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Abstract

This thesis focuses on classification of supergravity solutions in ten and eleven di-
mensions. By imposing supersymmetry, supergravity reveals a plethora of elegant
geometric structures which can be defined from the fermionic supersymmetry pa-
rameters. Such geometrical data are called bispinors and are the central topic of this
thesis. In the first part we explore how it is possible to exploit bispinors in order to
get a more elegant reformulation of background supersymmetry conditions. This
discussion is performed in a general context without assuming any factorization of
space-time. The bispinor framework allows to interpret many of the new supersym-
metry equations as calibration conditions for sources, where a calibration is a dif-
ferential form which detects branes with minimal energy. We also discuss the con-
nection between calibrations and BPS bound and we provide a definition of central
charges in purely gravitational terms. Aside from these formal results, probably the
main achievement of the bispinor formalism is that it drastically simplifies the task
of classifying supergravity solutions. After discussing how to apply these techniques
to AdS, and R3 backgrounds, we perform a complete classification, in both type II
supergravity and M-theory, of R!® solutions preserving 71 = 2 supersymmetry with
SU(2) R-symmetry geometrically realized by a round S? factor in the internal space.
For the various cases of the classification, the problem of finding supersymmetric
solutions can be reduced to a system of partial differential equations. These cases
often accommodate systems of intersecting branes and higher-dimensional anti-de-
Sitter solutions. Moreover we show that, using chains of dualities, all solutions can
be generated from one of two master classes: an SU(2)-structure in M-theory and a
conformal Calabi-Yau in type IIB. In the last part of the thesis, we show that it is pos-
sible to relax some of the bispinor equations and generalize all the classification to a
larger non-supersymmetric context.
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INTRODUCTION

String theory [1, 2, 3] is so far the most successful setting which implements quan-
tum gravity and gauge interactions in a consistent way. These features justify why it
monopolized the attention of theoretical physics community in the last decades and,
despite the enormous effort, only a small corner of possible string theory realizations
has been explored so far.

Even if, in a perturbative limit, string is the only fundamental field, the theory
is also populated by various higher dimensional extended objects which appears at a
non-perturbative level. These are generically called branes [4] and can be considered
as fundamental as the string itself. In string theory we can distinguish two different
types of dynamical branes: D-brane and NS-brane. While the first kind can be per-
turbatively described in terms of open string, the second type cannot and must be
understood via string dualities.

Since the string revealed not to be the only one fundamental object, one may
ask if it can be substituted with a paradigm which contains just membranes. This is
believed to happen and the resulting theory is called M-theory [5], which is another
possible quantum gravity realization.

One of the main difference between string theory and M-theory lies in the num-
ber of space-time dimensions where they are well defined: the first one is consistent
only in ten dimensions, while the second needs eleven. This feature is responsible
for their richness, indeed one can think to realize some space dimensions as a small
compact manifold, also called “internal” space, while leaving the “external” manifold
non-compact. This mechanism is also used to embed our everyday physics in the
string-theory context, indeed if the internal space is small enough the external-space
theory will just have usual four-dimensional matter and interactions. For studying
such realizations it is not necessary to take into account effects due to quantum
physics or heavy states and it is enough to consider the low-energy classical limit of
string and M-theory, which is respectively ten- and eleven-dimensional supergravity.
As the name suggests, one of the key ingredient underlying supergravity is supersym-
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Introduction

metry.

Supersymmetry is an incredibly useful tool for classifying supergravity backgrounds:
when a solution saturates the Bogomol'nyi-Prasad-Sommerfield (BPS) bound it sat-
isfies the equations of motion if it solves supersymmetry conditions, which are a first-
order system of partial differential equations (PDEs). This system is the key to achieve
a formal study of the geometry of the solution [6, 7, 8] : imposing supersymmetry re-
veals a plethora of elegant structures which can be constructed from the fermionic
supersymmetry parameters. These structures are usually differential forms and they
can be used to replace the first-order spinorial system with one which involves just
closure conditions and other natural operations on forms [9, 10, 11]. In this reformu-
lation the metric only appears indirectly, which makes the obtained equations easier
to solve than the original ones. Moreover, in some cases they also have an elegant
physical interpretation in terms of brane calibrations [12, 13].

In differential geometry, a calibration is a closed form that measures if a subman-
ifold minimizes its volume [14]. In supergravity context a calibration measures if a
brane minimizes its energy, therefore calibrated branes satisfies the BPS bound, i.e.,
they are supersymmetric. Calibration conditions are therefore equivalent to impose
that part of the background supersymmetry is preserved, indeed it was conjectured
that it is possible to reformulate the BPS equations entirely in terms of calibration
conditions. A strong indication that this is the case can be found in [15] and it is part
of the work this thesis is based on.

Requiring that supersymmetry is preserved dramatically simplifies the task of
constructing explicit solutions, and saturation of BPS bound guarantees stability [16,
17]. However, many interesting theoretical and phenomenological problems such as
realization of de Sitter (dS) vacua, holographic understanding of color confinement
and studying of black hole thermodynamics require non-supersymmetric solutions.
While models have been proposed, concrete constructions of non-supersymmetric
backgrounds have been elusive so far and this task is complicated by the existence
of several no-go theorems [18, 19], conjectures [20, 21] and swampland arguments
(22, 23, 24].

Luckily, it is possible to evade the no-go theorems, which mostly affect the dS
case, by adding quantum corrections and/or orientifolds, which are non-dynamical
branes with negative tension, so one can still hope that string theory can be used to
get a realistic description of our reality. The same no-go theorems apply if we are
studying Minkowski vacua, where the cosmological constant is fine-tuned to vanish.
Even if again orientifolds are necessary to get a proper solution with fluxes, super-
symmetry can still be preserved, so one can use the powerful tools described above
to find solutions which evade the no-go theorems [25]. Therefore a more general
study of Minkowski backgrounds can be useful both as a laboratory for string theory
dynamics and as intermediate construction for the dS case, as it was done in [26] (but
also [27, 28] for instance).
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Moreover, a Minkowski classification is also useful from a holographic perspec-
tive, indeed anti de-Sitter (AdS) solutions admit a description in terms of a folia-
tion of Minkowski over a non compact interval. Even if supersymmetric AdS back-
grounds admit a detailed classification, at least in high external-space dimensions
[29, 30, 31, 32, 33], they always assume a global AdS factor from the start and there-
fore are not particularly useful for studying certain non-conformal behaviors such as
RG flows, where the AdS vacuum corresponds to a conformal fixed point at one of the
two ends of the flow.

A classification of four-dimensional external-space Minkowski solutions in string
theory is performed in this thesis using the so-called pure spinor equations [11, 34].
These are a set of differential form equations which can be elegantly embedded in the
context of generalized complex geometry [35, 36], which is a mathematical approach
which consider G-bundle defined on the direct sum of the tangent and contangent
space of the internal-space manifold. For M-theory it is not possible to find such an
elegant description, still a system of BPS form-equations exists [37].

It is clear that these approaches are closely related to supersymmetry, and thus
the study of general non-supersymmetric Minkowski compactifications is much more
difficult. However, one can start by asking if there is a subset of non-supersymmetric
solutions which share the same integrability properties of supersymmetric flux com-
pactifications, i.e., if there exists a modification of the pure spinor equations which
allows to solve the equations of motion but preserving a first order formalism. The
answer to this question is in general unknown, but there are very special examples in
type IIB string theory in which such a condition is satisfied [25, 38]. In this thesis, us-
ing the classification achieved in four-dimensional Minkowski solution, we will show
how to break supersymmetry by directly modifying the pure spinor equations also in
type IIA supergravity.

The thesis is divided in two parts. In the first one we deal with the more formal
and general aspects of supergravity in ten and eleven dimensions, following mostly
[15,9, 10, 13]. We start with an introduction of them focusing on the solitonic objects
that populate these theories and on the duality between them. In chapter 2 we intro-
duce the bispinors method from an algebraic viewpoint; in particular we will derive
the structure group defined by such objects on both the tangent bundle and the gen-
eralized tangent bundle and we will show how they transform after a string duality. In
chapter 3 we apply what we have learned from the previous chapter to derive neces-
sary and sufficient conditions to rewrite supersymmetry in terms of spinor bilinears;
integrability is also discussed and a system of form equations which is invariant un-
der the SI(2,R)-symmetry of type IIB is presented. Many of the form equations are
interpreted in chapter 4 in terms of calibration conditions for fluxes. After a review
of how a calibration is related to the BPS bound, calibration conditions for D-brane,
fundamental string, M2- and M5-brane are discussed. Moreover, the calibrations for
NS5- and NS9-branes are presented, together with a discussion on the KK-monopole
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calibration, which involves the definition of central charges in purely gravitational
terms. Before concluding the first part, some applications of the systems presented
in the third chapter are considered in turn in chapter 5. In particular, we focus on
AdS; x Mg solutions in type IIA supergravity, which are relevant for the classification
of near-horizon backgrounds, and on R x Mg solutions, which will be useful in the
second part of the thesis.

In the second part, following [39, 40, 41], we perform a classification of R13 x §2
solutions in both type II and M-theories. The classification is mainly based on the
pure spinor equations derived in chapter 5, restricted to fit a round sphere in the
internal space. After specializing spinor and fluxes to accommodate SO(3) isome-
tries and discussing some properties of these solutions from a spinorial viewpoint in
chapter 6, we start the classification for type II supergravity in chapter 7. In partic-
ular we discuss two master classes, one in IIA and the other in IIB, from which all
the possible R x §2 solutions can be generated using string dualities. In chapter 8
a similar classification is achieved but in M-theory; we will show that these solutions
are actually linked to the ones of type II supergravity and they can actually generate
some of them. In chapter 9 we will focus on backgrounds with an AdS factor, which
can be derived from the R!"® x 2 classification and allow to make contact with many
known solutions. In the last chapter we present, following [42], a method to break
supersymmetry in all the classes contained in the R'"® x §? classification of type II
theories. In particular, similar to what it was done in [25], we will manage to solve the
equations of motion while keeping a first order formalism.

vii



Part 1

General BPS configurations in
supergravity



CHAPTER 1

INTRODUCTION TO SUPERGRAVITY

In this section we will introduce maximally supersymmetric ten- and eleven-dimensional
supergravity, which are respectively the massless sector of type II string theory and
M-theory. In ten dimensions maximal supergravity has two fermionic variations, and

it comes in two types: type IIA and type IIB, depending on the chirality of super-
symmetry generators; in particular we have that type IIB is chiral while IIA is not.
Eleven-dimensional supergravity on the other hand is maximally supersymmetric
with 71 = 1 supersymmetry. Maximal supersymmetry is a strong constraint on the
possible structure of these theories, indeed it fully determines them. Let’s see a bit
more in detail the properties of these theories.

1.1 Eleven-dimensional supergravity

In this section we will mainly adopt the conventions of [10], which are partially sum-
marized in appendix A. Eleven-dimensional supergravity consists just of three fields:
a metric g, a three-form potential A with four-form field strength F = dA and a
gravitino Wj,. As customary in supergravity we set the all fermionic fields to zero',
Y =0, so that we have to deal just with bosonic configurations. The bosonic action
is given by

1

Spp= ——
M 2K3,

1 1
(\/_—ng“x—EF/\*F—EA/\F/\F : (1.1)

The get an eleven-dimensional supergravity solution one have to solve the fol-
lowing two equations of motion, obtained by varying the action respect to gy/n and

IThis condition is actually a requirement if we are interested in vacuum solution, but for now we
will keep the discussion general.



1. Introduction to supergravity 1.1. Eleven-dimensional supergravity

the potential A
RMN—EFM-FN+LgMNF2 =0, (1.2a)
2 122
d*F+%FAF:O, (1.2b)

where Fy; = 1)/F, F?> = F-F and the dot operator - together with the other form op-
erators are defined in appendix A.1. Notice that also (1.2b) can be used to define a
magnetic potential C associated with F, indeed we can rewrite it as

1
d(*F+5A/\F):0, (1.3)
which is locally satisfied if there exists C such that
1
dC:*F+§A/\F. (1.4)

As anticipated in the introduction, M-theory contains also non-perturbative mem
branes called Mk-branes where k = 2,5,9 is the number of their spatial directions.
Membranes act as sources for the potential A and C, in particular the M2-brane is
electrically charged respect to A and magnetically respect to C and vice-versa for the
M5 brane; on the other hand the M9 arises as the Z, fixed point of the Horava-Witten
theory [43] and therefore is not charged under any fields and interacts just with the
metric.

In presence of a brane we have to modify our action adding those of the sources,
which is given by the ABJM action [44] for the M2-brane sitting on a ADE singularity,
PST action for the M5 [45] and the action in [46, 47] for the M9. The result of this
operation is that the equations of motion get modified and the potential A and C
cannot be defined because F and *F + %A A F are not closed anymore near to the
source, schematically

dF =65

1 (1.5)
d*F+§F/\F:63

where 6 is a delta-like k-form localized on the transverse directions of the electrically
charged brane. We refer to the next section for a more detailed discussion in the D-
brane setting.

Since the fermionic field is set to zero, in order to impose supersymmetry it is
enough to set to zero the fermionic supersymmetry variation, which, using the prop-
erties of gamma-matrices in odd dimensions (appendix A.2), can be written in the
following way

1
VMG—ELM(*F+2F)€:0, (1.6)

3



1. Introduction to supergravity 1.2. Ten-dimensional supergravity

where € is a Majorana spinor and all the forms are mapped to bispinors via Clifford
map (refer to appendix A.3 for more details and definitions).

As anticipated in the introduction, solving supersymmetry constraint (1.6) im-
plies, to a certain extent, the equations of motion. This can be made more precise in
the following way; using the relation

1
YNV VN e= ZRMNYNe (1.7)

and substituting to the left-hand side the supersymmetry condition (1.6) it is possible
to show that

1
EgMNFz))/Me‘:O (1.8)

provided that the Bianchi identity d F = 0 and the second equation of (1.2) are satis-
fied. It is important to stress that the condition (1.8) is not always enough to ensure
that all the components of M-theory Einstein equation (1.2b) are set to zero, indeed
it can happen that some of them must be imposed as extra-constraints (see for ex-
ample [48]).

1
(RmN — EFM -Fn+

1.2 Ten-dimensional supergravity

In this section we will review both type IIA and type IIB supergravity following the
conventions of [9, 15]. Even if they are two fundamentally different theories, it is pos-
sible to introduce them together by using the democratic formulation of supergravity
[49]. In this formalism the fermionic sector of the theory is given by two gravitini and
two dilatini

vy, AP (1.9)

which are Majorana-Weyl spinors. In ITA lew and A! have positive chirality and 'v”?vl
and A2 have negative chirality while in IIB all the fields have the same (positive) chi-
rality. The bosonic fields organize themselves in a common part, the NSNS sector
(NS is a shorthand for Neveu-Schwarz) which is composed by the metric g, the dila-
ton ¢ and a two-form potential B, and the Ramond-Ramond (RR) sector, which can
be recast as a formal sum of differential forms C; with different degree i

(1.10)

_ Ci+C3+Cs5+C7+Cy for ITA
Co+Cr+Cs+Cg+Cg forllB '

All these potentials can be used to define the field strength in the following way
H=dB, F=dC-HAC=dyC, (1.11)

where now F is a polyform with even degree in ITIA and odd degree in IIB. Actually
type IIA supergravity admits also a constant zero form field Fy which is called Romans

4



1. Introduction to supergravity 1.2. Ten-dimensional supergravity

mass, which did not arise from any potential because it does not carry any degrees of
freedom. In massive type IIA supergravity (1.11) get modified as follows

F=dyC+eP F. (1.12)

Notice that since H is closed the twisted external derivative d ;y defines a cohomology
d3, =0, indeed the Bianchi identities for F, dy F = 0, is equivalent to the existence of
the potential C. In the democratic formulation of supergravity however the RR fluxes
are not all independent but are linked by a (anti)self-duality” relation

F=x%A(F) (1.13)

which is not imposed by the equations of motion coming from the action we present
here. This basically means that the democratic pseudo-action is nothing but a mnemonic
tool to obtain the equations of motion; however, other approaches exist to get proper

a proper lagrangian, for example [50]. Again, since we are mainly interested in the
study of bosonic configurations, we set to zero all the fermionic fields. The remain-

ing part reads:

1 1 2¢
S10=— e'2¢\/_—gd10x(R+4(d(,b)2——Hz—e—Fz- (1.14)
2K7o 2 2

By varying Sjo respect to the dilaton, the metric and B we get, after some manipula-
tion, the following set of equations of motion

1.1
V2¢—(d¢)2+ZR—§H2:O, (1.15a)
1
d(e ™ xH)- 5 (EPs=0, (1.15b)
1 e’? 1 )
RMN"'ZVMVN(P_EHM'H —7 FM'FN_EgMNF =0, (1.15¢)

which must be solved together with the Bianchi identities
dH=0, dyF=0. (1.16)

String theory contains a broader variety of objects compered to M-theory. The
best understood are D-branes. D-brane is a shorthand for Dirichlet membrane, and
is an extended objects upon which open strings can end with Dirichlet boundary
conditions. A Dp-brane couples with the p + 1-form potential Cp; of the RR sector.
This immediately implies that type IIA has just even-dimensional branes while type

2 The field are self-dual or antiself-dual depending on the degree of F according to the definition of
A given in (A.4).



1. Introduction to supergravity 1.2. Ten-dimensional supergravity

IIB odd-dimensional ones. Thanks to the self-duality relation (1.13) a Dp-brane can
be electrically charged under C,+; or a magnetically charge respect to C7—,. Notice
that type IIA admits a D8-brane which is charged under F;y = * Fy, which is a non-
dynamical field strength, while IIB admit a self-dual D3-brane due to the relation
Fs = «F5 and a space filling D9-brane, whoese potential is pure gauge. In the low-
energy limit of string theory we are considering, the action of a Dp-brane wrapping
a p+1-cycle § is given by a Dirac-Born-Infeld plus Chern-Simons terms

SDp :—'qu‘[Sdpre_(p\/—det(gky +9’d)+,qufSC|cS’/\eg (1.17)

where up, > 0 is the brane tension and 7 is the gauge invariant world-volume field-
strength on the brane which satisfies d.F = — H|¢°. It is now clear that by adding this
source to the supergravity action (1.14) and varying respect to C.; we get that the
Bianchi identity (1.16) gets modified in a similar fashion to what happened in the
M-theory case (1.5)

dp Fs_p = 2x%4pp,89-p (1.18)

where the 69_, is defined such that

fC|§=ch59_p. (1.19)
(‘9

Notice that thanks to the e” factor in the Chern-Simons term of (1.17) it is also pos-
sible to have Dp-branes which are charged under all the RR potential C with degree
lower then p.

D-branes are not the only extended object which carry RR charges, indeed string
theory allows also non-dynamical objects called O-planes. The “O” stays for orien-
tifold, which is a quotient procedure that involves both a space-time involution and
worldsheet parity. The fixed locus of the space-time involution becomes a source for
the RR fields which is the O-planes itself. Their action is identical to the D-brane one
except that it has not dynamical field 7:

dp Fs_p = 2c34110,09-p - (1.20)

One of the most peculiar property of O-planes is that their tension has opposite sign
respect to D-branes po, = —2r—4 KD, SO, in a sense, they are source for anti-gravity.
Their repulsive nature can be seen as the reason why they are necessary for compact-
ification to dS and Minkowski external space.

3Notice that F cannot be just the B-field because it is not gauge invariant, so we need an extra one-
form field a, which leaves on the branes, in order to compensate this freedom. In general we have
F=B|s+da



1. Introduction to supergravity 1.2. Ten-dimensional supergravity

Obviously, also the fundamental string can be seen as an extended object of string
theory. When it moves in a non-trivial background it couples with the NSNS three-
form H, indeed its action is simply composed by the usual Nambu-Goto term plus a

Wess—Zumino palt:
Sp1 = —U f dé \/—det( |g)—u f B|C>. (1.21)
F1 F1 S g S F1 S

Similarly to what we have seen in M-theory, it is also possible to define a magnetic
potential for the fundamental string starting from the equation of motion of H. Using
the Bianchi identity for F and the property (A, B)4 = (-) dd-1I2(g A) 4, We can rewrite
(F,F)g = —d(F,C)7 + Fo(e"B"C)7 (where F, is turned on just in IIA) and therefore the
second equation of (1.15) reads

1 1
d | «H+Z(FCly ~ S Fle™"" 07| =0. (1.22)
This means that we can locally define a potential B such that:
~ 1 1
dB :e_2¢*H+§(F, C)7—§F0(e_B’\ C)7. (1.23)

This differential form can also be seen as an electric potential for the “magnetic dual”
of the fundamental string, which is a brane wrapping six space-time dimensions
called NS5-brane. Differently from D-branes, the NS5-brane is a little more subtle:
since it has not a direct definition in terms of open strings, but only as solitonic su-
pergravity solution, its action can be understood just using string dualities. Dualities
will be examined in depth in section 1.3 and 2.4, however let us anticipate that for
ITA the NS5 action can be derived by dimensional reducing the M5-brane action of
M-theory along a transversal direction as done in [51], while for IIB it can be obtained
from the D5-action using an S-duality transformation [52]. Similarly to the D-brane
case, there exists also a kind of O-planes that are charged under B but carry nega-
tive tension. These surfaces are called ONS5-planes and they are generated at the
worldsheet level by a simultaneous action of the left fermionic number (-)* and a
parity transformation along the transversal directions [53]. The last peculiar object
we introduce in this section is the NS9-brane, which is a space-filling non-dynamical
membrane which, similarly do the D9-brane, does not carry any charge.

After this digression on the classification of the string-theory objects, let us intro-
duce the fermionic supersymmetry variations that must be set to zero in order to get
a BPS solution. In the notation of [9], they read

1 e? 1
(DM—ZHM)€1+1—6FYM€2:O, (D—ZH—G(/))Q =0, (1.24a)
1 7 €e? 1
DM+4_1HM €+ (—) EA(F)YMGI:O, D+ZH_6¢ € =0, (1.24b)



1. Introduction to supergravity 1.2. Ten-dimensional supergravity

where the sign (=)l = (—)deg(F) g the only difference between IIA and IIB. Here ¢,
and e, are a pair of Majorana—Weyl spinors and, while in IIB they have both positive
chiralities, in type IIA we take the chirality of €; to be positive while the one of €,
negative. Acting with y™ on the two equations on the left and subtracting the ones
on the right side it is possible to get other equations which were the original dilatino
variations:

1 e

Ocp—EH €1+1—6y Fyy€2=0 (1.25a)
1 |F|e¢’ M

(6¢+EH)€2+(—) 67 AF)yp€1=0. (1.25b)

Integrability conditions for a BPS solution are discussed in [38], let’s review that
argument here. Define, first of all, the following differential operators which act on a
vector of spinors € = (€1, €2)

1 e? 0 F
Dy=|Dy®1—-HpyQ®03|+— ,
M ( M g M 3) 16 ((—)|F|/1(F) O)YM 1.26)

1
Az(D@ﬂ—ch@ﬂ—ZH@og).

Moreover, we can also use these operators to write the dilatino super-variation oper-
ator A =yM®D,; — A. Now supersymmetry conditions can be rephrased as

Dpe=0, Ae=0. (1.27)

Using Bianchi identities for F and H it can be proven that

1 1

[@N,A]E—[YM,CDN]@MGJZ(——ENMYM®ﬂ——5HNMYM®03 €
2 4

B ) (1.28)

Ae-— DM®1]—20M(/>®1]—ZHM®03)CDM6:—De

where D is the dilaton equation defined as in (1.15a), Ep;y is the Einstein equation
and 6 Hy )y is the Hodge dual of (1.15b)

1
5 HyprdN AdaM = x 2 (d(e-2¢ H) =S (B Py . (1.29)

Itis clear from (1.28) that setting to zero supersymmetry variations (1.27) implies the
dilaton equation and at least some components of B-field and Einstein equations,
but not necessarily all of them [54, 55] .
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1.3 Dualities

String and M-theory enjoy a thick web of dualities which link apparently discon-
nected quantities like large and small scales, strong and weak coupling and quan-
tities with different dimensions. The dualities we will discuss are T-duality, SI(2, Z)
symmetry and M-theory to IIA dimensional reduction. T-duality is a transformation
which allows, under certain conditions, a map between type IIA and type IIB string
theory. SI(2, Z) symmetry, which in the supergravity limit becomes SI(2, R) symmetry,
is an equivalence of field configurations in type IIB, while M-theory dimensional re-
duction reproduces type IIA supergravity with the Romans mass turned off. In this
section we will show how the various fields are mapped after one of these transfor-
mations.

1.3.1 T-duality

Type Il theories with d commuting isometries are characterized by an O(d, d; Z) group
of T-dualities. Any element of the O(d, d;Z) T-duality can be decomposed into a
product of simple T-dualities along a given Abelian isometry”®, discrete diffeomor-
phisms and shifts of the B-field. We can then focus on the action of a single T-duality
along a certain isometric direction, parameterized by a coordinate y where 0y is a
compact vector field which is not just Killing but also a symmetry of the whole solu-
tion (i.e., its Lie derivative kills any fields). This kind of T-duality consists in a map
between type IIA and IIB supergravity both endowed with an isometric compact di-
rection, however the circle radii in these two theories are inversely proportional.

The T-duality rules for fields and supersymmetry parameters were first introduces
by Buscher [57, 58] and Hassan [59], however in this section we will follow an ap-
proach more similar to [60], which revisits T-duality using a flat-index notation.

