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Unification of all forces related to the existence of extra-
dimensions of space-time. (Kaluza 1921, Klein 1926)

( )

M4 X

- J

r > R the gravitational force law reduces to the familiar inverse
square law

FE < h/Rc quantum mechanical wave functions are independent on
the position on the circle. The circle is invisible.

Juv  4-dim metric
Long range forces

Time dependence of parameters
944  4-dim massless scalar field

dM N Jdus  4-dim vector field
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Superstring theory

Consistent quantum theory of gravity coupled to matter in
|0 spacetime dimensions (1975-1985)

[\

6D compact
4D space

E < va' Low energy effective theory is described by
|0OD supergravity

1985 Candelas et al. starting from heterotic string theory
one could derive supersymmetric GUT.
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4D Minkowski space

. X

6D Ricci flat manifold: Calabi-Yau manifold

The classical equations of supergravity are scale invariant

gMN — AGMN
One-parameter family of solution differing on the value of V

In general, hundreds of parameters called moduli (massless scalar
fields)

How do the particular values we observe for the fundamental

parameters of physics, such as the electron mass, actually emerge
from the theory?

Proliferation of massless The origin of the
scalar fields fundamental parameters

V. Calo SUSSEX UNIVERSITY 01/10
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Moduli space

./\/l:./\/lcx./\/l[(

Locally,

M Complex structure deformation of M
M Kaehler deformation of M

¢ dilaton: interaction strength between strings
Proliferation of massless scalar fields:

*Solution: eom of general relativity and supergravity are scale
invariant only at the classical level.

*Quantum theory can prefer a particular value of the moduli.

eQuantum effects can be summarized in an effective
potential, defined as the total vacuum energy.

V. Calo SUSSEX UNIVERSITY 01/10
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Plan of the talk
First part

*Review of IIB Flux compactifications
*Importance of pertubative and non perturbative corrections

*LARGE Volume compactifications

Second part

eInclusion of thermal corrections
*Maximal temperature

*Moduli evolution

V. Calo SUSSEX UNIVERSITY 01/10
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Review of IIB flux compactification
*Type IIB string in 10D

F? £2
Sup = L dlox\/—g e 29 [R —|—4(V¢)2]— L _ ! Grar » Gy — (5)
2k2, ° ° 2 2.3 TG Ty E
1 _
+53 /6¢C(4)/\G(3)/\G(3) + Sioc
8tkiy

*Field strengths
Fy=dCy F3=dCy F5=dCy Hs=dB;

G = Fay —mH  7=Clo) +ie?
- 1 1 _ _
Fis) = F5) = 5C@ N + 5Be) Ay Fis) =+
eLook for solutions such that

gio = e AW qg2? 4 2AWg  dy™dy™ F3, Hz € H*(M,Z) ¢ = ¢(y)

*Eom requires the presence of localized sources such as D3 branes and
O3 planes, D7 branes wrapping the internal 3-cycles and anti-D3 branes

V. Calo SUSSEX UNIVERSITY 01/10
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4D effective description

. ) . , Giddings, Kachru, Polcinski 2001
*Described by N=1I supergravity with ;

Kaehler potential Candelas, de la Ossa 1991
K=-2InV—-In[—i(r—7)] —In (z/ Q/\Q)
Volume modulus axio-dilaton holo]\nﬁ)rphic (3,0) form

Superpotential W = y QA ANG3  GukovVafa Witten 1999
6

*Four-dimensional effective potential

V=M (GAPDy,WDpW — 3|[W|?)

: DsW = 04W —WOaK
eKahler potential has no-scale form 4 A 4

> G*Po4K0pK =3 (A,B) =K., CS moduli and dilaton
AB

V. Calo SUSSEX UNIVERSITY 01/10
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*Four-dimensional effective potential
V =e" (G"D;WD;W)
(i, j) = CS moduli and dilaton

*The potential is positive semidefinite with vacua precisely
when V=0!

*Dilaton and c.s. moduli are stabilized by solving
D;W =0
*In this approximation, Kaehler moduli are not stabilized.

