String and Supergravity

Motivated Cosmology




Outline

1. Cosmological “Concordance Model”

2. String Theory- Cosmology: KKLT model of de Sitter space
3. Early Universe Inflation in String Theory

a) Racetrack Inflation

b) KKLMMT model of D3-anti-D3 Brane Inflation

c¢) Hybrid Inflation in D3/D7 Brane System



Fundamental Physics

Astrophysics Cosmology - Eield Theory
ait) - Equation of state w(z) — V()
V(o (al))

The subtle slowing and
growth of scales with time |
— a(t) — map out the :
* cosmic history like tree W v %
N rings map out the Earth’s ' et |
climate history. —5

= Expansmn Expansmn
ws_dc:-wn specds up

A

Map the expansion history of the universe



Discovery! Acceleration

data from Supernova
| | : Cosmology Project
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universe slowed down for a
long time and then, with
dark energy, sped up.
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Billions of Years from Today

Exploding stars — supernovae — are bright beacons that
allow us to measure precisely the expansion over the
last 10 billion years.



What Do We Know

“ ‘Most embarrassing observation in physics’ —that’s the only quick
thing | can say about dark energy that’s also true.” -- Edward Witten

Dark energy causes acceleration -- “negative gravity”
-- through its strongly negative pressure.

Define equation of state ratio by
w(z)=pressure/(energy density)

Today’s state of the art:

W, o= -1.057015 1 (Knop et al. 2003) [SN+LSS+CMB]

W, o= -1.08%018 | (Riess et al. 2004) [SN+LSS+CMB]

But what about dynamics? Generically expect time variation w’



WMAP and the temperature of the sky




Temperature fluctuation 6T |uK|
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How much dark energy is there?
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energy Is there?
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energy Is there?
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DARK ENERGY

Total energy in 3d flat FRW universe

o

Or=0n+ 0y =1
1 JLU | JLA/I L

/0% of the total energy of the universe is DARK







New data

Second year WMAP, Fall 2004
Planck, SNAP, LSST ..., 2010-2012

It is likely that 70% of Dark Energy and Early
Universe Inflation will be confirmed, but we
have to wait



Cosmological Concordance Model

Early Universe Inflation Current Acceleration
Near de Sitter space Near de Sitter space
13.7 billion years ago Now
During 10 sec During few billion years
~ = H ~ const
2112 2712
V ~ H-M§| V ~ H°Mp
H;ppy < 1072 My H,oeer ~ 107005

:
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String Theory and Cosmology

All observations fit 4d Einstein GR: how to get this

picture from the compactified fundamental 10d string
theory or 11d M-theory and supergravity

How to get de Sitter or near de Sitter 4d space?

Hz'nfl < 10_5Mp Haccel N 10_60Mp




Towards cosmology in type lIB string theory

Dilaton stabilization  Giddings, Kachru and Polchinski 2001

Volume stabilization, KKLT | kachru, R. K, Linde, Trivedi 2003

Kachru, R. K., Maldacena, McAllister, Linde and Trivedi 2003

The KLM'T model




Can string theory afford runaway
moduli: a dilaton and the total

volume?
No-scale supergravity has non-canonical Kinetic terms
K = —In(—i(r — 7)) — 3In(—i(p — p))
V — oK Vn
| 4 e VU
OTOT Opdp .4

To compare with observations one should switch to canonical
Kinetic terms for the dilaton and the volume, ignore axions for
simplicity
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Compare with observations

—3(8p)2 — ¥

1. For early universe inflation A< 101
2. Fordarkenergy X<1

For the dilaton A =2
For the total volume A= +6

Both stringy moduli have very steep potentials incompatible
with the data even for the current acceleration of the
universe, particularly the total volume



A photographic image of
guantum fluctuations blown
up to the size of the universe




Inflationary slow roll parameters
IN URIES 22 =56y =

Primordial slope |ng =1 - 6¢+ 21

/
nlel = ¥+ ~ const ele] = 5 (5) ~ const

Derlvatlves w. . to canonicaly normalized fields!

Qbservational D

ng =0.98£0.02




Flux compactification and moduli stabilization
inlliB string theory (supergravity + local sources)

The potential with respect to dilaton and volume is very steep, they run down and V
vanishes, the space tends to decompactify to 10d and string coupling tends to vanish,
unless both are stabilized at some finite values.

