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Introduction Inflation

Inflationary paradigm

Inflation = Period of exponential expansion in very early universe.
Guth '81; Linde '82; Albrecht, Steinhardt '82

Inflation is a successful paradigm which
@ solves the flatness & horizon problem (T ~ 2.7K)
@ provides a seed for structure formation (577— ~107°)

WMAP 7 year full sky temperature map
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Introduction
lem
m Hybrid Inflation

Slow-roll inflation

“Standard” realization: slowly rolling scalar field ¢
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3M3z
V(¢) must satisfy
V/2 V& m>
2 2 ¢
V(o)
A
¢
—
> ¢

Sebastian Halter Towards Matter Inflation in Heterotic Compactifications



Introduction Inflation
n-problem
F-term Hybrid Inflation

n-problem

Slow-roll inflation sensitive to Planck-scale physics:
¢2
6V:CO4W & <O4>N<V> =n~c
P
e.g. F-term inflation in supergravity:

KW
M2

W2
V2

Ve = eX/Mp <K’7D,-WD]—W—3 ) DiW = W; +

with K = |®|> + |X|> +... & only (Wx) #0

2
Ve = [(W. >|2<1+|¢|+ >:»77~1

Solution: fine-tune against dots or impose symmetry
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Introduction

Hybrid Inflation

Example: F-term Hybrid Inflation

e Minimal W & K:
W=ro(H*—M?) , K=|0]+]|Hf

Tree-level: ¢?-term in Vg cancels accidentally

1-loop: slope from Coleman-Weinberg potential

Pro: works with field values < Mp

Con: implicit fine tuning of e.g. 0K = 7 |p|*
P
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Superpotential
Matter Inflation Kahler Potential
Matter Inflation

Superpotential

Requirements:

@ Solve n-problem by special form of K
— during inflation W should fulfill

(W) ~ (We) ~0, (Wx)#0

@ Inflation ends via hybrid mechanism
— at (@) = ¢ a tachyonic direction appears

Minimal form of W:
W =k X(H? — M?) + X f(®) H?

During inflation: (X) ~ (H) ~0
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Superpotential
Matter Inflation Kahler Potential
Matter Inflation

Kahler Potential

Usual choice: shift symmetry

P - b+

Alternative: “Heisenberg symmetry”

T—-T+ i«
-0+

- 1
T — T+ﬁ¢+§|/3|2
Invariant combination: p= T + T — |®|?
eg K= —3Inp+k(p)\X\2+---
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Matter Inflation

Why Matter Inflation?

Why is it interesting to have the inflaton in the matter sector?
@ Direct link between particle physics & inflation
@ Hybrid phase transition and GUT breaking?
— Typically (H) ~ M ~ Mgyt
@ Inflaton in visible sector, e.g. right-handed sneutrino?
— Relate inflation to leptogenesis

@ Extra constraints on inflaton potential from particle physics
— Minimally coupled SM Higgs excluded by EWSB vs. CMB
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Matter Inflation

Matter Fields as Inflatons

Heisenberg symmetry & structure of W
— Gauge non-singlet matter field as inflaton

A
W = kX(HHS— M?)+ A OOHH

K = =3Inp+|X[2(1— Bp—~IX[?) +[H]> +|H]?
po= T+T—|0f |0

e D-flat trajectory: (®), (®€) #0, (H) ~ (H®) >~ (X) ~

e Example(s): sneutrino inflation (®) = vg, () = vf in

o SU(4)c x SU(2), x SU(2)g Pati-Salam model
e SO(10) GUT model
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Matter Inflation

1-Loop Corrections

So far: inflaton potential flat at tree-level
— Slope provided at 1-loop by Coleman-Weinberg potential

Vi toop(¢) = # STr [M(¢)4 <'“ (Méff) - 2)]

Contributions from 2 sectors:
[ 7" 2 2
o “Waterfall’ sector m? ~ 2;¢* £ K2M?, m2 ~ 25¢*
o Gauge sector

o Inflaton singlet under unbroken gauge group — ma ~ g¢
o Direct SUGRA gaugino masses (G = K + In|W|?)

i7 i—a[z ~ eK WX 8%
odbJ oX

mi,ab ~ eGGi (Gil) + O(W,X, V|/I;£X)

oX
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Matter Inflation

2-Loop Corrections

If W>o I{X(IjHC —2M2) + m¥HHE & ¢ gau2ge non-singlet
— dm? ~ —(4%4 |Vn‘%:| > H? since H? ~ —'VA‘;’Q
Here however

@ ¢ charged only under massive gauge bosons

— extra factors of my

K2

. . 6m2
@ universal suppression of 57 by )y

Examples for contributing 2-loop diagrams
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Matter Inflation Kahler Potential
Matter Inflation

Some Generalization

Generalization of previous model:

W = a(T, ) (b(T;) HHE = (£2)) + c(T;) f(P3,0) HH  + ...

