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Linking strings to the real world
❖

String theory provides a framework where to describe General Relativity and
Quantum Field Theory
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determine the 4D cosmological constant !!

⇤c.c ⌘ V (
3

0)
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The problem = finding
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The problem

Model building :

Willem de Sitter
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… but where is de Sitter
within the string landscape?

s de Sitter within the string landscape 5??

The KKLT mechanism

de Sitter Vacua in String Theory
Shamit Kachru,1,2 Renata Kallosh,1 Andrei Linde1 and Sandip P. Trivedi3
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Ingredients :
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Calabi-Yau manifold (geometry)
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Background fluxes and D-branes
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Non-perturbative effects
Anti D3-branes

-

Two-step process
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Step 1 = stabilisation ( wrong sign !! )
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We outline the construction of metastable de Sitter vacua of type IIB string theory. Our starting
point is highly warped IIB compactifications with nontrivial NS and RR three-form fluxes. By
incorporating known corrections to the superpotential from Euclidean D-brane instantons or gaugino
condensation, one can make models with all moduli fixed, yielding a supersymmetric AdS vacuum.
Inclusion of a small number of D3 branes in the resulting warped geometry allows one to uplift the
AdS minimum and make it a metastable de Sitter ground state. The lifetime of our metastable de
Sitter vacua is much greater than the cosmological timescale of 1010 years. We also prove, under
certain conditions, that the lifetime of dS space in string theory will always be shorter than the
recurrence time.
PACS numbers: 11.25.-w, 98.80.-k; SU-ITP-03/01, SLAC-PUB-9630, TIFR/TH/03-03, hep-th/0301240

I.

INTRODUCTION

There has recently been a great deal of interest in finding de Sitter (dS) vacua of supergravity and string theory. This is motivated in part by the desire to construct
possible models for late-time cosmology (since a small
positive cosmological constant seems to be required by
recent data [1]), and in part by more conceptual worries that arise in the study of dS quantum gravity (as
discussed, for instance, in [2]). The no-go theorem of
[3] guarantees that such solutions cannot be obtained in
string or M-theory by using only the lowest order terms in
the 10d or 11d supergravity action, but one expects that
corrections to the leading order Lagrangian in the gs or
α′ expansion or inclusion of extended sources (branes)
should improve the situation. Indeed, a careful discussion of how such additional sources (which are present in
string theory) invalidate the no-go theorem for warped
backgrounds and allow one to find highly warped compactifications appears in [4]. Additional sources which
violate the assumptions of the theorem were shown to
yield dS vacua in noncritical string theory in [5].
Here, we use our knowledge of quantum corrections
and extended objects in string theory to argue that there
are dS solutions of ordinary critical string theory. Our
basic strategy is to first freeze all the moduli present
in the compactification, while preserving supersymmetry.
We then add extra eﬀects that break supersymmetry in
a controlled way and lift the minimum of the potential
to a positive value, yielding dS space. To illustrate the
construction we work in the specific context of IIB string
theory compactified on a Calabi-Yau (CY) manifold in
the presence of flux. As described in [4] such constructions allow one to fix the complex structure moduli, but
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anti-D3 uplift

The footprint of the extra dimensions

The moduli fields get stabilised in a minimum with V < 0

Fluctuations of the internal space around a fixed geometry
translates into massless 4d scalar fields known as ``moduli ”
➢
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ticular, to leading order in α′ and gs , the Lagrangian
possesses a no-scale structure which does not fix the overall volume (we shall assume that this is the only Kähler
modulus in the rest of this note; it is of course possible
to construct explicit models which have this property).
In order to achieve the first step of fixing all moduli,
we therefore need to consider corrections which violate
the no-scale structure. Here we focus on quantum nonperturbative corrections to the superpotential which are
calculable and show that these can lead to supersymmetry preserving AdS vacua in which the volume modulus
is fixed in a controlled manner.
Having frozen all moduli we then introduce supersymmetry breaking by adding a few D3 branes in the compactification; this is a compactified version of the V
situation discussed in [6]. The addition of D3 branes does not
introduce additional moduli: their worldvolume scalars
are frozen by a potential generated by the background
fluxes [6]. Inclusion of anti-D3 branes in the absence
of other corrections yields a run-away to infinite volume
of the compact space (since the energy density in the
D3 branes generates a tadpole for the volume modulus).
However, we show that in the presence of the quantum
corrections we have described, in a suﬃciently warped
background the D3 tension can be a small enough correction to lift the formerly AdS vacuum to positive cosmological constant, without destabilizing the minimum.
The extent of supersymmetry breaking and also the resulting cosmological constant of the dS minimum can be
varied in our construction, within a range, in two ways.
One may vary the number of D3 branes which are introduced in the above manner, and one can also vary
the warping in the compactification (by tuning the number of flux quanta through various cycles). It is impor-

Step 2 = uplift to a positive c.c

Anti D3-branes uplift the minimum to a de Sitter one with V > 0
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Matter fields as an alternative

