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Introduction
Supersymmetry must be spontaneously broken.

incompatible with 
unbroken supersymmetry.Λ > 0

Strategy:

Step 1. Start from vacuum with Λ < 0

Step 2.
break susy

lift to Λ > 0{

superpotential
for susy vacua:

V ∼ (|DW |2 − |W |2)[ [
Superpartners?



Examples:

[Kachru,Kallosh,Linde,Trivedi’03]

using
quantum corrections (brane instantons)

O3, D3, D7

AdS4 × CY6 in IIBStep 1.

Step 2. using D3-D3 pairs



[deWolfe,Giryavets,Kachru,Taylor’05]

Step 1. AdS4 × CY6 in IIA

using
O6

classical ingredients

Step 2. Not easy (no-go, in some sense)

[Hertzberg, Kachru, 
Taylor, Tegmark’07]



General caveat about step 2:
from the point of view of the 4d effective action
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FIG. 2: Potential (multiplied by 1015) for the case of ex-
ponential superpotential and including a D

σ3 correction with

D = 3 × 10−9 which uplifts the AdS minimum to a dS mini-
mum.

It is important to mention that the value of the volume
modulus shifts only slightly in going from the AdS mini-
mum to the new dS minimum. This means if the volume
was large in the AdS minimum to begin with, it will con-
tinue to be large in the new dS minimum, guaranteeing
that our approximations are valid.

If one wants to use this potential to describe the
present stage of acceleration of the universe, one needs
to fine-tune the value of the potential in dS minimum to
be V0 ∼ 10−120 in units of Planck density. In principle,
one could achieve it, e.g., by fine tuning D. However,
the tuning we can really do by varying the fluxes etc. in
the microscopic string theory is limited, though it may
be possible to tune quite well if there are enough three-
cycles in M .

IV. HOW STABLE IS THE DS VACUUM?

The radial modulus σ = Im ρ has a kinetic term
3

4σ2 (∂σ)2 which follows from the Kähler potential (3).
For cosmological purposes it is convenient to switch to

the canonical variable ϕ =
√

3
2 lnσ =

√
3
2 ln(Im ρ),

which has a kinetic term 1
2 (∂ϕ)2. In what follows we

will use the field ϕ and it should not be confused with
the dilaton, φ.

A. General theory

The dS vacuum state ϕ0 corresponding to the local
minimum of the potential with V0 > 0 is metastable.
Therefore it may decay, and then the universe will roll to-
wards large values of the field ϕ and decompactify. Here
we would like to address two important questions:

1) Do our dS vacua survive for a large number of
Planck times? For instance, if we fine tune to get a small
cosmological constant, is the dS vacuum sufficiently sta-

ble to survive during the 1010 years of the cosmologi-
cal evolution? If the answer is positive, one can use the
dS minimum for the phenomenological description of the
current stage of acceleration (late-time inflation) of the
universe.

2) Is the typical decay time of the dS vacuum longer
or shorter than the recurrence time tr ∼ eS0 , where
S0 = 24π2

V0
is the dS entropy [43]? If the decay time

is longer than tr ∼ eS0 , one may need to address the
issues about the consistency of the stringy description of
dS space raised in [2, 5, 8].

We will argue that the lifetime of the dS vacuum in our
models is not too short and not too long: it is extremely
large in Planck times (in particular, one can easily make
models which live longer than the cosmological timescale
∼ 1010 years), and it is much shorter than the recurrence
time tr ∼ eS0 .

In order to analyse this issue we will remember, fol-
lowing Coleman and De Luccia [44], basic features of the
tunneling theory taking into account gravitational effects.

To describe tunneling from a local minimum at ϕ = ϕ0

one should consider an O(4)-invariant Euclidean space-
time with the metric

ds2 = dτ2 + b2(τ)(dψ2 + sin2 ψ dΩ2
2) . (17)

The scalar field ϕ and the Euclidean scale factor (three-
sphere radius) b(τ) obey the equations of motion

ϕ′′ + 3
b′

b
ϕ′ = V,ϕ, b′′ = − b

3
(ϕ′2 + V ) , (18)

where primes denote derivatives with respect to τ . (We
use the system of units Mp = 1.)

These equations have several instanton solutions
(ϕ(τ), b(τ)). The simplest of them are the O(5) invari-
ant four-spheres one obtains when the field ϕ sits at one
of the extrema of its potential, and b(τ) = H−1 sin Hτ .
Here H2 = V

3 , and V (ϕ) corresponds to one of the ex-
trema. In our case, there are two trivial solutions of this
type. One of them describes time-independent field cor-
responding to the minimum of the effective potential at
ϕ = ϕ0, with V0 = V (ϕ0). Another one is related to the
maximum of the potential at ϕ = ϕ1, with V1 = V (ϕ1).

