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We present a pedagogical discussion of the emergence of gauged supergravities from M-theory. First, a
review of maximal supergravity and its global symmetries and supersymmetric solutions is given. Next,
different procedures of dimensional reduction are explained: reductions over a torus, a group manifold and
a coset manifold and reductions with a twist. Emphasis is placed on the consistency of the truncations, the
resulting gaugings and the possibility to generate field equations without an action. Using these techniques, we
construct a number of gauged maximal supergravities in diverse dimensions with a string or M-theory origin.
One class consists of the C'SO gaugings, which comprise the analytic continuations and group contractions of
SO (n) gaugings. We construct the corresponding half-supersymmetric domain walls and discuss their uplift
to D- and M-brane distributions. Furthermore, a number of gauged maximal supergravities are constructed
that do not have an action.
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1 Introduction

This review article! deals with the construction of different gauged supergravities that arise in the framework
of string and M-theory. The latter are thought to be consistent theories of quantum gravity, unifying the
four different forces. One of their particular features is their critical dimension: these theories necessarily
live in ten or eleven dimensions. For this reason one needs a procedure to obtain effective four-dimensional
descriptions, which goes under the name of Kaluza-Klein theory or dimensional reduction. In this article we
will discuss a number of possible dimensional reductions and the resulting lower-dimensional descriptions.
It will be useful to be acquinted with perturbative string theory (see e.g. [1-3]) and the basic concepts of
string dualities (see e.g. [4—6]); in this article, emphasis will be placed on supergravity aspects.

Proposed in 1974 [7], the idea of string theory as a theory of quantum gravity was not really picked
up until the “first superstring revolution” in the mid 1980s. After this period, there were five different
perturbative superstring theories: four of closed strings (type IIA, IIB and heterotic with gauge group
Eg x FEgor SO(32)) and one of open and closed strings (type I). This situation changed with the discovery
of string dualities, culminating in the “second superstring revolution” in the mid 1990s. It was found that the
different string theories are related to each other for different values of certain parameters; for example, the
strong coupling limit of one theory yields another theory at weak coupling (S-duality) and string theories
on different backgrounds are equivalent (T-duality). The upshot was that the five string theories could be
unified in a single eleven-dimensional theory, which was named M-theory [8]. The different string theories
are thus understood as perturbative expansions in different limits of the parameter space of M-theory. This
appreciation is known as U-duality [9] and has spectacularly changed our understanding of string theory
and the distinction between perturbative and non-perturbative effects.

Of central importance for the different dualities are Dp-branes [10, 11], which are extended objects of p
spatial dimensions. These branes are required to fill out the multiplets of string dualities, e.g. the fundamental
string is mapped onto the D1-brane under S-duality. In addition, different descriptions of D-branes play a
crucial role in the string theory calculation [12] of the Bekenstein-Hawking entropy of a black hole and in
the AdS/CFT correspondence [13], relating a string theory in a particular background (IIB on AdS5 x S®)
to a particular and supersymmetric QFT (N =4 SYM in D = 4).

The low-energy limit of string theory, supergravity, has proven to be an important tool to study the different
phenomena in string theory. Many features of string and M-theory are also present in its supergravity limit,
such as D-branes and U-duality, and it is therefore interesting to study this effective description. In particular,
one can extract effective lower-dimensional descriptions by considering string or M-theory on a compact
internal manifold, which is taken to be very small (i.e. dimensional reduction). Different reductions give rise
to different lower-dimensional supergravities. Thus it is clearly very desirable to have a proper understanding
of the different reduction procedures and their resulting lower-dimensional descriptions. In particular, we
will be interested in gauged supergravities as the lower-dimensional theories.

Ungauged supergravities have a global symmetry group GG, which is a consequence of the U-duality of
M-theory. In gauged supergravities a subgroup of this global group is elevated to a gauge symmetry by the
introduction of mass parameters. The combination of a gauge group and local supersymmetry implies the
appearance of a scalar potential, which is quadratic in the mass parameters.

1 This article is based on the author’s Ph.D. thesis, which also includes a historical introduction to high-energy physics and a crash
course on perturbative string theory, while the other chapters are virtually identical to the material presented here. The thesis
can be found on http://www.ub.rug.nl/eldoc/dis/science/d.roest/; if you are interested in a hard copy version, please contact me.
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It is the scalar potential which makes gauged supergravities interesting since it generically breaks the
Minkowski vacuum to solutions like (Anti-) de Sitter space-time (AdS or dS), domain walls or cosmological
solutions. These play important roles in the AdS/CFT correspondence? and its generalisation, the DW/QFT
correspondence [14,15], brane-world scenarios [16,17] and accelerating cosmologies [18,19]. From various
points of view, it would therefore be highly advantageous to have a classification of gauged supergravities
in the different dimensions.

‘We are only interested, however, in gauged supergravities with a higher-dimensional origin in string or M-
theory: the lower-dimensional theory must be obtainable via dimensional reduction. Our approach consists
of the dimensional reduction of eleven- and ten-dimensional maximal supergravities and the investigation of
the resulting gauged supergravity. We have applied two reduction methods, both preserving supersymmetry:
reduction with a twist and reduction on a group manifold. In the twisted reduction one employs a global
symmetry of the parent theory to induce a gauging of one of its subgroups in the lower dimension. In
the group manifold reduction one reduces over a number of isometries that do not commute and form the
algebra of a Lie group. This results in the gauging of this group in the lower dimension. The consistency
of both reductions is guaranteed by symmetry, as proven by Scherk and Schwarz in 1979 [20,21] and as
opposed to reduction on a coset manifold, whose consistency remains to be understood in generality.

The outline of this review article is as follows. Sect. 2 is devoted to supergravity, the low-energy limit of
string and M-theory. In particular, we focus on the maximal supergravities, their global symmetries and their
supersymmetric solutions. In Sect.3 we describe a number of techniques to generate lower-dimensional
gauged supergravities. Reduction over a torus, with a twist, over a group manifold and over a coset manifold
are explained, with proper attention to the consistency of the truncation and the resulting gauging. In the last
section of this chapter we discuss a subtlety which can arise for certain dimensional reductions, yielding
gauged supergravities without an action. This concludes the more general part of this review.

One finds the application of the different dimensional reductions in Sect.4, where different gauged
theories are constructed. By applying reductions with a twist and over a group manifold, we generate a
number of gaugings in ten, nine and eight dimensions. We also discuss the class of C'SO gaugings in lower
dimensions, which are obtainable by reduction over coset or other manifolds. Finally, in Sect. 5 we construct
and discuss half-supersymmetric domain wall solutions for the different gauged supergravities. The topic
of the first section is the D8-brane. Next, we treat the lower-dimensional domain walls and their relation to
higher-dimensional branes, with a special treatment of the 9D and 8D cases. We end with a discussion of
1/4-supersymmetric intersections of domain walls and strings.

2 Supergravity

As mentioned in the introduction, supergravities in ten and eleven dimensions emerge as the effective low-
energy description of string and M-theory. In this chapter we will discuss supersymmetry and supergravity
in various dimensions, some supersymmetric solutions and their relations.

2.1 Supersymmetry
2.1.1 Superalgebra and supercharges

The symmetry of supergravity theories is the super-Poincaré symmetry, which is an extension of the usual
Poincaré symmetry of gravity theories with the generators of supersymmetry. Thus, it contains the Lorentz
generators, the generators of translations (a vector under the Lorentz symmetry) and the supersymmetry
generators (spinors under the Lorentz symmetry). In addition, the super-Poincaré algebra, or superalgebra
in short, can be extended with a number of gauge generators, which are bosonic generators whose parameter
is a p-form.

2 Indeed, the effective description of IIB string theory on the particular background AdSs x S° is a gauged supergravity: the
N =4 SO(5) theory in D = 5, see also Sect.4.5.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table2.1  Thedifferent minimal spinors in different space-time

Di i Spi C t

[Mension p11.10rs gr/r;}i(inen s(@) dimensions and their number of components. Note that one can
2mod 8 Maj.-Weyl 2 define either Majorana or Weyl but not Majorana-Weyl spinors
3,9mod 8 Majorana  2(P~1)/2 in D = 4,8 mod 8.
4,8 mod 8 Maj./Weyl 2P/2
5,7mod 8 Dirac 2(D+1)/2
6 mod 8 Weyl 2D/2

Due to the intertwining of the fermionic generators of supersymmetry and the bosonic generators of
translations and gauge symmetries in the superalgebra®, the requirement of local supersymmetry [24] has
profound implications. In particular, it leads to the inclusion of gravity, due to the presence of transla-
tions in the superalgebra. Thus any locally supersymmetric theory contains gravity and is usually called
a supergravity.

For the discussion of supersymmetry in D dimensions we will now consider fermionic representations
of the Lorentz group SO(1, D —1). This is the Dirac representation and its generators are given by [T, I', ],
where the I'-matrices I';, satisfy the Clifford algebra

{Tu. T} =2n,,. 2.1

The dimension* of this representation of the Clifford algebra is 2[°/2+1, where the notation [D /2] means
the integer part of D/2.

Since spinors transform under the fermionic representation of the Lorentz group, their number of compo-
nents in principle equals the dimension of the Dirac representation. These are called Dirac spinors. However,
in certain dimensions Dirac spinors are reducible, allowing one to impose conditions that are preserved un-
der Lorentz symmetry. For example, in even dimensions one can impose a chirality condition: spinors are
required to have eigenvalue &1 under the chirality operator

T. =i Ty p1, (2.2)

giving rise to Weyl spinors. In other cases it is possible to impose a reality condition, leading to Majorana
spinors. In addition it is possible that both these conditions can be imposed, leading to Majorana-Weyl
spinors. In Table 2.1 we give the minimal spinors in different dimensions and their number of components
@, where minimal spinors have the smallest number of components, i.e. all possible and mutually consistent
conditions are imposed. A more detailed account can be found in e.g. [25,26].

The parameter of supersymmetry is a spinor and thus the number of supercharges (), associated to
supersymmetry generators, is always a multiple N of the dimension of the irreducible representation:

Q=Ng. 2.3)

However, there is a bound on the number of supercharges [27]. For theories with global supersymmetry,
thus not containing gravity, the bound is 16 supercharges. Theories with local supersymmetry, therefore
including gravity, can have up to 32 supercharges. Superalgebras with more than 32 supercharges will
only have representations that include states of helicity higher than two. When coupling these to other
fields one breaks the associated gauge symmetry, thus rendering the interaction inconsistent. For this reason
these higher-spin theories are usually discarded, although there are attempts to remedy the problems [28].
Theories with exactly 32 supercharges are called maximal supergravities.

3 The Poincaré symmetry and gauge symmetries always form a direct product in a bosonic group [22]. A non-trivial intertwining
of these symmetries is only possible when including fermionic generators [23].
We always refer to the real dimension.
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Table 2.2  Supergravity in different space-time dimensions, labelled by their

Dimension  Supergravity (N)
number of supersymmetry generators.

11 1

10 1, ITA, 1IB
7,8,9 1,2

6 1, iia, iib, 4

2.1.2 Possible supergravity theories

When combining the bound on the number of supercharges with the dimension of the minimal spinor
in the different dimensions, we can survey the different possibilities for N in different dimensions’, as
summarised in Table 2.2. One dramatic conclusion is that in dimensions twelve or higher there are no
supergravity theories® since the dimension of the minimum spinor is 64. Thus D = 11 is the tip of the
pyramid of supergravities, where one can only have maximal supergravity with 32 supercharges. We will
discuss 11D supergravity in Sect.2.2.1.

In ten dimensions one can have either N = 1 or N = 2 supersymmetry, corresponding to 16 or 32
supercharges, respectively. Only the first of these cases does not necessarily contain gravity. The second
case contains two Majorana-Weyl spinors of certain chiralities and thus allows for two different theories
with spinors of either the opposite or the same chirality: type IIA and IIB supergravity with (1,1) or
(2,0) supersymmetry, respectively (in this notation the first and second entries denote the number of
supersymmetry generators with positive and negative chirality, respectively). In fact, D = 10 is the only
dimension which has two inequivalent maximal supergravities; it is unique in all other dimensions. We will
discuss ITA and IIB supergravity in Sect.2.2.3.

The structure of maximal supergravities in ten dimensions nicely dovetails with the possible string
theories with maximal supersymmetry. In ten dimensions, one has IIA and IIB string theory, whose low-
energy effective actions are provided by the corresponding supergravities. For a long time, it was somewhat
of a mystery what eleven-dimensional supergravity should correspond to (i.e. of which underlying theory
it should be the effective action). This was clarified by the appearance of eleven-dimensional M-theory in
the strong-coupling limit of IIA string theory [8,29,30], see also Sect.2.2.4.

Another interesting phenomenon occurs in six dimensions, where there are Weyl spinors with eight
components. Of the maximal superalgebras with N = 4, only the (2, 2) case gives rise to a supergravity
theory; other choices contain states with higher helicity. When considering 16 supercharges, there are two
choices: one finds (1, 1) and (2,0) supersymmetry as well, leading to two distinct () = 16 supergravities
in six dimensions, labelled iia and iib. In all other dimensions than six, the superalgebra with = 16
supercharges is unique.

We would like to make a few remarks about the explicit supergravity realisation of the superalgebras.
The supergravity fields form massless multiplets under supersymmetry, called supermultiplets. These are
usually christened after the field with the highest helicity. The best-known example is the graviton multiplet,
which includes the graviton (spin 2), the gravitino (spin 3/2) and fields with lower spin. All supergravity
theories contain this multiplet. Maximal supersymmetry only allows for this supermultiplet while a smaller
amount of supersymmetry allows for other multiplets without gravity as well. Examples are the gravitino
and the vector multiplet with highest spins 3/2 and 1, respectively; see Sect.2.2.2.

For supersymmetry to be a consistent symmetry, all supermultiplets must have an on-shell matching of
bosonic and fermionic degrees of freedom. The on-shell degrees of freedom are multiplets of the little group
SO(D—2) for massless fields and are given in Table 2.3 for generic supergravity fields’-®. Note that a d-form

5
6
7

We will always restrict ourselves to D > 2, since theories in two dimensions are special in many respects.

At least with Lorentzian signature, as is our assumption here.

We distinguish between two types of scalars: dilatons ¢ and axions x. Loosely speaking, the difference between these is that
axions only appear with a derivative whereas the dilatons also occur without it. A stricter definition of this distinction will be
discussed in Sect.2.3.1.

In the case d = (D — 2)/2 one can impose a self-duality constraint on the (d + 1)-form field strength. The potential would
then give rise to half the degrees of freedom as listed in Table 2.3.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2.3  On-shell degrees of freedom of

Name Symbol  Spin  On-shell d.o.f. . . -
- D-dimensional supergravity fields.
Graviton v 2 (D-2)(D-1)/2—-1
Gravitino Yy 3/2 (D-3)-¢q/2
Rank-d potential  C\ ., 1 (D ; 2)
Dilatino A 1/2  q/2
Scalar ¢ orx 0 1

potential C(?) carries the same amount of degrees of freedom as a d-form potential with d = D—2—d.What
corresponds to an electric charge in one potential is a magnetic charge in its dual potential and vice versa.
This equivalence between two potentials is called Hodge duality and is a generalisation of the well-known
electric-magnetic duality in 4D to higher ranks d and d and dimension D.

2.2 Maximal supergravities in 11D and 10D
2.2.1 Supergravity in 11D

In eleven dimensions one has maximal supersymmetry. The superalgebra allows for the inclusion of a
rank-2 and a rank-5 gauge symmetry. As is always the case with maximal supersymmetry, there is only one
massless supermultiplet, the graviton multiplet. It consists of the on-shell degrees of freedom

D=11: (44 +84)g + (128)r, (2.4)

which are multiplets of SO(9). In 11D supergravity theory the graviton multiplet is usually represented by
the fields

D=11: {e,* Cuvp;¥u}. (2.5)

These are the Vielbein, a three-form gauge potential and a Majorana gravitino, respectively. The bosonic
part of the corresponding Lagrangian [31] reads

L=\=g[R—-3G-G—§+(GrGAC)], (2.6)

where G = dC'. Note that it consists of the Einstein-Hilbert term, a kinetic term for the rank-three potential
and a Chern-Simons term. The latter only depends on the rank-three potential and is independent of the
metric; for this reason it is also called a topological term.

The 11D supergravity theory has an R™ symmetry which acts as

Gur = N, Cunp = XCp, Y — A2y, Q2.7)

with A € R*. Two remarks are in order here. The above symmetry acts covariantly on the field equations
(as all symmetries) but does not leave the Lagrangian invariant: it transforms as £ — \?L. All terms in £
scale with the same weight: for this reason it is called a trombone symmetry® [32]. Secondly, the covariant
scaling of £ only holds at lowest order. Higher-derivative corrections will scale with different weights and
thus break the symmetry (2.7) of the field equations.

The occurrence of trombone symmetries will be a generic feature in ungauged or massless supergravi-
ties. The weights of the fields are always determined by a simple rule: for the bosonic fields the weights equal

9 Alternatively, such trombone symmetries can be seen as a scaling of the only length scale of the theory, i.e. Newton’s constant
G N or the string length o/, see e.g. [26]. We thank Bernard de Wit for pointing this out.
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the number of Lorentz indices while for the fermions it is one-half less. The Lagrangian will scale as
L — AP=2L£ under such symmetries. The scaling of bosonic terms is easily understood from the two
derivatives they contain. Thus this symmetry is broken by terms with less (as in scalar potentials, to be
encountered in Sect.4) or more (as in higher-order corrections) than two derivatives.

2.2.2 Minimal supergravity in 10D

In 10D the minimal spinor is a 16-component Majorana-Weyl spinor. Minimal N = 1 supersymmetry in
10D therefore has 16 supercharges. Its superalgebra allows for the inclusion of a rank-one and a self-dual
rank-five gauge symmetry. Being non-maximal supersymmetry, one finds different supermultiplets [27]:

vector : (8y)B + (8¢)r »
graviton : [8y + 8] x 8 = (35, +28+ 1) + (565 + 8)r,
gravitino A : [8, + 8.] x 8 = (56, + 8,) + (565 + 8)F,

8, + 8] x 8, = (35, + 28 + 1) + (56, + 8,)r ,

2.8)

gravitino B :

Note that the little group SO(8) has three 8-dimensional representations: one bosonic, the vector 8, and
two fermionic, spinors of opposite chirality 8. and 8. This special property of SO(8) is known as triality.

Due to the appearance of several supermultiplets, non-maximal supergravity is not unique. It always
contains the graviton multiplet, which can be coupled in various ways to vector multiplets, leading to
different Yang-Mills sectors. An example is provided by the low-energy limit of the three N = 1 string
theories, which consist of the graviton multiplet plus 496 vector multiplets to obtain the SO(32) or Eg x Eg
gauge groups [33].

2.2.3 TIA and IIB supergravity

Turning to maximal N = 2 supersymmetry in 10D, one has two possibilities: one can choose Majorana-
Weyl spinors of either opposite or equal chirality, leading to the non-chiral IIA or the chiral IIB supergravity
theories with (1, 1) and (2, 0) supersymmetry, respectively. The ITA superalgebra can be extended with gauge
symmetries of rank 0, 1, 2, 4 and 5, while IIB allows for 1, 1, 3, 57, 5% and 5%, where all five-form gauge
parameters 5T are self-dual. In fact, the IIB superalgebra has an additional SO(2) R-symmetry, rotating the
two supersymmetry spinors of equal chirality. Under this R-symmetry, the central charges form doublets
(for rank 1 and 5) and singlets (for rank 3 and 57). We will discuss R-symmetries of lower-dimensional
superalgebras in Sect.2.3.

As always, maximal supersymmetry allows for only one massless multiplet, whose on-shell degrees of
freedom are given by

IA:  [8, + 8] x [8, + 8] = [(35, + 28 + 1)xs.xs + (56, + 8, )r =g
+ (565 + 8)nsRr + (56 + 8¢)r-Ns]p »

IIB: [8, + 8. x [8 +8]=[(35, + 28 + 1)xsns + (35, + 28 + 1)r.r]g
+ (565 + 8:)nsr + (565 + 8:)r-Ns]p -

(2.9)

Note that these N = 2 supermultiplets are constructed from the N = 1 supermultiplets: both N = 2
graviton multiplets consist of the N = 1 graviton and a gravitino multiplet. This is possible in 10D due to
triality, which yields N = 1 graviton and gravitino multiplets of equal size.

We will now consider the field-theoretic realisation of the graviton multiplet. The common bosonic
subsector, which is called the NS-NS subsector, contains gravity, a rank-two potential and a dilaton. The
remaining bosonic part is called the Ramond-Ramond subsector and will only contain R-R rank-d potentials
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where d is odd in ITA and even in IIB. The standard forms of the theorieshave d = 1,3 forlTAand d = 0, 2,4
for IIB:

HA: { g B 6, 0, C s A}
(2.10)

UB:  { g Buv 6,00, C2,CLO% i, A}

In the IIA case the fermions are real and contain two minimal spinors of both chiralities, while in the I1IB
case they are complex and contain two minimal spinors of the same chirality. The field strength of the IIB
rank-four potential C(Y)+ satisfies a self-duality constraint, halving the number of degrees of freedom.
We would also like to present a special formulation of IIA and IIB supergravity which emphasises the
equivalence of dual R-R potentials, based on [34], and introduces an extra feature of IIA supergravity. To
this end we will enlarge the field content by including all odd or even R-R potentials, thus allowing for
the ranges d = 1,3,5,7,9 and d = 0, 2,4, 6, 8. The field contents of IIA and IIB supergravity read in the
double formulation
IIA : {g,“” By, $,C,C3) B 0y, A} ,
(2.11)
iowpr Cpice.pr Gl p3

IIB - {gw’ By, $,C0,CR . CH O C®) A }

To get the correct number of degrees of freedom, one must by hand impose duality relations between the
field strengths of rank-d and rank-(8 — d) potentials, which read [34]

GUHD — (D2 (d=D9/2 , qO=d) = Gld+1) — go(d) _ gaCd=2) (2.12)

for vanishing fermions and where H = dB. The (bosonic part of the) field equations for C'(9) can be derived
from the action [34]

L=y=g|R=3(0¢)° e ®H-H - il Mo2gurl). quti] (2.13)

d

o=

subject to the duality relations (2.12). Due to these constraints, the above is called a pseudo-action [35].
Note that the doubling of Ramond-Ramond potentials has two effects: the kinetic terms have coefficients
1/4 instead of the canonical 1/2 and there are no explicit Chern-Simons terms in the action.

We would like to make the following two remarks. Note that the duality constraint on the five-form field
strength of IIB can not be eliminated, in contrast to the other duality relations; it is a constraint on one field
strength G(®) while the others relate two different field strengths G(4*+1) and GO~ for d # 4.

Secondly, one can include a nine-form potential C'®) in (2.11), which carries no degrees of freedom
(and thus is consistent with (2.9)) but is very natural from the point of view of R-R equivalence [11].
The corresponding field strength trivially satisfies the Bianchi identity. Its Hodge dual is a rank-zero field
strength, which has no corresponding potential nor a field equation. Its Bianchi identity implies it to be
constant. Thus we have effectively introduced a mass parameter in the theory, given by

GO = ¢=5¢/2 , g10) (2.14)

The corresponding action is given by (2.13) withd = —1,1,...,9 [34] and the field strengths [36]
o
(d+1)/2!

Due to the equivalence of the different formulations, one should expect this mass parameter to appear in
the normal formulation as well. Indeed this deformation to massive IIA supergravity has been found [37],

G+ — go@ _ gaod-2) 4 GYBA...AB. (2.15)
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shortly after the inception of its massless counterpart [38,39]. In this chapter, we concentrate on the massless
part and we will come back to the massive deformations in Sects. 4.2 and 5.1. Also, we leave the formulation
with R-R equivalence here and return to the standard formulation (2.10).

The (bosonic part of the massless) IIA Lagrangian is given by

Lia =+v—g (2.16)

x |R—1(0¢)° — e ?H-H =Y Lel-®9/2GUtD e+ _ 1 (dC(S)/\dC(s)/\B)
d=1,3

The IIA theory has two R™ symmetries. The first is a symmetry of the Lagrangian (2.16) and is given by

e? > Xe?, B, = A/2By,, C = AcM | ) A0l (2.17)

nvp nuvp

with A € RT and other fields invariant. The other is the 10D analog of the 11D trombone symmetry (2.7)
with weights as explained below the 11D weights.
The (bosonic part of the) field equations for IIB supergravity [40,41] can be derived from the Lagrangian

Lis =+v—yg (2.13)
X |R=5(06)° = Je @H - H = > Lelt- 002G G 4 Ly (000 ® )
d=0,2,4

which has to be supplemented'® with the self-duality relation (2.12) for d = 4 (for this reason it is called a
pseudo-action [35]). The IIB supergravity theory has a global SL(2,R) symmetry [43]

L arth B = (Q7Y) B, ¢ oW, Qﬁ:(“ b)eSL(Q,R),
ct+d J c d
(2.19)
ct*+d 1/4 ct +d 3/4 ct*+d 1/4
A A
¢“H<07+d> Yus H<cr+d> ’ 6ﬁ<c7’+d> ©

where we have defined the doublet B* = (—B, C?)) and the complex scalar 7 = x 4 ie~? with the axion
x = C(©) . In terms of the real and imaginary parts of 7 the action of SL(2, R) reads

ac + e*?(ax +b)(cx + d)

e = (ex+dfe’ + e x— c? + e (cx + d)?

(2.20)

Note that the scalars transform non-linearly. We will discuss a more covariant way to view this SL(2,R)
symmetry in Sect.2.3. The SL(2,R) symmetry of IIB supergravity is broken to SL(2,Z) in IIB string
theory [9]. The element (a, b; ¢, d) = (0, 1; —1, 0) corresponds to the transformation ¢ — —¢ (for vanishing
axion background), which relates the strong and weak string coupling. For this reason this transformation
is called S-duality. In addition the IIB symmetry also has a trombone symmetry.

2.2.4 Supergravity relations and dualities

As we will now show, the eleven- and ten-dimensional maximal supergravity theories are not unrelated but
rather can be connected via dimensional reduction. These relations can be understood from the different
dualities between the different string theories and M-theory.

10 An action without extra constraints can only be constructed when including auxiliary fields [42].
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Ten-dimensional ITA supergravity can be obtained as a reduction of the unique supergravity theory
in D = 11. This amounts to dimensionally reducing the 11D supergravity, a procedure which is being
elaborated upon in Sect. 3.1, while only retaining the massless modes. The relations between the supergravity
fields are given in (B.4). Indeed, the full 11D Lagrangian (2.6) and supersymmetry transformations (B.1)
in this way give rise to the IIA counterparts (2.16) and (B.5). In terms of on-shell degrees of freedom, the
11D representations of SO(9) (2.4) can be decomposed into the IIA representations of SO(8) (2.9) via

B: 44—35,+8,+1, 84— 56,28,

221
F: 128 — 56, + 8, + 56, + 8.,

which reduces the 11D graviton multiplet to the ITA graviton multiplet.
As a side remark, from the relation (B.4) between the supergravity fields one can read off the following
relations between the parameters of IIA and 11D on a circle:

3/2
:£7 9s = E />
R L,

where [, is the 11D Planck length and R the radius of the internal circle. This supports the idea that strong
coupling in ITA string theory corresponds to a large radius, in which eleven-dimensional M-theory emerges.
Though the appearance of eleven-dimensional Lorentz covariance can not be proven in perturbative 1A
string theory (since its size is proportional to e?), a lot of evidence for the existence of M-theory has been
put forward [8,29,30]. For example, the massive Kaluza-Klein states of 11D supergravity are interpreted
as the DO-brane states of IIA string theory [30,44].

Similarly, ITA and IIB supergravity both reduce to the unique nine-dimensional maximal supergravity.
The corresponding reduction Ansitze for the IIA and IIB supergravity fields are given in (B.9) and (B.14),
respectively. These reduce the IIA and IIB supersymmetry transformations and field equations to their 9D
counterparts. Also the IIA Lagrangian (2.16) can be reduced to the correct 9D action. The IIB case requires
a bit more discussion due to the self-duality constraint on the 5-form field strength. Upon reduction it gives
rise to a 4-form and a 5-form field strength and a duality relation between the two. The latter can be used
to eliminate either of the field strengths, which is usually the 5-form. If properly treated the IIB pseudo-
Lagrangian (2.18) can also be reduced to the 9D Lagrangian. In terms of on-shell degrees of freedom, the
decompositions of the ITA and IIB representations of SO(8) (2.9) under SO(7) coincide, as can be read
off explicitly:

142 (2.22)

NS—NS: 35, —527+7+1, 28—-21+7, 1-—1,
TIA - R—-R: 56, — 35+ 21, 8 —-7+1,
' NS—R: 56, — 48 + 8, 8, — 8,
R—NS: 56, — 48 + 8, 8 — 8,
(2.23)
NS—-NS: 35,—-274+7+1, 28—21+7, 1-—1,
1B : R—-R: 35. — 35, 28 —+21+7, 1—1,
’ NS—R: 56, — 48 + 8, 8 — 8,
R —-NS: 56, — 48 + 8, 8 — 8.

Thus the massless modes of IIA and IIB supergravity on S* are equivalent and indeed are described by the
same effective theory, the unique D = 9 maximal supergravity.

However, the massive modes of IIA and IIB supergravity on S I sometimes called momentum modes,
are distinct. For this reason, IIA and IIB supergravity are only equivalent on very small circles, where
such modes become infinitely massive (for more detail, see Sect. 3.1). String theory modifies this situation
in the following way. Due to the fact closed strings can wind around the internal direction, there is an
entire tower of massive winding multiplets. Note that this phenomenon is intrinsic to string theory and does
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not have a counterpart in field theory. It turns out that the combination of massive momentum states and
massive winding states yields the same result for IIA and IIB string theory; to be precise, IIA on a circle
with radius R is equivalent to IIB on a circle with radius R with the relation R = o /R [10,45]. Such a
relation between theories on different compactification manifold is generically called T-duality [46]. The
towers of momentum and winding states are interchanged under the T-duality transformation'' on S*. In
accordance with their accompanying string theories, the map between the (dimensionally reduced) IIA and
IIB supergravities is usually called T-duality.

The strong coupling limit of IIB string theory can be understood from its conjectured SL(2,Z) symme-
try [9]. Indeed, this symmetry is shared by its low-energy approximation and one of its generators acts on
the IIB supergravity fields as ¢ — —¢ (for vanishing axion background). This corresponds to a strong-weak
coupling transformation due to the interpretation of the dilaton and is called S-duality. For this reason, 1IB
string theory is understood to be self-dual'?. At weak coupling, strings are the fundamental, perturbative
degrees of freedom while at strong coupling, this role is played by the Dp-branes with p = 1.

2.3 Scalar cosets and global symmetries in D < 9

We now turn to the remaining maximal supergravities in D < 9. Being unique these can all be obtained
by dimensional reduction of any of the higher-dimensional theories, in the same way that IIA supergravity
can be obtained from 11 dimensions. Their construction is rather straightforward and we will not consider
it in great detail. One aspects deserves proper discussion however: the scalar sector and its transformation
under the global symmetries of the theory. See [49] for a clear discussion.

2.3.1 Scalar cosets

The field content of any D < 9-dimensional maximal supergravity is easily obtained by dimensional
reduction; its bosonic subsector consisting of gauge potentials is given in Table 2.4. The same holds for
the Lagrangians and general formulae for maximal supergravity in any dimension have been obtained [50].
The bosonic part generically reads

N2 -
o =73 | R} (08)" - X 4ot o9 4 s a2t

32

where the GEdH) are rank-(d + 1) field strengths of gauge potentials Ci(d) withd =0, ..., 3. The index ¢
denotes the different d-form potentials; its range can be inferred from Table 2.4. The number of dilatons (E
always equals 11 — D since all reduced dimensions will give rise to one dilaton. The length of the vectors
@’ will always be given by

; 2d(D —d—2)
Ny -y =4— ———= 2.25
Qg - Qg D5 . (2.25)
in maximal supergravity.
Of special interest in this Lagrangian is the scalar sector, which we rewrite as
N2 o
£scalars =v—4g [_é (a¢) - Z %ea '¢G1('1) ) Ggl) ) (226)

1" A first confirmation can be found in the gauge vectors of 9D supergravity that couple to these momentum and winding states.
These are A' and A, respectively, for the TIA theory and interchanged for the IIB theory, see (B.9) and (B.14). For a more
extensive discussion of the inclusion of these massive states in 9D supergravity, see [47].

12 This is very similar to the conjectured SL(2,Z) duality of N = 4 super-Yang Mills theory in 4D [48].
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where GZ(-I) are the one-form field strengths of the axions x* and where we have dropped the subscript 0
on the vectors . The vectors @' can be interpreted as positive root vectors of a simple Lie algebra. In the
Cartan-Weyl basis, the generators of this algebra are the Cartan generators H, the positive root generators
E&: and the negative root generators E/_ 5 with commutation relations

[ﬁ, ﬁ} —0, [ﬁEa] —&Bs, |Ba,Ew)=N(a, &) Exia, 2.27)

and similarly for the negative root generators (replacing @ — —a*). The coefficients N (&%, a7) are
constants (possibly zero) and characterise the algebra. We will now show that the scalar sector (2.26) is
invariant under the action of the corresponding semi-simple group G.

To this end we construct a particular representative of G, defined by

L =exp <Z XiE@’i> exp (—5 ﬁ/Q) , (2.28)

with parameters qi_; corresponding to the Cartan generators and x* to the positive root generators. This
parameterises the coset G/H with H the maximal compact subgroup of G. The group H will turn out
to be the R-symmetry group of the superalgebra. Upon acting with a group element ¢ € G from the left,
the element gL will generically no longer have the form of the G/ H representative (2.28), i.e. this can in
general not be expressed as a transformation gg — q_S" and ' — Xi,. However, one can employ the Iwasawa
decomposition, which states that

L—gL=1Lh, (2.29)

i.e. the resulting matrix can be decomposed as L’ of the form (2.28) and a remainder h € H. The latter will
be dependent on ¢ and x* in general. Due to the Iwasawa decomposition we have defined a transformation

L(6x') = L' =gL (6 ) = L (d\) (2.30)
consisting of a left-acting G element and a compensating right-acting H element. Note that for global G
transformations, the action of H will be local due to the field dependence via ¢ and x*. The H transformation
is called compensating since it compensates for the G transformation that does not preserve the G/H
representative (2.28).

The relevance of the transformation properties of L stems from the fact that the scalar kinetic terms
(2.26) can be written as

£scalars =Vv—g [% Tr (8M8M_1)] 5 (231)

where we have defined M = LL”. Note that M does not see the compensating H transformation: it
transforms as M — gM g™ under (2.30). Thus the scalar sector is by construction invariant under global G
transformations. It turns out that this group is a symmetry not only of the scalar subsector but of the entire
theory'?, i.e. when also including the potentials of higher rank and the fermions.

Let us take a step back and consider the significance of the compensating transformation /. We have
shown that the scalar kinetic terms (2.26) are invariant under the global symmetry G by constructing a
particular G/ H representative L. Every G transformation is accompanied by a compensating H transfor-
mation to keep L of the same form. This can be seen as the gauge fixed version (with gauge choice (2.28))
of a more covariant system with global G and local H symmetry. The covariant system has kinetic term
(2.31) for arbitrary L € G. The extra degrees of freedom that are introduces in L are cancelled by the extra
gauge degrees of freedom L — Lh with h € H local. This is a completely equivalent formulation of the
scalar sector with advantages due to its covariance.

13 Other choices for this representative are related by field redefinitions.

141 many cases, however, the group G is a symmetry of the equations of motion rather than the Lagrangian, since it requires
e.g. the dualisation of some gauge potentials.
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2.3.2 Example: SL(2,R) symmetry of IIB

To make matters more concrete let us discuss the scalar sector of IIB supergravity as an example. From
its Lagrangian one reads off that it has one dilaton and one axion with positive root vector o = 2. This
corresponds to the simple Lie algebra sl(2) with generators (in the fundamental representation)

1 0 0 1 0 0
H — , E — s E7 = s 2.32

satisfying the algebra (2.27). Next we define the SL(2,R)/SO(2) representative

—9/2  g¢/2
— oXBio,—¢H/2 _ [ © e X
L=c¢ e ( 0 e¢/2> . (2.33)
Any left-acting SL(2, R) transformation on L can be compensated by a right-acting field-dependent SO(2)
transformation. Indeed one can easily identify these in the explicit SL(2,R) transformations (2.19) of 1IB
supergravity. The two-form potentials transform linearly under G while the fermions only transform under

the compensating SO(2) transformations. Without gauge fixing the G transformations would read (omitting
SL(2,R) indices)

_ _\T
L—=gLhgby, B—(9') B, CcW=oW, 30
1/2 3/2 1/2 ’
w,u, — h’U/(l)?’bH’ A= hU/(l)A7 € — hU/(1)67

where g and h are given by

9= (Z Z) € SL(2,R),  hso() =exp (—00(1;) 9(033)> , hy@y = exp(if(x)) .

This clearly shows the two different symmetries that act independently in the covariant formulation. The
gauge fixing condition translates in the role of H as compensating transformation with

@
f# = — arccos Plex +d) . (2.35)
Ve +e2?(ex + d)?

