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Abstract

Many cosmological datasets contain information about the fundamental building
blocks of nature and the forces that govern them. In my research I focus on the
connection between particle physics and the evolution of our universe, looking for
new physics beyond the Standard Model of particle physics, and beyond ACDM,
the concordance model of cosmology. The majority of this work explores how a
minimal thermal friction mechanism, emerging from first principle particle dynamics,

can improve cosmological model building.

In the context of cosmic inflation, I investigate in detail how coupling a rolling
axion to a non-Abelian gauge group gives rise to thermal friction, which can alter
theoretical predictions for observables in a manner that is consistent with all cur-
rently available data while making unique predictions for future data. In particular,
the presence of the thermal friction and the resulting thermal bath during inflation
suppresses the tensor-to-scalar ratio r, and produces unique non-gaussianities that

may be observable within the next ten years in the regime in which thermal friction
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is dominant.

I also explore how this minimal thermal friction can address the Hubble tension.
A new component added to ACDM that behaves like a cosmological constant at early
times and then dilutes away as radiation or faster can resolve the Hubble tension.
Coupling a rolling axion to a non-Abelian gauge group gives rise to thermal friction
which sources a thermal bath. I show that the coupled system of rolling axion and
thermal bath automatically exhibits the characteristic behavior of the extra compo-
nents that are able to resolve the Hubble tension at the background level. These
characteristics make this model robust to a wide class of scalar field potentials, thus
providing a promising candidate for a natural particle-physics model solution to the

Hubble tension.

My work additionally considers long lived decaying massive relics as an explana-
tion for the anomalous high energy neutrino flux detected at IceCube. I explore this
UV-extension to the Standard model in detail, considering a variety of cosmological
data sets, as well as incorporating electroweak corrections, which become important
at high energies. For this project I implemented a Monte Carlo simulation, taking
into account electroweak showering processes, as well as a cosmological propagation

code, capturing modifications to neutrino energy distributions through re-scatterings.
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“My goal is simple. It is a complete under-
standing of the universe, why it is as it is and

why it exists at all.”

— Stephen Hawking

Chapter 1

Introduction

The study of particle physics aims to illuminate the interplay of the fundamental con-
stituents that make up our world. Over the last hundred years great progress has been
made towards a holistic understanding of those constituents and the fundamental forces
that govern them, within the frame work of quantum field theory. High-energy particle col-
liders directly probed these fundamental particles across a wide range of scales, giving rise
to the Standard model of particle physics, which unifies the strong force, the weak force, and
electromagnetism within a quantum theory [1]. Despite the incredible achievements that
were made, there still remain crucial open questions such as how to embed the Standard
model in a UV-complete theory, as well as how to account for dark matter [2,|3] and dark

energy [4,/5] in a fundamental theory.

My research focuses on the intersection of particle physics and cosmology, the science
of the origin and development of the universe, to seek answers to these questions. The
evolution of the universe is closely intertwined with its fundamental constituents and the
forces they are governed by. With cosmology becoming a precision science [614], it is a

field with an abundance of data available to gain insight about particle physics.

Measurements of the cosmic microwave background (CMB) [10}|13}|15], remnants of
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light emitted when the universe was only 400,000 years old, provide a window directly
into the past. Combined with measurements of light element abundances which probe
Big Bang Nucleosynthesis (BBN) [6] at even earlier times, and late time astrophysical
data [7,(9L 11} 11,12//14], we are able to gain an understanding of the evolution of the universe
from its very beginning up to today. In the current scientific picture the universe starts
out hot (> 300 MeV) with a quark-gluon plasma that cools as the universe continues to
expand. After it has cooled enough for quarks to confine, first protons and neutrons form,
and eventually nuclei are created (~ 10 MeV). Those exist within a hot plasma of electrons
and photons and neutrinos, which eventually decouple from the rest (~ 1 MeV). Eventually
the universe cools enough for electrons and protons to form neutral hydrogen. At that
point, photons decouple from the rest, making the CMB a direct probe of those early times.
Eventually (~ 1073 eV) the first stars and small galaxies begin to form that turn into larger

galaxies and galaxy clusters that have been around for a long time today (~ 1073 eV).

These processes occur in an expanding universe whose expansion is governed by its
energy content. The concordance model of cosmology, the lat ACDM model, successfully
describes numerous data-sets with great accuracy [7H10,13}/16], by assuming three different
types of energy components: radiation, matter, and dark energy in the form of a cosmolog-
ical constant A. Today the radiation component is made up of photons and neutrinos, the
matter component consists of the visible baryonic matter we know how to describe within
the Standard model of particle physics, and a dominant ’cold dark matter’ component,
presumably made up by unknown particles with small thermal velocities [1]. Despite there
being no observed non-gravitational interaction between dark matter and visible matter,
we can deduce its existence and quantity by its gravitational impact on the clustering of
galaxies [2}[3], as well as from the CMB [10,/13,/15]. The cosmological constant is a constant
energy density with negative pressure that does not change even as the universe expands,
unlike the other two components which dilute. If the energy content is dominated by dark

energy the universe undergoes a period of accelerated expansion.

For the last 4 billion years our universe has been in such a period. Before that, for about
9.7 billion years it was dominated by its matter content which was preceded by a period
of radiation domination. Before radiation domination and BBN, data suggests that the
universe also underwent a rapid period of accelerated expansion in which its size expanded

by about 60 e-folds. This period, called inflation, could explain why different patches in the
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sky, though impossible to have been in causal contact without inflation, have temperature
deviations that only differ by 107, as well as why the universe is flat to a high degree
of accuracy [17,|18]. While the ACDM model is mostly successful in understanding the
dynamics of the large scale evolution of the universe, it is a phenomenological model which
should emerge from a fundamental theory, describing all particles and their interactions.

Open questions on how to do that remain, three of which I am addressing in this dissertation.

The first question that I am exploring in chapter [2]is a novel mechanism that embeds
inflation in a fundamental particle physics theory in a way that is both consistent with all
the current data as well as predictive for future data. This chapter is heavily based on my

publication [19], written with coauthors Peter W. Graham and David E. Kaplan.

Inflation can be embedded into a particle physics framework by assuming a scalar field
¢, the inflaton, that slowly rolls down a potential V(¢). In that setup the potential energy
dominates over the kinetic energy of ¢, which allows for a period of accelerated expansion.
However, due to the field rolling, this model still introduces dynamics that allow for an exit
to the period of accelerated expansion. In the simplest picture, the universe is assumed
to be empty, only dominated by the slowly rolling scalar field. Due to the slow changes,
accelerated expansion can be maintained for a lot of e-folds. Quantum fluctuations of
the scalar field seed the small, nearly scale-invariant anisotropies observed in the cosmic
microwave background (CMB). The slow-roll also gives an explanation for the approximate
scale-invariance. In this example of cold inflation the universe always ends up empty by
the end of its 60 e-folds as any initial content would have diluted away, thus requiring
'reheating’, the process of filling the universe with matter (or radiation). In its simplest
form, this picture is ruled out by the absence of the detection of primordial gravitational

waves, though many modifications exist that circumvent those constraints.

My research focuses on a minimal thermal friction mechanism for the rolling field.
Thermal friction allows for the inflation picture to change drastically. Allowing for an
interaction between the inflaton and other light fields can give rise to a thermal friction
which allows for some of the potential energy of the inflaton to convert into thermal energy
through particle production. If that process is efficient enough, a steady-state temperature
(T > H) can be maintained during slow-roll. Rather than inflating a cold universe, the

thermal friction gives rise to a finite temperature the entire time, allowing for the possibility
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of a smooth exit into a radiation dominated universe. The inflaton perturbations still seed
the anisoptropies in the CMB, however the fluctuations are thermal in nature rather than
quantum, leading to a suppression of primordial gravitational waves, and allowing for very

low-scale inflation.

This qualitatively different picture has theoretical consequences that agree with obser-
vations and have appealing aspects from a model building perspective. However, embedding
the thermal friction in a simple self-consistent particle framework can be challenging due
to thermal backreactions on the inflaton potential. By coupling an axion to a non-Abelian
gauge group, which naturally gives rise to a large thermal friction without thermal back-
reaction, I have found a viable minimal thermal friction model. Chapter [2| describes this
model and its impact on observables in detail. Additionally, I present hybrid inflation with
an axion-like coupling as a specific model that can easily fit the current cosmological data,
while predicting unique non-gaussianities in the regime in which the thermal friction is

larger than Hubble friction.

In the following chapter 3] I show how to utilize this minimal thermal friction mechanism
to address a different cosmological anomaly, the Hubble tension [11,[20H22]. The Hubble
tension is the disagreement between direct late universe measurements of the expansion of
the universe [11,(12,/14], and CMB measurements [10,/13}23], assuming the ACDM model.
I am demonstrating how a phenomenological addition to ACDM that is able to resolve
the Hubble tension [24], can emerge from first principles within a particle theory through
thermal friction. This chapter is heavily based on [25|, which I have written with coauthor

Tanvi Karwal.

The value for the local expansion rate today Hy is underpredicted by a ACDM model fit
to the CMB by > 40. A new component added to ACDM that behaves like a cosmological
constant at early times and then dilutes away as radiation or faster can resolve this ten-
sion [24126]. In chapter |3} I show that a rolling axion coupled to a non-Abelian gauge group
exhibits the behavior of such an extra component at the background level and can present
a natural particle-physics model solution to the Hubble tension. Through thermal friction
this model converts vacuum energy into a radiation component. Thus the requirements of
the phenomenological solution are built in automatically, making it robust to a wide class

of different potentials for the rolling field. In chapter [3] I make comparisons between this
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particle model and the phenomenological solution, and determine that CMB observables
sensitive only to the background evolution of the Universe are expected to be similar in
both cases, strengthening the case for this model to provide a viable solution to the Hub-
ble tension. Further evaluating the viability of this model requires investigating how the
perturbations arising from the thermal friction in this model affect precision observables in

the CMB. This is an exciting future prospect beyond the scope of this thesis.

Lastly in chapter 4l I am investigating cosmological probes of UV-extensions to the
Standard model in the light of anomalous high-energy neutrino data at the IceCube detector.
This chapter is based on [27] which I wrote with coauthors Melissa D. Diamond and David
E. Kaplan.

The IceCube detector, a neutrino detector located in the Antarctic ice layer, has sen-
sitivity to neutrinos from 10 - 109 GeV [28]. The measured neutrino flux in the range be-
tween 30 TeV - 10 PeV has been significantly larger than estimates of the atmospheric back-
ground [29-32], suggesting an alternative source with a significance of at least 7 sigma [33].
No statistically significant correlation has been found between the detected neutrino direc-
tions and known astrophysical sources, thus suggesting the existence of an extra-galactic
isotropic flux. In this work I consider long-lived heavy relics as a possible source for this
extra-galactic isotropic flux with a focus on lifetimes that are shorter than the age of the
universe. Exploring direct decays from the heavy relic to neutrinos, I consider two minimal
particle models, their observational signatures in light of the IceCube anomaly, and the cos-
mological constraints on those signatures from secondary probes including BBN, the CMB

and isotropic ~-ray detection.

Due to focusing on lifetimes shorter than the age of the universe, heavy relics with
masses larger than 10 PeV are able to source the detected neutrino flux due to red-shifting.
At those extremely high energies there are large electroweak corrections to the simple two
body decay of the heavy relic to neutrinos, as higher multiplicity final states are no longer
kinematically suppressed. In order to include those electroweak corrections, I developed a
Monte Carlo simulation that incorporates the impact of electroweak showers to the neutrino
spectra from the decaying ultra massive relic particle. By doing so, I was able to perform
a detailed analysis of our signature beyond the scope of a mere toy-model, and apply the

resulting insight to tighten the cosmological constraints as well as improve the comparison
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of our theoretical predictions to the measured neutrino flux. I found that that there are two
lifetime windows, one from 7%10'%s - 102 s, and another one from 5%10™ s - 8%10'6's, which
are viable to source the excess flux without being ruled out by other cosmological probes.
Further, I concluded that while a heavy decaying relic can account for the high-energy
excess events (> 300 TeV), even including electroweak corrections which enhance the lower
tail of the spectra, it cannot explain the low (50 TeV - 250 TeV) and high-energy excess at
the same time. I also found that the decaying relic necessary to produce enough neutrino
flux only needs to constitute a negligible sub-fraction of the total dark matter abundance

in the universe.

There are many more interesting applications of minimal thermal friction as well as
other novel extensions to the Standard model in cosmology, which lie beyond the scope of
this thesis. The research presented in this thesis is part of my ongoing effort to explore the
connection of novel particle physics models in a cosmological model building context, in the

pursuit of contributing towards a complete fundamental theory.



“Simplicity is the keynote

of all true elegance.”

— Coco Chanel

Chapter 2

Minimal Warm Inflation

The idea of an early period of cosmic inflation is a simple way to explain the near homo-
geneity and isotropy of the universe. Many of the simplest single-field models are already
constrained by measurements of the scalar to tensor ratio r |34-36]. Warm inflation offers
an interesting alternative [37-40] (for review, see [41]). It turns out to be possible to have a
concurrent quasi-thermal radiation bath if energy is extracted from the rolling scalar field
via friction. The benefits of warm inflation include automatic reheating at the end of in-
flation when the thermal bath begins to dominate over the vacuum energy and suppressing
contributions to the scalar-tensor ratio r [40,|42]. It further enhances non-gaussianities and
predicts a unique shape for the bispectrum, which is a ‘smoking gun’ for warm inflation,
making it distinguishable from all other inflationary models [43]. Despite these benefits, in
practice it has been challenging to embed warm inflation consistently within a microphysical
theory due to large thermal backreactions on the inflaton potential [44], although progress

has been made over the last twenty five years [40L|45-47].

