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Abstract: | will discuss the various sources of non-Gaussianity (NG) in a class of multi-field models of inflation. | will show that there is both an
intrinsic and a local contribution to the NG although they both have the same shape. It is aso possible in this class of models that the dominant part

to the 3-pt function comes from loop diagrams. These models are of the hybrid type and while they occur naturaly in string theory, the conditions
for the NG to be important are not generic.

Pirsa: 08120036 Page 1/85



Outline

#General motivation to string cosmology/string phenomenology
* Multi-field effects in hybrid inflation
@ Tachyon mediated density perturbations with non-Gaussianity

+D-term inflation as an example
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Flectroweak Precision Test
10 Gev | Planck, M,

105 Gev GUT,

inflation

TeV LHC, Dark Matter

8o GeV W boson

We have learned things about
103 ev Dark Energy (CC) TeV scale (e.g. FCN&y=
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Planck Celling
1019 Gev Planck, M,

1

105 Gev GUT,
inflation

Cosmological
Precision Test?

TeV LLHC, Dark Matter

8o GeV W boson

l

Pirsa: 08120036

[073 eV Dark Energy (CC)

Page 4/85



Use cosmology to learn about quantum grauvity.

@ |nflation and alternatives are very high scale phenomena that are now being
probed by cosmological observations. Quantum gravity (Planckian) corrections
could be important.

# Stringy signature?? Can we reproduce any inflation models?? What are we
learning from string theory??

@ ook for UV sensitive quantities in the data:non-Gaussianity,| Tensor modes,
special properties of cosmic strings....

Here: multi-field set-up to generate NG, tricky to
obtain in string theory (most current models do not
have it)
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Use particle physics/string theory thinking to learn
about cosmology

™ —@—@

* [ime independent scattering amplitude

+*What is it that we are computing in cosmology?

Expectation values... IN-IN formalism, Keldysh-Schwinger

time t

Weinberg
" @ ) . loop calculations
FFT for inflation




Summary and Results

Cosmological Signal, hints of NG | —_—
osmological Signal, hints o In -8 = Twr < T
the CMB data with local shape In:
Komatsu et al
/ Yadav and Wandelt

Propose a method to
generate this signal that
utilize the tachyon at the

end of brane inflation

loop dominated 3-
pt function

- -
COSMoO lesson

‘[ string lesson

D-term inflation with coesmic <trinas<



Start with a smooth patch

dark energy
Modeled by a A

® scalar field
1
e
[ ~ [107*°em, 10~ *em)
/ Al

manv models smaller than that hound from data



Inflate! I

O

i

Our horizon, anything outside that
circle is unobservable unless it
comes back in




Quantum fluctuations
(perturbations of the metric)
are amplified and grow

Ol S

In single field model, the perturbation amplitude
emains constant once the wavelength grows bigger
than the horizon




Quantum fluctuations
(perturbations of the metric)
are amplified and grow
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In single field model, the perturbation amplitude
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Brane Inflation, a lab to study planck physics and
early universe.

®|nflaton is an open string mode, position or deformation of branes.

* Gives a geometric interpretation of inflation

@ |nflation often ends when the brane annihilate or recombine

“Graceful Exit”

»

A
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Brane Inflation, a lab to study planck physics and
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Brane Inflation, a lab to study planck physics and
early universe.

®|nflaton is an open string mode, position or deformation of branes.

+* Gives a geometric interpretation of inflation

@ |nflation often ends when the brane annihilate or recombine
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early universe.

<+ |nflaton is an open string mode, position or deformation of branes.

* Gives a geometric interpretation of inflation

@ |nflation often ends when the brane annihilate or recombine
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Brane Inflation, a lab to study planck physics and
early universe.

@ |nflaton is an open string mode, position or deformation of branes.
* Gives a geometric interpretation of inflation

@ |nflation often ends when the brane annihilate or recombine

“Graceful Exit”
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early universe.
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* Gives a geometric interpretation of inflation
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Brane Inflation, a lab to study planck physics and
early universe.

+|nflaton is an open string mode, position or deformation of branes.
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@ |nflation often ends when the brane annihilate or recombine

“Graceful Exit”
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Brane Inflation, a lab to study planck physics and
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Tachyon Condensation ki

@ Brane annihilation and tachyon condensation is a stringy phenomena (although
it has an effective field theory description) Sen

# Special consequences for reheating.

@[ eads to metastable codimension 2 defects (cosmic strings) with special
properties.

