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ABSTRACT

We study the impact of a modified expansion rate on the dark matter relic abundance and lep-
togenesis in two types of scalar-tensor theories. The first scenario is motivated from string theory
constructions, which have conformal as well as disformally coupled matter to the scalar. The
second scenario is called disformal D-brane coupling, which stems from D-brane models of cos-
mology. In both scenarios, the conformal and disformal couplings modify the expansion rate of the
universe prior to BBN. Furthermore, we investigate the effects of such couplings to the dark matter
relic abundance for a wide range of initial conditions, masses, and cross-sections. It is found that
the annihilation cross-section required to satisfy the dark matter content can differ from the ther-
mal average cross-section in the standard cosmology, which can be tested in future experiments.
In addition, we discuss how non-standard cosmologies can open new pathways for low scale lep-
togenesis. Within these scenarios direct tests of leptogenesis could also provide information on the

very early Universe evolution, corresponding to temperatures in the TeV range.
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1. INTRODUCTION

Recent cosmological data support the phenomenological A-Cold Dark Matter (AC'D M) model
of cosmology, which describes the energy density content of the universe in terms of a cosmolog-
ical constant, A, cold dark matter and baryonic matter. The first two components together make
up 95% of the universe’s energy density budget, while the other 5% is made of baryonic standard
model (SM) particles. This phenomenological model is complemented by the inflationary mecha-
nism, which is the most successful framework to account for the origin of structure in the universe.
After inflation, the universe reheated, providing the conditions for the hot big bang.

The predicted abundances of the light elements resulting from big bang nucleosynthesis (BBN)
are in very good agreement with available observational data [1], which strongly supports the
AC DM model and our understanding of the universe’s evolution back to the first few seconds
after the big bang.

However, the physics describing the universe’s evolution from the end of inflation (reheating)
to just before BBN (¢ < 10 s) remains relatively unconstrained. During this period, the universe
could have gone through a “non-standard” period of expansion, and still be compatible with BBN
predictions. If such modification happened at temperatures around few GeV, during the dark matter
(DM) decoupling, the DM freeze-out may have been modified with measurable consequences for
the relic DM abundances. Also, if this modification occured at a higher temperature, say few
TeV, it may have had an impact on the scale of the leptogenesis mechanism that produces the
baryon asymmetry of the universe. Indeed, one of our the main goals is to study the effect of a
“non-standard” cosmological expansion on the thermal DM freeze-out picture and on the scale of
leptogenesis.

Departures from the standard cosmology between reheating and BBN will mainly be a conse-
quence of a modified expansion rate (F), which can be due to a modification of General Relativ-
ity (GR). Such modifications are well motivated by attempts to embed the AC'DM and inflation

models into a fundamental theory of gravity and particle physics, such as theories with extra-



dimensions, supergravity and string theory.

String theory approaches, to SM particle physics and inflation model building, generically pre-
dict the presence of several new ingredients, and in particular scalar fields with clear geometrical
interpretations. For example, type II string theory models of particle physics introduce new in-
gredients such as D-branes, where matter (and DM) is to be localised!. In D-brane constructions,
longitudinal string fluctuations are identified with the matter fields such as the SM and/or DM
particles, while transverse fluctuations correspond to scalar fields, which may play a role during
the cosmological evolution?. These scalar fields couple conformally and disformally to the mat-
ter living on the brane [3] and thus may change the cosmological expansion rate felt by matter.
The gravitational theory arising from the coupling belongs to a class of theories of gravity called
Scalar-Tensor (ST) theories.

In this work, we focus on ST theories where the gravitational interaction is mediated by both
the metric and only one scalar field. In these type of theories, the cosmological evolution deviates
from the standard expansion of the Universe at early times, but an attractor mechanism [4, 5]
relaxes the theory towards GR prior to the onset of BBN. ST theories are often formulated in one
of two frames of reference, namely, the Jordan or Einstein frames. As it is shown in [6], the most

general transformation, physically consistent, between the metrics of these frames is given by *

G = C(9)guv + D(6)0,00,¢ . (1.1)

where g, is metric in the Jordan frame, C'(¢) is the conformal coupling, g, is the metric in the
Einstein frame and D(¢) is the so-called disformal coupling.

The first term in (1.1) is the well-known conformal transformation which characterizes the
Brans-Dicke class of scalar-tensor theories explored in [7, 8, 9, 10, 11, 12]. The second term is

the disformal contribution, which is generic in extensions of general relativity. In particular, it

'For a review on D-brane models of particle physics see [2].

2For example, a coupled dark energy-dark matter D-brane scenario was proposed in[3].

3More generally, the functions, C and D can depend on X = %(8(;5)2 as well. We do not consider this case in the
present paper.



arises naturally in D-brane models, as discussed in [3], in a model of coupled dark matter and dark
energy.

We will investigate two classes of ST theories in the two following chapters. In Chapter 2,
we consider the general action consider in [7, 12] and take into account the disformal coupling,
entering only through the metric. We revisit the conformal case, that is D = 0, and explore
the expansion rate modification providing new interesting results with new boundary conditions.
We further discuss the general modifications to the expansion rate due to a disformal coupling
and present an explicit non-trivial example for the case in which the conformal term in (1.1) is a
monomial. In such a case, the functions C' and D are in principle independent functions, as long
as they satisfy the causality constraints: C(¢) > 0 and C(¢) + 2D(¢)X > 0 (X = 5(9¢)%) [13].

In Chapter 3, we study in detail the effects on the expansion rate of the disformal coupling in
(1.1), which arises in the case of matter localized on D-branes. In this case, the conformal and
disformal terms are closely related and dictated by the underlying theory, such as type IIB flux
compactifications in string theory. The picture we have in mind goes as follows. After string
theory inflation, reheating took place, giving rise to a thermal universe. At this stage standard
model particles and dark matter was produced. The SM would arise from stacks of D-branes at
singularities or D-branes intersecting at suitable angles [2], while DM particles could arise from
the same or a different stack of D-branes, which may be moving towards their final stable positions
in the internal six-dimensional space before the onset of BBN. From the end of inflation to BBN,
a nonstandard cosmological evolution can take place without spoiling the predictions of BBN, in
particular, a change in the expansion rate felt by the matter particles due to the D-brane conformal
and disformal couplings between the scalar field and matter fields. As we will see, due to the
coupling the expansion rate will generically be enhanced*. Let us stress that a realistic string
theory scenario would be more complicated and may include nonuniversal couplings to baryonic
and dark matter. However, it is very interesting that scalar couplings present in string theory can

give interesting modifications of the post-inflationary evolution after string inflation.

“It is interesting to notice that a phenomenological model with a faster-than-usual expansion at early times, driven
by a new cosmological species, has recently been discussed in [14].



In this work, we show for the first time that the enhanced expansion rate can also happen due
to a purely disformal contribution or a combination of conformal and disformal terms. The former
case - a disformal enhancement - is particularly interesting as it can be interpreted in terms of an
“unwarped" compactification, which is typical of a large-volume compactification of string theory,
which is needed for perturbative control. When we identify the scale arising from the disformal
coupling with the tension of a moving D3-brane, where matter is localized, this scale is determined
by the string scale and the string coupling. Interestingly, the modification of the expansion rate can
take place at different temperature scales, depending on the value of the string scale.

The enhancement of the expansion rate, due to conformal and disformal couplings, impact the
early universe cosmology. In this thesis, we study DM phenomenology and a simple model of
leptogenesis as well. In Chapter 4, we focus on the general thermal DM freeze-out picture as an
example and study how it is modified due to the faster-than-usual expansion of the universe. We
further investigate the correlation of the annihilation cross section with the dark matter content.
In Chapter 5, we study a simple model of leptogenesis type-I seesaw and show that the enhanced
expansion rate lowers the scale of leptogenesis to few TeV.

In an attractive scenario of the cosmic history, the universe is radiation dominated prior to
BBN and dark matter is produced from the thermal bath, which was created at the end of inflation.
In this thermal picture, the observed relic density is satisfied for DM species with weak-scale
interaction rate (ov), which is around 3.0 x 10~26cm3s ™" (or o ~ 1 picobarn), corresponding to
weak interactions. Despite such a small value, the Fermi-LAT and Planck experiments have been
exploring upper bounds on (ov) [15, 16]. In the future, HAWC [17] and CTA [18] will probe the
annihilation rate for a wide range of dark matter masses. It is thus worth establishing whether an
annihilation rate, larger or smaller than the standard thermal prediction, could still have a thermal
origin due a modified cosmological evolution before BBN.

Modifications to the DM relic abundances in conformally coupled scalar-tensor theories (ST),
such as generalizations of the Brans-Dicke theory, were first discussed in [7] by Catena et al.

These authors showed a faster-than-usual expansion rate, H , which well before the onset of BBN,



rapidly drops back to the standard GR expansion rate, ;. Due to this rapid relaxation of H
towards H¢pg, they found a DM reannihilation effect: after the initial particle decoupling, the dark
matter species experienced a subsidiary period of annihilation as the expansion rate of the universe
dropped below the interaction rate. Further studies on conformally coupled ST models have been
performed in recent years in [8, 9, 10, 11, 12] (see also[19, 20, 21, 22, 23, 24, 25]).

On the other hand, one of the most popular mechanisms to explain the cosmological baryon
asymmetry is leptogenesis [26], according to which an initial lepton asymmetry is generated and
then partly converted to a baryon asymmetry by sphaleron processes [27, 28] (for reviews on the
leptogenesis mechanism see [29, 30]). In standard leptogenesis, based on type-I seesaw mecha-
nism, this initial lepton asymmetry is produced in the decay of the lightest RH neutrino, N;. In
order to produce enough CP asymmetry to account for the observed baryon asymmetry, the mass
of N; cannot be smaller than ~ 10° GeV [31]. Therefore, this implies that direct tests of standard
type-I seesaw leptogenesis are out of experimental reach.

This constraint is quite specific of the type-I seesaw leptogenesis and is often lost in other
models. The most direct way to go around this bound is in models where the neutrinos only couple
through a neutrinophilic Higgs which obtains a vacuum expectation value (VEV) much smaller
than the electroweak breaking VEV, v, < 174 GeV [32, 33]. Other examples and their references
are mention in Chapter 5.

Most of the models that attempt to generate the baryon asymmetry from heavy particle decays
are subject to an additional constraint. This constraint originates from a general relation between
the strength of the washout scatterings, which tend to erase any lepton number asymmetry present
in the thermal bath, and the charge conjugation parity (CP) asymmetries in the decays of the heavy
states. In this thesis, we show how this constraint can be avoided in the context of ST theories and
how the scale of leptogenesis can be as low as few TeV.

The dissertation is organized as follows:

e In Chapter 2, we introduce the ST theory conformally and disformally coupled to matter.

Then, we examine the formulation of this theory in the Einstein and Jordan frames, com-



ment on their physical interpretation and derive the equations that describe the cosmological
evolution of the Universe. Subsequently, we discuss the expansion rate modifications caused

by the presence of the conformal and disformally coupled scalar field.

e In Chapter 3, we first briefly introduce the general D-brane-like setup. We then go directly
to the cosmological equations and discuss how the expansion rate is modified in general.
Then, we move on to the D-brane-like case, where the conformal and disformal functions are
related. We start discussing the equations in the Jordan frame as well as the initial conditions
and constraints that we use to numerically solve the full equations. We then discuss in detail
the solutions for the unwarped case, that is, a purely disformal effect (or C' =const.). Next,
we discuss the warped case, using for concreteness the same conformal function used in

Chapter 2. We also comment on the result of using other functions.

e In Chapter 4, we briefly introduce the DM thermal freeze-out picture and the Boltzmann
equation (BE). Then, we investigate in detail the impact of the modified expansion rates,
described in both Chapters 2 and 3, on the dark matter relic abundance and annihilation

Cross section.

e In Chapter 5 we start by motivating leptogenesis in a faster-than-usual universe, discuss some
constraints on the leptogenesis scale and then add few more comments on boosted expansion
rates. Later, we present a simple benchmark model which will be used for the leptogenesis
analysis and discuss the network of BE for leptogenesis in the modified cosmology. In our
last two sections, we present our leptogenesis results and comment on the enhancement

scales in the extensions of the SM, e.g., Minimal Supersymmetric Standard Model (MSSM).

e In Chapter 6, we finally present our conclusions.



2. CONFORMALLY AND DISFORMALLY COUPLED SCALAR-TENSOR THEORY'

We are interested in scalar-tensor theories coupled to matter both conformally and disformally
[13]. Our motivation comes from theories with extra dimensions and in particular string theory
compactifications, where several additional scalar fields appear, from closed and open string theory
sectors of the theory [3]. Our approach in this work nonetheless will be phenomenological and
therefore our equations will be simplified. However, we present the more general set-up, which
can accommodate a realization from concrete string theory compactifications in Appendix A.

As was mentioned in chapter 1, ST theories are often formulated in one of two frames of ref-
erence, namely, the Jordan or Einstein frames. The respective advantages of these two frames are
that the scalar couplings enter through either the gravitational sector (Jordan frame) or the matter
sector (Einstein frame), leaving the other sector unaffected. In the Jordan frame matter fields, W,
are coupled directly to the metric, g,,,, which means that the matter sector of the action can be
written as Susauer = S Mam(gw, U). Thus, this frame is more convenient for particle physics
considerations because the usual observables, e.g. a mass, have their standard interpretation. How-
ever, the scalar field couples to the gravitational sector producing rather cumbersome gravitational
field equations.

On the other hand, in the Einstein frame, the matter piece of the action becomes Sy;qiter =
Smatter (Guw, @, 0,¢, V). This implies that physical quantities associated with particles (i.e. mass)
measured in this frame have a spacetime dependency. However, the gravitational field equations
take their standard form, where the Einstein tensor is proportional to the total energy-momentum
tensor.

The most common strategy followed in the literature [7, 12] is to determine the cosmic evolu-
tion in the Einstein frame, where the cosmological equations take a more straightforward form, and

then transform the results over to the Jordan frame. As was already hinted out before, the effect

IReprinted with permission from "Dark matter relics and the expansion rate in scalar-tensor theories” by B. Dutta,
E. Jimenez, I. Zavala, 2017. JCAP no.06, 032. Copyright SISSA Medialab Srl. All rights reserved.



of modified gravity will enter the computation of particle physics processes through the expansion
rate, H, in the Jordan frame.

The action we want to consider is given by:

Sowr = 5 / doy"gR - / ey g [§<a¢>2 T v<¢>] + Statter - @.1)

where Siratter = —[ d*a/—G L11(Gyu, V), with £, the lagrangian density of the matter sector.

Here the disformally coupled metric is given by

g,uu - C<¢)guu + D(¢)au¢au¢a (22)
and the inverse by:
_ 1 D 0" p0” ¢
wo_ | g
=0 l? T o+ Do 2-3)

Moreover, k* = Mp? = 87G, but keep in mind that G is not in general equal to Newton’s
constant as measured by e.g. local experiments. Further, C'(¢), D(¢) are functions of ¢, which can
be identified as a conformal and disformal couplings of the scalar to the metric, respectively (note
that the conformal coupling is dimensionless, whereas the disformal one has units of mass™?).

The equations of motion obtained from (2.1) are:

1
R, — 5g,wR =r* (T, +Tw) (2.4)

where, in the frame relative to g,,,, the energy-momentum tensors are defined as

0(—v—9L
Tlf)y = 2 5S¢ ’ T;U/ = - 2 ( J M) ) (25)
V=901 v=g9  dg™

and we model the energy-momentum tensor for matter and both dark components as perfect fluids,
that is:

T}, = Pigu + (pi + Puyu, (2.6)



where p;, P; are the energy density and pressure for each fluid ¢ with equation of state P;/p; = w;.

For the scalar field, the energy-momentum tensor takes the form:
1
T¢, = —gu {5(&;5)2 - v} + 0,0 0,0, 2.7)
and one can define the energy density and pressure of the scalar field as:
1 2 1 2
P¢:—§(a¢) +V, P¢:—§(8¢) -V. (2.8)

Finally the equation of motion for the scalar field dark energy becomes:

el D' D_..
“VuVE o+ V! = e | el + Eamaygb] +V, {5?‘ ayqb] =0. (2.9)

Due to the nontrivial coupling, the individual conservation equations for the two fluids are
modified. However, the conservation equation for the full system is preserved and given in the
usual way by

Vo (T4 + 1) =0. (2.10)

Thus using (2.7) and the equation of motion for the scalar field we can write

VI =Q0"¢ = -V, T, (2.11)
where
D T [ D’
Q=V, la T+ aws] -5 [ggw, += 0,00,0| . (2.12)

In the Jordan, as defined above, matter is conserved,

v, " =0, (2.13)

where V . 1s the covariant derivative computed with respect to the disformal metric (2.2) with the
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Christoffel symbols given by

. C’ (o4 D D’ C’
Fas =Thp+ 5 0080 =7 55 0" 0 gas + 577 00 {VQVM + (5 - 5) 3a¢5‘6¢} !

(2.14)

and we have introduced the “Lorentz factor" -y defined as

N S
\/ 1+ 5(00)?

