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@ The process of Moduli Stabilization represents the zero-
th step towards string phenomenology, as the moduli vevs
determine the string scale and the gauge coupling constants.
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@ The process of Moduli Stabilization represents the zero-
th step towards string phenomenology, as the moduli vevs
determine the string scale and the gauge coupling constants.

@ In Calabi-Yau compactifications, the moduli fields generi-
cally include the dilaton, the Kdhler moduli and the complex
structure moduli.
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@ The process of Moduli Stabilization represents the zero-
th step towards string phenomenology, as the moduli vevs
determine the string scale and the gauge coupling constants.

@ In Calabi-Yau compactifications, the moduli fields generi-
cally include the dilaton, the Kdhler moduli and the complex
structure moduli.

@ The main progress in this aspect was made by DRS-GKP
and CK-KKLT:
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The process of Moduli Stabilization represents the zero-
th step towards string phenomenology, as the moduli vevs
determine the string scale and the gauge coupling constants.

In Calabi-Yau compactifications, the moduli fields generi-
cally include the dilaton, the Kdhler moduli and the complex
structure moduli.
The main progress in this aspect was made by DRS-GKP
and CK-KKLT:

Flux Stabilization Mechanism + Non-Perturbative
Corrections.
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@ The process of Moduli Stabilization represents the zero-
th step towards string phenomenology, as the moduli vevs
determine the string scale and the gauge coupling constants.

@ In Calabi-Yau compactifications, the moduli fields generi-
cally include the dilaton, the Kdhler moduli and the complex
structure moduli.

@ The main progress in this aspect was made by DRS-GKP
and CK-KKLT:
Flux Stabilization Mechanism + Non-Perturbative
Corrections.

The main references are:

K.Dasgupta, G.Rajesh and S.Sethi, JHEP08, 023(1999);

S.Giddings, S.Kachru and J.Polchinski, Phys.Rev.D66, 106006(2002);
G.Curio and A.Krause, Nucl.Phys.B643, 131(2002);

S.Kachru, R.Kallosh, A.Linde and S.Trivedi, Phys.Rev.D68, 046005(2003).
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The idea of compactification arises naturally to resolve the dis-
crepancy between the critical dimensions D=10 and the observed
dimensions d=4:

Mo = Mg x Kg

To have a minimal number of supersymmetries survived in My,
the manifold Kg is required to be a Calabi-Yau threefold CY3
with the properties:

o Compact
@ Ricci-flat
e Complex
o Kihler with SU(3) holonomy!

Holonomy group H: Upon parallel transport along a closed curve on
CY3, a vector v is rotated into Uv. The set of matrices U forms H of CY;.
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Consider the zero modes of the metric decomposition,

9N = Quv ® Gun @ gmn

The massless scalars g,,, determines the size and shape of CY3,
of which the fluctuations are called Moduli.
The moduli of CY3 are usually divided into two classes:
@ Kahler moduli
@ Complex structure moduli
To make the ideas transparent, we now describe the CY3 as a special

kind of complex Kahler manifold.

e Complex Manifold:
A complex manifold is an even-dimensional real manifold,
d=2n, such that we can form m complex coordinates z*
(=1, 2, ---,n) and the transition functions

zli = zli(zj), (Z, .7: 1: 2: T n)

are holomorphic between all pairs of patches.
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On a complex manifold we can define the Hermitian metric,
ds® = g;:(dz' ® d7 + d7 ® dz')
i.e., gi5 = i = 0.

Moreover, we can define the so-called fundamental form on a
complex manifold with a Hermitian metric,

—iJ = 29;;dz° A dZ

It is a (1,1)-form on the complex manifold.

e Kiahler Manifold:
A Kahler manifold is a special complex manifold on which
the fundamental form is closed (K&hler form),

dJ =0



Moduli Properties:

e © The metric on a Kihler manifold is locally of the form
Huan-Xiong

Yang 9;; = 61‘33K(Z, Z)
s where K(z, Z) is called Kahler potential.
SRS @ The only non-vanishing connection coefficients are I‘j-k and
Eﬂaolzzll_i?:ace 1"3,—0 i.e., under parallel transport the holomorphic and anti-
Type I8 holomorphic indices do not mix.
S © Parallel transport takes holomorphic indices only into holo-
cation morphic indices. The holonomy group of a Kihler manifold
rocedure is
Beyond H CU(n) C SO(2n)
Procedure @ The only non-vanishing components of the Riemann curva-
My work ture tensor are R;;;; and those related by symmetries. The

Ricci tensor reads,

g = gklRijkl_ = 8165(111 det g)
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o Calabi-Yau manifold:
A n-dimensional Ricci-flat Kahler manifold is known as Calabi-
Yau manifold CY,,.