Y (Hp, )IXF 1+ d(ps) ~ 1XP?)
i=1

3
+ <Hpi—qi,H> |H‘2+ <Hp—q, HC> ’HC’2+
i=1

with p; = T; + 7',- — Za’q)i,a‘z and 0 < gjin <1

During inflation: (X) >~ (H) o~ (H®) >~ (®14) ~ ($2,4) ~0
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Superpotential
Matter Inflation Kahler Potential
Matter Inflation

Some Comments

o f(®3,) = gauge invariant (D-flat) product of ®'s
e.g. N x N of SU(N) or 27 x 27 x 27 of Es etc.
@ Need K D —v|X|* to ensure mx > H
o Geometric interpretation:
If (X)~0, (Wx)#0
— (Rxxxx) < 0 necessary for de Sitter vacua
o Non-canonical kinetic terms oc (T + T — |$]?)~9
@ Moduli-dependent superpotential couplings ~ e=2"
o (Wx) o (X)? with (X) generated dynamically
— (X) carries moduli dependence
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Matter Inflation l’ah\m F Stential
Matter Inflation

Moduli-dependent D-term VEVs

A D-term example:

3
Da = 5 + Z Qa,a;gwa = f + Z Qa,a (H piqi’a> |1;Z)a|2

i=1

Simplest solution to D, = 0:

(|¥]?) (Hp,’> with Q,€ <0
More general solution to D, = 0:
<H wgﬂ> #0with Y ngQ,3¢ <0
B B

Relative size fixed e.g. by further D-term equations
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Matter Inflation Kahler Potential
Matter Inflation

Moduli-dependent F-term VEVs

An F-term example:
W~ e T Xxh + Yy (1 + e PTxo'y)
consider (¢), (¢), (1), (') # 0, (X),(Y) ~0

ebT

{l¢"y'])

{Ixl) ~

Parametrize moduli dependence of (¥)
3
(T) priebiTi
i=1
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Matter Inflation er Po
Matter Inflation

Moduli Stabilization

Moduli stabilized for suitable choice of a(T;), (¥) and d(p3)

e.g. a(T;)(Z?) ~ M2 TH2T2 | d(p3) ~ —(p3
M4|eal Ti+ax T, |2

(Te+ T)"(T2+ T2)™2p5* (1 + d(p3))
— (Re T12) ~ O(1) and (p3) ~ 37! with masses ~ H

|
| .

3 T 0 10 20 30

-V~
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Heterotic Orbifolds & Heist ymmetry
Superpotential E > fular Invariance
Relation to Heterotic Orbifolds Moduli Sta -

Heterotic Orbifolds

Heterotic string theory = theory of closed strings

Contains gauge group SO(32) or Eg x Eg

Orbifolds are “toy models” of Calabi-Yau compactifications:
obtained as T®/Zy

Strings on oribfolds can be

o ‘“untwisted” « closed in T and T®/Zy
o “twisted” « closed only in T®/Zy

Corresponds to fields living in
10D bulk < full orbifold <« untwisted
4D brane <« fixed point <« twisted
6D brane <« fixed torus <« twisted
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Heterotic Orbifolds & Heisenberg Symmetry
Superpotential & Ta Juhr Invariance
Relation to Heterotic Orbifolds Moduli Stabilization

Heterotic Orbifolds

@ MSSM-like models exist, e.g. heterotic “mini-landscape”
based on T®/Zg or T®/(Zo x Zy)

— viable models contain anomalous U(1),

@ Identification of field content could be

T; <+ 3 “universal” untwisted Kahler moduli
¢!, <« associated untwisted matter fields
X < twisted sector field

@ Technical challenge: twisted matter field VEVs
— (partial) “blow-up” of orbifold singularities
— how to compute reliably?

Sebastian Halter Towards Matter Inflation in Heterotic Compactifications



Heterotic Orbifolds & Heisenberg Symmetry
Superpotential & S jular Invariance
Relation to Heterotic Orbifolds Moduli Stabilization & a e

Heisenberg Symmetry

Heisenberg symmetry at tree-level for untwisted matter fields

i~ R2 4B 27 T W R2 4 0By + |02

10D picture
g — 0 limit: for A3, harmonic
Mo Aut Ay
Bun — Bmn — AfM)\‘,;V]
Limit g — 0 < limit W — 0

Worldsheet picture
Accidental symmetry for A, < 1
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Heterotic Orbifolds & Heise metry
Superpotential & Ta ar Invariance
Relation to Heterotic Orbifolds Moduli Stabilization &

