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Cosmolo g Lcal Lacici ers

Inflation B 10 e

We may also add ‘particle
physics ladder’ on top Lk

- &UT F?hfjsws ‘
- Lepto/Baryogenesis : 1
- EW phase transition ) 5
- QCD phase transition
- SUSY
- String theory i sf
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Slope of the potential

o]0

-

N
o
o
<
S

&~
p —
@)
e
(as]
f—t
2
3
()
@
Q
Ml
f—t
e
0
S
—

Pend reheating

0.96 0.97
Primordial tilt (ny)




Slope of the potential
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current upper limit
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Tensor-to-Scalar Ratio (r)
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C0$motagj wikth wmodull
Conskraint on moduli mass/inflakion
Impt&aa&ions i

An example: Kahler moduli inflation



Fravieworie

‘Modular Cc}smoiagv’ Moduli ¥,

L/ minina during
. nflation

p=0 p ~ Mp
post-inflationary
modull mass Y =¢/Mp; ~ 1

Watch out for talk by R. Allahverdi tomorrow



History of the Universe
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History of the Universe

Gravitational Waves
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Wk  Comoving scale A
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Inflation: Case Study

Vix) = §m ,
{ X2 9
Nk £ i L

Vi ke 4M¥p, N,



Inflation: Case Study
1 ok D

Vi) = 5

2

w. 2
N, ~ Xk2

Vi ', """""""" 4M Pl N

N, = 0flgs = (.006

] PLANCK 2015

precision measurement of spectral
index can pin down the e-folds during
inflation



Inflation & Density Perturbations

a5 { Pk

g ) Energy Qensity ot the time
T

4
M5,

of horizon exik

- strength off gr&viﬁv wWaVve

A;,=22x10"° e k=005Mpc

knowing scalar &mpti&ud& and ‘v’ we khow
unikial enerqgy d@_ms&j



CMB scales
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end of s
inflakion



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
Ningit Z(l — 3wyp ) Npp = 5o + Zlnr + Zln(pk/pend)

N, ~ 7121 —In K + lln
aoHO 4

+
12(1 + Wint) Pend

1 — 3win ln( Pth ) ,

PLANCK paper
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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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How does making
Pr@.cl&r:&oms change for
modular ﬁcs—smai.ogfj?



Modull .

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....



Modull .

- Cownservative appram:h: Malkce ALL modulus
much heavier than the Hubble scale ..
decouple from inflation

by 5 WE:SL‘\{ML e g

- In proctice, few fields remain
parametrically Light in the post-
inflationary vacua .. (e.g Many LVS
constructions .. )



A %‘j F.? tcal case

1
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m < Hz'nf

Fosﬁwimfla&omarv
modull mass

(0= @) = Vins ()

minima during
inflakion



A Ej p Lcal case

|
E B e 2__H2
o e

m < Hz'nf

posﬁﬂiwﬂaﬁwmar:ﬁ
modull mass

(0= @) = Vins ()

minima during
inflakion

Y=oiMp, ~ 1



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

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

Dine, Randall, Thomas

Dvall



Mp
V// e H2 77 S pI’Oblem
Scale of variations Mp; Y — @/MPZ ~ ]

To:j exampi.e

VS (mg/z — a FF) | o (m§/2 + b°H?)|op|*



sequence 0‘{: events .

when m  ~ H_inf, moduli is stuck due to
the Hubble friction

A

inflation ends with ¢ =¢

When H < m, the field starts ko move
toward its post inflationary minima ¢ =0

Oscillakions around the wminima behaves as
makker p, ~a °(t)



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




Vi. waust be evolved ko H

N 18 Mhowih

Any post E;wfi.aﬁcrmarv evolution must be
evolved to the present energy density



Deca :j Qﬂf M &, ciui.u,s

modull nmusk cieaav so khat ik does wnok

overclose the Universe

3
g G. D. Coughlan, W. Fischler,

v,
9 E. W. Kolb, S. Raby and G. G.
16T Mg , Ross 1984

Fmod i



Decay of Modulus

modull nmusk c’k@.&:&j so khat ik does wnok

overclose the Universe

m3

F’mod i

%)
167TME2,Z

,7.‘.2

Pmod (tdecay) o5 g%

Tshent o AR 5 T, . > MeV successful BBN

my > 30 TeV
Fhemomematogwai Em[ﬁ'i.i,f:a%&oms « SUSY

breaking ..