Let us then split the coordinates as M= (x™, y), with m =0,...,8. We decompose
the fields as:

dsiy=ds; ,+€*“(dy+A1)?, B=By+Bindy, F=F +FAE, (1.30)

where EY = e“(d y + A;). Then a T-duality along one direction results in the following
identifications of fields between type I1A and IIB supergravity

dsjp=ds; ,, pP=¢pt-C4, CP=-C4,
BE=B}+A%ABA, AB=-B#,  BBE=-4A4, (1.31)
FB= eCAF”A, Flf = eCAFf

where EY is the vielbein one-form while superscripts A, B denote in which theory the
field is sitting. One can check that the supersymmetry conditions (1.24) are invariant

4See [56] for non-Abelian case.
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if also the spinors follow the transformation rules
6‘119 = ef‘, eg = —Eyeé‘, (1.32)

where now EY must be interpreted using the Clifford map (A.16).

1.3.2 SI(2,R) duality

Type IIB supergravity enjoys a very natural reformulation in terms of SI(2,R) objects
when the metric is rescaled according to Einstein frame. However, in order to give
some technical details which will be useful later on, let’s start by summarizing SI(2, R)
symmetry in the formalism of type IIB supergravity we have seen so far. Given a
generic element

A= (‘Y” g) eSI2,R) (1.33)
the following transformation is a symmetry of the action:
LR R "= YT +6] G)_(@ PG (1.34)
T_')/T+6, 5= 45 g =1rT 8 BI_,)/ S5I\B .

where 7 = Cy+ie~?. Let’s now define S-duality as a particular involution inside S1(2, R)
givenbya=06=0
=-t'  C,=B, B=-C, (1.35)
since the imaginary part of 7 is the string coupling e~?, the transformation rule for 7
implies that we may move from a strong to a weak coupling regime.
From (1.34) it is possible to derive potential transformation rules. From F, = F5
we get

dCZIZdC4—dB/\C2+dB,/\Cé

1.36
=dCs+BO6BAAB+ By(BAACy+dBACy)+ayCoAdCy ( )

and thus )
CA&: C4+ﬁYB/\C2+5(@)’C2/\C2+ﬁ532/\32). (1.37)

Moreover, performing a SI(2, R)-duality on the antiself-duality relation F; = — % F3

d(Cy =—-*'dCy+Cy*x"H' + H ACy, (1.38)

10
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we get, using the fact that under a conformal transformation g — a?g the Hodge dual
of a k-form Q transforms as *Qj — a? 2% % Q.

1

d(C) =ye ™ x H+ (Coy +8)dCs—yCoCs AdB+yCy A dy +§(ﬁ6282 AdB

+BYSB* AdCy+ BySBACoAdB+ By*BACo AdCy +aydCi AdB+ay*Cs AdCy)
. 1

:’)/dB+5d6 +§(Y(Cod6+dC0 ACg+CyAdCo+dyACy) +ﬁ6ZBZAdB

+ByYSB*AdCy+ BYSBACo AdB+ By BACoAdCo+ By*Cs AdB+ay*Cs AdCy),
(1.39)

where the definition of B (1.23) was used. From the last line one can check that the
correct transformation rule for Cg is:

Ch=yB+38Cs+ g (CoCs+CyACa+ BBACIABB+yCo))+ % (B6°B* + ay*Cy)).
(1.40)
Another important ingredient we need is the transformation rule of spinors. Us-
ing the fact that we do not want (1.24) to vary, it is possible to check that the spinors
transform under an U(1) subgroup of the original SI(2,R) symmetry

(e’l) 1 (cos(B/Z) —sin(9/2)) (61)

)T Gin@r2)  cos912) ) e (141

where 0 = arg(yt + 6).

1.3.3 IIA/M-theory duality

If in M-theory we have a compact U(1) direction which is a symmetry of the whole
solution, it is possible to perform a dimensional reduction along it and land to type
ITA supergravity. Unfortunately it is not possible to turn on the Romans mass with
this procedure, so that type IIA supergravity is not just a particular case of M-theory.
On the other hand, when Fy = 0, a solution in type IIA can be lifted to one in M-theory
with an internal isometry, so again M-theory is broader than massless type IIA.

In this section we will use a hat to distinguish eleven-dimensional quantities from
the ten-dimensional ones. To perform the dimensional reduction we will follow [61]
and [3, Chap. 8], whose conventions are consistent with ours except that in IIA we
have tomape€;» — €21, C; — —C; and H — —H (see appendix A.2 for more details).
In particular, the metric and the supersymmetry parameter split as follows:

dsi;; = e‘§¢dslo + e%"’(dx10 - C)?
€1t+€n (1.42)
) 10€1 = —€1.
vz 7

11

1
€=e 57
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while for A and the associated field-strength we have:

A=C3-Badx',
5 (1.43)

=F,-HAWdx"-C)).

We can also express the M5 potential C in terms of ten-dimensional quantities,
starting from (1.4) and substituting

*11 ﬁ: *11(—6%4)[7/\ Elo + €%¢F\4) = —6_2¢ x10H—FgN\Cy + Fg /\d)C10

A (1.44)
AANF=C3ANHAC, +C3AFy—(BAdCs;+Cs A H)Adx!?,
we get, using (1.23) and (1.11)
A =~ 1 0 1 10
dC=d —B—§C5/\C1+C5/\dx —EBAC3Adx , (1.45)
so that we can take
~ ~ 1 1
C:—B—EC5/\C1+C5/\dx10—§B/\C3/\dx10. (1.46)

1.3.4 Dualities and branes

As we have just seen, after a duality, fields rearrange themselves in a completely dif-
ferent manner, so it should not be surprising that also branes must be mapped from
one to another. Understanding how this happens is of fundamental importance,
since in many cases dualities provide the only shortcut to get a detailed description
of many objects. So let’s analyze these relations starting from T-duality.

The best known and understood mapping between branes under T-duality is the
one of D-branes. As shown in (1.31), the orthogonal component of the RR-flux be-
comes, in the dual theory, a parallel component and viceversa, which means that
under T-duality the orthogonal components increase their form-rank while parallel
ones lessen it. This property reflects brane behavior, a Dp-brane becomes a D(p—1)-
brane if the T-duality is performed longitudinally to the worldvolume and a D(p + 1)-
brane if it is orthogonal. This rule has a deeper explanation in the fact that T-duality
exchanges Dirichlet with Neumann boundary conditions of the open string. The T-
dual of a NS5-brane works in a slightly more delicate way: first of all since the NS5
electric potential is, roughly speaking, linked to the Hodge dual of B via (1.23), we
must interpret the invariance of the orthogonal component of the B-field as the fact
that the longitudinal part of a NS5-brane is mapped again into the longitudinal part
of a NS5-brane of the dual theory. On the other hand, (1.31) exchanges the B-field
longitudinal component with the metric fibration associated with the U(1) isome-
try. This means that the orthogonal part of a NS5-brane is T-dualized to an object

12
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which is a gravitational solitons [62], called Kaluza-Klein (KK) monopole. In type II
theories such a solution is obtained as R®x a four-dimensional Gibbons-Hawking
space [63], which implies that the KK monopole is a five-dimensional object (KK5).
However, this issue is complicated by the fact that for the case of a single monopole
the solution is actually completely smooth, so it is not clear on which submanifold
a world-volume action should be based on. In spite of this difficulties, the existence
of the KK-monopole in both type II supergravity and M-theory is guaranteed by the
existence of corresponding central extension in the supersymmetry algebra for this
object [64], and an attempt to write an effective action for it was made using dualities
[52, 65].

Let’s now move on and discuss SI(2,R)-duality. One of the most peculiar charac-
teristics of type IIB supergravity is that it has a fundamental one-dimensional object,
the string, and a solitonic one dimensional object, the D1-brane, which is not funda-
mental at least in a perturbative limit. One may wonder if this changes at the non-
perturbative level. S-duality confirms that the answer to this question is yes and that
the D1 is exactly as fundamental as the string, since (1.35) exchanges D1-brane and
string potentials. Therefore a generic Sl(2,R) transforms a D1-brane and the string in
a doublet, so it is customary to mix in general these two objects talking about (p, )
1-branes. The same holds true for their magnetic dual, i.e. D5- and NS5-branes, or,
more in general (p, q) 5-branes. On the other hand, since the F5 field strength is al-
ways invariant, the D3-brane transforms into itself. Also D7-branes can be viewed
as transforming in a doublet of (p, ) branes, even if in [66] it argued that there are
actually three different eight-form potentials which transform as a SI(2,R) triplet but
with a constraint, such that they describe the same propagating degrees of freedom
as the dilaton and Cy. D9-branes are even more peculiar objects, indeed it is possible
to extend the supersymmetry multiplets adding bosonic spacetime fields which do
not propagate any degrees of freedom. These “fake” degrees of freedom are perfect
to describe ten-forms potential which couples to a space-filling branes, and it was
found in [67] that there can be four types of ten-form potentials with two constraints
between them. However, since these never explicitly appear in our discussion, we
will simply need to distinguish the D9-brane and what we call the NS9-brane, i.e.,
the D9-brane after a S-duality transformation. Despite the fact that it is an exotic ob-
ject, the NS9-brane is actually fundamental to justify the construction of type I string
theory starting from IIB. In this scenario usually 32 D9-branes are necessary to com-
pensate the O9-charge which arises from the worldsheet parity transformations, for
this reason the fundamental string which end on the D9 carries SO(32) Chan—Paton
factors. If we now try to describe everything in an S-dual setting, the D1-brane is the
fundamental object, which now cannot end on a D9 but must end on its S-dual, so
the presence of NS9 is necessary to make this construction consistent. NS9 exists
also in type IIA, as we will show by T-dualizing the NS9 calibration form type IIB.

Let’s now quickly move on the duality between M-theory and type IIA. As one

13
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can see from (1.43), the M-theory three-form potential contains both C; and Bj; this
means that when we perform a dimensional reduction of a M2-brane along a longi-
tudinal direction we get the fundamental string in type IIA, while if we perform the
same operation but in an orthogonal direction we get the D2-brane. Similarly an
M5-brane reduces into a NS5- and D4-branes if the reduction is performed orthogo-
nally or longitudinally respectively. D6-branes are more peculiar since C; is pure ge-
ometry in M-theory (1.42), however we just introduced a purely geometric solitons,
the KK-monopole, which can play the role of dual of a D6-brane in eleven dimen-
sion. In particular M-theory has six-dimensional KK6-monopole, which becomes a
KK5-monopole or a D6-brane depending on the direction we are reducing on. We
have seen that eleven-dimensional supergravity contains a M9-brane, which is not
charged under any potential, in this case such a brane should reduce to the D8- and
the NS9-brane in type IIA, which are both not charged under any potential.

14



CHAPTER 2

(BI-)SPINORIAL GEOMETRY

The presence of fields defined all over the D-dimensional spacetime manifold M has
important implication from a topological and geometrical perspective. In such a sit-
uation the usual tangent frame bundle GI(D) gets reduced to the stabilizer of the ob-
ject we are considering, leading to a reduction of the structure group which is also
called G-structure, where GESGI(D). One of the most classical examples is the pres-
ence of a metric tensor fields g, which leads the structure group from GI(D) to O(D)
and implies that the spacetime M must be paracompact. Similarly, if we have also
a non-vanishing well-defined vector field v € T M we have to consider the common
stabilizer of both g and v, whichis Stab(g, v) =O(D-1). In such a situation we also get
that the Euler characteristic vanishes. It is natural to expect that something similar
must occur also if we have spinors defined all over the manifold. This is exactly what
happens when we have some amount of supersymmetry, indeed the spinorial pa-
rameters are well defined all over the manifold and therefore they lead to a structure
group reduction. If the amount of supersymmetry is high enough it is even possible
that the G-structure reduction completely constrains the supersymmetry conditions,
see for example [68, 69, 70].

In this section we will see how to rephrase the geometrical information carried
by spinors in terms of more familiar objects, like differential forms. We will then use
them to recast the supersymmetry conditions (1.6),(1.24) in a new and more conve-
nient way. In the first two sections we will mostly follow [9] Sec. 2.

2.1 Geometry of a ten-dimensional spinor

Let’s start by analyzing a ten-dimensional spinor € in its irreducible representation,
which in ten dimensions is sixteen-dimensional Majorana-Weyl. In this situation
one can choose the gamma matrices to be all real and then they satisfy

Yhi =Yo¥YmYo @2.1)

15
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where we underlined the 0 to indicate that such an index must be interpreted as flat.
More details on our gamma-matrices conventions can be found in appendix A.2.

In order to extract the geometrical content of € more transparently, it is conve-
nient to use its associated bispinor € ® € = e ® ¢’ y,. Using Fierz identity (A.15) it is

possible to expand this bispinor on the antisymmetric products of k gamma matri-
ces M...M.
Y :
10

€®E= Y —— €y s, € Y Me, (2.2)
32k MesMh

This bispinor can in turn be understood as a sum of forms of different degree using
the Clifford map (A.16). If € is chiral, only forms of even degree survive and moreover,
using (A.19), we get that it must also obey a self-duality relation

Y(E®€E) =+ * A(e®FE) (2.3)
where the chirality of the spinor is ye = +e. Being € also Majorana
EYMk...Ml €= (EYMk...Ml e)f = —(-)f (kD2 EYMk...Ml €, (2.4)

which sets to zero all the degrees except for k = 1,5,9. Summing up all these infor-
mation we get that the independent forms are

1_ 1_
KM = 3_2€YM€) QMl...Ms = 3_2€YM1,__M5€ (25)
and (2.2) reads:
e®e=K+Q+ %K, *Q5:iQ5, (2.6)

where again = is the chirality of € .
These forms enjoy some important algebraic properties . First of all using (A.24)
we have that

1 _ 1 1
KG:KMYME:ﬁyMeeyMez—Z(liy)Kez—EKe (2.7)

from which
Ke=0. (2.8)

This immediately implies that K is a null vector:

KMKy = - €Ke=0, (2.9)

2-32

and moreover, applying K on the left and right of e ® € and using (A.17) one gets

KAQs=1x05=0, (2.10)

16
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which allows us to rewrite the five-form as
Qs=KAYy (2.11)

for some four-form ¥,.

As sketched in the introduction to this chapter, the presence of a spinor or of a
form defined on all the space-time leads to a reduction of the structure group of the
tangent bundle to their stabilizer. Let’s determine the structure group defined by e
of positive chirality. For convenience, we choose a frame in which K is part of the
vielbein K = e_:

1
e+-e_:§, es-es =0, er-e=0, eg-eq=1, (2.12)
with a = 1,...,8. This index choice suggests a decomposition of the ten-dimensional
Clifford algebra Cl(1,9) = CI(1, 1) ® CI(0, 8) and therefore a spinor decomposition in

e=[1en, (2.13)

where 7 is a eight-dimensional Majorana—Weyl spinor while | 1) is the two-dimensional
Majorana—Weyl component. In order to compute stab (¢) it is necessary to look at the
infinitesimal action of a Lorentz transformation on e:

6€:wMNyMNe. (2.14)

We have just seen that Ke = y_e = y*e = 0 so that y**e = 0. Moreover an eight-
dimensional Majorana-Weyl spinor 7 is annihilated by 21 out of 28 eight-dimensional
gamma matrices, So we can write:

stab(e) = {w2; Y™, v} (2.15)

The elements wftlﬁ y%F are in the adjoint representation of spin(7), so that they gener-

0
la

ate the Lie algebra Spin(7). Moreover because [y, ﬁ,y+5] =26 )/E] we have that

Stab(e) = Spin(7) x RE = ISpin(7) . (2.16)

We expect that the same structure group can be deduced also using the forms
generated by €. Let’s start from the stabilizer of K; since K is null

Stab(K) = ISO(8) = SO(8) x R® . (2.17)

Equation (2.10) says us that the four form ¥, contains only components which are
orthogonal to K different from K itself, i.e., using the decomposition (2.12), it has legs
only along «a directions. If we restrict our original spinor € to this eight-dimensional
subspace we obtain the Majorana—Weyl spinor 7 in eight dimensions, this is known
to give rise to a Spin(7) structure. In fact ¥, is nothing but Spin(7) four-form, which
in a eight-dimensional space is usually obtained from n®n’ = (n'n)(1 + ¥4 + Volg).
Then leaving ¥, invariant reduces the SO(8) inside ISO(8) in Spin(7), so that we find
again

Stab(K, Qs5) = ISpin(7). (2.18)

17
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2.2 Geometry of two ten-dimensional spinors

As we have seen in 1.2 type II supergravity contains two fermionic parameters € ;
each of them defines an ISpin(7) structure. From (2.6) we get

€19€; =K1+ Q1+ *K3

_ " (2.19)
€8€ =K+ Qo FxKy for 1B,
but this time we can also define the mixed bispinor
D=¢,®¢y, (2.20)

which is a collection of forms with odd degree in IIB and even degree in IIA with the
self-duality property *A(®) = ®. From (2.8), we see that

Ki®=dK, =0. (2.21)
If we define ) 1
=5 (K +K)May, K= 5(Iq—KZ)MaZxM, (2.22)
we can rewrite (2.23) using (A.17):
(tx + KNP =0. (2.23)
In the same spirit we define
1 ~ 1 _ -
= E(Ql + QZ) ’ Q= E(Ql + .Qg) for IB. (2.24)

Notice that *Q = Q in IIA while *Q = Q, *Q = Q in IIB.
The vector K will play a key role in our discussion and in particular it can be seen
that
K*<0. (2.25)

The case K? = 0 is called the light-like case and implies K; « K>, while the case where
K? = %Kl - K5 < 0 is called the timelike case. As we will immediately see, this distinc-
tion discerns the different cases in the classification of type II supergravity structure
groups.

2.2.1 Structure groupin TM

To evaluate the stabilizer of €; » in SO(1,9) we have then to look at the intersection of
the two copies of ISpin(7). However, this intersection is not unique and various pos-
sibilities exist. Let’s start from IIA. If we are in the light-like case we can use the viel-
bein basis (2.12) for both K] » and then we are just considering two eight-dimensional
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spinors 71 2 of opposite chirality. We have seen that the presence of a spinor reduces
the structure group from SO(1,9) to ISpin(7), the presence of another spinor with op-
posite chirality allows us to build a three-form 7} Yaps N2 on the eight-dimensional
subspace orthogonal to K; « K3. The subgroup of Spin(7) that preserves this form is
Gy, so overall we have a G, x R® structure. If, on the other hand, we are in the timelike
case, up to rescaling we can assume without loss of generality

Ki=e" and Kr=e (2.26)
so that we can decompose the spinors as
er=Ihen, e=[l)en. (2.27)

In this situation we are reduced to the common stabilizer of two eight-dimensional
spinors with the same chirality, which is Spin(6) = SU(4), but it can get enhanced to
Spin(7) if n; and ), are proportional. Summarizing, we have found three possibilities:

Gy xR®, SU@), Spin(7) forllA. (2.28)

In IIB conversely €; and €, have the same chirality. If we are in the null case again
we write
er=Inenm, €e=[1)8n. (2.29)

As seen before, the intersection of the stabilizers of two eight-dimensional spinors is
Spin(6) = SU(4) but could became Spin(7) if they are proportional. So we conclude
that overall we have SU(4) x R that can be enhanced to Spin(7) x R, When K; and
K3 are not proportional again we can assume the timelike condition (2.26) so that

er1=ItHen, e2=|1)®en (2.30)

where now 1; and 1, have opposite chiralities. As discussed above, the common
stabilizer of two eight-dimensional spinors with opposite chiralities is G,. Therefore
for type IIB we got again three possibilities:

SU@) xR®, Spin(7)xR®, G, forllB. (2.31)

This multiplicity reflects directly on @, indeed if K; o« K> from (2.23) we get that
KA®=0andthen ® = KA(...). Otherwise, in the time-like case ® = exp[ — ﬁKl A
K] A (...). The remaining parts (...) come from the eight-dimensional bilinear ¢ =

n1n5 which is different for each structure group:

(DG21><|R8 = KA(PGZ ’

1
(DSU(4) - eXp - L K2 Kl A K2 A (PSU(4) y for IIA (232)
1
Dgpinm) =€xp |- Ky NK | Apspin)
1- Ko
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and

Dsyywrs = KA sy,

Pspinmyxrs = KA bspin) » for IIB (2.33)
1
q) = eX — K A K A\ .
G2 P KK, 1 2| Npa,

2.2.2 Structure groupin TM+T*M

The presence of more than one stabilizer for €;» can be considered as an obstruc-
tion to achieve an unified description of string-theory BPS solutions, indeed nothing
forbids the structure group to change from a point to another even inside the same
solution, making difficult to understand which of (2.32) and (2.33) must be used a
priori. One can react to this by enlarging the structure group defining it on the gen-
eralized tangent bundle TM & T* M [35, 36].

Type II supergravity enjoys a deep connection with generalized complex geom-
etry. TM & T* M can be naturally endowed with a metric with half positive and half
negative signature, so that the structure group is enlarge to 0O(10,10). As we have
seen in section 1.3.1, this is the T-duality group in presence of ten-isometric direc-
tions. This is believed to be a reason why it is actually possible to reformulate type II
supergravity in terms of manifestly O(10, 10) covariant objects as done in [71].

The generalized complex geometry framework the metric and the B-field degrees
of freedom are all encoded in an unique object ¢ called generalized metric [35, sec-
tion 6.4] which performs a reduction of the structure group from 0(10, 10) to O(9, 1) x
0(9,1). Another benefit of the generalized geometry approach is that the general-
ized spin bundle is nothing but the bundle of all the differential forms on M as it
is shown in appendix A.1, and we can regard CI(10,10) Clifford algebra as acting di-
rectly on differential forms via the usual gamma matrices product on the left and on
the right as in (A.17). In this framework it results particularly easy to compute the
stabilizer of differential forms if they derive from spinor bilinears. As we will see in
a moment, the presence of a metric and a B field on M restricts the structure group
too0(9,1)90(9,1) = span{?MN, 7MN}. If moreover we add as geometric data also the
two spinors €; and €, we have a basis of the type (2.12) associated to both, so a sub-
script is needed to distinguish indices relative to €; from the to €, ones. The common
stabilizer therefore reads:

a1ﬁ1—> — a2ﬁ2<— —

stab(g, B,€1,€2) = span {‘“21 Y aifr Y —1a1@Wo1 Y azfr Y —zaz} = ispin(7) @ ispin(7).

(2.34)

Notice that we manage to collect all the possibilities in (2.28) and (2.31) in a single
generalized G-structure.

Beside these advantages, by starting from the structure group O(10, 10) instead of

0O(10) we have now lost any geometric information about how the metric is defined
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2. (Bi-)spinorial geometry 2.3. Geometry of an eleven-dimensional spinor

and for this reason we have to check that geometric data encoded in the bilinears are
enough to include (g, B,€1,€2). The bilinear stabilizers read:

a1ﬁ1—> — wa2ﬁ2<— — — —
stab(®) = span Yalﬁv 7’_:1“1’ 21, Y(a_zﬁz’l/’—zaz’ Y -1+ —2t2 )
Y -1 Y az» Y
L,B - a;fi—

1
Yalﬁl’ L la(iw21_) Yﬁﬁi’z_iai’ Y—_,-)h‘
Y Ya,» Y -

!
|

2
stab(e; €;) = span TVl
l/}/+l”ya1/)/ L”)/+Y I’Y 1/)/ i

In the timelike case we already saw that it is allowed to choose e;, ~ K and e,, ~ Kj
and therefore the common stabilizer reduces to

stabyz.o(®, Q1.0,Ki,2) € span {31 F 4, p,, 0537V a,p, } = spin(7) @ spin(7)  (2.36)

which, being stricter then ispin(7) @ ispin(7), it is enough to define (g, B,€1,€2).

However, as showed in [9], for the generic case this is not true anymore and we
have to supplement the bilinears with some objects which cannot be defined through
them; these are two sections of the generalized tangent bundle (y5,,Y+,), and it is
easy to show that also in this case

stab(®, 7+, 7+,) = span {3, ¥ ,p,, 05:7 ¥ ayp,} = spin(@ @ spin(@).  2.37)

2.3 Geometry of an eleven-dimensional spinor

Taking inspiration from the ten-dimensional case, let’s now quickly review the ge-
ometrical aspects of a Majorana spinor in eleven dimensions. Following again the
conventions of [10], we can use the supersymmetry generator € to construct a vector

1_
K= ﬁeyMeaM (2.38)
and a two- and five-form
1
=553 = €Y, € dx™ Adx™2, (2.39a)
1
= S5 VM edxM A ndx™s. (2.39b)

similarly to what we have seen in type II theories we always have K < 0, so we will
again distinguish the null from the timelike case. In the null case the structure group
turns out to be [72] (Spin(7) x R®) x R while in the timelike case is SU(5). However,
to carry on the analogy with type II theories will be enough to consider the timelike
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2. (Bi-)spinorial geometry 2.4. Bilinear dualities

case. As we have seen in ten dimensions, all these bilinears are not independent but
enjoy some algebraic relations

1 1
1xQ=0 LKZ:EQ/\Q, KZQ/\ZZEK/\Q/\Q/\Q, ik *2=-50MAZ,,. (2.40)

If we now define . 1
WX:Z—%K/\Q/\Q 2.41)

we are able to write an holomorphic 5-form 6 = y —i*9 y on the ten-dimensional
subspace orthogonal to K, so we have that § and Q defines an SU(5) structure on K=.
More generally, a real five-form y, a real vector K and a real two-form Q defines an
SU(5) structure if they satisfy the following algebraic constraint [10, appendix E]:

24
wJ=1kx=0, JAxY=JAik*10x=0, XALK*IOX:_EQS; (2.42)

which turns out to be true in our case thanks to (2.40). More details about this can be
found in [10].

