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Fig. 3: Log of the exact number of W = 0 vacua with Nflux < L as a function of

log L fit by predicted curve log (0.143) + 2 log L up to L = 5000.
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Fig. 4: Distribution of W = 0 vacua in complex structure fundamental domain
for L = 5000 for small values of Im τ .

In fig. 4 and fig. 5 we illustrate the distribution of W = 0 vacua in the complex

structure fundamental domain for small and large values of Im τ respectively. The curves

visible in fig. 4 can be interpreted as the loci of values of τ associated to vacua with a linear

constraint imposed on (l, m, n); using (4.47), one sees that constraints not involving n will

fix x = Re τ , while for n = C1m+C2l one relates x to y = Im τ as y2+x2 = −2C1x+C2.

The large scale peak structure in fig. 5 can be deduced from (4.47) with the additional

modular group fixing constraint (4.48). In particular, the heights of the maximal peaks
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I will summarize a line of thinking developed with 
many valued collaborators in different projects. 

Those who most influenced my thinking include…

Giddings Kallosh Linde Maldacena

McAllister Polchinski Trivedi H. Verlinde



I.  Introduction

String compactifications with flux are interesting 
for various reasons:

— they are more generic than vacuum solutions. 

— certain ensembles admit precise mathematical 
study and likely enjoy relations to interesting 

objects/ideas in mathematics. 

— they connect to ideas in cosmology and 
particle physics.



In this talk, I will describe a summary of what I know 
about one particular class of these:

Will study IIB string theory on a supersymmetric orientifold  
of a Calabi-Yau threefold (or, by deformations, “F-theory 

on a fourfold”).



The outline of my talk will be as follows:

— Tree level solutions and no-scale structure 

— Parameters in the 4d effective field theory, and 
what we know about their distributions 

— Corrections to no-scale structure 

— Warping, and an idea about supersymmetry  
breaking



II.  Tree level solutions  

The type IIB supergravity action in d=10 is:

We will be looking for tree-level Poincare invariant solns:

A. 10d picture



We will allow ourselves to consider varying dilaton 
and five-form flux:

A starring role will be played by three-form fluxes:

F3, H3 2 H3(M6,Z)



In addition, one allows for localized sources.  
In perturbative string language, these include 

O3 and O7 planes, and D-branes.

If we restrict ourselves to localized sources with

(which includes D3s and anti-D3s, O3s, certain types of D7, 
etc), can find some general facts about solutions.



— The three-form flux is imaginary self-dual:

— The warp factor & four-form are related:

— The inequality on sources must be saturated. 
(This has an obvious 4d interpretation we will give 

as we learn to relax it.)



One must also be cognizant of the tadpole 
condition on fluxes

and, of course, allow the dilaton and internal 
metric to satisfy their equations of motion.

— For literal CY orientifolds, this leads to warped 
Calabi-Yau metrics. 

— Otherwise, one gets the supergravity equations 
satisfied by F-theory models.



B. 4d effective field theory

The best way to think about string compactification 
is almost always in lower dimensional EQFT.

— many less d.o.f. 
— including only the relevant ones 
— many crucial effects non-local in 10d (c.f. 
worldsheet instantons which correct prepotential in  
4d N=2 models!);  not even clear how to include

These are of course the same reasons EQFT is used 
in all other areas of physics.



Happily, for the CY orientifolds we’re discussing, there 
is a simple 4d effective field theory.

W =

Z

M6

G3 ^ ⌦ ,

G3 = F3 � ⌧H3 .

The dynamics of scalars in a 4d N=1 supergravity is 
determined, at the two-derivative level, by a  

superpotential and Kahler potential.

K = �3log(�i(⇢� ⇢̄))� log(�i(⌧ � ⌧̄))

�log(�i(

Z

M6

⌦ ^ ¯

⌦) ,



Plugging into the 4d supergravity expression for the 
potential, one finds:

This is the famous “no-scale structure”!  

Because positive energy would result in rapid 
decompactification, all tree-level vacua have 

V=0.