Dilaton stabilization Giddings, Kachru and Polchinski 2001
G3 — F3 — TH3
= Cp + ie ?
F5 = Fg
Warping fixed by local sources (tadpole condition) and non-
vanishing I1SD fluxes

Gy = 1G3

This equation fixes the shape of CY and the dilaton-axion



4d description

* Susy at scale 1/R(CY) — N=1 effective action
* Specify the Kahler potential, superpotential and gauge couplings
* Atthe leading order in ,And g

K= —-3Inl—i(o — )] — In[—i(+ — A
N = W=\ p—p)] — 7T —T)]
—In[—i [1; QA Q]
LYV ELEAR
* Add the superpotential due to fluxes r77, 1 _ [/ A Q)
AN LIRN _J S EARL
* Solve equations
D, W=DW=0
Note that susy is broken if {1/ # 0 DpW — KpW *0

The complex structure fields and the axion-dilaton are fixed.

The overall volume still has a runaway potential



Potential
No-scale K (T g DIVDT - 3W2) =

V=elt ZZQ,T gabDaWDb—W > 0
No potential for the volume moduli. Dilaton and shape
moduli are generically fixed in Minkowski space!
*** Kahler moduli problem (in particular, overall volume)
***KKLT proposal

1) non-perturbative superpotential from Euclidean D3-branes wrapped on

special 4-cycles
W ~J e_VOI(D) ~J e_p

ii) non-perturbative superpotential from pure SYM on a stack of D7’son 24

I o~ VOIZa)/C2AG) o, o=p/Co



Effective theory for the volume moduli

W = Wylzer, 7er) + A7 4 p=at1io

Solve D, =0 :> oer ~ 1IN Wy

Co(G) > 1 Wo < 1the volume is stabilized in
AdS critical point in the regime of validity of
calculations!
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WBIIMe stabilization

N arm MEy/Giithie compactified space and nonperturbative
affsais Space (negative vacuum energy) with

Wn SUSY andistahilized velume

w UpliftinglAGS sp&e lo)a space (positive vacuum
eneray) Mdding antitP8'brane (or D7 brane with fluxes)
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V(D3) = \/ga ~ 1/0%  In KS warped geometry
V(AdS) + V(anti-D3)= V(dS)
'\

Metastable
dS vacua

100




There is no claim that the cosmological constant is computable;

only that the expected corrections in models with small gs, Wy

are smaller than barierr height stabilizing vacuum.

KKLT based new
ideas

Landscape susskind Statistics of Flux Vacua  Douglas

Kachru, R. K., Maldacena, McAllister, Linde and Trivedi 2003
Model of Inflation

Cosmic Strings Produced by the end of Inflation

Dvali, R. K., Van Proeyen; Copeland, Myers, Polchinski
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iGnlar gotaniels | K — —3 log(T + T*)
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e eneRN/EIECICHBNSE
COB=-norelizad sgactrun of gariuroarons of matric
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NO tensor perturbations
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Parareters require fine-tuning with accuracy O(0.1%), which may
not be a problern If one takes INto account string theory landscape



The KLMT model

— RN

w%-l—w%-l—w%-l—wﬁzz

image throat Deformed COnlfOId

Copeland, Myers,
Polchinski picture
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Therole of warping factor in
uplifting AdS vacuum to dS

Small z (resolution of conifold singularity)

V=Vp+V(D3)  V(D3) =2

A3 AA
bNZ/ Ne ”b“bil

\

Small C is necessary for dialing the anti-D3 energy
to AdS scale to preserve and uplift the minimum



Theredshift inthe throat plays the
key role In, KMt

Advantage: source of small parameters

Disadvantage: highly warped region of KS geometry
corresponds to conformal coupling of the inflaton
field (position of D3-brane in the throat region)

M2 ~ H2
iNnfl

Flatness of the Inflaton Potential and of the

M2 ~ 10 2H?2

Perturbation Spectrum Require ¢
m= VVolume Stabilization and Brane Inflation ?

Dvali
and Tye



Volume Stabilization, Kahler Potential,
Non-Perturbative Superpotential

m KKLMMT (warped flux compactification models)
K =-3In(-i(p- 5) - )

D3-anti-D3 brane inflation with volume stabilization
In the warped deformed conifold KS geometry leads to:

M?2 ~ H?
iNfl

Without fine-tuning



KKLMMT-type models With fine-tuning

One can fine-tune the parameters in some models to
provide a flat potential with volume stabilization.

More recent work on models with warping ——

Burgess, Cline, Stoica, Quevedo
DeWolfe, Kachru, Verlinde
lizuka, Trivedi
Berg,Haack, Kors
Buchel, Ghodsi

Can we do better in string
theory? Use symmetries?