In this chapter, we show that giving the inflaton an axion-like coupling naturally leads
to warm inflation. This generates a thermal bath self-consistently without significant back-
reaction on the inflaton potential. The coupling can produce a simple theory of warm

inflation consistent with all experimental data. We call this Minimal Warm Inflation.
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Non-Abelian axion-like couplings in warm inflation have been considered before [48,49],
without the explicit temperature dependence of the friction coefficient. Here, we use recent
results of the sphaleron rate in classical lattice gauge theory, which predicts a dependence
T ~ QS% [50]. The temperature dependence greatly impacts predictions of cosmological
observables [51] such as non-gaussianities, curvature power spectrum and spectral index,

and thus needs to be included.

A different class of dissipative inflationary models with axion-like couplings exist that
exploit rapid gauge field production through tachyonic instabilities [52,53]. Thermalization
in these models is non-trivial but can happen, leading to an alternative setup of warm
inflation [54,/55]. In these works it has already been pointed out that the shift-symmetry of

the axion can avoid thermal back-reactions.

This chapter is layed out as follows: in Section [2.1] we review the general properties
of inflation when it is coupled to a thermal bath and point out that warm inflation is an
attractor solution. In Section we describe the specific case of a rolling field with an
axion-like coupling to non-Abelian gauge fields and use the predicted temperature depen-
dence to compute the power spectrum’s tilt. In Section we present a specific example of
a potential, that of hybrid inflation, which matches cosmological data when the axion-like
coupling is included. We present our conclusions in Section We use Appendix to
describe the part of parameter space where thermal friction is sub-dominant (so-called weak
warm inflation), which could in principle allow other potentials to reproduce the data, but
in a regime where the calculations of the power spectrum from thermal fluctuations have

not been done explicitly.

2.1 Background on Warm Inflation

We now give a terse summary of warm inflation (in the strong regime) including our

definitions of the slow-roll parameters and a derivation of the power spectrum.

2.1.1 Framework of Warm Inflation

We will now show that it is possible to have a quasi-steady state cosmological solution

with approximately constant vacuum energy and a non-negligible thermal bath with ap-
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proximately constant temperature. We begin by considering the equation of motion of the
inflaton in the presence of a temperature-dependent friction Y. We define the dimensionless

parameter () = 3%, such that:

¢+3H(1+Q)p+V'(¢) =0 (2.1)
which, together with the Friedman equation, governs the inflationary dynamics:

1 = i (V)4 55 4 o) (22)
Pl

Here dots denote derivatives with respect to time (d) = %) and primes denote derivatives

with respect to ¢ (V/(¢) = %). During inflation the potential energy V(¢) dominates over
£ 2

both the kinetic energy %gf) and the radiation energy density pr. We will see that pr does

not decrease during slow-roll and the end of inflation can occur when V' ~ pr. A small

slow-roll parameter ey ensures that the evolution of the Hubble parameter is slow with

respect to time:

€EH = ——5 (23)

In order for accelerated expansion to be sustained, we impose another small slow-roll pa-
rameter 7y, which we take to be:
H ¢
=+ — 2.4
= mE (2.4)
Here we have defined 7y such that it is independent of Q. In the slow-roll regime where

€rm,ng < 1 we have:

) V!
OF I Q) 29
1
2~
H? ~ 3M1%1V (2.6)

By differentiating equations (2.5 and (2.6 with respect to time we obtain the slow-roll pa-

rameters in terms of the potential V'(¢). To be consistent with the warm-inflation literature,

M (V7Y
= ——— | — ~ 1 2.7
€V 21+ Q) (V eg K (2.7)

we define:
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M2 \vad
Pl 727]H+6H<<1 (2.8)

M=+ Q

Compared to cold inflation we can see that the conditions for slow-roll are relaxed due to

the additional friction which permits slow-roll on steeper potentials. Thus, an advantage of
warm inflation is that ¢ does not have to travel as far in field space to get the same number
of e-folds. When () is small this is only a small suppression; however when (@) is large this
allows sub-Planckian field values for ¢, while still achieving the minimally required number

of e-folds, Nomp ~ 60:

poMB |1V
Nows = [ Har = [ S 1+ Qo) o (29)

end

In equation (2.9) ¢cmp denotes the field value of ¢ at the beginning of the observable e-
folds in the cosmic microwave background (CMB). ¢enq denotes the field value of ¢ at the
end of inflation when the universe transitions into being radiation dominated. The energy

extracted from the rolling field due to the friction sources the radiation bath [56]:

b+ AHpp = T(T)S (2.10)

In the slow-roll regime where €y, ny < 1, we can neglect pp and we obtain:

AHpr ~T(T)$ (2.11)

for the quasi steady-state system.

2.1.2 Predictions of Warm Inflation

Here we focus on predictions in the strong regime (@ > 1) of warm inflation with a
friction T oc T3, which is the relevant friciton for our minimal warm inflation model as
described in more detail in Section In this regime the thermal inflaton perturbations
dominate over the usually considered quantum fluctuations, as outlined in detail in, for
example, [57]. The temperature dependence of the friction further couples the evolution of
the inflaton and radiation fluctuations. This effect gives rise to a ‘growing mode’ for the

curvature power spectrum, which is absent for a temperature-independent friction coefficient

10
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or in the weak regime. The curvature power spectrum in presence of the growing mode has

been calculated in [57|E| for @ > 1:

2 o
ARN

Vs 1T ( E )962% (2.12)

3 2 N
472

b Q3

Here Q3 =~ 7.3 and is fixed by matching the boundary conditions for the solution of the

inflaton perturbations in different regimesﬂ

Assuming temperatures well below the Planck scale the tensor perturbations are not

affected and remain the same as the prediction for cold inflation [59):

2 H?
A2 =" 2.13
h = 12 MP2>1 ( )

The scalar to tensor ratio r based on equation (2.12) and ([2.13)) is then given by:

9
_1 16ey H (QS> (2.14)

"N s gf T\ Q

Equation (2.14]) shows that r is heavily suppressed as: % <1ley <1, Q@ > 1 and
@ > Q3. This is in agreement with observational constraints as tensor modes have not
been detected, yet. Contrarily, the detection of sizeable tensor modes in the future would

rule out our model in the strong regime (Q > 1).

Sizeable non-gaussianities are the most distinct prediction of our minimal model of
warm inflation since the total size of fYf"™ does not depend on slow-roll parameters. The
strong regime of warm inflation ) > 1 has a unique dominant bispectrum shape [43,60],
which has been classified and constrained as 'Warm$’ by the Planck 2015 results [61].
However, the @-dependent result of f{7"™ [62] used in the Planck 2015 results to derive
constraints on () is only valid in the absence of a temperature-dependent friction coefficient

and further suffers from a sign error as was pointed out by the authors of [62] in subsequent

' A different calculation from [58] suggests a scaling of Q%G instead of Q%g We thank Gauraw Gosmani
for pointing this out. We do not take a position on this discrepancy, but note the impact on the results
derived in this chapter is negligible.

2 Approximation is most accurate when @ > Q3. Reference [57] also provides numerical results
which approximate the spectrum down to Q = 100. Using the more accurate numerical results makes an
negligible impact on the phenomenology discussed in this chapter. Thus, for easier readability we use the
analytical approximation in equation .

11
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work [60]. Considering the temperature dependence of the friction term of our 'minimal

warm inflation model’ gives a Q-independent prediction [43]:
NE RS (2.15)

This fYi*™ can be decomposed into contributions from different bispectral template shapes
where f¥armS ~ 3.5, flocal ~ 0.5 and fﬁfiui ~ 1 [43]. Since the shape correlations between
the "Warm§’ (equilateral) bispectral shape and the local bispectral shape is 0.27 (0.46) [63],
the expected net contribution to the most constrained bispectral shape is fll\?fal ~ 1.5. The
current most up to date constraints from Planck data are fi& = 0.8 &5 [61], which is
insufficient for making conclusions about the viability of our model. While the not yet
published Planck 2018 analysis may improve these bounds slightly, ideally an improvement
of about a factor of ~ 10 in precision is needed to first discover sizeable non-gaussianities
and second determine the bispectral shape. CMB Stage-4 [64] in accordance with upcoming
optical, infrared and radio surveys conducted by new experiments such as Euclid [65],
SPHEREXx [66], and the SKA telescope [67] respectively report possible improvements over
the current errorbars by up to a factor of 10 — 20 [68}/69]. Euclid (SPHEREX) is planned
to be launched before 2022 (2023) whereas the construction of the first SKA telescope
(SKA1) is anticipated to start at the end of 2019. If the obtained experimental data will
be able to match the precision level of the forecasts we will be able to conclusively detect
the level of local non-gaussianity predicted by this model, which in a subsequent analysis
could potentially be distinctively attributed to warm inflation due to its unique bispectral

shape [43].

2.1.3 Initial Conditions for Warm Inflation

In this subsection we show that we do not have to start with a thermal bath to achieve
warm inflation. In fact, for an inflaton that couples to light degrees of freedom with a wide
range of couplings, a thermal bath will be automatically generated rapidly even starting

from standard Hubble fluctuations.

If the universe starts with a low temperature it will start to heat up from the thermal
friction which removes kinetic energy from the inflaton and dumps it into the thermal bath.

It will tend towards the equilibrium temperature that comes from solving eqn. (2.11f), but

12
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we want to make sure this rate is fast enough that the equilibrium temperature is reached
in a short time. To determine the time, we define constants A and B so that the radiation
density pp = AT* and the friction rate is Y(T) = BTP where we will assume the power
p < 4 (which is the case for axion thermal friction as we will see below). We can see
from eqn. that if we start with a very low temperature then the Hubble term can be

neglected and the evolution of the temperature is given by

©2

b~ T(T)) (2.16)
Then eqn. (2.16|) gives
22
_dT B¢
T 2.1
dt 4A (2.17)

we want to know that the equilibrium temperature can be reached quickly. For this it
will be enough to find an upper bound on the time required t.q to reach equilibrium. The
temperature grows faster the larger éﬁQ. And note that initially at low temperatures the
friction Y(7') is lower than in equilibrium so the kinetic energy 452 will be larger (we assume
here that the field ¢ has had time to come near its terminal velocity, but this takes at most
a few e-folds). So to find an upper bound on . it is conservative to assume <b2 is fixed at
its equilibrium value éﬁiq. Then we can solve eqn. to find

Te4q_n - 1—;4771 > (4 - TL) 4A

(2.18)

where T; is the initial temperature. Note that the time it takes to heat up to the equilibrium
temperature is essentially independent of the initial temperature (so long as it is relatively
small). This surprising fact means we can start with any initial temperature (even quantum
fluctuations of the fields would do it) and it will reach the equilibrium temperature in this

same time.

In equilibrium we can solve eqn. (2.11)) to find
-2
Boeq

o (2.19)

HTy " =

13
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Putting this into eqn. (2.18]) we find that the time required to reach equilibrium is at most
tog < ——— (2.20)

So it takes less than one Hubble time to reach the equilibrium temperature for warm infla-
tion, no matter how low the initial temperature was (even including zero initial temperature

since there are always quantum mechanical fluctuations).

Note that if we start with an initial temperature in the universe which is significantly
above the equilibrium temperature T, then the temperature will drop through the normal
redshifting (the Hubble term in equation ) This is not as fast as the rate we just found
for the temperature approaching equilibrium from below which had the interesting behavior
that it was independent of the initial temperature. In the case of the temperature dropping

towards equilibrium, it does take more than one Hubble time, but since the reshifting is

exponential it only takes ~ In (72; Zq) e-folds of inflation before the temperature has dropped

to equilibrium.

We have seen that our warm inflation is an attractor solution. Given a potential for
an inflaton, and some terms that allow the inflaton to interact with other light degrees
of freedom, a thermal bath will be generated very rapidly at the start of inflation. So it
is generic to be in warm inflation instead of cold inflation, as long as the light degrees
of freedom are lighter than the equilibrium temperature. Of course if the equilibrium
temperature is low enough that Ty < H then having this thermal bath is meaningless and

we are actually in cold inflation.

2.1.4 The Problems of Warm Inflation

It is challenging to build a microphysical model that supports warm inflaton because
the friction Y is usually accompanied by a large thermal back-reaction onto the inflaton
potential, that spoils the flatness of the potential and does not support enough e-folds.
When the friction arises from perturbative interactions directly between the scalar field and
light fields, the mass of the scalar fields obtains a finite temperature contributions which
scales with the temperature:

smg o< T? (2.21)
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This correction is dominant to the friction which scales with temperature fluctuations T
0T. Tt is possible to protect the mass of the inflaton from thermal contributions by imposing
symmetries; however this generically also turns off the friction. Thus, it appears challenging

to produce a large friction without unwanted mass corrections or fine-tuned cancellations.