This means all F-components of complex and dilaton 
moduli must vanish:

This in turns implies:

G3 2 H2,1 �H0,3

The (0,3) piece is the F-term of the Kahler modulus. 
It clearly contributes a constant to the value of W.



III.  Ensemble of tree-level IIB flux vacua

The tree-level solutions we’ve found have, in general, 
the following properties:

— The dilaton and complex structure are stable,with

m2 ⇠ (
↵0

R3
)2

— The low energy effective theory is a theory of the 
Kahler modulus + D3 brane moduli, with

W = W0 .



The models are labelled by integral fluxes.  The tadpole 
condition:

Z
F3 ^H3  Q

(together with positivity of flux tadpole on ISD solutions)  
means we can mentally model allowed flux-space as:

This is very rough, but 
gives the right intuition.



The equations on moduli generically have isolated 
solutions.  A very crude estimate of the number of solutions is 

therefore the volume of a sphere of dimension 

and radius set by Q, giving 

N
solutions

⇠ Qh3

.

This can be refined to estimate the coefficient and to 
find distributions of vacua on moduli space, and in 

terms of values of parameters like       .W0

2h3(M6)



An analytical theory was developed to estimate these 
distributions in the “continuous flux approximation”  

(roughly, when fluxes are large integers).

(The principle is not very different from estimating the  
# of integer points inside a region in the plane, by its area.)

Denef Douglas

It gives some interesting results:



— The fraction of tree-level vacua with 
gs  ✏

satisfies

Nvacua(gs  ✏) ⇠ ✏ N .

— The fraction of tree-level vacua with

eK |W |2  ✏

satisfies

Nvacua(e
K |W |2  ✏) ⇠ ✏N .



There is very simple intuition for why tuning is possible.

#(moduli) = h2,1
+ 1

#(complex fluxes) = 2(h2,1
+ 1)

In the continuous flux approximation, you can trade 
half the fluxes to solve the equations for moduli at a 
given point in moduli space.  The rest of the fluxes 

can be used to tune.

With integral fluxes bounded by tadpole, the ability to 
tune is coarse-grained.



You may be wondering why we care about tree-level 
properties at all.  In no-scale supergravity the tree-level 
non-supersymmetric solutions always have important 

corrections.

Nevertheless, we care for two reasons:

— the sizes of terms in the tree-level EQFT can matter 
for expansion schemes that control corrections;

— the geometry of tree-level solutions may tie to deeper 
facts in mathematics, c.f. attractor black holes.



There are two other points worth making 
about the statistical theory.

— Aspects have been tested by constructing large 
sets of flux vacua in CY hypersurfaces:

— A physical feature is accumulation of solutions near 
e.g. the conifold point in moduli space.



The latter has a physical interpretation in terms 
of dimensional transmutation; we will return to it.

IV.   Corrections to no-scale structure

The talk up till now has been general within a 
large ensemble of classical solutions. At this 

point we will start to make some ad hoc choices. 
This is to make contact with some well studied 

scenarios in string cosmology.



The effective theory is controlled by a Kahler 
potential and a superpotential.  Each can receive 

(model-dependent) corrections.

We expect on completely general grounds that 

K ! K +�K .

You can write the tree level K as 

K = �2log(Vol)



Then a known correction that is leading (at least 
in some models) shifts this by:

There are also corrections to the superpotential 
in some models, arising from at least two sources:

— strong dynamics on e.g. D7-branes:

Vol ! Vol� �(M6)⇣(3)

4(2⇡)3g3/2s



— string theory effects which involve D3-branes  
wrapping divisors of a certain topology in the 

Calabi-Yau space: 

There is progress in systematically understanding 
when such effects arise:



These corrections, taken at face value, are 
certainly sufficient to yield isolated vacua.

You may want control parameters.

One idea we explored:

W = W0 +Aeia⇢ .

This kind of exponential effect arises from 
instantons and/or strong dynamics.



The claim is that for sufficiently small

W0 ⌧ 1 ,

one gets a (supersymmetric) vacuum where  
corrections  due to          are small.�K

As a formal statement this is true; one can ask 
 about which parameter values are attainable.



