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FUTUPE IS DQPH >> Tackling the dark side

knowing the very early
cosmology

large and small scales
intertwined

Hints from UV constructions

ballpark to start exploring.

Intention

 review some generalities of scalar fields
in cosmology.

« Motivate the inclution of temperature.

 USe atoy model to explore possible
implications
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SCALAR FlelLDS @

Moduli fields

o ~

associated to couplings and 'Q"eorhetf{/ in
string theory.

3

27 Mg
30 TeV 5 m Fordecaying before BBN

Gravitational sized interactions [ ~

Possible sequestered interactions

Possible mass hierarchies

Simplest for going Beyond, e.g,
Brans-Dicke gravity  Inflation
Quite natural after the Higgs discovery.

e Deformed potential ;
during inflation

Misalighment

e Initial energy stored beseopgeeeel J

e Pinned due to Hubble
frictionuntil  ~ m

e Oscillations around the \N:ﬂ\/’

new “true” minimum

e Decay, Tmm

energy release = reheating
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Ln(a H)

POSSIBLE EFFECTS

(For a review see [Kane-Sinha-Watson’15] also [Allahverdi et al.’20])

% In(a)

T ~Inla

r P leferent expaSSIon hlStOry [Liddle-Leach‘O3,Easther et al. ‘13
imprints in the CMB observables Dutta-Maharana’1s, Cicoli et al. 16]

Iarger matter perturbations, [Polnarev-Khlopov’85,Erickcek-
Sigurdson ‘11, Fan-Ozsoy-Watson’ 14,

enhanced DM mlcrohalos and Erickcek-Sinha- Watson’15,Georg-

Early - )
Rad. Mat. Rad. Mat. DE N\ PBH pI’OdUCtIOI’\ Sengor-Watson'16]
Dom. Dom. Dom. Dom. Dom. S
Ln(a)
Dilute relics
entropy InJectlon due to decays [Fornengo Riotto- SCOpel,O3 Gelmini
3 et al.”06,Hooper’13, Patwardhan et
Treh dilutes prewous relics al.’15,Randall-Scholtz-Unwin’16]
Qpm — Qpm
1
Baryogenesis revisited [Allahverdi-Dutta- Sinha’10, Kane et al.
‘11, Allahverdi-Cicoli-Muia’16]
Direct production
i [Chung-Kolb-Riotto’99,Giudice-Kolb-
non-thermal DM production . .
~ Riotto’01,Acharya et al’08,Allahverdi-
HDM nﬁi’ X quﬁﬁﬂM Dutta- Sinha’l1l,Allahverdi et al’13,Kane
et al. 16,Allahverdi-Osinski’19, Bernal et
N\ al.’19, Allahverdi et al.’21] /7




NOMN-"THERMALPRODUCTION

Microscopic approach [Albrecht et al’82,Allahverdi et al.’10]

Klein-Gordon equation with decayinFLRW @ + 3H¢ + 04V

—I‘c;'ﬁ
2, (ov)

pr+4Hp, =T(1— Br)$* + — (o2 — p2_,)

Boltzmann equations for radiation and DM

: 1 2 (ov) , 5 2
py +3Hp, =|I'Br¢ — (px — pxjﬂq)
9 ) X
Friedmann equation 2 1/1 19
H* = _—| ~¢°+ V(o) + pr + py
3\ 2
: [Chung-Kolb-Riotto’99,Giudice-Kolb-Riotto’01,Acharya et al’08,Allahverdi-
EffeCtl\Ie approaCh Dutta- Sinha’ll,Allahverdi et al’13,Kane et al. 16,Allahverdi-Osiniski’19,
. USe macroscopic variables Allahverdi et al."21]
]. °2 ]- '2 pr
po =59 TVI(d) pp=59" V(o) wy= oy Px T

 assume integration over fast oscillating modes
« use the case of quadratic potential w b = () (Turnersa




THERMAL CORRECTIONS apisascals s, bl
Effective action 1-loop level
using finite temperature techniques
FU ~ —T%* 1+ masses?T?

free gass level usual “Stefan-Boltzmann™ p, o< T*

2-loop level
higher orders reveal dependencies on: (2) . 4 9 19
. the couplings F'*) ~ couplings x (T 4+ masses“T*)
. Masses
involved in the thermal bath. recall that masses and couplings depend on the moduli

Despite moduli and thermal bath decoupled
Y e @) xe W F(T,¢) ~ (1—re™)T*

Moduli dependencies appear in the masses and couplings

Moduli dynamics
Effects on the moduli stabilization in several string theoretical setups e e S e I
Nakayama’l9, Buchmiiller et al’'O4, Buchmller et al."‘O5, Barreiro et al’08,
Constraints and Cosmological observables Anguelova-Calo08, Anguelova-Calo-Cicoli09, Papineau'08, Gallego20]
Thermal corrections in SM and extensions [Carrintori92, Guidice04]
- = [ Baker-Kopp'l7, Lello-Boyanovsky-Pisarskil7, Baker-Kopp.17, Baker
thermal maSSGS, eﬂ:eCtlve mIXII"\g et al.’18, Darme et al.19, Biondini-Ghiglieri’21, Konar-Roshan-
and d amping rates for DM production Show22, Abada et al. 23, Biondini 23, Chakrabarty et al. ‘23, Becker 9
et al’25]