\ Ps
/ [ CMP

"

®|n some models, one can also generate density perturbations (with a non-
Gaussian spectrum).
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Going beyond with Multi-field, A Quick History

®In multi-field inflation, curvature (() is NOT necessarily RBernardeau & Uzan

constant after horizon exit. Bernardeau Kofman. Uzar

Weinberg
®Iin general, one needs to integrate over the whole
inflationary trajectory to get all contributions but in many
systems. the effects all come from a special event in time Linde & Mukhanov
simplifying the analysis. Lyth & Wands

Moroi & Takahashi

+Curvaton: a new field starts dominating the energy
density well after the end of inflation. |
v Buchbinder, Knoury & Ovrut

*Modulated Reheating: Reheating starts everywhere

in sync, but the final temperature is modulated. Dvali Gruzinov &

Zaldarraga
®Modulated End: The onset of reheating is
rrsa m20podulated but then proceed evervwhere the same. L) page aaes
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Going beyond with Multi-field, A Quick History

®In multi-field inflation, curvature (() is NOT necessarily Bernardeau & Uzan

constant after horizon exit. Bernardeau. Kofman. Uzar

Weinberg
®In general, one needs to integrate over the whole
inflationary trajectory to get all contributions but in many
systems. the effects all come from a special event in time Linde & Mukhanov
simplifying the analysis. Lyth & Wands

Moroi & Takahashi

< Curvaton: a new field starts dominating the energy
density well after the end of inflation. |
v Buchbinder, Khoury & Ovrut

*Modulated Reheating: Reheating starts everywhere
in sync, but the final temperature is modulated.

Dvali, Gruzinov &
Zaldarnaga
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®Modulated End: The onset of reheating is
rrsgosizophodulated but then proceed evervwhere the same.



Tachyon Mediated Density Perturbations

@ In Hybrid inflation
Curvature

T

Visible lidden
Bob Alice

: We are not generating
/ / density perturbations from the tachyon.
| / (assume that contribution from tachyon
Pisa 08120036 preheating for example are s&zall)



Basic |dea

* Couple Hybrid inflation (2 fields) to an extra field. (Here Tachyon = Waterfall

field) |
) ¥ = ‘/inf(@) o Vhid( ) + Vmeaa( Dy X5 T)]

#®There is no direct coupling between C) and X . They couple only through the T
which is very massive during inflation.

@ Consider a solution with background values O(tg X — 0 T — 0
and assume that the potential energy is dominated by the inflaton potential

‘Vfén.f(@)
3M3

@ |nflation ends at a critical value of the inflaton for which the mass of the
tachyon is zero.

my = flo,x)=0 —— %)
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Basic Idea 2

#®We consider an inflating solution where we inflate for N efolds

ds? = —dt?* + a(t)2egcd;if'2

N\

a(ty) ~ a(t.)e’ curvature perturbation

Horizon exit

_urvature perturbations
can be seen as a

perturbationsinthe Y¢-®.__--ccao---

MmImberofelolds sscsssesspass

Inflation ends
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Delta N formalism

t~1/H

classical evolution

(i1.%) = olNIL. )

Sasaki & Stewart
® Given a perturbation at horizon crossing, this formalism account for the
classical evolution.

® Often use for multi-fields, this formula does not correctly account for anything
that happens inside the horizon (before horizon crossing)

Qe i H .
N = Ed@ C =Ly == ——OO

irsa: 08120036 b (:I) e CD M N (D *Page 49/85
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From field perturbations to curvature.

dc(X) -
P The new field only

De H change the end
N — —do of inflation
6. O * = horizon exit
s H H Do, B8 L - By —_
oN = ——DO y sl 0X ) e ({)\"—<(}\'>) 2 S
/ o O 2 & Ox° ° "l
Usual \ /‘
contribution Npte Sign
difference o
do..

]

“transfer function” 7 9
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The 2-pt

+ X fluctuating, but with no interaction to the inflaton and its large energy
density, so it is a pure entropy mode up to the end of inflation.

® “transfer” entropy to curvature at the end.

At horizon crossing

: : H
0P = 0X ~ —
2T
: 5
We need to evaluate the new Oy (t f ) ~ —K
contribution at the end of ' 27T
inflation, it will be damped by ™~ 0.01
mass term Kk~ e MxNe N, ~ 55
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The 2-pt function

H* 1 ~%K?