*Quantum corrections will generally generate a potential for
these moduli.

V. Calo SUSSEX UNIVERSITY 01/10
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Perturbative and non-perturbative corrections

eKahler potential: N=1 SUGRA has
K = Ko+ K,+ K,
= Ko+ J
eSuperpotential: Conlon, Quevedo, Suruliz 05
W = Wy+ Wy,
= Wy+Q

*(gauge kinetic function)

eScalar potential Vi

V =ef (G DAWDEW — 3|W|?) + D-terms

Ve = Vo + V; + Vg

perturbative non-perturbative
correction correction

V. Calo SUSSEX UNIVERSITY 01/10
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This issues in [IB Flux Compactifications

J Becker Becker Haack Louis 02
K = —2In (V+ 3/2/5 —ln( /Q/\Q) —111(S+5),
Js
W = /G3/\Q+ Aje~uTi  x¢3)
Zz': ~ () $ = 2(2m)3
*F-term potential is
Vi = e [GPP(0,,W8; W + (9,,W (95, K)W + c.c.))]
g IS

g3 /2
*We want to ask when  |V| > |V|

*Consistent inclusion of perturbative corrections in the Kahler
potential gives dramatic changes in the structure of the potential.

V. Calo SUSSEX UNIVERSITY 01/10
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An example: the quintic

One-parameter Calabi-Yau

V2

Y=L g53/2
3v5
Scalar potential
P Vo Vy
402a? 9v/5W2
V=l 228 200 _ dace” Wy + VW

4 4@03/292/2

Perturbative corrections dominate at both small and large
volume.

If gs=0.1,a=2pi (D3-brane instantons) then

Vol >[Vyl  Wy~1077
In general, both pertubative and non-perturbative corrections
must be included!

V. Calo SUSSEX UNIVERSITY 01/10

12



N
University of London

Large Volume compactification: a working model

Study scalar potential for a particular model, Pﬁ,l,l,ﬁ,g]

Moduli Rt =9 2t = 279

_ 1 3/2  _3/2
Volume V= o3 (Tb T )

Fix complex structure moduli and dilaton
D W, =0 and Dy W, =0

Kaehler moduli appear non-perturbatively in the superpotential

W =Wy + Aseiasps -+ Abempb

K=K..,—2In|V +
(e,

S

Psb = bs,b + iTs,b
5 >

V. Calo SUSSEX UNIVERSITY 01/10
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Examine the potential in the LARGE Volume limit
1 3/2 3/2
V_g\@(’rb )>>1 T > T > 1

Scalar potential
5 6—20,5’7'5 e asTs Wg

Ve = A/Ts (asAs) Yo putsWo (asAs) 7 + VSW

To see the structure, take the limit

W,
V00 a.Ae % =2

: )%
The potential then becomes
Vi =% (X\/ — @Y+ )

LARGE Volume minimum exists

V. Calo SUSSEX UNIVERSITY 01/10
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\Q Queen Mary .

We can solve for the minimum analytically 0,V =0,V =0

aq

T4
ds

(T4) ~ &3 (V) ~ Woe
The minimum is a non-susy AdS

Vi -0 (35)

V. Calo SUSSEX UNIVERSITY 01/10
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Small 4x2
Large ‘(ﬁes
2—0(016

LLarge 4—cycle
Y — 3/2 N3/
b S,1
i
We have an explicit minimum and so we can compute the
spectrum and soft terms.

V. Calo SUSSEX UNIVERSITY 01/10
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Canonical normalization

Thermal equilibrium: masses and couplings depend on the vev of
moduli fields.