Muduli fields
and
non-standard
cosmologies

Non-thermal
B\Y/
production

Study the effects of

finite temperature in
non-thermal producion
in non-standard
cosmologies
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NON-DEeECAVYING SINGLe ~FlelLDIN THERMAL BATH

Corrected equations Field evolution
. : - 1 Tae_ﬂqf’ TO model thermal induced
®+3Hp+ 0,V = —T1'ep — g p— Pr y ) misalignment  [Gallego20]
—ad V = —ngbz
_ .9 1 rae : 2
pr+4Hp, = I'9p” + Ppr
3 (1 — re—o¢)
S
m || T P(to) | pr(to) | T
1/2|1|1/7|1/50v/5] 1 |0
Abundances Rescaled field energy density

o With thermal
Radlathﬂ eﬂ:ects

No corrections ...

No corrections

1.

t(10/m) t(10/m)



SeECOND HeERAVIER FlelL D

Corrected equations
. : |
¢+ (3H + F¢,)¢ + 0V = §3¢pr

®+(3H+T3)®+0sV=0
1

pr t 4Hpr = I's (1 — Brg —}x)‘i’z + F¢, (1 _ BTfﬁ-—}x)‘;g’z I 3 a;é»pr
py + 3Hp, = Brs_,I's®> + Bry , ['4¢° Neglecting
thermal
production

1 . 1.
Psc — §¢2+§¢2+V(¢':¢’)

1 /1. 1 -
H? = —(—¢2+§¢2+V(¢,@)+mxn+pr)

3\ 2
Toy model . .

Vg, ®) = §m2¢2 + EM%E
Parameters

M | ®(t,) | m Po Ty Pro || TMx
9/10 | 1/7 |1/2|1/5v/5|1] 0 ||1/20

No matter production
F@ B’r‘qgu, X F¢ B ey
M? 0 0 0

Thermal
misalignment
persists

000 bairiiianiesy B T
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LIGHT FlIELD DM NON-THERMAL PRODUCTION 7

M [3t) | m ]| ¢ |r]eo] m | S Including
0/10 | 1/7 |1/2|1/5v5 1| 0 |1/20 thermal
= 0.05 effects

F:I- BT‘I’—}X I-‘qf;, B‘T‘qﬁ_}x
M3 0 | m3]|1/10(9/10)

DM relics

Energy abundances Br=1/10

1000 1000
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<A UV REALIZATION??
Large Volume Scenario from type I1B strings

[Balasubramanian et al. '05]

Geometrical moduli
C )\6_233:55 /.1,6_33 asociated to
l extradimensions

y3 o P23 Y,

Vmod —

Mass hierarchy € = 1/V

2
X

2

m x

~ ezM]% > m]z, ~ em But m, ~ € > my ToolighttodecaytoDM

A scenario with two small moduli and the volume one. T3, > MMy, > Ty

L1

[Conlon & Quevedo '06]

Thermal correct 14



Scalar fields ( moduli)
are well motivated n

vi% Consfrucf/'ons

Precise Iprea/icﬁons
reoluire the inclution of

finite 7LemFermLure

effects

A VIOV]-S'ILOH’JJOH"GI

thermal hishry is fo
be expec*ea/

Thermal effects change
the O/ynamics of the

| scalar fields. Eg increase

the

fiekl quanta §

DM Iuroa’ucﬁon IS

sensitive to the
thermal evolution of

the universe

Confmry fo
exlpecfafions (?) DM
proa'ucfion IS

suppresed

.' Further mechanisms of

DM proo/uc*ion are to
be explored, .
branching

scenarios

LVS /Dresemls a

/DOSS/'b/e set up but §
further

considerations




SUMMARY

Scalar fields ( moduli)
are well motivated n

UV constructions

Precise Iprea/ic*ions

require the inclution of

finite 7Lemlnermture
offects ‘

e Does all this makes any sense?
o How realistic is this foy model?
o How much of this is Preservea’ with

theoretical and Iohenomeno/ogica/ well

motivated pamme*ers?

o Non-luerfurbaﬁve effects?

o If this is the case, are the effects
within the exlverimenfa/ sensiﬁvify?

Further mechanisms of
DM Proa/uc*ion are to
be exp/orea/, e.q.
[omnching

scenarios




v [Kapusta&Gale’07, Weinberg’74, Dolan
& Jackiw’74,Binetruy-Gaillard’85a-b]

THERMAL CORRECTIONS

Effective action 1-loop level
using finite temperature techniques w2 7 1
free gass level usual “Stefan-Boltzmann™ p, o< T*
2-loop level

higher orders reveal dependencies on:
e the couplings
e Masses

involved in the thermal bath.