@ The Holonomy group of CY,, is SU(n).

@ On a general CY3 the non-vanishing harmonic forms are:
one (3,0)-form Q and its (0,3)-form conjugate Q; hb!
(1,1)-form b; h?1 primitive (2, 1)-form x4 and their (1, 2)-
form conjugate x5. They satisfy the constraints:

*GQ = _iQy *6Xa — iXoc
© The Euler number of CY3 is,

X = 2(h1’1 _ h2,1)
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o Calabi-Yau manifold:
A n-dimensional Ricci-flat Kahler manifold is known as Calabi-
Yau manifold CY,,.

@ The Holonomy group of CY,, is SU(n).

@ On a general CY3 the non-vanishing harmonic forms are:
one (3,0)-form Q and its (0,3)-form conjugate Q; hb!
(1,1)-form b; h?1 primitive (2, 1)-form x4 and their (1, 2)-
form conjugate x5. They satisfy the constraints:

*GQ = _iQy *6Xa — iXoc
© The Euler number of CY3 is,

X = 2(h1,1 _ h2,1)

Having the above preliminary knowledge, we now study the moduli space of

CYs.
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The question is:

@ Given a Ricci-flat Riemann metric g, on a CY3, what are
the allowed infinitesimal variations § g, such that

Ryn(9) =0 = Rpn(g+dg9)=0 7

There are two types of metric fluctuations:

{Jgu

895 (0g3;)

These fluctuations are independent of one another because they
satisfy the decoupled equations,

VaVadg; — zlkyégkl =0

dlzzonale |
V9V,0gi; + 2R 09" = 0 } ecoupie

ik
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o Kahler Muduli of CY3:
The harmonic (1,1)-forms dg,; describe the fluctuations of
the K&hler form

—1J = gﬁdzi AdZ
In general, we expand dg,5 in a basis of real (1, 1)-forms,
hl,l

dg; =) t°b%, t*€R
a=1

t* are called the Kahler moduli of CY3, whose number is
the Hodge number A1l
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o Complexified Kdhler Moduli of CY3:
In string theories compactified on CY3, we have the 0-th
modes of the anti-symmetric tensor fields either in NS-NS
sector or in RR sector,

Bn in NSNS sector
Cmnpg in RR sector

Since R?0 = h%2 = 0, the (complex) index structure of
these antisymmetric tensors on CY3 should be B;; and
Ci5xi- Equivalently,

7,

By = Bjzdz' AdZ’ ]
Cs = Cyzppdz* A dZ’ A dz* A dZ!

1
and o
i7kIma

«6Cs—¢€ Img9pnCizpidz? N dz?



Moduli We can combine these massless form fields with the Kihler defor-
Stabilization . . “ . ..
mations of the metric to form the so-called “Complexified Kahler
= Moduli". In heterotic string theories,

Contents 7;3 = 6913 aF ZB,&

Introduction

In Type IIB string theor

Calabi-Yau e string theory,

Moduli Space ) i_.kl_ _
= — — JrRimn _ _ _

ML 7;"1 - Jgpq + € gmquncijkl

Calabi-Yau

Orientifold

Compactifi-

cation @ Complex Structure Moduli of CY;:
L With the help of the unique holomorphic (3,0)-form € on
CY3, we can define the following complex (2, 1)-forms

Beyond
KKLT

Procedure Q-L]kgkﬁzégﬁll_dzz VA dZJ A dzl

My work

and their complex conjugates. Hence, the total number of
the moduli fields dg;; (dg;;) is 2h>!.
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Question: What is the meaning of g;; (0g;7) ?