In this frame, the energy-momentum tensor is defined as

(2.15)

- 2 0Sy
™ = — — (2.16)
VvV —g 5g/u/

and the disformal energy-momentum tensor can be written as:

™ = (p + P)ata" + P g™, (2.17)

where @ = C~'/2yu*. Using (2.16), we obtain a relation between the energy momentum tensor
in both frames as:

T = O3y TH | (2.18)

Further using (2.17) we arrive at a relation among the energy densities and pressures in both
frames, given by

p=C"2yp, P=C"*yP (2.19)

and therefore the equations of state in both frames are related by @ = w~?. Note that in the pure

conformal case, D = 0, v = 1 and therefore W = w.
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2.1 Cosmological equations

Consider an homogeneous and isotropic FRW metric g,,,,,

ds* = —dt* + a(t)*dx,da’ (2.20)

where a(t) is the scale factor. In this background, the Einstein and Klein-Gordon equations be-

come, respectively

2

H = lps+ g 2.21)
. 2

H+H2:—%[p¢+3p¢+p+3P], (2.22)
¢+3Hp+Vy+Qy=0, (2.23)

where, H = g dots are derivatives with respect to ¢ and we have denoted V4 = d ¢ Also the

Lorentz factor becomes

y=(1-D¢/C) 12
The continuity equations for the scalar field and matter are given by
po+ 3H(ps + Ps) = —Qoo, (2.24)
p+3H(p+P)=Qoo. (2.25)
where () is given by
D, DCy4

Qo = { ¢+ = <Z5(3H+) (f CC)(bQ 2C(1_3w>
(2.26)
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Using (2.25) we can rewrite this in a more compact and useful form as

_ (3 Cs (v*-1)
Qo—p(%—k%(l—i’)wf)—?)HwT) : (2.27)

Plugging this into the (non-)conservation equation for dark matter (2.25), gives:
Lo
,O+3H(p+P72):pB%—Q—gqb(l—?)wWZ)} : (2.28)

Using the relations for the physical proper time and the scale factors in the two frames, given by

a=C"q, di = CV%yYdr (2.29)
we can define the disformal-frame Hubble parameter H = d};‘i, as
g0 Co,
H= = [H+ 204 , (2.30)
so that (2.13) takes the standard form in terms of H:
dp -
=3+ P)=0. (2.31)
=

Equations (2.30) and (2.31) give the background evolution equations for the modified expansion

rate and matter’s density evolution.
2.2 Master equations

In order to solve the cosmological equations, it is convenient to replace time derivatives with

derivatives with respect to the number of e-folds NV, defined as N = Ina/a, and define A = %(:
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%) With these definitions, we can rewrite the Friedmann equation (2.21) and () as:
2 1+ A
o o (14N 7 (2.32)
3 <1_ 52(1)/2)
6
QO 72H2 2D Vi 2D / ’i2¢/2 3(1+M)B D /2 C¢ -2
=0 _ =3 - ’ -3
p > | et Y aa )T e) S et )
(2.33)

where here we denote ' = d/dN. Note also that (2.32) implies that x ¢/ < £+/6.
(2.34)

Using these equations and further defining a dimensionless scalar field ¢ = « ¢, we can rewrite

(2.22) and (2.23) as:
3B '
H=-H|———(1 I
l2(1+A)( te)t+s ] ’
3H*y?B D 3H?*y?B D H 3H*y?B D
1! 1 e 3 / 1 o - - / 1 e
[+/<2(1+>\)O]+ 90{ w/{2(1+A)C}+H¢[ +/<;2(1+)\)C'}
3B 3B\ V 3H*y?B D
1 — 3wr? L _® — (4 — 2] =
(@)l =3wr%) + TNV TRiiNC [(6(p) —a(p)) "] =0,
(2.35)
where we defined:
12
B=1- %, (2.36)
H?D
=1 = 2.
Y PR (2.37)
dln C'/?
alp) = = (2.38)
(2.39)

One can solve the system of coupled equations above for /' and ¢ as functions of N. However,
in some cases it is simpler to use (2.34) into (2.35) and solve the following disformal master

13



equation:

2(1 1
%@” + (2/\+1—w)g0/+2)\dnv+2(1—3w72)a(<,0)
A+ Dp [ o [ ¥? (A+w)B]  C (DY
il Sl A e P LA el el R (et —0
3B o \F YT 6 Toaan] Tap\a) ¥ :
(2.40)
with ~ given by:
_ 1+ X) Dp
2 _q_( 3 2.41
gl B O (2.41)

From (2.40) we see that the conformal case is recovered for D) = 0 when the second line van-
ishes. Moreover, the disformal piece appears always together with derivatives of the scalar field,
as expected and also nontrivially coupled to the energy density. This complicates considerably the

analysis of the disformal case, as we will see below.
2.3 Modified expansion rate

The effect of the expansion rate during the early time evolution due to the presence of a scalar

field can be extracted from the Hubble parameter evolution in the Jordan frame defined as:

H =d(loga)/dr,

which can be written using (2.29) as:

~ H
=5 U+ al@)y) | (242)

where remember that v depends on H (or p) as seen from (2.37), while in the pure conformal case
D = 0 and 7 = 1. Note that in principle, the factor (1 + a(y)y’) can be positive or negative,
indicating an expansion or contraction modified rate. We stick to positive definite values for this

factor and therefore only modified expansion rates, though, in principle, one could have a brief
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contraction period during the early universe evolution, before the onset of BBN?. Moreover, notice
that while H can grow during the cosmological evolution, the null energy condition (NEC) is not
violated. This is because the Einstein frame expansion rate H is dictated by the energy density p
and pressure p, which obey the NEC and therefore H<0 during the whole evolution, as it should
(see for example [35]).

We further want to relate the modified expansion rate to the expected expansion rate in general
relativity (GR), that is:

2, = o ; (2.43)

We can do this be using the Friedmann equation (2.32) and the relation between the energy densi-

ties (2.19) to write

- K2 C?(1+ )\
,y 1H2 5 (B )HéR (244)
KGr

Using the definition of «y (see (2.37)) into this equation, one finds a cubic equation for H? in terms
of all the other parameters. The real positive solution to that equation can then be replaced into
(2.42) to find the modified expansion rate H, which will thus be a complicated function of Hgg as

we now see. The cubic equation for H takes the form:

dH — H*+d5=0, (2.45)

where

k? C?(1+ \)HZ
di == dy = — ( B> Gk (2.46)
Rar

The solutions to (2.45) can be written as

Q_L 3 1/3 é 1/3
e = oo <1+(A) +(5 : (2.47)

2See [34] for a review on scenarios with a possible contraction phase in the early universe.
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with A = 2 — 27d?d2 + dydy+/27(27d3d3 — 4). The other two solutions can be obtained by

replacing

9\ /3 . 9\ /3 9\ 1/3 . 9\ /3
“ wi/3 [ < “ ami/3 [ 2
(A) —e (A) and (A) —e (A) .

We are interested in real positive solutions for /2. One possibility to get this is to have the imagi-
nary part of (A/2)/3 vanish by requiring that A > 0, which is impossible. Therefore, the way to
obtain real solutions for H is to have the imaginary parts of (A/2)'/? and (A/2)~'/? cancel each
other, leaving a real positive solution.

For this, we need that 27d%d3 < 4, which implies the following relation between the conformal

and disformal functions:

3V3DC ?(1 4+ \) HE <y
B Kip —

(2.48)

Under this condition, we can rewrite A as:

A =2~ 003 + idydon [27(4 — 2T ).

which allows us to define a complex number Z = A/2 and it is easy to check that Z = 2/A and
thus |Z|*> = 1. Denoting further Z; with 7 = 1,2, 3 denoting the three solutions to H as explained

above, the solutions for H, (2.47) takes the simple form:

1 _
H>=_—|1+2"+ 7" (2.49)
3d,

and remember that we are interested only in the real positive solution. We can now plug in (2.49),
as well as the expression for 7 in terms of H into the Jordan frame expansion rate (2.42), can be

written as:

g2 P CA+ N +alp)¢)

H? 2.50
K%R B GR > ( )
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where there is a non-trivial dependence of Hpr encoded in

1
"~ 3dyds

i [1 +zV 4 2V 2.51)

In the conformal case, D = 0, v = 1 and therefore (2.50) is simply

- k2 C(1+ N1+ alp))?
H? = = 5 HZp . (2.52)

From this relation we define a speed-up parameter &, which will be useful below to measure the

departures from the G R expansion rate result:

H

¢ Hon (2.53)

We now revisit the conformal case, discussed originally in [7]. We first solve (numerically) the
master equation for the scalar field (2.40) in order to compute the modified expansion rate H and
compare it with the standard expansion rate, Hgg.

Before solving the master equation (2.40), we would like to write it in terms of Jordan frame
quantities & = w~y?, p = C~2y~1p. Moreover, the number of e-folds N can be expressed in
terms of Jordan frame quantities as follows. In this frame, the entropy is conserved and is given

by S = a3, where § = i—ggs(T)T 3. So, the conservation of entropy and (2.29) show that N is a

function of temperature and the scalar field as:

a Ty (go(T)\ " o1V
N=lnZL = |20 (% +1n {—0} . (2.54)
ag T\ g5(T) ¢

Therefore, we can introduce the parameter, N, defined as

. -\ 1/3
N | D (91 , (2.55)
T \ g+(T)
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and transform to derivatives w.r.t. N (assuming well behaved functions):

1 1 2 ’
o : j_;’ o 3<5N902+Z_0‘(5_]€)>_ (256)
(1-alv)2) (1-al0)%) 7

In a slight abuse of notation and to keep expressions neat, in what follows we denote derivatives

w.r.t. N with a prime ’.
2.4 Pure conformal case

We start with the pure conformal case. That is, we take D(¢) = 0 in (2.40) and therefore y = 1
(and @ = w). Moreover, during the radiation and matter dominated eras, of interest for us, the
potential energy of the scalar field is subdominant and thus, we take A ~ 0. Therefore the master

equation (2.40) simplifies to:

2

s Y T (@) 21 -38)alp) =0, 2.57)

which in terms of derivatives wrt N takes the form:

1 " da / 3> (1 — CD) / ~
¢+ (@) )t ¢t (1=30)a(p) =0,
3B[1 - a(p)¢’ ( dp [1 - a(p)y]
(2.58)
where B = 1 — %. Using the relation between H and Hg i defined in (2.52), we can

write the speed-up parameter as

o CY(p) 1 1
Her  CYV2(p0) (1 — ale)e') VB /1 + a?(p0)

¢ = (2.59)
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where we have used the relation between the bare gravitational constant and that measured by local

experiments for conformally coupled theories [36]:

kg = K°C(po)[1 + *(v0)] (2.60)

where ¢ is the value of the scalar field at present time.
2.4.1 Expansion rate modification

The scalar equation in the conformal case (2.57), as function of N (for A = 0) contains a
term which can be interpreted as an effective potential, dictated by V,y; = In C'/2. For a strictly
radiation dominated era, @ = 1/3, the effective potential term vanishes and we are left with an
equation that can be solved analytically [37], giving ¢’ oc e~ V. That is, any initial velocity will
rapidly go to zero (remember that from the Friedmann equation (2.32), ¢’ is constrained to be
|¢'| < V/6). Therefore we explore the effects of having a non-zero initial velocity in our analysis
below. Since the scalar field is expressed in Planck units, we focus on order one or smaller field
variations Ag. One can check, using the analytic solution to (2.57) deep in the radiation era,
that for initial velocities ¢ < ++/6, the total field displacement is of order Ay ~ ey [37].
However, given that we don’t know much about the theory before BBN, we explore different
initial values for (o, ¢[) and study their consequences. In particular we explore initial values ¢
and ¢, € (—1.0,1.0).

We now concentrate on an explicit conformal factor. We use the same conformal factor as that

studied in [7], which is given by:

Clp) = (1 +be )2, (2.61)

with the values b = 0.1, § = 8, which have been shown to satisfy the constraints imposed by
tests of gravity, for the parameters «, 3, £&. As we will see, the requirement of reaching the GR

expansion rate value by the time of the onset of BBN drives these parameters to very small values,
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which are thus consistent with the constraints from gravity for their values today.

As we discussed above, in the equation of motion for ¢, with @ # 1/3, the conformal factor
acts as an effective potential on which the scalar field moves, damped by the Hubble friction
(see (2.23)). Since any initial velocity ¢’ goes rapidly to zero deep in the radiation era, in the
subsequent evolution of ¢, the term (¢’)? in the master equation will be negligible. In this regime,
the equation is that of a particle moving in an effective potential with a damping term. Therefore,
one can understand the evolution of ¢ from the form of the effective potential (V. = InC 1/2)
and the initial conditions used. For the conformal function we are considering (2.61), one sees that
there is a set of initial conditions that will give rise to an interesting behavior in ¢, and therefore
an interesting modified expansion rate in the Jordan frame H (2.52), as we now explain.

In general, both the initial position and velocity of the scalar field can take any value, positive
and negative. In the runaway effective potential dictated by In C''/? for the conformal factor (2.61)
we consider here, we have the following possibilities. i) The scalar field starting somewhere up
in the runaway effective potential with zero initial velocity. In this case, the scalar field will roll-
down the potential, eventually stopping due to Hubble friction, at some constant value of ¢, which
depends on its initial value. So long as (1 + a(y) ¢') stays positive (see (2.42)), C' will evolve
rapidly towards 1. More generally, the initial velocity can be different from zero. If the initial
velocity is positive, the behavior will be similar to the previous case. The field will roll-down the
effective potential towards its final terminal value.

i) A more interesting possibility arises when one allows for negative initial velocities. In
this case, the field will start rolling-up the effective potential towards smaller values of the field,
eventually turning back down and moving towards its terminal value. It is easy to see that an
interesting effect happens when the field starts at an initial positive value. Given a sufficient initial
negative velocity the field will move towards negative values until its velocity becomes zero and
then positive again, as it rolls back down the effective potential. This change in sing for the
scalar evolution will produce a pick in the conformal function that will give rise to a non-trivial

modification of Jordan’s frame expansion rate /1, as we are looking for. As mentioned before, we
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are interested in (sub-)Planckian initial values (o, ¢ ), such that H > 0. With these requirements,
one can see that given an initial negative velocity, there is a suitable initial value of the scalar field
such that the behavior just described holds and the expansion rate H has an interesting evolution
before the onset of BBN. At late times the conformal function goes to one and the GR expansion is
recovered. We show this behaviour explicitly in Figures 2.1 and 2.2 where we plot the numerical
solution for the evolution of ¢ and C(¢p) as functions of the temperature. In these plots we find
¢ = o(T) by first solving (2.58) numerically with initial conditions (g, ¢)) = (0.2, —0.99) and
then use (2.55) to express go(N ) as function of T. As we can see, the conformal factor starts
growing towards a maximum value as ¢ moves to negative values, to rapidly drop down towards

its GR value at C' — 1 as ¢ moves down the effective potential towards positive values. This

non-trivial effect will give rise to the possibility of re-annihilation, as we discuss below.

0.2

0.0

| | | | | | | |
10° 10% 10’ 1 107" 1072 1073 107

T(GeV)

Figure 2.1: Typical evolution of the scalar field as temperature decreases. The initial values are
(¢, dp/dN) = (0.2,—0.994). Reprinted with permission from "Dark matter relics and the ex-
pansion rate in scalar-tensor theories” by B. Dutta, E. Jimenez, . Zavala, 2017. JCAP no.06, 032,
Figure 1, p. 12. Copyright SISSA Medialab Srl. All rights reserved.

Based on the discussion above, we have solved the master equation (2.58), to find the scalar

field as a function of N for various initial conditions, where we see the interesting behavior ex-
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C(e)

10"

1

| | | |
10° 102 10' 1 107! 1072
T(GeV)

Figure 2.2: Behaviour of the conformal factor, C'(¢) as a function of the temperature for the
same initial values as in Figure 2.1. Reprinted with permission from "Dark matter relics and the
expansion rate in scalar-tensor theories” by B. Dutta, E. Jimenez, 1. Zavala, 2017. JCAP no.06,
032, Figure 2, p. 13. Copyright SISSA Medialab Srl. All rights reserved.

plained above. The resulting modified expansion rate and its comparison with the standard case
are shown in Figure 2.3 for the same initial conditions as in Figures 2.1 and 2.2. In our numerical
exploration, we choose initial conditions for which the notch in the expansion rate (see Fig. 2.3)
occurs closer to the BBN time. This has interesting consequences for the dark matter annihilation,

as we discuss in chapter 4.
2.4.2 The equation of state parameter, w

When solving the master equation (2.58), we have taken into account an important effect that
occurs during the radiation dominated era. Deep in this epoch, the equation of state is given by
@ = 1/3. When a particle species in the cosmic soup becomes non-relativistic, @ differs slightly
from 1/3. When the temperature of the universe drops below the rest mass of each of the particle
types, there are non-zero contributions to 1 — 3c. This activates the effective potential, which can
be seen in the last term of (2.58), and displaces, or “kicks* the field along V..

To examine this effect in more detail, we start by writing 1 — 3 @ during the early stages of the
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10770 l l |
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T(GeV)

Figure 2.3: Comparing the Hubble expansion rate H in the Jordan Frame with the standard Hubble
expansion rate Hg;r. The presence of the scalar field enhances and decreases the expansion rate
during the radiation dominated era. This plot corresponds to initial conditions given by (¢, ¢j) =
(0.2,—0.994). Reprinted with permission from "Dark matter relics and the expansion rate in scalar-
tensor theories” by B. Dutta, E. Jimenez, 1. Zavala, 2017. JCAP no.06, 032, Figure 3, p. 13.
Copyright SISSA Medialab Srl. All rights reserved.

universe as in [7] and [12]

5—3p o4 —3Pa | Pm
1—3p=L"2P _NnPAZPA P (2.62)
P
A

p p
where the sum runs over all particles in thermal equilibrium during the radiation dominated era and
Pm 1s the contribution from the non-relativistic decoupled and pressureless matter. The summation

over all the particle is responsible for the kicking effect discussed above. Then, a kick function is

defined as

3 5. — 35
n(T) =y A - Pa, (2.63)
A
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where the energy density p4 and pressure p4 of each type A of particle are given by

- o] E2 1/2
pa(T) = A / (B2 —m3) © gy (2.64)

212 ), exp(E/T) £ 1

_ E2 B 3/2
pa(T) = 24 / (B2 —m3) E%E, (2.65)

672 /. exp(E/T) £ 1

with g4 being the number of internal degrees of freedom of species of type A and the plus (minus)
sign in the integral corresponds to fermions (bosons).
After using p ~ 72ges (T )T4/30, (2.64) and (2.65) X becomes

2
E(T): gA YT~ Ya (2.66)

where g.;¢(T) is the total number of relativistic degrees of freedom® and y4 = m.4/T.

