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Hepirndn

H nopoloo Sdaxtopiny| SLateydr| ETMXEVTPMVETOL GTT) UEAETY) TELOOIAC TUTMY EVEQY(OY VEWMPLOY TE-
dlou ouleuyuévmv pe 1 Bapltnta Einstein npogpydueveg and to yaunioevepyeloxnd 6plo tng Yewpiog
uTEEY0e0WY. [0 CUYXEXEUEVY UEASTMVTAL OL IBLOTNTES TELOOLAC TUTWY EVERYELUXMY XEVHY TOU TROEE-
yovta and T dexadido tatr utepBapltnTta Type II, n omolo teptypdget to yaunioevepyeloxd 6plo Tng
AAEIG TS UTERY 0pDNC, UOTERX OO CUUTAYOTOINOT) TV TAEOVULOUGHY BIACTAGEWY OE EQPTUOLAC TUTOUS
Yweoug e dopr G2. Eexwvdue e Ty topouciuct Baoov evvolndy tng dualng Yemplag unepyopd®y
%L Tou younhoevepyelaxon oplou TNg TapalETOVTAS EVVOLEG X0k OPIOPOUS TIOU YENCHIOTIOLOLYTUL GTO
%x0pl0 PEEOC TN AVAAUCTG. LT CUVEYELN ETUXEVIPWVOUUCTE GTNY XUTAOKELT| TELOOWIO TATWY EVER-
YEWXOV XEVOV XU 0 TEWTO BHUN TUREYOUUE TNV ECWTERIXY| YEWUETEIO OTIOU GUUTOYOTIOLOUVTOL Ot
TAE0VALOUGES BLaC TACELS OTWE ETHONE TUEAIETOUPE TNV EAAOGOVYL TELGOLAG ToTY UTERBapdTNTA IOV TE-
erypdper Ty evepyn) Yewpla medlov. SEexvovtag and tr Yewpla Type ITA cuumayonololue oe yweoug
G2 pndevinrc xoumuhoTnTag xou Aapfdvoviag utédy Ty Topoucior O2-UTEPETLPAVELWY HATUAYYOUUE
oe evepyeloxd xevd TOtou Minkowski. Ilpoc¥étovtac oto gdoua tn udla Romans xou 1 cuvelopopd
O6-urmepempavelmy BploX0oUNE UTEQOUUUETELXS oL UN-UTEPOUUHMETEIXS EVERYELaXd xevd TUTou AdS Ta
omola yopaxtneilovton and WLOTNTES OTWS: 1 oTadeponolnon Ghwy Twy Tedlwy moduli, TaupaueTEXdS
OLoy wELoUOC TNG evepyeloxnc xhipoxag twv Kaluza-Klein xataotdoewy and tny xoouohoyxr o toadepd
¢ TeroddoTatng Vewplag, omwg eniong T ouverh xBdviwon Twv oTtadepwy g Yewplag. Ot mopa-
TV AOGELG TUROUEVOLY GTO OpLO TNG xAUGIXY |G VEWpPlag UTERY0EBMOY xaIoTMVTUS ETCL TNV TERLYPAPT
uéow tou oplou NG uTEEPBapLTNTAC AlOTIGTN. 20TOCO 1) UN-EVIOTUOUEVY) TEQLYQUPT| TWV UTEQETLPO-
VELWY oL anoTehel cLVHIT TEOGEY YO GTNY HATUOXELT EVERYHOY VewpELOY antd cuunayonolnon yenlel
TEPETAUPW AVIAUCTC UE OXOTO TN UEAETH TNG O&IOTIOTING TWV UTOTEAEOUATWY. ZEXVOVTISC OO Lo
YEVIXT] HOPPT| TNG UETEWAS Xou avohDOVTOG T HopPY| TwV TEdiwy ot duvapooelpd Poloxouue T un-
TETPWUHEVT LOPPY| TOUG (Léow Bropdwoewy ENOUEVNS ro’zing) XOVTY OToL ONUEl OTIOU OL UTERETLPAVELES
elvon evtomiopéveg. MEeTEnELTor EXTILOVUE TNV amOGTAOT omd To ONUelo AT OOV OL TEOCEY Yo TXOL
unoloylopol utopoly v Yewprndoly afldToTol. 2Tr CUVEYELL EPELVATAL 1) SUVITOTNTO XOTOUOXEUTC
evepyelax®y xevoy tumou de-Sitter ye v npooiiun avti-Beaveyv ondloviac TNy evanouévouca L-
TEpoUpETlY, cUVELTPEPOVTAC ETloNE YeTnd oTo evepyelond xevo. H uerétn towv xplowny onueiony
TOU BLUVAULXOL BElyVEL TS 1) oToEEdTNTA TOL xeVo) Untopel var emiteuy Vel dTay 1) TUXVOTNTA EVER-
YEWIG TORUEVEL VETIXNY| AAAL OYETXE UXEY|, WOTOGO 1) anaitnon e x(BAviwong Twv oTadepny TNng
Vewplag xa 1 GUVETEL TV EELOOOEWY %vNong 08NYoLY GTNY avdyxr YLo YEVIXEUGT] TOU EGWTERIXOU
Y@eou. Axouo xou ot auTh TNV TEpinTon Unopel vor ueAeTnUel ToLoTIXd KOS To XAACIXE TELOOLEC T Ta
evepyelaxd xevd de-Sitter eite Yo 0dnynlolv oe didomacy elte o Tapousia TayUOVIXOY XATAC TAOE-
ov. Axohoudovtag Ty Bla pedodoroyio uehetdue tn cuurnayonoinon g Type IIB oe ecwtepixoig
yweoug G2 pe xopumurotnTo. Trohoyilovtog Ti¢ eELOMOEIC XIVNOTE oL TEPLYPAPOUY TIG UTEPCUUE-
TEWEC NOoELS TNG YoNAOEVERYELMY|C Vewplag Xt YENOUOTOLOVTIS TNV S-0uadixoTNTa ETaANUedoUUE
Tic Mooeg g Type IIB, pe v napousio O9-unepemipaveldyv, péow avtaov tne Etepotinrc unepfo-
EUTNTAC. 2TN GUVEYELN TUPOUGLACOUNE avohUTIXG TopadEly ot EvEpyELaxdY xeviv TUTou Minkowski
xou AdS Sivovtag €ugact 6To poho TV 0TAERMY BOUNE TOU ECWTERPLXOV YMPEOU 0TN GToEpoTolNo
Twv Tedlwv moduli xodoe enlong mopoucidlovye oTaepée AoES 0TO Xhaoixd Gplo TG Vewplog.
261600 0 BlaywEIoUOS TNG EVEpYELaX S XAloxag otny epintwon Twv AdS evepyelon®y xevdy anod
Type IIB épyetoan o avtideon ye tnv xfdvinon twyv otadepmy dourc. Téhoc Aapfdvovtag unddry
ETUTPETOUEVES UTEPETILPAVELEG TTOU OTAVE TNV EVATOUEVOUCH UTEQCUUMETEIO UEAETAUE TNV XATUOXELY
evepyeloxay xevwyv de-Sitter. H xataoxeuy| tétoiwy xevay, ixavortowvtag ) ®3dviwor otoadepny,
TNV ATOQUYY| TOYLOVIWY YO TUQUUEVOVTAS TAUTOYPOVI GTO XAuCIX6 Oplo TNg Vemplag Y0opdnmv elvor
UN-TeTEYUEVT. 2oT600 1 Unapdn cuvenwy de-Sitter evepyelaxmy xevdY oTNY TEPIMTWOT AUTH UTOoEE!
vo. amogaviel VoTEPA amd EXTEVA UEAETY) TOU TUQUUETELXOU YWOEOU TWV GTAVEQHDY BOUTC.
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Abstract

In this thesis we concentrate on the study of minimal three-dimensional effective field theories
coupled to Einstein gravity originating from the low-energy limit of string theory. The main
motivation behind this work is to use it as an accurate but simpler testing ground for the study of
flux vacua with moduli stabilization and scale separation but also to study aspects of the swampland
program. The existence of vacua with such properties is the foundation of string phenomenology.
More specifically we work with Type II supergravities at classical string theory regime and after
compactification on seven-dimensional G2 spaces we study the properties of three-dimensional flux
vacua. We start with a review of basic concepts of the massless string theory and its supergravity
limit in order to provide definitions and concepts which are used in the main part of the analysis.
We focus on the construction of three-dimensional vacua and as a first step we provide the internal
geometry where we compactify on as well as the minimal three-dimensional supergravity which
apply for all the parts of the analysis. Starting from Type IIA we perform compactification on Ricci
flat G2-manifolds and considering O2 orientifolds we find no-scale Minkowski vacua and the proper
truncated three-dimensional minimal supergravity. Considering the Romans mass in the spectrum
and net contribution of O6-planes we find supersymmetric and non-supersymmetric AdS vacua
which posses elementary properties of consistent vacua such as full moduli stabilization, parametric
separation of scales, quantization of fluxes while remaining at the classical string theory regime.
Both the supersymmetric and non-supersymmetric vacua are stable in the smeared approximation
of sources. As a consequence of the latter we extend our calculations and focus on the backreaction
of the local sources whose exact formulation was approximated. Starting from a general metric
ansatz and performing a proper expansion for the fields we find the next-to-leading order corrections
which describe the non-trivial profile of the fields close to the source. We estimate the relevant
distance to the source loci where the smeared approximation and subsequently our previous results
can be trusted. Furthermore, we explore the possibility of de-Sitter vacua construction using
the previous stable models including anti-branes which break completely the supersymmetry and
contribute positively (uplift) to the energy vacua. A critical point analysis indicates that shallow
de-Sitter vacua can be stable, however performing flux quantization and solving properly the
equations of motion shows that consistent solutions can exist when going to more general spaces
including warping. Nevertheless a qualitative calculation reveals that an interplay of fluxes and
charges which might lead to either brane-flux decay or tachyonic vacuum setting once again the de-
Sitter vacua from string theory difficult to control. Along the same line we perform compactification
of Type IIB on co-calibrated G2 spaces with internal curvature. We study the supersymmetric
equations of the effective field theory and use S-duality to verify that the supersymmetric conditions
of Type IIB including O9-planes in the smeared approximation are in agreement with those of
Heterotic supergravity. This verifies our results and possibly indicates that the non-closeness of
the field-forms (non-trivial profile) capture the backreaction effects of the sources. We present
two explicit examples of Minkowski and AdS vacua pointing out the dependence of our results
on the choice of the structure group of the internal space and their role on moduli stabilization.
It is shown that scale separation for AdS vacua is in contrast with the quantization of the group
structure constants. Lastly we include supersymmetry breaking sources in order to perform de-
Sitter uplift however it seems non-trivial to satisfy flux quantization, avoid tachyonic states and
remain in the classical string theory regime at the same time. An exhaustive scan over various
parameter values of structure groups should be performed in order to have a final verdict on the
existance of consistent classical de-Sitter vacua from Type IIB.
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Chapter 1

Introduction

The Standard Model of particle physics describes successfully physical phenomena at low
energies well below the Planck scale, however it cannot provide satisfactory answers to
several fundamental questions such as the hierarchy problem, the presence of dark matter
and dark energy, the universe evolution in the very beginning etc. Therefore the Standard
Model can be considered as an effective field theory that originates from a more funda-
mental theory that its description is not known yet. On the other hand General Relativity
seems to pass all the tests for the description of large scale interactions however it is de-
coupled from the rest of the forces and not included in the Standard Model. Trying to fit
General Relativity into the framework of quantum field theory leads to ultraviolet diver-
gences spoiling the validity of the theory. However it is reasonable for someone to ask for a
theory where all these fundamental forces are unified at higher energies, in other words to
ask for a theory of quantum gravity. The root of this problem seems to be that particles are
treated as point-like objects. The best proposed candidate for quantum gravity we have so
far is string theory where strings can be described by one-dimensional objects embedded in
higher dimensional backgrounds. In string theory the oscillations of the strings define the
mass spectrum and predict the existance of graviton, a quantum mechanical particle that
carries the gravitational force, thus string theory can be considered as a theory of quantum
gravity. In addition to graviton, several fields emerge from the string oscillations together
with special properties and symmetries such as supersymmetry which relates the bosonic
and fermionic degrees of freedom. Different types of strings has lead to the discovery of
five versions of superstring theory : type I, type IIA, type IIB and heterotic string theories
SO(32) and E8 x E8, which are related via dualities [1-3]. Requiring consistency of the
vacua one finds that superstring theory lives in ten dimensions. The low-energy limit of
these theories can be described by the relevant ten-dimensional supergravities which ex-
hibit different spectrum and symmetries and it is the starting point of our analysis. At
this limit strings can be considered as point particles and not as strings. In order string
theory to be the correct quantum gravity should be able to reproduce both the Standard
Model and the spacetime properties of our universe however both higher dimensions and
supersymmetry have not be observed in our experiments and for this reason we have to
treat them in special manner in order to justify their existance only at high energies.
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So the goal of research in string theory is to find a solution of the theory that re-
produces the Standard Model and at the same time be compatible with the cosmological
observations for an accelerated universe expansion. This seems to be non-trivial since we
have not yet managed to obtain successfully any of these. The accelerated expansion can
be achieved by the presence of either a constant vacuum energy (cosmological constant)
or with slowly rolling scalar field(s). In the current analysis we study the possibility of
getting general cosmological constants which are characterized by elementary properties
of the cosmological constant of our Universe. This is a crucial starting point in order to
understand if string theory can accommodate consistent vacua.

In order to describe our four-dimensional spacetime using string theory it is reasonable
to ask what is the mechanism that keeps the rest of dimensions unobserved at low energies.
Since we detect only four out of the ten dimensions that string theory predicts close to the
Planck scale, a canonical mechanism to hide the remaining dimensions is to assume that
going to low energies the extra-dimensions become small. This means that at low energies
they cannot be observed and physics are well described by an effective field theory. To
proceed we assume the ten-dimensional metric is a product

My = My x X104 (1.0.1)

where M, for d = 4 is the spacetime we experience while X%~ is a compact manifold with
small size directions. This mechanism is the so-called Kaluza-Klein (KK) compactification
firstly introduced by Kaluza and Klein [4]. The mass states of the Kaluza-Klein modes
after compactification are dictated by m? ~ 1/R? where R stands for the radius of the
periodically compactified dimension y™ ~ y™ + 2w R. Thus at energies F < 1/Lk i with
Lx i the typical scale of the compactified dimension, the observed physics should be the
Standard Model and the General Relativity while effects of the internal space should be
suppressed. We will define the criteria for keeping the extra dimensions unobserved in the
following section.

A crucial step to obtain a d-dimensional effective action out of the ten-dimensional
one is to integrate over the compactified extra dimensions, this step is called dimensional
reduction. The reduced effective action comes with a number of free massless scalar fields
however their existance cannot be interpreted in our spacetime. For example, with the
presence of free massless fields one does not reproduce 4d relativity since scalar fields me-
diate forces. These fields contain information about the shape of internal space and usually
combine with gauge potentials from the 10d theory. Since their dynamics should not affect
the effective theory we want them to obtain large masses. This method is called moduli
stabilization for compactifications |3, 6] and is one of the most relevant activities in string
phenomenology and central point of this analysis. A crucial ingredient for moduli stabi-
lization in a computable way are fluxes together with local objects and we refer to [3,6-9].
If such ingredients are not included the effective field theory will contain massless moduli.
It is fair to say that by now, our best understanding of flux compactifications involve com-
pactifications to anti-de-Sitter (AdS) space, whereas compactifications to de-Sitter (dS)
space are notoriously difficult to control, if they exist at all [10, 11]. Compactifications
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down to Minkowski space with stabilized moduli are not known to us. Thus the presence
of non-trivial fluxes turns on an effective potential for the moduli and minimizing it we
attempt to stabilize them. For example a bosonic d-dimensional effective field theory, with
Einstein gravity and scalar moduli, will have the following form

1 1 ) ) ~
S = M;Z/dd:c _gd<§Rd + §Gijau¢za“(bj - V(¢)> (102)

where ¢ stands for scalar moduli fields!. The stabilization of moduli is not a trivial task
and usually not all of them are stabilized even with the presence of fluxes. Apart from the
difficulty to control all the moduli, their vacuum expectation value at the minimum of the
potential can be interpreted as a cosmological constant A in the effective field theory. This is
a mechanism to derive and interpret the cosmological constant from flux compactifications.

As discussed previously a very essential feature of string compactifications is that the
compact dimensions should be “small” enough in order to find a genuine four-dimensional
effective field theory. Since we described the method for deriving the cosmological constant
it is important to estimate whether the extra-dimension effects are absent from the effective
theory. Usually one defines “small” with respect to the four-dimensional Hubble scale.
This feature is also referred to as scale separation since the KK scale is supposed to be
parametrically separated/decoupled from the Hubble scale

L
KR <1, (1.0.3)
L

For an isotropic compactified internal space (e.g torus) the Kaluza-Klein scale can be
considered to be the volume of the internal space while the cosmological constant totally
depends on the effective potential and its ingredients after the dimensional reduction.
Since the goal of this analysis is to find consistent effective field theories with maximally
symmetric vacua coupled to Einstein gravity we attempt to construct consistent AdS vacua
too (also Minskowski) and study possible features such as separation of scales and moduli
stabilization.

Another feature of the effective field theory is the possibility of preserving some amount
of the initial supersymmetry of the ten-dimensional supergravity. The presence of super-
symmetry guaranties the absence of tachyon but also can provide a way to cross-check
the validity of some of our results. A method to break the desirable amount of super-
symmetry is the specific choice of internal space accompanied with discrete symmetries
under which supersymmetric spinors at the vacuum are not invariant. Apart from this, ex-
tended local objects related to the sting endpoints like D-branes can break or preserve some
amount of supersymmetry while orientifold planes can further reduce it. In this analysis
we will study cases where the effective field theory preserves the minimal supersymmetry
which is phenomenologically desirable but we also study the possibility of constructing
non-supersymmetric anti-de Sitter vacua and de Sitter including anti-D-branes.

W(g) = [d"° %, /gro—a V(F, $)
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As we discussed, the low-energy dynamics of string theory compactifications can be
described by lower-dimensional effective theories whose properties are determined by the
specifics of the internal geometry, fluxes and other ingredients. The range of effective the-
ories that can be obtained in this fashion is vast, but it appears that not all otherwise
internally consistent lower-dimensional effective theories can appear as low-energy limits
of string compactifications. The delineation of criteria that determine whether an effective
theory can be realized in string theory (or be consistent with quantum gravity more gen-
erally) has come to be known as the swampland program [12,13], with theories that fail to
satisfy these criteria said to reside in the swampland.

One general expectation that has come out of the swampland program is that compact-
ifications to non-supersymmetric anti-de Sitter space should be able to decay [14], and that
supersymmetric compactifications cannot have an arbitrarily small internal mean radius
compared to the external AdS radius [15]. In contrast to these conjectures, the effective
theories describing specific compactifications to non-susy AdS constructed in the literature
appear to be both fully stable and also enjoy a separation of scales when the supersymme-
try breaking effects are switched off [16-20|. This discrepancy has motivated the further
scrutiny of such constructions. For instance, the supersymmetric vacua appearing in [16]
have been further analyzed and partially challenged in a series of publications [21-23],
where the gaugino condensation backreaction is properly taken into account as proposed
in [24]. With regards to the constructions in [17], which are classical, one could suspect that
the inconsistent approximation is the use of “smeared” orientifold sources. In the mean-
time, various difficulties for achieving scale separation in Type II are discussed in [25-27],
further recent developments can be found in [28-32|, and implications on the holographic
side are discussed in [33-35].

The generality of the swampland conjectures means they should also apply to flux com-
pactifications with any number of external dimensions, unless of course there are quantum
gravity reasons to expect a specific dimensional dependence. Conversely, if the qualita-
tive properties of flux compactifications depend on the external dimensions, then from
the perspective of the swampland this means that some aspects of quantum gravity are
intrinsically different across dimensions. Therefore, string flux compactifications down to
dimensions different than four are a valuable resource for our understanding of the swamp-
land. In particular, three-dimensional compactifications are especially interesting for a
number of reasons. Firstly they are dual to two-dimensional field theories living on the
boundary and in the case of supersymmetric AdS vacua, this means two-dimensional super-
symmetric CFTs (for a sample of recent work see e.g. [36-41]). As a result the properties
of such vacua can be cross-checked with 2d CFT methods. Secondly, from a technical
point of view, the field content of a 3d flux compactification is considerably simpler than
the 4d counter-parts which allows to perform a more thorough study of such vacua in this
analysis. For example, the minimal supersymmetric background in 3d allows half of the
number of supersymmetries than the minimal 4d background. Thirdly, since gravitation
in three dimensions is intrinsically different than four dimensions or beyond, the study of
the 3d swampland offers a unique ground to test the dependence of the conjectures on the
dimensions of the external space.
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Outline

In chapter 2 we review basic concepts of superstring theory starting from the Polyakov
action and discuss the massless spectrum and perturbative limits such as the weak coupling
and large volume regime. Next we write down the low-energy actions of Type II and
the local sources which are extensively used in the analysis. We end this chapter with
few examples on Kaluza-Klein compactifications and the introduction of the concept of
orientifold plane.

In chapter 3 we introduce the internal space where we compactify on. We start by
reviewing some general properties of seven-dimensional manifolds with G2-structure and
focus on the identities of the fundamental three-form and its relation to curvature. Next
we choose the internal compact space to be a seven-torus accompanied with an orbifold
group leading to singular space. We introduce properties of the final singular geometry
that will be used extensively in the analysis.

In chapter 4 we demonstrate our first compactification example of Type ITA on G2
orientifolds. We consider net O2-plane contribution and find the effective field theory
to be minimal three-dimensional supergravity with no-scale Minkowski vacua with a flat
direction. Next we consider the Romans mass and net contribution of O6-planes leading
to supersymmetric AdS vacua with full moduli stabilization, separation of scales, flux
quantization, parametrically large volume and small weak coupling. Furthermore it is
shown that for specific choice of fluxes stable non-supersymmetric exists. We mention that
we use the smeared approximation for all our sources.

In chapter 5 we calculate the backreaction of the local sources on the fields of the theory.
We start from a general warped metric and performing a proper expansion for the fields we
find the next-to-leading order corrections due to the presence of local sources. We estimate
the exact first order corrections to all the fields as well as the relevant distance from
the source loci where the smeared approximation and subsequently our previous smeared
results can be trusted.

In chapter 6 we construct de-Sitter vacua by adding anti-branes to the previous Type
ITA setup. We check the consistency of the new vacua by performing critical point analysis
of the potential considering the bounds arising from the quantization of fluxes and the
equations of motion. We assume the existance of more general spaces with warp factor in
order the solution to be consistent however the interplay of fluxes and charges signifies a
possible decays of the vacuum.

Finally in chapter 7 perform compactification of Type IIB on co-calibrated G2 spaces
with internal curvature. We solve the supersymmetric equations of the effective field theory
and use S-duality to compare our results with supersymmetric vacua from Heterotic super-
gravity. We present two explicit examples of Minkowski and AdS vacua which significantly
depend on the choice of the structure group after the twisting of internal manifold. Then
we examine the possibility of constructing AdS vacua with scale separation and proper flux
quantization. Lastly we attempt to perform de-Sitter uplift by adding several combinations
of supersymmetry breaking.



Chapter 2

Low energy actions from String theory

In this chapter we give an introduction to the superstring theory, we review the basic steps
to obtain the spectrum and derive low-energy effective actions of string theory. Since our
main topic of the analysis involves low-energy effective actions we try to link and justify
how the actions are derived from string theory but also introduce concepts and definitions
that will appear repeatedly in the main passage.

2.1 Basics on String theory

We start from the two-dimensional Polyakov action which describes the bosonic string.
We discuss how boundary conditions on the equations of motion are satisfied and how
they define the string oscillations. Next we comment on the spectrum of the bosonic
string and finally arrive at the dynamics which can describe the universal part of the low-
energy target space action. Next we introduce worldsheet fermions which leads us to the
relevant for our analysis RR and NSNS sectors (which contain the fluxes for the effective
vacua emergence) in order to write down the complete bosonic target space action. For a
detailed description of the quantization of the string, where we do not go through, we refer
to the textbooks [1-3| where also this chapter is based on.

2.1.1 The bosonic string sector
The two-dimensional action of a moving string can be described by the Polyakov action

B 1
 4rmal

Sp / o /Ay Gun (X)X MO XN (2.1.1)

where 1 is the flat worldsheet metric with coordinates o' : —0o < 7 < occando?: 0 <o <.
The metric Gy is the D-dimensional target space metric of a general background and
XM = XM(g,7) are real scalar fields which can be thought to parametrize the manifold
and define a map from the string worldsheet to the physical D-dimensional spacetime. The
action describes the propagation of a string in the D-dimensional spacetime. The overall
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coefficient is the Regge slope, a dimensionful parameter which is related to the string scale
2
2 via o/ = % and the string tension

7 (2.1.2)

- 2ma 2ml2

It is important to mention that the Polyakov action is characterized by Poincare invariance,
diffeomorphism invariance, worldsheet Weyl invariance at classical level, while the Weyl
invariance is not a symmetry at curved backgrounds at quantum level and imposing this
condition to hold will lead to significant outcome in the next subsection.

2.1.2 Mass spectrum of the strings

The variation principle of the Polyakov action with respect to the metric and the scalar
fields gives the equations of motion together with boundary terms. The vanishing condi-
tions on the boundary terms define the nature of the string; open strings that oscillate with
endpoints moving independently or fixed on the boundaries and different kind of solutions
with closed strings. The classical solutions of these fields describe the propagation of the
string in the target space and the oscillation part is described by mode operators. These
theories can be quantized either with canonical or gauge fixing light-cone quantization by
constructing the Hamiltotian and making use of the Virasoro algebra. The quantization
follows by defining the Hilbert space of string states with a ground state |0, k™) annihi-
lated by the positive modding n > 0 oscillators a,,. Higher energy states are described by
momentum eigenstates | N, kM) where N is a number operator and stands for counting the
excited states. Excited states are constructed by acting on the ground state with creation
operators a, with n < 0. Acting with the negative mode oscillators increases the mass of
the state and the masses of spacetime particles increase with the number of oscillators in
the corresponding state. We neither go through the quantization nor the explicit wave-
function solutions of the string however we just present the spectrum which will help us to
understand the origin of terms in the low-energy action.

Closed bosonic string
For the closed string the boundary conditions which make the boundary terms vanish are

XM (r,0) = XM(7,1). (2.1.3)

For completeness we indicate that the scalar fields X™ can be expressed in the light-
cone coordinates as linear combination of right and left movers XM (7,0) = XM(1 + o) +
XM(r — o). The left and right-moving coordinates are frequently noted as % = 7 + 0.
The closed string has two oscillatory operators a and &M which describe the amplitude
of the momentum mode n of the left and right movers and make up the number operators

N = %ZZ&&&%, (2.1.4)

M n>0

10
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and the mass relation

M?*==(N+N -2), (2.1.5)
which is the sum of left and right movers mass. For physical states the number operators of
left and right movers should match N = N. Requiring Poincare invariance and absence of
tachyons on finds the critical dimensions for the bosonic string to be D = 26 which has been
considered in the mass relation. It is easy to see that the ground state M?2|0, k) of the
closed string is a tachyon. The massless state created by M?(a’ @’ ,)|0, k™) corresponding
to the tensor product of two massless vectors, one left mover and one right mover. The
part of the tensor product that is symmetric and traceless transforms under SO(D —2) as
a massless spin-2 particle, the graviton. The trace term is a massless scalar which is called
the dilaton and the antisymmetric part is an antisymmetric second-rank tensor. Thus
the reducible representation of the massless state decomposes into a symmetric traceless
tensor, an antisymmetric tensor and a scalar consisting the spectrum of the state. As stated
also in the introduction string theory predicts gravity which is not trivial. Acting further
with creation operators one can construct infinite massive states with more complicated
structure.

Open bosonic string

For the open string there are two conditions that can be imposed in order to make the
boundary terms vanish. The first possibility comes with Poincare invariance of the ten-
dimensional theory and the fields satisfy the following conditions

" XM(7,0) =07 XM(7,1) =0, (2.1.6)

which are known as Neumann boundary conditions applied on both open string endpoints
at ¢ = 0,[. In this case the endpoints are free to move through spacetime. The other
possibility of boundary conditions breaks the Poincare invariance

XM(r,0) =2, XM(11) =2, (2.1.7)

and is known as Dirichlet boundary conditions while the endpoints of the string are fixed
and not free to move. Considering Dirichlet conditions for M = m = 1,...,p+ 1 and
Neumann conditions for M =i =p+2,..., D dimensions the Lorentz invariance is broken
in the following way SO(1,D — 1) — SO(1,p) x SO(D — p — 1). These hypersurfaces are
called D-branes and their low-energy effective action has an important role in our analysis.

The worldsheet field expansion for fields with Dirichlet boundary conditions is similar
to what we have discussed before, it includes propagating and oscillating parts of the string.
However the main difference is that the string center of mass is localized on the D-brane
and thus the target-space particles propagate along the (p + 1)-dimensional worldvolume.
Performing the quantization of the open string one finds that the massless states transform
as a vector, originating from the (p + 1) creation operator o™, while scalars are coming

11
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from the transverse oscillator af. Following the quantization procedure one can find the
mass state for the open string to be

1

M? = &(N -1), (2.1.8)
and it is obvious that the ground state |0, k") is a tachyon. The first excited state for
oscillations longitudinal to the brane transforms as massless vector boson on the D-brane
o 110, kM) = |1, kM) in a vector representation of SO(1,p). For oscillations transverse to
the brane the states transform as scalars under SO(1,p) which live on the D-brane and
can be interpreted as fluctuations of the D-brane in the transverse directions while they
transform as vectors under the SO(D — p — 1) transverse to the D-brane. We notice that
the massive spectrum for both closed and open strings scales inversely proportional to the
length of the string M? ~ 1/a’ ~ 1/1> which means that at energies lower than the string
scale one can neglect these states and consider only the massless spectrum.

2.1.3 Perturbative limits and regimes

It useful to express the massless states found after the quantization the Polyakov action so-
lutions into a new perturbative-limit action including so-called Neveu-Schwarz (NS) sector:
the graviton, the antisymmetric rank two field and the dilaton

S_l

4ol

/ dzoﬁ[vabGMN(X)aaXM&,XN + e Byn(X)0, XM, XN +a/gR| (2.1.9)

and for our purposes we focus on the last term of the 2d action. For constant values
of the dilaton it corresponds to the Einstein-Hilbert term for the metric. However the
integrated curvature scalar over the 2d surface is a topological invariant quantity, the
Euler characteristic, which is defined by the handles h, boundaries b and cross-caps ¢ of
the surface in the following way

1
X:4-/d%ﬁRz2—2h—b—c. (2.1.10)
T

The coupling of the string to a constant dilaton weights each worldsheet diagram in the
path integral by a factor exp(-¢y) such that the dilaton vacuum expectation value is the
string coupling constant g,

gs = e®. (2.1.11)

The path integral sums over topologies is a loop expansion in the worldsheet with the
coupling g5 as the loop counting parameter. For example for one loop effect we add one
handle to the tree-level diagram g, the coupling constant is g2 and the amplitudes are
weighted by exp(2¢). The 2d worldsheet theory is non-interacting however there are non-
trivial interaction in the spacetime theory which arise from the non-trivial worldsheet
controlled by the string coupling. In our analysis we want classical string coupling thus we
work in the weakly coupled regime g, < 1 where string loop effects are neglected. As we

12
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will see when allow the presence of fluxes the action obtains a potential and it’s vacuum
expectation value determines the value of the dilaton and thus the string coupling constant.

The Polyakov action describes a 2d field theory in non-trivial curved background which
is known as non-linear sigma model and usually is not exactly solvable but can be done
perturbatively. It can be seen in the Polyakov action (but also in (2.1.9)) that the Regge
slope o can be considered as expansion parameter since the action becomes large in the
limit where o’ goes to zero. One can expand in perturbation series X (0) = X} + Y (o)
where Y™ are the variations around the point X}?. Then the integrand of the action is
given by the expansion

Garn (X)B, XM, XN = <GMN(XO) + 9sCarn(Xo)YS + .. .>8aYM8bYN L (2.1.12)

In this expansion the first term simply gives the kinetic terms for the scalar field fluctuations
while the second term is a cubic interaction term with coupling constant dsG sy (Xo) which
includes derivative of the target space metric at the point X,. For Lg the length scale of
the variation, the coupling constant dsG yn(Xo) is of order 1/Lg. Since the dimensionless
coupling is ’/L%, if Lg is much larger than the length scale of the string

/
Tz <1, (2.1.13)

R
then the coupling constants in the expansion are small and we can use perturbation theory
in the two-dimensional theory. Also when this limit is satisfied no massive string states
are created and the theory describes only massless backgrounds. At this limit we ignore
the internal structure of the string and use point-particle low-energy effective field theory.
We will consider this regime extensively in the compactification of internal dimensions.

As we saw there a double perturbative expansions that we will consider. We want

small coupling constant to perform spacetime loop expansion o’ expansion is worldsheet
loop expansion for fixed topology and suppresses the stringy effects.

Weyl invariance and the universal sector

We have mentioned before that the bosonic string action is invariant under some symme-
tries at classical level, however it is not Weyl invariant at quantum level. This can be
also verified from the trace of the stress-energy tensor which vanishes classically but not
in the quantum theory. The requirement of the theory to be invariant at quantum level
lead to the low-energy supergravity limit description. The stress-energy tensor contains
the renormalization group beta functions for the NS fields and imposing Weyl invariance
they should vanish. We write down the beta function expansion including all the fields

13
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which appear in the massless states

8%\ = a (RMN OV Ve — H}IN) +0(0?), (2.1.14)
Biin = o/( - §V Hsyn +V ¢HSMN> +0(a”?), (2.1.15)
D —26 1 1
1) — . Zx72 M = o2 12
3 - +a'(= 520+ Vo - i) + Oa®). (2.1.16)

Now setting the beta functions to zero 5§,y = 85y = 3% = 0 gives us spacetime equations
of motion at one loop for the massless closed fields. It is worth to mention that the dilaton
beta function vanishes exactly for D = 26 which states the critical dimensions of the
bosonic string. These equations can be also obtained from the following spacetime action

- —/de Ge—2¢<R— L s HYNE 4 409,606 + O(a ’2)). (2.1.17)

Computing the S-function to higher orders in o/ one can obtain higher derivative corrections
to the effective action.

As we will see this is the universal action for all the low-energy effective actions. The
normalization constant ko that appears in the target space action can be absorbed by ¢,
while in the Einstein frame with a canonical Einstein-Hilbert term, o should be observed
as the gravitational coupling constant. As we saw the Polyakov action which describes a
two-dimensional field theory can be replaced by a field theory living in a 26-dimensional
spacetime when imposing Weyl invariance in curved background and considering the o’
expansion limit.

2.1.4 The fermionic string sector

So far we have discussed the bosonic string and the universal low-energy sector that arises
from its massless states. It is natural to include worldsheet fermions in the theory and also
suggested in some cases to cure the tachyons. The inclusion of such worldsheet fermions
will also give rise to target space fermions and extra bosons which are physical and desired
in order to construct flux vacua which potentially describe the vacuum state of the universe.

In analogy to the bosonic sector we introduce two component spinor free fermionic
action

1
Yt

Sp = Ao UM 20,0y, | (2.1.18)

where ¥ are Dirac spinors and p® are 2 x 2 matrices. There are actually the superpart-
ners of XM and this action is related to the bosonic part via two-dimensional worldsheet
supersymmetry

oxXM =gt sUM = pr9,XMe, (2.1.19)

14
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where € is the supersymmetric parameter, an anti-commuting Majorana spinor. Similarly
to what was described for the bosonic string, from the equations of motion one can derive
the mode expansion and use the quantization process to construct the spectrum of the
theory. One can express the action above in the Majorana representation with two real
Majorana spinors and in the light-cone coordinates the action can be written as

Sp / Ao (Y_0up_ +ah0_ahy). (2.1.20)

" dral
where v, is the left-mover and ¢)_ the right-mover. The variation of this action gives Dirac
type solutions in these coordinates but also the following boundary terms which should
vanish independently

5e~ [dr(w-tv_ —wdv)| - [arwso —wsen)| o @12

The combinations to make these boundary terms vanish leads again to open and closed
strings with different sectors which we study separately.

Superstring states

Similar to the bosonic string, the fermionic modes arising from the closed-string boundary
conditions can be expressed as left and right-movers. There are two possible periodicity
conditions which make the boundary terms vanish

VY (1,0) =+ (7,0 +1) Ramond boundary condition (2.1.22)
V¥ (r,0) = =¥ (1,0 +1) Neveu-Schwarz boundary condition (2.1.23)

where the positive sign describes periodic boundary conditions, Ramond conditions (R),
while the negative sign describes anti-periodic boundary conditions Neveu-Schwarz con-
ditions (NS). The solution of the former have oscillators d’ and d’ with integer modes
n € Z while the later b% and b half-integer modes r € Z + 1/2. Either R or NS boundary
conditions can be imposed on the left and right-movers separately. This leads to the two
choices for the mode expansion! for the left-movers and two for the right-movers.