Ca €f

most models must have v < 1

®In most models, the potential is steeper at the end than at horizon exit
(could argue it is unnatural to have it the other way around)

In D3 brane inflation, inflation ends with a tachyon. Lyth & Riotto
soulombic potential is too steep while the DBl regime -1 & Shandera
does better. Most recent analysis found no effects. Chen, Gong, Shiu

ceurter example: hilltop potential which flattens out at the end Alabidi anGlgesysh



From field perturbations to curvature.

dc(X) -
P The new field only

Do H change the end
N = —do of inflation
b. qﬁ | * = horizon exit
s H H Do, YR D o Ep
ON = ——ao +— ox| +=——= (Ox"—<dox">)| +--
/ o O " 2 & Ox* 4"
Usual \ /‘
contribution Note ik
difference o
- L — ()G)C
“transfer function T = 5
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The 2-pt function

H2 1 "}/21{2

€x €f

most models must have v < 1

®In most models, the potential is steeper at the end than at horizon exit
(could argue it is unnatural to have it the other way around)

In D3 brane inflation, inflation ends with a tachyon. Lyth & Riotto
soulombic potential is too steep while the DBl regime -1 & Shandera
does better. Most recent analysis found no effects. Chen, Gong, Shiu

ceurter example: hilltop potential which flattens out at the end Alabidl 8N Gagesyds



The 2-pt function

H? 1 ~%K?

A5 €f

most models must have v < 1

®In most models, the potential is steeper at the end than at horizon exit
(could argue it is unnatural to have it the other way around)

In D3 brane inflation, inflation ends with a tachyon. Lyth & Riotto
;Joulombic potential is too steep while the DBI regime L. & Sha”dera
does better. Most recent analysis found no effects. Ghen, Gong, Shiu

ceurter example: hilltop potential which flattens out at the end Alabid! anGagesssh



Non-Gaussianity in the CMB

®Gaussianity is a consequence of the slow-rolling conditions
(from which the inflaton behaves like a free field).

®Detectable NG can be generated by going beyond the
standard single field slow-roll approximation.
Silverstein & Tong
#non-standard kinetic term (e.g. DBI) ¢t Shandera’s talk

*Multi-fields (this talk, present a string theory
motivated D-term inflation with NG from multi-fields)

WMAPS
—9 < fﬁ\*,{‘ < 111
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The intrinsic contribution to faL

In most model the contribution to the 2-pt will be negligible but the 3-
pt function can be significant.

Because, the hidden field is NOT the inflaton, its potential can be
steeper and it can be strongly interacting.

: H 3 | o
<C1i1t> — (—) ,-}.-3 <Ox.5>

the inflaton contribution is small
- (Oroportional to epsilon)



The intrinsic contribution to faL

“. 5" — 0 X
- N. Mk £ - = Zki
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NL ™ H?2 a2 Voxxx Fiky, k2, ks) HV oex I«
E
f
local shape
Falk, Rangarajan, Srednicki, '93
Zaldarmaga
T Lyth. Malik Seery
Bernardeau, Brunier
= Barnaby, Cline

Dutta, Kumar and lesessss




The intrinsic contribution to fau

Contribution grows
s - with the number of
: " z/ efolds

<of > — S OX
I — . 3
-— F(Llﬁz_‘:k;) ~ —i\rf.H"‘.tllhﬁhz .

[Tk

o arsd pall 2
int ‘\f ‘11.” R ] €« V
NL ™ 2 372 7 XXX

-

local shape

Falk, Rangarajan, Srednicki, ‘93
Zaldarmaga
T Lyth, Malik Seery
Bernardeau, Brunier
Barnaby, Cline
Dutta, Kumar and leabesoss




The intrinsic contribution to fau

Contribution grows
" - with the number of
o " efolds

/

- N. M ~v3k% €2 L L o 3 k3
t s & - ol Y , ;
_[':"IL H?2 3/2 | XXX - F(Ll‘ﬁ"-"&“*‘) Ned ,‘-nt""f l—[kii
f
Ratio of epsilons is bad local shape

Falk, Rangarajan. Srednicki, '93
Zaldarriaga
T Lyth, Malik Seery
Bernardeau, Brunier
Barnaby, Cline
Dutta, Kumar and Lleabesoss