@ For the new metric gmn + dgmn to be again Kahler, there
must be a coordinate system in which

0gi; =093 = 0.

@ Since holomorphic coordinate transformations do not change
the structure of the complex indices, dg;; can only be re-
moved by a non-holomorphic coordinate transformation:
Compared with the original one, the new metric is Kdhler with respect

to a different complex structure.

Hence, 6gi; (0g;;) describe the complex structure deformations
of CY3, which are known as “Complex structure moduli”.
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The massless bosonic spectrum of |IB string theory in D = 10
consists of

@ NSNS sector: dilaton ¢, metric garn, 2-form Ba
@ RR sector: axion [, 2-form Cs, 4-form Cs

The 1IB low-energy effective action in D = 10 Einstein frame is
given by,

Sip= —J(GR*1+ ;dd A xdp+ %e—éﬁg A xHy)
— 1 [(e?*Pdi A xdl + e®F5 A xF5 + L Fy A % F)
—%f A4/\ﬁ3/\ﬁ'3

The field strengths? are:
H; =dB;
F3 =dC, — 1dB;
ﬁ'5 = dé4 = %dég VAN é’z + %Bg VAN dég

2The self-duality condition F5 = %% has to be imposed by hand at the
level of equations of motion.
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Compactification Scheme:

The standard Calabi-Yau compactification of IIB string on CY3 results
in N =2, D = 4 effective supergravity.

To reduce supersymmetries from N' = 2 to N’ = 1, we further carry
out an orientifold projection,

0 =(-1)"Q,0*

where F7, is the “space-time fermion number” in the left moving sector,
Q, is the worldsheet parity operator, o that acts solely on CY3 is an
isometric and holomorphic involution of C)3: o2 = 1, which leaves
both the metric and the complex structure invariant®. However, on
the holomorphic 3-form Q ~ dy* A dy® A dy®,

o' =-Q

The orientifold action O introduces some spacetime filling O3- and/or
OT7-planes into the theory. The cancellation of induced tadpole di-
vergences requires to further introduce some D3- and/or D7-branes
(open string sectors).

3The pull-back of & on forms is denoted by o*.
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Note that O = (—1)F2Q,0*:
@ (—1)"C leaves thg NSNS fields @, §an, Bz invariant but changes the
sign of RR fields I, ¢ and Ca;
@ Under Q, the fields @, gun and Cs are even while By, [ and Cy are
odd;
The fields survived under the orientifold projection have to obey
the constraints:

o*p=¢ o*l=1
0*guN = JuN 0*Cy = —Co
*Bg = —Bg 0'*04 = C4
In addition®,
o =-Q°

“Under o*, the cohomology groups HP? on CY;3 split into two
eigenspaces: H?? = HY? @ H™?.

5The internal part of an orientifold plane is either a point (O3-plane) or
a surface of complex dimension two (O7-plane).



POl By compactification, the 10-dimensional metric takes the form,
Stabilization

Huan-Xiong ds® = g (z)dz*dz” + 95 (, y)dyidgi

Yang
where g, (4,v =0, ,3) is a Minkowski metric and g;; (z,7 = 1,2,3) is
Comicme the Kahler metric on CYs;.

Introduction

Calabi-Yau Spectrum:

Moduli Space

Type IIB @ Deformations of this metric which respect to Calabi-Yau conditions
8‘1.'2'5&.273 form the scalar fields in D = 4. Relying on the invariance of metric
Compactifi- under o and__ oc*Q = —Q, the deformations of the Kihler form J =
cation 1g;;dy* A di’ give rise to h};l real scalar fields v%(z):

KKLT

Procedure 6J _ vo‘(a:)wa, (a — 1, . ,hi’l)

Beyond

SEEE Besides, the following deformations of complex structure are kept in

Procedure

the spectrum:

My work

égij = ik(z)()_ck)iﬁin?q) (k = 1) T hl—,z)
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@ The survived form fields are:
By =% (2)w,, Cp=c*(z)ws, (a=1,---,h"")
Cs = V™ () A ax + pol(z)@, (k=1,---,h%%

where the self-duality of F5 has been taken into account. Remarkably,
there are no D = 4 form fields Bz(z) and C3(z) survived under o*.
The non-vanishing of ¢#,5* and V" is related to the appearance of
OT-planes.