Target Space Modular Invariance

Low-energy effective action constraint by “modular invariance”

al +ib

—_— —cd=1 Z
_>icT+d’ab cd , a,b,c,d e

Kahler potential transforms as

K:—In(T+7')—>—In< THT >

(icT 4 d)(—icT + d)
Invariance of supergravity action — superpotential also transforms
W — (icT+d)tw

3 One such symmetry for each T;
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Heterotic Orbifolds & Heisent
Superpotential & Target e Modular Invariance
Relation to Heterotic Orbifolds Moduli Stabilization & Inflaton Slope

Target Space Modular Invariance

Matter fields also transform
3
b, — H(I'C,'T,' + d,')_q"’a(ba
i=1
with “modular weights” q; , determined by action of Zy on T

Generic superpotential term with matter fields

H (Dna H 77 20,

oi=—14+3, naGia & n(T)=e =[], (1—e2mT) ~ e

— all matter couplings in W are 1 +e73T 4+ ... ore 27 4+ ...
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Heterotic Orbifolds & Heisent: )
Superpotential & Target Spac dular Invariance
Relation to Heterotic Orbifolds Moduli Stabilization & Inflato pe

Dilaton Stabilization

Dilaton S additional modulus

Non-perturbative corrections to K

“Kahler stabilization” (g2 ~ S + S)

B

Kop =~ (Ao +Arg ™t +...)e
from worldsheet instanton corrections

Anomalous U(1),

Fl-parameter ¢ o (S + S)™! — moduli dependence of VEVs?

o D-term driven VEVs (|4)|?) o< (S + S)~! — destabilizing
o F-term induced VEVs (|x|) « (S + S)P — stabilizing
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r Invariance
Relation to Heterotic Orbifolds

Kahler Moduli Stabilization

@ 11 & T, stabilized if
<Wx> x 77(7-1)719177(-,-2)7132 ~ et Tita T2

o Ideally: T3 & ®3, enter V only through p3 ~ R2
o Avoid superpotential stabilization — (Wr,) ~ (W, ,) ~0
@ Alternatives:

e o'-corrections?

—InY = —In(V+€) , €0 —y = 2(h"' = K2)

e Moduli-dependent threshold corrections to Ky 57

™

(D) =0 —= Injp(T)HT+T) ~In(T+T) 6(T—|—7’)+O(e’2“T)
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Relation to Heterotic Orbifolds Moduli Stabilization & Inflaton Slope

Moduli Stabilization with Threshold Corrections

In principle: can stabilize Ty, T, p3 and £ ~ 1/(S + 5)
— But: requires some tuning of parameters

006 o
003 015
Vv |4
01
003 005
006 N
n § 5 6 o i 7 3 3
P3 .
0
145
8
6 :
v Vo4
4
2
141
0
0 2 3 i T X 5 T
ReT} Im Ty
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e Modular Invariance
Relation to Heterotic Orbifolds Moduli Stabilization & Inflaton Slope

Slope for Inflaton

Various sources for inflaton slope

@ Loop corrections from waterfall & gauge sector

o Gaugino condensate W D A(T;)e™<°

o Corrections from (W) = 0, (Wixx) = 0 & (X) »~ 0
e Corrections from (D) » 0
°
°

Threshold corrections not only depending on p3

o/-corrections
Requires systematic study to check if || < 1 (in progress)
Additionally:

@ Corrections from complex structure stabilization?

@ What if fluxes are turned on?
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Heterotic Orbifolds &
Superpotential & Tz
Relation to Heterotic Orbifolds Moduli Stabilization

Moduli Stabilization after Inflation

Moduli stabilizing mechanism changes
@ During inflation: moduli stabilization tied to (Wx) # 0

o After waterfall phase transition: (Wx) ~ 0
— Need extra terms e.g. gaugino condensate W O A(T;)e™ <

Possible issues
@ Cosmological moduli problem?
@ Overshooting problem?
© Reheating through moduli decays?

Preliminary results

Simulate field evolution for toy model with only T,®, H, X
@ To evade 1 & 2 seems to require fine tuning

e Typically mr < me H x — Reheating through moduli decays
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Relation to Heterotic Orbifolds Stabilization & Inflaton Slope

Conclusion

Matter inflation
@ is phenomenologically interesting
@ needs certain structure of K & W to work
@ seems suitable to embed in heterotic compactifications
@ stabilizes moduli differently during & after inflation
Open issues
@ Explicit realization in heterotic orbifolds?

@ Better understanding of moduli stabilization
— other ways to stabilize dilaton?

@ Reheating & moduli stabilization after inflation?
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