Next we define ground states annihilated by positive modding oscillators d: |0, k™) g
and b¢]0, kM) ys (respectively for the left movers) while the excited states are constructed
by acting on the ground state with the negative oscillators which are the creation operators.
Quantizing properly the fermionic modes using anticommutation relations and considering
the bosonic oscillators on the states a’,|0, kM) r and a? |0, k) ys one arrives at the critical
dimension D = 10 for the superstring theory. We write down indicatively the mass of the

ILeft movers R.: %ZXI(T, o) =3 Jye—mn(wa) ., NS: M\F/I(Ta o)=Y, gye—zir(ﬂra)
Right movers R: ¢M(r,0) = > drlye—%n(r—a) ’ NS: M(r,0) = S bTM€72iT(TfU)

15



CHAPTER 2. LOW ENERGY ACTIONS FROM STRING THEORY

right movers
o0
o' M?

—Zo/_nail—l—indln d (2.1.24)

/M2 o0
NS : = Za*n ay, Z rb’ bl — (2.1.25)

r=1/2

It is easy to see that the groundstate of the NS sector is a tachyon which can be removed
from the physical spectrum by the GSO projection such that the massless states of the
left and right movers match. Then the physical mass is given by the sum M? = M? + M?2.
The left and right massless states form SO(D — 2) representations. Applying the critical
dimension D = 10 the first excited state of the NS is the vector representation 8y of SO(8)
while the R sector first excited state forms one spinor of positive and one of negative
chirality representation, 8s and 8- respectively. The true state is given by tensoring
together a left-mover with a right-mover

+) &), (2.1.26)

and since there are two choices for the left-movers and two choices for the right-movers,
we get a total of four different sectors: the RR sector, the R-NS sector, the NS-R sector
and finally the NSNS sector. Note that the states in RR and NSNS sectors are background
spacetime bosons, while states in the NS-R and R-NS sectors are background spacetime
fermions. The decomposition in the following table

| | type ITA | type I1IB |
| Sector || [+) ®|-) | SO(8) [ 15 ®]-) | SO(8) |
NSNS By @8y | 1B28y B3dy | 8y ®8y | 1628y & 35y
NS-R 8y ® 8g 8c @ H6¢ 8y ® 8¢ 8s @ Hbg
R-NS 8c ® 8y 8s @ Hbg 8c ® 8y 8s @ dbg
RR 8¢ @ 8g 8y @ 56y 8c®8c | 1®28¢: @ 35¢

Table 2.1: Bosonic and fermionic spectrum of the closed string arising from the tensoring
left and right movers constructing this was the type II theories.

2.2 Low energy actions

In the previous section we have naively discussed the worldsheet superstring action and the
massless spectrum of the theory as well as the low-energy limit of the bosonic string. We saw
that the presence of worldsheet fermions gives rise to states which transform as fermions,
vectors and bosons and make up two types of theories based on their decomposition. In this

section introduce properties of so called Type II supergravities focusing on the universal
NSNS and the RR sector.
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2.2.1 Type II supergravities

Two different theories, the Type ITA and Type IIB supergravities can be obtained from
the closed string massless spectrum discussed before and differ on the RR sector due to
their different chirality. The low-energy effective action is described by the analogous
supergravities in ten dimensions and they admit N = 2 supersymmetry due to their 32
supercharges described by two ten-dimensional Majorana-Weyl spinors. The spectrum is
demonstrated in Table 2.2 and corresponds to the states in Table 2.1. The RR sector of
Type ITA contains odd p-forms C, with their respective field strengths F,; = dC,* and
the NS-R and R-NS sector contain two gravitinos and two dilatinos with opposite chirality.
The Type IIB RR sector contains even p-forms C, with self-dual Fj5, while the NS-R and
R~NS contain two left-handed gravitinos and two right-handed dilatinos.

| [ Type TTA || Type 1B |
NSNS g, BQ, ¢ g, B27 ¢
NS-R AL, Yim A, Vi

R-NS Ao, Yans Ao, Yanr
RR Ch, Cy Co, Cs, C4

Table 2.2: The massless spectrum of Type ITA and IIB supergravities.

Since we are looking for background solutions in this analysis the fermionic fields vanish
at the vacuum in order to be compatible with Poincare symmetry after compactification.
Thus we introduce only the bosonic part of the Type II supergravity action in string frame

SH = % dloXm {6_2¢(R10 + 4GMN8M7'8NT — %|H3|2) - %|Fp+1|2} s (2.2.1)
10

where 2k2, = (2m)7a/* | the closed field strength of the Kalb-Ramond field H; = dB
the ten-dimensional determinant of the metric G = det(Gyn). The above supergravity
action is invariant under ten-dimensional diffeomorphisms and as referred before admits
N=2 local supersymmetry. The presence of field strengths in the tree-level action signifies
the gauge invariance under the transformation of the Kalb-Ramond field B, — By + d5\1
which is naturally involved in the worldsheet action and the gauge invariance under the
transformation of the Ramond-Ramond potentials C, — C,, + dS\pH.

Type ITA

These bosonic states that we are interested in are obtained by tensoring a pair of Majorana-
Weyl spinors as shown in Table 2.2. In the ITA case, the two Majorana -Weyl spinors have
opposite chirality and one obtains a one-form C4 and a three-form C5 which enter the

22 _ 1 My .M
[Fpl* = 1 Fy g, B
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action (2.2.1) in the following combinations
Fy=Fy+ FyA By, (2.2.2)
~ 1
F4 :F4+Cl/\H3+§F0/\BQ/\B2. (223)

In the definitions above we mention that the Romans mass Fj is included such that the
Type ITA supergravity admits a deformation by a mass parameter, which may be considered
as a background field strength. This field is auxiliary, it is not propagating any degrees
of freedom dFy = 0 = d x Fjp, while we need to put a nine-form potential Fjq = dCy
in the perspective. However the Romans mass has physical effects since it contributes to
the energy density and contains additional contributions to Chern-Simons couplings too.
Setting it to zero the Type ITA supergravity can be obtained by dimensional reduction of
11d supergravity on a circle of radius R. The presence of the Romans mass will for the
construction of consistent vacua in this analysis.

Type 1IB

In the IIB case the two Majorana-Weyl spinors have the same chirality, and one obtains
a zero-form Cj, a two-form C5 and a Cj gauge field as shown in Table 2.2 with the field
strength of the later to respect the self-dual relation F5; = xF5 and the enter the super-
gravity action (2.2.1) in the following way

Fy=F3— Hy A\ Cy, (2.2.4)
~ 1
F5:F5—§(B2/\F3—CQAH3). (225)

2.2.2 D-branes

D-branes (Dp-branes) are lower-dimensional planes which span (p + 1)-dimensional sub-
spaces within the 10d spacetime with open strings ending one them as described in 2.1.2.
They are dynamical and non-perturbative objects in the low-energy limit of string theory.
The (p + 1)-dimensional low-energy action which describes the gravitational part of the
massless bosonic open string is the Dirac-Born-Infeld (DBI) action. In addition to the
standard Nambu-Goto part, this action describes the coupling of the D-brane to the rest
NSNS fields and includes the number of scalars interpreted as transverse fluctuations of
the D-brane which parametrize its position in the transverse space

XM =2md' o™ (€), M=p+2,....D, (2.2.6)

where { = 1,--- ,p+1 are the longitudinal coordinates (2.1.7). For our purposes we ignore
the supersymmetric part and write down only the bosonic part of the action

Sper = —Tby / dp“ée"b\/ —det(gap + Fup + (270/)20,009) , (2.2.7)
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where F,, = By + 27a’F,;, with By, the NSNS massless two-form and F); is the field
strength of the U(1) gauge boson F' = dA living on the worldvolume of the D-brane.
The existence of the F,, term in the action is reasonable because it is the only invariant
combination under the gauge symmetries of the worldsheet action. The metric g,; indicates
the induced metric
XM oxN

€)= Sz e Cun(X(6)). (2.28)
We note also in (2.2.7) that in this frame the dilaton is an overall factor and can be
considered as part of the tension Tp,. Its dependence to the string coupling constant is
inversely proportional which means that in the weak coupling limit g; < 1 the D-branes
are non-perturbative states and behave as rigid objects. The tension of the D-brane is
related to the string length via

Tp, = (2m) P/ "17P)/2, (2.2.9)

Apart from the gravitational coupling described by the DBI action, D-branes are elec-
trically charged under RR charges. They emit closed strings and this is expressed via the
coupling with the Chern-Simons action which describes the C), coupling of D-branes

S@:QM/CAJ%% (2.2.10)

where Qp, is the electric charge of the D-brane. C stands for the polyform C = )" C, for
p the gauge potentials allowed in Type II theories. However the presence of background
flux F can make the D-brane carry also lower RR charges. Performing Taylor expansion
for the exponential term e = 1 + F + F?/2! + ... and considering the polyform C we
keep only the (p+ 1) piece of the integral which corresponds to the D-brane worldvolume.
For example the first term of this expansion in the Chern-Simons action gives the D-brane
sourcing C),, gauge fields. The next term describes the worldvolume gauge field inducing
lower-dimensional D-brane charges C,,_; AF. Since we have already given the C), potentials
for Type II theories we can read off from the Dp-brane action that Type IIB theory is
compatible with Dp-branes with odd p and even in the number of p + 1 dimensions while
Type ITA theory contains only Dp-branes with even p and odd number of p+ 1 dimensions

Type ITIA : D0, D2, D4, D6, D8,
Type IIB : D1,D3,D5,D7,D9.

Having introduced the gravitational and electric part, there is a condition for supersymmet-
ric D-branes that relates the tension to the charge T, = Qp, and indicates the cancelling
of the forces among parallel branes ensuring stability of a D-brane system. Furthermore,
D-branes preserve on their worldvolume one half of the original supersymmetry making
them stable objects. For this to happen their charge has to be equal to their tension.
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Anti-D-branes

We end this subsection by considering the so called anti-D-branes or Dp-branes which are
similar to the common D-branes but they carry the opposite charge. Anti-D-brane have the
same tension as D-branes which means that they have the same coupling to fields coming
from the NSNS closed string. On the other hand, the coupling to the RR fields comes with
the opposite sign. This means that for a system of parallel D-branes and anti-D-branes
the total charge vanishes (brane-antibrane annihilation) while the tensions sum up. This
also indicates that this state of the system is not BPS anymore since the total charge
vanishes while the tension does not and BPS relation is not satisfied. Actually for parallel
D-branes and anti-D-branes all the supersymmetries are broken since the anti-D-branes
break exactly the preserved D-branes supersymmetries. This property will be used in the
de-Sitter uplift where all the supersymmetries preserved in the Minkowski or AdS vacua
should vanish while the tension will contribute positively to the energy density.

2.2.3 Toroidal compactification

Starting from the worldsheet perspective we have discussed the effective action of the su-
perstrings which gives rise to bosons and fermions living in a 10d target space. However
as described in the introduction in order to make contact with the real world we have to
obtain an effective field theory by compactifying the extra dimensions. The first step for
the compactification of the extra dimensions is to express the ten-dimensional metric as the
product of two manifolds My x X'%~? where X'°~¢ stands for the compact manifold, so
called internal space while M, stands for the external space. In our examples the external
space will be three-dimensional. The idea of compactification is based historically on the
Kaluza-Klein mechanism while as we will see for a proper and realistic compactification
not just compact dimensions needed to be small but also a hierarchy on scales will play
crucial role.

Compactification in field theory

In this first example we consider a field theory in five-dimensional spacetime with the
presence of a scalar field. We consider the fifth dimensions, internal manifold, to be a
circle 2% = S! and so it is compactified in following way x® = 2° + 27 R. Since we want to
investigate the effect of the extra dimension we consider the five-dimensional scalar field
which can be expanded in Fourier modes in the following way

(M) = 3 M gy(ah, (2.2.11)

keZ

due to the periodicity of the extra dimension. The indices here M = 1,...,5 and u =
1,...,4. We assume that the scalar field is massless such that there are only kinetic terms
in the five-dimensional action. It is straightforward to see that the momentum of the field
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in the extra dimension is quantized p = k/R. From the five dimensional equations of
motion we find that

k2
0, 0" — ﬁgbk =0, (2.2.12)

and the mass of the four-dimensional fields is a tower of states m? = (k/R)? which depends
one the radius of the fifth periodical dimension. The effect of the fifth dimensions appear in
the four dimensional equation. However at energies lower than the compactification scale

L < Mgy ~ R (2.2.13)

the modes are heavy and only the four-dimensional part contributes. On the other hand
when L > R~ we see the tower of Kaluza-Klein states entering the scale. If one considers
initially a massive scalar field the effects of the extra dimension appear as a shift in the
mass spectrum mi = M? + (k/R)?.

In order to study further the effective field theory which arises after the compactification
of extra dimensions and make a connection to string theory field content we consider the
universal action (2.1.17) and D = 5. Assume the existance of a scale factor (a scalar
component of the initial metric) for the fifth dimension ds* = g,, dx"dz” + e**dz’dz® and
we compactify over the periodic dimension to get the following action

_ Tk

2
Ko

: -1 1
S d*zy/=gse * (Ry — 8,b0"b + 40,00"¢ — 7o HuweH"™7 = Ze_2bH5WH5”’”)

(2.2.14)

for p = ¢ — b/2. Firstly we observe that the gravitational coupling of the effective theory
has changed and depends on the radius of the internal space and the scale factor. Second
the effective action contains massless scalar fields which do not have a potential thus they
can mediate gravitational-like forces which are not observed in our experiments. These
fields are so called moduli which we want to stabilize with the presence of fluxes and super-
symmetry in order to obtain masses but also extra fields come due to the decomposition
of the three-rank antisymmetric field after the reduction. For a more general analysis for
compactifications with warped metric see [5].

Bosonic string compactification

The effect of compactification in string theory is global and arises in the boundary condi-
tions for the worldsheet fields. More specifically consider a ten-dimensional bosonic field
where one of the spatial directions satisfy the boundary condition

X'(t,0+1) = X'(r,0) +27Rw, (2.2.15)

while the rest satisfy the standard closed string boundary condition (2.1.3). The presence of
winding w it’s due to the 2d nature of the strings and the standard closed string boundary
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condition is restored for w = 0. Obsiously this periodicity condition changes the mode
expansion for both bosons and fermions and affect the spectrum as we will see. In contrast
to the example of the compactification on a circle in field theory, the momenta in the
compactified direction of closed strings contains extra winding terms in addition to the
quantized standard ones pr/;, = % + 12—{% while these terms squared enter to the mass for
the closed string (2.1.5)

A2 — <k2 wQRQ) 2 ~

ot ) TS (NN - 2). (2.2.16)

It is important to note that compactifying over more than one dimensions there are ex-
tra contributions to closed string spectrum due to the scalars arising from the two-rand
antisymmetric tensor decomposition. Regarding the mass of the closed string in this ex-
ample it is obvious that the standard massless string limit is derived for £ = w = 0. For
non-zero winding and R/’ > 1 the stringy modes (o' effects) decouple from the standard
KK modes. This is the large internal volume approximation where the radius is much
larger than the string length. On the other hand for R/a/ < 1 the winding states become
important and we cannot trust the field theory approximation. The effective field theory
with energy scale L has to be L < Mg < Mgtring. In addition to the compactification
scale now there is an extra constrain in order the stringy scales not to be present in the
low energy theory.

Toroidal orbifold, untwisted and twisted sector

So far we have seen the compactification of a string on a circle which can be generalized to
a torus. However compactifying on such a smooth manifold the remaining effective theory
preserves a large amount of supersymmetry resulting effective field theories which are not
phenomenology friendly. Now we want to construct a d-dimensional internal space imposing
the periodic condition (2.2.15) to fields X* with the presence of discrete symmetries. In
short one can define an orbifold as the quotient space of a smooth manifold T" divided by
the isometry group I' leading to the singular space X? = T9/T". Actually considering our
smooth manifold to be a torus divided by some discrete symmetry we construct the so
called toroidal orbifolds.The group I' acts with fixed points on the coordinates of the torus.

One might think that a singular space could be problematic due to the singularities on
the worldsheet. However the nature of strings which are extended objects are compatible
with propagating in such spaces. The spectrum of closed strings considering an orbifold
group I falls in two cases. To discuss them we write down the periodic boundary condition
of a compactified closed string up to the action of g € I' on the field

XM(r04+1)=gXM(r,0) + 21 Rw. (2.2.17)

The first case is the so called untwisted states where g = 1 and corresponds to the string
theory compactified on a manifold e.g a torus with boundary condition (2.2.15). The mode
expansions and the mass spectrum is the one described in the compactification of bosonic
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string subsection thus the string states are invariant under the group action. The second
case is the so called twisted states which correspond to the fixed points by the orbifold,
for example for the group element ¢ = —1. This implies that for the center of mass of the
string is located at a fixed plane. The presence of such twisted states is also required by a
strong symmetry of type IIB, the modular invariance. The complete massless spectrum is
anomaly-free thus both the untwisted and twisted sectors should be taken into account.

2.2.4 Orientifolds
Unoriented strings

So far have discussed the spectrum of oriented strings which means that the worldsheet
has an orientation. In order to introduce unoriented strings we consider the worldsheet
parity operator {2 which acts on the worldsheet fields as a coordinate transformation in the
following way

Q: XM(r,0)=XM(1,1-0), (2.2.18)

changing the orientation of the worldsheet. This condition holds for both open and closed
strings and changes only the oscillatory part of the X field expansion acting as a™ <«
(—=1)NaM for the open string and a™ < @™ for the closed string. This corresponds to
the exchanges of right and left moving sectors. Applying the worldsheet operator on the
ground states we get

QIN, k) = (=1)N|N, k), (2.2.19)
Q|N, N, k) =|N,N, k), (2.2.20)

while only the invariant states, which have eigenvalues +1, survive. As we notice for the
open string there is change of the sign for odd states which signifies that the worldsheet
parity truncates the spectrum of the oriented open string. In addition to this, the open
string carries degrees of freedom at the endpoints, known as Chan-Paton indices, which
can be interpreted as indices of a gauge group. The worldsheet parity acts non-trivially on
them leading to the O~ projections giving SO(N) gauge bosons, and the projection O
giving USp(N) gauge bosons. The former are related to the usual orientifold planes which
we describe next while the later will be used in the construction of de-Sitter vacua in our
Type IIB example.

Orientifold involution and O-planes

Another important local object in string theory is the p-dimensional hyperplane with fixed
loci, so called orientifolds or Op-planes. An orientifold plane is a result of the orientifold
projection O that we will introduce in a short, a combination of the worldsheet parity €2
which produces unoriented strings and target space reflections which create orbifolds and
does not affect the external spacetime. The action o is a reflection in target space and
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the subspace fixed under o correspond to a region where the orientation of a string can
flip. In addition, the involutions leave invariant certain submanifolds and the product of
these submanifolds to the external space are referred as Op-planes where p stands for the
worldvolume similar to Dp-branes. Finally the orientifold projection is given to be

O = Qo(—-1)f*, (2.2.21)

where F7, is the spacetime fermion number in the left-moving sector and is needed to ensure
0% =1 on all states.

In contrast to D-branes, these objects are non-dynamical and strings are not tied up
to the orientifold plane and thus there are no gauge fields in their worldvolume. However
they also couple to the RR sector via a Chern-Simons part and their effect on the target
space can be described at tree-level by an action similar to the one we have introduced for
Dp-branes

Sop = —Top / dPtee?/—det(gap) + Qop / C, (2.2.22)

p+1
which consists of two pieces and these objects have a tension 75, and a charge QQo,. The
most common type of O-plane has tension opposite to this D-brane and are related the
following way

Top = —2""°Tp,, . (2.2.23)

In this analysis we take the charge of D-branes to be positive thus the orientifold planes
have negative charge. This is the most common kind of orientifold plane but in a special
case we will consider also orientifold planes with positive tension and charge which are
usually denoted as OT-planes. These objects should not be confused with anti-O-planes
which have the same tension but opposite charge to this of the regular O-planes. Next we
list the O-planes allowed in Type II depending on their worldvolume

Type ITIA : 02,04, 06,08,
Type IIB : 03,05,07,09.

An extensive review of orientifold planes in string theory can be found in [42].

The presence of orientifolds determine the spectrum of the effective theory since they
project out fluxes which are not invariant under the orientifold involution. In order the
NSNS sector to be invariant under the local orientifold projection O, the fields should
transform in the following way under the target space involutions

cp=¢, ocg=g, oH3=—H;. (2.2.24)
For the RR fields we need

oF,=—alfF,, (04, 05,08,009) (2.2.25)

ol, =+aF,, (02,03, 06,07) (2.2.26)

where « is the operator which reverses all the indices of a p-form see [43]. The orientifold is
supersymmetric if the orientifold operator leaves the supersymmetry generator invariant.
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2.2.5 Tadpole cancellation and flux quantization

Consider now a simple example where the background flux F = 0. Integrating by part the
kinetic terms of the RR fields and considering the simplified CS term we get

Se, ~ /Cp NdFy_,+> N / Cyp Abiop, (2.2.27)

where we have also included the number N of D-branes which in general can be arbitrary
but integer. We have used the delta function with support on the transverse directions in
order to express the Chern-Simons part in ten dimensions. Performing the variation for
the C, field we arrive at the Bianchi identity

dFsp = Qpp Y Nigp. (2.2.28)

From this equation one can calculate the nonzero charge of the D-brane which acts as a
source term in the equations of motion for the C), field. However, considering the internal
indices and performing the integral over the internal space there are inconsistencies arising.
In complete analogy to Gauss law there should not be net charge on compact manifolds
since the magnetic lines emanating from the charge either have to extend to infinity or
end up on another source with opposite charge. Actually in Type II string theory there
is a tadpole in the string perturbation series for RR-fields reflected in target space by
non-trivial total RR-field flux on compact spaces. This inconsistency cancels if the charge
can be neutralized by adding opposite charge source. So far we have seen that anti-D-
branes are charged with the opposite charge of D-branes so one can include them to cancel
the tadpole. This can be done however implies that the model will be necessarily non-
supersymmetric. The introduction of orientifold planes with negative tension and opposite
charge to those of D-branes can satisfy the Bianchi identity but also reduce the amount
of supersymmetry leading to friendly phenomenological vacua. Thus we have to consider
orientifold backgrounds.

So far we have seen in short that the presence of D-branes in string theory arises as
open string endpoints that at the low-energy description of supergravity they appear as
non-perturbative objects. However when solving the supergravity equations of motion such
local objects are involved in the vacua solution and their charges are fixed together with the
fluxes of RR and NSNS fields. One restriction of string theory on the supergravity solutions
is the quantization of the flures which we consider it here as a consistency condition. The
quantization rules in our conventions for the 10d theory are

[ 5= enpt@ony, ez, 2.220)

thus in order the flux vacua to be of string origin the fluxes and the charges have to be
integer numbers.

An other condition that has to be satisfied to avoid inconsistencies both in the world-
sheet and in the target space is the tadpole cancellation which was discussed before for the
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simple case of RR charges sourced by a number of D-branes. The equation of motion for
the RR field, Bianchi identity. We we consider the Bianchi identity including extra flux
and sources

dFy_, = H3 A Fs_o + (27) 0" (NopQop + NppQpp)do—p - (2.2.30)

where except the local sources the presence of fluxes appeared on the right hand side(+).
However now except the sources with opposite charge that can neutralize the total charge
the extra flux term has to vanish. In order the right hand side to vanish after integration
over the internal space perform the smearing approximation

(59,71 — Jo—n, (2231)

where we have replaced the delta function with a regular function. Then the integral of
the Bianchi identity gives the tadpole cancellation condition

1

dFy , =0 — ——— | H3AFs_ cource = 0. 2.2.32

where Qsource = (Nop@pp + NppQpp) Where as we referred before the number of O-planes
is fixed by the geometry while of the D-branes is not. To satisfy this equation the number
of D-branes Np, should be chosen in such a way to cancel the flux, roughly speaking

Qsource ~ h3f6fp; (2233)

the left hand side is the fluxes of the relevant NSNS and RR forms. This condition bounds
significantly the values of the fluxes which are responsible for scale separation.
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Chapter 3

Internal space: G2-structures and
toroidal orbifold

In this section we start by introducing basic concepts of smooth manifolds with G2-
structure. We review properties of G2-structures such as the curvature of the manifold,
the structure equations which characterize the fundamental three-form of G2 as well as
the torsion classes which correspond to the irreducible representation of G2-structures and
will appear explicitly in our analysis. Next we specify the choice of our internal space to
be seven-dimensional torus with G2-structure together with a specific orbifold group. As
previously discussed the presence of orbifold will lead us to the construction of effective
field theories with reduced amount of supersymmetry.

3.1 G2-structures

In this subsection we introduce the basic features of the seven-dimensional internal space
X7 to be used in our compactifications. Our scope is to define the general properties of
a seven-dimensional manifold X; which admits a G2-structure and we establish we basic
tools for our analysis. The G2-structure is characterized by the invariant three-form in an
oriented seven dimensional manifold X

B = 127 _ T _ 56T 4 o136 _ (235 4 15 216 (3.1.1)

where e'?" = el Ae? A€, etc and €' are one-form basis coordinates of X;. Given this
three-form on X7 it is possible to define a unique Riemannian metric g(®) = ¢ associated
to ® and thus a Hodge duality operation. Then we can write down the co-associative
invariant four-form

P = = 63456 o 61256 o 61234 =+ 62457 - 61467 + 62367 + 81357 ) (312)

A convenient expression for the internal volume in terms of the fundamental forms is

vol(X7) = % / B A+ (3.1.3)
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The fundamental three-form and the relevant metric are uniquely defined in the follow-
ing way: a stable three-form ® on the tangent spaces of X7 reduces the structure group
GL(7) — G2 so that X7 is a G2-structure manifold [45]. Then the three-form (3.1.1) is
uniquely defined together with the symmetric bilinear By,

1
Gab detg = Bab = _q)amnq)bpqq)rstﬁmnquSt ) (314>
144
where ™75t is the seven dimensional Levi-Civita symbol and the metric can be read off
in terms of the three-form. See [46] for a detailed derivation.

Irreducible representations of G2

To study further manifolds with G2-structure it is important to understand the decomposi-
tion of representations of p-forms living in AP spaces after the reduction GL(7) — G2. We
denote by AV(X7) = A} the [-dimensional irreducible representation of G2 and define the
Hodge duality operation xA? 2 A] " that we have used already. The A' = Al is irreducible
representation of G2 while the 21-dimensional space of two-forms on X7 follows the direct
sum decomposition A? = A2 @ A?,. The 35-dimensional space of three-forms decomposes
as A*> = A3@ A2@ A3;. The higher form representations are induced by Hodge duality. We
write down the properties and conditions of each irreducible representation in terms of the
fundamental three-form

A2 = {x(a Ax®) |a € A'}, (3.1.5)
Ay ={B € N?[BAx® =0}, (3.1.6)
A= {fe|fec™y, (3.1.7)
A2 = {x(an®)|aecA'}, ( )
A ={y €N |YANDP=0,7yA%xDP =0}. ( )

3.1.1 Intrinsic torsion, curvature and closeness of the three-form

In this subsection we introduce algebraic and analytic properties of the three-form and
geometric quantities like torsion and curvature which will be crucial for analytical calcu-
lations and for understanding the physical notion of curvature on manifolds with group
structure.

We have seen that the fundamental three-form on a smooth manifold X; defines a
Riemannian metric ¢;; and therefore a unique connection V (Levi-Civita covariant deriva-
tive). The exterior derivative on the three-form does always vanish, it is called the intrinsic
torsion of the G2-structure and is defined as

vl(I)OLbc = 7jlmgmnlljnabc; (3110)

which lies in the product space V® € Al ® A2, The expression above is written in terms of
the full torsion tensor T}, which has 49-components and fully defines the intrinsic torsion
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V®. The fundamental three-form is not necessarily covariantly constant while whether the
covariant derivative of the three-form vanishes depends on the fully antisymmetric torsion
11, that we define next

1 1 1
Ty = Zwlglm + g(Wﬂzm - 5(*W14)lm — (War)im , (3.1.11)

which is expressed in terms of the metric and the W; p-differential forms (we follow the
notation of [47]). The latter, which are the so-called torsion classes, correspond to the
irreducible representations W; € 1 is a function, W7 € 7, Wy, € 14, Wy, € 27 of the
G2 structure after the decomposition 49 = 1 & 7 @ 14 @ 27. The torsion classes can
be calculated in terms of the torsion tensor as in [45] however in our examples we will
only define them after twisting the torus with the presence of group structure constants.
The presence of torsion forms was classified by Fernandez and Gray [48] in 16 different
classes and they showed that torsion free G2-structures are equivalent to the fundamental
three-form being closed and co-closed.

However one can get more analytic and handy expressions than the covariant derivative
which relate derivatives on the fundamental forms to the torsion classes. It was shown
in [49] that the exterior derivatives on the three-form and its dual give the structure
equations and can be decomposed in terms of the torsion classes

do =W D — D AW, + Wy, | (3.1.12)
4
d*(I):g*CI)/\W7+W14, (3113)

together with the useful relations ® A Wy; = 0 and Wiy A & = Wiy, From the structure
equations it is easy to read that W; is a zero-form, W7 a two-form, Wy, a five form and
Wy7 a four-form. Having defined the metric and the covariant derivative one can find the
non-vanishing Ricci tensor and scalar which are a key feature for studying more general
internal spaces. For this reason we introduce the form of the Ricci scalar is

21
8
for all non-zero torsions. This expression will be simplified for our specific examples.

A case of great interest for compactifications that we also study here arise when all
torsions are simultaneously set to zero, the G2-structure is torsion free. This directly
imposes that the full torsion is zero and thus V® = 0 while the structure equations
simplify to

30 1 1
R = —4xd+ Wy + Wi+ §|W7!2 - §|VV14|2 - §|W27|27 (3.1.14)

dd =0, (3.1.15)
dx®=0. (3.1.16)

Since the fundamental three-form determines a Riemannian metric we can also find ex-
pressions for the Ricci curvature of the manifold and can be expressed in terms of the
torsion. and then the G2-structure group is equivalent to the G2-holonomy of the man-
ifold Hol(g) C G2, the internal space is Ricci flat. Non-vanishing covariant derivative
V& +# 0 signify deviation from G2 holonomy.
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3.2 The T7 orbifold with G2-structure

The first step to a specific model is the choice of G2 manifold and then study the possible
O-plane involutions that can be defined over it. The easiest examples are G2 spaces that
arise from toroidal orbifolds whose singularities are blown up or not. For singularities that
can be resolved by a known geometric blow-up procedure the canonical set of examples
were constructed in the original work by Joyce [50,51]. But truly singular G2 spaces are
physical as well in the context of string or M-theory and they are even required to get more
interesting lower-dimensional phenomenology [52|. Both regular and singular G2 spaces
constructed from toroidal orbifolds come with extra modes not visible at the level of the
torus covering space. Either these modes are really the extra moduli of cycles introduced
by the geometric blow up, or they come from the twisted sector of the string. In our exam-
ples in this thesis we will use the simplest singular toroidal orbifold and be careless about
the unresolved orbifold singularities, which we assume can be resolved in string theory at
the cost of extra twisted sectors. In any case the restricted set of seven real circle radii
we consider are present in most models. So in that sense we capture the “universal” sector
of many toroidal G2 compactifications, just like the STU truncation in four-dimensional
N=1 flux reductions.

So far we have discussed the basic setup of a seven dimensional manifold with G2-
structure. Now we want to specify the internal manifold to be toroidal orbifolds of the
form

7
Xr= oo (3.2.1)
We introduce the seven vielbeins of the torus
e™ =r"dy™, (3.2.2)
and the seven internal coordinates are labeled as y™
Yy y" 4 2mr™ (3.2.3)

The finite group of isometries I', forming the orbifold group, should preserve the three-form
in Eq.(3.1.1) and the co-associative four-form in Eq.(3.1.2). For our orbifold group I' we
use the following Z, involutions

@a : (yla s 7:’-/7) — (_yla _y27 _y37 _y47y57y67 3/7) ;
@5 : (ylv s 7y7) — (_ylv _yZ’ yga ?J4, —?/57 —?JG’ ?/7) ) (324)
@’Y : (yla s 7y7> — (_yla y27 _y37 y47 _y57 y67 _y7) )

and then I' = {©,,03,0,}. Note that the © commute, they square to the identity, and
they preserve the calibration ®. All of the three ©, the three ©2 and the single © have
each 16 copies of T? as fixed points, but they do not act on each other freely, therefore we
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have a singular G2;! to find the singular space of the full I" and to perform the blow-up is
studied in this work.

Let us focus now on the untwisted sector of this orbifold. The untwisted Betti numbers
(i.e. the Betti numbers before we resolve the singularities) can be simply found by counting
the number of linearly independent p-forms dy’- invariant under the orbifold action I'.
For example in the simplest case where the invariant forms are the fundamental three and
four-form and the volume the Betti numbers will be by = 1, by = 0, by = 0, b3 = 7. The
seven invariant three-forms build a basis

o, = (dy127, Ay —dyPT dy'8, — 4y, 4y dy246> =17, (3.2.5)
on which we have already expanded the calibration as

d=Y s(x)P;, or ®=sd, (3.2.6)

7

=1

where the s'(z) = s’ are the metric moduli and describe the internal metric deformations
and relate to the vielbeins as e! = (s's8s7)V2(]]. s*)"Y/%dy!, etc. (we refer to them as
shape moduli or deformations too). Indeed, the s' can be related to the seven torus radii
r™ as follows

1,.2..7

st = = st=rrT | P20y = - o =T ete (3.2.7)

Now one can re-express the internal volume (3.1.3) in terms of the seven torus radii

7 7 1/3
vol(X7) = [[r™ = (11 si) = % / DA *D (3.2.8)

m=1

where we use fT7 dy* A --- Ady” =1 in the covering space. For later convenience we also
define here a basis of closed and co-closed four-forms that are left invariant under the
orbifold involutions

\Iji — (dy3456, _dy12567 —dy1234, dy2457, _dy14677 dy23677 dy1357) ’ i = 17 o 7. (329)

which together with the basis of harmonic three-forms satisfy an orthogonality condition
of the form We denote a generic G2 space as X7 and introduce the basis for the dual
four-form ¥ = «® on X, as

Notice that the three-forms (3.2.5) and the four-forms (3.2.9) satisfy the relation (3.2.10)
and that in the ¥, basis the co-associative calibration takes the form

7
1 1
w=3"" (;X?)\Ifi, i, = YOIXD) (3.2.11)

= (7)?

n [50] these singularities are referred to as ‘bad’ not because they cannot be resolved but rather
because there is no straightforward prescription to do so.
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Chapter 4

Three-dimensional vacua in Type IIA

4.1 Introduction

In this part of the thesis we focus mainly on the construction of AdS vacua from Type
ITA orientifold compactifications. So far our best motivated scenarios for achieving moduli
stabilization in scale-separated AdS vacua are [16,17,53], where only reference [17] succeeds
in finding an arbitrary separation between the KK scale and the AdS scale by taking an
unconstrained flux quantum to infinity. On the downside this AdS vacuum does have
scalars of the order of the AdS mass scale and hence these vacua are not so useful for true
phenomenological models.

Interestingly, the very basic assumption of being able to achieve scale separation is
under debate [15,25,28,54, 55] since the compactifications used in string phenomenology
always feature ingredients which obscure fully explicit computations. One can hope that
holography could settle this discussion once it can be shown there are huge families of CF'Ts
that could reproduce qualitative features like full moduli stabilization and scale separation.
We refer to [29,56-60| for recent work in that direction.

These issues motivate us to investigate moduli stabilization and scale separation in 3d
vacua. Such vacua or not obviously relevant for phenomenology but the ingredients used in
the construction of 4d vacua exist there as well, whereas that seems not to be true in 5d or
higher in our opinion. This already makes 4 dimensions special in string theory. The nice
feature of 3 dimensions is that supersymmetric AdS vacua can be dual to SCFTs in 2d.
Since 2d CFTs are somewhat more studied than 3d CE'Ts our hope is that we can settle
the issue for 3d AdS vacua'. Although, in this thesis we focus entirely on the supergravity
problem and do not venture into a holographic description. We hope to come back to this
in the future.

So we are led to consider compactifications of string theory on seven-dimensional man-
ifolds that preserve some amount of supersymmetry. Furthermore, we want to have some
handle on the moduli problem for such manifolds. This restricts us to manifolds with G2
holonomy, since by now there is an extended literature on the moduli problem for such

LOne can of course also ponder AdS vacua in 2d, see for instance [30].
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spaces; see e.g. [52,61-64] for a sample of papers. In contrast, manifolds with a G2 struc-
ture group but no G2 holonomy are much less understood when it comes to fluctuation
theory.