@ Both 10-dimensional scalars survive under o*:
$=¢(z), =1z
The resulting D = 4, N = 1 spectrum (bosonic part) reads:

| gravity multiplet | 1 [  gu |
| vector multiplet | hi_’l | Ve |
chiral multiplet | A** zF
REt (8%, c)
R ] (07, pa)
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Background Fluxes:

@ In lIB string theory it is possible to allow background 3-form fluxes Hg
and Fs on the CYs;

@ Both H; and F3 have to be harmonic 3-forms;
© Both H; and F3 have to be odd under o*

For the presence of background fluxes, the strengths of the 10-dimensional
form fields are found to be:

Hs = Hs + db® A w,
By = F3 — 1H3 + (dc® — ldb,) A wa
Fy = dV* A ae +dpa A @™ — 1(c®db® — b%dc®) Awa A ws

Besides, a nontrivial warp factor >4 would have to be included into the
metric decomposition:

ds® = e**Wg,, (z)dz"dz” + €_2A(y)gi3($a y)dyidgi

However, in the (interested) large volume limit, the warp factor approaches

one so that it can be ignored.
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By substituting the above expansions into Si%; and performing a Weyl
rescaling of the 4-dimensional metric g, — Vol(CY3)gu.., we get the ef-
fective supergravity action in 4 dimensions. It can be cast as the standard
N = 1 supergravity form:

Stsjor= — [LR*1+ K ;DM AxDM7 + L(Rfer)F A+F*
+ H(Sfar)FEAF+V %1

with
V = XK D,WD;W — 3|W|?) + %[(?Rf)_l]“DKDA
in terms of a Kahler potential
K=—-In|- z/ Q(z) AQ(2)] — In[—i(r — 7)] — 21n [Vol(CY3)]
Cys
a holomorphic (background flux dependent) superpotential

W(r,2*) = / Q(z) AGs
Cys

and a holomorphic gauge-kinetic coupling fix.



Moduli where F* = dV*, 7 = I +ie~® and M’ collectively denote all complex
Stabilization =\ - . a 3 6
scalars. K;; = 0:105K(M,M) is the Kihler metric on moduli space®,

Huan-Xiong DW = 0;W + (8:K)W is the K&hler derivative.

Yang

6
Contents o @ -
@ The complex structure deformations z* are good Kihler coordinates.

Hence,

Calabi-Yau K, — 0 6
Moduli S kl —
oduli Space 62 6Zl

Introduction

Type IIB . . . .
Calabi-Yau @Q 7 =1+1ie % and G* = ¢® —7b* are also Kihler coordinates on moduli

Orientifold
Compactifi-
cation

space.

v< are not Kahler coordinates. Instead, they are the implicit functions

b of the Kahler coordinates (1,T%, G*), where,

Procedure
Beyond 31 ~
KKLT N, = 5 Pa + ICa(v) —Ca(‘r, 7,G,G)

Procedure

LT Wlth lCa(v) = ICaﬁWvﬁ'u'Y, CO( = 2(_’_ 5 ’Cachb(G G) and
Kasc = fcys wa A wp A we are the intersection number of CY3.
Particularly, Vol(CY3) = K = tKap v vPv".
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In the following, we only consider the simple orientifolds without O7-planes.
For such cases, b* = c* = G* = 0.

Properties:
@ The Kahler moduli are decoupled of the complex dilaton T,
T, = %pa + cho,(v)
However, the superpotential W remains T,-independent.
@ The Kihler potential satisfies a no-scale type condition:
0K 0K
0Tw 8T5

The F-term potential becomes semi-definite positive,

Ve = XKID;WD;W >0

KT& TB

where M* stand for all scalar fields except the Kihler moduli T,
@ The minimal of Vi is V" = 0, at which D« W = D,W = 0 but

Dy, W = (80, K)W = —z%w £0

This minimal is a supersymmetric broken state.
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Not an arbitrary 3-form background fluxes G3 can yield the optimiza-
tion conditions. From the identity D,x(2) = txx, we get
_ i =
D,W = ie fcy3 QAGs
D W = ’fcya xr A Gs

