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ABSTRACT

Carisa A. Miller: Dark Matter and Dark Energy in the Early Universe
(Under the direction of Adrienne Erickcek)

Less than 5% of the current energy content of the Universe is contained in Standard Model (SM) particles;
the remaining 95% is made up of dark matter and dark energy. Both dark matter and dark energy have only
been detected through their gravitational interactions, and their properties require the introduction of new,
beyond-SM physics. A promising regime to search for new physics is in high-energy environments like that
of the Universe’s first second. We investigate how a theory of modified gravity that aims to explain dark
energy behaves in the early Universe and how the production method of dark matter in the early Universe
could effect the formation of structure. The dark energy model we consider is chameleon gravity, in which a
light scalar field that couples to the trace of the stress-energy tensor in such a way that its mass depends on the
ambient density, and makes it difficult to detect in high-density environments. We consider a chameleon field
with a quartic potential and show that the scale-free nature of this potential allows the chameleon to avoid the
problems encountered by other chameleon theories during the Universe’s first second. We then determine
how producing dark matter particles with relativistic velocities via the decay of heavier particles impacts the
dark matter velocity distribution function and the growth of structure. We find that the free streaming of these
dark matter particles can prevent structure formation on subgalactic scales. Therefore, current observations of
small-scale structure put an upper limit on the velocity of the dark matter particles at their creation. Finally,
we investigate whether these limits can be relaxed in the presence of scattering interactions between the dark

matter and SM particles.
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CHAPTER 1

Introduction

Two of the most pursued questions in cosmology are the nature and composition of what we appropriately
call dark energy and dark matter. Dark energy is the term for the force that drives the current accelerated
expansion of the Universe and makes up 68.8940.56% (68% C.L.) of the total energy density today [1]. Dark
matter accounts for a remaining 26.07+0.53% [1] and thus far has only been detected only by its gravitational
interactions. The first definitive evidence that our Universe was not only expanding, but expanding at an
accelerated rate, was provided by observations of Type la supernovae [2, 3]. More recently, observations
of baryon acoustic oscillations and clustering in large scale structure provide another measurement of the
current expansion rate [4]. The original evidence for dark matter came from the discrepancies in observations
of dynamical and luminous mass of galaxies and clusters; the mass inferred from observed motion was much
larger than the mass accounted for by luminous objects. The use of the term “dark matter” is attributed to
Fritz Zwicky who estimated the mass of the Coma cluster using the radial velocity of galaxies within the
cluster, and found it to be much larger than the mass inferred from the number and brightness of the galaxies,
leading him to conclude the presence of additional, nonluminous matter [5]. Further evidence came when
Vera Rubin and collaborators used spectrography to measure, in M31, the radial velocities of stars and gas at
varying distance from the galactic center and found a flat rotation curve implying the presence of additional
mass [6]. The presence of dark matter has also been inferred by using gravitational lensing to obtain the mass
of clusters, rather than dynamical motion [7]. Dark matter is also necessary to explain the observed structure
growth from measurements of anisotropies in the Cosmic Microwave Background (CMB) [8, 9].

In order to explain the Universe’s current phase of accelerated expansion using general relativity, one
must consider an additional energy component having a negative pressure so that its energy density remains
nearly constant as the Universe expands. Conforming with other cosmological observations, however, requires
this constant value of the energy density to be extremely small, py = 2.5 x 10747 GeV* ~ 1071230}
(in natural units, where Mp; is the Planck mass)[1]. While QFT predicts the existence of a vacuum energy,

one would expect the value of the energy density to be ~ Mfl)l; this is the cosmological constant problem.



Alternatively, one can introduce new physics by introducing a new scalar field or by modifying general
relativity. Popular modifications to gravity often take the form of f(R)-theories in which the Einstein-Hilbert
action becomes a general function of the Ricci scalar R [10, 11, 12], and/or scalar-tensor theories in which
there is an additional scalar field which couples non-minimally to the curvature [13]. The simple inclusion of
an uncoupled scalar field can also give rise to cosmic acceleration if the field is presently confined to a near
constant energy value, e.g. by evolving along a flat region of its potential [14].

Beyond being nonluminous, evidence of dark matter further indicates that it is a type of matter entirely
apart from baryons and leptons. Prior to recombination, baryons' and photons remain in a tightly coupled
plasma. This plasma will initially infall into overdense regions in the early Universe, but as the density
increases, radiation pressure builds until the plasma is forced outward. After the plasma is ejected from the
overdense region, the radiation pressure decreases, and the infall begins again. This oscillatory motion is
imprinted in the anisotropies of the Cosmic Microwave Background(CMB). In contract, dark matter does not
interact with baryons or photons, and continues to accumulate in overdense regions. From the comparative
amplitude of the first infall and first rebound, the contribution of both baryonic and nonbaryonic matter to
the total energy density can be calculated. It is from this that we know that 4.90 £ 0.09% of the energy
density in our Universe is baryonic matter, while another 26.07 + 0.53% is nonbaryonic, dark matter [1].
Further confirmation of such a small fraction of ordinary baryonic matter comes from the abundances of light
elements predicted by Big Bang Nucleosynthesis (BBN) [15, 16]. The CMB also eliminates neutrinos as a
significant component of the dark matter, as neutrinos are relativistic at the time of recombination and are
able to freely stream from overdense regions. Thus, we are again required to look to new physics beyond the
SM in order to adequately explain cosmological observations.

The variety of theories and models invoked to explain dark matter and dark energy is extensive, and in
this work we present our explorations of single, well-motivated scenarios within each subject. The nature
of dark matter and dark energy are both highly pursued questions, and thus far investigations into each
have communicated the clear need for new, undiscovered physics, likely at energy scales not yet probed
by experiments. Such energy scales are reached in the high temperatures of the early Universe, and our

explorations use this period as a theoretical laboratory to study dark matter and dark energy.

"Throughout this work we will define baryons to include not only protons and neutrons, but electrons as well, despite the fact that
they are leptons.



To start these explorations we first lay down the basic cosmological framework that we will be considering.
A Universe that is homogeneous, isotropic, and expanding can be most generally described by the Friedmann-

Lemaitre-Robertson-Walker space-time metric:

ds? = —dt* + a*(t)dx*. (1.1)

The expansion is characterized by a(t), a dimensionless scale factor that increases with time, ¢. If we consider
two stationary objects in an expanding cosmology as two fixed points on an expanding grid, the distance
between the two can be described by the differences in their coordinates, which is fixed, or by the measured
distance between them, which increases as the grid size increases. We refer to these distances as the comoving
and physical distances, respectively, and they can be related at a given time by dppys = a(t)dcomov. Clearly,
the comoving and physical distance are equal when the scale factor equals 1, and, while it is standard to
define today, t¢, as the point at which ag = a(tg) = 1, it is an arbitrary choice and we will often choose to set
a = 1 at another time through out this work. The rate at which the scale factor changes with time is known as

the Hubble rate:

da/dt ¢

H(t)= . (1.2)

a

If we assume the energy content of the Universe can be described by a perfect fluid which energy density p
and pressure P, then, in a flat space-time, the Einstein field equations give us the first and second Friedmann

equations, which govern cosmological dynamics:

H? = ?p, (1.3)
a 4G
= (p+ 3P). (1.4)

Using the above equations one can derive the equation for energy conservation for a perfect fluid in an

expanding Universe:

d
a:—3H(P+P)7 (1.5)



which can be rewritten using the equation of state parameter, w = P/p, as

p = p(to)a 30+, (1.6)

Thus we can see that for matter and other pressureless (w = 0) fluids, their energy density decreases with time
according to p o< a3, and we say the energy density “redshifts away” as a—>. For radiation, the equation of
state parameter is w = 1/3 and so p o< a4,

If a substance has a negative pressure and an equation of state w < —1/3, then, according to the second
Friedmann equation (Eq. 1.4), a is positive and the expansion rate is accelerating if this substance is the
dominant energy competent of the Universe. If the equation of state is w = —1 then p is constant and the
energy density of such a substance is not diluted by the expansion of the Universe. Current observations
provide bounds on the present value of the dark energy equation of state parameter: w = —1.03+£0.03 [1, 17].
One such substance that could exhibit this behavior is a scalar field dominated by its potential energy. The
total energy density of a scalar field, ¢, is given by the sum of its kinetic and potential energies p = K + V,
whereas its pressure can be given by P = K — V, and the equation of state for a potential-dominated field
is w ~ —1. Allowing the field’s potential energy to dominate often requires these scalar fields to be light,
m< H

While many explanations for the current accelerated expansion of the Universe posit the existence of
a new light scalar field, these fields are usually coupled to matter and so can mediate long-range forces,
often of gravitational strength. Not only are scalar fields, such as these, cosmologically motivated, but they
are also pervasive in high-energy physics and string theory. However, stringent experimental bounds imply
tight constraints on any new fifth forces mediated by scalar fields [18, 19, 20, 21, 22]. These constraints
require the scalar’s coupling to matter to be tuned to unnaturally small values in order to avoid detection.
Another approach is to employ a screening mechanism, which suppresses effects of the field locally, allowing
consistency with successful tests of general relativity.

One of the few known screening mechanisms capable of reconciling the predictions of scalar-tensor
gravitational theories and experimental constraints is the chameleon mechanism [23, 24]. In chameleon
gravity theories, the scalar field’s potential function and its coupling to the stress-energy tensor sum into
an effective potential (See Figure 1.1) whose shape and minimum is dependent on the matter density of its

environment. Consequently, the effective mass of the chameleon field, which depends on the curvature of the
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Figure 1.1: Depiction of how the chameleon potential (grey, solid) and its coupling to matter (grey, dotted)
combine into an effective potential (black) in two models: the exponential (right) and quartic (left) potentials.
The slope of the matter contribution becomes steeper in areas of higher density. In both potentials the
minimum is pushed toward lower values of ¢ and the curvature around the minimum increases as density
increases.

potential around its minimum,

,  d2V

= v ,
d¢ ®=dmin

m (1.7)

is also dependent on the environment, increasing enough in regions of high density to suppress the field’s
ability to mediate a long-range force. Because of this ability to hide within its environment, the chameleon
can couple to matter with gravitational strength and still evade experimental detection in laboratory and Solar
System tests of gravity.

The vast majority of cosmological investigations of chameleon gravity have considered potentials of
the runaway form, such as the exponential V' (¢) = M* exp[(M/¢)"] and power-law V (¢) = M*+tngp—n
potentials. In order to evade Solar System tests of gravity, M has to be set to a value of ~1073 eV, which is
the energy scale of dark energy [24]. This coincident energy scale gave the chameleon a lot of attention early
on as a possible explanation for cosmic acceleration. However, it was shown in Ref. [25] that the chameleon
field cannot account for the accelerated expansion of the Universe without including a constant term in its
potential. Nevertheless, light scalar fields arise in many theories that consider physics beyond the Standard
Model (SM), and the chameleon mechanism remains one of the most-studied approaches to screening the
unwanted forces mediated by these fields.

Many laboratory experiments have been conducted to search for forces mediated by chameleon fields.

Experiments that use atom [26] and neutron [27, 28] interferometry and those that use pum-sized test masses



[29] have already placed constraints on chameleon theories. Additional experiments have been proposed:
one aims to measure the interactions between parallel plates to search for new forces [30] and another
suggests using atom interferometry between parallel plates of different densities to detect density-dependent
chameleon forces [31]. Laboratory searches for chameleon particles converted from photons in the presence
of a magnetic field via the Primakov effect have placed constraints on the chameleon-photon coupling [32, 33].
The CERN Axion Solar Telescope searched for chameleons created in the Sun by this effect [34] and is
currently conducting more sensitive searches [35] to detect solar chameleons via their radiation pressure [36].
Chameleon theories have also been constrained by their effects on the pulsation rate of Cepheids [37] and
comparisons of x-ray and weak-lensing profiles of galaxy clusters [38, 39]. There have also been efforts
to constrain the parameters of chameleon models by their effects on the cosmic microwave background
[40, 41], though these analyses focus specifically on potentials of the power-law form. Given the tremendous
experimental effort under way to detect or constrain chameleons, it is troubling that the most widely studied
chameleon models have been shown to suffer a breakdown in calculability in the early Universe due to the
discrepancy between the chameleon mass scale and that of the SM particles [42, 43].

In Chapter 2, we aim to identify a chameleon potential that can avoid the computational breakdown
suffered by runaway models. We analyze a class of potential not often considered in chameleon theories:
the quartic potential, V (¢) = r¢? /4!, Prevalent in high-energy theories, the quartic potential is also viable
as a chameleon model because the self-interaction of this potential is sufficient to ensure that the field will
be adequately screened in high-density environments [44]. The scale-free property of the quartic model is
potentially beneficial as it can avoid the hierarchy of energy scales that arises due to the low-energy scale of
the runaway potentials, and we investigate whether it is able to remain well-behaved in the early Universe.?

Following our investigations in Chapter 2 into chameleon gravity, in Chapter 3 we turn our attention to
dark matter. While we do not yet know the nature or composition of dark matter, our wealth of cosmological
investigations allows us to put constraints on its origins. One of the most common origin stories for dark
matter is to assume that it was once in thermal equilibrium with SM particles in the early Universe. As the
SM plasma cooled, thermal production of dark matter ceased while annihilations continued. The dark matter

abundance thus began decreasing with the expansion until its annihilation rate equaled the Hubble rate, at

2 Another proposed way to avoid the detrimental effect of the kicks is to include DBI-inspired corrections to the chameleon’s
Lagrangian that weaken the chameleon’s coupling to matter at high energies. This modification effectively introduces a second
screening mechanism analogous to a Vainshtein screening in which derivative interactions weaken the effect of the kicks [45].



which point annihilations also ceased, and the dark matter abundance became constant. A second common
assumption is that this process, what we call dark matter freeze-out, occurred during a period in which the
energy density of the Universe was dominated by radiation. These assumptions allow one to calculate the
annihilation rate that generates the currently observed dark matter abundance. The required annihilation cross
section is “miraculously” of the electroweak scale [46]. However, as we continually place more stringent
bounds on dark matter properties, while failing to receive signals from any direct [47, 48, 49] or indirect
[50, 51, 52, 53, 54, 55] searches, interest in alternatives to this commonly considered scenario grows.

Alternatives to the common scenario often challenge the assumptions that dark matter was in thermal
equilibrium with SM particles and that it froze out during an era of radiation domination, both of which,
while tenable, are not strictly necessary. A period of radiation domination is required at temperatures below
~3 MeV in order to be consistent with the successful predictions of light element abundances from BBN
[56, 57, 58]. Inflation, however, is believed to occur at energy scales that greatly exceed this temperature, and
the thermal history of the Universe between the two periods is entirely unconstrained. In the simplest scenario,
the inflaton decays into relativistic particles that come to dominate the energy density of the Universe, and an
era of radiation domination begins [59, 60]. The transition to a radiation-dominated era, known as reheating,
is usually assumed to occur at temperatures many orders of magnitude above 3 MeV. It is not necessary,
however, that this be the case - the reheating of the Universe can occur at any temperature between 3 MeV
and the energy scale of inflation, and it can be caused by a number of different mechanisms.

In many models, inflation ends when the scalar field that drives inflation begins oscillating in its potential
minimum before decaying. If these oscillations occur in a quadratic potential, the field behaves as pressureless
fluid, and the Universe is effectively matter dominated [61]. Similar scenarios occur when one considers the
scalar (moduli) fields that are a common component of string theories [62, 63, 64, 65, 66, 67, 68, 69]. These
oscillating fields naturally come to dominate the energy density of the Universe following the decay of the
inflaton, providing another viable mechanism to produce an effectively matter-dominated era. Hidden-sector
theories, in which the dark matter does not couple directly to the SM, can also alter the thermal history
[70, 71, 72, 73, 74, 75], providing yet another means to achieve a period of matter domination prior to BBN.
Thus, an early matter-dominated era (EMDE) arises in many theories of the early Universe.

The occurrence of an EMDE can profoundly affect dark matter phenomenology, notably its resulting relic
abundance [76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92]. The entropy generated by the

decay of the dominant matter component during the EMDE dilutes the relic abundance of existing particles;



if dark matter thermally decoupled during the EMDE, a smaller annihilation cross section (o,,v) is required
to compensate for this dilution and provide the observed dark matter abundance. Contrarily, if dark matter
is a decay product of the dominating component, its abundance can be significantly enhanced, requiring a
larger (0a,v) to compensate for the excess, a scenario already under pressure by ~y-ray observations [93, 94].
The correct relic abundance can almost always be obtained with the appropriate combinations of (o,,v),
dark matter branching ratio, and temperature at reheating [80, 81, 85, 90]. In many scenarios, the dominant
production mechanism for dark matter is by decay, rather than thermal production.

Another interesting consequence of an EMDE is the growth of small-scale structure. Subhorizon density
perturbations in dark matter grow linearly with the scale factor during an EMDE, as opposed to the much
slower logarithmic growth experienced during a radiation-dominated era [95, 96, 97]. This linear growth can
provide an enhancement to dark matter structure on extremely small scales (A < 30 pc for temperature at
reheating > 3 MeV), providing observable consequences to this scenario if dark matter is a cold thermal relic
[97, 98, 99].

However, if the dark matter is relativistic at reheating, the perturbation modes that enter the horizon
during the EMDE will be wiped out by the free streaming of dark matter particles [95, 96]. For this reason,
Ref. [95] assumed that the dark matter particles were born from the decay process with nonrelativistic
velocities or had a way of rapidly cooling in order for the enhancement to substructure to be preserved.
Assuming a nonrelativistic initial velocity for the dark matter requires a small, finely tuned mass splitting
between the parent and daughter particles, and it is more natural to assume any daughter particles are produced
relativistically.

Reference [96] claimed that the large free-streaming length of dark matter produced relativistically
from scalar decay would washout any enhancement to structure growth. However, Ref. [96] reached this
conclusion by assuming that all dark matter particles were created at reheating, neglecting those particles
created during the EMDE. The momenta of particles born prior to reheating decreased throughout the EMDE.
Consequently, particles born earlier will be slower at reheating. In Chapter 3, we investigate the extent to
which the redshifting of the particles’ momenta affects their velocity distribution at reheating, focusing on
the average particle velocity and the fraction of particles below a given velocity, to determine under what
conditions the EMDE enhancement to structure growth can be preserved.