2.2 Warm Inflation with an Axion

We find a minimal warm inflation model in which the inflaton ¢ is an axion coupling

to a pure Yang-Mills gauge group:

a

»Cin = T4
T f

s
GG, (2.22)

a

H26re G, (G,
g}—ﬁM, and gy is the gauge coupling. There is no perturbative back-reaction that scales with

, = kv G? 5) is the field strength of an arbitrary Yang-Mills group and o =

the temperature because the axion is protected by its shift symmetryﬂ The back-reaction
due to non-perturbative effects is just the usual axion mass, which at zero temperature
scales as o< % and at high temperatures (7" > T.) this small quantity becomes even further
surpessed as instanton methods [70] estimate a power-law decrease with m?2 oc T~%, with
X ~ 7 for pure Yang-Mills SU(3) [71], which is in agreement with lattice calculations. This

is why the back-reaction in our model is negligible.

However, at high temperatures classical transitions between vacua with different topo-
logical charge are no longer suppressed, which give rise to topological charge fluctuations.
Thus, the fluctuations responsible for the friction experienced by ¢ are not inherently ther-
mal; they are topological. However, the topological fluctuations still increase with temper-
ature as higher temperatures enhance the transition rate, also known as the sphaleron rate
Lyphal = V}tiglm% [72]. The friction arising from the interaction in can be determined

by the sphaleron rate Isphar in the limit of the inflaton mass being smaller than ~ T [73]:

Fsphal (T)

T =" pr

(2.23)

The sphaleron rate has been measured within classical lattice gauge theory for pure SU(2)

3We softly break this symmetry by giving the inflaton a UV-potential. We have checked that the back-
reaction from this breaking term is negligible.
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and SU(3) theories and indicates a scaling of I'spna ~ a5 [50,(73]. The friction coefficient
T then scales roughly as 7% [50]:

TKJU::rdogDQ,AU)a5§S (2.24)
where T is the temperature of the thermal bath of the Yang-Mills group and this formula
only applies when that group is in thermal equilibriumﬁ k is an O(100) number which
has a weak logarithmic dependence on « and whose exact value depends on the number of
colors N, and flavors Ny of the group [50]. The estimate of the friction coefficient in terms
of the sphaleron rate breaks down in the weak regime of warm inflation (Q < 1) due to the
limit mg < a?T becoming oversaturated. While the mechanism itself should also work for
the weak regime, we focus on the strong regime in this chapter since we know the exact
friction in this regime. Thermalization of the inflaton occurs in this regime if the gauge
boson-inflaton scattering rate, I'gy ~ a3% [74,[75], is much larger than the Hubble rate.
This gives the condition % > 1, which is always satisfied in the strong regime of our

model, where we consider > 100 and « < 0.1.

We give the inflaton a UV-potential V(¢) (in addition to the IR potential it would get
from the confining group). We cannot use the IR potential because, in order to have a
thermal bath of gauge bosons, we must have the temperature above the confinement scale.
At such temperatures the IR potential is rapidly suppressed and we have checked that it
is not possible to use that potential for inflation. So inflation occurs as the inflaton rolls

down its UV potential V' and its equation of motion is given by:

b+ BH+T)p+V'(¢)=0 (2.25)

Based on the curvature power spectrum in equation ([2.12)) we derive the spectral index:

d1n A2
s—1= R 2.26
n N (2.26)
dinA% (5 dinH _dlné (1 dlnY dInT
dN (2_ ) N Yan 2 ) N T aw (227)

“We are ignoring the weak T-dependence in the running of a as T' remains nearly constant during the
period of inflation, and thus a can be treated as a fixed parameter of the model.
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Using Hdt = dN we rewrite the derivatives in equation (2.27) in terms of the slow-roll

parameters [76]:

dln H
= v (2.28)
dng Q dnQ
dN YTV T ITQ AN (2.29)
dln Q) dinT
IN =ey +3 AN (2.30)

We use equation ([2.11]) to express the temperature as a function of time resulting in:

dinT 1
= = -2 2.31
dm N = (ev nv) (2.31)
din T dinT
IN =3 N (2.32)

Plugging in (2.28)), (2.29)), (2.31) and (2.32)) into (2.27)) we find the spectral index in leading

order in ey and ny in the strong regime of warm inflation:

ne— 1= % (27ev — 19nv) (2.33)

Compared to the spectral tilt obtained from the standard cold inflation power spectrum the
sign of ey and ny is inverted for the strong regime of warm inflation. This conveys interesting
constraints on possible potential shapes for warm inflation that are in agreement with the

observed red tilt (ns — 1 < 0), as ny has to be larger than ey .

2.3 An Example: Hybrid Warm Inflation

2.3.1 Inflation

In the strong regime of warm inflation the expression for the spectral tilt in only
reproduces the experimentally observed red tilt when ey < ny. For a single scalar field
model this requires a fine-tuned level of convexity of the potential V' o ¢ with n 2 4.
Similarly, the lowest order cosine-like potential that is able to reproduce the observables
requires V' o (1 + cos %)" with n > 3. In particular, a single cosine does not fit the
observations. As an example, Figure shows how V o ¢° can reproduce the observed

spectral index in single field inflation. However, we do not think that these potentials are
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compelling candidates, as they do not easily emerge from a UV-completion without extreme

fine-tuning.

In contrast, the simplest setup for hybrid inflation [77] with a slow-roll potential V' ~
Vo + %m2¢2, usually ruled out due to predicting a blue tilted spectrum, works well with
warm inflation in the strong regime. As an example, we explore the inflationary dynamics
for warm inflation in a hybrid setup in this section, where the inflaton field ¢ couples to a

pure SU(3) gauge group, as described in Section

The effective potential in hybrid inflation has two fields, one that acts as the inflaton

¢ and another the waterfall field o that stays constant during the inflationary period:

1 2 1 1
V(d,0) =5 (M? = Xo?)” + 5m2¢>2 + §g2¢202 (2.34)

The squared mass of the waterfall field o is equal to —M? + g2¢%. While ¢ > %, o only

has one minimum at ¢ = 0. Inflation ends when ¢ reaches this threshold, which induces a

first order phase-transition causing o to roll down to its minimum at o(¢) = M\‘%‘i)), with
My(0) = M. After the phase transition, ¢ rolls to the minimum of its effective potential

much faster than a Hubble time as long as:

ﬁgmMgl

M3 <
Q

(2.35)
The waterfall field o rapidly starts oscillating after the phase transition as long as M, (¢) >

H. Under those conditions, inflation ends almost instantaneously.

We can then describe the effective potential for the inflaton field ¢ during the time of
inflation as:
Mt o1

Vet (@) = By + §m2¢2 (2.36)

In the allowed parameter space outlined below, ¢’s mass is larger than the temperature
during inflation. Thus, ¢ does not thermalize and corrections to the thermal mass of ¢ turn
out to be negligible. The observable amounts of e-folds occur as ¢ is approaching its critical
value ¢, = %, which induces the phase transition. During this stage the constant term
MT4 > %m%ﬁz drives the expansion, effectively suppressing e,,. While ¢ is approaching its

critical value it is sourcing a thermal bath via friction Y. The spectral index (2.33]) then
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simplifies to:

57
ne— 1~ ——ny (2.37)
with: e o
4 m= M,
W= oam H (2.38)
The spectral tilt fixes the following linear combination of parameters:
4Am? M3 7
MR~ Ly — 1) (2.39)

QM* 57

Assuming inequality Eqn. (2.35)) is satisfied we can approximate ¢. & @enq. Rewriting
equation (2.9) in the strong regime with @ > 1, and ¢cymp = (1 + A)g,, with A < 1, we
find:

Ay
Neus = ” Mi}g)lﬁQ(ﬁb)dfb (2.40)
g

Using equation ([2.5)), (2.6)), and (2.11]) we express T" and @ in terms of ¢ during slow-roll,

where pr = %g*T4 = §,T*, with g, denoting the relativistic degrees of freedom:

1
2 M / 2\ 7
T(¢) ~ f5\/§ PV (9) (2.41)
KO 2,/ V(9)
4 ario0 6 7
5 Moy /
Qo) ~ | (5 1V (9) (2.42)
f* ) 576g.V(¢)°
Using equations (2.36)) and (2.42)) in equation (2.40) and assuming % < Mpy, we obtain:
A
Nevmp = — (2.43)
nv

The number of observable e-folds, Neymp ~ 60, then only impacts the transversed field range

A:
7

57
Equation (2.44)) determines A in terms of measured observables. Equation (2.39) deter-

mines another linear combination of A, g, M, m, f, A in terms of observables. The measured

A~ (ns —1)Ncous (2.44)
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amplitude of the curvature power spectrum fixes one additional linear combination:

k

na(ks)
A% (k) = Ay (k) <k> (2.45)

with As(pcnp) ~ 2 x 107 as measured by Planck at the pivot scale k, = 0.05Mpc~! [13].
Rewriting equation (2.12) we find:

_ ka®\ ' Ins — 1]81m21¢51 :
A (pomp) ~ 8 x 1074 ( 72 > N CMB (2.46)

=

where ¢cyp = %(1 +A) & %.

We have used the spectral index ng, amount of observable e-folds Ncoyp, and the am-
plitude of the power spectrum A, to constrain three of the parameters of the underlying
model. The friction ratio () depends on the ratio of the coupling f to the field value of the

inflaton ~ % during inflation as:

2 4 2 _4

A2 2 g — 1|\ 7 fge\ a1 [ KQ®\7 9r !
~150 [ —E8 s et M 2.47
Q (2>< 10—9> < 0.035 ) (17) (10—3) 108 (2.47)

Where we use a pure SU(3) with g, = 17 (two polarizations per eight gauge bosons plus

one for the axion) and gauge coupling o = 0.1 as our default values. The only tunable
parameter beyond these is % which has to be < 107® to place us in the strong regime
(Q > 1), thus setting the upper bound f < 1078(M/g) for these gauge group parameters.

The typical Hubble scales and mass parameters in our model are thus:

19

1 _13 2
Har0m7 (B )T (el - (&) LA R (2.48)
- 2 % 10~9 0.035 17 10-3 108 g '

2 12 24
s 10-16 A% 2T (ng — 1| -7 (g*>i§ kP \ "7 % 7 M (2.49)
- 2 x 1079 0.035 17 103 10-8 g '

Note that m can be larger than H, without violating slow-roll due to the dominant friction
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coming from T > H. Typical temperatures during expansion are given by:

1 _12 _6 12
T~5x 1010 Aig? “ L—l] ! <g*)‘1‘; L‘ﬁ ! % ' % (2 50)
2% 1079 0.035 17 103 10-8 g '

Demanding that condition ([2.35) is satisfied such that inflaton quickly rolls to its min-

imum after the phase transition imposes an upper limit on %:

1 3 1 2
M A2 2 fng— 1|\ ™ /g 2 (ka®\ 7 9f \ 7
M <w3x103 (2R s (7) M\ Mp (251
g S <2>< 109> ( 0.035 17/ \10-3 05 ) Me (251

The above condition demands that the maximum allowed value for % is roughly 104 GeV.

This value sets an upper limit for the possible temperatures of T' < 5 x 10* GeV and Hubble
scales of H < 1072 GeV. The discussed observables degenerately depend on combinations
of M, A and g. Requiring the quantum corrections to our masses be naturally small also

imposes constraints that break the degeneracy:

AZA2

2
<M (2.52)
2A2
i’G - <m? (2.53)
Y

where A is the cutoff of the theory. The couplings g and A need to satisfy conditions ([2.52))
and ([2.53]). Additionally, the condition that the ¢ potential is negligible compared to the

vacuum energy during inflation requires:
m

< M? (2.54)
g

Assuming a minimum value of the cutoff A = 47 M, saturating equation (2.53|) and % =
10' GeV, and satisfying (2.54) by two orders of magnitude, we get the following sample

values for the couplings and mass parameters: g = 1078, A = 1072, M = 10°GeV, m =
1072 GeV.

