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CONCORDANCE ACDM MODEL

A phenomenological Standard Model of Cosmology has
emerged, in perfect agreement with current observations:

The ACDM model (Lambda cold dark matter)

In this model, the universe contains three
major components: dark energy, A, cold
dark matter and ordinary matter.

Complemented with the inflationary
cosmic pie scenario fo generate primordial
fluctuations that seed large scale
sfructfures we observe today




CONCORDANCE ACDM MODEL

e Observations consistent with tiny cosmological constant.
BLall
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OBSERVATIONAL HINTS BEYOND ACDM?

* Hinfs af physics beyond ACDM in Ho measurements:

direct measurement:

Ho = 74.22 + 1.84km/s/Mpc

value inferred from CMB:
Hy=674+0.5 km/s/MpC

giving 4.4c discrepancy...
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OBSERVATIONAL HINTS BEYOND ACDM?

* Hinfs af physics beyond ACDM in Ho measurements:

direct measurement:

= HOLICOW

Ho = 74.22 + 1.84km/s/Mpc

value inferred from CMB:
H() =67.4+0.5 km/S/MpC

[Riess et al. '16]

giving 4.4c discrepancy...

Physics beyond ACDM?

exofic (e.g. phantom) dark energy, dark radiation, dark matter
decay, coupled dark matter/dark energy ...



DE SITTER AND QUANTUM GRAVITY

e Recent theoretical consiraints on low energy eftective
theories of gravity would suggest that a pure cosmological

constant, A, cannot be realised In a consistent gquanfum
theory with ultra-violet completion, such as string theory

[Vafa et al. 06-19]

VS

swampland landscape
(no UV completion in QG) (have UV completion in QG)



DE SITTER SWAMPLAND CONJECTURE

[Danielsson, Van Riet ’18;

Obied, Ooguri, Spodyneiko, Vafa ’18;
Garg, Krishnan ’'18;

Ooguri, Palti, Shiu, Vafa ’18]

e The scalar potential in the LEEFT of any consistent quantum
gravity must satisty either:

NaviAvA Y i 4 min(V'V,V) c
> < ;
|4 "~ Mpy |4 Mz,

for some universal constants ¢, ¢' > 0 of order 1.
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DE SITTER SWAMPLAND CONJECTURE

[Danielsson, Van Riet ’18;

Obied, Ooguri, Spodyneiko, Vafa ’18;
Garg, Krishnan ’'18;

Ooguri, Palti, Shiu, Vafa ’18]

e The scalar potential in the LEEFT of any consistent quantum
gravity must satisty either:

NaviAvA Y i 4 min(V'V,V) c
> < ;
|4 "~ Mpy |4 Mz,

for some universal constanits ¢, ¢’ > 0 of order 1.
e Rules out metastable dS, allows sufficiently unstable dS

e Connections to other conjectures: weak gravity conjecture;
distance conjecture, etc.



IMPLICATIONS FOR DARK ENERGY

e Dark energy may be quintessence field.:
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IMPLICATIONS FOR DARK ENERGY

* Dark energy may be quintessence field:
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Dynamical Dark Energy [Agrawal, Obied, Steinhardt, Vafa, *18]

Assuming convex potential, current observations on w(z)

vV V’LVZV > C
V ™~ Mp;

constrain ¢ < 0.6 In

Relaxing semi-positive definite Hessian, can have ¢, ¢ ~ 1 and
w ~ —1 py fine-tuning Initial conditions.
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STRING MODELS OF QUINTESSENCE

* Need a slowly-rolling ultra-light string modulus with:
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STRING MODELS OF QUINTESSENCE

* Need a slowly-rolling ultra-light string modulus with:
(V) ~ 107" M, and  m <107%2%eV
sO two fine-tuning problems!

Many of the same ingredients and challenges as in dS
constructions

e String dilaton or volume modulus lead to fifth forces and
varying fundamental constants.

e Llocal modulus may be sequestered with weaker than
Planck SM cou p|lﬂ ON [Cicoli, Pedro, Tasinato, '12]

e String axion evades 5th forces and can easily be light

m~e ' Mp; but need f 2 3Mp; ...alignmente [Svrcek '06]

[Cicoli et al, ’18; Chiang-Murayama, '18; Marsh, 18, Han et al. ’18; D’amico et al.’18; Olguin-Trejo et al.’18; Emelin-Tatar,
’18; Hertzberg et al. ’18; van de Bruck-Thomas, ’19; Dimopoulos-Donaldson-Wood, '19, Hardy-Parameswaran, ‘19...]