We further consider, in 3.3, under what conditions the free streaming of relativistically produced dark

matter could suppress the structures we observe. The Lyman-« forest provides information on the matter



power spectrum at the smallest observable scales, 0.5Mpc/h < A < 20Mpc/h [100, 101, 102] by measuring
the line-of-sight distribution of hydrogen gas clouds through their absorption of Lyman—a photons from
distant quasars. The Milky Way’s (MW) satellite galaxies also constrain the small-scale power spectrum
[103]. Preventing the suppression of power at these scales provides us with constraints on the allowed dark
matter velocity at its production for a given reheat temperature.

In Chapter 4 we consider how including scattering interactions between the dark matter and SM particles
could effect our constraints. If dark matter can efficiently transfer momentum to SM particles it has a way to
rapidly cool after its production. In Chapter 3, however, we show the vast majority of particles are produced
near reheating. Thus if the dark matter decouples from the SM early in the EMDE, very few dark matter
particles are ever able to interact with the SM and results from the noninteracting case are still largely
applicable. If dark matter remains coupled to the SM well after reheating, then the dark matter acquires the
standard thermal velocity distribution and all record of its nonthermal history is lost. Interactions between
dark matter and the SM only leave a distinctive impact on the dark matter velocity distribution function when
the decoupling occurs at or near reheating. In Chapter 4, we explore to what extent our constraints can be
relaxed if these interaction are included.

Throughout this work we will use Mp; = (87rG)_1/ 2 natural units ¢ = i = kg = 1, and the metric

convention (—, 4+, +, +).



CHAPTER 2

Dark Energy:
Quartic Chameleons

'In the commonly-considered runaway chameleon models, the field rolls to some value far from the
minimum of its effective potential after inflation and remains stuck there during the radiation-dominated era
due to Hubble friction. The chameleon’s coupling to the trace of the stress-energy tensor makes it sensitive to
the energy density, p, and pressure, P, of the radiation bath through the quantity > = (p — 3P)/p. While the
Universe is radiation dominated, X is nearly zero and the chameleon is light enough that Hubble friction is
able to prevent it from rolling toward its potential minimum. However, as the temperature of the radiation bath
cools, particle species in thermal equilibrium become nonrelativistic and > momentarily becomes nonzero.
The chameleon then gains mass, is able the overcome Hubble friction, and is seemingly “kicked” toward the
minimum of its effective potential [104].

Originally, the kicks were seen as an auspicious way to bring runaway chameleons to their potential
minimum prior to Big Bang Nucleosynthesis (BBN).? However, they impart such a high velocity to the field
that the chameleon rebounds off the other side of its effective potential back to field values further from the
potential minimum than where it was stuck when the kick began [105]. However, Ref. [105] also showed
that the inclusion of a coupling between the chameleon and the electromagnetic field offers a solution. The
chameleon’s coupling to a primordial magnetic field allows the chameleon to overcome Hubble friction and
begin oscillating about its potential minimum prior to the kicks. For a sufficiently rapidly oscillating field, the
kicks then have little effect on the chameleon’s evolution.

These kicks further jeopardized chameleon theories by throwing into question their validity as a classical
field theory [42, 43]. The effective potential in runaway models is minimized when ¢ ~ M, and at field values

¢ < M, the extremely steep slope of the bare potential leads to rapid changes in the chameleon’s effective

'The contents of this chapter have been published as an article in Physical Review D. The original citation is as follows: Carisa
Miller and Adrienne Erickcek. Quartic Chameleons: Safely Scale-Free in the Early Universe. Phys. Rev. D94:104049, 2016.

%A consequence of the chameleon’s coupling to matter is that any variation in the chameleon field can be recast as a variation
in particle masses in the Jordan frame. As we know particle masses differed very little between BBN and the present day, this
constrains the chameleon to be at or near the minimum of its potential prior to the onset of BBN [104].
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mass for small field displacements. Thus, the GeV-scale velocity with which the chameleon approaches its
meV-scale minimum after the kicks causes nonadiabatic changes in the mass that excite extremely energetic
fluctuations and lead to the quantum production of particles [42, 43]. Quantum corrections due to particle
production then invalidate the classical treatment of the chameleon field and the particles’ trans-Planckian
energies cast doubt on the chameleon’s viability as an Effective Field Theory (EFT) at the energy scale of
BBN.

We will show that the quartic potential is able to avoid these problems due to its scale-free nature. In the
early Universe, a chameleon field in a quartic potential oscillates rapidly with a large amplitude far beyond
the minimum of its effective potential. In the classical treatment, the chameleon would continue this behavior
until the end of radiation domination and still be oscillating far outside its minimum at the onset of BBN.
A quantum treatment of the chameleon’s motion shows that these oscillations will create particles, albeit
with much less energy than those created during the rebounds off runaway potentials. The same quantum
effects that were catastrophic to previous chameleon models will cause the field to lose energy and bring
the quartic chameleon to its potential minimum prior to the onset of the kicks. Consequently, for the quartic
chameleon, these kicks do not have as significant an influence on the field’s evolution as in models with
runaway potentials. Depending on the value of , the rate at which the field loses energy can vary significantly.
For large values of k, the field can lose all of its initial energy to particle production within the first oscillation
and fall to its minimum. However when & is closer to unity only a small percentage of the energy is lost
during each oscillation, but the total effect accumulates over many oscillations to introduce a decay factor to
the amplitude that still allows the field to reach its potential minimum before the kicks.

We begin with a brief review of chameleon gravity and then analyze the evolution of a classical chameleon
field in a quartic potential in Section 2.1. Then, in Section 2.2, we consider the effects of quantum particle
production on the field and investigate how the energy lost to this process is affected by the choice of k.

Section 2.3 explores how the kicks affect the field, and we follow up with concluding remarks in Section 2.4.
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2.1 Classical Chameleons

In theories of chameleon gravity, the action can be written as

5= [ s [MflR L@ -ve)

+ S [Guvs ¥m] 2.1

where g. is the determinant of the metric gy, that solves the Einstein equations, R, is its Ricci scalar, and
V (¢) is the potential of the chameleon field, ¢. The spacetime metric g, that appears in the action for the

matter fields, 5,,, governs geodesic motion and is conformally coupled to the Einstein metric by
Guy = e 200Me1 ge (2.2)

where 3 is a positive, dimensionless coupling constant assumed to be of order unity.> This coupling
implies that the Einstein-frame stress-energy tensor of the matter fields is 7%, = e~ 48o/MprT1, With this
relationship between T%',, and T*,, the Einstein and Jordan frame energy density and pressure can be related
by p«/p = Py/ P = ¢ 4P9/Mp1_ Tt follows that any quantity that is a ratio of elements of the stress energy
tensor, such as ¥ or w = P/p, is the same in both frames and can be evaluated using either Einstein- or
Jordan- frame quantities.

Varying the action with respect to g;,,, implies that T¥, is not conserved in the Einstein frame, as
energy is exchanged between matter and the chameleon field. However, as the scalar and matter fields do
not interact in the Jordan frame, the Jordan-frame stress-energy tensor is conserved: @HT“V =0.Ina
Friedmann-Robertson-Walker spacetime, the scale factors in the Jordan and Einstein frames are related by
a = e P?/Mpig, and the proper times are related by df = e #%/MPidt, . Since the Einstein-frame matter
density is not conserved, it does not follow the usual a2 scaling. Radiation, however, still follows the

expected a; 4 behavior. To show this, we begin by writing the conservation equation in the Jordan frame,

poca ), (2.3)

3In most other chameleon theories, the bare potential and the matter coupling term must slope in opposite directions in order to
produce the required minimum in the effective potential, and the coupling is generally given with a positive exponential. However,
for the quartic potential, the coupling may slope in either direction and still produce a minimum, so in following with Ref. [44] we
will use this form of the coupling, which essentially gives a coupling constant 3 that is negative compared to most theories.
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Exchanging the Jordan frame quantities for those of the Einstein frame, we have

p«e

Y

4Bé/Mp1 (a*6—5¢/MP1)73(w+1)

p*e4ﬁ¢/MP1 o a;3(w+1)€35¢/MP1(w+1),

poePo/Me(1=8w) o =3(wt1) (2.4)

For matter we have w = 0 and Eq. (2.4) becomes
p*meﬁ¢/MP1 o a*_?’. (2.5

Clearly, the Einstein-frame energy density in matter, p.,, does not scale as a; 3. This follows from our earlier
statement that the stress-energy tensor that is conserved in the Einstein frame is not T, but the sum of T,
and the stress-energy tensor of the chameleon field. Often it has been the practice to define the left-hand side
Eq. (2.5) as the matter density as it is the quantity that follows the conservation equation in the Einstein frame
[24, 104].

For radiation, however, w = 1/3 and we find from Eq. (2.4) that

per o< a;”. (2.6)
In both frames the energy density in radiation is proportional to a;?, and it follows that H, o a;2.
Throughout the remainder of the work we will drop the * subscript on the scale factor when discussing how
quantities scale in the Einstein frame.
The relationship between T%',, and T*H,, also implies that the Jordan-frame temperature, 77, depends on
¢. As entropy is conserved in the Jordan frame, g,5 (1) @3T 5’ is constant, and the expression for 7T’y in terms
of ¢ and a is

o Qx4
Ts [gus (TJ)]l/S = [gs (TJ,i)]1/3 TJ’ie*B(aﬁz ®)/Mp1 ¥t .7

Ax

where a, ; is the initial value of a., ¢; = ¢(a;), and Ty; = Ty(a ;).
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2.1.1 Chameleon Cosmology

Varying the action with respect to the field ¢ gives the equation of motion for the chameleon:

; o WV B
av B
— Y L 7 () —3P,), 2.9

where the dot denotes a derivative with respect to proper time ¢, in the Einstein frame and H, = a./a..

The effective potential that controls the evolution of the chameleon field is

Vet (¢) = V(o) — ]@i(p* — 3P,); (2.10)
_Fka_ PP
= i Sps, @2.11)

where k is a dimensionless constant, and we have used the definition ¥ = (p, — 3Ps)/p.. Quantum loop
corrections to the classical potential and limits on fifth forces constrain 3 and . The chameleon mechanism
depends on an increase in the chameleon’s effective mass in order to hide its effects, however quantum
corrections to its potential also increase with its mass. Maintaining the reliability of fifth-force predictions
requires that these corrections remain small compared to the classical potential and places an upper limit on
the chameleon mass that implies x < 100 [106]. Laboratory searches for fifth forces, in turn, have already
placed lower bounds on the chameleon mass, which can to used to constrain  from below for given 3 [107].
In order for  to be of order unity, the chameleon coupling must be 3 < 10~!. Conversely, in order for /3 to
be of order unity, x must be 2> 50.
The minimum of this effective potential,

(682 )
%m—(KMm> : (2.12)

is dependent on p, and on P, through the definition of 3, and so, too, is the chameleon’s effective mass

m? = d*V/dg¢? . The mass increases with p,, making the chameleon heavier in regions of high

‘ $=0¢min
density and unable to mediate a long-range force.
When evaluating the chameleon equation of motion, we work with a dimensionless scalar field ¢ =

¢/Mpy, as well as with p = In(a./as ;). Primes will now denote differentiation with respect to this new time

14



variable p and the first Friedmann equation is

H2 _ Psx + \%4
T 3ME 1 (¢')?/6]

(2.13)

Using the above equation and the fact that ¥ < 1 during radiation domination and V' (¢) < px, the chameleon

equation of motion, Eq. (2.9), can be written as

av

(pe +3V) =3 (Cw - ﬂEp*> . (2.14)

px+V w_

-2~

We will use this equation in order to explore the evolution of a chameleon field in a quartic potential
throughout the radiation-dominated era.

The initial conditions for Eq. (2.14) follow from the field’s dynamics prior to reheating. During inflation,

the equation of state parameter w is approximately —1, and the comparatively large value of the kick function,

Y = (1 —3w) ~ 4, sets the value of ¢, drastically greater than it is during radiation domination. The mass

of the field at its minimum is

1/3 2/3
2_ K2 _ 9 2 2P
m° = 2¢mm = <2/£ﬂ ) <MP1> . (2.15)

When ¥ > 1, the response time of the field m ! is much shorter than the Hubble time H, ! as long as

m2 9 ) 1/3 EQM{DLI 1/3

*

Therefore, the field is massive enough to roll to its minimum prior to the onset of radiation domination. The
fact that m? >> H? also implies that the chameleon field is massive enough during inflation that quantum
effects do not generate superhorizon perturbations in its value.

During reheating, the energy density p. (be it of the inflaton or another oscillating scalar field) is converted
into radiation. The value of the kick function then drops to ¥ < 1, and ¢, is pushed to significantly
smaller field values; see Eq. (2.12). For all reheat temperatures much less than Mp; we can assume that the
chameleon begins at rest with ¢ equal to the value of ¢y, just prior to the drop in X, because m? > H?, as

shown in Eq. (2.16). At temperatures greater than a TeV, the QCD trace anomaly implies that the value of X
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is 0.001 [108]. X then maintains this value until 7'y ~ 600 GeV when contributions from massive particles
become comparable. As the temperature decreases, ¥ begins to increase as ¥ oc m? /T2, where my is the
mass of the most massive SM particle species: the top quark [108].

At Ty ~ 200 GeV the process that gives the kick function its name begins. As the temperature of the
radiation bath decreases, the energy density and pressure of massive particles decay at slightly different rates,
allowing ¥ to reach non-negligible values. This happens as each SM particle becomes nonrelativistic, but
contributions from some species merge together, and the entire process results in four distinct kicks. The
contributions from each particle are suppressed by a factor of g.(77) ™!, where g, (T) is the effective degrees
of freedom. As the temperature cools, g.(7s) decreases, and each kick becomes larger than the last with the
final kick due to the electrons reaching a value of > ~ 0.1. For a detailed calculation of the kick function X,

see Appendix A of Ref. [43].

2.1.2 Quartic Chameleons

For the runaway potentials usually considered in chameleon gravity, the value of V' (¢) approaches
infinity as ¢ — 0 and drops off rapidly as ¢ increases. The effective potential is then dominated by V' (¢)
near ¢ = 0 and by the linear matter-coupling term at field values greater than ¢.,;,. During inflation, the
large value of > makes the slope of the matter-coupling term in Eq. (2.10) steeper, and the chameleon sits
in a potential minimum at a small ¢ value. When inflation ends and . decreases, the slope of the matter
contribution to Vg becomes shallow and the minimum of the effective potential moves to larger values of ¢.
The chameleon then rolls down its bare potential, past the minimum, and out to where the effective potential
is dominated by the matter-coupling term. The field then becomes stuck due to Hubble friction until it is
kicked back toward the minimum of its effective potential.

The quartic chameleon, however, feels the effects of its bare potential on both sides of the minimum of
its effective potential. As previously discussed, the comparatively large value of X prior to reheating fixes
@min at a large value far from zero. Throughout this analysis, we use the subscript ¢ to indicate the value of a
quantity just prior to the onset of radiation domination, which we take to occur at a Jordan-frame temperature

Ty; = 10'6 GeV. The value of @min 18 then

1/3
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We have also assumed an era of inflation prior to radiation domination and have therefore used »; = 4.
However, nonstandard histories can easily be accounted for by changing this value in Eq. (2.12). We will show
that the values of ¥; and 7';;, only set the initial oscillation amplitude of the field, to which the subsequent
evolution is largely insensitive.

When the value of 3 drops from 4 to 0.001 at the end of inflation, the value of ¢, decreases by a
factor of (0.001/4)'/3 ~ 0.06. The chameleon then rolls rapidly down its bare potential toward this new
minimum. In its decent to its potential minimum, the chameleon gains sufficient energy that the slight tilt at
the bottom of the quartic well due to the now small matter coupling does very little to affect its motion as it
passes through ¢,i, and climbs up the other side of its bare potential. It climbs to almost the same potential
value as it started before turning around and falling again with nearly the same energy. It continues in this
fashion, oscillating back and forth, all but oblivious to the matter coupling.

The oscillation amplitude decreases as Hubble friction causes the energy in the chameleon field to
redshift away as a—*. This behavior can be understood easily by the virial theorem. For a general power-law
potential of the form V' (¢) = C'¢", the virial theorem relates the rapidly oscillating field’s average kinetic
and potential energies, K and V, by

2K =nV. (2.18)

The equation-of-state parameter w is then

= = (2.19)

P %(/BQ—V n—2
p %$2+V_n+2'

Using this value of w, we can determine how the chameleon energy will scale with expansion by using the

conservation equation:

3(1+w).

p = poa

— poa3GEe), (2.20)

For a quartic potential, n = 4 and the last line implies that the energy scales as a~*. As we have already seen,
radiation will also scale as p.p o a~%, and so peo/pxr ~ Vi/ Tji < 1. Technically, the chameleon’s energy

does not exactly obey Eq. (2.20) because there is a small amount of energy exchanged between the field and
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Figure 2.1: Top: The value of ¢ (blue, solid) and the values of its minima and maxima, —;a~! and p;a",
respectively (black, dotted) over the course of four oscillations. Bottom: The kinetic (green, dashed) and
potential (blue, solid) energies of the chameleon and their amplitude, Via—* (black, dotted). The potential
energy reaches a maximum twice during each complete oscillation when || is at a maximum. The Kinetic
energy reaches its maxima both times ¢ passes through ¢,i,. At all times the chameleon energy density is
much less than that of the radiation p.g ~ (T J’ia_1)4 = 10%4¢=%GeV (In this and all figures 5 = 0.1 and
k=2

matter. However, we will show later in Section 2.2.2 that the corrections to the evolution of the chameleon’s
energy density are negligible.

As the energy in the chameleon field is the sum of its kinetic and potential energies, the maximum
values of both of these quantities during each oscillation will scale as a~*. The potential energy of the
field when it reaches the peak of each oscillation, Vi ax, and its kinetic energy each time the field passes
through the minimum of its potential, K5 = gﬁﬁlax /2, are both related to the field’s initial potential energy
by Vinax = Kpax = Via=%. The quartic relation between ¢ and V' implies that the amplitude of the ¢

1. so the value of ¢ at the peak of each oscillation is ¢ax = ¢;a~'. Both of

oscillations decays as a~
these behaviors can be seen in Figure 1, which shows the value of ¢ in the top panel and the kinetic and
potential energy of the field in the bottom panel plotted over the course of several oscillations. These plots
are generated from the numerical solution to Eq. (2.14) assuming gog = 0 and ¢; = ¢;/Mp; with § = 0.1
and Kk = 2.

