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Take Home

The number of e-foldings 1s sensitive to the
post-inflationary history of the universe.

The generic presence of light scalar fields
(in SUSY/String Theory) leads to a late-
time period of matter domination which

and, 1n turn, modifies the exact predictions
of any inflationary model.
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A (given in radiation dominated era)
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Coherent Phase

(of sub-Hubble modes)

n an wavenumber, infinite number of modes
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Coherent Phase
(of super-Hubble modes)
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Multipole moment ¢
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From data ONLY

At the time of BBN, the Universe was
radiation dominated
The existence of Frimordmt spectrum

A% (k) = As(k/ks)™

Coherenk su,perwﬂubbie Fer%urba%mns
(chssi;b{j) dark matter .. gravitational
ﬂoita[ﬂse



From data ONLY

At the time of BBN, the Universe was
radiation dominaked
The existence of primordial spectrum

A% (k) = As(k/ks)™

Coherent su,[aermHubbta perﬁurbaﬁams

(possibly) dark matter .. gravitational
&c)i.i.&!ase
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From: Kane, Sinha, Wakson (2018)

Thermal History Alternative History

Scale Scale

Planck Planck
Radiation Phase

10! GeV Inflation _____— (instant reheating) ————____ _10!% GeV Inflation

Scalar Oscillations Dominate

Thermal DM Freeze-out

Particles Decay and Reheat




Outline

Cosmotagj wikth wmodull
Constraint on moduli mass/inflakion
Imptia&&ons i

An example: Kahler moduli inflation
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Framework

po&em&at ak niima duriv\g}

i&k;é;d of - inflation
thflation ’

(=4l @ ~ Mp;
post-inflationary

nmodull wass m < Hy, ¢
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Inflation Observables

height of &kv(':))c:;& nkial
elq e potenti;
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Inflation Observables

Slope of the potential
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Where we stand

current upper limit
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Future
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log(1/aH)

CMB scales
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Thermal History
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Vi. muskt be evolved ko H

Any post inflakionar phase must be
@.vo?ved to the present energy density
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1 1 1
Nz’nf A Z(l 7 Swrh)th =95 HE Zl??/l“ e Zln(pk/pend)

Nins =55+ 5

c:ompu%e observables in terms of Niy and
see whether it fits data for N = s0-40!

1
V () = e ng — 1= =8N
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Planck+WP-+BAO
Planck+WP-+highL
Planck+WP

Natural Inflation
Hilltop quartic model

Power law inflation
Low scale SSB SUSY

R? Inflation
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How does making
Pr@.cl&r:&oms change for
modular ﬁcs—smai.ogfj?
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Moduli ..

moduli: Light scalar fields with Planck
suppressed inkeractions

at tree level effective Lagrangian of string
theory/SUGRA, moduli are wmassless

modull must acquire masses (thus fixed
vev) to become phenomenologically viable

moduli skabilisakion: KKLT eke....

R3



Moduli ..

- Cownservative approaak: Malkee ALL modulus
nmuch heavier Ehan the Hubble scale ..
decouple from inflation

- Wishful ...

- In practice, few fields remain
parametrically Light in the Fws&%nﬂa&iomarj
vacua . (e.q LVS constructions .. / talke bv
Johin Ellis 3@%@:1&3)
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A typical case

Posﬁﬂiwfm&omarv minima during
modull mass inflation

Y = ¢/Mp; ~ 1




Supergravity

V = ef0PVlp,x] ~ H2MB, f ( ; )

M py
Vo 12 1 — problem
Scale of variations Mp; Y — @/MPZ ~ ]

Dine, Randall, Thomas

Dvall

RE



Supergravity

V ="V, x] ~ H* M, f ( ; )

Mp
Vo 12 1 — problem
Scale of variations Mp; Y — @/MPZ ~ ]

Tov exampi.e

1
V = (m3), — a”H?)|p|* 4

2M3,

p ~ (a/b)Mpy
Different source of moduli stabilisation
during and after inflation
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Decay of Modulus

modull nmusk d@.&&j so khat ik does wnok

overclose the Universe
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Tshent o AR 5 T, . > MeV successful BBN

my > 30 TeV
Pkemomematogiaai Empt&aa&&ov\s « SUSY

breaking ..



Inflation —p reheating

, radiakion
Nznf thl

Nrad

reheating g modull (matter)
] Nrno2 Nimod
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Inflation —p reheating radiakion
\Y rad
Ning Nrhi
reheating g—— moduli (matter)

Nmod

K.D, Maharana
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Constraint ..

3 2 16mM2, Y4
Ty Nl —in(— &
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inflak lonary
po&eh&iats

31



Implications |

Central value of e-folding shifts

Nins = 55

D

AV 167TMplY2
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(Y ~ 0.1 assumed)



Grreen: Ehermal Ms?:c:rv

Red: non-thermal wrong kis%crj

Blue: non-thermal correct Ms&or-j




Tensor-to-scalar ratio (7y.go2)
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Implications

- moduli masses tied to soft masses

A SUSY
- &vpi;@ai. modull mass 100/1000 TeV

| : 1 (V167 MpY>
Preferred value of AT mMp; s
inflation e-folds 3 My

The effects of modulus mass must be
taken for inflation models for m, < 107°GeV
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Implications |l

1. A6miise 1 1
Wi 2! ) 4(1_3wrh1)Nrel 4(

usually positive definite

Il o Sw?“hZ)N’I“GQ

1 1 Pk
= DN — —[
f_|_ . G . n(pend)

analytical Mumerical
understanding of
reheating: w,. < 1/3
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m, = V16Tt My, Y * e

Constraint ..