Indeed, the transformations (2.34) with constraint (2.35) reduce to the non-linear transformations (2.19).

2.3.3 Global symmetries of maximal supergravities

Having dealt with the simplest example in D = 10, we now turn to lower-dimensional scalar cosets. In
Table 2.4 we give the groups GG and H that one encounters. The groups G are symmetries of 11D supergravity
on a torus; it is expected that G is broken to an arithmetic subgroup G(Z) for the full M-theory on a torus [9].

The dimension of the scalar coset G/H equals the number of scalars; the number of axions is given by
the number of positive roots of the algebra corresponding to G’ while the number of dilatons equals 11 — D
(one for every reduced dimension). In Table 2.4 we also give the bosonic potentials of higher rank and their
transformation under the G groups. The potentials form linear representations of G while they are invariant
under H. We do not give the fermionic field content; see e.g. [26]. In contrast to the bosons, the fermions
are invariant under G but transform under H. One can check these statements in the example of SL(2, R)
symmetry in [IB supergravity, see (2.19) and (2.34).

Note that the global symmetry group G in D dimensions is often larger than the SL(11 — D, R) that
is expected from the connection with eleven-dimensional supergravity (as will be explained in Sect. 3.2.2).
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Table 2.4 The groups G and H and the d-form gauge potentials as representations of G of maximal
supergravity in 6 < D < 11. The + denotes self-dual representations: there are duality constraints that
halve the number of degrees of freedom. In all but the IIB case the constraints can be eliminated at the cost

of breaking manifest G covariance.

Dim[G/H] d=1 d=2 d=3 d=4

- - - 1

1 1 1 1 -

2 - 2 - 1+

3 2+1 2 1 -

50(2) 7 (3,2) (3,1) (1,2)7 —

14 10 5 - -

0(5) x SO(5) 25 16 10F - -
42 27 - - -

70 567 — —~ -

Fig.2.1  The Dynkin diagrams of the symmetry groups
G of maximal supergravity in different dimensions sum-
marised in one picture. Given D, the part to the left of the

: : : : : : corresponding split is relevant. The horizonal and vertical
D=9 D=8 D=7 D=6 D=5 D=4 fillings correspond to the 11D and IIB origin, respectively.

S

For this reason, the group G is known as a hidden symmetry [51-53]. Another important feature in even
dimensions is that they are only symmetries of the equations of motion and not of the Lagrangian. For
example, this can come about when the symmetry transformation involves a Hodge dualisation of a gauge
potential, which can only be performed straightforwardly on the field equations and not on the Lagrangian.
This is the origin of the self-dual representations in Table 2.4.

A number of complications turnupin D < 5, as can be inferred from Table 2.4. First of all, the exceptional
groups of the A-D-E-classification (of simply-laced simple Lie algebras) appear. Secondly, one needs to
dualise potentials of higher rank to axions to realise the symmetry group G. Also the H groups are no longer
orthogonal and one needs a generalised notion of orthogonality. Some details can be found in [54].

The appearing symmetry groups G can be represented by Dynkin diagrams. Here each node represents a
simple root (spanning the space of positive roots) and the number of lines (zero, one, two or three) between
two nodes corresponds to an angle of 90, 120, 135 or 150 degrees between the associated simple roots. In
the algebras that we encounter all simple root vectors have the same length (simply laced algebras) and
angles of 120 degrees with respect to each other. The Dynkin diagrams of maximal supergravity are distilled
into Fig.2.1. Indeed, continuation to D < 6 brings one to the exceptional Lie algebras.

Note that the Dynkin diagram is very reminiscent of the possible maximal supergravities; with a highest
node in 11D, two possibilities in 10D and unique possibilities in D < 9. Indeed, one can view the symmetry
group G as coming from the higher-dimensional origin: reduction over a d-torus gives rise to an SL(d, R)
symmetry (as explained in Sect.3.2.2). Thus, one can understand the horizontally filled nodes as coming
from 11D while the vertical fillings come from IIB. Together, these two subgroups generate the full duality
group G in any dimension D < 9 [55].

As an amusing note we would like to mention that the same phenomenon occurs in () = 16 supergravity.
As discussed in Sect.2.1.2, these are unique in all dimensions but six, where one encounters non-chiral
iia and chiral iib, similar to ITA and IIB in D = 10. Again, the existence of this extra supergravity in six
dimensions gives rise to an extra SL(2, R) symmetry in four dimensions.
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However, despite many similarities, the above discussion does not directly carry over to theories with
less supersymmetry. For example, the global symmetry group G is always maximally non-compact for the
case of maximal supersymmetry. In less supersymmetric cases this is not necessarily true, in which case
one should not exponentiate all Cartan generators but only the non-compact ones. Some of these issues are
discussed in [49].

2.4 Supersymmetric solutions
2.4.1 Generic brane solutions

In the previous sections we have seen that supergravity theories generically contain bosonic fields of spin
0, 1 and 2, corresponding to a scalar, a rank-d potential and the graviton. In this subsection we will take a
step back and discuss generic solutions to this system called p-brane solutions. These are generalisations of
the extremal Reissner-Nordstrom charged black hole to d # 1 (the rank of the gauge potential) and D # 4
(the dimension of space-time). These will occur frequently as supersymmetric solutions of supergravities,
as we will find below. For reviews see e.g. [56,57].

The starting point is the D-dimensional toy model Lagrangian

L=V [R~5(00) ~ foGHD . G (2:36)

with the rank-(d+ 1) field strength G(¢*1) = dC(%) Tt consists of an Einstein-Hilbert term, a dilaton kinetic
term and a kinetic term for a rank-d potential with arbitrary dilaton coupling, parameterised by a. For future
use we define the constants [58]
2dd .
A=d*+——, d=D-d-2. 2.37
a” + D_9° ( )

The constant A will play an important role in the characterisation of solutions. In particular, in many
supergravities it will be given by 4/n with n a positive integer and the corresponding p-brane solutions will
preserve a fraction 1/2" of the supersymmetry.

Due to the presence of the gauge potential, solutions to this system can carry electric and magnetic
charge, defined by

Q. = / kG Q,, = Gl (2.38)
Sd+1

Sd+1
These are conserved due to the field equation of C'9) and the Bianchi identity of G(?+1), respectively, and

can be seen as generalisations of the Maxwell charges in 4D. Hodge dualisation interchanges the electric
and magnetic charges since the dual field strengths are related by (in analogy to (2.12))

oG+ —  q(d+1) (2.39)

where G(4+1) = dC(@ . Under this dualisation the field equations for C (4) is transformed to the Bianchi
identity for the dual field strength G(4+1) while the Bianchi identity for G(¢*1) corresponds to the field
equation for the dual potential C?). Also A is invariant under Hodge dualisation since this interchanges d
and d and flips the sign of a.

The system (2.36) allows for two p-brane solutions, where p refers to the dimensionality of the spatial
extension of the brane, that carry one of the charges (2.38):

electric p-brane: p=d—1,

magnetic p-brane: p=d-—1.
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The dimension of the world-volume equals p + 1 while the remainder D — p — 1 is the dimension of the
transverse space and is called the codimension.

We will discuss the electric and magnetic p-brane solutions at the same time. To this end, we split
up the coordinates in the world-volume ¢,z with i = 1,...,p and the transverse space ™ with m =
p+1,..., D — 1. The metric and dilaton are given by

ds? — H—4J/(A(D—2)) (—dt2 + dxf) +H4d/(A(D—2))dxm27 e? — Hi?a/A7 (2.40)

where the electric and magnetic solutions have a + and a — sign, respectively. The corresponding field
strengths are given by!'> 1

2 2
GUY = _ dindatn. .. ndaPadH ™Y, G = —— « (dtada's... adaPrdH) . (2.41)
‘ VA o VA

The p-branes are characterised by the function H(x™), which is given by (for the moment we assume
p < D — 3; we will discuss the other cases later)

Q
with » = ||2™||. The integration constants ¢ and () are taken both positive to avoid naked singularities at

finite 7. All such p-brane solutions have ISO(1,p) x SO(D — p — 1) isometry. For branes with a # 0 the
constant ¢ can be related to the asymptotic value of ¢ via gs = exp(¢)oo = cF2a/A

The p-brane solutions have a horizon at » = 0. Depending on D, p and A the horizon may coincide with
a singularity or it may be possible to find a geodetically complete extension of the solution. We will not
pursue the solution behind the horizon and will content ourselves with the description of the 0 < r < oo
part of space-time, thus avoiding the possible necessity for a source term. This part interpolates between
two different vacua of the theory [59]: one finds D-dimensional Minkowski space for » — oo and a metric
which is conformal to a product of Anti-de Sitter space!” and a higher-dimensional sphere:

ds? = H23*/(A(D=p=3)) (dSZ(AdSp+2) + ds2(SD_p_2)) , (2.43)

for r — 0, which is called the near-horizon limit.
The p-brane solutions carry mass and charge density. The ADM mass per unit p-brane volume is given by

4Q(D —p ~3)9:"*Qp_p s
\/E 9

where Qp_,_5 is the volume of the unit (D — p — 2)-sphere that surrounds the p + 1-dimensional world-
volume. Computing the charge densities from (2.38), one finds that there is an equality between the mass and
(the absolute value of) the charge density: M = |Q.| for the electric solutionand M = |@Q,,,| for the magnetic
solution. In supergravity theories this will generically lead to an amount of preserved supersymmetry.

There are several generalisations of the prime examples (2.40), (2.41) of p-brane solutions. For instance,
one can replace the function H = H (x™) by any solution to the Laplace equation

OH(z™) =0,0"H(z™) =0, (2.45)

M =

(2.44)

in (D — p — 1)-dimensional flat transverse space. Examples are

15 we give only the so-called brane solutions with positive charge; anti-brane solutions carry negative charge and have an extra
— signin (2.41).

16 An additional possibility for d = D/2 — 1 is the dyonic brane carrying both electric and magnetic charge. In such cases, both
lines of (2.41) are valid, with an extra factor of 1/2 on the right-hand sides.

17 An exception is the case a2 = 242 /(D — 2): in this case the radius of the Anti-de Sitter space-time becomes infinite and the
AdS-part reduces to (p+2)-dimensional Minkowski space-time [59,60].
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e the multi-center p-brane solution with

H=c+3 . B (2.46)

2 P73

with all @); positive to avoid naked singularities at finite 2. Its interpretation consists of a number of
p-branes located at ™. Physically, this solution is possible since all separate p-branes have equal mass
and charge; for this reason their attractive force (due to gravity and the scalar) cancels their repulsive
force (due to the rank-d potential).

o the smeared p-brane solution with H = H (™) a harmonic function in a subspace of the full transverse
space. An example is the following function for p < D — 4:

Q

H:C+ Hl‘mHD7P74 I}

2.47)

where m = p + 1,..., D — 2, i.e. the harmonic function does not depend on xz”~!. This can be
interpreted as the configuration of a smooth distribution of p-brane in the z”~!-direction. The smeared
solutions will be very relevant later for the relation between the different solutions.

These generalisations break part of the isometry group. However, since the mass and charge of these solutions
are still equal, they will preserve supersymmetry in a supergravity theory.

It is also possible to add mass to the p-brane solution without affecting its charge: Q. ,, < M. This
generically breaks the supersymmetry and (part of the) isometry of the solutions. For example, one can
construct non-supersymmetric solutions with isometry group R x ISO(p) x SO(D —p —1) [61,62]. Such
deformations are only possible for the single-center solution (2.42) and not for its multi-center generalisation
(2.46), as can physically be understood from the inequality of mass and charge: the attractive and repulsive
forces between different constituents no longer cancel.

2.4.2 Branes with little transverse space

Let us now discuss branes with p > D — 3, starting with the case that saturates this bound. Such branes
are sometimes called vortex branes and have a two-dimensional transverse space. The most symmetric
harmonic function reads (with r = ||2™||)

H = c+ Qlog(r), (2.48)

giving rise to ISO(1, D — 3) x SO(2) isometry. The limit » — oo in this case does not yield D-dimensional
Minkowski but an asymptotically locally flat space-time; locally this is Minkowski but a global difference
occurs in the form of a deficit angle in the 2D transverse space, stemming from the mass density of the (D —3)-
brane solution. The other limit, » — 0, is not well-defined since the harmonic function becomes negative
at finite r, thus rendering this solution valid only for r large enough. However, there are modifications of
this solution with the same large-r behaviour and a well-defined interior [63].

The next case concerns (D — 2)-branes which are usually referred to as domain walls. Their transverse
space is one-dimensional, on which the most general harmonic function reads (where y = xP-1

H=c+Qy, (2.49)

where we take () positive. Note that a potential of rank D — 1, corresponding to an electric domain wall,
carries no degrees of freedom (see Table 2.3). Its Hodge dual

GO0 — go¢ . (D) — QQ/\/Z7 (2.50)
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is a constant zero-form field strength and can be interpreted as a mass parameter. We thus find that mass
parameters can support domain walls. A necessary condition for this is the quadratic term in (2.36) with
d = 0. Rather than a kinetic term it is called a scalar potential (due to the coupling to the dilaton) and its
form determines the possible properties of domain wall solutions. We will encounter many examples of
scalar potentials in gauged supergravities, see Sect. 4.

Again, one might wonder if the domain wall solution interpolates between different vacua. Due to the
one-dimensional transverse space, the domain walls differ in this respect from the other p-branes. One can
always do a reparameterisation of the transverse coordinate [64] to obtain the metric of either conformal
Anti-de Sitter space-time or of conformal Minkowski space-time. However, the domain wall as it stands is
certainly not a globally well-defined solution'®: one finds that the harmonic function vanishes for finite 7.
To remedy the resulting singularity, one has to patch solutions with different values for the mass parameters.
This requires the presence of source terms, whose charge is related to the difference between the values of
the mass parameters on both sides of the domain wall. We will discuss an example of such a source term
in Sect.5.1.

Domain walls of the above type are usually called thin domain walls: the source term corresponds to a
object of infinitesimal thickness in the transverse direction. Such source terms are always necessary with
potentials of the form (2.36) with p = D — 2, which have only one asymptotic minimum (with ¢ — +00).
In contrast, potentials with more than one (local) minima allow for solutions interpolating between two
minima. Such smooth configurations are called thick domain walls. We will mostly encounter the thin
version in this article, however.

Taking the p-brane classification one step further by considering p = D —1 brings us to space-time-filling
branes. All of space-time is world-volume and there is no transverse space. Though not very interesting from
a supergravity point of view there is an appreciation of space-time filling branes in string theory [11,65].

2.4.3 Maximally supersymmetric solutions

In Sect.2.2 we have encountered different supergravity theories in eleven and ten dimensions. In the next
two subsections we will discuss solutions of these theories that preserve a fraction of supersymmetry.

From the supersymmetry transformations one can deduce which solutions can preserve supersymmetry.
We will only consider bosonic solutions. For these to preserve supersymmetry, the right-hand side of
the supersymmetry transformations of the fermions must vanish. These conditions are the Killing spinor
equations. Here one distinguishes two possibilities: either all terms in the variation of the fermions vanish
separately, leading to maximally supersymmetric solutions, or there is a cancellation between non-zero
terms. The latter case will involve a condition on the supersymmetry parameter € due to the different I'-
structures. The supersymmetry parameter subject to this condition is called the Killing spinor. Since it is
constrained this will lead to solutions preserving only fractions of supersymmetry.

All maximally supersymmetric solutions to maximal supergravity in eleven and ten dimensions have
been classified [66]. Minkowski space-time without field strengths is a maximally supersymmetric solution
to 11D, ITA and IIB supergravity. In addition to this trivial vacuum, there are so-called AdS x S and plane
wave solutions that preserve all supersymmetry. The AdS x S metric consists of a product of a (d + 1)-
dimensional Anti-de Sitter space-time and an (D — d — 1)-dimensional sphere, whose isometry group is
SO(1,d+1) x SO(D — d) (which is considerably larger than that of the brane solutions with rank-(d + 1)
field strengths). In addition, there is a flux of the rank-(d + 1) field strength though the sphere. In eleven
dimensions one has such solutions with d = 3 and d = 6 [67,68] while IIB allows for the d = 4 case. The
plane wave solution, found in 11D [69] and in IIB [70], has the metric of a gravitational plane wave and
a constant null flux of the rank-four and self-dual rank-five field strength, respectively. Only recently has
it been appreciated [71] that the maximally supersymmetric plane wave is the Penrose limit [72,73] of the
AdS x S solutions.

18 Except for the case a = 0, in which the domain wall solution yields Anti-de Sitter space-time (without conformal factor).
Indeed, the scalar potential becomes a pure cosmological constant in this limit.
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Table 2.5 Possible projection operators of the supersymmetry transformations of 11D, IIA and IIB super-
gravity and the corresponding half-supersymmetric solutions.

0] 11D, IIA, IIB solution 0] 11D solution
Lo1 pp-wave Loia M2-brane
934 Kaluza-Klein monopole I'12345 M5-brane

O ITA solution O IIB solution
Lol'14 DO-brane ilg1% D1-brane
Lol F1-brane L% F1-brane
Loiz D2-brane Ioi234x  D3-brane
2345 D4-brane il'1934%  D5-brane
I'1234I'11 NSS5-brane I'i934%x  NSS5-brane
INPEINT D6-brane il'1g D7-brane

2.4.4 Half-supersymmetric solutions

The solutions preserving half supersymmetry have also received a lot of attention. Here the Killing spinor
is subject to a projection:

1(1+0)e=e, O*=1. (2.51)

The possible projectors of 11D, ITA and IIB supergravity are given in Table 2.5. Each theory has a number
of p-brane solutions while they have the plane wave and Kaluza-Klein monopole in common.

The branes of Table 2.5 are labelled by their value of p, which equals d — 1 for the electric solution and
d—1= D—d—3forthe magnetic solution. Their metric, dilaton and field strength are given in (2.40) and
(2.41). In addition, their values of a (the dilaton coupling to the field strength kinetic term in the electric
formulation) can be read off from (2.6), (2.16) and (2.18):

e a = ( for the M-branes [74,75],

e a = —1 for the F1-brane [76],

a = 1 (3 — p) for the D-branes [61],
e a = +1 for the NS5-brane [77].

From (2.37) it follows that these branes all have A = 4. Such branes preserve half of supersymmetry.
Note that a vanishes for the M2-, M5- and D3-brane'”. This has an important consequence: their near-
horizon limits (2.43) are of the form AdS* x S7, AdS” x S* and AdS5 x S® (without conformal factor),
respectively, which are maximally supersymmetric vacua of 11D and IIB supergravity. Thus one finds
isometry and supersymmetry enhancement in the near-horizon limit for these branes.

We can now interpret the brane solutions of IIA and IIB supergravity in the context of string theory. An
important tool will be the dependence of the mass on the coupling constant g, which is given by*’

M ~ g7 GatpD)/a, (2.52)

The F1-solution corresponds to the fundamental string, which is charged with respect to the NS-NS 2-form
B. Its mass scales like g,°. The Dp-brane solutions are interpreted as the p + 1-dimensional hyperplanes

19 n fact, the D3-brane carries both electric and magnetic charge (it is dyonic), due to the self-duality condition on its five-form
field strength. For this reason, in contrast to all other branes, both lines of (2.41) are valid, but with an extra factor of 1/2 on
the right-hand sides.

20 The difference with (2.44) is due to the field redefinition g, — e?/2 guv between Einstein and string frame.
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on which open strings can end [78], due to imposition of so-called Dirichlet boundary conditions. These
carry charge of the corresponding R-R potential C?1) and their masses scale as 1 /gs, which is in between
fundamental and solitonic behaviour. The microscopic understanding of D-branes in terms of open strings
with Dirichlet boundary conditions was one of the key insights that led to the second superstring revolution.
Note that the remaining brane solution, the NS5-brane, has a mass that scales like 1/ 952 and can thus be
considered truly solitonic.

In addition to the brane solutions one has so-called pp-wave solutions®!. Its metric and field strength
read (in light-cone coordinates z* =t & ! and 2™ withm =2,...,D — 1):

ds? = 2dztde™ + H(z™, 27 )(dz7)? + (dz™)?,  GUTD = dz—ac@ | (2.53)
where H and £(4) satisfy the requirements
OH = —3[l€9)%,  d¢D =dxe® =0, (2.54)

which are all defined on the transverse Euclidean space with coordinates =™ (for all 7). The field strength
G(4+1) can be the four-form field strength of 11D or several field strengths of IIA and IIB. This pp-wave
solution generically preserves half supersymmetry (with the projector as given in Table 2.5) but special
choices of H and £(9) give rise to more supersymmetry [79-82]. For 11D and IIB one obtains maximal
supersymmetry for the truncation to the plane wave

£6) = pda?ada®ada?
H(z™a7) = —gp2((2%)? + (%) + (2*)?) = 5517 ((2°)* + ... + (219)%),

11D :

(2.55)
€W = pdaada® adz* ada® + pdaS adx” ada®ada?®
H(z™ x7) = =42 ((z*)? + ... + (22)?).

IIB :

Another special case is the Brinkmann wave [83], a purely gravitational solution with £() = 0. Itis described
in terms of one harmonic function, i.e. a function satisfying OH = 0. There is in general no supersymmetry
enhancement for this case.

Another purely gravitational solution of 11D, ITA and IIB is provided by the Kaluza-Klein monopole [84,
85](m=1,2,3andi=5,...,D —1):

ds* = —dt* + da? + H ' (d2* + A,dz,,)? + Hdz?, (2.56)
where the functions H = H(z™) and A,,, = A,,,(z™) are subject to the condition
Fon = 5(0mAn — 0nAm) = €mnpOpH . (2.57)

This metric is the product of a Minkowski space-time and the 4D Euclidean Taub-NUT space with isometry
direction 2. The SO(3) isometric case is given by (where r = ||z ||)

He—ct % (2.58)

This gives rise to a regular geometry if the isometry direction z* is compact with period 47Q [86]. Its
near-horizon limit » — 0 gives rise to flat space-time and thus indeed gives rise to both isometry and
supersymmetry enhancement. In addition to the SO (3) isometric case, one can take also take multi-centered
solutions or smeared versions, as discussed in 2.4.1. The Kaluza-Klein monopole also preserves half of
supersymmetry for generic choices of the harmonic function.

21 Here pp stands for plane fronted with parallel rays. The former refers to the planar nature of the wave fronts while the latter
denotes the existence of a covariantly constant null vector.
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D=11

NS—-NS:
~

Fig. 2.2 The web of half-supersymmetric solutions and their relations in D=10 and D=11 maximal su-
pergravities. Solid lines correspond to dimensional reduction or T-duality, the dashed lines correspond to
S-duality. If an arrow ends with a head, the operation leads to the maximally isometric solution; if not, one
obtains a smeared version. Adapted from [65].

2.4.5 Relations between half-supersymmetric solutions

The above solutions constitute all known maximally and half-supersymmetric solutions of eleven- and
ten-dimensional maximal supergravity. Since the theories in 10D and 11D are related to each other upon
dimensional reduction, as we found in Sect.2.2.4, one can also relate their solutions. One provision is that
the solution must have the correct isometry to allow for this reduction. Reduction in a transverse direction
is therefore only possible for smeared solutions with harmonic functions that have an extra isometry.
Reduction in a world-volume direction is always possible. Thus, reduction of the two M-branes gives rise
to four different brane solutions of IIA supergravity. Similar remarks hold for the relations between IIA and
IIB solutions.

In Fig.2.2 we show the relations between the different solutions that preserve half of supersymmetry.
Note that the solutions in the NS-NS sectors of IIA and IIB transform into each other; the same holds
for the D-branes>? of the R-R sectors. As for the pp-wave solutions, we have only considered their purely
gravitational limit (the gravitational wave) since the solution is then expressible in terms of a harmonic
function, which greatly simplifies the T-duality discussion.

Furthermore, solutions with less than 1/2 supersymmetry have been studied extensively. For example, it
has been known for long that 11D supergravity allows for solutions preserving 1/4 or 1/8 supersymmetry [75].
Only later these were understood as intersections of different solutions preserving 1/2 supersymmetry [87].
A lot of intersections have been studied since, see [88] for a review.

3 Dimensional reduction

As discussed in the introduction, the most promising candidates for quantum gravity are M- and string
theory. It is of interest to investigate which four-dimensional effective descriptions can be obtained from
these ten- and eleven-dimensional theories. As a first step, in this chapter we will discuss the techniques of
extracting different effective descriptions from a higher-dimensional field theory.

2 Indeed, T-duality interchanges Neumann and Dirichlet boundary conditions; for this reason it also relates the different D-branes
in string theory.
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3.1 Introduction
3.1.1 Scalar field and Kaluza-Klein states

Consider a complex scalar field”> ¢ in D dimensions, depending on the coordinates z = (2*, z). One can
expand the dependence on one of the coordinates via the Fourier decomposition:

é(m,z) = /dkeikz¢k(x), 3.1

in terms of components ¢ with momentum k. If, in addition, the z direction is taken to be compact of
length 27 R and we impose the boundary condition ¢(z,0) = ¢(z, 27 R), the integral becomes the sum

Pla,2) =Y o, (z), 3.2)

over a discrete spectrum of fields ¢,, with momentum k& = n/R in the compact direction.

Suppose the complex scalar é is subject to the Klein-Gordon equation Dq@ = O where O = 0,0 +0.0%.
Upon inserting the Fourier transform in this equation, one obtains separate equations for components with
different momentum:

O¢x — k¢ = D¢y, — (n/R)*¢p =0, (3.3)

where O = §,0". This is the equation for a scalar of (mass)? k? or (n/R)?. Thus a massless scalar in
D dimensions splits up in an infinite number of scalar fields in D = D — 1 dimensions. In the context
of dimensional reduction, these are called Kaluza-Klein states. Only one of these (the component ¢g) is
massless, while the other ones are massive. The spectrum of Kaluza-Klein states is continuous for a non-
compact internal direction and discrete for z compact. The latter spectrum therefore has a mass gap, which
is an important ingredient when considering compactifications.

3.1.2 Consistency of truncations

The fact that one obtains separate equations for the different Fourier components lies at the heart of dimen-
sional reduction. First one expresses a higher-dimensional field in an infinite tower of lower-dimensional
fields by expanding the dependence on the internal coordinates into harmonics on the internal manifold.
Next, one observes that one can consistently truncate to a finite number of fields and set the rest of the
spectrum equal to zero. Here, a consistent truncation refers to the origin in the higher-dimensional theory:
every lower-dimensional solution should uplift to a higher-dimensional one.

Usually, one truncates to only the massless sector for the following reason. In dimensional reduction
the masses are inversely proportional to the size of the internal manifold (as can be seen on dimensional
grounds and in the example (3.3)). Since we live in an effectively four-dimensional world, any internal
directions must be very small. This means that the mass of states with non-zero momentum becomes very
large. Therefore, these modes are too massive to be physically interesting and are usually discarded. In the
above example, this would correspond to keeping only ¢ and truncating the other components.

Note however that one does not need to take a very small size of the internal manifold for the massive
modes to decouple; in many cases it is always a consistent truncation to retain only the massless modes,
irrespective of whether the internal manifold is small or large or indeed, whether it is compact or non-
compact. Again, the scalar field serves as an example: the Klein-Gordon equation for qAﬁ splits up in many
lower-dimensional equations, which are all solved by O¢g = 0 and ¢ = 0 (in the non-compact case) or
¢» = 0 (in the compact case). Thus any solution to the equation for ¢y will also solve the higher-dimensional
Klein-Gordon equation for QAS

23 For our conventions concerning dimensional reduction, see appendix A.
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Another important point is that the lower-dimensional degrees of freedom are not always massless. In
such cases, the Fourier expansion of a field over the internal manifold does not comprise any massless fields.
A consistent truncation then only keeps the lightest modes of a field. The set of lower-dimensional fields
then do not have the same mass: some may be massless (such as gravity and gauge vectors) while others
are massive (such as scalars). In the above discussion of consistent truncation, this corresponds to replacing
massless with lightest.

In the reduction procedures that we consider in this chapter, the number of degrees of freedom is
unchanged by the dimensional reduction: every higher-dimensional degree of freedom corresponds, after
the expansion and truncation, to one lower-dimensional degree of freedom. These lower-dimensional fields
fall in multiplets of the isometry group of the internal manifold. In particular, when expanding a theory
including gravity over a manifold with isometry group G, one expects non-Abelian gauge vectors of G to be
among the massless lower-dimensional modes, see e.g. [89]. This will be an essential feature in Sects. 3.4
and 3.5.

Thus dimensional reduction consists of an expansion over an internal manifold and a subsequent trun-
cation to the lightest subsector. However, this is usually not what is done in practice. Rather, a reduction
Ansatz is constructed, relating higher-dimensional fields to a set of lower-dimensional fields. This is the
result of the expansion and truncation: the lower-dimensional fields are the lightest modes of the expan-
sion. Dimensional reduction then consists of substituting the reduction Ansatz in the field equations or
Lagrangian. In many cases the reduction Ansatz contains a certain dependence on the internal coordinates.
To be able to interpret the resulting equations as a lower-dimensional theory, this dependence should cancel
at the end of the day. This requirement is equivalent to the consistency of truncations to the finite number
of lower-dimensional fields.

In this chapter we will consider toroidal and twisted reductions and reductions over group and coset
manifolds, all of which are consistent reductions. In the case of toroidal reduction, the reduction Ansatz is
taken independent of the internal coordinates z™. Toroidal reduction is therefore obviously consistent. The
other three reductions require a certain z™-dependence. For reductions with a twist and over a group man-
ifold, the cancellation of the internal coordinate dependence is guaranteed on group-theoretical grounds,
as will be explained in Sects. 3.3 and 3.4. In the remaining reduction over a coset manifold this cancella-
tion is quite miraculous and poorly understood; it has been proven only in a small number of cases, see
Sect. 3.5. Examples of reductions whose consistency (in the above sense) has not been proven are Calabi-Yau
compactiﬁcations24, which we will not consider.

3.2 Toroidal reduction

In this section we will consider the reduction Ansétze for toroidal reduction of gravity, gauge potentials and
fermions. As indicated above, for reduction over a torus one does not include dependence on the internal
coordinates and thus its consistency is guaranteed. More information can be found in e.g. [49].

3.2.1 Gravity on a circle

We will now consider the reduction of gravity in D dimensions over a circle to D = D — 1 dimensions. To
this end, the coordinates are split up according to z* = (z*, z). We will use the following choice for the
decomposition of D-dimensional gravity into D-dimensional fields:

JSQ _ 620‘¢d52 n eQﬁqb (dZ + Audm#)2 ’ (3.4

i.e. gravity decomposes into a lower-dimensional gravity plus a vector A, and a scalar ¢. The constants o
and (3 are in principle arbitrary. This Ansatz gives rise to a lower-dimensional theory with the Lagrangian

L= =GR = /=g [R— 1(00)* — Jhe? 02| (35)

24 The metrics of CY spaces are not known in full generality so explicit reduction Ansétze are not available.
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with ' = dA. Here we have chosen the constants to the values

1
= sp ooy P= (P~ (3.6)

to obtain the lower-dimensional Lagrangian in the conventional form (3.5), i.e. without dilaton coupling for
the Ricci scalar and with the factor % in the dilaton kinetic term. Note that this a system of the form that
was considered in Sect.2.4.1 on brane solutions?, with parameter A as defined in (2.37) equal to 4 for all
dimensions D.

The appearance of the Maxwell kinetic term was the reason for Kaluza [90] and Klein [91] to consider such
dimensional reductions: it seemed possible to unify gravity and electromagnetism in 4D by the introduction
of a fifth coordinate. Note however that there is also an extra scalar, which can not be simply set equal to
zero: this would be inconsistent with the higher-dimensional field equations. Often these extra fields are
called the Kaluza-Klein scalar and vector. Also, the general procedure of obtaining a lower-dimensional
description from a higher-dimensional theory is sometimes called Kaluza-Klein theory. We will not use
this terminology, however, since we need to make a distinction between the different possibilities within
Kaluza-Klein theory.

One can understand the lower-dimensional symmetries of the Lagrangian (3.5) by considering its higher-
dimensional origin. In particular, the D-dimensional Einstein-Hilbert action is invariant under general
coordinate transformations

Sl = —€f . = 8Gp0 = EPDsGp0 + Gpp0pEP + Gpp0s” . 3.7

In general, such a transformation will not preserve the form of the reduction Ansatz (3.4), i.e. the resulting
metric will not be expressible as (3.4) with transformed fields. The Ansatz will only transform covariantly
under transformations with specific parameters. Such Ansatz-preserving transformations and their effect on
the lower-dimensional fields are the following:

59#1/ = fpapg;w + gpuaufp + gupaugp )
oatt = —&M(x), = (A, =£PD,A, + A0,E°,

dp =EP0,0,

52 = A\z), = {5,4” — 9., (3.8)
69#1/ = 720409;”//57

0z = —cz, = (04, =—cA,,
dop=c/B.

These can respectively be understood as D-dimensional general coordinate transformations, U (1) gauge
transformations and a global scale symmetry.

The latter can be integrated to give a finite, rather than infinitesimal, transformation. In addition one has
the higher-dimensional trombone symmetry §z» — A%g;5, which also reduces to a finite scale symmetry
of the lower-dimensional theory. One can construct linear combinations of these symmetries to obtain the
following transformations

9uv — )\129”” ) Au — >\1Au ) (39)

25 The corresponding electric and magnetic brane solutions will uplift to the gravitational wave and Kaluza-Klein monopole in
D dimensions, respectively, as also seen in Fig.2.2.
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where \; € RT. This is the lower-dimensional trombone symmetry (with coefficients as explained in
Sect.2.2.1), which scales all terms in the Lagrangian with the same factor, and is only a symmetry of the
field equations. The other combination reads

Ay = XPA, 6?5 Mge?, (3.10)

also with Ay € R™. This corresponds to the only scale symmetry of the Lagrangian. Indeed, this explains
the two R* symmetries of IIA supergravity: they stem from combinations of the 11D trombone symmetry
and internal coordinate transformations.

3.2.2 Gravity on a torus

The reduction of gravity over a torus 7 can be seen as successive reductions over n circles. The reduction
Ansatz of D-dimensional gravity over an n-torus to D = D — n dimensions reads (with a coordinate split
aHt = (M, 2™) wherem = 1,...,n)

c[sz = e2°%ds? + 2P M,. (dzm + Ade“) (dz” + Ade“) . 3.11)

The lower-dimensional field strength is a generalisation of the result of a torus reduction: in addition to gravity
one finds n vectors A", a dilaton ¢ and a scalar matrix M,,, which parameterises a coset SL(n,R)/SO(n)
(see Sect. 2.3 for scalar cosets). The latter corresponds to n — 1 dilatons and %n(n — 1) axions. Again, one
can obtain the lower-dimensional Lagrangian by a reduction of the Einstein Hilbert term:

L=+/-§R=—g [R — 1(0¢)* + L Tr (OMOM ™) — 34?00, FMF™ | | (3.12)

with I = d A™. The convenient values for « and (3 now read

2 n _ (D=2)a
= bin-nm-2 P~ n (3.13)

yielding the Lagrangian in the conventional form (3.12).

As in the reduction over the circle, one can wonder which general coordinate transformations (3.7)
preserve the form of the reduction Ansatz and induce a lower-dimensional transformation. For the torus
reduction (3.11) these turn out to be

f=gi(a), €M =N"(2)+ AT (3.14)

These can respectively be understood as D-dimensional general coordinate transformations, U (1) gauge
transformations and a global GL(n,R) symmetry. As in the torus case, the global transformations can be
integrated to finite transformations, where it is convenient to use a split into SL(n, R) and RT. The former
acts in the obvious way on the SL(n,R) indices while the latter can again be combined with the reduced
trombone symmetry to yield the lower-dimensional trombone symmetry and the dilaton scale symmetry
(formulae (3.9) and (3.10) with an extra m index for A,,). Thus, in comparison with the circle case, the new
features of the n-torus reduction are the n Abelian gauge symmetries and the global SL(n, R) symmetry.

3.2.3 Inclusion of gauge potentials

We will now consider the reduction of a gauge potential of rank d over a circle. The dynamics of the
higher-dimensional potential C'(¥), coupled to gravity and possibly a dilaton ¢, is determined by

r— \ﬁ[ 1 9p)% — %ea¢é(d+1) ) G(d+1)} ’ (3.15)
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with G4+ = dC(@ where we have included the dilaton kinetic term. The parameter a characterises
the dilaton coupling. For gravity we will take the reduction Ansatz (3.4) while the rest of the reduction
Ansatz reads

CWO =W 4 (dz+ A)aCH4D | p=0, (3.16)
where A is the Kaluza-Klein vector field of the gravity Ansatz (3.4). The resulting Lagrangian is described by

L= \/jg _%(890)2 _ %eatp—2do¢¢G(d+1) . G(d+1) _ %ea<p+2(D—d—1)a¢G(d) X G(d)} . (3.17)

with field strengths Gl — go@ 4 FAC—Y and G(@ = dC(4—1) . Note that A, defined in (2.37), is
preserved under the operation of dimensional reduction; the value associated to G(@*1) is also found for
both G(@+1) and G(4):

2 —d-
A:az—l——d(DA ’ 2),
D -2
2d(D—d—2)
D -2 ’
2(d—-1)(D—-d—-1)
D-2 '

=a? + (2da)? +

=a’+ (2(D—d—1)a)* + (3.18)
Indeed, this corresponds to the statement from Sect. 2.4.1 that the parameter A is invariant under toroidal re-
duction.