The Non-linear Contribution

*From the non-linear piece in the delta N, we will get a non-zero 3-pt curvature
even for gaussian  y

o H | H 00, . 1 H &0, ,. 5 I
ON = ——d0o| + — rﬁ\ + — — ] ((}\"— < 0x~ ;})‘ ¥ Y-

o |, o Ox s 2¢ Ox°°

The ratio of these two contributions

: X

‘int / . =
3 = |INL 1 v Vaxx ar > B~ 1y N, k2
e ‘loc | .- y | :

N L 3 ﬁf-}( H

This is always smaller than 1
but one can still have a significant fraction
of NG in intrinsic
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The Non-linear Contribution

*From the non-linear piece in the delta N, we will get a non-zero 3-pt curvature
even for gaussian  y

_ 0
loc ﬁf)
RE~ =T Mo
| €}
The ratio of these two contributions
¥ z"\/ ~J X
‘1nt a3 . ) ‘_
A= ETL 1 Y kak i\* > 3 P n\ i?\'lgfiz
loc | © 34, H?

This is always smaller than 1
but one can still have a significant fraction
of NG in intrinsic
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Loops dominance?

, 1 o o
Cr = N'0¢r — N'vdxx — =N+ 50X k—k’ O Xk’
2 (27)3
v
~2) AT2. 0 (.23 23/ . \ £ d’k’
(Ck) D N™7'4(2m)%d (.Z/ﬁa)f:i / (27)3 = f(ky, k2, k')
We found points in parameter l
space where loops are important , InkL
v~ 0 Y 2 3
Weinberg
miP@rdroative analysis Seery reess

otill lnnlee nnodt



Can we find a model... in string theory?
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Brane inflation

+Can these effects be important in brane inflation? Lyth & Riotto

+®We can have light fields from approximate isometries of the geometry: angular
coordinate. They couple to the tachyon.

-

potential is tuned to be flat in
small region and steep
everywhere else

« > SO in general no effect

Argue that the potential
flattens out again but
Chen, Gong, Shiu found that for this specific
model (a.k.a D7
embedding), there is no
Pirsa: osmoB aumann 21' a I . Isometries at theqtgand

A Rz Ssmad 712on o no light fields

-



D-term Inflation

# Susy breaking is dominated by D-terms. For N U(1) gauge group + non abelian
piece, we get
Gauge coupling
Functions of moduli

o\ 7

+ planck
Vp ~ Z gj ZQI ler &.:j +Vna , suppressed
=) . A terms
f.-“'f \
/ \

Charged matter, light

; Fayet-Illiopoulos term
open string mode

(function of the string moduli)
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Minimal D-term model

2 Assume three fhields, a neutral scalar S and two

charged fields 0+ with charges +1, -1 under a U(1)
K(0.5) = 6> +0> +5°

V=2((0-0_)"+(¢.5)* +(6_5)%) + 5(¢- — ¢ +¢ )"+ O0(M,")

—

F-term D-term
, gv/ 28
mi _22¢2 4 gzg If |S|>Sc= X
Binetruy, Dvali
Pirsa: 08!. 00000 Uy V | ¢i = 0 Page 67/85



Hybrid inflation

N g2§2
2

4

—

Coleman-Weinberg (approximate)
l,L{'f) Produce cosmic strings!!

2 regimes
®lLarge S, ns ~ 0.98 —d A2
v | E~10"°"M 5
| G/_i e 10-;)
4/
f" ‘25 S S close to Sc, Ns ~ 1 5 < 10_74{7\(12
y :

Page 68/85
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Hybrid inflation

252 ) 9 2
g-&° 3 i '
Verf = S (l ¥ In A2 )

—

Coleman-Weinberg (approximate)
l,K’f) Produce cosmic strings!!

2 regimes _
) ®LargeS,n:~0.98 £ ~ ]() dzu}?
y/ g B
/ .S eScloseto S, ns ~ 1 5 < 10_7111}?

S Gp < 1077
irsa: 08120036 ¢_ ;_L
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— Siring contribution
- = = Inflabion best-iit
Inflabon+strings
* WMAP (binned)
¢ BOOMESANG

i+ C/2n [HK?]