QUINTESSENCE FROM A RUNAWAY STRING MODULUS

[Olguin-Trejo, Parameswaran, Tasinato, 1Z, ’19]

e Consider an early Universe scenario (e.g. inflation) that ends
IN supersymmeitric Minkowski minimum, with most modul
stabilised and heavy in N = 1 supergravity framework:

(1D W e b =10, (ML =0, (®")  heavy
where W is the holomorphic superpotential

e Assume a single flat direction (for simplicity): & = ¢ + 6
with ¢ a string coupling constant - saxion - and @ its axion

and Kahler potential
K = —nlog (® + @)

e.g. n =3 foroverall volume modulus, n =1 for ofther
volume moduli, complex structure, dilaton, blow-up

modulus.



QUINTESSENCE FROM A RUNAWAY STRING MODULUS

[Olguin-Trejo, Parameswaran, Tasinato, 1Z, ’19]

e Superpotential, W is protected from perturbative
corrections to all finite orders by non-renormalisation
theorem =

» Axionic shift symmetry = W cannot depend on 6.
» Holomorphy = W cannot depend on ¢.

But receives non-perturbative corrections, W, oc e”*®

e On the other hand, the Kahler potential, K, does receive
perturbative corrections, but so long as W = 0, these will noft
lift flat direction.



RUNAWAY STRING MODULUS

e Consider K = —nlog(® + ®) and W,, = Ae *® at

leading order, generated e.g. by worldsheet instantons,
gaugino condensation in bulk or brane, Euclidean D-

branes, ...

e The parameters a, A are model dependent constants.

E.g. A may be itself exponentially suppressed in heavy
moduli vevs, e.g. gaugino condensation with 1-loop

threshold corrections:
i e ule”  with f=9 + ch log(d;®)

J
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RUNAWAY STRING MODULUS

e Consider K = —nlog(® + ®) and W,, = Ae *® at

leading order, generated e.g. by worldsheet instantons,
gaugino condensation in bulk or brane, Euclidean D-

branes, ...

e The parameters a, A are model dependent constants.

e The scalar potential V =e" (|[DW|? — 3|W|?) for the saxion is

A2
= i S (n2 + 402 ¢* 4+ n(dag — 3))
"n

with axion flat direction at leading order



RUNAWAY MODULUS WITH DS MAXIMUM

e If n=1, there is a dS maximum at .| [\
¢max 3t : 2 |

Ot

Voa >
consistent with dS Swampland =~ ™" | |
Conjec’rure. BRI OB IV RO 6 20
2
Al 2% e 229477 (n? +¢ 40°¢® + n(dag — 3))

e Corrections from K, and W,,...
suppressed for small coupling constant

e Starfing from susy Minkowski — well under control

e Giving up dS minimum — no fine tuning of perturbative and
non-perturbative corrections against each other



QUINTESSENCE FROM A RUNAWAY MODULUS
e Cosmological equations in an FRW background are:

N2
2 (ﬁ) ) (q52 il 9’2) + M °V + 3H§a(t) ™ + 3H;Qra(t) ™

a) ~ 442
TR i (L
0=9¢+3-¢+ 96" + Mpﬁgqbbaf&
A e 2 gV
O:6’—I—359—|-Fab¢¢ ‘|‘Mp19 W?

. I} :
e To source acceleration =¢2 <V, slow-roll quintessence.

(soc = Mpz\/_g log ¢) 2
, V'(9)°

that is O g~ < MpH’




QUINTESSENCE FROM A RUNAWAY MODULUS

* Behaviour of the slow-roll parameter | ‘ ‘ ‘ “
in different regions of the potential: " /\

> T

V/ L A2
¢2 S’b) >_#E st ~5.x107"21 |
|
V’(¢)2 gt ! 5 el b
oy Rl e R as ¢ — Pmax ¢
V V2«
/ 2
¢2V (¢) . #A26_2O‘¢a4q§3 as ¢ Tkl N
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At hilllfop or tail, while H is large, field remains frozen by
Hubble friction — sourcing cosmological constant — for most

of cosmological history.