The reduction of a d-form gauge potential over a circle can be performed a number of times. This
corresponds to the reduction over a torus. We will not discuss the explicit Ansatz here since it follows from
(3.16) but clearly there are general formulae for the reduction of a gauge potential over a torus, similar to
(3.11). However, it is useful to know the resulting field content. From subsequent applications of (3.16) it
can be seen that the reduction of a d-form over an n-torus gives rise to an amount of

" ), where d—n<d<d, (3.19)
d—d

forms of rank d. For example, reduction of a 2-form over a 2-torus gives rise to a 2-form, two vectors and
a scalar.

Upon reduction over a torus, the gauge symmetry & C@ = g\ splits up in different lower-
dimensional gauge transformations, corresponding to the different d-form potentials. In the case of a circle,
for example, the gauge transformations that act covariantly on the lower-dimensional potentials are

(d-1)

Ald=1) — \(d-1) | (dz + A)N\(d—Z)’ (3.20)

where A is the Kaluza-Klein vector. The gauge parameters A(*~1) and A(¢=2) correspond to the potentials
C(4) and C@=1 respectively.

In addition, the higher-dimensional Lagrangian is of course invariant under the general coordinate trans-
formations (3.7). As in the case of gravity, the reduction Ansatz for gauge potentials over a torus is only
covariant for the restricted transformations (3.14). The lower-dimensional potentials transform in the usual
way under the lower-dimensional coordinate transformations and they can also be assigned a weight under
the global scale symmetries. Moreover, the d-form potentials, the number of which is given by (3.19), form
linear representations of the global SL(n, R) symmetry.
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3.2.4 Global symmetry enhancement

However, this is not the full story of gravity and gauge potentials on tori. It turns out that, in special cases,
one obtains a larger symmetry group than the SL(n,R) whose appearance was guaranteed by the higher-
dimensional coordinate transformations. An obvious example is provided by the Lagrangian (3.5), which
is the reduction of the Einstein-Hilbert action over a circle. Reduction of (3.5) over an n-torus will lead to
the global symmetry SL(n + 1, R) rather than SL(n,R). In this case one can understand the symmetry
enhancement by the higher-dimensional origin of (3.5). However, there are also examples where such an
explanation is not available.

As an example, consider the bosonic string, whose low-energy limit consists of gravity, a dilaton and a
rank-two gauge potential. After appropriate field redefinitions, the action takes the canonical form (2.36)
of the gravity-dilaton-potential system of Sect.2.4.1, with a dilaton coupling corresponding to A = 4.
Upon reduction over an n-torus, it turns out that the global symmetry group is enhanced from SL(n, R) to
SO(n,n), see e.g. [26]. In addition, the scalar coset is enhanced as well:

SL(n,R) SO(n,n)

SO(m) 80(n) xS0(m)"
For this to be possible, there is a conspiracy between the scalars coming from the metric (giving rise to the
smaller coset) and those coming from the two-form, together giving rise to the larger coset.

Another example is provided by the reduction of (the bosonic sector of) eleven-dimensional supergravity,
whose symmetry groups are given in Table 2.4. Again, the symmetry groups and scalar cosets are larger than
the naive SL(n,R). In this case this requires a collaboration between the scalars coming from the metric
and those coming from the three-from gauge potential. Although often appearing in the low-energy limits
of string or M-theory, it should be stressed that such symmetry enhancement is a miraculous phenomenon
and strongly dependent on the details of interactions.

(3.21)

3.2.5 Fermionic sector

If one wants to dimensionally reduce a supergravity theory, clearly a recipe is required for the fermionic
sector. Since this is rather strongly dependent on the dimensions of the higher- and lower-dimensional
theories, we will not present explicit formulae but only discuss the conceptual aspects. In the explicit
reduction of supergravities that we will perform later, such explicit formulae are given while in this chapter
however, we will mainly consider the bosonic part. For more detail see e.g. [49,89].

The essential idea in fermionic dimensional reduction is to split up the spinors as a tensor product of
spinors in the lower-dimensional space and the internal space. For toroidal reduction, the internal spinors
are taken constant. Thus, the reduction Ansatz for a dilatino sketchily reads

A=) Nen, (3.22)

where \? are the lower-dimensional spinors and 7)° the internal spinors. The range of 7 is equal to the number
of independent spin-1/2 components on the internal manifold and therefore strongly depends on D —D.
This range corresponds to the quotient of the degrees of freedom of the minimal spinors in the higher- and
lower-dimensional theory. For example, reducing over a seven-torus, the 32-component minimal spinor
A splits up in 4-component minimal spinors A’ and therefore i ranges from 1 to 8. This corresponds for
example to the reduction of N = 1 supergravity in 11D to N = 8 supergravity in 4D over the seven-torus,
which indeed allows for eight constant internal spinors.

In the case of spin-3/2 fermions, i.e. if the fermions are carrying a space-time index as well, the procedure
is a combination of the bosonic and fermionic Ansitze. Both spinorial and space-time indices are split up
into the lower-dimensional ranges:

=Y ULen,  dm=> N, (3.23)
?

J
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where 7° and 7}, are constant fermions on the internal space of spin 1/2 and 3/2, respectively. Thus the
resulting fermions are the gravitini @/}L and the dilatini \/.

We will indicate the changes in the fermionic Ansitze in the upcoming cases of twisted reduction and
reductions over group manifolds.

3.3 Reduction with a twist

We will now discuss a generalisation of toroidal reduction, leading to a different lower-dimensional de-
scription including e.g. a scalar potential. This generalisation is possible whenever the higher-dimensional
theory contains a global symmetry [20].

3.3.1 Boundary conditions and twisted expansions

In Sect.3.1.1 we considered the expansion of a complex scalar field over an internal dimension under the
assumption ¢(z, 2rR) = ¢(z, 0), i.e. a periodic boundary condition. One can also impose the generalised
boundary condition

¢(x,27R) = ™" g(2,0) (3.24)

for some constant m. We will call this the twisted boundary condition, giving rise to reduction with a twist.
It leads to the expansion

B(w,2) =Y ' tZG (), (3.25)

with a discrete spectrum of fields ¢,,. Note that this twisted expansion is invariant under the transformation
m—=m+1/R, ¢p— dni1. (3.26)

For this reason one can always take |m| < % /R without loss of generality. Substitution into the Klein-
Gordon equation yields

D¢n - (m + n/R)Q(bn =0. (3.27)

Again, the higher-dimensional equation decouples into separate equations for all components ¢,, of (mass)?
(m+n/R)2.

Again, we would like to truncate to the sector with the lowest mass; to which component ¢,, this
corresponds to is determined by the parameter 1. Adhering to the above convention of taking |m| < % /R,
the lowest sector corresponds to the component ¢g, as in the massless case. Note however that the lower-
dimensional description is different; the periodic boundary condition gave rise to a massless scalar while
the twisted boundary condition leads to a scalar of (mass)? m?. However, both reductions are consistent: the
field equations for ¢,, with n 7 0 are satisfied and, equivalently, the dependence on the internal coordinate
z has dropped out.

Note that one can take m = n/R, leaving the above convention, and truncate consistently to the com-
ponent ¢q. However, this does not correspond to the lightest mode. Indeed, due to the above symmetry
(3.26), this corresponds to a toroidal reduction with expansion (3.2) and subsequent truncation to a heavier
mode. The ambiguity in the lower-dimensional description (i.e. a massless or massive scalar) stems from
the possibility to consistently truncate the Kaluza-Klein tower (3.2) in infinitely many ways.
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3.3.2 Global symmetries and monodromy

One can extend the generalised boundary condition (3.24) for U (1) to other groups if the theory is invariant
under a global symmetry group G. Consider a set of fields qg which we take to be scalars for concreteness
but the discussion can easﬂy be extended to other fields. The fields (;5 are taken to transform linearly under
a global transformation: ¢ — g¢ with g € G, where we suppress group indices. This allows us to impose
a more general twisted boundary condition:

¢(z,27R) = M(g)¢(x,0) . (3.28)

Upon traversing the circle, the fields come back to themselves up to a symmetry transformation: this
transformation is called the monodromy. This boundary condition leads to the twisted reduction Ansatz
(i.e. expansion and truncation to the lightest modes)

Pz, 2) =g(z)p(x), =  Ml(g)=g(z=2rR)g(z=0)", (3.29)

with an element g(z) € G which depends on z. This is the generalisation to arbitrary groups G of the U(1)
twisted Ansatz (3.25) with ¢,, .o = 0. For general groups G, the element g(z) has to satisfy a consistency
criterium: the combination

C =g(2)"10.9(2) (3.30)

must be a constant, which is required by the cancellation of the z-coordinate in the lower-dimensional field
equations and thus ensures consistency of the truncation to the lightest modes ¢. Clearly, it can be solved
by the z-dependence

g(2) = exp(Cz), with M =exp(2rRC). (3.31)

Thus the constants C' constitute an element of the Lie algebra of G. It determines which linear combination
of the generators of GG is employed in the twisted reduction.

This reduction Ansatz brings one from the higher-dimensional massless Klein-Gordon equations to
lower-dimensional massive Klein-Gordon equations:

0p=0 = Op+C%=0. (3.32)

For this reason, the matrix C' is usually called the mass matrix. The eigenvalues of C? are related to the
(masses)? of the fields ¢: negative eigenvalues correspond to positive (masses)? and vice versa. This depends
on the compactness of the subgroups of G generated by C'.

Note that the symmetry G is generically broken upon twisted reduction: elements of G do not preserve
the field equations but rather transform the mass matrix by

C—gloyg. (3.33)

Only transformations for which the two mass matrices C' and g~'Cyg are equal preserve the lower-
dimensional field equations. This is in general only met by group elements of the form as employed in
the twisted reduction, i.e. of the form exp(AC). Note that G is always preserved for C' = 0, i.e. under
toroidal reduction.

A special case consists of a mass matrix C' # 0 that gives rise to a trivial monodromy M = L. This is
possible when G contains a compact subgroup and is the equivalent of the choice m = 1/R considered in
the previous subsection: it corresponds to an expansion without twist (yielding trivial monodromy) which
is truncated to a massive mode (giving rise to the mass matrix), rather than the massless mode [92]. This
situation will be encountered in Sect. 4.3.6.
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In this toy example, the group G plays a central role. If G is not a symmetry of the theory, the reduction
will not be consistent: one will (generally) not find cancellation of all z-dependence in the lower-dimensional
field equations. Thus, the existence of G allows for the twisted reduction Ansatz, as was first recognised by
Scherk and Schwarz?® [20].

Another important point is the fact that G is only a global symmetry in the higher-dimensional theory.
It is impossible to perform twisted reductions of this kind with local symmetries, as can easily be seen
from our toy example. Suppose that the higher-dimensional theory had a local symmetry G. Then the group
element g(z) in the reduction Ansatz ¢(z, z) = g(z)$(x) can be brought to the left-hand side, where it
acts on é But this is just a symmetry transformation, which leaves the higher-dimensional theory invariant.
Thus the reduction Ansitze ¢(x, z) = ¢(z) and ¢(x, z) = g(z)p(x) will give the same result, a massless
lower-dimensional theory, if g € G is a local symmetry acting on .

3.3.3 Gravity and gaugings

We would like to apply our twisted reductions to supergravity in Sect.4. For this reason it is imperative to
include gravity, which will bring in a number of new features.

A useful subsector of supergravities to consider consists of only gravity and the scalars. As in all maximal
supergravities, the scalars parameterise a coset G/ H, denoted by M. Examples of G and H are given in
Table 2.4. The Lagrangian reads

L= /=g [fe+ §mx (onronr)] . (3.34)
Toroidal reduction of this theory would correspond to the reduction Ansatz (in the case of a circle)
ds’ = e2%ds? 4 &9 (dz + A,dat)® . M =M, (3.35)

with the constants o and 3 given in 3.6. However, this theory has a global symmetry?’, which acts as
M — QMQT with Q € G. Therefore it also allows for a twisted reduction, parameterised by a mass matrix
C of the Lie algebra of GG. The corresponding reduction Ansatz reads

ds” = e*9ds? + e27? (dz + A#daz“)2 ., M=U()MU>)T, (3.36)
for an element U(z) = exp(Cz) € G. The resulting lower-dimensional Lagrangian is given by

L=v=g [R=1(06)* + } Tr (DMDM™?) = Jhye?P=20p2 —y| | (3.37)
where we have defined

DM = dM + (CM n MCT) A, V=l {02 n CTM_lCM} , (3.38)

where DM and V' are the scalar field strength and the scalar potential, respectively. These contain the
deformations in terms of the mass matrix C.

In the previous discussion we have found the fate of the symmetry G under twisted reduction. Only a one-
dimensional subgroup (with generator C') was preserved while the remaining transformations were broken.
When including gravity, it is interesting to consider the action of the general coordinate transformations on
the fields in the twisted reduction. Recall the decomposition (3.14) of the higher-dimensional coordinate
transformations dz/ = —é’l into lower-dimensional coordinate transformations, a U(1) gauge symmetry

26 Their motivation was the spontaneous breaking of supersymmetry.

27 We restrict to symmetries of the action here. In the case of symmetries that scale the action, e.g. trombone symmetries, there
is a subtlety that is addressed in Sect. 3.6.
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and a global symmetry. The first of these transformations is unchanged, i.e. also the lower-dimensional
theory has diffeomorphism invariance. The latter two are modified due to the twist, however.

The U (1) factor corresponds to the parameter £* = A(z). Note that the scalar reduction Ansatz (3.36) is
not invariant under this coordinate transformation:

M=U()MUT = M=Uz-NMU(z-NT. (3.39)

Using U(z) = exp(Cz) € G, an internal coordinate transformation corresponds to the lower-dimen-
sional transformation

M = exp (~CX) Mexp (—CTA) | A, = A, + 90 (3.40)

Indeed, the scalar field strength transforms covariantly under this local transformation. Thus it turns out that
the one-dimensional subgroup of GG generated by C'is in fact gauged. This means that the global parameter
of this transformation is elevated to a local one. For this reason we say that twisted reduction leads to a
non-trivial gauging in the lower-dimensional theory.

The remaining parameter of the higher-dimensional diffeomorphisms, the constant c in the decomposition
(3.14), acts as

M=U()MUGT = M=U(z—cz)MU(z—c2)T. (3.41)

However, unlike the local U(1) action (3.39), this can not be interpreted as a lower-dimensional (i.e. z-
independent) transformation on M . For this reason the extra scale symmetry is broken by the mass parameters
C. Another way to see this stems from the scale weight of the scalar potential under the global symmetry
with parameter ¢ given in (3.14). It is easily seen that the kinetic terms scale differently than the scalar
potential, which therefore breaks this symmetry.

In addition to the Ansitze for gravity and scalars presented here, one can construct similar formulae for
the twisted reduction of e.g. gauge potentials and fermions. The guiding principle is the global symmetry:
one modifies the toroidal Ansitze by inserting the transformation U (z) in the appropriate places, while the
consistency of such reductions is guaranteed by the global symmetry G. We will perform twisted reductions
of supergravities in Sect. 4.3.

3.3.4 Enhanced gaugings

However, one feature of enlarged field contents is noteworthy. In special cases, the existence of extra gauge
potentials in twisted reduction gives rise to an enhancement of the gauging. This means that, in addition to
the gauging of the twisted symmetry, one finds other symmetries that have been elevated to local ones in the
gauged theory. Clearly, for this to be possible, one needs the global part of these symmetries to be present in
the ungauged theory. An additional requirement is the presence of the corresponding gauge vectors, which
are necessary to gauge the extra symmetries.

Rather than the most general possibility we will consider a specific example, which will be important
in Sect.4.3. In addition to gravity and the scalar coset an of the previous subsection, we include a
gauge vector V. The twist symmetry that we employ scales this gauge vector with a certain weight «,
ie. V — QV with Q € R*. In addition, we have the gauge transformation SV =dA.

As explained in the previous subsection, the transformation under the twist symmetry determines the
internal dependence of the reduction Ansatz, which therefore reads

V=UV+x(dz+A4), I=U\ (3.42)

where V splits up in a vector V' and an axion x, while the vector A comes from the metric. We have also
included the reduction Ansatz for the gauge parameter ). The internal dependence is inserted via the R
group element U = exp(mz).
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Note that in the lower-dimensional theories there are two vectors: the Kaluza-Klein vector A coming from
the metric and the vector V coming from the higher-dimensional vector. We will call the gauge parameters
A4 and Ay, respectively. Their action on the axion y reads

dax = mAax, dyx = mAy . (3.43)

Thus one mass parameter yields two independent local transformations: we find gauge symmetry enhance-
ment. In fact, in this case the two gaugings are non-Abelian, since

[64,0v] = m*Aaly . (3.44)

These form the unique two-dimensional non-Abelian group, which we will denote by A(1).

Though a general proof on the appearance of enhanced gaugings is lacking, the above example seems
to be typical for this phenomenon. The generic rule, applicable throughout this article, is that any higher-
dimensional gauge vector that transforms under the twist symmetry will give rise to an extra gauging upon
reduction. We will encounter different examples of enhanced gaugings in Sect.4.3 and 4.4, including the
two-dimensional group A(1).

3.4 Reduction over a group manifold

In the previous section we have seen how twisted reduction employs the global symmetries of the higher-
dimensional theory. In this section we will focus on the global symmetries of the internal space instead,
leading to group manifolds as internal spaces. For this reason, the corresponding reduction procedure is
only possible for theories which include gravity.

3.4.1 Group manifolds

A group manifold G with coordinates z™ consists of group elements g = g(z™) € G (omitting group
indices): points on the manifold correspond to elements of the group and the dimension n of the manifold
equals dim(G). Group multiplication, e.g. ¢ — A g or g — gA g, corresponds to a coordinate transforma-
tion. Both left and right multiplications correspond to transitively acting coordinate transformations®® due
to the group structure.

However, these coordinate transformations are not necessarily isometries of the metric. To ensure that
left multiplication gives rise to an isometry of the metric, we make the choice

ds?, = gmno™o™,  Tmo™ =g ldg, (3.45)

with g, arbitrary, T, generators and g = ¢g(z™) elements of the group G. The combinations ™ are
called the Maurer-Cartan one-forms and can be written as c™ = U™, dz"™ with U™,, = U™, (zP). Since
left multiplication ¢ — Apg leaves o™ invariant it is an isometry of the metric, which is therefore called
the left-invariant metric. Note that the group manifold with metric (3.45) is homogeneous?’ for all values
of g, due to the transitively acting isometries of left multiplication. These isometries are generated by the
Killing vectors L,,, which by definition satisfy the Maurer-Cartan equations

[Lma Ln] = fmanp ; (3.46)
where the f,,,,,? are given by

fon® ==2(UY) 1 (UY) 2 0, Uy (3.47)

28 Coordinate transformations are said to act transitively if they relate all points on the manifold.
29 We call a manifold homogeneous if its metric allows for transitively acting isometries.
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Due to Lie’s second theorem, these are always independent of 2" and indeed are the structure constants
of the group G. Thus a group manifold with metric (3.45) has n transitively acting isometries that span the
group G. Explicit examples of such Killing vectors are given in Sect. 4.4.2.

With the choice of metric (3.45), right multiplication does not give rise to an isometry for general g,,,:
the transformation g — gA g is an isometry of the metric (3.45) if and only if g,,, is given by the Cartan-
Killing metric of the group G. Such a particular metric is referred to as the bi-invariant metric since its
isometry group is G, X Gg.

3.4.2 Gravity on a group manifold

To see how such group manifolds arise in reductions, we start out with the Ansatz for toroidal reduction
-2
ds = c200ds? 4 20 M, (d2" 4+ A dat ) (dz" + Ada”) (3.48)

with a and /3 given in (3.13). As noted before, this reduction Ansatz transforms covariantly under general
coordinate transformations of the special form

gh=¢t(a), M =A"(z)+ A", (3.49)

The latter term corresponds to GL(n, R) transformations on the internal coordinates z™. These will reduce
to global symmetries of the lower-dimensional theory.

As is the case of global symmetries of the higher-dimensional theories, these internal transformations can
also be used for a generalised reduction procedure [21]. In complete analogy to the twisted reduction, one
can take the toroidal reduction Ansatz and perform a GL(n,R) transformation on the lower-dimensional
fields, whose parameter we call U. If this is a constant parameter, the lower-dimensional theory is clearly
unchanged due to its global symmetry. However, we allow for a certain internal coordinate dependence of
the transformation parameter: U™,, = U™, (zP). Thus, for reduction of gravity, the Ansatz can be obtained
by applying U™,, transformations on all fields in the toroidal Ansatz (3.48) and reads

JSQ = e22%ds? + 62ﬁ¢UmpanMpq (dzm + (U_l)m TA;dx“) (dz" + (U_l)n SAdeaz“)
— 200qs? 4 2890, (am + A;;de“) (0” n Ade“) , (3.50)
with ™ = U™, dz". Thus the internal part of this metric, given by
ds% = e*P* M, 0™ o™, (3.51)

corresponds to the left-invariant metric of a group manifold. Therefore this reduction procedure corresponds
to the reduction over a group manifold GG, where one uses the left-invariant metric on the group manifold [21,
93,94].

Upon reduction of the Einstein-Hilbert term, the GL(n, R) transformation will cancel in many places,
due to the fact that it is a global symmetry of the lower-dimensional theory. Only when the parameters
U™, run into internal derivatives, the cancellation of such terms is no longer guaranteed. However, it turns
out that the only combination of U",,’s that survives upon reduction is exactly the combination f,,,” of
(3.47). Therefore, to obtain a lower-dimensional theory without 2" dependence, one has to require that the
combinations f,,,? are z" independent. As we have seen in the previous subsection, this is guaranteed if
one takes the internal dependence of U™, such that

T, U™, dz" = g~ ldg, (3.52)

for group elements g = g(z™).
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Explicitly, the lower-dimensional result of the reduction of the higher-dimensional action with Einstein-
Hilbert term is given by>°

£=V=g[R+ 1T (DMDM ™) = §(96)? = 2@ PP F" My "~ V], (353)
where the field strengths are given by

F™ =20A™ — fp," A" AP . DMpn = OMopn + 2 fg(m? AT My, - (3.54)
In addition, one has a scalar potential

V = 120709 MM [ g™ + MM Moy frnn® ] - (3.55)

Thus we find two differences when compared with toroidal reduction: the modification of field strengths
and the appearance of a scalar potential. These deformations of the massless theory are linear and quadratic
in the structure constants, respectively.

3.4.3 Gaugings from group manifolds

Again, it is natural to wonder about the lower-dimensional symmetries. The higher-dimensional coordinate
transformations that act covariantly on the reduction Ansatz are

=¢hx), EmM=U"\"(2), (3.56)

consisting of lower-dimensional coordinate transformations with parameter £ (x) and gauge transforma-
tions with parameter \™ (). The effect of the latter on the lower-dimensional fields is given by

AT = ON™ + fup ™ N AL My = Frup "N Mo + fupI 2N Mg, (3.57)

while the metric is invariant. These are non-Abelian gauge transformations with gauge vectors Aj" and
structure constants f,,”.

As in the twisted reduction, the global symmetry employed in the reduction is generically broken for the
larger part. In the group manifold case, this symmetry is GL(n,R) and comes from the internal coordinate
transformations with é ™ = A™, 2", In the gauged theory, the GL(n, R) is in general no longer a symmetry
since it does not preserve the structure constants. The unbroken part is exactly given by the automorphism
group of the structure constants, i.e. the transformations satisfying

Smn? = MU0 (A7) P for® (3.58)

Of course it always includes the gauge group, which is embedded in the global symmetry group G L(n, R)
via

A, = M ™ (3.59)

where \* are the local parameters of the gauge transformations. However, the full automorphism group can
be bigger; for instance, its dimension is n? in case of fmnP = 0. Of course this amounts to the fact that
the ungauged theory has a G L(n,R) symmetry. All other cases have Dim(Aut) < n? and thus break the
GL(n,R) symmetry to some extent.

Thus reduction over a group manifold leads to a gauging, where the adjoint representation of the gauge
group is embedded in the fundamental representation of the global symmetry group (3.59). Therefore,

30 Here we restrict to unimodular groups, having structure constants with vanishing trace: fy,»,"™ = 0. For non-unimodular groups
there is a number of complications which will be addressed in Sect. 3.6.
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reduction over a torus 7™ leads to a theory without gauging, since the adjoint of U (1)" is trivial; we call
this an ungauged theory. In contrast, gauge groups with non-trivial adjoints lead to the gauging of a number
of global symmetries; these are called gauged theories.

Although we have only discussed gravity on a group manifold in this section, the same reasoning can
be applied to other fields, as was already done in [21]. The behaviour under the internal transformations
(3.49) determines the reduction Ansatz and guarantees consistency of the reduction. In Sect.4.4 we will
apply group manifold reductions to D = 11 maximal supergravity.

3.4.4 Consistency of reduction over group manifolds

The consistency of this procedures is guaranteed by group-theoretical arguments: there is always an internal
dependence such that only the structure constants appear in the lower-dimensional theory. An equivalent
statement is that the Kaluza-Klein tower of fields, stemming from the expansion over the group manifold, is
truncated to fields that are singlets under Gi'1.. Since singlets can never generate non-singlets, this guarantees
that the field equations for the non-singlets are automatically satisfied. In other words, the consistency of
this reduction can be understood from the presence of the transitively acting isometries of GG, over which
one can reduce.

The metric (3.50) includes deformations from the bi-invariant metric, which are parameterised by the
lower-dimensional fields. Since the metric always retains a set of transitively acting isometries, these are
called homogeneous deformations and reduce the isometry group from G, x Gg to G, x Hpr where
Hpg C Gg. In the literature, such deformations are referred to as squashings of the maximally symmetric
metric [89].

Another result from group theory is that the matrix U™,,, parameterising the dependence on the internal
coordinates, can be taken independent of a set of coordinates that correspond to commuting isometries.
Clearly, an extreme case is the torus, having all isometries commuting and indeed allowing for a constant
U™ ,,. The opposite extreme has no two isometries that commute, in which case U™,, depends on all but
one internal coordinates.

3.4.5 Twisted vs. group manifold reductions

Having treated both twisted and group manifold reductions, we would like to comment on some similarities
and differences.

An important common feature of the two reduction schemes is the reliance on global symmetries in the
reduction Ansatz. The twisted reduction employs a global symmetry of the higher-dimensional theory while
group manifold reduction makes use of the global symmetries of the internal manifold. Due to these global
symmetries, one can introduce a certain dependence on the internal coordinate via U (2?), which will either
cancel or appear in the specific combinations C,,,” or f,,,,” defined in (3.30) and (3.47). Thus, to interpret
the emerging equations as lower-dimensional, one has to require these combinations to be z-independent.
For C,,™ this implies that it is the Lie algebra element corresponding to the twisted reduction while the
fmnP’s are interpreted as the structure constants of the isometry group of the internal manifold.

This brings us to an equally important difference: due to the different dependences on the internal
coordinates, the resulting deformations will be different as well. In the twisted case, the mass matrix
C,," induces a gauging which is always one-dimensional and therefore Abelian (in the generic cases
without enhanced gaugings). On the contrary, the structure constants f,,,,” necessarily involve non-Abelian
gaugings. Both gaugings induce a scalar potential.

Howeyver, in certain cases there is a relation between the two reduction schemes. Consider reduction
over group manifolds with n — 1 commuting isometries: these can be split up in a toroidal reduction over
n — 1 dimensions followed by a twisted reduction over the remaining dimension. In this scenario, the
twist symmetry is a subgroup of the GL(n — 1,R) global symmetry obtained from the toroidal reduction
of gravity. Thus, a twisted reduction with a symmetry that has a higher-dimensional origin can also be
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interpreted as a group manifold reduction. Indeed, in such cases one must encounter the phenomenon
of gauging enhancement, as discussed in Sect.3.3.4: the twisted reduction must lead to a non-Abelian
gauging. In this example, the extra gauge vectors, transforming under the twist symmetry, are provided by
the reduction of gravity over the 77!, Explicit cases will be discussed in Sects.4.3 and 4.4.

3.5 Reduction over a coset manifold

We turn to the most complicated reduction procedure that we will discuss, reduction over a coset manifold.
Unlike the preceding reductions, its consistency is not secured by group-theoretical arguments and has been
proven only in very special cases.

3.5.1 Coset manifolds

A coset manifold is defined as follows. Consider a group manifold G with group elements ¢ € G. A
subgroup of GG, denoted by H, can be used to construct a coset manifold by identifying group elements that
are related by a right-acting transformation of an element of H:

g=gh, VYgeG, VYheHCQG. (3.60)

The corresponding coset manifold is denoted by G/ H. Its dimension 7 is equal to dim[G] — dim[H].

Remember that a group manifold has coordinate transformations corresponding to left- and right-acting
group multiplication. Indeed, the bi-invariant metric has isometry group G x Gg. For coset manifolds,
only the left-acting group multiplication corresponds to coordinate transformations, while right-acting
multiplication takes one outside of the coset manifold:

g — gAR 2 ghAR < gh, (3.61)

since A;zl hAg is not an element of H in general. Therefore, the most symmetric metric on a coset manifold
G/H will have isometry group G (omitting the subscript) rather than G, X G . This metric is usually
called the round metric. The subgroup H is known as the isotropy group.

An important example of a coset manifold is the sphere 5™, which has isometry group G = SO(n + 1)
and isotropy group H = SO(n). Indeed, for every point on the sphere, one can perform SO(n) rotations
that leave this point invariant. This corresponds to the identification (3.60).

3.5.2 Coset reductions

The maximal isometry group of a coset manifold G/H is G. However, for generic metrics, the coset
manifold has no isometries at all. Therefore, the deformations from the maximally symmetric metric are
called inhomogeneous: they break all isometries and thus also homogeneity. The lower-dimensional fields
parameterise these deformations and fall in multiplets of the maximal isometry group G. In particular, one
expects massless gauge vectors corresponding to G.

The lack of isometries is an important issue in reductions over coset manifolds. Due to this feature, reduc-
tion over a coset is a highly non-trivial procedure whose consistency is not guaranteed by group-theoretical
arguments. Only in very special cases the consistency has been proven, though not at all understood. Most
of these cases are concerned with spheres S, resulting in massless SO(n + 1) gauge vectors upon reduc-
tion. A necessary requirement for this to be possible is the presence of %n(n + 1) gauge vectors in the
lower dimensions. In addition, which is the condition we will focus on, the ungauged theory must have a
global symmetry that contains SO(n + 1). This rules out coset reductions of pure gravity: we have seen in
Sect. 3.2.2 that reduction of gravity over T leads to an SL(n, R) global symmetry group, which does not
contain SO(n + 1) and therefore does not allow for such a gauge group.

Extending gravity with gauge fields and scalars, the situation looks more promising. We already encoun-
tered examples of such global symmetry enhancement in Sect.3.2.4. Indeed, as we will discuss, these all

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Fortschr. Phys. (2004) / www.fp-journal.org 157

allow for coset reductions. We will consider gravity, a dilaton ¢ and an n-form field strength G(") = dC'("*—1)
whose coupling to the dilaton is parameterised by the constant a. Its Lagrangian reads

L=y=g|R~-L0¢)? - Lewa™.gM| (3.62)

which is identical to the system giving rise to the brane solutions of Sect.2.4.1 with n = d + 1. Note that the
dilaton decouples for @ = 0 and can be consistently truncated away. Due to Hodge duality, the field strengths
G and GP—") are equivalent and therefore we restrict to n < %D. It turns out [95] that reduction of this
system over T gives rise to an SL(n + 1, R) global symmetry (rather than just the SL(n,R) that follows
from gravity) if the dilaton coupling is given by

5 8=2(n—-3)(D—-n-23)

o2 st , (3.63)

corresponding to the value A = 4. This is only a necessary and (in general) not a sufficient condition. The
following cases do allow for coset reductions:

e n = 1: This is clearly not the most interesting of all cases since the manifold S* ~ SO(2)/SO(1) is
not a coset since SO(1) is trivial. A related point is that the necessary SL(2,R) symmetry is already
present in the higher-dimensional system (3.62). Therefore, in the discussion of coset reductions, we
will not consider this case.

e n = 2: In this case the system (3.62) can be exactly obtained from the reduction of pure gravity over a
circle (3.4). This higher-dimensional origin clearly explains the appearance of the SL(3, R) symmetry
rather than SL(2,R), as noted in Sect. 3.2.4. The consistent reduction of this system over S? has been
proven in [95]. An equivalent way to view this coset reduction of the Einstein-Maxwell-dilaton system
is to perform an SO(3) group manifold reduction on the higher-dimensional gravity [15]. We will
encounter an example of this in Sect. 4.4.

e n = 3: Thisis exactly the effective action of the bosonic string in D dimensions. Indeed, the reduction of
this effective action on an n-torus gives a global symmetry group SO(n, n), as discussed in Sect. 3.2.4.
The case n = 3 then corresponds to SO(3,3) ~ SL(4,R), which allows for a gauging of SO(4). The
consistency of the corresponding S? coset reduction was proven in [95].

e n = 4: Reality of a implies D < 11. Let us first consider D = 11, in which case a vanishes. It
has been proven that the reduction of the system (3.62) is inconsistent: one needs an extra interaction
term, which is called a Chern-Simons term and which is exactly present in (the bosonic sector of) 11D
supergravity, see (2.6). The corresponding reduction Ansitze on S* [96,97] and S” [98] have been
proven to be consistent. Indeed, maximal supergravity in D = 7 and D = 4 include global symmetry
groups SL(5,R) and SL(8,R). Other cases with D < 11 and a # 0 correspond to toroidal reduction
of 11D supergravity to D dimensions, followed by the coset reductions.

e n = 5: Reality of a implies D < 10. Again, in the limiting case D = 10 one finds a vanishing
dilaton coupling a. Reduction of the system (3.62) is not consistent, however: one needs to impose a
self-duality constraint on the five-form field strength. The corresponding reduction Ansatz has been
constructed in [99]. Note that one again encounters a (bosonic subsector of) supergravity, in this case
IIB supergravity®!. Indeed, SD maximal supergravity includes a global symmetry group SL(6,R).
Lower-dimensional cases with a # 0 are obtainable by toroidal reduction of the prime example
in D = 10.

This concludes all possible sphere reductions. Cases with n > 5 and real a are all related to any of the
above cases by Hodge duality.

31 However, the consistency of the S° reduction of the full IIB supergravity has not been proven so far.
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Table 3.1 The different reduction schemes with the requirements, the internal manifolds and the resulting
gaugings of the lower-dimensional theories. We also give the minimum and maximum possible isometry
groups of the internal manifold. Adapted from [100].

Method Requirement Manifold Gauging  Min. Max.
Toroidal - U™ - umm~ o)
Twisted Global symmetry  U(1) uil)y U@ U@
Group manifold Gravity G Gr Gr G x Gr
Coset manifold ~ Gravity and flux G/H G - G

Of these coset reductions, the first case with n = 2 is readily understood from its higher-dimensional
origin. Indeed, one can always split up a reduction over the group G into a reduction over the subgroup
H C G followed by a coset reduction G/H [100]. Clearly, the consistency of such a coset reduction is
implied by its higher-dimensional origin. The above example corresponds to G = SO(3) and H = SO(2).

The next case, which has n = 3, allows for a reduction over the coset manifold S® = SO(4)/SO(3),
leading to an SO(4) gauge group, of which three corresponding vectors are provided by the metric while
the remaining three are provided by the three-form field strength. This can be contrasted to the reduction
of the same theory over the group manifold SO(3). As discussed in Sect.3.4.3, this gives rise to the
gauge group SO(3) of which the vectors are provided by the metric only. The peculiar feature in this
case is that the group and coset manifolds coincide for the maximally symmetric case, having isometries
S0O(4) ~ SO(3) x SO(3). The two reduction schemes differ in the deformations that are included in
the reduction Ansitze. In the group manifold these only parameterise homogeneous deformations, keeping
a transitively acting SO(3) group of isometries. In contrast, the coset manifold reduction includes also
inhomogeneous deformations, breaking all isometries.

Another noteworthy feature of the bosonic string effective action is the global symmetry group SO(n,n)
that appears upon reduction over an n-torus. This has led to the conjecture [101] that it allows for a consistent
truncation over the coset manifold (G x G)/G, where G has dimension n and is a compact subgroup of
SO (n). Though not proven in generality, such a truncation is believed to be consistent, of which the above
case n = 3 (whose consistency has been proven [95]) provides an example.

It is remarkable that for the remaining cases n = 4 and n = 5, purely bosonic considerations lead to
subsectors of the highest-dimensional supergravities, while consistency of the reduction requires exactly the
interactions provided by supergravity. These spherical reductions have been employed to generate lower-
dimensional gauged supergravities. We will discuss these in more detail in Sect.4.5.

In addition to the aforementioned spherical reductions, one can also consider reductions over hyperboloid
spaces defined by a hypersurface

Y ap® =1, (3.64)
=1

with parameters ¢; = £1. The case with all ¢; = +1 is the only compact manifold, corresponding to
the sphere, while the other cases are non-compact. Despite its non-compactness, one can still perform
consistent reductions over such spaces, giving rise to non-compact SO(p, ¢) gaugings with p + ¢ = n.
The consistency of reductions over such hyperboloids can be deduced from analytical continuation of the
corresponding spherical reduction [102]. We will encounter examples of such hyperboloids in Sect.4.5.2.