2.4 Bilinear dualities

Using the spinorial transformation rules we have showed in section 1.3 we can derive
how bispinors transforms when we perform a string duality. This section is a follow
up of 1.3 and therefore we will use the same notation.

2.4.1 T-duality

Assuming again the presence of an isometric direction y, we can decompose also
bilinears in flat-index notation

=0, + D AE’, K=k +kE’, K=k +kE,

~ 2.4
Q:w5+w4/\Ey, Q:(x)5+(x)4/\Ey. (2.43)
Using (1.32) one gets
= , €1€1)” =(e1€1)7, €26€2)° = (€2€2)" —2e~ AlA(EZEZ)A/\Ey
P =0,  (@e)’=@e)!, (@8’ =(@e)! -2
(2.44)
which implies the following transformation rules
B _ pA B _ pA
d}—di‘” C B A (”I')g _?AJ_’ TB _ A
ky =k, ky=ky, ki=ki, kj=kg, (2.45)

B _ ~A B_ A ~B _ A ~B _ ~A
Wy =Wg, W, =W, W;=W05, W, =wW,.
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2. (Bi-)spinorial geometry 2.4. Bilinear dualities

2.4.2 SI(2,R) duality

From equation (1.41) we have seen that spinors don't transform under the whole
SI(2,R) group but under an U(1) subgroup. The same behavior is inherited by the
spinor bilinears, which can be distinguish in two groups: the one that transforms as

a singlet, as K, ®3,Q)
K'=lyt+6IK, ®y=|yr+6/*®3, Q' =lyr+561°Q. (2.46)
and the ones that transform as a doublet

(K+i®1) = [yT + 619 (K +i®1) = (yT + 6) (K +iDy),

. (2.47)
(Q+iDs5) = lyT + 612 (Q+iDs5) = |yT + 812 (yT +6) (Q +iD5).

2.4.3 IIA/M-theory duality

By using (1.42) it is possible to compute the relation between M-theory and IIA ge-
ometrical structures. Again, we will use the hat to distinguish the M-theory objects
from the ten-dimensional ones. The result of the dimensional reduction is

K=K-e%dyd,,, (2.48a)
Q=-e%0,-Kndx°-C)), (2.48Db)
S=e Q- o, Adx'"-Cy). (2.48¢)

Notice that not all the IIA forms appear on the right hand side of (2.48). However, it
is possible to calculate them by reducing the Hodge-duals of @ and £, for example

S =—e QA X0 -C)) - e PDs. (2.49)
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CHAPTER 3

REFORMULATION OF BPS CONDITIONS

In the previous section we have introduced all the main characters that will allow us
to reformulate supergravity BPS conditions. To achieve this, one has basically to hit
spinor bilinears with (1.6), (1.24), and, using proper Clifford algebra and differential-
form identities, to recast the result in a new way. Quite often such a reformulation
brings to light important geometrical structures and new interesting physical conse-
quences which were hidden in the spinorial system, as we will see in this and the next
chapter.

Even if finding such bispinor equations is in principle just a matter of perform-
ing correct computations, to prove that it is possible to replace the original BPS sys-
tem with a new one made of differential form is a much harder task. This has been
done in many situations assuming some spacetime factorization (see for example
[37, 73,74, 75, 76]). However, to extend this procedure without imposing any restric-
tion is much more interesting since one could specialize such a result to any space-
time configuration without wondering if the reduced system is completely equiva-
lent to the original BPS one. Achieving this goal turns out to be much more difficult
and, even if some systems have been found [10, 48, 9], they are not always completely
satisfactory.

In this chapter, after presenting some form equations which are necessary de-
rived by supersymmetry conditions, we will introduce systems which are also suf-
ficient to imply them. One of these systems is the main results in [15]. Since the
M-theory case is less convoluted, we will deal with it in a separate section, while in
the main part we will always refer to type II theories.

3.1 Differential form equations

This section is organized as follows: we will now present here a list of differential form
equations, which is by no means exhaustive, and we will briefly discussed them; their
proof is sketched in the subsections after the discussion. We can split the equations
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3. Reformulation of BPS conditions 3.1. Differential form equations

in two categories, the differential ones, which contain at least a bispinor derivative,
and the algebraic ones which will be listed at the end of this section. The differential
equations are:

Lxg=0, (3.1a)
dy(e™?®) = —(x + KA)F, (3.1b)
ed(e?K) = x(HAQ+ 5D, Flg), *d(e 2K =+(HAQ+E (@, FM)g), (3.10)
P de29Q) =~ x H+e?@,Fs, e**de29Q) =+ RAH) - ()L (@), FM),, (3.1d)

d(e**xK)=0, d(e*’+K)=0, (3.1e)
dR=wH, dK=izgH-% +@®,F)g, (3.1
d0=HyrQ" -0y FM,  dQ=HynQM - (@, F+ Hoyn FYY)), 3.1
dxK=0, d+K=-3)"e?(®,y,Fy"), (3.1h)

We recall that (,) 4 is the d-dimensional Chevalley-Mukai pairing (A.7) while {,}4
is an analog which is defined in (A.8), which up to the author knowledge, has not a
mathematical interpretation yet. The sign (—)'®! which appears in some equations
is the only one difference between type IIA and type IIB description and by K we
indicate both the vector and the corresponding one-form depending on the contest.
Using (3.1) we can make more concrete what we said in the introduction of this
chapter, i.e. how differential form equations disclose some geometrical conditions
which were hidden in the spinorial BPS formalism. First of all notice that (3.1a) tells
us that K generate an isometry; we will show that more in general K is a symmetry
for all the fields, which means that L annihilates all the fluxes. Combining the first
of (3.1e) with the first of (3.1h) and taking the Hodge dual we get the following scalar
condition
Lxp=0 (3.2)

which tells us that the dilaton is K-invariant. If we now take the external derivatives
of the first of (3.1f) it is immediate to find

LxH=0 (3.3)

where the closure of H was used. Before continuing, let’s consider the following anti-
commutator of differential form operators

(dy,ix+ KAy = dK —ix H) A+Lx =Lk (3.4)

where we used (3.1f) in the last step. Taking the twisted external derivatives dy of
(3.1b) and using the Bianchi identity d i F = 0 we finally get

LxF=0. (3.9)

In [77] it is proved that K is also a supersymmetry isometry, i.e. Lx €12 = 0.
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3. Reformulation of BPS conditions 3.1. Differential form equations

3.1.1 Proofof(3.1a)

(3.1a) already appeared in [78] and we will prove it providing all the details, this is a
good exercise since the computation are similar for all the other equations.

1 1
DnKyp=—Dpe €1+—¢€ Dpye
NK1 M 32 NE€1Y p €1 32 1YmMPNEL

1

¢
_ e? _
132 [Hn, vy 61 ———=€1yy Fynez (3.6)

8-32

1 r 4e”_
—EHNMRKl —@QYMFYNQ’

where in the first step we used (1.24) while in the second the gamma matrices algebra.
Following the same procedure we can also get

1 r 4e?_
DNKZM:_EHNMRKZ +3?€1YNFYM€2 . (3.7)
Now, summing up this two equations it is immediate to verify that:
DKy =0, (3.8)

which is (3.1a).

3.1.2 Proofof(3.1b)

Equation (3.1b) makes its first appearance in [9], which we refer to for further details,
even if its derivation was inspired by the pure spinor ones [34]. Let’s now sketch some
steps.

First of all, inverting (A.18), it is possible to re-express

1 —_ «— — A -
HA:§(H+H(—)deg+ ¥ M Hy o+ Hyy M o)) (3.9)

From this result we can write, dropping the tensor product symbol to lighten up the
notation,

—_—

2e?dye™?®) =7 + 7 (=) ®)(Vy® - 0pp D) —2HA D
1 1
:(D€1—ZH€1 —a¢€1)EZ+YM€1 (DMEZ_ZEZHM) (3.10)

—(DM61 _iHMel )EZYM—el (DMEZ)/M —EgiH—Eza(P) .
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3. Reformulation of BPS conditions 3.1. Differential form equations

Using equations in (1.24) and their transposed version this expression reads

¢
. e - 3
2e?dy(e™? D) 16 (rMer&ryy F- TPy eeayy) (3.11)

=—2e?(KA+1x)F

from which one gets (3.1b). We used (A.24) in the last step.

3.1.3 Proofof(3.1c)-(3.1e)

Since they comes from the external derivative of the same bilinear, (3.1¢)-(3.1e) can
be actually proved all together in one go. The discussion closely follows the one of
[15]. Similarly to what we have seen in the previous section, let’s start by rewriting

11— «— A >
=g (H - H-8+ M Hy - Hy 7V ()%, (3.12)
then:
2e*?d(e e 1) +2tger €1 = [yM, Dyler &) — 20 pper € (3.13)

1 _ _ _ —

+Z(H61€1+€1€1H+YM€1€1HM+HM€1€1YM):
1 _ M _ 1

= D—ZH—G(b €1€1+Y € DM€1+Z€1HM
1 - M - M 1 _

- DM_ZHM €161y —€1|Dpery +Z€1H—€16([)
1 _ _ 1

- 6</>—§H €1€1 t€1€1 6¢+§H .

If we now replace the supersymmetry equations (1.24), (1.25) we get

_ _ e? e?
e??de*Pe€)) = —iye € + (—)'F'EyMcpyMﬂt(F) - (—)'FlﬁFyMA(CD) Yu

P P (3.14)
_(\FE& Mg ) + () oM A (F
(-) 327 Yy ADP) + (-) 3227 AF)Y -
The same procedure applied to e; €, leads to:
20 1(a=2P . = = |F|e¢) M |F|e¢ M
eYde “Yerer) =tgeser —(—) 3—27/ A@)ypy F+ (=) 3—2)L(F)y Dy,
(3.15)

¢ ¢
R Mm@ ()P A @) M F
+(=) 327 (F)Yp®—(-) 3 @y Fyy -
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3. Reformulation of BPS conditions 3.1. Differential form equations

From the sum and the difference between (3.14) and (3.15) we get

o €1€E1 T €2€E €1€1 FE2€
eZ(Pd e 2¢ %) =—iy (%) ( )|F| ([)/MF’}’M,/I(@)] (3.16)

+[EyMA®@) y,,): F [YMA(F) Yo @l F AP, yM Dy,,l2),

where [, ]_ indicates the usual commutator while [, ], is the anticommutator. The
next step is to apply (A.24) and (A.18) to each commutator or anticommutator. After
summing up all these terms one has to separate the two-, six- and ten-form part in
order to get (3.1¢)-(3.1e) .

3.1.4 Proofof (3.1)-(3.1h)

Equations (3.1)-(3.1h) are somehow similar to (3.1c¢)-(3.1e), but they are derived start-
ing from the equations corresponding to the gravitino variations only:

_ 1 _ 1 1 _ ¢
d(e1e) = = [yM, Duleren)] = = yM,—[HM,e1e1] +(—)'F' i = (FymA(®) + @y A(F)
2

=HyniMerg+(— )'F' (yMFyMA@)w @y yA(E) — Fy A @) yM -0y A (By™)
3.17)

and

d(e282) = —HprAiMepert+(—) 1S (A@)YMFYMM(P)Y @y =y MA@ YMF—y y A By M),

(3.18)
Taking the sum and the difference of the last two equations it results:
€1€1 T E2€ €1€]1 FE2€
d(M):HMALM(#) (- )|F| ([YMFY A@)]
2 2 (3.19)

+rm @y AP = EymA@yM)s - [0,y mAEY M)

After similar manipulation to the one described in the previous section, one finally
gets (3.1)-(3.1h).

3.1.5 Algebraic equations for type IIB

The first thing one could complain about by looking at (3.1) is that not every of these
differential equations are really “differential” according to our definition, indeed by
combining them it is possible to eliminate the part containing the bispinor external
derivative. This means that actually some equations can be seen as a combination of
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3. Reformulation of BPS conditions 3.2. BPS-equivalent systems

a differential plus an algebraic one. Here we will list some of the algebraic constraints
which come from the BPS equations. Since this part will be mostly useful when we
will deal with S-duality, all the computations are restricted to type IIB supegravity.

Combining for example the first of (3.1c¢) with the second of (3.1f), and the first
(3.1g) with the second in (3.1d), we get the following relations:

2EAD; —FsADs—e PHAQ+e PKA*xH+®, AF,+2igxde ? =0,

_ (3.20)
e PHyAQM + By ndY — 19 Fr+ e Pipx H+2de ® AQ-2F @) = 0.

Since the dilatino equation (1.25) is already algebraic, we can use it to provide
other supersymmetry constraints. We can proceed as follows: first of all we take the
tensor product of (1.25a) with €, and of the transpose of (1.25b) with €;. Now we
want to combine these two. If we take, for instance, the difference between them,
we don’t have to consider also the sum because the two components have different
left chirality, so the sum can be obtained by acting with 7. The most interesting
equations come from the ten-, eight-, four-form components. They read:

2de P ADg+e PHAD; —2KAFy=0, (3.21a)
2de ™ AD;+ e PHADs— e POy A« H- 21k Fo— FsAQ—-KAF; =0, (3.21b)
240-0@7+ € Pl x H+ e P Hy AOY +2F AQ+ 5 Fr - B AQu =0,  (3.21¢)

where we have taken the Hodge dual of the four-form part.

3.2 BPS-equivalent systems

In the previous section we have derived many differential-form equations which are
necessarily implied by the supersymmetry conditions (1.24). However, it is not clear
yet if it is possible to go the other way, namely, if it is possible to find a system which
implies all the (1.24). From the preliminary discussion in section 2.2.2, in particu-
lar equation (2.37), one can conclude conclude that, since equations in (3.1) do not
contain vectors e, ,e;, nor any free index, it is not possible to have a system which
implies the BPS conditions in full generality, even by using all of (3.1).

However, if we restrict ourselves to the timelike case, there are no limitations from
(2.36) to use some of (3.1) to write a differential-form system which is equivalent to
supersymmetry. Indeed in [15] it is shown that the following system

dp(e™®®) = —(x + KN)F, (3.22a)
e??d(e Q) = —ix * H+e? (@, F)g, (3.22b)
N _ 1
e®?d(e™ Q) = —* (KA H) - 5(—)"I" e? (@m, FM),, (3.22¢)
_ 1
Lxp=0, d*K:—g(—)"D' e? (@7, FyM), (3.22d)

29



3. Reformulation of BPS conditions 3.2. BPS-equivalent systems

is sufficient for supersymmetry for both IIA and IIB in the timelike case. While the
timelike condition can be seen as a restriction, in the space of possible solutions the
subset K? < 0 is actually the generic case while K? = 0 has measure zero. Even if the
light-like case seems peculiar, it is actually of great significance since all the 11 =1
vacua with dimension grater than three fall in this class, as we will see in chapter 5.
On the other hand the timelike case seems a more natural setting to describe sta-
tionary black-hole backgrounds, in which case, differently from vacua, there is not
an abundance of known solutions.

In [9] itis possible to find a system which implies BPS conditions (1.24) also in the
light-like case, it reads

dye™?®)=—(KA+1x)F, (3.23a)
Lxg=0, dK=ixH, (3.23b)

1
(e ®@ewa, YN [0 (e e,) + S el divie ™ e, )0 - F|)=0, (230

1
dire™ ey, @) - > el divie ™ ey,)0 - F|y"N]) =0. (3.23d)

(e+1q) €12,

Notice that in this case e4, e42 appear in the equations together with ®, as required
by (2.37). Even if this system encompasses all the possible supersymmetric solutions,
the last two equations are quite cumbersome and, as we will see in the next chapter,
do not have clear physical interpretation, differently from (3.22).

The proof of the equivalence of these two systems to (1.24) can be found in [9] and
[15] appendix B. It consists in rewriting (1.24) by expanding the intrinsic torsion on
a spinor basis, so that the BPS conditions can be rewritten as some algebraic identi-
ties. The same reparameterization can be also used to re-express (3.22) and (3.23). To
prove sufficiency one has to check if all the intrinsic torsion equations which comes
from (1.24) are independently present in the differential-form systems. Even if the
procedure is straightforward, the actual computation turns out to be quite convo-
luted, so we refer to the original papers for the proof.

3.2.1 Integrability

Thanks to the equivalence of (3.22), (3.23) to supersymmetry, we can switch between
spinorial and differential-form description whenever we want, and in particular we
can take advantage of the results obtained with the spinorial formalism, like the inte-
grability conditions (1.28). As we discussed in section 1.2, to impose the BPS system
is not enough to automatically solve all the equations of motion. First of all one has
to check that Bianchi identities for H and F (1.16) are satisfied, moreover the integra-
bility constraints (1.28) tell us that supersymmetry imposes the dilaton equation but
not necessary all the components of the Einstein or B-field equations.
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In the timelike case, for example, up to rescaling we can use the condition (2.26)
for our choice of vielbein e = (e*, e”, e%), and therefore we get y*e; = y "€, = 0, while
(y"e1, %) and (yTez, y%e2) give two sets of linearly independent spinors. Hence
from (1.28) we can get the following components of the equations of motion:

Eiw=E _=Eymg=06Hpyy =0, (3.24)
together with
1
E,._= §5H+_. (3.25)
Hence, to be sure that all the equations of motion are implied it remains to impose
either E;_ =0 or § H;_ = 0. The latter condition may be written as
_ 20 1
KAKA|d(e *H)_E(F’F)S] =0, (3.26)
while one can check that the first one is implied by
1
Vie® — e H* - oD kFZ=0, (3.27)
k

which is a combination between the trace of the Einstein and the dilaton equation.

3.2.2 SI(2,R)-duality invariant system

Combining (3.22) with some of the equations in section 3.1 it is possible to obtain a
system which is invariant under SI(2,R) symmetry of type IIB. For example, combin-
ing the two-form part of (3.22a) with the first (3.11) it is possible to get the following
complex equation

de @) +ixF3+KAF +ie ®?(dK—-ixH) =0 (3.28)

which is SI(2,R) invariant as one can check using (2.45) and (1.34). To make also the
other equations invariant it is possible that one has to use the algebraic constraints
in 3.1.5; for example the tenth-degree of (3.22a) must be summed with two times the
algebraic equation (3.21a) to get that the following invariant combination:

e ?de™* «K)+i(de™?®g) —e ** KA Fy) =0 (3.29)

which makes also use of (3.1¢e).

Before showing all the correct combinations which makes (3.22) invariant, it is
better to express all the fields and bilinears using a formalism explicitly SI(2,R) co-
variant, such that the new system is invariant at first sight. In this formalism all the
objects are defined so that they transform just under the U(1) subgroup of SI(2,R).
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We will say that a field has charge g under U(1) if it transforms by a phase e'9? where
0 = arg(yt +0).
For example, combining the three-form field-strengths in the complex one

Gs =e2?(Fy—ie™® H) (3.30)
one can then check that G3 has charge g = -1
Gy=e9G;s. (3.31)
As another example, the one-form e? dt has U-charge g = —2, which means
e’ dr’ =e M0 (e?dr). (3.32)

Notice that the U(1) < SI(2,R) transformations are typically point-dependent, since
7 is in general non-constant, so they do not commute with ordinary derivatives. A
composite compatible connection however can be defined

)
Q=5¢F (3.33)

which twists the covariant derivative as follows Dj; —igQy,. In particular, also the
exterior derivative gets modified

do=d-igQA. (3.34)
In this reformulation it is convenient to use the Einsten-frame metric
_1
gp=e 2%g (3.35)
so that Einstein-frame Hodge-operator *g commutes with the duality transforma-
tion; for instance, *g G3 has again charge —1.
By using the transformation rules of bispinors (2.47) it is easy to check that the

Killing vector K, the three-form e ?®4 = O3 and the five-form e 200 = Qg are invari-
ant under SI(2, Z) duality, while

O = (R +id1), Os=e 29(Q+ids), (3.36)

and their Hodge-duals, have charge g = 1. We have then reorganized all the fields in
combinations transforming with definite U(1)-charges, summarized in table 3.1.
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fields U(1)p-charge
8k, K, @3,QE, F5 0
0, Og 1
G3 -1
e?dr -2

Table 3.1: U(1) charges of relevant fields.

So we have now all the ingredients to rewrite (3.22) in a SI(2,R) invariant form:

LxT1=0, e(pdT/\*E@l-F%Gg/\*E@g:O, (3.37a)
do©; —%e‘pd?/\@l +itgG3 =0, (3.37b)
dO®s;+1xF5+Re(01 A G3) =0, (3.37¢)
dQ®5+%e‘pd?/\@5+®3 A Gs —itg (g G3) +i0; A F5 =0, (3.37d)
d*E®3+%Re(G3/\®5— *xgG3A0;) =0, (3.37e)
dg *£O, —%e"’d?/\ *£@) =0, (3.370)

~ 1
dOp+2gp " Im@sy AGsN) ~203m AFsn] =3 #pIm(©1 A Gg) =0.  (3.37g)

From table 3.1 it is also easy to see that the system is manifestly SL(2, Z) invariant.
As showed at the beginning of this subsection, (3.37) contains more equations
than (3.22). However, having used some algebraic constraints to modify the origi-
nal ones, the equivalence with supersymmetry may not be guaranteed anymore. A
conservative way to be sure that none of the supersymmetry data has been lost is to

check that the algebraic constraints we have used are separately satisfied:
gév[N(EgM/\@5N) — *E(Eg AOq) —2e¢d?/\§~2E +2i*g (e(pd?A@g) =0, (3.38)
63A®5—®1/\*E53+2e¢LK*Ed?+Zie¢d?/\*E®3:0. .

Again, by using the U(1)p-charges of table 3.1 one can easily check that (3.38) are
manifestly invariant under SL(2, Z) dualities.

Notice that the large number of equations in (3.37)—(3.38) is due to the fact that
the system lists separately each form degree, differently for example from (3.22), .

3.3 M-theory

The situation in M-theory resembles the one in ten dimensions. First of all again the
BPS conditions can be rephrased in terms of the bilinears in section 2.3 and in the
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timelike case the differential-form equations just depend on external derivative of
bispinors, without need of picking an explicit spacetime framing as in the lightlike
case [48] (or as the type II null case). Necessary and sufficient conditions for super-
symmetry in the timelike case are given by [10]

Lxg=0, (3.39a)
2 1

dK=Z10F+ iz F, (3.39b)

dQ = i F, (3.39¢)

dX =1« F-QAF. (3.39d)

From equation (3.39a) one can see that K is a Killing vector, as it was already sug-
gested by the dimensional reduction formula to IIA (2.48a). Moreover, taking the
external derivative of (3.39c) one immediately gets

LxF=0 (3.40)

which means that again K is a symmetry for all the fields.

Let’'s now discuss integrability in the timelike case. Once one has imposed F
Bianchi identity and equation of motion, just the Einstein equation Ej;y must be
solved. Let’s now rewrite (1.8) more compactly

EunyMe=0. (3.41)

contracting this with € we immediately have that all the components Eyy of the Ein-
stein equation are implied by supersymmetry constraints. Multiplying (3.41) with
Enpy? one gets

EMNEAA,; =0 nosumonM, (3.42)

therefore, since the contracted index N runs over spatial indices only, the previous
equation is zero just if Ep;y = 0. So in the timelike case all the components of the
Einstein equation are set to zero by (3.39).
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CHAPTER 4

CALIBRATION CONDITIONS

As anticipated, some equations in (3.22), or more in general (3.1), can be interpreted
in terms of brane calibration. The concept of calibration is derived from Riemannian
geometry [14] and it gives an alternative solution to the problem of finding surface
with minimal area. In this context a calibration w on a manifold M is defined as a
p-form which satisfies the following two conditions:

w|n < Vol(N) VNcM dim(N) =p, (4.1a)
dw=0, (4.1b)

where Vol(N) is the volume form of N. A submanifold N is said to be calibrated if the
inequality (4.1a) is saturated on N. The idea of these definitions is that a calibrated
submanifold has minimal volume in its homology class, indeed, given a deformation
N’ of N and a p + 1-dimensional submanifold I' whose boundary is T = N — N', we
can write

VOl(N)—VO](N,)Zf Vol(N)—f Vol(N')sf w—f w:fdw:O. 4.2)
N N N N’ r

Calibrations show up naturally in string theory dealing with solitonic supersym-
metric objects (even if generalizations to non-supersymmetric cases are also possible
[38]) that emerge from the supergravity algebra. They first appeared in compactifica-
tion on Ricci-flat spaces, when all the background fields besides the metric are turned
off [79, 80]. In such a situation a p-brane is described by the Dirac-Nambu-Goto
action and therefore its energy is just given by the volume of the cycle wrapped by
the brane. Physically, brane energy is expected to be subject to a BPS lower bound
which is saturated by supersymmetric configurations, and therefore BPS branes are
volume-minimizing, i.e. calibrated. This provides a natural geometric interpretation
of the BPS bound with the calibrated submanifolds corresponding to the supersym-
metric states which saturate the bound.
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Clearly, more complicated backgrounds require a modification of the notion of
calibration in both a physical and mathematical way, since the presence of fluxes
must be taken into account and we are in general interested in a definition of cali-
bration in the Lorentzian context. To face the first problem a notion of “generalized
calibration” was introduce in [81], which means that (4.1b) get modified because of
the presence of a flux F, schematically:

dw=—ixF (4.3)

where K is the Killing vector associated to the supersymmetric configuration analog
to the one defined in subsection 3.1. As one can see there are some similarities be-
tween (4.3) and some of the equations in (3.1) and (3.39), which are supersymmetry
conditions for spacetime. It seems then that the interplay between branes and back-
ground geometry can be concretely realized in terms of calibrations, and it was even
conjectured that it is possible to rephrase the BPS conditions (1.6) and (1.24) in terms
of brane calibrations. This is true, for example, in the case of compactification over a
four-dimensional spacetime [12]. We will devote this chapter to show that the system
(3.22) admit, to some extent, such an interpretation.

