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Abstract: | will discuss the phenomenologically interesting scenario of matter inflation in supersymmetric hybrid inflation models. The inflaton
resides in a gauge non-singlet matter multiplet and the eta-problem is solved by a & quot;Heisenberg& quot; symmetry. This symmetry relates the
inflaton with a modulus field and we stabilize this modulus via corrections to the K& Atilde;& curren;hler potential. The Heisenberg symmetry arises
naturally for the untwisted matter fields in heterotic orbifolds. A way to embed matter inflation into heterotic orbifold compactifications is suggested
and moduli stabilization in the extended setup is discussed. | argue that the corrections from moduli stabilization may not spoil the flatness of the
inflaton potential at large radius.
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Introduction Infistion

Slow-roll inflation

“Standard” realization: Siovgly rolling scalar field ©

5 V(o
ds® = —dt* + aft)°d¥ , a(t) = ™ K H= 9)
\" 3M;5
V(©) must satisfy
Vf?_ VH m-’j
e ~ M5 2 L1&np~Mt—~ 5 A
Vio)
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Introduction

Inflationary paradigm

Inflation = Period of expongntial expansion in very early universe.

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

Slow-roll inflation

“Standard” realization: siovgly rolling scalar field o

: [ V(o
ds* == —dbt* + alE) di™ . a(t) = et  H = ( ,J)
\(' 3M3
V(o) must satisfy
i , V"
€~ ME;. V2 <L1&n~ Mp v "~ 742 < 1
Vio)
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Introduction

n-problem

Slow-roll inflation sensitive to Planck-scale physics:

5

= o~ .

;')V:CU;;ME & (Og) ~ (V) =>np~cC
p

e.g. F-term inflation in supergravity:

Y o W |~ K,:W
Ve = e MF’(K”D,-WD;;W—?) ! ) . DiW = W; + ——
M;-, M:ﬁ
with K = |2+ [X[?+... & only (Wx) =0
12
Ve = |( Wy 2(1—""’ + ):-nﬂ-l
[ = M%
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Introduction Inflation

Slow-roll inflation
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Introduction

r¥-:-1 .. - L —— .

-problem

Slow-roll inflation sensitive to Planck-scale physics:

.
a-

f)V:CCMMz & (Og) ~(V)=np~c
p

e.g. F-term inflation in supergravity:

o e - W< KI'W
Ve = X MP(K”D,—WD;W—?) L ) . DiW = W; + ——
M5 M5
with K = |®/2 - [X[|2+... &only (Wx) £0
" C)E
Ve = | Wx *(l— ,,—...):-n-ﬂ-l
M3
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Introduction fi=tion

F-term Hybrid Inflation

Example: F-term Hybrid Inflation

@ Minimal W & K: x
W:HCD{HZ-—ME) K = |®2+ H|2

. , .
@ [lree-level: o=-term in Vg cancels accidentally

@ l-loop: slope from Coleman-Weinberg potential
@ Pro: works with field values < Mp

: . . = = . - 4
@ Con: implicit fine tuning of e.g. 0K = ’“;F d
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Superpotential

Mater iriﬁ.;tmn

Superpotential

; R
Requirements:

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

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

@ Inflation ends via hybrid mechanism
— at (@) = o4 a tachyonic direction appears

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

During inflation: (X) ~ (H) =0
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P'l'!ET_'IEr iné&ﬂﬂn e, 0 ; ST

ahler Potential

Usual choice: shift symmetry

b — P +ia

Alternative: “"Heisenberg symmetry”

I'— T +ia
®— d+ 3
T—T~§¢+;32

Invariant combination: p=T + T — |®|?

e.g. K=—-3Inp+k(p)X*+...
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Marter inﬂancn or £

Matier Inlation

hy Matter Inflation?

irsa:

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 !nﬂannn |( :d' ; " EI Sy :

ahler Potential

Usual choice: shift symmetry

d— D —in

Alternative: "Heisenberg symmetry”

I'— T +ia
d— b+ 3
T——T~3¢+%32

Invariant combination: p=T + T — |®|?