Spaces with G2 holonomy, abbreviated G2 spaces from here onwards, are Ricci flat and
compactifying over them without fluxes and sources will lead to a 3d supergravity theory
with 4 supercharges and a moduli space. We are interested in lifting the moduli space using
fluxes and therefore one should worry whether the flux backreaction will drive the system
away from the Ricci flat internal G2 space. It is believed that orientifolds ameliorate this
issue to some extend as we explain below. Orientifolds are anyhow needed to cancel the RR
tadpoles induced by the fluxes and also to circumvent certain nogo arguments for having
Minkowski solutions or scale-separated AdS solutions? [25].

The negative tension of orientifold planes can help in keeping the deformation away
from the Ricci flat manifold (G2, Calabi—Yau) under control. This is best seen when the
orientifolds are smeared over the internal dimensions as to reflect the course graining over
distances smaller than the KK scale. Smeared orientifolds provide the necessary negative
energy /momentum in order to cancel the positive energy/momentum of the fluxes, thus
providing a well behaved “solution” with a flat internal space [65-67].

Of course orientifolds are localized objects in string theory and if one wants a more
sensible solution that can be probed at distances smaller than the Kaluza-Klein scale one
needs to find 10d supergravity solutions with orientifold singularities. This can be done
explicitly for flux solutions that do not involve intersecting planes, but only parallel ones
[65,67,68]. Such solutions have internal manifolds that differ from the smeared solution,
and furthermore have a warp factor in front of the external space metric. Nonetheless the
backreaction of the orientifolds is mild since the alteration of the internal metric can be
described in terms of a conformal factor multiplying the space transversal to the wrapped
planes®. From the 10d equations one can then verify that derivatives of the warp and
conformal factor are crucial in canceling the flux energy/momentum. Nonetheless the
smeared solution is well approximated away from the sources, especially in the limit of
weak coupling and large volume [69]. This can be understood from the fact that those
limits dilute the fluxes sufficiently such that the original flat space Ansatz was sensible.
This connection between smeared and localized solutions is not proven for flux vacua with
intersecting sources but there is some recent evidence that points towards it [70,71].

Crucially, the low energy effective field theories that are commonly used for flux com-
pactifications do not take into account warping and other backreaction effects, so they
effectively probe the smeared orientifold solutions. This is not strange and just means that
the EFT course grains over distances smaller than the KK scale. There are constructions
however which do take it into account and go under the name of warped effective field
theory; see [72-78| for a biased sample of papers on the topic.

Four-dimensional flux vacua of interest to phenomenology that are obtained within

2Scale separation here means a decoupling of the KK scale from the AdS scale |26].
3To be more precise: parallel branes and planes wrap a fibre of a bundle. The conformal factor of the
base equals the warp factor and the conformal factor of the fibre equals the inverse in string frame.
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the classical realm of 10d supergravity with Dp-brane and Op-plane sources come in two
kinds: 1) there are the no-scale Minkowski vacua in Type IIB from three-form fluxes and
their T-duals [65, 79, 80| or 2) the scale-separated AdS vacua in Type IIA [17,81] and
their Type IIB cousins [27,82]. Whereas the no-scale Minkowski solutions tend to feature
parallel sources and their 10d description in terms of localized orientifolds is more or less
understood, the same does not hold for the scale-separated AdS vacua, which always feature
intersecting sources. For the latter we are also not aware of an EFT improvement, like
warped effective field theory, to describe the backreaction effects in the scale-separated
AdS vacua. Although as we mentioned earlier there is recent progress towards justifying
the smeared approach [70,71].

In this chapter we follow the “standard” strategies used in compactifications to 4d:
we are led to find vacua in 3d using fluxes and sources as described directly in the 3d
supergravity. Similarly to 4d, we find the two classes: no-scale Minkowski vacua and scale-
separated AdS vacua, and again it is only clear for the no-scale vacua how to “backreact”
the orientifolds properly and find 10d solutions.

4.2 Fluxes, sources and G2 spaces

Before we dive into concrete flux compactifications we wish to understand what the possi-
bilities are, insisting that the internal manifold is of G2 holonomy. Note that the expected
3d supergravity theories will only have 2 real supercharges. The reason is that the orbifold
I' group already restricts the 32 supercharges of Type ITA theories to 4 real supercharges
and then the O2-planes which are allowed in our setup further cut them in half:

T" orbifold

Type IIA supercharges : 32 ———— 4 real Ozplane,

2 real (4.2.1)

To list the possibilities we work in the democratic formalism for the fluxes and then take
all fluxes to be internal (also called magnetic), without loss of generality. For instance an
electric Hs flux is then simply described by magnetic H; flux. All fluxes we can have are

Type ITA H3>H77F07F27F47

where we used that a G2 space has no one- or six-cycles and we assume that fluxes are
closed but non-exact.

For reasons explained in the first chapters, we make sure that the Op-plane charges in
the compactification are always cancelled by fluxes and not only by Dp-branes. So we will
ignore Dp-branes in what follows, although they will eventually be impossible to avoid in
some of our concrete models. The relevant Bianchi identities and flux equations of motion
are summarized by

dFs_p, = H3 N\ Fs_p, 4 d0p - (4.2.2)
The possible planes that can be used, bearing in mind there are no one- or six-cycles, are
Type ITA : 02,04, 06,
Type IIB : O5,07.
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The charges of O7 or O5-planes can never be cancelled by fluxes. For O7-planes this is
obvious and for O5-planes we have to realize that the Bianchi identity requires non-zero
F flux, which cannot be present because of a lack of one-cycles. This rules out Type 1IB
and G2 holonomy altogether and we are now left with Type ITA.

We ignore O4-planes all together since they wrap two-cycles and G2 has calibrated
two-cycles, but they are never supersymmetric [62]. We thus have O2 and O6-planes left.
Consider an O2-plane filling the 3d space. The parities of the fluxes are

even . F(],F4,H7,
odd : FQ,Hg.

But there are no odd two-forms in the space transversal to the O2-plane, neither even
seven-forms, so H; and F, are removed. Then, in absence of O6-planes we also have to
remove Fy because of the F» Bianchi identity (note that we do not want to eliminate Hj
since then we cannot cancel the O2-plane tadpole), which brings us to

02 allowed flux: Fy, Hs.

The solutions in this model have been considered earlier in [67] and are of the no-scale
Minkowski type where x;Hs ~ Fj. If the internal space would be S* x CYy this would be
T-dual to the well-known 4d Minkowski solutions in Type IIB with three-form fluxes. The
“solutions” described in [67] are completely general and only the conditions to solve the
10d equations were stated. Neither supersymmetry nor the moduli problem was treated.
One of the aims of this thesis is to fill this gap and construct the 3d supergravity in case
the internal manifold is G2.

Since space-filling O2-planes can intersect space-filling O6-planes in a supersymmetric
manner, we can consider their combination. Then the above reasoning goes through but
without removing the Fj flux. So we have

02/06 allowed flux: Fy, Fy, Hs . (4.2.3)

Imagine we want to have an O6-plane and cancel its tadpoles with fluxes and that we
do not want an O2-plane. O6-planes wrap four-cycles inside the G2 space that need
to be calibrated in a supersymmetric manner if one wants to achieve a 3d supergravity
description. Note that H3 A F5 and H3 A Fy then have to vanish from the Bianchi identities.
From the tadpole cancellations we get F, = 0, whereas we can keep F) # 0 as long as it
wedges to zero with the Hjs, which brings us to

06 allowed flux: Fy, Fy, H3, FyANH3=0. (4.2.4)

To summarize, assuming G2 holonomy we could prove that the only models in the market
are 02, O6-planes and possibly O2/06-planes together.
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4.2.1 Brief summary of minimal 3d supergravity

Here we list few basic aspects of three-dimensional N=1 supergravity and later we will
present the specific theory of our interest. More details can be found in Appendix 8.1.

The bosonic sector of N=1 supergravity in 3d has a metric field, real scalar fields ¢’ and
(abelian) vectors A“Y, which can be dualized to scalars. The bosonic part of the general
action is

L= SR~ g G (0)0,0'0,6" — LTOFPFPY V(e),  (425)
with
V(p) = G" PPy — 4P%. (4.2.6)

We name the function P the real superpotential and P; is shorthand for 9; P. The gauge
kinetic function f(¢) is real but otherwise unrestricted. From here onwards G'7 is the
inverse of the target space metric Gy;.

On the fermion side we have the gravitino 1, the Majorana spinors x! which are the
superpartners of the real scalars ¢’, and the superpartners of the vectors (gaugini) which
are also Majorana and denoted A(Y). We need the supersymmetry variations in order to
understand the supersymmetry invariance of flux solutions

1 a
Ou shift Zw“b%be — e
28 shift G Epe, (4.2.7)
AW =0
shift ’

where € is the 2-component fermionic Majorana local supersymmetry parameter.

4.3 The no-scale model

In this section we discuss the “no-scale” type backgrounds obtained from space-filling O2-
planes whose tadpole is cancelled by a combination of F; and Hj fluxes that obey the
proportionality rule Hy ~ *Fy. The 10d description of such backgrounds has appeared
in [67], but without any details; rather, it was only explained what is needed to solve the
10d equations of motion. Here we discuss how to obtain the effective field theory in 3d
when warping can be sufficiently ignored. These backgrounds are inspired from T-duality
of the GKP backgrounds in Type IIB [79].

Because we compactify on G2 spaces we expect maximally four of the original 32 su-
percharges to be preserved. The O2-plane further reduces the number of supersymmetries
in half (i.e. two supercharges remain) by essentially truncating the spectrum. As a result
the low energy theory will be a 3d N=1 supergravity. Our interest here is in finding the
exact low energy description of such theory by matching the 3d objects to the 10d data.
We first start with a general discussion of 3d minimal supergravity.
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4.3.1 A 10d view on the effective theory

We will work with Type ITA supergravity with space-filling O2-planes and we will have
only non-vanishing Fy and Hs fluxes as dictated by

dFs = Hs A Fy + Qo267 (4.3.1)

where (o2 is the negative O2-plane charge. The relevant bosonic part of the 10d action in
10d Einstein frame is

S = / (*10R — %€_¢ *10 H3 VAN H3 — %6¢/2 *10 F4 AN F4) + €_¢/4T02/ vV |g3| . (432)
10 02

The O2-plane fills the external space, has its world-volume perpendicular to the seven
dimensional internal G2 space on which we compactify on. From the 10d action one can
readily find the 10d form of the scalar potential in 3d as we now show. A direct dimensional
reduction gives the following 10d expression for the 3d potential V34 given by

V= / (%6_¢ *7 H3 VAN H3 + %6¢/2 *7 F4 N F4 — 6_¢/4Togi> s (433)
7 voly
where now the stars are 7d Hodge stars and €7 is the 7d volume form. Because the O2-planes
are BPS objects their tension and charge are related as Toy = Qo2 where the minus sign
refers to anti-O2-planes. That charge, however, can be obtained from the Bianchi identity
(4.3.1), or equivalently from the RR tadpole condition

€
- / Hy AFy=Qop = Qop | — (4.3.4)
7

As a result one can replace the charge of the source in the action and the effective potential
becomes

Vaq = / (%6_¢ *x7 Hy A H3 + %6(75/2 *7 Fy N Fy F €_¢/4H3 A F4) R (435)
7

which can be recast in a form that is a manifest total square®

1 _ 2
Vaa =5 / Vo7 (e ?PHy F e 5 Fy) (4.3.6)
7

One of the £ signs corresponds to O2-planes while the other to anti-O2-planes. Since the
scalar potential is a total square, the vacuum must live at configurations for which the
square vanishes, that is

HyF 2 4 Fy =0, (4.3.7)

and therefore the solutions are Minkowski. Whether supersymmetry is present or not is
discussed below.

4In our notation the square of a form is defined as: \/§F2d7x =xFANF= f}%Fu Frabipd7 g

1--Mp
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Let us now discuss the spectrum of bosonic fields in 3d. The graviton of course is
given directly by the dimensional reduction of the 10d metric tensor, so let us now focus
on what can be the scalars of the 3d theory. Recall that in going from 11d to 4d on a
G2, see e.g. [61], the scalars come from the metric and the gauge three-form C of the 11d
supergravity, which are decomposed as

C=cd;+..., &=s5d,, (4.3.8)

where the s' and the ¢’ are real scalar moduli. The real scalars combine into complex holo-
morphic moduli as: z' = ¢! +is’. The low-energy theory is standard 4d N=1 supergravity
and the kinetic terms of this sector are

Liin, = —§50,2° 07 , (4.3.9)
where the Kéahler metric is given by

1
95 = —VOI(X7)_1/ D; AxP; . (4.3.10)
X7

4

Let us now turn to compactifications of Type IIA to three dimensions. At first sight
we would expect to have moduli from C3, C; and By;. However, since there are no one-
cycles, there are no scalars coming from reducing C'. There is also no scalar coming from
dualizing the vector C to a scalar in 3d since the vector is projected out by the O2-plane,
thus the dilaton also remains a genuine real scalar. Indeed, without the orientifold, that
dualized vector would have paired up with the dilaton to a complex field. Moreover there
are no scalars coming from Cj either, again because of the O2-plane projection since all
three-cycles are necessarily odd whereas Cj is even under O2-plane Eq.(2.2.26). There are
furthermore no scalars from reducing By over two-cycles because there are no odd two-
cycles for an O2-plane here. There are however even two-cycles and reducing C3 over them
gives vectors in 3d that dualize to scalars. These are actually axions with compact field
ranges. Without the O2-plane projections they would have paired up with the scalars from
B, to give complex fields. We therefore find that exactly those scalars that would have
paired up with the metric scalars s’ to give complex scalars are absent consistent with the
real formulation of minimal 3d supergravity.

To sum it up, all scalars come from the metric (ignoring for the moment the dilaton)
which one obtains from expanding ® over a basis of harmonic three-forms Eq.(3.2.5). So we
have b3 amount of metric scalars s* and b, axions from C3 expanded along harmonic two-
forms. There can also be scalars corresponding to D2 or D6 positions if D2- or D6-branes
are needed for tadpole cancellation. Also such scalars will have compact field ranges.

Our fluxes Fy and Hj can give masses to the metric scalars but not to the axions and
brane positions, which instead should get a mass from quantum effects. However, we will
find that a linear combination of the volume and the dilaton necessarily remains massless
in the Minkowski vacua where only (4.3.7) holds.

Indeed, at this point we can readily study the generic formulas that arise from our
discussion, and ask how many moduli can be stabilized from imposing (4.3.7). In the spirit
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of this section we use generic G2 ingredients instead of restricting to specific models. We
define

7| ®; AN*D; 1
Gij = f * J — —VOI(X7)_1/(DZ' /\*(I)j , (4311)

4 [OAxD 4

where we used the volume relation in (3.1.3). The bilinear form G;; becomes a metric on
the moduli space. We will expand on that in the next subsection. Then the expansion of
the *;®; in the four-form basis (3.2.10) generically can be expressed as

*x®; = Bi'(s) ¥y, (4.3.12)
and by taking the wedge product with ®; and using the orthonormality in (3.2.10) we find
Bil(8> = 4V01(X7)Gz‘j5jl s (4313)

which means that the moduli-dependent coefficients B;!(s) are completely specified by the
geometry. Note that B;'(s) is a b3(X) x b3(X) invertible matrix.

We expand the fluxes as

with f and h' flux quanta that should be properly quantized. If we insert them into (4.3.7)
together with (4.3.12) and (4.3.13) we find

hiBFW, = £e3/4 fEu, — BB (s) = £e3%/4f7 (4.3.15)

We see that we have in principle b3 conditions that can thus fix up to b3 moduli, which are
essentially all the s'. We will show below that a linear combination of dilaton and volume
remains free and has to be fixed by different mechanisms. The flux parameters f* and
h' are a total of 2b; — 1 independent parameters because of the tadpole condition (4.3.4)
which requires

[0 = —Qoz . (4.3.16)

One can therefore expect that all of the s* will be fixed in terms of the dilaton because
there is a large freedom in choosing the fluxes. Of course for special values of the f? and
h' not all s will be fixed.

4.3.2 The 3d supergravity effective theory

Let us now turn to the specific low-energy supergravity theory we want to study. For com-
pactifications of Type IIA on Calabi—Yau orientifolds with fluxes the 4d N=1 supergravity
theory was constructed in [83], here we perform a similar investigation for Type IIA on G2
orientifolds. Since we readily have the scalar potential given by (4.3.6), we need also the
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kinetic terms in order to match the 3d supergravity with the compactified effective theory.
In 10d Einstein frame, the reduction Ansatz for the metric is

~2
ds?, = e**¥ds? + e2Pds. (4.3.17)

—~2
where v is a 3d scalar that accounts for the compactification volume and hence ds; is the
metric on a unit-volume G2 space. With the specific choice of numbers a? = 7/16 and
—78 = a we find canonical kinetic terms in 3d

e 'L =Ry — 1(0v)* — L(0¢)* — Vaq. (4.3.18)

1
2
Taking now into account the volume scalings, the expression for the potential (4.3.6) takes
the form

1 ~ —21pv - v —pv s 2
Vi = 5 / Ve 20 (7922 Hy PRV ) (4.3.19)
7

where g; is the unit-volume metric vol()z}) = 1. Finally we consider the following or-
thonormal redefinition of scalars®

x 3¢ B 1
— =+ = 2y = —210v — — 4.3.20
L= —T+5u, w=-2p0- 0 (1.3.20)
and the action takes the form

e 'L =Ry —3(02)> — 1(0y)* + ... — Vaa, (4.3.21)

where the ... denote kinetic terms for all other geometric scalars and
]. =z _z _ 2
‘/3(1 = 5/\/@762y <€\ﬁH3 Fe \ﬁ*7F4) . (4322)
7

In the rest of this section we will derive the effective 3d supergravity theory that gives rise
to this action, meaning we fill in the dots of equation (4.3.21). Note already that y is the
massless ‘“no-scale” direction we mentioned earlier and it indeed corresponds to a linear
combination of dilaton ¢ and volume v.

Let us also establish the normalization of the kinetic terms for the volume-preserving
fluctuations, as it will be helpful to cross-check our results later. For that we consider a
single extra fluctuation, say z, of a unit-volume torus that serves as a proxy for our G2
internal space. We will also keep the volume modulus v in our discussion because we want
to keep track of the relative normalizations. We have for the unit-volume metric

~2
ds; = e**[dy} + dys + dy?] + e*7[dys + dy2 + dyg + dy3], (4.3.23)
where unit volume implies 3§ = —44. Direct dimensional reduction of the 10d Einstein—

Hilbert term gives

[ v (= oo = 2 027) (4324)

5For later convenience we also note that ¢ = —%‘ﬁm — %y and 78v = gx — %y
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therefore we set £2 = 2/21 to have canonical kinetic terms. We will use this normalization
as a way to double check later our kinetic terms for the v the s' moduli. We can express
the relevant part of the G2 form, keeping only the modulus z while freezing the rest, as

O =yt 4 RO = M0 (4.3.25)
where dy'?" = dy! A dy? A dy” and dy?* = dy3 A dy* A dy® A dyS. If we wish to generate
this term from a general formula using the ®-form we find that it comes from

1 o
eilﬁkin = —EVOI(X7>71 /(I)z N *(I)jaSlaSJ . (4326)
7

This is consistent with the kinetic term one derives in going from 11d to 3d [61]°. But
there is a small subtlety compared with the literature on G2 compactifications from 11d.
For that, let us use that

s =3 (4.3.27)

with §' the fluctuations for unit-volume spaces. Equation (4.3.26) contributes the following
piece, —3%(81})2, to the kinetic term for the volume. Hence we deduce that the full kinetic
term should be

e Lygn = — 1((?gb)Q — 1(81})2 - 1\/01()(7)’1 /<I>z- A *®;0s'0s’
2 32 2 :

- %(8’0)2 - %VOI(X7)_1 /q)z VAN %CIDJE)?@? .
7

X (4.3.28)
=- 5(3@2

One can verify that in contrast to our situation, in going from 11d to 4d, the contribution
of (4.3.26) to the volume kinetic term is complete. Notice also that in the second line of
(4.3.28) we have used the tilde notation to refer to the G2 expressions that instead of the
s' make use of their unit-volume counter-parts, the §°. For the later in fact it holds that
vol(f@) = 1, but we have chosen to keep the expressions with the unit volume manifest to
avoid any confusion.

From here onwards we change to different normalizations to make contact with the
literature on 3d gravity. This we can simply do by rescaling the 3d metric as g,, — }l Guvs
such that we end with

eilﬁkin = %Rg — i(a$)2 — i(ay)Q — iVOl()E})il /(I),L N %q)j(%@? . (4329)
7

In the language of subsection 4.2.1 we have the real scalars ¢! = z,v, 5. The z and y are
a combination of the volume modulus and of the dilaton, whereas the § are moduli for the

6There is a 1/2 factor different from [61] but can be understood from the different normalization of the
Einstein Hilbert term.
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G2 metric deformations (but not volume) and the sigma model metric of (4.2.5) is given
by

1/4 0 0
Gy=1|0 1/4 0], (4.3.30)
0 0 Gy

with Gy; defined earlier in (4.3.11) where now all s* are replaced with §'. But note that
this is overcounting the degrees of freedom since the above notation seems to imply that
the 5 are independent whereas they should multiply to a fixed number as they describe
the unit-volume G2 space - indeed we know that after all vol(X7) = 1. In what follows
we will demonstrate that we can pretend the 5 to be independent and at the very end
use that their product equals one. This is fully consistent with all our calculations in the
bosonic sector and also with supersymmetry as we shown in the appendix.

To fix the 3d supergravity theory we need to find the real superpotential function P,
which will inform us about the supersymmetry shifts via equation (4.2.7). Instead of doing
a full derivation using 10d supersymmetry rules, we will guess the answer for P and verify
that indeed P leads to the scalar potential (4.3.22) we derived already from 10d, through
equation (4.2.6). The answer for P can be guessed in analogy with existing superpotentials
for flux compactifications to be

pP= % {yex/ﬁ/@ A Hyvol(X7) 77 + e—w/ﬁ/cb A Fyvol(X7) 7| . (4.3.31)
The number v will turn out to be +1, depending on whether we look at theories with
02 planes or anti-O2-planes. The reader may notice that we have used the s® in (4.3.31)
instead of the §°, however, it is easy to check that P(s') = P(5"). When we take derivatives
of P with respect to §, i.e. P;, we will of course use the P(§%) version.

Now we want to evaluate the scalar potential. As we explained the 3d supergravity
built from Gy and P will contain one additional degree of freedom because of the double
counting of the volume that will in any case appear in the kinetic terms and from the one
additional fermionic field. For the moment we ask the reader to bear with the extra degree
of freedom until we show that it can be fixed consistently. So our approach here is to
simply verify that our choice of P leads to the correct scalar potential derived from 10d.

We first note that y is special since

(Gyy) ' PP, —4P* =0, (4.3.32)
and as a result the scalar potential takes the from
V =GYPP;+ (Gyp) ' PP, . (4.3.33)

This is what we call no-scale in 3d. First we evaluate P, which gives

oP 1 &Y ~ 3 =~
PP=—=—— 1(X;)"7d 4.3.34
T o \/78/7V0( 7) /\F47 (33)
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where we remind the reader that we use the notation ® = ®;3, etc. and
Fi=e*IVTF — e /VTRHy vol(X7) 77 (4.3.35)

Therefore we find

(Gao) ' PP, = % (6—y>2 </7v01(5(7)—? oA ]—"4)2 . (4.3.36)

Now we want to evaluate the P;. To do this we need a series of properties that we now
list. The derivatives with respect to §° are defined as

0 0 = 4 - 1 -
P =0, , —(3D) = —F71(D;) — *727(D; vol(X :-/@i D 4.3.
55 (*®) 3*7? (®;) — *m="(®;) ,  Oyvol(X7) 3 ). AxD | (4.3.37)

where the 7! and 727 are projections to irreducible G2 representations defined for instance
in [61]. They obey the orthogonality properties

@) AT (D) =0, *rl(®;) ATH(D;) + *7°7(®;) AT (D)) = D AP, . (4.3.38)
In practice 7! (®;) is defined as
P, N¥D\ -~
Ay = (LN g (4.3.39)
[®A*P

therefore we can simplify our expressions such that only ® or ®; appear instead of (D).
Moreover, the 727(®;) can be also traded for ® and ®; by using the manipulations

d; A ¥
" (®)ANB=®ANB -1 (®;)ANB=®;AB— f—* dAB. (4.3.40)
[ @A *P

To prove this relation one has to consider that the four-form B can be expanded as B =
*®; B7. Within this setup one can prove also that for the four-forms A and B we have

G”/@AA/@]-AB_i;/éA;é/;AAB, (4.3.41)

which can be checked by expanding both A = *®;A* and B = *®;B’. Notice that
) - - _ N2
GY f;fbi A (I)f;kq)j NP = % <f<1> /\%@) . We can then evaluate the derivative of P

with respect to § to be given by
p-< /cp A Favol(Fy)t (2N ® /&)Af (XS (4.3.42)
— ; VO — | == VO : 3.
3 4 7 EIX. 4 7
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Then using the form of P; and the aforementioned properties of the G2 three-form we find

’ N S 4 - 2
G”J%Pj:4<%> /]:4/\;f4vol(X7)7—?(%> </vol(X7)7<I>Af4> . (4.3.43)

We notice that the second term of this equation exactly corresponds to minus the expression
in equation (4.3.36). Hence, from the no-scale structure (4.3.33) we finally find

2y ~
V= 61—6 / Fu A *Fyvol(X7)7 (4.3.44)
7
which can then be rewritten as
ey 2
V=1s / NG (ﬁf/ﬁm - fyez/‘ﬁ;H3> . (4.3.45)

This almost concludes our proof, since, up to a factor of 1/8 we reproduce the 10d potential
(4.3.22). The extra 1/8 factor is due to the rescaling of the metric mentioned around
equation (4.3.29).

One issue remains; the double-counting of the volume modulus, in the sense that we
have been working with one scalar too much as we never enforced that the §° should
describe fluctuations of the unit-volume G2 space.” The overall [ P A %P fluctuation has
to be eliminated and we would like to impose the constraint

/513 ANiD =7, (4.3.46)

which equivalently means, in case of a seven-torus, that the scalars 3 would be restricted
to satisfy

7
H § = (for seven-torus) . (4.3.47)

Both equation (4.3.46) and (4.3.47) follow from each other in the case of a seven-torus
and can be imposed on the final bosonic action to give us the correct scalar potential with
the true degrees of freedom. However, at this point we have to be careful not to spoil
supersymmetry, therefore we have to impose this constraint on the superfield level (or al-
ternatively on the full multiplet level). In other words, the supersymmetry transformations
have to respect the constraint (4.3.46). This in fact will reduce also the fermionic degrees
of freedom by one. We leave the derivation of this technical point to Appendix 8.2.

"Let us point out that a similar situation does occur in compactifications of the Type IIB theory where
one has [Q2 A Q ~ V]|Q| as a result one may be double-counting the Calabi-Yau metric gy, volume
V. This however does not happen because the volume modulus is extracted from the metric and one has
det[gmn] = 1.
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Finally we note that, by introducing an arbitrary constant ¢, there is an infinite family
of P-functions that gives rise to the same scalar potential V'
e

P== [vex/ﬁ/*cb A Hsvol(X7)77 + e—x/ﬁ/q> A Fyvol(X7) 7 +¢| . (4.3.48)

It was noticed already in [84] that this is a generic way for finding “fake superpotential”
in no-scale models. This way, any no-scale solution can be made supersymmetric in a
different supergravity theory.

4.3.3 Open string moduli, axions, quantum corrections and uplifts

We have provided a first analysis of no-scale Minkowski vacua in 3d from flux compactifi-
cations. If our ultimate goal is full moduli stabilization then we need to take care of the
axions, the D2/D6 moduli (if any) and the closed string y-modulus. Especially the y field
is worrisome since it is the only one with a non-compact moduli space. In the next section
we will stabilize the y field using further fluxes (Romans mass). But we could equally be
tempted to parallel the history of moduli stabilization in 4D as pioneered in [16, 53, 85].
We furthermore could contemplate the further construction of de Sitter solutions from
uplifting any AdS vacuum one obtains after fixing the y-modulus supersymmetrically (if
at all possible). In what follows we merely mention the possible paths and difficulties for
achieving this.

In 4D the massless no-scale moduli are potentially fixed in a controllable fashion through
quantum effects, and most notably a leading non-perturbative correction to the superpo-
tential that involves the no-scale direction [16]®. But this approach does not seem feasible
to us in our 3d models for a simple reason: we have minimal supergravity in 3d which does
not come with holomorphic protection. Hence we expect no non-renormalization theorems
to exist for perturbative corrections to the superpotential, neither holomorphic arguments
to restrict the form of non-perturbative corrections. This seems to rime with the fact
that there seem no possible supersymmetric wrappings of Euclidean D2- or D4-branes.
Of course quantum effects induced by the strongly coupled gauge theories on multiple D6
branes wrapping calibrated four-cycles will be there. But they are not easily computable
and we think it seems realistic that we are faced with a standard Dine-Seiberg problem [87].

Imagine there is nonetheless a computable AdS vacuum that is sufficiently weakly
coupled and with high enough masses of the moduli such that some additional “mild”
supersymmetry breaking does not immediately destabilize the vacuum. Then we could
contemplate which supersymmetry breaking sources can provide an uplift to dS, if ever.
In that respect it is interesting to realize that the analogue of Klebanov—Strassler throats
does exist in such backgrounds and they were constructed in [88]. Anti-D2-branes are
then the natural SUSY-breaking uplift ingredient for which a probe computation a la [89]
would suggest the solutions can be metastable. However this probe computation has been
refuted in [90], but that criticism in turn was argued to be essentially harmless because of

8 Although see [86] for some interesting worries about the self consistency of this approach.
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the arguments in [91-94], although other problems associated to anti-brane uplifting could
persist as reviewed in [10].

4.3.4 Toroidal orientifolds

Let us now turn to the Op-planes allowed in out Type IIA setup. As we have seen we
need to include O2-planes in our setup. To this end consider the target space part of the
O2-plane action, denoted oo, as the following Z, involution

002 - (ylv s 7y7) — (_ylv _y27 _y37 _y47 _y57 _y67 _y7) : (4349)
The 0o has 27 fixed points, or alternatively different O2-plane sources, in the torus covering
space. For the periodic condition of the torus in Eq.(3.2.3), they sit at the points y* =
0,1/2. Notice that the calibration is odd under the O2-plane involution

002 : P — —P, (4.3.50)

and that the I' and the gy commute. We want the orbifold image of an O2-plane to be
again some physical object, and as we will see it is an O6-plane. For that it is sufficient to
consider the combination of the I' involutions with the ogs

Oaq = ®a002 : (917 s 7y7> - (ylv y27 y37 y4’ _y5’ _yﬁu _y7) ) (4351)
o5 =0Og000: (v, .., v") = (W v = =yt 0 08 —yT), (4.3.52)
0y =0y002: (¥, y") = (W —v% 00—ty =) (4.3.53)

These three involutions can be interpreted as intersecting O6-planes on the positions dis-
played in the Table 4.1.

vl eyt v Y
O6, [@ @@ -]-]-
Obg | @ | ®@| — | - | ®|®| —
06, [0 - [@] || [

Table 4.1: Indicative positions of a O6-planes filling the external space three-dimensional
space (not displayed here) and wrapping the four-cycles W5, W3 and W7 in the internal space.

Here “®” means the O6-plane world-volume contains these direction on the internal man-
ifold and “—~" means the O6-plane positions are localized at 3* = 0,1/2 in that direction.
These intersections are nicely consistent with the rules for preserving supersymmetry and
this is no coincidence because the orbifold actions were chosen such as to preserve the G2
three-form.

One can explicitly verify the supersymmetric calibration of the O6-planes. According
to [95], the condition is that a four-cycle is calibrated if and only if ® restricted to it

46



CHAPTER 4. THREE-DIMENSIONAL VACUA IN TYPE 1IA

vanishes identically. This is the case as can be checked for each of the O6-planes. Consider
for instance the planes in the directions spanned by e!, e?, €3, e*. Not a single component
of ® carries indices only in that subspace. The same for the other O6-planes.

Equivalent conditions are that x® restricted to the O6-plane four-cycle equals exactly
the volume form on it [95]. Yet another condition is that the source three-forms js appearing
in the F, Bianchi identity wedge to zero against ®. There is an unambiguous way to find
these source forms from the involution as explained in Appendix C of [96]. When applied

to our case one finds for the involutions in Eq.(4.3.51-4.3.53)

ja — —6567, ,],8 — —63477 j'y — 6246, (4354)

which speak for themselves. We find each time that ® A j3 = 0.
We are still not finished with the images however. We also have

Tag = OaOp002 : (y' - .. ,y7) — (—y' ,—y y y Y, y =y, (4.3.55)
0y = 0pO0y002: (¥, -, y") = (= y y Y’ y ,—y y*,y"), (4.3.56)
Oya = 000002 : (¥, ... y") = (=¥, y : y y Y =y % y"), (4.3.57)
Tapy = 0aO30,002 : (v, y") = (v, —v°, —v* v, =, 0% 7). (4.3.58)
In total we have 7 different directions for OG—planes

yl y2 yS y4 y5 yﬁ y7

06, RIS — | — | —

06; |® @] -] -|®|®]-

06, |®]|-|®|- |||

06ys | - |- | ®|®|®|®] -

065, |- |®@|®]|-]- ®|®

06 | - |®] - |®|®]|-|®

0oy [® |- |- | ®] - | ®|®

Table 4.2: We demonstrate the O6-planes localized positions with "-" and the warped
directions ® in the internal space.

These intersections are mutually supersymmetric as one can verify. This is because
again all O6-planes are calibrated supersymmetrically. The total O6-plane source form
that enters the Bianchi is but the sum of the forms appearing in ® for unit value of the
moduli s. In our current no-scale model we will cancel the O6-plane tadpole by simply
introducing two D6-branes for each O6-plane. This adds new open string fields, i.e. gauge
fields and scalar moduli. However, in the next section we will solve tadpoles differently
and find AdS vacua instead.

In total the geometric sector contains seven moduli that come from the seven-torus and
together with the dilaton we have overall eight real scalar moduli. From the form of the
scalar potential (4.3.44) we found that the vacua satisfy

e VTR, = ve"/VTxHy vol (X7) 77 . (4.3.59)
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As before we expand the fluxes as
Hs = h'd; | F,= f'V;, (4.3.60)

where f¢ and A’ are appropriately quantized real constants restricted by the O2-plane
tadpole

Sijh' f7 = —Qo2. (4.3.61)

We want to evaluate xHj3 and insert it into (4.3.59). This means we have to evaluate *®;
in terms of ¥,;. We find®

. (X
2, = YOIXD) (4.3.62)
(57)?
where there is no summation over i implied. Now we insert everything into (4.3.59) to find
the seven conditions

hi
o
for every i. To handle (4.3.63) we can take the product of all these seven equations together,

i.e. evaluate [],(5")2 = 1 and use this to get a condition that their product gives vol(X;).
Indeed we find, taking into account that v* = v = 47!, that

(5)2 = 7e*/VTvol(X7)/7 (4.3.63)

r = ﬁLog(wU %) : (4.3.64)

and z is fixed. Inserting the expression for x into (4.3.63) and using the definition of the
5% gives

(52 = (H(fj/hj)>1/7 ;_z’ (4.3.65)

for every i. We see that 7 out of the 8 universal moduli are fixed, i.e. the y scalar still
remains undetermined and is the no-scale modulus. Searching now for a supersymmetric
vacuum will require that the derivatives of the superpotential with respect to the scalars
7,7y, 5" to be zero. The derivatives (4.3.34) and (4.3.42) are proportional to F; and they
vanish due to the Minkowski condition F; = 0, setting no extra conditions on the fluxes.
However, the derivative of the superpotential with respect to the scalar y sets the following
conditions

Py=P =0 = >[I ()2 4 (i) 2| =0, (4.3.66)

.. ijklmnp .. . .
YWe use *dy“* = EMT GiqGmr Gnsgpt Ayt where e klmnp s 5 tensor density and takes values
21234567 _
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4.4 AdS vacua in Type ITA with scale separation

4.4.1 Indication for scale separation

To find what the necessary conditions are for scale separation we apply a reasoning similar
to the one in (section 4 of) [27] and simply consider the dependence of the potential on
the dilaton and volume modulus. This gives us necessary but non-sufficient conditions for
scale separation. We first start with a discussion that is valid for compactifications down
to any d-dimensions. Consider 10d string frame and the following metric Ansatz

dsty = 1on~dsg + pdsiy_g, (4.4.1)

(10—d)

with p /2 the volume in 10d string frame and where

nt? = 6_2¢p102_d : (4.4.2)

in order to find d-dimensional Einstein frame. In our notation 7y, py describe the vacuum
expectation values such that in a vacuum we have

ds?y = ds2 + pedsiy - (4.4.3)

We use the notation in which the (10 — d)-dimensional internal metric at unit volume is
denoted Gyo_q. In this analysis so far we left out the compensating n2-factor in the reduction
Ansatze which effectively means we work in Planck units since

SdD/d\/%(Rd‘i‘-”_V)a (444)

where the dots represent all omissions such as kinetic terms for the scalars. When we use
instead the formula (4.4.1) we find

Sa D /\/g_d(USQRdJr...—ngv) : (4.4.5)
d

such that we conclude that the Planck scale is fixed by
M, =1" =no, (4.4.6)

in string units. An approximation for the KK scale in 10d string frame is L%, = p. In a
vacuum the Einstein equations tell us that

d
R, = —— M?*V. 4.4.7
T g—27r (44.7)

So there are two length scales associated with this vacuum:

curvature radius (Ly) : Ly? =MV, (4.4.8)
vacuum energy length scale (L,):  L,* = M5|V|2/d. (4.4.9)
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We thus have two notions of scale separation that are expressed as

L2 L
[ ZKE o2y 0, T ZEK i 2y2D ) (4.4.10)

The combination pgn? exactly equals the volume modulus pf in 10d Einstein frame. So if
we apply the definitions to compactifications down to three-dimensions we have simply

I: eV 50, I V%3 50, (4.4.11)

We now verify some minimal conditions for compactifications of Type ITA to achieve scale
separation. We will use criterion I from now on. If we assume the internal space is Ricci
flat (G2) and we assume O6-planes, Romans mass Fjy, and Fy, H3 fluxes and no net 02/D2
tension, then the scalar potential in 3d goes like

= LIHPp 072 + K| EPp 073 + | BP0 P02 + Tep' A2 (4.4.12)

Here the tilde symbols denote contractions with the unit-volume metric. We hope to gen-
erate a separation of scales by cranking up the F; form since that flux could be unbounded
by tadpoles in case it wedges to zero with Hs. We first verify that the above ingredients
are the necessary minimal requirements to find AdS vacua. That they are sufficient will
be demonstrated with an explicit example below.