We will mainly follow [13], whose approach also adapts the mathematical formal-
ism to the Lorentzian context.

4.1 Calibration of a generic brane

Let’s start by studying the case of a generic toy model of a p-brane. Let us suppose
that the action of the brane wrapping a (p + 1)-dimensional surface & is the sum of a
Nambu-Goto and a Wess—Zumino term

Sp:—ppﬁdp+1€\/—detgls+upﬁc, (4.4)

where ¢ = (1,0') are the coordinates on &, and that supersymmetry of the back-
ground imposes
dw=-1kF, (4.5)

where F = dC. For p = 2 this is exactly the description of a string moving in a non-
trivial backgound (1.21) and for generic p it is an O-plane or a D-brane (1.17) with s
turned of, so it is a good toy-model for understanding the role of calibrations avoiding
technical difficulties.

A probe brane placed in a supersymmetric background does not automatically
preserve supersymmetry. If we want this to happen we have to check that the -
symmetry condition is satisfied

Yp€=€ (4.6)
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where v, can be seen as the chiral operator defined on the brane, ﬁ, = 1. Let’s now
introduce the world-volume (or gauge-invariant) momentum conjugated to x:

PM=_V_nn9,xM, h=gls. 4.7)
By construction PM is timelike, so, taking a generic spinor y, we always have
¥Px=0 (4.8)

since it is possible to choose the charge conjugation matrix such that it is parallel
to the one-form associated to P. Now, considering y = (1-7p)¢, from the previous
inequality one gets

- KMpydPo = wls, (4.9)

where we have evaluated (4.8) on a space-like p-surface X = & N 711 where 111 is a
(d — 1)-one. This inequality is the equivalent of (4.1a) in Lorentzian context, where
—KMPpydP o plays the same role of the volume form.

Notice that the quantity we get by integrating (4.9)

—fKMPMd"a—fwzo (4.10)
> >

is not a BPS bound (even if it can be shown to be the conserved charge related to
the K isometry [13, section 3.2]) because Py, is not the canonical momentum since it
is obtained from the Legendre transformation of the Nambu-Goto part of the action
only, so the first term isn’t the energy of the brane. Considering also the Wess—Zumino
term we get that the canonical momentum reads #y; = Py;+1),Cls, so we can modify
(4.10) as following

—fKM@Md”UEf(w—LKC), (4.11)
> >

which is a full-flegded BPS bound. Indeed the quantity one the left-hand side is by
definition the energy of the brane, while, by choosing gauge -LxC = 0, we can write
(4.5) as

de=0 with ¢=w-1xC. (4.12)

Thus the right-hand side of (4.11) is a topological quantity, which can be interpreted
as the brane central charge.

Up to now the p-brane was regarded as a probe, meaning that we were consid-
ering a regime where the back-reaction was neglected. Now, let us take a delta-like
D~ (p+1) form 6 p—(p+1) localized on & (exactly as in (1.19)) as a source for the flux
F so that it satisfies the following equation of motion for C, which mimics what we
have seen in (1.5) or (1.20)

d*F=5D_(p+1). (4.13)
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We can now rewrite the central charge in the following way
Z = f (w—1xC) :f (w—1xC) A6D_(p+1) :f (w—tgC)Ad*F, (4.14)
z m m
and, thanks to the calibration condition (4.12), we can use Stokes’ theorem to find
Z:(—)”f @A *F, (4.15)
B

where B = 011l. Assuming that & N3 = 0, the integrated quantity is invariant under
deformations of the boundary 3. Thanks to (4.15) we are able to compute the central
charge on the space boundary, which means that we are defining it considering the
source as an object in the entire bulk, instead of just using the theory on the brane
world-volume. This is equivalent to promote the brane from a probe formalism to a
back-reacting one. This novel reformulation of the central charge can also be applied
to gravitational objects, such as KK-monopoles, where a priori it is not clear on which
submanifold they are sitting since the solution can be smooth. We will use this result
in the end of this chapter.

4.2 String and D-brane calibration

From the general discussion in the previous section we are now able to identify the
calibration form for the fundamental string and the D-branes. Comparing (4.4) with
the string action (1.21) and looking at equations (3.1) it is immediate to notice that
the first of (3.11),

dK =g H, (4.16)

is the equivalent to the generalized calibration condition (4.5). By making the follow-
ing gauge choice Lx B = 0, which is allowed since we proved in section 3.1 that Kis a
symmetry for H, we get the closed one-form string calibration

@r1 = K+1gB. 4.17)

For D-branes the argument is similar even if a bit more tricky. The best candidate
for D-brane calibration condition is (3.22a), however there are many differences with
respect to calibration condition (4.5). First of all we have the twisted external deriva-
tive d iy instead of the usual one. This is due to the fact that, in a generalized geometry
perspective, if a B-field is turned on the spinors associated with the B-twisted gener-
alized tangent bundle get modified with respect to the original one

Cw=eBAC, @yw=eBnr0, (4.18)
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where e B A is the effect of the twist. For such forms it is immediate to notice that
Fw=dCw=e"AdyC=ePAF (4.19)
and therefore Bianchi identities become
dFw=0 < dyF=0. (4.20)

Moreover, in the right-hand side of (3.22a) not only the Killing vector K but also the
one-form K appears. However, always using a generalized geometry approach, we
can regard at 1x + KA as a vector on the generalized tangent bundle which generates
a symmetry together with the twisted external derivative. This was already proved
in (3.4). In particular, by choosing LxC = 0, we can anti-commute (g + KA with dg.
Using all these ingredients we can get the following form for a D p-brane calibration

opp = [ (e PP -k + KNIC)], - 4.21)

The complete calibration for D-branes is actually given by the sum over all the de-
grees p, which allow to describe the energetics of D-branes supporting non-trivial
fluxes [82, 12, 83, 13] and/or forming networks [84].

The derivation of the BPS bound for both string and D-branes can be argued
along the line of section 4.1 using their actions and x-symmetry operators. We re-
fer to [13] for the details of this discussion.

4.3 M2- and M5-brane calibration

The M2- and M5-brane calibrations can be obtained from the equations in (3.39) as
in [85]. The M2-brane calibration condition can be read from (3.39c¢); similarly to
what we have seen in the previous section, by setting Lx A = it is easy to prove that
the form

M2 =Q+1igA (4.22)

is closed. For the M5-brane we have to start from (3.39d). The first step is to insert
the definition of the M5 electric potential (1.4) in (3.39d)

1
d(Z+LKC):—E(LKA/\F—A/\LKF)—(U/\F, (4.23)

where we used LxC = 0. Now, from the following identity, which makes use of the
M2-calibration condition (3.39c¢),

WwANF=dwAA) —-1xkFAA, (4.24)

we are able to rewrite the left hand side of (4.23) in a closed form. The result of this
operation brings to the following equation for the M5-calibration:

1
(PM5=Z+LKC+A/\Q+§A/\1KA. (4.25)
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4.4 NS5-brane calibration

Differently from D-branes and fundamental string, it is rather difficult to discuss the
role of the NS5-brane calibration starting from its action since it was just defined in
an indirect manner [51]. The intuition acquired by studying the other cases suggests
that the proper supersymmetry condition we have to start from is (3.22b), so let’s start
with understanding if it is possible to trace it back to a closure condition.

Similarly to what we have seen with the M5 case, we have to insert the NS5 po-
tential (1.23) in (3.22b); we will do all the computations in type IIA supergravity, since
ones for IIB are identical with Fy = 0:

~ 1
de®Q)=-e*ixx H+ (e ?® F)g=—1xgdB+ U L(E C)7 = FoCru7] + e %, Fg.
(4.26)
By recalling (3.22a), we can manipulate (e"?®, F)g a little bit

e D, F)g = [e‘%M(deFoeB)]G = —d(e?®,C)s—(1x+RA)F,C)g+Fye® Dy
4.27)
so as to get

d[e0+(e ®,C)5—LKB]:E(LKF,C)B—E(LKc,F)G—(quA)EC)s

1
+F (e“/’ Dy — 5LK(JWV (4.28)
6

1 ~
= 5d((LK+K/\)C, C)s + Foype,

where we have chosen the gauge £’ kB = LxC =0and used (3.4). ¢pe is the D6-brane
calibration ((4.21) with p = 6), which, being locally exact, can be written as ¢pg = d o5
where 075 is a five-form. Bringing everything on the left-hand side we get that the
following differential form

~ 1~ 1
Pnss = e ?Q+ (e7?0,C)5 — 1k B - 5 KA (C,0)4= 5 1kC,Cls + Foors, (4.29)

is closed. The expression of ¢nss in type IIB supergravity is the same with Fy = 0. One
can already notice some similarities between (3.22b) and NS5-brane calibration con-
dition proposed in [55] restricted to the assumption of a four-dimensional Minkowski
external space. In this spirit, we can also notice that the influence of D6-calibration
in (4.29) is necessary for an anomaly-free NS5 in Romans-mass background, indeed
when Fy = n is turned on we have that n D6-brane must end on a NS5 [86] in order
to compensate the Romans mass charge, as can be shown by integrating the Bianchi
identity d F» — Fy H = 63 on a three-dimensional sphere surrounding the NS5 world-
volume. The interpretation of ¢ns5 as NS5 calibration will be confirmed by exploiting
the duality relations we have seen in section 1.3.
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4.4.1 NS5 calibration in IIB from S-duality

In section 1.3.4 we have showed how branes are related under the various string du-
alities, in particular SI(2,R) symmetry in type IIB mixes D5 with NS5-branes. Using
this transformation it is possible also to simply exchange a D5 with a NS5; this is per-
formed by the S-duality (1.35). In this section we will show that S-dualizing the D5-
brane calibration (4.21) with p =5 we exactly get (4.29). This would be a non-trivial
check that our hypothesis for the NS5-calibration is correct, at least in type IIB.

In the particular case of an S-duality we have, besides (1.35):

Céll =Cs4—BACy,

, o~ 1 (4.30)
C6:B+§(C0C6+C4/\C2—C2/\C2/\B),
and we will also need (2.46) and (2.47) with 6 = 0 and y = 1. Straightforwardly apply-
ing these transformation rules to the D5-calibration we get

ohs = (e AP - (zK+f<'/\)C)); =eQ+e?Co05-e PCoAD3+e P DA Cy

~ 1 ~ ~ 1
—CoKANACy+ ECZ ANCoANK—1xB— E(COZKCG"' CiNigCr—1xCyaNC)) = NS5 -
(4.31)

4.4.2 NS5 and D4 calibrations from M-theory

Even if in type IIA we don't have an internal symmetry like S-duality for IIB to check
our interpretation of (4.29), we can use the fact that the M5-brane can be dimensional
reduced to a D4 and a NS5 brane in type IIA, as described in subsection 1.3.4. We
expect the same mechanism to work also for calibrations.

Adopting the same notation we have used in 1.3.3 and 2.4.3 when dealing with
dimensional reduction from M-theory to type IIA, we will use a hat to distinguish
eleven- from ten-dimensional objects.

The M5 calibration was derived in (4.25)

-~ ~ o~ o~ 1 ~
@M5EZ+L1’<‘C+A/\Q+5A/\LI?A. (4.32)
We can now reduce (4.32) to IIA, by taking the dimensional-reduction dictionary
of 1.3.3 and 2.4.3 to the letter, we get that M5 calibration reads
@MS =e_2¢’Q+e_¢’CD4 ANC1+Cs /\I?/\ C; —e_¢C3 NDy — ZKE

1 1 1
_ELKCICS — EZKC5 ANCy +e_‘l’(DoC5 + ECg Ai1gCs

. _ _ (4.33)
—(e OBy +CsAK - 1xCs+BA 1xCs + BARACy

1 1
—e_¢BA®2+Ee_(pd)oB/\B—ElKClB/\B) A dx'
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which is nothing but
Pms = Pnss — Ppa A dx'?, (4.34)

where @nss is the (type IIA) NS5-calibration introduced in (4.29) with Fy = 0 and ¢p4
is the D4 calibration, as defined in (4.21).

4.4.3 NS5-calibration condition consistency from T-duality

The last non-trivial test before concluding this section is to prove that the longitudi-
nal (respect to the isometric direction) part of ¢yss is transformed into itself after a
T-duality, which is what we expect from the discussion 1.3.4. For simplicity, we will
perform this check on the calibration condition instead of T-dualizing the calibration
itself. By decomposing (3.22b) using the notation of (1.30) and (2.43) we get that the
longitudinal part reads:

d(e " Cwy) = e 297 C1, %9 (dBa—dBi A A)) + e PYC (@), FL)g — (@4, F))s), (4.35)

where m runs from 0 to 8. Using (1.31) and (2.45) it is immediate to see that this
equation is invariant.

4.5 NS9-brane calibration

As we anticipated in section 1.2, the analysis of the central charges of type II theories
reveals the existence of a nine-brane called NS9 [64, Sec. 6], which we defined in type
IIB as the S-dual of the D9-brane (subsection 1.3.4). Since a nine-brane is space-
filling, a calibration would not tell us where it should sit. Nevertheless, in IIB we can
extend formally the calibrations for Dp-branes (4.21) to p =9, and using S-duality we
can infer the corresponding nine-form for the NS9.
From (3.29) we can see that the S-dual of the D9 calibration condition is the first
equation of (3.1e)
d(e™?? xK) =0, (4.36)

which is present in both IIA and IIB. So e2? K may be interpreted as the NS9 cali-
bration for type IIB. To check if the same form is the NS9 calibration for type IIA we
use T-duality. Imposing an U(1) isometry and using the decomposition (2.45) we get

de™®xK)=e Cde " CxkDAEY +e 2P Cuky Ad Ay —d(e P ko) A %91, (4.37)

Notice that the last two terms are zero because they are ten-forms on a nine-dimensional
subspace, so we have just
de™®*Cx k) =0, (4.38)
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which is invariant under T-duality as one can check from (2.43). So d(e™?? * K) = 0 in
IIB transforms in the same equation in IIA and vice-versa. Therefore we define

@nsg = e 2P xK (4.39)

for both IIA and IIB supergravity.

4.6 Gravitational calibrations and KK-monopole

There is a source we didn’t consider so far, which is the KK-monopole. Even if this is a
peculiar object for the reason explained in subsection 1.3.4, it appears in the superal-
gebra (and thus in the BPS bound) of every supergravity theory with d =5 [64], so we
expect that a central charge which is topologically conserved thanks to a calibration
condition exists also for it.

This issue is complicated by the fact that for the KK-monopole no duality sug-
gests explicitly a good candidate for its calibration condition among equations in
(3.1) and moreover finding a new equation satisfying a closure condition turns out
to be elusive so far. However, using the formalism developed in 4.1, we expect that it
is possible to express at least the central charge of a KK-monopole in a similar way to
equation (4.15). Even if this is in principle true, we have to find another approach to
face this problem. Since the action for the KK-monopole is not well defined from first
principles [52], we are forced to use the definition of central charges which comes
from the supergravity algebra.

In order to deal with this issue M-theory is a more convenient arena compared to
type Il supergravity, so we will work in eleven dimensions.

4.6.1 Gravitational BPS bound in M-theory

Following [64], let’s consider a family of backgrounds in M-theory defined via the
supersymmetry conditions generated by € which fixes the fields g, A

1
VM—ELM(*F-I-ZF) €:CDM€:O. (4.40)

Let’s suppose that such a family tends to some asymptotic configuration g®, A©®
such that
DVelp =0 (4.41)

where 3 is the nine-dimensional spatial boundary. There are various way to define
such a configuration as explained in [64], however we will avoid all these subtleties
and we restrict ourselves to a more formal discussion.

43



4. Calibration conditions 4.6. Gravitational calibrations and KK-monopole

Let’s now define the following operator
Tv=Dy—D (4.42)

which is nothing but some linear combination of tensors contracted with gamma
matrices. By following [87, 64], the supercharge associated with a Killing spinor €
which satisfies the boundary conditions (4.41) takes the form

Q[e]:f ETn NgWmdxXM AdxM A Adx™ (4.43)
B
and, up to normalization, we can write
{Q(E),Q(C)}:f dxM/\éI“(g)CDMe:f dxM/\éF(g)TMe:f dxM/\(TMGE)g. (4.44)
B B B

this expression typically leads to the BPS bound since

{Q€),Q©)}=P[K]-) Z,=0 (4.45)

where Z, are central charges. Our purpose now is to manipulate (4.44) trying to
rewrite the central charges Z, as in (4.15), with a corresponding calibrations ¢, and
fluxes F,.

From (1.6) we get that Ty, reads

1 1

where AF = F-F© and Awy = (4P —wff ©)yy 4 is a difference of spin connections,
and hence a tensor at the boundary.

Plugging (4.46) into (4.44) and using (A.18) we obtain

{Q(E),Q(e)}:%f *(dxAB/\K)/\AwAB+}1f [QAAAC—-(Z+QAA) AAF-*ZAAw].
B B

Some comments are now in order. First of all we have used (1.2b) a0
dA+«*F+FAAF=0, (4.48)
to define the variation of the M5-brane potential
AC=A*F+ANAAF. (4.49)
Secondly, we have introduced the spin-connection three-form
Aw:%Aa)MAdeM/\EA/\EB. (4.50)
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Notice now that first term is exactly the ADM momentum P[K] as defined in [64,
(3.2)], which we interpret as the equivalent of the gauge-invariant momentum (4.7),
as one can see from the absence of form potentials. So the BPS bound which results
from (4.47) is not written as (4.11) but must be interpreted as in (4.10). For this rea-
son, it is not surprising that in the second and third term of (4.47) the M2 and M5
calibrations appear as in section 4.3 but without the contribution which comes from
the Wess—Zumino part of the action.

Since we have correctly located the central charge contributions corresponding
to all the M-theory solitons except for the KK-monopole, we are allowed to interpret
the last term in (4.47) as the KK6 central charge. Indeed, following again [64], we can
interpret the spin-connection three-form as the flux sourced by the KK6-monopoles,
since its integral corresponds to the NUT charge in the case of a Taub-NUT solution.
We are then led to recognize *X as part of the calibration for KK6-monopoles in M-
theory. However, identifying a topological central charge as in (4.15) is still difficult
since the KK6-monopole appears to be mixed with the ADM momentum in the BPS
bound (4.47).

In the following subsection we will see that this interpretation of the KK6 charge is
consistent with dimensional reduction to IIA, which relates M-theory KK6-monopole
to IIA KK5-monopole and D6-branes. This will allow us to identify (part of) the KK5
calibration in ITA.

4.6.2 Type Il KK-monopole calibrating forms from dualities

We will now perform a dimensional reduction of the last term in (4.47).

Let us reintroduce the hat to distinguish M-theory quantities. M-theory KK6 cal-
ibrating form &3 decomposes as in (2.49), while the associated geometric flux A®
reduces to

1
NG =e 39 Awyo— Ee%‘/’AFg/\ dx —cy). 4.51)
From this we obtain
~ . 20 = e_(P 10
*11 2AND = |e ‘/’QAAw10+T<D6AAF2 Adx'0+... (4.52)

where dots denote terms annihilated by t5,,. Since d x'° must be a direction on the
boundary to be shrunk, we have that all the terms that do not contain it cannot ap-
pear in the integral (4.47), and so can be neglected. Therefore we conclude that the
last term in (4.47) reads

A~ d ].
ﬁ;zAAallzf (e—2¢QAAw10+—e—¢q>6AAF2), (4.53)
@ ® 2
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where we have integrated off the S! of the M-theory nine-dimensional boundary B =
S! x B assuming that the circle radius was equal to 1/27. Both terms on the right-
hand side of (4.53) are of the form (4.15). In the last term in (4.53), e~ ?®g is gauge-
invariant contribution to the D6 calibration ¢pg, see (4.21). On the other hand, in
analogy with the M-theory case, we are led to identify

e 2PQ (4.54)

with part of the type IIA KK5 calibration.

The analogous KK5 calibrating form for IIB can be obtained from T-duality, since,
as discussed in 1.3.4, a transverse T-duality maps a KK5-monopole into a NS5-brane
and vice-versa, while under a longitudinal one both KK5 and NS5 remain invariant.
Using (2.43), itis immediate to notice that this is exactly what it happens if we identify
e~2¢Q with the KK5 calibration in IIB as well.

Given this hint one may be immediately led to conclude that (3.22c¢) is the calibra-
tion condition for the KK5-monopole. However, since this equation cannot be recast
as a closure condition, which would ensure that the monopole charge is topological,
it is not possible to confirm such a statement. A proper definition of the canonical
(instead of gauge-invariant) momentum in (4.47) and a study of how the second in-
tegral turns out to be topological may shed light on this issue.
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CHAPTER 5

APPLICATIONS

So far we have discussed the general implication of the system (3.22) regarding geo-
metrical properties of a supersymmetric solution and of the extended objects which
leave inside it. However, we can also take advantage of the bispinorial formalism to
classify solutions inside a given ansatz on the external geometry. In the present work
we are mostly interested in vacuum solutions.

In this case we expect that the maximal amount of symmetry compatible with
external spacetime dimensions is preserved. In order this to happen, a series of as-
sumptions on fluxes and spinors are needed. For example the external metric must
be a warped product

2 _ 2A1.2 2
dsjg=e " dsg, +dsi

(5.1)

where A is a function with support on the internal space, fluxes must not contain any
leg on the external space except for the volume form:

and the external components of the spinors must be Killing respect to the external
covariant derivative
Vua =cyua (5.3)

where c is a constant and u points just in external directions.
The two main applications of (3.22) and (3.23) we will present here are the classifi-
cation of near-horizion solutions and of flat-space backgrounds in four dimensions.

5.1 AdS, near-horizons

Supersymmetric solutions with a time-like Killing vector are suitable to describe static
space-time and in particular can be used to study black holes. Up to now, a classifi-
cation of backgrounds with singularities is far from being complete and the classifi-
cation of vacuum solutions teaches us that approaching the problem using bispinors
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can be the key-ingredient to solve it. In this spirit, we present here a first step in this
direction. Instead of looking at a full black-hole solution, we restrict ourselves to the
near-horizon geometry which can be viewed as an AdS; x Mg vacuum where Mg is
typically a fibration of a compact manifold Mg over S2. Classifications of black-hole
horizons in a similar spirit were given in [88, 89].

5.1.1 Ang X Mg Ansatz

Following the logic we have presented in the introduction of this chapter, to preserve
the isometry of AdS, we have to split the metric as

ds?, =e**d sidsz +d 312\48 , (5.4)
while fluxes read

H=H;+e* Vol(AdSy) A Hy,  *H = *gH; +e**Vol(AdS,) A x5 H3,

5.5
F= f+e2AVol(Ad82) A xgA(f), >

where we can see that the self-duality condition of F (1.13) is already satisfied.
Let’s now consider spinors. (5.4) suggests the following gamma-matrix decompo-

sition
YSO):BAO"u@’ﬂlG ,UZO,I,

57110):03®ym m=2,...,9,

(5.6)

where 0 = io, are Pauli matrices and A is a function on Mg. The most general spinor
ansatz reads

€1=a+®M++a-_®M - =P (aen) 5.7)

€2=0;®N2:+a_®M2+ = Pz (@ ®1)) '
where a = a, + a_ is a real Killing spinor on AdS,, P, are the chiral projectors and
n; = 1Ni+ +n;— are Majorana spinors on Mg, that we can take to be real. In general,
not every spinor Ansatz in two dimensions leads to the timelike case; for example, if
we set to zero a_ (or equivalently a) as done in [90] we will get a solution which is
light-like and therefore we can not apply our system (3.22). However supersymmetry
forbids such a situation in the case of AdS, vacua because the Killing spinor a cannot
be chiral as showed in (5.3). From this observation it is easy to see that spinorial BPS
conditions (1.24) kill all the possible solutions like the one in [90].

Since a near-horizon must be invariant under the isometry group SO(2,1), all the

possible choices of the AdS; Killing spinor a are equivalent. For definiteness we take
(91]

1
a=e"? (1), dsidSZ =e?"d? +dr?; (5.8)
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we can use this for computing the spinor bilinears on AdS,
a®ad=—-e"dr+e* dtadr, oza®a=—-e +e’dr. (5.9)

Notice that a by itself it is enough to define a vielbein (i.e. an identity structure) on
AdS;.