* As H decreases, eventuadlly A2 H? < @2V (¢ini)?/V (dins) AN
field begins to roll



LATE-TIME QUINTESSENCE ON THE RUNAWAY

e For a guintessence that dominates
the energy density: M7, H* ~ V/3

V/2
V

eq:(b < 1

o Af tail e, — 4a°¢°

source quintessence at the tail

i

Di% 1.0 1.5 2.0

¢

as ¢ — oo SO runaway potential cannot
(consistent with dS

swampland conjecture, which implies e, > 3¢*/M3,;)

1
V2a

* Near the hilltop ¢, — #a? (qb

Hubble friction until Mz, H? <

2
) sO ¢ remains frozen by

eq(Pins) AN then rolls

* At dS maximum min(V'V,V)/V ~ —6.8Mp, consistent with dSSC

(min(V'V,;V)/V < —' M}))



THAWING QUINTESSENCE FROM RUNAWAY MODULUS

* Near hillfop we have a viable frozen . .|
or thawing quinfessence model
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THAWING QUINTESSENCE FROM RUNAWAY MODULUS

 Near hilltfop we have a viable frozen

or thawing quinfessence model
st asing | Al e LSt EIRa ke D
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AXION, AXINO, VISIBLE SECTOR

Axion lifted by subleading corrections W,,...., = axion DE with
il <t UELG. Wi, =B emPa Wit B =120\ B = DA 20 = ) = —0.99

Axino has light mass — Magzine ~ 26°¢™/>DyDyW | With params
above Magine ~ 4.2 x 107°%eV = axino dark radiation

Relic abundance is model dependent, e.g. via thermal
scattering or decays or out of equilibrium decay via lightest
stabilised modulus

So far mild susy breaking by runaway - effect of susy
breaking In visible sector must be sequestered, e.g. |If
modulus describes local feature In string compactification,

distant from SM: MA
" Ms26 1 Hg

Tree-level decoupling ensures radiative stability, suppression
of fifth forces and fime variation of fundamental constants...



SUMMARY

Existence or not of metastable dS vacuum In string theory
remains an open gquestion.

Very few candidates for qguintessence in string theory -
usually tension with swampland constraints and/or conftrol
ISSUES.

Late time dominating slow-roll quintessence is impossible at
runaway tail — no stringy example (and inconsistent with d3S
conjecture).

Hilllop In runaway potential can source frozen/thawing
quintessence consistently with observations and QG
conjectures - and under controll Comes with axion DE and
axino DR. BUT need fine-tuned initial conditions... anthropics
on a susy Landscapee¢

Model dependent questions: susy breaking and vacuum
energy In visible sector, fifth forces and time variation of
fundamental constants...

The cosmological constant problem...



COUPLED DARK ENERGY - DARK MATTER MODELS

Puzzle of cosmic coincidence:

Why is the dark energy density of same order (only about two
fimes bigger) as that of matter density in the present

cosmological epoch?

» If IT Is not accidental = an exchange of energy is plausible,
and therefore a coupling between dark energy and dark
matter.

» Whereas new forces between DE and normal matter are
heavily consirained by observations (e.g. in the solar
system and gravitational experiments on Earth), this iIs nof

the case for DM.

» Resolution of the '‘cosmic coincidence' problem implies
that dark energy and dark maftter follow the same scaling
solufion during a significant period of evolution.



COUPLED DARK ENERGY - DARK MATTER MODELS

» Coupled dark matter - dark energy (scalar field) changes
cosmological evolution with interesting implications:

» Modified thermal dark matter paradigm

[Kamionkowski, Turner, '90; Salati, '03; Rosati, ’03; Profumo, Ullio, 03, ;
Catena et al. '04 ... Meehan, Whittingham ’15, Dutta, Jimenez, 1Z, '16-'17,
D’Eramo, Fernandez, Profumo, ’17... ]

» Relevant for recent cosmological puzzles: 21cm, Ho

Costa, Landim, Wang, Abdalla, ’18; Yang, Pan, et al.,
’18; Di Valentino, Melchiorri, Mena, Vagnozzi, ’'19;
Agrawal, Obied, Vafa, ‘19]
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e Several phenomenological DM/DE couplings have been
proposed in the literature

[see Bolotin, Kostenko, Lemets, Yerokhin, ’15;
Wang, Abdalla, Atrio-Barandela, Pavon, ’16
for recent reviews]

* |s there a fundamental origin for the coupling and natfure of
DM and DEz?