To compute (2.66), we consider the Standard Model particle spectrum. In particular, we take
into account the top quark, the Higgs boson, Z boson, W bosons, bottom quark, tau lepton, charm
quark, charged pions, neutral pion, muon lepton and the electron (See Table 2.1 for details on the
masses and internal degrees of freedom per species). As we show in Figure 2.4, > is mostly zero,
except when the kicks happen. Then, during the radiation dominated era, we compute the equation
of state parameter from (2.62) as & = (1 — X(7))/3*.

In Figure 2.5 we show the evolution of w between 10 TeV and 10 eV. This figure shows four
troughs, which are the “kicks” mentioned above. Each kick corresponds to the transition of one or
more particles to the non-relativistic regime. For example, the trough at around 0.5 MeV is due to
the electron, while the one at around 100 GeV is due to the heavy particles (¢, H, Z and W).

Towards the end of the radiation era, approaching the transition to the matter dominated era,

3To calculate g, s we follow the numerical procedure described in Appendix A of [38].
45 is dominated by radiation, thus p,, /7 is negligible.
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Particle Mass (GeV) ga
t 173.2 12
H 125.1 1
Z 91.19 3
W+ 80.39 6
b 4.18 12
T 1.78 4
c 1.27 12
0 0.140 12
nt 0.135 2
1 0.106 4
e 0.000511 4

Table 2.1: Spectrum of particles used to calculate the kick function (2.66). For each particle, we
show its mass and number of internal degrees of freedom, g 4.

0.10}

0.08}

0.06}

5(T)

0.04}
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0.00}
] ] ] ] ] ] ] ] ] ]
10* 10° 102 10" 1 107" 1072 1073 1074 107°

T(GeV)

Figure 2.4: Thermal evolution of the kick function during the radiation dominated era. Outside the
interval of temperatures shown, Y vanishes. Reprinted with permission from "Dark matter relics
and the expansion rate in scalar-tensor theories” by B. Dutta, E. Jimenez, 1. Zavala, 2017. JCAP
no.06, 032, Figure 10, p. 22. Copyright SISSA Medialab Srl. All rights reserved.
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(2.62) takes the approximate form:

Pm 1

1—-30w >~ — — ~ — (2.67)
Ppm +pr  1+T/T,,

where T,, ~ O(107?)GeV is the temperature at matter-radiation equality, that is, f,,(T,,) =
ﬁT(T eq)- We can now combine (2.63) and (2.67) to compute the thermal evolution of (2.62) in the

radiation dominated and matter dominated eras and use it in the master equation.

] ] ] ] ] ] ] ] ] ]
10* 10° 102 10’ 1 107" 102 10° 10™* 10"

T(GeV)

Figure 2.5: Evolution of @ in (2.62) as function of temperature during the radiation dominated
era. Reprinted with permission from "Dark matter relics and the expansion rate in scalar-tensor
theories” by B. Dutta, E. Jimenez, 1. Zavala, 2017. JCAP no.06, 032, Figure 4, p. 15. Copyright
SISSA Medialab Srl. All rights reserved.

2.4.3 Parameter Constraints

In scalar-tensor theories of gravity, there are some constraints on the parameters that need to
be taken into account. Deviations from GR can be parametrised in terms of the post-Newtonian

parameters vpy and [Spy, which are given in terms of «(yy) defined in (2.38) and its derivative
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ay = da/depl,, as [39, 40]:

(2.68)

202 1 ofa?
—1=--""9 —1=-_—"070
YPN 3 Brn 2

1+ a? 1+ ad)?
Solar system tests of gravity, including the perihelion shift of Mercury, Lunar Laser Ranging ex-
periments, and the measurements of the Shapiro time delay by the Cassini spacecraft [41, 42, 43]
indicate that aq should be very small, with values a2 < 107°, while binary pulsar observations
impose that of, 2 —4.5. The last constraint applies to the speed-up factor £, which has to be of

order 1 before the onset of BBN. In our examples we have a2 ~ 2 x 107, aj, > 0 and £ ~ 1.05.
2.5 Conformal case plus a simple disformal coupling

We now discuss briefly the effect of the disformal factor in the metric (2.2) to the expansion
rate of the universe, H , and compare it to the conformal modification to HS. Hence, we explore
D(¢) # 0 for the same conformal factor studied before, that is, C() = (1 +be %)% for b = 0.1,
£ = 8. To investigate these modifications, we first need to look at the scalar field evolution with
temperature.

In the pure conformal case studied above, we found the thermal evolution of the scalar field
by solving the master equation (2.58) numerically, which is (2.40) for D(¢) = 0. However, to
study the effects of the disformal factor on the scalar field, it is more convenient to solve the
system of two coupled equations (2.34) and (2.35). Using these equations we find solutions for the
dimensionless scalar field ¢, and for the expansion rate in the Einstein frame H.

Notice that solving the system of coupled equations or solving the master equation to find
the thermal evolution of the scalar field are equivalent methods (as we have explicitly checked),
because (2.40) it is nothing but a combination (2.34) and (2.35). However, while in the pure
conformal case the master equation can be made independent of H (or p), this is not the case for
the more general disformal case, as we can see in (2.40).

In the same way, as for the conformal case, we are interested mainly in the radiation and matter

>We leave a detailed exploration for a future publication.
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eras and therefore we can neglect the potential energy of the scalar field. Thus, we consider V' ~ 0
and A = 0. Also, while solving the coupled equations we have to express w in the Jordan frame by
using @ = w~? and transform all derivatives w.r.t. N to derivatives w.r.t. N by using (2.56).

With this information, we solve the system of coupled equations numerically to find the dimen-
sionless scalar field ¢ and the Hubble parameter H, as functions of the number of e-folds N (and
the temperature). We choose the same initial conditions for the scalar field and its derivative as in
the conformal case and to obtain the initial condition for H, we use (2.49).

Once we have the solutions for ¢ and H as functions of temperature, we can go back to (2.42)
and (2.37) to obtain the expansion rate for the disformal model. As an example, in Figure 2.6 we
show the effects of a disformal factor given by D(p) = Dg p? with Dy = —4.9 x 107", In this
plot, we illustrate the effect of the disformal contribution on the expansion rate (}NI Dis formal) and
compare it to the modified expansion rate for the conformal case (]:I(;,m formar) and the standard
case (Hggr). We use the same initial conditions as in Figures 2.1 and 2.2 for the scalar field and its
derivative.

Also, it is important to mention that for the case shown the parameter constraints described in
section 2.4.3 are satisfied. In particular we find a2 ~ 2 x 107, aj, > 0 and £ ~ 1.02.

From our example, with C' and D as indicated above, we can clearly see the differences from
the disformally modified expansion rate H Disformal compared to the conformally modified and
standard case, Hgr. The evolution of H Disformal 18 similar to that of ﬁCon formal> having an en-
hancement and a decrement compared to the standard expansion rate Hsr. Moreover, the main
differences with respect to the conformal modification are the position of the notch and its shape.
The notch is moved to higher temperatures and it becomes a little bit sharper.

These differences between the expansion rates can be understood from (2.35). First, in this

3H%~+2BD

“2nc in the coefficients of ¢", ¢ and ¢'* vanishes when D = 0.

equation, we see that the factor
For the disformal example shown in Figure 2.6, this factor is a very small correction to the equation,
which is reflected in the slight shape modification of H Dis formal CcOmMpared to ﬁCon formal- Second,

the term proportional to () plays a more important role, being responsible for the shifting of the
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Figure 2.6: Comparing the modified expansion rate of the universe in the disformal and conformal
scenarios for the same initial conditions as in Fig. 2.3. Reprinted with permission from "Dark
matter relics and the expansion rate in scalar-tensor theories” by B. Dutta, E. Jimenez, 1. Zavala,
2017. JCAP no.06, 032, Figure 9, p. 19. Copyright SISSA Medialab Srl. All rights reserved.

notch.
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3. DISFORMAL D-BRANE COUPLING SCENARIO!

In this chapter, we introduce the second class of ST theories, which is Disformal D-Brane
Coupling scenario. This scenario, as was pointed out in the introduction, can arise from a post-
string inflationary scenario. At this stage, the universe is already four-dimensional and moduli
associated to the compactification have been properly stabilised’. However, the relevant parameters
in the model will depend on the string theory quantities such as the string scale, string coupling
and compactification volume as we will argue.

One of the main differences between this scenario and the one studied in the previous chapter
is that the disformal coupling enters not only enter through the metric (as in the previous scenario)
but also through the action. We can see this clearly by comparing the action of the conformally
coupled ST theory, given by (2.1), and the action we consider for the disformal D-brane coupling
scenario, given below by (3.1).

The starting action we consider is given by
S = SEH + Sbraney (31)

where:

1
Spn = — | d*z/—g R, (3.2)
2k2

—/d4$\/—_§£M(§uu) , (3.3)

Shrane = — / d*zy/—g | M*C*(9) \/ 1+ M(éqﬁ)? + V()

C(9)

where in a string setup, x> = Mp? = 87 is related to the string coupling, scale and overall

compactification volume by Mp = 52X, where M = (2 = o/(27)* is the string scale, Vs is

! Reprinted with permission from "D-brane disformal coupling and thermal dark matter” by B. Dutta, E. Jimenez,
I. Zavala, 2017. PhysRevD.96.103506. Copyright American Physical Society.

2Though these fields might be displaced from their minima, giving rise to a matter dominated regime, with inter-
esting consequences (see e.g. [44]).
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the dimensionless six-dimensional (6D) volume in string units and g, is the string coupling. Note
also that GG is not in general equal to Newton’s constant as measured by e.g. local experiments.

In (3.3) we describe the brane dynamics (of transverse and longitudinal fluctuations associated
to the scalar and matter respectively) given by the Dirac-Born-Infeld (DBI) and Chern-Simons
actions for a single D3-brane. The DBI part gives rise to the noncanonically normalized scalar
field ¢, associated to the single overall position, 7? = Zf yf, of the brane in the internal 6D

space® with coordinates y;. In this case, the scale M is dictated by the tension of a D3-brane as

M* =Ty = (g,0%(2m)3) 7t = M2 (2m)g;! = 873%62 M7}, and thus by the string scale and coupling.
In reality, one would most likely have a stack of branes moving in the internal space. However,
to study the cosmological evolution after inflation, it is enough to model all matter living on the
moving brane as in (3.3) (see also [3, 45]) via the disformally coupled matter Lagrangian L ;.

In (3.3), the disformally coupled metric g,,, is given by the induced metric on the brane, which

for a brane moving along a single internal direction can be written as

g,uu = O(¢)gﬂu + D<¢>au¢au¢ . (34)

where the scalar field is related to the D-brane position by* ¢ = /T3, and while C(¢) is dimen-
sionless, D(¢) has units of mass™*. These functions are specified by the ten-dimensional (10D)

compactification and therefore in general will be related to each other as we see below (see also
[3D).
3.1 The equations of motion

Einstein’s equations obtained from (3.1) are given by

1
R, — 5g,wl% =k (T, + Tw) (3.5)

3In general, a D3-brane can move in all six of the internal dimensions.
4For the D3-brane case, one can also consider different dimensionalities, which will add extra factors due to the
internal volumes wrapped by the brane in that case.
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where the energy-momentum tensors are defined with respect to the Einstein-frame metric g,,, and
are given by

T = Pgu + (p+ P)uyu,, (3.6)

for matter, where p, P are the energy density and pressure for matter with equation of state P/p =

w. For the scalar field, the energy-momentum tensor takes the form:
TS, = —guw [M*'C?*y ' + V] + M*CD~8,6 0,¢ (3.7)
where the energy density and pressure for the scalar field are identified as:
po = M*C*y +V | Py=-M*'C*y ' -V, (3.8)
and the “Lorentz factor" - introduced above is defined by
V= (1 - g (6¢)2> o (3.9)

It will be convenient to rewrite (3.8) by introducing V = V + C?M*, as

MA4C D~?
v+1

4
(06)* +V, P, = —M(aqb)Q -V. (3.10)

Po = v+1

The equation of motion for the scalar field is:

“1M4C? [D c,1 yM*C?[Cy, D
- M4 o g @ @ @ 9
V,.[M*'DC~ 9"¢] + 5 {D 3t e |t
T#V Cﬂiﬁ D7¢ D uy _
5 { & 9w+ 5 8@8@} +V, {CT aygb] =0, (.11

where C', denotes derivative of C' with respect to ¢, and similarly for D, V. Finally, the energy-

momentum conservation equation, V,Tf,/ = V, (Tg Y+ T") = 0, combined with the equation
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of motion for the scalar field allows us to define () as

D
G + ¢’ 8,0 0,0 (3.12)

Q=V, {2 " (‘9,\4 —

T 1C 4
C

2 | C
so that, V, 7" = =V, TH = Q0" ¢.
3.2 Cosmological equations

Let us now look at the cosmological evolution. We start with a FRW background metric:
ds® = —dt* + a*(t)dwdx’ (3.13)

where a(t) is the scale factor in the Einstein frame. With this metric, the equations of motion

become
2 K
H? = - [ps + ) (3.14)
) 2
H+ H? = —%[p¢+3P¢+p+3P] , (3.15)
C (D C 5C D C 1
Hb~"2 + e e 2|20 T g3 0 - —
¢+ 3Hs7 2D(D c 7 [C’ D) ~Y )t aricpy Ve T @) =0
(3.16)
where, H = %, dots are derivatives with respect to ¢,
y=(1-D¢*/C)2,
and
D. D. P D, DC, 2
— 5| = - H+E e 2 _
Qo p{cmcqb(s +p)+(20 - C)cz» S -3
(3.17)
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where we have used the equation of state for matter P = wp. The continuity equations for the

scalar field and matter are given by

po+3H(ps + Ps) = —Qoo, (3.18)
p+3H(p+P)=Qoo. (3.19)
Using (3.19), we can rewrite this as
Y Co 2 (v—1)
Qozp(.—+—’(1—3w7)—3Hw—. . (3.20)
¢y 20 ¢

Plugging this into the (non)conservation equation for matter (3.19) gives
Lo
p+3H(p+P72):vaLQ—gqﬁ(l—Sva)} . (3.21)

3.3 Modified and standard expansion rates

The modified expansion rate felt by matter H (which will enter into the Boltzmann equation)
is the Jordan-frame expansion rate, given in terms of Jordan (or disformal) frame quantities, and

defined with respect to the disformal metric g,,,. In this frame, the Hubble parameter is given by:

dlna v

=" =0cn

Cy
[H + %gb} . (3.22)

and it is thus a function of the Einstein-frame rate [, the scalar field and its derivatives. The proper

time and the scale factors in the Jordan and Einstein frames are related by

i=C"%, d7 = C'*y 7 ldr . (3.23)
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Furthermore, the energy densities and pressures in the two frames are related by

p=C"y'p, P=C"yP, (3.24)

while the equation of state is given by

O =wy?. (3.25)
One can check that in the Jordan frame, the continuity equation for matter takes the standard form:

% +3H(p+P)=0. (3.26)
=

To proceed further, we next swap time derivatives with derivatives with respect to the number
of efolds, N = Ina/ag, so dN = Hdt. We also define a dimensionless scalar field ¢ = k¢. In this
case, (3.22) becomes:

Hry

H = [ +ale)e], (3.27)

where a prime denotes a derivatives with respect to N and we have defined

dlnC'/?
= —. 3.28
a(p) i (3.28)
Note also that in terms of ¢ and N derivatives, the Lorentz factor is now given by
*2—1—52 2 (3.29)
T ENGA '

We want to compare the Jordan-frame expansion rate with that expected in GR, which is given
by

H? :@~ (3.30)
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We can write this in terms of H, ¢ and its derivatives as follows. We first write (3.14) as (see [7]):

kK2 (1+ A K2C*y(1+ ) _
HQ:g( B )ng%p’ -31)
where A = V/p (= V/p),
M*CD~? 2
=1—-— 3.32

and we have used (3.24) in the second equality of (3.31). By inserting (3.31) into (3.30), we can

write Hqp entirely as a function of H, ¢, ¢’ as:

kizpr C 2By 1H?
k2 (1+ )

H}p = (3.33)
Therefore, once we find a solution for H and ¢, we can compare the expansion rates H with
Hgg using (3.27) and (3.33). To measure the departure from the standard expansion, we recall the
speed-up factor parameter defined in (2.53):
q
= Hon
GR

Notice that £ can be larger or smaller than one, indicating an enhancement or reduction of H with
respect to Hgi. This means that H can grow during the cosmological evolution. However notice
that this does not imply a violation of the the NEC. This is because the Einstein-frame expansion
rate H is dictated by the energy density p and pressure p, which obey the NEC and therefore H <0
during the whole evolution, as it should (see [35]).

In the following section, we describe the procedure to solve the system of coupled equations

for H and ¢ derived from (3.15) and (3.16).
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3.3.1 Coupled equations for ¢ and H

The field equations (3.15) and (3.16) can be written as

3B
H =-H [—<1+w)+

90,2M4CD7
201+ M) ’

5 (3.34)

y 3H?>~y7'B D A 3H?>y'Bw D
O |1+ — | +3e |77 — —
MACDr2(1+ X)) C MACDr?2(14+ M) C

' 3H*y"'B D] 3By

o1 L - ,
—i—HSO [ +M4CD“2(1+)\)C +M4C’D(1+)\)a(¢)< 3wy?)