The fact that the quartic chameleon begins at ¢; < Mp; and does not exceed this value is an interesting

difference compared to runaway models. The field value at which runaway models become stuck due to
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friction can be nearly equal to Mp) [104]. If the field remains stuck at such values until BBN, the large
variation of ¢ from its potential minimum can be interpreted as a larger variation in particle masses than we
know to be allowed. Quartic chameleons, however, are already at field values much less than Mp; before the
end of inflation and oscillate with a decreasing amplitude. While we will show that the field still finds its
minimum prior to the kicks, it is not strictly necessary to avoid endangering the success of BBN.

Equation (2.12) implies that ¢, is proportional to the cube root of the energy density in radiation

—4/3

and so will decay as a . Thus, ¢nin Will decrease faster than the oscillation amplitude by a factor of

a-1/3

, implying that the value of ¢ at the maximum of its oscillations will always exceed the minimum
of its effective potential. Therefore, our classical treatment of the chameleon’s behavior suggests that it
would spend most of its time in regions dominated by its bare potential far from the minimum of its effective
potential (though not far enough to significantly effect particle masses), allowing the oscillations to continue
indefinitely while the Universe is radiation dominated. The high-energy oscillations of the field prevent
it from becoming stuck due to Hubble friction or falling into and tracking its minimum. However, as the

problems with other chameleon models demonstrate, the quantum effects associated with rapid changes in

the chameleon field can significantly alter this classical behavior.

2.2 Quantum Chameleons

In chameleon models with runaway potentials, the only instances of rapid changes of the chameleon field
after inflation occur when the chameleon is kicked toward its potential minimum with a very high velocity
and rebounds off its steep bare potential. The rapid changes in the mass of the chameleon during this rebound
excite high-energy perturbations that, in a naive, classical evaluation, exceed the energy initially available
to the chameleon field. Considerations of the backreaction of particle production on the field showed that
quantum corrections significantly alter the form of the potential experienced by the chameleon field. These
corrections radically change the chameleon’s evolution throughout the rebound, causing it to turn around
long before it would have exhausted the kinetic energy it possessed going into the rebound, which keeps the
occupation numbers of the excited modes extremely small [43].

In this section we show that every oscillation of the quartic chameleon excites perturbations, but with
small enough energies that the energy lost to particle production does not exceed the initial energy of the

field. For increasing values of x we find that the limit at which this is no longer the case coincides with the
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results Ref. [106], which also used quantum corrections to place an upper bound on . For the relatively
large values of k near this limit, the field can lose all of its initial energy to particles before it completes an
oscillation, and it simply falls to its potential minimum. For smaller values (v < O(1)), the energy lost is
only a small fraction of the field’s energy at the start of an oscillation, and the evolution of the field over a
single oscillation is not significantly altered. Instead, this energy loss accumulates over many oscillations
and introduces an additional decay factor to the oscillation amplitude causing it to decay faster and reach its

potential minimum.

2.2.1 Particle Production

We first summarize how rapid changes in the chameleon’s effective mass excite perturbations [109]; for
a more detailed review of this process, see Appendix C of Ref. [43]. We begin by decomposing the field into

its spatial average ¢(t) and the perturbation d:

o(t,x) = P(t) + 09(t,x). (2.21)

The linearized perturbation equation that governs the evolution of d¢ is

V2 -
Of +3HO, — 5+ k()| 5¢ = 0. (2.22)
Throughout this section we will not be using the variable p, and primes will denote differentiation with
respect to the argument of the function.
To quantize the perturbations, we introduce the creation and annihilation operators &L and ay, respectively,

which obey the standard commutation relations,
[ak, &H = (2m)%6®) (k — K/). (2.23)

The annihilation operator annihilates the vacuum state: ay|0) = 0. Using dL and ax we can then express

do(T) as

3
& [& Ok(7)_iex kx| (2.24)

sotr) = [ oy [
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where 7 is conformal time. Inserting this decomposition of d¢ into Eq. (2.22), we find

() + Wi (T)or = 0; (2.25)
- d'(r
wi(T) = K + a*Vip(9) — C(L) (2.26)
where w,%(T) is the effective mass of a plane-wave perturbation in the chameleon field with a comoving

wavenumber k.

During radiation domination a”(7) = 0, and
- K
wi = k* + a2V (¢) ~ k* + §(a*¢)2, (2.27)

where in the last equality we have dropped the bar over ¢ as we will be working exclusively with the spatially
averaged field. We also neglect the matter coupling because it is subdominant to the bare potential throughout
most of the oscillation. When w},(7) /w? > 1, perturbations in the field are excited. Taking the derivative of

this effective mass with respect to 7, we find

a;

Wh(r) = 5= [2HV"(6) + V" (6)]

Wk

3

- 22; [K,H*¢2 + /-eqsd;} . (2.28)

We can simplify the last line of the equation by noting that not only is H,$? initially smaller than qﬁq}, it
also redshifts away faster. This can be seen by recalling the relations ¢max = (Z)ia_l, gi)max =V2Knax =
V2V.a—4, and using the fact that, during radiation domination, H, decreases as a2, With these results, the
maximum value of the first term during each oscillation is H.$2,,, ~ H. ;$?a~*. The second term, however,
is a product of two oscillating functions that reach their maxima at different times. From the approximately
sinusoidal nature of ¢, we can determine that the product of ¢ and its derivative gb will behave as the product
of their amplitudes and another sinusoidal function, thus, ((bé)max is proportional to qﬁmanBmaX. The constant
of proportionality can be numerically determined and is 0.6 for all 5 and «. The amplitude of the second

term is then (¢¢)max ~ PmaxPmax =~ 0i0 V2K max ~ \/k/12¢3a~3. We can see that H,¢? o< a~* will

decay away faster than qﬁq'ﬁ o a~3. Thus, if H,¢? is initially the smaller of the two terms, we can neglect it.
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During radiation domination, H? ~ p,r/(3Mg,), and from Eq. (2.12), we know that ¢; = [248p.r.i/(kMp1)]/3.

Assuming that 7; = 10'6 GeV, the relative contribution between the two terms is \/12/kH., ; /(0.6¢;) ~
0.05(k(%)~1/6. Thus, as long as k3% > 1.56 x 108, which is true provided that neither 8 nor & is
unreasonably small, this ratio is less than 1 and we can neglect the H,¢? term in Eq. (2.28).

By setting the ratio w),(7)/w? equal to 1, we can find the physical wavenumbers, kphys = k/a., of the

perturbations that are excited during the oscillations. Using Eqgs. (2.27) and (2.28), we now have

/ 3
wi(T) ey ( )
wi(r) 2w} wo0)
_af KOO
3/2°
2 K+ $(a0)2)”
_ e (229)
2 (2 + 597]
Setting this ratio equal to 1, and solving the last line for ks, we get
K \2/3 K
K2e = (§¢ ) - 5% (2.30)

This expression reaches its maximum value four times during a single oscillation, as shown in Figure 2.2.
To evaluate ks we again use how the maxima of the contributing quantities are related to the initial
field value and corresponding initial potential energy. Already we have established that, for the first term,
(gbg{b)max = A¢max§5max, where A ~ 0.6. It is also important to note that the terms in Eq. (2.30) do not reach
their maxima at the same time &,y is at its maxima. To account for these proportionalities we introduce

the numerical parameters B and C to relate the maxima of the two terms to their values when ki, is at its
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maxima. The maximum value of kppys during an oscillation is then

max \ 2 K ] 2/3 K 2
( phys) =B <§A¢max¢max) - C§¢max
K K 2/3 K
— A2/3 Py =1 [ R 4 g k2 o
A B<2¢1a 12¢Za > 02 ;a
k[ A2\ 2 —2
K
phys = D\E@al (2.31)
= D(6r)"/* Va1, (2.32)

For § =0.1and Kk = 2, B >~ 0.6, C' ~ 0.1, and as it is defined in the last equation, D ~ 0.4. Changing 3 or
K by two orders of magnitude does not significantly effect the value of A, B, C, or D.

As well as being proportional to the oscillation amplitude, the a~! behavior of kgg,’; implies that it
also scales with the temperature. Starting from Eq. (2.31), the relationship between k;}lay’; and the Jordan-

frame temperature becomes apparent when ¢; is determined by evaluating Eq. (2.12) using > = 4 and

psi = (12/30)g.(Ty:)T ;Z After combining all numerical factors, we find that

T ,)4 1/3
max ., o 2\1/6 ( Jyi -1

T 1/3
~ 2.67(rk3%)/0 <Mp1> Ty, (2.33)

where we have used the fact 7y  a~! during radiation domination.* For T);; = 10'® GeV, 8 = 0.1, and

kmax

phyS/TJ ~ (.23, as shown in Figure 2.

k = 2, the ratio of kppys to the temperature is
The fact that the energy of the modes excited in quartic models is dependent only on the initial value of
the field is another important contrast to runaway models. The energy of excited modes in such models is

dependent on the velocity with which the chameleon approaches the minimum, ng A1, which is of order GeV?2.

Reference [43] found that for a power-law potential of the form

V() = M} [1 + <Ai>n} , (2.34)

“Though the temperature does depend on ¢, variations in the field have a negligible effect on the temperature as long as ¢ < Mpy,
as the lack of deviation from the expected a~* behavior in the temperature plotted in Figure 2.2 shows.
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Figure 2.2: Top: The value of &,y (blue, solid) over four oscillations. During each oscillation, kpyys reaches
a maximum four separate times at approximately the middle of the climb and decent on each side of the
potential. The value of this maximum, kgig,’; (green, dashed), is on the order of the temperature and decays
as a~'. Bottom: The ratio of the energy in the perturbations to the energy in the chameleon field over four
oscillations. Each oscillation sees approximately a total 0.08 fractional loss of energy.

the most energetic mode that is excited has a physical wave number

kphys = (2.35)

(n+2) |du] (%)

22 Ms \ /)
where ¢xa < M is the value of ¢ at which the field turns around. Since M, ~ meV, the ratio of qﬁ M~ T}
and M results in the excitation of extremely energetic modes even at low temperatures: kppys > gf) M~
T;. For the quartic chameleon, however, highly energetic modes are only excited at high temperatures:
Epnys S 1.

Using our value of ks, we can evaluate the energy density in the perturbations:

_ kgnkwk’ ~ kghys k2 v
Pk = 27_‘_2(14 - 27T2 phys+ (¢)a
k3 \/ . \2/3
_ phys (E ) _ ko Koo
92 5 99 59"+ 5%

k3o /K o \1/3
= o (Sledl) (236)

where nj; ~ 1 is the mode occupation number. In the same way that we found k% by relating the maxima

of the quantities in Eq. (2.30) to the initial potential energy, we can find the maximum of pj, during each
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oscillation,

D® 56 4
max __ =
Pk —27r26 kVia™". (2.37)

From Section 2.1 we know that the chameleon’s energy density equals V;a~*. Therefore, the maximum of the
ratio of py, and the chameleon energy density p, is constant, as we can see in the bottom panel of Figure 2.2.
The ratio of these two quantities is dependent on x: p}***/p, ~ 0.01x. To ensure our quantum corrections
are kept under control, this ratio must be < 1, and we must have x < 100. This is the same bound found by
Ref. [106], which used another approach to limit quantum corrections. Runaway models could only keep
this ratio less than 1 if the occupation number was extremely small, n; << 1, which required altering the
classical evolution of the field.

For £ 2 O(10) the chameleon field will lose all of its energy before it has a chance to complete its
first oscillation, at which point it will settle into its potential minimum. For smaller values of x, however,
the depreciation in the field’s energy is not as dramatic, and the small fractional loss of energy does not
significantly affect the field’s evolution during a single oscillation. Instead, the effect accumulates over many

oscillations, as we explore in the next section.

2.2.2 Effects of Particle Production for x < O(1)

While the fraction of the energy lost in each oscillation is constant, the length of each oscillation period,

Ap, is not, as can be seen in Figure 2. The duration of the oscillations scales as follows:

Ap =~ ZJLSOm/aX(p)7
Pavg
4p;e P

!
Pavg

~

) (2.38)

where gpgvg is the average value of ¢’ over a single oscillation and once again primes denote differentiation
with respect to p. To more clearly see the behavior of Ap, we first remark on the quantity ' = ¢/(MpiH.,).
Radiation domination implies that H,, will decrease as a2, and the fact that the maximum kinetic energy of
the chameleon during an oscillation, gi)?nax /2, is proportional to a~* implies that Pmax also decreases as a2,

Therefore, the amplitude of the ¢’ oscillations is a constant value: ¢ . .. Since ¢! .. is constant, so too is its

average, and Ap decays with the amplitude of ¢. The two values apgvg and ¢! .. can be related by a constant
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scaling factor found numerically to be ¢ = goﬁwg /Phax = 0.76, and is highly insensitive to changes in 5 and
 of up to 2 orders of magnitude.
When considering the energy lost during each oscillation, it is useful to consider how the quantities @ ax

and gogwg are related to the energy at the start of each oscillation, p(p):

4 p(p)\ !
max(p) = 2.39
Pmax(p) = <H M§1> (2.39)
/ d)max Pl 2
_ _ / M 2.40
Prmax (P) H,Mp _ H, Mpl P (2.49)

where we have used the fact that the maximum kinetic energy that occurs during each oscillation, d)?nax /2, is
equal to the potential energy at the start of each oscillation.

In Section 2.1.2 we used the canonical definitions of the energy density and pressure of a scalar field,
namely py = q32 /2+V and P, = d)Q /2 — V, to determine its equation of state, w. However, when defining
w in this way, because the field’s coupling to matter allows it to exchange energy with the matter fields, the

chameleon does not follow the conservation equation,

Zﬁ — 3H2(1 +w) % 0. (2.41)
6

With Eq. (2.40) we are now equipped to revisit this assumption. If we instead introduce a new pressure,

1 .8
3H, " Mp

1.
P, = 5¢2 -V s (2.42)

we can see that with this new definition, the field now obeys the conservation equation,

pg + 3Hu(pg + Pn) =

¢? ¢? . B
_¢¢+d¢¢+3H <2+V 2 3H Mp, p*)
- v o B
6 (5+amé+ T - Lowp.). @43

The terms in parentheses in the last line make up the chameleon’s equation of motion, Eq. (2.9), and the

entire quantity in parentheses is indeed equal to 0. While we used the canonical form of the pressure in
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Section 2.1.2, we also took its average value over many oscillations, and the term which we have added to the
potential is not positive-definite, and will average to 0.
Not only will it average to 0, but we can also show that the additional contribution to the new pressure is

negligible compared to the usual terms. Using the relation ¢> = H,Mp¢', we can rewrite P, as

1 1
P = 5 (H. Mo} =V = 2655,

1

1
= 5o =V = ¢/ (2.44)

The maximum values of the first two terms, the kinetic and potential energies of the field, are equal and
so to compare the relative contribution of the last term, we will look specifically at how it compares the

kinetic energy. The maximum value reached by ¢’, given in Eq. (2.40), can be broken down further using the

SD 652210*2 2/3
max \/ p*z HMPl

initial values of the field and H.,,

4\ 1/6 1/6
1 %
~ (2 Slgaperi’) (2.45)
K 4 " Mg,
Combining numerical factors and using 7';; = 10'® GeV we have
64 1/6
Ohax = 0.19 ( ) : (2.46)
K

The relative contribution of the two terms is then 83/l .. ~ 0.005(&&2)1/ 6, which for even some of the
larger values of x and g allowed (x = 100, 8 = 1) is still much less than 1. Therefore, the additional term is
a negligible contribution to the canonical pressure, and our use of the conservation equation, Eq. (2.20), is
valid.

Using Egs. (2.39) and (2.40) and the scaling constant ¢, Eq. (2.38) then becomes

Ap = \/ M Soma)m

1/4

== <> Hie 2P p=1/4, (2.47)
q \ K
1 —2p —1/4

_ L, , (2.48)
Q¢ °
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where H; is the initial Hubble value at the end of inflation and in the last line we have condensed all the
constants into one constant, Q~!.

Over the course of each oscillation, the energy of the chameleon field decreases by a factor of e ~*2? due
the expansion of the Universe, as well as by an additional factor due to the creation of particles. If we take
f < 1 as the fraction of energy left after the field has lost energy due to the production of particles during one
oscillation, we can write the change in energy over one oscillation period as

ﬂ _ fpimice™ 2P — pinie
Ap Ap ’

_ Jpmit(1 — 4Ap) — pinit
~ A .

(2.49)

If f = 1 we recover the original p o e~ evolution. Using Eqgs. (2.48) and (2.49) we can write a differential

equation for the energy loss including particle production,

dp _  [1-Ff
dp p[ Ap +4f]
=—Q(1— f)e2pp5/4 —4fp (2.50)

The second term in Eq. (2.50) gives the classical p o< a~* evolution and dominates at small p. But the %
factor in the first term allows it to quickly dominate over the second term. If we consider the regime in which
the second term has become negligible, we can integrate Eq. (2.50) and see that the energy will follow an

entirely different behavior at late times:

L QU - eyt

d
/p;/; — Q- 1) [ ip
—4
p= [Q(l_f)€2p+0:| (2.51)

where C is a constant of integration. At large values of p, when this behavior is relevant, the exponential term
will dominate over the constant and the energy will scale as e~®P. The two regimes and behavior of p can be
seen in Figure 2.3. The p value at which the ¢ =8 behavior begins to take over is determined by x, with larger

values of x leading to an earlier change in regimes.
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When the e~ term begins to dominate, the amplitude of the oscillations will then decay as e ~2P. This
is faster than its original e~ behavior and, more importantly, faster than the e =7/ decay of the minimum of
its effective potential. The oscillation amplitude will then decrease below the value of ¢.,;, and the field will
fall into its minimum.

We have seen that the oscillatory motion of the chameleon in a quartic well creates large variations in
the field’s mass. Particle production must be considered, but the inclusion of these quantum effects does not
result in the catastrophic effects experienced by other chameleon potentials. Instead the energy of excited
modes is comparable to the temperature and the fraction of the initial energy lost to particle production is
always less than 1 as long as x < 100. Next we investigate whether quartic chameleons can also avoid the

problems runaway models encounter when facing the kicks.