Inflation —p reheating

, radiakion
Nznf thl

Nrad

reheating g modull (matter)
] Nrno2 Nimod




Inflation —p reheating radiakion
\Y rad
Ning Nrhi
reheating g—— moduli (matter)

Nmod

K.D, Maharana
arXLv:1409«7037{hﬁF“FhJ

Ec}c&av

1 1

1
Ninf 5 Z(l E- 3wrh1)th1 T ZNmod B Z(l 3 Swth)thQ
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oD Ao e —1
55 3+4nr+4n(pend)

non-thermal his %m‘v



consktraink ..

3 2 x4

whi m, N gln(167rMPlY )
MO 2 L 2
167TMPZ 3 my

nikial dispta&emen& Y = ¢/Mp;



conskraunk

3 2 x4

whi m, N gln(l(inPlY )
MO 2 L 2
167TMPZ 3 my

utaikial dwgta&amev\& Y = ¢/Mp;

1 167TM123ZY4 i 1

éln( ) | (1 F R Bwrhl)Nrel T Z(l T Swth)N’FGZ

2
L

Pk
(pend )

1 1

inflationary %Aiis
inflak lonary
Po&av\% tals
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Central value of e-folding shifts

Nins =55+5

My




1 V167 M Y2
Nz'nf: (55§ln( A )) )

g

Central value of e folding shifts
For my, ~ 10° TeV : Ninf =88 — Ol

For my, ~ 10° Tey : Nins =436 53

(Y ~ 0.1 assumed)
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Tensor-to-scalar ratio (7y.go2)
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Grav&%v mediated models

- moduli masses tied to soft masses
i SUSY

- &tjpi;t:ai, modull wass 100/1000 TeV

Preferred value of inflation e—folds

A 1 [ v1ow M Y 2
Ninf55—( il ):45
3 M

inflation 4P 5SUSY breaking




The central value reaches N = 50 for
m, ~ 10'°GeV

The effects of modulus mass must be
taken for inflation models for m, < 10°°GeV



Grreen: Ehermal Ms?:c:rv

Red: non-thermal wrong history

Blue: non-thermal correct hisﬁorj




conskraink on modulus mass

1. A6miise 1 1
e’ & ) 4(1_3wrh1)N’r61 A

usually positive definite

(1 T Bwth)NreZ

1 1 Pk
— 55.43 — N;pr + =1 ~1
55 f+4nr+4n(pend)
amatv%aﬁat/mumeriaat
understanding of
reheating: w,. < 1/3

Ellis, Garcia, Nanopoulos, Olive (2015)



m, = V16Tt My, Y * e

constraint .

—3(55.43—Nk—|—% In( ppkd) -+ In r)

‘Depenciewce correlated _
Das, K.D, Maharana

larger the value of N_{inf}, 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 fie

—3(55.43—Ng+4 In(52< )+ 1 Inr)

m, 2= V16T My, Y ? e

- 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



for N » 4%,

> the bound
much stronger
thawn RBRBN
bound

I
‘,' 0 Log ol mg/TeV]

Das, Maharawna, K.D



3(55.43—]\%4—% In( ppk )+ % In fr)

end

m, 2 V16T Mo X e

gt chaotic inflation
Vo =i X 3
AXLOWn mov\oc&ormv
m¢ >

Y

\/167MP1Y26_3(55°85_ Ehe) Q& o TR (288 1) )

o =2 THIgE 10" TeV  PLANCK: Central value

o' =27 Bound insiqnificant



Implications
- quiding principle for modular cosmology
- modulus mass related to soft masses in SUSY
(gravity mediated SUSY breaking)
- Large SUSY breaking scale ...
- for many models N_k > §0, and the bound is

nmuch stronger than BBN bound for PLANCK
central value .