[Dimopoulos, Wills, 1Z, ’13; Koivisto, Wills, 1Z, ’13; Dutta, Jimenez, 1Z, ’'16-’17]



D-BRANE SCALAR-TENSOR THEORIES

In four dimensions, Including D-branes, low energy action for
scalars, matter and gravity takes the form

159 L 4 ¥ ALk 4 Tl || 4 1 %
el il e S /d x/—gR /d xv/—g P(X, ¢) /d 2/ —§ Lon(G0)
Dp D
/ A ikt P<X7¢>=M4C2<¢>\/ 142X 2 4 V(9
4d ] C(¢)
45 5(6%)2
Fab /\/

Size of hole
closed string moduli

G = C(9)gur +D(9)0,00,¢  (induced metric)

(i non-standard kinefic terms arise
open sirng modu from D-brane DBI action

warped throat ) conformal and disformal coupling
pbetween scalar (DE) and maftter
Fpio internal flux (D[\/\)

Gt 9 dXHdXY + ImndXMdX"™



D-BRANE SCALAR-TENSOR THEORIES

The induced metric 9ur has the form, which agrees

with the most general relation between two metrics

compatible with general covariance intfroduced by
Bekenstein

[Bekenstein, '92]

gul/ i C(¢)9MV +D(¢)au¢8l/¢

C(¢) conformal fransformation (preserves angles)

D(¢) disformal fransformation (disforts angles)

where C, D safisty the causality constraint

C(¢) > 0 and C(¢) +2D()X > 0, (X = 5(9¢)?)

DO —



D-BRANE SCALAR-TENSOR THEORIES

Starting actionis S = Sex + Sprane

1
SEH = 53 d'z\/—g R,

SRR / d*z/—g | M*C?(¢) \/ 1+ %(%V + V(o)




D-BRANE SCALAR-TENSOR THEORIES

Starting actionis S = Sex + Sprane

1
SEH — 2—%2 d4513\/ —gR,

Strane = —/d4$\/jg M402(§b)\/1 i

A natfural coupled DM/DE system emerges

D(¢)

C(o)

(09)* + V(9)




D-BRANE SCALAR-TENSOR THEORIES

Starting actionis S = Sex + Sprane

1
SEH — 2—%2 d4513\/ —gR,

SRR / d*z/—g | M*C?(¢) \/ 1+ %(%V + V(o)

A natfural coupled DM/DE system emerges

[Dimopoulos, Wills, IZ, ’13; Koivisto, Wills, IZ, '13; Dutta, Jimenez, 17, ’16-’17]




D-BRANE SCALAR-TENSOR THEORIES

Starting actionis S = Sex + Sprane

1
SEH — 2—/{/2 d4iE‘\/ —gR,

Sbrane = —/d‘lx\/TQ M*C*(¢) \/1 + %((%)Q +V(¢)

A natural coupled DM/DE system emerges

[Dimopoulos, Wills, IZ, ’13; Koivisto, Wills, IZ, '13; Dutta, Jimenez, 17, ’16-’17]

+ Identity the Dark D-brane with a moving hidden sector

Dbbrane (has no or little interaction with SM D-branes)

+ Dark D-brane matter can be idenftiflied with dark matter
(massive fields) or dark radiation (massless fields).

+ Brane moftion parameterised by brane’s position, identified
with dark energy (DBl quintessence)

+ Conformal and disformal couplings can modify the

expansion rate at different epochs, with interesting
cosmological implications




COSMOLOGICAL EVOLUTION

For cosmology, consider evolution in an FRW universe:
ds® = —dt* + a*(t)dz"dx;