2.3 Kicking the Quartic Chameleon

After the depletion of energy to particle production takes the chameleon field to or near the minimum
of its effective potential, we can show that it will track its minimum until the onset of the kicks. The
characteristic time scale for the evolution of the minimum is @i, / dbmin, whereas the characteristic time scale

of the response of the field is given by m~!. When the field is in the minimum of its effective potential,

d?V K 9\ \*®
d¢2 ¢=¢min 2 2

Ifm> Q.Smin / dmin, the field will adiabatically track its minimum. To compare these values, first we must

determine ¢pip:

d¢min
dp ’
= ———— (P + 3T )

HMqub dT dT dp

min

2 iP*R (dE +4Z> (=T),

(z;min =H

T kMp 2, ar ' T
1 Tdy.
= — 3 H ¢min <4 + sz) ; (2.53)

where we have used the definition of ¢pi, given by Eq. (2.12), the fact that p, < 7% o o, and that

¢ < Mp) implies T' ~ T;. If X is constant, the second term in parentheses drops out, and we recover
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the ¢min a~*/3 behavior we determined in Section II. Thus, when X is constant, the evolution of the
minimum is set by the expansion rate, and the characteristic time scale is approximately the Hubble time

H~!. Comparing this to the mass of the field in its minimum, we have

m? 4m? 4 (9 >1/3 < o)y )2/3 <3Mgl>
_—m = - — K — Px —_— s
(hf 3H2  3\2 Mp,” P

1/3
9 o\ [ 2M
=4 ( Zkp? Pl . (2.54)
2 T 0. T4
309+ T

We can see that, for reasonable values of « and 3, the mass of the field at its potential minimum is much

greater than H for all 7' << Mp; while X is constant.

Only if the field is positioned in a very small interval (|A¢| < ¢min) around ¢ = 0 is the effective mass
less than H. However, even in this region, the constant nature of X due to the QCD trace anomaly does
not allow the field to become stuck due to Hubble friction. In this small region the effective potential is
dominated by the matter coupling; if we neglect the driving term from the bare potential and use the fact that

V < p«R, we can simplify Eq. (2.14) to

' =—¢' —36%. (2.55)

Integrating this equation for a chameleon initially at rest gives

¢ =388 (1—€eP). (2.56)

From this we see that ¢’ will increase toward a constant value until the field approaches its potential minimum
and the bare potential can no longer be neglected. Thus, even if the chameleon begins at rest in a region
where it has a low effective mass, Hubble friction will not prevent it from reaching its potential minimum.
We have just shown in Eq. (2.54) that once it reaches this minimum it will then track it adiabatically.
Having established that the chameleon oscillates about its minimum at the onset of the kicks, we can

now look at how they will affect the field’s evolution. Comparing m and q'ﬁmin /®min When X is no longer

30



1x10% |
1x10% |
1x10% |

1x10%° |

Energy [GeV4]

1x10% |

1x10% |

1x10% |

0 2 4 6 8 10
p=In(a/a)
Figure 2.3: The energy in the chameleon field at the peak of each oscillation (black, solid), showing the effect
of particle production on the energy decay, found by numerically solving Eq. (2.50). While the energy begins

redshifting as a~* (blue, dotted), particle production eventually dominates the energy loss and the energy
decays as a~® (green, dashed).

constant, we have

m? _m2 9
i N2  H? Tds\2'
(%) (4+5597)

2.57)

The kick function X displays two different types of behavior: at the beginning of the kicks when the
temperature is greater than the mass of the particle species, m;, & oc m?/T?, and at the end of the kicks,
when T' < m;, Boltzmann suppression makes > o< e~™/T_ We can estimate the ratio in Eq. (2.57)
using these two behaviors and the ratio m?/H? given by Eq. (2.54). At the beginning of the kicks, when

dy/dT = —2%/T,

m2 _ m29
(@)2 - H%4
sM2 N\ 23
~ ( T2P1> ) (2.58)
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Even though ¥ < 1, the quantity (Mpy/T')? is more than sufficient to make this ratio > 1. At the end of the
kicks, however, when dX/dT = —m; % /T?,

m?2 B m? 9
; 2 7 172 N2
¢min H 4 mg
nTM2N\Y?
~ ( = P1> , (2.59)

which is only > 1 as long as M3,/m3 > (X7T)~!. This is true up until the end of the electron-positron kick,
when the temperature and the value of X continue to decrease past the point that MP2’1 /m? can no longer
compensate for their increasingly small values. For § = 0.1 and x = 2, this occurs at approximately a
temperature of 39 keV, when ¢, ~ 10733 Mpy.

Figure 2.4 shows the value of ¢,i, as a function of the temperature. The solid line shows the minimum
under the influence of the kicks, while the dashed line shows the minimum following the a—*/3 decay when
. is constant. The effect of the kicks for the most part is to slow the decrease in the minimum of the effective
potential compared to this decay, until the very end of the kicks when Boltzmann suppression drastically
decreases the value of 3. In Figure 2.5 we have plotted the exact value of the ratio in Eq. (2.57), and we can
see that the ratio is indeed much greater than 1 until after the last kick. Therefore the chameleon will track
its minimum adiabatically until then. When this occurs, even if we assume the field becomes entirely stuck
while the potential minimum continues to decrease toward zero, the deviation of the field from its minimum
cannot exceed the value at which it was stuck: ~10733Mpy. This is clearly << Mp; and any implied variation
in the particle masses would be completely negligible. When the Universe later becomes matter dominated

and ¥ = 1, the field will once again be able to track the minimum of its effective potential.

2.4 Discussion

Since the chameleon model was first proposed as an alternative to dark energy [24, 23], its cosmological
impacts have been studied extensively. While it has been shown that chameleon theories cannot account
for the expansion of the Universe without the addition of a constant term to its potential [25], the field’s
sensitive dependence on its environment gives it remarkable properties that are of great interest. However,
for most chameleon models, the same matter coupling that gives it its unique phenomenology leads these

theories into trouble in the early Universe. The meV mass scale of runaway potentials is at odds with the GeV
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Figure 2.4: The value of ¢y, during the kicks (blue, solid) and the extrapolation of the e ~*/3 behavior
experienced during the period when X is constant (green, dashed). The value of ¢,,;, during the kicks actually
decreases at a slower rate than it did when X was constant until the end of the last kick.

mass scale of SM particles, which accelerate the chameleon field to very high velocities when they become
nonrelativistic. The hierarchy between these two energy scales leads to the quantum production of particles
that radically alters the field’s evolution. Without very weak couplings or highly tuned initial conditions these
chameleon models cannot be trusted as effective field theories at the time of BBN [42, 43].

In this work, we have considered the quartic chameleon potential, which is not often studied in theories
of chameleon gravity. A significant feature of this model is the fact that there is no mass scale in the potential:
the chameleon’s self-interaction is enough to ensure adequate screening. We have shown that this scale-free
property of the potential allows the quartic chameleon to avoid the catastrophic effects of the small energy
scales within runaway models.

After inflation, the quartic chameleon oscillates in its potential well. The amplitude of its oscillations
are damped due to Hubble friction. In the classical treatment, the minimum of the field’s effective potential
decreases faster than the oscillation amplitude throughout radiation domination. Consequently, the field
cannot reach its potential minimum before BBN, though the oscillation amplitude is always sufficiently small
that the variation of the field from this minimum does not imply an unacceptable variation from known
particle masses.

The rapid oscillations of the chameleon field cause changes in its effective mass that excite perturbations
and lead to particle production. The effects of quantum particle production ensure that the field does reach its
potential minimum while the Universe is radiation dominated. For large values (= 10) of the self-interaction

constant «, the fractional loss of energy to these particles can be large, in which case the field loses all its
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Figure 2.5: The numerical evaluation of the ratio in Eq. (2.57), which is significantly greater than 1 throughout
the kicks. It becomes less than 1 when 7' ~ 3.9 x 10~*GeV.
energy in the course of a single oscillation. For smaller x, the energy lost to particles constitutes only a
small fraction of the field’s energy. This much slower energy loss accumulates over multiple oscillations and
introduces an additional decay term to the oscillation amplitude which allows the field to catch its minimum
after many oscillations. At this point, the field will adiabatically track its potential minimum. It will track this
minimum until the very tail end of the kicks, when the Boltzmann suppression of 3 decreases the value of
¢min faster than the field can follow. The value of the field at this point is sufficiently small that any deviation
of particle masses implied by the deviation of the field from its potential minimum are entirely negligible.
The energy of the modes that are excited in the quartic model are on order of the temperature: highly
energetic modes are only excited at high temperatures. This is an important contrast to runaway models,
which experience extremely energetic fluctuations at relatively low temperatures and can no longer be treated
as EFTs during BBN. While quantum corrections lead to extremely energetic fluctuations in the field and a
breakdown in calculability for runaway models, quantum corrections to the quartic potential are comparatively
small and are, in fact, necessary to ensure the field can reach its minimum. Once it reaches the minimum of
its effective potential the chameleon can then adiabatically track this minimum even throughout the kicks.
Thus, the quartic chameleon’s scale-free nature means is not susceptible to problems arising from a hierarchy

of scales and can remain a well-behaved effective field theory throughout the evolution of the early Universe.
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CHAPTER 3

Dark Matter:
Impact of Nonthermal Production on the Matter Power Spectrum

I'As previously mentioned, it is commonly assumed that dark matter is thermally produced in the early
universe during a period of radiation domination. The continuing lack of detection of particles which can fit
this model has prompted many interesting modifications, notably the inclusion of a matter-dominated era
following inflation and prior to the on set of radiation domination, during which decay of the dominating
particle is the primary source of production of dark matter and standard model (SM) radiation. A typical
assumption in analyses which consider this scenario is that the dark matter is produced nonrelativistically
from the decay process. A more natural assumption, which does not require fine-tuning between the masses
of the parent and daughter particles, is that both the dark matter and the SM particles are born relativistic. We
investigate in this chapter the effects of imparting dark matter particles with relativistic velocities, and their
implications for structure growth.

This chapter is organized as follows. We begin in Section 3.1 by introducing our model for reheating
and nonthermal dark matter production and the resulting evolution of the average dark matter velocity. In
Section 3.2 we derive a distribution function for the dark matter and use it to examine the fraction of dark
matter that is nonrelativistic at reheating and the fraction whose velocity is sufficiently low to preserve the
EMDE-enhanced structure formation. In Section 3.3 we examine conditions under which the dark matter
velocity is high enough to run afoul of constraints from Lyman—a forest observations and observed MW
satellites. We conclude in Section 3.4. Any overlap in variable use between this chapter and the chameleon
analysis, should be disregarded; all variables will be (re)defined and should not be confused with those of the

previous chapter.

!The contents of this chapter have been published as an article in Physical Review D. The original citation is as follows: Carisa
Miller,Adrienne Erickcek, and Riccardo Murgia. Constraining Nonthermal Dark Matter’s Impact on the Matter Power Spectrum.
Phys. Rev. D100:123520, 2019.
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3.1 Nonthermal Production of Dark Matter

In the scenario we consider, the energy density of the Universe is dominated by an oscillating scalar field
(or a massive particle species). As previously mentioned, for sufficiently rapid oscillations within a quadratic
potential, the field’s energy density scales as py o a~3, and it exhibits the same dynamics and perturbation
evolution as a pressureless fluid [61, 110, 111]. The Universe experiences an early “matter”’-dominated era
until the expansion rate equals the decay rate of the field, H ~ I'y, at which point the Universe transitions

from scalar to radiation domination. We use this transition to define the reheat temperature, Try:

Am3@
\/ 15 geruThy =Ty, (3.1)

where G is the gravitational constant and g, ry is the number of relativistic degrees of freedom at Try. For a
scalar field that decays into both dark matter and relativistic particles, the equations for the evolution of the

energy densities of the scalar field pg, relativistic SM particles p,., and dark matter p, are given by

py = —3Hpy —Tgpg, (3.2)
pr=—4Hp, + (1 — f)r¢p¢a

Py == 3H(1 4 wy)py + [Teps.

Here dots represent differentiation with respect to proper time, f is the fraction of the scalar’s energy that is

transferred to the dark matter, and w, is the dark matter equation-of-state parameter.

3.1.1 Dark Matter Abundance

In the above system of equations, we do not allow for scattering interactions between the dark matter and
SM particles. Also, we neglect both the thermal production and self-annihilation of dark matter particles,
effectively assuming that the velocity-averaged annihilation cross section is small enough that any amount
of dark matter lost to annihilations is negligible and any produced thermally is negligible compared to that
produced from scalar decay. However, if dark matter annihilations are s-wave, neglecting annihilations
does not change the results of our conclusions because we are interested in the average dark matter velocity

and the fraction of dark matter that has lost sufficient momentum to participate in structure formation.
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Figure 3.1: The energy densities of the scalar (black, solid), radiation (grey, solid), and dark matter for
particles born relativistic (vp = 0.99; red, dotted) and nonrelativistic (vp = 0.1; blue, dashed). During
the EMDE, both the dark matter and radiation densities scale as a—/2 while they are being sourced by the
decaying scalar field. Here f = 10~7 and the scalar decay rate is f‘¢ =Ty/H; = 10710, Reheating is

marked by the thin vertical dashed line at apy = f;2/ 3,

These quantities are dependent on the velocity distribution of dark matter. For s-wave annihilations, the
velocity-averaged cross section is independent of particle velocity, and the distribution of particle velocities
would be unaffected by the inclusion of annihilations.

Without annihilations, constraining the reheat temperature to be above 3 MeV, as required by BBN, leads
to a direct constraint on the fraction of the scalar’s energy imparted to the dark matter: f < 10~7 [95] for
nonrelativistic dark matter. This branching ratio is quite small and it would be more natural to expect the
energy imparted in the decay of the scalar to be more evenly allocated to both the dark matter and the SM.
The inclusion of annihilations, however, significantly reduces the ratio of dark matter to radiation. This can
allow for a more balanced transfer of energy, f ~ 0.5, while still achieving a sufficiently small dark matter
abundance through annihilations [96, 80]. For relativistic dark matter, its abundance is also dependent on the
velocity imparted to the particles at decay (vp).

In our model, we consider the scenario in which the dark matter is produced via a two-body decay so that
all dark matter particles are born with the same velocity, vp. The energy density and decay rate of the scalar
then govern the evolution of the equation of state w, for the dark matter particles during the EMDE. The

rates at which new particles are produced and the momentum of existing particles redshifts away determine
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the average energy per particle of the dark matter:

i
fla \/mi + (ymyv(a, aD))Z%daD

a dny ’
fl dap dCLD

(E) (3.3)
where 7, is the comoving number density of the dark matter particles, v(a,ap) is the velocity at a of a
dark matter particle created at ap, and we integrate over ap with a = 1 setting the onset of dark matter
production.
When evaluating Eq. (3.3) we use the fact that the comoving number density of the dark matter evolves
according to
dn

—X — pLyi 4
dt b ¢7’L¢, (3 )

where 74 is the comoving number density of ¢ particles, and b is the number of dark matter particles produced
per scalar decay. We can then (following a procedure similar to that in Ref. [112]) express the term dn, /dap

as
di, diy, dt  Byng  PTensah  py
= = = x

daD N dt daD dD CLDHD HiDaD.

(3.5)

The constants b, I'y, and m appear in both integrals in Eq. (3.3) and consequently do not affect (E). We
numerically evaluate Eq. (3.3) to obtain the average energy as a function of the scale factor; this is made even
simpler by noting that the contribution of the dark matter to the expansion rate at the time of decay, Hp, is
entirely negligible compared to both the scalar and radiation energy densities. The calculation of the average

energy then informs how the dark matter equation of state evolves:

_ 1 am
wx__3H<E> T (3.6)

The mass of the dark matter particle can be pulled from both the average energy and its derivative, and so w,
at any given time depends only on the average velocity.

Using Eq. (3.6), we numerically solve the set of equations in Eq. (3.2) with the initial condition
a; = a(t;) = 1, and we assume there is no dark matter in existence prior to this time. Figure 3.1 shows the

evolution of the scalar, radiation, and relativistic (vp = 0.99) and nonrelativistic (vp = 0.1) dark matter
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energy densities in our model. The energy densities in the figure are given as fractions of the initial critical
energy density perit,;-

In Fig. 3.1, we have chosen to fix f = 10~7, which directly sets the relative abundance of dark matter
to radiation during the EMDE to be ~10~7, and we have chosen a scalar decay rate f‘d, =Iy/H; = 10719,
which sets arpg = ff/ ® ~ 5 x 10°. It is worth noting that, by this definition, agy # alr—ryy- The
numerical solutions to Eq. (3.2) show that by a scale factor of 3agy enough of the scalar has decayed away
that it is a negligible source of radiation. As a result, the radiation energy density then evolves as in the usual
radiation-dominated era from a temperature 7'(3ary) ~ 0.34Try onward. This sets the relation between
ary and Try to be agp/ag = 1.54(To/Tru) 9*_51 / 3(0.34TRH), where g.g is the number of relativistic
degrees of freedom in the entropy density.

The effects of the dark matter particles’ velocities can already been seen in Fig. 3.1. During the EMDE,
the energy density of any species, relativistic or nonrelativistic, sourced by scalar decay evolves as p oc a~3/2.
At the end of the EMDE, when the scalar field is no longer sourcing new particles, the energy densities of the
decay products will begin to scale as p o< a~3(“*+1)_ For a scenario in which dark matter is born relativistic,
the average value of w, during reheating is close to 1/3, and the dark matter behaves more like radiation. In
Fig. 3.1 we can see that, following reheating, the energy density of relativistic dark matter (dotted) redshifts
away faster than its nonrelativistic counterpart (dashed). Once the scalar field has decayed completely and
there is no creation of new, hot particles, the existing particles’ momenta continue to redshift until the average
particle is no longer relativistic, and after that, the dark matter density scales as a 2.