21



CHAPTER 2. MINIMAL WARM INFLATION

0.10

0.08

0.06 ¢

0.04 ¢

0.02

0.00

| 168% CL region from TT,TE,EE+lowE+lensing+BK15+BAO
| 195% CL region from TT,TE,EE+lowE+lensing+BK15+BAO

W Hybrid Warm Inflation
V x ¢
V x ¢°
V x ¢°

® Neyg = 50

® Ny = 60

093 094 095 096 097 098 099 1.00

Ns

Figure 2.1: Comparison of the predicted spectral index ng in the strong regime of minimal
warm inflation, given different potentials. Hybrid warm inflation overlaps with the allowed
region. Due to remaining free parameters in hybrid inflation it is able to reproduce various
red-tilted values of n,. In single field inflation V oc ¢ lies in the allowed region in the
r-ns plane (although such a potential in general is not compelling as it requires extreme
fine-tuning). All predictions for the tensor-to scalar ratio in the strong regime are r ~ 0
due to the heavy surpression of r for Q > 1. The shown allowed contour regions are the
most stringent to date using Planck 2018 data as well as lensing, polarizations data from
BICEP2/Keck Array BK15 and baryon acoustic oscillation (BAO).
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2.3.2 Reheating

At reheating, we assume that we have an abundance of o particles at some early time
before big bang nucleosynthesis, which make up a dominant part of the energy density in
the early universe. There are many possible ways in which ¢ can couple to the standard
model and produce an early quark gluon plasma. Here we outline a simple example where

we couple to standard model hypercharge:

12

g g

=
27, P B (2.55)

Ereheat =

where ¢’ denotes the standard model hypercharge gauge coupling. Typical values of the
coupling between the waterfall and inflaton fields in our model (g) are quite small, which is
why o decays dominantly via operator (2.55)), even for large values of fp. We can estimate

the decay rate into standard model particles by:

g/4M3

g = 2.56
1638475 /2 (2:56)

I'ssmsm =

This rate needs to be large enough such that an abundance of o particles has decayed

into a quark gluon plasma before the universe cools down to big bang nucleosynthesis

temperatures, where the earliest cosmological precision constraints exist. We estimate the
A /MTQ

~ 30 BBN

Hubble rate as Hgpn ~ and demanding that I'y_,smsm > Hppn we find that

V3Mp,
fp can go all the way up to the GUT scale:
M \:/ T -1
1 16 BBN 2.
Jp <10 Gev<106G6V> <1OMeV (2:57)

At the end of section [2.3.1] we briefly discuss the upper limits of masses, temperatures and
Hubble scales. Here we discuss the lower limits of our parameters. Since the waterfall field
o couples directly to the standard model there exist cooling bounds from supernovae as
well as detection constraints from high-energy colliders. Avoiding these, we conservatively
set fp > 1TeV and M > 10GeV as the lower limits of our parameter space which fixes
m > 107" GeV, H > 1078 GeV and T > 0.5 GeV, where T is the temperature during slow-
roll maintained by the pure Yang-Mills radiation. These parameters easily still satisfy the

cosmological constraints that reheating happens efficiently before BBN. Summarizing our
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available parameter space we find these:

1078GeV < H < 1073 GeV (2.58)
1077 GeV < m < 1072 GeV (2.59)
10GeV < M < 10° GeV (2.60)
0.5GeV < T < 5 x 10* GeV (2.61)
0.5GeV < f < 5x 10°GeV (2.62)

are the maximally allowed ranges for each parameter, though of course there are restrictions
on the combination of the five parameters (e.g. the requirement of decay before BBN and the
validity of the effective field theory). The question remains whether the inflaton coupling
to a standard model gauge group itself (e.g. QCD) can give rise to a thermal bath sourcing
friction during inflation. In that scenario, a quark gluon plasma is already present during
the expansion of the universe and reheating becomes trivial. However, currently detailed
calculations of the friction coefficient exist only for pure Yang-Mills theory. The presence of
light fermions may non-trivially alter the parametric dependencﬂ in which case a separate
analysis is necessary to determine whether this compelling simplification is viable. We leave
that analysis and the calculation of the friction in the presence of light fermions to future

work.

2.4 Conclusions

If the inflaton has any non-gravitational coupling to other fields it will generically
produce a background thermal bath during inflation. A natural choice is an axion-like (CP-
odd) coupling which can generate significant thermal friction from non-perturbative effects
for the inflaton without a corresponding backreaction on the inflaton potential, thus avoiding
the problems with other warm inflation models. Once the inflaton has any such strong
enough coupling, a thermal bath will necessarily be produced during inflation independent

of initial conditions.

We have presented a complete model of warm inflation which correctly reproduces cos-

5This concern was pointed out to us by members of the theory group at the University of Maryland. We
thank them and Guy Moore for extensive discussions on this topic.
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mological data on initial density perturbations and predicts a negligible tensor-to-scalar
ratio r and potentially measureable non-gaussianities. The model only requires the infla-
ton to have an axion-like coupling to a non-Abelian group, and we use known results for
couplings to pure Yang-Mills. An even simpler model may be possible where the inflaton
couples directly to the standard model (such as to QCD), but a full thermal field theory
calculation of the friction in this case (specifically with light quarks) has not yet been done.
We show, as an example, that the temperature dependence of the friction due to our cou-
pling allows hybrid inflation to have a red-tilted spectrum (rather than blue-tilted as in cold

inflation), and thus can easily fit the current data.

2.5 The Weak Regime

Due to the calculations of the friction coefficient breaking down in the weak regime
we have focused on exploring the strong regime (@ > 1) in detail in this chapter. In this
appendix we summarize the relevant dynamics in the weak regime. It turns out that the
only viable models of warm inflation we could find in the weak regime require parameters
which move the thermal friction beyond the regime of validity of the thermal field theory
calculations which have been done. Thus in this section we will simply assume that the
friction coefficient still scales as T ~ ma‘r’%, and discuss warm inflation in this case. But
we will find that in fact we are ultimately pushed to a regime of parameters where this
formula is not known to be valid. So it is in fact possible that a weak warm inflation model
would work — even for a simple inflaton potential m?¢? — but we cannot know that from

the thermal field theory calculations that have been done to date.

In the weak regime of warm inflation (@) < 1) the dominant friction in the inflaton’s
equation of motion is still due to the Hubble expansion rather than particle production
friction. However, the presence of a thermal bath can still change the power spectrum and
effectively surpress the scalar-to-tensor ratio. Unlike in the strong regime the temperature
dependent friction coefficient does not give rise to a growing mode as the coupling between
the radiation and the inflaton can be neglected. The curvature power spectrum and the

scalar to tensor ratio in this regime can then be described by [38/78,/79], where all quantities
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are evaluated at horizon crossing:

1 H?

A%:M% <+2n+27TQ ) (2.63)

B 16¢y
(1+2n+21Q%)

(2.64)

Here n denotes the distribution of inflaton particles. If interactions between the infla-
ton particles and the thermal bath are sufficiently fast for them to be thermalized then
they approach a Bose-Einstein distribution, which at horizon crossing is given by npg =
(e% — 1) _1. Whether thermalization is fast enough is model dependent. The interaction
rate for the axion-inflaton with the gauge boson radiation, I'44, can be roughly approximated
as ['yg = a?’% = W The inflaton is thermalized (I'gy > H), when Q 39407 > 1, which
is satisfied for a < 1072,/Q. Thus, whether thermalization occurs depends on the gauge

coupling of the YM-group itself. For a temperature dependence of the friction T oc T2,

we can derive the spectral index in the weak regime using equations (2.28)), (2.29), (2.32]),
(2.27) and:

dinT
li = (3ey — 2 2.
dm N (3ev —2nv) (2.65)
finding;:
1 27QT m
ng—1=———-(2 6ey)+ ——H (8¢ — 6 +—b— (—2¢
s 1+ 2n +27‘(’QT(T]V V) 1+2n +27rQT( 1% 77\/) 1+2n +27rQT( V)
(2.66)

If the inflaton is not thermalized and 27FQT

< 1 we recover the regular cold inflation re-
sult. The size of this parameter determines whether we are in a regime in which thermal
fluctuations dominate over quantum effects. When quantum effects dominate the spectral
index obtains a higher order correction, which is negligible. However, when thermal fluctu-
ations dominate we again obtain a spectral index that can only be red-tilted for potentials
where 1y dominate, again demanding a fine-tuning of single field potentials, similarly to the
strong case. If the inflaton is fully thermalized the third term in equation dominates
as n ~ % and @ < 1. However, for single field potentials the predicted spectral index ng
for about 50 to 60 e-folds lies outside of the two sigma region. There does exist a transition

TI'QT

region where the inflaton is not fully thermalized for n ~ < 1, where the observed

spectral tilt can be reproduced in the weak regime. However, in this transition region non-
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gaussianity constraints become important [43]. For detailed non-gaussianity predictions in

the weak regime in the presence of a friction that scales as T o< T3, see [43].

The weak warm inflation formulas above have only been calculated in the regime where
Q@ < 1 (for a temperature-dependent friction coefficient). Additionally, being conservative
we are only certain we can trust the thermal field theory calculations when o?T > H
and a®T > m (where m is the mass of the inflaton). Taking the combination of all these
constraints on the validity of the calculations that have been done, we find no region of
parameter space that can fit the observations (the values of ng, 7, number of e-folds and
the size of the perturbations). So we are unable to make an observationally viable weak
warm inflation model. However it is possible that if the calculations for warm inflation were
extended to include a region of @ ~ 1 (for our temperature-dependent friction) one could
find a viable inflation model. Or similarly it is possible that if the thermal field theory
calculations were valid beyond o?T > H and o?T > m then one could find a viable weak

warm inflation model. We leave this for future work.
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“Logic will get you from A to B. Imagination

will take you everywhere.”

— Albert Einstein

Chapter 3

Thermal friction as a solution to

the Hubble tension

The tremendously successful standard model of cosmology assumes a flat universe, cold
dark matter (CDM) and cosmological-constant dark energy A. This ACDMmodel correctly
describes numerous observables including the the complex structure of the cosmic microwave
background (CMB) spectra [13,23]. However, its predictions for the current rate Hp of
expansion of the Universe based on the CMB are discrepant with the most precise direct
measurements in the local universe at > 4o [2280-82]. With no obvious systematic cause
in sight [83-93], this worsening tension has inspired many theorists to postulate new physics
beyond the ACDM model [22,94-97]. However, few solutions exist [24}26}95,98-100] that

simultaneously resolve the Hubble tension while also providing a good fit to all observables.

One of the more successful solutions is the addition of an early dark energy (EDE)
component [24,98,99./101], disjoint from the late-time dark energy. This component behaves
like a cosmological constant at early times, then dilutes away as fast or faster than radiation
at some critical redshift z., localizing its influence on cosmology around z.. It increases
the pre-recombination expansion rate, decreasing the size r; of the sound horizon. The
CMB inference of Hy is based on rg and its angular size 6, on the surface of last scatter.

Precise observations of #, combined with a ACDM-based deduction of r; determine H
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as 0, ~ rsHy. Hence, a theory that predicts a smaller r, also infers a greater Hy to
preserve the precisely measured 6., alleviating the Hubble tension. It was proposed as
a phenomenological solution, the dynamics of which could emerge from various particle-

physics models [26}98,99L/102-104].

In this chapter, we present a dynamical particle-physics model that could solve the
Hubble tension, which at the background level, mimics the evolution of early dark energy.
This model, the ”dissipative axion” (DA), is presented in Sec. Although we leave the
details of the perturbations of this model to future work, in Sec. B:2] we argue why the
background dynamics of this model are promising and indicate that the DA can form an
extra dark energy component that resolves the Hubble tension. We conclude in Sec.

where we discuss the broader implications of this model and the way forward.

3.1 Model

We add a pure dark non-Abelian gauge group [SU(2)] and an axion ¢ to the Standard
Model particle content. The dark gauge bosons interact with ¢ via a CP-odd coupling,

« d)~,u,l/
Lint = ﬁ?Fa Fe,, (3.1)

where Fj, (F

w = €V B gﬁ) is the field strength of the dark gauge bosons and a = g’

A
where ¢ is the gauge coupling of the dark group. The dark sector is decoupled from the
standard model. We give the axion, which is displaced from its minimum, a simple UV-

potential EL
V(o) = gme”. (3.2)

This potential intuitively illustrates the dynamics of our model, as the axion is essentially
an overdamped harmonic oscillator. The interaction term L, adds an additional friction
Y (Tq4,) to the equation of motion, dissipating energy through the production of dark radia-
tion pqr which is comprised of dark gauge bosons, where Ty, is the temperature of the dark

radiation. In the small coupling limit (o < 1), m < a?Ty;,, and this friction can be inferred

'The IR potential from the confining group is rapidly suppressed at temperatures above the confining
scale and we have checked that its contribution is sub-dominant for our parameters.
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from the sphaleron rate for a pure non-Abelian gauge group [50473,105] and scales as
T
Y (Ty) = ka® -4 (3.3)

where  is an O(10) numbelﬂ with weak dependence on « and f > Ty,. The following

equations of motion then describe the homogeneous evolution of the axion-radiation system:

b+ BH+Y(Ty)p+m?p = 0
Par +4Hpar = ’I!(Tdr)d)2 (3.4)

where pq; = g—; g« T (‘fr and g, = 7 denotes the relativistic degrees of freedom in the new dark
sector. (gx = 2(N? — 1) + 1 for a general SU(N), where the factor of 2 accounts for two
gauge boson polarizations per gauge boson (N2 — 1) and the axion contributes 1 additional

degree of freedom.)

In the original EDE work, an oscillating scalar field subject only to Hubble friction had
been proposed, whose energy must dilute like radiation or faster after the field becomes
dynamical in order to diminish the Hubble tension. This requirement places rigid demands
on the scalar-field potential V' o (1 — Cos %)n considered by [26] (or V oc ¢?" as in [98])
with n > 2. These potentials do not easily emerge from a UV-complete theory without
extreme fine-tuning. Other proposed phenomenological EDE candidates [99] have similar

fine-tuning issues.

In our DA model, the particle-production friction Y > m,3H, overdamps the motion
of the scalar field. Thus, because the field is not oscillating, its dynamics are not sensitive
to the potential V(¢). Instead, the friction T extracts energy from the scalar field into the

dark radiation, which automatically dilutes away as a™*.

We approximate the solution to the equation of motion Eq. (3.4) as

m2

¢(z) = goe TETE (3.5)

which is the solution to an overdamped oscillator where we approximated ¢ ~ H (z)fl.