— There are certainly other interesting ideas about 
useful parameter regimes in the ensemble of IIB flux 

models (and in other corners of string theory).  I 
focus on one because of limitations of time and 

expertise.

— I note that use of small W also was common  
in phenomenology for many decades.  So the idea 

is hardly new to this setting.

|F | ⌧ M2
P ! hW i ⌧ M3

P

in supergravity phenomenology.  This is why the 
gravitino is light in that setting.

Some comments:

Silverstein; 
Balasubramanian, 
Berglund, Conlon, 

Quevedo;… 



— I have described a case with

h1,1(M6) = 1

for ease of presentation.  Obvious analogues exist 
for higher dimensional Kahler moduli spaces.

— Fairly explicit examples exist; the one I know best 
appears in



V.  Warping and supersymmetry breaking

I now describe an idea for supersymmetry 
breaking in this setting.

I start with a non-compact geometry, in the 
general setting of holography.

The conifold geometry 
will play an important 

role.



Klebanov Strassler

There is overwhelming evidence that a 
certain N=1 supersymmetric gauge theory 

with N = KM, flows to an IR pure SU(M) theory.



The flow proceeds via a cascade of Seiberg 
dualities.

The dual geometry is described by a  
warped, deformed conifold with:



Taking the standard conifold periods:

we can plug into the flux superpotential.  We find:

with a vacuum close to the conifold point:



The IIB equations of motion in this background also 
fix the warp factor in terms of the deformation 

parameter:

You should think of this as the holographic emergence 
of an IR scale, the            of the dual gauge theory.⇤QCD

The fact that power-law tuning of fluxes leads to an  
exponential hierarchy is dimensional transmutation, 

and explains also the accumulation of flux vacua near 
the conifold point.



In a compact setting, with at least one additional 
flux, the dilaton is stabilized, and one can run 

the same story.

The story becomes even more interesting if we  
modify it a little bit!

p ⌧ M

Add

anti-branes.



The combination of the DBI action with the Chern- 
Simons term 

T3

R
(C4)

tx

1
x

2
x

3
dtdx

1
dx

2
dx

3

in the anti-D3 brane action, yields (for an anti-brane 
anywhere but the end of the throat) a radial force:

So, any anti-D3s are attracted close to the 
IR end of the geometry.



In the probe appromation, which is certainly 
good for sufficiently large M at fixed p with   

one finds a supersymmetry breaking state there.

Can decay via “brane-flux annihilation.”

gsp ⌧ 1 ,



I note that the argument supporting the metastability 
of the supersymmetry breaking state can be 

given even qualitatively, not relying on  
complicated details.

Including Goldstones, which roughly parametrize the sphere 
at the tip of the conifold, the potential for anti-branes 

in the probe approximation looks like:



Corrections controlled by p/M with

p ⌧ M

can slightly shift the potential.  But since the theory 
is gapped except for Goldstones with a compact moduli 

space, small corrections cannot remove the vacuum. 

At sufficiently large p/M, or at 

the story can change.  We made no claims about it.

gsp � 1 ,



One scenario for making positive cosmological 
constant in string theory just combines the 

ideas I’ve told you.

— flux vacuum with 

W0 ⌧ 1 .

— effects to stabilize volume.

— compactified deformed conifold with 
flux glued into CY, with SUSY breaking:

p ⌧ M

gsp < 1 .



The energy in the metastable SUSY-breaking — 
modeled by adding a warped brane tension 

energy to the supersymmetric vacuum — 
results in this picture:

(It is possible that a correct 4d supergravity packaging 
is in terms of a nilpotent Goldstino field, though my 

understanding of this is quite limited.)



Very clearly, once there is a potential for the 
volume modulus with a stable vacuum, sufficiently 

small supersymmetry breaking of any sort can 
replace the anti-D3 metastable state and play 

a similar role.

This particular story has a simple description: one  
takes a metastable SUSY breaking state in QFT 

(here, modeled holographically) and couples it to  
gravity. The slight additional complications arise  

due to radion stabilization.