Increasing the velocity imparted to the dark matter particles upon their creation increases the time
it takes after reheating for the dark matter energy density to begin scaling as a2, thus increasing the
duration of radiation domination for a given value of f. The temperature at matter-radiation equality is
Teq = 0.795 £ 0.005 eV [1], and so a longer radiation-dominated era implies a higher temperature at
reheating. For a fixed value of f, the reheat temperature that matches the observed dark matter abundance in
a scenario of relativistically produced dark matter is a factor of yp greater than that of nonrelativistic dark

matter, where yp is the Lorentz factor of the relativistic dark matter particle at production. For a given reheat

temperature, the value of f required to produce the observed dark matter abundance is

f=~23x10"7(3MeV/Tru)VD- (3.7)
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In the absence of annihilations, the dark matter density during the EMDE is also determined by f: if vp < 1
then p, /pr =~ (5/3) f [95], whereas if vp ~ 1 then p, /p, ~ f. In the latter case, p,/p, =~ f continues until
the dark matter is no longer relativistic or changes in g, disrupt the a~* scaling of p,.. Therefore, for yp > 1,
obtaining the observed dark matter abundance requires that p, /p, ~ 2.3 x 1077 (3MeV /Tru)7p shortly
after reheating. This requirement applies regardless of whether or not annihilations alter the dark matter
abundance during the EMDE. After reheating, but while the dark matter is still relativistic, the relative dark

matter abundance will evolve as

3MeV
PX| ~93x1077 ( ¢ ) . (3.8)
Pr |1 TRH
4/3
[ gxs (T) ] g« (0.34TRp)
9xs (0.34TRry) g« (T)

in either case.
If dark matter is still relativistic at neutrino decoupling, it could affect the predictions of BBN. Dark

matter produced relativistically at reheating would still be relativistic (y 2 2) when 7' = 10 MeV if

Tru
10MeV"’

D 2 2.49,% (0.34Tkn) (3.9)

Relativistic dark matter behaves as an additional radiation component, and can be characterized as a change

in the number of effective neutrinos, A Ng. The energy density in relativistic particles can be written as

3

T, (3.10)

7 ,\*
Pr+ Pxrel = o |9+ + 3 X 2 X ANeft ()

T

w
[an}

3

7 4
Py ,rel = % (8 X 2 % ANeff) Tl,,

where T, is the neutrino temperature, which we assume evolves as a1 after T = T, = 10 MeV, when
9+(10MeV) = g,5(10MeV) = 10.75. Thus, the fractional component of the energy density in dark matter
at 10 MeV is related to A Neg by

7 _
fiontey = 2% = — AN 9.4 (10MeV)
Pr l10MeV

~ 0.074A Neg. 3.11)
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Bounds from BBN constrain Neg = 2.88+0.54 at 95% C.L. [113], yielding an upper bound fipney < 0.028.

If the dark matter is still relativistic at BBN, then achieving the observed relic abundance requires figney =~ 5 X 10_771) (3Me\

as given by Eq. (3.8). Therefore, the upper bound on figyev translates to abound yp < 5.4 x 104(Tkry/3MeV) gié (0.34Trx
This upper bound on ~vp implies an upper bound on the value of f in Eq. (3.7) that can result in the

observed relic abundance We will see in Section 3.3 that restrictions from small-scale structure on the

parameter space of yp and Try provide much stronger bounds. As such, annihilations are still necessary to

reduce the dark matter abundance to its required value following reheating without fine-tuning f.

3.1.2 The Adiabatic Cooling of Dark Matter

Given that the momentum of a particle scales as p oc a~!, a particle born from a decay at a scale factor

ap, with a physical velocity vp, has a velocity at some later time given by

2}2
v?(a,ap) = D . (3.12)

2
(1-vp) () +3

The average velocity over all the dark matter particles at any given time is then

(v2(a)) = Ulav?(a ap dnxdaD] [/ d”XdaD] , (3.13)

which can be evaluated in the same manner as Eq. (3.3).

Figure 3.2 shows the evolution of the average dark matter particle velocity throughout the EMDE until
just after reheating; the various curves in Fig. 3.2 represent different values of vp. We can see that the
average velocity is initially dominated by the few particles born immediately with the imparted velocity. The
velocity of these particles begins to redshift away, pulling the average down, until a steady state is reached
between the redshifting of the velocity of existing particles and the creation of new, hot particles.

In the regime where the average velocity has reached a constant value - deep into the EMDE and well
before reheating - we can simplify our calculation of the average velocity even further and analytically solve

the integrals of Eq. (3.13). During the EMDE, the energy density of the Universe is dominated by the scalar
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Figure 3.2: The average velocity of the dark matter particles as a function of scale factor a throughout the
EMDE for vp = 0.1, 0.5, 0.9, 0.99 (bottom to top). Reheating is marked by the thin vertical dashed line.

field, and our expression in Eq. (3.5) becomes

3

p ps.ia Poi

HZGQD T H 5730 = 132 Vap. (.14
iadp ¢

Rewriting the expression for v? to make its dependence on the integration variable, ap, more apparent,

we have

a2
v2(a,aD) = 2717, (3.15)
(%) +ad

where X = vpvp. And so, deep in the EMDE, our expression for the average velocity, given by Eq. (3.13),

takes the form

(w2(a)) = [/j (;;Egj daD] U @d@} o (3.16)

The solution to the integral in the numerator is given by

a o2 3/2 V/ _
/ 2dap _ g(a3/2—1) n (&) / n 1+vV2X+X a 20X + X (3.17)
1 (&) +a3 3 2X 1—V2X+X a++vV2aX+X

+ 3/2 [tan Jﬁ)—tan (1+\/ﬁ>
_m( ) ot (14
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The solution to the integral in the denominator is simply

/la Vapdap = %(a?’/2 —-1). (3.18)

Long after the decays have started (¢ > 1), both integrals scale as a3/ and (v%(a)) is constant until just
prior to reheating, at which point our approximation in Eq. (3.14) is no longer valid.

The steady state between the cooling of old particles and the creation of new, hot ones is maintained
until just before reheating, and the average dark matter velocity at reheating is not reduced significantly from
the velocity imparted at the scalar’s decay. Relativistic-born dark matter, vp = 0.99, is still considerably
relativistic at reheating, \/W =~ 0.93. At reheating, the average dark matter particle is nonrelativistic only
if vp is already largely nonrelativistic: \/@T> < 0.01 requires vp < 0.017.

If the comoving size of the horizon at reheating, k}_uli = (aRHHRH)_l, is smaller than the dark matter
free-streaming horizon, k:fgl, then the random drift of dark matter particles will erase the growth of density
perturbations that occurred during the EMDE. Reference [95] found that kry/kgs < 1 required the dark
matter velocity at reheating to be vryy < 0.06. Preserving enhanced structure growth requires an even smaller
average velocity. Achieving such a small average velocity at reheating would require the dark matter particles

to be born with a similarly small velocity.

3.2 Dark Matter Distribution Function

Although the average dark matter particle may have too large a velocity to participate in enhanced
structure formation, we would like to investigate what fraction of the dark matter population has a sufficiently
low velocity to do so. Instead of considering the average particle velocity at reheating, we will consider what
fraction of the dark matter has a velocity at reheating that is less than a percent of the speed of light. To this
end, we begin by deriving the dark matter distribution function. At a given time, a, the fraction of dark matter
with velocities below a particular threshold equals the fraction of dark matter born before the correspondingly

required “birth time,” ap.
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From the fact that v/v/1 — v2 o< a~!, we know that in order for a particle born with velocity vp to have
a velocity less than vrp at reheating, that particle must have been born from decay at a scale factor,
vrg | 1— v%

ap < ——\[/ 75 ORH- 3.19)
vp \l 1 —vgy

Obtaining the distribution function in birth times of the dark matter particles, f(ap), will then allow us to
compute the fraction of dark matter born before this time.
The fraction, ¢, of dark matter particles born within a particular interval of scale factor, ap 1 > ap >

ap,2, is given by

ap,2
€ap2 = / flap)dap. (3.20)

ap,1

This fraction can also be directly computed by

Joip2dpy o [0P2 S g,

ap,1 __Jap, dap
6aD,12 - foo dﬁ - o dﬁxd . (3.21)
1 X fl dap ap

Equating the two expressions for ¢, ,, and considering small intervals in the scale factor, we can derive an

expression for the distribution function:

f;;f dny ap,2
1 X ap,1
~ f(ap)Aap,
9.2 gy
flap) ~ faDliooXA
Aap fl dny

Numerically evaluating Eq. (3.22), we obtain the distribution function of dark matter birth times seen plotted
in Fig. 3.3 as f(ap/arn) = arnf(ap). From Fig. 3.3, one can see that approximately half of the dark
matter is born after reheating, a/ary > 1.

From Eq. (3.19) one can find that, even for dark matter particles imparted with a velocity only half of
the speed of light, only those born before ap < 0.017ary will have a velocity at reheating vgpy < 0.01.
Integrating our distribution function over this interval in ap, we find the fraction of dark matter born before

this time to be approximately 0.15%. Figure 3.4 shows the fraction of dark matter that has a velocity below
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f(ap/agy)

ap / 3y

Figure 3.3: The birth time distribution function of dark matter for our model. The peak production of dark
matter occurs just prior to reheating and f(ap/ary) is maximized at ap ~ 0.68ary.

10°

Figure 3.4: Fraction of dark matter whose velocity at reheating is vrg < 0.01 as a function of the assumed
velocity imparted to the dark matter at its production.

v = 0.01 at reheating as a function of the given value of vp. Even for dark matter born at only one tenth of
the speed of light, only ~ 2% of the dark matter has the required vgy < 0.01.

One of the intriguing consequences of an EMDE is that density perturbations in matter grow linearly
with scale factor during an EMDE, which is faster than the logarithmic growth expected during the typically
assumed radiation-dominated epoch. We now examine what fraction of the dark matter is able to retain an
appreciable perturbation enhancement from this linear growth. Since density perturbations grow linearly
during the EMDE, a mode that enters the horizon at a scale factor of 0.1ary will grow by a factor of ~10

during the EMDE, which we will consider “appreciable”. The comoving wavelength of such a mode is given
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Figure 3.5: Fraction of dark matter whose free-streaming length is smaller than the scale of the perturbation
mode that experiences a factor of 10 in growth during the EMDE as a function of the assumed dark matter
velocity at production. The different lines represent values of f = 10~7 (solid), 1075 (dashed), and 103
(dotted), or equivalently, Triy ~ 3vp MeV, Tru =~ 0.03vp MeV, and Try =~ 0.0003yp MeV, respectively,
in order to produce the observed relic abundance of dark matter without annihilations.

by the horizon size at this time:

1

10 g H ()

A= Apor| (3.23)

Any modes that enter the horizon prior to 0.laryg will experience even more growth. The comoving

free-streaming length of a dark matter particle born at ap is given by

ao d
A = / v(a)a2;(a), (3.24)

where ag is the value of the scale factor today. Similar to our approach in the previous evaluation, there
is a value of ap for which the dark matter free-streaming length is less than the horizon size at 0.larpg
(Ats < Anorlagg /10)-

The resulting fraction of dark matter that is born before this time, and thus that preserves a factor of 10
or more growth in perturbation amplitude, is shown in Fig. 3.5. The integral in Eq. (3.24) can be broken into
three separate contributing integrals, representing the scalar-, radiation-, and matter-dominated eras (because
the dark matter free-streaming length does not change significantly after matter-radiation equality, we neglect
dark energy). The contribution coming from the radiation-dominated era is dependent on the duration of

the era, which, in our formalism, is set by the relative abundance of dark matter and radiation following
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Figure 3.6: Fraction of dark matter whose free-streaming length is smaller than the scale of the perturbation
mode that experiences a factor of 10 in growth during the EMDE as a function of the reheat temperature. The
different lines represent, from top to bottom, values of vp = 0.1, 0.5, and 0.99.

reheating, and this is directly related to the reheat temperature. The dependence on TRy, however, is only
logarithmic and large variations in Try do not result in significant changes in the resulting fraction. Due to
the interdependency discussed in Section 3.1 between the parameters f, TR, and vp required to obtain the
appropriate dark matter abundance, we plot the fraction of dark matter able to preserve enhanced structure
growth both as a function of vp for various f in Fig. 3.5 and as a function of TRy for various vp in Fig. 3.6.
Figure 3.6 shows how insensitive the fractional component of dark matter that experiences enhanced structure
growth is to the reheat temperature.

Unfortunately, for dark matter particles born relativistically throughout an EMDE, the redshifting of their
momentum is not enough to allow an appreciable fraction of the particles to participate in enhanced structure
formation. Studies of mixed dark matter, in which there are both cold and warm dark matter components,
show that the small-scale matter power spectrum is suppressed by 99% even when up to half of the dark
matter is cold [114]. Therefore, the fraction of dark matter that is cold enough to benefit from the growth of

perturbations during the EMDE is far too small for these structures to form.

3.3 Lyman-Alpha and MW Satellite Constraints

We have shown that the redshifting of the momentum of dark matter particles prior to reheating does not
cool the dark matter enough to preserve the enhanced structure growth on scales that enter the horizon during

the EMDE (A < 30 pc for Tryy > 3 MeV). In this section we consider if the dark matter is too hot, i.e. if its
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free-streaming length large enough to prevent the formation of the smallest observed structures. Analysis of
Lyman—q data can be used to probe the matter power spectrum on small scales, 0.5Mpc/h < A < 20Mpc/h
[100, 101, 102], or 12.6h/Mpc > k > 0.06h/Mpc, and we compare the degree of gravitational clustering at
these scales in our model to that of the traditional model of cold dark matter. The existence of MW satellite
galaxies provides another probe of small-scale structure formation. Suppression of the power spectrum leads
to an underabundance of small structures, and the known abundance of substructures in the vicinity of the

MW provides a bound on the allowed suppression [103].

3.3.1 Free-Streaming Length

We begin by calculating the physical streaming length today of a particle born at reheating:

. o da
AP — g / (@) - (3.25)
f ’0 aRH CLQH(Q)

The choice of ap = ary is beneficial in that the fraction of dark matter born before reheating, found by our
previous analysis of the distribution of birth times, is 0.51, and we can say that approximately half of the
dark matter will have a free-streaming length above or below our calculated value. Another benefit of this
choice is that our calculations of the free-streaming length are made simpler by neglecting the contribution to
the free-streaming length coming from the EMDE.

Calculating the free-streaming length using Eq. (3.25) shows that > 75% of this distance is covered after
the dark matter particle has become nonrelativistic, (v < 1.01). For the highly relativistic initial velocities
we would like to consider, the dark matter particles remain relativistic well after reheating, and are still
relativistic after changes in the number of relativistic degrees of freedom have ceased. Beginning the integral
in Eq. (3.25) at a, the value of the scale factor after which g, remains constant, captures most (= 90%) of
the free-streaming length and illuminates the important features of this scenario by allowing us to assume
that H o< a~2 during radiation domination.

We begin by breaking the integral into two separate contributing integrals, representing the radiation-
and matter-dominated eras (again we neglect dark energy) and introducing the variable Y = (ypvpap)?.

The free-streaming length is then
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\ /ao Y da 1 /aeq Y da + 1 /ao Y da
= ~ [ a - -
fs o. VY +a2a?H(a) ~ Hua? J,. VY +a? Hoal!? oo VY +a%Va

eqleq
ag
VY Geq + /Y + a2, . WiVY oo VY
— n 7 S11 —, —
H.a? ax ++/Y + a2 Heqagéz a .
eq
(3.26)

where F'(¢,m) is the elliptic integral of the first kind. By choosing ap = ary (contained in the variable
Y), the first term in the above expression can be simplified under the assumption that aeq > arn, which is
reasonable considering that matter-radiation equality occurs at a temperature of T4 ~ 0.8 eV and we require
Tryu > 3 MeV. The expression for the contribution to the physical free-streaming length today coming from

the radiation-dominated era then simplifies to

\RD . YDUDARHA0 leq 2 .
fs,0 = H.a? Gy 2 ’
14+ (’}/DUDG(%H> +1
a T, a 2T\
= (4.66 x 10" pc) vpvp —2 | In (2 * ) ~In|1+ <7DvDRH> () +1||, 327
ag Teq ap To

where we have used the fact that g, remains constant after T, = 2 x 107° GeV to set a, T, = teqLeq = aoTp.
An important feature of this calculation is that the parameters of our model, the dark matter velocity at its

production and the reheat temperature, only enter into this expression through the combination

1/3
_ YDVYDARH TOg*é,o
P=E 0 = ’YDUD3 Ve ; (3.28)
[ 9xs }T=0.34TRH

where g.g is the number of relativistic degrees of freedom in the entropy density and again we assume

entropy is conserved after a = 3ary. Expressed in terms of the variable p, the physical free-streaming length
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Figure 3.7: The free-streaming length of the dark matter as calculated by Eq. (3.29) as a function of the
Lorentz factor at decay, yp, for (left to right) Ty = (3, 30, 300, 3000) MeV. The horizontal dashed line

marks )\fshg ® > 0.08 Mpc/h, approximately the lower limit to scales probed by Lyman—q observations.

calculated from the contribution from both the radiation- and matter-dominated eras is

T. T.\?
APPYS — (4,66 x 10°Mpc) p |In <2 ) —In | 14 4/pu2 <> +1
> Teq To

+ (4.66 x 10°Mpc) | /;FO V2ip
eq

The above equation gives the scale at which the power spectrum of our model begins to differ from that of

(3.29)

Te
F (z sinh~* VW) —F <z sinh™t  [ip Tq>
0

the standard ACDM power spectrum. Figure 3.7 shows the free-streaming length calculated by Eq. (3.29)
as a function of the Lorentz factor at decay, vp, for different values of the reheat temperature. We define
ke = ()\E}"g *)~1, and above the horizontal dashed line, the free-streaming length of the dark matter reaches
scales probable by the Lyman—a forest: k£ < 12.6 h/Mpc, /\Ifjsljg ® > 0.08 Mpc/h. Since the free-streaming
lengths of our model enter the observable regime, we consider a more precise determination of the effects of

the dark matter free-streaming length in the next section.
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3.3.2 Transfer Function

We use the Cosmic Linear Anisotropy Solving System (CLASS) [115] to obtain the dark matter transfer

function,

Pocom (k)
T2(k) = —RebMAt) 3.30

which describes suppression of structure due to non-cold dark matter (nCDM) compared to that of the
standard CDM scenario; P,cpm (k) and Popn (k) are the matter power spectra in each respective case.
Acquiring the power spectrum for our scenario requires us to determine the momentum distribution
function of our dark matter model. Shortly after reheating (a ~ 3agry), the scalar field has decayed almost
entirely, and essentially no new dark matter particles are being produced. After this point, the distribution of
the comoving momenta of the dark matter particles does not change. We scale the comoving momenta of the
dark matter particles by the comoving momentum of a particle born at the scale factor that maximizes f(ap),

amax = 0.68arg, and express our distribution function in terms of

@w___ 4 (3.31)

>
AmaxPD Amax

L)
Il

where pp is the physical momentum of a particle with velocity vp. Since we assume that all dark matter
particles are produced with the same velocity, the distribution in momentum for particles in our scenario
can be entirely determined from the distribution in the particles’ scale factor at production, which we have

already determined. The two distribution functions can be related through

anf(q) = f(aD)CZL;’ =0.68 f (“D> - (3.32)

aRH

This distribution function is shown in Fig. 3.8, and we also show for comparison the Fermi-Dirac distribution
that is maximized at ¢ = 1. We can see that, compared to the thermal case, we have a broader distribution
function.