What to calculate now?

Cicoli, KD, Maharana, Quevedo

2 167TMI%ZY4

L IO M ey N R,
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mgp A g 1 A h?2 2

1 A
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Kahler moduli Inflakion

- In LVS scenario of
string Ekec::«ry

- A concrele sa&-—-u:p
where inflationary
Fw&emfzmt LS kowin

- ‘Pos&%mftaﬁwmarv
modulus
dominakion kappems

mS mS
[ A B V
n MZ e e
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ek % VR

talking all small moduli ab minima: ktwo field potential

U T e SRt L iecd ]
Vint = — 238 (Z o | (R VDN

=28




lm{ta&ommy ‘Phemamemaiagj

2/3 : 2/3
V i VO 4W()anAn <3V1n> 4/3 Lo <3V1n> 0_4/3

V2 N / i )

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

Effective single field dyhamics

Volume modulus is stabilised during inflation
and heavy



lwfi.o& LO nary Phenomeno Lc;)gj

4W nAn 3 in e 3 1n s
Oa2 < 0'4/3 EXP | —an L 0'4‘[/3
Vin 4)\

/‘ : 4\ ;

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

V =45

Effective single field dynamics

Volume modulus is stabilised during inflation
and heavy

M2 SN2 32))3
| pl 7 1 in 22 25 =2anTn
6 = (—V > = 3522, az A2 \/Tn (1 —anmh)” € ,

V! 4]}1211 — QT
/b M§17 3 SBWOAWJ Tn anAn [(1 7 9CLnTn pis 4@%77%) - # n] .




Imfia&&omartj Phenomenology
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dg: ~

Nefo )= ~
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Imﬂfta&éomarfj ?k@.MQMQMOi.Ogv

4 1 35W() )\n Gt
Qs

i Oend \/26(0-) - 16V12na7%,/214n (anTn)S/z

Ne(o)
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CORE normalisakion:




Inflationary Phenomenology

o 1 SﬁW() An, Gl
dg: ~

Nefo )= ~
5 \/26(0') 16V§la%/214n (i, 1o

- 3\, 1 i - i
e 8&?/2)/1 NeQ\/ AnTn Uy fi

CORE normalisakion:

G T 1
3 ERIRAINN , &
weraw () (i)

K 2
5 CS W
T:166216X3.7'106<g i )( O><<1O4Ne3

167 i
2
nS:1+2n—6e:1—ﬁ

s[pe&rat index c&epev\ds ov\i.v on N_e



d. E«&E E«(} NS .

4 4 Pend 4
Vin ~ 10° — 10° r=16e ~ 10710 — 10~ 1
N =450 1N
SR, A mod
2¢ MmN Y
Qualitative estimate: Nmod ~ gln( .

L

Y ~00.1-1)



SL\ EffE LA \;(l} lu,m ¢ Mo &M LMS

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 ol S D
V__QVS (Z 3/2 (InV) B +W

i—ouslues




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 ol S D
V__QVS (Z 3/2 (InV) B +W

i—ouslues
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Shift i Volume Modulus

3/2 | Jasljods i CEE D:QWOZP_‘b* 1/2
TG URE T P

V2 A
Vi(g) = —— 273 |2P(1— R)¢°/2 - £8P Tel? )]
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shift in Volume Modulus