expand in the vicinity of the T = (T) + 0T,
T=0 minimum T = <7-8> + 07

L = Kﬁﬁu((STi)@“(&'ﬂ) (Vo) — —V 707;0T; + (9(57‘ )

introduce canonical 1
normalized quantum 0T; = 7 [(Up): P + (Ux)z'X]
fluctuations 2

mixing of the O (
quantum fluctuations 5Ty ~ O (V1/2> ®+0(1)x

1 1 1 1
L= 5(‘9“(1)8“(1) + §6MX8MX — <VO> — —m%@qﬂ — —mix2

V. Calo SUSSEX UNIVERSITY 01/10
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Masses 2

2~ (ln_V) M2
: o = J2
large hierarchy V
of masses 2~ M3
X V3Iny
Example: couplings to gauge bosons
MSSM: magnetized | [&m\\ o T
D7-branes wrapping | \/ X "'IJ Ji = W + hi(F)S
the small 4-cycle \ @/ - g
Ts Qv Lyxx ! G . GHY
Lgauge = “Mp b F X MplnV po=
GMV = v/ <TS>FMV »CCIDXX ~ (f) (I)G,W/G,U'V
P

V. Calo SUSSEX UNIVERSITY 01/10
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LARGE Volume Models

We take the overall volume to be V = 104/°.

The mass scales present are:

# Planck scale: Mp = 2.4 x 101¥GeV.
Neutrino/dimension-5 suppression scale: A ~ 1014GeV.

i M — Mp 111
String scale: Mg = \/5 10-GeV.

Axion decay constant f, ~ Mg ~ 1011GeV.

KK scale Mgy = 3@’;’;,, ~ 10°GeV.

Gravitino mass ms, = 5 ~ 30TeV.

o o o ©® @ o

Soft terms mgyusy ~ 1n(Mn;3/;7,3,2) ~ 1TeV.

V. Calo SUSSEX UNIVERSITY 01/10
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Cosmological moduli problem

de Carlos, Casas, Quevedo, Roulet 1993

*Moduli are shifted from the zero temperature
minimum O(Mp)

1
*Dominate the energy density of the Universe pg ~ 73
*Moduli decay
3
Lopuon = ——F, FH Ty M
gauge M uv ~U
L M3
el ifetime MZ?
TN—3>>1 M¢§1T6V
Mg

eReheat the Universe
L'y~ H(T) ~ g/ *T? | Mp

V. Calo SUSSEX UNIVERSITY 01/10

20



4

University of London

The decay of the moduli will reheat the Universe to a
temperature Tr

3/2 7 r—1/2
1y ~ (F¢Mp)1/2 ~ mqb/ Mp /
It will destroy D, 4He and thus the successful nucleosynthesis
predictions
T, > 1MeV

me > O(lO)TeV

Similar bounds for modulinos and gravitino

Small cycle moduli Volume modulus
m~ 1000 TeV m~| MeV
T. ~ 10"GeV CMP!! (trapping mechanism,

thermal inflation)

V. Calo SUSSEX UNIVERSITY 01/10
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Solution of CMP?
Lyth St t (1995
Thermal Inflation 4 ewart ( )

Flat directions lifted by supersymmetry breaking
Flaton fields (o) > m,

Flaton fields + matter in thermal equilibrium
maximum (o) =0
V=Vo+ (T? —m2)o* +...

° ( ma) 7 minimum (o) = M, > m,

T">mys =1, Field trapped in the false vacuum

The potential energy dominates over the

1/4
LVt > e radiation energy. Inflation!

T="1T. Inflation ends
L 12 M, ~ 101GeV
N ~ log (VO /Tc) ~ log(M,/m,) me ~ 10°GeV

V. Calo SUSSEX UNIVERSITY 01/10
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so far...
Zero temperature N=1| sugra

*Effective potential at tree level

*Inclusion of non-perturbative correction
(KKLT)

*Inclusion of perturbative correction (LARGE
Volume)

*Cosmological moduli problem

V. Calo SUSSEX UNIVERSITY 01/10
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At non-zero temperature

Temperature-dependent corrections: general structure

Vror = Vr=o + Vr=o
where

Vr—o = 0V + 0Vy + 0V,
VT has a generic loop expansion
VT _ V 1—Iloop 4 V2 loop 4

|-loop ideal gas of non-interacting particles
1-loo T > 2 2 2 /2
Ve 0P =4+ — dx z°In (1 ¥ emVEitm?/ )
27T2 0
1" > m and for chiral superfields moduli-dependent

mass matrices

1—loop 7T2T4 7 T2 2 2 3
Vi =50 \9B+g9r | +5; (TrMy +TrM7) + O (TMy)
d.of.