3.6 Lagrangian vs. field equations
In the preceding sections on toroidal, twisted and group manifold reductions, we have often substituted the

reduction Ansatz in the Lagrangian to obtain the lower-dimensional Lagrangian. However, the reduction
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ACTION FIELD EQS
; 1
/ 1
! ! Fig. 3.1 Reductions of the action or the field equations do not necessarily yield
Y VI equivalent lower-dimensional field equations, i.e. the operations of minimalisation
action {? field eqs (denoted by the solid arrows) and reduction (denoted by the dashed arrows) of the

action do not necessarily commute.

Ansatz comprises a truncation to the lightest modes, and the consistency of truncations is determined by the
field equations. In general, there is no reason to assume that substitution in the Lagrangian yields the same
result as substitution in the field equations, as illustrated in Fig.3.1. In this section we will first discuss an
explicit example in which this issue arises and then discuss general conditions in which the two schemes
yield the same result, i.e. in which the operations in Fig.3.1 do commute.

3.6.1 Toy example

As atoy model in 10D, we start with the truncation of IIA and IIB supergravity to the metric and the dilaton.
The Lagrangian reads

R R N 2
£=+v/—3 {R— 1 (a¢) } , (3.65)
while the corresponding Euler-Lagrange equations are given by

{Qﬂﬁ} : Rup — LRgus — 10,0050 + 1 (aqg)z 9nr =0, (3.66)
M . Dp=0. |

This system has two global symmetries, as discussed in Sect.2.2.3: one can either scale the metric or one
can shift the dilaton, parameterised by m, and mgy, respectively:

g/f”) — enggﬂf, R (i — (Z) +my . (3.67)

The shift of the dilaton is a symmetry of the Lagrangian. The trombone symmetry, scaling the metric, is
a symmetry of the field equations only; it scales the Lagrangian. This will prove an important difference
when performing twisted reductions. We will show that one has to reduce field equations, rather than the
Lagrangian, when performing reductions with twist symmetries of the field equations only.

Using an arbitrary linear combination of the two global symmetries we make the following Ansatz for
twisted reduction over z to nine dimensions:

VTp/14 0 N
~ (S v
Gy = & * ( 0 " e—ﬁm) oo ey

where we have omitted the Kaluza-Klein vector A,, for simplicity. Using this Ansatz the 10D field equations
yield the following 9D equations:

[guy] : Ry, — %Rg;w - %auﬁbau(b =+ %(8¢)29uu - %8u908u§0 + i(&p)Qg,w
4 ee/VT (im¢,2 + 28mg2) 9 =0,
R (3.69)
[gb} ;. O¢+ 8mgm¢c4“"/‘ﬁ =0,

[67°]: DOp-— %m¢2e4“’/‘ﬁ:0.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



160 D. Roest: M-theory and gauged supergravities

Note that the field equations of the metric and both scalars get bilinear massive deformations. In addition
one has the reduction of the §** field equation

[G*]: 2VTmgdup + Amed.é =0, (3.70)

which is the equation of motion for the Kaluza-Klein vector A,,.

We would like to discuss whether the field equations can be reproduced by a Lagrangian. We will not
consider the field equation for the vector (3.70) since it is not important for our argument, and restrict to
(3.69). If one performs the twisted reduction on the 10D Lagrangian, instead of on the field equations, the
result reads £ = ¢8™s% £ with the 9D Lagrangian given by

L=1y=g[R-3(0¢)*— 3(0¢)* = V(d,p)] with V(d,p)=e"T (Lmy? +72my?) .

3.71)
The corresponding Euler-Lagrange equations read
[g"] : Ry — %RQW - %8u¢6V¢ + %(&b)QQW - %f‘%ﬁauso + i(&p)QgW
+ ete/VT (imf + 36m92) 9 =0,
(3.72)

[¢]: D¢=0,
(Pl Op— e (bmy? 4 72m,?) = 0.

These Euler-Lagrange equations only coincide with the reduction of the 10D Euler-Lagrange equations
(3.69) provided m, = 0. Thus the twisted reduction of the Lagrangian does not give the correct answer if
the Lagrangian scales: the Euler-Lagrange equations (3.72) are not equal to the field equations (3.69) for
mg 7 0. In fact, the situation is worse [103, 104]: for m, # O there is no Lagrangian £ with potential
V (¢, ¢) whose Euler-Lagrange equations are the correct field equations (3.69). The metric field equation
would require

V(g,p) = /YT (1my? 4 56m,2) | (3.73)

but this is inconsistent with the ¢ and ¢ field equations for mg # 0.

Thus we conclude that twisted reduction of the Lagrangian is only legitimate when the exploited symmetry
leaves the Lagrangian invariant rather than covariant. For symmetries that scale the Lagrangian one has to
reduce the field equations. Including the full field content, such as the Kaluza-Klein vector A,,, does not
change this conclusion.

However, it is possible that certain truncations do lead to the possibility of an action. In our toy model,
an example hereof is provided by the identification

2V Tmgp = —Lmyo. (3.74)

It can be seen that this truncation is fully consistent with the field equations (3.69) and (3.70). The resulting
field equations can be derived from the Lagrangian

L=+/=g|R—-1(0p) — %02m¢2e4¢/7] , (3.75)

with ¢? = 14 112m,? /m?. However, note that this is not the same result as the insertion of this truncation
in the reduced Lagrangian (3.71).
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3.6.2 General requirements

In the above example we have found that in the case of twisted reduction with a trombone symmetry, one
should reduce the field equations and not the action. The lower-dimensional field equations do not even
allow for a corresponding Lagrangian, i.e. the field equations can not be interpreted as Euler-Lagrange
equations stemming from the minimalisation of an action. The general rule for twisted reduction seems
to be that the Lagrangian should be invariant under the twist symmetry to allow for a lower-dimensional
Lagrangian. Reduction of the Lagrangian and the field equations are equivalent in such cases. An example
is provided by the twisted reduction with the global symmetry of a scalar coset, as considered in Sect.3.3.
Though we know of no general proof of this statement, it is generally believed to be consistent and no
counterexamples are known.

As for group manifold reductions, one finds a rather similar condition. It turns out [105, 106] that only
group manifolds with traceless structure constants, i.e. f,,,,” = 0, allow for reduction of the Lagrangian®2.
Indeed, such manifolds employ a symmetry (stemming from the higher-dimensional diffeomorphisms) that
leaves the higher-dimensional Lagrangian invariant. In terms of U™, this corresponds to the SL(n,R)
subgroup of the full GL(n,R). Reduction over such group manifolds give rise to gauge groups whose
adjoint is embedded in the SL(n, R) global symmetry group.

In contrast, group manifolds with traceful structure constants allow for reduction of the field equations.
Indeed, these employ a symmetry that scales the higher-dimensional Lagrangian. Such symmetries are
only embeddable in GL(n,R) and not in SL(n,R). The corresponding group manifold reduction gauges
a subgroup of the GL(n,R) global symmetry group of the theory, of which only SL(n,R) is a symmetry
of the Lagrangian. Examples of such reduction spaces are hyperbolic group manifolds, which we will
encounter in Sects. 4.3 and 4.4.

This distinction between traceless and traceful structure constants, corresponding to unimodular and
non-unimodular groups respectively, has been the cause of some confusion in the literature on group
manifold reduction. It has been claimed [21, 106] that it is inconsistent to reduce over group manifolds
with f,,™ # 0. Another point of view, however, puts emphasis on the consistency of reduction of the
field equations [100,107,108], where lower-dimensional theories are consistent if every solution uplifts to a
higher-dimensional solution as well. In this article, we will adhere to the latter, yielding lower-dimensional
theories without actions that uplift consistently to the higher dimension. The same distinction directly carries
over to twisted reductions with symmetries of the Lagrangian and the field equations, respectively.

Indeed, the same situation is encountered in coset reductions, in which one reduces field equations rather
than Lagrangians as well. However, in contrast to the twisted reduction with a trombone symmetry or over
a non-unimodular group manifold, the lower-dimensional field equations can be obtained from an action.
This action can not be derived by substitution the reduction Ansatz in the higher-dimensional action, though.
This is very much like the truncation (3.74) in our toy model, leading to field equations that allow for an
action but that do not follow from the reduced action. We will encounter such situations after reduction over
non-unimodular group manifolds in Sect.4.4.5.

4 Gauged maximal supergravities

4.1 Introduction

In this chapter we will consider a number of deformations of the massless supergravities with maximal
supersymmetry, as discussed in Sect.2. These deformations are proportional to a parameter m of mass
dimension one. Indeed, some fields will acquire masses proportional to the deformation parameter m. Often,
another consequence of the parameter will be the gauging of a global symmetry of the massless theory. For
this reason, such theories will be called gauged supergravities, which comprise the larger part of this chapter.
In cases where the mass parameter does not induce a gauging, the theory is called a massive supergravity. The

32 Note that this also proves the correctness of the reduction of the Lagrangian for toroidal reduction, having fpn? = 0.
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only known example of such a deformation of maximal supergravity is the massive IIA supergravity [37].
Examples with sixteen supercharges are the massive iia supergravities in six dimensions [109].

An important property of the massive deformations that we consider is that they do not break any super-
symmetry. The gauged or massive supergravities therefore have the same number (i.e. 32) of supercharges as
the corresponding ungauged or massless supergravity. This preservation of supersymmetry under the mas-
sive deformation is in many cases guaranteed due to a higher-dimensional origin: if a gauged supergravity
can be obtained by any of the techniques of Sect. 3, it necessarily has the same amount of supercharges as
the higher-dimensional theory. Equivalently stated, reduction with a twist or over a group or coset manifold
does not break supersymmetry>>. Starting from a maximal higher-dimensional supergravity, one can apply
the different reductions of Sect.3 to generate many gauged maximal supergravities. We will perform such
reductions to construct gauged maximal supergravities in ten, nine and eight dimensions. In addition, we
will include massive ITA supergravity, which is the only massive deformation of maximal supergravity
without a known higher-dimensional origin.

Throughout this chapter we will reduce supersymmetry variations and field equations rather than La-
grangians, since some of the rigid symmetries we employ for reduction scale the Lagrangian. As was
explained in detail in Sect. 3.6, reduction with a symmetry that scales the Lagrangian can only be performed
on the field equations and the supersymmetry variations, but not on the Lagrangian.

As a consequence of the non-trivial dimensional reduction, the supersymmetry variations and field
equations receive two types of massive deformations. There are implicit mass terms that appear via the
covariant field strengths, which generally acquire terms that are proportional to the mass parameter. In
addition, the supersymmetry transformations and field equations have explicit mass terms. The explicit
deformations of the massless supersymmetry variations &g are denoted by &,,, which are linear in the
mass parameter m. The fermionic field equations, symbolically denoted by X = 0, also consist of a
massless part X plus linear deformations X,,. In contrast, the bosonic field equations receive quadratic
massive deformations.

In the cases where it is possible to construct a Lagrangian, the quadratic deformations of the bosonic
field equations can be derived from the explicit mass terms in the Lagrangian. These are also quadratic in
m, only depend on the scalars and are therefore called the scalar potential V. In many cases, the scalar
potential can be written in terms of a superpotential ¥/, which is linear in the mass parameter:

1 D—1
V== (gAB oW oW WQ) . 4.1)

4 dPA OB D -2

Here gAB is the inverse of the scalar metric g 4 p which occurs as —gap APA9PB in the kinetic scalar terms,
where ®“ represents the different scalars of the theory (both dilatons and axions). This expression follows
from the requirement of positive energy [112], as we will show in Sect.5.2.2. In supergravities with a scalar
potential of this form, the explicit deformation d,, of the gravitino v, and the dilatini A are proportional
to the superpotential W and its derivatives 61/ /§®4, respectively. We will encounter such deformations in
all maximal supergravities except 11D and IIB.

A useful truncation of the full field content of the gauged or massive supergravities consists of the metric
and the scalars only, for which we will derive the bosonic field equations. This subsector is interesting to us
for two reasons. Firstly, it allows for an investigation of the feasibility of combinations of mass parameters.
Suppose one has a massless theory with two different, separate deformations. One can wonder whether it
is possible to combine these two while preserving all supersymmetry. As we will show, an investigation of
the bosonic field equations for the metric and scalars suffices to answer this question. Secondly, the vacua
of gauged or massive theories are often carried by the metric and scalars only, as we will see in Sect. 5.

33 This can be contrasted with e.g. Calabi-Yau compactifications, which break a fraction of the supersymmetry. Reduction of ITA
supergravity over the four-dimensional Calabi-Yau manifold K3 with fluxes yields the massive iia supergravities with N = 2
in D = 6 [109], see also [110,111].
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Table4.1 Thescaling weights of the D = 10IIA supergravity fields and action under the scaling symmetries
« and (3 and their origin as higher-dimensional scaling symmetries.

Rt e B e CcO C©O® ¢, X € L Origin
o g 3 3 0 3 % - &% 9 1D
B o L+ 1 -3 -1 0 0o 0 0

In the next section we will review the possible deformations in ITA supergravity. In the following two sec-
tions we will construct different gauged maximal supergravities in nine and eight dimensions, respectively.
In the last section of this chapter we will consider a general structure of gauged maximal supergravities
in various dimensions, which are obtainable via coset manifold and other reductions. Furthermore, we
will discuss the relation to the gauged supergravities in ten, nine and eight dimensions of the preceding
three sections.

4.2 Massive and gauged IIA supergravity

In this section we will consider two deformations of IIA supergravity, one of which leads to a massive
version of ITA while the other gives rise to the gauged ITA theory.

4.2.1 IIA supergravity

As discussed in Sect.2.2.4, toroidal reduction of the eleven-dimensional theory over a circle yields the
massless and ungauged IIA theory in ten dimensions. The appropriate reduction Ansétze given in (B.4) with
my; = 0. The field content of the D = 10 IIA supergravity theory is given by

D=101IA : {eua,BW,qﬁ, Cfbl),c,g?;)p;z/),“A} : 4.2)

with corresponding Lagrangian (2.16) and supersymmetry transformations rules (B.5). As discussed in
Sect.2.2.3 and indicated in Table 4.1, the IIA theory has two scaling symmetries**. One is called v, which
scales the Lagrangian and is the reduction of the 11D trombone symmetry. The other is 3, which leaves the
Lagrangian invariant and stems from the internal coordinate transformations of 11D supergravity.

Note that the Ramond-Ramond vector A is invariant under « while it scales under (3. This has important
consequences when considering the possible gaugings of IIA supergravity. Since gauge vectors transform
in the adjoint of the gauge group and the adjoint of R™ is trivial, only the symmetry o can be gauged while
this is impossible for the symmetry (3 [38]. Indeed, we will encounter the gauging of a below. In addition,
the ITA theory allows for another deformation, which we will first discuss.

4.2.2 Massive IIA supergravity

The first massive deformation, with mass parameter mg, was already encountered in Sect.2.2.3 and was
constructed by Romans [37]. The explicit deformations of the supersymmetry transformations are denoted
by d,,y, and are given in terms of a superpotential W and its derivative with respect to the dilaton:

Sty = =55 Whie,  Smph=0sWe, W =e"*mp, (4.3)

where 6, W = §W/d¢. Furthermore, there are implicit massive deformations to the original supersymmetry
rules dg, given in (B.5), due to the fact that one must replace all massless field strengths by the following
massive counterparts:

G? =dc® + mpB, H=dB, GYW =dC® +CWAH + lmprBrB. (4.4)

34 We use a different basis of these symmetries in this section than in Sect.2.2.3.
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The Lagrangian contains terms linear and quadratic in my. Again there are implicit deformations, via
the massive field strengths, and explicit deformations. The explicit deformations of the bosonic sector
are quadratic in the mass parameter and define the scalar potential, which can be written in terms of the
superpotential W and its derivative via the general expression (4.1):

Ving = 2(0W)? = W2 = 1e>/2m}, . 4.5)

Note that this scalar potential can be naturally included in the massless ITA Lagrangian (2.16) by including
the case of d = —1 in the summation (and identifying GO = mpg).

In the fermionic sector, one finds the following linear deformations of the gravitino and dilatino field
equations in the massive IIA theory:

Xong, (") = mpe®®/ T (31, + 5557 A)

(4.6)

X (V) = mpe®/4T” (=24, — 2LT,)) .

The undeformed equations, Xo(¢*) = 0 and Xo(\) = 0, are given in (B.7).

Supersymmetry transforms the fermionic field equations, X¢ + X,,, = 0, into the bosonic equations
of motion. For later purposes it is convenient to truncate away all bosonic fields except the metric and the
dilaton. After this truncation we find that the fermionic field equations transform into

(80 + Br) (X + X) (v9) = 3T
x [Br — §Rg, =} (070) (0,0) + § (000", + dmbe™/2g", |

=0, 4.7

(80 + O ) (Xo + Xon) (N) = € [w _ ngRe:iqb/Q}
=0.

At the right hand side, we thus find the massive IIA bosonic field equations for the metric and the dilaton.
Indeed, these field equations can be derived from the massless Lagrangian plus the scalar potential (4.5).

The parameter mp breaks both symmetries o and 3 of the IIA theory. This can easily be seen from
the scalar potential (4.5): the former symmetry is broken since the dilaton scales while the Lagrangian is
invariant, while the trombone symmetry is broken since the scalar potential is not a two-derivative term like
the other bosonic terms. However, there is a linear combination that is not broken by the massive terms: it
is given by the linear combination 123 — 5 a.

As argued in Sect.2.2.3, the mass parameter mg should be seen as a zero-form Ramond-Ramond field
strength: it appears naturally in the democratic formulation, including all Ramond-Ramond potentials and
field strengths. The scalar potential (4.5) then appears as the kinetic term for the zero-form field strength. The
corresponding D-brane is the D8-brane of Sect. 5.1, which is magnetically charged with respect to mg [11].

The massive IIA theory is different from the other massive deformations that we will consider in this
chapter. Firstly, it is not known to have a higher-dimensional supergravity origin®>. Secondly, it is not a
gauged supergravity: no global symmetry of the massless theory has been promoted to a local one. Therefore,
this deformation of ITA gives rise to a massive rather than gauged supergravity.

4.2.3 Gauged IIA supergravity

The second massive deformation, with mass parameter m;1, does give rise to a gauged IIA supergravity,
where the symmetry o has been gauged. It was first obtained in [103], on whose procedure we will comment

35 For different approaches to the M-theory origin of massive IIA supergravity, see [113—115].
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below. Afterwards, it was shown in [104] that the same theory can also be obtained by a twisted reduction
of D = 11 supergravity using the trombone symmetry (2.7). The corresponding twisted reduction Ansitze
are given in (B.4) with m; # 0.
This leads to the following explicit massive deformations of the D = 10 IIA supersymmetry rules:
(Smu’(/JM = %m11€_3¢/4FHF116, 6m11)\ = %m116_3¢/4F116. (48)
The implicit massive deformations of the original supersymmetry rules y arise from the massive bosonic
field strengths

D¢ =d¢+ 3micY, G =dcW,

(4.9)
H = dB + 3m110(3) ) G(4) = dC(3) + C(l)/\Hu
while the covariant derivative of the supersymmetry parameter is given by
1
Dye = (8 +wu+ fmulu¢ ) e. (4.10)

There is no Lagrangian for the ITA gauged supergravity, but there are field equations. The linear defor-
mations of the fermionic field equations read in this case

Xmu (¢M) = mlle_3¢/4]~—‘11ruy (_% v+ %PV)‘) 5
@4.11)
an()‘) = mlle_3¢/4rllry (%wl/ - %FV)‘) .

We first consider the truncation with all bosonic fields equal to zero except the metric and the dilaton. Under
supersymmetry the fermionic field equations transform into

(80 + Gy ) (Xo + Xy ) (0F) = 3TV
X {R“u —1Rg", —1(8"9)(0u0) + 1 (00)°g", + 36m%1673¢/2g#u:|
+Tpe [3m11e*3¢/4a“¢]
=0, 4.12)
(80 + Bns, ) (Xo + Xy, )JA) = € (0] + T Tze [9mre>9/49,9)]
=0.

The terms involving I'y; are part of the vector field equation. Therefore, to obtain a consistent truncation,
we must further truncate the dilaton to zero. One is then left with only the metric satisfying the Einstein
equation with a positive cosmological constant.

The reduced theory is a gauged supergravity, where the scaling symmetry « of Table 4.1 has been gauged.
In particular, the gauge parameter and transformation of the Ramond-Ramond potentials read as follows>®:

A=evermnr ¢l 5 oW —dx, 0¥ 5 fmuC® —daB), (4.13)

where w,, are the weights under «.. One can take two different limits of the o gauge transformations. Firstly,
the limit m;; — 0 leads to the massless gauge transformations of the Ramond-Ramond potential. Secondly,
one can take the limit where « is constant. This leads to the ungauged scaling symmetry « of Table 4.1.

36 It is understood that each field with wq # 0 is multiplied by A. Also, the gauge parameter should not be confused with the
dilatino, which is also denoted by .
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A noteworthy feature of the D = 10 gauged supergravity is that no Lagrangian can be defined for it, since
the symmetry that is gauged is not a symmetry of the Lagrangian but only of the equations of motion. This
is clear from its higher-dimensional origin, which involves a twisting with a symmetry of the field equations
only. As discussed in Sect. 3.6, this generally gives rise to field equations that can not be interpreted as
Euler-Lagrange equations.

As mentioned above, there exists an alternative way to construct this theory. In [103] it was constructed
by allowing for a more general solution of the Bianchi identities of D = 11 superspace involving a
conformal spin connection. This generalised connection is equivalent to standard D = 11 supergravity for
a topologically trivial space-time but leads to a new possibility for a non-trivial space-time of the form
M x S*. The reduction over the circle leads to the D = 10 gauged supergravity theory. It is not properly
understood why these two procedures give rise to the same lower-dimensional description.

4.2.4 Combinations of mass parameters and ' corrections

In the previous subsections we have considered two deformations of IIA supergravity. We would like to
examine the possibility to combine these massive deformations [116]. If possible, the resulting theory will
have two mass parameters characterising the different deformations. However, not all combinations are
necessary consistent with supersymmetry. This complication only appears when investigating the bosonic
field equations: the supersymmetry algebra with a combination of massive deformations always closes, as
can be seen from the following argument.

Suppose one has a supergravity with one massive deformation m and supersymmetry transformations
00 + 6m- In all cases discussed in this chapter, only the supersymmetry variations of the fermions receive
explicit massive corrections: d,, (boson) = 0. This implies that the issue of the closure of the supersymmetry
algebra is a calculation with m-independent parts and parts linear in mn, but no parts of higher order’” in m.
On the one hand [d(€; ), 5(e2)] has no terms quadratic in m, since one of the two 4’s acts on a boson. On
the other hand the supersymmetry algebra closes modulo fermionic field equations, which also only have
terms independent of and linear in m. Therefore, given the closure of the massless algebra, the closure of
the massive supersymmetry algebra only requires the cancellation of terms linear in m.

The closure of the supersymmetry algebras with a single massive deformation is guaranteed by their
higher-dimensional origin. The argument of linearity then allows one to combine different massive de-
formations. Suppose one has two massive supersymmetry algebras with transformations dg + &,,,, and
00 + O, . Both supersymmetry algebras close modulo fermionic field equations with (different) massive
deformations. Then the combined massive algebra with transformation dg + 6, + y,, also closes modulo
fermionic field equations whose massive deformations are given by the sum of the separate massive defor-
mations linear in m, and my. The closure of the combined algebra is guaranteed by the closure of the two
massive algebras, since it requires a cancellation at the linear level.

Under supersymmetry variation of the fermionic field equations, one in general finds linear and quadratic
deformations of the bosonic equations of motion. In addition to these corrections, we find that there are
also algebraic equations posing constraints on the mass parameters. Solving these equations generically
excludes the possibility of combining massive deformations by requiring mass parameters to vanish. At first
sight, it might seem surprising that the supersymmetry variation of the fermionic equations of motion leads
to constraints other than the bosonic field equations. However, one should keep in mind that the multiplets
involved cannot be linearised around a Minkowski vacuum solution. Therefore, the usual rules for linearised
Minkowski multiplets do not apply here.

As a first application of this rationale, let us try to combine the two massive deformations mg and m1;
of IIA supergravity theory. Based on the linearity argument presented above, one would expect a closed
supersymmetry algebra. The bosonic field equations (with up to quadratic deformations) can be derived by

37 That is, up to cubic order in fermions. We have not checked the higher-order fermionic terms, but we do not expect these to
affect any of our findings.
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applying the supersymmetry transformations (with only linear deformations) to the fermionic field equations
(containing only linear deformations). For simplicity, we truncate all bosonic fields to zero except the metric
and the dilaton, since inclusion of the full field content will not change the conclusions. We thus find

(60 + 5mR, + 5m11) (XO + XmR, + Xmu) (WL)
_ %Fue [R”l, _ %Rg“l, _ % (0") (3,6) + (i(3¢)2 i %mQRGM/Q + 36m%16_3¢/2) g”y}
+ F11€ [3m11e_3¢/48“¢} + F11F”€ {%mRmue‘i’/ﬂ

=0, (4.14)
(50 + 6’mR + 5m11) (XO + X’rnR + X’mll) (>\)

=€ [DQZ) — %m%e‘%/z} + FVFHG |:9m11€73¢/46y¢:| + F11€ {%’mRmned’/Q

=0.

At the right hand sides we find four different structures. Three of them correspond to the field equations of the
metric, dilaton and Ramond-Ramond vector. The vector field equation corresponds to the term containing
mu@,@, which implies that truncating away the Ramond-Ramond vector forces one to set ¢ = ¢, provided
my1 # 0. More interesting is the fourth structure which is bilinear in the mass parameters, leading to the
requirement mgmi1 = 0. This constraint cannot be a remnant of a higher-rank form field equation due to
its lack of Lorentz indices. It could only fit in the scalar field equation, but the I'y; factor prevents this. It is
an extra constraint which does not restrict degrees of freedom but rather restricts mass parameters.

Independent of this constraint from supersymmetry, one can question whether the mass parameters mg
and m;; are consistent with higher-order corrections of IIA string theory to supergravity. Starting with the
former, itis believed that the massive IIA deformation is allowed at all orders in o, due to the connection with
the D8-brane. As for the second mass parameter, it arises from the trombone symmetry of 11D supergravity.
However, the higher-order derivative terms which arise as corrections in M-theory break this symmetry.
The twisted reduction of [104] will therefore be prohibited by M-theory corrections to 11D supergravity.
Presumably this also means that the method of [103] involving the generalised spin connection does not
work in the presence of higher-order corrections.

Concluding, ITA supergravity allows for two massive deformations with parameters my and mq;. While
the closure of the algebra is a linear calculation and therefore always works for combinations, the bosonic
field equations rule out the possibility of including both mass parameters [116]. Moreover, string theory
corrections to ITA supergravity exclude the mi; massive deformations. We therefore conclude that only
Romans’ massive IIA supergravity is consistent with supersymmetry and string theory.

4.3 Gauged maximal supergravities in D = 9

In this section we will consider a number of massive deformations of maximal supergravity in D = 9, which
all give rise to gauged supergravities and have a higher-dimensional origin. In addition, we will find relations
between these parameters and investigate to which extent one can combine the different deformations. To
end with, we will discuss the quantisation of a certain class of mass parameters. Many of the results of this
section were first obtained in [116].

4.3.1 Maximal supergravity in D =9

Toroidal reduction of both massless IIA and IIB supergravity over a circle yields the unique D = 9, N = 2
massless supergravity theory, as explained in Sect.2.2. Its field content is given by

D=9: {euaa o, ®s X A#,AL, Bfwa C;wp? 1/}#7 A, 5\} ) (4.15)
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Table4.2 The scaling weights of the 9D supergravity fields and action under the scaling symmetries «, 3, 7y
and ¢, subject to the relation (4.17), and their origin as higher-dimensional scaling symmetries.

et e e x A A A2 B' B> C ¢,e AN\ L Orig

9 6 9 9
@ = 0 7 0 3 0 0 3 3 3 i1 -3z 9 11D
50 % Y 4 b -3 0 - b -k o0 0 0 m
¥ 0 -2 0 2 0 1 -1 1 -1 0 0 0 0 1IIB

8 4 4 4
5§ 0 -% o0 0 2 2 2 2 4 3 -7 8 1B
with SL(2,R) indices i = 1, 2. These indices are raised and lowered withe;; = — withejg = —€91 = 1.

The supersymmetry rules §y of the massless or ungauged 9D supergravity are given in (B.16). The the-
ory inherits several global symmetries from its higher-dimensional parents. Among these is the SL(2, R)
symmetry®® from IIB supergravity. The latter comprises an elliptic SO(2) symmetry 6, a hyperbolic
SO(1,1)* ~ R symmetry ~ and a parabolic R symmetry ¢. With a fixed gauge of the local SO(2)
symmetry (see Sect.2.3), the SL(2,R) transformations in 9D read

b ) . .
— ar + N A1 — QijAj, Bz — Qiij, Qij = (a b> S SL(Q,R) .
cT+d c d
cT* 4+ d 1/4 cT 4+ d 3/4
Yu (w) Yo A (+d) A (10

~ et +d\ Vs ert+d\"*
A= | —— A, e—= | —— €,
cT+d cT+d
while ¢ and C' are invariant.
In addition to SL(2,R), including the scaling symmetry -, the 9D theory inherits two other scaling
symmetries « and 3 from ITA and one trombone symmetry ¢ from IIB. The weights of the different

scaling symmetries are given in Table 4.2. It turns out that only three of the four scaling symmetries are
linearly independent:

8o — 483 = 18y + 96. 4.17)

This relation gives rise to the following pattern. Using (4.17) to eliminate one of the scaling symmetries, we
are left with three independent scaling symmetries. Each of the three gauge fields A4,,, A}L, Ai has weight
zero under two linear combinations of these three symmetries: one is a symmetry of the action, the other
is a symmetry of the equations of motion only. As we found in 10D, the symmetries that leave a vector
invariant can be gauged. We will now construct the corresponding massive deformations by performing
twisted reductions of ITA and IIB supergravity.

4.3.2 Twisted reduction of IIB using SL(2,R)
We will start with the case that has received most attention in the literature: twisted reductions of D = 101IB

supergravity using the SL(2, R) symmetry. It has been treated in increasing generality by [104,117,118].

38 As can be seen in (4.16), the symmetry transformations of both the scalars and the fermions do not change if we replace 2 by
—Q; therefore these fields transform under PSL(2, R). In this section, we will usually only consider group elements €2 that
are continuously connected to the identity.
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The reduction Ansitze are given in (B.14) with mg = 0. This yields three mass parameters 7 =
(m1, mg, ms3) in 9D, parameterising the algebra element

Cf =1 ( m +m3> . (4.18)

mg — M3 —my
The massive deformations will always occur via the superpotential, containing the scalars via the
SL(2,R)/SO(2) coset M:

W= e2VTTH(MQ), QU=che=1(7M2Fms ) (4.19)
mq mo + ms

where £12 = —¢2! = —1, giving rise to the symmetric matrix Q.

The twisted reduction results in explicit deformations of the supersymmetry transformations, given
in [119]

bty = s We,  SaA=i(8W +ie P W) e, suk=isWe", (4.20)
while the implicit massive deformations read
Dr = dr + e 2/ (5,W +ie =5, W) A,
F=dA, F,=dA;,-C/B;, H'=dB"—AF7, 4.21)
G=dC + B;F'+ 1C/B'B;
for the bosons and
Dye = (B +wu + §e20,x — Lie 2V A,) e 4.22)

for the supersymmetry parameter.
The bosonic sector of the field equations is deformed via a scalar potential, that has the generic form for
twisted reductions (3.38):

Vi = 3"V [C2 4+ CTM T OM|
LebeVT 2 Te(MQMQ) — (Tr(MQ))?]
= 5(8W)? + 307225, W)? + 5 (6, W)° — 2072, (4.23)

which we have also written in terms of the mass matrix () and the form (4.1) with the superpotential W and
its derivatives. The field equations of the 9D fermions receive the following explicit massive corrections:

X () = _i’YW [W@/Ju - %62 (5¢W + ie_¢5XW) YA — Tl(iiéwW’yl,j\*} ,
X(A) = =iy [ (60 + 0706, W) 65 = 5iWpd = 52 (§,W +ie ™6, ) 3],
Xn(A) = —in” [@,W@ - o2 <6¢W - z‘e*%xw) oA — %iwwﬁ} . (4.24)

The inclusion of the three mass parameters breaks the SL(2, R) invariance. Rather than being a symmetry,
the transformations now relate theories with different mass parameters:

C—Qlca. (4.25)
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This can always be used to set m; = 0, yielding an off-diagonal matrix C and a diagonal matrix (). Due to
(4.25), one says that the massive theories are covariant under S L (2, R) transformations rather than invariant.
Note that the combination det(C) = det(Q) = 1(—m1% — my? + m3?) is always invariant under these
transformations, which can therefore be used to label the different massive deformations.

As discussed in Sect. 3.3.2, the mass matrix is only invariant under (4.25) if

Q =exp(CA). (4.26)

The transformations of this one-dimensional subgroup have special properties; for example, the superpo-
tential W is invariant under it. In fact, this subgroup of the global SL(2, R) symmetry has been gauged by
the massive deformations m:

Q=e, A= A-d\, B, —QJ(B;—A4;d)\) 4.27)

with gauge vector A and parameter A\. We distinguish three distinct cases depending on the value of
det(Q) [114,120,121]:

e det(Q) = 0: we gauge the R subgroup of SL(2,R) with parameter ¢,
e det(Q) < 0: we gauge the SO(1,1)" subgroup of SL(2,R) with parameter -,
e det(Q) > 0: we gauge the SO(2) subgroup of SL(2, R) with parameter 6.

All these three cases are one-parameter massive deformations. In Sect. 4.3.6 we will discuss the quantisation
of the mass parameters m1, ms and ms in the context of string theory.

4.3.3 Toroidal reduction of massive IIA

In addition to the twisted reductions, one can also generate mass terms in nine dimensions by reducing
higher-dimensional deformations, i.e. the massive and gauged IIA supergravity theories of Sect.4.3. We
will start with reducing the first possibility.

Toroidal reduction of the massive IIA supergravity, with reduction Ansitze (B.9) with my = mya = 0,
leads to a gauged nine-dimensional supergravity. Its deformations coincide with those parameterised by the
mass parameters 7 with the identifications [117]

m = (0, mg, mR) . (428)

Thus the reduction of massive ITA supergravity corresponds to a twisted reduction of IIB supergravity,
employing the R subgroup of SL(2,R). This nine-dimensional equivalence is called massive T-duality and
can be seen as a deformation of the massless T-duality.

An interesting feature of massive T-duality is that massive IIA becomes a gauged theory upon reduction.
The emergence of this gauging can be seen as a generalisation of the enhanced gaugings discussed in
Sect.3.3.4, in which the extra gauge vector comes from a higher-dimensional vector. In the massive ITA
case, however, the gauge vector is A, which comes from the Neveu-Schwarz two-form B in IIA.

4.3.4 Overview of massive deformations in 9D

In addition to the SL(2, R) twisted reduction of IIB, we can also perform twisted reductions of both ITA
and IIB using the scaling symmetries «, § and J; the corresponding mass parameters are denoted by myya,
my and myp, respectively. The reduction Ansitze are given in (B.9) and (B.14). Also, like the massive
ITA theory, the gauged version of ITA supergravity can be toroidally reduced to nine dimensions. The
different possibilities are illustrated in Fig. 4.1, while the resulting implicit and explicit deformations of the
9D theory are given in appendix B.4. In total, this amounts to seven deformations of the unique D = 9
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=== SS-reduction
11D

— KK-reduction

C) No action

10D

Gauged Symmetry Q o o B d &0
Gauge Group R . R R* R, SO(1,1}, SOQ2)
Gauge Vector A A2 Al Al A A

Fig. 4.1 Overview of all twisted reductions performed in this section with the employed symmetries and
resulting mass parameters. Mass parameters in the same box form a multiplet under SL(2, R) (see Table 4.3).
We also give the gauged symmetry and gauge vector in 9D.

S L(27 R) Table 4.3 The D = 9 mass parameters of the different reduction schemes (see

Mass parameters
P Fig.4.1) form different multiplets under SL(2,R).

(mq1,ma, ms) adjoint
(ma, Ma) doublet
(mu, mHA) doublet
MIIB singlet

supergravity, with parameters mq, ms, ms, mg4, myra, mip and m11. As noted before, the parameter mg
is not independent but yields a subset of the parameters 1.

However, various massive deformations are related. Symmetries of the massless theory become field
redefinitions in the gauged theory, that only act on the massive deformations (exactly like in (4.25)). This
means that the mass parameters transform under such transformations: they have a scaling weight under the
different scaling symmetries and fall in multiplets of SL(2,R). In Table 4.3, the multiplet structure of the
massive deformations under SL(2,R) is given. The mass parameter 714 is defined as the S-dual partner of
my and can not be obtained by a twisted reduction of IIA supergravity.