Equation (3.5) illustrates that the DA begins to roll faster when % = H(zq4), where zg4

For a general SU(N) & increases with N. For details see [50].
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denotes the redshift at which the axion field becomes dynamical. At high redshifts (z > z4)

the axion is slowly rolling, building up to a steady-state temperature on time scales of order

T~ in the dark sector,
1
mAF202(» 7
Tie(2) ~ # , (3.6)
255 9«ka® H (2)

by continuously extracting energy from the rolling field 2| As the field begins to roll faster,
the temperature Ty, in the dark sector rises steadily and the field continuously dumps
its energy into the dark radiation bath. However, due to the weak dependence of the
temperature on the background quantities, this change is O(1). Therefore, approximating
the friction Y (z) as roughly constant does not change the qualitative behavior of our model
at the background level, as we discuss in more detail in Sec. [3.2] Eventually, as the axion
energy depletes, the source term T$2 becomes smaller than 4H pq,, leading to a decrease in

"2
temperature Ty, until T¢~ becomes negligible and the dark radiation dilutes away as a~*.

The generation of a steady-state temperature is independent of the presence of an initial
dark temperature, as even starting with temperature fluctuations of the order of Hubble is
sufficient to rapidly build up to the temperature in Eq. [19]. Indeed, the main features
of the DA are universal in the presence of any large friction [T > H(z)] for T o T? with
p < 4. The minimal model presented here has been explored in more detail [19] in the

context of warm inflation [37.|38},40./46},106,/107].

3.2 Background Dynamics

Having laid the groundwork for the background evolution of the DA , we turn to its
ability to mimic EDE and draw comparisons with the best-fit parameters of Ref. [henceforth
labeled Poulin:2018cxd. The particle setup in Sec. results in a rolling scalar field
that behaves like a cosmological constant at early times plus a dark radiation component.

The total contribution ppa to an EDE-like component is then given by their sum

ppA(2) = py(2) + par(2), (3.7)
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where py(2) ~ %m2¢2(2)ﬂ At very early times, the radiation component is sub-dominant

and ¢ is essentially frozen, acting like a cosmological constant giving

1
ppA(z > zq) = §m2¢)(2), (3.8)

which is a function of only the axion potential and its initial conditions. Sometime after
the axion thaws (z < z4), the dark radiation becomes the dominant contributor to EDE as

illustrated in Fig. 3.1} The DA constitutes a total fraction,

_ pDA(2)
foalz) = pm(2) + pr(2) + ppa(2) (8.9)

of the energy density of the Universe, where p,, and p, denote the matter and radiation
densities. This fraction reaches a maximum at zpeax. Relating this to the "critical redshift”
z. of the EDE as defined in their best fit 2. = 5345 for the EDE that dilutes as
radiation, which corresponds to zpeak = 3322. Roughly at this time, the source term qu
in Eq. becomes negligible, and the dark radiation dilutes away as a~* as shown in
Fig.

By approximating the friction Y (2peak) = Yo as a constant, we illustrate how to estimate
Zpeak analytically. In this limit, the approximation for the temperature of the dark radiation

simplifies to

Tar(z > Zpeak) = m>$(z) , (3.10)

21/ 2 g H(2) Yo

which, using Egs. (3.5) and (3.7)), allows us to approximate fpa as an analytical function

in z,
2m2
~HTe L2 42 2
fo(z > ) e HGETo smpg (1 + 2H7(T,L2)TO) (3.11)
DA\R = Z k) =~ .
e pm(2) + pr(2)
Solving d{iDZA zpear = 0, and assuming that the peak lies close to matter-radiation equality,

3The kinetic energy component of ¢ is negligible due to the large friction term.
4The posteriors for EDE parameters in are non-Gaussian. The best-fit parameters quoted here
therefore do not correspond to their mean values, and we hence do not include errors on these quotes.
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Figure 3.1: The fractional energy densities €; = p;/peit of the different components in
the DA and those in a ACDM universe, where pci; is the critical density today. The total
DA contribution (green) is a sum of its sub-components. At early times (z > z4), the energy
density €4 in the scalar field (blue) is roughly constant and the dark radiation component
Qqr (yellow) is subdominant. At intermediate times (zpeak < 2z < zq), the dark radiation
(1q, transitions to become dominant as {4 drops. Shortly after Ty, reaches a maximum, the
total fractional DA energy density peaks at redshift z,cak.
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we can approximate zpeax as

1 m2 3
k™ e ), 3.12
“peak (2\F2m HOTO) (3.12)

where (1, is the fractional matter density today and zpeak is now dependent only on %
Equations — demonstrate how the physical observables depend exclusively on
%, which sets the time scale at which the axion becomes dynamical, and %m%b% which
scales the total amount of early dark energy. Therefore, at the background level, we ef-
fectively introduce only two new parameters beyond ACDM, but expect the perturbations
to depend on more than just these two parameters. Including the full temperature depen-

dence of the friction at the background level requires solving the coupled differential Eq.
T(z:)

m2

(3.5) numerically by specifying an initial condition at some z;, increasing the effective
number of background parameters to three. While this does not have a significant impact

on the qualitative behavior of the DA system, it does change T&) and %m%b% by O(1)

m27

when keeping zpeak and fpa (Zpeak) fixed.

For redshifts smaller than zpeak, the early dark energy is dominated by the radiation

component which dilutes as:

1+2 \*
:ODA(Z < zpeak) = pdr(zpeak) <1+2’k> . (3.13)
pea.

The fractional energy density fpa is then peaked at zpcak, as shown in Fig. Our
proposed model hence mimics the EDE proposed in with n = 2, which resolves the
Hubble tension.

The primary difference between the two models at the background level is a narrower
peak for the DA (the effect being more pronounced for the constant friction approxima-
tion), as seen in Fig. |3.2 Based on this, we explore the expected differences between the
background observables of the two models. In particular, we discuss the impact on CMB
observables that capture the important features of the full CMB spectrum, but depend only
on the background evolution of the Universe [24,96,108]. These are the size rs of the sound
horizon, the ratio rqamp/7s of the damping scale to the sound horizon, the height of the first

peak and the horizon size at matter-radiation equality.
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Figure 3.2: We compare the fractional extra energy density of the full temperature de-
pendent DA model [Y(z) oc T3, solid green] with the semi-analytical approximations in
equation (3.11)) and (3.13)), treating the friction as constant [Y(z) ~ Y dashed green] and
the EDE fluid approximation of an oscillating scalar field from Poulin et. al. [24] (pur-
ple). This plot uses the n = 2 EDE best-fit parameters [z. = 5345, fgpr(z.) = 0.044
which corresponds to zpeak = 3322, fEDE(%peak) = 0.060] and dissipative axion param-

eters % = 1.3 %103 GeV~! (% = 5.7 % 1036 GeV_1>, and %mzqﬁ% = 0.55 eV*

(%mzqﬁ% =0.21 eV4> for the temperature dependent (independent) DA model.
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As our model adds more radiation to the Universe, we naively expect the redshift of
matter-radiation equality to shift. Quantifying this shift correctly requires a full Markov
chain Monte Carlo (MCMC) to allow other cosmological parameters, in particular the phys-
ical density weqm of cold dark matter to compensate for some or all of the shift. We expect
that the results of the MCMC will pull our posteriors in a direction that minimizes change
to zeq- We hence leave further discussion of changes to z¢q for future work. We expect an
increase in weqm to similarly compensate for a change to the height of the first CMB peak.
Such an increase was observed by for EDE - the best-fit weqm increases by ~ 9% in
the n = 2 EDE cosmology relative to ACDM. To compare, their maximum fgpg < 7%.
Moreover, the dark radiation peaks during matter-domination, further minimizing the ef-
fect of adding dark radiation to the Universe. Consequently, in this chapter, we limit our

comparisons of the two models to investigating the effects of the sharper peak in fpa.

We first note that a slight narrowing of the peak of fpa relative to fgpg has minimal
impact on the recombination redshift z,. This was verified using a modified version of the
equation of state parametrization of the EDE of similar to Ref. [99], sharpening the
peak in fgpg and calculating z, with the CLASS cosmology code [109,[110]. As z, is a
background quantity, and fpa is nearly identical to a narrower fgpg, we expect z, for the
DA to be similar to the EDE scenario. Then, the main change to r; comes not from the
limits of its integral, but the integrand, specifically, the expansion rate. Knowing how the
expansion rate for the DA differs from EDE, we can calculate rg by fixing the background
cosmology to the best fit of the n = 2 EDE of and the DA parameters such that the
temperature dependent (independent) zpeak and fpa (Zpeak) match the best-fit EDE (values
specified in the caption of Fig. , giving

o es(2)
Ts(2) = /Z* dZH(z) = 140.0 (140.1) Mpc, (3.14)
compared to ry = 139.8 Mpc in Here, c4(z) is the speed of sound in plasma and the
DA enters into the expansion rate H(z). This is well within 1o of the 7, in the best-fit EDE
scenario of [PI8| for n = 2, for which the best-fit Hubble constant increases to Hy = 71.1
km/s/Mpc. This along with a larger error on Hj resolves the tension in the EDE case. As
the CMB inferences of rg and Hy are degenerate, with a reduced r, that matches in the
DA model, we similarly expect a high H, that will significantly ease the Hubble tension, if
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not resolve it.

For rqamp, we expect a smaller change still, as the integral for rqamp, is sharply peaked
close to recombination and less sensitive to the expansion rate ~ z.q. While the change in
1 is absorbed by Hy, thereby diminishing the Hubble tension, changes to rqamp/7s can be

absorbed by the tilt ns of the primordial power spectrum as noted by Refs. [24,96].

Another requirement of EDE models that succeed in resolving this discrepancy is an
effective sound speed ¢? < 1 of perturbations in the new component [26}98,99]. This in

part led to the success of Refs. [24,26]. The DA model consists of a scalar field (c2 = 1)

2:

and dark radiation (c?

1/3) [111]. Although the coupling between the two components
complicates matters, as pg < 20% at zpeak, the rest of the energy density being made up
of dark radiation, naively, we expect ¢2 for the DA to be between 1/3 < ¢2 < 1. Here,
we simply seek to motivate the relevance of this model as a particle theory solution to
the Hubble tension, and leave the exploration of perturbations to subsequent work. As
the DA model produces a value for rg extremely close to the EDE value, and little to no
difference is expected in rgqamp between the two models, these expectations coupled with
the predicted increase in weqn make the DA a promising theoretical model to deliver the

extra early dark energy component that can resolve the Hubble tension.

3.3 Discussion

In this chapter, we propose the DA as a particle-model solution to the Hubble tension.
The axion couples to a dark non-Abelian gauge groupEL which adds an additional friction
to the equation of motion of the axion and sources a dark radiation bath as the field rolls
down its potential. This overdamped system has a well understood UV-completion and
greatly alleviates the fine-tuning concerns present for the scalar-field EDE solutions. The
injection time and total amount of added energy content is quantified fully by two linear

combinations of parameters: Ty and %m%ﬁg . The full theory has additional parameters, as
m

3
the friction is determined by: T = rka® j}d;. Here, x is an O(10) number, o < 0.1, Ty, < f,

and m < o?Ty,. For the sample values specified in the caption of Fig. m, we find that

these conditions are easily satisfied for many different combinations of viable parameters,

®We have focused on SU(2). A generalization to SU(N) only changes numerical factors for g. and &
without qualitative impact.
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for example: m = 4% 1072° eV, Ty, (2peak) = 0.4eV, f = 0.3GeV, a = 0.1, ¢g = 1073 Mpy,
where Mp is the reduced Planck scale. We expect the full perturbative analysis to lift some

of the degeneracy in these parameters and also in the choice of potential for the DA.

We have solely investigated the overdamped DA regime. Particle-sourcing friction could
also play a role in an underdamped regime. Moreover, the DA can be theorized to have a
UV-completion that ties its friction to the dark matter abundance. The symmetry breaking
scale f can, for example, be linked to the presence of heavy quarks charged under the dark
SU(N). Thus, the dark matter abundance could be determined by f, which also controls
the friction Y, potentially allowing a dynamical explanation for why the DA begins to roll

close to matter-radiation equality. We leave a detailed exploration of this to future work.

We note that N.g constraints will not restrict this model. While the CMB was emitted
at the redshift of recombination, the peaks of the CMB spectra in fact encode information
from redshifts z < 10° [101,/112]. The DA adds dark radiation to the Universe only after
~ Zeq, unlike Neg which adds radiation to the Universe at all times. Their imprints on the
CMB peaks are hence different - the DA is expected to cause its largest change to the CMB
close to the first peak in the TT spectrum based on Refs. [101,112], while Neg is not only
constrained by matter-radiation equality, but also through its effect on the higher peaks in
the CMB TT spectrum [113|. These distinct effects on the CMB imply that the DA model

cannot be quantified by Neg, nor be restricted by Neg constraints.

Lastly, we have invoked the DA model here as an explanation of extra dark energy
components that resolve the Hubble tension, but this model has applications far beyond
this tension. It has already been shown to be a viable candidate for cosmic inflation |2, and
could similarly drive the current cosmic acceleration (for example, [114]). A family of scalar
fields have often been theorized to cause the two known eras of cosmic expansion [115}116].

We add the DA to this list.
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“I haven’t failed. I've just found 10000 ways

that won’t work.”