The equations of motion for stabilizing p and n; 9,V =0 = p0d,V, can be regrouped
to obtain

T p1/477_5/2 |H |2 —3 ]F ’2 —1/2 -3 0, (4_4_13)
4| Fol?p" P = §|H3| P +z|F4\ p 2> 0. (4.4.14)

We learn that we need net O6 tension and non-zero Romans mass to achieve moduli
stabilization with non-zero Fy flux, just like in the 4d models [17]. The on-shell potential
then becomes

1 -
V= —Z|F4|2p_1/277_3 <0, (4.4.15)

which is indeed AdS3. To verify whether scale separation could be possible we perform a
scaling analysis to the potential and we consistently realize the following scalings which
are compatible with the tadpole conditions

F4NN, FONHgNT6NN0. (4416)

Remarkably there is a possible scaling for the dilaton and volume with N such that every
term in the potential scales indeed in the same way:

N~ NS g N2 Ve NP exp(g) ~ N7I/4 (4.4.17)

Notice that for large N the modulus p grows while the dilaton is damped so we are guar-
anteed to be in the supergravity limit. This scaling indeed implies separation since

pr?V ~ N1, (4.4.18)
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4.4.2 10d view on the effective theory from toroidal orbifolds

We now hunt for a concrete example by changing the Minkowski no-scale solution of the
previous section. We add Romans mass and realize tadpoles differently and this will turn
out to be sufficient.

The following Bianchi identities lead to non-trivial RR tadpoles

dFy =Hs N\ Fy + Q06006
AF, =Hs A Fy, (4.4.19)
dFg =H3 N\ Fy + Q02002 + @p2dp2 ,

where for completeness we have also indicated the presence of D2-branes. We now take
Fo,b=0, Fy=Fua+Fp#0, Fy#0, H3#0, (4.4.20)
where the F} splitting refers to the way the flux wegdes with Hj, that is
H3ANFyu =0, HsN\Fyip=—Q02002 — Qp20p2 - (4.4.21)

The F5, tadpole cancellation works by cancelling the contributions from the O6-planes with
Hj3 A Fy. We can allow for an O2-plane source but we assume it is canceled by a correct
amount of D2-branes when Fyp = 0. Otherwise we will not have any D2-branes and it will
be Hs A F,p that cancels the O2-plane tadpole.

The bosonic part of the 10d action that contributes to the potential is now

S = / V=G (“Le 0| Hy > — Le¥P|FyP — 16597 F2)
10
+ ¢ " Qo2/ps / V=93 + €**/*Qos /6 Z V=97,

02/D2 {a,B7}* 08

(4.4.22)

and now we use the notation Qo2/p2 = Qo2 + @p2 and Qos/ps = Qos + Qps. Our notation
in the above formula for the integral over the O6 sources already anticipates our toroidal
orientifold example. In particular we use the orbifold setup that we studied in the previous
section. Since we have calibrated O6 sources j{,g+}, the dF, Bianchi (in the smeared
approximation) then gives

J{aB}
0= FoHs + Qos/pe J3 . J3 = = ;. (4.4.23)
! 2 allo 82T, Z
The notation ji,5.4} /vols reflects one should normalize each volume three-form j3 trans-
verse to each orientifold with respect to its own three-cycle volume. For example we have
s o127 sl

vol(af)s — g = s o (4.4.24)
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We take the following fluxes consistent with the tadpoles
H3z = hs3 Z ®; = hgmg = £Qos/ps ,
Fya = Z fiv, = Z fi=0, (4.4.25)
Fip = Z fiy, — Z fi= +Qo2/p2/hs -

We now compute the scalar potential for the 3d compactification and use (4.3.17) with the
internal metric given by the seven-torus orbifold. We split the scalar potential V' into two
parts, one that relates to the fluxes together with the O2-plane that we call collectively
Vrux and one that relates to the O6-planes Vig. For the fluxes/O2 we have

1 -
Vix = 5 / V37 [6_216” (€—¢/2eﬁv/2H3 F 6_’8v/26¢/4*7F4)2 + 6_145“e5¢/2F()2] , (4.4.26)
7

where /g7 = 1. Note that all internal space contractions are with the unit-volume metric
Jmn as indicated by the tilde symbol. Let us now turn to the O6 contributions. For the
O6,p orientifold for example we have

o127 1
S06,5 = €3¢>/4T06/ V=g7 = " Tog V=97 /? = " Tog / VvV —410 o

06(1[3 O6a,B
(4.4.27)
The contribution of all planes to the effective potential is then'®
1 1
_ 3¢/4 —148v L 3¢ ~178v L
Voo = ="/ Toge 7 3 | = = —*MToge 170y (4.4.28)

K3 K3

where in the last step we have inserted the unit-volume fluctuations 3¢ with the use of
st = 35 Note that —178v + 3¢/4 = (—108v — ¢/2) + (=7Bv + 5¢/4) which are exactly
the combinations of volume and dilaton that appear with Hs and m terms respectively, as
one can see in (4.4.26). In the end the most convenient form for the O6 contribution is the
one that is written in terms of the unit-volume scalars and the x and y, and reads

3/7
Vos = —Toe o2V~ 3vA Z vol(X)™7

3 5 1
, = —Tpge2? 27" —, Tos=7h , (4429
g 06 € ZZ: 3 o6 =7 hamo, ( )

where v = £1. Now we are ready to derive the full scalar potential Vi + Vog from a 3d
N=1 supergravity.

10We could calculate this result also by taking into account that the volume form on the associated
a3 four-cycle is xjog = #‘I’l, which then would allow the following manipulations focs V—g7 =

e3av f3 Vv _§3 f4-cycle \/974 = 63(XU fB Vv _g?’ f\I/l 4-cycle *jaﬂ = 6_1461} f3 v _g3(81)_1'

52



CHAPTER 4. THREE-DIMENSIONAL VACUA IN TYPE 1IA

4.4.3 The 3d supergravity

Our aim here is to find the superpotential P that defines our 3d supergravity theory.

Taking into account that for our 3d supergravity constructions we always use the nor-
malization R/2 for the Hilbert-Einstein term we have to rescale the 3d metric of the
previous subsection by 1/4. This means that with our superspace formulation the total
scalar potential we want to reproduce is

2y ~ 1 ~ 1
/ Total :_616 / (ﬁm/ VIEy N %Fyvol(Xq)7 + ¢2*/VTHy A %Hy vol(X7) ™7 4 2F A H3>
2 1 3, 5 o 1
+ —1?5 vV §Q06/D662y 2V7 E ER (4.4.30)

with the fluxes and Qog/ps given by (4.4.25). As we have explained one should in the end
set [[; 8" = 1 to restrict to the true degrees of freedom of the toroidal orbifold. We will
verify that our new superpotential still satisfies the conditions that allow us to impose the
constraint on the §° without spoiling supersymmetry.

One can easily verify that in case there would only be Romans mass, the N=1 super-

potential equals
1L V7

PR = — exp [—y - —x|, (4.4.31)

2 2

where the R superscript is to stress this is the pure Romans mass contribution to the
superpotential. Note that Pf* = 0. To reproduce the total scalar potential (4.4.30) we work
with the target space metric given by (4.3.30) and we suggest that the total superpotential
is simply a sum

pretal — p 4 pR (4.4.32)

where P is given is (4.3.31) and P is (4.4.31). Indeed, if one writes down all the contri-
butions to the scalar potential we have

vionl — gtipferipiotl —4(preel)? = v 4 VR 4+ 8PP, + 8PP, — 8P"P,  (4.4.33)

where V = G/ P;P; — 4P?, was our no-scale potential. Once we evaluate the cross-terms
we find

8PP, + 8P} P, — 8PP = Vo . (4.4.34)
Finally note that

/ O; AFD GY Pl =0 (4.4.35)

which as we explain in the appendix is the condition that guarantees that we can set on the
superspace level [, S = 1 such that we reduce consistently to the true degrees of freedom.
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CHAPTER 4. THREE-DIMENSIONAL VACUA IN TYPE 1IA

4.4.4 Supersymmetric AdS vacua
Now that we have found the superpotential’! for our toroidal orbifold to be
p= oy 0N e i Lilomx i(fi + /5, =] L (4.4.36)
8 8 s 8 5

5t a
i=1 a=1

we can look for supersymmetric vacua. We first consider what happens in the simplest
case where Fy4 # 0 and Fyp = 0 and we take the following simple concrete set of fluxes

fi=0, fi=(=f.—=f,—fi=f.—f—f.46f), v=1, f.hs,mo>0. (4.4.37)

Because of the O6 tadpole the values of hy and mg are in fact very limited - all our freedom
is essentially in f. At a later stage, once we established our solutions, we will properly
quantize all fluxes and charges. With this flux choice, the superpotential simplifies to

hoyre |em 1 o
+ge" [ZS—+H13

a=1

6 6

P= —éey‘% [Zs—Gnsi

a=1 a=1

+ %e%—@z . (4.4.38)

We search for solutions which are as isotropic as possible: meaning all §* (a = 1...6) have
the same value, which we denote o, namely

(3% =g0. (4.4.39)

The supersymmetric conditions (0P = 0) become:

b
Ozaa6+60+6—a—%—7—,
o o 2
6 6 b
0=a0®— 60+ — + -+ -, (4.4.40)
o o 2
5 a 6
O—CLO' —;—g—l,
where
h 2o m _y_ 5o
a=—evi, b=—e 2 27, 4.4.41
7 7 ( )

One can either do a numerical integration or solve analytically to find
a=0.515696... , b=343111... , o=1.32691.... (4.4.42)
We thus have for the dilaton and the volume modulus scalings

gs =€ ~ 734 yol(X;) = TP ~ fA916 (4.4.43)

1We now simply refer to PTotal a5 P,
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CHAPTER 4. THREE-DIMENSIONAL VACUA IN TYPE 1IA

and we can thus verify that our vacuum corresponds to weak string coupling and to large
volume for large f. The AdS vacuum energy is given by

1 , 36\ m'hb
Finally we can check the scale separation in our example
P V]~ 7, (4.4.45)

which matches exactly with (4.4.18). So we find small coupling, large volume and scale
separation. We see that in our solution all of the six §* moduli take the same numerical
value, o, by construction and the seventh is slightly different. But the torus remains, as a
whole, at large values and no separate directions get small.

Since the scalars s are not canonically normalized the Hessian of the potential does not

directly correspond to the mass matrix, but does inform us about the possible existence of
tachyons (above the BF bound). We find

4.282 3.321 3.321 3.321 3.321 3.321 6.823 2.132
3.321 4.282 3.321 3.321 3.321 3.321 6.823 2.132
3.321 3.321 4.282 3.321 3.321 3.321 6.823 2.132
(V1) 13321 3.321 3.321 4.282 3.321 3.321 6.823 2.132 (4.4.46)
(V)] 3.321 3.321 3.321 3.321 4.282 3.321 6.823 2.132 |’ o
3.321 3.321 3.321 3.321 3.321 4.282 6.823 2.132
6.823 6.823 6.823 6.823 6.823 6.823 21.286 4.913

2.132 2132 2132 2.132 2.132 2.132 4913 D.

where the lines/columns are §*, x,y. The important thing to see in this matrix is that the
8 eigenvalues read: 39.296, 4.441, 3.434, 0.961, 0.961, 0.961, 0.961, 0.961. This means that
all the masses are positive.

Since we did not perform an exhaustive analysis of all possibilities, one can wonder if
starting with different Fy4 flux values instead of (4.4.37) leads to more solutions. One can
try for example configurations like f* = f(1,1,1,—1,—1,—1,0)or f' = —f(2,1,1,1,1,1,=7).
But we were not able to find supersymmetric AdS vacua in these cases. We therefore post-
pone performing a complete analysis of the vacuum structure for a future work.

In the appendix we explicitly show that there is an almost identical AdS; solution
which can be found by taking f — — f. This is sometimes called skew-whiffing and breaks
supersymmetry [97]. For the rest the solution seems essentially the same.

4.4.5 More flux

We now briefly discuss what happens when we turn on also the Fyp component of the F}
flux. There is a good reason for doing this. In the previous solution we had to cancel the
02 tadpole with D2-branes, leaving a compact moduli space of D2 positions on the G2
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CHAPTER 4. THREE-DIMENSIONAL VACUA IN TYPE 1IA

space. But by adding Fyp fluxes we can satisfy the O2 tadpole without any explicit D2
sources.

First one can think of turning on only the Fyg component, in which case we will have
fi # 0 and f' = 0. The f’ that enter the superpotential (4.4.36) however are restricted
by flux quantization and by the tadpole cancellation and thus cannot be large enough to
give a scale separation. As a result, after one solves the eight equations P, = P, = P, =0
the eight scalars will generically be stabilized in a supersymmetric AdS vacuum, which
does not have a scale separation. In fact even if we turn on the Fjy, together with the
Fyp component, but we do not take the former to be large, again we obtain vacua without
scale separation. We can ask how the large F;4 component will influence the vacuum in
the presence of an Fyp. Let us assume we have some unspecified values for the f’ but we
choose the values (4.4.37) for the other fluxes. In this case the supersymmetric conditions
read

a=1 a=1 a=1 a=1 a=1 a=1
6 6 2 ;6
a . L foy J7 1
O——~—+a||3“—sb—6 ~—|——sb——||~—, no b summation
50 s f f 5@
a=1 =1 a=1

The equations in the last line are a total of six equations, as they should be, because they
will specify the six §*. The a and b are given by (4.4.41). From (4.4.47) it is now clear what
happens in the generic case with parametrically large Fy4. We see that the parametrically
large f will damp the f* contribution, therefore (4.4.47) will essentially converge to (4.4.40),
and we will get again a vacuum with s* = ¢ with the a, b and ¢ values determined by our
previous solution up to negligible parametrically small corrections.

4.4.6 Flux quantization

We consider the relation in Eq.(2.2.23), an O6-plane has the charge of 2 anti-D6-branes.
If the charge quantum of the Romans mass Fj is m and that of the Hsz-flux is hg, then the
integrated form of the F3 Bianchi identity is the RR tadpole condition for each cycle

h3m = 2N06 - NDG > (4448)

where Nog and Npg denote number of O6-planes and D6-branes respectively. There are
two ways to approach this: either one works on the covering space in which a single
O6 involution leaves multiple 8 O6 fixed points in a transversal T3 or one works in the
orbifolded space in which a single O6 has 6 other orbifold images. We will do the first.
Then we have for each O6 involution 8 fixed points. These make a total of 56 O6 planes
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with 8 corresponding to each one of the seven cycles. Hence for our supersymmetric AdS
vacuum considering the quantization condition in Eq.(2.2.29) with o/ =1 we find

H3 = (27)*hs, Fo=(2m)'m, hym=16  Fy= (2n)*f,, (4.4.49)

where hs, m, fy € Z and we assumed no D6-branes.

4.5 QOutlook

Let us summarize what we have done in this section. We have found the form of the 3d real
superpotential P for G2 compactifications of Type ITA supergravity with O2, O6 sources
and Hs, Iy, Fy fluxes to be

ey

7 -2 - _3 F() 1 7ﬁx
P:§ evVT | x® A Hyvol(X7)"7 +e V7 [ ® A Fyvol(X;)™7 —|—§e2y 2% (4.5.1)

where x and y are specific linear combinations of the 10d dilaton and volume defined in
Eq. (4.3.20) and ® the G2 invariant three-form. The 3d theory is a minimal supergravity
with two real supercharges and a scalar potential given by Eq. (4.2.6)

V(¢) =GP Py — 4P, (4.5.2)

where (G7; is the metric on the scalar manifold. To our knowledge this is the first investi-
gation of compactifications of Type II supergravity on G2 orientifolds.!?

We then found two classes of (supersymmetric) solutions from the critical points of
P or V. The first class consists of no-scale Minkowski solutions and the second class of
scale-separated AdS3 vacua. Both were established on the same toroidal orbifold, although
the RR tadpoles were solved differently each time. These types of solutions are expected
to exist on general classes of G2 spaces that allow involutions for O2- and O6-planes.

The no-scale solution had one clear massless direction, the y-scalar, but more impor-
tantly we argued that there is no obvious obstacle in stabilizing all other moduli with
non-compact moduli spaces. The scalars with compact moduli spaces are D-brane posi-
tions and Abelian vectors (axions). This is in contrast with the no-scale vacua in 4d from
three-form fluxes in Type IIB [79] where all K&hler moduli are massless and to get a single
massless direction one needs to restrict to special Calabi-Yau spaces with single Kéhler
moduli.

In the AdS; solutions on the other hand we also stabilized the remaining y-scalar. Note
that all of our vacua are at tunably small coupling and large volume. This is not any
special for no-scale vacua, because of the flat y-direction, but it is for the AdS vacua where
all non-compact scalars can be stabilized. Especially the separation of scales is an extra
cherry on top of these AdS solutions. In contrast to 4d compactifications the bridge from

12 Although see [98] for G2 compactifications of Type II without orientifolds and fluxes. Furthermore,
some of the AdS3 solutions in [36,99,100] could be related to our findings.
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CHAPTER 4. THREE-DIMENSIONAL VACUA IN TYPE 1IA

no-scale vacua to moduli stabilized vacua can be done in one and the same model. We
simply added Romans mass and solved the tadpoles differently.

Our main focus was on demonstrating with simple examples what one expects to find in
three dimensions and so for none of our examples have we delved into a detailed discussion
of the twisted sector neither the axions and D-brane moduli, and this should be understood
better. Also increasing the number of examples would be a relevant task for the future.
We have summarized the classes of vacua in a schematic fashion in Fig. 1.

) Fo #0 [
No-scale T 20 LAdS w/out scale sep.
4B
Fo # 0| Fia #0 Fia #0
F. 0
{AdS w/ scale sep} w7 {AdS w/ scale sep}

Fig. 1: The backgrounds/vacua depending on the form of the F; flux and the value of the
Romans mass. The parametrically large F;4 component generates the scale separation for
the AdS vacua. The Fyp fluxes can be used to cancel O2-plane tadpoles.

We want to emphasize that the no-scale vacua can be understood in the form of 10-
dimensional solutions with localized and backreacting orientifolds [67]. On the other hand,
this is not understood for the AdS3 vacua since they feature seven intersecting O6 planes
and it is not known how to find backreacted solutions of this kind, although the recent
results of [70,71] can most likely be applied here as well and could be encouraging.

Our main motivation for constructing the AdS; vacua comes from holography. Already
for a while there is an interest in settling the discussions about the consistency of flux vacua
with scale separation. The existence of such vacua is the foundation of conventional string
phenomenology. Constructing the would-be CFTs dual to scale-separated AdS vacua or
show they do not exist (“bootstrap them away”) would be the natural way forward [56-59].
This endeavor has not yet materialized in actual concrete statements and this is why we
prefer to establish a landscape of scale-separated flux vacua in 3d using the “standard
techniques” in string phenomenology whose consistency is being debated. The reason
is that 2d CFTs have been studied in more detail and especially recently some novel
results seem to point against the existence of certain AdS3 vacua with very high moduli
stabilization (such that one arrives at pure gravity in the IR) [101]. If the same can
be argued for our scale-separated AdS3 vacua it almost certainly implies that also the
AdS, vacua in massive Type ITA [17] neither have a holographic dual CFT [102]| because
something is inconsistent about their construction [103,104].
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Chapter 5

AdS vacua and O6-plane backreaction

5.1 Introduction

The consistency of the smearing approximation is often challenged since it is not yet clear
whether it leads to consistent truncation and misleading results. On one hand, the re-
sulting internal manifolds and localized source configurations are some highly complicated
solutions of the full higher-dimensional equations of motion, whose explicit construction
is prohibitively difficult. On the other hand, below the compactification scale, one could
expect the lower-dimensional effective theory to be somewhat insensitive to the local de-
tails of the internal manifold, at least to leading order in the compactification scale. For
this reason, one expects to obtain the same lower-dimensional effective description from a
“smeared” solution, in which the charge density from the “localized” sources is distributed
in a continuous fashion over the internal manifold. These solutions are much easier to con-
struct explicitly with many examples in the literature, and in some cases the approximation
is controllable [67,69,105]. More importantly, this logic also suggests that properties of
the true “unsmeared” solution are encoded in higher order corrections in some appropriate
perturbative expansion. Explicit procedures for finding such an expansion and computing
leading corrections to the internal geometry have been only recently proposed [71,106],
and applications of this procedure have already appeared in [107,108].

In this chapter we go one step further and we apply the procedure proposed in [106]
to the AdS3 vacua of the previous chapter. We evaluate the backreaction of the local-
ized sources and explicitly verify the parametric control over the corrections in the scale-
separated limit. Our analysis indicates that, assuming such AdS; solution with localized
sources exists, the smeared source approximation captures useful information about it -
at least to leading order in the backreaction. Such assumption has of course the caveat
that one has to assume that the O6-plane singularities we encounter here can be resolved
within string theory.
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CHAPTER 5. ADS VACUA AND O6-PLANE BACKREACTION

5.2 Unsmearing the sources

5.2.1 The setup

We start from the bosonic part of the Type ITA supergravity action in Eq.(2.2.1) but in
the string frame

1 1 1
SIIA = 2—2 leX\/ —G(TQ(,R,H) - —|H3|2) + 4GMN8MT8NT - —|Fp|2> y (521)
Ko 2 2

and have considered a redefinition for the dilaton field 7 = ¢~ in order to be in agreement
with [106]. For the Ricci curvature we have choose the calligraphic notation since in this
study contains the warp factor of the metric as well. For the local sources we write down
only the DBI part in the effective action which is relevant for our analysis and we ignore
the Chern—Simons terms and the fluctuations of world-volume fields of the Dp-branes.
The Chern—Simons terms will of course be properly taken into account when we check the
Bianchi identities/tadpole conditions. For the contribution of the localized sources to the
effective action we thus have

Sop/pp = —Tp/dloX V=G 7é(m), (5.2.2)

where §(7;) is a unit-normalized delta-like distribution denoting the locus of the sources
that wrap the cycle m;. For example, in our three-dimensional compactification, for a
space-filling O6-plane ; refers to four-cycles and ; to 3-cycles. The coefficient 7T}, is given
by

T, = Nopptop + Nopfinp , (5.2.3)

and denotes total tension of all the sources wrapping a given cycle and the individual
D-brane and O-plane tensions are given by

ipp = (2m) P(Val)~# ), (5.2.4)
2

Hop = _2p—5 X UDp -

It is important to stress that the reason we have Ngo, and Np, appearing is because the
delta-distributions 0 (7;) integrate to unit.

We will be interested in a flux background where the external space is (warped) AdS,
and the internal space is compact. To this end we make an ansatz for the ten dimensional
metric, always in the string frame, of the form

ds}y = w?(y)gudatdz” + gp.dy™dy"™, (5.2.6)

where g, is the unwarped d-dimensional external metric and g, is the (10—d) dimensional
internal one. For convenience in computing the stress tensor, we write the local sources
in terms of the ten dimensional metric. Note however that, for external spacetime filling
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sources, the action can be expressed in terms of the source worldvolume metric by using
the relation

5(m) = —YIm_50-p)(y) (5.2.7)

9d(10—d)
where g, = det((gx,)as) is the metric determinant of the wrapped cycle. The §©~P)(y)
function collectively denotes the localized positions of the sources in the internal space and
integrates to one

/ A PysO P (y) =1, (5.2.8)

over the dual cycle 7;.

5.2.2 Equations of motion

To compare the localized solutions to the smeared ones and find the next to leading order
corrections we first need to calculate the equations of motions for the metric, dilaton and
the fluxes. We start with a general discussion including all the possible sources in the
equations, eventually restricting to the specific choice of sources and fluxes that we are
interested in.

Equations with localized sources

In this section we set

omval =1, (5.2.9)

and write down the equations of motion for the fluxes together with their sources which
are given by the Bianchi identities. For sources that wrap cycles of the internal space we
have

/ VOlm = /VOlﬂ—i VAN 52‘,9,1, = /dlo—dngwd (5<7T@> > (5210)
where vol,, is the volume density of the wrapped 7; cycles, and 9, 9, is a unit-normalized
(9 — p)-form with legs transverse to the sources wrapping the i-th cycle and with support
on the source locus

52"9_17 == 5<7Tz) dg_pyJ_ y (5211)

where y, are the coordinates transverse to the sources and wedge products are implied.
For the massive Type IIA supergravity considered in the previous chapter the relevant
Bianchi identities, including the number of sources wrapping each cycle, are

7 7
dF2 == Hg/\FO _2N06Z(5i’3+ND626i’37 (5212)
dF, = Hs AN Fy, (5.2.13)
dF6 = H3 N F4 - 273N0257 + ND257 . (5214)
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Here Nog/02 = 0 if there are no O-planes, otherwise it is non-vanishing and depends on
the number of fixed points the relevant orientifold involution has in the internal manifold.
Our specific case will involve Ngy = 27 for the total “number” of O2-planes. For O6-planes
we will have Nog = 23 for each three-cycle, which are in fact all images of a single O-plane
under the G2 orbifold.

In order to proceed further, we need the equations of motion for the dilaton and the
metric; we have performed this analysis for d-external dimensions in the Appendix 8.4.
Note that throughout this work we assume that the dilaton profile does not depend on the
external space coordinates but only on the internal ones: 7(y). The equations of motion
for the dilaton are found in Eq.(8.4.2), and for three external dimensions (d = 3) they
become

24
0=— 8V + 2Ry — — (9pw)(d™7) — 122V, V™0 — 12—V, 0 V™
w? w w w?

5.2.15)
+27‘R7—7'|H3|2—|—2u625(7n) + 273 6 () (
where we use the notation
M6 = NOG - 271ND6 y Mo = N02 - 23ND2 . (5216)

To find the variation with respect to the metric we need the stress-energy tensor of the
localized sources in the internal space, given by the projector

2 0./, op OY' OyP
Hi mn — ( 7r1> P ya yﬂ gmlgnp 5 (5217)
 \/Om: Ogmn 9EY D!

where £ are worldvolume coordinates of the branes/planes wrapping the i-th cycle. The
Einstein equation in Eq.(8.4.8) becomes

2
0=-— T—Rg + 372 <w71V2w + 2w’2vmwvmw> + ?—&anmT + STva + - 3 (87’)

15
——T2|H |2——Zp—|F | + ,uGTZ(S (7;) 52 BleTd (7).

(5.2.18)
The trace-reversed Einstein equations using Eq.(8.4.6) and Eq.(8.4.9) become

0=—-7R +372V8 +3T (0 )(8)+1 v?
= = 7 Ry + 3= Vindyw + 7 ginn (0w)(OT) + 2 9mn VT

1
+ ngn(aﬁ + 27V, 0,7 — 2(0p,7) (0 T)

6
1 1 -1 (5.2.19)
P (1 = G0mal Bl?) + 5 3 (1B = B gmal )
72 (1Haly = J9mnl Hal?) + 5 D7 (1Fol = Eo=gmal B
p=0
3

+ Ug Z < imn gmn> 7—5<7Tz> 2_4M2§gmn7—6(ﬂ-) s
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for |F,|%,, = % 11) Frps. i, B2 717 Since in the case of our interest O2/D2 sources fill the

external space, the projector II,,, for them is zero.

Smearing the sources

Having found the localized equations of motion we can directly find the ones in the smeared
approximation. In this approximation the sources take the form
volz, volz,

d*y./Gx,
Vﬂ'i _ fm‘ 7y Yrmi ’ 51,73 — ji73 = = 3 , (5.2.20)
V; fd Y\/97 Vs, ffri d Y/ 9z

with the three-form volume density given by volz, = \/gz,dy’ Ady? Ady" = e’ Ae Ne”, where
1, 7, k are directions transverse to the O6-plane. For clarity we note that in our work ; refer
to four-cycles and 7; to the corresponding/dual three-cycles; we will specify these once we
turn to the G2 example. Thus each smeared source that enters the Bianchi is normalized
with respect to its own three-cycle volume. The V7 is the internal space volume, which we
will explicitly define for our example later. We accompany the smeared approximation by
the following additional assumptions, which will be justified by the equations of motion:

5(7’(’1) — jm =

e The warp factor w(y) of the external space as well as the dilaton 7(y) are slowly
varying with respect to the internal coordinates and can be considered to be constant
w(y) = const. and 7(y) = const.

e The background field strengths satisfy dF,, = 0 = dx F}, and similarly for the H-flux,
and are thus expanded on the harmonic forms of the 7d internal space, while the
latter is chosen to be Ricci-flat, that is R,,,, = 0.

The equations of motion of the dilaton in Eq.(5.2.15) in the smeared approximation simplify
to

T .
0= QERg — 7| Hs|? + 2u6 Z]’” . (5.2.21)

The Einstein equation in Eq.(5.2.18) becomes

2

3 .
0=—_Ry— —72’H3!2 Z—’ p|2+gﬂ672]ma (5.2.22)

w?

and the trace-reversed Einstein equations of Eq.(5.2.19) reduce to

6
1 1 1 —1
0= 57 (1Hol = S0 Hs?) + 5 D7 (1F3l20 = =gl B ?)

p=0 (5.2.23)
+ ,LL6Z < i,mn gmn>7—jm .
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Considering our assumptions for the smeared localized objects and the harmonic expansion
of the field strength forms, the smeared Bianchi identities of Eqs.(5.2.12)-(5.2.14) become

7 7
0=Hs A Fy—2Nog »_ jiz+ Noe Y _ jis, (5.2.24)
0= Hs A Fy, (5.2.25)
0= H3 A Fy — 272 Nogjz + Npajr - (5.2.26)

Here j; is the seven dimensional form of the internal space because the O2-planes fill the

full three-dimensional external one. At this point, we also impose by fiat Fy = 0. When

we specialize to the case of G2 holonomy, this will be justified by the absence of six-cycles.
The F; background flux actually splits into two parts

Fy=Fia+ Fip = Z <fl + ]&) v, (5.2.27)
where, postponing further details for later, we only note that

U, = basis of harmonic four-forms of the internal space. (5.2.28)

The H-flux is also expanded on the harmonic three-forms of the internal space and takes
the form

H; = Z h'®;, &; = basis of harmonic three-forms of the internal space . (5.2.29)

(2

The F} splitting refers to the way the RR-flux wedges with the H-flux, that is
Hg/\F4A = 0, H3/\F4B = 2_3N02j7—ND2j7. (5230)

The term Hs A Fy4 vanishes by construction, leaving the f* unconstrained, except for quan-
tization conditions. Meanwhile, the second equation can either be satisfied by balancing
the fluxes terms against the smeared source terms, or by demanding that Hs A Fyg vanish
independently by setting Fyz = 0 (or equivalently f* = 0). In the latter case, we require a
net charge cancellation between the D2-branes and O2-planes, i.e. Nos = 8Nps.

The integral of dFy over the internal closed manifold is zero and the tadpole relation
is satisfied for fixed “orientation” of the Fj, flux while at the same time its magnitude
remains unbounded. In the case when the D2/02 cancellation happens, we have

/dFﬁzo, fr=0, D wf=0, > ff=free, 0=16- Npy,
7 i i
(5.2.31)

always for properly quantized flux coefficients h* and f?. Scale separation can be achieved
parametrically in the limit of large f*, that is

Z fiff>1 = separation of KK and AdS scales, (5.2.32)
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therefore it is not prohibited by flux quantization. The appropriate flux quantization
can be found in 4.4.6. When there is no net D2/02 cancellation one has to consider
the appropriate amount of D2-branes because the last equation in (5.2.31) is altered to
> hifi = 273Npy — Nps. For the rest of the article we will have

F, = F,4,, unless otherwise noted, (5.2.33)

so that we do not clutter the formulas.

5.2.3 Scaling of the fields

Now we use the smeared equations of motion with net D2/02 cancellation that we found
in the previous subsection and require each term in the equations to have the same scaling.
As expansion parameter of the fluxes we use the parameter n, and we will see that the
smeared equations of motion are invariant under its variation. The expansion parameter
can have a physical interpretation as the vacuum expectation value of some field or flux,
and it will later serve as our expansion parameter when we evaluate the backreaction.
The fact that the smeared solution leaves the n undetermined means that we can make it
parametrically large so that we can have a good control over the corrections.

To start we assume that the metric of the internal space has the following scaling at
smeared level

Gmn ~ 1. (5.2.34)

Then we consider the smeared O6-plane sources in Eq.(5.2.20) which enter the Bianchi
identity and the Einstein equations, and we find the following scaling

s ~ “—E NP N % . (5.2.35)

We notice that the smeared O6-planes which enter the Einstein equations have the same
scaling as the ones in the 4d compactification on a Calabi—Yau [106]. This happens because
the difference of the dimensions between the wrapped volume and the internal space is the

same in both cases jr, ~ /g3/+/G6 ~ \/91/~/97- The dual current of the wrapped cycles j; 3
is a three-form and therefore it has no scaling because it does not depend on the metric.

The next step is to consider the dilaton and the Einstein equations of motion as well as
the Bianchi identities to find the scaling of the fluxes. We will work with the ansatz

Fo~n®, Fy~nl |, Hy~nb, 7~nt, w~n". (5.2.36)

Moreover, the square of a form of n-rank has the following scaling

1 ! ’
|E* = ];gf““l---g“”“PFal...a,,Fag...a; ~ TP et (5.2.37)
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where the k is the RR or NSNS flux, therefore k = ¢, f, b for our case. Let us first check
the Bianchi identities which will define the scaling of the RR and H fluxes. From the first
Bianchi identity in Eq.(5.2.12) we get

b+c=0, (5.2.38)

since the smeared source in the Bianchi is not scaling. The second Bianchi in Eq.(5.2.13)
does not give us any scaling information, and the same goes for the third equation in
Eq.(5.2.14), because the specific combinations of fluxes vanish. From equation (5.2.22) we
find the following scaling relation

3
27'—2w:27'—3a—|—21):2c:—4a—|—2f:7'—§a, (5.2.39)
and from the traced Einstein equations (5.2.23) we find
1
27‘—2a+26:a+202—3a—|—2f:7—§a. (5.2.40)

Then the dilaton equations of motion in Eq.(5.2.21) give the following scaling relation
3
t—2w:t—3a+2b:—§a. (5.2.41)

Solving (5.2.39)-(5.2.41) and (5.2.12) we get

2 4 1 5

a———=t+-w, b—>—t+w, c>t—w, f——t+-w. (5.2.42)
3 3 3 3

We need an extra condition to find the proper scaling and this comes from the Romans

mass, Fj, which has no scaling because it is a quantized constant, thus ¢ = 0. The

parametric scaling of the fluxes at smeared/leading order then is

3
1

N

Fy~n, Fy~n°, ngno, T~nt, wwn%, Gmn ~ N2, (5.2.43)
which is the same scaling as in [106]. Another way to see this scaling would be to impose
the dilaton and the warp factor to have the same scaling n' = n*, which would then fix
the Romans mass to ¢ = 0. It is gratifying to see that the scaling of the fluxes we found
here from analysing the full higher-dimensional equations does actually agree with the one
found in subsection 4.4.1 where the low-energy effective theory was instead analyzed.

When the flux F)p is not zero its wedge with H3 has to be cancelled by a non-vanishing
02/D2 charge in the Bianchi identity. From the variation of the dilaton, including now
the net O2/D2 contribution, we find

T . _ )
=25 Ry — T Hsl" + 2416 Y+ 27 o (5.2.44)

Performing the scaling analysis for the smeared sources we see that j. ~ n=34/2 and

Jr ~n~7%2 and requiring the equation to be invariant under the 1/n scaling we see that
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the scaling of the metric as well as the rest of the fields have to be zero. From the Bianchi
identity in Eq.(5.2.30) and considering the scaling of Hz ~ n° and j; ~ n® we directly see
that

Fyp ~n". (5.2.45)

We will later discuss the contribution of the O2/D2 and Fjp in the potential and see how
they affect the smeared potential.