On the other hand two Majorana spinors on Mg do not determine an identity
structure; using the discussion in subsection 2.2.1 we can see that the structure group
is given by the intersection of two G,-structure, so it turns out to be more convenient
just to rename the eight-dimensional bilinears

=mmni, w2 =1Na1}, w:(w1+a)2)/2 o= (w1 —w2)/2,
=ymny,  wy=ynn, wy:(w1+w2)/2 @y = -2, (5.10)
¥ =mmny, Yy =YMny,

giving special names to the zero and one-form part, as we have done in ten dimen-

sions:
a=(w)o, a=(w)o, ay = (wy)Or @y = (&V))/)Or (5.11)
k1= (w11, ke=(w21, k=), k=@ '
where the subscript 0 and 1 indicates to take the zero and one-form part only and y
is the chiral operator on Mg.

Now we have all the elements to explicitly compute the ten-dimensional bilinears
of section 2.2.1 in terms of two- and eight-dimensional ones. We will report here the
calculation for K and K in all the details, while for the other bilinears one can proceed
by analogy:

32Ki =(a@@n) Piyg vy P+@en)E™ = (@en)'y; (0y00p, (@ @n))EM

:(af®771) (10) (10)(a®n )EM+(OJ®17 )lf (IO)YS\ZO),Y(a@nI)EM (512)
A
1
:%(ngmaguaeu+n§ymaauagaeﬂ)+§aaga(16k1),

where e is the vielbein on AdS,. Using (5.9) we get:

32K, =—e" 4 minie’ —nlynieh) —e (16k)). (5.13)
Performing the same steps for K»

32K, = —e" " mhnae® + nhynae') — e (16k,) (5.14)

and from the sum and the difference of these expressions we can calculate K and K:

er+A _ e’ _ er+A
(aeo—ayel)—?k, K=-

r~
K=- (Ge® —aye') - %k. (5.15)
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Following a similar logic for Q and Q we get:

e’ _ ~
Q= - (s +e? e’ A(w)s—ete' A@y)s—e* e’ nel A (@))3),

2 (5.16)
Q= — ((@)s+ et O A (@), —etel A (wy)s— e24enel A (wy)3)
and, finally, ® reads:
r
®= —% (W) —e?e® Ay +etel A) —e*A e nel A, ], (5.17)

where the subscripts + and — indicate to take the even or the odd forms degree re-
spectively.

5.1.2 Supersymmetry conditions

In the previous section we have calculated how all the ten-dimensional quantity re-
duces after an AdS, x Mg ansatz. Now we are ready to derive the supersymmetry
conditions for this class by just plugging the expressions for fluxes and bispinors in
(3.22). From (3.22a) we get:

A (e P yy)e = —(k+10 f, (5.18a)
dp, (€2 P yy)_ =e(a@f +ay, xs A(f)), (5.18b)
dp, €)= —etay f—axg A(f) - (e Pyy)s, (5.18¢)

dp, (€247 Py)y = 24k + 1) xg A(H) +2(e Py ) —Hi APy, (5.18d)
from (3.22b)

e??d(e™* w)s = —1x *g Hi + (% yy, s, (5.19a)
P Ade " w)y = —ay x5 Hs — e® (yy, f)s, (5.19b)
P Ad(e™*" @)= —axg H3—e?(y, s +e ()5, (5.190)

e?P72Ad(e 2 0))3 = 1y x5 Hy +€P[(W, fla+ Wy, #gA(M)a] —2e A (@)g, (5.19d)
and in the end from (3.22¢)

¢
e’ d(e™*? @)s = ~iz g Hi ~ %(w;”, fmds, (5.20a)
¢
e?P=Ad(e 2" @), = —ay *g H3 — %[(w;}q,fm)s — (y, *gA(f))s], (5.20b)
¢
e??~Ad(e " w))y = —axg Hy - % (W™, fm)s + @y, xgA(f))s] + e 2 (@)s5, (5.200)

¢
e2¢=2A 42024 wy)3 = 1y ¥g H3 — e? (W™, fm)a+ @y, g A(fm)al - 2e7 @)
(5.20d)
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Let’s now reduce also last line of (3.22). In this case we have a scalar and a ten-form
equation, so we will get just one equation on Mg for each of them

“2A §(a2A , T ~A e’
Lrp=0, e “"d(e”" xgk)=2e a},Volg—Z [y, (3—deg) *g A(f)) — (v, (5—deg) f)] .
(5.21)
As discusses in subsection 3.2.1, to find a solution we have also to impose the Bianchi

identities for F and H (1.16) and we have to solve one equation between (3.26) and
(3.27).

5.2 R vacuum

The BPS conditions for four-dimensional vacuum solutions where calculated in [73]
and are the so-called pure spinor equations. In this section we will re-derive this
result from (3.23) along the lines of [9].

5.2.1 R'2 x M, Ansatz

Following the same procedure outlined in the beginning of this chapter, preserving
Poincaré invariance imposes the following decomposition of the metric

ds?, = e ds*(R"®) +d s* (M) (5.22)

and of the RR fields
F=f+e" WVol(R"®) A xgA(f), (5.23)

where f is an internal form. Similarly H must be a three-form on Ms.

In four Lorentzian dimensions and in six Euclidean ones it is possible to impose
Majorana or Weyl conditions, but not both. This means that, in order to have ten-
dimensional spinors which are real and chiral, we have to adopt the following spinor
ansatz:

61:(+®)(_1,_+C_®)(1_, 62:(+®X_2—'_+(_®X%_r. (5.24)

where {, = ¢* and y% = y'*, where the upper sign is for type IIA while the lower for
IIB. The ten-dimensional gamma matrices can be decomposed as

ri¥=etyPels  u=0...4,
10) _ @ o

m YV ®ym m=0,...,6,

where the four-dimensional ones are taken to be real while the six-dimensional ones
pure imaginary.
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Let’s now calculate bispinors in four and six dimensions. Using a bit of algebra
one discovers that the four-dimensional ones read:

(+®(, =v+i*qv, (4®(,=VAW (5.26)

where v is a real null vector, w = wy + i w» is a complex one and v, w;, w, are all in-
dependent. For the six-dimensional bispinors it is convenient to adopt the following
definition:

XiXG=bs, Xxz=o-,

Yol = U —ixe M} +inl), yiyif=wl+ixgol, (5.27)

where ¢, are complex self-dual forms while a);c are real k-forms. ¢, are the so-called
pure spinors; the name is due to the fact that by definition a spinor is pure if it is anni-
hilated from half of the Clifford algebra. In six euclidean dimensions every spinor is
pure, therefore also the bilinears ¢, can be considered as pure spinors on the gener-
alized tangent bundle since they are annihilated by six generalized gamma matrices
(which are the usual gamma matrices acting on the left and on the right of ¢, though
(A.17)).

Again, we give names to the sum and difference of the forms generated by y’ XT:

wi = (W £w3)/2, ng:(wlkiwi)/&

ko = (wg + w3) /2, ko = (0} - w?) /2. (5.28)

We have all the building blocks to re-express the ten-dimensional bilinears in
terms of the ones defined on R!3 and Mg

CI):2Re(Tr(eAv+ie3A x4 V) A5 + e A wAdL),

K=2¢%kyd,, K=2e%kv, (5.29)

Mg vndy+ e vAawaws).

Q=2Re(~evAxsir—e
Since K is proportional to v which is a null vector, we have that the classification of
R'3 vacuum falls in the light-like case, and therefore we cannot use the system (3.22).

5.2.2 Supersymmetry conditions

Let’s now derive the supersymmetry conditions for a four-dimensional Minkowski
solution. Since we are in the null case, (3.23) must be adopt. Notice that the Killing
spinor equation (5.3) is satisfied on R just for ¢ = 0, therefore the external space
spinors are constant and for this reason the external derivative annihilates all their
bilinears (5.26).

In [9] it is shown that (3.23c) and (3.23d) are automatically solved if one chooses
e+, to point in the external space directions. So we are left with just the first two
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equations, which split in the following system on the internal space

ko = %* e, ko= %_e_A, (5.30a)
dpe®* ¢, =0, (5.30b)
dirRe(@ ™% ¢s) = %‘ 7, (5.30¢)
dpIm(e49 ¢s) = %* et % A(f). (5.30d)

In future applications we will often consider the equal norm case c_ = 0 while we
will fix ¢ = 1. Moreover, in this situation it is also convenient to manifestly write the
spinor norm in the spinor ansatz (5.24), which means y}* — e4/? y 1'%, so that we get
normalized pure spinors which does not depend from the warping function A. With

these hypothesis (5.30) reads:

du@Ee* ¢y =0, (5.31a)
dgRe@®?ps) =0, (5.31b)
dyIme*?¢:) = %e“ x6A(f). (5.31¢)

We will extensively use this system in the next part of the thesis, when we will deal
with the classification of R"3 x $? backgrounds.

5.2.3 SI(2,R)-invariant supersymmetry conditions

In the previous section we have seen that (3.23c) and (3.23d) do not play a role in the
determination of supersymmetry constraints for four-dimensional vacuum, so it is
possible to make the remaining part of (3.23) SI(2,R)-covariant using the results in
3.2.2. The outcome of this operation is the following system

Lxge =0, (5.32a)
do©; —%e‘bd?/\@l +i1gGs3 =0, (5.32b)
d®s +1xFs +Re(0; A G3) =0, (5.320)
dg©s +%e¢df/\@5 +@3 A G3 —itx(*g G3) +101 A F5 =0, (5.32d)
d *EO3 + %Re(Gg ABs—+£G3AO)) =0 (5.32€)

which must be supplemented with the algebraic constraint:

G3AO5—01 A xpGs+2eP i xgdT +2ie?dT A %03 = 0. (5.33)
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In the spirit of subsection 3.2.2, in order to make explicit the SL(2,R)-invariant
structure of the supersymmetry conditions it is convenient to use Einstein metric

_¢ )
ge=egirgr, ge=ez2g=e 2 (e*gitgs), (5.34)

and to organize the components of the six-dimensional bilinears in terms of their
U(1)p charges. In particular we have five real neutral forms

_l¢ _§¢, _l¢ _l¢
apg=¢e "Im(¢pi)g, ar=e 1" Re(dy)2, coy=€ "wy, ar=e 27¢_, (5.35)
and three complex ones

00 =e 1% (ko +iRe(d;)o), 02=e 1%(wp+ilm(p,)2), 03 =e ?(@s+iRe(_)s),

(5.36)
whose of U(1)p charge equal to +1, as tabulated in 5.1.
fields U(1)p-charge
@, a1, A2, Co, f5 0
00) 92 ) 63 1
Table 5.1: U(1) p charges of relevant fields on the internal manifold.
The ten-dimensional multiplets in terms of the six-dimensional ones read:
@1 =2 eAE 60 v,

O3=2 (eAE UAas— €3 xva0+ e v A w; AReaq — €U A wy A Ima;), (5.37)

05 =2(—e v A g0 — e x v A0y +e*E v A wy AO3— eV A wy A +£03)
where *p is a shorthand for *g, ;. We apply the same logic also to redefine fluxes:
Gs=f;—ie®H, 1=Cyo+ie™®,  Fs=fs+e* Vol n*pfs. (5.38)

Now it is enough to substitute (5.37) in (5.32) to get the SL(2,R) invariant condi-
tions for four-dimensional vacua. Notice that to write the system in SL(2, Z)-invariant
form we have to expand all form degrees separately, in fact the total number of form
equations is the same as in (5.30), even if in a much non-compact form. The result of
this operation is the following system:
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i -
dg (e£6,) — > e?t4Eg,dT =0, Co = cyeE, (5.39a)
de’ ay) —e’Re(@yG3) =0, dE**a;) =0, (5.39b)
A3 ag) — coe3 4 xp fs = 0, (56.39¢)
i = _
do(e”® g0,) + 5 e B dT A g0, +e T ay A G +ie 0y f5 =0, (5.39d)
i = _
do(e*£03) + 5 e?*2E dT A 03 +e* " Rea; A G3 =0, (5.39)
i I —
do (e x£03) + > e?*2AE dT A x£03 +e*ETma; A G3 =0, (5.399)
i _ _ _
do(e**£0,) + > ePP3AeEAT A G, — e ayGs +ie3F ¢y xp G3 =0, (5.39g)
2Ag
d(e* xgImay) + > Re(@p A G3) =0, (5.39h)
2 AR
d(e®4 xgReay) — Re(xpf3 A G3) =0, (5.39i)
3Ag
de* spay) — Re(02 A G3) =0, (5.39j)

2

which must be supplemented with the algebraic constraint (5.33) which, in terms of
the internal-space forms, reads:

03 /\Eg +2ie‘/’d?/\ *glma; =0,
xp 03 A G —2ie?dT A *gRea; =0, (5.40)

05 A G3 —2ie?dT A spas —2e? co xgdT = 0.
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CHAPTER 6

R13 x S2 ANSATZ

6.1 Introduction and motivation

Compactifications to four-dimensional Minkowski space-time have always enjoyed
great interest as starting point for semi-realistic models in string phenomenology [92,
93]. When the metric is the only non-trivial field, supersymmetry forces the internal
space to be Ricci-flat and the study of such compactifications also led to discovery
many developments at the interface between string theory and mathematics [94].
On the other hand, backgrounds with nontrivial fluxes are much harder to find and
classify due to the back-reaction of non-trivial extra fields. Except for some special
cases, where this back-reaction only introduces a conformal factor [25, 95, 96, 97],
the geometry of the internal space is in general drastically deformed away from Ricci-
flatness, e.g. [98, 99, 100, 101].

Following [39, 41, 40], we use a different approach: rather than making an ansatz
on the metric and fluxes, we focus on a broad class and we let supersymmetry fixes
the internal geometry. We will see that this method often provide a very detailed
classification, since there are enough internal spinors to reduce the structure group
to an identity structure, which means that we can automatically get a local expression
for the metric.

In particular, the ansatz consists in imposing 71 = 2 supersymmetry with an SU(2)
R-symmetry. The R-symmetry must be geometrically realized as a symmetry of the
internal manifold, and for this reason we assume that the internal metric is factorized
in a warped product S? x M, where the warping function depends just on the M,
coordinates.

We will see that preserved supersymmetry will be reduced to a system of PDEs
and the classification will reproduce many known system of intersecting branes. In
this context a particularly interesting role is played by AdS solutions, which often
arise as near-horizon limits of such brane systems. In particular, we can obtain AdS
solutions with d = 4 as a foliation of a d-dimensional Minkowski space over a non-
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compact interval (i.e., the Poincaré patch) and the R-symmetry is chosen such that it
implements the superconformal SU(2) g-symmetry for the dual conformal field the-
ory in d = 4,5,6 dimensions. These intersecting brane solutions are also useful to
study more in general holographic RG-flows of the dual field theories, where in this
case the AdS vacua correspond to conformal fixed points at one of the two ends of
the RG-flow. Such non-conformal behaviors are impossible to detect starting from a
class that contains an AdS factor from the start.

We begin by presenting the classification for type II supergravity and we will then
focus on M-theory. We will see that all the solutions can be actually generated from
two master classes using a web of dualities.

6.2 SU(2)r preserving ansatz

The SU(2) g ansatz we discussed before is realized by specializing the analysis in sec-
tion 5.2 in order to preserve the S? isometries inside Mg. In this case the internal
metric decomposes as

dsi=e’Cds?*(S?) +ds? (6.1)

while fluxes must not have any leg along S? except for the volume form
f=F+e’GAVol(S?),  B=B,+e’“ByVol(§?),  H = Hz+e*“ H AVol(S?) (6.2)

where C, F, G, B, By are forms and functions on the unconstrained internal manifold
M,. The ten-dimensional spinor ansatz for 71 = 2 solutions is simply given by the
sum of two 71 = 1 independent spinors as in (5.24):

2 2
e1=Y Yoyt +me, =) eyl +mec. (6.3)
b=1 b=1

Here ( b are a SU(2) gr doublet and for this reason also )(i? . must be a doublet, so that
the ten-dimensional spinors are overall invariant. As said before, the R-symmetry is
realized on the internal manifold using the S? isometry group, which means that the
internal spinors decompose as

a2 = eni +élon_+ (@) e+ (D)7 +mc., (6.4)

where ¢? are a SU(2) doublet on S?, 1;,7; are spinors on M, and c is the charge con-
jugation, which in two dimensions changes the chirality.

It is convenient to consider S? as embedded in R3 so that it is the link of a cone. In
this way, following [102], we have that covariantly constant spinors on R?® are Killing
spinors on S? and they are conserved by the action of the isometry group of the link,
which is SU(2). This argument suggests to use Killing spinors to build a doublet, and,
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6. RS x §? ansatz 6.3. Spinorial analysis

since the space of Killing spinors in two dimensions is spanned by a (non-chiral)
Killing spinor ¢ and its Majorana conjugate ¢¢, we can take their linear combination
and compute how they transform under the action of Lk;, where K; are the SU(2)
generators of S2. After an explicit computation, as performed in [39, appendix A],
one gets that the doublet ¢ is given by

&= ( ;c) ’ 6.5)
meaning that .
Ly = %(m)?éc (6.6)

where ¢; are Pauli matrices.

An important consequence of the doublet structure is the following: reducing the
spinorial supersymmetry equations (1.24) on M, one gets that the equations which
multiply £ must be separated from the ones that multiply £¢, since they are linearly
independent. This means that n; and 77; in (6.4) never mix and therefore including
77; will only give more constraints instead of a generalization, so we can choose to set
them to zero without losing generality. Another important advantage of having an
R-symmetry in play is that, imposing that one internal spinor is preserved by super-
symmetry, by means of a local transformation the second set of supercharges will be
preserved too. So we can restrict ourselves to consider the 71 = 1 problem defined by
the internal spinors

Xit =C+®MNis +¢-®N;— (6.7)

for both type I1A and type IIB supergravity.

6.3 Spinorial analysis

Before using the full power of the bispinor equations (5.30), it is useful (even if in
principle not necessary) to start with some preliminaries using the spinorial BPS sys-
tem. This will be helpful to constrain the solutions and to highlight some features of
the classification. The most stringent conditions come from the scalar (or zero-form)
equations, which will suggest an useful reparametrization of the four-dimensional
spinors n'2. Moreover we will discover that it is possible to restrict ourselves to (5.31).
Even if the discussion is in principle similar, let’s separate type IIA from type IIB.

6.3.1 TypeIlA spinorial system

We begin our analysis by reducing (1.24) following [103]. Using the R x Mg de-
composition of section 5.2 we get that supersymmetry is implied by the following
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spinorial conditions on the six-dimensional manifold Mg only

¢
e .

6A+Z(f0+f2y(6)+f4+1*6f6)]x:O, (6.8a)
1 e? .

0+ HY® + —(5fo +3f2y® + fi~i *6 fs)|x =0, (6.8b)
1 e? )

Vin+ ZHmY(B) + g(fo — Y9+ fa—ixe fG)Ygg)]X =0, (6.8¢)

where y = y1+ + 2. Using (6.8a) and (6.8¢) it is possible to prove that d(e™*|y|?) =
d(e? x"yy) = 0, while including also (6.8b) one can find d(e?4~?¥y) = 0. Using these
relations we are able to fix

x> =2c.e?, yTyOy=2c.e?,  Fy=ce 24 (6.9)
where c. are the same constants defined in (5.30), so again we can set ¢, = 1 without
loss of generality, while c_ = 0 is the case of equal chiral-spinor norms. The third
equation in (6.9) can be seen as a scalar product between y; and y», and in particular
¢ = 0 corresponds to an orthogonal condition between the two spinors, which would
lead to an orthogonal SU(2)-structure.

Using the properties of Hermitian gamma matrices it is possible to show by con-
tracting (6.8a)-(6.8b) with y and Y(G) x that

6 Fs = Fox Y@y =0, (6.10)

which come from the imaginary and real parts of the above inner products respec-
tively. Since equal spinor norms is equivalent to y'y® y = 0, it is clear that it is pos-
sible to have the Romans mass turned on only when c_ = 0. This means that all the
non-equal-norm classes can be derived from the M-theory classification, as it is per-
formed in section 8.6. So for type IIA we can restrict ourselves to consider the system
(5.31) instead of the general one.

Let’s now impose the presence of the SU(2) R-symmetry, which imposes that we
have to decompose y in terms of spinors on S?> and M;. However, instead of using
(6.7), let’s formulate the ansatz in a more convenient way as

x=¢en ooy’ (6.11)
where 03 and y are the chirality matrices in two and four dimensions and the Clifford
algebra decomposition is given by:

)/IE?)ZUN®1], p=12 yfl)ﬂ:ag@ym, m=1,...,4 (6.12)

with v, the four-dimensional gamma matrices. It is easy to check by projecting on
the chiral components of y that (6.11) is the same ansatz of (6.7) but with n! — n! +n?
and n? — n' —n?.
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6. RS x §? ansatz 6.3. Spinorial analysis

As a consequence of (6.9) we necessarily have

12+ 1?2 =24, n'yn? +9¥ynt = o, (6.13)
nn?+n*nt=2c_e™,  p'lynt+n*yn®=o,
and B L o
Eosénlyn? =ce M = plyn®=c=0 (6.14)

since the right-hand side is charged under SU(2) while the left-hand side is invariant;

so this last condition imposes an orthogonal SU(2)-structure in six dimensions.
Plugging (6.11) into (6.8a)-(6.8c), using the flux decomposition (6.2) and the fact

that ¢ is a Killing spinor, we are able to factorize out the S> dependence and get to

¢

0An" + ez [((Fo +Fy)y +iGo)n” + (Fay + iGZ)ﬂl] =0, (6.15a)
¢

0An” - ez [((Fo +F)y +iGo)n' + (Foy + iGz)ﬂz] =0, (6.15b)

i 1 e
@+ S Hiym' + 5 Hor” + — |((5Fo + Fayy +3iGo)n® + (3Foy +iGo)n'| =0, (6.150)

i 1 e? .
@+ S Hiym’ + S Han' = — [((5F0 + Fy)y +3iGo)n' + (3Fyy + 1G2)n2] =0, (6.15d)

; ¢
1 (§
0C + 5pr)n1 —ie “yn?+ s [((F0 +Epy—iGo)n* + (Fay - iGz)nl] =0, (6.15¢)

: ¢
1 e
(OC+ S Hym® —ie™“yn' - — |((Fo + F)y - iGo)n' + (Fay —iGo)n?| =0, (6.15)
i 1 e’ . 2 i 1] -
(Vi + 4H1my)n1+ 4H3m172 5 ((Fo+ En)y —iGo)ymn” + (F2y —=iG2)ymn' | =0,
(6.15g)
e’

— | ((Fo+ Fayy = iGo)ymn' + (Fey =iGo)ymn®| =0,

(6.15h)

i 1
(Vi + ZH“"Y)"Z +  Hamim +

By taking inner products of (6.15a)-(6.15b) and (6.15e)-(6.15f) with {n, n?, yn!, yn*}
and exploiting the identities

—_— nn-1) — —_— nn+l) —
@Y mrma) == Yty 0V mm ) == Yy, 0
(6.16)
one gets that the following zero forms vanish
' = 1?1 =n""n? —n*'n' = 0. (6.17)
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6. RS x §? ansatz 6.3. Spinorial analysis

We can now solve (6.13), (6.14), (6.17) without loss of generality by decomposing ni in
terms of a single spinor 17 and functions a, b which are complex and real respectively

e éAnl—sm(a)n+cos( )(ay17+bn) e ;Anz—sm(a)n cos(z)(ayn+bn)
(6.18)

where
m?=1, n'yn=0, a+a>+b*=1, a=a, +iay, cosa=-e*c_. (6.19)

If one now projects (6.11) onto its chiral components and maps them back to (6.7) it
becomes clear that we have re-derived the spinor decomposition of [39] but in a more
general context where the six-dimensional chiral-spinor norms are not necessarily
equal. As shown in [29], the spinor 7 can be used to define a vielbein {vy, v2, wy, wo}
on M, through

nT)fmn dx"=vy, nTymyn dx"=iv,, NYmyndx™ =w=w;+iw,, (6.20)

which is the identity structure on M.
Before moving to type IIB, let’s go a bit further and define the following vector

k=1m2y"yn'0m. (6.21)

By taking the inner products of (6.15a), (6.15b) with yn?, yn! respectively and doing
the same for (6.15¢)-(6.15f) it is possible to show that Lie derivative with respect to k
vanishes when acting on A, C, ¢, which suggests that k can be associated to a sym-
metry for all the R x 52 backgrounds. For example, it is possible to show that it is a
Killing vector. In order to do so let’s compute V,,,k;,

e¢_2 . Y’rjlqn
Vinkn = == | ((E)n + (G mun) + 22 ((F2) g

1 — —
+ i(Gg)pq'}/)]T]l + - (Hg)mnp(nly”ynl +1n2yPyn?) (6.22)

¢>_ eh
+ —17 Y yn(Fo +iGoy — Fy)n?* ——n 2y mn(Fo +1Goy — F)n?

and notice that V,, k, is manifestly anti-symmetric, so V(,, k) = 0. k is a complex
vector, so it defines two real isometric directions on the metric. In particular, kK must
parameterize some two-dimensional Lie group, and we refer to section 8.6 for the
proof that k corresponds to a U(1) x U(1) Lie group under which spinors and form-
fields are uncharged, which means that when k is not zero we have two directions
which can be T-dualized.

In terms (6.18) and (6.21) we have that the one-form associated to k reads

k=a(l+cosa)(bv + (a1 w; — aw,)) - (cosaw; —iws). (6.23)
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6. RS x §? ansatz 6.3. Spinorial analysis

Notice that for generic values of a both real and imaginary components of k cannot
vanish, so we generically have two real isometries. The exception is when cosa = 0,
which is the case we are interested in since there the spinor norms are equal. In this
case the number of isometries is controlled by the values of a;, a,, b, and in particular
there is the following structure depending on how the spinor parameters are tuned

0 isometries: cosa=a;=b=0,
1 isometries: cosa=a; =0, b#0, (6.24)

2 isometries: otherwise,

which is due to the fact that k is respectively zero or purely imaginary in the first two
cases only, while for all other cases there are two real isometries.