With our distribution function f(g), we are able to use CLASS to obtain transfer functions for any

combination of the velocity imparted to the dark matter and the reheat temperature by also providing the
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CRIC)

Figure 3.8: The distribution function of dark matter for our model (solid) and a Fermi-Dirac distribution
(dashed) for comparison, for relativistic particles, as would be expected in scenarios of WDM.

present-day physical momentum of a dark matter particle with ¢ = 1:

GmaxPD - GRHYDVUD ' (3.33)
ao ao

bo =

Again we find that, just as in our calculations of the free-streaming length, the relevant combination of
parameters is i = ypvparu/ao. In Figs. 3.9 and 3.10 we show the transfer functions for dark matter
produced at different velocities, but in scenarios with the same reheat temperature, 3 MeV. As expected, dark
matter particles born at greater velocities result in the suppression of larger scales (smaller k). The vertical
dashed lines in Fig. 3.9 mark the free-streaming horizon k¢ = ()\fsl?g *)~! given by Eq. (3.29) for each of the
different velocities at production, confirming that it is the scale at which our model begins to show deviation,
T(k) ~ 0.95, from the CDM scenario.

Transfer functions in nCDM models, such as this, can be well described by a fitting formula [116]:
T(k) = [1+ (ak)?]. (3.34)

Using Lyman—« data, the fitting parameters «, 3, and «y can be constrained [116, 117], and the parameters of
our model, vp and TRy, can be constrained as well. The typical scale of the suppression is set by «, whereas
the general shape is determined by 3 and . When fitting our transfer function at values 7'(k) > 0.01, the

overall shape of our transfer function varies little across wide ranges of our parameter space, and 3 and -y can
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Figure 3.9: The transfer function for several values of the dark matter velocity at production, vp. Right
to left (cool to warm colors), the solid lines represent dark matter produced with increasing Lorentz factor
vp = 100, 300, 900, 2700, 8100, respectively. In all cases Try = 3 MeV. Vertical dashed lines represent the
scale of the free-streaming horizon calculated using Eq. (3.29). The red dotted line represents the typical
transfer function for dark matter with a thermal distribution (Swpwm = 2.24 and ywpym = —4.46) with a
cutoff parameter ayypy =~ 0.16 Mpc/h in order to match the same half-mode scale &y, as our far left curve
with a = 0.31 Mpc/h.

be expressed as functions of «, as seen in Fig. 3.11. The cutoff parameter « is then our only free parameter,
and it can be robustly constrained using Lyman—« data.

We find typical values of 8 and ~ for our model to be approximately 2.4 and —1.1 respectively, for «
near the constrainable regime. These values are noticeably different from those that describe the thermal
warm dark matter (WDM) transfer function, Swpn = 2.24 and ywpy = —4.46. If we compare our transfer
functions to those of WDM with the same value of the half-mode scale? ky,,, we can see in Figs. 3.9
and 3.10 that the transfer functions in the two models are quite similar. However, due to the difference in
the shape parameters of the transfer function fit between the two models, matching their half-mode scales
requires the cutoff parameter in the WDM transfer function to be roughly a factor of 2 smaller than that in the
corresponding nonthermal transfer function, o ~ 2awpn. The cutoff in the transfer function of our model is
not as sharp as that of WDM, but they only begin to differ significantly at scales at which the power in the
nCDM model is already greatly suppressed, 7'(k) < 0.1.

Reference [117] provided marginalized bounds on all three fitting parameters in Eq. (3.34). The

predictable shape of our transfer function determines the values of 5 and + as a function of «, as shown

2We follow the convention of Ref. [118] and define the half-mode scale via T’ (knm) = 0.5, noting that this convention is different
from the half-mode scale, &, /2, defined in Refs. [116] and [117], for which TQ(Icl/2) =0.5.
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Figure 3.10: The solid lines show the same transfer functions shown in Fig. 3.9. Dashed lines show
the thermal WDM transfer functions with matched half-mode scales. Due to the difference in the shape
parameters 3 and +y in the fitting form of Eq. (3.34) between the two models, matching the half-mode scales
requires the cutoff parameters, o, to be related by approximately o >~ 2awpm

-1.35  y=-(0.0055 In(a)? + 0.083 In(ar) + 1.35) ]

-5 -4 -3 -2 -1 0
In(a)

Figure 3.11: The fitted values for the parameters 3 and ~y for transfer functions whose cutoff parameters, «,
span from 0.005 to 1.5 Mpc/h. In the fitting functions for 3 and v, « has units of Mpc/h.
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in Fig. 3.11, and allows us to obtain a bound on the remaining free parameter, the scale of the cutoff:
a < 0.011Mpc/h (68% C.L.) and o < 0.026Mpc/h (95% C.L.). Following Ref. [117], these limits have
been obtained by performing a comprehensive Markov Chain Monte Carlo (MCMC) analysis of the full
parameter space affecting the one-dimensional flux power spectrum, which is the Lyman-« forest physical
observable, with a data set consisting of the high-resolution and high-redshift (4.2 < z < 5.4) quasar
samples from MIKE and HIRES spectrographs [119]. The flux power spectra to be compared against
observations are estimated by interpolating in the multidimensional space defined by the sparse grid of
precomputed hydrodynamic simulations described in Ref. [117]. Whenever some of the parameters assume
values not enclosed by the template of simulations, the corresponding values of the power spectra are linearly
extrapolated.

As in the reference analysis from Ref. [117] (but see also, e.g., Refs. [120] and [121]), the other
cosmological and astrophysical parameters impacting our likelihood are treated as nuisance parameters to
marginalize over. We adopt conservative flat priors on both oy, i.e. the normalization of the linear matter
power spectrum, and n.g, i.e. the slope of the matter power spectrum at the scale of the Lyman-« forest
(k ~ 1h/Mpc), in the intervals [0.5, 1.5] and [—2.6, —2.0], respectively; and on the instantaneous reionization
redshift 2., (in the range [7, 15]). Concerning the astrophysical parameters, we model the redshift evolution
of the temperature of the intergalactic medium as a power law, imposing flat priors on both its amplitude and
tilt (once again, see Ref. [117] for further details). Finally, we adopt conservative Gaussian priors on the
mean Lyman-c forest fluxes (F'(2)), with standard deviation o = 0.04 [102], and a flat prior on fyv, which
is an effective parameter accounting for spatial ultraviolet fluctuations in the ionizing background.

Last but not least, we adopt a flat prior on « in the interval [0, 0.1] Mpc/h, while the parameters /3 and
v are derived analytically, per each MCMC step, according to the expressions reported in Fig. 3.11. For
further details on the data set, simulations, and methods that we have used, we address the reader to any of
the aforementioned references [117, 120, 121].

For comparison, just as matching the half-mode scale of the thermal WDM transfer function with that
of our nonthermal model requires o ~ 2awpwm, the awpn value of a 3 keV WDM particle, awpn =
0.015Mpc/h [117], is approximately a factor of 2 smaller than that of our 95% C.L. bound on «. Our limits
on yp and Try corresponding to our 68% and 95% C.L. bounds on « are shown in Fig. 3.12. Scenarios in
which the dark matter is born at too high of a velocity (large vp) or in which the radiation-dominated era

is too short (low TRryy) are part of the excluded parameter space for our relativistic nonthermal dark matter
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Figure 3.12: Limits on the Lorentz factor vp and the reheat temperature. The shaded regions correspond to
the 1o and 20 bounds, o = 0.011Mpc/h and 0.026Mpc/h, respectively. The thick dashed line represents
ks = (M) ™' = 12.6h/Mpc as calculated by Eq. (3.29). The discontinuity at Ty ~ 170MeV occurs due
to the sudden change in g, during the QCD phase transition. Thin solid lines show the contours of f required
to obtain the observed dark matter abundance in the absence of annihilations. The thick solid line shows the
bound on ~p as a function of TRy imposed by BBN, derived in Section 3.1.1.

model. The thin grey lines represent contours of constant f, the fraction of the scalar’s energy imparted to
the dark matter particle that is required to obtain the correct relic abundance for a given reheat temperature
without dark matter annihilations. We can see that, in the absence of annihilations, the allowed values of vp
are not large enough for the required value of f to be of order unity.

We also show the outline (dashed) of the parameter space in which the free-streaming length, calculated
by Eq. (3.29), is naively probable by Lyman-« data, i.e. kg < 12.6h/Mpc. As can be seen in Fig. 3.12,
limiting the free-streaming length provides a bound that is comparable to those obtained from the full
consideration of effects to the matter power spectrum; the free-streaming scales of a particle on the boundary
of our 68% and 95% C.L. regions are kg = 11.4h/Mpc and 28h/Mpc, respectively. While examining
effects on the matter power spectrum leads to more robust bounds within our parameter space, calculations of
the free-streaming length are more readily performed. Fortunately, as both the free-streaming length and the
dark matter distribution function depend on the same combination of our parameters, ypvpagrg/ao, there is
a simple relationship between the scale of suppression, «, and the free-streaming length calculated by Eq.

(3.29):

0.908
)\phys M
a~0.177 (1\?—°> be (3.35)
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Figure 3.13: A plot of the relationship between the fitting parameter o and the free-streaming length as
calculated by Eq. (3.29). Black dots represent points for which we have used our model parameters to
calculate the free-streaming length and obtain the transfer function using CLASS. The grey line shows the fit
to the data given by Eq. (3.35).

We show this relationship in Fig. 3.13. In our model, the bounds on « can be easily used to limit the

free-streaming length, and thereby the parameters yp and Ty on which it depends.

3.3.3 Milky-Way Satellites

In addition to structures inferred by Lyman-« data, we can also constrain our model using observed
structures in the Milky Way. Simulations of thermal warm dark matter provide an indication of how the
suppression expected in the matter power spectrum decreases the abundance of collapsed objects. The subhalo
mass function in simulations with WDM characterizes this underabundance [122],

aN| o _dN
dM |\wpy  AM

—€
(1+5Aﬁm> , (3.36)
CDM M

where M is the subhalo mass, § = 2.7 and ¢ = 0.99, and M, is the mass scale associated with the

half-mode scale?:

47 T

3
M = — ot perito | — ) 3.37
h 3 {IDM Perit,0 (khm> (3.37)

where ()py is the fraction of the critical density in dark matter.

3We have verified with the authors of Ref. [122] that they used the same definition of kp, that we have presented here.

57



Knowing the abundance of satellites of our own galaxy, constraints can be placed on the amount of
allowed suppression in the subhalo mass function. Using a probabilistic analysis of the MW satellite
population and marginalizing over astrophysical uncertainties, Ref. [103] found an upper limit on My,
in Eq. (3.36), My, < 3.1 x 108M¢, (95% C.L.), which implies that the half-mode scale must satisfy
knm > 36h/Mpc. This bound on ky,;,, can be used to constrain any dark matter model that has a transfer
function comparable to WDM, as we have shown ours to be in Fig. 3.10. Though the transfer function of our
model does differ slightly from that of WDM, the differences occur only when the nCDM power spectrum is
already greatly suppressed compared to that of CDM, T'(k) < 0.1. The fitting form to our transfer function,

Eq. (3.34), implies that the half-mode scale is given by:

1/ 1/8
kym = 1 [<1> — 1] , (3.38)
« 2

and the constraint ky,,,, > 36 h/Mpc directly translates to o < 0.026 Mpc/h, matching our 95% C.L. bound

from Lyman-« constraints.

3.4 Discussion

The inclusion of a period of effective matter domination between inflation and BBN is an amply motivated
alternative to the standard thermal history of the Universe. If dark matter is produced nonthermally during
this era, the viable parameter space for the dark matter annihilation cross section widens greatly, as large
ranges of production and annihilation efficiencies can combine to result in the correct relic abundance.

Nonstandard thermal histories could potentially have observable consequences. Unlike the typically
assumed period of radiation domination following inflation, in which subhorizon density perturbations grow
logarithmically, EMDESs provide an era of linear growth. Linear growth would enhance structure formation on
scales that enter the horizon during this era, possibly leading to observable effects. However, in the absence
of fine-tuning, it is likely that dark matter produced nonthermally will be imparted with relativistic velocities,
and its subsequently large free-streaming length will wipe out this enhancement to structure formation.

By investigating the velocity evolution and distribution of dark matter produced nonthermally from the
decay of a massive scalar field, we have confirmed that retaining the linear enhancement to structure growth
requires the dark matter to be produced largely nonrelativistic. Despite the early creation of many particles,

and their loss of momentum due to adiabatic cooling, the continuous creation of new, hot particles prevents
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the average dark matter velocity from decreasing appreciably during the EMDE. The average particle at
reheating is nearly as relativistic as those newly produced from decay. And because a majority of the dark
matter is created around reheating, essentially negligible fractions of dark matter particles have velocities low
enough to preserve enhanced structure formation.

We next investigated the upper limit on the dark matter velocity required to preserve the structures
we observe. Dark matter particles born with relativistic velocities have free-streaming lengths that may
also washout observed small-scale structures. Lyman—a« forest data provides the best-known probes of
inhomogeneity at small scales, and ensuring that structure formation at these scales is not observably
suppressed constrains the parameter space of nonthermal dark matter.

Using the software CLASS, we obtained the matter power spectrum resulting from our model of
nonthermal dark matter. A transfer function was used to compare our spectrum to that of the standard CDM
scenario and showed a cutoff in the power at small scales in our nonthermal scenario similar to that due to
WDM. We fit the form of our transfer functions using three free parameters, one of which, « describes the
scale of the cutoff in the transfer function and the other two describe its overall shape. The shape of our
transfer function varies slightly with the cutoff scale and the two parameters describing its shape are well
determined by analytic functions of a.

We obtained limits on the allowed scale of the cutoff in the transfer function by performing a comprehen-
sive MCMC analysis using Lyman—a observations: « < 0.011Mpc/h (68% C.L.) and o < 0.026Mpc/h
(95% C.L.). From this constraint, we were able to place limits on the allowed velocity imparted at scalar
decay for a given temperature at reheating, summarized in Fig. 3.12. We also found a simple relation between
« and the dark matter free-streaming length that allows one to use the limits on « to limit the free-streaming
length which can be calculated analytically from vp and TRy.

Observations of the abundance of MW satellite galaxies provide another probe of the small-scale power
spectrum. Using the halo-mass function obtained from WDM simulations, limits on the cutoff scale can
also be placed on the WDM transfer function by requiring consistency between the decreased abundance of
collapsed objects expected in WDM scenarios, compared to CDM, and the abundance of satellites observed
orbiting the MW. These constraints are applicable to any model of dark matter with a transfer function
comparable to that of WDM. Comparison of the parameter values that fit the transfer function of our model
to those that fit WDM naively imply marked differences between the two models; however, matching the

transfer functions at the same half-mode scale shows the two models to be remarkably similar, differing
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significantly only on scales at which the power was already greatly suppressed. In our model, MW satellite
considerations provide a practically identical bound on « to those of Lyman-«: data.

Using the impact on the matter power spectrum expected in the model of nonthermal dark matter we have
presented here, we have constrained the physical parameters of our model: the velocity imparted at the dark
matter production, characterized by the Lorentz factor yp, and the temperature at reheating, Try;. Constraints
in this parameter space also inform the allowed value of f, the fraction of the decaying component’s energy
allocated to the dark matter, that is required to obtain the correct relic abundance in the absence of dark matter
annihilations. While naturalness would suggest a value of f ~ 0.5, our constraints show that f must be less
than ~ 10~4, implying that annihilations must be considered to avoid finely tuning f. Our limits within the
parameter space of Try and ~yp can also be equivalently viewed as limits on the scalar decay rate I'4 [see Eq.
(3.1)] and the mass hierarchy between the scalar parent and daughter dark matter particles for a two-body
decay (mg = 2ypm,y).

There are many opportunities for extensions to our model. We have assumed here that all dark matter
particles are born from the decay process with the same velocity, though this need not necessarily be the
case. Including a range of possible velocities could tighten or relax our bounds, depending on the exact
distribution of the imparted velocity. We have also assumed that any annihilations take place via s-wave
processes. If annihilations occur preferentially for faster particles, this could shift the peak of our velocity
distribution to lower velocities. Finally, we have only considered the cooling of dark matter due to the
redshifting of its momentum. If dark matter is allowed to exchange momentum with Standard Model particles,
this could provide an additional mechanism to reduce its momentum and lower the peak velocity of the
velocity distribution, perhaps allowing for the formation of microhalos from perturbations that grow linearly

during the EMDE. It is this final consideration that we investigate in the next chapter.
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CHAPTER 4

Interacting Dark Matter:
Impact of Nonthermal Production on the Matter Power Spectrum

As we just saw in Chapter 3, the redshifting of its momentum is insufficient to cool the dark matter
enough to allow the preservation of structures formed during the EMDE. We now investigate how effective
scattering interactions with the SM could be at further reducing the dark matter velocity. The relatively
heavy dark matter particle is born from the decay of the scalar with a large momentum, and through many
interactions with SM particles that each change the particle’s momentum by a small amount, the dark matter
can be brought into kinetic equilibrium with the SM. Once a dark matter particle is coupled to the SM
radiation, its momentum will actually decrease slower than a~ !, because the SM radiation is continually
heated by the decay of the scalar field. This means that, even though scattering can rapidly reduce a dark
matter particle’s momentum initially after production, for the few earliest born particles which would have
redshifted as a~! during the entire EMDE, the end effect of scattering can be to increase their momenta
at reheating compared to the noninteracting case. However, if the dark matter is still coupled to the SM
particles near the time of reheating, for the large majority of particles born near reheating, their momenta will
experience the initial rapid decrease after their production, and their momenta following reheating will be
greatly reduced. If the dark matter remains coupled to the SM until after reheating and after production has
ceased, its velocity distribution would be indistinguishable from the thermal dark matter scenario. For an
appreciable effect to the dark matter velocity distribution, kinetic decoupling must occur near reheating, and

we investigate how appreciable this effect can be.