The evolution equations in Einstein frame (with respect to duv)
become

2 M*CD~? .
K 11 (iiriz
HZ:;[%WLP]» Tl Ry ol
! 2 M*CD~ ,
K 1
H+ H* = —— [pg + 3Py + p+ 3P| , T R

T DS s

- f1f C (D C o |9C D ) 1
b+ 3Hpy 2+2D< L Ly [”b—”b] i 3¢)+M40D73 (Vs + Qo) =0,




COSMOLOGICAL EVOLUTION

The evolution equations in Einsfein frame (with respect to uv)

become
2 M4CD2-
241 16 1 1§l
H™ = —-lpg + 1l , e sk
: K2 M*CD~ .,
H+H2=—€[P¢+3P¢+P+3P], it i e i

e e ——

p Jai1 C (D C NS E D il 1
d+3Hpy % + ( Ay 2[’4)—@] Tl 3(;b>+M4OD73 E o0,

Total energy is conserved v, (1, + ) = 0. but individual

conservation equations are modified:
However in the Jordan/disformal

P + 3H(p¢ + P(b) =es _Q(@’ frame, the energy-momentum
. - tensor is conserved:
p+3H(p+P)=CQuo. Vv, T =

TR —— ——eemmsemyE

=  p+3H(p+P)=0

(/3' S G iliaon TV = C_QWP)
R ——— ————e———




COSMOLOGICAL EVOLUTION

The evolution equations in Einsfein frame (with respect to uv)

become
2 MACD~? .
9 K 14 1 2
H™ = —-lpg + 1l , e sk
: K2 M*CD~ -,
H+H2:—€[,0¢+3P¢+,0+3P], (i

2 e ——

. L C (D C o |9C D _C 1
¢+3Hpy ? + ( . 2[’4)—’¢] il 3(5¢>+M40Dy3 (Ve + Qo) =0,

Total energy is conserved v, (1, + ) = 0. but individual
conservation equations are modified:



COSMOLOGICAL EVOLUTION

The evolution equations in Einsfein frame (with respect to uv)

become
2 M4CD2-
9 K 14 [ 2
H™ = —-lpg + 1l , e s
: K2 M*CD~ .,
H+H2:—€[P¢+3P¢+P+3P]a il il it

TORESOS =S ———

. L C (D C o |9C D _C 1
¢+3Hory 2+2D< . 2[’4)—@] il 3(5¢>+M4CD73 (Ve + Qo) =0,

Total energy is conserved v, (1, + ) = 0. but individual
conservation equations are modified:

Phenomenological models in the literature:

OIUBSE TGN B L) where @ chosen by
PR hand (boftom up)



COSMOLOGICAL EVOLUTION

The evolution equations in Einsfein frame (with respect to uv)

become
2 M4CD2-
9 K 14 [ 2
H™ = —-lpg + 1l , e sk
: K2 M*CD~ .,
H+H2:—€[P¢+3P¢+P+3P]a it i e i

T OO e

. L C (D C o |9C D _C 1
¢+3Hpy ? + ( . 2[’4)—@] il 3(5¢>+M40D73 (Ve + Qo) =0,

Total energy is conserved v, (1, + ) = 0. but individual
conservation equations are modified:

Phenomenological models in the literature:

OIUBSE TGN B L) where @ chosen by
PR hand (boftom up)




© LATE TIME UNIVERSE EVOLUTION

Accelerating scaling solutions m implications for recent
observational puzzlese

© EARLY UNIVERSE EVOLUTION

Modified expansion rate = modified thermal DM,
Implications for inflation



LATE TIME COSMOLOGY

» Consider an AdSs throat with a quadratic potential

A

sl V =1V, ¢? (T'o = AVo)

h

where

¢ = +/13r scalar associated to brane’s position

h(¢) = h(r)/T5 warp factor in terms of the scalar

C(¢) = [T3h(¢)] ?* conformal piece
D(¢) = [h(¢)/T3]'/*  disformal piece Wikl a

R Y ‘
N, /
Y3
= \

— P

N

[Koivisto, Wills, IZ, ’13]



Dynamical system analysis

The resulting fixed points
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» for h =const. with inverse power law potential (e.g. in LVS,
near tip KS)

The resulting fixed points

Qs kan ont Wt ot 0] Stability
Mat?er 1 0 0 0 Any Unstable
Dominated
Potential 0 0 I 6 L} 1 Saddle
Dominated
i e— 3
Matter 2 0 —1+V1+3lo __(1__ ”1_F3rb) O Saddle
Scaling 14+ 4143l v 3L 3
| ; 2
Klneﬁlc s 2 SRl el SRS TG __(1——x/14—3rb) o0 Attnaciton
Scaling Lz kny, ‘ngg G

Acceleration requires W < ——]7/3 Ijo P 1

System gives a viable coupled quintessence scenario with
matter scaling epochs and “easy” acceleration: relaxing
coincidence and fine tuning problems of DE.