F® = %" fi(g:) | [aT* + b(TrM} + TrM})T?]
J

recall that masses and couplings depend on the moduli

Despite moduli and thermal bath decoupled

Moduli dependencies appear in the masses and couplings

9(¢)* e 9 F(T,¢) = —co (1 —re )T

Moduli dynamics

Effects on the moduli stabilization in several string theoretical setups

Constraints and cosmological observables

[ Nakayama-Takahashi'09, Mukaida-Nakayamal3, Hagihara- Hamaguchi-
Nakayama’l9, Buchmiiller et al’'O4, Buchmller et al."‘O5, Barreiro et al’08,
Anguelova-Calo'08, Anguelova-Calo-Cicoli09, Papineau’08, Gallego20]

Thermal corrections in SM and extensions

thermal masses, effective mixing
and damping rates for DM production

[ Carrinton'92, Guidice’04 ]

[ Baker-Kopp'l7, Lello-Boyanovsky-Pisarskil7, Baker-Kopp.17, Baker
et al.’18, Darme et al. 19, Biondini-Ghiglieri21, Konar-Roshan-
Show22, Abada et al. ‘23, Biondini’23, Chakrabarty et al. 23, Becker
et al’25]
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NOMN-"THERMALPRODUCTION

¢+3H¢7—|—3¢V— —Fr.;b

: : (ov)
pr+4Hp, =T'(1 - B*r)qbg T m (Pi - Pi,eq)
X
(ov)
Py + 3Hpy = ['Br¢’ (p i - Pi,eq)
my
, 1(1 .,
H” = 5 50" +V($) +pr + py
Effective approach  [ChungKolb-Riotto'99 Giudice-Kolb-

Sinha’ll,Allahverdi et al’13,Kane et al.
16,Allahverdi-Osinski’19, Allahverdi et al.’21]

« USE macroscopic variables
| 1.
=5 ¢*+V(d) py= ‘2'¢’2 — V(o)

"7 pg

« assume integration over fast oscillating modes
- use the case of quadratic potential w, — 0

Px — My Ty

Riotto’01,Acharya et al’08,Allahverdi-Dutta-

[Turner’83]

MICI‘OSCOpK; approaCh [Albrecht et al’82,Allahverdi et al.’10]
Klein-Gordon equation with decay in FLRW

Boltzmann equations for radiation and DM

Friedmann equation

py +3Hpy = —L'pg

| (ov)
pr+4Hp, = T(1 = Br)pg + - (b — Preq)
X
| (o)
px +3Hp, =[T'Brp, (Px = Pyea)
My
, 1

18




DECAVYINGE SINGLE FleLD . Field evolution

Corrected equations
. : | —ag
b+ 3H)+8,V — Tg— - re™ ,  Toymodel
3 (1 — re %) 1 5,
—ag V=_m ¢'
_ +4Hp:Fc;32—|—1 roe qfw 2
p‘l‘ r 3 (1 B '}“E_ﬂqﬁ) T
P—

m |a| r | ¢(to) | pr(to) | T
1/2(1|1/7|1/5¢/5| 0 |1/8

- S

0.100

7-01// of f[e/a’
Self induced thermal corrections | contribution from

« thermal bath inset by the field decay radiation

« norelevant contributions, but a tail in the 7 y injection
field contribution '

1.

H(10/m)




HEAUWY FIELD DM NON-THERMAL PRODUCTION

No effects re?ea/ed
M ®(t,) | m Po T | Pro | My : /'{proa'ucfion by the {
9/10 | 1/7 |1/2|1/5v5|1| 0 |1/20 S | reheating fiel
I's B’l‘"@—}x I‘q{. Bm;,x TLJ
M3 1/10(9/10) [ m? | o g

Thermal misalignment Energy abundances

1000 ) 1000




SeECOND HeERAVIER ~Flel D

Corrected equations
. : |
o+ (3H + PQ{,)(}!) + 0V = anf,pr

®+(3H+T3)®+0sV=0

: - - 1
Pr t 4HPT — F'i:' (1 _ BT@*-—}x)‘I’Z + Fﬂ,’) (1 i BT.:{J—:-x)‘?&E R 3 qupfr
py + 3Hp, = Brs_,I's®> + Bry , ['4¢° Neglecting
thermal
production

1 . |
Psc — §¢2+§¢2+V(¢:(I))

1 /1. 1 -
H? = —(§¢2+§¢2+V(¢'>,¢')+mxn+pr)

Persisfenf
thermal

misa/ingmen

Thermal
misalignment

t(10/m)

| 1
Vg, ®) = §m2¢’2 + EMZ‘I’E Toy model
M | ®(t,) | m Po ry Pro || My
9/10 | 1/7 |1/2|1/5v5 1] 0 ||1/20
No matter I's | Bra—sy | Iy | Brosy
production M3 0 0 0
Energy abundances

1

0.100

o 0.010

0.001
1071 f

107 LL

il |ﬁ

1000
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