5.2.4 Next to leading order equations of motion

In this subsection we expand the RR, NSNS fields and the warp factor in terms of a
scaling parameter n, which can be interpreted as tracking the leading order scaling of the
Fy4 flux responsible for the scale separation. The fields in the smeared approximation are
the leading order terms of a 1/n” expansion. We then perform the 1/n” expansion to find
the first order equations of motion. The power p for each field, i.e. the scaling rate of the
next to leading order terms, is not uniquely dictated by the system of equations we have
at our disposal. However, with a proper ansatz we can calculate all the next to leading
order RR flux corrections. Our ansatz is

Fs=F "+ F"n’ + 0(n™), (

Fy=F% + FY° + 0(n ™), (
Fy=F92 4 FVn® 4 O(n=1?), (5.2.48

Hy = HO2° + H"n ' + 0(n?), (

7 =7O0p34 4 Op=1/4 4 O(n’g’/‘l) , (

w = wOR¥ ¢ wOp=Y4 4 O(n=54), (
G = g0 + g n™ 2+ O(n?) (5.2.52

Starting with the Bianchi identities, we expand the fluxes in Eq.(5.2.12) at first order and
we get

(A4 BY ) = (H 4 B ) AR =2 8. (5.2.59)

where at leading order we recover the smeared expression along with the first order cor-
rection of the Bianchi identity

aFY ¢, (5.2.54)
ARy = HP AR — 206> 05 (5.2.55)

For the Bianchi identity in Eq.(5.2.13) we get

cl(Ef“)n1 + Ff%“...) - <H§O>n0 + H R ¢ ) A (FQ“%V2 + EOpl 4 ) . (5.2.56)
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from which we deduce

aF? =0, (5.2.57)
daFY = HO ANFEY £0. (5.2.58)
We notice that the first order correction of this Bianchi contains the RR two-form correction

F2(1) whose exact form is calculated in the next section using the Einstein equations. For
the Bianchi identity in Eq.(5.2.14) we have

d(Fﬁ(O)n + Fé”no...) = (H:E,O)no + HVn 4 ) (Fi0>n + FYn0 4 ) — 273567
(5.2.59)

In our case of interest, we will set Fyp = 0 and we also consider vanishing net 02/D2

charge. In addition Héo) N F, 4(2‘) and F6(0) vanish in the smeared approximation. Then we
have

dF =HO AFS) =0, (5.2.60)
dFY = HOANFY + HOAFS £0. (5.2.61)

At leading order the orientation of the fluxes leads to the desired cancellation, while at
subleading order we can always set

/dFﬁ(l) = / (H;EO) NF -+ HEY A Fii?) ~0, (5.2.62)
7 7

by adjusting the harmonic parts of F4(114) and H?El)

for the tadpole cancellation.

We now turn to the first order expression of Einstein and dilaton equations of motion
Eq.(5.2.15)-(5.2.19). The dilaton equation is

such that no new sources are required

7(0) 7(0) 0
0=—8V*7W 42— Ry — 12—V, V"W 4 27O RD O — 70 1,72
w w

(w(®)? (5.2.63)

+2p625(7r)

and the next to leading order expansion of the Einstein equation in Eq.(5.2.18) is

(T(O)) (T(O)) 2 3 (0) 72
0 (w(o)) 3+ 3 ) Vaw —l— 47' \Vars
4 (5.2.64)
3 3 p—1 3
—g( 02| |? — QZT|F£O)|2+§MGT(O)Z5(W)
p=0 i
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Next, the first order correction to the trace reversed Einstein equation in Eq.(5.2.19) be-
comes

+(0) 1
0=—(70)2 Rﬁn“s( ) \% 8w(1)+4gmn 02 4 27O, 9,70
1 1< p—
4@ OP (1B, — ToER) + 5 5 (IR, - L DIROP) (5265

p=0
+ i Z ( — —gm,)1>7(0)6(7ri) :

We combine the smeared and the first order equations of motion to find the following
relations for the RR, the dilaton and the warping

sz(l) = 26 Z(ji,3 —0i3), (5.2.66)
3 .
V2T(1) — _§,u6 Z(jm — 5(71'1)) , (5267)
1w
V2™ ) ug Z Jmi — 0(m3)) (5.2.68)

For the backreaction on the internal metric we have

(0)
TORM 3— 7y Vm Opwt —2v,,0,7M = uﬁz ( g0 — HE%J (Jm; —0(m;)) . (5.2.69)

These equations determine the backreaction of the localized sources on the solution from
the smeared approximation and can be used in different setups. To proceed further we
need to work on a specific example therefore we focus on a G2 orientifold.

5.3 The G2 orbifold example

5.3.1 Calculation for a single O6-plane
The internal space

So far we have found the formal expressions for the first order corrections to some of the
fields using just the presence of O6-planes and the dimensions of the internal space. To
find the exact form of the corrections at first order we need to specify the internal geometry
and solve Eqgs. (5.2.66)-(5.2.69). We consider again the toroidal orbifold T /(Zy X Zy x Zs)
and the structure properties of the G2.

The diagonal metric of the internal space and the metric elements can be written as

7
ds? = (rp)?dy™dy™, gV = (D), i=j=1,..7. (5.3.1)

m
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For more details on this orbifold, and a series of different applications, see e.g. [47]. Con-
sidering the 1/n expansion form the metric in Eq.(5.2.52) the radii get corrections

rn = PO L0374 L 0 =3/2) (5.3.2)

Corrections to the RR flux

In order to proceed and calculate the first order corrections to the fluxes one should solve
the equations in Eq.(5.2.66)-(5.2.69) for the seven intersected O6-planes in Eq.(4.3.51)-
(4.3.58). As a first step we solve the equations with the presence of a single O6-plane,
indicatively we choose the O6,-plane with involution given by Eq.(4.3.51) which wraps the
four-cycle 3. We start from the Bianchi in Eq.(5.2.66) in order to calculate the RR fluxes
and we write it in terms of the internal geometry basis

ALY = 20 (dy® A dy® A dy") = —2p @, (5:3.3)

where the p3 refers to the appropriate “backreaction density”. For the specific O6-plane
Eq.(4.3.51) which wraps the 73, this backreaction density term is

,03:#6(]7:3—5(7%)):“6 1_NLO6 %1}5(3/5—%)5(3;6—%)5@7—%)
me0,

(5.3.4)

To avoid clutter we do not include the subscript “3” in p3 in this part because it is always
implied. As we will verify momentarily, an inspection of Eq.(5.3.3) leads us to guess that
the F5 is of the form

FY = —25; (dfBs A 3) . (5.3.5)

Here we have introduced the function 53 = fB3(y) which as we will see satisfies a Poisson
equation and it will be further specified in the next section. For the few next steps we
suppress the subscript 3 to avoid clutter. Indeed the derivative on (5.3.5) gives

dFY = —2(V?B)®s (5.3.6)
which can be verified with the following series of steps
d(7(dB A U3)) = d(k7d(B A U3)) = %7 ((V2B)W3) = V2B(x7U3) = (V2B)P3.  (5.3.7)

This is easily seen by the fact that xd x d(3¥3) = V?(3¥3). Comparing this to Eq.(5.3.3)
we get a Poisson equation for # that reads

VB =p. (5.3.8)
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Similar to [106] the transverse space at each point on the O6-plane is a three-torus. Note
that because FQ(I) is not closed we do not need to expand it on harmonic cycles. From
(5.3.5) we see however that o : Fi") — —F\" so it is odd, as it should be, and that
Ou " F2(1) — —F2(1) so it is again odd as it should be under the O6 involutions, and finally

that ©,, : Fz(l) — Fz(l) therefore it is invariant under the orbifold (as it should be). The
parities under the other orbifold/orientifold involutions can also be checked to be consistent.

It is also straightforward to check using (5.3.5) that d 7 F2(1) = 0 which means that the
equation of motion for Fy (that is d x19 Fy + Hz A x10Fy = 0) is satisfied to leading order
in the 1/n expansion.

Since we have found the explicit form of F2(1) we are able to calculate the first order
corrections to the rest of the RR forms. Using the Bianchi identity in Eq.(5.2.58) the later
becomes

AR = HO A FD = a( — 23" W0 A B() (53.9)

This can be seen from the following steps

HOAFD = =3 hid, Awed (5@) Ay \If,) =3 1P A xd (qf A B(y))

=23 WU A dB(y) = d( . 2Zhi\1/m5(y)>. (5.3.10)
Thus the co-closed part of Fj; which appears beyond the smeared approximation is

F{) = —28(y) Y n'w;. (5.3.11)

Once more, for distances far from the source the F, 4(1) becomes negligible as expected in the
smeared limit and this becomes clear when we calculate the explicit form of S(y). Adding
the harmonic part we have

F{Y) =G - 28(y) Y W', (5.3.12)

where G* is the corrected flux and can be chosen to be

G' = th/ud‘*yﬁ(y). (5.3.13)

k3

Thus from Eq.(5.2.61) we have
i) = 1Y A FD 4 B A FY = Y A (G- 28(0) Y 0 + B A F

= hid, A (Gﬂ‘qu ~28(9) Y hj\I/j> + HOAFO
J
(5.3.14)
As we will show in the next subsection, H ?El) is also fully specified by the function 3, up to

harmonic pieces, which can be tuned to ensure f dFﬁ(l) =0.
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Corrections to the dilaton, warp factor, NS flux and the metric

So far we used the Bianchi identity of F2(1) and the internal geometry in order to specify
the explicit form of all the first order corrections of the RR fluxes. However we have not
found yet the exact first order corrections to the dilaton, the warp factor and the internal
metric.

In order to solve Eq.(5.2.69) and identify the first order corrections to the remaining
fluxes we start from the following definition of the Ricci tensor of the internal space

! 1
5907 (VaVigl) + VoVagl)) = 5Vl (5.3.15)

1
RY = —— g0y v, g0 4 5

" 2

and the relation for the Ricci tensor R, from Eq.(5.2.69) we have

3 T
R, = 5 VY +—v 0,7V + 0)2(2 PO} ﬁm)j?;pi, (5.3.16)

where p; refers to the appropriate backreaction density for the i-th cycle. Combining
Eq.(5.3.15) and Eq.(5.3.16) we get the equation

1 1
= 590"V Vgl +§9(°)” (VSVmgﬁi’JerVngﬁl) V29mn (5.3.17)

3 NG
—5 V) —v 9,7V ( 0, ) Y=

Focusing now on the 3rd cycle (and again suppressing the subscript on ps and fs),
we write the volume of the four-cycles wrapping the internal space and the current of the
smeared source

1

0 .

V7r3 - Té )Té )Té )rz(l ) ) j7‘(‘3 (0) ( ) (0) (5318)
T's Te T7

Next we calculate the Ricci tensor for cases depending on parallel, transverse and mixed

leg components. For the calculation we make the following assumption

11 (1) _  (0)22 (1) (0)33 (1) (0)44 (1) (0)55 (1)

1 1
gy = g0%2g,) = gO38gy) = gO¥g) g0l — gO86g0) — GOT7()

g 96 = 9
(5.3.19)

First, when both the legs of the Ricci tensor are along the wrapped cycle, the stress-energy
tensor in Eq.(5.2.17) gets the simple form

HB,mn = (g7r3)mna (5320)

for m, n the directions of the wrapped four-cycle. The O6-plane wrapping the 73 is parallel
to the directions y', 4% 3, y* and the fields w, 7 and g,,, are sourced by §(y° — 7°)d(y° —
7%)6(y" — §7) which depend only on the transverse y°,¢% y” directions. We label the

72



CHAPTER 5. ADS VACUA AND O6-PLANE BACKREACTION

wrapped directions with with indices ¢, j and investigate first the case where the compo-
nents are parallel and same, the relation Eq.(5.3.17) gives the following solution

")
(0),.(0),.0)

Vi =
rs e e TO)

0, i=j=1234. (5.3.21)

Now let us check the Ricci tensor for transverse and same directions, Ry, with k =1=15,6,7

1 1
— 29(0)11856595? — 59(0)556585‘9&? — QVQQé?
1 réo) (5.3.22)

3 2
= W%@gﬂu(l) + m85857‘(1) + p-

2 réo) T&O)T(O)

For one parallel and one transverse direction, Rj;, the equation is trivially satisfied. For
two different transverse directions, i.e. Ry with k £ [ | we can work-out for example the
case Ry which gives

3

OZ_W

1 2
85(96711(1) — 29(0)118566g§11) — 59(0)5585869%) — W@gﬁm’(l) . (5323)
T
From Eq.(5.3.22)-(5.3.23) we have

;")
i),
r OO0 70)

v2gh) = — k=1=56T, (5.3.24)

and we write again the solution of the warp factor and the dilaton but expressed in terms
of the p source

31
Vi) = S, (5.3.25)
2 réO)TéO)T§O)
1w® 1
Vi = = p. (5.3.26)
270 0,00

With the use of the same function 5(y) as in Eq.(5.3.8), and Eqgs.(5.3.21), (5.3.22), (5.3.25)
and (5.3.26), we get the relations

1 1
PO 702 T T30 T @ T 0,0,0 10

Note that until now Hél) was not required to solve for the leading correction to any
other fields. On the other hand, the equation of motion for Hj reads

d (7'2 *10 Hg) = *10F2 VAN F() + *10F4 N FQ s (5328)
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which in our case becomes
(T2 (x10HM) = d(7O) A %10 H + x10F0 A FSY 4 510 FO A BV (5.3.29)

and involves the leading corrections to several other fields including the warp factor (from
the Hodge star inside the derivative on the left-hand side). All the corrections to the fields
involved in this equation are related to  in such a way that the final equation for for Hj
takes the form

VPH, = VP(B)X pyu (5.3.30)
where X is a harmonic 3-form (i.e. dX =0 = d x7 X), which can be expanded on the ®;
basis with coefficients that are determined by the other leading order corrections. This is

sufficient to determine the precise expression for H:,El), which takes the form
1Y = BX + H'®, (5.3.31)

where H* are constants of integration, which give us the freedom to ensure tadpole cancel-
lation without new sources as in (4.4.48). Thus determining the 3 is sufficient to determine

all the leading order backreaction, including the form of Fél) from (5.3.14).

5.3.2 Solution of Poisson equation

To solve the Poisson equation in Eq.(5.3.8) we mostly follow the steps of [106]. We intro-
duce a formal solution in terms of Fourier series and estimate the backreaction, without
specifying the regularization, because it is in any case independent of the choice.

We start from the 83 and we suppress the subscript 3 for now as usual and we also take
into account that pug = Nog = 8. This means we have to solve the equation

VE=8— 3 5(y5 _ %)5@6 — g>5<y7 _ g) . (5.3.32)
m,n,pe{0,1}

To solve this we expand [ as

B="> " bmm, (5.3.33)
m,n,ke{0,1}
where
Ve = 1 — 5<y5 - %)5(@/6 — g>5<y7 - g) ) (5.3.34)

We first look at one of the fixed points and use the Fourier transform of the delta distri-
bution to get

L= 0()()0(yT) =1 Y e T == N~ 2T (5.3.35)
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where ¥, = (y°, 4% y") and we use the discrete Fourier transforms of the delta functions
to respect the toroidal periodicity.From this we deduce that

1 o
$ooo = Z 47T2k262mk'ya (5.3.36)
EGZ?’\{O}

and similarly for the other ¢,,,x. So the Poisson equation in (5.3.32) is solved for

Bly) = Z Z 2k2 ™R W=%) 4 const.

ma€{0,1} keZ3\{0}

1 o
= > 2—2]@647%1’ + const. (5.3.37)
T
kez3\{0}

The notation is 77 = (ms, mg, m7), k = (ks, ke, k) and k2 = k’g/réo)2 + k2 /rg 02 4 k7/ 7

Since (5.3.37) is not convergent one may wish to regularize it by following [106,109— 111],
or by simply introducing a hard cut-off on the magnitude of the momenta k. However,
to estimate the backreaction of the O-planes we just need the behavior near one of the
loci. This means we want to evaluate (5.3.37) at, say, ¥ — 0. Clearly, near such point
the impact of the other sources can be ignored and the divergence will be dominated only
by the source at y = 0. Therefore, near the source at ¥ — 0, the equation (5.3.32) can
be approximated by V23 ~ —§(3) which has the text-book solution 3 ~ r5r%r7/( 471'\/_
This means that near the O-plane we simply have a 1/|y| singularity. For completeness
we can verify this intuitive behavior in the following way. We first define, g; = y;/e and
ki = €k;/r;, such that

g 1 1
k2 = g”kikj = g(:‘ig + /‘ig + /‘i%) = 6_2/<V2’ (5338)
r? = g0 = E(rsyz + reyg + r7ya) . (5.3.39)
Dropping finite contributions we can write
62 2 o 1 sTel7
6(g) = Z Telhrzn-y = — Z T 47”'% yA:‘i AHGAKJ7, (5340)
ri€(e/r;)Z\{0} 212k € ki€(e/13)Z\{0} 2m°K

where Ak; = €/r;. The near-brane limit is captured by sending ¢ — 0, in which case the
sum becomes an integral and we obtain

By — (5.3.41)

T5T6eT7 3 eAmiR-y 1 rsrery 1 ryrgry
212 K2 A7t €|y| A 7

Where the first equality follows from recognizing the Fourier transform of the Coulomb
potential.! This fixes the behavior of 3 near a single O6-plane.

I'Note that carrying out this Fourier transform properly also requires the use of a regularization scheme.
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From the  behavior derived in (5.3.41) and the relation in Eq.(5.3.27) we can see that
the first order correction on the fields near the locus of a single O6-plane is

3
T = T(O)n3/4 — %n_1/4 + O(TL_5/4) s (5342)
© 1
NS 7 s VL ~5/4
w=won' + —G - +0(n™""), (5.3.43)
(0), 1/2 r? 1 1/2 3/2
(0),1/2 r? 1 1/2 3/2
9ii = Gy N+ mmn +O(n ). i=1,2,3,4 (5.3.45)

Near the local sources the 1/]y| corrections play against the n suppression, but for large
enough n they are always subdominant. Conversely, for any value of n there is always a
region close enough to the O-plane where the leading order backreaction dominates.

For the rest of the O6-planes, we have that each one of them wraps one ¥, four-cycle,
thus the Bianchi identity can be immediately generalized to

7
dFy) = 23" pi @, (5.3.46)

and the source term is
O L T Rt
me{1,2}
where the combination of A, B and C' is given by
(A, B,C); ={(1,2,7),(3,4,7),(5,6,7),(1,3,6),(2,3,5),(1,4,5),(2,4,6) } . (5.3.48)
Then similarly to Eq.(5.3.46) we have

7
FV =23 (db’i(yA, 2 yC) A \1/> , (5.3.49)

where each §; satisfies a condition of the form (5.3.8). Then the backreaction near each
O-plane has an equivalent form as (5.3.41) and therefore can be controlled for large enough
n. The full form of 7Y w® and the metric follow similarly from the equivalent equations
to (5.3.27) to find individual contributions of the form (5.3.42)-(5.3.45) for each three-cycle
and adding them together.

5.4 Corrections to the effective scalar potential

5.4.1 Corrections in the absence of net D2/02 charge

We want to investigate whether the backreaction corrections affect the leading order 3d
scalar potential and as a consequence the scale-separation. Considering the metric de-
composition in Eq.(5.2.6), the dimensional reduction of the ten-dimensional action (2.2.1)
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gives

Sio = 2ﬁ/d3x\/§/d7y\/§w3 <T2R10 + £m> : (5.4.1)

Here Ry is the ten-dimensional Ricci scalar given in Eq.(8.4.1) and the £, the rest of the
kinetic and potential terms. In order to get the effective 3d action one should integrate
over the internal coordinates. However, we just need to write down the action from a
three-dimensional point of view and study the contribution of the corrections. The 3d
effective action is

Sy = / d%\@(ﬁmg _ vg) v, = / ATy /grw’r? (5.4.2)

where the scalar potential takes the form

2

2
Vi = / dTy/gru? ( — P Re 46—V, V"0 + 6— V'V w
w w
(5.4.3)
1 1
— 49" 0y TONT + 5’7'2|H3|2 + §|Fp|2 — 26 21:75(7@)> )

To see the effect of the first order correction we replace the delta function corresponding to
the O6-plane by our next-to-leading order solution for the dF; Bianchi identity. We start
from the volume of the wrapped cycle in Eq.(5.2.10) which gives

1
/d7y@5<ﬂl> = /VOlﬂ-i A (51’3 = 5 /VOIM N (Hg A\ Fg — dFQ) . (544)

Replacing this into the effective scalar potential gives, after some manipulations,

2

2
Vi = / SN ( — 2Ry + 6V, V"W + 65V, V™ w — 4™,y 70,7
w w
(5.4.5)
1, I 3 3
+ 57 |Hs|” + 2|Fp| MGZ vol., A (Tw’Hs A\ Fy + d(7w’) A Fy ) .

We now want to bring the effective action Eq.(5.4.2) to the Einstein frame. To do this we
perform the rescaling g7, = gfy(27ﬂ/7)_1/ 2. The Einstein-frame scalar potential of the 3d
effective theory is

Vs

VE= ————,
(2m)2V2/*

(5.4.6)

and we will be ignoring from now on the superscript £. We can use this form of the effective
potential to estimate the impact of the backreaction. We will do this by comparing the
contributions from the unsmeared terms to the leading order smeared potential.
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Let us ﬁnd the scaling of the smeared potential first. At leading order the volume V;
scales like VI ~ n''/2 and vol ~ n. To find the scaling of R; we need the scaling of

the Ricci tensor in (5.3.15). We see that R, ~ g<0>’“8vmvng,€? + ... where nabla contains
products of the metric and its inverse so it doesn’t scale. The scaling of the internal Ricci
scalar at leading order is R$0) n~3/2. The zeroth order potential (after few integrations
by parts) takes the form

1 1 1
smeared __ 0)2) £7(0) |2 )2\, —17/4
VE& - ( )2V 1/2 <§T |H3 | + 5 Z ‘Fp | )n

p=0,4
3/2 Z / VOl (O)SH(O)F ) —17/4 ‘

—-17/4

(5.4.7)

We see that the leading order potential scales as n

We will now estimate the impact of the backreaction by evaluating the scaling of the
terms that correspond to the unsmearing corrections by inserting the expansions (5.2.46)-
(5.2.52) in the effective potential. First we can check the term that originates from the
leading order correction to the last term in (5.4.5). The leading order in n is

He 1 _
(5‘/3 > —W Z/VOlgg) VAN (d(37(0)w(0)2w(1) + T(l)w(o)?’) N FQ( ))n 21/4 . (548)
7 i

Note that there are derivatives of the dilaton and the warp factor. We see that this
correction term is damped faster for large values of n compared to the smeared term, thus
the potential matches to the smeared one at the leading order, assuming that the formal
singularities of the near-brane regions are somehow resolved from string theory. Indeed,
the formal expression (5.4.8) hides singularities related to the fact that the solution clearly
breaks down in the regions of the internal space surrounding the O-plane loci because the
1/r terms dominate over the n suppression. A way to see this is by focusing on the 73
four-cycle backreaction in (5.4.8) and estimating the term

—21/4
(5‘/371—3 ~ % /VOlgr? A\ (d(ST(O)w(O)2w(1) + T(l)w(0)3) A F2(1)> s (549)
V?

in the near-brane region. At that limit from (5.3.6), (5.3.27), (5.3.32) and (5.3.41) we have,

1 1
near the O6,, central locus: F2(1) ~ yé|2 , dFQ(U ~ 6(y) 3, :EO; ~ ZE(); ~ mi_(o)

(5.4.10)

We can regularize the divergence of the integral in (5.4.9) by excising regions around the

O6 locus, which we take to be three-spheres of radius 7y and denote S3(r(). Integrating

by parts now produces a non-vanishing boundary term. This leads to an estimation of the
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near-O6-plane backreaction of the form

—21/4 (0)3V7(r0) (1)
V5™ (06, locus) ~ n v 2 < / (ST(O)w— + T(l))FQ(I)
9S3(ro)

]}7(0)3/2 w(o)
_ (3r© w + 7(1))dF(1)> (5.4.11)
#5\85 (o) w(0) 2 4.
n_21/4w(0)3V7(rg) G2
~ ]}7(0)3/2 o

In the last line we used the relations in (5.4.10) and only the boundary contribution sur-
vives, because dF2(1) vanishes outside the excised regions. Clearly, the resulting expression
depends on 7y, and diverges as we try to shrink the excised regions. This simply signals
the breakdown of the leading order solution near the O6 planes, where stringy corrections
to the 10d dynamics are expected to appear. These corrections, in principle determine a
physical value of 7 such that (5.4.11) would accurately capture the contribution to the
potential from fields away from the O6 locus. Indeed, if we require the backreaction to be
negligible we need

‘/ésmeared >0V = n 14 s n—21/4ro_1 = n> 7"0_1 . (5.4.12)

This suggests that we can have a good approximation of the true solution for distances
from the loci much greater than 1/n.

We can also estimate the backreaction from other terms to see if the 1/n estimate for
the safety distance from the loci is good enough. We can check for example the dilaton
term from the first line in (5.4.5) focusing on the higher order terms

)" V7

Following the same reasoning as before we find for the leading n unsmearing correction
sV litaton (06, locus) ~ n~ /4yt (5.4.14)

which agrees with (5.4.12).

It is however suggested in [106] that for a 10d “observer” the backreaction is stronger
and would require ry > n~'/* to be able to safely ignore the unsmearing effect. The
argument in [106] for this is to compare for example 72|H|? to (0d7)? and see that one
needs n > r~*. We note that this condition delineates the regions of the internal space
where leading order corrections to the 10d solution already give approximately the correct
field profiles.

The purpose of ry, however, is to properly separate out the additional g, corrections
to the 10d solution, over and above the 1/n corrections. Thus, the choice of ¢ should be
determined by the regions where the string coupling becomes large, i.e. 1/n. It therefore
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appears that there is a region 1/n < r < 1/n'/4, where although the 10d equations of

motion can be trusted, the resulting 1/n expansion of their solution can not. The contri-
butions to the scalar potential coming from integrating over those regions likely have to be
computed to all orders and appropriately resummed.

Meanwhile the degrees of freedom near the O6 locus, i.e. at r < 1/n, would have to
be captured by a strong-coupling description of the O6 planes, as the string coupling truly
becomes large in those regions even at leading order in 1/n. Unfortunately, in the presence
of a Romans mass, such a strong coupling description is currently unavailable.

5.4.2 Corrections including a net O2/D2 charge contribution

When there is no net O2/D2 cancellation, such contribution needs to cancel by fluxes in
the tadpole/Bianchi. Then there is an extra contribution in the potential that comes from
the RR field |Fy|* = |Fya + Fy|* and has the form

1 1 _ J7
Vem":—~/w3 Fia A*-Fyp + —Fyp A% Fyp — 27 30725
3 (2#)2V$/2 - 4A 74'4B B 4B 74'4B M2 v,

! 1
™) Ve

N 1 / 003 [ 93 ,m(mﬁn—?
(2m)2 %2 g v

since the extra terms scale as
Fya AxqFip ~n®* | Fyp AxqFip ~n V0 G0/ Ve o774 (5.4.16)

and indicatively Fyq Ax7Fyq ~ n7/*. The scaling of Fyp is dictated by the Bianchi identity
(5.2.59) with H® scaling as n°. Considering the scaling of the extra contributions it seems
that neither the O2/D2 contributions nor the terms which contain the Fyp scale the same
way as the potential in Eq.(5.4.7) and are subleading at large values of the parameter n.

We stress that we do not unsmear the O2-plane here, this requires additional analysis
which we leave for a future work. However, the analysis of [67], where space-filling localized
and smeared O2 sources are compared, shows that at least for supersymmetric solutions
the backreaction is not expected to lead to inconsistencies.

5.5 Outlook

In this work we have analyzed the backreaction of localized sources on the scale-separated
AdS3; N=1 vacua of massive Type IIA supergravity. We have found that when one applies
the scale separation limit to the various ingredients then the corrections from the localized
sources can be made arbitrarily small. Therefore away from the sources the solution seems
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to be under control and its uplift to an actual solution of string theory seems plausible. Of
course, unless the O6-plane singularities that we encountered can be resolved within string
theory the smeared approximation is bound to fail. Moreover, our analysis here was only
the first step that accounts only for the leading order backreaction, and therefore we do not
know at this point if some intricate inconsistency can show up at the next order, as the AdS
conjecture would imply [15]. One could further check the consistency of the backreacted
solutions by matching with the supersymmetric analysis of Type II AdS; vacua performed
in [37]. These questions and checks are left for future work.

One equally interesting question that could be now addressed is the stability of non-
SUSY AdSs flux vacua, which should be unstable according to the swampland conjectures
[14]. In particular from the supersymmetric construction in the previous chapter one can
also find the non-supersymmetric “skew-whiffed” AdS; vacua, where the F} flux has flipped
sign. For the moment our leading order analysis has not indicated some pathology of such
vacua but it may be that by going to next to leading order in the backreaction some
pathology may show up thus verifying [14]. For example, four-dimensional “skew-whiffed”
vacua were studied recently in [108,112] and possible instabilities were detected. We also
leave the analysis of the non-supersymmetric vacua for a future work.

Finally, on a more general note, the understanding of 3d non-supersymmetric vacua
of string theory is interesting on its own right due to the applications in holography, but
also as a way to scrutinize the 3d swampland. A clear classification of classical de Sitter
vacua (as is done in 4d [113,114]) would have its own merits and in addition would verify
or challenge the conspiracy of string theory against de Sitter [10, 115-118]. It would be
interesting to see how the unsmearing procedure we discussed here would change these
results in the three-dimensional solutions.
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Chapter 6

Type 1IA : De—Sitter uplift

6.1 Introduction

Here we continue the scrutiny of the conservative setting; can we achieve small extra
dimensions, with all moduli stabilized and SUSY broken in a dS vacuum? This question
has been studied, for obvious reasons, mostly for flux vacua in 4d, see [6-9,119] for general
reviews and [10,11,120] for reviews with an emphasis on de Sitter vacua. It is however useful
to think of other dimensions as well. From a landscape viewpoint this is anyways required
if one wishes to understand what the total space of vacua is. Generic vacua can have any
number of compact dimensions up to 9. It should also be obvious that there are more
vacua in lower dimensions since the amount of compact manifolds, ways to wrap branes
and fluxes increases dramatically with every extra compact dimensions. Very intriguingly
there is not a single suggestion known to achieve moduli stabilization with small compact
dimensions in d > 4. That makes d = 4 rather special in a flux context similarly to the
string gas picture [121].

In this work in particular we will consider 3d vacua. In the previous sections we have
argued that compactifications of massive IIA supergravity on G2 orientifolds with fluxes can
lead to full moduli stabilization in 3d (SUSY) AdS vacua that allow a tuning to arbitrary
weak string coupling, large radii and a parametric separation of scales between the AdS
length and the KK scale. This is very analogous to flux compactifications of massive ITA
on Calabi-Yau orientifolds to four dimensions [17,81].

Such striking parametric separation of scales at weak coupling is in contradiction with
some Swampland conjectures [15] (see also [55]). These conjectures are loosely derived from
the distance conjecture [122]| and inspired from no-go theorems with given assumptions [25].
Recently however a suggestion was made how the massive IIA vacua can nonetheless be
consistent with the web of swampland conjectures in a very interesting way [29]. So purely
based on the conceptual ideas surrounding the Swampland it could be that such scale
separation is consistent with our understanding of string theory and the question is much
open right now.

On the technical side however, there have always been reasons to doubt the consistency
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of the massive IIA vacua [103,104]. These worries are related to the backreaction of the
O6-planes which have only been taken into account in a smeared fashion [66]. Relatedly
there is also no 11-dimensional uplift of the strongly coupled region near an O6 singularity.
However, partial results about the backreaction of the localized sources are known and
encouraging [70,71,105] and simple flux vacua exist for which it can be shown that smearing
is harmless on the condition there is a large volume/weak coupling limit [69].

It is our hope that having an infinite family of 3d AdS vacua with scale separation at
weak coupling allows an easier holographic CF'T study than with 4d vacua which hopefully
shines a complementary light on these issues.

In this chapter we continue our study of compactifications of massive IIA supergravity
on G2 orientifolds with fluxes but turn to the question of the existence of meta-stable dS
vacua which have been conjectured to be impossible completely [10,115,123] or impossible
at sufficiently weak coupling [116-118,124]. Our setup is entirely classical in the sense
that we stick to 10d supergravity at the two-derivative level with orientifold and D-brane
sources.

The quest for classical dS vacua has already a history and started with the suggestive
works [125, 126] and later the more concrete proposals of [127-129]. A thorough but
outdated scan and overview can be found in [130] whereas an update of the recent situation
is described in [113,131-134] and [135-138]. Most of these works focussed on 4d vacua,
but some preliminary results about higher dimensions are known [123] and a complicated
suggestion for a meta-stable solution in 3d was proposed in [139].

In here we follow a route towards classical dS solutions similar to to [139] (but consid-
erably simpler) and consider general mixtures of orientifold and anti-brane sources such
that the lower-dimensional would-be EFT has no (linearly realized) supersymmetry. Of
course the dangers are around every corner in that case since one should worry about the
anti-brane stability as well as their backreaction. In contrast, most of the works on classical
dS solutions start with calibrated orientifold and D-brane sources and break SUSY sponta-
neously instead of explicitly which provides slightly more control at first sight. Nonetheless
we will argue for a certain amount of control directly from ten dimensions, by verifying
whether the approximations made are justified. This means that all curvature and inverse
length scales should be small in string units and that the string coupling is small. In our
concrete example this will be the case but not parametrically in contrast with the AdS
vacua constructed in the previous chapter. The most surprising outcome of our analysis is
that by adding two different species of anti-branes together, namely anti-D2 and anti-D6,
we can achieve dS critical points with the following properties: 1) with some tuning of co-
efficients we can get rid of the typical tachyons present in classical dS vacua, 2) the internal
manifold does not need to be negatively curved, 3) the resulting model is very simple. Un-
fortunately the tuning required is impossible for the simple torus examples in this analysis,
but there is no reason to expect that a general G2 construction with warped throats would
not allow it. Interestingly we will find evidence that exactly those ingredients could trigger
perturbative brane-flux decay. This can be taken as non-trivial circumstantial evidence for
the no-dS conjecture although more concrete models should be constructed to verify our
general findings.
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6.2 Mass producing 3d de Sitter?

We have argued in a previous chapter that G2 compactifications of massive ITA supergrav-
ity with O2/06 sources allow the stabilization of all moduli if enough fluxes are turned
on showed in the previous sections. The vacua are then (SUSY) AdS; at tunably weak
coupling, large length scales and separation between KK and AdS scale. It is then tempt-
ing to somehow uplift these vacua to meta-stable dS by adding SUSY-breaking ingredients
with positive energy. It is known that this is not a good strategy in 4d [140]' and the
same applies in 3d. Heuristically this works as follows: AdS vacua that are well suited for
uplifting have the feature that the mass m of the lightest (non-axionic) scalar is large in
AdS units, that is

m?L* >> 1, (6.2.1)

where L is the AdS length. Such vacua are at the bottom of a scalar potential that
approaches zero from below while being very narrow as depicted in figure 6.1 below. Due

+ V(D)

Figure 6.1: The potential with the dashed line is better suited for uplifting than the potential with
the solid line.

to the large L a small SUSY-breaking source necessarily brings one to positive energy and
due to the high m? it will not destabilize the system. So models that achieve (6.2.1) very
well were therefore conjectured to be in the Swampland [54]. This Swampland conjecture is
of course inspired by the no-dS conjectures but applies to AdS vacua and should therefore
be easier to prove or disprove. Despite the difficulty in finding vacua obeying (6.2.1) this
conjecture is furthermore inspired by the bizarre properties the dual CFT would have
since m?L? determines the dual conformal operator weight. The KKLT and LVS AdS
vacua |16, 53| are our most concrete suggestions for vacua that get close to obey (6.2.1),
but they cannot do so tunably. Racetrack models are built to achieve (6.2.1) if they
would allow the “Kallosh-Linde” fine-tuning [142], but there is not a single string theory

! Although see [141].
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example showing such behavior and it might also be in tension with Swampland bounds
on axion decay constants [143], see however [144,145|. Finally it has been demonstrated
that non-geometric flux backgrounds can achieve (6.2.1) arbitrary well because they allow
moduli-stabilized Minkowski solutions [146, 147], where effectively m?L? = oco. But such
backgrounds are far from being shown to be trustworthy because the EFTs derived from
non-geometry are difficult to control, see [148| for a review.

Although KKLT and LVS do not obey (6.2.1) tunably it is suggested they achieve it
sufficiently well to allow anti-D3 uplifts to dS vacua. However that procedure would require
warped throats in order to make the uplift energy tunably small, but recently it has been
appreciated that demanding the throat volume to fit inside the total Calabi—Yau volume
is so constraining that the tuning freedom might be lost [22]. We will come back to issues
related to gluing throat regions into compact spaces later.