eg. K=-3Inp+ k(p)|X|*+...
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Marer inf_i:-ncr: ahler Potentia
Matter Inflation

hy 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 Inflation

atter Fields as Inflatons

Heisenberg symmetry & striicture of W

— Gauge non-singlet matter field as inflaton

| A
w = HX(HHE—MEJ:—Kd:dafHHC
K = =3Inp+|X[*1-3p—7X]?) +|H?+|H
p = T+T—|@— o9

e D-flat trajectory: (@), (®€) £0, (H) =~ (HS) = (X) =0
@ Example(s): sneutrino inflation (®) =vg, (P°) =vp in

o SU(4): < SU(2)L x SU(2)r Pati-Salam model
o SO(10) GUT model
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Matter Inflstion

-Loop Corrections

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

Contributions from 2 sectors:
@ "Watertall” sector mg ~ ::,E ot + K2 M?, m% ~ }:—;o"’

@ Gauge sector
o Inflaton singlet under unbroken gauge group — ma ~ go

o Direct SUGRA gaugino masses (G = K + In| W/|?)

-

"if' F&b

L O(W. X. Wizx)

Y.~ &G (67)7 Pr- Y e Wi X

S . a0 e S Ofs \
— gauge sector contribution negligible if ( s2)=0 e 168
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Mater inﬂ a-tic-m

Matter Inflation

atter Fields as Inflatons

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

= A
w = HX(HH“'—M‘);—KCDQ)"HH‘:
K = =3Inp+|X]2(1 - Bp—|X|?)+ |H|? + |H|?

P,

T+ T — 57

‘g,}

e D-flat trajectory: (®). (®€) £0, (H) =~ (H¢) ~ (X) =0
@ Example(s): sneutrino inflation (®) =vgR, (P°) =vp in

o SU(4):. < SU(2) x SU(2)r Pati-Salam model
e 50(10) GUT model

irsa: 11090066 Page 17/49




Matter Inflation ahier Potentia
: - Matter Inflation

-Loop Corrections

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

1 i "M(0)? 3
Viloop(@) = 6472 STr |i-“'[(’3)4 ('” (%) B 1)}

il

Contributions from 2 sectors:

e “Waterfall” sector m? ~ =@ £ R
@ Gauge sector
o Inflaton singlet under unbroken gauge group — ma ~ go

@ Direct SUGRA gaugino masses (G = K +In ‘.’V'E)

. /
L—jX J Page 18/49

n . s
M. ~ €°Gi (GT1)7 =22 ~ " Wx—= + O(W.X. Wixx)
' AdPJ X
= . . T . r"-; r'_'f- 5 \".l =
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Matter Inflation Kshler Potental
: ; Matt=r Inflation

P-1 oop Corrections

If W D k X(HH® — M?) + m#;HH® & o gauge non-singlet

—_— 4 W |2 o ) _ W, |2
—0m? ~ £ =X > H? since H? ~ X
|_"-1n¢} m;\t . h"f:':l

However: here no problem

@ o charged only under massive gauge bosons
— extra factors of ma

@ universal suppression of ’—;i”{— by ﬁ;
@ H . H° ® e H H" &
5L N .0 3 A
_t T ﬂ !
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Matter Inflation

Some Generalization

Generalization of previous model:

W = a(T;) X (b(T;) HHE — (£2)) + ¢(T;) f(D3.0) HHE = . ..

3 : 3
e (H,U,:QIH) H_2 g (HP,’CLHL) H< 2 =

=1

with p; = T; + T, — EI D; 4 2 and O S Gas]

!:
-
™
Ja
.4
]J
¥
|
o

During inflation: (X) = (H,
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Matter inﬁ&ncn

Mastter Inflation

Some Comments

@ f(P3,) = gauge invariant (D-flat) product of ®'s
e.g. N x N of SU(N) or 27 x 27 x 27 of Eg etc.
@ Need K O —+|X|* to ensure mx = H

@ Geometric interpretation:
If (X) =0, (Wx)#0
Ry xxx) < 0 necessary for de Sitter vacua
@ Non-canonical kinetic terms x (T + T — |®|2)~9

@ Moduli-dependent superpotential couplings ~ e—3T

o (Wx) x (X)? with (X) generated dynamically
— (2, carries moduli dependence
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Matter Inflation ahier Potential
Matter Inflation

Some Generalization

Generalization of previous model:

2

W = a(T:) X (b(T;) HH® — (¥

3 2
K — —Z]ﬂ Pi (Hp:q'x) X 2(1—'—d(;33) — "|X :)
=1 .