As an example, consider the two mass parameters (117 and myj 4 ), which form a doublet under SL(2, R)
field redefinitions. This can be understood from their higher-dimensional origin. For myy4 one first performs
an ordinary toroidal reduction and next a twisted reduction with «, while for my; the order of these reductions
is reversed: one first performs a twisted reduction with « and next a toroidal reduction. Since SL(2,R)
in 9D comes from the reparameterisations of the two-torus, it also relates the two mass parameters m11
and MIIA.-

All the 9D deformations correspond to a gauging of a global symmetry. As shown in Sect. 3.3, it is always
the symmetry that is employed in the twisted reduction Ansatz that becomes gauged upon reduction. The
corresponding gauge vector is provided by the metric, i.e. it is the Kaluza-Klein vector of the dimensional
reduction (being A for IIA and A for IIB). In all cases but one, this is the complete story and one finds
an Abelian gauged supergravity. The exception is the mass parameter my4, which leads to a non-Abelian
symmetry. Indeed, the 10D vector of IIA has a non-trivial scaling under 3; as discussed in Sect.3.3.4, this
leads to symmetry enhancement. In the other cases such enhancement is impossible, due to the absence of
gauge vectors with a non-trivial scaling weight.
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4.3.5 Combining massive deformations in 9D and o’ corrections

We would like to consider the feasibility of combinations of massive deformations in nine dimensions. One
might hope that, due to the large amount of mass parameters, the bosonic field equations do not exclude all
possible combinations, as we found in D = 10.

For the present purposes, we will focus on specific terms in the supersymmetry variations of the fermionic
field equations. In the following, §,, and X, are understood to mean the supersymmetry variation and
fermionic field equation at linear order containing the sum of all seven possible massive deformations
derived in the previous subsections. Variation of the fermionic field equations gives, amongst other -
structures, the terms

(60 + 6m) (Xo 4+ Xon) (") ~iytel.. ] 91 .. ] +ivte].. ],
(80 + 6m)(Xo 4+ X )A) ~ el ] +iel.. ], (4.29)
(80 + 6m)(Xo 4+ X )A) ~ €. ] +iel..]+ €. ],

where the [. . .] denote different bosonic real expressions of bilinear mass terms and scalar factors. These are
the analogue of the ten-dimensional expression [mleleW 2] (see (4.14)) and give rise to constraints on the
mass parameters. Requiring all expressions |[. . .] to vanish, one is led to the following possible combinations
(with the other mass parameters vanishing):

e Case 1 with {mqga, m4}: this combination can also be obtained by twisted reduction of IIA employing
alinear combination of the symmetries « and 3, which guarantees its consistency. It is also a gauging of
both this symmetry and (for m4 # 0) the parabolic subgroup of SL(2, R) in 9D, giving a non-Abelian
gauge group.

e Case 2, 3, 4 with {m, mp}: as in the case with myp = 0 and only /7 this combination contains
three different, inequivalent cases depending on det(Q) (depending crucially on the fact that myg is
a singlet under SL(2,R)):

{ Case 2 with {m, myp} and det(Q) = 0.
{ Case 3 with {m, mpp} and det(Q) > 0.
{ Case 4 with {m, mpp} and det(Q) < 0.

All these combinations can also be obtained by twisted reduction of IIB employing a linear combination
of the symmetries § and (one of the subgroups of) SL(2, R), implying consistency of the combinations.
All cases (assuming that myg # 0) correspond to the gauging of an Abelian scaling symmetry in 9D.

e Case 5 with {5my = —12myra, mo = mg3}: this case can be understood as the twisted reduction
of Romans’ massive IIA theory, employing the scaling symmetry that is not broken by the mg de-
formations: it is given by the combination 125 — 5« of Table 4.1. This deformation gauges both the
linear combination of scaling symmetries and the parabolic subgroup of SL(2,R) in 9D, which form
a non-Abelian gauge group.

Another solution to the quadratic constraints has parameters {myra,m11 }, but this combination does not
represent a new case: it can be obtained from only myra (and thus a truncation of case 1) via an SL(2, R)
field redefinition (since they form a doublet). Thus the most general deformations are the five cases given
above, all containing two mass parameters. All of these are gauged theories and have a higher-dimensional
origin. Both case 1 and case 5 have a non-Abelian gauge group provided m4 # 0.

We will now consider the viability of the different mass parameters in string theory rather than super-
gravity. The massive deformations that are based on a symmetry that is broken by o’ corrections do not
correspond to a sector of compactified string theory. Only the symmetries that are preserved by the higher-
order string corrections to supergravity give rise to gauged supergravities that are embeddable in string
theory. We have two such symmetries:
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e The SL(2,R) (or rather its SL(2,7Z) subgroup) symmetry of IIB. Thus the m = (mq,ma,m3)
deformations correspond to the low-energy limits of three different sectors of compactified IIB string
1

theory (depending on det(Q) = ; (—m1? — ma? 4+ m3?)).

e The linear combination o + 12 of scaling symmetries of IIA. Thus one can define a massive defor-
mation m within case 1 with {ma = ms, m4 = 12m,} which corresponds to the low-energy limit
of a sector of compactified ITA string theory.

One gains a better understanding of the m ¢ massive deformation and the o + 123 symmetry of IIA from
the following point of view. This combination of scaling symmetries of IIA can be understood from its 11D
origin as the general coordinate transformation 2*' — X\ z'!. This explains why all o’ corrections transform
covariantly under this specific scaling symmetry: the higher-order corrections in 11D are invariant under
general coordinate transformations and upon reduction they must transform covariantly under the reduced
coordinate transformations, among which is the az 4+ 123 scaling symmetry.

In fact, the twisted reduction from IIA to 9D using the transformation x!! — X 2! is equivalent to the
unique group manifold reduction from 11D to 9D: upon relating the components of f,;¢ (of which only
one is independent for 2D groups) to m, the deformations from the twisted and group reductions coincide.
Indeed, this explains why the m¢ deformations correspond to a gauging of the 2D non-Abelian group rather
than only the scaling symmetry a 4+ 123. This is an example of the relation between the different methods
of dimensional reduction, as indicated in Sect.3.4.5.

4.3.6 Quantisation conditions on SL(2, R) mass parameters

The classical SL(2, R) symmetry of IIB supergravity is broken to SL(2, Z) by string theory. We would like
to consider the effect of this on the twisted reductions of IIB with the SL(2, R) symmetry of Sect.4.3.2. In
particular, it implies that the monodromy matrix must be an element of SL(2, Z), the arithmetic subgroup
of SL(2,R):

M(z +27R) = A M(z)AT with A =¢e"BC ¢ S1(2,7), (4.30)

where C' is given by (4.18). This will imply a quantisation of the mass parameters 77.

We will apply the following procedure. The mass parameters will be parameterised by 7 = m (p, ¢, 7).
Then, given the radius of compactification R and the relative coefficients (p, g, r) of the mass parameters,
one should choose the overall coefficient /m such that the monodromy lies in SL(2,Z). This is not always
possible; a necessary requirement in all cases but one will be that (p, ¢, r) are integers and satisfy a so-
called diophantic equation, i.e. an equation for integer numbers. Furthermore we must require ¢ and r to be
either both even or both odd. Thus we get all SL(2,Z) monodromies that can be expressed as products of
the elements

S(O 1), T(O 1) 431)
-1 0 00

and their inverses. The conjugacy classes of SL(2,Z) have been classified in [122,123]. We will discuss
the results for the different possibilities of det(Q) [120,121].
The case det(Q) < 0 gives rise to a monodromy A € SL(2,Z) provided we have

arccosh(n/2)
TRvn? —4
for some integer n > 3. One set of solutions to this diophantic equation is (p,q,r) = (£n,0, £2) with

monodromy A = (S T~")*!. There are other conjugacy classes, however: not all other solutions are related
toitby SL(2,Z).

m = and p’+¢®>—r>=n?—-14 4.32)
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For det(Q) = 0, we find that A is an element of SL(2,Z) provided we have
1
m=—— and p*+¢*—r>=0. (4.33)
™

All the solutions of the diophantic equation are related via SL(2,7Z) to the solution (p,q,r) = (0,n,n)
with n an arbitrary integer. This gives rise to the monodromy A = T". The quantisation on 772 is the same
charge quantisation condition as found in [117].

For the remaining case, det(Q)) > 0, we find that there are three distinct possibilities for A to be an
element of SL(2,Z). For the first possibility we must have

1

=5 and PP+ —r?=—-4. (4.34)
One solution to this diophantic equation is (p, ¢, ) = (0,0, £2), yielding A = S*!. All other solutions to
the diophantic equation are related by SL(2, Z). For the second possibility one must require

1
m=—— and p*+¢*—1r>=-3, 4.35
3V3R P~ +yq (4.35)

which is solved by (p, ¢,7) = (£1, 0, £2) with monodromy A = (7~ S)*!. Again all other solutions are
related by SL(2,7Z). The third possibility is of a different sort: it requires

1
m= 4 and p?+q —r?=—4, (4.36)

but (p,q,r) are not necessarily integer-valued. This gives rise to trivial monodromy A = I and thus
corresponds to a truncation of the untwisted Kaluza-Klein tower to a set of massive rather than massless
modes, see Sect.3.3.2 and [92].

4.4 Gauged maximal supergravities in D = 8

In this section we will perform all possible 3D group manifold reductions of 11D supergravity, resulting in
different 8D gauged maximal supergravities. These results were first obtained in [107, 124].

4.4.1 The Bianchi classification of 3D groups

We will first review the Bianchi classification®® [130] of three-dimensional Lie groups. The generators of
the group satisfy the commutation relations (m,n,p = (1,2, 3))

[Tma Tn] = fminp 3 (437)

with constant structure coefficients fy,,,” subject to the Jacobi identity fj,,,,,? )" = 0. For three-dimen-
sional Lie groups, the structure constants have nine components, which can be conveniently parameterised by

Jmn® = EmngQP? + 26[mpan] ) Qa, =0. (4.38)

Here Q¢ is a symmetric matrix with six components, and a,,, is a vector with three components. The
constraint on their product follows from the Jacobi identity. Having a, = 0 corresponds to an algebra with
traceless structure constants: f,,," = 0. The Bianchi classification distinguishes between class A and B
algebras which have vanishing and non-vanishing trace, respectively.

39 Actually, the classification method used nowadays and presented here is not Bianchi’s original one, but it is due to Schiicking
and Behr (see Kundt’s paper based on the notes taken in a seminar given by Schiicking [125] and the editorial notes [126]), and
the earliest publications in which this method is followed are [127,128]. The history of the classification of three- and four-
dimensional real Lie algebras is also reviewed in [129]. We will adhere to the common use of Bianchi classification, however.
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Bianchi a (qi,¢2,q3) Class Algebra Dim(Aut) T?lble 4..4 Tl'le Bianchi c'lassiﬁcation of three-
3 dimensional Lie algebras in terms of the com-
I 0 (0,0,0) A u(1) 9 ponents a and ¢1, g2, g3 of their structure con-
I 0 (0,0,1) A heiss 6 stants. Note that there are two one-parameter
I 1 ( 1 1) B 4 families VI, and VII, with special cases VI,
VIlo and VI,—_;/»=III. The algebra heiss de-
v 1 (0,0,1) B 4 notes the three-dimensional Heisenberg algebra.
v 1 (0,0,0) B 6 The table also gives the dimensions of the auto-
VI 0 (0,-1,1) A iso(1,1) 4 morphism groups.
VI, a (0,-1,1) B 4
VI, 0 (0,1,1) A iso(2) 4
VI, a (0,1,1) B 4
VI 0 (1,-1,1) A so0(2,1) 3
IX 0 (1,1,1) A 50(3) 3

Of course Lie algebras are only defined up to changes of basis: T,,, — R,,," T, with R,,,™ € GL(3,R).
The corresponding transformation of the structure constants and its components reads

mn

Qm— det(R) (R QR™)

am — Rp"a, .

Frn® = frn® = R R (R7Y) P fr® - (4.39)

These transformations are naturally divided into two complementary sets. First there is the group of au-
tomorphism transformations with f,,,” = f/, . ?, whose dimension is given in Table 4.4 for the different
algebras [131]. Then there are the transformations that change the structure constants, and these can always
be used [131,132] to transform QP? into a diagonal form and a, to have only one component. We will
explicitly go through the argument.

Consider an arbitrary symmetric matrix Q™" with eigenvalues A,, and orthogonal eigenvectors .

Taking

T = (\/d2d3 iy, \/dyds iy, \/dydy 173) ; (4.40)
with d,, # 0 and sgn(d;) = sgn(ds) = sgn(ds) we find that
Q™" — diag(di A1, daAa, d3As) . 4.41)
We now distinguish between four cases, depending on the rank of Q™":

e Rank(Q™") = 3: in this case all components of a,, necessarily vanish (due to the Jacobi identity),
and we can take d,;, = +1/|\,| to obtain

an ==+ diag(Sgn()‘l)a Sgn<)‘2)a Sgn()‘?))) ’ am = (07 0, 0) . (4.42)

e Rank(Q™") = 2: in this case one eigenvalue vanishes which we take to be A;. Then we set d; =
, with i = 2,3, to obtain Q™" = =+ diag(0,sgn(Az), sgn(As)). From the Jacobi identity, it
then follows that a,,, = (a,0,0). We distinguish between vanishing and non-vanishing vector. In the
case a # 0, one might think that one can use dy to set a« = 1, but from the transformation rule of
am, (4.39) and the form of R (4.40) it can be seen that a ~ v/da2d3, and therefore a can not be fixed by
dy. In this case we thus have a one-parameter family of Lie algebras:

(4.43)

an = :I:dlag(O, Sgn()\2)7 Sgn()\g)) , A = (0, 0, 0) s
am = ((L7 0, 0) .
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e Rank(Q™") = 1: in this case two eigenvalues vanish, e.g. A\ = Ay = 0. We set d3 = +1/|\3]
to obtain Q™" = + diag(0, 0, sgn(A3)). Again one distinguishes between a,,, = 0 and a,, # 0. In
the latter case one is left with a vector a,, = (a1, as,0), of which a; ~ v/d2ds and as ~ v/d;ds.
Thus, one can use d; and ds to adjust the length of @ to 1, after which an O(3) transformation in the
(1,2)-subspace gives the final result:

Am = (0,0,0) ’

am = (1,0,0). (444)

Q™" = +diag(0,0,sgn(A3)), {

e Rank(Q™") = 0: in this case all three eigenvalues vanish and therefore Q™" = 0. Thus, the trans-
formation with matrix (4.40) is irrelevant. For a,,, # 0, it follows from (4.39) that one can first do a
scaling to get |@| = 1 and then an O(3) transformation to obtain:

Q™™ = diag(0,0,0), {Z: _ E(l) 8: 8; (4.45)
Thus, we find that the most general three-dimensional Lie algebra can be described by

Q™" = diag(q1,92,93),  am = (a,0,0). (4.46)
In this basis the commutation relations take the form

11, T5] = gsTs —aTn, [To,Ts3]l=qTy, [I3,T1] = ¢Te+aTs. (4.47)

The different three-dimensional Lie algebras are obtained by taking different signatures of Q™" and are
given in Table 4.4. Naively one might conclude that the classification as given above leads to ten different
algebras. However, it turns out that one has to treat the subcase a = 1/2 of (4.43) as a separate case™.
Thus, the total number of inequivalent three-dimensional Lie algebras is eleven, two of which are one-
parameter families.

Of the eleven Lie algebras, only SO(3) and SO(2,1) are simple while the rest are all non-semi-
simple [131,133]. In the non-semi-simple cases, we can always choose g; = 0. In this case, the Abelian
invariant subgroup consists of 75 and T3, since T; does not appear on the right-hand side in (4.47). The al-
gebras of class B with non-vanishing trace f,,,,” always give rise to non-compact groups [134]. In contrast,
the algebras of class A correspond to both compact and non-compact groups; an example is the algebra of
type IX, which always gives rise to the compact SO(3) group. All algebras of class A can be seen as group
contractions and analytic continuations of so(3), see Sect.4.5.1.

4.4.2 Reduction over a 3D group manifold

In this subsection we perform the reduction of D = 11 supergravity over a three-dimensional group manifold
to D = 8 dimensions. The prime example is the reduction over the three-sphere S3, which gives rise to the
S0(3) gauged supergravity of Salam and Sezgin [135]. By choosing other structure constants, corresponding
to other three-dimensional Lie algebras, one employs other group manifolds, some of which give rise to
non-compact gaugings. Since these algebras are ordered via the Bianchi classification, the different group
manifold reductions give rise to a Bianchi classification of 8D gauged maximal supergravities [124].

To perform the dimensional reduction, it is convenient to make an 8 + 3 split of the eleven-dimensional
space-time: x# = (x#,2™) with u = (0,1,...7) and m = (1,2, 3). Eleven-dimensional fields will be

40 The distinction between @ = 1 /2 and a # 1/2 arises when considering the isometries on the group manifold, see also [124].
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hatted while unhatted quantities are 8D. Using a particular Lorentz frame the reduction Ansatz for the
eleven-dimensional fields is

. —¢/6p a @[3 igm
e — (¢ et e L AT (4.48)
0 L, U,
and
Cabc = 880/2 Cabc ) CA’abi = Lszm ab s
R R (4.49)
Caij = 67¢/2 €maniijn Vo , Cijk = eitpaijkg

for the bosonic fields and
Vo =2 (Yo — FTLTIN) = e?/BPN;, e=e ¥/, (4.50)

for the fermions. Thus the full eight-dimensional field content consists of the following 128 + 128 field
components (omitting space-time indices on the potentials):

8D: {e,* L', 0,6, A", V™ By, Ciu, N} 4.51)

We will now describe the quantities appearing in this reduction Ansatz.

The matrix L,," describes the five-dimensional SL(3,R)/SO(3) scalar coset of the internal space. It
transforms under a global SL(3, R) acting from the left and a local SO(3) symmetry acting from the right.
We take the following explicit representative (2.28), thus fixing the gauge of the local SO(3) symmetry:

o—/V3 e—¢/2+a/2\/§X1 e¢>/2+a/2\/§x2
Lmi = 0 ef¢/2+‘7/2\/§ e¢/2+‘7/2\/§x3 , (452)
0 O e¢/2+¢7/2\/§

which contains two dilatons ¢, o and three axions x1, X2, x3. It is useful to define the SO(3) invariant
scalar matrix

an = LmZLanhj 5 (453)

where 7);; = I3 is the internal flat metric. Similarly, the two-dimensional SL(2,R)/SO(2) scalar coset is
parameterised by the dilaton ¢ and the axion £ via the SO(2) invariant scalar matrix

2 —2¢
Wiy = e? <€ " , f) . (4.54)

The only dependence on the internal coordinates z™ comes in via the GL(3, R) matrices U™,,. These
can be interpreted as the components of the three Maurer-Cartan one-forms o™ = U™ ,,dz" of some three-
dimensional Lie group. By definition they satisfy the Maurer-Cartan equations (3.46), giving rise to the
structure constants f;,,,? of the group, which are independent of z"*. Using a particular frame in the internal
directions, the explicit coordinate dependence of the Maurer-Cartan one-forms is given by

1 0 —51,3,2
, 1 1
Umn =10 e C2.3.1 e%? C1,3,252,3,1 5 (455)
1 1
0 —e% 85391 €% ci32C23.1

where we have used the following abbreviations

Cmmnp = €08 (VUmv/@n 2") . Smonp = V@m S0 (V@mA/Tn 27) //n - (4.56)
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This gives rise to structure constants (4.38) with (4.46). It is understood that the structure constants satisfy
the Jacobi identity, amounting to ¢;a = 0.

A subtlety which is not obvious from the analysis by Scherk and Schwarz [21] is that one only can reduce
the action for traceless structure constants ( f,,,,,” = 0). These cases lead to the class A gauged supergravities.
For structure constants with non-vanishing trace (f,,,"* # 0), one has to resort to a reduction of the field
equations, see Sect.3.6. These cases lead to the class B gauged supergravities. Note that the adjoint of the
gauge group G in embedded in the fundamental of GL(3,R):

ga™ =N T (4.57)

where \* are the parameters of the gauge transformations. Therefore, in the case of a non-vanishing trace,
the gauge group G is a subgroup of GL(3,R) and not of SL(3,R).

The relation between the Maurer-Cartan one-forms ¢™ and the three-dimensional isometry groups is as
follows. The metric on the group manifold reads

ds?, = e**/* M, 0™ o™ (4.58)

where the scalars ¢ and M are constants from the three-dimensional point of view. A vector field L defines
an isometry if it leaves the metric invariant

Ly gmn =0. (4.59)

For all values of the scalars, the group manifold has three isometries generated by the left invariant Killing
vector fields, as explained in Sect. 3.4. These fulfill the stronger requirement

L, o"=0 (4.60)

for all three Maurer-Cartan forms on the group manifold and generate the algebra as given in (3.46). In the
class A case, i.e. a = 0, the left-invariant Killing vectors generating the three isometries are given by

po_G23 0 0  ciasssia 0
! C1,3,2 82’1 21,3 822 C1,3,2 82’3 ’
5123 O 0 51238132 O
Lo, — 2b23 9 2SS 4.61
2 c1.3.2 91 +c1,2,3 922 c1a2 93 ( )
0
Ly = —
3 (923 )
whereas in the class B case, i.e. g1 = 0 and a # 0, they are given by
9 2 5 0 2 3 0
leﬁ—(az + g2z ) @—F(QSZ’ —az) 923
5 P (4.62)
Ly = — Ls=—.
27922 37 923

Here, 9/02% and §/02* are manifest isometries. This follows from the fact that the matrix U™, is inde-
pendent of 22 and 25.

In this section, we have not heeded any global issues concerning the group manifold reductions. This
amounts to taking the universal cover of the group manifold. For this reason, the manifolds of types I-VIII
are non-compact and have the topology of R3, while the type IX manifold has the topology of S3. The latter
case therefore does not raise any issues when compactifying. In the case of non-compact groups, there are
two approaches:
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e One reduces over a non-compact group manifold. Supersymmetry is preserved, but the non-compact
internal manifold leads to a continuous spectrum in the lower-dimensional theory; this spectrum can
be consistently truncated to an 8D gauged maximal supergravity, however. This is the so-called non-
compactification scheme.

e The group manifold is compactified by dividing out by discrete symmetries [ 136]. For all Bianchi types
except types IV and VI, it is possible to construct compact manifolds in this way [137]. Sometimes,
supersymmetry is preserved under this operation, like for the three-torus. In other cases, in particular
for class B group manifolds, we do not know whether any supersymmetry is preserved under such
an identification.

In this article, we will concentrate on local aspects, and therefore not take sides regarding this issue.

4.4.3 Supersymmetry transformations and global symmetries

With the Ansatz above, all class A and B gauged supergravities can be obtained. We will first consider the
supersymmetry transformations of these theories. Reduction of the 11D supersymmetry rules (B.1) yields

a i* a
56# = 7561_\ ’l/)u
m i — ijk — j %
Sty = 20€ — 3b, €+ S L5 "Dy L )TV e + Fge™?/2 fiju TV e — Fe™#/2 £,,7T T
370?07 = 100,17 ) Frype — 150 TRL L LIPGLY, e

pmnp

+ %etpm (F:pée _ 45;1-\/)&) Gypﬁee + 3276FiLim (F:pé _ 66;1-\/)6) Hypcimf

+ fée—*"/ I (F;ﬂ — 105;rﬂ) J—
5)\1 = %leLjanm,nFJG — %agﬁl—‘lG — %eitp/z(zfijk — fjki)].—‘jkE
1 271 m n i 2 { j j 3
3L My B e+ T ie - o (267 — 1) L M e
+ ie_“"/szijLk” (35/“ - rﬁ) Frone + ée_“"l‘jkLiij"Lkpdi'gzwe, (4.63)
SA™, = —%e’“"/QLimE (T, — Tu( — ETT9)N)
OVumn = Emnp [_2690/21’1‘1)E (Flwﬂ + T = %FTJ))\]-) - [(SAPJ ’
5By = L€ (Fiwy} + 17,307 — TuIY )Aj) — 264",V o »

— /2 7 m
6Cuvp = %e #/ €Ll (wp] - %Fdr )‘i) = 30A™ By m

h
s
[«
h
2
I

iecp/QE (Fléjk + Fjéik — %nijl“k) Ak,
S = —Lerin,
SD - 2 79

50 = —%everw ,
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where reduction of the 11D field strength G gives rise to the 8D field strengths

G=dC + F™AB,,, Frn =DV — fran? Bp + lemnp F?
(4.64)
Hpy =DB+ F'AVin . GG = €nnpdl + 3 (Vypn + €A% goim) fap)” s
and where the field strengths of the Kaluza-Klein vectors are given by
F™ = dA™ — § fnp " A" A AP (4.65)
which are the non-Abelian gauge field strengths.
The ungauged theory has a global symmetry group (see Table 2.4)
SL(3,R) x SL(2,R). (4.66)

The first group acts on the indices m, n, p of the bosonic sector in the obvious way. For SL(2, R) covariance,
one needs to construct the SL(2,R)/S0O(2) scalar coset Wy given in (4.54) and the doublet of vector field
strengths F1™ = (em"PF,,, F™), with I = 1,2. The SO(1,1)* ~ R* subgroup of SL(2,R) can be
combined with the SL(3,R) group to yield the full GL(3,R), that one would expect from the 11D origin.

In the gauged theory, this GL(3,R) is in general no longer a symmetry, since it does not preserve the
structure constants. The unbroken part is exactly given by the automorphism group of the structure constants
as given in Table 4.4. Of course, this always includes the gauge group, which is embedded in GL(3, R)
via (4.57). However, the full automorphism group can be bigger. For instance, it is nine-dimensional in the
U(1)? case; this amounts to the fact that the ungauged D = 8 theory has a GL(3, R) symmetry. Note that
all other cases have Dim(Aut) < 9 and thus break the GL(3,R) symmetry to some extent. The scaling
symmetry that corresponds to the determinant of the GL(3, R) element (or, equivalently, to the SO(1,1)™
subgroup of SL(2,R)), is broken by all non-vanishing structure constants. To understand the fate of the
other subgroups of SL(2, R), one needs to define the doublet f£ P = (f,,,?,0). Under a global SL(2,R)
transformation the full theory is invariant up to a transformation of the structure constants:

TP, Qe SL2,R). (4.67)

From this transformation, one can see that the SO(2) and RT subgroups of SL(2,R) are broken by any
non-zero structure constants and thus in all theories except the Bianchi type I. In contrast, the doublet of
structure constants (4.67) is invariant under an R subgroup of the SL(2,R) symmetry.

4.4.4 Lagrangian for class A theories
The bosonic part of the eight-dimensional action for class A theories reads
L= V=g [R+ 1T (DMDM™) + L Tr (OWOW ") = LFI " My Wy P77
_ %mHmanHTL_ ﬁethQ -V = %*(OS)} , (4.68)
with Chern-Simons term
OS = (GAG + 2€™ P GAH AV — 2G1 (Fm + éFm) By, + 2GAUAC
+ €y A\ By + 2Hyun (F™ 4 LF™ ) AC., (4.69)
where we have defined £ = €™"?(,,,. The scalar potential V' reads
V= %efcp [2anfmnp.qum + MqunrMpsfmnpfqrs]

= —1e ¢ [(Tr(MQ))* — 2Tx(MQMQ)] , (4.70)
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where we have used the relation (4.38) between the structure constants and the mass matrix.
The massive deformations of class A can be written in terms of a superpotential W, which is given by

W =e ¥ ?Tr(MQ). 4.71)

The deformations of the supersymmetry transformation of the gravitino can be written in terms of W, while
the dilatino variations contain terms with §¢ W, where ® denotes a generic scalar. The scalar potential (4.70)
can also be written in terms of the superpotential and its derivatives via the general formula (4.1). We will
come back to this in Sect.4.5.3.

4.4.5 Lagrangians for truncations of class B theories

The class B gaugings and group manifolds are parameterised by three parameters a # 0 and (g2, ¢3) while
q1 = 0. The full set of field equations for class B gaugings cannot be derived from an action. However,
for specific truncations this is possible, as discussed in Sect. 3.6. We know of three such cases, leading to a
Lagrangian with a single exponential potential [138]:

e Type III with the truncation*!

e /Y3 0 0
M= 0 e?/2V3 cosh(1v/30)  —e?/2V3sinh(1v/30) (4.72)
0 —eo/2V3 sinh($+/30) e”/z‘/gcosh(%\/ga)

which corresponds to the manifold S* x H?. It leads to the Lagrangian

L= V=g [R-}00) = §(00)? — Jemo/ V3] | 4.73)

which has A = —1.
e Type V with M = I3, corresponding to the manifold H?:

L=+\=g[R- 3(0p)*—3e7¢], (4.74)

with a dilaton coupling giving rise to A = —4/3.

e Type VII, with M = I3, also corresponding to the manifold H® and leading to the same La-
grangian (4.74).

Note that in all three cases the group manifold (partly) reduces to a hyperbolic manifold, i.e. the maximally
symmetric space of constant negative curvature with enhanced isometry and isotropy groups.

4.4.6 Nine-dimensional origin

In this subsection, we will discuss how all D = 8 gauged supergravities, except those whose gauge group
is simple (i.e. SO(3) or SO(2, 1)), can be obtained by a twisted reduction of maximal D = 9 ungauged
supergravity using its global symmetry group R* x SL(2, R). This is possible since all these theories follow
from the reduction over a non-semi-simple group manifold, which has two commuting isometries. These
can always be arranged to be manifest, as in (4.55) with ¢; = 0. In these cases, one first can perform a
toroidal reduction over T2 to nine dimensions, followed by a twisted reduction to eight dimensions.

41 The off-diagonal components of M (corresponding to non-zero axions) are consequences of our basis choice for the structure
constants. An SO(2) rotation renders M diagonal but introduces off-diagonal components in Q.
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Table4.5 The D = 8 non-semi-simple gauged

D=9=D=8 A=1 A#1 . .. . -
maximal supergravities, resulting from reduction

Reduction Ansatz (= class A) (= class B) of D = 9 ungauged maximal supergravity by us-

Q=1 I= U(1)3 V2 ing the different global symmetries in D = 9.
’ Here  and A denote elements of SL(2,R) and

QeR II= H67,83 VI R+, respectively.

QeRT VIp = 1I50(1,1) MI= Vly=1/2, VI

Qe S0(2) VI, = ISO(2) VII,

Restricting ourselves to symmetries that are not broken by «'-corrections, the D = 9 global symmetry
group is given by

SL(2,R) x RT. (4.75)

Here the duality group SL(2,R) is a symmetry of the action and is not broken by o’-corrections, since
it descends from the duality group SL(2,R) of type IIB string theory. We denote its elements by 2. The
explicit RT symmetry with elements A is given by*? the combination 4« — 3§ of Table 4.2 and is valid on the
equations of motion only. Since it has an M-theory origin as the scaling symmetry z#* — A x* for p = 10, 11,
this symmetry is not broken by o/-corrections either. This scaling symmetry is precisely the transformation
with parameter A = exp(azl), generated by the matrix U™,,, see (4.55), for ¢; = g2 = q3 = 0. Note that
this scaling symmetry scales the volume-element of the two-torus, which explains why it is only a symmetry
of the D = 9 equations of motion.

When performing the D = 9 to D = 8 twisted reduction [20], we distinguish between the cases where
A =1 (a =0)and where A # 1 (a # 0). Furthermore, we allow 2 to be either the identity or an element
of the three subgroups of SL(2,R). Reduction to D = 8 thus gives rise to eight different possibilities, one
of which has to be split in two. These correspond to the nine D = 8 gauged maximal supergravities with
non-semi-simple gauge groups, i.e. all Bianchi types except type VIII with gauge group SO(2, 1) and type
IX with gauge group SO(3). The result is given in Table 4.5.

It can be seen that class A gauged supergravities are obtained by using only a subgroup of SL(2,R),
which is a reduction that can be performed on the D = 9 ungauged action. Class B gauged supergravities,
however, require the use of the extra scaling symmetry which indeed can only be performed at the level of
the field equations.

An alternative to the twisted reduction of 9D ungauged theories is the trivial reduction of the gauged
theories of Sect.4.3. When restricting to gauge groups that are embeddable in string theory, we have four
possibilities in nine dimensions: the three subgroups ¢, v and 6 of SL(2,R) and the scaling symmetry
a + 12(3. Upon reduction, we find that these theories are related to Bianchi types up to SO(2) C SL(2,R)
rotation of 90 degrees. The specific types are II, VI and VIIj (of class A) and III (of class B), respectively.

4.5 (CSO gaugings of maximal supergravities

In this section we will discuss C'SO gauged maximal supergravities, appearing in diverse dimensions, and
describe the relation to the previously constructed theories. We will conclude by mentioning some other
possibilities of gauged maximal supergravities.

4.5.1 (SO algebras and groups

An important role in gauged maximal supergravity is played by the so-called C'SO groups, see e.g. [139—
141]. These groups can be seen as analytic continuations and group contractions of SO groups, as is
demonstrated below.

42 The symmetry o+ 123 considered in Sect. 4.3.5 is a linear combination of the explicit R and the SO(1,1)* ~ R+ symmetry
of SL(2,R).
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We start with the algebra so(n) with generators in the fundamental representation (with i,j,... =
RN )]

(9:5)"1 = Q1 » (4.76)

with @ equal to the identity matrix for so(n). The generators are labelled by an antisymmetric pair of
indices, giving rise to %n(n — 1) different generators. These satisfy the commutation relations

(955, 91) = figrd " " Gmn,  fij™" = 25[[:16247][1@5;]4 . 4.77)
The corresponding group elements leave the matrix () invariant:
exp(AYgi;)Qexp(\gy) = Q, (4.78)

where A% are the (real) parameters of the group elements. The above properties hold for an arbitrary matrix
@, which equals I, for the SO(n) group.
Consider the following scaling of the so(n) algebra, where i,j = 1,...,n — 1:

9ij = Gij>  Yin —> AJin - (4.79)

A straightforward calculation shows that the only effect on the above algebra is a scaling of the matrix Q:

I,.1 O
=1, : 4.80
Q - < 0 A2> (4.80)

Therefore, different choices for A result in different algebras:

e )\ — 1is the trivial case, retaining the so(n) algebra,
e )\ — i is an analytic continuation, yielding the so(n — 1, 1) algebra and
e )\ — oo corresponds to a group contraction, giving the iso(n — 1) algebra,

as can be seen from the defining equation (4.78). Thus, the (imaginary or infinite) rescaling of the generators
(4.79) takes one from the so(n) algebra with @ = I, to the algebras so(n — 1,1) or iso(n — 1).

One can perform the operation (4.79) a number of times with different generators, leading to the algebra
(4.76) with the matrix

L, 0 O
Q=0 -1, o], (4.81)
0 0 o0,

with p 4+ g + r = n. The corresponding algebra is called the cso(p, g, r) algebra, satisfying the eqs. (4.76)—
(4.78). Therefore, the cso(p, q,r) algebras with p + ¢ + r = n are analytic continuations and group
contractions of the prime example so(n). This generalises the so(n) algebra to [n?/4 + n] different possi-
ble algebras.

Note that a generator g;; vanishes if and only if Q;; = Q;; = 0. For this reason, the matrix (4.81)
gives rise to %r(r — 1) vanishing generators. The number of non-trivial generators of a cso(p, g, r) algebra
therefore equals

fp+ag+r)p+ag+r—1)—irr—1) =i+ +qg+2r—1). (4.82)

Also note that cso(p, ¢, r) and cso(q, p, r) are isomorphic, while ¢so(p, ¢,0) = so(p, q) and cso(p,q,1) =

iso(p, q)-
The corresponding C'SO group elements satisfy (4.78). The simplest examples are
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k A
] Fig.4.2  Relations between the different C'SO groups withn = 3
H?g%n}))erg under analytic continuations A and group contractions C. The boxes

give the groups and the diagonal components of Q.

e n=2:50(2),50(1,1), ISO(1) ~ R,
e n=23:50(3),50(2,1), ISO(2), ISO(1,1), CSO(1,0,2) ~ Heiss.

The n = 2 case are the one-dimensional subgroups of SL(2,R), while the n = 3 case exactly comprises
the class A groups of the Bianchi classification (see Table 4.4). The relations under analytic continuations
and group contractions are illustrated in Fig.4.2 for n = 3.

4.5.2 Gauged maximal supergravity

One might have noticed a certain familiarity with the CSO(p, q, ) groups with p + ¢ + r = n forn = 2
and n = 3. Indeed, these are exactly the gauge groups for a subset of the gaugings considered in Sects. 4.3
and 4.4. Such CSO groups also emerge in lower-dimensional gauged maximal supergravities*’, as we will
now discuss.

It has been known for long that certain gauged maximal supergravities with global symmetry groups
SL(n,R) allow for the gauging of the SO(n) subgroup of the global symmetry. An example is the SO(8)
gauging in four dimensions [144]. Subsequently, it was realised that such gauged supergravities could be
obtained by the reduction of a higher-dimensional supergravity over a sphere, with a flux of some field
strength through the sphere. An example is the reduction of 11D supergravity over S7, with magnetic flux
of the four-form field strength through the seven-sphere, yielding the SO(8) theory [98]. Other examples
are given in Table 4.6%%3

Table 4.6  The different gauged maximal supergravities in D di-

D n ¢ Origin . .
- mensions with n mass parameters. The relevant scalar subsector

10 1/ MassivellA [37] consists of the coset SL(n,R)/SO(n) plus, for the cases with a

9 2 / 1B withSO(2)twist [118] +/in the third column, an extra dilaton ¢. We also give the higher-

8 3 / IIAonS2?[135] dimensional origin of the SO(n) prime examples.