This argument already suggests that, except for the case with zero isometries,
it may be possible to generate all the other classes using dualities (for example T-
duality, since k generates flavor symmetries).

6.3.2 Type IIB spinorial system

The discussion for type IIB supergravity mimics the one of type IIA, even if it is dif-
ferent in technical details. Again, what we want to do is to reparameterize the four-
dimensional spinors using zero-form constraints and see if also in this case there are
some symmetries at play.

By using the spinor ansatz (5.24) and the flux decomposition (5.23) we get that
(1.24) and (1.25) become

D

e
oA, - —(fi+ i+ fi)it =0, (6.25a)
2 e? 1
dAY: — T(_ﬁ +f —f5))(+ -0, (6.25b)
1 1 1 (O] 1 2
o0y - Hyl —e (f1+§f3)x+ -0, (6.25¢)
2 1 2 (] 1 1
OCI))(++§H)(+—e (—f1+§f3))(+:0,, (6.25d)
1 e®
(Va3 Hu)th+ - (fi+ f+ )y =0, (6.25¢)
1 e®
(va + ZHm)Xi + E(‘ fit+fs— f;,)yﬁf}xi - 0. (6.250)

63



6. RS x §? ansatz 6.3. Spinorial analysis

Notice that in this case it is not possible to rewrite the system in terms of just one
non-chiral spinor as in IIA since y; and y» always appear in the equations with the
same chirality.

Using (6.25e) and (6.25f) together with (6.25a)-(6.25d) multiplied by v,,, we get
the following conditions on the zero-degree bilinears:

1,2 22 A 1,2 22 —-A
xal=+1xil==2e", |xyl"=Ixil"=2c_e™,

(6.26)
Om(@ Py ) = 470, (i x2) = i€ (K Fs) p — c— e (F1) m,

where, as in ITA, we have set ¢, = 1.

Assuming the presence of an SU(2) R-symmetry and adopting the Clifford algebra
decomposition (6.12) one can show that (6.25a)-(6.25f) is equivalent to the following
set of spinoral equations over the unconstrained part of the internal manifold:

dAn' + § [(F1y+iG3)n2 - (F3y+iG1)n1] =0, (6.272)
0 AP — § [(F1y+iG3)n1 - (F3y+iG1)172] =0, (6.27b)
ddn; — %(H3 FiH)N? + e® [Flynz - %(ng + iGl)nl] -0, (6.270)
dDdn, — %(H3 +iHy)n - e® [mel - %(Fy,)f + iGl)nz] =0, 6.27d)
6C171 - ie'cyn2 - %Hlynz + § [(Fly - iGg)T]Z - (F3y — iGl)nl] =0, (6.27¢)
aCn? —ie Cyn' - %Hlynl - § [(Fly —iGy)n! - (Fyy - iGl)nz] =0, (6.276)

1 , e® : :
Varth1 = 3 ((Hs)m +1CHD) Y J° + == | (Ery =iGa)y = (Fy =iGO)Y i | =0,
(6.27g)

1 , e? : :
Vartlz = 7 ((Hs)m +iCHD) Y ' = = | (Fry = iGa)ymm = (Fsy = iG0)Ymnz| =0,
(6.27h)

where again we have used the spinorial ansatz (6.7) but this time with n! — n! +yn?

and n? — n' —yn?, in order to make contact with the previous discussion for type IIA.
From the zero-form conditions (6.26), imposing that the physical quantities are

SU(2) singlets, we get the following equations for the four-dimensional spinors:

|771|2+|772|2:29A» anYTIZ_l_T’ZT,ynl =0,

1f,,2 A
nT

) (6.28)
P +ntn'=2c.e™,  n'fyn'+n*yn®=o,
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6. RS x §? ansatz 6.3. Spinorial analysis

which are the same for I1A (6.13), together with
' 1> = 1n?1? =n''n? —n*'nt = 0. (6.29)

From the difference between ?(2(6.27a)+2(6.27e)-(6.27c)) and F(Z(G.Z?b)+2(6.27ﬂ-
(6.27d)) we get another algebraic constraint:

2y’ = 0. (6.30)

These scalar conditions suggest the following decomposition of n’ in terms of a
single spinor n and complex functions a, b

e 24n! = sin (%) 1+ cos (%) (an+ byn©), e 24n? = sin (%) n—cos (%) (an+ byn°)
where oo

n?=1, 17*)/17:0, la>+|bl?=1, a=ai+ias, b=bi+ib,, cosa=—c_e 4.

(6.32)
Let’s now consider the identity structure defined by 1 (6.20). Given the equation
C —

n" = ZW?U (6.33)

we have that the phase of b in (6.31) can be fixed by rotating the vector w. In partic-
ular, we choose b to be real.
Let’s now consider the vector

k=1m2y"yn'0m. (6.34)

Exactly as in IIA, it is possible to prove that this vector generates a symmetry which
parameterizes an U(1) x U(1) group. Since this is proved in detail in [41, section 3.2],
we will omit to repeat here that technical (but straightforward) argument. Thanks
to the parametrization of the internal spinors we adopted for n' and n?, which is
identical to the one in IIA (6.18), we have that the same discussion applies here, and
in particular we get:

0 isometries: cosa=a; =b=0,
1 isometries: cosa=a; =0, b#0, (6.35)
2 isometries: otherwise.

Since the non-equal-norm constraint is unaffected by a T-duality transformation, we
have that all the non-equal-norm cases cos a # 0 can actually be generated from type
ITA classification, which is in turn a particular case of the M-theory class. We will
return to this point in section 8.6, but for now it is enough to know that we can use
(5.31) for the IIB classification without loss of generality.
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6. RY3 x S? ansatz 6.4. Pure spinors

6.4 Pure spinors

In the previous section we managed to find a convenient reparametrization for the
spinors on M4 which will be helpful to explicitly write the pure spinors @, in terms of
the identity structure on the internal manifold. In general, a pure spinor can always
be written in the following way [35]

®=0Q;nel (6.36)

where J is a real form while k is a complex k-form with k that runs from 0 to 3.

In order to compute them in the case at hand, we have to use the expressions in
[29, section 3] to parameterize the bilinears on M, and the one in [39, appendix A] for
the bilinears on S. After a bit of manipulations we get that the pure spinors in type
ITA can be written as

1 —
.= SEIAE2N e2EsnEs

1 _ _ (6.37)
®_=-FE3A o2 (EINE1+E2AEp)
where the complex vielbein is given by the following definitions
Ey=b(eCdys—ysvo) +ilaw+bvy),  Ey=—e“d(y1 +iy2) + (y1 +iy2) vz, 6.38)
Eg:iﬁ(ecdyg—y3v2)+bw—ﬁv1, '
while the ones in IIB read
L LEAEs (= Y EAE+EAE) | ;
O, =—e23 3/\(an 1AELITE2 2+1bE1/\E2),
8 (6.39)

1 - -
- = Esn (ibe%(ElAE”EzAEz) +aE A Ez)
with
Er=eCdys—ysvo+ivi, Eo=w, E3=-(e“dy+idys)— (1 +iy2)va). (6.40)

Notice that, as anticipated in subsection 6.3.1, the pure spinors in IIA (6.37) pa-
rameterize an orthogonal SU (2)-structure while in IIB we have an intermediate [104],
possibly dynamical, SU(2)-structure. This means that in this case it would be in prin-
ciple possible that (6.39) varies from an SU(2) to an SU(3)-structure even from a point
to another. However, after imposing supersymmetry, we will get that a and b have
constant modulus, which means that the SU(2)-structure is in general not dynami-
cal.

In (6.38) and (6.40) the y,, are the embedding coordinates of $? in R®, which then
satisfy y& + y5 + y3 = 1, {v1, U2, w} is the vielbein on M, introduced in (6.20) and a, b
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6. RY3 x S? ansatz 6.4. Pure spinors

define a parameter space in our classification, meaning that depending on which of
these is turned on we will get a different class. This was already suggested by the
isometries analysis performed in the previous sections.

In the next chapter we will impose background supersymmetry by using the ex-
pression for the pure spinors (6.37), (6.39) in (5.31).
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CHAPTER 7

CLASSIFICATION IN TYPE 11
SUPERGRAVITY

In this chapter we will present the classification of R x §? solutions in type II su-
pergravity which was originally carried out in [39, 40]. We recall that solving (5.31)
is not enough for a solution to exist, since we have also to impose Bianchi identi-
ties for fluxes (1.16). Thanks to (5.31c), we know that form fields electrically cou-
pled to space filling branes already satisfy their equations of motion, which prevents
from having sources that lay in the Minkowski directions, as required by preserved
Poincaré invariance. To get the magnetic components of the flux we have to take the
Hodge dual on the internal manifold, which would in general involve the technology
of [105]. However, thanks to the identity structure, in our case it is possible to find
a local expression for the metric and therefore directly compute the Hodge dual of
every differential form. Once supersymmetry and Bianchi identities for fluxes have
been imposed, it is not necessary to worry about further integrability conditions, as
the one discussed in subsection 3.2.1, since it was proven in [106] that for the case of
four-dimensional vacua they automatically follow.

Since in [41] it was discovered that many classes in the R x S? classification were
not really fundamental but they can be derived using various solution generating
techniques, in the next two sections we will focus just on the two classes (one in IIA
and one in IIB) which cannot be derived using dualities, which we call master classes,
while in the third section we will show how it is possible to generate all the solutions
in [39, 40] from them.

7.1 1IB master class
The master class in type IIB supergravity is obtained by specializing (6.39) to b =

0, a = —i; notice from (6.35) that with this choice of the parameters we have no extra
isometries in the internal space. In the case at hand the solution falls in the so-called
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7. Classification in type II supergravity 7.1. IIB master class

conformal Calabi-Yau class [97, 25]. Using the vielbein (6.40) to define
i — _ _
Q=e3"YE NE,AE;, J= Ee“‘ﬁ" (El ANE, +ENEy+Es /\Eg) (7.1)

we get that supersymmetry conditions (5.31) are equivalent to imposing

d/=dQ=0, HAQ=HAJ=0,

1 _ B _ A (7.2)
*6f1=—§e de? /%, *gf3=¢€ ¢H, xgfs =€ 44qet4-¢

We can see from dQ = 0 that the internal manifold is complex while d J = 0 is the
integrability condition for a symplectic structure. Since as one can check from (7.1)
the two structures are compatible / A Q = 0 we have that the internal manifold is
Kihler. The Calabi-Yau condition would require also J3 = i%Q A Q, which is satisfied
by (7.1) up to a conformal factor PB=ie?® %Q AQ.

Using the explicit expressions for the vielbein (6.40) and for fluxes (6.2) to impose
the SU(2) isometries it is possible to characterize the solution even further and the
first line of (7.2) reduces to:

d(e24+2C=¢) 4 224+ C—9 ), = d(eA_%‘!’ vy) =de?w) =0, (7.3a)
By=—Boui A, d€“By)Awarw=de )Awarw=0. (7.3b)

We can solve (7.3a) in full generality by introducing local coordinates which pro-
vide a definition for the vielbein on Mjy:

A+ 8 A4 9 _ _
vy=e M2dx;, m=—e2dx,, wi=-edx;, wr=—-edx,, (7.4
and we further have the condition
x% _ p2A+2C~¢ (7.5)

which can be used as a definition for the S? warping function C.
Equations (7.3b) determine part of the NSNS two-form potential and impose that

e’C By = g(x3,x4), e ? = f(x3, x4). (7.6)
The ten-dimensional metric takes the form
1
f

we stress that x, can be considered as a radial coordinate so that the part of the met-
ric spanned by (x1, X2, S?) is warped R* while the part spanned by (x3, x4) is warped

ds* =e* ds* R +e [ = (daf +dxs + x5 ds*(S?) + (d x5 +dxd) |, (7.7)
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R2. The Calabi-Yau metric is given by e?4d s?(Mg), which can be viewed locally as a
foliation of T* over T2. At this stage it is not evident that this space is Ricci-flat, since
f is unconstrained so far; we will see that imposing Bianchi identities it turns out to
be harmonic.

The ten-dimensional fluxes are then given by

dX1 VA de
2 ’
)

B=gCy, Fi=0,fdx3—0,fdxs, Cp=Vol(S*)+ (7.8a)

Fs =B AF) - (04, (f8)dxs — 0, (f)dxs) A Cp,
1
Fs=BAF;— EB ABAF; + x%(axZ e dx — 0y, e_4Adx2) Adxs Adxy AVol(S?)

1
45 (0n (8 + e dxs = 0, (8 + 3 e i) A Co A Co VoL A ),
(7.8b)

where Vol, is the volume element of the Minkowski space. Imposing the closure con-
dition for the twisted fluxes (4.20) we get that F; and F; yield

Nof =0,  Dp(fg) =0, Np=0% +0%, (7.9)
while F5 leads to
_ 1 _ VRN
05, (e N+ ?a,62 (X504, (™)) + Ane™* A Fh + FAz(fgz) =0. (7.10)
2 2

7.1.1 Analysis of the solution

We managed to reduce the problem of finding a supersymmetric solution to a rela-
tively small set of PDEs. It might seem that imposing these equations does not cor-
respond to have any localized sources, since in string theory branes appear as a vi-
olation of Bianchi identities (1.20). However, it is possible to introduce sources by
enlarging the space of solutions also to non-regular ones, where the singular loci de-
termine where the branes are sitting. Following this method it can happen that not
all singularities have a string-theory origin, so to rule out such solutions it is neces-
sary to check if all fields behave correctly, meaning that they have to reproduce, at
least in the near horizon limit, known behaviour of intersecting brane systems. Let’s
apply this method to analyze what kind of branes we can find in the IIB master class.

For the discussion of Bianchi identity solutions it is beneficial to rewrite the warp
factor as

caa_ S

=23 [x57—((0:,8)° + (0x,8)°)] (7.11)
2
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where h = h(x;, X2, X3, X4), so that (7.10) turns into

flos h+ %axZ (x50, h) | +0xh = émz ((0x,8)% + (0,8)%), (7.12)
2 2

which makes the structure of a Laplace equation more evident. The generic case

however remains quite complicated, so it is better to restrict to some special sub-

classes to get some insight.

For instance, let’s impose that g is constant. In this case the NSNS potential B
turns out to be closed, which means that it is pure gauge and therefore can be set to
zero without loss of generality; this choice corresponds to g = 0. As a consequence,
the right-hand side of (7.12) vanishes and the only non-trivial fluxes are F; and Fs:

1 vh
ds?, = —— d? s(RY3) + —
O GG

F1:0x4fdx3—6x3fdx4, (7.13b)
Fs=Volg Adh™" + x5Vol(S*) A (€;0x,hdx;) A (fdxs Adxg+dx; Adxz),  (7.13¢)

(dx? +dx? +x2ds*(S?) +\/fhdx? +dx3), (7.13a)

f|05h+ é% (x30,h) | +0ah=0, Ohf =0. (7.13d)
2
The resulting ten-dimensional metric (7.13a) suggests a setup of intersecting D3-D7-
branes [107, Egs. (13)-(14)]. In particular, we have re-derived the D3-D7 case of the
system used to study localized Dp-branes in the world volume of D(p+4)-branes [100,
section 4.3], even if for the D3-D7 case it is not possible to use the techniques of that
paper.

By turning on also g we have that F3 and H do not vanish anymore and we may
have in principle also D5- and NS-brane. However let’s assume for simplicity A =¢ =
0, so that the metric is completely flat, and let’s consider the relation H = *gFs3. If
we want to impose the presence of a NS5 brane d H = §,4 then we necessarily have,
using the duality relation, that also d F; = §g, which is the equation of motion for a
D1-brane instanton smeared on the external space-time. Even if such solutions can
exist [108], the flat metric suggests there are not these kind sources and the solution
to the second of (7.9) is regular. Of course the same argument applies also for the
D5-brane and the fundamental string.

7.2 IIA master class
The master class for type IIA supergravity was first discussed in [39, appendix C] and

it is obtained, analogously to type IIB, by setting b = 0 and a =i. Again from (6.24) we
have that this class does not contain any additional isometric direction.
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As we have seen in the previous section, it is useful to reduce the pure spinor
system (5.31) to a set of differential form equations on M, only. This can be done by
using equations (6.37), (6.38) and imposing that nothing must depend on S2. After a
bit of algebra, one can show that all the supersymmetry conditions follow from

dedw)=0, dE*** " +e*1 Py, =0, de Py +Byry) =0, (7.14a)
de®vpArwaw=0, dEe*?Byvi—v2))AwAwW=0, B,=0. (7.14b)

Equations (7.14a) can be locally solved by defining the vielbein in terms of local
coordinates

v = €24 Pdx; + Bye 24P d x,, vy =—e 24P d x,, w=eYdxs+idxy),
(7.15)
with
xp = e2ATC=¢ (7.16)

which implies the following form for the metric

ds? =e* ds*(RY?) + e~ 44420 (dx% + x%dsz(sz)) +e 24 (dx§ + dxi)
+etA-2¢ (dxl + Bye t4+2¢ de)z. (717
In terms of these local coordinates (7.14b) imposes the BPS conditions
O, (eZA—qu) = 0y, (e—ZA By),
Ox, (x5 e 24 By) = 0y, (x5 %4> (1+BY)), (7.18)

but, differently for type IIB master class, place no restriction on the functional de-
pendence on (x3, X4).
The fluxes are given by

F, =0, B = x5e 2% ByVol(S?),
F> =(0y, €*472?) d x5 — O, (e2472%) dxs) Adx; — 0y, (e dxs Adxy

+ (0, (€ >4 By)d x3 — 0y, (67> By)d x4) Ad xz, (7.19)

Fy=BAF+x5| =0y, (e " dxs Adxs— (0x, (e7** Bp)dx3 — 0y (€ > Bp)d x4) Ad X1

+ (0, (€784*2P(1 + B3)) d 3 — 0, (€752 (1 + B3)) d xq) A dxg] AVoI(S%),

and ensuring that they obey Bianchi identities imposes the following PDEs
0%, €472y + 05 (€472 + 0% (e =0,
0%, (e 724 By) + 0%, (e >4 By) + 0,05, (e *") =0, (7.20)

0%, (x5 e %420 (14 BY)) + 0%, (x5 e *4 2P (1 + BY)) + 05, (x50, (e~ *) = 0.
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7. Classification in type II supergravity 7.2. IIA master class

7.2.1 Analysis of the solution

Since in this class the metric is not even diagonal, it is much harder to deduce the
brane content compared to the IIB analog. In order to get some insight we will pro-
ceed by adopting a large ansatz which will allow us to get a diagonal metric.
Equations (7.14a) automatically give a definition of a diagonal vielbein except for
the component vy, which we diagonalize by hand with the introduction of an arbi-

trary function u:
vy =ePhdx. (7.21)

Thanks to this assumption we get an easy expression for the metric

ds? = e ds?(R?) +e 2P (d xd + x5 d s*(S) +e? PP d xf +e A (d x5 +d xD). (7.22)

but we have to derive from scratch BPS constraints and the fluxes. In order to do so
it is useful to define the following functions

f=e2A%20t0 - o—e2Cp) (7.23)

so that (7.14b) implies f = f(x1, x2), g = g(x1,x2) and u = u(xy, x3, x4). Moreover we
have the PDEs

0x, 8= %50y, f, (7.24a)
0,8 =x5e Hay (fe t4H, (7.24b)

which determine H in terms of the other fields.
The fluxes read

B, =gVol(S?%), (7.25a)

Fy=(0y,etds3— 0y, e dsy) Ads; — f 1oy, e A dssadsy, (7.25b)

Fy =By A Fa +Vol(SH) A (x5 f (Ox, e *4 Hd sy — 0y, e Hds3) Adsy
—g(0y,eldss—0y, et dsy) nds; + (x%@x2 e 44 +gf_16x1 e *dss A dss), (7.25¢)

and the Bianchi identities for these impose:

0y, (f 1, e~ =0, (7.26a)
Aet 40, (f o, et =0, (7.26b)
caaey 1 _ 1 _ _
fAe 4 AH +?ax2 (x50, e + ?ax2 gflo et =0, (7.26¢)
2 2

—32 482
where A =05, +05,.
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7. Classification in type II supergravity 7.2. IIA master class

Even if we are now provided with a diagonal metric, solving these PDEs in full
generality is still hard, so we impose some further ansatz which will allow us to get
some intersecting-brane systems.

The first issue we address is that the left-hand side of (7.24b) is independent of
(x3,x4), while the right-hand side is not a priori. We can deal with this by making
an ansatz for e %4; for example, a convenient one (even if it is not the only one, as
showed in [41, appendic C]) is

e = FUH(xy, x2)S(x3,x4)%, e = S(x3,x4). (7.27)

The discussion turns out to be different if we consider the warping A to depend or not
from x;, so let’s analyze these two situations independently. We will see that the dis-
cussion suggests that the IIA master class describes a localized system of intersecting
D4-D6-NS5-branes.

05, e *4 = 0: Localized D4-NS5 smeared D6 system

To make e~*4 independent from x; we need to set H = fA(x,) where A is an arbitrary

function. We can solve the (7.24a) by introducing an auxiliary function h(x;, x2) such
that
f=0yh, g=—x50,,h. (7.28)

We are then left with the PDEs
1
0, (X305,M) =0,  £28=0,  —04,(x50,,h)+A05 h=0, (7.29)
X2
to solve, with physical fields given by

1 Oy, h _
eZA — S_\/X , e2([)+2/,t — % . e 4A+2¢ — \/za)q h, eZC BO — _xgaxzh. (730)

When S = 1 this solution reproduces, up to two T-dualities along d x3 and d x4, the
massless system of [98], which describes localized D6-NS5 brane intersection. On the
other hand when § is not constant but 0y, & = 1 we have a D4-D6 system where the
D6 brane is smeared along x;, since its harmonic function is S = S(x3, x4), while the
harmonic function of the D4 factorizes in AS. Therefore we can in general interpret
this solution as a system of localized D4-NS5 with smeared D6.

05, e *4 # 0: Localized D4-D6-NS5 system

We now allow e™** to depend on x;. In this way we define H such that it absorbs f~!
in the definition (7.27). From (7.26a) we can fix f from H up to an arbitrary function
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7. Classification in type II supergravity 7.3. Generating the other classes

G = G(x1) as f =0y, H/G. Thanks to equation (7.26b) we have that G must be at least
linear in x;, G = ¢1x1 + ¢2. The remaining equations are:

1 1 0., H?
NS =—¢S?, — 0y, (x20,, H) + -0 szcxl—, 7.31
2 1 xg X2 ( 2Uxo ) 2 X1 1 CLX1 + Cp ( )

and fields are defined as:

024 — 1 Q20420 _ ;6 H. e-4A+2¢ _ _VHa 7
» X1 ) X1
SVH vVHG G
2

(7.32)
X x2
01, (€* By) =205 0n, H, 0, By) =0y (

Now, notice that if ¢; = 0 and S =1 this solution is the massive system of localized
D6-NS5 of [98, 109] up to T-dualities, so for generic S and ¢; = 0 we have an analog of
the previous case but with a localized “massive” D4-NS5 system with a smeared D6.
When c; # 0 the solution is more exotic and the physical interpretation less clear, but
it points in the direction of a localized D4-D6-NS5-brane system.

7.3 Generating the other classes

All the possible R3 x §? solutions with equal spinor norm classified in [39, 40] fall
into three distinct classes characterized by the isometry number of the internal four-
dimensional manifold My, which corresponds to a precise choice of the parameters
a, b, as already shown in (6.24) and (6.35). Specifically one has

Casel: My, = M,xZ%,, Casell: T' — M,, Caselll: T? — M,

! |
M3 M2

where X, is a two-dimensional Riemann surface spanned by d x3 and d x4. The mas-
ter classes we discussed above belong to Case I and exhaust it. Cases Il and III contain
one and two constant parameters respectively and often reduce to locally five- and
six-dimensional Minkowski backgrounds.

These higher dimensional flat space solutions are relatively easy to find. Let’s start
by considering the IIB master class 7.1; it is a straightforward application of subsec-
tion 1.3.1 to notice that by imposing that one of dy,,dy, is a symmetry of the solution
and T-dualizing along it we end up with the R4 x §2 class in IIA of [39, section 4.2],
while if we make both isometries we find, after two T-dualities, R x S? solutions of
[40, section 4.1].

A similar story holds also for type IIA master class 7.1, indeed one can generate
the R x $? solution in [40, section 4.2] by T-dualizing one direction among d;,0y,,
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ITA 1IB

M4 = M2 X 222
Sl — M4,

¥

M;3
T? — My,

| © |Caselll Case III

M,

Figure 7.1: Depiction of the chains of dualities leading to the various Mink, x S? class
in type II with equal spinor norm. Cases I in IIA and IIB (shaded grey) are the fun-
damental master classes from which the other solutions are generated. Specifically
Y1 represent a transformation where one performs a diffeomorphism mixing the M,
and X, factors in IIB Case I introducing a parameter, then imposes an isometry and
T-dualizing on it. y»,7; represent the following: impose X, = T? in Case I and T-
dualize on both directions, this case is a R!"® solution that we call case III, one then
performs a formal U-duality followed by a T-s-T transformation with T2, which gen-
erates a two-parameter deformation of case Illy governed by the same PDEs, i.e. case
I1I. y3 represents imposing an isometry in the X, factor of IIA case I, then T-dualizing
to get to IIB. One then performs a formal U-duality on the spatial directions of R,

and, as it was already explained in the subsection 7.2.1, by means of two T-duality it
is possible to get all R"®> x S? solutions of [98], which are exactly [39, section 4.1].

