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TR S FLAIN

» Cosmic Inflation and String Theory

B ERcane Inflation and its Difficulties
arXiv:0/08.4285 with Shunichiro Kinoshita and Shinji Mukohyama

* Inflation from Rapid-Rolling D-Branes

arXiv:0810.0810  with Shinji Mukohyama
arXiv:0905.1752  with Shinji Mukohyama and Brian A. Powell

» Curvatons in Warped T hroats

arXiv:0905.2835  with Shinji Mukohyama
ap<a | 0/7.601 1 with Masahiro Kawasaki and Fuminebi lakaaiEica




COSMIC INFLATION

image: NASA/MWMAP Science Team



COSMIC INFLATION

*homogeneous and isotropic

oflat
*without unwanted relics

*tiny Inhomogeneities
image: NASA/MWMAP Science Team



e ~ARDS MICROSCOPIC REALLZATE SIS

Inflaton : a scalar field which acts like vacuum energy

V(¢) ) Inflation
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* How valid Is the effective field theory description!?



EENIDAMEN AL QOUESTHENEE

* \VWhat Is the Inflaton?

* What microphysics governed the inflationary universe!?

» UV-sensitivity of inflationary cosmology

* How valid Is the effective field theory description!?

String Theory may help!




EERINGCOSMOL @ @

Good things for Cosmology

*allows description of the universe at high energy
*provides new ideas, new Ingredients, and new ways of
thinking about the early universe

Good things for String Theory

*may provide tests of string theory through cosmological
observables






SIERINGHEE@IRIE

* quantum gravity candidate based on closed / open strings

* open strings end on Dp-branes, I.e. physical objects with p spatial
dimensions



SIERINGHEE@IRIE

* quantum gravity candidate based on closed / open strings

* open strings end on Dp-branes, I.e. physical objects with p spatial
dimensions

B illi=nificor /predicts 10 (or |1} spacetime dimensions
&2 the extra 6 (or /) dimensions need (o belcoipaHill=s



EAC [ IFICATION OF TYPE IIB STRING [FEECES.

Klebanoy, Strassler ‘00 Gidding, Kachru, Polchinski ‘02 Kachru, Kallosh, Linde, Trivedi ‘03

warped compactification to 4-dim. dS with all moduli fixed
via fluxes, brane sources, and nonperturbative effects

warped throat
region

ds® = h(y)*gly) da*dz” + h(y) g\ ondy™ dy"



BEBRANE INFLATION IN A WARPED [ FIRCESS

Kachru, Kallosh, Linde, Maldacena, McAllister, Trivedi ‘03

<5

A brane-antibrane pair drives inflation.

warped throat
region




D-BRANE [INFEAIN OIS
A CLOSER E@ @IS
inflaton ¢ : radial position of the D3

Coulomb interaction D3-D3 annihilation




INEEATON ROTENEREE

¢ : (normalized) D3 position ho :warp factor at the throat tip
4 pt 20
V(o) %@ E) + H ¢\+---
P 3-tension I fromm moduli stabilization

Coulomb interaction
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INIEIEATO N RO FENRRAS

¢ : (normalized) D3 position ho :warp factor at the throat tip
4 M4 V02
V(o) %@ g> + H ¢\+---
g enson I from moduli stabilization

Coulomb interaction

N-problem

slow- mtlation

(unless delicate fine-tuning)  Baumann et al.'06 - '10



anes moving with




EERNAT IVE APPROACH: DB INFLATRGEES

Silverstein, Tong ‘04

Inflation from D-branes moving with relativistic velocities.

However...

Throat too short for a relativistically moving
D3-brane to drive sufficient inflation.
Baumann, McAllister ‘06  Lidsey, Huston ‘07
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Not only for D3-branes,
but also for higher-di

mensional wrapped branes (D5 and D7)

TK, Mukohyama, Kinoshrta ‘07




EERNAT IVE APPROACH: DB INFLATRGEES

Silverstein, Tong ‘04

Inflation from D-branes moving with relativistic velocrties.

litkeat too

However...

short for a relativistically moving

D3-brane to drive sufficient inflation.

Baumann, McAllister ‘06  Lidsey, Huston ‘07

Not only for D3-branes,
but also for higher-di

mensional wrapped branes (D5 and D7)

TK, Mukohyama, Kinoshrta ‘07

Relaxation of constraints by multi-field/Galileon extensions?
(talks by Tsutomu & Shuntaro yesterday)




EENIMARY SO FAR FOR D-BRANE [INFLARSEES

Slow-Roll Inflation

*suffers from the N-problem (i.e. Hubble size mass)

DBI Inflation (relativistic limit)

*suffers from geometrical constraints



INEEATION FROM RAPID-ROLLING

D-BRANIES

Kofman, Mukohyama ‘07  TK Mukohyama ‘08  TK, Mukohyama, Powell "09

» An inflationary attractor solution DOES exist even for n ~ O(1),

* [his corresponds to D-branes moving rapidly, but non-relativistically.