Coleman-De Luccia (CDL) instantons are more com-
plicated. They describe the field ϕ(τ) beginning in a
vicinity of the false vacuum ϕ0 at τ = 0, and reaching
some constant value ϕf > ϕ1 at τ = τf , where b(τf ) = 0.
It is tempting to interpret CDL instantons as the tunnel-
ing trajectories interpolating between the different vacua
of the theory. However, one should be careful with this
interpretation because the trajectories ϕ(τ) for CDL in-
stantons do not begin exactly in the metastable minimum
ϕ0 and do not end exactly in the absolute minimum of
the effective potential. We will discuss this issue later.

According to [44], the tunneling probability is given by

P (ϕ) = e−S(ϕ)+S0, (19)

V

At Step 1. a tachyon might be acceptable
(if above Breitenlohner-Freedman bound)

But it will not be so
after lifting (at Step 2.)
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These equations have several instanton solutions
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P (ϕ) = e−S(ϕ)+S0, (19)

V

×

√



In this talk:
[only Step I. will be considered]

infinitely many

all moduli stabilized: few to begin with

vacua in IIAAdS4 × CP3

no orientifolds, no brane instantons



all fluxes will be on

unlike usual 
Freund-Rubin construction

(fluxes proportional to volume forms)



Einstein
[Behrndt,Cvetic’04]

dual to 
AdS4 × S7

in M-theory
[Nilsson,Pope’84;

Watamura’84;
Sorokin,Tkach,Volkov’85]

Einstein

[AT, 0712.1396 [hep-th]]



Plan

General considerations about supersymmetry

Finding the new vacua

Some geometry of CP3



Supersymmetry
Minkowski4 ×M6 would be more interesting geometrically:

has to be ‘generalized Calabi-Yau’
[Graña, Minasian, 

Petrini, AT’05]

dΦ1 = 0

dΦ2 = i∗F

‘calibrations’

susy

RR fluxes

(includes all the particular cases you know already:
[Klebanov,Strassler’00;Maldacena,Nuñez’00;...])



has to be ‘generalized half-flat’
[Graña, Minasian, 

Petrini, AT’06]

slightly less soAdS4 ×M6

However,  AdS vacua are easier to find.

Important subclass: “SU(3) vacua”



fluxes* are determined by two real numbers...

gsF2 =
1
3
m̃J

gsF6 = −1
2
m̃J3

*these are internal; external determined by duality

−W2

... and by a 
two-form 

J
metric determined by
2-form        and 3-form Ω

gsF0 = 5m

gsF4 =
3
2
mJ2

H = 2mReΩ

Bianchi 
becomes

2
3

(
m̃2 − 15m2

)
ReΩ

dW−
2 =

such that
dJ = 2m̃ReΩ

dImΩ =
8
3
m̃J2 + W2 ∧ J



Λ = −3(m2 + m̃2)
F0, F4,H

F2, F6



Some geometry of CP3

fibre= spinors
complex rescalings

≡ twistors

=

CP1 = S2

topology

h0 h1 h2 h3 h4 h5 h6

1 0 1 0 1 0 1

cohomology:

We will now review some aspects of this fibration: its topology, complex structures

and metrics.

3.1 Topology

For the topology, we will first focus on the case in which M4 = S4. It can be shown then

that the total space of the twistor fibration is actually CP3:

S2 ! " !! CP3

""

= Tw(S4)

S4

. (3.1)

One way to see this is to think of S4 as of the quaternionic projective line HP1. Then the

projection map can be given as

CP3 ! (z1, z2, z3, z4)
p"→ (z1 + jz2, z3 + jz4) ∈ HP1 . (3.2)

CP3 has Betti numbers b0 = b2 = b4 = b6 = 1 and b1 = b3 = b5. In terms of the

fibration (3.1), the two–cycle is just the fibre. One might get confused, however, in trying

to identify the four–cycle. The twistor fibration cannot in this case have a global section,

because that would be a globally defined almost complex structure on S4, and it is known

that none exists. So the base cannot be literally used as a cycle.

The answer can be found by looking at the map p in (3.2). Think of a hyperplane

CP2 ⊂ CP3 as the union C2∪CP1, where CP1 is the line at infinity of the projective plane

CP2. Then, the projection map p is one–to–one on C2, but projects CP1 to a point. The

result is a one–point compactification of C2, which is topologically S4.

So far we have looked at Tw(S4) = CP3. Although we will devote less attention to it,

there is another manifold to which the computations of section 4 apply, namely Tw(CP2).