Supersymmetry anchinflation

= Hybrid Inflation

m F-term, D-term Inflation

m D3/D7 Brane Inflation as D-term Inflation

Dasgupta, Herdeiro, Hirano, R.K.,

Linde, 91

Copeland, Liddle, Lyth, Stewart, Wands; '
Dvali, Shafi, Shafer, 94
Binetruy, Dvali; Halyo, 96

® Include Volume Stabilization:
F-term for KKLT+ Shift Symmetry

slightly broken by gquantum corrections

2002

Hsu, R. K., Prokushkin
Hsu, R, K., 2008-2004

m D-term Inflation with type IIB string theory parameters
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The Potential of the Hybrid D3/D7

Inflation Model
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is an FI triplet: resolution of the singularity |

is a hypermultiplet




SameyPotential Witheut Fayet-
lliopoules ternm

..._,.,...%::: v — SQQDT(D _|_ :

0 Flat direction corresponding to the singularity
in the moduli space of instantons in D3/D7
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Iitter aterfall —
Grou

(D:O S>>Scfr ng TVr:”Qt’

A W\ _
De Sitter: Inflation or current acceleration_

2

ofgo=¢ §=0 D=0 V=0
2
V=S2¢Td + 97 D2 Ground state: D3/D7 bound state

ﬁ — <|>T5’<|> _ g Higgs branch: non-commutative instantons .




D3 can move away from D7 when the deformation
parameter vanishes, the moduli space is singular:

there 1s no de Sitter space

Resolution of singularity of the moduli space of
Instantons in D3/D7 Higgs branch

££20 D=olgo-—£=0

requires that the Coulomb branch has a non-vanishing D-term potential

2¢2
Vngzf

Deformation-non-commutativity-resolution of singularity
de Sitter space




DBI kappa-symmetric action and
non-linear deformed Instantons

Seiberg,Witten, 99; Marino, Minassian, Moore, Strominger, 99

F=F-D F=dA
D3/D7 bound state and unbroken supersymmetry
Bergshoeff, R. K., Ortin, (]' B r)€ — O I_ — e—&/Q I_Oea/2

Papadopoulos, 97
o= 3V as F="tan"Y
F-o_ B~

| 1+PfF 1+PfB .
V \ Non-linear deformed instanton

Deformed flux on the world-volume




Hybrid D3/D7 Inflation Model

How to make this model
valid in string theory

with the volume

. stabilization
\ String theory does not have

‘3\

o
K

RS

‘#‘Q‘o‘t"" T AL IARIAL)

constant FI terms!

Shift Symmetry?




D-term volume stabilization

Instead of anti-D3 add D7 with flux. The D-term potential
depends on the ASD deformed flux and volume modulus

L (01-65)°  (F7)°
VD o3 53

Fer=tanf;  Fgg=tanb,

2 possibilities to make this mechanism working
1) Place D7 in highly warped region of space Burgess, R. K., Quevedo

2) Use deformation: irrational /3 cannot be gauged away into

F=dA
[ F =27mn

Deformation parameter (non-commutativity)
IS not quantized, it can be small!




Cosmology, Supersymmetry and
Special Geometry

In familiar case of Near Extremal Black Holes

DUALITY SYMMETRY protects exact entropy
formula from large quantum corrections

DUALITY SYMMETRY (shift symmetry)
may protect the flatness of the potential

In D3/D7 Inflation model from large quantum
corrections



f o

m Flatness of the'effective supergravity
Inflaton potential follows from the shift

symmetry of G=K+In|W[?

ift S

1/ — C/’ [ 12 2]

V. = e7||Y, 2| 3]

We need models where the position of the D3
brane after stabilization of the volume is
still a modulus



lume

t ranes

¢ = zt + iz

Volume-axion field 0=+ 10
¢ — ¢ + Ref d—— d— o

W(p) — W(p)
To avoid ambiguities with holomorphic change of variables

(= R « O f . = I\
G(p,p; 0 — @) = G(p,p; ¢ — @)



nfla Hsu, R.K.,
Prokushkin
200 250 300 350 400 o
-0.5
-1
-1.5
-2
l:lﬂ:l{:s
PR 0
. : .
0 S
-E F 0o S
-10 / N
3f -10
2
V
1
'2{}{} 250 300 fﬂu - 150 200 zéu '300
0] 0]

= Supersymmetric Ground State of Branes in Stabilized Volume
SHIFT SYMMETRY

The motion of branes does not destabilize the volume



String Theory and
N=2 Special Geometry

Angelantonj, D'Auria, Ferrara and Trigiante

m Type |IB string theory compactified on

2
K3 X — ‘
The prepotential
= orientifold with fluxes, does not exist!
mobile D3 branes and

heavy D7 branes

SU(1,1) SO(2,2+n3)
Coset Space (1) XSO(Q)st(zing;)

< Duality >




met system

e .V detg

§= 0(4) — iVOl(Kg)? =— 141 = C(g) + ief
922 {22
. A N
z* and y" are the positions of the D7 and D3-branes along T? respectively
- - XA
= Symplectic Section
Fa
k)2 s 2—2tu+(zk}2 +u( ")2
Xﬂ:%(l tu—l—{g}), F, = (( }2(@)) y ;
1 t4u —2s(t+u)+(y")?
X——%j Fl_ ( 2\’@3::)?
k2 s(24+2tu—(z%)? )—u(y")?
XEZ_LQ(]'—Ftu’ %)J F2: { }E(ﬁ) ?
3 _ t—u _ 2s(—t+u)+(y")?
X _ t_g‘.l F3 _ 2‘\/@ . ¥
Xk =gk F, = —sz* |
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1
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2% and 4" are the positions of the D7 and D3 branes along T2

— log|—8 (Im(s) Im(t)Im(u) — p Im(s) (Im(m)k ) —

1 -
5]111(1;) (Im(y)"))] .