* The inflaton is quickly decelerating / accelerating, («—— slow-roll int.)



RO BRID-ROL INELASRGRN
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RO BRID-ROL INELASRGRN
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RAPID-ROLL INFLATION
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INEEAT ION FROM RAPID-ROLLING D3-BREINIS
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inflationary attractor
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INEEATION FROM RAPID-ROLLING
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INEIEATION FROM RAPID-ROLLING D3-BRAINES
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INEIEATION FROM RAPID-ROLLING D3-BRAINES

. D3-D3 system In a warped geometry can give rise to rapid-roll inflation

BEENNEeed to cancel the Hubble size mass

R remedy to the N-problem

» sufficient inflationary expansion can be obtained in a single throat

— geometrical constraints circumvented

» However, the inflaton rtself cannot produce scale-invariant density
perturbations.

B bertlrbations need to be generated by sometmifisiciEs



Cd

ngular directions of warped throats

during In’

*as Multi-

ﬁ

N generate curvature perturbations

lation

TK, Mukohyama "|0 and work in progress

fleld inflation

*light fielc
can gene

s modulating rapid-roll inflation
rate scale-invariant perturbations

after inflation (as curvatons)

TK, Mukohyama '09

*D-branes oscillating In warped throats
can be curvatons



Angular directions of warped throats
can generate curvature perturbations

during inflation |
TK, Mukohyama "10 and work In progf

*as multi-field inflation

*light fields modulating rapid-roll mﬂatlon

can generate scale-invariant perturbanong‘--.




curvaton : a light field (i.e. m* < H? ) which
oenerates density perturbations after inflation

log p 4

Linde, Mukhanov "9/

CU R\/ATO N M ECHAN |SM Enqvist, Sloth 'O

i

Lyth, Wands ‘O
Morol, Takahashi 'O

& s

> 0




CURVATON MECHANISM v st

Lyth, Wands O

curvaton : a light field (i.e. m* < H? ) which Moro, TS

oenerates density perturbations after inflation

logp 4 e

& | ips

> 0




CURVATON MECHANISM v st

Lyth, Wands O

curvaton : a light field (i.e. m* < H? ) which Moro, TS

oenerates density perturbations after inflation

logp 4 e
& | ips

> 0




CURVATONS IN A WARPED THROAT

60D Bulk

Deformed
Conifold

S° S sE

angular isometry
TRl



CURVATONS IN A WARPED THROAT

60D Bulk

Deformed
Conifold

e -

angular isometry
SS X G2

Standard Model brane (anti-D3)



ANGULAR PO TENGRES

* Isometry breaking bulk effects

» moduli stabilizing non-perturbative effects

+ warping

Standayd Model prane (anti-D3)

24

small mass to the
angular degrees of freedom of the SM brane

CURVAION O

= eventually decaysiintoieiiiE
open string modes (reheating)




ACTICIN
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e S MEIER CONS

A :nonperturbative effects

6.0 |~

RAIN

masslessness

~

~

gs = Ui

M,a'/? = 300

ho = 10
N = 50000

I RehEs
|\ Hy,p ~ 107N

A : bulk effects



A :nonperturbative effects

6.0 -~y

D7-brane
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Here we have considered quadratic
curvaton potentials, but density
perturbations can be quite different
for non-quadratic potentials.

Kawasaki, TK, Takahashi ’11

4

related works by Enqgvist, Takahashi '08
Kawasaki, Nakayama, Takahashi ’08



Here\we have considered quadratic
curvaton potentials, but density
perturlations can be quite different
for non-quadratic potentials.

Kawasaki, TK, Takahashi ’11

4

related works by Enqgvist, Takahashi '08
Kawasaki, Nakayama, Takahashi ’08



Curvatons with Non-Quadratic Potentials

log p

A

Ps : inflaton H/

Ps . curvaton

e




Curvatons with Non-Quadratic Potentials

Lo nfomonsetofcseliion)]

log p

A

10 H
P : Inflaton P
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Curvatons with Non-Quadratic Potentials

Lo nfomonsetofcseliion)]
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Additional contributions to the density perturbations!



