constraints
in Figure on f, and m,(0) that lead to observable GWs, and still force the axion to be
ultralight. To see this, we assume for simplicity that the axion mass dependence on temperature is
ma(T) = A%/ fo = ma(0) for T < A and my(T) < mq(0) for T > A, where A is the strong coupling
scale of a new sector, which happens in typical models (for 7' > A the dependence is a power law
but not relevant for our present argument).

As mentioned above, the conditions for the GWs to be observable are f, > 10'* GeV and
T, < 107 GeV. If T, < A, then as far as the cosmological evolution of the string network and
axions are concerned the axion mass is constant and the bounds on dark matter, dark radiation
and isocurvature perturbations are those discussed in Section On the other hand, T, > A
means that A < 107 GeV, which for f, > 104 GeV requires m,(0) < GeV. If MeV < m(0) < GeV,
such values of the axion mass and decay constant are actually ruled out as the axions decay after
BBN (from eq. ) and dominate the energy density of the Universe at the time of BBN (which
can be easily seen redshifting back today’s would be DM abundance from eq. to T'= MeV).
If instead m4(0) < MeV the axion is stable and only ultralight axions do not overproduce DM (7%
in this case is always smaller than the corresponding T} if m, did not depend on the temperature,
implying in general a larger DM abundance despite the nonlinear evolution leading to a larger
suppression in this case).

We finally note that in such models there are new constraints on the effective number of degrees
of freedom in the hidden sector, since A is far below the scale of BBN for the viable masses. These

require the hidden sector is cold relative to the visible sector.
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