3BV Yy 3H>y"'B D "
+M4CD(1 +A)V + MACDRA(1+ \) C [(6(¢) — aly)) ¢"]

2

8 2 (Bale) = 8e) + 8(0) — ale) (14 477 =0, 339

where
B dln D/?

() i

(3.36)

We notice here that, contrary to the pure conformal case discussed in chapter 2, we can not elim-
inate the equation for /7, and we do not end up with a single master equation for the scalar field.

Due to the disformal term, we need to consider the coupled equations for ¢ and H.
The cubic equation for H

Below we solve the equations numerically, for which we need the initial conditions for H,
and (p;, ;). Therefore, we need to find an expression for H in terms of all other quantities and

in particular p. We can obtain this from the Friedmann equation written in terms of p in (3.31).
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Recalling that vy depends nontrivially on H (3.29), one obtains a cubic equation for H? given by’ :

A HS + AyH* + AsH* + A, =0 (3.37)
where
DQO/Q
A o (3.38)
2M4 D 12
Ay = # 1, (3.39)
M4C2 2 M4CD 12
Ay = r Y _9), (3.40)
3 3
M*%2C2N* (1+N) 5 ((1+A)p
Ay = ( 2 ) 7 ( vt 2) . (3.41)

One of the solutions to (3.37) can be written as

, 1 ) 9 1/3 A 1/3
H? = A — Ay + (A3 — 3A1A;) (Z) + (3) : (3.42)
with
A = —2TA}A, +9A Ay Az — 243 + ¢ (—27A2A, + 9A1 Ay Ay — 243)* — 4 (A2 — 34, A;)°
= L+VL>— 48, (3.43)

The other two solutions can be obtained by replacing

9\ /3 . 9\ 1/3 9\ /3 . 9\ /3
“ wi/3 [ < “ ari/3 [ 2
() e (5)  wa (3) -em(3)

We are interested in real positive solutions for H2. These can be identified by considering a com-

plex A, that is, 4/ > L2, which implies a condition on j, ¢, and C.. For this choice, the imaginary

A similar equation was found in chapter 2, see (2.45), for the phenomenological disformal case. In that case,
A2 = —1 and Ag = 0.
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parts of (A/2)'/3 and ¢(A/2)~1/3 cancel each other®. We will use the real positive solutions in our

numerical implementations to find the initial condition for H.
3.4 D-brane Disformal Solutions

As we discussed at the beginning of the chapter, when considering a probe D3-brane moving
in a warped 10D space, which is a solution to the 10D equations of motion, C' and D are related
and given in terms of the warp factor of the geometry [3]. In particular, in the normalization where
¢ becomes canonically normalized once the DBI action is expanded, M*C'D = 1, (see Appendix
B). Other normalizations are possible; however, the results will be equivalent. Thus in this section,
we study solutions for the D-brane conformally and disformally coupled matter with the choice
above, which implies §(¢) = —a(p). We start by presenting the equations of motion for this
case, followed by a discussion on the constraints and initial conditions we use in our numerical
analysis. We first discuss in detail the numerical solutions for the C' = const or a pure disformal

case, followed by the C' # const case.
3.4.1 Equations of motion and Jordan frame

We are interested in the radiation and matter dominated eras during which the potential energy
of the scalar field is subdominant. Therefore in what follows we consider A ~ 0. Also, to solve the
equations (3.34) and (3.35), we need to write them in terms of Jordan-frame quantities & = w~?

and p = C~2y~1p. After doing this, the coupled equations above become

®In this case, we can write Z = % = Laiviae- 17 V42£3_L2, then ZZ = 3 and % = [% and thus the imaginary parts in
(3.42) cancel out.
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(3.44)

3B S0/2
2 2 ’

H = -H [—(1 +ay7%) + Sy

3H?~y™'B 9 3H?y™'B _ H' 3H?~y'B
4 [“m] T3 {1 - W“’] Nl {1 *W}

6H2y "B

B 2MAC? K2
MAC2?K2

a(p)¢” + 3By alp)(1 - 3%) — ——

(277 =37 + 1] alp) = 0.

(3.45)

Furthermore, we also convert derivatives with respect to N to derivatives with respect to N,
the number of e-folds in the Jordan frame by following the procedure described at the end of sec-
tion 2.3. Therefore, derivatives w.r.t. N transform to derivatives w.r.t. N (assuming well behaved

functions) according to (2.56) as:

dN dN

(1= a(p)de) dN (1-alp)ge) \aN* o \dN
To avoid clutter we write down expressions with derivatives with respect to N, but it should be
understood that all our numerical calculations are made using derivatives with respect to N.

Let us start by discussing (3.45) to understand the behavior of the solutions. Similarly to the
conformal case discussed in section 2.4, the derivative of C'(y) acts as an effective potential, given
by’

Vepr~3(1-3@0)InC. (3.46)

Deep in the radiation-dominated era, the equation of state is given by @ = 1/3 and the effective

potential vanishes. As the temperature of the universe decreases, particle species in the cosmic

"Notice that the last term in (3.45) proportional to « is not part of an effective potential, as it vanishes when taking
the velocity terms, ¢’ to zero (so B =1 and v = 1).
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soup become nonrelativistic. When the temperature of the universe drops below the rest mass of
each of the particle types, nonzero contributions to 1 — 3@ arise, activating the effective potential.
On the other hand, during the matter-dominated era, w = 0, and the effective potential is active
through it. In section 2.4.2 we showed how to calculate « during the radiation-dominated era, and

plotted w, for the SM particle spectrum, during that era in Figure 2.5.
3.4.2 Initial conditions and parameter constraints

Before we move on to solving the coupled equations (3.44) and (3.45) to find the modified
expansion rate, H , and compare it with the standard one, H;r, we stop here to describe the con-

straints and initial conditions we use in our numerical analysis.
Parameter Constraints

As was discussed in section 2.4.3, in ST theories, deviations from GR can be parametrized
in terms of the post-Newtonian parameters, ypn and Spy. In the standard conformal case, these
parameters are given in terms of a(y) and its derivative, o, = da/dypl,, as in (2.68). Also,
Solar System tests of gravity constrain « to very small values of order a2 < 107°, while binary
pulsar observations impose that af, = —4.5. Further, the relation between the bare gravitational
constant and that measured by local experiments, for conformally coupled theories, is given by
(2.60), rZp = K*C(po)[1 + ()] . The strongest constraint applies to the speed-up factor &,
which has to be of order 1 before the onset of BBN [37].

For the phenomenological disformal case, Solar System constraints and the ratio kg /k have
been studied for constant D in Ref. [46]. In particular, they found x% = £*(1 4+ 31 /2), where
T o p. As we will see, all solutions we found have ¢’ = 0 at the onset of BBN. Therefore, for
the constant disformal case, I<L2G R= k2. For the C = const case, on the other hand, we will use the
constraints on « above requiring that the standard expansion rate is recovered well before the onset

of BBN. This is what we need to ensure that the predictions of the standard cosmological model

are not modified.
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Initial conditions and the scale M

To find the numerical solutions, we need to fix the initial conditions for H, ¢, ¢'. Since ¢ is

< 1. To find the initial value for H, based on the initial

Y

given in Planck units, we take ¢;, ¢!
variables ¢;, ¢, and p;, we need a real positive solution to (3.37), which can be found from (3.42)

for the case C DM* = 1. In this case the coefficients A; simplify greatly.

Writing (3.43) as
A=L+iVL,
where now we have
7 2
L=2+2"— 2@+ =" = 3¢"R, (3.47)
14
L=40—-17= _%(1 + R) [81¢"R — (3 +4¢™)(¢” — 6)?] , (3.48)
2\ 2
(= (1 + %) , (3.49)
p (P
R=15 (W + 2) : (3.50)

From here it is not hard to see that L can be either positive or negative and we require that . > 0
for A to be complex, as required to find real positive solutions. In terms of the initial values for

'3, this requirement implies

R < BH40P) (e — 6)°
- 81¢f* '

(3.51)

Recalling that during the radiation-dominated era the energy density is given by p(1') = 359y (T)T*,
once we fix ¢} and the initial temperature 7}, the value of M is bound via (3.51). Indeed, (3.51), is
satisfied for p;/M* in the interval <0, -1+ %L,? (3+ 90;2)3> . Or, in terms of T; and ¢}, the value

of M lies in the interval:

—90 @ +201/(3 + )

$Recall that in our numerical solutions we take derivatives w.r.t. N, so ¢} should be read as #@.

. 1/4
37 gor 1 (T)) @2 5
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As an example, we show the lower bound for M as a function of ()% in Figure 3.1 for the
initial temperature of 1.0 TeV. For simplicity, we take C' = 1, so that derivatives with respect to
N and N are the same. As can be seen from (3.52) and Figure 3.1, for a given initial condition
T;, the closer ¢, goes to V6, the larger the values of M, and vice versa. Also, the larger the value
of T;, the larger also the lower bound of M. In the D-brane-like scenario, as was described at

the beginning of the chapter, the scale M is related to the string coupling and scale (or the six-

-1

~1)/4. Therefore, we see that the scale decreases for small

dimensional volume) as M = M,(27g
string scales (large compactification volumes) and small string couplings, which are needed for the

string perturbative description to be valid. We will come back to this point below.

10*

1000

M(GeV)

100

10

105 407 10° 0001 0400 10
v)\2
(@)
Figure 3.1: Lower bound for M (see (3.52)) as a function of (¢})? for C = 1. Reprinted with

permission from "D-brane disformal coupling and thermal dark matter” by B. Dutta, E. Jimenez,
I. Zavala, 2017. PhysRevD.96.103506, Figure 2, p. 9. Copyright American Physical Society.

3.4.3 Pure disformal case, C' = const.

We are now ready to discuss in detail the numerical solutions for /7 and ¢ and use them to
compute the modified expansion rate. We start with the case C'(¢) = const which can be under-

stood as a pure disformal case, which is presented here for the first time. Indeed, notice that in this
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case v # 1, which precisely carries the disformal (or derivative) effect, while & = 0 (which carries
the conformal effect)

Without loss of generality we can take C'(p) = 1 and therefore D(p) = 1. Comparing with
the phenomenological case studied in chapter 2, one could think that an arbitrary choice of the
function D there (with C' = 1) would give different results. However, we expect that the effects of
an arbitrary function, in that case, can be encoded in the choice of the scale M here, and therefore
will give similar results to those presented here.

For C' = 1, the system of coupled equations reduces to the following form,

3 90/2
H =-H {5(1 + oy B+ 77} : (3.53)
3H?y'B L 3H>y'B_|l H 3H*y'B
” {1 M4I€2 :| + 3g0l’7 |:1 — W :| —+ EQDI {1 +W1 =0. (354)

As expected, the effective potential is flat, since o = 0 (see discussion above). We solve these
equations numerically to find the dimensionless scalar field ¢ and the Hubble parameter H, as
functions of N. We have explored a wide range of initial conditions for ¢ and ¢’ and values of the
scale M. To find the initial condition for H (H;), we use the appropriate real positive solution of
(3.37), as was pointed out earlier. We find that at most two of the solutions (3.37) for H;, are real
and positive. For these two H,’s, the corresponding initial value of v (;) is obtained using (3.29)
(setting M*C' D = 1). We find that one of these 7;’s is usually of order one while the other is 1 or 2
orders of magnitude larger (sometimes even larger). We find that the solutions to (3.53) and (3.54)
that obey the necessary constraints are those with v; ~ 1. Once we have found the solutions for ¢
and 1, we go back to (3.27) to obtain the expansion rate in the Jordan frame.

Before looking into the full numerical solutions, let us take a closer look at the ratio between

the modified expansion rate and the standard rate, . For C' = const this becomes

3/2

£ = # . (3.55)

44



Since v, B > 1, itis clear that £ > 1, that is, H > Hgpg. In other words, in this case, the expansion
rate is always enhanced with respect to the standard evolution. Moreover, this enhancement is
driven by v and B. As soon as v > 1, there will be a nontrivial disformal enhancement.

In Figure 3.2 we show the resulting modified expansion rate for different values of ¢’ and the
mass scale M. In these plots, we use y; = 0.2, but any value in the interval (0, 1) and appropriate
choices of ¢/ and the mass scale M, will give similar results. As we can see in Figure 3.2, H
(colored lines) is always enhanced with respect to the standard expansion rate (black line), Hgg,
as discussed above. From (3.55) and Figure 3.3, it is clear that the ratio £ is always greater than
or equal to 1. Moreover, as the temperature decreases, the ratio £ grows from a value close to 1
(recall that ; ~ 1), reaches a maximum where ~ is maximal and eventually decreases towards one
before BBN. The maximum value of the ratio increases and moves to lower temperatures as the
mass scale /M becomes smaller.

3H2y"'B .
iz s 10-

We can understand this behavior by looking at the evolution of the factor f =

side the square brackets of (3.54). We have seen numerically that this factor evolves as f(T') =

39es5(T) < T

4
15 M) as temperature decreases (see Figure 3.6). For the scale M and temperatures plotted

in Figure 3.2, f(T) starts much bigger than one (up to f(7}) « 10°) and decreases as the tempera-
ture decreases. The bigger the scale M, the earlier f(1") becomes of order 1. While f(7) is bigger
than 1, £ increases, the velocity of the scalar field ¢’ increases slowly, and thus the scalar field in-
creases very slowly too (see Figure 3.3 and 3.4). As f (T) approaches 1, £ reaches a maximum and
the scalar field starts increasing faster. Then, as the temperature decreases further, f (T) becomes
smaller than 1. Meanwhile, T starts converging towards Hgg (that is, & starts decreasing) while
the scalar field keeps increasing. Finally, when H becomes of order Her, f (T) is much smaller
than 1 and the scalar field starts moving towards a final constant value.

We see the behavior described above in Figures 3.3 and 3.4. For instance, for the plot corre-

. - _\4
sponding to M = 106GeV, f(T') is approximately 22 G{G(T) <106TGev) , which becomes 1 at around

T = 50GeV. Between 1000 GeV and 50 GeV, H differs from Hgg and in this range the scalar

field increases very slowly, looking almost constant. For lower temperatures, between 50 GeV
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Figure 3.2: Modified expansion rate for the pure disformal case, C' = 1. We show different
boundary conditions and values of the scale parameter. The initial value of the scalar field for
all the curves is ¢; = 0.2. The black lines in all plots represent the standard expansion rate
H¢r. Reprinted with permission from "D-brane disformal coupling and thermal dark matter” by
B. Dutta, E. Jimenez, 1. Zavala, 2017. PhysRevD.96.103506, Figure 3, p. 10. Copyright American
Physical Society.
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Figure 3.3: Speed-up factor, £ = H /Hgr, as function of temperature for the expansion rates
shown in the bottom left plot in Figure 3.2. The initial conditions chosen are ¢; = 0.2 and ¢, =
0.002. Reprinted with permission from "D-brane disformal coupling and thermal dark matter” by
B. Dutta, E. Jimenez, 1. Zavala, 2017. PhysRevD.96.103506, Figure 4, p. 10. Copyright American
Physical Society.

and 1 GeV, H converges towards [ and the scalar field increases faster while for temperatures
smaller than 1 GeV, H ~ H¢p, and the scalar field reaches its final value.

All the cases shown in Figure 3.2 satisfy the constraints discussed in section 3.4.2. In particular,
Yy = 0(so T = 0) and the speed-up factor ¢ is equal to 1 prior to BBN as shown in Figure 3.3.
For scales M smaller than 10 GeV the last condition is not satisfied, that is £ > 1 by the onset of
BBN. Therefore, scales M smaller than 10 GeV are discarded.

As we have mentioned, if we consider larger values of M than the ones presented in Figure 3.2,
the enhancement of the expansion rate will occur earlier, at higher temperatures, as long as M is
smaller than T}. We illustrate this in Figure 3.5. Here we show a series of plots were the mass scale
takes values up to order EeV. This figure shows that the speed-up factor &, has the same behavior

as long as the ratio T; /M does not change. For instance, see all the green lines T /M=58.8.
3.44 Conformal and disformal case C' # const

We now move to the case where the conformal coupling is not constant, so both conformal and

disformal effects are turned on. For concreteness we consider the same conformal coupling as that
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Figure 3.4: Scalar field as a function of temperature. The initial conditions chosen are p; = 0.2
and ¢ = 0.002. These solutions of Eqgs. (3.53) and (3.54) correspond to the expansion rates shown
in the bottom left plot in Figure 3.2. Reprinted with permission from "D-brane disformal coupling
and thermal dark matter” by B. Dutta, E. Jimenez, 1. Zavala, 2017. PhysRevD.96.103506, Figure
5, p. 10. Copyright American Physical Society.

studied in chapter 2, which is given by (2.61) as
Clp) = (1L +be79)2, (3.56)

with the values b = 0.1, 3 = 8. We have also analysed other functions such as C' = (b p?+c)? with
b = 4,8,15, ¢ = 1. However it is harder to find numerical solutions for this and other functions,
which satisfy the phenomenological constraints. In those cases, the effect on the expansion rate H
was smaller with respect to the case where C' is given by (3.56).

As mentioned in section 3.4.1, the conformal term acts as an effective potential, or force, in

3H?~~1B

(3.45), given by Eq. (3.46). This effective force can be neglected when the factor fo = Stz

is much larger than 1, as can be seen from (3.45). In this regime, the evolution of the scalar field
is given by a flat effective potential, and the scalar field stays approximately constant. When f
is becomes of order 1 or smaller and @ # 1/3, the evolution of the scalar field is driven by the

effective potential (3.46) and by the Hubble friction term.