) +c(T;) f(P3.0) HH + ...

i=1
3 ‘ 3
() e (fee) e
=1 =

withp; =T, +T;, -3 _|®;4/?and 0 < gin <1

During inflation: (X) =~ (H) >~ (H®) = (®1,) = ($r,) =0
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Matter Inflation

Matzer Inflation

Some Comments

@ f(P3,) = gauge invariant (D-flat) product of ®'s
eg. N x N of SU(N) or 27 x 27 x 27 of Eg etc.
@ Need K O —7|X|* to ensure mx = H

@ Geometric interpretation:
If (X) ~0, (Wx)#*0
Ry xxx) < 0 necessary for de Sitter vacua

@ Non-canonical kinetic terms x ( T + T — | 2)‘"

@ Moduli-dependent superpotential couplings ~ e~3T

o (Wx) x (X)? with (X) generated dynamically
— (2, carries moduli dependence
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Matter Inflation Kahler Potent

Matter Inflation

Some Generalization

Generalization of previous model:

W = a(T;) X (b(T;) HHE — (£2)) + ¢(T;) f(D3.0) HHE - . ..

3 2 ;
N = —Zlﬂﬂf— (Hﬂf-q“f) X% (1+d(p3) —v|X]?)
e |

r—k

3 ,
i (prth) H 2 3. (Hﬂ'quL) H¢€ . —

s
i
|¢
o iy

)
Ja
"4
i}
©
ﬁ}
'}
D

During inflation: (X
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Matter Inflation

Matter Inflation

Some Comments

@ f(P3,) = gauge invariant (D-flat) product of ®'s
e.g. N x N of SU(N) or 27 x 27 x 27 of Eg etc.
@ Need K O —|X|* to ensure mx = H

@ Geometric interpretation:
If (X)>~0, (Wx)#*0

Rxxxx) < 0 necessary for de Sitter vacua

@ Non-canonical kinetic terms x (T + T — | 3)‘”

@ Moduli-dependent superpotential couplings ~ e~3T

o (Wx) x (X)? with (X) generated dynamically
— (2, carries moduli dependence
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Matter Inflation { 3hber Potentia

Mater Inflation

Some Generalization

Pi

IIIII

Generalization of previous model:

W=alTl ) HHE — (£2)) + ¢(T;) f(P3.0) HHE +

Z'”ﬁ: ( ) 2 (1+d(p3) —v|X|%)

—1
e (H!}ICJ’:H) (H,Uq HL) HCE—-..
—1 ; =1

withp;i=T,+T, - d)m and 0 < gj o <1

During inflation: (X) ~ (H) >~ (H®) = (P1,) = (P2,) =0

: 11090066 Page 26/49




Matter Inflation K3hier Potentia

Matter Inflation

Some Comments

@ f(P3,) = gauge invariant (D-flat) product of ®'s
eg. N x N of SU(N) or 27 x 27 x 27 of Eg etc.
@ Need K O —v|X|* to ensure mx = H

@ Geometric interpretation:
If (X) =~0, (Wx)#0

Rxxxx) < 0 necessary for de Sitter vacua

@ Non-canonical kinetic terms x (T + T — b 3)_"

@ Moduli-dependent superpotential couplings ~ e~3T

o (Wx) x (X)? with (¥) generated dynamically
— (2, carries moduli dependence

Pirsa: 11090066 Page 27/49




Mater -inféa-:ic.m ) ;T"--_-' -'.:“‘_':' i
Matter Inflation

oduli-dependent D-term VEVs

A D-term example:

More general solution to D, = 0:

<H-1>+0wmh > 13Qaa <

3

||||| Page 28/49

= ReEfative size fixed e.g. by further D-term equations




Marter inﬂ .—;ﬁﬁn

Matter Inflation

Some Comments

@ f(P3,) = gauge invariant (D-flat) product of ®'s
eg. N x N of SU(N) or 27 x 27 x 27 of Eg etc.
@ Need K O —v|X|* to ensure mx > H

@ Geometric interpretation:
If (X) =0, (Wx)#0
Ry xx) < 0 necessary for de Sitter vacua

@ Non-canonical kinetic terms x (T + T — | 3')_"*'

@ Moduli-dependent superpotential couplings ~ e~3T

o (Wx) x (X)? with (¥) generated dynamically
— (2, carries moduli dependence
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Matter Inflation

Dt Sl

oduli-dependent D-term VEVs

A D-term example:

= 3
oK i
D, =§+ Z Qa.arf—'a =&+ Z (a0 (HP,‘ - ) Ca 3
Ck s '