How to find out If there.is a shift
symmetry?

= Using special geometry represent the shift
symmetry of a D3 position as a duality
symmetry. Find out the transformation
properties of the gauge coupling and axion
on D7. If they are invariant, there is a shift
symmetry!

Hsu, R.K.,
= Direct method: calculate the period matrix

D’ Auria, Ferrara, Trigiante

and check the D7 part of it: | It works!




Special Kahler geometry

N=2 supergravity with vector multiplets

m Symplectic\Vectors de Wit, Van Proeyen,1984

() (¢ ) () S0+ 1.8
K = —log [i(?1 Fr—FaX "1)]

= Kahler potential is a symplectic invariant

= Supersymmetric Black Hole Entropy

Symplectic Invariant | Ferrara, R. K., Strominger, 1996
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nsfo

L1 = %(Im Nﬂz).ﬂ?y}ﬁuz — %(Re Nf\:)&”yﬂg}ﬂu}'ﬂ%

. ~— > coupling constants or functions.of scalars
+ — 1 1 per
&Im FEM = 0  Bianchi identities Fin = 5 (Fw & 5800pa 77
oImGt, = 0 Equations of motion G*"\ 52£%=thf+zf‘”
7y
DUALITY 7+ _g(FH\_ (A B\(F
G.) - °\6y) " \c p)la,

Gt = (C+ DN)FT = (C + DN)(A+ BN) LF+
5 [N =(C+ DN)(A+ BN)?
L should be symmetric

= B=0, perturbative duality % S = ( é f;) € Sp(2(n + 1), R)

For consistency:




= We found

B=0

Hsu, R.K.

(1000 0 [0 00 82 0\
01000 0 00 0 0
A={00100|, Cc=|000 0 0f.
00010 Froo o g
\ﬁUUDI) \000ﬁ0)

ATC-C"A=0, B'D-D'B=0, A'D-C"B=1



Duality of the periocdhmatrix

N = (C+ DN)(A+BN)™

= Using duality matrix for the shift of D3 we found
that the D7 part of Nas (X))

m |SDUALITY (SHIFT) INVARIANT

Therefore the non-perturbative superpotential
and potential are invariant under the inflaton
shift symmetry ¢ — ¢ + Az*

Conclusion: G(p, ;¢ — B)
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Unlike in the brane-antibrane scenario, inflation in
D3/D7 model does not require fine-tuning



D3/D7 Phenomenology with
Stabilized Volume and Inflation

In uplifted dS valleyat ¢+ =¢-=0

The last N e-foldings of inflation take place starting from the value of the field s* related
to the distance between D3 and D7

g*N
2

> £

s*~ sy sy =&+

The conditions for successful inflation require that

£~ 15 %107

To find other parameters one should use the dictionary between

brane construction and D-term model .. .. 1o R, A L. Zagermann



Ve ~ (2mgs) 107 M

The effective value of the gauge coupling and the Fl
term can be deduced from the brane construction
and D-term model relation

g* ~ g3 = 27y, (s 1s the strmg coupling

¢ 1IFPR C .
T o3 E&gh ™~ UE" |f_‘25fﬁ_g(f—:i:f)g El.ﬂd -?,:(2 )95( )

)

2~ 10718(2m) 0 2o (MpV o 4

F




The estimate for the factor '5;—3 is ~ 10° for o ~ 10 and g, ~ 107 (* ~ 2mg, ~ 65107

|F~| ~2m

We believe that such restrictions on the anti-self-
dual flux on D7 can be met, which will lead to a
successful realization of inflation in string theory.



Discussion

Cosmological Observations <«———» Fundamental Theory

Inflation, Acceleration of the  geem———p  String Theory
Universe Supergravity

WMAP, Supernova, Large —)
Scale Structure, SNAP,
Planck
LHC






String Theory Landscape

Bousso; Polchmskl;



Landscape of eternal inflation




Situation In next decade
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The Large Survey Synoptic
Telescope (LSST)

The LSST will be a large, OBSERVATORY
wide-field ground-based
telescope designed to

deeply image the entire

visible sky every few
nights.
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