— Thomas A. Edison

Chapter 4

Decays of long-lived relics and

their signatures at IceCube

The IceCube detector, located in the Antarctic ice layer, is sensitive to neutrino ener-
gies ranging from 10 - 109 GeV [28]. Over its six year run, IceCube has detected sev-
eral neutrinos in the energy range 30TeV-10PeV [29-32,/117]. The measured neutrino
flux in this range is significantly larger than that expected from the atmospheric neutrino
background [29-32]. This suggests an alternative source with a significance of at least
7o [33]. Previously, no statistically significant correlation between the direction of origin
of the detected neutrinos and any known high energy ~-ray sources existed, suggesting an
isotropic extra-galactic source [118|. Recently however, multi-messenger astrophysics linked
one 290 TeV neutrino to a flaring blazar |119]. More data is necessary to determine whether
blazars can explain the highest energy events. Other possible astrophysical sources such as
Supernova remnants (SNRs), star forming regions, Fermi bubbles, and active galactic nu-
clei (AGNs), have also been considered in the past [120-128]. Beyond the standard model
physics (BSM) explanations have been investigated with regard to heavy decaying dark
matter (see, for example, [129-140]). However, many models of decaying dark matter as a
source of the IceCube neutrinos are highly constrained because they are predicted to pro-

duce ~-rays in excess of current measurements [135,/140,141]. In this chapter, we explore the
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experimental signature of a heavy relic directly decaying to neutrinos, sourcing an isotropic
extra-galactic high-energy neutrino flux. We focus on lifetimes that are shorter than the
age of the universe. We examine whether this high-energy neutrino flux can fit the excess
events seen between 250 TeV -10PeV. We show that many constraints imposed by ~-ray

observations can be avoided under this set of assumptions.

Recently, electroweak corrections at energy scales well above the electroweak (EW) scale
have drawn considerable attention [142-145]. For high-energy scattering and decays, the
EW effects significantly impact phenomenology by producing higher multiplicity final states.
Different implementation strategies have been explored with regards to heavy decaying
DM [142,]146}/147]. In our analysis we implement a fixed order EW shower. We use the
results of the shower to predict a neutrino spectrum and fit it to that detected at IceCube.
We also explore how the decaying relic model is constrained by its impact on light element
abundances, CMB anisotropies, and diffuse vy-ray spectra, after including the EW shower

effects.

A long lived relic has been considered previously as a source for the IceCube neutrinos,
and analyzed up to redshifts of z = 1000 |148}/149]. We extend this range by including
neutrinos arising from re-scatterings off the relic neutrino background in our analysis. Our
inclusion of EW corrections further changes the qualitative features of the neutrino flux
today, leading us to conclude that EW corrections are a necessary part of an accurate

forecast.

4.1 Models

In this chapter, we consider two models in which our relic, X, directly decays to neutri-
nos. In our analysis, the PeV-scale neutrinos observed at IceCube are assumed to come from
these direct decays. Naively, one may wish to consider a toy-model decay: X — v |150].
However, implementing an EW shower highlights the inconsistency of this treatment. At
ultra-high energies, the final state radiation includes many soft W’s, which turn charged
leptons into neutral ones and vice versa. This leads to the production of roughly the
same amount of neutral and charged leptons for center-of-mass (COM) energies far beyond

the EW scale. This is a side effect of unbroken isospin in the high-energy limit. Model-
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independently, this implies that any high-energy neutrino spectrum sourced directly from
a heavy relic decay will be accompanied by a spectrum of electromagnetically interacting

particles, which will carry roughly the same amount of energy as the neutrino spectrum.

At energy scales much above the EW scale, Sudakov logarithms contribute to higher-
multiplicity final states. These corrections grow logarithmically as the mass increases. Ef-
fectively this leads to the production of EW jets. To quantify the neutrino spectrum arising
from these jets, we implement a fixed order EW shower. The qualitative features of the
EW jets are model independent, as any heavy particle that decays to neutrinos will also
radiate gauge bosons. To zeroth order, this effect takes a delta function centered around
%, and smears it towards lower energies. The energy lost by the neutrinos is carried away

by gauge bosons, which themselves can decay into neutrinos, and contribute to the neutrino

spectrum at lower energies. We describe the implementation of the EW shower in detail in

Appendix [£.6]

We consider two benchmark models that produce neutrinos through direct decays while
remaining consistent with the isospin structure dictated by the Standard Model. We do not
study a specific production mechanism for the heavy relic abundance, and assume it is cold.
We note that inflationary dynamics can trivially produce such a particle during the reheating
period [151]. Model-dependent constraints on these production mechanisms exist based on
measurements such as isocurvature; however, these are not stringent enough to rule out the

small abundance of decaying relics necessary to source the IceCube neutrinos |152,/153].

4.1.1 Model I: Heavy Scalar X;

We consider a heavy scalar X1, that couples to the standard model lepton doublets L.

Here ¢ = 1,2, 3 indexes the generation. For simplicity, we assume flavor universality:
1 Lo 2 it i
ﬁl = §3MX18“X1 - iMXXl + glL U‘“@ML X1 (41)
The zeroth order decays are given by:

X1 — €+€_
(4.2)
X1 = Ty
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The ratio of branching ratios is essentially 1 : 1 at tree level. We will refer to the above

decay model I as X — vv.

4.1.2 Model II: Heavy Fermion X,

In our second model we consider a heavy Dirac fermion, that couples to the standard

model lepton doublets (L?) and Higgs doublet (¢).
_ i 519 _1 ty T tri trif vt
Lo 2X20' “XQ 2MX XoXo + X2X2 + gop' L' X + g2L ¢X2 (43)

We assume relic and its anti-particle have the same number density. The zeroth-order

decays of Xy are given by:

X9 — gW,
(4.4)
Xo — I/gZ/h,

Again, the decays to W™, Z, h have equal branching ratios at tree-level in the high mass

limit. We will refer to the above decay model IT as X — V/.

4.2 The Neutrino Spectrum

4.2.1 Derivation of the Present-Day Neutrino Flux

To derive the shape of the differential flux today we extend the analysis performed
in [148]. We consider a number density of cold heavy relic Xs that decay with a given
lifetime 7x:

nx(t) = nxo(t)e 7, (4.5)
where nx o(t) is the number density in the limit 7x — co. For any given decay, high-energy
neutrinos are injected into the thermal bath. The maximum possible energy is set by the
mass of the heavy relic: Epax = % The fractional energy distribution fg_, (x) of these

neutrinos is determined by the EW shower, where z = EL and F is the injection energy
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of the neutrino. This decay gives rise to the following source term:

1 fEmax (Efax>

ATy Flax

Sdec(tv E) =nx (t) (46)

Depending on when they were produced, the neutrinos may free-stream or scatter off the
relic neutrino background. The cross sections for all relevant (anti-)neutrino-(anti-)neutrino
scattering processes are listed in [148]. The total scattering rate is determined by the

thermally averaged cross section:

Dot = nBG<Ut0tvrel> (47)

In the massless neutrino limit, the relative velocity simplifies to: v = ﬁ, where s is the
squared COM energy and k is the energy of the relic background neutrino. The scattering

rate can then be written as [148]:

1 1 4kE
Tiot(t, E) = o 4.
Wt E) = /dkl o /0 dss001(5) (4.8)
T,(t __k
W(Q ) / dkk In (1 te Tu<t>) ot (5 = 4KE) (4.9)

where the second line is achieved via integration by parts. Neutrinos that scatter off the
relic neutrino background, at the COM energies we consider, may produce two energetic
neutrinos, two charged leptons, or two quarks. We define I'), and o, as the scattering
rate and cross-section for 2 — 2 neutrino scattering. We account for this re-injection of
neutrinos by adding an additional source term. This is sometimes referred to as a tertiary
source term [154].

e 1

Stex(t, B) = / vy (4 ENG(t, BYdE (4.10)

E Uu(ta E,) de

where ®(¢, E') is the differential neutrino flux defined in terms of the neutrino number

density n,(t) = [dE'®(t, E'), and F is the scattered neutrino energy.

We simplify equation (4.10|) by rewriting the differential cross section in terms of the
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injection energy, E’, and the fractional scattered energy y = E/E’.

1 do, 1 1 do, 1
— N —— = — 4.11
o, dE ~Eo, dy _ E’ ) (4.11)

We can make the approximation in equation (4.11]) because, for large boosts (y > 100),
g(y) becomes independent of E’. We derive g(y) by boosting the relevant differential cross

sections from the COM-frame to the laboratory frame:

doyy
x 1 4.12
dQcom (4.12)
do;
" x (1+ cosh)? 4.13
oon ( ) (4.13)

Defining separate functions g(y) for each scattering independently — for neutrino-neutrino
scattering (and its conjugate scattering), g,,(y) and for the 6-dependent anti-neutrino-

neutrino scattering (and its conjugate), gz, (y) — we write:

PF”: (90 () + g (1 —y)) + FF”: (900 () + go (1 —y)) (4.14)

9(y) =

where the ratios of scattering rates of vv and v are 0.6 and 0.4, respectively. We now can

rewrite equation (4.10]):

~ [ E\ Tt E)o(t E
Ster(t,E):/ 9<E,> ( E), G E) g (4.15)
E

We can now set up the Boltzman equation which describes the thermal evolution of the

differential neutrino flux:

o 0
op = “2H® + HE o + Sace + Ster — Lot @ (4.16)

This partial differential equation can be solved numerically to obtain the present-day dif-

ferential flux.

In our analysis, we implement a propagation code to track the cosmological evolution

of individual neutrinos, which is equivalent to solving equation (4.16[) in small time steps.

For a given lifetime 7x we generate events over the appropriate distributions of redshifts,

a decaying exponential. The energy spectrum of the injected neutrino is determined by the
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Figure 4.1: ®y(to, F) for a heavy decaying relic X for two different lifetimes and two different
decay models. The mass of X is set to Mx = 2.4 (1 + 2z, ) PeV, the best fit mass of the
neutrino spectrum measured at IceCube in the energy range 0.25 — 4 PeV [31]. z,, is the
redshift z at the decay lifetime 7x.

EW shower. Based on the decay redshift, z, we divide the total traveling time of the neutrino
into intervals such that the average number of scatterings within the interval is much smaller

than one. If a scattering event occurs within a time step, the probability of re-injecting two

neutrinos with energy g(y) and g(1 —y) is weighted by r If two neutrinos are re-injected,
they undergo the same treatment as the primary injection, starting at redshift z’, where the
scattering has occurred. This process iteratively continues until the neutrinos either arrive

today or scatter into charged leptons or quarks.

The output of the simulation is a histogram ®y(tg, E'), shown in Figure which is
related to the differential neutrino flux described in equation (4.16)) by dividing by X'’s

number density:

Py (to, £) = @(to, E) /nx,0(to) (4.17)

where ®(tg, F') is the solution to (4.16)) at ¢ = ¢y and thus accounts for tertiary neutrinos
and EW effects. For short lifetimes, including the tertiary neutrinos significantly enhances
the flux of lower energy neutrinos, whereas for long lifetimes, these have negligible impact,

since almost no scattering occurs. In the limit of negligible tertiary neutrinos, equation
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(4.16]) can be solved analytically [148].

In our analysis, we only account for neutrino fluxes emerging from extragalactic relic
decays. Extragalactic decays are the only relevant neutrino source for relics with lifetimes
7x < 8% 10'6s, while galactic decays become important when considering longer lived
relics |135,/148L/155]. We leave a detailed investigation of that region of parameter space to

future work.

4.2.2 Estimating X’s Number Density

We use @y, (o, E) to estimate the number density nx (tg) needed to roughly produce
the excess number of events seen in the high energy bins at IceCube [31]. The number
of predicted events in this range at the IceCube detector is obtained by integrating over
the differential flux times the effective area Aeg(F), which is provided by the IceCube
collaboration [31], and multiplying by the detection time 7' (2078 days), and solid angle 4,

as well as the flux velocity v = ¢ to restore SI units.
Emax
N = / D(tg, E)Aet(E)dE x dm x v« T (4.18)
Emin

Based of the total number of events (IV; = 5) in the range 0.25 — 4 PeV in [31] we estimate

the number density nx (tp) that is needed to produce the observed number of events:

N,
nxo(to) = —5- : (4.19)

fEm:;x Oy (to, E) * Aepp(E)dE 4w x v+ T

4.3 Constraints

In the following sections we consider different observables that can be used to constrain
heavy decaying relics, and how these constraints affect the relic models best suited to gener-
ate the PeV neutrinos observed at IceCube. The summary of our findings appear in Figure
The shortest lived relics, those with 7x < 10'%s, are most strongly constrained by
their impact on the abundance of light elements generated during big bang nucleosynthe-
sis (BBN). Relics with intermediate lifetimes, 102s < 7x < 5% 10 s, are most strongly

constrained by their impact on the CMB anisotropy power spectrum. Relics with slightly
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longer lifetimes, 5 * 101%s < 7y < 8 % 10'0s, are most strongly constrained by the ~y-ray
spectrum they generate. These constraints all depend on the amount of energy injected into
the thermal bath in the form of electromagnetically interacting (EM) particles. In order to
explore constraints on our relic models we define =, the EM energy density produced by

relic decays divided by the energy density of cold dark matter pcpwm:

nxo* Mx

(1]

= fint (420)

PCDM

Here fint is the fraction of the relic energy density that becomes EM energy and should in
principle be redshift-dependent due to rescattering. However, for the parameter range we
are considering, the dominant source of EM energy is from the decay shower where this
fraction is largely M y-independent. We take Mx = 2.4 (1 + z;, ) PeV, which gives the best
fit mass for the two particular lifetimes shown in Figure where z;, is the redshift z at
the decay lifetime 7x. We use this mass as a benchmark for evaluating the constraints for

all lifetimes shown in Figure

Based on the results of the EW shower we estimate a conservative lower bound of
fint = 0.25 for both decay models. This estimate assumes that about one third of all
hadronic energy is electromagnetically interacting, as well as one third of the energy coming

from muon and tau decays. This is the number we use for all constraints below.