This analysis is about following a somewhat related strategy but in 3d and with only
classical? ingredients (fluxes, branes and orientifolds). So we turn to massive ITA super-
gravity with O2/06-planes, (anti) D2/D6-branes. We will not attempt to uplift the AdS
vacua of the previous sections, but we will instead search directly for meta-stable de Sit-
ter critical points arising from uplifting moduli-stabilized non-SUSY Minkowski critical
points. Obviously any non-SUSY Minkowski minimum that is not of the no-scale type will
arise from a fine-tuning that is almost certainly impossible after quantization of fluxes and
charges, but we will use it nonetheless as a guiding principle and afterwards compute what
the effects of the quantization are. For the sake of meta-stable dS; solutions quantization
will turn out problematic for simple set-ups but we argue that we do not expect this to be
a real issue for more involved set-ups.

We start our analysis by restricting to the universal bulk moduli, that is the dilaton and
the volume. Generically these scalars are the typical place where the classical tachyonic
instability would show up when we study Minkowski/de Sitter vacua with broken and full
moduli stabilization.?As we will see this situation is seemingly not the case here because
these tachyons don’t show up in a generic setup. A reason for why we can avoid tachyons
is related to our discussion around figure 6.1 as the “Minkowski limit” of our models is not
of the no-scale type, see also [150].

The two universal bulk moduli we have here are the real scalars = and y and they are a
linear combination of the dilaton and the volume modulus defined in the previous sections
and equation (4.3.20) further below.The scalar potential then reads®

V=AWt F G HH Ay Cev VT 4 Te? 2v , (6.2.2)
where we have used the symbols A, F, H,C,T to indicate the various contributions from
the fluxes and the sources. These are functions of all other scalar fields specific to a

2Here ‘classical’ refers to string theory ingredients whose leading order contributions to the energy can
be captured using 10d supergravity at the two-derivative level, with inclusion of source terms.

3 And if not in that 2-scalar subsector, the tachyon is in a 3-scalar sector with the third scalar representing
the overall volume of the orientifold cycles [149].

3y _ =

41f we had included the curvature of the internal manifold its contribution would be Vi7 ~ —R7e 2 ~ 2v7.
However here we work directly with a Ricci flat internal space therefore R; = 0.

85



CHAPTER 6. TYPE IIA : DE-SITTER UPLIFT

compactification. We will give the exact origin of these terms and their form for a toroidal
orbifold in the next section. The coefficient A relates to the O2-plane tension and 7" to the
O6-plane tension and both are negative. The coefficients F', H and C are related to |Fy|?,
| H3]? and | Fp|? respectively, and they are positive definite. For technical simplicity we also
absorb the vacuum values of x and y in these coefficients such that

(2) =0={(y). (6.2.3)
Similar to [125,126] we then analyze the three conditions
Vo=0, V,=0, V=¢, (6.2.4)

where we use € > 0 to parametrize the small vacuum energy. The “Minkowski limit” is
therefore ¢ = 0 and we will consider it essentially as a crude estimation to test stability,
and building on that, only a small uplifting will then give meta-stable de Sitter. Once we
apply these equations to the scalar potential we get after few manipulations

A= —8e—2F,
H=F+C+b5e, (6.2.5)
T =4e — 2C'.

Note that the consistency of these vacua simply requires H > C, H > F ;A< Qand T <0
because we are assuming small e. The mass matrix of the x and y scalars has eigenvalues
given by

My = ;(90 " 2H +£/88C% + 200 H + 4H2> +O(e), (6.2.6)

where we have used the vacuum conditions. Since we can make e arbitrarily small, to
check the positivity of the masses we only need to look at the e-independent parts (i.e. the
Minkowski limit). The reader can verify that

me>0 — H>C, (6.2.7)

which is in complete agreement with the consistency of the de Sitter solutions.

We thus conclude that we have at hand a classical framework for “mass production” of
3d de Sitter. The reason it works (at the level of the 2 universal scalars) is exactly because
of our arguments surrounding figure 6.1: we have assumed small € (effectively put it to
zero) and found a positive mass matrix in the universal directions. So the presence of such
regions in the scalar potential implies there are good reasons to expect meta-stable vacua.

We will see however for our specific example that careful consideration of quantization
and tadpole conditions changes this naive estimate and makes us wonder if these vacua
are in the swampland instead. Indeed notice first that if we did not take € small then we
could have instabilities because the leading order contribution of € to the masses is

Tmym_ =4C(H — C) — 4€ (39C + 4H) + O(¢?) . (6.2.8)
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From the second term we can see why an instability can arise if the de Sitter vacuum is not
shallow enough, i.e. if € is not small enough®. In fact due to flux quantization the vacuum
conditions (6.2.5) put strong constraints on the possible values of ¢, especially once we take
the tadpole cancellation conditions into account which bound the fluxes. Therefore having
arbitrarily small € should not be taken for granted.

Note that our analysis has not used any curvature of the internal 7D manifold, which
would contribute another piece to the 3d potential. The fact that the equations 0,V =
0,V = 0 are consistent with the absence of such a term is different from the usual classical
dS vacua constructions. The reason this is possible now is because of a mizture of different
brane types, i.e., 02/D2 and O6,/D6, which is usually not considered. One could worry that
a Ricci-flat Ansatz is not consistent with the 10d equations of motion due to backreaction
of fluxes. However the self-consistency of the approach is guaranteed if a critical point
is found and from a 10d viewpoint one finds that the negative tension of the smeared
orientifolds exactly cancels the positive tension of the branes and fluxes inside the compact
dimensions. Whether or not the smearing of the orientifolds is a problem depends probably
on how small the coupling can be and how large the internal volume is [69].

6.3 A toroidal example

In the previous section from the generic form of the scalar potential we have argued that
massive IIA compactified on a 7D Ricci flat space with O-plane and anti-D-brane sources
could potentially lead to meta-stable de Sitter vacua. Now we attempt at finding a specific
example: we specify the ingredients, we derive the potential (6.2.2), and we also discuss
the tadpoles and flux quantization conditions. We set o/ = 1, we utilize the orientifold and
orbifold of the previous sections, and we focus directly on solutions with an isotropic seven-
torus for simplicity but also as we will show, it can guarantee stability of the non-universal
scalars.

6.3.1 Tadpoles, flux quantization and potential

Let us first look at the Bianchi identities which we require to satisfy without using D2- or
D6-branes. For the O2 Bianchi identity we have

0= /H3 A Fy — (27)° (Ngz + 16) | (6.3.1)
7

where we have used Nop = 27. For the O6-planes we have Nog = 2 per 3-cycle and we
allow the same number (N%) of anti-D6-branes per i’th 3-cycle:

N]% = Npg , total number of Ngg =7 x Npg. (6.3.2)

®Notice that had we set F' = 0 then H — C would be of order ¢ and so the expression (6.2.8) would not
be reliable. In this sense we are implicitly assuming that F' has a considerable contribution. However in
our examples latter we explicitly check that the masses are positive in any case thus verifying our generic
analysis.
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Therefore for the O6 Bianchi we have for each 3-cycle

0= / Hy A Fy — 27 (Noys + 16) / Js., (6.3.3)

3—cycle 3—cycle

where J3 is the unit-normalized 3-form source: J; = ) . ®;. Fluxes, consistent with a
isotropic seven-torus are the following:

Hy= (20K Y @, Fy=(2n)"'M, F=02n)’G> ¥, (6.3.4)

where K, M,G € Z. The F;, tadpole condition gives the same result for each 3-cycle:

16 = KM — Npg. (6.3.5)
Whereas the Fg tadpole implies

16 =7KG — Np3 . (6.3.6)

We now spell out the various contributions to the 3d scalar potential. The contribution
from the fluxes to the 10d action in Einstein frame (with Fy = m, the Romans mass) is

1 1 1
Skin. flux = / V-G (Rlo - §€7¢’H3’2 - 56¢/2,F4’2 - §€5¢/2m2> ; (6.3.7)
10

where we kept the ten-dimensional Ricci scalar to keep track of normalizations, the con-
tributions from the sources are (ignoring open string moduli)®

Spes = —(27)7 (p1o2 + piz) e/ / NE (6.3.8)
3
7
Sp—6 = —(2m)7 (1106 + t5g) >/ Z/ V=97, (6.3.9)
i=1 Y Mi

where the M; denote the 7D worldvolumes of the anti-D6 branes and where

tos = Noz (271) 72, po2 = —(2) *Nog (2m) 7% = —16 (271) 2,
pi5s = Nog (27) 7, pios = —2Nog (2m) 7% = —16 (2m) ¢ (6.3.10)

When one considers spaces with warped regions then the anti-D2-brane tension can redshift
and we postpone the discussion of this until later.
Starting now from 10d Einstein frame we finally perform a direct dimensional reduction:

~2
ds?, = e**ds? 4 *Vds, (6.3.11)

6Note that our p-brane actions are multiplied with an overall factor (27)” because the total action we
are using is (277)7 X (SIIA + Ssources)-
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where o? = 7/16, « = —7f and ci:ei is the metric on a unit-volume G2 space. Similar to
the first part of the analysis we perform a rescaling of the 3d metric g,, — % g to match
to more conventional units for 3d supergravity theories. We extract the volume from the
metric deformation moduli by setting

st =vol(X)*75" | vol(X) =€, (6.3.12)

where the unit-volume deformations satisfy

7 6
§=1-F=]J6E"". (6.3.13)

1 a=1

7

Notice for example that because of these definitions (taking into account that *¥; = (5°)?®;,
where the ¢ does not sum) we have

7
|Fy)? = Fy ARFy = (27)°G? Z U A*T; = (2m)5G? Z(gi)Q

. "V = (6.3.14)
et (3o 16 ).

and similarly for |H3|? and the other terms. We combine the volume and the dilaton again
in the useful combinations (z and y universal moduli) in Eq.(4.3.20) and once we include

all these ingredients, the 3d scalar potential becomes

V = Ae® + F(3)e ™V + H(3)e? V4 Cev Ve 4 T(3)e? o7 | (6.3.15)
with the coefficients given by
2 5
A= N 7RGy e
27)0G2 [ 0 _2mg
o B (Yo T ) .
a=1 a=1
2K [ 6 259
H = % <Z(Sa)—2 +H(Sa)2 e2y0+f$ 7 (6.3.16)
a=1 a=1
A{Q
O = yo—+/Tzo
16(2r)2¢ ’
r= T one (ST R
= — —_ — —_— 3@ 2 27
3 (2Npg ) ; 5a +al_[13 € ,

where 9 and zy have been inserted in the same places where x and y appear such that
in this way the vacuum is always at * = 0 = y, by appropriately defining xq and y,. For
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completeness let us note again the kinetic terms

e ' Lign = 2Ry — 1(0x)* — 1(9y)* — /@,- A *®;05°08 (6.3.17)

7

1
4

where *®; = (5)72¥; (no summation over i implied). The conditions (6.2.4) and (6.2.5)
that we studied in the previous section should now be enforced.

6.3.2 Moduli stabilization

In this part we turn to the stabilization of the 8 universal real scalar moduli (z,y, §*) of
toroidal orbifold compactifications. The very first observation we can make right away
from the form of the scalar potential (6.3.15) is that all the unit-volume toroidal moduli
s* are always stabilized at

(3 =1= (37, (6.3.18)
giving a totally isotropic torus as we anticipated. In this way we always have
ov
=0. 6.3.19
052 lz0=1 ( )

We assume these vevs for the §* in what follows. On this background we can then notice
that
v 0= 0?V

ordse  Qyose’
which means there is no mass mixing between the z,y moduli and the §%. As a result we
can directly evaluate the eigenvalues for the mass matrix of the moduli 5* independently.
Using the vacuum conditions (6.2.4) one can express the second derivatives of the moduli
on the scalar potential in terms of the functions H and C'. First we find that the derivatives

of the functions F'(5%), H(5*) and T'(5%) at the vacuum are proportional to themselves, i.e.

(6.3.20)

4 4 1
F = ?F(l +0w) , Hap= ?H(l +0w) , Tw= §T(1 + dap) (6.3.21)
where d,, is the Kronecker delta. As a result we can evaluate V, (for a,b = 1,...,6) on
the vacuum, and find
1
Eigenvalues[V,,;| = = (AF +2H +4e+2(H - C)) x {7,1,1,1,1,1} . (6.3.22)

Since we already require H > C', the stability of the §* is granted on any background of the
type we study here. In other words the tachyon that generically plagues de-Sitter string
vacua is making its appearance here in the dilaton-volume sector (i.e. z and y) and not
in the internal space deformations. A possible underlying reason for the positive masses of
the §* scalars is that (P,) = 0 (where P is the superpotential) so they are in some sense
stabilized in their supersymmetric positions”.

"To construct the total superpotential including the SUSY-breaking sectors one would have to use 3d
nilpotent superfields, see e.g. [151].
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Now let us focus on the explicit z and y stabilization because we will see it gives few
more consistency conditions than our generic discussion, especially due to flux quantization.
For a de Sitter vacuum we ask as before that

1% 20 +T) . (6.3.23)

1
The condition (6.3.23) once combined with the scalar potential readily gives

_ 9z
e 2TM(1—é)

e = 72r)*K (1 — 2w)’ (6.3.24)
where we have introduced w, € defined through
Nog = wMEK | €=232(2m)2M 2V w0 ¢ (6.3.25)
Then for the consistency of the solution (6.3.24) we find that
w<1/2. (6.3.26)
The condition 0V /0x = 0 can be simplified to give
Szl _ 2(2m)*G2(1 — &)° (6.3.27)

TRZ(—22 1+ 43+ 14(w — Dw) + (39 + 140(w — 1)w))

where again we have to check the self-consistency of this solution. Since € is small, we only

need to satisfy
3+ 14(w—1w<0 — 0.311... <w < 0.688..., (6.3.28)

with w a rational number. Here we can see the crucial contribution from the anti-D6-
branes: if they are set to vanish then the solution becomes inconsistent. Since we already
have an upper bound on w we find it more convenient to readily set

Ngs = MK/3, w=1/3, (6.3.29)

which gives
oyt - 201G (6.3.30)
K2 (5 — §é+22)

From (6.3.30) we see that the solution is consistent indeed as long as € < 1. Note that
by setting w = 1/3 we are assuming that MK is an integer multiple of 3. If we chose
different values of w it would still have to be a rational number, and thus we would have
to assume M K to be an integer times a bigger number than 3 which would most probably
be in tension with the tadpole conditions if we stay on the toroidal setup.

Finally, inserting the above conditions into the equation for 0V /0y = 0 gives an equa-
tion that we should solve for Np5 because we have already fixed 1o, which gives

(6.3.31)

1 1 4 — 43¢ + 18¢2
NDQ=7KG(— 3€ + 18¢ )

2 6v2yA—Tle+ 1882(1 — ¢)
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Equation (6.3.31) has a strong impact. Since Npz is integer and the values of K and G
are bounded to be rather small due to the tadpole conditions it is essentially impossible
to satisfy (6.3.31) and have ¢ < 1. To see this difficulty let us set € = 0 which is the
Minkowski limit, and we get

1 1
N=5 =TKG| = - —— 6.3.32
D2{ )\ fink. (2 3\/5) ’ ( )

which can never be satisfied for any choice of integers due to the v/2. Note that one could
choose a different value for w instead of 1/3, but still within the bounds (6.3.28), such that
no v/2 appears in (6.3.31). In such case one is faced with the problem that the flux quanta
would acquire very large values which is in tension with our toroidal tadpole conditions.
To summarize, here we see that if we had ignored tadpole cancellation or flux quantization
we could not see the inconsistency of this solution.

Before turning to extensions let us see if the x and y masses and the §* masses are
positive. From (6.2.7) and (6.3.22) we know that all these positivity condition boil down
to

H>C. (6.3.33)

For the positivity of the z-y masses we also need € < 1 as we have explained. One can
directly verify that H > C by using (6.3.24) as long as 1 > 2w > 0 (which is satisfied for
w = 1/3). Thus we see that our solution guarantees the positivity of the masses.

6.3.3 Beyond the toroidal orbifold

The toroidal orbifold example could only get us this far. However we have learned a few
things from this simple example. For example we have seen that the tachyon lies in the
dilaton-volume sector and not in the §* sector, we have seen that we need two sources of
supersymmetry breaking in order to even have a chance of achieving moduli stabilization in
de Sitter, and of course we have seen that a careful consideration of the tadpole conditions
reveals possible inconsistencies.

Let us then discuss how we could go beyond a toroidal orbifold. To address the difficulty
of consistently solving an equation like (6.3.31) one would have to study more general
spaces. Either spaces that allow a much larger range for the flux quanta or spaces that
induce warping to the anti-D2-brane. Indeed, if we had included anti-D2 warping, the
scalar potential would only change in the A term which would become

(2m)°
8

A= (2aNgz — TKG) €2 (6.3.34)

where « is the effect of the warping. Then our calculations would follow through exactly
in the same way, but instead of (6.3.31) we would have

aNsy = TKG <1 _ 1 4-43E4 18P ) ke (6.3.35)
b2 2 6V2VA—Tle+1882(1—¢)) 4 o
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which means we could easily solve (6.3.35) by assuming an appropriate value for « as
long as Ngz > TKG/4 (always for small €). This small sample calculation we did here of
course does not guarantee that such procedure will work but rather it points to the possible
extensions that may lead to a classically stable 3d de Sitter.

Let us now elaborate on a specific setup for the fluxes. If we assume that somehow we
introduce warping then one can have for example

G=4, K=1, M =24, Nys =38, (6.3.36)

and
(24)2¢=10"", aNgy;=7.40034, Ngz=12. (6.3.37)

The vacuum energy is now of order 10~2* in string units whereas the z, y, 5 moduli masses
are all positive and are of order 10~!7. In particular we have for the x — y mass matrix

) ( 1.468.. x 10716 4.085.. x 10717 )

Mooy =\ 4085 x 1077 1.2 x 10-7 (6.3.38)

which gives eigenvalues 1.58 x 10716 and 5.95 x 1071°, whereas the matrix of the 5% masses
is totally independent (i.e. (V) =0 = (V,:)) and has eigenvalues of order (Vz z) ~
10717 > 0 in agreement with our general discussion. For this example the string coupling
and volume reads

gs =€ =0.112..., vol(X;) =1.2669 x 107, (6.3.39)

which potentially makes the supergravity approximation reliable. In fact taking into ac-
count the very strict constraints we have here it makes it hard to find other combination
of fluxes in the hope to reduce g, even more to weak coupling. This is of course the Dine—
Seiberg problem that says we cannot expect to be far from a strong coupling, which seems
specific to dS, not AdS [118,131,133|. In any case, one should keep in mind that we are
doing a sample computation and one should look into more suitable internal spaces to find
realistic and trustable solutions.

Finally, we face a possible problem that we elaborate on in the next section: generically
it seems that we have

N, anti—brane
—>1 6.3.40
flux quanta ’ ( )

except for the comparison of the anti-D6 with the Romans quanta which gives

ND76 per 3-cycle 1
—_— = 6.3.41
M 3 ( )

In the next section we explain that this may be another source of instabilities implying the
need to for internal spaces that allow larger numbers for the flux quanta.
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6.4 Open string instabilities?

Anti-branes break supersymmetry because they are “anti” with respect to the background
fluxes or orientifolds. With respect to the orientifolds they carry the same charge but op-
posite tension and preserve different supercharges. They are repelled from the orientifolds
both gravitationally and electromagnetically and need to find a position in between the ori-
entifolds where forces cancel out. We have not checked the details of that, but assume such
positions exist due to the compactness of the internal manifold. Even if the anti-branes
find such stable positions, there could still be perturbative instabilities lurking around the
corner. For instance anti-branes can annihilate against surrounding fluxes [89]. This is
possible when fluxes induce opposite brane charges via the transgression terms in type II

supergravity theories
dF, = Hs N Fy_o + Q94, (6.4.1)

where the § denotes a (¢ + 1)-form distribution describing the localized magnetic charge of
(anti-) D(8 — ¢) branes. When that form does not have the same orientation as Hs A F,_y
parts of that background flux can lower their flux quanta together with () as to preserve
the charge. Heuristically one assumes that some D(8 — ¢) branes materialized out of the
flux cloud and annihilated with the actual anti-D(8 — ¢) branes. One could think that this
process is always non-perturbative because it requires the nucleation of branes out of fluxes.
But this picture is too heuristic and a more detailed approach, first pioneered by Kachru,
Pearson and Verlinde (KPV) in [89], shows that this process can even be perturbative.
The specific mechanism relies on brane polarization aka the Myers effect aka the dielectric
effect [152]. We will not go in any details about this for the case at hand but instead
draw some basic lessons from known backgrounds with brane-flux instabilities and then
comment on the case at hand.

Let us start with the most well studied example of anti-D3 branes at the bottom of
the Klebanov—Strassler (KS) throat. This was the situation described by KPV [89]. The
bottom of this throat is an S* with radius squared given by R? = big,M, where b, is a
numerical factor close to 1 and M is the RR 3-form flux quantum piercing the S®. KPV
found that

Np3
—= < 0.08... 6.4.2
i : (6.4.2)

otherwise the anti-branes would decay perturbatively leaving M — Nz SUSY D3-branes
behind and one less unit of NSNS flux. Other simple models of anti-branes down throats

come with similar bounds. For instance anti-M2 branes down the “M-theory CGLP throat”
have [153]

Nigs
05... 6.4.3
2 <005, (6.4.3)

where now M is an F) flux quantum. Or anti-D6 branes in environments with Romans
mass require [94|

Nyg
— DL 4.4
< 0.5..., (6.4.4)
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where now M is the Romans mass quantum. Note that our torus model has Ngg/M = 1/3
and so satisfies the inequality but not parametrically.

Note that all these inequalities were derived using brane probe actions in regimes where
it is unclear they should be trusted. Not only due to possible strong coupling effects but
also the classical backreaction of the anti-branes (see [154] for some pioneering work) could
be a worry and potentially enhance the instabilities [155]. However non-trivial evidence
in favor of the probe action results came from the complementary blackfold treatments
carried out in [93,156,157] as well as from arguments pointing to the absence of dangerous
singularities due to backreaction [91,92,94,158]. Tt is however quite likely that the actual
bounds are a bit more strict than the probe results.

From the inequalities (6.4.2), (6.4.3) and (6.4.4) one could be tempted to think that in
general perturbative brane flux annihilation for anti-Dk branes is prevented if

Npx

A 4.
N <A, (6.4.5)

where Np,x is some NSNS or RR flux integer®, Ngi is the number of anti-Dk branes and
A some specific number. We believe that (6.4.5) is morally correct but there is no general
formula for A\. It will be highly dependent on the specific example, the details of the
manifold, the fluxes, etc. For instance anti-branes as defined earlier can be completely
stable against brane-flux decay in AdS backgrounds [159-161]. In general we expect A to
depend non-trivially on the values of the stabilized moduli and this is why a case by case
analysis is necessary. So it is impossible for us to discuss the general constraints from
brane-flux decay until we have a specific model in which the closed string tachyons are
absent after quantization of fluxes is taken into account. As we argue in this analysis our
torus example at least has shown there is no fundamental reason to expect tachyons to be
present in more involved models, unlike the situation with classical dS vacua without anti-
branes [149,162]. In what follows we will stick to explaining why we expect a dependence of
A on stabilized moduli. The only exception being the case of anti-D6 branes where (6.4.4)
seems independent of details. Our strategy will be to use the most well-studied example
of anti-D3 branes and demonstrate how moduli dependences creep into A.

We start with demonstrating g, dependences. For instance in [163] anti-D3 decay in
the “S-dual” KS throat? was studied. This decay is against RR fluxes instead of NSNS
fluxes and find

9sNp3

K
with K the NSNS flux quantum. Furthermore there will be a dependence on the size of the
cycle that harbors the anti-brane. In the examples of warped throats this is not obvious
since the cycles at the tip are localized cycles and do not change their volume when the
overall volume of the compactification manifold adjusts. So in models without anti-branes

<0.08..., (6.4.6)

8The flux quanta should either coming from fluxes piercing the cycle that harbors the anti-brane or is
“Poincaré dual” to it.

9This is the weakly coupled supergravity solution obtained by S-dualizing the KS solution and then
dialing to small coupling.
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living near deformed conifolds there is a dependence. Using the KPV computation we can
compute this by keeping the cycle size L arbitrary. From the brane-polarization potential
in [89] one then finds that

Npz L? 1 L?
T (ﬁ)mELX = arccot <gsM) ~3 sin (Qarccot (95M>> . (6.4.7)

So when L? = b2g,M we will find (6.4.2), but if the cycle size is set by different effects
one can easily infer that large volume and small coupling enhances the decay. This simple
observation shows that using anti-branes that do not live at the bottom of warped throats
generated by deformed conifolds, is risky. In fact the above formula even suggests the
problems worsen at weak coupling and large volume. Hence, similar to our discussion
about closed string stability we are led to inserting anti-branes in warped throats from
desingularized conifolds since then these complicated dependences might be washed away.
Most studies on brane-flux decay assume there are no “compactification effects” on the
brane-flux decay when the throats are inserted in compact spaces. Although this is still
somewhat unclear and preliminary results can be found in [164, 165]. Interestingly other
compactification effects exist on stability when throats are inserted in compact spaces, see
for instance [22,166-169].

We have used anti-D2 branes and anti-D6 branes. Given the existence of smooth
supersymmetric G2 holonomy throats with D2 charges that cap off in a finite S* [88], we
expect (in analogy with the KS throat) that also compact G2 manifolds can have such
throats. The probe computation for brane-flux decay of anti-D2 branes has not yet been
carried out!? and is somewhat obscured by having to use the self-dual 3 forms on the IIA
NS5 brane. We expect the computation to go along the lines of [170] and give a maximal

value of Nﬁ of a few percent, just like for anti-D3 branes (6.4.2) and anti-M2 branes

(6.4.3). This will then lead to a new problem for our 3d de Sitter vacua. Since equation
(6.3.35) implies

11 4 — 43¢ 4 18
D2 7K (— . e8¢ ) , (6.4.8)
G 2 6v2V4—-TIE+1882(1 — @)

we will have to increase € such that the value of Np5/G drops and the system is safe
from such decays (in our discussion until now we always assumed € < 1). However, we
know that increasing € may lead to tachyons. Indeed, from (6.3.25) we have € = 2¢/C' and
combined with (6.2.8) we find that an absence of tachyons requires (up to order é?)
H-C

H-C
O——" fo 1% 6.4.9
=390 4l ~ 32390 +4H (64.9)

From now on we work only up to linear order in €. This will turn out consistent since we
will verify we need € < 0.012. Indeed, using the properties of our solution and in particular
(6.3.24) we have

™

H = %(1 —28)C +0(&). (6.4.10)

10But results about the backreaction do exist at first order in the SUSY-breaking charge [90].
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Then the no-tachyon condition (6.4.9) reads
4 — 36¢
309 — 72¢
One can see that the condition (6.4.11) gives small values for € which essentially lead to large
values of Np3/G from (6.4.8). This tension is depicted in figure (6.2). To conclude, let us

e>0. (6.4.11)
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Figure 6.2: The behavior of the ratio Ng5/G in units of Ko~ that determines brane-flux decay.
The smaller the ratio the more certain one can be there is no decay. The region to the right of the
vertical red line suffers from closed string tachyons.

translate our findings in terms of F; flux quanta G. We have here a rather striking interplay
between the parameters and the instabilities they relate to: trying to avoid brane-flux decay
we have to increase G which in turn works against a tachyon-free vacuum. Instead a small
G leads to tachyon-free vacua but then such vacua are jeopardized by brane-flux decay. So
it seems that in our tachyon-free setup the fraction Np5/G is order one, and far well above
in case there is warping. This however could be due to our isotropic way of stabilizing
fluxes. We have not considered an alternative stabilization, but one would have to study
different internal spaces that would naturally point towards a non-isotropic setup. It would
be interesting to push this further and try to check whether this tension can somehow be
relaxed.

Note that anti-D6 branes, wrapping 4d cycles will probably extend in the whole bulk.
But it seems that the arguments of [94] leading to (6.4.4) are model independent, although
the actual bound might be tighter than (6.4.4) due to backreaction. We have shown that
in our model we could obey the bound (6.4.4), but not parametrically.

6.5 Outlook

We have shown that 3d flux compactifications of massive ITA supergravity with fluxes,
02/06 and anti-D2/anti-D6 sources are an interesting environment for classical dS model
building for multiple reasons:
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e The standard tachyons (or better: reasons for tachyon) in classical dS vacua [149,
150, 162] seem absent for generic models. However flux quantization in the simplest
toroidal model does lead to tachyons. As we argued throat models in which the anti-
D2 branes have warped down tensions should be safe from this in case the throat can
be long enough. The existence of such throats is inferred from the actual construction
for non-compact G2 spaces [88].

e The internal manifold can be Ricci flat and our understanding of the moduli problem
is better for such manifolds.

e If warping can be present one can achieve “border-line” numbers for the string cou-
pling (order 0.1) and for the volume (order 107 in string units)*'.

Note that anti-D6 uplifts have been found to be useful in 4d compactifications as well.
For instance [171,172| claims they lead to a dS landscape but the construction involves
a mixture of racetrack potentials and classical fluxes and it is unclear whether it is truly
top down. On the other hand, reference [141] added anti-D6 branes to the classical vacua
of [130] and found the tachyons were absent. But the problem of large coupling and
small volume persists. What we suggest in this analysis is that 3d compactifications allow
classical solutions with better numbers and with flat internal spaces. Even more, if we use
models with local throats the flux quantization problems we encountered seem alleviated.

If the no-dS conjecture is correct the problem with this scenario for constructing dS
solutions can come from multiple directions, which could actually work against each other.
Maybe the issues we noticed with flux quantization bringing one away from the meta-
stable minimum persist. Although as we argued, at the same level of precision of the uplift
procedure in KKLT one could argue that sufficiently large throats can do the job. We gave
an explicit example around equation (6.3.35) with very mild warping where already a meta-
stable minimum was reached. A different problem with these vacua that could enforce the
no-dS Swampland conjecture is the open string stability. We argued that the conditions
for open string stability would be of the form (6.3.40). We have explicitly verified that the
stability of the anti-D6 was satisfied in case we can trust existing probe results [94] but
that the stability of the anti-D2 is a worry due to equation (6.4.8), although no concrete
brane-flux decay computation is carried out in lack of a concrete model without closed
string tachyons after flux quantization. At this point it makes sense to assume that the
no-dS conjecture would actually be enforced from the open-string sector once the closed-
string sector seems stable. So dS model building continues to share many analogies with
the “whack-a-mole” game.

1180 the radii of the separate circles are order 10.
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Chapter 7

Three-dimensional vacua in Type 1IB

7.1 Introduction

As shown in the previous chapters, Type II on G2 holonomy manifolds seem to offer the
possibility to scrutinize swampland conjectures. Here we pursue this direction further by
working instead with manifolds with G2-structure thus non-zero internal curvature. There
is an extended bibliography on flux compactifications with G2-structure, for example 4d
vacua have been studied in [47,61,173-176] and 3d vacua of Heterotic strings have been
studied for example in [177,178]. A simple deviation from G2 holonomy is co-calibrated
G2-structures, which will be our main focus. As we will see, since we want to reduce the
amount of preserved supersymmetry to the minimum, i.e. N=1 in 3d, Type IIB offers
a preferred framework, compared to Type IIA, due to the fact that O5/09 planes are
naturally compatible with the co-calibrated G2-structure.

In the rest of this work we first present the background geometry and then perform
a direct dimensional reduction of Type IIB supergravity on toroidal orbifolds with co-
calibrated G2-structure. We then work out the 3d superpotential and verify our findings
via an appropriate S-duality. As an application, we study moduli stabilization within the
3d EFT framework which yields supersymmetric AdS3 vacua. We also consider a related
setup involving brane-supersymmetry-breaking (BSB) that has been developed and studied
for example in [179-185], which allows for non-supersymmetric Anti-de Sitter as well as
de Sitter vacua. For the de Sitter vacua we study first only the volume-dilaton sector and
we see that stable critical points are allowed, however when we also switch-on the shape
moduli we find that they pose a threat to stabilization in de Sitter. In addition, in all cases
we find that scale-separation is in tension with certain quantization conditions.
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7.2 Type IIB on toroidal orbifolds

7.2.1 Co-calibrated G2-structures and twisting the torus

We again restrict our attention to the simplest toroidal example where X7 = T7/(Zy X Zy x
Z5) which is a seven torus orbifolded under the action of the Z, involutions in Eq.(3.2.4).
The orbifold group is I' = {©,,053,0,} and therefore one automatically has to take into
account the combined involutions

1

005 : (', y") = (+u', +075 = =y =y, =% +yT)

050, (v y") = (' =%+t =y =S ), (7:2.1)

0,0 : (y',.. ., y") = (+y', =2+ =yt =%+ =), -
0.050, : (', .., y") = (=y', +02 +0° =yt +°, = ).

The above involutions allow us to twist the torus by introducing non-zero (geo)metric
fluxes 77, # 0 which introduce non-trivial components of the curvature and thus deviate
from holonomy to G2-structure. We follow the steps of [47,175] and twist the torus a la
Scherk—Schwarz [186]. For the twisted torus one replaces the straight differential forms dy?
with twisted one-forms dy® — n° which satisfy the Maurer—Cartan equation
i _ L5

dn' = s A" (7.2.2)
where T;kl describes a twisting of the direction ¢ over the directions j and k, hence named
twisted torus. This means we also have twisted vielbeins

e =r'n", (7.2.3)

and in particular in the previous expressions one does the replacements dy“* — n“* and
dy* — n*_ From the Scherk-Schwarz reduction the geometric flux is constrained by

=0, 7T =0. (7.2.4)

Ji

These conditions restrict the possible Tilj values. In particular the specific orbifold group
further projects out the torsion classes W; and Wy,, therefore the structure equations in
Eq.(3.1.12) become

d@le*CI>+W27,

7.2.5
dxd =0, ( )

which is the case of co-calibrated G2-structures due to the closure of x®. This actually
happens because the eliminated torsion classes, which were one- and two-forms, were not

!The geometric fluxes have an algebraic interpretation where for each n’ there exist a dual tangent
vector 2 in the following way 7' = Bj(y)dy’ — z = (B=1)10/0y? where can be interpreted as the

structure constants of a Lie algebra [z;, z;] = 7,21,
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invariant under the orbifold action. The Betti numbers, which depend on the presence of
W, now coincide with those of the G2 holonomy case

bo(X7) =1, bi(X7) =0, bo(X7) =0, b3(X7)=7, (7.2.6)

and this means that the torsion class Ws; can be expanded in the fundamental basis W,
which will be important for our calculations later.
In addition, following [47], we can also define the geometric flux matrix

Mij = d; A dq)j , (727)
7

such that d®; = Ej M;;V;. The values of M,;; depend on the coefficients T;k in the
following way

7 7 1 2 1 2
07 —Ts56 —T34 TTis TTig TT36 _7325
7 3 3 4
—T56 07 TTio tTos5 —Tig —Tag —Tis
6 5 6
1| 734 71 0 TTo4 +Tia —Toz +Ti3
_ 1 3 6 3 1 6
5 5
+7i6 —Tig T4 —Tizr 0 Ter —Tiz
B PR D p— 0 +7d
3,6 2,6 26,3 2,7 62,7 3,7

With the use of this matrix one can show that

-1/3
1 i 1 k i '
Wy = WT(Xﬂ izjs M,js! = = <];[S ) izjs M,js’, (7.2.9)
which gives an exact expression for the W, torsion class in terms of the moduli s* and the

geometric fluxes.

7.2.2 0O5-planes and O9-planes

Now we turn the discussion to the relation of the orientifolds and the orbifold group I'. In
the previous sections we worked with Type IIA and space-filling O2-planes, however now
the presence of both torsion and O2-planes is forbidden by the Maurer—Cartan equation,
which automatically sets the structure constants to zero and brings us back to G2 holonomy.
Thus one can only get N>1 Type IIA vacua with the presence of both O2-planes and
internal curvature induced by twisting the torus.

Here instead we will focus on Type IIB where we can have O3, O5, O7 and O9-planes.
Due to the lack of one-cycles and five-cycles in co-calibrated G2 the O3-planes and O7-
planes are excluded in our setup. Therefore we focus on the Ob5-planes and O9-planes
which as we will see fit nicely within the co-calibrated G2 setup. For the O5-planes, we
choose the calibration for the source current to be proportional to the associated four-form

J4(05) ~ >, (7.2.10)
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i.e. Ob-planes wrap three-cycles inside the G2 space that need to be calibrated in a
supersymmetric manner, if one wants to achieve a 3d supergravity. In this way the O5-
plane involutions match with the orbifold group I'. Then the O5-planes sit at the fixed
points of the involutions (3.2.4) and their positions are shown in the following diagram

1 2 3 4 5 6 7

v e Pyt [
0% | - |- |- -|®|®]|®
05 | - |- |@|e|-|-|®
05, | - [®@] || [&]-
Obes | @@ |- |-~ |®
Obs, | @ - |- |@|®@] |-
O |®@] |®| |- |®] -
Obagy | — | @] @]~ |®] | -

Table 7.1: Localized positions and warped directions by the O5-planes. In contrast to the
Type IIA setup, the O5-planes are interpreted simply by the I group involutions.