4.1 Interacting Nonthermal Dark Matter

When considering scattering interactions between the dark matter and SM particles, we are interested in
the momentum transfer rate between the two sectors. This momentum transfer rate will depend on both the
collision rate between dark matter and SM particles and the momentum exchanged in each collision. The

collision rate can be given by I'con) = (0scv)n, Where n, is the number density of relativistic SM particles,
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which scales with the radiation temperature as n,. o< T3, and (o4 v) is the velocity-averaged scattering cross
section between the dark matter and SM particles. The scattering cross section scales with the radiation
temperature differently depending on the dominant scattering channel. For example, for p-wave scattering,
the cross section exhibits a (o5.v) oc T behavior; we can remain agnostic about the dark matter scattering
channel, however, and use the general expression (os.v) oc T". Because our dark matter particle is much
heavier than the SM particles, each collision will only alter the dark matter particle’s momentum by a small
amount. In a nonrelativistic treatment, it requires approximately m., /1" collisions in order to appreciably
change a particle’s momentum, and the momentum transfer rate will be suppressed relative to the collision
rate by a factor of T'/m,, [123]. We will use this approximation to define the momentum transfer rate between

the dark matter and SM to be

4+n
Y=o <T> , 4.1)

where T; = T(a;), and 0 = 3(T;). As in previous sections we introduce the dimensionless variable
oc=0 / Hi-

The kinetic decoupling of dark matter from the SM radiation occurs when the momentum transfer rate
falls below the expansion rate, thus we define the kinetic decoupling temperature, Tyq, by X(Tiq) = H (Tkq).
Using our momentum transfer rate, we can write an equation for the evolution of the momentum, p, of a

single dark matter particle interacting with the SM plasma;

d
diz = —Hp—X(p—pr) 4.2)

where pf, the momentum “floor”, is the average momentum to which the dark matter equilibrates and
depends on the temperature of the SM radiation. We define the temperature of our dark matter to be
T\ = (2/3)({p?)/2m,) [123]. Thus, when dark matter and the SM are in equilibrium, the dark matter is
kept at an average momentum ps = W . The quantity of interest for much of our analysis, however,
will be the dark matter velocity given by yv = p/m,.. The velocity a dark matter particle maintains while
in equilibrium with the SM radiation, yv = p¢/m, = \/W , will determine its velocity, and thus
free-streaming length, following reheating. For a given relation between the time of decoupling and reheating

(for a given value of axq/arm), the momentum following reheating of a dark matter particle that coupled to
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the SM radiation will be related to the the value of the momentum floor at which it decoupled, which itself
can be related the to momentum floor at reheating for a fixed ayq/arp. The velocity of a dark matter particle
following reheating will then depend on the quantity pg g1/, < \/TRT/mX . Increasing the temperature at
reheating will increase the temperature of the radiation bath throughout the EMDE, and it will increase the
velocity of particles that experience coupling. Meanwhile, increasing the dark matter mass, while keeping the
momentum to which it couples fixed, implies a decreased dark matter velocity.

Figure 4.1 shows the evolution of the momentum of a 10 GeV dark matter particle produced at a; for
various values of ¢ and a reheat temperature of 3 MeV. For simplicity, we neglect changes in the relativistic
degrees of freedom, g,, prior to 3agyg. The solid black line shows the momentum of the particle in the
absence of interactions. For large enough o dark matter particle’s momentum is quickly brought down
to the floor, lower than it would other wise be without interactions, but the redshifting behavior of the
momentum floor to which it couples (p; o a~3/16) is much slower than the momentum of a particle with
no interactions (p o a~!). A coupled dark matter particle maintains a much higher momentum during the
EMDE than a non-interacting particle. Particles that also decouple during the EMDE not only begin at this
higher momentum but can also experience a redshift behavior in their momentum slower than p o< a ' as
well. In Figure 4.1, we already see the hints of this strange behavior; even after the particle has decoupled

1

from the radiation, its momentum does not quite scale as a™ .

To understand this strange behavior, we first rewrite Eq. (4.2) as

dp by by

and examine it in the regime long after kinetic decoupling (a > ayq), when % < 1

~ —ps. “4.4)

During the EMDE, T'(a) = Tiq(axq/a)®® and (X/H) = (arq/a)*/®, in the absence of changes in the
number of relativistic degrees of freedom, where ayq is the scale factor at which ¥ = H. Performing the

change of variables

h(a) = <a> p*d and oy = i, 4.5)
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Figure 4.1: The evolution of yv as a function of scale factor for a dark matter particle born at a; with
vp = 100 for 6 = 109128 (red - purple). Also shown shown is the momentum “floor” p¢ (black, dotted),
the momentum of a particle under no interactions p(a) = ypvp(a;/a) (black, solid), and pry (agmu/a)/1
(black, dashed) to show that, even after the dark matter has decoupled from the radiation, it does not redshift
as p x a~1. Here f¢ =10"18 n =2, my = 10 GeV, and TRy = 3 MeV. The scale factor at decoupling,
a4, is marked for each case of & by solid vertical lines, with decoupling in the & = 10° case occurring at
axq = 1 and coinciding with the y-axis. The dashed vertical line denotes reheating. Inset: Behavior at very
early times showing that, with a large enough value of & (= 10?), dark matter couples very quickly to the SM
radiation.

and noting that ps = pf 14 (axa/ a)3/16 during the EMDE, Eq. (4.4) becomes

dh
— = prya y BT/, (4.6)
dy

Eq. (4.6) can be solved analytically, and the evolution of the momentum of a dark matter particle long after

kinetic decoupling, but sufficiently before reheating, is given by:

pkd — cZd | Dt kd (akd)(3/8)(n+l/2)

1—(3/8)(n+1/2) \ a ; 4.7

where C'is a constant of integration. For n < 2 we have that (3/8)(n + 1/2) < 1, thus the second term in
Eq. (4.7) falls off slower than ¢~! and can come to dominate when a > ayq. For n = 2, as we had in Figure

~15/16

4.1, the second term scales as a and dominates the late-time behavior of the particle’s momentum,

which we highlight by the dashed line.
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For a particle which couples very quickly to the SM radiation, the general solution to Eq. (4.2) is

p(s) = pese’T(1 — A, s), (4.8)

where s(a) = (8/3n)(axa/a)*/8, A = 13/(6n) during the EMDE, and I'(x, s) is the upper incomplete
gamma function. We can use this general solution to determine our integration constant in Eq. (4.7). Long

after decoupling, when a > ayq, the incomplete gamma function behaves as

1-X
limg_ol'(1 — A, s) = D(1 — ) — 18_ S (4.9)
and at late times the solution to Eq. (4.8) becomes
g\ 13/12 a ara (3/8)(n+1/2)
akd kd Pt kd kd
= — ra—-x| — : — . 4.10
P [pf’kd <3n) ) e T YO CESYE) ( a ) (+-10)

All particles produced sufficiently before axq will follow Eq. (4.10) up until reheating, when we can no longer

assume 1" ox a®/8; after reheating their momentum will begin scaling as p o ¢!

, as can be seen in Figure
4.2. Particles born sufficiently after a4 will have never coupled to the radiation and so their momentum will
follow the usual o' scaling. Thus, at reheating there will be a large number of particles that, though born at
different times, were able to couple to the radiation and all decoupled at the same time. Thereafter, all the
particles born before kinetic decoupling maintain approximately the same momentum. Particles born later
will have momenta at reheating that depend on the scale factor at which they were produced, similar to our
earlier analysis.

Our analysis in the previous chapter also tells us that most of the dark matter particles are born around
reheating. The above calculation was made simple by assuming that decoupling happens well before reheating,
and that there is an extended period during which the dark matter is able to experience this “quasi-decoupled”
state between decoupling and reheating. This is not true for many of our dark matter particles, and calculating
their momenta following reheating is not as straight forward. Additionally, if kinetic decoupling does occur
long before reheating, only a small fraction of particles are born early enough to couple to the radiation.
In this case, the majority of the particles do not couple to the radiation and so maintain their high velocity

and long free-streaming length following reheating. The interesting cases will therefore be when the kinetic

decoupling of dark matter occurs around reheating when most of the dark matter is being produced, and
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Figure 4.2: The evolution of yv as a function of scale factor for a dark matter particle born at a; with
vp = 100 for 6 = 109128 (red - purple). Also shown shown is the momentum “floor” pg (black, dotted).
Colored dashed lines show the solution to Eq. (4.10) for each of the corresponding &’s. Again, f¢ = 1018,
n = 2, m, = 10 GeV, and Try = 3 MeV, and vertical line are the same as in Figure 4.1.

determining the momentum of a given particle following reheating will not be as simple as our analytical
calculations above when arriving at Eq. (4.10).

However, we can numerically solve Eq. (4.2) under the initial condition p(ap) = pp in order to find
p(a,ap). We will again be interested in obtaining a distribution function for the dark matter. If we consider
3ary the point at which further dark matter production is negligible, we can use our previous distribution
in the “birth times” of the dark matter, f(ap), and a numerical solution for p(a, ap), to find a distribution
function for the dark matter momentum following reheating. Once dark matter production is negligible, and
once the dark matter is completely decoupled from the radiation, the distribution in the comoving momenta
will not change; for the scenarios we wish to consider, the distribution in the comoving momenta will be
constant after 10argy.

Figure 4.3 shows p(10agry, ap) for various values of 6. The horizontal plateau of each line at lower
values of ap represents the particles born early enough to couple to the radiation and so all have the same
momentum at 10ary despite being born at different times. As ¢ increases (red to purple), ayq increases, and
so does the maximum value of ap a particle can have and still fully couple to the radiation. Increasing ¢ also
keeps the dark matter coupled to the radiation longer, evolving with p o< a=3/16, delaying the time until it
evolves as a~19/16 (when n = 2), and thus increasing the final value of the momentum the particles will have

at 10arg.
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Figure 4.3: The momentum at 10ary of a dark matter particle as a function of it’s “birth time” ap plotted (red
to purple) for & = 10°,10%?,10%, 10!, ...101. Again, I'y, = 10718, n = 2, m,, = 10 GeV, and Tgy = 3
MeV. The vertical line marks ap = ary.

100

0Af

P(10apy) / m

107

100
wp =7 | ; 7 01 | yp =100 | P
‘ ‘ £ e
| | _ - |
: : Z, . IWaln
i i A i o 10 i L [
‘ i v = i s
‘ — ‘ —
' P L B
-
i P i i i
T i 107 _;/’T// i
L | ‘ 2 ;
ORI : .
L ! L ! L ! L
10* 10’ 10" 10" 10° 10° 10"

ap

ap

10"

Figure 4.4: Solid lines show p(10arm,ap) for 6 = 10%5,10%°,107° (red, green, blue). Horizontal,
dotted lines show the solution to Eq. (4.10) evolved to 10agry for each case. Vertical solid lines mark
axq and vertical dot-dashed lines mark 10ayq and ayq/10 for each case. The diagonal dashed line shows
p(10arm, ap) = (ppap)/(10ary), i.e. the noninteracting case. The left panel shows scenarios for which
vp =~ 7 (up = 0.99), the right shows yp = 100. Again, ['y = 1078, n = 2, m, = 10 GeV, and Try = 3

MeV.
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Figure 4.4 highlights in its left panel how the relationship between ap and p(10agy) is complicated as
axq approaches ary. For ayg < ary (e.g. the red curve in Figure 4.4), our asymptotic behaviors fit well to
the full solution of the momentum evolution; particles born early enough to couple to the radiation, have
a momentum at 10ary given by Eq. (4.10), the momentum of those born after decoupling is given by the
usual o' scaling, and there is a smooth transition between these regimes. However, as ayq approaches ary,
those particles born around a4 deviate from the simple, analytic behaviors. We can begin to understand
this deviation by viewing the left panel of Figure 4.5, which shows the momentum evolution for several
particles born around ayq for the same three values of & used in Figure 4.4. In the cases where & = 102, for
particles born before ayq4, the immediate effect of the dark matter’s coupling to the radiation is to decrease

the particles’ momenta. Following that, however, their momenta redshift increasingly faster than a—3/16,

—15/16 1

but still slower than a~!, before finally settling into the a scaling. This period of slower-than-a™
redshifting allows them to achieve an higher momentum at 10ary; than they otherwise would in the absence
of interactions. This is reflected in Figure 4.4 by all particles in the & = 10> with ap < aiq lying on the
horizontal plateau and above the black, dashed line representing the noninteracting case. Particles born at

10ayq in the & = 102 case, do not quite fully couple to the radiation but still experience the ¢~ 5/16

scaling
in their momentum and reach a higher final momentum at 10ary than they would have without interactions.
This is shown in in the left panel of Figure 4.4 by particle born at 10ayq having a momentum above the dotted
red line, and still above the black, dashed line. Particles born sufficiently after aiq never experience enough
collisions with the radiation for their momentum to deviate from p oc ¢! and so all lie on the black, dashed
line of Figure 4.4. In the cases where & = 1025, the few particles born early enough to feel the effect of their
coupling to the radiation are all slightly warmed due to the interactions.

Contrarily, for the cases in which & = 107®, some particles end up colder than they other wise would
have without interactions. For particles born around a4, the initial decrease in the particles’ momenta is
the dominant effect. There is not enough time before reheating for the slower-than-a~! redshifting in their
momenta to overcome this initial decrease and they are colder at 10arp than in the noninteracting case. This
is reflected in Figure 4.4 by the region in which the blue curve falls below the black, dashed line. Because
we will be interested in cases where axq ~ arp, we will be dealing with p(10agry, ap) relations of the type
illustrated by the blue curve of Figure 4.4: early-born particles which couple to the radiation will be warmer

compared to the noninteracting case, while later-born particles that are able to couple to the radiation can end

up colder (below the black, dashed line).
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Figure 4.5: Left: The three sets of red to purple lines show, for the three cases & = 10%°, 105, and 1075, the
evolution of v as a function of scale factor for dark matter particles born between ayxq/10 < ap < 10ayq
with vp = 0.99. In dotted black is the evolution of v for a dark matter particles born a;. In solid black
is the momentum of the “floor” p¢. Vertical solid lines mark ay4 and vertical dot-dashed lines mark 10ayq
and ayq/10 for each case & = 102,105, and 107 (red, green, blue), as in Figure 4.4. Colored dashed
lines show the evolution of v in the noninteracting case for ap = axq/10, axq, and 10ay4. Right: For the
three cases & = 10%°,10%°, and 107 (red, green, blue) the evolution of yv as a function of scale factor for
dark matter particles born at aq with vp = 7 (solid) and vp = 100 (dashed). Again, Ty = 107%, n = 2,
m, = 10 GeV, and Try = 3 MeV.

The right panels of Figures 4.4 and 4.5 illustrate how the relativistic nature of dark matter can further
complicate the relationship between ap and p(10ary ). Highly relativistic dark matter particles require an
even longer period between decoupling and reheating for the “quasi-decoupling” behavior to become the
dominant effect in determining the particles’ momenta following reheating. While illuminating, our above
analytical calculations break down in the regimes of most interest to our investigations: dark matter produced
highly relativistic from decay that kinetically decouples from SM radiation near reheating. With a numerical
solution of p(a, ap), however, we can obtain the distribution function in dark matter momentum following
reheating from the distribution of birth times of the dark matter particles for those interesting scenarios when
axd ~ GRH-

All of our examples in the figures above present our calculations for a single set of values for the dark
matter mass, m, = 10 GeV, and the temperature at reheating, Try = 3 MeV. Changing either of these
quantities changes the momentum to which the dark matter equilibrates and the velocity it possesses at
reheating. As mentioned earlier, increasing the temperature at reheating will increase the velocity of particles
which experienced coupling with the radiation, while increasing the dark matter mass will decrease the
velocity. We will continue with our fiducial example throughout our analysis and remark on how changing

the ratio between the dark matter mass and reheat temperature will affect our results.
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4.2 Dark Matter Distribution Function

As we previously mentioned, once dark matter production is negligible, and once the dark matter is
completely decoupled from the radiation, the distribution in the comoving momenta will not change. We
know from the previous chapter that dark matter production becomes negligible after 3ary; the point at
which dark matter is completely decoupled from the radiation depends on the value of 6. For any of the
following scenarios we will consider, the dark matter will fully decouple from SM radiation before 10ary
and we will consider the distribution in the comoving dark matter momentum fixed beyond that point. While

we could easily establish the distribution in dark matter momentum following reheating as:

dap

f(p(10arn)) = f(aD)m7

4.11)

the numerical relation we would find between p(10ary;) and ap by solving Eq. (4.2) is not exactly valid
for those particles that coupled to the radiation. The horizontal plateau in Figure 4.3 suggests all particles
born early enough to couple to the radiation will have the exact same momentum following reheating,
Pmin = p(ai, 10ary). More realistically however, the dark matter is reaching kinetic equilibrium with a
radiation bath whose particles, though characterized by a single temperature, have a distribution of momenta,
and so the momenta of coupled particles will also have a distribution (whose average value is pyi,). We

assume for these particles that have thermalized a Maxwell-Boltzmann distribution:

192(10“RH>] — exp [_3792(1%‘1%1{)] , (4.12)

f(p(10ars)) x exp [—
2m, T 2 p?nin

This distribution function will be normalized to the fraction of dark matter particles born early enough for
their momentum to be appreciably affected by interactions. We will consider this to be those particles whose
momenta are brought down within p < 2ppi,. For those particles with momentum after reheating p > pin,
their momenta are given by the numerical relation between p(10agrz) and ap found by solving Eq. (4.2).
There is still, however, a relatively large number of particles with momenta p > 2pp;,, Which creates a
sharp upturn in the distribution function near this value of the momentum when using the numerical relation
between p(10agry) and ap at these lower momenta values. In order to smooth our distribution function, we
artificially redistribute these particles into a thermal tail matched onto the distribution function for particles

for which p(10ary) >> pmin. Adding this smoothed distribution function for unthermalized particles to our
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Figure 4.6: f(q) for the noninteracting case (black, dotted) and the interacting cases with & = 109 (solid) and
& = 10 (dashed) with vp = 100, 300, 900, 2700, 8100 (blue to red). Here, n = 2 and my/Tru =~ 3300.