4.3.1 Light Element Abundances

Helium-3 (He?) and Deuterium (D) are produced during Big Bang Nucleosynthesis
(BBN) and their measured abundances are in general agreement with the predictions of
BBN (see review in [156]). Decays of heavy relics can initiate EM cascades that interact with
the light elements and alter their abundances. Injected EM particles with energies above
27 MeV can participate in all of the photodisintegration processes pertinent to producing
excess He? and D by destroying larger nuclei, primarily Helium-4 (He?), as well as those
that break He? and D down into protons [157H159]. Constraints arise from numerically
following the evolution of the abundances of all light elements involved in the creation or
destruction of He? and D, and comparing the end predicted abundances to the measured
He? and D abundances [157,[158,/160-162]. This process, and the resultant constraints on a

decaying particle injecting EM energy into the thermal bath, have already been worked out
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in detail by |157,/158}160-162]. We utilize those constraints on the allowed energy density
and lifetime of a heavy decaying particle |162}/163].

4.3.2 CMB Anisotropies

02s <7x S

EM energy injection by heavy decaying relics with lifetimes in the range 1
5%10% s can increase the free electron fraction around recombination, thereby distorting the
CMB anisotropy power spectrum. Detailed constraints have been worked out in [163}/164]
and we rely heavily on their results, which utilize Monte Carlo Markov chains to calculate
the effect of EM energy injection on the CMB anisotropy power spectrum. This study [163]
rules out relics that inject enough EM energy at specific redshifts to produce power spectra

inconsistent with current measurements.

The injection of EM energy increases the free electron fraction via ionization and colli-
sional excitation. For relics with lifetimes of 10'*s < 7 < 10'8s, the decays enhance the
optical depth of the universe after recombination, leading to an additional suppression of
the CMB temperature angular power spectra (T'T) and polarization power spectra (EE) at
small angular scales [163]. Additionally, the increase in the free electron fraction at times
between recombination and reionization increases the probability that photons scatter be-
fore reionization. This leads to extra polarization, which creates a bump in the EE spectrum

at smaller angular scales than the usual reionization bump [163].

Relics with lifetimes of ~ 10'3 s are the most strongly constrained by the CMB anisotropy.
The EM particles released by relics with lifetimes < 10! s delay recombination. This widens
the last scattering surface, damping the temperature power spectra at small angular scales.
Like the longer lived particles mentioned above, particles with lifetimes 7x < 105 also
generate a bump in the EE spectra to smaller angular scales than the usual reionization
bump, though the effect is weaker than that generated by longer lived particles [163]. At
times much earlier than 10'3 s , the universe is fully ionized, and injection of electromagnetic
particles, which increase the ionization fraction, have little impact. As a result, distortions
to the CMB anisotropy spectum are exponentially suppressed for relics with 7x much less
than 10'3s. At lifetimes ~ 10'2s, only a fraction of the relics decay late enough to alter the
CMB and the constraints from CMB anisotropies become weaker than those that arising

from BBN.
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The analysis done by [163] only considers the effects of particles with kinetic energies
in the range [10keV, 1 TeV], well below the energies of EM particles relevant to our models.
We argue that the bounds also apply to injected EM particles with £ > 1 PeV because,
around recombination, EM particles at these energies scatter off the CMB quickly enough
to redistribute their energy to many particles with energies below 1 TeV, well within one
Hubble time — energetic photons scatter off CMB photons via pair production extremely
efficiently at these energies and redshifts. Electrons and positrons scatter off of the CMB
through inverse Compton scattering, which while less efficient than pair production at these
energies, is still much faster than the Hubble expansion rate for electrons of all energies

considered in this chapter, as can be verified.

Different injection energies in the range between [10keV, 1 TeV] have different efficiency
factors determined by their interactions with the thermal bath, which sets the width of the
constraints in [163]. To know exactly where within this band our injection energies lie
one would have to do a dedicated study. Here, we conservatively apply the least stringent
bounds, which correspond to the lowest efficiency of dumping the electromagnetic energy
into the thermal bath, noting that a dedicated study for our particular injection energies

may improve these bounds by up to a factor of five.

4.3.3 ~-Ray Constraints

When the heavy relic decays, the EW shower and decays of the showering products
produce energetic photons, electrons, and positrons. These are reprocessed, producing a
lower energy ~v-ray distribution, primarily by inverse Compton scattering and pair produc-
tion [166]. The ~-rays in this reprocessed spectrum lie in the energy range visible to the
Fermi telescope, between 0.1 GeV and 820 GeV [167]. We derive constraints by requiring
that the reprocessed spectra of heavy relic decays produce a ~y-ray flux that is, in any bin, no
more than 20 above the flux presented in the Fermi Pass 7 Isotropic Extragalactic Gamma

Ray (IGRB) spectrum [167].

In order to derive the reprocessed v-ray spectrum resulting from a heavy relic decay, we
follow [1664168]. Processes by which y-rays can lose energy include photoioization, Compton
scattering, photon matter pair production, and scattering off of the CMB. In this analysis,

we approximate the «-ray spectra as if EM particles are only reprocessed by the dominant
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Figure 4.2: Constraints on a wide array of different lifetimes for a heavy decaying relic X,
releasing EM energy into the thermal bath. All constraints are at 95% confidence level.
The light red shaded area is excluded by measurements of light element abundances and
their agreement with BBN predictions. The blue shaded area is excluded by bounds from
CMB anisotropies. The gray shaded region is excluded by diffuse vy-ray observations. All of
these constraints are for injections of EM energy above some threshold value unique to the
constraint and described in their respective sections of this chapter. The cyan line is the
forecast from the proposed PIXIE experiment, which could place more stringent bounds
from y-distortion [165]. The black and brown lines indicate the abundance necessary to
produce the excess IceCube neutrinos for models I and II, based off equation and
(4.20), assuming My = 2.4 (1+ z,,)PeV. The black and brown (red) markers indicate
the data points corresponding to the IceCube spectrum shown in Figure (Figure .
The dotted lines indicate Mx = 2.4 (1 + 2., ) PeV transitioning to an approximation rather
than a best fit, as rescattering effects can chg(r)lge the electromagnetic fraction by O(1).
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scattering mechanisms for a particular redshift and energy. We also assume that a photon
does not scatter if it has an optical depth d, < 1. In this context, the optical depth can
roughly be thought of the average number of times a photon scatters as it travels toward

the Earth.

For redshifts 0 < z < 700, EM particles are reprocessed by initiating cascades with CMB
photons through pair production and photon-photon scattering [166]. Pair production is
generally more efficient at reprocessing EM particles, except in a small range of energies
for 300 < z < 700, in which photon-photon scattering is more efficient. Photon-photon
scattering has a negligible effect on the constraints of relics with 7x > 5% 10! s, so we only
consider the effect of pair production cascades in this analysis. In pair production cascades,
photons pair produce electrons and positrons with CMB photons. The resulting electrons
and positrons then upscatter CMB photons by inverse Compton scattering. These two
processes continue until the COM energy falls below the pair production threshold. EM
particles with energies above the threshold [166,(168]:

m2 N 36 TeV

€

Eun(2) = 30 T(z)  1+=z

(4.21)

have an optical depth d, > 1. Particles with energies below E,, have optical depths d, < 1,
in which case we assume they free-stream toward the earth. At z > 700, additional scat-
tering processes become important and all EM particles relevant to this analysis thermalize

and do not produce any ~-rays observable today [166].

Since the particle cascades occur quickly compared to the expansion rate of the universe
[168], we define a universal ‘instantaneously’ generated differential v-ray cascade spectrum
per unit injection energyﬂ L(E,z), such that N, = Ei,j [ L(E,z)dE, where N, is the
number of y-rays produced when Ej,; of energy is injected into the thermal bath at redshift
z. L(F, z) is built into the source term in the Boltzmann equation describing the evolution

of the differential ~-ray flux:

0%, oD
~— - _9H®,+ HE—Z 4.22
at Y + aE + SW ( )

where S, is the source term and H is the Hubble parameter. For a heavy relic, whose

'Note that our definition differs from the one given in [166].
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Figure 4.3: Comparison of the Fermi LAT 95% CL IGRB upper limit with the derived diffuse
isotropic y-ray flux ®-(0, E)) produced by a decaying heavy relic X for different lifetimes and
abundances. The blue line in the left plot corresponds to the black dot in Figure which
is the abundance necessary to obtain the model I fit shown in Figure Since ©,(0, F)
scales linearly in intensity with = the spectra for the brown dot (model II fit shown in
Figure and red dot (model II fit shown in Figure can be obtained by multiplying
the blue line by a factor of % and %, respectively. Shorter lifetimes (g 8 * 10'5s) are most
stringently constraint by the energy range between 100-140 GeV. For longer lifetimes the
highest energy range from 580-820 GeV has the highest constraining power.
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decays initiate EM cascades, the source term is:

iMXfint

; nxolto)e % (14 2(0)° L(E, (1)) (4.23)
T TX

Sy(t,E) =

Here we use My fint to denote the total EM energy injected per relic decayﬂ Solving the
above Boltzmann equation (4.22)), gives the diffuse y-ray flux for any given z.

M . 1 2 700 d / 1 / %
P, (2, E) = xnxofm(1+2) © ( tz z’) e

T 4.24
ATy . H(Z) 1+2z’ * (424)

For observational purposes, we are interested in the flux at z = 0. We compare the derived

diffuse y-ray flux today, ®,(0, E), for different lifetimes and abundances in Figure

700 ! ’
PCDM dz noon -2

—L(E(1 T 4.25
Arrx Jo  H(Z) (B +2),2) e ™ (4.25)

$.(0,E) = Z«

L(E, z) depends on the dominant scattering process for a given redshift. The cascade
spectrum for pair production was numerically calculated by [169]. Here, we use an approx-
imate result only taking into account pair production (as the effects where photon-photon

scattering is dominant are negligible):

0.767Eth(z)*0'5E;1'5, 0 < E, <0.04E(z) and z < 700
L(Ey,2) = { 0.292Ey,(2) *2E;18, 0.04Ey,(z) < B, < Ey(2) and 2 <700 (4.26)

0, Ew(z) < Ey or z > 700

We derive constraints by comparing ~-ray spectrum that results from relic decay to the
Fermi IGRB spectrum [167], requiring the predicted relic contribution produces less than a
20 contribution in any one bin as illustrated in Figure Our results are shown in Figure

2In defining this source term we assume that all EM particles that result from relic decay are energetic
enough to initiate a particle cascade. In general, one would need to consider a source term where the fraction
of the relic mass energy that becomes EM particles capable of initiating a cascade depends on z.
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4.3.4 Other Constraints

Spectral distortions to the CMB are often used to constrain the release of EM energy in
the early universe [170,{171]. These constraints can be derived by requiring that the decaying
relic not produce p- and y- distortions larger than the detection limit of COBE-FIRAS [172].
These are weaker than the constraints that arise from the light element abundances for the
same redshifts, and thus not relevant for this analysis. However, as shown in figure
the proposed Primordial Inflation Explorer (PIXIE) [165], with projected sensitivities to -
and y-distortions ~ 1000x better than those of COBE-FIRAS, could detect y-distortions
generated by almost all of the heavy relic models considered in the shorter lifetime parameter

space window.

Other works consider constraints on BSM physics from the 21 cm spin temperature
signal [163,173,[174]. A heavy decaying relic would heat the intergalactic medium, resulting
in a positive change to the differential brightness temperature. We do not consider these
constraints in detail in this chapter because rough estimates in [163] indicate that they
are not currently powerful enough to be relevant. However, more data and improvements
in the uncertainty of the differential brightness temperature measurement could eventually

provide stronger constraints |[173,[175].

4.4 Comparison to IceCube Data

Figure shows that there are two windows in which a heavy decaying relic could be
the source of the PeV neutrinos observed at IceCube, one with longer lifetimes from 5x10' s
to 8 * 10'%s, and one with shorter lifetimes between 7 * 10'°s and 10'2s . Here, we show
the full neutrino spectrum predicted by the decay of a heavy relic, including neutrinos that
result from EW-showering and re-scattering off of the relic neutrino background, for two
sample lifetimes within these two allowed ranges. We compare these spectra to six years
of IceCube data and we consider data from two different datasets. The first dataset (DS1)
includes neutrinos of all flavors that deposited their energy within the detector [31]. The
second dataset (DS2) considers six years of IceCube data on upward going muon neutrinos,
where the interaction vertex was also allowed to be outside of the detector, significantly

enhancing the effective area [32]. Both datasets are complementary, and predict roughly
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the same neutrino fluxes for energies above 3% 10° GeV [32]. The main focus on our analysis
has been on DS1. We still include DS2 in our analysis because it contains the highest energy
neutrino event measured to date. The event, which deposited 4.5 PeV in the detector, has
a 88% probability of being caused by a muon-neutrino, in which case IceCube predicts a
reconstructed energy of 7.5 PeV [32]. All other anomalous high-energy neutrino events in
both data sets have energies below 2.5 PeV. We show the best fit for two allowed sample
lifetimes for DS1 [31]. We also show the best fit to all of the data by combining both
datasets. We want to stress that the IceCube collaboration has not published a combined

measurement, and thus our second set of fits should be taken as purely illustrative.