V. Calo SUSSEX UNIVERSITY 01/10

24




N
University of London

At non-zero temperature

Temperature-dependent corrections: general structure

Vror = Vr=o + Vr=o
where

Vr—o = 0V + 0Vy + 0V,
VT has a generic loop expansion
Vp =V 0P VR L

2-loop (beyond ideal gas approximation)

V,_Z%—loops — OzQT4 <Z fz(gz)> + B2T2 (TTM(? -+ T’I“MJ%) (Z fz(gz)> 4+ ...

sum over the.interactions. g.i.: f(g) ~ 92
through which different species 4
reach thermal equilibrium Ao® f(g) ~ A

V. Calo SUSSEX UNIVERSITY 01/10
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Thermal equilibrium in the expanding Universe
*Universe has for much of its history been in thermal equilibrium

Particle interaction/decay F > FZ’ Universe
rate expansion rate

eRadiation dominated Universe
1/2
H ~ gi*T%/Mp

*Thermal equilibrium: 2-2 interactions
scattering
<F> ~ n(av) annihilation

inverse pair production

R _ R m decays
FD Qi I'p ~ DM2 single particle production

V. Calo STRING PHENOMENOLOGY ‘09
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Thermal equilibrium: 2-2 interactions
(T) ~ n{ov) —— (T) ~ (0)T"

eRenormalisable interactions

() ~ o T2 long range  (T') ~ a*T
o) v
T2 + M2)? T5
( ) short range (I") ~ QQW
*Gravity T5
(L) ~d—rr
Mp

*| renormalisable and | gravitational vertex

23

g“l
() ~Vd

M3

V. Calo SUSSEX UNIVERSITY 01/10
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* Thermal equilibrium for gravitational interactions

*Gravitational interactions are not in thermal equilibrium
*No-thermal corrections for the moduli effective potential

onlVS d~V ~ 10™

Moduli can be in thermal equilibrium below Planck scale

V. Calo SUSSEX UNIVERSITY 01/10
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Thermal equilibrium: |-2 interactions

mS
long range short range
*Thermal average
_ pRrR M
<FD>—FD<f> I'ip=Ip TzZm

eRenormalisable interactions

2m? > 2m- - for T > m
(Tp) ~ { 92 7, for T<N M) o 2 9" T <
g°m, forT <m, g*m (

*Non-renormalisable interactions

4 4
D-2_  forT > m D - for T > m
F ~ ]\42,1_‘7 Y F ~ M?2T Y
(I'p) { (T'rp) { b

3
D3, forT Sm,

V. Calo SUSSEX UNIVERSITY 01/10
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What are the particles in thermal equilibrium? (Finite temperature
corrections)

Higgs (HH) | Higgs-Fermions (Hy) | SUSY scalars (gy) | x* | @°
i M 1 M M M
X | vmyr VT Ve s > | vF
Q, J\IE 1 J\IE Mp Mp
V572 (In V)2 MpVE/6 VE2(In V)2 verz | Vare
Gauge bosons (F,,, F*) | Gauginos (A\) | Matter fermions (¢¢) | Higgsinos (I-:I H)
1 1 : 1
X M, oV Viny No coupling ATYY
P m No coupling \/171an
92 T3

T Z 103m3/2 first time!

V. Calo SUSSEX UNIVERSITY 01/10
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Finite temperature corrections in LVS

MSSM particles + small modulus thermalize

T, , 9 :
Vror = Vo+ 24 (m@ +m<i>) | loop: masses 2 loop: couplings
+7 (K1912\455M + “29%”1% + "339% ch2i>) T

dimensional couplings

gMSSM: contribution from two loops involving MSSM particles

Corrections from the moduli are subleading

Y
) T% (k2gaxxma + Kagg g xmg) ~ T7 (mg +m3) T2W
P

>

T
2) Vo> (mg +m3)