3/2 | Jaslods i CR D:QWOZP_‘b* 1/2
TS RE T P
2 A
Vin(9) = ~ 2™ [2P (1~ B) 62 — £ = 3P/ 2e# 99
(18 R)¢?/2 5 1(1 3, R)¢-1/2 _ (=) pl/2 _ i 0
in 9 in i3 2P
i ?’VV()2 —3¢ 3/2
Vin(¢) = V(¢) + 0V (0) SV(g)=etree P PR ¢
V' () B+ 5 I A
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El: end oﬂf EM‘FL&&EQM Pr,, (tl) e V3
Barmaby, Bond, Huahg, Kofman (2009) Wi IWO 51 2
H(tl)% pV3/2 ot 1 5%

Volume modulus starks ko oscillate &mmed&a&etv ok Ehe
end of inflation



4 WZB
[ %450
t1: end of inflakion pr, (t1) = pvg
My Wo B2
H(tl) ~ pv3/2 ot 1 5%

Volume modulus starks ko oscillate immedm&etv ak the
end of nflakion
MAWEY? (t1) Ve
P 2O pl"" 0 Pyl i
IOV( 1) My, Pin V31nV T (tl) 51:[1)}

=0 <1

short matter dominated epoch until inflaton decays

A (a(t2)> R (an(tl)) shia (H(t1)> a2 <1051/2V1/2)
modl =N Gt1) ) RS D ) e e O e\ T2 (0 )5

t2: inflation decay time
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Inflaton may decay to hidden sectors cicol moumdar ove)

When inflaton decays, radiation domination

a\lq e 3 i 02 161 4
H(ty) = Hity) (&;;) =) e~ 2 Nmod1 ~ H(fo)ﬁ?;gl(;luf)




Inflaton may decay to hidden sectors

When inflaton decays, radiation domination

a\lq e 3 i 02 1 -
H() = Bt (S2) = Bt e $¥mnt = T80

At t_eq, radiation and volume modulus oscillations
density become equal

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



Inflaton may decay to hidden sectors

When inflaton decays, radiation domination

a\lq e 3 i 02 1 -
H() = Bt (S2) = Bt e $¥mnt = T80

At t_eq, radiation and volume modulus oscillations
density become equal

prat2) (22 ) — p(ta) 2 ) it - TEIWE V)"

a(teq) a(teq) 1081/2 Y1/2
2, [ H(teq)
A e - -
d2 2 In ( Ty )
2 . [A6my el D 2 lom 2y~
Nmod2 i ~ —In
3 1032 3 10P2R2(In V)1/2
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A benchmark exam

W = cvv="A; il =201, 0 = (.06
Via ~ 1:38+10°, 5 ~ 3.88

Tn o 110 MEENEE and e 16e - 10"
wiy ~ LG 10 GeV
N e300 and N iqo @& 294



A b e arke exann F.'i,

W = cvv="A; il =201, 0 = (.06
Via ~ 1:38+10°, 5 ~ 3.88

T, ~ AR R0 LB and e 16e - 10"
my ~ 10° — 10° GeV
Noai=1.99 and Nisdo e 29:4

P
Pend

1
N, ~ 44.65 + —ln<

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

T = 102 T Ee



Predictions for Kahler
Moduli Inflation




Conclusitons

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



Conclusitons

- modulus dominabked cosmomgj LS a
qgeneric feature of string/sugra motivated
SCeNArLoO

1 16EMZ 3 1
{ELY B g 4(1 — 3w ) Nro1 Z(1 — 3wrp2) Nreo

1 B D
= 55.43 — Njps + =1 —1
515 f+4nr+4n(pend)



Conclusitons

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

- 1 (V167 MpY?
Nz‘nf55——( ——F )h
3 M




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

0.20
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Primordial tilt (n,)

LVL

Primordial tilt (ny)

0.99

Das, K.D, Maharana
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Predictions for Kahler
Moduli Inflation




for N » 4%,
the bound
much
stronger than

BBN bound




Conclusitons

- modulus dominated cosmology is a
generic feature of string/sugra motivated
scenario
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- Im&apamd@m& constraimnt on modulus mwass
derived using precision CMB data

- Explicit calculations for Kahler Moduli
inflakion