Recall that +6Q = —1Q, .6k = % and

/A/\B:/ oA Aus B
CYy3 CYys3

the above Kahler derivatives can be alternatively written as:

D W = %e‘t fcya Q N C_;3
D, W =— fcya Xk N6 G3

Hence, the conditions D,«W = D,W = 0 require the imaginary self-
dual background fluxes: +6G3 = iGs.
Because Dr,W # 0, at the F-term vacuum the Kahler moduli are

undetermined. So there is a degenerate family of vacua with arbitrary
supersymmetry-breaking scale RT.
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The remedy for fixing all scalar fields including the Kahler moduli T4, is to

spoil the no-scale structure of the 4-dimensional effective supergravity.

The known KKLT mechanism is:

@ adding the effect of a Euclidean D3-brane wrapping a 4-cycle in CY3.
[Witten, hep-th/9604030]

@ adding the gaugino condensation effects coming from stacks of D7-
branes with fluxes wrapping a 4-cycle in CY;.
[Nilles et al, Phys. Lett. B155(1985)65]

Including either effect yields a nonperturbative (Kahler moduli
dependent) correction to superpotential,

_ Lo
Wop oc e~ @ Te

The revised superpotential becomes:

W= Q(z) AGs + Ae * T
CYs



Moduli
Stabilization KKLT procedure:
Huan-Xiong @ The complex structure moduli and dilaton are assumed to be much
Yang heavier than T}, so that they can be fixed by sole flux superpotential
We = fcya Q(z)AG3 through supersymmetric optimization conditions
D W;s =D xW;=0.
Introduction

RN @ After the complex structure moduli and dilaton are stabilized, the
Moduli Space superpotential does only depend upon the Kihler moduli,

Contents

Type IIB g
Calabi-Yau W =Wy + Ae = (Wo #0)
Orientifold
Compactifi-
cation

Then, the Kahler moduli are fixed by the supersymmetric optimization

I condition Dy, W = 0.

ACEIIE © The resulting supersymmetric vacuum (at F-term potential level) is an

Beyond H H
) nti- itter
o anti-de Sitter space,

Procedure Vmin 3 K W 2 0
My work 4 =o€ | | =
which can be lifted to a deSitter vacuum by some supersymmetric

effects such as D3-anti-D3 interaction.
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Though KKLT mechanism is commonly accepted, KKLT procedure for im-

plementing such a mechanism has received some criticisms.

Doubts:

© D3-anti-D3 interaction is an effect of explicit supersymmetry
breaking. Is it possible to replace it by a spontaneous SUSY
breaking effect such as D-term potential ?

@ Is the KKLT two step decoupled procedure for stabilizing
moduli a true approximation of the exact one step procedure
based on the full superpotential ?
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Difficulty for D-term Potential:

@ In KKLT procedure, the resulting minimal of F-term potential is su-
persymmetric with vanishing F-terms.

@ In supergravity, a model with vanishing F-terms must have also van-
ishing D-terms.

D-terms in N=1 Supergravity:

The gauge invariant action for D = 1,N' = 1 supergravity with chiral
multiplets ¢* ~ (2%, %*) and vector multlplets Ve ~ (X%, AL) is completely
fixed by 3 ingerdients:

@ real gauge invariant Kahler function G = K + In|W %
@ holomorphic gauge kinetic function fgs;
@ holomorphic Killing vectors X, = X:(z )63—.

The scalar potential is:

V =Vr+Vp =e%(GG; G;—3)+ = [(?Rf)_l]“"D Ds

where G; = 6G’/6zi are called F-terms,
Gi=K; + Wz/W = D-LW/W

where the holomorphicity of the superpotential has been used.
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D, are known as the D-terms:
D;W

Dy = iG:XE =14 Xt

Question:
@ Can we have a supersymmetry broken vacuum at the level of F-term
potential (during the moduli stabilization) ?
Attempts:

@ Ignore the nonperturbative corrections of the superpotential (so that
D1, W # 0). The no-scale property of Vg is spoiled by a'-correction
and string loop corrections to K&hler potential.