Density Perturbations

N H,\?
Fe (80* 27T>
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Do * . @ horizon exit
r = — @ curvaton decay B

Oy OSC : @ onset of curvaton oscillation

1 O-OSC V// (O-OSC)
X OSC = 1

(osc) et ( W @) >

: effects due to non-uniform onset of oscillation

Non-Gaussianity fnL also modified.



l
towards the hilltop:

strong enhancement of linear-order
density pert. with mild increase of fnL

fne = O(10) even for a dominant curvaton




A :nonperturbative effects
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- RAME [ ER CONS [FRARNEE

A :nonperturbative effects

N 3

masslessness

A : bulk effects
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BRECIRAL TILT IN RAPID-ROLL [INFLEARGSE

The Hubble parameter in rapid-roll inflation

il o il ahe 1 i
B~ -2 wH|~ |22 )] .
Hdt (Hdt) : (Hdt) g
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RRECIRAL TILT IN RAPI

D-ROLL INFEASRIGEES

The Hubble parameter in rapid-roll inflation

1
H

e
dt

In H

(
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H dt
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IFRETresuiting curvature perturpationrsDEeH RN
can have large running (and 1ts running, and so on).




NS [ RAINTS ON RAPI

When P(k)

i k B

H2

. - 1 —ﬁ—i
dn AB?
dink ) = A1 Ay
Tightly constrained by
CMB & LSS data.

dng/dInk
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D-ROLL INFEAH G

TK, Mukohyama, Powell "09
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NG [ RAINTS ON RAPI

When P(k) x H?

_Plko) |, 4 <£>_B

Ko

CMB & LSS data.

dng/dInk

D-ROLL INFLATION

TK, Mukohyama, Powell "09




SUIMIMPAR

* Slow-roll and relativistic limits of D-brane inflation suffer from the
N-problem and geometrical constraints, respectively.

» Rapid-rolling D-branes exhibit stable inflationary attractors, as well
as provide sufficient inflationary expansions.

» Rapid-roll inflationary backgrounds give rise to density perturbation
spectra with running spectral index.

» Angular oscillations of D-branes at throat tips can source the
primordial density perturbations through the curvaton mechanism.

* Various roles in inflationary cosmology can be shared by the many
degrees of freedom that show up In string theory.






INIEEATON KINETCRER

p
\/ throat geometry

ds® = h(p)?g'y) da"dz” + h(p)*(dp® + p*dE%,)
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EREERNAIL IVE APPROACH: DBl INFLAJRGE

Silverstein, Tong ‘04
Inflation driven by D-branes moving with relativistic velocities.

/£

0
\ ds® = h(p)*g',) datdz” + h(p) > (dp® + p*dZ%,)

N T / Ay [~ det(Gu)
=)
- s 4 TSR 4 /q P
S/d 37\/ g h(p) \/ h(p)4

The warping of the throat enforces the D-brane P
to slow down, regardless of the potential. h(p)*




DB INIFLATRIEIN

Vg®

sinflation can occur for some T(¢) V(o)

—  a new stringy inflation mechanism

*a remedy to the N-problem (no need for slow-roll)

*produces large non-Gaussianity

—b

T3h(g)*



NEVY DIFFICULT IES: GEOMEFRIGESE
EONSTRAINTS ON FIELD: RANIES

Baumann, McAllister '06 Lidsey, Huston '07

* DBI inflation generates (too) large non-Gaussianity. In order to suppress
non-Gaussianity down to a level consistent with WMAP data, the

inflaton need to travel at least some field range Ag .

* On the other hand, the Inflaton field range I1s geometrically restricted by
the throat length, which is restricted by the Planck mass.
2V 2V01(X5)(Agb)

iER=
p (27T)7g§o/4 - (27T) ’4h4T3




NEVY DIFFICULT IES: GEOMEFRIGESE
EONSTRAINTS ON FIELD: RANIES

Baumann, McAllister '06 Lidsey, Huston '07

* DBI inflation generates (too) large non-Gaussianity. In order to suppress
non-Gaussianity down to a level consistent with WMAP data, the

inflaton need to travel at least some field range Ag .

* On the other hand, the Inflaton field range I1s geometnjcally restricted by
the throat length, which s restricted by the Planck mays.
2V 2V01(X5)(Agb)

iER=
p (27.‘-)79%@/4 - (27T) ’4h4T3

CONTRADICTION!

Throat too short for a relativistically moving
D3-brane to drive sufficient inflation.




LR RRED BRAINIE
TK, Mukohyama, Kinoshita ‘0/

‘ Becker; Leblond, Shandera '0/
\ D5,D7 \

D3-brane D(3+2n)-brane o
dp = T3 dp dp = T?}@n{ / 227¢ \/det(Ge Bkl)} dp

~volume of the wrapped cycle

effective field range increased for wrapped branes

—  Geometrical constraint for DBI inflation can be solved!



B GKGROUND CHAREE

A long throat Is sufficient in any case.

B Eakoe Tlux number required.

tadpole-cancellation condrtion N %

X 1 Euler number of a Calabr= ratmoesere

The large flux number required exceeds the largest

known Euler number for a CY 4-fold x = 1820448
Klemmm, Lian, Roan,Yau 1998
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SO OGICAL CONSTRAINTS ON RAPIDSR G-
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