48



10°
105
10*
— 10%-
>
8 0°r M(EeV)
~f 10" =12
1 " 17
L
, = 23
10- - . 35
1072
10-3 | | | |
10" 10" 10"° 10° 10°
T(GeV)
107°
107
10
< 107
-10
8 10 M(TeV)
el 107" =12
12 = 17
1072
13 = 23
107 m 35
1074
10—15 | | | |
108 10°% 10* 10° 102
T(GeV)

107

'y
v 107 M(PeV)
=105 =12
107° w 17
= 23
107 |- . 35
107
10-5 | | | |
10° 10° 10’ 10° 10°
T(GeV)
10—12
10—13
1074
S‘ 1075
L M(GeV)
‘D 10—15
— =12
L 07} =17
1018 = 23
107" "
10720 1 1
10° 107 10" 1 107"
T(GeV)

Figure 3.5: Modified expansion rate for the pure disformal case, C' = 1, for larger values of M as
compared to Fig. 3.2. For these plots, ¢; = 0.2 and ¢, = 2 x 1075, Reprinted with permission
from "D-brane disformal coupling and thermal dark matter” by B. Dutta, E. Jimenez, 1. Zavala,
2017. PhysRevD.96.103506, Figure 6, p. 11. Copyright American Physical Society.
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Figure 3.6: Evolution of the factor f as a function of temperature for C' = const case (left) and
C # const. (f¢, right). The initial conditions chosen in the left plot are shown in Figure 3.2, while
in the right plot ¢; = 0.2 and ¢; = —0.004. Reprinted with permission from "D-brane disformal
coupling and thermal dark matter” by B. Dutta, E. Jimenez, I. Zavala, 2017. PhysRevD.96.103506,
Figure 7, p. 12. Copyright American Physical Society.

For the conformal coupling (3.56), the effective potential allows for an interesting behavior,
according to the choice of initial conditions chosen 2.4.1. That is, for negative initial velocities,
¢, < 0, the scalar field will start rolling up the effective potential towards smaller values. After
reaching a maximum point, it will turn back down the effective potential, eventually reaching its
final value. This behavior in the scalar field sources a nontrivial behavior in C' and (importantly)
its derivative «, and therefore in the modified expansion rate H. Indeed, when C' # const., the
speed-up factor, £, becomes

K 01/273/2
kap BY2

1+ a(e)¢'] . (3.57)

It is not hard to see that for the initial conditions above, due to the factor inside the parentheses,
¢ can become less than one during the evolution. Recalling that £ = H /Hgr, & < 1 implies that
H < H, GR- as shown in the explicit solutions below.

Let us now take a closer look at the evolution of f- with temperature. Numerically, we found

5 S, N4
that when fo 2 1 it behaves as fo(T) <« 39%{)@) (%) . But when f- < 1 then it evolves as

~ ~ # =\ 4 ~ ~
foe(T) =« h(T)gg%{)(T) (%) , where h(T') is a function that measures the enhancement of H,
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Figure 3.7: Scalar field as a function of temperature for different values of M. The conformal
coupling is (1 + 0.1e78¥)? and the initial conditions chosen are ; = 0.2 and ¢}, = —0.004.
These solutions of Egs. (3.44) and (3.45) correspond to the expansion rates shown in the right
plot of Figure 3.8. Reprinted with permission from "D-brane disformal coupling and thermal dark
matter” by B. Dutta, E. Jimenez, 1. Zavala, 2017. PhysRevD.96.103506, Figure 8, p. 12. Copyright
American Physical Society.

which is larger than 1 and depends on the scale M (see right plot in Figure 3.6). When fo > 1,
the effective force is negligible and the scalar field stays roughly constant. As fo decreases and
approaches and/or becomes smaller than 1, the effective force takes over the evolution of the scalar
field. The velocity of the scalar field starts decreasing (we use small negative velocities), and
for suitable values, the scalar field goes up the effective potential and comes back down again as
described above.

In Figure 3.7 we plot the full numerical solution for the scalar field for ¢; = 0.2 and an initial
velocity ¢’ = —0.004. The red, green and blue curves (scale masses smaller than 7; = 1000 GeV)
show the scalar field going up the effective potential toward smaller values of the field, and then
rolling down its terminal value., while for the brown curve (M =1000 GeV), the scalar field stays
almost constant because for this value of M its initial velocity is not negative enough to move the
field up the effective potential.

The effect of the scalar field on the modified expansion rate is shown in Figure 3.8 (the black
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Figure 3.8: Modified expansion rate for the case C' = 1 + 0.1¢~%?. The initial value of the scalar
field for all the curves is ¢; = 0.2. Also, ¢; = —0.004 for the plot on the left and ¢, = —0.4 for
the plot on the right. Reprinted with permission from "D-brane disformal coupling and thermal
dark matter” by B. Dutta, E. Jimenez, 1. Zavala, 2017. PhysRevD.96.103506, Figure 9, p. 13.
Copyright American Physical Society.

straight line is Heg). The left plot shows H corresponding to the scalar field solutions in Figure
3.7. For these solutions, the factor fo is initially much bigger than 1 and as the temperature
decreases it passes one (around 200 GeV) and keeps decreasing to very small values. For some
values of M, the scalar field goes up and down the effective potential, producing the enhancement
and the little notch in H (blue), where £ < 1 as explained above. On the other hand, in the right
plots, fc is initially of order 1 and then decreases to negligible values. The initial velocity used
(¢’ = —0.4) is sufficiently negative to produce the enhancement and notch in H for some of the
M values (green and blue).

Let us mention another point about the right plot in Figure 3.8. For the brown curve corre-
sponding to M = 5000 GeV, the enhancement is very small, and since the factor f- decreases as

the mass scale M increases, choosing larger values of M would give a similar result, for the same

3H?*y~'B

choice of initial conditions. Indeed, as M — oo, fo = SicT

— 0 and we recover the pure
conformal case in (3.45). Notice that the last term in this equation vanishes when M increases,
since v — 1 as M increases. So, by dropping all terms proportional to f- and the last term in

(3.45) ones recovers the master conformal case equation, (2.57), studied in section 2.4. Thus, for
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a very large value of M, we will recover the results of section 2.4, by suitably changing the initial
conditions for ¢; and .

Let us finally comment on the differences between the present case (conformal plus disformal)
and the pure disformal and pure conformal cases, where there is no derivative interaction. We saw
in the previous subsection that in the pure disformal case the enhancement in the expansion rate
can be produced at any temperature (see Figure 3.5), by suitably changing the value of the scale
M. However, in the present C' # 1 case, this does not happen at any scale since w # 1/3 is needed
and we get w # 1/3 when SM particles become nonrelativistic. This is due to the last term in
(3.45), which makes the evolution of ¢’ go to zero very fast, effectively making v ~ 1 throughout
the evolution and thus an ineffective disformal enhancement. However, new physics at a higher
scale causing a change in w can introduce an enhancement at that scale. This will be similar to the
case with the additional M scale associated with the D-brane models. The conformal enhancement
is effective so long as the effective potential (3.46) is active, that is, whenever w # 1/3 (see Figure

2.5).
3.5 Post-inflationary string cosmology

The period after the end of inflation, from reheating up to the onset of BBN remains largely un-
constrained. Let us now connect our results with a post-inflationary toy model of string cosmology
and discuss the implications in terms of the parameters of the theory.

As described in the introduction of this chapter, we imagine a toy model where matter is cou-
pled conformally and disformally to a scalar field, associated to an overall position of a (stack of)
D-brane(s) in the internal six-dimensional compact space in a warped type IIB string compacti-
fication. In this case, we can relate the scale M to the tension of a D3-brane 75 (for example),
and thus to the string coupling g, and the string scale M, (or the six-dimensional volume Vy) as
M = T31 /= M,(2mg;1)/4. The pure disformal case C' = 1 is very interesting and would cor-
respond to a large-volume compactification, where the warping due to the presence of fluxes can
be ignored [47, 48]. In this case, the lowest value we used for M that is relevant for the DM relic

abundance (as we will see in the next chapter) was ~ 10 GeV and the largest (with a large effect)
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was M ~ 300 GeV. For string couplings of order g, ~ 1074, these give string scales ~ 1 — 20
GeV and thus exponentially large volumes Vs ~ 10%° — 10%7, that is, a very low string scale and
very weakly coupled compactification. On the other hand, for larger values of M, or larger val-
ues of the string scale, the enhancement on the expansion rate will occur earlier in the universe’s
evolution (see Fig. 3.5). For example, the largest value we used, M ~ 10'° GeV, for g, ~ 107*
would give M, ~ 10° GeV, volumes of order Vs ~ 10'° and the expansion enhancement occurs
at around 7' ~ 10'° GeV. Therefore, depending on the string scale, coupling and compactification,
we may expect the early pre-BBN cosmology to be affected at different epochs with interesting
consequences for the post-inflationary string cosmological evolution. This will also be connected
to string inflation, which usually requires large string scales (see Ref. [49] for a review).

Of course a more realistic model may involve, for example, other parameters of the theory
in the scale M (due for example to higher-dimensional D-branes wrapping the internal space),
nonuniversal couplings among the scalar (or scalars) to SM matter and DM as briefly discussed
in Ref. [12] for the pure conformal case, etc. However, we find it very interesting that scalar
couplings present in string theory can give important predictions for the post-inflationary evolution
after string inflation.

Let us finally stress that the cosmological implications of conformal and disformal couplings
in scalar-tensor theories are in any case very interesting from a more phenomenological point of
view. Here we have taken a further step in making progress to address these implications and have

presented the disformal effects for the first time.
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4. DARK MATTER RELIC ABUNDANCES IN SCALAR-TENSOR THEORIES!

A popular framework to understand the origin of DM is the thermal relic scenario. In this
scenario, at very early times when the universe was at a very high temperature, thermal equilibrium
was obtained and the number density of DM particles x was roughly equal to the number density
of photons. During equilibrium, the dark matter number density decayed exponentially as n{? ~
e~™/T for a non-relativistic DM candidate, where m, is the mass of the DM particle x. As the
universe cooled down as it expanded, DM interactions became less frequent and eventually, the
DM interaction rate dropped below the expansion rate (I', < H). At this point, the density number
froze-out, and the universe was left with a “relic" of DM particles.

Therefore, the dependence of the number density at the time of freeze-out is crucial to deter-
mine the DM relic abundance. The longer the DM particles remain in equilibrium, the lower its
density will be at freeze-out and vice-versa. In the standard AC' DM scenario, particle freeze-out
happens during the radiation era and DM species with weak scale interaction cross-section freeze-
out with an abundance that matches the current observed value. The weakness of the interactions
is reflected in the predicted thermally-averaged annihilation cross section, (ov), which is around
3.0 x 1072e¢m3s~t. Despite such a small value, the Fermi-LAT and Planck experiments have
been exploring upper bounds on (ov) (see [15, 16]). From observations, it appears that the anni-
hilation cross-section can be smaller than the thermal average value for lower dark matter masses
(<100 GeV), whereas an annihilation cross-section larger than the thermal average value can still
be allowed for larger DM mass.

If, from future measurements, (ov) # 3.0 x 10726cm3s™! is established, what can we say about
the origin of the dark matter? Can it still be the thermal dark matter or do we need non-thermal

origin of dark matter? In the case of non-thermal origin, the DM can arise from the decay of a

ISections 4.1 and 4.2 of this chapter are reprinted with permission from "Dark matter relics and the expansion rate
in scalar-tensor theories” by B. Dutta, E. Jimenez, 1. Zavala, 2017. JCAP no.06, 032. Copyright SISSA Medialab Srl.
All rights reserved. Section 4.3 of this chapter is reprinted with permission from "D-brane disformal coupling and
thermal dark matter” by B. Dutta, E. Jimenez, 1. Zavala, 2017. PhysRevD.96.103506, Copyright American Physical
Society.
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heavy particle, e.g., moduli, and can satisfy the DM content with any value of (cv). The primary
motivation of this chapter is to show that the DM content can still have a thermal origin with larger

or smaller (ov) by utilizing non-standard cosmology.
4.1 Impact of the modified expansion rate on relic abundances

After presenting the ST models in chapters 2 and 3, and how the presence of the scalar field
changes the cosmic evolution of the universe, we are ready to discuss the impact of the modified
expansion rates on the relic abundance of dark matter species. For a dark matter species y with
mass m, and annihilation cross-section (ov), where v is the relative velocity, the dark matter
number density n, evolves according to the Boltzmann equation

dny

el —3Hn, — (ov) (n2 — (n$9)?) | 4.1)

X

where, as we have discussed above, the relevant expansion rate is the Jordan frame one, which
can give interesting effects due to the presence of the scalar field. Further n{? is the equilibrium

number density. We can rewrite this equation in terms of x = m, / T

— = (yroy 4.2
dl' I‘H ( eq) ) ( )

where, Y = X, § = 224 (T)T".

4.2 Dark Matter relics in the pure conformal scenario

In this section, we discuss the modifications to the DM relic abundances due a faster-than-
usual expansion rate, which is caused by the presence of a scalar field coupled conformal and
disformally to matter. In particular, we study the effect of the expansion rate, F[C(m formal> discussed
in chapter 2, which is shown in Figure 2.6. Also, at the end of this section, we comment the effect
of H Disformal Presented in the same figure.

Numerical solutions to (4.2), with the expansion rate ﬁCon formal Shown in Figure 2.6, were

found for dark matter particles with masses ranging from 5 GeV to 1000 GeV. For instance, we

56



Mass (GeV) | (00) con format(X1072cm?/s) | (00) standara(x 10~2°cm? /)
1000 9.57 2.23
130 1.68 2.04

Table 4.1: Annihilation cross-section for masses of 1000 GeV and 130 GeV in the conformal and
standard scenarios.

show solutions in Figures 4.1 and 4.2 for two different masses. As we can see from (4.2), the
annihilation cross-section influences the evolution of the abundance Y. The current value of Y
determines the present dark matter content of the universe. This can be seen clearly by recalling
the current value of the energy density parameter () = p% = % where p.o and s, are the
well-known current values of the critical energy density and the entropy density of the universe,
respectively. So, for every single mass, the thermally-averaged annihilation cross section, (ov),
was chosen such as the current DM content of the universe is 27 %, so {1y = 0.27.

In Figure 4.3 we show the annihilation cross-section, (0v) con formai> found for all masses and
compare it to the annihilation cross sections for the standard cosmology model, (0v) standard- AS
it is shown, for large masses, (o) con formal 18 larger than (ov) siandard» Up to a factor of four. As
the mass decreases (0V)conformar decreases up to the point where it is smaller than (0v) standard-
Then, for masses smaller than 100 GeV, (V) con formal = (0V) standara- Thus, we have found that
the annihilation cross-sections can be larger or smaller than the thermal average cross-section. Just
to give an example of larger and smaller cross-section, in Table 4.1 we compare the numerical
values of (00) con formar and (0V) standara for two dark matter masses, 1000 GeV and 130 GeV.

Figures 4.1 and 4.2 show the evolution of the abundance }7(33) for DM particles with masses
130 GeV and 1000 GeV, respectively. These figures also include the abundance Yz () calculated
in the standard cosmology model and the equilibrium abundance Yz, (z).

The temperature evolution of the abundance for a 130 GeV mass is not noticeably affected

by the presence of the scalar field ¢. In this case, Y and Y are almost indistinguishable from

one another. On the other hand, the scalar field ¢ has a prominent effect on the temperature
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Figure 4.1: Evolution of the abundance as temperature changes for a DM particle of mass 130
GeV. Reprinted with permission from "Dark matter relics and the expansion rate in scalar-tensor
theories” by B. Dutta, E. Jimenez, 1. Zavala, 2017. JCAP no.06, 032, Figure 5, p. 16. Copyright
SISSA Medialab Srl. All rights reserved.

evolution of the abundance for a 1000 GeV DM particle. First of all, the freeze-out happens
earlier than expected due to the enhancement of the expansion rate, H. Then, an unusual effect
appears. As the temperature decreases, H becomes smaller than the interaction rate? T and a short
period of annihilation starts again called “re-annihilation”. The re-annihilation process reduces the
abundance of dark matter until a second and final freeze-out happens. After this final freeze-out,
the abundance remains constant.

The re-annihilation phase can be described better by discussing the relation between the ex-
pansion rate H and the interaction rate I'. The first freeze-out happens when I’ becomes smaller
than H which can be seen in Figure 4.4 to happen around a temperature of 50 GeV for a 1000
GeV particle. Then, near to 7 GeV, H drops below T, and so the re-annihilation process starts and
goes on until the second freeze-out occurs. Around 2 GeV H becomes much larger than I and so

the abundance becomes almost constant. Our analysis shows that, as found in [7], re-annihilation

2The interaction rate is defined as ' = (oV)Conformal 8 Y.
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Figure 4.3: Annihilation cross section as function of mass. The presence of the scalar field en-
hances the (ov) for large masses, and diminishes (ov) for masses around 130 GeV, while small
mass the effect is almost negligible. Reprinted with permission from "Dark matter relics and the
expansion rate in scalar-tensor theories” by B. Dutta, E. Jimenez, 1. Zavala, 2017. JCAP no.06,
032, Figure 7, p. 17. Copyright SISSA Medialab Srl. All rights reserved.

occurs for this particular choice of the conformal factor. However, we found that when fully inte-

grating the master equation, the re-annihilation occurs only for very large masses of the dark matter
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Figure 4.4: Expansion rate (as in Figure 2.3) and interaction rate as function of temperature. The
interaction rate, f, is given by (00)con formal 5Y. We use Y from Figures 4.1 and 4.2 and the
values of (0V)conformar presented previously for 130 GeV and 1000 GeV masses. Reprinted with
permission from "Dark matter relics and the expansion rate in scalar-tensor theories” by B. Dutta,
E. Jimenez, 1. Zavala, 2017. JCAP no.06, 032, Figure 8, p. 18. Copyright SISSA Medialab Srl.
All rights reserved.

particles (in [7] it was found for m = 50GeV). On the other hand, in [12], no re-annihilation was
found®, which was probably due to the initial conditions used and the values of the DM masses
explored.