For the following comparison, we choose to fit only to the highest energy events even
though there also exists an excess in the lower energy range. We make that choice because
a decaying relic cannot comfortably explain both of these excesses at the same time. Other
works have considered astrophysical explanations, such as pulsar wind nebulae, Fermi bub-
bles, and unidentified galactic TeV sources, for this lower energy excess [1254|127,/176]. One
should note that systematic uncertainties and atmospheric backgrounds are much higher in
the lower energy range than the higher energy range. Additionally, DS1 and DS2 are in
tension for bins below 3 * 10° GeV [32]. The excess of events in the lower energy range is
larger in DS1 than in DS2. A better understanding of the tension between the two datasets
in this range may be able to give additional insight into the source of the lower energy

exXcess.

4.4.1 Dataset 1

Here, we compare our forecast to DS1 [31]. Figure shows the neutrino spectrum
forecast with the best fit mass to DS1 for two different allowed lifetimes 7x, = 5% 10! s and
7x, = 5*101%s. We choose the mass such that the chi-squared is minimized within the range
2.5 % 10° GeV - 4 % 106 GeV [31]. We can see that for both allowed lifetimes, the spectrum
resulting from a heavy decaying relic can reproduce the four highest energy non-zero bins
reasonably well. Qualitatively, the spectra do not differ much between the different lifetimes.
The shorter lifetime 7y, predicts slightly more events between 2.5 x 10° GeV - 4 x 10° GeV,
which is an indicator of tertiary neutrinos contributing to the lower tail of the spectrum.

While overall there is some contribution to the lower energy bins between 6 x 10 GeV -
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Figure 4.4: Neutrino spectrum forecast for decay model I and II for two different allowed
lifetimes. The displayed spectrum shows the best mass fit for the 0.250 — 4 PeV neutrinos
to DS1 for a short sample lifetime 7x, = 5 % 10! s on the left, and a long sample lifetime
Tx, = 5% 10'® s on the right.
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2.5%10° GeV, which relieves some of the tension between the expected background and the
measurement, it is still an order of magnitude too small to be in agreement with the data.
This suggests that different sources or systematic backgrounds would be needed to explain

the excess seen between 5 * 10* GeV - 2.5 % 10° GeV.

10% Bl Conv. atmospheric 7 + v 10% Bl Conv. atmospheric 7 + v
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Figure 4.5: Neutrino spectrum forecast from decay model II (V' — V) for two different
allowed lifetimes. The displayed spectrum shows the best mass fit in the range 0.3 PeV -
10 PeV to the combined dataset for a short sample lifetime 7x, = 5% 10 s on the left, and
a long sample lifetime 7x, = 5 * 10'® s on the right.

4.4.2 Combined Datasets 1 and 2

To combine both datasets, we rearrange equation (4.18) to find the average flux per bin
®, as predicted by the number of events per bin, N, in DS1:

N,
d, = b (4.27)

L;E”fax dE Acpp(E) xdmxvx T

Enin and Eqi, correspond to the lower and upper limit in each bin in DS1. We consider

all bins between 2.5 * 10° GeV - 107 GeV. We then calculate how many events per bin, N,
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the average flux ®, predicts in DS2:

E;nax
N, = / dE @ AL (E) % 2m v+ T %1y (4.28)

min

and E’

max

El . correspond to the lower and upper limit in each bin in DS2. Aéf f(E) is
the effective detection area for DS2 provided in [32]. n; = % is the flavor efficiency factor,

accounting for DS2 only being sensitive to muon-neutrinos.

Combining both datasets shifts the best mass fit from Mx = 2.4(1+ 2z, ) PeV to
Mx = 8. (1 + zTXS) PeV and My = 4.4 (1 + Z‘Dq) PeV for the short (7x, = 5 * 10''s)
and long (7x, = 5 * 10'9s) lifetimes, respectively. Non-surprisingly, including the higher
energy event shifts the mass fits towards higher masses. While for the longer lifetime the
spectrum shape still shows the remains of a peak centered around El, .y, the spectrum for
the shorter lifetime does not show this feature. This is due to the spectrum being dominated
by tertiary neutrinos, which leads to a power-law shape with a hard cut-off. This effect is
more pronounced in the combined dataset fit for 7x_, because higher My enhances the

scattering rate off of relic neutrinos.

4.5 Conclusion

We utilize EW corrections to constrain heavy decaying relic abundances, using mea-
surements impacted by EM energy injection, such as light element abundances during BBN,
CMB anisotropies, and diffuse y-ray spectra. Beyond the scope of our application, in the
future EW corrections may be a useful tool to better constrain BSM physics beyond collider

reach, using cosmological and astrophysical data.

We derive a precise forecast of neutrino spectra produced by direct decays from heavy
relic particles with lifetimes smaller than 7y < 8% 10'%s. Due to our analysis including EW
showers and tertiary neutrinos, our forecast accurately captures the shape of the possible
spectra, and thus can be used as a powerful discriminant against other astrophysical ex-
planations. This will prove useful as IceCube collects more data. IceCube has plans for a
large expansion of its detecting abilities referred to as IceCube Gen 2 [177]. These include

plans to increase IceCube’s detection area by a factor of 10, which is expected to improve
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IceCube’s detection sensitivity for neutrinos with energies in the range 10 TeV -1 EeV by a

factor of 10 [177].

Further, we can expect future experiments to shed more insight into the decaying relics

proposed here. PIXIE should be able to detect y-distortions from relics with 7x < 5%10'!s.

Any isotropic, long lived decaying relic heavy enough to generate 1 PeV neutrinos will
also produce a unique y-ray spectrum. While Figure reveals that none of the decaying
relics considered in this chapter are ruled out by their v-ray spectra, this may change as
Fermi’s detection resolution improves, and as more sensitive ~y-ray telescopes come online.
The latest Fermi data analysis, Pass 8, is far more sensitive to point sources than Pass 7,
and additional analysis seem to indicate that much of the IGRB flux derived from Pass 7
may actually be unresolved point sources |178]. Considering the analysis done by [178], we
conservatively estimate that at least half of the IGRB flux measured in Pass 7 is actually
unresolved point sources. This would tighten the y-ray constraints by at least a factor of
2. However, [178] contends that the entire IGRB measured in Pass 7 could in principle be
explained by unresolved point sources, suggesting that the «-ray constraints could become
significantly tighter, depending on what fraction of the IGRB is eventually found to be
unresolved point sources. These constraints will also improve as ~y-ray telescopes with
better point source resolution, such as the High Energy Cosmic Radiation Detection facility
(HERD) and the Chernekov Telescope Array (CTA), come online in 2020 with expected

10x more sensitivity than current ~-ray detectors [179).

If most point-source contributions to the IGRB are identified, what remains might be
a truly isotropic spectrum from a model such as those described here. Thus, more IceCube
data, paired with improved «-ray detection sensitivity, may provide a smoking gun for con-
firming a heavy decaying relic as source of the IceCube neutrinos and thus physics beyond

the standard model.

4.6 Electroweak Showering

At energies much larger than the electroweak scale, electroweak radiative corrections

have a large impact on decay and scattering processes. This has been explored in the liter-
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ature with regards to a 100 TeV particle collider [143|, and indirect dark matter detection
spectra [142]. These radiative corrections can be approximated by factorizing the differ-
ential cross section (or decay width) into the original 2 — 2 (1 — 2) process, times the
differential probability that one of the final states will emit an additional gauge boson (or

split into two different particles altogether).

At very high energies there will be more splittings, which requires a summation for a full
treatment. However, the majority of the higher order splittings are soft, which means they
only carry a small fraction of the total energy. To compare our prediction to the spectrum
at IceCube we are only interested in neutrinos within two orders of magnitude of the highest
energy neutrinos. This allows us to use a cutoff above which the splitting probability does
not exceed 1. In our EW shower we only consider 'hard’ first order splittings, in which
the gauge boson carries more than 1072 of the maximum possible energy. This treatment
captures how the resulting spectrum today is affected by the additional particles produced
by a decay. However, at these high COM energies, many soft W’s can populate the final
state, which can turn a charged particle into a neutral one and vice versa. Therefore at
high energies we keep track of all leptons and scalars (for the Higgs and the longitudinal

components of the gauge bosons), and do an isospin average in the end.

We use the following splitting functions in the implementation of the EW shower. Here
we follow the notation in [142]. D4, p(x) gives the differential probability that a particle A
turns into another particle B, with fraction x of the initial energy. Equations —
show the splitting functions for scalars such as the Higgs h, and the longitudinal components
of the gauge bosons, W, and Z;. Equations — show the splitting functions for
fermions. All couplings are renormalized. L(x) and [ below are the universal kinematical

functions [142]:

sx? 4m?2
Lz)=In—— +2In| 1 1- —VY 4.29

S
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Splitting Functions for h/Z

In the following equations h may be replaced with Z;. In the high-energy limit h and

Zp, are not distinguishable, which is why they have the same splitting functions.

asl—=x
Dy () = 5~ L(z) (4.31)
asct 1 -
Dy_yz,.(x) = . L(z) (4.32)
3o
Djy(z) = 27: (4.33)

Notice that the initial particle spin stays the same when emitting a gauge boson. Here for
example we start out with a Higgs H, which can emit a Wy, which turns the Higgs into a
W, or it can emit a Z, in which case it remains a Higgs. In either case the mother-particle,
which carries the majority of the energy after the splitting, remains a scalar. The Higgs
can also split into two top quarks, in which case neither of them have a higher probability
of carrying the majority of the energy. This can be seen by [£.33] being independent of z.
(Splittings into other quarks and leptons are negligible because their yukawa couplings are

small.)

Splitting functions for W,

Div, vy (@) = S22 L L (a) (4.34)
Divy oy () = ‘jf(sg”cﬁ L (435)
Diy, () = VM ! L) (4.36)
Diy, ala) = 5 (4:37)
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Splitting functions for fermions

Here are the splitting functions for a charged fermion:

ag114(1—x)?

Dy (o) = 25— 1 (a) (4.38)
as 1 1+ (1—x)?
D =—=——7217 4.
agy 1 1+ (1 —x)?
Dy (z) = o 1c? . L(z) (4.40)
Here are the splitting functions for a neutral fermion:
as 11+ (1 —x)?
Dyowy () = 2 A2 (4.41)
ay (53, — 3)°
Dy sz, (x) = 56722[/(95) (4.42)

Description of Included Processes

In model I, each decay produces two leptons. In model II, each decay of a heavy X-
particle produces one scalar and one lepton. We consider one hard splitting off of both
daughter particles. We decay all top quarks, keeping track of all gauge bosons. We combine
the energy spectrum of the primary lepton with subsequent decays from any gauge bosons
(V and V) to secondary leptons. We consider only direct leptonic decays, as neutrinos
resulting from hadronic decays are much less likely to be energetic enough to be above our
set threshold of z > 0.01. Included gauge bosons come from the primary scalar, radiation

off of either leptons or scalars, and subsequent decays from top quarks to W'’s.

The total lepton spectrum fior(z) is the combination of the primary and secondary
lepton spectrum. fio(x) is the probability distribution of producing a lepton with fraction
x of % Since we have to average over charged and neutral leptons due to the possibility
of soft W-emission, the probability distribution of a neutrino with energy fraction x of %
is given by % frot(z). The other half of fiot(z) results in charged leptons: electrons, muons,
and taus. While electrons are stable, muons and taus decay further before interacting with

the thermal bath.
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Figure 4.6: The final neutrino spectrum of decay model I and II considering EW showers at
different energies. For comparison the spectrum without including EW showering is shown
as well. The final spectrum includes decays to neutrinos from any gauge bosons, taus and
muons produced in the EW shower or in the primary decay. We can see that for higher
COM energies the peak decreases, which demonstrates how more energy is distributed to
EW radiation.

Neutrinos from primary muon and tau decays will also contribute to the measured
spectrum today. We assume an isotropic three-body decay, and decay all muons into three
particles, two of which contribute to the neutrino spectrum. The tau-decays are more subtle
as there is a greater variety of possible final states. We treat the leptonic tau decays in
the same manner as the muon decays. We also include other tau-decays with up to three
particles in the final state and add the resulting neutrinos to the spectrum, without further
decaying any resulting mesons. The final neutrino spectrum, which is shown in Figure 77,

is denoted by fg,... ().

Neglecting hadronic decays may slightly underestimate the low energy tail of our distri-
bution. In the future, it may be worth integrating an EW-shower formalism with a hadronic
shower. For our purposes, the accuracy of the high energy tail of the neutrino distribution

is most important, to which hadronic decays will not significantly contribute.
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