Even if these higher-dimensional Minkowski backgrounds do not have any pa-
rameter turned on, they are governed by (almost) the same PDEs of the rest of Case II
and III. This indicates that a and b can be seen as parametric deformations of these
solutions, which suggests that these parameters can be generated by some sort of
duality. Two obvious candidates are formal U-dualities of the type in [110, 111] and
T-s-T transformations [112], which are both solution generating techniques involving
chains of string dualities and coordinate transformations.

In this section, following [41], we will see that it is possible to explain the origin of
the parametric deformations and we will prove that Case II and III can be generated
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from the master classes. The map between the solutions is summarized in figure 7.1.

7.3.1 Generating Case II

Let’s start with establishing how the parametric deformation of Case II in IIA and
IIB is realized. We will see that for IIA we need to start again from the IIB master
class while in IIB the generic solution is essentially the U-dual of the five-dimensional
Minkowski sub-case we discussed before.

CaselIlinITA

We start by performing a coordinate transformation on the solution in 7.1

agl\?/Tx4

X] — X — (7.33)

where ay+/f /b is a constant and b? + a3 = 1. The NSNS sector takes the form

2
1 b
ds® =e* ds*R'?) +e24 ?(bzdxf+dx§+x§dsz(82))+dx32, 72 (dx4+ﬂdx1) ),

VF

(7.34)

dxsnd dx Ad
“Zﬁg A 6, Zvol(s?) + SN AX2
b x2 x?

2 2

B:geg—

If we now impose that dy, is a symmetry of the whole solution, we have that the
PDEs governing the system (7.9), (7.10) become

0%, f=0, &,(f8)=0, (7.352)
1 1

ﬁail e+ —0x (x50x, (e ) + 0%, (f e + ?ais (fgh =0, (7.35b)
2 2

which are exactly the same PDEs we have in [39, section 4.4]. If we now T-dualize on
0y, applying the rule of section 1.3.1, the NSNS sector is mapped in

28\/_

ds?=e*Ads*®R"?) +e?4 bz(d xg) +T(I92dx1 +d x5+ fdxg +x5ds%(S),
dez)’ e_(pzfe_A’

7.36
bx3 b (7.36)

b
B:g62+aidx1/\(dx4—

VF

which reproduces the NSNS sector of [39, section 4.4]. With an explicit computation
it is possible to prove that also the RR-fluxes match.
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CaselIlin IIB

To generate case II in IIB one starts from the five-dimensional Minkowski solution
we discussed at the beginning of this section, which is obtained by T-dualizing IIA
master class along dy, (0y, is physically equivalent). Using (1.31) the NSNS sector is
locally mapped to

ds? = e* ds?R'®) + e dxf +e 2 dxd +e 04120 (dx% +X5 dsz(Sz))
) (7.37)
+8472¢ (dxl + Bye 84+2¢ dxg) , B = x5e %42 ByVol(5%)

where all functions have support on (x1, X2, x3) only, while the RR sector reads

Fy =0y, (e* %) dx; + 0y, (6> By) dxp — 0x, (e **) d x3,
F3=BAF +Xx5 (axZ (e "M dx3 -0y, (e >4 By)dx1 — 0y, (e 34"2?(1 + B2)) dX2) AVoI(S?),
F5=0. (7.38)

Now we will show how to introduce a parametric deformation ¢; via a formal U-
duality. One begins by T-dualizing on the three space-like isometric directions con-
tained in the external-space metric, which maps this solution to IIA with only (Fy4, H)
non trivial. Specifically, we have that H is unaffected while F, reads

Fy=e 3" Vols A Fy +etd A xgFy (7.39)

where Vols is the spatial volume form in R and the sign + depends on the definition
of Vol; and ont he order of the T-duality transformations. However we do not need to
take care about this sign because we will T-dualize everything back to IIB in the same
way. Before doing this, let’s lift this solution to M-theory using 1.3.3 and let’s perform
the following change of coordinates which involve the M-theory extra dimension 9,

dt—b;dt+cydz, dz— b,dt+dz. (7.40)

Here cy, by, b, are all constants, ¢y is the deformation parameter, while b;, b, should
be non zero and satisfy —b; + bocy > 0, but are otherwise arbitrary. The relevant part
of the eleven-dimensional metric get mapped as follows:

_ 2
—e iP2A 2 L eiPd g2 — — e 5H2A (b1 = baco) ds?
1-c2e?A-2¢
, (7.41)

dz

bz - b] Co eZA_Z‘/’

1-c5e?A-20

+ e%‘p(l —cie? )2 dz+
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If we now reduce back to type IIA, always along 0., we get that F, and H have mixed
their components and we have now F, turned on, which has a leg in the time direc-
tion. The last step is to perform again three T-dualities along Vol; to get back to a four-
dimensional Minkowski solution in IIB. These operations have left F; and the dilaton
unchanged, while F, in IIA turns on F5 in IIB. After rescaling d ¢t — —(b; — bacp)d ¢
all dependence on by, b, drops out of the solution and one finds that the new metric

reads
2A

ds® = i—dsz(lRl’g) +x ds*(Mg), (7.42)
L

where d s?(Mg) is the original internal metric before the U-duality and we have intro-
duced (x,x 1) such that

K =ce*?,  xj+xd =1 (7.43)
The remaining fluxes after the U-duality become

H—dB+xje? xgF3,
Fg — F3 — K| e_d’ *GHS»

edA—0 K|
Fs— (14 )Voly nd | ——1]. (7.44)
K7
It is then not hard to check that if we rescale
e’ >x,e?t,  By—«, B (7.45)

we get exactly the metric, dilaton, and fluxes of [40, section 4.4.2]. Notice that the
PDE:s are unaffected by the chain of dualities we used and they are just modified by
(7.45). Thus we have shown that case II in IIB follows from case I in IIA by first T-
dualizing to IIB, then performing a U-duality.

7.3.2 Generating case III

In this section we deal with the derivation of Case III in type IIA and IIB starting from
the master systems. For these classes we have to generate a double parametric de-
formation, and this can be done by T-s-T transformations, since now we have two
isometric directions, and by the same kind of U-duality we have seen in the previous
section. Since the procedure is similar to the methods we have seen so far, we will
only sketch the main steps.
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CaseIll in IIB

Case III in IIB can be generated from the six-dimensional Minkowski case we have
describe at the beginning of this section, which is nothing but the D5-brane in flat
space. More precisely, this solution is given by the following metric

1
ds® = — (ds*®") +dxd +dof) + +V(dod + dd + 2 d s*(5D) (7.46)

and fluxes
Fy=x3(05,hdx 0, hdx | AVOI(SY),  Fi=F5=H=0, (7.47)

where h = e™*4 = e72® is just a function of (x1, x2) which satisfies a Laplace equation
on the flat space generated by {x;, x», S?}.
The two parametric deformations can be obtained from this solution as follows:

1. Formal U-duality on spatial external directions (as the on in 7.3.1).

2. T-dualize on d,, and gauge transformation of the NSNS potential.

w

. Shift x3 — x3 + 7 x4.
4. T-dualize back on 0y, .
One needs to supplement this by rescaling the dilaton, Minkowski and local coordi-
nates, but after doing this carefully one is mapped to Case III in IIB.
Case Il in ITA

Case III in IIA can be generated in a similar fashion. Again it is convenient to start
from R solution without any parameter turned on. This solution is explicitly given
by the following fields:

ds*=e*(ds* (R +d x5 +d x7) +e 42 Pd xF +e 842 (dx + x5 d 5% (S),  (7.48a)

1 2
B=——x50,,e *Vol(5%), e’® = =0, ¢4, Fo=m, (7.48b)
m m
Fy = BFy— x5 (0x, (e —e 24 Byd,, (e ™M) Vol(S?),  Fy=0. (7.48¢)

The warping A must satisfy the non-linear equation

1 1
— 0., (x50, (™) + 0% (e7¥h) =0. (7.49)
x5 2

Now, it is possible to check that the following chain of dualities, boosts and shifts
maps this to Case III in ITIA
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1. Four T-dualities performed on the spatial R"® directions and one direction in
T2, say x4.

2. Lift to M-theory, boost along the M-theory isometry, reduce back to IIA.
3. Shift x3 — x3 +yx4.
4. Four more T-dualities on the spatial external directions and x4.

This completes the proof of the duality web depicted in figure 7.1.
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CHAPTER 8

CLASSIFICATION IN M-THEORY

In the previous section we classified all the R"3 x §? solutions in type II supergrav-
ity. Besides some considerations involving the spinorial system, most of the classi-
fication was carried on by exploiting pure spinor equations. Of course these do not
apply to M-theory, so we will need an analog of them. In [37] a system of form equa-
tions which is equivalent to background supersymmetry for four-dimensional vacua
is provided; even if in this case the system is completely general, differently for ex-
ample from [74], supersymmetry turns out to be formulated in a rather cumbersome
way. For this reason before using [37] in its full generality, we analyze again the spino-
rial system in order to find some simplification imposed by the S? ansatz.

8.1 R!3x S? ansatz

The treatment of the R'"3 x S? ansatz for M-theory is essentially similar to what we
have seen in section 6.2, let’s then quickly review here the argument in order to fix
the notation. First of all we want to preserve the symmetries of the external space,
which impose that the eleven-dimensional metric decomposes as a warped product

ds?=e**ds*R"?) +d s> (M), (8.1)

where e?2 is a function with support on M; only and the four-form flux F is necessar-

ily purely magnetic in the supersymmetric case, as showed in [113]. Since the SU(2)
preserving ansatz requires /1 = 2 supersymmetry, our eleven-dimensional spinor will
decompose as

2
€=y ((i@x“ﬂ(i)cmx“)c), (8.2)
a=1

where both (¢ and y“ are charged under SU(2) R-symmetry, so that € is invariant.
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The R-symmetry is again realized by a S? factor in the internal geometry, so that
metric and flux on M become

ds?(M7) = e*Cds?(S?) +ds?*(Ms), F=F;+e’“Vol(S5) A B, (8.3)

where e2C is a function depending on the coordinates on the remaining five-dimensional

manifold Ms.
At the level of the spinors the SU(2) R-symmetry will be realized again by using
the doublet (¢,¢€) given in (6.6), which imposes the following decomposition:

x=¢en' +oséen?, 8.4)

where we dropped the doublet index since R-symmetry allows us to restrict to the
11 =1 case.

8.2 Spinorial analysis

As done for type II theories, we start the classification by deriving some conditions
that will be useful in the next section.

The eleven-dimensional supersymmetry equation (1.6) can be rewritten using
(A.20) and (A.22) as

1
DMe+ﬂ(3FYM—YMF)e:O. (8.5)

By decomposing € according to (8.2) (restricting to 11 = 1) we get:
1
(e‘AaaeAy“+6F))( =0, (8.6a)
1
(Da + ﬂ(f’)Fya — qu)) x=0. (8.6b)

When y°¢ = y we have that the spinor defines a G, structure on M. In particular,
it is easy to check that in this case the solution has actually G, holonomy and F =0
[114]. Although such solutions may exist, we need not consider them explicitly; in-
deed when we restrict to M, = S? x M5 we have that the Killing spinors ¢,¢¢ on S?
span a basis, and in particular cannot be equal. This means that imposing y¢ = y
forces y to contain two separable five-dimensional systems, one coupling to ¢ and
the other to ¢, which just impose additional constraints compared to the case that
follows from the SU(3) structure y° # x, where we can define y as in (8.4) (i.e., con-
taining just ¢ and not ¢{€). Therefore solutions with G, holonomy can be considered
as particular cases of the SU(3) system, so we can assume y # y¢ without loss of gen-
erality.
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Now let’s analyze the zero-form constraints on M7, using (8.6b)
0ax' 1) =Dax"y + x"Dax =0a01"y, (8.7)
we have that we can set without loss of generality
IxI* =2¢e*. (8.8)
Moreover, by calculating in a similar way 9,(y y) we get the following condition
xXx = ce 28 (8.9)

where c is a constant.
Let’s now go a bit further and impose also the spinor decomposition (8.4). The
zero-form equations in terms of the five- and two-dimensional spinors read

(Tﬂ’h +17§nz) + yg(vﬂnz +17£m) =2e"; (8.10)

to preserve the SU(2) R-symmetry the warp factor cannot depend on the embedding
coordinates of the sphere y;, so we have

Iml® + 121> =2€®,  Re(minz) =0. (8.11)
On the other hand (8.9) becomes

—(n —iy2)Mn2 = ce (8.12)

and then we must have
n1n2 =0, c=0. (8.13)

Given the normalization (8.8), it is better to rescale the seven-dimensional spinor
as N
y=ez(en +o3¢en?) (8.14)

instead of (8.4). This allows us to decompose the spinors on M5 in a common basis
in terms of a unit norm spinor 7:

1
1=, 2 :icosan+§sinawn, (8.15)

where w is a complex normalized vector on Ms. This is the most general parametriza-
tion consistent with (8.11), (8.13)".

! Actually it would be in principle possible to be slightly more general than this and demand that n;
and 7, do not have the same norm, however it is proved in [41] that this situation is actually forbidden
by supersymmetry.
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8.3 Supersymmetry conditions

The conditions found in the previous section considerably simplify supersymmetry
equations, and in particular we can restrict ourselves to consider [33] (similar sys-
tems were previously obtained in [74, 115]), where necessary and sufficient geomet-
ric conditions were derived for the preservation of supersymmetry in the particular
case yx = 0. The system is given by the following equations:

de**K) =0, (8.16a)
de** )) = —e** %7F, (8.16b)
de**Q) =0, (8.16¢)
dEe**Ja)=—-2e* FAK (8.16d)
where
Ka=x"vax, Jab=-x"YarX» Qave=—ixvavex (8.17)

define an SU(3)-structure on the seven-dimensional internal space. Imposing these
conditions and the Bianchi identity for F is enough to get a proper 71 = 1 solution in
M-theory [116].

The next step is to specialize (8.17) to the case M; = S?> x M5, which can be done
by making use of (8.14) together with of the bilinear product identity

[Een']e[Een’] =m'en*) A e+ ' on* ) _n(0sE @e?)  (8.18)

where + denotes the even/odd degree components of a form only. The bilinears gen-
erated from 7 are given in [30]. Differently from what we have seen in the analysis of
type II theories, in M-theory a spinor on a five-dimensional manifold is not enough
to define in general an identity structure, but just a SU(2)-structure. However, since
we have already picked a complex vector w in (8.15), we are able to formally write the
SU(2) structure in terms of a local vielbein:

t_1 ~ijs et _ 1
nen =-(1+v)Ae , NN ==(1+70v)Aws,
4 , 4 8.19)
wry=wWAU, jng(WAw+u/\ﬁ),
where
v, w;=Rew, wy=Imw, u;=Reu, u=Imu (8.20)

is the five-dimensional vielbein. Notice that just v can be directly defined in terms
of the bilinears of 77, and in order to determine w we need a # 0 in (8.15). This will
affect the classification of M-theory solutions, indeed we will get two different classes
depending on whether a vanishes or not.
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We have now all the elements to translate the SU(3)-structure (8.17) on M7 in
terms of the vielbein on M5 and S2. In order to do it, it is convenient to perform the
following rotation:

wy — sinav +cosaws, v—cosav—sinaw;. (8.21)
In this new frame the vector K simply reads
K=-¢e%cosa dys +sina wy + yscosa v. (8.22)

Let’s now move on and examine J and Q, which define and SU(3)-structure on the
internal manifold orthogonal to K. Any SU(3)-structure in a six-dimensional space
can be expressed in canonical form using a complex vielbein E’ as

i _ _ —
]:E(El/\E1+E2/\E2+E3/\E3), Q=E'NE*AES, (8.23)
where
E'= Cosaw1+iwz+sina(ecdy3—y3v), E’=u, E3= (y1+iy2)v—ecd(y1+iy2).
(8.24)

One can explicitly check that this complex vielbein leads to the factorized metric on
M7 = SZ X M5 )
K2+ E'E' = e*“Vol(S%) + v? + w? + w? + u? + u2. (8.25)
Now we can start the classification by using the explicit expression for (K, J,Q) in
(8.16). As said before, we have to distinguish a = 0 from the generic case.

8.4 CaseA:a=0

In this case we have that n7; = in, as one can check by looking at (8.15). Since the two
spinors are proportional to one another they define a SU(2)-structure on M5, which
means that we will not get a local expression for the vielbein u, w by just imposing
supersymmetry. (8.16) reduces to these conditions for the SU(2) structure:
de***C+e*t v =0, (8.26)

d(e® wy) =0, (8.27)

while those involving the flux read
de* j) —e® xsF =de™®* jo) +e 2 F,Av=F; =0. (8.28)
We can solve (8.26) without loss of generality by introducing a local coordinate p such

that

p =e?A7C, v=—e2dp. (8.29)
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Summarizing, we have that this class is determined by the following fluxes:
ds? =e*2ds2RY3) + 742 (dp*+p?ds*(S?) +ds*(My),
F=e82 p?Vol(§%) A x5d(e* j») (8.30)

where M, supports an SU(2)-structure which is complex thanks to (8.27).

8.4.1 Analysis of the solution

Without an explicit metric it is difficult to understand what kind of backgrounds this
class can accommodate, so in this subsection we will specialize it by making some
ansatz. We will see that this case is actually quite broad and may comprehend var-
ious system of localized M2-M5-branes, KK6-monopoles and Atiyah—Hitchin singu-
larities, as showed in [41, section 5.2].

M5-brane case

It is easy to check for example that the supersymmetry condition (8.27) can be solved
by imposing the presence of a space-filling M5-brane sitting on a dimension-two sur-
face inside My. For example we can choose

w=e2(dx;+idxy), u=e’(dxs+idxs), (8.31)
with A = A(p, x1, x2). Using this ansatz inside (8.28) we get
F,=-p?e ¢ (0pe % dx; Adxs +0x,e 2 dp Adx; +0x, e M dxp Adp).  (8.32)

The solution is then given by the following fluxes

ds* =e** ds*R"™) +e ™4 (dx? +dx +dp® + p?ds*(SH), (8.33)
F=-p*(0,e % dx; Adxa+0y,e % dpAdx; +0y e dxa Adp) AVOI(S?), (8.34)

plus the Bianchi identity
1
?ap (p%0,e7%%) + 05 e ® +05 e ®* =0, (8.35)

which is a five-dimensional Laplace equation with a manifest SO(3) symmetry, so
this solution describes a localized M5-brane with a rotational symmetry in its co-
dimensions.
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8. Classification in M-theory 8.5.Case B:a #0

M2-KK-monopole system

Another easy way to solve (8.27)-(8.28) is to impose SU(2)-holonomy on Mjy:
etwy, =y =€ Jo = fg, (8.36)
with @y, j» closed. The local form of the solution is then
ds?= H 22 d " (Ri3) + H'?(ds*(Ma) + H(dp? + p*d s*(5D)),

F=QjAVol(S?), H=1+ Q (8.37)

o

with M, any SU(2)-holonomy manifold. These solutions are all non-compact and
the warp factor is not indicative of a simple brane set up. However, following [117], it
looks like a particular KK6-M2 system.

8.5 CaseB:a #0

Even if in this case a is generic, we will see that it actually factors out from all of the
supersymmetry conditions and in the end nothing depend from its value as long as
a # 0. This condition implies that the two spinors n! and n? are linearly independent
and therefore they define an identity structure, which is given by the one- and two-
form supersymmetry constraints

de* ) +e22 p=de w)=de2uw=0, (8.38)

which can be solved without loss of generality by introducing local coordinates

v:—e_ZAdp, w=e 2dx; +idxy), u=e’(dxz+idxy), p:e2A+C, (8.39)

where
p=e?AtC, (8.40)

The supersymmetry conditions on fluxes are given by:

de*® uy A up) +e*? x5F, =0, (8.41)
A2 wo Av) + 222 Wi A, =0, (8.42)
cosa(dEe (wiAwy) +e 2 FHAv)=0. (8.43)

The definition of F> can be read from (8.41) and we can make use of (8.39) to take the
Hodge dual:

F, = —pze_zc(ap e %dxyAdxy+0y,e  dpAadx; +0,, e dxandp).  (8.44)
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8. Classification in M-theory 8.6. Relation with type II classification

We then plug this back into (8.42) which imposes
0, e =0,,e* =0, (8.45)

and therefore we get that 0y,, 0, are isometries of the solution. This automatically
solves (8.43) without imposing any further restriction on a, then nothing physical
depends on it. Thus the local form of all solutions in this class is

ds* =e** ds*R"™) +e ™ (dx? +d x5 +dp? + p*ds*(SH), (8.46)
F=-p*(0,e®dx;Adxp+0y,e ®*dpAadx; +0y e dxa Adp) AVOI(S?). (8.47)

Notice however that these are the same fluxes of (8.46), which means that, even if the
spinors are different, class B is a particular case of class A.

8.6 Relation with type II classification

M-theory can be used to generate solutions in type IIA supergravity without Romans
mass through dimensional reduction as showed in 1.3.3. Notice, for instance, that
the ITIA master class of section 7.2 can be derived from Class A of the M-theory clas-
sification of section 8.4 by imposing an U(1) isometry within the complex manifold
M, and reducing along it.

A similar argument applies also for solutions in type IIA supergravity with non-
equal spinorial norms, since it was proven in section 6.3.1 that they have Fy = 0. We
shall now argue that these solutions descend from Case B in M-theory.

Performing the dimensional reduction of M-theory along a generic direction e;}
we have that the gamma-matrix corresponding to this vielbein becomes the chiral-
ity matrix in IIA (1.42). The non-equal-norm condition in IIA, in the conventions of
section 6.3.1, is equivalent to y'y® y # 0 and, up to an irrelevant overall normaliza-
tion, the six-dimensional non-chiral spinor in IIA and the seven-dimensional spinor
in M-theory are the same (1.42). The non-equal-norm condition in M-theory there-
fore reads y 'y x(€19)™ = K, (el9)™ # 0, which means that we can establish whether
or not we reduce to a non-equal-norm class in IIA by studying the M-theory one-
form K defined in (8.22). Specifically, we generate non-equal norms whenever K has
a leg along a direction which can become an uncharged U(1). Of course we cannot
compactify along d y3 in (8.22) since we want to preserve the S? isometries, nor along
v ~ dp, since in both case A and B p defines the S? warping e®. This means that we
can reduce K just along w;, and w; is present in K only when sina # 0. This proves
that all non-equal-norm solutions in type IIA are generated from Case B in section
8.5. Moreover in this case we also have that w ~ d x; +id x; and therefore after the
dimensional reduction we get that the IIA solution with non-equal norm must have
a flavour U(1) xU(1) isometry group generated by d x3 and d x4.
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dimensional SU(2)-structure
reduction ansatz

Case I (ITA) Case B
dimensional
reduction
Non-equal norms: 1A
T-duality

Figure 8.1: Depiction of the chains of dualities of the classes derived from the Mink, x
S? classification in M-theory. In subsection 8.4.1 it is proved that class B in M-theory
is a particular case of class A and class B generates type IIA solutions with non-equal
norms which can be T-dualized to the IIB ones. Case I in type IIA is generated from
case A in M-theory via a dimensional reduction. Notice that the only fundamental
classes in ten- and eleven-dimensional supergravity are Class A in M-theory and Case
Iin IIB, as showed in figure 7.1.

In [41, section 3.2] it is also argued that type IIB supergravity with non-equal
norms has two uncharged U(1)xU(1) isometries, by T-dualizing along one of these
one lands in type IIA supergravity with non-equal norms, that we just proved to de-
scend from M-theory”. The situation is summarized in figure 8.1.

2In principle it would be also possible that type IIB solutions could follow by T-dualizing on the
Hopf fiber of a squashed S%, but it is easy to rule out this option [41].
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CHAPTER 9

SOLUTIONS WITH ADS FACTOR

In this section we will recover solutions with an AdS factor starting from the Minkowski
classification. This is useful for two reasons, first of all it shows that the classification
we have performed so far is broad, since it contains various known and non-trivial
system of intersecting branes. Secondly, understanding how to recover AdS solutions
is a first step in the direction of finding backgrounds which are just asymptotically
AdS. Such backgrounds are particularly interesting in holography since they point
out the presence of RG flows. In particular, they can be used for studying both RG
flows from two CFTs, where between the AdS factors we have a lower dimensional
Minkwoski space [118, 119], or also RG flows between a CFT and a non-local solution
[120], like little-string theory [121], which is dual to a flat-space geometry.

Let’s now sketch the general procedure to get an higher-dimensional AdS back-
ground from a Minkowski one. Since we classified warped d-dimensional Minkowski
solutions with d = 4, we can use the warping function to introduce the radial coordi-
nate r of AdS;;; in the following way:

e?44 4 s (RV1) + d s?(Myg_g) = €244+ 1 d s> (AdS 74 1) + d s2(My_), 9.1)

where e?44 = ¢?44+1%27 In order to do this, we usually need to perform a change of
coordinates to define r and to impose that the mixed terms in the metric containing
d r vanish.