Maxwell Boltzmann distribution for thermalized particle, we obtain the full momentum distribution function
for a scenario of interacting nonthermal dark matter.

As in the previous chapter, we will scale the comoving momenta of the dark matter particles by the
comoving momentum of a particular particle. In this case, we will consider a particle that has momentum pp

at 10ary, so that when we examine the distribution function at 10aryg, we have

i ap _ 10arup(10arm) _ p(10aru) (4.13)
10arapp 10arupD bD

Using this we have the distribution function:

dp(lOaRH)

F(@) = F(p(10ags) P 414

In Figure 4.6 we show how the distribution functions f(§) compare for the interacting (with & = 10° and
1019 and noninteracting cases. The value of pni, decreases with decreasing &, and so our distribution
functions for the & = 10? cases peak at lower values of § than in the & = 10'° cases with the same velocity
at production. Increasing the velocity at production increases pp and also lowers the value of ¢ at which the
distribution function peaks. In both presented cases, interactions between the dark matter and SM radiation
lead to a significantly colder momentum distribution. Once again we point out that these distribution functions
represent a single value for the ratio of Try /m, = 0.0003. Increasing this ratio will increase the dark matter

velocity following reheating, increasing the value of ¢ at which the distribution function peaks.

71



4.3 Free-Streaming Lengths

Once more we calculate the physical free-streaming length today of a particle born at reheating:

a0 da
/\?Shgs — ao/ v<a)7a2H(a)' (4.15)
GRH

The free-streaming length in our interacting cases can be computed analytically just as we did in Chapter
3 by focusing on the distance covered by a streaming particle after changes in the relativistic degrees of
freedom have ceased. This allows us to assume H o a~? during radiation domination, and we break up the
free-streaming integral in to two parts, representing the radiation- and matter-dominated eras, that can be
solved analytically.

Previously, in Chapter 3, the variable Y was defined to be Y = (ypvpap)?, which is the comoving
momentum of a particle, scaled by its mass, and is constant following the dark matter’s production in the
noninteracting case; the velocity evolution of the particle is then given by the relationship yv = /Y /a. In our
interacting cases, the comoving momentum of a dark matter particle is not constant until after the dark matter
has kinetically decoupled and so we replace the variable Y with a new variable Z = [p(10agry)10agrm/ m]2
such that the velocity evolution of a particle after 10ary in the interacting case is given by the relationship
w =7 /a. The value of p(10ary) will change according to the particle under consideration; in our
previous analysis we chose to consider the median particle (ap = ary), but we will remain ambiguous about

the value of p(10agry) for now. The free-streaming length in the noninteracting scenario is then:

_/ao/z daN1/aeq/Zda / da
5= ). VZ+a?a®H(a) ~ H.a? ], Z +a? 3/2 a Z—l—aQ\f

Heqaeq
ag
VZ  [teat[Zra\ ofivZ (. | |ivZ
= 5 In + 3/2 1 sinh —,—1
H.a; ax +/Z + a? Heqaoh a )
eq
(4.16)

where we remind the reader that, just as in Eq. (3.26), a. is the value of the scale factor after which g, remains
constant, and F'(¢, m) is the elliptic integral of the first kind. The first term in the above expression can be
simplified under the assumption that a.q > 10ary, which is reasonable considering that matter-radiation

equality occurs at a temperature of T ~ 0.8 eV and we still require TRy > 3 MeV. The dark matter velocity
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and the reheat temperature enter into this expression through the combination

1/3
= p(10ary) 10ary _ p(10arm) 10 TOQ*&O @.17)
= - 1/3 ’ ’
" "0 "o [Tg*s ]T:0.34TRH

where, again, we assume entropy is conserved after a = 3agry. Particles that fully coupled to the radiation
will have a velocity following reheating that is entirely determined by the momentum floor to which they
coupled and related to the quantity pf gyz/my \/TRT/mX as discussed earlier. The velocity of particles
that never coupled to the radiation is related to their velocity at production just as in the previous chapter.
For particles that experience scattering interactions but do not fully couple to the radiation, the value of the
particles’ velocities following reheating will depend on the dark matter velocity at production and the ratio
my /TRy, which determines how affected the particles are by interactions. When decoupling occurs near
reheating, many particles fall into this last intermediate regime.

Expressed in terms of the new variable v, the physical free-streaming length calculated from the

contribution from both the radiation- and matter-dominated eras is

T, 7.\’
AP = (4.66 x 10°Mpe) v |In <2Teq> —In |14 4/v? <T0> +1
5 TO - . .11/ P | . Teq
+ (4.66 x 10 Mpc) —V2iv |F (’L sinh w) — F' | ¢sinh W—
Teq To

which is exactly the form of Eq. (3.29) but with ;4 — v. In the previous chapter, we calculated the free-

) (4.18)

streaming length of the median dark matter particle (ap = arp) to represent the scales at which we expected
to see suppressed structure growth. We will see that, in our interacting case, the median value of the dark
matter momentum following reheating may not be as good a representation for determining the scale at which
we expect to begin seeing deviations from ACDM in the matter power spectrum. In the next section we
compute the transfer function for a more precise determination of the effects of the dark matter free-streaming

length.
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Figure 4.7: The transfer function for TRy = 3 MeV and several values of the dark matter velocity at
production, vp. Left: Colored lines represent (cool to warm) dark matter produced with increasing Lorentz
factor vp = 100, 300, 900, 2700, 8100, respectively. Solid lines show the transfer functions in the interacting
case with & = 10'? while dotted lines show the transfer functions in the noninteracting case (same as in Figure
3.9). Right: Transfer function for dark matter produced with yp =100 and 2700 (green and red) for & = 10'°
(solid), & = 10? (dashed), and the noninteracting case (dotted). Again, n = 2 and m,,/Try ~ 3300.

4.4 Transfer Functions

We use the Cosmic Linear Anisotropy Solving System (CLASS) [115] to obtain the dark matter transfer

function,

Pycpm (k)

T?(k) = Poout (k)

(4.19)

which describes suppression of structure due to non-cold dark matter (nCDM) compared to that of the
standard CDM scenario. With our distribution function f(q), we are able to use CLASS to obtain transfer
functions for any combination of the velocity imparted to the dark matter and the reheat temperature by also

providing the present-day physical momentum of a dark matter particle with ¢ = 1:

10aRH

po = p(10arsn) (4.20)

ao

The value of p(10ars) encodes the effect of both the velocity imparted to the dark matter and the reduction
of that velocity due to scattering interactions. In Figure 4.7 we show the transfer functions for dark matter
produced at different velocities, but in scenarios with the same mass, 10 GeV, and reheat temperature, 3 MeV.

As we expected, scattering interactions cool the dark matter and lead to less suppression of structure

growth compared to the noninteracting scenario. As well, we can confirm from Figure 4.7 that a larger
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Figure 4.8: The transfer function for TRy = 3 MeV and several values of the dark matter velocity at
production, vp. The color of the lines represent (cool to warm) dark matter produced with increasing Lorentz
factor vp = 100, 300, 900, 2700, 8100, respectively. Left: Vertical dashed lines represent the scale of the
free-streaming horizon calculated using Eq. (4.18) and the median momentum following reheating. Right:
Vertical dashed lines represent the scale of the free-streaming horizon calculated using Eq. (4.18) and the
mean momentum following reheating. Again, n = 2 and m, /Try =~ 3300.

value of the momentum transfer rate leads to less suppression between interacting cases. Also notable in
the transfer functions of the interacting cases is a small feature - a slight dip at approximately 7'(k) = 0.1.
(The small, sharp deviations seen in the blue and green curves throughout Figures 4.7 through 4.9 are an
unphysical consequence of numerical interpolation.) Though an interesting consequence of the new shape
of our momentum distribution function, T'(k) < 0.1 already represents a great suppression of power in the
nCDM model, making distinguishing such an effect extremely unlikely. We also point out that, compared to
the noninteracting case, the scale at which the transfer functions in the interacting case begin to deviate from
CDM is pushed higher values of &k and the rate at which it falls off after that point, is much slower.

In Figure 4.8 we show effect of considering the mean or median particle as the representative particle of
the dark matter free-streaming length. The left panel shows, as vertical dashed lines, the free-streaming scale
ke = ()\Ifjlg *)~! given by Eq. (4.18) of a particle with the median momentum following reheating. The right
panel shows the free-streaming scale as determined by the mean dark matter momentum. Clearly, in this
case the mean particle momentum is a better predictor of scale at which the nCDM power spectrum begin to
deviate from ACDM. Unlike in our previous analysis, the mean and median of the interacting dark matter’s
momentum distribution function can be significantly different. The median momentum in the interacting
cases falls below that of the mean dark matter particle, and so the median appears to underestimate how much

suppression is caused by the particles that reside in the hot tail of the momentum distribution function.
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Figure 4.9: The transfer functions (solid) for Tryy = 3 MeV and several values of the dark matter velocity at
production, vp. The color of the lines represent (cool to warm) dark matter produced with increasing Lorentz
factor vp = 100, 300, 900, 2700, 8100, respectively. In the left panel & = 10'° and in the right & = 10°.
Dashed lines show the thermal WDM transfer functions with matched half-mode scales. Again, n = 2 and
mX/TRH ~ 3300.

In Figure 4.9 we can see more even clearly the effect that the interactions have on the shape of the dark
matter transfer functions. Previously, the transfer functions of our noninteracting nonthermal dark matter
scenario and those of thermal WDM transfer functions with the same half-mode scale only began to differ
significantly in shape at scales at which the power in the nCDM model was already greatly suppressed
(T'(k) < 0.1). Figure 4.9 shows that the transfer functions of thermal WDM can be vastly different in shape
from the interacting nonthermal transfer functions. Comparing the left and right panels, which show the
transfer functions in the & = 10'° and & = 10, respectively, we can see that the difference in transfer
function shape is exacerbated for increasing values of ¢. Given this noticeable discrepancy it would be unwise
to apply constraints on the half-mode scale obtained by simulations of WDM. Using thermal WDM transfer
functions with the same half-mode scale to represent our scenario would underestimate suppression on scales
above the half-mode; in the & = 1019 case this underestimation could be severe. In addition, the transfer
function of the interacting case differs significantly from the noninteracting case. Therefore, obtaining robust
bounds on these interacting cases would require another full analysis in which we fit the form of the transfer

function by Eq. (3.34) and constrain the parameter space of «, (3, and 7.

4.5 Discussion

We can still estimate how interactions will change the bounds on nonthermal dark matter production by

considering when the dark matter free streaming scale, k¢ = ()\Fshg *)~1, is naively probable by Lyman—a«
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Figure 4.10: Limits on the Lorentz factor yp and the reheat temperature. The shaded regions correspond to
the 10 and 20 bounds, @ = 0.011Mpc/h and 0.026Mpc/ h, respectively for the noninteracting scenario. The
black dashed line represents kg = (Ags) " = 12.6h/Mpc as calculated by Eq. (3.29). The red dashed lines
represents kg, = () "' = 12.6h/Mpc in the interacting as calculated by Eq. (4.18) using the mean dark
matter momentum following reheating, for ¢ = 10'° (top) and & = 10? (bottom), and m,, /Tru =~ 3300.
The discontinuity at Tgyg ~ 170MeV occurs due to the sudden change in g, during the QCD phase transition.
The thick solid line shows the bound on vp as a function of TRy imposed by BBN, derived in Section 3.1.1.

data. As we saw in Chapter 3, constraining the free-streaming scale to lie above k£ = 12.6 h/Mpc gave
a good estimate of the bounds one could expect to be able to put on the parameter space of vp and TRry.
In Chapter 3, the scale at which the nonthermal dark matter power spectrum began to deviate from that of
CDM was represented by the free-streaming scale of the dark matter particle with the median momentum
following reheating. The scale at which this occurs in the case of interacting nonthermal dark matter is
better represented by the free-streaming scale of the particle with the mean momentum following reheating.
Using Eq. (4.18) and the mean dark matter momentum once the particles have fully kinetically decoupled to
calculate kg in the interacting case, we can present tentative bounds on vp and Try for a given value of the
momentum transfer rate. Since our interacting transfer functions lie below those of the noninteracting case at
scales below the half-mode scale, it is likely that these bounds are more lenient.

Our final figure, Figure 4.10, shows these bounds for the interacting case along side those derived in the
noninteracting case in Section 3.3.2. For the scenario in which & = 10, the transfer functions only differed
slightly from those of the noninteracting case (especially for 7'(k) > 0.5), and our bounds on the parameter
space of vp and Try are, expectedly, not that different between the two cases. For the scenario in which
& = 109, however, the scattering interactions appreciably cooled the dark matter and could tentatively relax

the restrictions on vp and TRry.
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Once more we remark on the fact that these results represent a fiducial example with a fixed ratio
Tru/m, =~ 0.0003. Since we show our constraints as a function of the reheat temperature, along our
boundary lines in Figure 4.10 for the interacting cases, the dark matter mass is increasing with reheat
temperature in order to keep this ratio fixed. As we know, increasing the ratio Ty /m, will increase the dark
matter velocity at decoupling and therefore its velocity following reheating. Thus we expect increasing this
ratio will tighten our bounds, drawing them closer to those of the noninteracting case; similarly, decreasing
this ratio could further relax our constraints. Just as interactions have little effect on our bounds for dark
matter that decouples too early (arxq < 0.73armn), we expect changing this ratio to have little effect on the
bounds in these cases. However, the effect could be significant for dark matter that decouples a bit later
(axq ~ 2.5arn).

Thus, we can see that scattering interactions between dark matter and SM radiation particles could,
indeed, substantially cool dark matter particles produced nonthermally with large momenta. However, in
order to cool enough of the particles to have a discernable effect on the matter power spectrum, the kinetic
decoupling of the dark matter particles must occur near reheating, when most of the particles are being
produced. For reference, aiq ~ 0.73aru (=~ 2.5agrn) for the case in which & = 10° (= 10%). Though
certainly as specialized scenario, it does show that allowing a method by which the dark matter can rapidly
lose momenta opens the parameter space for the allowed velocity at its production. Unfortunately, it does not
appear that this effect is significant enough to allow for the preservation of micro halos that formed from

perturbation that grow during the EMDE.
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CHAPTER 5

Conclusion

Less than 5% of the current energy content of the Universe is contained in “ordinary” matter, ¢.e. in
Standard Model (SM) particles; the remaining 95% exists in the forms of what we call dark matter and
dark energy. Observable only through its gravitational interactions, what we know most conclusively about
dark matter is that it is not composed of SM particles. All we know about dark energy is that its energy
density is not detectably diluted by the expansion of the Universe. Adequate explanations of the nature and
origin of both dark matter and dark energy require the introduction of new, beyond-SM physics. A promising
regime to search for new physics is in high-energy, extreme environments like that of the early Universe. We
investigated how a particular theory of dark energy behaves in the early Universe and how the production
method of dark matter in the early Universe could effect the formation of structure we see today.

In chameleon gravity, a theory of modified gravity aimed to explain dark energy, there exists a light
scalar field that couples to the trace of the stress-energy tensor in such a way that its mass depends on the
ambient matter density, and the field is screened in local, high-density environments. Recently it was shown
that, for the runaway potentials commonly considered in chameleon theories, the field’s coupling to matter
and the hierarchy of scales between Standard Model particles and the energy scale of such potentials result in
catastrophic effects in the early Universe when these particles become nonrelativistic. Perturbations with
trans-Planckian energies are excited, and the theory suffers a breakdown in calculability at the relatively
low temperatures of BBN. We considered a chameleon field in a quartic potential and showed that the scale-
free nature of this potential allows the chameleon to avoid many of the problems encountered by runaway
potentials. We began with a classical treatment of the chameleon field following inflation, showing that the
quartic chameleon oscillates around the minimum of its effective potential, contrary to runaway potential
models in which the field became stuck far from its minimum due to Hubble friction. A quantum treatment of
the quartic chameleon’s dynamics showed that its oscillations caused rapid changes in its effective mass and

perturbations were excited via quantum particle production. While quantum correction to the field’s evolution
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must be taken into account, high-energy perturbations are only generated at comparably high temperatures
and the quartic chameleon is able remain a well-behaved effective field theory at nucleosynthesis.

The inclusion of a period of (effective) matter domination following inflation and prior to the onset of
radiation domination has interesting and observable consequences for structure growth. During this early
matter-dominated era (EMDE), the Universe was dominated by massive particles, or an oscillating scalar
field, that decayed into Standard Model particles, thus reheating the Universe. This decay process could
also have been the primary source of dark matter. In the absence of fine-tuning between the masses of the
parent and daughter particles, both dark matter particles and Standard Model particles would be produced
with relativistic velocities. We investigated the effects of the nonthermal production of dark matter particles
with relativistic velocities on the matter power spectrum by determining the resulting velocity distribution
function for the dark matter. We found that the vast majority of dark matter particles produced during the
EMDE are still relativistic at reheating, so their free streaming erases the perturbations that grow during the
EMDE. The free streaming of the dark matter particles can also prevent the formation of satellite galaxies
around the Milky Way and the structures observed in the Lyman-« forest. For a given reheat temperature,
these observations put an upper limit on the velocity of the dark matter particles at their creation.

We then considered whether these constraints could be relaxed by including scattering interactions
between the dark matter and SM particles. Following our analyses in the case of noninteracting dark matter,
we obtained the dark matter momentum distribution function resulting from the inclusion of scattering
interactions with SM radiation. We compare this scenario to both our previous nonthermal dark matter
production results, as well as to the CDM scenario by contrasting the effects the scattering interactions have
on the resulting matter power spectrum. We found that our constraints on nonthermal dark matter production
could, in fact, be relaxed by as much as an order of magnitude in the Lorentz factor of the dark matter particles

at their production, but only when the kinetic decoupling of dark matter occurs at or around reheating.
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