7 5 — 11Don S*[96,97]

6 5 +/ 1IAonS*[146]

5 6 — 1IBonS®[99,145]

4 8 — 11DonS7[98]

43 For the purposes of uniformity, we will restrict ourselves to D > 4. Gauged maximal supergravities in D = 3 have a number
of remarkable properties, see e.g. [142,143].

44 We have included massive IIA supergravity in Table 4.6, even though it is not a gauged theory and its higher-dimensional origin
is unknown, for reasons that will be discussed in the next subsection.

45 The S reduction of ITB has not (yet) been proven in full generality. The linearised result was obtained by [145] while the full
reduction of the SL(2, R) invariant part of IIB supergravity was performed by [99].
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In addition to SO(n), the global symmetry group SL(n,R) has more subgroups that can be gauged.
It was found that many more gaugings could be obtained from the SO(n) prime examples by analytic
continuation or group contraction of the gauge group [147, 148]. This leads one from SO(n) to the group
CSO(p, q,r) with p 4+ g + r = n, as we have seen in the previous subsection.

At first the generalisation of SO(p,q) to CSO(p,q,r) was thought to be possible only for even-
dimensional gauged supergravities, due to problems with the number of degrees of freedom of gauge
potentials in odd dimensions. The resolution lies in the role played by the massive self-dual gauge poten-
tials in odd dimensions*® [150]. For example, the resulting field content in D = 5 contains 15 + 7 gauge
vectors and 12 — r massive self-dual two-form potentials [140]. In D = 7 one would expect r massless two-
forms and 5 — r massive self-dual three-forms, of which the case » = 1 is confirmed in [146]. Surprisingly,
this phenomenon does not occur in D = 9, where one has one massless three-form potential for all values
of r [118]. This is related to the fact that the 9D potential is a singlet, while the lower-dimensional potentials
transform non-trivially under the gauge group, see Table 2.4. In this section, we will be concerned with the
scalar subsector of these theories and therefore not mind the subtleties associated with the gauge potentials.

The question of the higher-dimensional origin*’ of the CSO(p, ¢,r) gaugings was clarified in [102],
where the same operations of analytic continuations and group contractions were applied to the internal
manifold. The resulting manifolds are hypersurfaces defined by

oam® =1, (4.83)
=1

with n parameters*® ¢; of which p are positive, ¢ are negative and - are vanishing; hence p 4+ ¢ + r = n.
The manifold corresponding to (4.83) is denoted by H?:? x T [102]. The hyperbolic manifold H?*? can
be endowed with a positive-definite metric, which generically is inhomogeneous [152]; the exceptions are
the (maximally symmetric) coset spaces

SO +1) o _ pia . SOLN) 454

n __ n+1,0
St=H - 80(n) SO(n) ~’

i.e. the sphere and the hyperboloid. Generically the spaces H?*? are non-compact; the only exception is the
sphere with ¢ = 0.

Thus non-compact gauge groups CSO(p, q, ) with ¢ # 0 are obtained from reduction over non-compact
manifolds, as first suggested in [153]. It can be argued that the corresponding reduction is consistent provided
the compact case, with reduction over S™=1 has been proven consistent [102].

A special case of this reduction is provided by p + ¢ = 1 or 2. In such cases, H?*9 corresponds to
a one-dimensional manifold, over which one performs a twisted reduction (see Sect.3.3). The difference
between (p,q,r) = (2,0,0), (1,1,0) and (1,0, 1) is the flux of the scalars: the different values correspond
to twisting with the subgroups SO(2), SO(1,1) and R of a global symmetry group SL(2, R), respectively.

Examples of these cases are provided by the reduction of IIB with an SL(2, R) twist, giving rise to CSO
gauged supergravity in 9D with n = 2 (see Sect.4.3.2). This requires the identification

Q — % —Mmg + Mg my _ q1 0 ’ (485)

mi mo + mg3 0 g
between the parameters 7, = (mq, ma, m3) of the SL(2,R) twisted reduction (B.14) and the parameters
(g1, q2) of the reduction over the hypersurface (4.83). The choice of diagonal @) corresponds to vanishing

46 See [149] for an alternative proposal based on the Stiickelberg mechanism.
For discussions of the higher-dimensional origin of self-duality relations, see [96, 108, 150].

48 Another approach to the introduction of these parameters in the lower dimension is the inclusion of n Killing vectors in 11D
supergravity [113,118,149,151].
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myq, which can always be obtained by SL(2,R) field redefinitions (as explained in Sect.4.3.2). Note that
generic twisted reductions (3.36) give rise to a traceless matrix C', which only for n = 2 can be related to
a symmetric matrix (), see (4.19). The explicit relation between the twisted reduction coordinate y and the
Cartesian coordinates p; reads

p =sin (Va1q2y) /@, pe = cos (Va1q2y) /Vaz - (4.86)

This explains the relation between twisted reduction and the case p + ¢ < 2 of (4.83).

Another noteworthy remark concerns the next case, p + ¢ = 3. This defines two-dimensional spaces,
e.g. S? and H?, over which one can perform coset reductions. Alternatively, these cases can be viewed as
group manifold reductions over three-dimensional group manifolds, e.g. SO(3) and SO(2, 1). For example,
one can either perform a two-dimensional coset reduction of IIA or a three-dimensional group manifold
reduction of 11D to obtain the class A gauged supergravities in 8D [107]. The structure constants of these
class A group manifolds are given by

fmnp = Emanpq 5 an = diag(le q2, CIJ) ) (487)

which relates the parameters of the group manifold reduction and the reduction over the hypersurface. Note
that the structure constants only contain a symmetric matrix () for the case n = 3, confirming the relation
between 3D group manifolds and (4.83) with n = 3. Explicitly, the relations between the three-dimensional
group manifold reductions and the reductions over the two-dimensional hypersurface (4.83) are

p1 = sin (Va2az v°) /a1 »
pi2 = sin (vaigs y") cos (V@243 ¥*) /v/a2 (4.88)
ps = cos (v/q1qz y') cos (Va2as ¥*) /a3 »

where y!+2 are the two coordinates of the 3D group manifold that remain after reduction over the manifest
isometry direction g>.

We expect the following relations between the different maximal supergravities with C'SO gauge groups
upon toroidal reduction. Consider the mass parameters in dimensions D and d < D, denoted by np and
ng > np, respectively. Then the np mass parameters in D dimensions reduce to the n,y mass parameters
in d dimensions with ngy — np vanishing entries:

TD—d

Qp 0
= . 4.
@b = Qq < 0 0nan> (4.89)

Therefore, the set of all C'SO gaugings in D dimensions reduces to (generically) a subset of all CSO gaugings
in d dimensions. In the reduction Ansatz from 11D or 10D to d dimensions, the ngy — np vanishing mass
parameters correspond to a torus 7°~¢ over which one can reduce first, as can be seen from (4.83). This
conjecture relating the different C'SO gauged supergravities will be proven below for the scalar subsector
of the theories.

4.5.3 Scalar potential

In addition to the gauging of the group CSO(p, ¢, ), the non-trivial reduction over the spaces HP*¢ x T
gives rise to a scalar potential. To this end, we consider the scalar subsector of these theories.

In all cases, it contains a scalar coset SL(n,R)/SO(n), which is parameterised by a symmetric matrix
M. We will restrict ourselves to a diagonal matrix, for reasons that will be explained in Sect.5.2. The
diagonal part of the scalar is given by

M = diag(eal"g, ety (4.90)
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where the n vectors &; = {«;} are weights of SL(n,R) fulfilling the following relations

2
dair=0, > o =20, i+ Gy = 20i5 = —. (4.91)

In addition, the scalar coset can contain an extra scalar ¢, as indicated in Table 4.6. Note that M and ¢
generically do not correspond to the full scalar coset, as can be inferred from Table 2.4; however, they
do constitute the part that is relevant to the CSO gauging and scalar potential. Similarly, the full global
symmetry will often be larger than SL(n,R); it is for example given by SO(5,5) in 6D. Its SL(n,R)
subgroup will generically be the largest symmetry of the Lagrangian, however, and is the only part of the
symmetry group that is relevant for the present discussion.

The scalar potential of all CSO gaugings has the universal form

V==L (QM))? - 2THQMQM]) , Q= diag(as,- -, an), (4.92)
in terms of the mass parameters ¢; of the hypersurface (4.83). The dilaton coupling a is given by

8 .D-3
L J 4.93
a’ = - D3’ (4.93)

for the different cases. This scalar potential can be written in terms of the superpotential
W = e®/2Tx[QM], (4.94)
via the general formula (4.1) for the scalar potential:

D -1

2

2

V=1 0,W)"+ 1 (5w) -
This superpotential also parameterises the explicit deformations of the supersymmetry transformations: the
gravitino variation will be proportional to W while the dilatini variations will be proportional to 6W/d (5
and W /d¢.

In accordance with Table 4.6, a vanishes for (D, n) = (7,5), (5, 6) and (4, 8), for which the extra dilaton
¢ is absent. The SL(2, R) twisted reduction of IIB and class A group manifold reduction of 11D yield scalar
potentials (4.23) and (4.70) that coincide with (4.92) for (D, n) = (9, 2) and (8, 3), respectively. In addition,
the scalar potential (4.5) of massive IIA also is of exactly this form with (D, n) = (10, 1) and is therefore
included in Table 4.6.

For the SO(n) cases, i.e. all ¢; = 1, the scalar subsector can be truncated by setting M = I. In this
truncation, the scalar potential reduces to a single exponential potential

V=—1n(n—2)e". (4.96)

Note the dependence of the sign of the potential on n: it is positive for n = 1, vanishing for n = 2 and
negative for n > 3. If @ = 0 (which necessarily implies » > 3 in D > 4), the scalar potential becomes a
cosmological constant and allows for a fully supersymmetric AdS solution; for this reason, such theories
are called AdS supergravities. Theories with a # 0 are called DW supergravities since the natural vacuum
is a domain wall solution, see Sect.5.2.

4.5.4 Group contraction and dimensional reduction
We would like to consider two operations on the scalar sector of the CSO gauged supergravity. The first

operation corresponds to a contraction of the CSO gauge group and corresponds to setting one mass
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parameter equal to zero, as explained above. For concreteness, it is taken to be the last one: ¢; = (qp, 0),
where we have splitup ¢ = (p,n) and p = 1,...,n — 1. The superpotential now reads

W= o20/2 3" efnd = eo0/2435 3 g oFrd (4.97)
p p

where we have chosen to extract an overall part E . qg according to &, = ﬁ + ﬂ_;,. A convenient choice for ﬁ
is

~ 1 1
b=———0a,=(0,...,0, —/——— | . (4.98)
n—1 n(n—1)/2
This corresponds to the scalar coset split
PN 0 ; 56 ofurd
_ . o : 16
M( 0 o (n-Dfd | M dlag(e R ) , (4.99)

where the weight vectors ﬁp are subject to the reduction of (4.91):

z = 2
;’BPI:()’ gﬁpfﬁpJ:25[J7 ﬁp'ﬁq:25pq—m7

(4.100)
while the last component of all vectors ﬁp vanishes: 3,, = 0. . Therefore, the contracted superpotential
(4.97) only depends on the smaller coset SL(n — 1,R)/SO(n — 1). Also note that the overall dilaton
coupling has changed due to the contraction. For the scalar potential, this will amount to a¢ + 20 - ¢ instead

of a. After a change of basis, corresponding to an SO(n + 1) rotation in (¢, ¢)-space, this takes the form
a¢ with
> = 8 D-3
~2 2
= 43.- = —"_ _9
A= T T2
which is exactly the original relation (4.93) with n decreased by one. It should be clear that this contraction
can be employed several times, each time reducing n by one.
The second operation we wish to perform corresponds to dimensionally reducing the scalar sector. We
take trivial Ansétze for the scalars, M = M and ¢ = ¢, and the usual Ansatz (3.4) for the metric (obtaining
Einstein frame with a canonically normalised Kaluza-Klein scalar ¢ in the lower dimension):

. 1
dsp? = e272ds 12 + e~ 2(D=3)79 4,2 2 = 4.102

sp”=¢e Sp—1”+e z5, 2D—2)(D—3) ( )
where we have truncated the Kaluza-Klein vector away. The resulting scalar potential is of the same form
(4.92), but again the dilaton coupling has changed: the factor a¢ is replaced by a¢ + 2yp. After a field
redefinition, this corresponds to a¢ with

8 D -4
2 2

e
which is exactly the original relation (4.93) with D decreased by one. Again, dimensional reduction can be
performed any number of times, reducing D by one at each step.

Concluding, after any number of group contractions or dimensional reductions, the scalar subsector will
always have a scalar potential (4.92) with dilaton coupling (4.93). The only effect of these operations is to
decrease D or n by one, respectively: the resulting system still satisfies all equations with the new values
of the parameters D and n. This proves that the scalar subsectors of different gauged supergravities reduce
onto each other upon matching D and n by dimensional reductions and/or group contractions. We expect
this to hold for the full theories as well.

>a, (4.101)

C~l2

>a, (4.103)
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4.5.5 Other gauged maximal supergravities

The CSO gaugings generalise the gaugings of subgroups of SL(2,R) and SL(3,R) in nine and eight
dimensions, respectively. These are not the only possibilities in lower dimensions, however. Other examples
were constructed in e.g. [141,154].

An interesting approach was taken in [142,155], where possible gaugings were classified by a purely
group-theoretical analysis. For example, different gaugings were found in 4D, depending on the global sym-
metry group of the Lagrangian* [ 155]. The Lagrangian with SL(8, R) invariance allows for the CSO (p, ¢, 7)
gauging with p + ¢ + r = n, as found above, but other gaugings in D = 4 and D = 5 were also found. For
example, after a number of Hodge duality transformations can bring one to an equivalent Lagrangian with
SL(6,R) x SL(2,R) x SO(1,1) invariance, which allows for other gaugings. These gauged theories are
obtainable from dimensional reduction of IIB supergravity with fluxes>’ [158]. Indeed, the global symmetry
group has a natural origin from the IIB point of view: the SL(6, R) stems from the six internal coordinates,
while the SL(2,R) is already present in ten dimensions.

In addition to theories with a Lagrangian, it was found in Sects.4.3 and 4.4 that M-theory allows for
other gauged supergravities, that do not have an action but only field equations. In nine dimensions, there
was one such theory with parameter mg. In eight dimensions, there were five theories, with parameters
q2, q3 and a. Clearly, one can expect such theories also in the lower dimensions. It is not clear to us what
the general pattern® will be, however.

5 Domain walls

In this chapter, we will construct half-supersymmetric domain wall solutions to the massive and gauged
supergravities of the previous chapter and we will discuss their physical interpretation in terms of branes.
In the last section we will consider 1/4 supersymmetric intersections of domain walls with strings.

5.1 DS8-brane in massive IIA
5.1.1 DB8-brane solution

In Sect.2.4 we have discussed the different supersymmetric solutions of massless IIA supergravity. The
situation for massive IIA supergravity is radically different: there is no maximally supersymmetric solu-
tion [66] and only one half-supersymmetric solution, the D8-brane solution [78]. It is carried by the metric
and the dilaton, which read

ds? = HY3dzg? + HY3dy?, e® = H™5/*, (5.1)

Note that this is of the form of the generic p-brane solutions (2.40) with d = 9, d=—1and A = 4, and
has /—gg¥¥ = 1. It is expressed in terms of one harmonic function H = ¢ + mpy, where we take mg
positive and c is an arbitrary integration constant. This solution preserves half of supersymmetry under the
supersymmetry rules (B.5) with explicit massive deformations (4.3) with Killing spinor

e = HY3%¢, with (1+T¥%)e =0, (5.2)

where ¢ is a constant spinor that satisfies the above linear constraint. Thus the D8-brane has 16 unbro-
ken supersymmetries.

49 Hodge duality relates electric and magnetic vectors in 4D. While this does not affect the symmetry group of the field equations,
the different choices give rise to different global symmetries of the Lagrangian.

30 Interestingly, when truncating from N = 8 to N = 4 gauged supergravities, the higher-dimensional origin becomes IIB on an
orientifold with fluxes and branes [156—158].

51 Note that the number of mass parameters in nine and eight dimensions coincides with the number of antisymmetric components
of the matrices Q™" in these dimensions (i.e. one and three, respectively). It would be interesting to investigate whether the
gauged theories without an action are somehow related to antisymmetric mass matrices.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



190 D. Roest: M-theory and gauged supergravities

For later use we would also like to present the D8-brane in a different coordinate system, which is
related via

H =2mgpi+é=H(y)>. (5.3)
In the new transverse coordinate g the solution reads
ds®* = H'/Odze? + H76q32 . e? = H/8. (5.4)

Note that we now have \/jgg“ = —1. For the present section, we will use the first parameterisation (5.1),
however.

As discussed in Sect.2.4.2, a domain wall with harmonic function H = ¢ + mgry is not well-defined.
The zeroes in H induce singularities in the solution. To avoid these, one has to include source terms
(corresponding to a thin domain wall) to modify the behaviour of the harmonic function. We will discuss
such source terms for the D8-brane solution in the next subsection.

5.1.2 Source terms and piecewise constant parameters

To this end we introduce a number of source terms, corresponding to eight-branes. Since these couple to a
nine-form potential it is necessary to dualise the mass parameter of massive IIA to a ten-form field strength:

mr = e 2?2510 U0 = qo®) (5.5)

as discussed in Sect. 2.2.3. In the absence of sources, the field equation for C ) implies mp to be constant.

When sources are present, however, the parameter mp is required to be piecewise constant, i.e. it can take

different (constant) values in different regions of the transverse space. This property is the reason why the

corresponding solution is called a domain wall; the eight-brane sources separate physically different regions.
The eight-brane source terms are given by

27 _
RN / o {e V=90 + &5(9)0(9)} ’ 60

with g(9) o8 — £(10) po---1sy and we use the ranges p, v = (0, ..., 8) in this section. Depending on the
coefficients of Sy in the total action, the source terms have a different interpretation in string theory:

e Objects with positive coefficients correspond to D8-branes. Passing through such a domain wall leads
to a decrease of the slope of the harmonic function [34,78, 159]. The prime example is

c— MRy, y>0,

H = 5.7

¢+ mry, y <0,

with ¢ and mg positive. This can be written as H = ¢ — mg|y|, where the absolute value of the
transverse coordinate y can be seen as a consequence of the piecewise constant parameter mpy. It
follows that H will vanish for some critical value of y.

e Objects with negative coefficients correspond to so-called O8-planes. These are orientifold planes’?,
which arise by dividing out by a specific Zy symmetry. In this case the relevant symmetry is I, €2,

52 Orientifold planes arise when modding out with a discrete symmetry that involves €2, the string world sheet parity operation;
see [160] for a nice introduction.
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where I, is a reflection in the transverse space and 2 is the world-sheet parity operation. Its effect on
the IIA supergravity fields reads

Yy— -y,
{¢a guwB/u/} — {¢>guV7_Bm/} ’
{C(zn—l) } S () {C(zn—l)

M1 f2n—1 Hi-.-f2n—1

{¢#,A,6 } — FE{ZZJW—)MG} ’

(5.8)
b

and the parity of the fields with one or more indices in the y-direction is given by the rule that every
index in the y-direction gives an extra minus sign compared to the above rules.

Due to the inclusion of such source terms, the harmonic function will be e.g. H = ¢ + mg|y| with ¢
and mpg positive [34,159]. Thus H is positive for all values of y and has a minimum at the O8-plane.

One thus finds that the introduction of D8-branes leads to zeroes in H and thus to a ‘critical distance’. It
forces one to include O8-planes at a smaller distance, such that the zero in H is avoided. If the transverse
space is R/Zs, we can take one O8-plane with Ramond-Ramond charge —16 (in units where a D8-brane
has charge 41) and n D8-branes and their images with n < 8. For n > 8 the total tension is positive and a
zero in the harmonic function will occur. On the other hand, if the transverse space is .S 1 /Zs (i.e. the range
of y is compact), the total tension has to vanish and one is led to type I string theory with two O8-planes
at the two fixed points and 16 D8-branes and their images in between [78].

5.1.3 Type T string theory and supergravity

We will consider an example of the latter situation in full detail. First we choose our space-time to be
M? x S, All fields satisfy ®(y) = ®(y + 27 R) with R the radius of S*. Furthermore, the fields are either
even or odd under Iy€). Modding out this Zs symmetry, the odd fields vanish on the fixed points y = 0
and y = wR of the orientifold, where we will put the brane sources. However, the type IIA theory would
be inconsistent under orientifold truncation unless extra gauge degrees of freedom appear in the theory. It
turns out we have to place 32 D8-branes between these O8-planes [78], leading to type I string theory. It is
T-dual to type I string theory, which is obtained by modding the IIB theory with the Zo symmetry €. This
also explains the origin of the 32 D8-branes: the type I gauge group SO(32) can be seen to come from 32
unoriented D9-branes (filling all of space-time) and performing T-duality yields the 32 D8-branes [161].

We will consider the special situation where all D-branes coincide with either one of the O-planes. In
addition, we assume that there is no matter on the branes. Thus, we are describing the vacuum solution
of the D-brane system, switching off the excitations on the branes. Therefore, our total effective action is
given by

2
S =2(n—28)Ssd(y) + 2(8 —n)Ssd(y — TR) — ﬁ /dgmﬁbulk , (5.9)

which is given by the bulk action and an O8-plane and 2n D8-branes at y = 0 and an O8-plane and 32 — 2n
D8-branes at mR. For definiteness we will take 8 < n < 16, i.e. the D8-branes dominate the O8-plane at

y = 0 while the latter dominates at y = 7 R.
The D8-brane solution is given by (5.1) with harmonic function [34]

(8—n)

H:
et 27l

|yl . (5.10)
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Thus we may identify the mass parameter as follows:

8—n

, y>0,
2wl
mg = nﬁfg (5.11)
0.
2l y<

The harmonic function (5.10) with piecewise constant mass parameter my will have a zero if the range of
y is too large; the distance between the branes must be small enough to prevent the harmonic function from
vanishing. The radius of the circle and distance between the O-planes is thus restricted to

2cl,

R < =8

(5.12)

The saturating case is called the critical distance R,.. Thus it seems that type I’ string theory is consistent
only on M x (S!/Zs) with a circle of restricted radius.

Of course we have only considered a special case of the type I’ theory with all D-branes on one of the
fixed points. However, also with D-branes in between the O-planes we expect the vacuum solution to imply
a critical distance: each O8-plane necessarily has 16 D8-branes in its vicinity. The same phenomenon of
type I’ was found in [78] in the context of the duality between the heterotic and type I theories. Note that
the maximal distance depends on the distribution of the D-branes. In the most asymmetric case (n = 16) it
is smallest while in the most symmetric case (n = 8) there is no restriction on R.

Note that the identification (5.11) implies a quantisation of the mass parameter of massive IIA supergrav-
ity. Upon dimensional reduction, this should coincide with the special case of the S L(2, R) mass parameters

T
n=(0—,-— i€ Z 5.13
m <07 27TR’27TR) Y ne Y ( )

as can be seen from (4.28) and (4.33). At first sight, these quantisation conditions do not seem to match.
The resolution can be found in [36], where factors of g, are properly taken into account. Being related to
the mass of D-branes, both quantised masses (5.11) and (5.13) are inversely proportional to g, of IIA and
IIB, respectively (see the discussion below (2.52)):

+(n — 8) i

= 5.14
2mlsga s 2rRpgp’ >-14)

map =

where we have included the A and B labels and omitted the s subscript of g5. The T-duality relations between
the IIA and IIB parameters

RuRp =1(*, gals=gpRE, (5.15)

then exactly relate the two expressions for the quantised mass with 7 = £(n — 8).

It is clear that the D8-O8 system can be generalized further. To start with, placing D-branes in any
compact transverse space requires the presence of oppositely charged branes that need to have opposite
tensions in order to be in supersymmetric equilibrium [34]. If all the negative-tension branes are identified
with orientifold planes, as we have suggested here, then the compact transverse spaces must be orbifolds
with the orientifold planes placed at the orbifold points. The Z, reflection symmetries associated to the
orientifold planes can be part of more general orbifold groups (Z,, etc.). It would be interesting to realize
these bulk & brane configurations explicitly.
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Table 5.1 The domain walls and gauged supergravities in D dimensions

D n 0] Brane . . .
with n mass parameters are related to M- or D-branes with n transverse di-

10 1 Vv D8 rections.

9 2 vV D7

8 3 v D6

7 5/4 -/ M5/NS5A

6 5 vV D4

5 6 - D3

4 8/7 -1y M2 /D2

5.2 Domain walls in CSO gaugings and their uplift
5.2.1 The DW/QFT correspondence

Due to the AdS/CFT correspondence [13], it has been realized that there is an intimate relationship between
certain branes of string or M-theory and corresponding lower-dimensional SO(n) gauged supergravities.
The relation is established via a maximally supersymmetric vacuum configuration of string or M-theory,
which is the direct product of an AdS space and a sphere (see Sect.2.4.3): for a p-brane with n transverse
directions, we are dealing with an AdS, 2 x S"~! vacuum configuration. On the one hand, this vacuum
configuration arises as the near-horizon limit of an M2-, D3- or MS5-brane; on the other hand, the coset
reduction over the spherical part leads to the related SO (n) gauged supergravity in p + 2 dimensions, which
allows for a maximally supersymmetric AdS), 12 vacuum configuration (see Sect.4.5). The gauge theory of
the AdS/CFT correspondence can be taken at the boundary of this AdS, 2 space. All dilatons are constant
for this vacuum configuration (with no extra dilaton present, i.e. a = 0). This is related to the conformal
invariance of the gauge theory.

There are two ways to depart from conformal invariance, which both involve exciting some of the dilatons
in the vacuum configuration. The first deformation can be introduced via the n — 1 dilatons of the AdS
supergravities. By exciting some of these dilatons one obtains a deformed Anti-de Sitter configuration. In
the AdS/CFT correspondence this corresponds to considering the (non-conformal) Coulomb branch of the
gauge theory [13].

Alternatively, one can obtain a non-conformal theory by considering the other branes of string and
M-theory, for which there is an extra dilaton present in the scalar potential of the gauged supergravities
(corresponding to the 1/ in Table 5.1). This leads to DW supergravities, where the maximally supersymmetric
AdS vacuum is replaced by a non-conformal and half-supersymmetric domain wall solution. This situation
is encountered when one generalises the AdS/CFT correspondence to a DW/QFT correspondence [14,15].

A natural generalisation is to excite some of the n — 1 dilatons describing the Coulomb branch of the CFT
and the extra dilaton that leads to a non-conformal QFT at the same time. This leads to domain wall solutions
of SO(n) gauged DW supergravities [162] that describe the Coulomb branch of the (non-conformal) QFT.
The uplift of these multiple domain walls leads to (the near-horizon-limit of) brane distributions in string
or M-theory, as we will see in the next subsections. This is based on results from [163].

A p-brane can be reduced in two ways: via a double dimensional reduction (leading to a (p — 1)-brane
in one dimension lower) or a direct dimensional reduction (leading to a p-brane in one dimension lower). It
has been pointed out [15] that direct dimensional reduction leads from SO(n) gauged supergravities to the
generalised CSO gauged supergravities of [147,148]. Thus, direct dimensional reduction corresponds to
a group contraction of the gauged supergravity (see Sect.4.5.4). In contrast, double dimensional reduction
of a brane corresponds to a dimensional reduction of the gauged supergravity (as was discussed in the
same subsection). Recapitulating, we have the following correspondences between the brane and gauged
supergravity points of views:
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Brane Gauged supergravity

direct dimensional reduction <  group contraction
double dimensional reduction <«  toroidal reduction

Note that not all branes of string or M-theory are present in Table 5.1. The missing cases of the DO and F1A
can rather easily be included, as has been done in [163]. The corresponding D = 1, 2 gauged supergravities
have n = 9, 8, respectively [164,165]. The remaining cases are the IIB doublets of NS5B/DS5 and F1B/D1
branes. The associated theories are the reduction of IIB over S® or S” with an electric or magnetic flux of
the NS-NS/R-R three form field strength [95,100]. For the D = 3 SO(8) theories corresponding to the I1B
strings (which are different from the F1A result), see [165]. The five-brane cases are supposed to lead to
new D = 7 S0O(4) gauged supergravities, which might be related to the theories constructed in [149].

5.2.2 Domain walls

In this subsection, we give a unified description of a class of domain wall solutions for the CSO gauged
supergravities in various dimensions, which is of particular relevance to the DW/QFT correspondence.

We consider the following Ansatz for the domain wall with D — 1 world-volume coordinates & and one
transverse coordinate y:

ds* = g(y)%di® + f(y)?dy*, M=DM(y), ¢=a¢(y). (5.16)

The idea is to substitute this Ansatz into the action, consisting of the Einstein-Hilbert term, scalar kinetic
terms and the scalar potential (4.92), and write this as a sum of squares [166]. Using (4.93), the reduced
one-dimensional action can be written as

9 = 2
S:/dygD’lf G <2(D_2)dg—W> 1<1d¢+5w>

A(D —2) fo dy 2\ fay

1/1de )2 1 dw 1 dg

— (== 4+0,W -—+D-1)——=W] , 5.17
Q(J‘der"5 +f dy * )fgdy ©-17)

which is a sum of squares, up to a boundary term. Minimalisation of this action therefore corresponds to

the vanishing of the squared terms. This gives rise to the first-order Bogomol’nyi equations
1dg = 1d 2(D—2)d
fiﬁ:_awj f—dj:—ang, !ﬁzw
fdy fdy fg dy

Note that one should not expect a Bogomol’nyi equation associated to f since it can be absorbed in a

reparameterisation of the transverse coordinate y.

The Bogomol’nyi equations can be solved by the elegant domain wall solution, generalising [162,167],

d82 _ hl/(2D74)d1_"2 + h(37D)/(2D74)dy2 ,

(5.18)

(5.19)

M = hY/"diag(1/hy,...,1/hy), e®=h"%*,

written in terms of n harmonic functions h; and their product h:
hi=2qy+12, h="hi.. h,. (5.20)
Note that this transverse coordinate basis>> has V—g9'" = —1. The functions h; are necessarily positive

since the entries of M are positive. For all ¢; > 0, this implies that y can range from 0 to oo; if there is at
least one ¢; < 0, the range of y is bounded from above.

3 ForD=10and n = 1, the solution (5.19) coincides with the D8-brane in the g-coordinate (5.4).
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The solution is parameterised by n integration constants>* I;. However, if a charge ¢; happens to be
vanishing, the corresponding I; can always be set equal to one (by SL(n,R) transformations that leave
the scalar potential invariant). In addition, one can eliminate one of the remaining /;’s by a redefinition of
the variable y. Therefore we effectively end up with p + ¢ — 1 independent constants, parameterising the
p + g harmonics. We define m to be the number of linearly independent harmonics h; with ¢; # 0 and
call the corresponding solution (5.19) an m-tuple domain wall. For different values of the constants [;, one
finds different numbers m of linearly independent harmonics. For examples of truncations to single domain
walls, see Tables 5.2 and 5.3.

It should not be a surprise that all scalar potentials of Table 4.6 satisfy the relation (4.93) since these are
embedded in a supergravity theory, whose Lagrangian “is the sum of the supersymmetry transformations”
and therefore always yields first-order differential equations. For this reason, domain wall solutions to the
separate terms in (5.17) will always preserve half of supersymmetry. The corresponding Killing spinor is
given by

¢ = Bl/(BD=16) (1 n FE) =0, (5.21)

where the projection constraint eliminates half of the components of €. An exceptionis a = 0, ¢; = 1 and
l; = 0, in which case the domain wall solution (5.19) becomes a maximally (super-)symmetric Anti-De
Sitter space-time in horospherical coordinates. Then the singularity at y = 0 is a coordinate artifact and
there is an extra Killing spinor, yielding fully unbroken supersymmetry.

5.2.3 Higher-dimensional origin and harmonics

Upon uplifting these domain walls, one obtains higher-dimensional solutions, which are related to the 1/2
supersymmetric brane solutions of 11D, IIA and IIB supergravity, as given in Table 5.1. Note that the number
of mass parameters (and therefore the number of harmonic functions h; of the transverse coordinate) always
equals the transverse dimension of the brane. Thus, in D dimensions, the number n of mass parameters is
given by the co-dimension of the half-supersymmetric (D — 2)-brane of IIA, IIB or M-theory.

The metric of the uplifted solution can in all cases be written in the form

d$2 _ H7(L2—n)/(D+n—3) deDf] _|_HT(LD—1)/(D—n—3) dSi, (5.22)

where H,, is aharmonic function on the transverse space, whose powers are appropriate for the corresponding
D-brane solution in ten dimensions or M-brane solution in eleven dimensions (as can be checked from
Sect.2.4). From the form of the metric one infers that the solution corresponds to some brane distribution.
For all ¢; = 1, these solutions were found in [166—168] for the D3-, M2- and M5-branes and in [162, 169]
for other branes.

The harmonic function takes the form

i=1

noo9o9\ "
Hy(y,pi) = h™/? (Z qh“> : (5.23)

where p; are Cartesian coordinates, fulfilling (4.83). The transverse part of the metric is given by [167]

ds? = Hy' W™ 2dy? +) " hidp? (5.24)
i=1

54 Strictly speaking, it is [;2 rather than [; that appears as integration constant, allowing for positive and negative ;2. However,
one can always take these positive by shifting , in which case the crucial distinction between I; and ;2 disappears.
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With a change of coordinates, it can be seen that the n-dimensional transverse space is flat® [167,170]
2= Vhips, ds® = zn:dzidzi . (5.25)
i=1
The above is easily verified Z
dzi = h; P qips dy + by dy; zn: dzdz; = zn: ‘J;—”Q dy® + Zn: hi dy? (5.26)
i=1 i=1 " i=1

where we have used >, g; jt; dp; = 0, which follows from (4.83). Note that one has /—gg** = 1 after
the coordinate change to z;.

The harmonic function H,, specifies the dependence on the n transverse coordinates z;. The constants I;
parameterise the possible harmonics that are consistent with the reduction Ansatz. The mass parameters g;
specify this reduction Ansatz. Thus, changing a mass parameter ¢; changes both the reduction Ansatz and
the harmonic function that is compatible with that Ansatz. Sending a mass parameter to zero, e.g. g, — 0,
corresponds to truncating the harmonic function on n-dimensional flat space to

Hn(Qn = 0; ln = 1) = anl 5 (527)

i.e. a harmonic function on (n — 1)-dimensional flat space.

It is difficult to obtain the explicit expression for the harmonic function H,, in terms of the Cartesian
coordinates z; (the example of n = 2 will be given in the next section). Nevertheless, one can show that
H,, is indeed harmonic on R™ for all values of g;, thus extending the analysis of [168] where ¢; = 1. The
calculation is facilitated by the following definitions

B, = L,
i=1 !
In terms of A,,, and B,,, we calculate

_ iz; B gizi As @z 1
0;H,, = h™1/? (-WZ Sl dimis gdisi ) (5.29)

2
)

n qu
A=
i=1 ?

(5.28)

from which we finally get

- _ B B A Ay A2 By Ay By As A2
aiaiHn—h1/2<222 LS 1622 41622 — 222 1 16°2 42 — 163
2 g a1y

=0, (5.30)

which proves the harmonicity of H,, on R".

5.2.4 Brane distributions for SO(n) harmonics

Since the harmonic function H,, depends on the angular variables in addition to the radial, the uplifted
solution will in general correspond to a distribution of branes rather than a single brane. For D < 9 and all
¢; = 1 (i.e. the SO(n) cases®® with n > 3) this means that the harmonic function can be written in terms
of a charge distribution o as follows [162,167]

o (Z")

55 For D = 10 and n = 1, this coordinate transformation coincides with (5.3). Indeed, the brane solution (5.22) is identical to
the D8-brane with transverse y-coordinate (5.1).
56 Note that we can also include the cases where some q; = 0, using (5.27).
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and since H,, appears without an integration constant, the distributions will actually be a near-horizon limit
of the brane distribution.

It turns out that the distributions are given in terms of higher dimensional ellipsoids [167,171]. The dimen-
sions of these ellipsoids are given in terms of the number m of independent harmonics h; or, equivalently,
the number m — 1 of non-vanishing constants /;. It is convenient to define

m—1

<%

2 f: (117"'ZTYL—1707"'70)7 (532)

Tmo1=1-—

SN

i=1
where the last n — m + 1 constants [; are vanishing. Starting with the case m = n, i.e. all harmonics h;

independent and only /,, equal to zero, we have a negative charge distributed inside the ellipsoid and a
positive charge distributed on the boundary:

1 _: _

O~ T (—xnim@(xn,l) + 23571,11/25(9571,1)) oW (z,), (5.33)
1-ewbp—1

where O(x) is the Heaviside step function: ©(z < 0) = 0 and ©(x > 0) = 1. Upon sending /,,_1 to zero,

the charges in the interior of the ellipsoid cancel, leaving one with a positive charge on the boundary of a

lower dimensional ellipsoid:

1

(2, 5) 0P (2,1, 2) (5.34)
l1... lh—o

Op—1 "~
which is the brane distribution corresponding to n — 1 independent harmonics since h,,_; and h,, are
linearly dependent. Next, the contraction of more constants will yield brane distributions over the inside of
an ellipsoid. The distribution o (2;) is then a product of a delta-function and a theta-function and the branes
are localised along n — m + 1 coordinates and distributed within an /m — 1-dimensional ellipsoid, defined
by z,,—1 = 0. For 2 < m < n — 2 non-zero constants, one has

1 n—m—
Oy~ ——————— xfn’,lm 3)/2 O(z,,_,) 5(”*’”“)(2,“, ey Zn) (5.35)
ll . lm—l
Finally, one is left with all constant /; vanishing, in which case the distribution has collapsed to a point and
generically reads

o1 = (5(")(2'1, ey Zn) (5.36)

i.e. we are left with a single brane with all harmonics h; linearly dependent. All these distributions satisfy

Om—1 = 6(Zm71)/0m7 (537)

consistent with the picture of distributions that collapse the z,,,_;-coordinate upon sending /,,,_1 to 0. The
case of NS5A-branes is illustrated in Fig.5.1.