We have seen that the enhancement of H allows bigger values of (ov) for particles with masses
within a certain range, and also, the notch of A implies smaller (ov) for particles with masses
within a small interval (see Figure 4.3). Thus, the location and shape of the notch determine for
which masses the annihilation cross section is smaller. In the disformal scenario (see Hp;s formal 111
Figure 2.6), the notch has been moved to higher temperatures, which allows particles with higher

masses to have smaller and larger annihilation cross sections for the observed DM content.

3Although [12] used a different conformal factor to [7], we expect the re-annihilation effect to be present also in
that case.
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4.3 Dark Matter relics in the disformal D-brane coupling scenario

Since we computed the modified expansion rate in the disformal D-brane coupling scenario in
Chapter 3, we can now move on to discuss its impact and implications on the dark matter relic
abundance and cross section. In this section, we focus on the case C' = const. since the C' # const.
case gives similar results to those studied in the previous section, as we discuss below.

As a concrete example, we solve (4.2) numerically, for the expansion rate corresponding to
M = 12 GeV shown in the top left plot of Figure 3.2 and for dark matter particles with masses
ranging from 10 GeV to 5000 GeV. Other choices of M would give similar results. In Figure 4.5
we show the solution for a DM particle of mass m, = 100 GeV. In this plot, we also include
the abundance Ys () calculated in the standard cosmology model and the abundance when dark

matter particles are in thermal equilibrium, Yz, (z).

107°} = Y

£

1. 107

10-11 |

0100 1000 10°
x(m/T)

Figure 4.5: Abundance Y for a dark matter particle with a mass of 100 GeV. Reprinted with
permission from "D-brane disformal coupling and thermal dark matter” by B. Dutta, E. Jimenez,
I. Zavala, 2017. PhysRevD.96.103506, Figure 10, p. 14. Copyright American Physical Society.

61



In the plot, we can see how the modification of the expansion rate gives rise to an earlier
than standard freeze-out (see Figure 4.5 around x = 20). This is due to the enhancement of the
expansion rate H. As the temperature decreases (r increases), H becomes comparable to the
interaction rate* I" and for a small period, between x = 20 and x = 1000, the abundance decreases
slowly until it becomes constant. It is interesting to notice that a similar behavior was found in
[14], where an extra scalar species drives a faster than usual expansion rate, giving rise to a similar
behavior in the relic abundance. The comparison between H (brown) and r (purple) can be seen
in Figure 4.6. Between around 5 GeV (z = 20) and 0.1 GeV (x = 1000), H and T are close to
each other as temperature decreases.

In Figure 4.6, we also show the interaction rate for two other DM particle masses, 600 GeV
(green) and 2500 GeV (red). Notice that for the three masses shown, once the interaction rate
becomes smaller than the expansion rate H (brown), it always stays smaller than it. Therefore,
there is no reannihilation effect. However, reannihilation can occur for the C' # const. case, where
after the first freeze-out I can overcome H due to & < 1, and later become smaller again.

Let us now turn our attention to the dark matter annihilation cross sections that we have used
when solving the Boltzmann equation (4.2). To determine (ocv) numerically, we required that the
observed dark matter density today be €2y = 0.27. The present dark matter content of the universe
is determined by the current value of the relic abundance. This can be obtained from the current

value of the energy density parameter )y = 2> = mYos

o P Here p.o and s are the well-known
c, c,

current values of the critical energy density and the entropy density of the universe, respectively.

The resulting annihilation cross sections, found in this way, are shown in Figure 4.7 for dark
matter masses between 10 GeV and 5000 GeV. In this figure, we also show the effect that different
values of M have on (ov). The values of M chosen correspond to the expansion rates H shown
in Figure 3.2. We compare this to the annihilation cross sections (ov) g predicted by the standard
cosmology model (black line), which is around 2.1 x 10726¢m3/s.

The behavior of the cross section (ov) in Figure 4.7 shows an enhancement with respect to the

4The interaction rate is defined as T = (ov) 5.
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Figure 4.6: Expansion rate corresponding to M/ = 12 GeV shown in the top left plot of Figure 3.2,
and interaction rates of 100 GeV (purple), 600 GeV (green) and 2500 GeV (red) GeV DM particle
masses as a function of temperature. The interaction rate I' is given by <av>sY Reprinted with
permission from "D-brane disformal coupling and thermal dark matter” by B. Dutta, E. Jimenez,
I. Zavala, 2017. PhysRevD.96.103506, Figure 11, p. 14. Copyright American Physical Society.

standard case, with a maximum that moves towards larger DM masses as the scale M increases.
Therefore, the smaller the scale M the larger the annihilation cross section (ov) for the DM masses
shown in the figure.

As was discussed, a modification to the expansion rate of the universe prior to BBN has tremen-
dous consequences on the abundance, Y, of DM particles. This modification implies that the
thermally-averaged annihilation cross section, (ov), differs significantly from the one predicted by

the standard cosmological model, which is approximately 3.0 x 1072cm3 /s.
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Figure 4.7: (ov) as function of dark matter particle mass. (ov)gr predicted by the standard cos-
mology model correspond to the black line, while the colored lines correspond to (ov) predicted by
using the expansion rates (shown in Figure 3.2), representing mass scales of M = 12 (brown), 34
(red), 106 (green) and 333 GeV (blue). Reprinted with permission from "D-brane disformal cou-
pling and thermal dark matter” by B. Dutta, E. Jimenez, 1. Zavala, 2017. PhysRevD.96.103506,
Figure 12, p. 14. Copyright American Physical Society.
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5. LEPTOGENESIS IN A FASTER-THAN-USUAL UNIVERSE!'

The cosmological baryon asymmetry is very elegantly explained via the leptogenesis mecha-
nism [26] according to which an initial asymmetry is generated in lepton number and then partly
converted in a baryon number asymmetry by B + L violating sphaleron processes [27, 28] which,
above the temperature of the electroweak (EW) phase transition, proceed with in-equilibrium rates
(for reviews on the leptogenesis mechanism see [29, 30]). A very attractive feature of the standard
leptogenesis realization based on the type-I seesaw [50, 51, 52, 53] is that it provides a semi-
quantitative relation connecting the out-of-equilibrium condition [54] for the decays of the heavy
right-handed (RH) neutrinos with the light neutrino mass scale. RH neutrino decays can be suf-
ficiently out of equilibrium if m, ~ 1072*'eV, which is in beautiful agreement with neutrino
oscillation data. On the other hand, type-I seesaw leptogenesis has also an unpleasant facet. A
lepton asymmetry is preferably generated in the decay of the lightest RH neutrino N; since they
generally occur at temperatures when the dynamics of the heavier /N, 3 neutrino is no more effi-
cient. However, the CP asymmetry in /V; decays is bounded by the following relation [31]:

3% Amg9

6m v2 my +ms’

leg| < 1 (5.1)

where M, is the N mass, v ~ 174 GeV is the SM electroweak (EW) breaking vacuum expectation
value (VEV), Amé ~ 2.4%x1073eV?is the atmospheric neutrino mass square difference, and m; 3
are the lightest and heaviest light neutrino masses, which are bounded by cosmological data to lie
not much above ~ 107! eV. Since a minimum CP asymmetry |e;| 2 few x 1077 is required to
account quantitatively for the observed baryon asymmetry, the N; mass cannot lie much below

10° GeV.? The conclusion that the CP asymmetry is too small to explain the baryon asymmetry if

I'The contents of this chapter appear in "A cosmological pathway to testable leptogenesis” by Bhaskar Dutta, Chee
Sheng Fong, Esteban Jimenez and Enrico Nardi. arXiv: 1804.07676. This article was submitted to JCAP.

The bound (5.1) can be somewhat weakened if the RH neutrinos masses are not sufficiently hierarchical [55], if
N> 3 decays also contribute to the generation of a lepton asymmetry [56], or if flavor effects [57, 58, 59] play a relevant
role [60, 61]. However, the main conclusion regarding non-testability of the type-I seesaw leptogenesis model does
not change.
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the leptogenesis scale is too low, implies that direct tests of the standard type-1 seesaw leptogenesis
are out of experimental reach. Since the argument does not involve any cosmological input, it holds
regardless of the assumed cosmological model.

In more generic realization of leptogenesis (5.1) does not necessarily hold: the simple rela-
tion between the CP asymmetries and the light neutrino masses is in fact quite specific of the
type-I seesaw and is often lost in other models. The most direct way to relax this bound is to
rescale v in (5.1) and this can be realized in a model where neutrinos only couple through a neu-
trinophilic Higgs which obtains a VEV v, < v [32, 33]. Other examples are the inert scalar
doublet model [62] complemented with heavy Majorana neutrinos [63], as well as many other
models, see [64, 65, 61, 66, 67, 68, 69] for a sample list. Still, the vast majority of models that
attempt to generate the baryon asymmetry from heavy particle decays are subject to an additional
constraint which, although less tight than the one implied by (5.1), is much more general. This con-
straint stems from a general relation between the strength of the washout scatterings which tend
to erase any lepton number asymmetry present in the thermal bath, and the CP asymmetries in the
decays of the heavy states. To our knowledge, in standard cosmologies only models which invoke
a resonant enhancement of the CP asymmetries [70, 71, 72, 68, 73] can evade the corresponding
bound and bring leptogenesis from heavy particle decays down to a testable scale [74].

In this chapter we point out that this conclusion can be avoided if, in the very early stages, the
cosmological history of the Universe is described by an ST theory [75, 76, 77] rather than by GR.
As we have seen, the cosmic expansion rate is boosted in both the pure conformal case and the
disformal D-brane coupling scenario. The magnitude of the enhancement depends on boundary
conditions and it can be a few orders of magnitude larger compared to the standard GR expansion.
We will make use of this enhancement in the expansion rate in our study of leptogenesis.

Differently, from the case of DM, for which the typical decoupling temperature falls in the
few GeV range, the generation of a baryon asymmetry via leptogenesis must occur above the EW
scale before the EW sphaleron processes get out of equilibrium. Since a leptogenesis scale up to a

couple of TeV might still be within the reach of collider tests, we are interested in modifications of
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the standard cosmology at temperatures in the range 100 GeV — few TeV. Indeed, due to the larger
scale in the game, we find that in the framework of conformally coupled ST theories the modified
expansion does allow to lower the scale for successful leptogenesis down to M; < 1 TeV. Hence,
in our analysis, we will mainly focus on conformally coupled ST theories since this conclusion

holds also for ST theories with disformal couplings.
5.1 Constraints on the leptogenesis scale

The quantum field theory conditions required in order that loop diagrams can generate a lepton
(L) number (or any other global quantum number) violating CP asymmetry in the decays of an
heavy state X are: (i) complex couplings between X and the particles running in the loop (say
Y and Z); (ii) a CP even phase from the loop factors, which only arises if the Y, Z propagators
inside the loops can go on-shell; (ii1) L violation inside the loop. Condition (ii) then implies that Y
and Z can also participate as external asymptotic states in scattering processes, and condition (iii)
implies that these scatterings are necessarily L violating. This means that decay CP asymmetries
unavoidably imply L violating washout scatterings [63, 65]. Since the same couplings enter both
in the expression for the CP asymmetries and for the washout scattering rates, it is not surprising
that a quantitative relation between CP asymmetries and scattering rates can be worked out. A
general expression for this relation has been obtained in [65] and reads:

rYZ < YZ) =~ %T (Mix> e (5.2)
where I is the rate of the AL = 2 washout scatterings, ex is the CP asymmetry in X decays,
and n = 0 for a scalar X decaying into two scalars Y, 7Z; n = 2 for a fermion X decaying
into a fermion and scalar pair, and n = 4 for a scalar X decaying into two fermions. Note that
(5.2) relates scattering washout rates to CP asymmetries without any reference to the cosmological

model. In relation to successful leptogenesis, cosmology enters through the requirement that at the
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relevant temperature 7' ~ My the washout rates do not attain thermal equilibrium:
PYZ & YZ)SHT) |y, (5.3)

where we parametrize the deviations of the expansion in terms of a temperature dependent function
&(T') multiplying the canonical GR expansion rate H (1) = 1.66,/g, T /Mp (with g, the relativis-
tic degrees of freedom and Mp = 1.22 x 10' GeV), namely H(T) = £(T)H(T) (two examples
of £(T) are given in Figure 5.1).
In the relevant temperature range 7' ~ M x the out-of-equilibrium condition (5.3) yields:
2

My = 1.2Mp—X 54
X P£(MX) (5.4)

Assuming as a benchmark value ex 2 1077 as the lowest possible CP asymmetry able to explain
ny/n~, ~ 1071%, we see that standard cosmology with £(T) = 1 yields the (conservative) limit
Mx 2 1.4 -10°GeV, so that in any generic model of leptogenesis from heavy particle decays
the relevant scale lies well above experimental reach. As an example, we see from the left plot of
Figure 5.1 that in modified ST cosmologies the function £(7') can remain of order 10? in an interval
centered at ' ~ TeV and spanning about two orders of magnitude in z = TeV /T . Because of
the boosted expansion, in the relevant temperature range, the dynamical processes that govern
leptogenesis, in particular, the AL = 2 washout processes discussed above, can more easily go out

of equilibrium, rendering viable scales as low as My < TeV for which direct tests can be foreseen.

5.2 A few comments on the modified expansion rate and the general Boltzman equation for

RH neutrinos

In Section 2.4 we described the pure conformal scenario in ST theories and mentioned that the
modified expansion rate depends on the initial conditions of the scalar field and initial temperature,
the effective potential, and the particle content of the cosmic plasma (through the equation of state

parameter w).
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In general, both the initial position and velocity of the scalar field can take any positive or neg-
ative values. The most interesting result arises when considering negative velocities. In this case,
the field will start rolling-up the effective potential towards smaller values of the field, eventually
turning back down and moving towards its final value. So, if the field starts at a positive value, and
given a sufficiently negative initial velocity, it will move towards negative values until its velocity
becomes zero and then positive again, as it rolls back down the effective potential. This change in
sign for the scalar field will produce a peak in the conformal coupling, which will give rise to a
non-trivial modification of the expansion rate & # 1 (see (2.53)). This particular behavior is shown
again, for a new set of initial conditions, in Figure 5.1.

The equation of state parameter w plays an important role in locating the temperature at which
the speedup factor, &, drops back to 1. Slight variations from the radiation dominated value,
& = 1/3, appear when particles become non-relativistic. So, to calculate @, as discussed in Section
(2.4.2), one has to take into account all the SM particles and, depending on the specific SM exten-
sions one is dealing with, one would add RH neutrinos, supersymmetric partners or other types of
heavy species.

Another interesting scenario yielding modified Hubble parameters is the disformal D-brane
coupling scenario, which was studied extensively in Chapter 3. In Figure 5.1 we also present
the speedup factor £ in this scenario (thin red lines). Recall, M plays the most important role
in the location and shape of £&. The maximum £ happens close to a temperature equal to M. It
is interesting to notice that by rescaling M, £ moves to a higher (or lower) temperature without
changing shape.

Due to the fact that, as in GR, also in ST cosmologies the total entropy is conserved, adapting
the BE for leptogenesis to ST cosmologies is rather straightforward. Considering just the BE for
the evolution of the RH neutrinos density 7 including only decays and inverse decays will suffice

to illustrate this. Denoting with a the scale factor, the BE reads:

d 3
a_3% = (TN (0 — ny) | (5.5)
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Figure 5.1: Two examples for the speedup factor £(z) for conformal (thick blue lines) and disformal
(thin red lines) scenarios, as a function of z = 1 TeV /T with T the temperature. Left plot: £(z) ina
conformal scenario with initial conditions (¢;, ¢;) = (0.8, —1.83) and initial temperature 100 TeV,
and in a disformal scenario with (¢;, ¢!) = (0.2,—2 x 107%) and a mass scale M = 2.5TeV.
Right plot: £(z) in a conformal and disformal scenario with initial conditions as before, but initial
temperature 7' = 10° TeV, and M = 2500 TeV for the disformal case.

where (I'y) is the thermal averaged decay rate and ny the equilibrium density. We use the fiducial

variable z = My /T with T the temperature, and write the time derivative as:

d ldz\ d lda\ d ~d

— = =) ==z =) —=zH—. 5.6

dt z(zdt)dz Z(adt)dz e (56)
The second step relies on entropy conservation d(sa®)/dt = 0 with s oc T? the entropy density
which implies the usual temperature-scale factor relation 7" o< 1/a, while H is the physical Hubble
parameter defined as the rate of change of the physical length scale. The rest is standard: denoting

by v = n\(I'y) the density of the reaction, and normalizing the particle number densities to the

entropic density as Yy = ny/s we have:

dYn 1 Yn 1 Yn YN
LA N S SR DY 1- . 5.7
dz sz H ( Y]\e,q> INTH ( Y]f,q> £(z) ©-7)

In the second equation we have rewritten H = H £(z) with H = Hgp and £(z) > 1 the T-
dependent speedup factor, to put in evidence how in the BE its effect is equivalent to “slowing

down” the decay and inverse decay reactions, favoring the enforcement of the out-of-equilibrium
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condition.