[ Parameswaran et al, hep-th/0602253 |

@ Interpret the shift symmetry of Kihler potential as an anomalous U(1)
symmetry and construct gauge invariant nonperturbative superpoten-
tial. In this way some open string moduli M* (massless squark con-
densation) are introduced which satisfy Dy W # 0.

[Achicarro et al, hep-th/0601190]

© Directly search for the supersymmetry broken vacua (dS and/or AdS)
of F-term potential.  Yang, Phys. Rev. D73, 066006(2006)
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Goal:

@ to examine the moduli stabilization of IIB orientifolds with one complex
structure modulus in one-step procedure.
@ to find conditions for having a supersymmetry broken deSitter vacuum
at the level of F-term potential.
Models:
The models under consideration are IIB orientifolds at orbifold limits with
orbifold groups I' = Zs_ 11, Zz X Z3 or Zz x Zs, for which A*? =3, h%! =1
in untwisted sectors. We consider isotropic case where Th =T> = T5 = T.
The models are defined by

@ Kahler potential:
K=-3In(T+T)—In(S+3)—In(U +0)
where S = e ™% + il is the complex dilaton-axion field (7).

@ Superpotential whose flux part is defined as (2 )2 fcy QAGsis
explicitly expressed as:

W =ap+ a1U + a2S + asSU + Sge_hT
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The potential energy of the models is due to the presence of background
3-form flux G3, which can be organized into the standard F-term potential
of N' = 1 supergravity,

Ve = X (K9 D;WD,W — 3|W|?
J

LetT =t+i7, S = s+i0 and U = u+iv. The points 7 = o = v = 0 define
some flat directions in moduli space on which Vg = 8,Vr = 8,Vr = 0,
at which the potential takes a simple expression:

Ve = m Gghte_ht(ao + uoy + sas + usasz + 39e_ht)

+ 6(ght)?e M 4 (ap — usaz + 3ge )2

+ (uay — SOLz)z

The remaining optimization conditions 8:Vg = 8;VF = 8,VF = 0 can be
written as either:

a2s = a1, u = —%[ao+(3+ht)gefht],
as = oy ag(ag+3ge ") .

[ag +(3+ht)ge*htj|



Moduli
Stabilization

Huan-Xiong
Yang

Contents
Introduction

Calabi-Yau
Moduli Space

Type IIB
Calabi-Yau
Orientifold
Compactifi-
cation

KKLT
Procedure

Beyond
KKLT
Procedure

My work

or (for simplicity here we only give the conditions in ag = 0):

g(72+177ht+109kh°t%+16R3t3 —2r%t%)e Nt
B ht(7T+2ht)2aq )
3y ap(ht)?(742ht)3 (14+4ht+2h%12)eht
T g(72+177Tht+109R2t2 +16h3t3 —2R%t%)2

Q28 = 11U, u =

gz =

The former corresponds to a supersymmetry-restored extremum (DrW =
DsW = DyW = 0),

212 _ —2ht
susy _ 3aiang he

F.c 2 X

8t|ag + (3 + ht)ge—ht

but the latter corresponds to a supersymmetry-breaking extremum (DyW #
0, DsW # 0)":

[nonsusy _ 3aiazh?(7 + 2ht)*(—48 — 84ht — 73h%t? — 22h%t% + 2h*t?)
Fie - 8t(—72 — 177Tht — 109h2t2 — 16h3t3 + 2h*4t4)2

"Provided ag > 0, the supersymmetric extremum is only accessible for
models with a; < 0, az < 0 and az > 0, the supersymmetry-broken
extremum is only accessible for models with az < 0.
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Hessian determinants indicate that Vz2™*"* is a positive minimum if the

Kahler modulus is fixed at 1388 < ¢ < 1270 3n jllustrative model with,
W=125x10""U+25x10""S —5x107°SU +3e~ "
is in order. Its potential Vr = ;3‘%5 with

A= 0.125 x [6e~%#? 4+ 6e~"¢(3e* + 2.5 x 10~ "u — 2.5 x 107 %u?)
+ (3e7t 4+ 2.5 x 107 °%u?)?]
has a local deSitter minimum Voot & 1.62 x 107" at ¢ & 14.08, u &
3.45 and s & 1.72.

The potential curve near the founded deSitter vacuum is,

Potential near Positive M nimm
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