Similarly to the O6-plane analysis, the “®” symbol denotes the directions on the internal
X7 manifold spanned by the O5-plane worldvolume, while the “—” denotes the “localized”
(modulo smearing) positions (i.e. 0 and 1/2) of the O5-planes, related to the wrapped
cycles by Hodge duality. This gives the following currents

_el oo 26 1357 (7.2.11)

Jo =
and also j,s, etc. One can also deduce the smeared contribution of the O5-planes to the
three-dimensional effective action. For example, for the af three-cycle

jaﬁ _
vol(af)s — r3riror®

S (7.2.12)

we would have

So5~/05a5\/—_g6:/3\/—_93/3_ @:/3\/—_93[I>l*jaﬁ:/3\/—_g3,sl. (7.2.13)

cycle

We will give the exact and more compact form of (7.2.13) in the next section.

We see that the O5-planes are compatible with the G2 involutions. However, we should
also ask that when we combine the O5-plane involutions ¢(O5) with the G2 then the
generated involution is also due to a physical object. In other words we always ask the
images of Op-planes to be Op-planes. For example if we take

0(05,)05 : " = 0(0545) : 1", (7.2.14)

we verify that the web of O5-planes is generated. Now, there are six non-trivial combina-
tions that generate all the O5-planes even if we assumed the existence of only one of them,
but there is also a combination that leads to the identity. That is

0(054)0, : 1" — 7', (7.2.15)
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which has to be identified as an involution arising from an Op-plane. Clearly the only can-
didate is the O9-plane, which is also 10d space-filling, and can be mutually supersymmetric
with the O5-planes. To this end we have

0(054)0, : 1" = a(09)n". (7.2.16)

This means our setup really resides in Type I string theory. Naturally, the configuration
must also include a suitable number of D9-branes, resulting in an open string sector, which
we will largely ignore in this work. Alternatively, we could consider a similar setup with
O5- and O9'-planes resulting in the brane-supersymmetry-breaking scenario [183]. We
will return to this case in section 7.5.

7.2.3 The scalar potential from 10d

Since we plan to perform a dimensional reduction of Type IIB on a background that
includes Op-planes we now discuss the possible background fluxes we can introduce and
the field content of the 3d effective theory. We will need to discuss only the bosonic sector
as the fermionic sector is fixed by supersymmetry. The latter, because of the O5-planes on
top of the G2 and the O9-planes, is left with only two independent Killing spinors, that is
we have 3d N=1 local supersymmetry

Type 1IB supercharges : 32 O9plane_ Typel, 1 Lobiold, 9 peal. (7.2.17)

The gravity sector will essentially include the 3d external metric g,, and the seven s’
moduli that parametrize the twisted torus radii. We will further split them into the overall
volume modulus v and the unit-volume deformations §° (which we will often refer to as
shape moduli). These seven moduli, together with the dilaton ¢, form the full set of eight
real scalar moduli that will enter the 3d theory. Indeed, other scalar moduli would only
arise from the reduction of the RR fields or the NS two-form and we will outline now why
they are not a part of the 3d effective theory.
We will follow again [123] for the rules of the parities of the various fields

even . Fl,F5,H3,H7,
odd : Fg,F7,

and we focus explicitly on the parities under the O5-planes. First we note that the Hs has
to be odd and so does the H; and since there is no odd three-form basis to expand Hjz on
(or a seven-form to expand Hy), the H flux has to vanish. In addition the co-calibrated
toroidal G2 has no one- or two-cycles (the Betti numbers are given by (7.2.6)) and so
the 3d fluctuations of the By NS gauge two-form are truncated. Now we turn to the RR
sector. The Cy RR field, which would be a scalar, is odd under the O5-plane and so its 3d
fluctuations are truncated. The F} flux cannot be part of the background as there are no
one-cycles. The C5 RR field is even under the O5-plane, however, due to the lack of one- or
two-cycles it does not give rise to vector or scalar fluctuations in 3d. In addition, two-forms
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in 3d are auxiliary fields and so they only contribute via their three-form background flux.
Indeed, the three-form RR flux F3 can have non-vanishing values. The Fj3 is even under
the O5 parity and therefore can be expanded on the basis of the even forms ®;, whereas
the F7, which is also even under O5, will just be proportional to the volume form of the
internal space. Finally the Cy is odd under O5 parity and since there are no odd three- or
four-cycles it does not give rise to any 3d fluctuations. In addition, its F5 flux would need
to be expanded in a basis of odd five-forms which do not exist in the co-calibrated G2. As
a result F5 (and C,) are completely truncated. This verifies that the 3d supergravity will
only have the seven radii of the torus together with the dilaton ¢ as scalar moduli.

The (pseudo) action for the Type IIB supergravity in the Einstein frame is given by
the sum of the NSNS and the RR parts bellow

_ 10 _ 21 vy Lo
SNs—QKg/d XV G<R 23M¢3 ¢ 5¢ |H3|)7

1 § 1 - (7.2.18)
- a _ =5 2
SRR = 2/{3 dVX G( 5 ;e 2 |Fn| ) ,

where n runs over 1, 3 and 5. The Born-Infeld part of either of the Dp-brane or Op-plane
actions in the Einstein frame is

p—3
Sloc = Myp €T¢ V " Yp+1 (7219)

where the tension of the local object is p, > 0 for Op-planes and p, < 0 for Dp-branes.
We will give momentarily the details about the Bianchi identities that are related to the
couplings of these objects to the RR fields.

We can now perform a direct dimensional reduction down to 3d. In 10d Einstein frame,
our reduction Ansatz for the metric is written in Eq.(4.3.17)where v is a 3d scalar that

accounts for the compactification volume and hence dtei is the metric on a unit-volume G2
space. The world indices then break into external and internal respectively as M = (u, m),
where © = 0,1,2 and m = 1,...,7. The potential energy contributions to the three-
dimensional action, that arise after the compactification from the ten-dimensional action
considering the reduction Ansatz, are

VR — _R(?) 6—251)62041) 7
1 —q
Vi = 5| Fyf? € 70?0 e, (7.2.20)

=34 9Bup(22=1l) Sy
VDp/Op:_up€4¢€IB( 1 )62

Y

where the Ricci scalar of the co-calibrated G2 internal space is

S 21, 1
RO = W2 — [ Wl (7.2.21)
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Note however that /g = 1. Now with the specific choice of numbers

> =7/16, p= —4\% . —T8=a, (7.2.22)

we find canonical kinetic terms for the volume-dilaton in three dimensions Eq.(4.3.18).
Let us now recall that the only background RR fluxes that we can switch on due to the
O5-plane truncation (or the parity restrictions) are given by

Fr=—Gdy™™7 | Fy=>"f'o;, (7.2.23)

which are consistent with tadpole cancellation, since H3 = 0 and
dF, =0, dF3+#0. (7.2.24)

The latter holds due to the co-calibrated G2-structure which gives rise to torsion. Because
of that, the Bianchi identity for the Fj is satisfied as

dFs5 = —105J4(05) ,  no D5-branes. (7.2.25)

As a result such background does not require D5-branes for the cancellation of the O5-plane
source even though the NS H-flux is identically vanishing. In the presence of D5-planes
the Bianchi identity (again for Hs = 0) becomes

dF3 = —HUOs5 J4<O5) — UD5; J4(D5’l) s (7226)

where o5 > 0 and ups; < 0, and we readily identify the O5-plane/D5-brane charges with
their tension (up to the dilaton factors) because they are supersymmetric BPS objects.
Here we indicate with J4(D5i) the source current for the D5-branes wrapping the i-th
4-cycle. Even though the tadpole cancellation is seemingly possible without the use of
D5-branes, namely as in (7.2.25), as we will see when we turn to explicit examples we will
often need to use (7.2.26). For a review of the Type IIB ingredients we have used here see
e.g. [67].

One may be worried about dF3 # 0 because it implies the existence of magnetic sources
and that the Fj is not closed any more, which means that there can be inconsistencies if
in our theory a bare Cy RR field also appears. However, it is important to appreciate that
Type IIB supergravity does not have an honest Lorentz invariant Lagrangian, and as a
result the full information of the consistent reduction is captured by the 10d equations of
motion and the 10d tadpole conditions. In these equations the C5 in fact does not appear,
it is indeed introduced only after one solves the tadpoles with the condition dF3 = 0. Then
the effective pseudo-action for Type IIB can be written down which will also include the
C5. However, a priori one only has a set of 10d equations of motion and Bianchi equations
to solve. In our approach we first make sure we satisfy these conditions in the internal
space and then we look directly at the resultant 3d effective theory.
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7.3 The 3d N=1 superpotential

7.3.1 The scalar potential of 3d N=1 supergravity

Now we will construct the superpotential for the 3d N=1 supergravity by matching with
the scalar potential that we derived from dimensional reduction in the previous parts.
Since we want to have a 3d Einstein frame with the conventional 1/2 factor in front of the
Hilbert—Einstein term, we perform a Weyl rescaling of the external 3d space metric of the
form

. . 1 . .
from dim. reduction __ in 3d N=1 supergravity
G =1 X G ) (7.3.1)

This brings the kinetic terms for the scalar moduli and the scalar potential from the
dimensional reduction to the form

e Lun = 1R3 ~ Lovow - 1a¢a¢ — lvol()@)’l / ®; A *P;05'057 — Ly dim.vea. ., (7.3.2)
2 4 4 4 - 8
where we set the 3d Planck scale to unit and V4™ r¢d ig the scalar potential from the direct
dimensional reduction. We use the tilde “~” symbol to denote that the internal metric
used is now the unit-volume one, and the internal metric shape moduli (§°) are also the
ones corresponding to the unit-volume. We will see momentarily exactly how this works.
In general, once we are given the kinetic terms of a 2-derivative 3d N=1 supergravity
theory, the scalar potential is uniquely fixed by the superpotential, the latter being a real
function of the scalar multiplets. In contrast to 4d N=1 here the superfields are real and
so the superpotential is also real. In addition the scalar manifold is only required to be
Riemannian and there is no pre-potential required to generate it. To be precise, the scalar
sector of 3d N=1 supergravity has the form

1
6_1,Csca]ar = §R3 — G[J@@Ia@J — (GIJP]PJ — 4P2> s (733)

where ¢! are the various real scalar moduli, the real function P(¢’) is the superpotential,
and P; = OP/dy!. For our setup, the moduli are ¢! = (5%, v, ¢), and therefore the scalar
potential has the form

V =G" PPy —4P® = GYP,P; + 4P} + 4P} —4P* | [ =1i,v,¢, (7.3.4)
where G¥ is the inverse of 1vol(X;)™! [, ®; A %®; and

oP oP oP
_@7 Pv—%7 P¢—a_¢

Note that the §° satisfy the condition

1/3
vol(X7) =1 = <H s) : (7.3.6)

i

P (7.3.5)
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and therefore for our toroidal orbifold we find explicitly

1. 5.
Gij = Jvol(X7)™! /7@ NFD; = 4(5]?)2 . (7.3.7)

We can solve the condition (7.3.6) by setting

s =1] e (7.3.8)

which we will often invoke throughout this work and in the examples later. Then (7.3.7)
should not be used as the true scalar manifold metric for the 5* scalars. Instead we have
to take into account that 9,5" also contains derivatives with respect to the d,5%. Therefore
from (7.3.3) once we take into account (7.3.7) and (7.3.8) we find

144,
G = 2t Oab

ab — ) 7b:172a37475767 739
b 4§a§b a ( )

such that G;;05'05' = G,,05°05". This matrix should be used when one wants to canoni-
cally normalize the scalars.

Let us now discuss an important technical point about the way that we evaluate the
scalar potential from the superpotential. We first take the derivatives of the superpotential
with respect to the unrestricted 5°, and then, after all derivatives have been evaluated,
we impose the condition (7.3.6). This procedure is completely consistent because of the
specific properties of our superpotential, otherwise such procedure would not preserve
supersymmetry. In particular it was proven in previous section that a sufficient condition
for doing this is

GYP, / d;ANFD =0, (7.3.10)

which we will see is always satisfied by our superpotential. In particular, when (7.3.10)
holds then the condition (7.3.6) is fully supersymmetric in the sense that once we act on
the latter with a supersymmetry transformation it also eliminates the fermion superpartner
of the extra scalar and also the extra auxiliary field. In fact the condition (7.3.10) also
guarantees that

P(s") = P(5"), (7.3.11)

where the s* are the original seven moduli of the G2 that describe the internal metric
deformations

s' = vol(X;)3/ 75 = 305 (7.3.12)

As aresult, due to (7.3.11), we can present our superpotentials in terms of s’ instead of 5 to
avoid cluttering, when possible, and without jeopardizing the result. However when we act
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with § derivatives we have to recast them in terms of § first and then take derivatives. We
also stress once more that because we performed a 3d Weyl rescaling after the dimensional
reduction we will have

. . 1 . .
V(7.3.4) from 3d N=1 superpotential __ — % Vfrom dim. reductlon. (7313)

8

This means we multiply the scalar potential found from the dimensional reduction with
1/8 to match to the scalar potential we get from the superpotential calculation. In this
way the supersymmetric theory (7.3.3) will agree with (7.3.2).

In the rest of this section we will present the total superpotential P in three steps: First
we will present the superpotential that corresponds to the internal curvature contribution,
then the one that corresponds to the F3 flux, and then the one that corresponds to the F%
flux. Since we essentially guess these contributions, we only need to check them by match-
ing with the respective terms in the dimensional reduction scalar potential. Moreover, we
will see that these three contributions to the superpotential can be combined without gen-
erating additional terms in the scalar potential, except one, which reproduces precisely the
scalar potential term from the calibrated and smeared O5-planes (and possibly D5-branes).
This cross-term is generated from the mixing of the internal curvature superpotential with
the superpotential for F3. Crucially it is the Fj that is used in the tadpole cancellation
conditions in the 10d supergravity and relates directly to the consistent incorporation of
the O5-planes. This means that 3d N=1 supergravity is somehow aware of the 10d tadpole
cancellation conditions and automatically takes them into account.

7.3.2 Superpotential from geometric flux

The superpotential for the internal curvature, i.e. the geometric flux, is

1
PR::IEes&:/d>Ad®vdLXﬁ$. (7.3.14)
From (7.3.14) we directly see that
g
RF:—EPR, P=0. (7.3.15)

For the derivatives with respect to §° we have

R 67850 ~ ~ 6 ~ ~ _6
P = G ( O, AdPvol(X7)"7 + | & AdP; vol(X7) 7)
S ) o ) (7.3.16)
ST <?/(I>/\dCI)VOI(X7)_7(VOI(X7))i>a

where ® = 5®; and we have d(A3 A Bs) = dA3 A Bg — A3 A dBs. Then we use the third
relation in Eq.(4.3.26) and the identity

O, Add = D AdD;, (7.3.17)
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which bring the derivative of the superpotential with respect to 5 to the form

1 - W, AND [ .

PR = —¢880 (/CI)i Ndp o JFRND / b A d(I)) vol(Xq)~% . (7.3.18)
8 [*®AD

We stress that the second formula in (7.3.17) is not an integration by parts, rather it is an

exact algebraic identity. From this we can also deduce

Pl = ée—gﬁv / ®; A War vol(X7)77 (7.3.19)
7
where Wy = War(5) (and we will similarly use W; shortly). This equation means that
Wa7 sources the supersymmetry breaking due to torsion and that if it vanishes then the P
vanish identically. A more extensive account of the properties we used here can be found
in the previous sections, from which one can also prove that (7.3.18) satisfies (7.3.10). Now
we insert the three pieces P , into the formula (7.3.4) and obtain

21 - 1. -~ R, _
§W12 + §|W27|2> - —ée 1w (7.3.20)

which is exactly the desired result. Note that this corresponds to the Ricci scalar found
in [187], but here we write it in the notation of [47], and also it is automatically multiplied by
the correct volume prefactor that appears from the dimensional reduction. As a technical
remark, in deriving (7.3.20) we needed to contract (7.3.18) with G, and to do this we
have used in various instances the identity

G”‘/@AA/@MBJ—;/@A@/;AAB, (7.3.21)

which can be checked by expanding A = ¥®; A* and B = %®; B’ (see e.g. [61]). For example,
this identity was used to derive

GU/@Adé/cbjAdé:%/ém@/mémé
:4(Wf/§>A;§>+/WQ7/\%W27)

— 282 + 4| Wy |?. (7.3.22)

1
vE| _ _6—16611( _
vol(X7)=1 8

Here of course we have considered that d® is expanded in the basis ¥;, otherwise (7.3.21)
cannot be used.

7.3.3 Superpotential from RR flux

The superpotential for Fj takes the form?

Pr3 — _%e—wﬂ“% /*<I> A Fyvol(X;)™7, q==%1. (7.3.23)

2From the Type I perspective one could say that F3 here is in fact }7_'3 = F5; — i(wYM —wr,), but we
largely ignore here the open string sector in any case.
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The role of ¢ and the ambiguity in choosing it is physical and reflects the ambiguity, from
the 3d supergravity point of view, of introducing O5- or anti-O5-planes. In this section we
will be working with Ob5-planes and we will see shortly how the sign of ¢ can be fixed by
matching with the potential from dimensional reduction.We can again directly evaluate

1

P? =-108P™ , P = 5PF?’, (7.3.24)
and
WO AND [ . 4
PiF3 = %eflﬂﬁ’u+% ( / @Z A ;Fg — %—é / (I) AN *Fg) VOI()(7)77 . (7325)
*D A

Note that (7.3.25) satisfies (7.3.10) as anticipated. We can also provide an alternative
expression that has the form

Ppo = domiomers / B; A #727(Fy) vol (X7) 4 | (7.3.26)
7

where 727(Fy) denotes the projection of F3 to the 27 representation of G2. Then we insert
all these pieces into (7.3.4) and through a similar calculation as the one of the previous
subsection we find

1
Vs = e 208v+e / *F5 N\ Fy, (7.3.27)
7

vol(X7)=1 16

which is exactly the contribution to the scalar potential from the RR flux F3. Note that we
took into account that ¢> = 1 to get to this form. In addition, we are implicitly assuming
F3 = f'®,; which means

dFsy = f'd®; with d®; #0, (7.3.28)

due to torsion. However, d(*F3) = 0 because our G2 is co-calibrated, i.e. d(*®;) = 0.

Since we have introduced and verified both P and P3, it is now a good time to
combine them and uncover the O5-plane/D5-brane contribution to the scalar potential.
To this end let us take

PRFAES — pR 4 pls. (7.3.29)
Once we insert (7.3.29) into (7.3.4) we have
VIS — IS L v oG PRPT? — 8PP (7.3.30)
where the form of the cross-term is

(2G" PP — 8P PT?)

y = g€*185v+% / <W1 *P N F5+ W27 A F3> . (7331)
vol(X7)=1 8 7
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This contribution has to be matched with the O5-plane/D5-brane contribution in the
effective potential (7.2.20). We will now see how exactly this happens. First recall that
each of the O5-planes wrap one internal three-cycle and therefore their currents wrap the
dual four-cycles. Therefore for the total O5/D5 contribution we have

1
Sos + Spss = §6¢/2 > (nos + ipsi) / —J6
3—cycles 3D x 3—cycle
1 (7.3.32)
= ge¢>/2 Z [/ vV =06 (o5 + ppsi)J1(O5)
3—cycles 3d x 3—cycle 4—cycle

where the 1/8 factor comes from the 3d Weyl rescaling (7.3.1), and in going to the second
line we have assumed a normalized integration over the four-cycles in the covering space
such that

/ J,(05) =1= / J4(D54) . (7.3.33)
ith4—cycle ith4—cycle

Let us stress that we are here explicitly ignoring open string moduli related to the Db5s,
which we assume to be fixed on their supersymmetric positions,otherwise we would have
to include them in (7.3.32) - we leave this interesting development for a future work. Now
we take into account that for each 6D integral that covers the 3d external space and one
internal three-cycle we have

/V_QGZ/ «/—93\/ \/%:/ \/__93/ (1)263,31)4-30111/ \/__93
3d 3-cyc. 3d 3-cyc. 34

3-cyc.

(7 3.34)

which gives

1 ¢ v v
Sos/ps = —€2+3/B 3 /\/—93 Z [/
3

3-cycles

. /4_CYCI8(PJO5+MD51')J4(O5)]. (7.3.35)

cycle

To proceed it is instructive to work out the contribution for a specific three-cycle, and then
recombine all the contributions including the other cycles. For example, for i = 1, we have

1 18842
S05/D5(i=1) =3¢ 188v+3 / V=038 / ¢1/ (1os + ips@i=1))J4(O5)
3-cyc. 4-cyc.

1 — -

= gflsﬁw% / vV —33 /(31 ¢1) A J1(O5)(pos + MD5(i=1)) (7.3.36)
3d 7
1
__§€18ﬁv+§/ [~ /(51 é1) A dF;.
3d 7

The last step can be checked by acting with “5'¢;A” on (7.2.26). We then perform this pro-
cedure for the other six three-cycles and sum over the results to get the total contribution.
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Taking into account that >, §'®; = ®, we conclude that
| T — -
Sos/ps = Y Sos/psi = -3¢ 185v+3 / N /cp AdFs. (7.3.37)
i 3d 7

In addition we have that
OAAFy =dd A Fy = W, %P A F3y 4+ Wyr A Fy, (7.3.38)

where the first equality follows from ® A F3 = 0. Then we conclude that the total contri-
bution of the smeared O5-planes/D5-branes to the effective 3d potential is

1 ~ ~ ~
1/05/D5 _ ge—lsﬂw% / <W1 3D A By + Wor A F3> , (7.3.39)
7

which matches exactly with the extra term in (7.3.30) for
q=1. (7.3.40)

Note that we could in principle split F3 as F3 = F34+ F3p with F34 # 0 such that dF54 =0
but instead dFsp = —po5J4(05) — pps;J4(D5i), which would “free” one part of the Fj flux
from the tadpole condition.

Finally, for the F; flux (which is of Freund—Rubin type) the superpotential contribution
is
1

- g 6714507%

PF7:
3 )

(7.3.41)
where G is a real constant related to the F; flux (7.2.23). Then we evaluate the contribution
to the scalar potential which gives

1

vF7
16

Gle 280 (7.3.42)
The superpotential exponential —148v—¢/2 is compatible with the other exponentials and
does not produce any new cross-terms. Note that we could have “+G” in (7.3.41), but only
one of the two would correspond to the 10d reduction with Fy = —G dy'?**%7  the other
one would correspond to Fy; = +G dy'?**67. This ambiguity is fixed by S-duality which
chooses the “+7 sign as we will see momentarily. We conclude that the full superpotential
that describes the dimensional reduction is given by P¥ + P3 + PF7 and reproduces the
3d effective scalar potential (without the brane-supersymmetry-breaking term) which one
can find by adding the contributions (7.3.20), (7.3.27), (7.3.39) and (7.3.42), and reads

V:VR+VF3+V05/D5+VF7

' : : (7.3.43)
= _RO(§Z>6716ﬁ’U + FO(§Z>6—20,B1)+¢> 4 To(gz)e—186u+§ 4+ G06728’307¢ :
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with the coefficients given by

~ 2
R, 1 I 1 [P g
R():Ta(zsmj;) D ILITIE) DL MR (E R0

5 .7 m
and
1 fiN2 1 L %
FO = E ; (g) s T(] — g ;f Mlks 3 GO - ]._6 . (7345)

7.4 Supersymmetric vacua

7.4.1 Supersymmetry cross-check

As a cross-check of the superpotential of the 3d theory, as well as the overall approach,
we would like to verify that the 3d vacua that we will find truly describe supersymmetric
configurations of the 10d theory. Because of the Op-plane truncations, the preservation of
supersymmetry on our background boils down to the supersymmetry Killing equations that
arise from Type I string theory with Fy,; = 0, which can in turn be related to Heterotic
string theory via S-duality. Earlier work on Heterotic string flux compactifications [178],
has shown that backgrounds with

1
FHET) _ 6W1<I> — x Wy, deMED — (7.4.1)

are supersymmetric. In other words H. ?EHET) = T'(®) is identified with the full antisymmetric
G2 torsion (3.1.11). In [178] the W7 is also present and relates to the dilaton via d¢MFT) =
2W+7, however, the specific orbifolding we use for our twisted torus projects it out, such
that we are strictly working with a co-calibrated G2. In addition an external component
of the HéHET) flux is also allowed to be switched on, and is also related to the G2 torsion.

The vacuum condition for the external H:.EHET) flux is

W
Hyy' ™ = s (7.4.2)

where e? are the external drei-beins and €, is the tangent space full antisymmetric symbol.
This means eﬁef’\ezeabc is indeed a tensor. Two comments are in order here. First, note that
in [178] there is an overall factor e™ that relates the gravitino mass to the superpotential
via mg/; = e"P. Here we have implicitly set it to unit, that is we have n = 0, because in
our case the gravitino mass is given directly by ms/, = P on supersymmetric AdS as seen
from (8.1.9). Secondly, in (7.4.2) we have not performed any additional Weyl rescalings,
therefore it is still written in the original Heterotic string frame.

To match with Type I string backgrounds we perform an S-duality, which for the string

frame fields is (see e.g. [2])

HéHET) — F3, qb(HET) — —0¢, g](\?f,T) — e_¢gMN, b — e_3¢/2<1), *P — 72 % o,
(7.4.3)
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and also affects the G2 torsion classes as
Wi — Wy, War — 7392,y (7.4.4)

Therefore on a Type I supersymmetric background one would have the condition e?Fy =
LW, ® — W7 for the internal background flux and the condition e‘z’FgfeXt) = —%\/@ dt A
dx A dz for the external background flux, with ¢, x and z being the external space coor-
dinates.The background dilaton value would still satisfy d¢ = 0. Then, going to Einstein

frame gyn = e?/2g\7), we find

e % F?Eext) 7W1

1
et Fy = WP — Wi = VB dtndeads, do=0.  (745)

t

From the condition on the external F:,Eex ) we find the required vacuum condition on F; to

be

o TWL o
Fy = —¢% %19 F®Y = Tl e \/gr dy' P46 (7.4.6)

taking into account that e®=M¢2F, = (—1)=D0=2/2 o By for n > 5. Finally these
conditions become

1 TW-
et Fy = AUL SR e 26 = _Tl vol(X7). (7.4.7)
We conclude that the conditions (7.4.7) should hold for a supersymmetric vacuum of the
(Einstein frame) Type I theory and we will re-derive them from our superpotential by
requiring Py = 0. This is a non-trivial cross-check.

We recall that the total superpotential in our setup (we choose ¢ = 1) reads

1 P |
po et _ L g / *® A Fyvol(Xq)™7 + —e % / ® A dP vol(Xq) 77 .

8 8 16
(7.4.8)

We vary P with respect to the volume modulus v and the dilaton ¢ and we require P, =
0 = P,, which, after some manipulation, give

13 11
Ge 9% 4 7€¢/2 /*CI) A Fy=Wivol(Xy), e”? /*(I) NFy = 79 e %% + 3Wivol(Xy) .

(7.4.9)
Combining these two equations yields two conditions. First we find
6
?e*‘f’/z G = —Wyvol(X7), (7.4.10)
which matches exactly with the second condition in (7.4.7), and we also find
7
6 WlVOI(X7) = €¢/2 /*(I) A F3 s (7411)
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which matches exactly with the first condition in (7.4.7) once we act on it with [ *® A (-),
taking into account that [*® A ® = 7vol(X7). Now we take the condition

oP
- = 4.12
FER (7412)

where ¢ = 1,...,7. This condition is sufficient to guarantee that dP/05* = 0, where
a = 1,...6 are the true independent $* moduli. This happens because the unit-volume
restriction can be solved as 57 = H2:1(§“)*1 as we discussed earlier. The supersymmetry
condition (7.4.12) gives

/cbi A Woy = —e?/? /*d)i AT (Fy). (7.4.13)

Note that 0P/05 = 0 would at first sight correspond to only six equations, so one can
wonder why in (7.4.13) we have seven equations. In fact the six 0P/05% = 0 equations can
only be solved once they are expanded in the ®; basis. The latter contains seven linearly
independent elements and as a result the six 0P/05* = 0 equations will eventually yield
7 equations (which are exactly (7.4.13)). Therefore, since the ®; are a complete basis, we
can deduce

*War = —e? 22?7 (Fy) . (7.4.14)

This equation matches exactly with the 727 part of the first equation in (7.4.7), taking into
account that 727 (xWar) = xWyy. Interestingly we see that Wa; can exist on a supersym-
metric vacuum as long as it is cancelled by 727(F3). This is in contrast to reductions of
M-theory on co-calibrated G2 structures, where supersymmetry requires weak G2 holon-
omy, i.e. Wy =0 [47].

Let us note at this point that the Type IIB background we have been considering
contains smeared O5-planes, but interestingly, we see an exact match with the Heterotic
supersymmetric background. This is a non-trivial check for the validity of the effective
theory derived from the smeared solution and implies that there should be an underlying
full solution in Type IIB where the orientifold sources are localized. Indeed, there are
instances where the smearing can be “OK” [67,69,70]. We leave the interesting exercise of
finding the underlying un-smeared solutions for the future.

7.4.2 Conditions for Minkowski and AdS

We can now examine the possibility of achieving full moduli stabilization and determine
the required conditions thereof. From the conditions on the vacuum, that is equations
(7.4.7), we find that the vacuum energy of a supersymmetric background is given by

2

g —¢ 4
= —=— (X ) 4.1
SUSY 16E Vo ( 7> (7 5)
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From (7.4.15) we see that a Minkowski background would require G = 0, which from (7.4.7)
implies also that (W;) = 7' (F3) = 0. In other words, for a Minkowski vacuum we find the
conditions

SUSY Minkowski : G=0, (W;)=0= </<I> /\*F3>. (7.4.16)

However we can still have non-trivial background flux and Wy, torsion, as long as (7.4.14)
is satisfied, which in fact also tells us that unless Wa; # 0 the dilaton is not stabilized. Let
us now go through the moduli stabilization on Minkowski in more detail. Because of the
properties of the vacuum conditions it is more convenient to work directly with the s’ (and
the dilaton of course), instead of treating the 5% and the volume independently. Taking
into account that F3 = f'®,, the last equation in (7.4.16) gives

Zi— =0, (7.4.17)

which for the moment fixes one of the 8 moduli (¢ and s). Additionally, the condition
W1 = 0 gives an equation of the form

Wi=0 —= > s'Mys’=0, (7.4.18)
/L'hj
which fixes one more of the seven s moduli. Equation (7.4.14) now, due to (7.4.16), reduces
to

dd = —e?/% x F;, (7.4.19)
where we omit the VEV symbols, since they are implied. Then (7.4.19) gives

s
21: sM,; = —e?/? (1;[ sk> (SJ;—)Q , (7.4.20)
which seemingly amounts to 7 vacuum conditions. Note however that (7.4.20) combined
with (7.4.17) gives (7.4.18), which means one of the seven equations of (7.4.20) is already
trivially satisfied. We therefore conclude that (7.4.20) provides only six additional equa-
tions, which are however enough to fix the positions of the dilaton and the five remaining s*
moduli. Clearly since this is a supersymmetric Minkowski vacuum, the absence of tachyonic
instabilities is granted from supersymmetry.

Simple Minkowski vacua can be provided by the 2-step nilpotent examples of [47| which

in our case read

0 o 0 0 —0 —0 —0
c 0 0 0 O 0 0
c 0 0 0 O 0 0
M= c 0 0 0 O 0 01, (7.4.21)
—oc 0 0 0 O 0 0
—oc 0 0 0 O 0 0
—oc 0 0 0 O 0 0
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and we choose the values of F3 and G to be

fZ:(Oafafafa_fa_f7_f>a QEO (7422)
The Minkowski vacuum can be found for the values
§=1, f=—eulVntT), (7.4.23)

We also notice that when the 5 are fixed on their vacuum values (7.4.23) but ¢ and v are
left free the scalar potential (7.3.43) takes the form

3 4v

1 2
Vg = et (eﬁ(‘ﬁ”+7¢)f n a> , (7.4.24)

which is consistent with (7.4.23) and also indicates the existence of at least one flat direc-
tion. This should not be confused with no-scale vacua because here (P) = 0. Naturally,
evaluating the determinant of the mass matrix, we find it to be vanishing.

Let us now turn to AdS supersymmetric vacua. Here we allow P # 0 and therefore we
do not have to set G to vanish. As a result, the conditions (7.4.10) and (7.4.11) directly
fix the dilaton and the volume fixed in terms of the six remaining independent s* moduli.
Indeed we find

¢ =_g! /*fb A Fy, (7.4.25)

and

2
vol(X7)% = — (%) g /*(ID A F3. (7.4.26)
1

Then the seven conditions (7.4.14) fix the six remaining s’. However, since they are readily
contained in the first equation in (7.4.7), we can work directly with the latter. We can
recast in fact the first equation in (7.4.7) to take the form
6g * F3 7
—Z75 LW« D =do, 7.4.27
TWivol(X7) ' 6 ( )
which then explicitly gives seven equations once we expand on the W, basis. After some
manipulations these equations read

s ( Z > B <Z (HS /\/11/7:“8 ) Z M]“ (7.4.28)

and should be solved in terms of the s'. Clearly (7.4.28) (or equivalently (7.4.27)) describes
only six independent equations due to the condition (7.4.26)that is satisfied by the volume.
We conclude that the RR and geometric fluxes give the possibility to stabilize all 8 moduli
on a supersymmetric AdS; vacuum.
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An example for the matrix M;; (this is a specific instance of the SO(p,q) x U(1)
example of [47]) that leads to full moduli stabilization is

0 0 O h 0 0 m
0 0 O h 0 0 m
0O 0 0 —=h 0 0 m
M=|h h -h 0 0 0 0], (7.4.29)
0 0 O 0 0 0 O
0 0 O 0 0 0 O
m m m 0 0 0 0

and we further assume that there exists a supersymmetric AdS vacuum at the positions

(=1, (®=0¢0, ()=nuvp. (7.4.30)

To find this solution we start by evaluating P, = 0 on the Ansatz (7.4.30) and find that it

is solved by
G=—eh (Z f%’) : (7.4.31)

Similarly, we can evaluate P, = 0 and using (7.4.31) and the Ansatz (7.4.30) to find
\ e, v
3 (Z f’) e? 27 =h+3m. (7.4.32)

This determines the explicit values for ¢y and vy.Then from the expressions dP/9s5" = 0,
forv = 1,...,7, we get a series of equations which we simply satisfy by assigning the
appropriate values to the f’. Once we make use of the Ansatz and the conditions (7.4.31)
and (7.4.32) the solutions read

f1:f2:_§6 2\ﬁh7
f3 — %led;o;% h7
4 1 _¢0_
= _§€ 227 (2h — 3m), (7.4.33)
5= f= %e“@“‘f% (h+ 3m),
1 _¢0_ %o

f7:§e 2 72v7 (h — 6m).

One can also evaluate the vacuum energy which is given by

1 4%
(V) = —m;f? (h+3m)2. (7.4.34)
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In general the above Ansatz/solution has full moduli stabilization on supersymmetric AdS
because

det[m?] #0. (7.4.35)
For example, for a specific setup we can have
bo=—-3, vo=-33T7, h=1, m=—1, (7.4.36)

which gives large volume and weak string coupling, and we can easily verify numerically
that

(V) <0, Eigenvalues[m?] >0, (7.4.37)

which guarantees a full moduli stabilization. Note however that if we take h = 3 instead
of h =1 then we obtain a Minkowski solution with det[m?] = 0.

7.4.3 Indication for scale separation

Let us now discuss the possibility of having scale separation in the supersymmetric AdS
vacua. The scalar potential in our setup has the form

V = Foe 20806 _ Ry e 168y 4 Ty e 1850+8 | G e 28800 (7.4.38)

where Fy = |F3|%2/16, Gy = G?/16, To = —puos/8 and Ry = R;/8. Once we minimize
(7.4.38) we find the vacuum values vy and ¢y, and the vacuum energy is given by (7.4.15).
To study the scale separation we follow closely the steps of the previous sections, which

means we ask that we can have flux values such that there is a limit where
L2

—[f;K = e Ve = 0. (7.4.39)

A

Here Lki is the Kaluza—Klein scale that characterizes the internal space, and L, is the
scale that characterizes the external 3d Anti-de Sitter space.

To this end we consider a scaling limit where Gy ~ N and Fy ~ N2’ as N — 0o and
we demand that each term in the potential has the same scaling behavior. Equating the
scaling for the internal and external flux terms implies

Na+2be¢f20,3v ~ Na€f¢728,8v —_— N72b6785v ~ 62¢> — N2p’ (744())
which leads to
Ve ~ Na+6p+7b 7 Ty ~ Na-l—p-l—%b ’ Ry ~ Na+2p+3b , 61661)‘/;&0 ~ Na+2p+3b ) (7441)

The fact that Ry has the same scaling as e'®**V,,., means that in order to achieve scale
separation, we need to be able to take Ry small. We can also see that Ty? ~ RoFy,
consistent with the supersymmetric origin of the O5-plane term.