In the next section, we will show how a simple (non-resonant) leptogenesis model, when em-
bedded in a non-standard cosmology characterized by a boosted expansion rate allows getting
around the constraint (5.4). It is interesting to remark that if a particle physics model can be ex-
perimentally established as responsible for the cosmological baryon asymmetry via (non-resonant)
baryogenesis via decays of TeV scale particles, this would constitute a direct evidence of non-
standard cosmology in a temperature range unreachable by all other cosmological probes (DM

freeze-out, EW phase transition, etc.).
5.3 A simple test model

Besides the generic constraint in (5.4), the type-I (non-resonant) leptogenesis is subject to
(5.1) from neutrino mass. In order to get around the latter, a simple way is to assume that the
VEV responsible for the neutrino masses is much smaller than the full EW breaking VEV: v, <
v ~ 174 GeV. By requiring a sufficient CP asymmetry €; > 1077, the scale M; ~ 1TeV can be
reached for v, < 0.2GeV. One has to introduce an ad hoc Higgs field with (H,) = v, coupled to
RH neutrinos N; as )\jaN ;Lo H,, and forbid the couplings with the standard Higgs [ via some Z,
or U(1) symmetry (a U(1) softly broken might be preferable to avoid domain wall problems with
a spontaneously broken Zs). Such model exists, see for example [32], or [33] for various different
possibilities (in the last paper, Model Type I with m?, > 0 and A5 = 0 is probably the best option).
Although the ‘neutrinophilic’ VEV model (we will denote it as v,-model) might not represent the
most elegant possibility, its structure remains very similar to the standard type-I see-saw model,
with the advantage that it minimizes the differences with respect to the standard leptogenesis case,
rendering it suitable as a test model to illustrate the effects of non-standard cosmologies.> The
usual seesaw formula still holds:

m, ~ )\TU—’%)\ (5.8)
M )

3Some AL = 12 ¢+ 2 washouts involving the top quark, like Q37 L <+ Ntg and Q31tr <> N L will be absent,
since H,, does not couple to the top-quark. This has no major impact in determining the viable leptogenesis scale.
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and so does the Casas Ibarra parametrization of the Yukawa couplings:

1
Njo = U—\/MjRjﬁ,/—mﬁ(UT)ﬁa, (5.9)

with M; and mg the heavy and light neutrino mass eigenvalues, U the neutrino mixing matrix, and
R a generic complex orthogonal matrix (RRT = I).

Let us consider (5.8). In the usual seesaw with the SM VEV v ~ 174 GeV, to allow for a
low value of M while still ensuring m, < 0.1V, one has to take tiny Yukawa couplings ), which
in turn imply tiny CP asymmetries.* In the v,-model instead, the couplings ) can be large since
it is v, that is small, and thus the CP asymmetries can be also large. However, if the scale M;
is low, leptogenesis will occur when the Universe expansion is slower, and then the AL = 2
washouts LH <> LH or LL <+ HH that are mediated by the same Yukawa couplings can attain
thermal equilibrium, realizing the situation in which leptogenesis cannot be successful because of
the constraint discussed in Section 5.1.

In order to illustrate these constraints in the GR, we show in Figure 5.2 the bounds on the light-

est RH neutrino mass M; from leptogenesis in the v,-model as a function of washout parameter

defined as
r
K, = -2 (5.10)
H o,
where 'y, = (A’\TS)+MI is the total decay width of N;. Outside these regions, one cannot generate

sufficient baryon asymmetry. Notice that for K = 1, the effective neutrino mass is

()\)\T>11U5 _8 9% ( Uy )2
P G Y R . 11
Meft M, 361075 17075 \Taev ) ¢V .11y

This implies that even in the strong washout regime /K > 1, the lightest light neutrino remains

essentially massless i.e. m; ~ 0.

“One could arrange for cancellations in the matrix multiplications to keep the coupling )\ sizable [78, 79]. However,
this requires exponential fine-tunings in the phases of the complex angles of the R matrix in (5.9) [80, 81] which,
moreover, unless protected by some specific symmetry, are unstable under quantum corrections [82].
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In Figure 5.2, the red/thick and blue/thin lines correspond respectively to values of v, = 1,2
GeV.” The solid lines are for the case of vanishing initial N; abundance Yy, (0) = 0 while dotted
lines for thermal initial /NV; abundance Yy, (0) = Y,!(0). The horizontal dashed lines refer to
the absolute lower bounds obtained for the respective v, if leptogenesis proceeds with Yy, (0) =
Y51(0) in the absence of washout (or in the weak washout regime K; < 1). The lower and upper
bounds are respectively due to (5.1) and AL = 2 washout scattering discussed in Section 5.1.
Notice that one cannot lower the scale of M indefinitely by lowing v,, at some point, the washout
will be too strong to generate sufficient baryon asymmetry. This is the case for v, = 1 GeV where
no solution exists for the case of Yy, (0) = 0. In this case, one arrives at lower bound on M; of

few times 10° GeV in agreement with the estimation in Section 5.1.5
5.4 Boltzmann equations in modified cosmology

In the following, we will describe a particle X in term of abundance Yy = ny /s defined as its
number density nx normalized over entropic density s = % g, 3. We will fix g, = 110.75 for the
SM with an additional (neutrinophilic) Higgs doublet. Taking into account the modification due to
speedup factor as discussed in (5.7), the BEs for Yy, and YA _ with A, = % — L, can be written

down as follows’

dYy Yy
H L = — — -1 5.12
85 < dz YNy (Yif? ) ) ( )
dYa Y 1 Yae, | Yam
H @ — _ o _1 _ 1 - o T Bta v
s€H z 1= €10 VM (Yfff ) T 5N ( Y, + Y, )

Yae, . Yanm op (Yo,  Yae,  Yam

(0704 «a 14 [e] v 5.13

+722 < Y; + Y, )+Z’722 2Y, + 2Y, + Y, )’ (5.13)
fra

15
472g,”

where we have defined z = % Y, = % and Y, = In the above, Y., and Yap, refer

to abundances per gauge degrees of freedom. Explicitly, the total thermal averaged decay reaction

>The results are obtained from solving egs. (5.12) and (5.18) by setting ¢ = 1 and the heaviest neutrino mass
mg = 0.05 eV. For further details, refer to Section 5.4.

%Our results for Yy, (0) = Y(0) are also consistent with the estimation in refs. [32, 33].

"To avoid double counting in the BE for Y ., we have subtracted off the CP-violating AL = 2 scattering involving
on-shell N; and ignored the off-shell contribution [83, 84].
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Figure 5.2: The bounds on M; for v, = 1,2 GeV (red/thick, blue/thin lines) as a function of Ky
defined in (5.10). Outside these closed regimes, one cannot obtain sufficient baryon asymmetry.
The solid lines are for zero initial abundance of /N; while dotted lines for thermal initial abundance
of N;. The horizontal dashed lines are the absolute lower bounds obtained for the respective v,
which correspond to having thermal initial abundance of /V; and no washout.

density 7y, is given by

TN =D WNistant, = NN, Koo)' (5.14)

where K,,(z) refers to the modified Bessel function of second type of order n and the branching

ratio for N; decay to lepton of flavor v as Py, = X=2fafv  The AL = 2 washout mediated by

TNy
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off-shell N; is described by 59 58 In order to minimize the complication from flavor effects and

focus solely on the effect of ST cosmology, we choose the democratic flavor structure as follows

(@

1

€le = €1 = €17 = 3 (5.15)
1
Ple = PlN:PlT:§7 (516)
o 1
722ﬁ = 5722, (5.17)

where e, =) ejqand v = ) 8 7§f . With the above assumptions, the BE for YA, becomes

dYa, 1 Y, 1 Yae, | Yanm
H - | e v
1 YAg YAH 1 YAg YAH Afg
- a d - < -4 = (5.18
+9722 ( Y, + Y, ) + 9722 ( Y +2 ;{:} ( )

For Mj 3 > M, the total CP parameter is given by [87]

Im | (A2
3 O] g,
SR =D Dy ;Y RS TA G19

and using (5.9), one can derive the Davidson-Ibarra bound [31]

3 M
< g (ma —m) = (5.20)

v

as introduced in (5.1) but with v — v,. We further parametrize the off-shell AL = 2 washout

mediated by N; valid for 7" < M; as follows

(5.21)

V22

8The AL = 1 scatterings involving gauge bosons are not considered since to consider them consistently, one also

needs to consider CP violation in them which will result in a small net effect [85, 86]. As for flavor changing but
. . 5 . . . .

AL = 0 scatterlngs their rates go as T—4 for ' < M; which are less important than that of AL = 2 reactions which

g0 as M2 for T' < M,;. Furthermore, in the following, we will consider democratic flavor structure where they are

either not relevant or in thermal equilibrium and can be dropped from the BEs.
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where n = %T?’. As shown in (5.11), the lightest light neutrino mass m; can be neglected and we

can rewrite the above in term of (5.20) as follows

256n My jax 2
Yoo = 9—77_?61 . (522)
From the above, we see that the AL = 2 washout is indeed proportional to erlnax’Q as argued in

(5.2), so that M; remains bounded from below by the general lower limit given in (5.4). As in
the standard type-I seesaw, also in the present case an upper bound on M exists, which follows
from the requirement that AL = 2 washout scatterings will not become too strong to erase the
asymmetry. (5.21) shows that once the neutrino mass scale m; is fixed, for each value of v, there is
a limiting upper value of M for which 7,5 remains sufficiently out of equilibrium. However, while
in the standard case this hints to a loose upper limit of order ~ 10'* GeV, due to the large hierarchy
v, /v < 1072 and to the quartic dependence on the VEV values, in the neutrinophilic VEV model
the corresponding constraint is much stronger.

For the spectator effects [88, 89], we consider the temperature regime 7' < 10° GeV where
all Yukawa interactions are in chemical equilibrium. We further assume that /,, does not carry a

conserved charge’ and we have

Yar, 64 5 5 Ya,
Va | = gp| 5 04 5 || | (5.23)
Yac, 5 5 —64 )\ Ya

Yam, = —22—3 (Ya, +Ya, +Ya,). (5.24)

9This can be due to fast interactions induced by A5 (H tH l,) % in the scalar potential.
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Substituting the result above into (5.18) and summing over « on both sides, the BE becomes

dYa Y, 1 6Ya 67Ya
7 Pt M)y (22 22
i e (vafj ) T ( 23Y, 23 Yb)
1 6Ya 6Ya), 2 6Ys 67Ya
0\ 8y, BY, ) 9®\ 23y, 23V
Y 3 Ya
- - REVRNNS ) 295) ~2 5.25
YNy €1 (Y]f,? ) 53 (Yn, + 2722) Y, ( )

where we have defined YA = Ya, + YA, + Ya,. In [90], assuming the SM, it was obtained that
the EW sphaleron processes freeze out at Trws, = 132 GeV after the EW symmetry breaking at
T. = 159 GeV. Assuming the EW symmetry breaking also happens before Tiws;, in v,-model, we

have [91, 92]

30
Yap = =Y, 2
AB TS (5.26)

excluding the contributions from heavy charged (neutrinophilic) Higgs and top quark.
5.5 Results

The asymmetry Y can be parametrized in term of efficiency factor n = n(Ky,v,, ms, M) as

follows

Ya = aYyt'n, (5.27)

where Y]\ef?’o =Yy (0) = Wﬁz*. The above parametrization is convenient because once we substi-
tute it into (5.25), for temperature-independent ¢;, the BE becomes independent of ¢;. The final
asymmetry is obtained by evaluating the final efficiency = 7n(z — o0). In the case with an
initial thermal abundance of Ny, one saturates to the maximal efficiency 1 = 1 in the limit of weak
washout K; < 1 and small AL = 2 washout. As we will see in more detail later, as M; gets close
to the EW sphaleron freezeout temperature 7gwsp,, one might not be able to saturate the efficiency

factor because the baryon asymmetry will be frozen before all N; can decay.
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Using (5.20) and (5.26), the maximal asymmetry is given by

Mim.
30 3 Mimsyeqo, (5.28)

Ymax -
AB 97 16 02 M

Setting Y 1ax = Y™ = 8.7 x 10~!, we can derive both upper and lower bounds on M;. Starting
from a very small M; while keeping the AL = 2 washout under control, the CP parameter might
be too small and we need to increase M; until Y53* = Yb, which gives us the lower bound
on M;. As we continue to increase M, eventually the AL = 2 washout (5.21) will become too
strong until which we are no longer able to obtain sufficient baryon asymmetry and this gives us
an upper bound on M;. As we explain below (5.22), this upper bound is specific to the model we
have chosen due to neutrino mass constraint. In other words, from the following equation

97 167 v2 Ygbs
30 3 my Y’

Myn (Ky,v,,ms, My) (5.29)

for a given v, and m3, we can have no solution, one solution, or two solutions for M. The two
solutions will correspond to upper and lower bounds on M. Notice that as we go to smaller M,
the EW sphaleron freezeout temperature becomes relevant and we fix this to be Txrws, = 132 GeV
after which the value of baryon asymmetry will be frozen.

It is important to note the temperature where speedup happens is crucial for leptogenesis. As
discussed in Section 5.2, while the regime of speedup for the conformal case depends on initial
temperature and ¢ field configurations, the regime of speedup for the disformal case depends on a
new mass scale Mp. Besides this point, the qualitative effect of the speedup for both scenarios on
leptogenesis remains the same. Hence we will only illustrate the result for speedup factor for the
conformal case as shown in the left plot of Figure 5.1. In this example where speedup happens in
the range 10 GeV < T' < 10° GeV, it will affect leptogenesis with M; which falls in the relevant
mass range.

Our main results are presented in Figure 5.3 in the K; — M, plane for a fixed m3 = 0.05 eV

and v, = 0.1,1 GeV (red/thick, blue/thin lines) where outside these closed regime, one cannot
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Figure 5.3: The bounds on M; for v, = 0.1, 1 GeV (red/thick, blue/thin lines) as a function of Ky
defined in (5.10). Outside the closed regimes, one cannot obtain sufficient baryon asymmetry. The
solid lines are for zero initial abundance of /N; while dotted lines for thermal initial abundance. The
horizontal dashed lines represent the absolute lower bounds on M; for the respective v, obtained
with initial thermal abundance of /N; and no washout.

obtain sufficient baryon asymmetry. The solid lines are for Yy, (0) = 0 while dotted lines for
Yn,(0) = Y5(0). The horizontal dashed lines are the absolute lower bounds obtained for the
respective v, which correspond to having Yy, (0) = Y3?(0) and no washout. For Yy, (0) = 0
and small K, due to the speedup in the Hubble expansion, the inverse decay is not efficient in
populating /V;. Less /V; results in less asymmetry being produced and hence M, needs to increase

correspondingly to enhance the CP violation. As one goes to larger /Ky, N; is more efficiently
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populated and one is allowed to have smaller M;. Crucially, in all cases, AL = 2 washout is
suppressed sufficiently due to the speedup factor ¢ as evidence from the fact that one is able to
obtain successful leptogenesis for M/; much below 10° GeV ( Figure 5.2). In fact, a smaller speedup
in the early times (see Figure 5.1) allows an efficient washout of an initial ‘wrong’ sign asymmetry
(generated during the production of N;) by AL = 2 scattering and one ends up enhancing the final
asymmetry. Instead of a curse, AL = 2 becomes a blessing. Numerically, we found the lowest M
to be around 350 GeV which corresponds to v, ~ 0.03 GeV and K; ~ 3000.

As a final remark, notice that the behaviors of M, lower bounds for Yy, (0) = Y.(0) for
small K are different for the case of v, = 0.1,1 GeV. In the small K regime, we expect them
to approach the absolute lower bounds (the horizontal dashed lines). While this happens for the
case of v, = 1 GeV, the lower bound actually moves away from the horizontal line for the case of
v, = 0.1 GeV. The reason is that for M; ~ TeV and small K, the decays happen very late close
to the EW sphaleron freezeout temperature Txyws,. When we reach this temperature, the baryon

asymmetry will be frozen before all /V; can decay, resulting in smaller final asymmetry.
5.6 Minimal Supersymmetric Standard Model and Right-handed Neutrinos

In section 3.4.3, we mentioned that the scale for the enhanced expansion rate can be moved
around as a function of the new scale associated with D(() term in the disformal D-brane coupling
scenario. In the conformal case, an extension of the SM can change the enhancement scale. In this
section, we discuss the scale for enhancement in the cases of MSSM and SM with 3 RH neutrinos.

In the left plot of Figure 5.1, we show the speedup factor, in the conformal scenario, for one
set of values for ¢ and ¢’ at an initial temperature of 100 TeV considering only the SM particle
spectrum. If we add three 10 TeV RH neutrinos, the speedup factor and its slope at around 1 TeV
are the same as in the SM case, but £ drops to 1 slightly earlier.

We now add the RH neutrinos to the spectrum of the SM and MSSM. In Figure 5.4, we show
the enhancements for various values of ¢’ and initial temperatures. We add three RH neutrinos
at ~ 10 TeV in the particle spectrum along with the SM (solid lines). In the bottom panel of the

figure, we show w as a function of z (blue solid line) and we find a new small trough at around
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10 TeV due to the new RH neutrinos. The other dips in w are due to the SM particles. The
expansion rate increases when ¢’ increases, however, if ¢’ is too large, the speedup factor does not
get reduced to 1 before the BBN. As mentioned before, a sudden drop of the enhancement factor to
the standard GR value occurs due to the troughs in w, which create an attractive effective potential
when @w # 1/3. For large initial values of ', the scalar field overcomes this attractive potential
and the enhancement factor never reduces to one.