Simplest solution to D, = 0:

c
:;_,:'3 e _é (H‘L}?i) with Q;E": 0

More general solution to D, = 0:

<Hrr:’> = 0 with Z ng@;3€ <0

3

||||| 6 Page 30/49




Matter inflation shier Potentia
bC Matter Inflation

oduli-dependent F-term VEVs

An F-term example:
W ~ e~ T Xyouw + YU/ (1 + e T xo'v')
consider (@), (&), (¥). (&) #Z0, (X).(Y) =0

ebT

\ e

r:}f 1 L

Parametrize moduli dependence of (L

3
' Pi b; T;
2) X | Ipf E
=1
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Matrer Infiation “ahier Potentia
Matt=r Inflation

Moduli Stabilization

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

e.g. A T)(X2) ~ M2earTit2la  g(p) ~ —3pg

o

y MﬂealTl—a:T:lZ
(Ty+ T1)™ (T2 + T2)™p5* (1 — 3ps3)

— (Re T1.2) ~ O(1) and (p3) ~ 3~ with masses ~ H

> 3 r a 10 0 )
Pirsa: 11090066 ReT. 29 Page 32/49




Matter Inflation {3hiler Potentia

Matter Inflation

Some Generalization

Generalization of previous model:

W = a(T;) X (b(T;) HH® — (£2)) + c(T;) f(P3.a) HH + . ..

3 2 ‘
=—Y Inpi+ (Hp:‘”) X2 (1+ d(p3) — (X )
s |

—1
e (f[p;qrhs) H'E e (f‘[pfqﬁm) HC > S -
=1 ; =1

with p; =T; + T; — 3 d-’}ﬁ and 0 < gj o, < 1

During inflation: (X) >~ (H) >~ (H®) = (P14) = (Pr,) =0
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Matter Inflation

Matter Inflation

Some Comments

@ f(®P3,) = gauge invariant (D-flat) product of ®'s
e.g. N x N of SU(N) or 27 x 27 x 27 of Eg etc.
@ Need K O —7|X|* to ensure myx > H

@ Geometric interpretation:
If (X) =0, (Wx)+*0
Ry xxx) < 0 necessary for de Sitter vacua

i o

@ Non-canonical kinetic terms < (T + T — $/<)79

@ Moduli-dependent superpotential couplings ~ e~3T

o (Wx) x (X)% with (¥) generated dynamically
— (2, carries moduli dependence
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Msztter Inflation Kahler Potental
; Matter Inflation

oduli-dependent F-term VEVs

An F-term example:
W ~ e 2T Xyour + YOV (1 + e T xo'v')
consider (@). (0. (¥). (¥') £ 0, (X).(Y) =0

ebT

\ el

'I':)j .’_"’

Parametrize moduli dependence of (L

3
' pPi .b; T;
X} o¢ | I’Uf =
= |
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Maztrer Infistion shier Motentia
Matt=r Inflation

Moduli Stabilization

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

e.g. A(T)(X2) ~ M2enlit®2l2  g(p) ~ —3ps

o

Mﬂeal Ti+2 T;.|2
(T + T1)™ (T2 + T2)™p5 (1 — 3ps3)

— (Re T12) ~ O(1) and (p3) ~ 3~ with masses ~ H

g

Ik

|
|
|
ﬂ 1,_ . ] . ! m i
a 1 7 3 i 1] 10 1} k1]
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Relation to Heterotic Orbifclds

eterotic Orbifolds

@ Heterotic string theory = theory of closed strings
@ Contains gauge group S0O(32) or Eg < 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
60D brane — fixed torus — twisted
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Reiation to Heterotic Orbifolds

eterotic Orbifolds

@ MSSM-like models exist, e.g. heterotic “mini-landscape”

p—

based on T°/Zg or Tf’_,_.-"(Zp_ < Zin)

— viable models contain anomalous U(1);

@ ldentification of field content could be

I'; — 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?
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Relation to Heterotic Orhifolds

eisenberg Symmetry

Heisenberg symmetry at tree-level for untwisted matter fields

3 . i:b.- a=0 > . )
Ti~ R +iBg—— T; ~ R;‘ + iBi + cbf.-‘: 3

10D picture

g — 0 limit: for A§, harmonic
Ay — Au+\u
Limit g — 0 — limit W — 0

Worldsheet picture

e GSidental symmetry for Aj, < 1
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Relation to Heterotic Orbifolds

arget Space Modular Invariance

: 11090066

Low-energy effective action constrained by “modular invariance”