The general lesson to be drawn from this section is that the domain wall solutions uplift to branes with
harmonic functions given by (5.23). For the cases with all g; > 0, these harmonic functions correspond to
the near-horizon limit of the brane distributions (5.33). In the simplest case, with all relevant /; = 0 and
therefore m = 1, this distribution collapses to a point (5.36) and the harmonic function stems from the
near-horizon limit of a single brane. In the next sections we will see whether these findings also hold for
the special cases n = 2 and n = 3.

5.3 Domain walls in 9D and uplift to IIB

In this section, we will consider domain wall solutions to the 9D gauged supergravities that were constructed
in Sect.4.3. We will first focus on the SL(2,R) gauged theories and later comment on the possibility of
domain walls in the other 9D gauged theories.
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Fig. 5.1 The distributions of NS5A-branes corresponding to the uplift of the 7D ISO(4) domain walls with
three, two, one and zero non-vanishing /;’s, respectively.

5.3.1 Domain walls in SL(2,R) gauged supergravities

We first consider domain walls in the SL(2, R) gauged supergravities in 9D, which are specified by three
mass parameters. We will take m; = 0, which can be obtained by an SL(2, R) transformation. Thus, we are
left with a symmetric mass matrix () with diagonal entries ¢; and ¢o, see (4.85). By choosing appropriate
values for ¢; and g2, one can still cover each of the three conjugacy classes of SL(2,R), corresponding to
Q142 positive, negative or vanishing.

For the present purpose of domain walls, it suffices to consider a truncation to gravity and the scalars. The
supersymmetry transformations of the fermions, which are given in (B.16) in full generality, then reduce to
(see (B.16) and (4.20))

0, = (8# +w, + ie‘i’aﬂx + %WW) €,
SoA =i (P + W) € —e? (Px + 6, W) €, (5.38)
SoX =i (P +0,W) €,
with the superpotential W given by (4.19). The projector corresponding to a domain wall Ansatz is
Ipw = 1 (1+4Y), (5.39)

where y indicates a tangent space direction, see appendix A.

Half-supersymmetric domain walls correspond to configurations satisfying the Killing spinor equations,
which are obtained by requiring (5.38) subject to the projection (5.39) to vanish. The most general solutions
were first classified in [121] (for other discussions of 9D domain walls, see [172,173]) and read’’

ds® = B/ (—dt? + da?) + h3Tdy?

(5.40)
e¢ = h_1/2h1 ) e\ﬁcp = h_l ) X = clhl_l )
with the functions
h=hihy—ci, h=2qy+h>,  hy=2qy+0b". (5.41)

This is the most general half-supersymmetric domain wall solution.

The general 9D domain walls are parameterised by three constants. However, as also explained for the
general case in Sect.5.2.2, one can always do a coordinate transformation y — y + c to shift either /; or [,
to zero. The third parameter c¢; can be understood as corresponding to the gauge symmetry with constant
parameters: by performing SL(2, R) transformations of the form (4.26) one shifts ¢;. For this reason, one
can always choose a gauge in which it vanishes. In this case the Killing spinor reads

e=h"5¢y, (5.42)

57 In [121] a different transverse coordinate § was used, which is related via h(y) = h(7)?2, where the function k(§) appears in
the metrics of [121] and is not necessarily harmonic. Each different conjugacy class has a different function A (§) and therefore
requires a different coordinate transformation.
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while in general it depends on c; . Since the transformation to shift ¢; to zero is a gauge transformation with
constant parameter, it does not affect the gauge potentials. Note that the most general domain walls therefore
are SL(2,R) orbits of the prime example (5.19) and is expressed in terms of two harmonic functions and
one constant. In the SL(2, R) frame with ¢; = 0, it can be seen as a harmonic superposition of the domain
walls with harmonics &1 and ho. Due to the two independent harmonic functions, we call this the double
domain wall.

In certain truncations, the general solution (5.40) becomes a single domain wall with only one independent
harmonic function. This can happen either due to the vanishing of a mass parameter ¢; or due to special
values of the constants /;. In Table 5.2 we give the two possible truncations leading to single domain
walls and the corresponding value of A as defined in [58]. Note that the SO(2) case cannot be assigned
a A-value since it has vanishing potential, as already noted in [121]. The domain wall is carried by the
non-vanishing massive contributions to the BPS equations. In other words, the potential is zero but there is
a non-vanishing superpotential.

Table5.2  The single domain walls as truncations of the 9D double
Gauge grou h h A

gegroup  (q1,42) ! 2 domain wall solution. We give the two possible truncations and the
R (0.9) L 2qy corresponding value of A. Note that there does not exist a A-value
S0(2) (¢g,9) 2qy 2qy X inthe SO(2) case due to the vanishing of the potential.

W~

5.3.2 Seven-branes and orientifold planes

As discussed in the Sect.5.1, the occurrence of domain walls with positive tension leads to a harmonic
function that vanishes at a point in the transverse space. To avoid this, one has to include orientifold planes
with negative tension as well, which can be introduced by modding out the theory with a Z»-transformation.
In 10D IIA the relevant symmetry is {2 (5.8) which introduces (in the case of y compact) 16 D8-branes and
their images and two O8-planes. In 9D the relevant Zy-symmetry can be obtained from the ITA transformation
1,2 (5.8) by the reduction in a direction other than y. Alternatively, one could reduce the IIB transformation
(—)Fr1,,9 in the = direction. Upon reduction these give the same transformation and therefore are T-
dual [34]. In particular, the 9D Zs-symmetry acts on the mass parameters as () — —(@). Thus all three mass
parameters flip sign. However, one can always use an SL(2, R)-transformation to set m, = 0. Then one is
left with ¢; and g2 and since both mass parameters flip sign, one introduces orientifold planes which carry
a charge of —16 with respect to both ¢; and ¢2. Taking y compact (for a non-compact transverse space
the discussion is analogous), one also has to introduce a number of positive tension branes to cancel the
total charges. For the ¢»-charge this correspond to 32 D7-branes. The cancellation of g;-charge requires 32
Q7-branes, which are defined as S-duals of the D7-branes. Thus the following picture seems to emerge:

e Two orientifold planes, one at each of the fixed points of the S!, each carrying a charge of (—16, —16)
with respect to the two mass parameters (g1, ¢2).

e Sixteen D7-branes and their images, located at arbitrary points between the two O7-planes and each
carrying a charge of (0, 1).

e Sixteen Q7-branes and their images, defined as S-duals of the D7-branes, also distributed between the
two O7-planes and each carrying a charge of (1, 0).

Depending on the positioning of the various 7-branes, the mass parameters can take different values. Note
that the gauge group can change when passing through a 7-brane, since it can affect only ¢; or g» and thus
det(Q) need not be invariant. The reduction of the type I’ theory would correspond to a special case of this
general set-up, in which eight of the Q7-branes and their images are positioned at each O7-plane, thereby
cancelling the (—16, 0) charge and inducing ¢; = 0 everywhere in the bulk’®.

58 Toroidal compactifications of type I’ string theory have been considered in [174] from a somewhat different point of view. It
would be interesting to link its results to our analysis here.
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5.3.3 Uplift to IIB and D7-branes

Instead of the nine-dimensional discussion of source terms above, one can also uplift the domain walls to
solutions of IIB supergravity. The general formula (5.23) applied to the 9D case yields the harmonic function

Hy = (\/h?uf - \/hiuf)_l : (5.43)

with the identifications (4.86) to make contact with the explicit twisted reduction Ansatz (B.14) with
reduction coordinate y. In this case, it is straightforward (though perhaps not very insightful) to perform
the coordinate transformation to z;, which yields:

2 2 2 2y 1/2
Hy — (042’1 + Bz2% + (21 + 22 )> ’ (5.44)

22

with the definitions

a=qq (2°+2°) +al3 — el :
L T = e ) (- 22 (0 ). (549)
B=aqq (z1” +22°) — @il + @li,

Indeed, it can be checked that this function is harmonic with respect to flat (z1, z2)-space for all values of
q; and ll‘.

The harmonic function H, generically depends on both 212+ 252 and z; 2 — 252. Note that the dependence
on the latter only disappears if « = (3 = ~, in which case the harmonic function reads

Hy = (q1go) /2. (5.46)

This requires the relation q;/3 = gol%. This cannot be satisfied with the charges (¢1,q2) = (1,—1) and
(1,0) while keeping both h; > 0. Therefore, the only possibility is charges (1, 1), implying that the two
constants [; need to be equal, yielding a harmonic function given by Hy = 1. Another case with a manifest
isometry is provided by the charges (1, 0), where the harmonic function becomes

Hy(q2 = 0) = |21]/l2, (5.47)
which is a harmonic function in a one-dimensional transverse space, in agreement with (5.27).

For the SO(2) case, in which we take ¢; = go = 1, the IIB solution can be understood as a distribution
of D7-branes. Without loss of generality we take [ = 0. Then one has

H=1+ /dzidzécr (zi, 25; ll) log ((21 — 2'1)2 + (22 — 2'2)2> , (5.48)
with the D7-brane distribution

—3/2 /2 72\ —1/2 12

I, 1 42 A1 A1 A1
) = —(1- e(1- +2(1- 1- 4
U(Zl’ZQ’l) 27’(’11 112 112 l12 0 112 (5 9)

for the case m = 2 (implying that /; # 0). Note that this distribution consists of a line interval of negative
D7-brane density with a positive contribution at both ends of the interval. Both positive and negative
contributions diverge but these cancel exactly:

/dzidzéo(zi, 25) =0, (5.50)

i.e. the total charge in the distribution (5.49) vanishes.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Fortschr. Phys. (2004) / www.fp-journal.org 201

ot
- o X
_ Fig. 5.2  The distributions of D7-branes corresponding to the uplift of the 9D SO(2)
. domain walls with one and zero non-vanishing /;’s, respectively. The cross indicates the
+ conical singularity of the locally flat space-time.

The parameter I; of the general SO(2) solution can be set to zero, truncating to only one independent
harmonic function: m = 1. This corresponds to a collapse of the line interval to a point, as can be seen from
(5.49). However, due to the fact that the total charge vanishes, this leaves us without any D7-brane density:

(21,2511 =0)=0. (5.51)

Indeed, the general harmonic function (5.44) equals one for the SO(2) case with [; = lo = 0. The D7-brane
distributions are shown in Fig.5.2.

Therefore, the two-dimensional SO (2) harmonic function (5.48) of the D7-brane differs in two important
ways from the generic SO(n) harmonic function with n > 2. Firstly, the total charge distribution of D7-
branes vanishes, while it adds up to a finite and positive number in the other cases. Secondly, but not
unrelated, one needs to include a constant in the harmonic function (5.48) in terms of the distribution. In
the generic cases this constant was absent, corresponding to the near-horizon limit of these branes. In this
respect, the D7-brane is special, as can also be seen from the following observation.

As discussed in Sect. 2.4, the near-horizon limit of D-branes (2.43) yields a metric that is conformally
AdS xS. To absorb the conformal factor, one needs to go to the so-called dual frame, in which the tension
of the brane is independent of the dilaton:

ua 3 — p instein
Qﬁy = exXp (2((])_7)) 925) gﬁu tem (5.52)

In the dual frame, the near-horizon geometry of all D-branes with p < 6 reads AdS,;2 x S"~!. Clearly,
this formula does not hold for the D7-brane; a related complication is the fact that the dual object is the
D-instanton, which lives on a Euclidean space.

Having found the general SL(2,R) domain walls, we would like to impose the different quantisation
conditions on 7 of Sect.4.3.6. For the SO(2) case with g; = g2 = g, these translate in a deficit angle:
since the argument of the trigonometric functions of y; (4.86) is |/q1g2y and the variable y is identified up
to 27 R, our SO(2) angular variable has a range of 27qR. For this reason, the locally flat space-times with
Hy = 1 are conical space-times with a deficit angle 27(1 — ¢R). Let us go through the three quantisation
possibilities for SO(2) [121], giving the result for I; = I:

e The first quantisation condition (4.34) has ¢ = 1/(4R) and thus yields a deficit angle of 37/2. In
other words, this is a half-supersymmetric Minkg x C/Z4 space-time with non-trivial monodromy,
the bosonic part of which was also mentioned in [63].

e The second quantisation condition (4.35) cannot be applied to g but only to an SL(2, R) related partner
of our uplifted domain wall, since it requires an off-diagonal matrix Q. It gives rise to a deficit angle
of 57/3, leading to a half-supersymmetric Minkg x C/Zg space-time with non-trivial monodromy.

e The third quantisation condition (4.36) has ¢ = 1/R and thus leads to fully supersymmetric Mink;g
space-time. The monodromy is trivial and there is a second Killing spinor with opposite chirality. For
the previous two quantisation conditions this second Killing spinor had a different monodromy and
was therefore not a globally consistent solution of the Killing spinor equations.

59 Except for the case p = 5, which has Minkowskiz7 rather than AdS7 [59].
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5.3.4 Domain walls for other gauged supergravities

In the previous subsections, we have constructed and discussed the most general domain wall solution to
the three SL(2,R) gauged supergravities. In this subsection we would like to address the possibility of
domain walls for the other 9D gauged supergravities of Sect.4.3.

Since we are looking for 1/2 BPS solutions, we have to solve the Killing spinor equations. These are
obtained by setting the supersymmetry variation of the gravitino and dilatini to zero, while the supersym-
metry parameter is subject to a certain projection. The projector for a domain wall is given by %(1 + 1Y),
where y denotes the transverse direction.

In this way we solve first order equations instead of second order equations, which we would encounter if
we would solve the field equations directly. For static configurations, a solution to the Killing spinor equation
is also a solution to the field equations. From an analysis of the massive supersymmetry transformations
0o + &, of the gravitino and the dilatino, it was found [116] that to solve the Killing spinor equations, one
has to set all mass parameters to zero except for 77i. Therefore, there are not more half-supersymmetric
domain wall solutions than the ones given in (5.40) with mass parameters ¢; and gs.

By analysing the possibilities for other projectors in nine dimensions (i.e. demanding that the projector
squares to itself and that its trace is half of the spinor dimension), we find that there is another projector
given by % (141i~%). This projector would give a time-dependent solution, which can be seen as a Euclidean
domain wall having time as a transverse direction. See [175] for an example.

5.4 Domain walls in 8D and uplift to IIA and 11D

In this section, we will construct the most general half-supersymmetric domain wall solution to the 8D
gauged maximal supergravities of Sect.4.4. We will start with the class A theories and only comment on
class B at the end.

5.4.1 Domain walls of class A theories

In Sect.4.4 we have obtained the bosonic action (4.68) and supersymmetry transformations (4.63) of the
D = 8 gauged maximal supergravities with gauge groups of class A. We now look for domain wall solutions
that preserve half of the supersymmetry®, following [107]. For an earlier discussion of a subset of these
solutions, see [177].

We consider the following domain wall Ansatz:

ds* = g(y)’dz7® + f(y)?dy®, M=M(y), e=0ly), e=¢cQy). (5.53)

Our Ansatz only includes the metric and the scalars. All other fields are vanishing except the
SL(2,R)/S0O(2) scalar £ which we have set constant. It turns out that there are no half-supersymmetric
domain walls for non-constant £. We need to satisfy the Killing spinor equations (which are a truncation of
(4.63) to the fields of the Ansatz (5.53))

S = 20,e — 3, €+ 5@, €+ sre 2 fi T e =0,

0N = —PyTle = gdeTic — e 72 (2fijn — fira) e =0,
where the Killing spinor satisfies the condition

<1+F£§>e:0. (5.54)
The indices 1, 2, 3 refer to the internal group manifold directions.

60 For a nice review of wrapped domain walls with less supersymmetry in the SO(3) case, see [176]. These uplift to purely
gravitational solutions in 11D involving manifolds of special holonomy.
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The most general class A domain wall solution reads
ds® = hirda? + h™ 2 dy?

1

, e =h"%h ? (hhy — ) , (5.55)

W=

S
"

e? = h1, e” =h 2v3h

- - -1
x1=cahi', x2=xixs+ehi',  xs=(cica+cshi) (hiho —cf)
where the dependence on the transverse coordinate y is governed by

h(y) = hlhghg — Cghl — C%hg — C?hg, — 26102C3 y
(5.56)
hi =2qy + 1%, hy=2qy+1°  hs=2qy+13".
The corresponding Killing spinor is quite intricate so we will not give it here. Note that the solution is given
by three harmonic function h;. For this reason we call the general solution a triple domain wall.

The general solution has six integration constants ¢; and [;. As before, one can eliminate one of the
constants /; by a redefinition of the variable y. The other three constants ¢, c3 and c3 can be understood to
come from the following symmetry. The mass deformations do not break the full global SL(3,R); indeed,
they gauge the three-dimensional subgroup of SL(3,R) that leaves the mass matrix () invariant. Thus
one can use the unbroken global subgroup to transform any solution®', introducing three constants. In our
solution these correspond to ¢y, ¢o and ¢3, which can therefore be set to zero by fixing the SL(3,R) frame.
From now on we will always assume the frame choice ¢; = co = c3 = 0 unless explicitly stated otherwise.
This results in

X1=X2=x3=0, M=h"?3diag(hohs, hihs,hihs), h = hihshs. (5.57)

In this SL(3, R) frame the expression for the Killing spinor simplifies considerably and reads ¢ = h'/*8¢.
Thus, analogously to 9D, we find that the most general domain wall solution to these gauged supergravities
is given by the SL(3, R) orbits of the generic solution (5.19).

The triple domain wall can be truncated to double or single domain walls when restricting the constants
l1,12 and 5. In Table 5.3 we give the three possible truncations leading to single domain walls and the
corresponding value of A as defined in [58]. The Bianchi II case was given in [177] and the Bianchi IX case
in [15] (up to coordinate transformations). Note that the Bianchi VIIj case cannot be assigned a A-value
since it has vanishing potential. The domain wall is carried by the non-vanishing massive contributions to
the BPS equations. The same mechanism occurs in SO(2) gauged D = 9 supergravity [121], see Table 5.2.

Bianchi Q = diag hy ho hs A Uplift Table 5.3 . The single domain vyalls as truncations

of the 8D triple domain wall solution. Note that there
I (0,0,q9) 1 1 2qy 4 (5.70)  exists no A-value in the Bianchi VIl case due to
VI (0,4,9) 1  2qy 2qy x  (5.68) the vanishing of the potential. In the last column we
IX (4,4,9) 2y 2qy 2qy — % (5.65) indicate where the uplifted solution to 11D is given.

5.4.2 Uplift to ITA and D6-branes

The special case of the SO(3) D6-brane distributions (with all ¢; = 1) was first discussed in [162]. This
splits up in three separate possibilities, with m = 3,2 or 1. The first distribution o3 consists of positive and
negative densities and is given by the general formula (5.33). Upon sending l2 to zero, this collapses to

1 2’12 (2)
g9 ~ — ol1-— ) é (Zz,Zg) . (558)

61 Note that one cannot use the unbroken local subgroup of SL(3,R) (the gauge transformations) since this would induce
non-vanishing gauge vectors and thus would be inconsistent with our Ansatz (5.53).
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This is a distribution at the boundary of a one-dimensional ellipse, i.e. it is localised at the points z; = +1;.
For this reason, the corresponding harmonic function is given by

1 1

Hs(Z1) = - 75+ -
2 ((2’1 — ll) + 222 + 232> 2 ((Zl + ll) + 222 + 2’32)

R (5.59)

i.e. the near-horizon limit of the double-centered harmonic. Upon sending /; to zero, the brane distribution
o1 collapses to a point, as given in (5.36). Indeed, the harmonic function becomes

Hy = (5.60)

2
i.e. the near-horizon limit of the single-centered harmonic with SO(3) isometry. The different distributions
of D6-branes are shown in Fig.5.3.

+ .

+ +
+
--= = *+ Fig.5.3 The distributions of D6-branes corresponding
to the uplift of the 8D SO(3) domain walls with two, one
+ + ‘4 and zero non-vanishing [;’s, respectively.

5.4.3 Uplift to 11D and KK-monopoles

The D6-brane solution is different from the other branes in Table 5.1 in the following sense: they can be
uplifted to a purely gravitational solution in 11D, the Kaluza-Klein monopole (see also Sect.2.4.4). In the
z; coordinates, the higher-dimensional metric reads

3 2 3
ds® = dog + H™ (dy3 +> Aidzz-) +Y Hdz?, (5.61)
=1 i=1

where 3?2 is the isometry direction of the KK-monopole. The function H = H(z;) is given implicitly in
(5.23) with n = 3 and A; = A;(;) is subject to the condition (2.57).

However, since we do not have the harmonic function H = H(z;) explicitly, we will rather use the
coordinates y and p;. The yu; are related to the coordinates y; and y» of the group manifold via (4.88).
In these coordinates and using the SL(3,R) frame of (5.57), the triple domain wall solutions becomes a
purely gravitational solutions with a metric of the form ds? = da7? + ds,2, where

2 2 2
dss2 = h—3dy?+ns (2L 22 1 93 5.62
54 Pdy? +h3 (g4 g2 R (5.62)

Here o1, 05 and o3 are the Maurer-Cartan 1-forms defined in (3.46) (with y; instead of z;), h = hihohsg
and the three harmonics h; are defined in (5.56). The uplifted solutions are all half-supersymmetric.

The solutions (5.62) are cohomogeneity one solutions of different Bianchi types. The SO(3) expression
of this four-dimensional metric was obtained previously in the context of gravitational instanton solutions
as self-dual metrics of Bianchi type IX with all directions unequal [178]. More recently, the Heisenberg,
ISO(1,1) and ISO(2) cases and their relations to domain wall solutions were considered in [104, 179],
whose results are related to ours via coordinate transformations. In the following discussion we will focus on
the four-dimensional part of the eleven-dimensional metric since it characterises the uplifted domain walls.

Without loss of generality, we take g3 = 2 in this subsection. The coordinate transformation 2y =
%7“4 — 32 then eliminates the constant {5 and results in the metric

dsa?® = (kikaoks)™V2 [dr? + 1% (kokzo? + kikso? + kikeo3)] | (5.63)
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where k; = q;/2+ s;r~* with s; = [;2 — g;13% for j = 1,2, and k3 = 1. As anticipated, the metric (5.63)
depends only on two constant parameters s; and sq, which are restricted by the (gauge group dependent)
condition

s; > —q;rt/2, (5.64)

in order to satisfy the requirements h; > 0.

In general the metrics have curvatures that both go to zero as ¢ for large r and diverge at r = 0
and k; = 0, producing incomplete metrics [178,180]. There are two exceptions to this behaviour, which
coincide with the special cases of the D6-brane discussion with SO(3) isometry:

e The first one corresponds to the case with s; = so = 0, which can only be obtained for the SO(3)
case due to (5.64). Taking ¢; = g2 = 2, the metric is locally flat space:

dsy® = dr* + 17 (0 + 03 + 03) | (5.65)

where 7 is the radius of the three-dimensional spheres. This corresponds to the uplift of the 9D Bianchi
type IX single domain wall or the D6-brane with harmonic function (5.60).

e The second exception corresponds to the SO(3) gauging (taking ¢; = g2 = 2) with 51 = s5 = s < 0.
It is known as the Eguchi-Hanson (EH), or Eguchi-Hanson II, metric [180]:

-1
dsg® = (14—%) dr? + r? (Uf—&—d%)—i— <1+§4) o3. (5.66)

This metric corresponds to the uplift of the D6-brane with harmonic function (5.59).

Another case that we want to discuss, although it is singular, is obtained in the SO(3) gauging (with
q1 = g2 = 2) by choosing s; = s # 0 and s5 = 0:

-1
dsi? = (14 5) (@ +r%03) + (1+ ) (o3 +3) . (5.67)

This metric is called the Eguchi-Hanson I (EH-I) metric [180].

The uplifted metrics for the singular cases with det(Q)) = 0 are also given in (5.63). Among them are two
special metrics, which can be obtained by contraction of the EH metrics (5.66) and (5.67). This contraction
is possible because the solutions contain at least one non-zero constant s;, and must be performed before
identifying the charges ¢; and ¢» and the constants s; and so. We will take ¢; = 0 (which implies s; > 0
due to (5.64)) and g5 # 0 to get the uplifted metrics for the ISO(2) gaugings.

As an example, let us perform such contractions on the contracted EH metrics, leading from SO(3)
isometries to ISO(2) isometries. After contraction, the expression for the EH-I metric is

—1/2 1/2

and the EH-II metric reads

A s\\"12 s 5\\ /2 ,
ds?= (5 (1+5)) et (G (1r ) e

4 1/2 4 -1/2
+ 72 (1 + ) o? + (1 + ) o7 ] . (5.69)
S S

In the EH-I contracted metric (5.68) we have taken s; = s whereas in the EH contracted metric (5.69)
we have set s; = so = s, while g = g3 = 2 in both cases. Notice that the contracted EH-I metric with
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ISO(2) isometry is precisely the four-dimensional part of the uplifted metric for the Bianchi type VIl
single domain wall.

The metrics with Heisenberg isometry are obtained by a further contraction go = 0 in the metric (5.63).
Among these metrics, there is again one special case that can also be obtained by a contraction of the
contracted EH metric with isometry ISO(2). Notice that it is not possible to have a contracted EH-I metric
with Heisenberg isometry since this would require s; = 0 and the metrics with Heisenberg isometry have
sg # 0. The expression for the contracted EH metric with Heisenberg isometry is

-1
dss? = (r%) dr? +r? (J%—i—og)—&— (;4) J§
s\ 1 ] 2
= (74) dr? +r? (d212 + d222) + (74) (dZ3 + 221dz'2) , (5.70)

where so = s and g3 = 2. This is the four-dimensional part of the uplifted metric for the Bianchi type II
single domain wall. This contraction was considered previously in [181].

It is interesting to note that the uplifting of the triple domain wall solution (5.55) does not lead to the
most general four-metrics. For example, there are three complete and non-singular hyper-Kéhler metrics
with SO(3) isometry in four dimensions: the Eguchi-Hanson, Taub-NUT and Atiyah-Hitchin metric (for a
useful discussion of these metrics, see [182]). The absence of the Taub-NUT and Atiyah-Hitchin metrics in
our analysis stems from the fact that only the Eguchi-Hanson metric allows for a covariantly constant spinor
that is independent of the SO(3) isometry directions [183]. In performing the group manifold reductions,
we have assumed that our spinors are independent of the internal coordinates. This is not compatible with
the Taub-NUT and the Atiyah-Hitchin metrics, which therefore reduce to non-supersymmetric domain walls
in 8D. It would be interesting to see whether one can alter the procedure of group manifold reductions,
to allow for the Taub-NUT and Atiyah-Hitchin metrics to reduce to half-supersymmetric domain walls in
D = 8 dimensions.

5.4.4 Isometries of the 3D group manifold

The internal three-dimensional manifolds are by definition invariant under the three-dimensional group of
isometries given in (4.61) and (4.62). This holds for arbitrary values of the scalars in (4.58). However, there
can be more isometries, which rotate two of the Maurer-Cartan one-forms ¢* and ¢ into each other. This
is an isometry of the metric in two cases:

e ¢; = g; = 0: In this case one can use the automorphism group to set [; = [; = 1. Eq.(5.62) shows
that a rotation between ¢* and o7 is an isometry for all solutions of this class.

e ¢; = q; # 0: In this case one must set /; = [; by hand, after which a rotation between o’ and o7
is an isometry. Thus, this only holds for a truncation of the solutions of this class and since h; = h;
corresponds to decreasing m by one.

This leads to the different possibilities summarised in Table 5.4. These exhaust all possible number of
isometries on three-dimensional class A group manifolds [124].

The extra fourth isometry was constructed by Bianchi [130] for the types II, VIII and IX. He claimed
that type VII, did not allow for isometry enhancement but the existence of three extra Killing vectors®> was
later shown in [184]. These three extra isometries appear upon identifying the two y-dependent harmonics.
Note that the extra isometries may not be isometries of the full manifold in which the group submanifold
is embedded. Indeed, this is what happens for type VIIj where two of the extra isometries are y-dependent
and therefore do not leave the full metric invariant [184]. The extra Killing vectors of the group manifold
for the uplifted domain wall solutions (5.55) are explicitly given by [124]

62 We thank Sigbjgrn Hervik for a valuable discussion on this point.
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Bianchi (q1,¢2,93) m=0 m=1 m=2 m=3
I (0,0,0) 6 - - -
I (0,0,1) - 4 - -
Vio 0,-1,1) - - 3 -
VI, (0,1,1) - 6 3 -
VIII 1,-1,1) - - 4 3
X (1,1,1) - 6 4 3

e Type I with @ = diag(0,0,0):

Table 5.4  The numbers of isometries of the
three-dimensional group manifold for the dif-
ferent multiple domain wall solutions with
m independent harmonic functions h;. For a
given type one finds isometry enhancement by
decreasing m, i.e. upon identifying two har-
monic functions.

0 0 0 0
L= — 2 1 L = — 3 1 _
4 “ 91 T 022" 5 e + 023’
5 ) (5.71)
_ .3 2
LG = —Z @ +z ﬁ
e Type II with @ = diag(0,0,1):
0 0 2 2\ O
2 1 1 1 2
e Type VI with @ = diag(0,1, 1) with h(y) = he = hs:
0 0
_p-1/2.2 1/21
L4—7h /Z ﬁ‘i’h/z @,
0 0
_ p-1/2.3 1/2.1
Ls=—h /2, 1 + Rl/2, R (5.73)
0 0
_ .3 2
Lg = —Z @ +z @ .
e Type VIII with @ = diag(1, —1,1):
53215132 O 9] $391 O
Ly = 225 =~ - Uik Rl 5.74
g C1,3,2 021 + €321 072 + C1,3,2 0z3 ( )
e Type IX with @ = diag(1, 1,1):
c32,151,32 O 0 c321 O
L, = — 2% Id) )
4 c132 0z t 5231 022 c132 023
53215132 O 0 5321 O
L. — 5321513, 2 5.75
5 132 921 +e32,1 922 132 923’ ( )
0
Lg=— —
¢ 021’

where we have used the definitions (4.56). The extra Killing vectors L4, L5 and Lg correspond to rotations
between ot and o2, 0! and o® and 62 and ¢°, respectively.

As we have mentioned above, two of the class A solutions uplift to flat space-time in D = 11: the
Bianchi type IX solutions with m = 1 and all Bianchi type I solutions (having m = 0). In view of the
discussion above, we can now understand why this happens. One can check that the only way to embed
three-dimensional submanifolds of zero (for type I) or constant positive (for type IX) curvature in four
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Euclidean Ricci-flat dimensions is to embed them in four-dimensional flat space. Indeed, this is exactly
what we find: the two solutions both have a maximally symmetric group manifold with six isometries and
hence constant curvature and uplift to flat D = 11 space-time.

The type VIIy group manifold can also have six isometries and zero curvature. For the domain wall
solutions above, this cannot be embedded in four-dimensional flat space due to the y-dependence of two
of its isometries. Note, however, that there is another type VIIj solution with flat geometry and vanishing
scalars that coincides with the type I solution (5.55) given above®. The corresponding group manifold can
be embedded in four-dimensional flat space and indeed this solution uplifts to 11-dimensional Minkowski
just as the type I solution. However, unlike its type I counterpart, the eight-dimensional type VII; solution
with flat geometry and vanishing scalars breaks all supersymmetry.

5.4.5 Domain walls for class B theories

We would like to see whether there are also supersymmetric domain wall solutions to the class B supergrav-
ities of Sect.4.4. It turns out that for this case there are no domain wall solutions preserving any fraction of
supersymmetry, much like the situation in nine dimensions. This can be seen as follows.

The structure of the BPS equations requires the projector for the Killing spinor of a half-supersymmetric
domain wall solution to be the same as (5.54). The presence of the extra term in v, (see (4.63)), depending
on the trace of the structure constants, implies that there are no domain wall solutions with this type of
Killing spinor, since the structure of I'-matrices of this term cannot be combined with other terms. To get a
solution, one is forced to put f;;7 = 0, thus leading back to the class A case. This also follows from §\;, since
the resulting equation is symmetric in two indices, except for a single antisymmetric term, containing f;;7.

5.5 Domain walls with strings attached

In this section, we will consider an extension of the domain walls of the previous sections where strings
and particles are included. The resulting solutions will be 1/4-supersymmetric. The analysis will only be
performed in massive ITA supergravity and SL(2,R) gauged supergravity in D = 9, but we expect that
some generalisation exists for all CSO gauged supergravities of Sect.4.5.

5.5.1 DB8-F1-DO0 solution

In the mid 1990’s, it was found that D-branes can be understood as hyperplanes on which a fundamental
string, or F-string, can end [11]. The endpoint of an F-string appears as an electrically charged particle on
the world-volume of the D-brane. An exception to this generic phenomenon is the D-particle, on which a
single F-string cannot end due to charge conservation® [185,186].

The situation changes in the presence of a domain wall in which case charge conservation no longer
forbids an F-string to end on a D-particle [187]. In fact, when a D-particle crosses a D8-brane, a stretched
fundamental string with endpoints on the DO- and D8-brane is created® [190-192]. This process is, via
duality, related to the Hanany-Witten effect in which a stretched D3-brane is created if a D5-brane crosses

63 This solution coincides, after an SO (2) rotation of 90 degrees, with the Kaluza-Klein reduction of the Minkg solution [116,119]
of the SO(2) gauged supergravity in D = 9.

64 Indeed, the Born-Infeld vector, which carries the corresponding degrees of freedom on the D-brane world-volume, is not present
on the world-line of the D-particle.

65 The same phenomenon is found for the T-dual configuration of two crossing D4-branes, which can be at angles [188,189].
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an NS5-brane [193]. The intersecting configuration for this case is given by®

D5: X | XX———XXX—
NSH: X | XX XXX ————
D3: X |XxXx—————— X . (5.76)

The intersecting configuration of [190-192] is obtained by first applying T-duality in the directions 1 and
2, next applying an S-duality and, finally, applying a T-duality in the directions 6, 7 and 8:

DO: xX|—-———>——————
D8: X | XXXXXXXX—
F1: x| - —-—-————— X . (5.77)

In this subsection, we consider the massive IIA supergravity background of the F1-string that is stretched
between the D8-domain wall and the DO-particle. It is given by the following solution®’ [196] to the equations
of motion of the D = 10 Romans’ massive IIA supergravity theory [37]:

ds? — —FHY/SF-13/8442 1 H9/8f{75/8dy2 i 15;1/8193/86[%7

| 7 - (5.78)
Bty:—H—l7 Ct(l) —HH!, e? ZH_5/4H1/4,
where the harmonic functions H and H are defined as
H =c+mpy, FI:1+%, (5.79)

and the radial coordinate is given in terms of the coordinates longitudinal to the D8-brane, r? = x2+...+x2.
The solution preserves 1/4 of supersymmetry and the Killing spinor is annihilated by the following projectors

Ipo =2 (141%), Hp=1(1+T%), Ipg=21(1+T1Y), (5.80)

where any of the three projectors can be obtained from the other two. The solution is a harmonic superposition
of two elements, which can be obtained by taking different limits:

e The limit Q — 0 leads to the single D8-brane solution (5.1) which preserves 1/2 supersymmetry.

e The limit mr — 0 leads to an (infinite) F-string with D-particles smeared in the string direction,
preserving 1/4 supersymmetry. The F1- and DO-brane charges are related and therefore it is not possible
to obtain these as single objects from the above solution.

More precisely, the flux distributions of the F-string and D-particle described by the solution (5.78) are
given by

Q) =e ?%(dB) = —QH dQ,
(5.81)
Qp = /2 % (dCY + mpB) = Qdy A dQ7,

with dQ2; the volume form of S7. To obtain the corresponding charges these are to be integrated over S”
and S7 x R, respectively, where S” together with the 8D radius r spans R® and R covers the y-direction
transverse to the domain wall. The flux distributions are related by

dQ; = —mrQo, (5.82)

66 Each horizontal entry indicates one of the 10 directions 0, 1,...,9 in space-time. A X (—) means that the corresponding
direction is in the world-volume or (transverse to) the brane.
67 There are also other string-like solutions to massive IIA supergravity [194, 195], which we will not consider.
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Fig.5.4  The creation of strings in type I': a (continuous) distribution
of D-particles with a monotonically increasing distribution of unoriented
08 ® DO - Fl 08 +32D8  F-strings ending on the D8-branes. The distribution of these F-strings
-16 +16 has a maximum at the position of the D8-branes.

as required by the field equation for B. This relation shows that in the presence of a domain wall (mg # 0),
the D-particle (Qy # 0) leads to the creation of a fundamental string (dQ; # 0). A similar result was
obtained in [195] for the NS5-D6-DS system, i.e. when a NS5-brane passes through a D§-brane a D6-
brane, stretched between the NS5-brane and the D8-brane, is created. Both processes are related to the
Hanany-Witten effect via duality.