Single-step de Sitter vacua
from non-perturbative e↵ects with matter

to uplift mechanisms
Ingredients :
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Calabi-Yau manifold (geometry)
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A scenario of moduli stabilisation based on the interplay between closed and open string
sectors is explored in a bottom-up approach. We study N = 1 e↵ective supergravities inspired
by type IIB orientifold constructions that include background fluxes and non-perturbative e↵ects.
The former generate the standard flux superpotential for the axiodilaton and complex structure
moduli. The latter can be induced by gaugino condensation in a non-Abelian sector of D7-branes
and involve the overall Kähler modulus of the compactification as well as matter fields. We
analyse the dynamics of this coupled system and show that it is compatible with single-step
moduli stabilisation in a metastable de Sitter vacuum. A novelty of the scenario is that the
F-term potential suffices to generate a positive cosmological constant and to stabilise all moduli,
except for a flat direction that can be either lifted by a mass term or eaten up by an anomalous U(1).
NIKHEF 2015-044
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Background fluxes and D-branes
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Non-perturbative effects usually require matter fields M
[ KKLT ]
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I.

INTRODUCTION

The fact that our Universe is currently undergoing a
phase of accelerated expansion makes the search for longlived metastable de Sitter (dS) vacua a key step towards
linking strings to cosmological data. In the last 10 -15
years, a lot of progress has been made in the issue of
moduli stabilisation in dS vacua. The problem can be
tackled both by a string-theoretic approach, constructing
explicit backgrounds that give rise to e↵ective actions
with desirable properties, and from a bottom-up point
of view, identifying models that capture general features
of string constructions and solving them in search for dS
solutions. In this letter we will adopt the latter approach.
In the KKLT mechanism [1], the type IIB axiodilaton S and complex structure modulus U are assumed to be stabilised at a high scale due to nontrivial Ramond-Ramond (RR) and Neveu Schwarz-Neveu
Schwarz (NSNS) background fluxes threading the internal space [2]. The outcome of the S and U stabilisation is
a constant contribution W0 to an e↵ective N = 1 superpotential W which also incorporates non-perturbative
e↵ects coming from D-brane instantons or gaugino condensation on a stack of D7-branes [3, 4]. The latter introduce a further dependence on the Kähler modulus T
which results in a superpotential of the form

on anti-D3-branes. Alternative uplift mechanisms ba
on D-terms [5, 6] – possibly combined with perturba
Kähler corrections to stabilise the T modulus [7–1
were put forward soon after.
In the D-term uplifting scenario, an open string
tor in the form of a matter field M is required to e
the non-perturbative gaugino condensation superpo
tial [5]. This scenario was put in a gauge-invariant c
text by2/3
Achúcarro et al. (ACCD) in [12] (see also [1
The D-terms were shown to originate from an ano
lous U(1)X factor in the U(Nc ) = U(1)X ⇥ SU(Nc ) ga
theory on a stack of Nc D7-branes, where the anom
is canceled a la Green-Schwarz [14] by the axion com
nent of the T modulus. The stabilisation of S and
in ACCD is still assumed to happen at a high scale.
resulting superpotential now carries a dependence on
Kähler modulus T and the matter field M of the for

(2015)

Wn.p ⇠ A(M ) e

V

[ us ]

Single-step process = No need for uplift mechanisms or Anti D3-branes !!
W (T, M ) = W + A(M ) e
Single-step moduli stabilisation in a de Sitter minimum
W (T ) = W0 + A e

iaT

,

(1)

where A and a are constants. With an appropriate
tuning of the parameters W0 , A and a, the superpotential in (1) stabilises the overall Kähler modulus T in
an anti-de-Sitter (AdS) vacuum, fixing the size of the
compactification space. Some uplift mechanism is then
necessary to obtain a de Sitter vacuum. In the origi-
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iaT

.

The F-term scalar potential coming from (2) is then c
bined with a positive definite D-term contribution t
depends on the U(1)X charges (see sec. IV). Upon
justment of the charges and of the W0 paramete
metastable dS vacuum was achieved in [12].
More recently, the dynamics of type IIB closed st
moduli when background fluxes and non-perturbative
fects are considered simultaneously has been explo
[15–17]. We will refer to these theories as N = 1 ST
models, based on superpotentials of the form

(V>0)

W (S, T, U ) = Wflux (S, U ) + A(S, U ) ei a T .

The pre-factor A(S, U ) of the non-perturbative con
bution to the superpotential in general depends on

Summary
❖

❖

❖

❖

The fact that our Universe is currently undergoing a phase of accelerated expansion
makes the search for de Sitter vacua a key step towards linking strings to
cosmological data
Finding de Sitter in the string landscape remains elusive and most of the examples
are based on the KKLT mechanism : stabilisation (V < 0) + uplift

We propose a novel single-step mechanism of moduli stabilisation in a de Sitter
vacuum that takes into account matter fields and avoids the standard problems with
the uplift mechanisms (Anti D3-branes)

We plan to explore other cosmological implications : moduli inflation, …
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