9.1 AdS;

Let’s start by showing how to recover the AdS; solutions of [31, 122] (see also [123] for
a different approach) as particular examples of the R!"® system in type IIA defined in
(7.48). We don’t have to worry about AdS; solutions in type IIB because there are no
supersymmetric ones, as proved in [31].

As explained at the beginning of this chapter, what we have to do is to take e =
e’ 47 in (7.48a) and to play with the remaining coordinates x;, x,. In order to be
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9. Solutions with AdS factor 9.2. AdSg

completely general, let’s define the following change of variables:

26
x1=f@e, x= 5% e’ 9.2)
where the unusual coefficient in front of a is necessary to match the conventions of
[124]. Imposing the presence of the AdS factor gives two conditions, one from the
d r? coefficient (which must be equal to the Minkowski warping) and the other from
setting to zero the coefficient of d rd z. They read

C4A7:—gaaza, f az(faZf):_gm.
38 fo,f 0, 0, 38

9.3)

With these definitions, it turns out that equation (7.49) is automatically satisfied.
We can solve the second condition in (9.3) by using reparametrization invariance to

choose 3

2
f: —Eaza, (94)
which reduces (9.3) to the following ODE for a:
Fa=23"1m. (9.5)
We also get the explicit expression for A7 in terms of a:

7.2
4A7:_2na

. 9.6
Za 9.6)

e

These definitions are all we need to make contact with the solution in [124, sec-
tion 2.2.3], indeed it is straightforward to check, for example, that we get the same
expression for the metric:

ds? =v2r |, [—— 4 2AdS +\/—63“ (dz2+ @ ds%(s?) 9.7)
B a ! a 0,a)% —2ad%a ' '

9.2 AdSg

In this section we will recover all supersymmetric AdSg solutions of type IIB super-
gravity, which were originally classified in [29] by using pure spinor equations and in
[125] from the spinorial conditions. In both cases however a system of PDEs were ob-
tained but not generally solved. In [32, 126, 127], exploiting S1(2, Z) symmetry of type
IIB string-theory, all local solutions were given in terms of two holomorphic func-
tions.
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9. Solutions with AdS factor 9.2. AdSg

We will show that, starting from the R14 system in (7.37),(7.38), we will be able
to give an alternative formulation of the AdSg x S? solutions just in term of a Laplace
equation in two variables.

Following [40, section 5.2.1], we start by performing the change of coordinates

1
x1 =% +—e’¢B, (9.8)
X2

which redefines the metric as

1 2
ds? = A d P R +e 42 (dod +x3 ds*($%) +e 2Ad o+ (dy+—e2C By

X2
9.9)
where H; was defined in (6.2). Now we change again parametrization

1 8 2
X1 = ze_3pf(r,y), Xp = ge‘o’py, Xy =4ePIAY | @24 - 2\/ge2'°+%‘l’+2’1 (9.10)

where e will be the AdS radial coordinate, A and A are functions that depend just
on {r, y}, and the powers of e? in x; are fixed such that they cancel those coming from
the e/ factors in (9.9). If we demand that the NSNS three-form and the metric respect
the isometry of AdSg we must impose

e’CHy = hy(r,y)dr + hy(r, y)dy, 9.11)

and the following constraints:

o e—2/3A+4/1 7’2 +f2 81 ayA
e - 6 ) - —,
el — 2 y(1+yd,A)
e—sa—gAy 4
hy = —T(—?)r +e8A288 15 £+ 1%0,A), hy= —5V0yf ~foy8). (9.12)

Up to this point we have just imposed conditions leading to AdSg, however we have
also to require that the BPS constraints are satisfied. These are simply given by the
T-dual of (7.18) along x4

1

0y, e 4% =8, (Bpe ), —0x (x2Boe ?4) =0, (e ®**(1+B2)  (9.13)
2

and, in terms of the new coordinates, they read:

1
, d2el3h = p%e™ . 9.14
1+y0,A r 377 619

f

Thanks to all these definitions we have that Bianchi identities are automatically solved.
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9. Solutions with AdS factor 9.3. AdS5

Notice that 3
et = L 9.15)
C2—Y
is a solution of (9.14) which can be T-dualized to the unique supersymmetric AdSg
solution in ITA.
It is possible to make some further progress and rewrite the PDE in (9.14) in a
more linear manner. This is done by performing, following [128, 129], another change
of coordinates

o=e "% r=0,V, y=0%0,V, (9.16)

where V must satisfies a four-dimensional Laplacian in cylindrical coordinates
1 2 2
—04(0°0,V) + 0,V =0. 9.17)
o

Thanks to this transformation we get that the Toda equation in (9.14) is automatically
solved. Now we can re-express all the fluxes in terms of V and the new coordinates.
Another advantage we get from this parametrization is that it is actually possible to
derive all the potential C; of the RR-fluxes:

1/4 2

2v2 1 A0,V 0, V02V A
ds*=rex’o a%,i/ [dsZ(AdSGHS—A”ds (82 + g (do?+drP)],
6v/3
e? = _6v8 (3(/\02 +(0yV)? +200, V0,0, V)0,V +0((8,V)* -9(05V)?)0; V),

AdgV 2
\/ v 6’7

5t (aaav(a,, V0,0,V +0[(050,V)* + (07 V)?])
3 A
1 305V (0,V +00;0,V) +00,VI,V)
18 0/(0,V)202V +30,V((0,V + 0050, V)2 + (002V)2)’

_V—0d, V)Vol(Sz) , 9.18)

Co=-

2 (1] 3 00, Vaganv

= X [Vol(sD), A =0(0,0,V)2+ (8, V — 002 V)0V

Cy =

9.3 AdS;

In this section we will focus just on M-theory since the only AdSs solution in type IIB
with an §? factor is AdSs x S°, while all the AdSs solutions in IIA can be uplifted to
the M-theory one. AdS; backgrounds preserving 11 = 2 supersymmetry in M-theory
were classified in [130], and it was shown in [131] that they exhaust this class. We
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9. Solutions with AdS factor 9.3. AdS5

will prove that all these solutions can be embedded within M-theory class A of our
classification (section 8.4).

Comparing (9.1) with the metric in (8.30) one can see that in order to realize an
AdSs factor one has to impose

p=e’"y, =M v=—er@2dr+dy. (9.19)

The definition of v however generates a mixed d r d y term in the metric which would
break AdS isometries, so we need also the radial component r to point along one of
the vielbein of the four-dimensional manifold M, with SU(2)-structure in such a way
as to eliminate the d r cross term. Moreover, we have also to impose that all the AdS
directions have a common warping factor and that the SU(2)-structure is charged
under a U(1) isometry dy. This last requirement is needed in order to realize the
SU(2) x U(1) R-symmetry of the 71 = 2 super-conformal algebra in four dimensions.
Imposing all these constraints together with (8.27) is enough to get an identity struc-
ture on the internal space, which can be explicitly written as

[—0.D . 1
u= Tyeﬂ+%D(dxl+idx2)’ w:zelwe—Z/l L(dr+§6dey+l(dw+ V) ,

(9.20)
where
-6 —0yD 1
=) V ==(0y,Ddx; —0x,Ddx)) (9.21)
y(1—yd,D) 2
and provided that D satisfies the Toda equation on on (y, x1, X2)
2 2 2 D_
(le +0x2)D+0ye =0. (9.22)

The flux F» can be derived from (8.28) and reads
F,=e*ty™? (2(dw +VIndPe M +2y1-y*e M dV-a,ePdx A dxg) , (9.23)

and one can check that F = ?C Vol(S?) A F, obeys the Bianchi identity thanks to (9.22).
To recap, the solution in this class is given by the following fluxes:

ds? = e (4d 2 (AdSs) + y*e 1 d 2 (5H) + e (dy + V)

4
(1-yd,D)
-0,D
+—yeu(dy2+eD(dxf+dx§)), (9.24)
y

F=Vol(§?) (Z(du/ +VAd@Pe M +2y1 -y e M dVv-a,ePdx A dxg) :
provided the definitions (9.21). This is exactly the solution of [130, section 3].
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CHAPTER 10

NON-SUPERSYMMETRIC SOLUTIONS

In this chapter we will argue that all the solutions presented in the type II super-
gravity classification can be generalized to a bigger class which has in general 11 =0
supersymmetry. One peculiar property of these new solutions is that they are ob-
tained by relaxing some of the pure spinor equations, which means that it is possible
to find non-supersymmetric backgrounds by solving a first order system of PDEs in-
stead of a second order one (namely the equations of motion). This feature provides
many advantages: first of all, as we have seen for the supersymmetric cases, a first
order system is much easier to solve compared to a second order one, so one can
run a classification of non-supersymmetric solutions exploiting the same methods
we have seen in chapters 6 and 7. Moreover, by relaxing just some components of the
pure spinor equations it is possible to preserve D-brane calibration conditions of the
untouched terms, which would allow to detect sources with minimal energy also in a
non-supersymmetric background. This is a useful property when one has to discuss
non-perturbative stability in non-supersymmetric solutions, which is not protected
by BPS conditions.

We will start by discussing how to break supersymmetry in the IIB master class
7.1 by reviewing [38]. Indeed, as said, this solution was first discovered by [25], which
already pointed out a strategy to violate supersymmetry constraints. We will then
discuss how to relax, in analogy with [25], supersymmetry in two classes of type IIA
supergravity, as showed in [42]. We will see that from these three cases and thanks to
the web of duality we pointed out (see figure 7.1), we are actually able to extend the
break of supersymmetry to all the possible classes in the R x S? classification.
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10.1 Supersymmetry breaking in type IIB

In order to make contact with the notation of [25], it is useful to use the SL(2,R) co-
variant formalism of subsection 3.2.2. Let’s then define

G=f;—ie ? H; (10.1)
thanks to the condition *¢f3 = e ? Hin (7.2), we have that
x6 G =1iG, (10.2)

this condition on G is called imaginary self-duality.

In presence of a SU(3) structure it is customary to classify forms in terms of a
couple of integers (n, m) where n is the number holomorphic components while m
the number of anti-holomorphic ones. We will also distinguish the forms which are
annihilated by J by adding the superscript °; such forms are called primitive. For
example if a (1,2)-form is primitive we have “(()1,2) A J = 0. In the case of three-forms,
itis possible to show that they behave in a simple way under the action of the Hodge-
star operator:

. 0 . 0 .
*6Q=-1Q,  *eap=lap,),  *el@onA))=iapnAJ, (10.3)

where we recall that Q is a (3,0) form while J a (1,1). Now, since {Q, “(()2,1)’“(0,1) AT}
span the space of all possible imaginary-self-dual three-forms, we have that G must
be a combination of these three. However, the supersymmetry constraints H A J =
HAQ=0in (7.2) imply that the components proportional to Q and a g 1) A / must be
set to zero, which means that G is (2, 1) primitive in order to preserve supersymmetry.

In [25], it was discovered that the condition (10.2) is enough to make G disap-
pear from all the equations of motion, which means that it is actually possible to get
a proper solution even if G has (0,3) or a(y,1) A J components. This is respectively
equivalent to relaxing the six-form part of the first pure spinor equation (5.31a) and
the five-form part of the second one (5.31b).

The next step is to introduce an explicit modification of the pure spinor equa-
tions in the framework of R'® x S? solutions and see how supersymmetry-breaking
propagates to all the fluxes and equations. For example, let’s focus on the following
modified pure spinor system

dyEe**~?o_) =0,

_ C
dy (e PRed,) = —§Vol(52)Adx2/\dx3/\dx4, (10.4)

e4A
dyEe*?Imo,) = = * AF),
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where c is a constant which parameterizes the supersymmetry breaking. Since the
pure spinors are not modified, we can use (6.39) and (6.40) for b =0,a = —i and run
a classification in an identical way as seen in section 7.1. The result of this operation
is that the metric is not changed compared to (7.7), but now g (defined in (7.6)) can
depend also from x,, and in particular we have:

fo,8=cx5. (10.5)
This modification propagates also to F3 thanks to (10.2), which now reads
F3=BAF, —(0y,(fg)dxs—0x(fg)dxs) ACo—cfdx; Adxs Adxy, (10.6)

while other fluxes are unchanged. Also the Bianchi identities get modified, indeed
we get that (7.10) reads

_ 1 _ caneg. 1
05, (e 4A)+?OXZ(x§6xZ(e )+ Ay (e f 1)+FA2(fg2) =—c?. (10.7)
2 2

Using the web of dualities in 7.1, we can extend this supersymmetry-breaking
technique to case Il in type IIA and case III in type IIB.

10.2 Supersymmetry breaking in type IIA

Let’s now switch to type IIA supergravity. We will start by discussing how to break
supersymmetry in case I in type IIA, which would be enough to cover all the possible
cases described in the type II classification. However, we will see that the supersym-
metry breaking technique we introduce for this case does not apply when we have
six-dimensional Minkowski solutions, so we will find a variant for this class. For this
section we will follow [42].

10.2.1 IIA master class

In analogy with the IIB case, in type IIA it is possible to relax in general the six-form
part of (5.31b). This means that imposing the other components of the pure spinor
equations and Bianchi identities it is enough to solve the equations of motion. To
prove this is rather cumbersome and technical, so let’s just sketch the procedure.
Since the metric is written in local coordinates we always have an explicit expression
for the Bianchi identities. Of course it is not possible to solve all of them in full gen-
erality, so what one can do is to use these equations in an algebraic way and see if the
equations of motion can be obtained as linear combinations of them. For instance,
we get the they are enough to solve the equation of motion for the NSNS three-form
(1.15b), but they do not solve the dilaton and the Einstein equations. Since, as said, in
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doing all the simplifications we have used Bianchi identities from an algebraic point
of view, it may happen that some further conditions can be obtained by combining
the derivatives of them. Bianchi identities are second order conditions for the fields
(A, ¢, By) that determine the solution, so deriving them we will get third-order con-
ditions. By combining these equations with appropriate coefficients such that all the
functions which are derived three times vanish, we get a further “consistency” con-
dition provided that H has some legs along x3 and x4. This consistency condition is
enough to solve the remaining equations of motion.
As an example, let’s modify the pure spinor equations in the following way
du(e*?o,) =0,
dy (€249 Red_) = g eSA=26V01 (M), (10,

e4A
dyEe**?Imo_) = = * AEF),

where Vol(Mp) is the internal-space volume. Solving (10.8) using the pure spinors
defined in (6.37),(6.38) with b =0, a = i, we get the following modification of (7.18):

0, (€*472®) =0, (e " By), (10.9a)

1 _ _
?ax2 (x5e 24 By) = 0, (e %21+ BY) — ¢, (10.9b)
2

which provide a new definition for H = d B where B = x5 e *472¢ ByVol(S?). The last
equation affect also the RR-fields

F= (0x4 eZA_Z‘p dxs — 0x3 eZA_Z‘p dxs) Adx; + (6x4 (e_ZA By)d x3
— 0y, (e 24 By) dxs) Adxp—(0y, (e 44 — ce?4 20 Jdxs Adxg,
Fy=BAF,— xﬁ((% (e 2 Bp)d x3 — 0y, (672 By) d x4) Ad x; (10.10)
+ (0, (€022 (1 + BS)) dxs — 0, (€7 %4*2P(1 + B5)) dxs) Ad xz
— (05, (6™ —ce? ) dxz A dx4) AVOI(S?),
while again Fy = 0. The Bianchi identities (7.20) get modified as following:
aig (eZA—Z(/)) + ai} (GZA—Z(P) + ail (e—4A) — cax1 eZA—Z([),
0%, (e >4 By) + 0%, (e >4 Bg) + 0y, 0, (™) = coy, €24 727, (10.11)

0%, (x5 e 2P (1+ BY)) + 0%, (x5 € *M*2P (1 + BY)) + 0., (x50, (€7*) = c0y, (x5 € " By) .

10.2.2 Massive R'° case

The approach showed for the IIA master class can be applied to case II of the IIB clas-
sification, but of course doesn’t work if we have a six-dimensional Minkowski factor

99



10. Non-supersymmetric solutions 10.2. Supersymmetry breaking in type I1A

(as in Case III) since it requires to impose that 0, and d,, are Killing directions, and
therefore H cannot have any leg along them.

Let’s then find a new way to break supersymmetry starting from scratch and de-
riving the R>® x S? solution just by imposing the pure spinor equation (5.31c) to find
fluxes and the one- and two-form constraints coming from (5.31a),(5.31b) (which are
useful to get a local expression for the metric). What one has to do is basically to use
(6.37),(6.38) with a = 1,b = 0,F # 0, and, after a straightforward procedure similar
to the one performed in [39, section 4.1] to derive (7.48), one gets that the RR-fluxes
read

Fy=2e 2?0, e** +e'*4"BPS2=m
F> =— x50y, e *4Vol(§?) + e'*47* 33 d x3 A d x,BPS1 (10.12)
F, =0.

where

BPS1 =4, e %4*% —§, (Bye 84*%),

1 10.13
BPS? :;ze (x2Bye ®4+2%) .9, e~104+2¢ ( )

2

are the supersymmetric conditions, which must be set to zero if one wants to solve
the rest of the pure spinor equations (i.e., preserve supersymmetry). Now what we
will try to do is to solve the Bianchi identities without imposing the BPS conditions
(10.13), in order to see if there is a way to evade them. Actually, it is immediate to
notice from the Bianchi identity for F, that also in this case we have to set BPS1= 0,
since when the external derivative hits embedding coordinate of the sphere y3 pro-
duces a term that cannot be compensated in other ways. However, we do not have to
set BPS2= 0 and we can define 0, By by imposing that Fy = m is constant. This will
imply the following change in the NSNS three form:

H = x5Vol(S) A (0, e ®4*2Pdx; —e7*46,, e 542 dxy + me 124 d xy).  (10.14)
Let’s now move on the Bianchi identity for F,. These can be used to define ¢ in
terms of A up to an arbitrary function c(x;)
64
e’ = — (c—0y,e7*). (10.15)
m

Notice that if ¢ = 0 then we have the same definition of ¢ and H as in the supersym-
metric case (7.48), so the function ¢ controls the supersymmetry breaking. From the
Bianchi we also get a PDE for the warping function which is a generalization of (7.49):

1 1
?ze (X320, e + Eail e84 =—c(c-20,e*). (10.16)
2
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With these conditions the equation of motion for H is automatically solved; however,
even if all the Bianchi identities are satisfied, the Einstein and the dilaton equations
are not automatically implied in this case, but only if ¢ is a constant. This is another
sign that this solution cannot be derived from the previous subsection.

Now, doing some reverse engineering, we are able to find how the pure spinor
equations are modified for this case. The result of this operation is

dye?®,) =0,

24-¢ _ ¢ 8a-2¢
d(€*" P Red.) = ze Vol(M,), (10.17)

e4A
dyEe**?Imo_) = 5 * AE);

notice that, as in the previous case, we are changing just the second condition of

(5.31b), but now this equation cannot be relaxed in general but with the precise factor
given in (10.17).
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APPENDIX A

FORMS, SPINORS AND CLIFFORD MAP

In this section we will review some of the conventions we adopted in the main text. To
make contact with the results in the literature, we used [10] conventions for eleven
dimensions and [9, 15] for type II theories. Notice that these hide some subtleties,
and an extra care is needed when one deals with dimensional reduction from M-
theory to type IIA. However the main part of what we will present here applies for
generic dimensions and space-time signature.

A.1 Form conventions

Let’s consider a differential form C of degree ¢ defined over a d-dimensional space

1
C:ECML“MCdle/\m/\dxM”, (A.1)

we define the contraction operator along a generic direction N as

1
(c—=1!

INC=Cpy = CNMl---Mc—l dx™ A AdxMer, (A.2)

Using this formula multiple times, we can also consider the contraction of C respect
to another differential form B of lower degree b < c:

Cry..NyMy M,y d XM A A dxMeb

(A.3)
where the sign (- is due to the permutation of the b indices. Since this oper-
ation appears frequently, it is useful to give it a name:

1nC = BN]...Nbl C=(- b(b—l)/ZBNl...Nh
B Np...Np, (-) o= D)

)b(b—l)/Z

A(C) = ()¢l D2, (A.4)
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Combining the last two definitions, we can introduce also the dot operator

B-C =1y C=B""MN Cry. vy M,y QXM A AdxMe-b, (A.5)

(c—b)!

The contraction operator t); and the usual wedge product d xV A satisfies a re-
markable algebraic identity

dx, dx™ = vt =0 iy, dxMy =6 (A.6)

which allows to interpret them as gamma-matrices over the O(d, d) metric of the gen-
eralized tangent bundle. Using this perspective differential forms are nothing but the
spinor representation of the Clifford algebra over the generalized tangent bundle, as
explained in section 2.2.2.

Using the definition of (A.4) we can introduce the Chevalley-Mukai pairing of de-
gree k between two forms B and C:

(A, B) = (AANA(B)k (A7)

where the subscript k denotes keeping the k-form degree only. Analogously, we de-
fine the following bracket

{B,C}=(BAA[2d—-c)C))g.- (A.8)

Notice that these two brackets have the opposite symmetry properties, while (A, B) ;. =
(—)*&=D/2(B, A)r, we have {A, B} = —(—)F*-D/2(B A},
The last operator we have to introduce is the Hodge star, which is defined as

1
(d — C)' _gEMl“-Md—ch-nNc CNlmNC ’ (Ag)

where the Levi-Civita symbol is fixed to

*CyyMy_, =

€1.4a=1. (A.10)

A.2 (Clifford algebra

Let’s start from the definition of the chiral operator, which in generic dimensions can
be written as
_ 0 d-1
Y=cy ...y (A.11)

where ¢ is a constant such that ¢? = (—=)*(—)4@~1/2 (s is the metric signature). For ex-
ample, when d = 10 we will choose ¢ = 1, even if also ¢ = —1 was a possible choice. An
important property of the chiral operator which will be useful later is the following:
(_)k(k—l)/z NN
YYM1~--Mk = CW €N1...Nd_kM1...Mk Y L=k ’ (A12)
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where vy .., is the anti-symmetrized product of k gamma matrices, also called a
k-vector.

The chiral operator is just defined in even dimensions, in odd dimensions we
have that k-vectors of degree grater that (d—1)/2 are actually determined by the lower
degree ones. For example in eleven dimensions we fix, consistently with [10],

Yo..10=1 (A.13)

so that we have y19 = yo_.9 = —y%? = —y where y is the ten-dimensional chiral oper-

ator according to our definition. This is the reason why we have a misleading minus
sign in equation (1.42).
The next formula we want to introduce is the Fierz identity. It consists simply in

expanding a byspinor C on the basis defined by {)/Ml“'Mk}i:O:
d 1 1 Mp..M.
o S R A
iz0pl4] K!

where | | is the floor function while d is d in even dimensions and |d/2] in odd ones.

a
The 2 4] is nothing but the dimension of the gamma-matrices representation. If in
particular C is a bispinor €; ® €2 we can rewrite the trace as:

1 1_
4] 7C2Y MMy ey y MM (A.15)
d| k!

M=

€1 ®€y =
k

02

For the definition of the charge conjugation matrix and other standard spinor
operators, when it is not specified in the main text, we are adopting the conventions
of [2] appendix B.

A.3 Clifford map

Clifford map is the mathematical formalization of the Feynman slash operator: itis a
map between Clifford algebra and exterior algebra

,)/Ml...Mk — dle /\,,./\dka_ (AIG)

In even dimensions this map is an algebraic isomorphism, while in odd dimensions
it cannot be because the a basis in the Clifford algebra is determined by just an half
of the k-vectors . This mapping is reinforced by the fact that basically every Clifford
algebra operation can be rewritten in terms of differential-form ones and vice versa,
as we will now see. In the rest of the section, as in the main text, we will identify
differential forms and Clifford algebra k-vectors.
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The first gamma-matrix operation we will rewrite in terms of some familiar form
operations is Clifford multiplication of a single gamma matrix Y™ with a form C:

YMC=yMC=dxMA+Mc, FMc=cyM=)dxMar-MC.  A17)

By iteration of this formula we have

£ (k

7 M;..My _

Y ' ‘= Z (l) dx[Nl...Ni lli+1---lk] ’
i=0

. (A.18)
«— —_ k 7
y Mi-Mi = (k=172 Y (i)dX[Nl...Ni Ui ooty (—)deg*i
i=0
where the operation deg is defined as deg(C) = c.
Using (A.12) we can also rewrite, in even dimensions:
YC=xA(C). (A.19)

So it is immediate to notice that the self-duality relation of the RR fields (1.13) can
be written as yF = F. On the other hand, in odd dimensions we have (A.13) and
therefore the following identification

C=AxC (A.20)

which holds just if C is interpreted as an element of the Clifford algebra.
We can also combine the operators we have seen so far, from

MY =-y¥", yMy=yyY, (A.21)
it follows that
dx Ay =-5M, My =_Fdx™, (A.22)

while using the definition of A we also get

AAxMACH) = (@AM AACY, AMCY =-(=FMACY, AMCr =ACHyM.
(A.23)

Using the relation
YMCyy=(=)(d-2c)C (A.24)

we can also re-express the two Mukai pairings (A.7) and (A.8) in terms of Clifford
algebra operations when their degree is k = d; we have for the first one
(_Ddeg(B)
(B,C)4 = (=) ————Tr(*BQC). (A.25)

214

where again s is the metric signature, while for the second pairing
d

{B,Clg=(-)* =)

214

Tr(+*ByMCy ). (A.26)
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