—3(55-43—Nk‘|‘i In( ppkd) -+ In r)

‘Depenc&.&maa correlated _ _
Das, K.D, Maharana

larqger the value of N_{lkt, stronger the
bound

smaller the value of ‘v’ stronger the bound

bound depends on the nature of
inflationary potentials via the ratio of
enerqy densities



Small field models

—3(55.43—Ng+4 In(52< )+ 1 Inr)

m, 2 N 10T M ¥

- cownservative estimate r ¥ 0,01 stronger the
bound

- potential plateau like . ratio of energy
densities neqligible
- take Y = 0.1, then for N = §0

n, 240X 107w

nmuch stronger than BBN bound

3%



Small field models

for N > 44,
s the bound
CEPa rauch stronger
thawn BBN
bound

Das, Maharawna, K.D
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large field models

_3<55.43—Nk—|—% In(52<)+1 In r)

m, = V16T My, Y ? e

gt chaotic inflation
Vo =i X 3
axiLon momoclorm:j
me >

Y

\/167MPIY26—3(55.85—2§§2> (2 1no T (. 200 <))

o =2 THIgE 10*° TeV PLANCK: Central value

o' =27 Bound insiqnificant
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What to calculate now?

Cicoli, KD, Maharana, Quevedo
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Kahler moduli inflation

- In LVS scenario of
string &kec::«r:jﬂ

- A cownerete seﬁmup
vy ~ where nflationary

2

pa&emﬁat LS kowin

- ‘Pos&%m{ta&&amarv
modulus
dominakion kappems
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Details ..
Volume V:a< 3/2 Z)‘ 73/2>
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talking all small moduli ab minima: ktwo field potential
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Shift in Volume Modulus

Potential experienced by the volume wmodulus
depends on the inflaton: Vacuum misalignment

Other modulus are not shifted and having masses
much larger than the Hubble scale.

e f e .
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e-foldings
Mo, Wi
El: end onf wai.a&mM Pl V3

M, WoBY/?
H(tl) ~o pV3/2

Volume modulus skarts ko oscillake immedm&e_tv ok the
end of nflakion
MAWEY? (t1) Ve
P 2O pl""0 Pyl i
IOV( 1) mvgﬁln Vg lnv an (tl) 51:[]_)}

il 75,5

=0 <1

short matter dominated epoch until inflaton decays

A (a(t2)> R (pm(tl)) shia (H(t1)> 52 ) <1051/2V1/2)
modl =N Gt1) ) RS D ) e e O e\ T2 (0 )5

t2: inflation decay time




e-foldings
Inflaton may decay to hidden sectors

When inflaton decays, radiation domination

a\lq e 3 i (% 1 -
H() = Bt (S2) = Bt e $¥mnt = T80

At t_eq, radiaktion and volume modulus oscillaktions
density become equal

e 4 a(to 3 ’ 2 n 3 n4
pfad(t2)<a((tteq))> i pv(t2)<a((tteq))> Hie H(tl O);lV?Q(lVl)j; 0

2 Tt
V

1 592 ] 5/2}/4 9 il 5/2}/4
N, ( 6wV°/<(In V) ) 2 ( 6V >

2
3 1052 3 \10P2R2(InV)/2



A benchmark example

W() — X = )\z — 1,0,7; — 27’(’,93 — 0.06
Via ~ 1:38+10°, 5 ~ 3.88

T, ~ AR R0 LB and e 16e - 10"
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N i el 100 and N e )5

P
Pend

1
N, ~ 44.65 + —ln<

X ) ~ 45 = Trsa v e o and ne >~ 0.955

T = 102 T Ee
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Yesterday'’s talk

Starobinsky-like Inflation, Supercosmology
and Neutrino Masses in No-Scale Flipped SU(5)

1704 07331

John Ellis®, Marcos A. G. Garcia®’, Natsumi Nagata®,
Dimitri V. Nanopoulos® and Keith A. Olive®

Entropy produ&&on from a non-inflaton field

1

N, = N°TH _ gmA

For ‘weak reheating’, the s[zwe&ratwimdex erecﬁc&om Ls
changed subs%am&iattvf



Conclusions

- modulus dominated cosmology is a
generic feature of string/sugra motivated
scenario
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- modulus dominated cosmology is a
generic feature of string/sugra motivated
scenario
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Conclusions

- modulus dominated cosmology is a
generic feature of string/sugra motivated
scenario

X 1 { V16mMp Y?
Nmf=55—( e >N45 h
3 M

= Im&@,pemd@m& constraimnt on modulus mwass
derived using precision CMB data




for N > 44,
= the bound

' nuch

stronger than

BBN bound
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Conclusions

- modulus dominated cosmology is a
generic feature of string/sugra motivated

scenario
: 1
Ning = 55— >
/ 3

- on modulus mass
derived using precision CMB data

- Explicit calculations for Kahler Moduli
inflakion



Shift in Volume Modulus

Potential experienced by the volume wmodulus
depends on the inflaton: Vacuum misalignment

Other modulus are not shifted and having masses
much larger than the Hubble scale.
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shift in Volume Modulus
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lv\mfi.a% LO nary Phenomeno 1093

2/3 2/3
V _ VO 4W()an14n <3V1n> 4/3 —a, <3V1n> 0_4/3

V2 IN / —F AN

Canonical inflaton field V(o) = Co(1 — e™*)

Effective single field dynamics

Volume modulus is stabilised during inflation
and heavy

M2 SN2 32))3
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Inflationary Phenomenology
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