V. Calo SUSSEX UNIVERSITY 01/10
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finally...

T4 -
Voo = Vo + dmeq — 2-loops MSSM

T effects dominate
—205Ts —QsTs 2
Vir—o = )\\/E(CLSAS)2 ‘ Y. utsWo (asAs) 67 + 1/5%
ePhase transitWMiverse
* Thermal Inflation (bulk) € cosmological moduli

problem
*Runaway at high temperatures. (Maximal Temperature)

*Non-thermal production of dark matter (work in progress)

V. Calo SUSSEX UNIVERSITY 01/10
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Decompactification temperature

* lIB flux compactification: metastable minimum

* Volume modulus couple to all form of energy

e Decompactification: source of energy greater than the
barrier

¢ barrier ~ AdS minimum
Vi ~ m2 - M? KKLT
b 3/24 P

Vi ~ m§/2Mp LVS

S Radiation
) Inflation

V. Calo SUSSEX UNIVERSITY 01/10
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Decompactification due to thermal energy

Buchmuller, Hamaguchi, Lebedev, Ratz 0411 109

After inflation, inflaton decays to radiation

High-temperature thermal plasma: thermal corrections

Cannot be
cirvumvented by
late entropy
production
because there is
no local
minimum for
T>Tmax.

VI VY)Y +eT?
‘/tot N va

h
“ KKLT
Trmaz ~ \/mB/QMp ~V WOMp

LVS L
Toae ~ (m320,) " ~

Mp
V3/4

¢ Lmax ~ ]_OSGGV

V. Calo SUSSEX UNIVERSITY 01/10

34



+
University of London
Small moduli decay (ll)

Radiation dominated Universe

T decreases

Tmaaz T](:){ H Tf TD

1/4 M.

/ s/

A~ No increase in entropy and CMP
V. Cald SUSSEX UNIVERSITY 01/10
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Lower bound on the CY volume

Radiation dominated Universe

T decreases

Tmaaz T](:){ H Tf TD

1/4 M.
Trnaz ~ (mg/gMp) I'p =Tru ~n (mgj;) ms /2

Impose:

TD < Tmax

V. Calo STRING PHENOMENOLOGY ‘09
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Lower bound on the CY volume

V. Calo

T < 1rax 11/8
Ts
C v
f} WO
1/4 Yl/4
In Mp 3/ <1 —— R=c > 1
R>1< Thoe > T,
c= Vo
c=3 x> 2.1
c= x> 3.8
c= x >5.9
c=0.5 x>17.6
c=0.1 x> 11.3
c=0.05 x> 12.8
c=0.01 x> 16.1 .

STRING PHENOMENOLOGY ‘09
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Decompactification during Inflation
Energy of the inflaton = uplifting term (runaway)

Vil =V (V) + AV(V, ¢)

runaway is quite ~Vie) D3-D7 brane
generic AV(V,¢) = Yn inflation n=3
| 5 cVp  Kallosh Linde 040101 |
X KKLT

e| ow-scale inflation
*“Decouple” the height of the
LVS barrier from gravitino mass

Conlon Kallosh Linde Quevedo 0806.0809

¢

V. Calo SUSSEX UNIVERSITY 01/10
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Decay of moduli can produce a substantial amount of
entropy

*During inflation, moduli are shifted from the zero
temperature minimum O(Mp)

o After inflation, moduli oscillate freely around tlhe true

minimum: matter dominated Universe D ~ —=
3 ¢ T3
m
9
2
M3z o 3
*Entropy production A = KIIPN L

*Moduli decay I'y ~

*Primordial thermal abundances are washed away
1;>3 T, < Ty mg ~ 10 TeV
Tf mwivp ~ 100 GeV

V. Calo SUSSEX UNIVERSITY 01/10
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Non-thermal dark matter
Qegm = 0.233 £0.013

Dark matter abundance from thermal production

10~ 26em3s—1

Qecam = 0.23 X
’ ( (ov) )Weak scale physics

WIMP Miracle

Dark matter abundance from non-thermal production

T
QN s Qi (?f)

Particles with larger cross sections can yield the right amount
of dark matter due to non-thermal production

V. Calo SUSSEX UNIVERSITY 01/10
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