In Figure 5.4, left plot, we consider an initial temperature of 100 TeV. The expansion rate can
be enhanced by a factor of 100, or more, for temperatures between 100 GeV and 1 TeV. If, however,
we increase the initial temperature to 10°> TeV or higher, the enhancement scale moves to a higher
temperature and enhancements bigger than 100 can occur for temperatures between 1 TeV and 10*
TeV. At higher temperature, the Hubble friction slows down the scalar field faster, and since the
attractive effective potential kicks in early, due to the trough in @ caused by the RH neutrinos (at
around 10 TeV), the enhancement factor drops to one at a higher temperature.

Using dotted lines in Figure 5.4, we show the speedup factors due to the MSSM particles,
where we keep the SUSY partners of the SM particles at around 1 TeV and, for illustration, three
RH neutrinos (and their SUSY partners) at ~ 10 TeV. In the panel below the figure, we show w
(red dotted line) for MSSM + 3 RH neutrinos and we find a new deep trough in w at around 1 TeV
due to the SUSY particles (we put all of them together). The other dips are due to the SM particles.
Like before, we find that the enhancement and its slope does not change much compared to the SM
case but the speedup factor reduces to one for higher temperature.

It is also important to mention, no matter what particle spectrum we consider, that the initial
value of the scalar field does not play a relevant roll in the shape and slope of the speedup factor,
as long as this value is positive and order one.

We find that an enhancement of the expansion rate with an initial temperature at 103 TeV
is most effective in producing a successful leptogenesis, with the enhancement scale around TeV,
caused by the SM particle spectrum. Now, the initial temperature is set by the inflation scale. In

the case of the MSSM, it is shown that the thermal leptogenesis constraint from the type I seesaw
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is T > 10° TeV [93, 94]. This bound conflicts with the cosmological gravitino bound for unstable
gravitinos. For a gravitino mass closer to a 100 GeV DM mass, BBN implies stringent upper bound
on reheating temperature < O(1) x 10? TeV [95]. Based on our analysis, this low reheating scale

is very helpful to have the leptogenesis scale to be around 1 TeV.
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Figure 5.4: Speedup factor £(z) as a function of z = 1 TeV /T for SM+3 RH neutrinos (solid lines)
and MSSM+3 RH neutrinos (dotted lines) for various values of ¢'. The RH neutrinos mass value is
10 TeV, and the initial temperatures are 10° GeV (left plot) and 10% GeV (right plot). The bottom
figure shows the equation of state parameter w for the two cases.
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6. CONCLUSIONS

Since it is difficult to probe the universe between inflation and the onset of BBN, the evolution
of the universe is mostly unconstrained during this period. Origins of DM, baryon abundances,
etc, crucially depend on the evolution history around that time. During this epoch, the expansion
rate can be different in ST theories compared to the standard cosmology even though the universe
is still radiation dominated.

Scalar-tensor theories where the gravitational interaction is mediated by both the metric and
scalar fields arise commonly in modifications of GR. The prototype example is the Brans-Dicke
theory where the metric and a scalar field are related via the conformal coupling as g,, = C(¢)g,.-
However, the most general physically consistent relation between the two metrics includes a dis-
formal (or derivative) coupling [13]: G, = C(¢)g. + D($)0,00,¢.

Both couplings C' and D can give rise to a different expansion rate from the standard cosmo-
logical model in the early universe, and still be in agreement with current constraints from BBN
and gravity. In particular, BBN imposes a strong constraint on the speed-up parameter, &, which
needs to be very close to one before the onset of BBN.

In Chapter 2, we explored an ST theory coupled both conformally and disformally to matter.
For the pure conformal case, we investigated a conformal factor of the type C' = (1 + be ?¥)2.
We found the modified expansion rate, H, during the radiation dominated. When comparing the

expansion rate, H, to the standard expansion rate, Hq g, we found that the speed-up factor, & =

HLGR’ increases up to 200 and then become of order 1 prior to BBN (see Figure 2.3).

We also started to investigate the effects on the early evolution of a disformal factor in the
metric (2.2). We noticed that in order to have a consistent solution, i.e. a real positive H, the
conformal and disformal factors need to satisfy a very specific relation, (2.48). We studied the
effect of a disformal factor by turning on a small disformal contribution to the conformal case,
given by D(p) = —4.9 x 10~ % We found, in Section 2.5, that when both, the conformal and

disformal function, are turned on, H has a very similar profile as for the pure conformal case, with
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an enhancement and a notch compared to the standard expansion rate. However, the position of
the notch changes. The disformal factor is moving the notch to higher temperatures.

In Chapter 3 we introduce the disformal D-brane coupling scenario. In this case, the functions
C and D are closely related and are dictated by another theory, for example, type IIB string theory.
Moreover, the scalar field has a geometrical origin in terms of the transverse fluctuations of the
D-brane, while matter lives on the brane and it comes from the longitudinal fluctuations. In this
chapter, we investigated the modification to the expansion rate due to the disformally coupled
scalar, where D = 1/M*C (Figures 3.2, 3.5 and 3.8).

We numerically solved the coupled equations for  and ¢ ( see (3.44) and (3.45)) and used this
to find the modified expansion rate. We noted that contrary to the purely conformal case, in the
presence of the disformal term it is not possible to eliminate /7 from the system to solve a single
master equation, as in Section 2.4. So we needed to carefully take into account both equations as
well as the initial conditions for /7. This introduced a cubic equation for / in terms of the other
parameters (i, p) and a lower bound for the scale M, given the initial conditions for (¢;, p;) (see
Section 3.4.2).

In section 3.4.3 we presented for the first time the purely disformal case corresponding to
C = const. where the modification to the expansion rate is fully driven by the derivative coupling
through v (see Eq. (3.55)). For the disformal D-brane coupling scenario, the expansion rate is
always faster-than-usual (Figure 3.2). We found that the larger the value of the new scale M the
earlier the enhancement in the expansion rate appears (Figure 3.5). Therefore, depending on the
value of M, the modified expansion rate can occur at a different temperature in the early universe.
We also found that the expansion rate can be up to ~ 1000 times bigger than the standard GR case.

Again, we studied the effect of M on the profiles of the expansion rates. We considered in detail
for concreteness only the conformal function used in Chapter 2. For this function, the numerical
analysis is relatively simple; however, there is in principle no obstruction to find similar effects
for other functions. We looked at the function C' = (bz? + ¢)? (for b = 4,8,15, ¢ = 1), which

can be a toy model for a smooth warp factor in a string theory setup. For this example, we found
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a relatively small enhancement with £ ~ 4. We expect that a wider search of parameters and
conformal functions will give rise to a larger enhancement as well as a decrease in the modified
expansion rate.

As we showed in Chapter 4, the enhanced expansion rate has important consequences on the
evolution of the abundance of dark matter particles. So, we also investigated the effect on the
abundance of dark matter particles. In the pure conformal ST scenario, we observed that for
dark matter particles of large mass, the particles undergo a second annihilation process and then
freeze-out once and for all in (see Figure 4.2). Moreover, we found that for large masses the
annihilation cross-section has to be up to four times larger than that of standard cosmology models
in order to satisfy the dark matter content of the universe of 27 %. On the other hand, for small
masses, this re-annihilation process is not present, but we found that for masses around 130 GeV,
the annihilation cross-section can be smaller than the annihilation cross-section for the standard
cosmological model (see Figure 4.3).

For the disformal D-brane coupling scenario, the modified expansion rate is always enhanced
with respect to the standard one (Figure 3.2), which implies an anticipated freeze-out and an en-
hancement of the cross section (ov) (Figure 4.7). For the C' # const case (section 3.4.4) we saw
that it is possible to have an enhancement as well as a reduction of the expansion rate with respect
to the standard case, that is ¢ > 1 and £ < 1 (Fig. 3.8). This diminution gives the possibility of
a reannihilation process, as in the conformal and disformal cases studied in Chapter 2. Thus the
effect on the relic abundance and annihilation rate is analogous.

Finally, in Chapter 5 we study leptogenesis in a faster-than-usual cosmic expansion. The scale
of leptogenesis in the case of a typical type I seesaw model is very high and is out of reach for
the ongoing experimental facilities. However, many models with a much lower leptogenesis scale
exist where the RH neutrino masses arise due to new physics around multi-TeV scale. In these
models, it is found that (if no resonant enhancement of CP asymmetries is assumed), there exists
a lower bound on the scale of leptogenesis which is ~ 10 TeV under the assumption of an initial

thermal abundance for RH neutrinos along with no washout. The lower bound increases in the case
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of zero initial abundance. This conclusion changes in ST theories with an enhanced expansion rate
which helps the leptogenesis models to be probed in the ongoing experiments.

In the case of an enhanced expansion, the requirement of a larger washout scattering rate de-
mands the scale of leptogenesis to be smaller since the scattering rate is inversely proportional to
M™ where the exact value of n (> 0) depends on the details of the initial and final state particle
properties. We used a toy model of leptogenesis to manifest the lowering of the leptogenesis scale
due to an enhanced expansion rate. In this model, the RH neutrinos do not couple to the SM Higgs,
instead, they couple to a new Higgs. We found that the scale of leptogenesis can be lowered down
to ~ TeV for both zero and thermal initial abundances for the RH neutrinos for a wide range of
model parameter space which allows these models to be probed at the ongoing experimental facil-
ities. In some parameter space of the model, we showed that an enhancement of the expansion rate
can lower the leptogenesis scale down to ~ 400 GeV. The existence of an enhanced expansion rate
between 100 GeV to a few TeV due to the SM particle spectrum (plus the RH neutrinos) in the case
of a conformal modification of the metric is crucial to lowering the scale of leptogenesis. If an en-
hancement happens at a higher scale, the scale of leptogenesis is not lowered and an enhancement
at a smaller scale is also not helpful in lowering the leptogenesis scale with the correct amount of
asymmetry since the EW sphaleron freezeout occurs at around 130 GeV. All of our findings for

this model should apply to any leptogenesis model.
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APPENDIX A

GENERAL DISFORMAL SET-UP

The general scalar-tensor action coupled to matter, which can include a realisation in string

theory compactifications is given by:
S =S+ S+ Sm,
where:

1 4
SEH—2_KI2/d rv/—g R,

S, = _/d{%\/_—g 1(9)

Sm = —/d4ZE V —fl ﬁD]VI(glw) y

1(9)

and the disformally coupled metric is given by

G = C2(¢)guv + D2(¢)8M¢au¢-

gww + MU1(0) \/1 + (00 +V(9)

(A.1)

(A.2)

(A.3)

(A4)

(A.5)

b is a constant equal to 1 or 0, depending on the model one wants to consider; C;(¢), D;(¢) are

functions of ¢, which can be identified as conformal and disformal couplings of the scalar to the

metric, respectively. Finally, we have introduced the mass scale M to keep units right (remember

that the conformal coupling is dimensionless, whereas the disformal has units of Mass~2.)

The connection of the general action (A.1) to the different models in the literature can be

obtained as follows: the case C'} = Ds, D1 = D5, b = 0 arises when considering a D-brane moving

along an extra dimension. This case was studied in [3] as a model of a coupled dark matter dark

energy sector scenario, where scaling solutions arise naturally. Note that in this case, the kinetic
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term for the scalar field, identified with dark energy for example, is automatically non-canonical
and dictated by the DBI action (see [3]). On the other hand, phenomenological models considering
a disformal coupling between matter and a scalar field, usually consider a canonical kinetic term,
and therefore, in that case, C; = D; = 0 and b = 1 (C] can be taken to be non-zero and will be part
of the scalar potential). Furthermore, the widely studied case of a conformal coupling is obtained
forb = 1,C; = D; = D, = 0 or, as in the case of a D-brane for example!, simply considering
small velocities with b = 0,C; = C5 and D; = D,, and normalising canonically the scalar field
(see Appendix B).

Finally, let us clarify further our nomenclature on frames. The action in (A.1) is written in the
Einstein frame, which in string theory, is usually related to the frame in which the dilaton and the
graviton degrees of freedom are decoupled. From this point of view, the dilaton field as well as
all other moduli fields not relevant for the cosmological discussion are considered as stabilised,
massive, and are therefore decoupled from the low energy effective theory. In the literature of
scalar-tensor theories however (including conformal and disformal couplings), the Einstein and
Jordan frames are identified with respect to the (usually single) scalar field to which gravity is
coupled. In this paper, we follow this and call “Jordan" or “disformal frame" the frame in which
dark matter is coupled only to the metric g, , rather than to the metric g, and a scalar field ¢.

The equations of motion obtained from (A.1) are (2.4):

R, — %gw,R =r*(T),+T") , (A.6)
where in the frame relative to g, the energy momentum tensors are defined in (2.5) and (2.6). The

energy-momentum tensor for the scalar field in the general case is modified from (2.7) to:

b
T, = —guw | M*Ciy ' + 5((%)2 + V| 4+ (M*CiD1v1 +b) 8,6 0,6, (A.7)

'For the system corresponding to a D-brane moving in a typically warped compactification in string theory, the
functions C(¢) and D(¢) are identified with powers of the so-called warp factor, usually denoted as h(¢). In this
approach, the longitudinal and transverse fluctuations of the D-brane are identified with the dark matter and dark
energy fluids respectively [3].
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where now the energy density and pressure are given by:
b b _
P¢=—§(a¢)2+M401271+V, P¢:—§(6¢)2—M4012711—V, (A.8)
and the “Lorentz factor" v, introduced above is defined by

D —1/2
w= (1 g er) (A9

We can rewrite (A.8) in a more succinct way, by defining V = V + CZ M*

b M*C,\D
e e [CC A

b M401D1’y;1
2 v+1

2
ol T} (09)> = V. (A.10)

The equation of motion for the scalar field becomes (compare with (2.9))

—1ardr2 / ! 4,2 ! /
_ 4 " Y MECT & ﬁ nMCTCT Dy /
V. [(M*D;Ciyy +b)0 ¢}+—2 {Dl et 6 T D, +V
™ Cy D) D,
ety 0% —0.
- [C 9w + & ucﬁ@uaﬁ} +Vyu {CQ &ﬁ] 0

(A.11)

Finally, the energy-momentum conservation equation gives rise to (2.11), where () now is given

in terms of C5, Dy:

Cy D!
[O G + 2au¢a,,¢ (A.12)
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General cosmological equations

The equations of motion for the general system in an FRW background become:

K
H? = = lpo+7] (A.13)
2
. K
H+H2:—€[p¢+3P¢+p+3P], (A.14)
b1+ —— | +3Hp 2 |———— +1
i { i M401D17i9’] toHem {M401D171 " }
C L, |5CY Dy D) (] ¢ 1 ,
— — = = — - -4 — (V =0,
b7} <71 { o DD o e tame s V)
(A.15)
where, H = £, dots are derivatives with respect to ¢, = d/d¢ and
71 = (1 — Dl éZ/Cl)—l/Q.
We also have the continuity equations for the scalar field and matter given by
po+ 3H (ps + Ps) = —Qoo, (A.16)
p+3H(p+P)=Q¢. (A.17)
where () is given by
Dy - Dy . p Dy, DyCY\ ., C}
=p|= — ¢ |3H + = ——=== 1-3 )
QO p|:02¢+02 ( +p)+(202 CQOQ ¢ +202( W)
(A.18)
Using (A.17) we can rewrite this in a more compact and useful form as
Y2 Gy 5 (72 — ))
=p|l—+—F=1-3wy;) —3Hw : , (A.19)
o p(«m a0, ) 9
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where
Yo = (1 — D2 (b2/02)71/2.
Plugging this into the (non-)conservation equation for dark matter (A.17), gives:
i

. cy
p+3H(p+Pr3)=p| =+ 2 0(1-3wy)| . (A.20)
Y2 20,

The energy densities and pressures in the Einstein and Jordan frames are now related similarly

to (2.19), replacing v — »:
p=C%y'p,  P=Cy*nP, (A21)

and therefore the equation of states in both frames are related by & = w~3. Similarly the physical

proper time and the scale factors in the two frames are related via v;:

a=Cya, d7 = Cy %y ldr . (A.22)

dlna

Defining the disformal frame Hubble parameter H = <24, gives:
- Yo C’é .
H=—"|H . A.23
Cy? [ a0, 4 (A2

To solve the equations of motion one now can proceed as in section 2.2 to write the equations
in terms of derivatives w.r.t. the number of e-folds /N and consider different cases by choosing

appropriately the parameters b, C;, D;.
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APPENDIX B

THE CONFORMAL CASE IN D-BRANE SCENARIOS

In this section we show how to recover the pure conformal case from the D-brane picture, that
is, b =0, C; = Cy, D1 = Dy. We start by expanding the square root in the scalar part of the action

(A.1). Doing this we get

Sy = —/d4x\/—_g :M4Cf (1 + 2%11((%)2 +> +V(¢)}
— —/d4x\/—_g :@@w + M'CYH @) + V(d) + .. }
- — [y [P0 v+ . B.1)

On the other hand, the matter Lagrangean takes the form

Spw = — / 427/ 5 Loat (G)
_ —/d4x\/—_9012(¢) (1+%(8¢)?+...)£DM<§W)
=~ [ oGO Lonl) + = = [ A/ TG LoailG) +

(B.2)

where now g, = C1(¢)g,, (and we have used that det g,,, = C1(1 + D1/C1(9$)?)).
Finally, to compare the D-brane case with the pure conformal case, we need to canonically

normalise ¢. Calling ¢ the canonically normalised field, this is obtained from ¢ as

soz/M?\/DlOl do. (B.3)

It is clear that when D; = 1/(M*C}), ¢ = ¢ and therefore the action for the scalar field

(B.1) is already in the required form. We can now take the limit v — 1 into the equations of
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motion (A.13)-(A.15) and make the identification D; = 1/(M*C}) to recover the conformal case
equations of motion. Note that in this limit )y — pC' /2C}, and is independent of D; (see (A.19)

with Ol = CQ, D1 = DQ)
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