5 B 8 8 8 8

10 100 S00 1000 1500
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Hybrid inflation

N 2
2

4

W=

Coleman-Weinberg (approximate)
lJ(’f) Produce cosmic strings!!

2 regimes
) . elLarge S, n. ~ 0.98 &~ 10 SAIE
/ / Gp ~ 1072
L, S ®SclosetoSc,ns~1 ¢ < 10_71”3
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— String contribution
- = = Inflabon best-iit
Inflabon+strings
* WMAP (binned)
¢ BOOMESANG

41 C/2n [uK)

5 8 8 8 8 8

10 100 s00 1000 1500
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Hybrid inflation
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Coleman-Weinberg (approximate)
L,L{'f) Produce cosmic strings!!

2 regimes
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Hybrid inflation
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Coleman-Weinberg (approximate)
L,L{'f) Produce cosmic strings!!
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IBM-flation

#Can realize D-term inflation, using open
string between branes (strings are in vector-
like rep)

+ Using gauge invariance one can “brane
engineered” flat direction by forbidding
dimension 6 operators for example.

+®and large NG mediated by the tachyon

®can get a regime with 1} o ~v 1 ) |
e W = AT 1 + AnaXT 2

€ cosmic strings
9 Dutta, Kumar, L.L
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IBM-flation X

+Can realize D-term inflation, using open
string between branes (strings are in vector-
like rep)

<+ Using gauge invariance one can “brane
engineered” flat direction by forbidding
dimension 6 operators for example.

+®and large NG mediated by the tachyon

®can get aregime with 13 o ~~ 1
/ W = AT o1 + AnaXT o

€ cosmic strings
g Dutta, Kumar, L.L
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Detailed example

+The tachyon mass depends on both @ and X

m> = —g%6 + A20% + (Mg — 993)X°

7 =~ X sothe non-linear contribution dominate

a point in parameter space

ot ~ -8, mng~1.002,
e 45, Gu~T7x107"]
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— Siring contribution
- = = Inflation best-iit
Inflabon+stnings
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IBM-flation

+Can realize D-term inflation, using open
string between branes (strings are in vector-
like rep)

% Using gauge invariance one can “brane
engineered” flat direction by forbidding
dimension 6 operators for example.

+®and large NG mediated by the tachyon

®can get aregime with 73 o ~~ |
- W = AT o1 + AnaxT 2

€ cosmic strings
9 Dutta, Kumar, L.L
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a point in parameter space

fNL ~

Pi

Detailed example

+®The tachyon mass depends on both ® and X

IIIII

.‘I" L™ \‘

: 08120036

2

soO the non-linear contribution dominate

-y

loc s _15

ne ~ 1.002 ,
Gun~Tx10""|
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Conclusion

#0ne can generate observable NG at the end of hybrid
inflation with a rich structure.

*Many models fail because the potential is too steep at the
end. D-term inflation in the regime of flat spectrum with
cosmic strings can lead to observable NG.

#®The NG has the local shape and both signs can be obtained.

*0One can write a string theory motivated model with such
features but it needs more detailed study.

*Further questions: Loop effects? NG from the cosmic
<trinas?



Minimal D-term model

2 Assume three helds, a neutral scalar S and two

charged fields 0+ with charges +1, -1 under a U(1)
K(9.5) = ¢> +¢> + §*
W(0.S) =ASo.0-

V=22((0-0_)> + (0.5)> + (6_5)*) + %(dﬁ — 02 +&)*+ O(M,")

- — - -

F-term D-term
1 g/ 28
qu): . ATGT ng_, If S| = S = A
Binetruy, Dvali
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Hybrid inflation

—

Coleman-Weinberg (approximate)
L,L{’f) Produce cosmic strings!!

2 regimes s
. ®Large S, ns ~ 0.98 5 ~ 10 dﬂ[g
/, , G}l- ~ 10-5
# S eScloseto S, ns ~ 1 & = 10_7&!3
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Hybrid inflation

N 25
2

vV

—

Coleman-Weinberg (approximate)
L,L{'f) Produce cosmic strings!!

2 regimes
®Large S, ns ~ 0.98 —I A2
\, __ E~107"M -
4 /
.-,.f’" 'S eScloseto Sc, ns ~ 1 5 P 10—7 1{2
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Hybrid inflation

252 ) 9 2
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Coleman-Weinberg (approximate)
L,L{'f) Produce cosmic strings!!

2 regimes
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