SUMMARY

* Disformal transformation finds a fundamental origin in ferms
of D-bbranes in string theory with clear geometrical origin.

* Coupling among DM and DE cannot be furned off: will
always be there unless speed of brane is tuned.

* This system gives a viable coupled quintessence scenario
with maftter scaling epochs and “easy” acceleration:
relaxing coincidence and fine tuning problems of DE.

* Can it help with recent cosmological puzzles/hints for new
physics beyond ACDM?



MODIFIED THERMAL DM SCENARIO

During early universe evolution, non-trivial couplings between
dark matter and scalars can modify expansion rate.

If modified expansion occurs during DM decoupling, DM
freeze-out may be modified with measurable conseguences

for the thermal relic scenario.

[Kamionkowski, Turner, '90; Salati, ’03; Rosati, ’03; Profumo, Ullio, 03, ;
Catena et al. ’'04 ... Meehan, Whittingham ’15, Dutta, Jimenez, 17, '16-'17,
D’Eramo, Fernandez, Profumo, ’17... ]

10°GeV TeV  GeV MeV eV
|

| | | | | | | | |
Wi | | | | | | | | |

Planck  Inflakion BBN CMB

Any modification of the post-inflationary history can also
have an effect on the range of e-folds relevant for inflafion
modifying the predictions for the inflationary parameters

[Dai, Kamionkowski, Wang, ’14;
Maharana, 17, ’18]



MODIFIED THERMAL DM SCENARIO

The abundance of the present CDM can be computed
using the Bolfzmann equation

dn,

dt

-3Hn, = —(ov) (n2 - n€q2)

Modification to LHS of Boltzmann equation due fo
modification of expansion rate in the scalar-tensor theories
described before will arise.



MODIFIED EXPANSION RATE

The modified expansion rate in the disformal (or Jordan) frame,

7 — dlna

felt by matter g,..,, H = “=*, Is given by

i1 ny
H = 25 (1+a(p)) b it
)
where '=d/dN, 4y ?2=1- %%&’2,
K
dln C'/?
a(p) = T 2
while the standard GR rate Heris: HE » = "GR ; (p=C7*7""p)

3



MODIFIED EXPANSION RATE

The modified expansion rate in the disformal (or Jordan) frame,

7 — dlna

felt by matter g,..,, H = “=*, Is given by

H~y

H = 1/2

(14 a(e)¢') (¢ = K9)

Deviations from GR can be readily computed from the ratio

,.)/3/201/2(14_0490/) M4CDA?

H o1
f:H—GR: B1/2 ( 3(v+1)¢>

To study post-inflationary modified cosmologies, this
parameter should go to one towards the onset of BBN, to
avoid spoiling BBN predictions & — 1. Similarly, constraints will
arise for modifications at different epoches.




CONFORMAL & DISFORMAL ENHANCEMENT

Full numerical solutions:
[Dutta, Jimenez, 17, ’16-17]
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Full numerical solutions:

7.
of M(GeV)
= 106
5[ = 120
= 150
9-4' = 200
3.
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DISFORMAL EXPANSION RATE ENHANCEMENT

[Dutta, Jimenez, 17, ’16-17]
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DISFORMAL EXPANSION RATE ENHANCEMENT

Full numerical solutions:

[Dutta, Jimenez, 17, ’16-17]

T(GeV) T(GeV)




DISFORMAL EFFECT ON DM RELIC ABUNDANCE

= [400Gev

® Msoocev

® [ 2500 Gev

|
102

|
10’

T(GeV)

(I'y S H — freeze — out)

107"

107}
:>. 107

10711}

10

100

x(m/T)

1000

10*

[Dutta, Jimenez, 17, ’16-17]

Expansion and decag rates for M = 12
GeV as function of temperature.