F TR e al—1 shkedel
icT —d

K3hler potential transforms as

ﬁ T+7
K:—]n(T* T)_.—|l'l ([ECT——d)(’;C?*d))

Invariance of supergravity action — superpotential also transforms
W — (ieT +d)t W

= One such symmetry for each T;

Page 40/49




Relation to Heterotic Orbhifolds

arget Space Modular Invariance

Matter fields also transform

3
cbf_'r. B H("I-Cf Tf K df)_qj.'aq)(_‘t

=

with “modular weights” g; , determined by action of Zy on T°

Generic superpotential term with matter fields

3
[[ o (H | T,-)Q“f)

=1

v ] - R
ag;=—1+ Y‘ Naqi a & ”( T] —e 12 Hn (1 =g e—E.,nT) o

ek (¥

— all matter couplings in W are 1 +e 2T + ... ore 2T + .
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Relation to Heterﬁtié Drbi".r_c:iﬂs ilod:i;s{ztﬁmm-; iz_lni_;!:;:_x;l Sﬁ;pc .

Dilaton Stabilization

Dilaton S additional modulus

Non-perturbative corrections to K

“Kahler stabilization”™ (g;‘? ~ S+ S)

B

Kop~ (Ao +Ag. ' +...)e &

from worldsheet instanton corrections

Anomalous U(1),

Fl-parameter £ x (S + S)~! — moduli dependence of VEVs?

o D-term driven VEVs (|¥|2) x (S + 5)~1 — destabilizing
S
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Relation to Hetemti{; tjjrbiﬁgﬁg “ - | -i 'S'_ IE = &_Li U . : x

ahler Moduli Stabilization

@ T1 & T> stabilized if
Wx X ??( Tl)_pi]?( T:)_p.'_‘ - 831 Ti=aT>

@ Ildeally: T3 & ®3 , enter V only through p3 ~ Ré’l

e Avoid superpotential stabilization — Wr,) = (Ws, ) =0
@ Alternatives:
a o'-corrections’
—InV — —In(V+¢), £ x —x =2(h** — i)

e Moduli-dependent threshold corrections to Ky ¢’

—

&) =0—Ing(MHT+T) = In(T+ T)—é( T4+T HO(e™T)

Page 43/49
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Relation to Heterotic Orbifolds Moduli Stabilization & Inflaton Slope

Moduli Stabilization with Threshold Corrections

In principle: can stabilize Ty, T2, p3and f ~ 1/(S + 5)
— But: requires some tuning of parameters

|
azl
ars)
]
| i |
¥
Al
- -\___//I
Tk = .
2] 1 1 3 4
a !
Ly
al ™ =
Lk |
=
£
} vk
=L |
-'-‘-’
i _—_1/4"/
L
¥ e —
&3 3 & i - -] s 5
ReT, Im1

2 L i
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Relation to Heterotic Orbifolds Moduli Stabilization & Inflaton Slope

Moduli Stabilization with Threshold Corrections

In principle: can stabilize Ty, T5, p3and ¢ ~ 1 (5+§)
— But: requires some tuning of parameters

o L
a ars)
Vv v
. all
—5i ’ i
= : \________________.—-"'"’Ff‘.f
.t a ; :
a [+ ] ] A 4
= f
|
el T
L \
s
4 LTS
! [ -1 8
2t | ‘__,"'
:Ii- ——_,’//
Lk
3k | e s
3 3 & i —as - s
ReT; ImT,
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Relation to Heterotic Orbifolds

Slope for Inflaton

Various sources for inflaton slope

@ Loop corrections from waterfall & gauge sector

e Gaugino condensate W > A(T;)e <

@ Corrections from (W) = 0, (W;.x) =~ 0 & (X) = 0
@ Corrections from (D) =~ 0
@ [hreshold 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? SE.
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Relation to i—letemﬁa-: Dri::ii.:::-iﬁs ilc;lhi_l Em il_l-ni_:l;l;:;l Sinpz_ -

oduli Stabilization after Inflation

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

@ 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
@ lo evade 1 & 2 seems to require fine tuning

e oe®  1YPICAIlY mT << me y x — Reheating through moduli decgys,,.
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onclusion

Matter inflation
@ is phenomenologically interesting
@ seems suitable to embed in heterotic compactifications

@ stabilizes moduli differently during & after inflation
— interesting possibility

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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