In that case, the fibration is

S2 ! " !! SU(3)
U(1)×U(1)

""

= Tw(CP2)

CP2

. (3.3)

Another notation used for the total space so obtained is F(1, 2; 3); it is also often called

“flag manifold”. It is the space of complex planes and lines in C3 such that the line

belongs to the plane. (The line is the “pole” and the plane is the “flag”.) In equations:

F(1, 2; 3) =
{

(zi, z̃i) ∈ CP2 × CP2 such that
3∑

i=1

ziz̃i = 0
}

. (3.4)
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S4

S2



complex structure and metric

Usually on CP3 : Fubini-Study (Kähler, Einstein) IFS, gFS

It can’t be useful for us:

susy dJ = 2m̃ReΩ I not integrable

IFS has no globally defined (3,0)-form: ! ΩFS

(1, 1) (3, 0) + (0, 3)



We need a different (almost) complex structure
not integrable

not

IFS =
(

I2

I4

) but

Isusy =
( −I2

I4

)

! ΩFS ∃ Ωsusy

integrable not integrable

c1 = 4 c1 = 0



We will also change the metric

gsusy = g2 + σg4R2( )

overall scale

‘squashing parameter’

notice that we have few parameters to begin with:

‘stabilizing moduli’ will be easy

rather than gFS = g2 + 2g4



Finding the new vacua
gsusy

Isusy

Jsusy ≡ gsusyIsusy dJ = 2m̃ReΩ

2
3

(
m̃2 − 15m2

)
ReΩdW−

2 =

dImΩ =
8
3
m̃J2 + W−

2{can solve
(susy) 

with

m̃ = − 1
2R

(σ + 2)m =
1

2R

√(
σ − 2

5

)
(2− σ)

(σ, R) (m, m̃) fluxes



m =
1

2R

√(
σ − 2

5

)
(2− σ)

Next, comparing dW−
2 in (3.13) with (2.6), we get, after some manipulation,

m =
1

2R

√(
σ − 2

5

)
(2− σ) ≡ 1

2R
m0(σ) ; (4.2)

in particular,
2

5
≤ σ ≤ 2 . (4.3)

nearly Kähler (⇒ Einstein) (Kähler); Einstein

σ = 2/5 σ = 1 σ = 2

Figure 1: This sketch shows the allowed interval for σ in (4.3), along with the three special
cases already used for string vacua before this paper. This is not a moduli space, because of
flux quantization, as discussed in section 4.2. In the two extrema [12–14], the Romans mass
vanishes (see (4.2) and (2.2)); the solution can hence be lifted to M–theory. The resulting
seven–dimensional metric on S7 is Einstein in both cases. The metric at σ = 2 admits a Kähler
structure, but supersymmetry uses another almost complex structure. The case σ = 1 was used
in [16,17].

Since σ then has to be positive, we have (as commented at the end of 3.3) that the only

two manifolds on which we can apply the methods of this paper are CP3 and F(1, 2; 3).

On each of these, however, we will find infinitely many vacua.

At this point, as far as IIA supergravity is concerned, we are done. We have satisfied

the equations for dJ and dΩ in (2.2), and the one for dW−
2 in (2.6), by taking the

parameters m̃ and m to be given by (4.1) and (4.2). The fluxes are then given in (2.2).

We also know from the general theory (as commented in section 2) that the equations

of motion will be automatically satisfied. It is also not difficult to check them directly, by

using the expressions for the fluxes in (2.2) and (3.16).

Since we want, however, to find string theory vacua and not just supergravity solutions,

we have to now turn to flux quantization effects, and to possible stringy corrections.
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σ2
5

21

I != IFS

(would have been Kähler)

W2 = 0
also Einstein;

Einstein;g = gFS
can be lifted to S7

[Nilsson,Pope’84;
Watamura’84;

Sorokin,Tkach,Volkov’85]

[Behrndt,Cvetic’04]

can be generalized to 
‘nearly Kähler’

not Einstein

can be lifted to 
another Einstein 

metric on S7



Flux quantization

is exactH H = 2mReΩ

dJ = 2m̃ReΩ
H = d

(m

m̃
J
)

Fk are not closed dFk = H ∧ Fk−2 d(e−B∧F )k = 0

dF̃k = 0

≡



m̃ = − 1
2R

(σ + 2)

m =
1

2R

√(
σ − 2

5

)
(2− σ)

using r ≡ R

2πls∫
F̃k = fk(σ)rk−1

four equations for gs, R, σ
nk

=

flux quantization

all three are fixed

nknot all       are allowed

for each vacuum,       infinitely many others ∃
it can be arranged: r ! 1 gs ! 1,



Some lessons
complexity of vacua not unique to Calabi-Yau

“vacua first, then effective field theories” 

KK reduction on general M6 is hard!

it can be done on M6

Calabi-Yau

“twisted tori” [Scherk-Schwarz]

For the vacua we found, 4d theory not known   

other than these three special cases

[Kashani-Poor’07]
one vector multiplet, 
one hypermultipletN = 2;



Conclusions

“Landscape” of vacua not exclusive to Calabi-Yau’s

Even just classical physics goes a long way

KK more difficult than finding vacua