Disformal expansion enhancement implies
earlier freeze-out

Relic abundance evolukion is
ﬂomguﬁaci from Bolkzmanin equation

dY  5(ov)

dr ~  zH

(V" - Ye)

(| 1S = imy )

Here relic for a DM particle with mass

m, = 100GeV

[Similar behaviour in phenomenoclogical model: D'Eramo, Fernandez, Profumo, '17]



CONFORMAL RE-ANNIHILATION EFFECT
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[Dutta, Jimenez, 17, ’16-17]

Relic abundance evolution is
computed from Bolkzmann equation

d M1
dr

s(ov)
xH

(Y* = Yer)

Here relic for a DM particle with mass
m, = 1000GeV for conformal case

Expansiam and inbteractkion rakes’
evolukion

A re~annihilation phase occurs for
suitable initial conditions
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EFFECT ON DM CROSS-SECTION

The present dark matter content of
the universe is determined bj
current value of the relic
abundance

[Dutta, Jimenez, 17, ’16-17]

We used bhis to determine the
thermally-averaged annihilation
cross section (gv) required to match
th, and use it ko solve the Boltzmann
aquaﬁiom

13 L 1, %
ottt AU T S LG
Y dx H Y

The resulting annihilation cross sections are ((ov)gr ~ 2.1 x 107*em?/s)
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MODIFIED EVOLUTION AND INFLATION

Given a model of inflation, the cosmological parameters (ns, )
are determined by the number of e-folds, Ny between horizon
exit of the CMB modes and the end of inflation.

In(1/aH)

| The standard equation that
-- o determinesVy, is given by

minaticn

radiation ]_ ].
T oo Ni 57+ 317 — 5 (1 = 3wre) Nre
— tos o, Ina

This assumes a standard post-inflationary history associated
with the hot big-bang model. In the canonical reheating
scenario, wre >~ 0. (In more general cases 0 < wye < 1/3)



MODIFIED EVOLUTION AND INFLATION

Any modification of the post-inflationary history has an effect
on the range of N, modifying the predictions for (ng, ).

[Dai, Kamionkowski, Wang, ’14]

In(1/aH)
t .
> , N The models discussed before

IN the context of thermal dark

matter abundance have a

non-standard cosmological
“ma  Rjstory prior 1o BBN.

How does Ni Is modified for these models and what would be
the implications for inflationary predictionse



DISFORMAL COUPLING AND THE NUMBER
OF‘ E-F‘OLDS [Maharana, 17, ’18]

For the case of a pure disformal coupling: C = Cy, D =1/CoM*
(9w = C(®)guv + D(9)0,00,¢)

The number of e-folds is modified by 0.V :
Nj ~ NZ* + 5Ny,
ONg = —2(1 = 3@re) In Cre

For Cyp <1 (e.g.a D-brane at the tip of throat) §N, > 0

w |arger values of N, compared to standard case.



DISFORMAL COUPLING AND THE NUMBER

OF‘ E-FOLDS [Maharana, 17, ’18]
For suitable values of Cy, we find N, ~ 15, implying (@re ~ 0)

N, ~ (60 — 50) + 15

For example, for monomial and natural inflation, this implies

Nl I 2 : :
monomial inflation V o ¢ natural inflation V o [1 —cos(¢/ f)]
) —— O ———————————————————————————————
: 0.15} f=5Mp -
0.18 r
7 f=7TMp
0.16; i
o1a] ; 0.10] *
] N=60 | . Nj= 50
012+ |
I ] Ny= 60
7 N=70 Nk=T75
0-10r 0.05}
0.08;
0.06;
e 000
0.95 0.96 0.97 0.98 0.99 0.94 0.95 0.96 0.97 0.98 0.99




SUMMARY

Scalar fields are ubiquitous in fundamental theories BSM.
These fields can modify the standard cosmological
evolution at different epochs, with interesting effects

Particularly interesting is non-standard evolution in (D-
brane) scalar-tensor theories with conformal and disformal
couplings to matter

Juv = C(¢)9W I D(gb)ﬁu(b({?y(b

The effect of this coupling is to enhance or decrease the
expansion rate, with respect to the standard case.

H
Bl <5H>



SUMMARY

When non-standard evolution happens during radiation
domination, it can modify the standard DM thermal
production scenario: freeze-out occurs at higher
temperatures = [arger annihilation rates.

Non-standard post-inflationary evolution changes also the
inflationary predictions for cosmological parameters

Non-standard expansion rate may be relevant for other

physical phenomena during universe’s evolution (21cm, Ho,
.. ¢)