119



CHAPTER 7. THREE-DIMENSIONAL VACUA IN TYPE 1IB

In principle we expect our scaling limit to correspond to some large value for the fluxes.
However,the tadpole condition dF3 = —ups5Jy means thatthe only possible consistent scal-
ing we can have is

To ~ Fog~Rg~ N, (7.4.42)

making scale separation impossible due to flux quantization.

Thus, to achieve scale separation we have to first cancel the tadpole in such a way that
the fluxes are not restricted neither from the Bianchi nor from the torsions. This will allow
them to take parametrically large or small values independently. As a result we include
D5s such that for the tadpole of the form (7.2.26) we get

ng =0= —HO5 J4(O5) — UD5 J4(D5) s (7443)

where we recall that pos > 0 and ups < 0, but we keep the F3 flux to non-vanishing values,
that is F3 # 0 and F7 # 0. This can be achieved by taking

> fldde; =0, (7.4.44)

which can have non-trivial solutions due to the freedom in choosing the torsion. Returning
to the scalar potential, which is now missing the contribution from the O5-plane as it is
cancelled by the D5-branes, we have

V =Foe 7 —Roe ' 4 Goe @77 (7.4.45)

Note also that the supersymmetric minimization with respect to ¢ and v is bound to give
(7.4.15), that is
2
(V) = _%6_¢0V01(X7>_4 = —Goe 2000, (7.4.46)

This also guarantees that our moduli stabilization is consistent and non-tachyonic. Equiv-
alently one can vary the scalar potential with respect to the volume and the dilaton to
get

3 Go 6_28’8v_¢ = Ro 6_16’8U y Fo 6_20’8U+¢ = Go 6_28/Bv_¢ s (7447)

which are consistent for this setup and give again the supersymmetric vacuum energy
(7.4.46). To obtain scale separation, we take the scaling®

R~N2, Fy~N" F, ~N°. (7.4.48)
Asking that all the terms in the scalar potential scale in the same manner, we get

VAN, go=e?~N', vol(X;) =™ ~ Ni. (7.4.49)

3Small values for the torsion can be also used, as in [188] and [132], to get de Sitter vacua. For
constraints on geometric fluxes see e.g. [189).
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Then we finally get

Lik

L
We conclude that achieving parametric scale separation requires taking the internal cur-
vature R; to extremely small but positive values. Note that in this limit we remain at
weak string coupling and large volume, and are therefore well within the regime of validity
of the supergravity approximation. Since the §' should be fixed to finite values (other-
wise the volume becomes singular), requiring small internal curvature means we have to
tune the structure constants in the twisted torus. However, this requirement can run into
tension with quantization conditions on the structure constants [189], potentially making
parametric scale separation impossible for the types of compactifications considered here.
For further discussion on the intricacies of achieving scale separation in string theory see
e.g. [17,25-31,56,59,71,113]. Note in particular that in [27] the difficulty to get scale
separation in Type IIB vacua has been anticipated.

=y ~ N72 (7.4.50)

7.5 Brane supersymmetry breaking

7.5.1 Introducing anti-D9-branes

Until now we have worked with Ob-planes which due to the orbifold involutions gave
rise to an image O9-plane, that is an object with negative tension and with charge with
opposite sign than that of a D9-brane. However, instead of a conventional O9-plane one can
consider a so-called “O9*-plane which has positive tension, and charge with the same sign
as that of a D9-brane. Then the RR tadpole for the O9-plane is now to be cancelled by
16 anti-D9-branes. This combination of O9%/D9s is the so-called brane-supersymmetry-
breaking (BSB) setup (a very recent review can be found in [183]). The gauge theory on
such setup is USp(32), and because both the anti-D9-brane and the O9% have positive
tensions, these add up and give a non-vanishing dilaton-dependent vacuum energy. In
addition supersymmetry on the world-volume of this system is spontaneously broken and
non-linearly realized. In particular the vacuum energy in the 10d Einstein frame has the
form

Vioasss = Boe2?. (7.5.1)

In [181, 182] for example the coefficient By is specified to be By = 64Ty, where Ty is the
D9-brane tension up to the e2¢ dilaton factor, as in (7.2.20). Once we perform a direct
dimensional reduction by inserting our metric Ansatz (4.3.17) it becomes in 3d

Vsa.ss = Bye 149039 (7.5.2)

To embed this new term in the 3d superpotetnial we have to include a real scalar nilpotent
superfield [151], let us call it X, which satisfies

X?=0. (7.5.3)
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As in 4D (see e.g. [190]) such nilpotent superfields tend to rise the vacuum energy and
capture the effects of anti-branes. The modification to the GG;; metric to account for the
coupling of X to 3d supergravity will be Gxx = 1 and Gx; = Gx, = Gx4 = 0, whereas
the superpotential contribution is

PP = /By X e TPt (7.5.4)

Let us stress that this non-linearity is intrinsic and it is inherited directly by the non-linear
supersymmetry of the 10d BSB theory [179-182].

With the inclusion of the BSB term the total scalar potential for the volume-dilaton
sector, i.e. ignoring the §* or assuming they are stabilized, reads

V= F0€—206v+¢ 4+ G0€—28,8v—¢ + Toe—ISBv—&—%qS . Roe—lﬁﬂv + 306—14ﬁv+g¢

(7.5.5)
=F+G+T-R+B.

With Fg,Gop,Bg > 0 and Ty < 0 and we temporarily change notation such that F' =
VE3 G = VI ete. for visual convenience in the equations below. A critical point of this
potential satisfies

AF +14G + 5T — 6R =0,

7.5.6
2F —2G +T + 3B =0. ( )
Which allows us to express the vacuum energy as
B
V;/ac = 5 -G. (757)

The dependence of the vacuum energy only on two terms instead of three is remarkable.
Solving (7.5.6) for different pairs of terms and substituting back into the potential results
in an apparent dependence on all three remaining terms. However, note that the potential
with only F, T, R terms would result in a no-scale or runaway potential, and thus vanishing
vacuum energy, while the other terms give additive corrections to the scalar potential,
without generating cross-terms. In other words, the cosmological constant is ultimately
determined solely by the interplay of Freund-Rubin-type fluxes (F;) and supersymmetry
breaking terms. The reason internal fluxes do not contribute to the cosmological constant
appears to be that satisfying the tadpole condition by O5 planes generates precisely the
right tension to cancel their contribution. This is in line with the observation that although
O-planes appear to evade the usual supergravity de Sitter no-go theorems [191,192], once
the flux they source is taken into account, the total stress-tensor does not produce a positive
contribution to the vacuum energy [193].4

4From (7.5.7) we also see why one cannot get de Sitter vacua from Type I by simply adding anti-D5-
branes, and instead we have to switch to the BSB setup to be able to even discuss such possibility. The
fact that one may need two types of supersymmetry breaking sources to get classically stable de Sitter
vacua was already alluded to in our previous dS analysis and as we will see we will need here both anti-D5s
and anti-D9s as well, once we discuss the shape moduli stabilization.
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While in the case of the Freund-Rubin term (7.3.41) the lack of additional cross-terms
is justified by supersymmetry, with the BSB term, this amounts to ignoring backreaction
from the anti-branes and therefore constitutes an important caveat to the analysis. It is
possible that additional backreaction terms in the spirit of [194] are present. Nonetheless,
let us press forward and explore the possibility of de Sitter minima of this potential. The
mass matrix eigenvalues are

1
mi = - (20@ —T—2B+/88B2—3B(8G+T) + (3G + T)?) , (7.5.8)

which are positive when

12B? + 8BG — 48G?
B T . 0.
< 8G < B0 (7.5.9)

Note that this in principle allows for a positive vacuum energy when

2G < B<8G = 2< %el‘*ﬂ“% <8, (7.5.10)
0
with the lower inequality giving positive energy, while the upper inequality guaranteeing
(meta-) stability. Note however that this imposes a relation between the stabilized values of
the dilaton and the volume. Finally, our findings are consistent with [185] because we have
Ob-plane sources. However the final verdict on the existence of such de Sitter vacuum can
only be made after we stabilize the 5* moduli and we take into account flux quantization.

As in the supersymmetric case, we can consider a scaling limit where Go ~ N® and
Fo ~ N2 a5 N — oo and we demand that each term in the potential has the same
scaling behavior. This once again determines the scalings

Voo ~ Nat+6ptTb By ~ Na+p+gb Ty ~ Na+p+gb Ry ~ Nat+2pt3b
(7.5.11)
which lead to
%6145’04-2(? ~ N—b , elGﬁU‘/Vac ~ Na+2p+3b’ (7512)
0

where we note that b # 0 means that we inevitably violate (7.5.10) as N — oco. This means
that we need Fy ~ Gy to preserve the stable de Sitter vacua. As before, Ry has the same
scaling as the scale-separation parameter, e'®**V,,., so we need to be able to take it small
to achieve parametric scale separation, conflicting with the quantization of geometric flux.
Furthermore, b = 0 also ensures that By and T have the same scaling, which we expect
due to both terms arising from branes.

In fact we may further demand Ty ~ By ~ N, which requires p = —a and Ry ~ NP.
This does indeed become small at large internal volume and weak coupling, yielding scale
separation, but being in tension with quantization of the structure constants of the internal
manifold.
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On the other hand, if we don’t demand parametric scale-separation, i.e. Ry ~ N then
we have By ~ Ty — oo in our scaling limit. This, however is also unacceptable since
the magnitude of By is fixed.® Thus despite the scalar potential appearing to have de
Sitter critical points, string theory does not seem to allow for parameter values such that
these critical points appear at large internal volume and weak coupling, where this scalar
potential is trustworthy.®

7.5.2 Explicit examples of 3d de Sitter solutions?

Actually, achieving full moduli stabilization including the 5% is challenging, and we do not
have a systematic way of tackling this question. However it is instructive to see first if
we can generate the de Sitter vacua with the co-calibrated G2 geometry we have at hand
following the methodology we also followed in our previous example with de Sitter in Type
ITA. This does not give the most general de Sitter solution but it offers a simple way to
obtain it. First we want to stabilize the 5* in their “autonomous” supersymmetric positions,
which means supersymmetric position of §* which do not require to fix the other moduli.
From (7.4.14) we see that we would need

W27 =0 s 7T27<F3) = 0, (7513)

such that the dilaton VEV is kept free and is to be determined independently. In addition
the equation Wy; = 0 can be also solved independent of the volume modulus. Indeed
taking into account that s' = €35, equation Wy; = 0 takes the volume-independent form

EFWW%«ZMLWﬂ%:m [[#=1. (7.5.14)

7

Then we notice that due to the structure of the scalar potential, even when it includes the
BSB term, we have

oP
05%

This is because of the properties (7.3.15) and (7.3.24), but also (G*?), = (G*?), = 0, and
of course from (7.3.41) we automatically have PX'" = 0. Therefore we can find vacua where
the shape moduli are stabilized at their autonomous supersymmetric positions, and then
we need only to stabilize the volume and the dilaton. This is exactly how the stabilization
happens in Chapter 6. Now let us see if under the assumptions (7.5.13) we can get de
Sitter. We do not have to go into details, only check if the conditions we derived for de
Sitter solution still hold. From (7.5.6) and (7.5.7) we see that

=0 — oV
(7.5.14) 08¢

=0. (7.5.15)

(7.5.14)

R=-F—G — 5V, (7.5.16)

5This situation is similar to [133], where weakly coupled, large volume 4d dS compactifications of
massive Type ITA appear to require large numbers of O6 planes.
6A similar effect can be observed directly in gauged 4D N =2 supergravity [195].
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which means de Sitter critical points exist only for R < 0. In contrast to the latter,
we see that (7.5.13) (or (7.5.14)) dictates R > 0. We conclude that there do not exist
any de Sitter critical points that can be found with the method we followed in Chapter 6.
As we said this does not exclude the possible existence of de Sitter, however it does leave
much less room for it.

The fact that the shape moduli interfere with the construction of de Sitter solutions has
been also discussed for example in [149,168|. Indeed we believe that our example shows
exactly how fixing the shape moduli into their “autonomous” supersymmetric positions
creates problems to finding de Sitter. In other words, if we had the shape moduli fixed
in such autonomous supersymmetric positions and then we tried to uplift the vacuum to
de Sitter we would force them to move out of these supersymmetric positions, and so the
stabilization procedure would have to be worked out from scratch. We conclude that one
should not ignore the stabilization of shape moduli during the uplift, nor take it for granted
when searching for realistic examples.

One could try to construct de Sitter vacua with the shape moduli in their supersym-
metric positions by including also anti-D5-branes. Let us see what would happen if we
included such objects - assuming momentarily they can be included consistently in our
setup. Their contribution to the Bianchi identity would be

dFy = —p05 J1(05) — pips; Jo(D5i) + pips; Ja(D5i) (7.5.17)

where pps; < 0, and the brane action (ignoring open string moduli) is

1 - . =z
Spz, = geﬂsﬂwg /3d,/‘_g3 > [/3 1 @/4 s, J4(D5z)} : (7.5.18)
-CycCle -Cycle

3-cycles
Once we also take into account the O5-planes contributions to the 3d action, the net effect
leads to the typical “doubling” of the anti-D5 terms due to (7.5.17). As a result, on top of
all the previous contributions we had until now, we also have the additional term

_ 1 ,
2x VPP =2x ge_ls/w% ngz , Mg = —pps; > 0. (7.5.19)

Then the total scalar potential is
V = VBSE L Ry FS Ty O0s/Ds  oyD5 (7.5.20)

Note that here V9% D% refers to the same contribution we had in (7.3.43). If one wanted to
assign to the smeared O5-plane its honest correct contribution it would be V©° -V P54 1D
and this the reason for the “doubling” of V?? in (7.5.20) as well as the cancellation of the
D5-brane contribution. Assuming now that §* =1/, 5%, then we can have compatibility
with an isotropic critical point of the shape moduli by requiring

=1, pu=p>0. (7.5.21)
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However here we would directly run into two problems if we wanted to get a de Sitter
solution with our prescription from the previous section. First of all the term (7.5.19)
evaluated on the (7.5.21) critical point clearly affects only the T( term in the volume-
dilaton scalar potential. Therefore it cannot change the fact that critical points still require
R < 0 which as we said is not possible to achieve with the autonomous shape moduli
stabilization. The second problem we would run into is that the tadpole (7.5.17) in the
presence of a background with dFy = 0 (which will probably be forced on us by the
requirements (7.5.13)) will require various D5-branes for the cancellation of the O5-plane
charge. Then clearly we cannot easily add anti-D5-branes as such system will be typically
be inherently unstable.

As a means to escape the aforementioned issues we could still include anti-D5-branes
but instead this time not ask that the shape moduli to be stabilized in their autonomous
supersymmetric positions. This gives some more freedom in the construction and allows
to find de Sitter critical points, albeit possibly inconsistent once flux quantization is taken
carefully into account. However, here we want to give a general overview/exposition of
the possibilities rather than proving the existence of a bona fide stable de Sitter solu-
tion. We will therefore be more liberal with the flux quantization and brane/plane tension
constraints, but will still require basic self-consistency. In particular we do not include
D5-branes, such that there is no obvious instability, and we also want to satisfy the tad-
pole condition (7.5.17), without D5s. Taking into account that dFy = .. fIM;;¥;, the
tadpole takes the form

ijMij + ;= —pos <0, V. (7.5.22)
J

This is forced on us by the fact that the Op-planes have the same contribution to each cycle
tadpole and therefore, since we do not have D5-branes, we need all tadpole contributions
related to dF3 and p; to take the same value - otherwise the existence of D5-planes is
implied. We shall work with the geometric fluxes that give rise to a matrix of the form
(this is a specific choice of 2-step nilpotent example of [47])

0O m m m m m m
m 0 0 0 0 0 O
m 0 0 0 0 0 0
M=|m 0o 0 0 0 0 o], (7.5.23)
m 0 0 0 0 0 0
m 0 0 0 0 0 O
m 0 0 0 0 0 O
and with F3 flux of the form
flf=a(l,w,w,w,w w,w) . (7.5.24)
The shape moduli are stabilized at the positions
§ = (w‘%w%w%wiw%w%w% , (7.5.25)
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whereas the volume and dilaton are stabilized at the positions ¢y and vy. To get a de Sitter
critical point we need to tune the geometric flux such that

P0 , v 2vg _
e T <a(5—30w) +Va2(33 + 4w(177w—29)) —dw™ 7 G2(w—1)(24w+1)e v7 2‘1’0>

2 4+ 48w
(7.5.26)

Note that our solutions will have five parameters that we can in principle choose indepen-
dently, which are

a, w, G, ¢g, vy (free parameters of the solution) . (7.5.27)

For the anti-D5-brane tensions we now have

1 $0, % 18 6 5vo _3¢q _%0_ v 4
| = —— (30amw + 2a%e2 tarwT + GPwreavtT 2 4 24mPe 2 Vi T 7.5.28
a 10 ’
and
1 9 %04 %0 11 N T 9 3w 10
234567 = ~ 15 <5am+2a e TWT —e 2 WTw T (e ‘m® -G eﬁw?)) .

Note that py is different that the rest, this is because they need to cancel the different
contribution of the dFj flux in each tadpole, even though the O5 contribution is the same.
Finally, we also tune the BSB contribution to take the form

1 w0 5%

By = goeiv M L0 <66¢>0m2 T e 7a2ﬁe%+2¢0) . (7.5.30)

Then using our Ansatz and the specific aforementioned values for the various coefficients
one can check that

o _ W

%0 =% am 0 (7.5.31)
with the vacuum energy given by
‘/Vac = %6% <6m2w_$ - g263%_¢0 - 7a2w¥6%+¢0> . (7532)

Clearly the existence of de Sitter depends on the specific values one chooses. In addition
one can check that if we ask that p; = 0 we are driven to an AdS vacuum, therefore the
inclusion of the anti-Db5-branes is crucial.

Let us now give a few numerical examples. We can have

Example 1 : ¢g = —3, vy = —3\/7, G=001, a=2, w=0.09985, (7.5.33)
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which give self-consistent values
wi >0, Beg>0, pos>0, (7534)

and also satisfy (7.5.22). Note that in this example m ~ —0.0029 < 0. For this numerical
example we also find

Viac ~ 1.274 x 10713 | Eigenvalues[Vy,] >0, I=¢,v,5", (7.5.35)

implying a stable de Sitter critical point. Clearly from the values of the various coefficients
we see that this example is in sharp contradiction with all sorts of flux quantization con-
ditions but also clearly the values of pos, pips and By are unrealistic. In addition from the
values of ¢y and vy we see that we are definitely not safely within the large volume regime,
however the string coupling is indeed small.

Another numerical example is to have

Example 2 : ¢o = —3, vo = —33V7, G=0.01, a =10, w = 0.0998 (7.5.36)

which still gives self-consistent values for the various coefficients and allows for slightly
more realistic values for pos, ups (but still overall unrealistic). We see that we are now
safely within a weak coupling and large volume regime, but flux quantization is clearly not
taken into account. For this example we find

Viae >0, [Vi] <0, I=¢,0,35, (7.5.37)

therefore there are tachyons in the scalar sector.

We conclude that it seems that one can achieve (stable) de Sitter critical points from an
effective theory model building perspective, but the required coefficients seem to be totally
unrealistic from the string theory perspective. However, we believe that one needs to do
an exhaustive scan over the various parameter values that are allowed by string theory in
order to give a final verdict on the existence of classical 3d de Sitter vacua in string theory
and on their stability. Our aim here was instead to highlight these open possibilities and
we leave an exhaustive investigation for de Sitter solutions to future work. We expect that
the study of 3d de Sitter vacua can further contribute to our understanding of such vacua
from the perspective of the swampland program [10, 115-118,134].

We finally stress that even if perturbative stability is achieved for the closed string
moduli, including (anti) D5-branes can open up new decay channels, both perturbative
and non-perturbative, in the open string sector, even if the various parameters are within
a controlled string theory regime. Such instabilities may lead to very short lived vacua or
completely destabilize them.

7.6 Type IIB — Outlook

In this work we have studied flux compactifications of string theory down to three external
dimensions and have highlighted properties that make them an interesting playground to
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test various swampland conjectures. Our primary motivation was to provide the tools for
the construction of the 3d N=1 supergravity, focusing in particular on the superpotential.
Then we studied some simple examples that give us intuition for the vacuum structure.
We focused in particular on discussing the possibility of having de Sitter and Anti-de Sitter
vacua with scale separation and have seen how these vacua are allowed by the effective
theory, but are hindered once we take into account proper quantization conditions as
required in string theory.

As an outlook for future work we would like to discuss various possible extensions.
One direction to expand on would involve a careful treatment of the open string sector,
which we have mostly ignored here. This can be done in various ways. Firstly, as we have
seen, it is un-avoidable to include O9-planes in this setup and so D9-branes also have to
be included. This means that one must study carefully the D9-brane sector which leads
to a non-abelian gauge theory in 3 dimensions. In addition since in principle we would
also need to include D5-branes these would further contribute to the non-abelian gauge
sector on the 3d external space as well as give rise to extra scalar moduli. Overall one
would need to include new contributions also to the superpotential to correctly describe
these sectors. Note that this setup could offer the basis for constructing a 3d toy-model
version of the 4D KKLT construction. Indeed, the non-abelian gauge theory may give
rise to gaugino condensation in the 3d EFT and including anti-D5-branes can give rise
to a putative ulplift mechanism similar to the KKLT model. This may be a worthwhile
endeavor as it may help to further understand the properties of de Sitter vacua in string
theory, if such vacua truly exist, or simply a way to get more intuition about KKLT-type
constructions. Along these lines one could also investigate the impact of Euclidean D-
branes that wrap internal cycles, which we have ignored in the present work. These should
give rise to non-perturbative contributions similar to the 4D case, however the absence of
suitable non-renormalization theorems in 3d N=1 means their form is less constrained. On
general grounds we can expect these contributions to take the form of non-perturbative
exponentials dressed by a perturbative series in the moduli describing the volume of the
wrapped cycle. It is also interesting to note that due to the dimensionality of the branes
involved in our setup, it seems that the effects of gaugino condensation may differ in form
from those of Euclidean D-branes, unlike the 4D scenario.

Another direction worth pursuing is to go beyond the co-calibrated toroidal G2 and
include also the W5 torsion. This is a very interesting development as it would allow to
have more cycles in the theory and so more interesting backgrounds may be found. We
have worked here only with toroidal oriefolds, however, one does not essentially need to
restrict oneself to this set of compactifications. For example it would be important to
study manifolds where the internal space allows warping, and this would also be important
if one tries to build a 3d KKLT type of model, as we discussed earlier. Yet another
direction to pursue would be finding the underlying un-smeared solutions of the orbifolds
we discussed here. In a similar vein, one could also try to realize scenarios where the
D5/05 charge remains delocalized along the internal manifold but comes from topological
flux and curvature terms in the D9/09 worldvolume theory [196]. These scenarios should
be related to resolutions of the orientifold singularities and therefore have a richer topology,
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with the un-smeared orientifold solutions as a limit. Such a study would undoubtedly shed
more light on the properties of Op-planes and the consistency of working with the smeared
solutions presented here.

Finally, one could try to classify all the 3d N=1 vacua that arise from flux compact-
ifications on G2 with torsion and get important insight about the properties of the 3d
swampland, especially by comparing to the dual 2d CFTs. Indeed, as we have seen (from
the few sample examples we presented) the 3d N=1 low energy supergravity has a very rich
vacuum structure, which however remains tractable due to its relatively simple ingredients.
This means that a full classification of the classical 3d vacua (de Sitter and Anti-de Sitter
alike) can be done and a thorough investigation of their properties is possible, especially
using more advanced methods as for example proposed in [197].
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Appendix

8.1 3d minimal supergravity

To describe the matter-coupled 3d N=1 supergravity we will follow closely notation and
conventions from [198]. The three-dimensional Clifford algebra has the 2 x 2 y-matrices
72, where a = 0,1,2 are tangent space indices, and the matrices satisfy {7%,1%} = 2n%,
whereas the properties of Majorana spinors in 3d can be found in [199]. We will refer
with Greek letters u,v = 0,1, 2 to world indices. To make our presentation easier we will
emulate a superspace description in terms of two real Grassmann variables 8; and 6, even
though we will not enter into a specific superspace construction!, instead we will follow
closely the multiplet setup of [198]. The 3d N=1 supermultiplets we will utilize are given
bellow:

e Supergravity sector: ey, is the dreibein, and 1, is the gravitino which is a spin-3 /2
Majorana spinor. This multiplet has a real scalar auxiliary field S. These component
fields appear in the Ricci scalar superfield

S =S+ i6? (R + 6S°) + fermions, (8.1.1)

where we abuse notation and use the same letter for the real superfield and for its
lowest component, and R is the 3d Ricci scalar. Note that because of the Grassmann
nature of the # we have (i6?)* = i0#*. The supergravity sector appears also in the real
super-density

£ = e — 8i#%eS + fermions, (8.1.2)

where e = \/—g¢s.

e Matter sector: ¢! are real scalars, ! are spin-1/2 Majorana spinors, and F! are real
scalar auxiliary fields. The indices I = 1,...n take values on the target space scalar

1See for example [151,200,201] for a recent and full superspace presentation.
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manifold with real coordinates ¢’ and with Riemannian target space metric: Gr;(¢).
Their superspace expansion is

o' = ¢! + 0> F! + fermions . (8.1.3)

e Gauge sector: The gauge fields are denoted as A,(LA) where the indices (A) indicate
that the field transforms in the adjoint, and the gaugini are denoted by A and
are Majorana spin-1/2 fermions. These multiplets do not have independent auxiliary
fields because the off-shell degrees of freedom of A, and A match.

From the above ingredients we can built locally supersymmetric actions, by using a single
superspace integral i [ d?0 and taking into account that i [ d?6(i6?) = 1. For the super-
gravity sector we have

' 1
%/d295 S = §eR — eS? + fermions . (8.1.4)
For the kinetic terms of the matter superfields we have

1

1
~61 d*0E (o)X X" = —eG1,0,0"0"¢” + EGU@?)FIFJ + fermions,  (8.1.5)

where G1;(¢) is the real Riemannian target space metric and for the superpotential P(¢)
we will always use

i

1
5 /d295 P(¢) = §ePIFI — 4ePS + fermions. (8.1.6)

Here P(¢) is a real function of the ¢! and P; = 0P/d¢!. Adding up these ingredients
(and including the gauge sector which has no auxiliary fields) we can then built the most
general Lagrangian for our purposes, which has bosonic sector

L= LR g G (0)0,0'0,6" — LTOFPFPY - V(e),  (817)
with
V(p) = G" PPy — 4P, (8.1.8)

and the gauge kinetic function f(¢) real but otherwise unrestricted. The auxiliary fields
FT and S have been already integrated out in (8.1.7). The G/ is the inverse of the target
space metric Gy;. For completeness let us only point out that the quadratic gravitino
sector has the form

. L 1
e 1£3/2 = _§¢M7“ pDzﬂ/}p - §P¢,ﬂ” Yy, . (8.1.9)
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Then we verify that for supersymmetric AdS; we have [199]

1 1
P)y=0, mgp=P= , (V) =—4P% = — 8.1.10
(P =P =5r—. V) 7 (8.1.10)
The fermionic shifts on a generic maximally symmetric background are given by
1 ab
O%u i An Tab€ T Prje,
o'l =G"Pye, (8.1.11)
shift
A =0
shift ’

where € is the 2-component fermionic Majorana local supersymmetry parameter.

8.2 The unit-volume constraint

The way we will reduce the independent degrees of freedom in a consistent supersymmetric
way is by using a superspace Lagrange multiplier. To this end we define the real three-form
superfield (not a super three-form however)

o =d,5°, (8.2.1)

where the S are here the real superfields with lowest components §. We now postulate
that the effective theory with the correct degrees of freedom is given by the Lagrangian

L‘+z‘/d29 {EA (/qu;m —7)} : (8.2.2)

where we have explicitly kept the X in [ + ® Ax® to indicate that that integration is over
the internal space, and A is a real Lagrange multiplier superfield

A= L+0x"+i0*Fr. (8.2.3)
Once we vary the Lagrange multiplier superfield we have the superspace expression

SA - /¢A;q>:7, (8.2.4)
which guarantees that the condition (4.3.46) is imposed consistently on the full superspace
level. Notice that this condition indeed eliminates one scalar degree of freedom due to

[®AFP|p—g = [ D A %D, but it will also eliminate a fermion degree of freedom because
the 6 order term of (8.2.4) gives

Z/qu/\;cbxﬂ' =0. (8.2.5)
J
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Here we have referred to the superpartners of §° as .

We have until now seen that by introducing the Lagrange multiplier A we can restrict
to the correct number of degrees of freedom and keep supersymmetry. However, we want
to verify that the extra term we put in the action will not alter the form of our scalar
potential. To see this we go to the bosonic sector of (8.2.2) and we focus on the extra term

z’/d29 EA (D AFD — 7))

:eFA(/cBA;cBJ)—8eSL</<’i>A%&>—7>+eL/<1>j/\;<'I“>FJ‘.

Clearly when we vary F'X we get (4.3.46) and (4.3.47) as we want. Then notice that the
second term that contains the supergravity auxiliary field S automatically drops out, and
we are left only with the third term which crucially contains the matter auxiliary fields F7.

Let us now describe how the variation of the third term in (8.2.6) works. First notice
that this term essentially acts as a constraint once we vary L that reads

(8.2.6)

/cbm;ci Fi=0. (8.2.7)

This relation restricts the auxiliary fields of the 5% multiplets and reduces them by one,
consistently with the fact that we wanted to eliminate one complete multiplet. Since the
auxiliary fields F"* are now subject to a restriction, in order to vary them and integrate them
out to derive the scalar potential we have to include this new constraint in the variation.
The simplest way to do this is to study the yet un-restricted auxiliary fields sector

1 1 -
Lpi = EGGZ'J'FZFJ + §€HF1 + eL/(I)j N*DF7 (828)

where we have kept the Lagrange multiplier L and have not integrated it yet, such that
the F* are un-restricted and we can vary them normally. Now we vary both the F* and L

to find
F'=—4GYP,—8LGY / D AXD, (8.2.9)
and of course also (8.2.7). Now we multiply (8.2.9) with [ ®; A %® to find
/d)i AFD F! = —4GY / O, ANFDP P, — 224 L, (8.2.10)

where we are now using the fact that vol(X;) = 1 because the § have been already
restricted from the variation of FL. Now we observe that the left hand side term in
(8.2.10) is vanishing because of the constraint (8.2.7), whereas the first term on the right
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hand side is also vanishing because an explicit calculation for our superpotentials shows
that

G@'J'Pi/cbj A*D =0. (8.2.11)

Then from (8.2.10) we see that
L=0. (8.2.12)
Therefore going back to (8.2.9) we see that on-shell
F'=—-4GYP, — Lpi =—eGPP;, (8.2.13)

and we get the standard contribution to the scalar potential from the S? multiplets even
though they are restricted. We conclude that our scalar potential (4.3.45) is consistent and
respects N=1 supersymmetry even when the §° are restricted to unit-volume. The same
holds for (4.4.33) because of (4.4.35).

Let us give a different and more intuitive perspective now on why we were able to
reduce to unit-volume and keep the scalar potential intact. We will discuss explicitly
the toroidal case, but our discussion works for the other cases as well. As we said we
wanted to have [], S? = 1. This condition could be imposed by setting S? = R 7T where
[, 7" =1, with T* and R real scalar superfields. Then we could re-derive the full theory
using P = P(z,y,r,t") with this new set of superfields, where R|s—o = r and T%|s—¢ = t'.
The most important property of the superpotential is that we would have 0P/0r = 0,
which would also give F'® = 0. Then to reduce to unit-volume, such that we do not double
count the volume, we would have to set on the superfield level R = 1 which would give
r = 1 and F® = 0. The latter condition is completely compatible with the fact that
OP/0r = 0 and this is exactly why our scalar potential does not change form.

8.3 Non-supersymmetric AdS;

Here we verify that there is a non-supersymmetric AdS; when we flip the sign of the Fj
flux for the supersymmetric solution. We first write the scalar potential in terms of the s°

1/ Total _ F(§a>€2y*27$7 + H(§“)e2y+27w7 4+ Cev VT _ T(ga)e%y*;% , (8.3.1)
where C' = T—g and

F(5%) = {—6 > +36]] <§1>2] ,

a

H(3%) = % > (;)2 + 1:[(5")2] , (8.3.2)

a

T(ga)z%m [Zsl—'_HSb] .

a
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Here F(5%) is related to Fy flux, H(5%) is related to the Hs, the constant C' is related to
the Romans mass which does not depend on the 5%, and the function 7'(5%) is related to
the O-plane contribution. Note that all these functions are positive definite.

To minimize the potential we again search for vacua in which §* = 0. We therefore
calculate

oV
ox

v

§%=0 ’ 85“

v
- T Oy

=0, (8.3.3)

§=0

and we find after few manipulations respectively

6 6 6
0=12 [02—1-?] — 2a? {—2%—012} + 7b* — 5ab [——1—06} ,
o o o

6 6 6
0=12 [02 - ?} + 2a? [—2 + 012} + b* — 3ab [— + 06] : (8.3.4)
o o o

36 1 1
0= |:O'2—T:| —a2 |:—2—0'12:| —I—ab |:——O'6:| s
o o o
where we see that the solution is given by the identical same values as the supersymmetric
solution in Eq.(4.4.42). One can also evaluate the normalized V7; on this background and
see that all the eigenvalues of this matrix are positive, and take the values of (4.4.46),

which means that all 8 scalars are stable. Now let us check supersymmetry. First we see
that for our background

3 _Z 1 h Z_ 6 Yy x
PT = Zfey VT |:O' - F} + §6y+ﬁ l; + 06] + %65_\[77 : (8.3.5)
which once we evaluate for the values (4.4.42) we notice that
(vrewly £ —4(pT)?, (8.3.6)

which means we have a non supersymmetric vacuum.

8.4 Einstein equations

In this appendix we list some useful formulas and equations of motion of the Type II
action in Eq.(5.2.1) with the presence of O6-planes in Eq.(5.2.2). For simplicity, and direct
comparison to [106], we absorb Nog in the ) . 6(m;) part and then performing a dimensional
reduction down to d-dimensions.

For the metric in Eq.(5.2.6) we find the Ricci scalar in terms of the warp factor

Rio = w 2Ry + Rao-a) — 2dw 'V, V"™"w — d(d — 1w 2V ,,wV™w . (8.4.1)

Here we define Ry to be the Ricci tensor for the 10d string frame metric Gy, and we
use the same notation for the 7d and the 3d counterparts, i.e. R, and R,,,, whereas when
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we work with the unwarped external or internal space metrics (g,, and g, respectively)
we use the notation R,, and R,,,. The dilaton equations of motion for external d and
internal (10 — d) metric are

d
0=—8V2r +2—R, — S 9w (0™7) — 2d(d — 1)V, wV™w — 4d—V,, V"™ w
w w w w

-+ 27’R(10_d) — T|H3|2 -+ 225(71’1) .
Z (8.4.2)

The variation of the action with respect to the ten dimensional metric G,y in the string
frame gives the following equations of motion

1 d
’7'2 (RMN — §GMNR1()> + 2TGMN<E(8MUJ)(8MT) + V2T>
+ 2(0yT)(ONT) — 27V VNT

(8.4.3)
1 1o 1 N
2 oc
— 7 (1En — 5CanlHsP) = 5 3 (1F iy — 5CwnIB?) — 3T =0,
p=0
where we have used that
d
VuVMr = —o0,wo'r +V,,N"r . V,V"'r = Vir, (8.4.4)
w
and
TJZ\Z(;V = 27—GMN|Op5(Zp+1) = QTHi,MNé(Zp—i—l) . (845)

We contract Eq.(8.4.3) with the 10d metric to find Ry and plugging this back in Eq.(8.4.3)
gives

d 1
— PRy + —ZGMN(aw)(aT) + G (rVT) + GMN(aLT)(a )+ 27V VT
6
1 1 p—
~2(0m)Ox7) + 5 (IHs o — 1GanlB?) + 5 5 (1B Ry — LGl B P)
p=0

1 ocC 1 ocC

+ é(ij — <G T ) —0,

(8.4.6)
where for T'¢ we mean the contraction of 8.4.5 with the metric of the source worldvolume

Thc = GMN TG, (8.4.7)
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Now we contract (8.4.6) with g"” and we get

— 72 (w‘sz - gVQw —d(d— 1)w_2VwVw)

2

+ T 0u)(0r) + 3d(rV?T) + d(@r)(97)

] L8 (8.4.8)
2
+57 <——d|H3 >+§Z<——d|F| )
p=0
1 d
- /uleoc - _Tloc) —0.
T3 (g g 0
Note that we have the relation
d d
Ran = Ry — = <8n8mw - 85wann> = Rupn — — V0w (8.4.9)
M=m,N=n w w
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