We now return to the distribution of D-particles and F-strings described by (5.78). First of all we note
that all non-zero tensor components of (5.78) are even under the Zy orientifold symmetry I,€ (5.8). If
this were not the case, one would be forced to include a source term, corresponding to the non-zero tensor
components, which is smeared over a 9D hyperplane. The only odd field that we allow for is the mass
parameter and the corresponding source terms are the domain walls. The supergravity solution (5.78) that
we consider only has even non-zero tensor components and the inclusion of source terms for this solution
was discussed in [197]%, resulting in a globally well-defined solution on S'/Z,. We will now discuss its
physical implications.

We note that the distribution of F-strings is linear in H, see (5.81). When we are dealing with a D8-brane,
we have H = ¢—mg|y| which is a linearly increasing function when going towards the domain wall. This is
in agreement with the idea of creation of strings when passing through a D8-brane [190—-192]. It is pictorially
given in Fig. 5.4, where we have taken all D8-branes to coincide with one of the orientifolds. The strings
are unoriented due to the identification y ~ —y which superposes two strings of opposite orientation, see
e.g. [192]. It should be noted that the linear behaviour of Q; is an artifact of the coordinate frame for the
transverse coordinate y. The important feature is that it is monotonically increasing when approaching the
domain wall.

5.5.2 Domain walls with SL(2,R) strings in D = 9

In [198] the D8-F1-DO solution of massive IIA has been generalised to the 9D gauged supergravities with
gauge group CSO(p, q,r) withp+ ¢+ 1 = 2.

We start from a general Ansatz, respecting SO(7) symmetry. The fields are thus allowed to depend on
r = (z1% + ... + 27%)"/? and the transverse direction . Our strategy will be to solve the BPS-equations
obtained from the supersymmetry variations of the fermions. In analogy with the solution (5.78) for the
Romans’ mass parameter, we will assume that the dependence on r and y coordinates can be separated in
aproduct, i.e. f(y,r) = f(r) f(y). This assumption will simplify the equations drastically.

The BPS-equations are obtained by requiring the spinor € to be annihilated by the projection operators
for the relevant branes. We search for solutions, which include domain walls, strings and particles. Since
we search for 1/4 BPS solutions the 3 projection operators corresponding to the domain walls, strings and
particles should not be independent. In other words, once we have two of the operators, the third should
follow as a combination of these. In contrast to the ITA solution (5.78), we have the possibility of SL(2,R)
doublets of both the particles and the strings in 9D. By analysing the supersymmetry variations in type I1IB
in D = 10, it can be seen that the projectors for the F1- and the D1-strings are actually different, and this

68 The particle and strings source terms of [197] are smeared in the y-direction and directly relate to the charge distributions (5.81).
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will therefore also be the case for the strings and particles in D = 9. Choosing a specific string projector
corresponds to choosing an SL(2,R) frame. We take the following projectors

Ipo =4 (1+9%), Tp=3(1+9%%), Ipw=3(1+7Y), (5.83)
where * is seen as an operator, i.e. x€ = €*. Any third projector is implied by the other two:
IIpw = IIpg + IIg1 — 41Ipolley , (5.84)

and cyclic. Since ¢ transforms under SL(2,R), the choice of SL(2,R) frame can be seen as a choice of
€. To get the most general solution, we should keep the mass parameters as general as possible. We can,
however, still perform SL(2, R) transformations, which are upper triangular, without changing e. This can
easily be seen by noting that e transforms as

1
et +d\*
5.85
%(CT—Fd) ¢ ( )

under the SL(2,R) transformation

_f[a b
A= (c d) : (5.86)

We see that € is invariant for ¢ = 0. The mass matrix transforms under A as well. Even with ¢ = 0 we can
always use A to put m to zero.

Analysing the BPS equations we find that, in order to make up the relevant projection operators, the
following components must be put to zero:

Fyy = Fon = Fly = Fppy = Hiyppy = Hiyp o+ xHyy =0, (5.87)
where m, n are indices of the spatial coordinates ™ # y. The Bianchi identity for F'!' reads dF'! = —¢, H>.

Since F' = 0, this will lead to further restrictions when g¢; is non-vanishing. We find that H 2 = (0 and,
using (5.87), also XHtlyi = 0. We require H' # 0, since otherwise no F-strings would be present and we
conclude that y = 0if ¢; # 0. If g3 = 0, one can draw the same conclusion but from a different argument.
In this case, the BPS equations directly imply d,,x = 0 and therefore  is a constant. The only non-zero
mass parameter g, gauges the R subgroup of SL(2,R), which shifts the axion. Thus one can always use
a global gauge transformation to set x = 0. Then (5.87) implies H2 = 0. On top of this we take ny =0
since a non-zero value requires DO-brane sources smeared on the domain-wall world-volume and we want
to avoid such ‘walls’ of DO-branes. We thus find that, for all values of the mass parameters, we are left with
just two non-vanishing tensor components, F. and H,,.

‘We now substitute our Ansatz in the supersymmetry variations of the fermions, which are given in (B.16)
and (4.20). This leads to two undetermined functions, one depending on 7 and one depending on y. The
latter can be fixed arbitrarily by using a general coordinate transformations in y. To determine the function
of r, we need at least one field equation, e.g. the one for ¢. We have computed this field equation, and
the result is that the r-dependent function can be expressed in terms of a harmonic function. The resulting
particle-string-domain wall solution can be expressed in a unified way, i.e. including all cases det(Q) = 0,

det(Q) > 0 and det(Q) < 0, as follows
d52 — _(h1h2)1/14ﬁ—11/7dt2 + (h1h2)—3/7ﬁ—4/7dy2 + <h1h2)1/14]~{3/7dx$’
e =n?ny M2 eV = (hhy) ' H,

A2=—nyn7t, BL = —hy' PRt (5.88)
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€= (h1h2)1/561~{711/28 € -

The solution is given in terms of three harmonic functions

h=2qy+0L%  ho=2gy+b?,  H=1+ (5.89)
The ¢’s are given in terms of the mass parameters in (4.85) and [/; and [, are integration constants. Just as
in D = 10, the solution is a harmonic superposition of D-particles, F-strings and domain walls with string
and particle fluxes

Q1 =e " #/V7 4 (dB") = —Q hy'/? dY,
(5.90)
Qo = e?H3¢/VT 5 (dA% + g2 BY) = —Q hy~Y/? dy A dS,

with df2 the volume form of the S°. The charges are obtained by integrating the fluxes over S® and S¢ x R,
respectively, where the S, together with the 7D radius r, spans R” and R covers the y-range. The flux
distributions are related by

dQi1 = ¢290, (5.91)

as required by the B? equation of motion.
Of course one can perform an SL(2,R) transformation on the solution (5.88) and obtain intersections
with more general strings and particles. The SL(2,R) generalised flux distributions are given by

Qi1 = e VT M, % (dB7) = ¢;191,
v ) ) (5.92)
Qi =¥/ VT M % (dAJ - Q]kBk) =¢;0%90,

where the massive field strengths are taken from (4.21). In this notation the F-strings and D-particles (5.90)
have charges ¢;1 = (1,0) and ¢; o = (0, 1). A transformation with parameter

A= (T p) € SL(2,R), (5.93)
s q

would take the distributions of F-strings and D-particles (5.90) to ¢;1 = (r,s) and ¢;0 = (p, q). This
corresponds to (p, q)-particles and (r, s)-strings subject to the condition gr — ps = 1. Furthermore, the
SL(2,R) transformation (5.93) rotates the diagonal background (4.85) into

Qi=1 (m'z +myom ) _ ( o +s*e  —pan 7"5(]2> . (5.94)

mj my +my —pqq1 —1s¢2 PP +1%q0

From now on we will omit the primes on the mass parameters. Thus we find that the most general intersection
of (p, q)-particles, (r, s)-strings and an (my, mg, m3)-domain wall is subject to two conditions:

e The SL(2,R) condition gr — ps = 1 should be satisfied. This condition requires orthogonality of the
strings and particle charges. It can be expressed as € ¢; q; 1 = 1.

e The form of the mass matrix is given in (5.94). This mass matrix contains only two independent
parameters g; and g rather than three for an arbitrary but symmetric mass matrix. This restriction
corresponds to @ q;0gq;1 = 0.
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(m,,m,,m3)—background

N
Fig. 5.5 The creation of strings in 9D: a (continuous) distribution of (p,q)-
. . particles with a monotonically increasing distribution of emanating oriented (r,s)-
(p,q)—pa.rtlcle strings in an (m,mg2,mgz)-background. There are two orthogonality conditions on
(r,8)-string the charges.

The two orthogonality conditions are manifestly SL(2,R) invariant and the parameters ¢; and go specify
the only SL(2,R) orbits that solves the BPS equations.

The physical picture consists of a distribution of particles from which strings are emanating towards
the domain wall, like in the ITA case. However, we now have an SL(2,R) generalisation of (r, s)-strings
stretching between (p, ¢)-particles in an (my, ms, m3) background with two orthogonality conditions. The
two conditions reduce the seven parameters to five, three of which correspond to the SL(2,R) freedom
while the two remaining parameters are g; and g¢». In addition the charge () is the unit string charge. The
general solution is illustrated in Fig. 5.5. The interval in this case is Max(—q; /12, —q2/12%) < y < 0 with
all g; positive. Note that the charge distribution of the strings is not linear, as opposed to the massive ITA
solution in 10D. This is due to the freedom of reparameterisation of the y-coordinate; the important feature
is that Qy is continuous and positive, implying Q; to be monotonically increasing on this interval.

One can take different limits of the general solution (5.88). First of all, one can set the parameter g; = 0.
This case corresponds to the reduction of the massive ITA solution of [196] and indeed the Kaluza-Klein
reduction (B.9) of (5.78) along one of the world-volume directions of the D8-brane gives (changing y to y
for reasons that will become clear shortly)

d82 — —H1/7ﬁ_11/7dt2 +H8/7.H_4/7dg2 +H1/7.H3/7dx$7
e =H1, V=g, (5.95)

Biy=-H', A}=-HH',

)
where the harmonic functions are defined as

H=c+2mpy, I~{:1—|—Q,.
Tu)

(5.96)

The above is a special solution to the nine-dimensional gauged supergravity where the mass parameters obey
q1 = 0 and ¢o = mpg. Exactly the same identifications were found in the case of the reduced massive ITA
supergravity, see (4.28). It is related to the generic solution (5.88) by a coordinate transformation y = y(%)
defined by ha(y) = H(y)?, which is a special case of the coordinate transformation of footnote 57 of
this chapter.

Another possible truncation of the general solution (5.88) is obtained by setting both mass parameters
q1 and ¢» equal to zero. This yields a harmonic superposition of the F-string solution with a distribution of
D-particles on it. The two charge distributions are related (both are linear in Q) and therefore it is impossible
to obtain either one separately.

The 9D particle-string-domain wall solution (5.88) corresponds to a region between two domain walls on
the S'/Zs, as illustrated in Fig.5.5. One might wonder about the possibility of extending this to a globally
well-defined solution by including source terms for the domain walls and the particle-string intersection.
Note that all tensor components of (5.88) are even under the relevant 9D Z,-symmetry. In fact, the reason to
discard the possibility of non-zero Ftly was its odd transformation under this Z,-symmetry. Thus one is led
to think that it is possible to embed the solution (5.88) in a globally well-defined solution on S* /Zs, as is
illustrated in Fig.5.6. It would be interesting to investigate the boundary conditions in a manner analogous
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Fig. 5.6  The creation of strings in 9D on S'/Z»: a (continuous) dis-

o7 ~—= (r,s)-string 07+32Q7+32D7 tribution of (p,q)-particles with a monotonically increasing distribution of
(-16,-16)  ® (p.g-particle  (+16,+16) unoriented (r,s)-strings ending on the D7- and Q7-branes.

to the ITA analysis of [197].

Recapitulating, the 9D solution (5.88) consists of a smeared distribution of (p, ¢)-particles, from which
(r, s)-strings are emanating and ending on the (m;,mz, m3)-domain wall. There are two orthogonality
conditions on the seven parameters, £ q; og;1 = 1 and Q¥q; 0g;1 = 0, which are manifestly SL(2,R)
invariant. This is the natural generalisation of the 10D IIA solution (5.78). These solutions suggest new
possibilities of string creation in nine dimensions that are not the result of the reduced type I’ mechanism.

In the light of the general domain wall solution (5.19) of Sect. 5.2, it would be very interesting to extend
our 10D and 9D analysis here and consider intersections of domain walls and strings in all dimensions. It
is not obvious to us, however, what the general structure in D < 7 will be. Consider as example the SO(5)
gauged theory in D = 7. Due to the lack of one- and two-forms in the fundamental representation of SO(5),
our construction does not trivially carry over. We do expect solutions like (5.88) in the IS0 (4) gauged theory
in D = 7, however. It would be very interesting to investigate such solutions in lower-dimensional gauged
supergravities and their uplift to the higher-dimensional theories.
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Appendices

A Conventions

A.1 Generalities

We use mostly plus signature (— + ... +). Greek indices y, v, p. .. denote world coordinates and Latin
indices a, b, c. .. represent tangent space-time. The different indices are related by the Vielbeins e,* and
inverse Vielbeins e, ¢, that satisfy

b
eal—tebyguu = TNab » e/taeu Nab = Guv - (A.1)
Here 7, is the Minkowski space-time metric and the space-time metric is g,,,,. Underlined explicit indices
0,...,D — 1 refer to the tangent space-time coordinates.

69 For the unabridged version, including a historical introduction to high-energy physics and a crash course on perturbative string
theory, see http://www.ub.rug.nl/eldoc/dis/science/d.roest/. The other chapters are virtually identical to the material presented
here. If you are interested in a hard copy version, please contact me.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Fortschr. Phys. (2004) / www.fp-journal.org 215

. . . . . . _ . . . _ 1 H.b
The covariant derivative on fermions is givenby D, = 9,,+w,, with the spin connectionw,, = ;w,*"T'ss,
where

Wabe = —Labe + Lbea — Qead ; Qabc = 60,“617”6[#601/] . (A.2)
The Riemann curvature tensor is given in terms of the spin connection by
Ruva® =20, wy)a” — 2w Wi’ - (A.3)

We symmetrise and anti-symmetrise with weight one.

Gauge potentials of rank d are denoted by C(4) with field strength G(?*1) . For notational compactness,
we sometimes omit the superscript label and denote gauge potentials of rank 0 up to 3 by x, A or V, B and
C respectively. The corresponding field strengths are given by the symbol G| F, H and G, respectively.

Our conventions in form notation in D dimensions are as follows:

pp) — %ng?”“ dz*a ... Adaxt?
2 Y

p) .Q(p) — lp(l’) Q(p)m...up’

pl = A
PPIAQ@) = Z%q!Plﬂf?__#pQgi)ﬂ”_#pﬂdx’“ A..oadatera
P — 5 _lp)!p! VgeD) B oo dqgbe | pdahor @
with E(()1D2)3...D—1 = @Dl =,

%% PP — (_)p(D—p)+1p(p) ,
d = 0,dz",

where the last line is the exterior derivative, acting from the left.

In the case of dimensional reduction, we will always be reducing a D-dimensional theory to a D-
dimensional one, over an internal manifold of n = D — D dimensions. The higher-dimensional fields
will be hatted and the lower-dimensional ones unhatted. The corresponding split in the coordinates reads
at = (zH, 2™), with indices p and p ranging from 0 to D — 1 and D — 1, respectively, whilem = 1,..., n.

A.2 Spinors and I'-matrices in various dimensions

We will denote the I'-matrices by I',, (of dimensions 32) in eleven and ten dimensions and by +,, (of
dimensions 16) in nine dimensions. They can be chosen to satisfy

Il =0l and ) =07, (A.5)

respectively. We can also choose the I'-matrices to be real, while in nine dimensions they will be purely
imaginary, which implies that

Fg =10, and 'yg = —NuuYu - (A.6)
The following notation is used to denote the antisymmetric product of n I"-matrices:

U,

Cproon =g - Ty (A7)

T Hn
Slashes are used to contract I'-matrices and field strengths in the following sense:

H = H/JVPFHW) y H/L = H/U/pFVp7 (A.8)
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with similar formulae for other field strengths. In nine dimensions the same notation is used with I" replaced
by 7.

In eleven and ten dimensions we use the 32-dimensional spinor representation, with I'-matrices I',, (and
I'y; in 10D). Upon reduction to nine dimensions we will split this into 16-dimensional representations,
with I'-matrices ,,. This will be discussed below. In contrast, upon reduction to eight dimensions we will
use the corresponding spinor representation; rather, we preserve the 32-dimensional representation, with
I'-matrices I', and I'; with 7 = 1,2, 3.

In ten dimensions the minimal spinor is a 32-component Majorana-Weyl spinor with 16 (real) degrees
of freedom. With the choice

1 0
[y =-Tg 9, DIyp= , A9
11 0..9 11 <0 _1> (A.9)

we can write a ten-dimensional Majorana-Weyl spinor as being composed of nine-dimensional, 16 compo-
nent, Majorana-Weyl spinors according to

mw _ Y1 mw _ [0 A.10
e o

where 1; are nine-dimensional Majorana-Weyl spinors and + or — denotes the chirality of the ten-
dimensional spinor. The split of an arbitrary ten-dimensional spinor into two Majorana-Weyl spinors of
opposite chirality can of course be done without reference to nine dimensions (through the specific choice
of I'11), but each ten-dimensional Majorana-Weyl spinor will then in general have 32 non-zero components
even though it only has 16 degrees of freedom. In order to reduce to nine dimensions we use

Mi=o3®1, Fg:0'1®17 Fa:02®7a7 (A1)

where 7 is the reduction coordinate and the Pauli matrices are defined as

o1 = (2 é) . 09 = (3 BZ> . o3 = ((1) 01> . (A.12)

As mentioned above the nine dimensional y-matrices are purely imaginary. If we work with a reduction
of type IIB, where the two spinors have the same chirality, it may be convenient to introduce complex,
nine-dimensional, Weyl spinors according to

Ve =11+ i,  Ac=Aa+iA, (A.13)

€c= €1+,  Ae=Na+il, (A.14)

which in ten-dimensional notation can be written as, e.g.,

Py = (1#01) +i (%2> : (A.15)

If we instead work with a reduction of type IIA the two spinors will have opposite chirality, and can thus
be composed into a ten-dimensional Majorana spinor according to

M_ [t 0 ) A.16
()2 e
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When working with these non-minimal spinors, which are either just Majorana W;IYI) or just Weyl
(z[;)jv) [121], the two formulations are (in nine dimensions) related via

(1 _Fll) ;1\4/[ =1Im

o=

L+ Tl =Re (vl)

L(14Ty)AM = Im (FEAW) ,

=

(A.17)

(1-T1)MM =Re

(SIS
N[ =

(
(1= Ti)AM = Re (AW

(14 T)AM =T (TAY) (
%(1+F11)6M:R€ (ew) , %(1—F11)€M:Im (Fgew) )

for positive (1), €"V) and negative (A", AW) chirality Weyl fermions. With the above mentioned decom-
position into nine-dimensional Majorana-Weyl spinors we can write

M_ [ M €1 M [M v (M
S ) ) )

Y = (1/)1 Ew?) ;e = <61 ;ie“) : (A.19)

AW = 0 oAV = 0 , (A.20)
Ao + 0N A2 +iAg

where the spinors without an M or W superscript are Majorana-Weyl spinors. The two different routes to
obtain Majorana-Weyl spinors are illustrated in Fig. A.1. Note also that it follows from the Clifford algebra
and the choice of I'1; that I'; is off-diagonal, which is crucial for this construction.

and

M
¢32R

Fig. A.1  Schematic view of how a ten-dimensional Dirac spinor can be
projected down to a Majorana-Weyl spinor along two different routes. The
number of real or complex degrees of freedom for each spinor is also indicated.
w The relation between the spinors at the intermediate stage (in nine dimensions)
¥ o
16C is given by (A.17).

B Supergravity and reductions

B.1 11D supergravity
B.1.1 11D supersymmetry transformations and field equations

The supersymmetry transformation rules of N = 1 eleven-dimensional supergravity read

a __ —1a
56/1, = el ,
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0Cup = —3 Lty B.1)
0 = Dye+ 13 (FT0 — 5Tul) €,

with the field strengths G = dC and D e = (0, + w,)e. The 11D fermionic field content consists solely
of a 32—component gravitino, whose field equation reads

Xo(*) =T*"*D,y, =0, (B.2)

with D,, = 9, +w, and where we have set the three-form equal to zero. Under supersymmetry this fermionic
field equations transforms into

SoXo(¥") = 4T7e [R*, — L Rg",] , (B.3)

which implies the bosonic Einstein equation for the metric.

B.1.2 11D reduction Ansitze to IIA

We use the following reduction Ansitze (where hatted quantities are 11D and unhatted are 11A)

- a (1)
si_ g [ Wm@u _6245/30”
g 0 20/3 |

—mi12/2 24
= e 2P [, — TN
0, = %6_7"112/28¢/24F£)\, (B.4)
- emllz/26—¢/24€’

— 3m11z (3)
Cuvp =€ C;wp ,
A 3mi1z
C;u/z = —e’"M B;w ’

to arrive at the IIA supersymmetry transformations in ten dimensions, where

e my; = 0 for toroidal reduction and

e my; # 0 for twisted reduction using the trombone symmetry of 11D supergravity.

B.2 TIA supergravity
B.2.1 IIA supersymmetry transformations and field equations

The supersymmetry transformation rules of ten-dimensional massless or ungauged ITA supergravity read
doe, =€y,
Sotou = (D + Ilse_WQ (AT, + 3T M) Tu + 1%6345/4 <$(2)Fu - %Fu$(2)) I
+ ﬁe(b/él <$(4)Fu - %Fu@(él)))ev
S0By = 2”& 11T, () + §TN)

| (B.5)
500D = e /T (1~ 3T

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Fortschr. Phys. (2004) / www.fp-journal.org 219

3) _ —p/4= (1)
500x(w)p = —3¢~%/ e (V) — 21T A) + 3C, 00Byy)

doA = (@QH' %efwzﬂrn + %eg¢/4$(2)r11 + 9*16661)/4@(4)) €,

60¢ = %E)\ )
with the following field strengths:
G? =dc®, H=dB, GW=dc® +cWrH, (B.6)

and D e = (0, + w,)e. Upon (massless) reduction with our Ansitze the 11D field equation splits up in
two field equations for the 10D ITA fermionic field content, a gravitino and a dilatino:

Xo(H) =THPDyap, — é((?(b)l"“)\ =0, Xo(\)=T"D,\-T"@p), =0, B.7)

with D, = (9, + w,) and where we have set the vector, two- and three-form equal to zero. Under
supersymmetry these fermionic field equations transform into
JoXo(¥") = §T%¢ [R*, — §Rg", — 3(9"9)(,0) + 1(09)°9".] , ©8)
doXo(A) = €[Og]
which imply the usual graviton-dilaton field equations.

B.2.2 1IIA reduction Ansitze to 9D

We use the following reduction Ansatz with z-dependence implied by the SO(1,1)-symmetries (where
hatted quantities are ITA and unhatted are 9D):

16—3¢ /167 —7¢/16+3V7p/16 41
5 Imiaz/s e?/ v/ et e @/ @/ Au
B 0 e~ T9/16+3VT/16 )

Do = e—9Imi1az/16 ,—¢/32+3¢/32V/7 [¢a 4 31*21} ()\ _ %;\)} ,

P, = f3—72e*9mHAZ/lﬁe*¢/32+3@/32ﬁr£ ()\ _ %5\) 7

B, = —edmuaztmaz/2 (Bllw - 2A[1MA,,]) )

o

(83

_ . 3miaztmaz/2
Lz = —€ Ay,

W= —eimaE/ (Ai + XA;IL) ; (B.9)

C«;l) — _e—3m4z/4x 7

>

OB _ g3muaz—maz/4 (C“l,p —34; [MBli/p] + 6A[1MA3A/J]) ,

= Jo-tmnss/16g-0/32430/7 (3 4 V5 |
e = e9mIIAZ/166¢/32—3¢/32ﬁ67
$=1 (3¢ + ﬁp) 4 (B +ma) 2,

where the mass parameters are given by
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e mya = 0 and my4 = O for toroidal reduction,
o mya = 0 and my # 0 for twisted reduction using the scale symmetry «,
e mya = 0and my # 0 for twisted reduction using the trombone symmetry 3 and

e mua # 0 and my # 0 for a combination of the latter two.

B.3 1IB supergravity
B.3.1 IIB supersymmetry transformations and field equations
The supersymmetry transformation rules of ten-dimensional IIB supergravity read (in complex notation)
de, * = %EF“@/}M +h.c.,
i 5
Sty = Dye — e "V e

+ g e?? (T, 4 20000, ) (H2 4 7HY)

= e’ = et L (T 7T e
8B}, = e?? (€ T, — tel,u ) + hoc., (B.10)
6B}, = —e?/?1* (€T, — £eTwA) +hec.,

4 . i
3C)\, = 20Ty — & BiuwoBi, + huc.,

ox = —ie_d’é)\* + h.c.,
6 = LeX* +hc.,

with the complex scalar 7 = x + ie~?, the axion x = C(©), the doublet B* = (—B,C?)) and the
field strengths’®

H' =dB', G® =dcW + 1BnH'". (B.11)

Indices i, j of SL(2,R) are contracted with €ij = —e% with 19 = —e9; = 1. The covariant derivative of
the IIB Killing spinor reads

Dye= (@» +w, + ie‘i’aﬂx) €. (B.12)
When truncating to the metric, scalars and fermions, the massless 9D fermionic field equations read
Xo(yF) =THP (&, +w, + iz‘e‘f’ayx) by + Le?(@r)PHA* =0,

(B.13)
Xo0) =1 (B +, + $i60,) A+ T @r) = 0.

70 Note that G(®) is not of the canonical form (2.12); the difference amounts to a field redefinition.
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B.3.2 1IB reduction Ansétze to 9D

The reduction Ansitze we used for reducing the above rules are (where hatted quantities are IIB and unhatted
are 9D)

g, & = emuB? eﬁwzseua _eiﬁ@MAu
0 e~ VTp/4 ’

X 1/4
q[) = e*mnBz/2ef\ﬁtp/56 ctt +d (7/) + L7 5\*)
a or +d a T g /ma )

% 1/4
1&2 _ _ge—mmz/ze—ﬁ@/% (CT + d) FZS\* :

Z et +d =
X 3/4
A = jemmun=/2g—VTp/se (ST HAN T (B.14)
ct+d ’ '
« 1/4
= emHBz/Qe\ﬁtp/56 ct" +d / P
et +d ’
. ar+b
T = —
er+d’
ELV = ZmuBz (Q(z)_l)j g Biy , BLZ = —g?muB2 (Q(z)_l)j g AZL ,
q(fu),\p =™ D s é;(f;)Az = elmuns (_C/W/\ + 34 [uBzi/p]) ’
where we take the € to be z-dependent:
Q)i = exp imiz 1 (ma +ms3)z 7
%(mg—m3)z —%mlz
_ [ cosh(az) + 3 sinh(az) > (mg + mg) sinh(az) (B.15)
= (ma —mg)sinh(az)  cosh(az) — 2 sinh(az) ) ’
where a2 = 1 (m1? +ma? — m3?). The mass parameters 17, = (m, ms, m3) and myp take the following

values in the different reduction schemes

e m = 0 and mp = 0 for toroidal reduction,
e m # and myp = 0 for twisted reduction with the SL(2, R) symmetry,

e m = 0 and myg # 0 for twisted reduction with the trombone symmetry and

m # 0 and myig # 0 for a combination of the latter two.

B.4 9D maximal supergravity
B.4.1 9D supersymmetry transformations and field equations

The unique nine-dimensional N = 2 supergravity theory has the following supersymmetry transformations:
doep * = %E’y“w# +h.c.,

Sothy = Dye + %e—w/ﬁ (%%7(2) _ 7(2)%> Flaye
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- 8-12l eg¢/2f ( YuY @ '7(2)’7;1) e¢/2 (F2 + TFl)(Z) €

+ o ghe /2T (%%7(3) + 7(3)%> e?/? (H? + TH') €

_ We«a/f( ey @ — <4>%) G,
Sl = idp e — ﬁ QW/IFE iﬁ S‘O/Q\ﬁe‘wz'y(z) (F2 + T*Fl)@) €
2V7,0/24,(3 2
+231fe ©/2VT o0/ ()(H +7—H)(3)€
+ 4,\[e‘/’/\f¢¥e (B.16)

Sod = idp e — PPy e — 2_#32!63ﬁ¢/14e¢/27(2) (F2 + TFl)

_ ﬁe_ﬁ“’ﬂ‘le‘bﬂv@) (H2 + THI)

@ ¢
@) °
SoA, = %eQ“"/ﬁ€< w— \Lﬁ’yu;\*) +h.c.,

SoAL = %e¢/2 —30/2V7 (7*1/)/ LEvud + 4f€ %)\ ) +h.c.,

m
50AZ = —fe‘b/2 *om30/2V7 (6*#}“ + ey A+ 43—\%3*7#5\*) +h.c.,
5OBfw — _oP/2e0/2VT (E*v[u@by] + FEYuwA — 8f€ VA ) A 60A1 +h.c.
6oBfw — o9/27% 9 /2VT (g*'y[,ﬂbu] + LevuwA — S—\iﬁg*wyﬂ*) — A[MéoA?/] +h.c.,

60C,p = 3e ‘p/‘[w[ (sz] + #%ﬁ*) 3B; (v 00 A7 —|—hc
dop = —165\* +h.c.,
dox = fe PeEN* + h.c.,
o = fﬁé)\* +h.c.,
with the complex scalar 7 = y + ie~?. The field strengths read
G =dy, F=dA, F'=dA4", H'=dB'— AAF', G =dC + B;aF". (B.17)

The covariant derivative of the Killing spinor reads
Dye = (8 +wu+ §e%9,x) €. (B.18)
When truncating to the metric, scalars and fermions, the massless 9D fermionic field equations read
Xo (M) = 4P (ay +wy + ge%yx) b, — 2e?(Fr)v A + Li(do)y AT =0,
Xo(A) = 9% (8 + wu + 3ie®0x ) A+ P (7)) =0, (B.19)
Xo (:\) =~k (8# +w, — %ie‘bﬁﬂx) A — i’y“(ﬂgﬁ)w; =0.
Under supersymmetry these yield the variation

80Xo (%) = 47| R, — L Rg", — £ ((076) (0,0) — £ (90)° ") +
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=3 (00 @) — 3 00 0") = 3 (0%0) (0ue) — 5 (99 9",
d0Xo(A) = € [—e¢ (Ox + 2 (0u0) (8“)())] + i€” [qu& —e2? (8)()2} , (B.20)

d0Xo (5\) =ie” [O¢g] ,

which are the massless bosonic field equations for the metric and the scalars.

B.4.2 Twisted reduction of IIA using /3

The reduction of massless IIA supergravity using the scale symmetry § of Table 4.1 for twisting, with
reduction Ansitze (B.9) with myra = 0, leads to a massive deformation with mass parameter m,. Only the
supersymmetry variations of the dilatini receive explicit massive deformations:

S A = 3mye?/2730/2VTe 5 N = VT, e0/2730/2VT¢, (B.21)
The implicit massive deformations read:
Dp=e?De?, Dp=e*De?, G =Dx+3myA?, G=DC+ BinF",
F=DA+ im4B', F'=dA', F?=DA?, (B.22)
H'=DB' — ANF',  H?=DB? — AnF? — 1m, (C + 3A%AB') .

The RT covariant derivative is defined by D = d — wgmyA® with wg the 3 scale weight of the field it
acts on, as given in the Table 4.2, and DD = —wg m4 F''. The covariant derivative of the supersymmetry
parameter has no massive deformation.

As for the field equations, the explicit deformations in the bosonic sector are given by the scalar potential

V= 1ed730/VTn, 2 (B.23)

which can not be written in terms of a superpotential as (4.1). The explicit deformations of the fermionic
field equations read

Xy, (61) = imge®/2=30/2VT v [fi%%/\ - i%%A} ,

Xina(N) = —mae?/2730/2/ 00 [ 3y, 4 2o, 30| (B.24)
Xm4 <5‘) = _m4e¢/2_3¢/2\ﬁ’yy {%d’u - g%ﬁl%)\*} .

These massive deformations can be seen as a gauging of the scale symmetry § with gauge field trans-
formation

A=ewomad ALy AL )L (B.25)

with gauge vector A! and parameter \!. In addition, we find that the parabolic R subgroup of SL(2,R)
is gauged:

X=X+ Smy\?, B = B*— 3muN°B', A - A® —d) — 3my\PAL, (B.26)

with gauge vector A% and parameter \?. These two symmetries do not commute but rather form the two—
dimensional non-Abelian Lie group, consisting of scalings and translations in one dimension (so-called
collinear transformations [199]). The algebra reads

11, T5] =13, (B.27)

which is non—semi—simple. The emergence of this non-Abelian group is an example of the enhanced
gaugings of Sect.3.3.4 and can be understood by the scaling of the 10D vector A,, under 3, see Table 4.1.
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B.4.3 Twisted reduction of IIA using o

The twisted reduction of massless IIA supergravity based on the av symmetry of Table 4.1, with reduction
Ansitze (B.9) with my = 0, leads to a gauged supergravity with mass parameter mira . The explicit massive
deformations in this case appear in the variation of the gravitino and one of the dilatini:

9

. 2—3p /27
6m11Awu = _szIIAe¢/ #/ f’)/ue* s

Omua = Semae?/273/2V e, (B.28)

The implicit massive deformations are given by
Do =e ?de?, Dp=e¥De?, GY =dy, G=DC+ BrF?,
F=DA+3muaB', F'=dA', F?=d4%, (B.29)
H'=DB' — ArF', H? =DB? — AAF? + 3muaC.

The R covariant derivative is defined by D = d — w,, mia Al with w, the scale weight under o of
the field it acts on, as given in the Table 4.2, and DD = —w, mip AF1. The covariant derivative of the
supersymmetry parameter is given by

; 1
Dye = (8 +wu+ §e%0ux — fmual,d’ ) e. (B.30)
The 9D fermionic field equations have the following explicit massive deformations:
XmHA (w#) = imIIAe¢/273¢/2ﬁ7uV [%w: - i:ﬁ%’}/uA + i%ﬁ’)’vx} s

X’ITLHA ()‘) = _mIIAe¢/2_3¢/2\ﬁ7U |:_Z§’YUS\*:| ’ (B.31)

Xmiia ()\) = —mypae?/2 30/ 2Ty {%% - 6%@'%)\* + %Z%S\*} .
This massive deformation is a gauging of the scale symmetry o with transformation:
A =emwemmadt AL Al )\l (B.32)
with gauge vector A! and parameter \!.

B.4.4 Twisted reduction of IIB using §

The other possibility for twisted reduction of D = 10 IIB supergravity involves the trombone symmetry
of IIB supergravity. We use the reduction Ansétze given in (B.14) with m; = my = m3 = 0, yielding a
massive deformation with parameter mig. The explicit deformations of the supersymmetry rules read

S = —%z’mHBeQV’/‘ﬁ”yﬂe, 67111113;\ = —\%mHBe%/‘ﬁe* . (B.33)

The implicit deformations read

F=d4, F'=dA"—2mupB’, H'=dB'— A\F',

) . (B.34)
G =dC + BinF' + mueBinB', Do =dp — %mHBx‘L
for the bosons and
Dye = (au +wp o+ LefD,x + %mHBF,LA> e (B.35)
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for the supersymmetry parameter. The explicit deformations of the fermionic field equations read

XmHB (7/)#) Z'rnIIBemp/\/» n {4w - 16\/»2"}%/\*]
Koy (V) = mype??/VTy" [3i7A] , (B.36)

Xmus <>‘) = mHBe%p/\ﬁ,yu [%ﬂ/z - i%’}/uj‘] .
This is a supergravity where the scale symmetry ¢ has been gauged, whose action reads
A=ewmusd 45 A—dX, B — e (B - ATd)) (B.37)

with gauge vector A and parameter .

B.4.5 Toroidal reduction of gauged IIA

Finally, one can also consider the toroidal reduction of the D = 10 IIA gauged supergravity of Sect.4.2.3,
again with reduction Ansétze (B.9) with m4 = mya = 0. This leads to a D = 9 gauged supergravity with
the following explicit deformations

¢/2— 3¢/2f ¢/2— 3@/2\ﬁ *e (B.38)

5m11wu = 14Zm116 5m11)\ —Wmne
The bosonic implicit deformations read

Dy = dp — %m11A2, F=DA+3m;1B?>, G =DC ++BrF*,
. . (B.39)
F'=dA", H'=DB'— A\FY —3m,C, H?=DB?— AF® |

with the scale covariant derivative of a field with weight w defined by D = d — w,m142. For the
supersymmetry parameter we find

Dye = (aH + o+ Le®Fx + %mnrﬂf) c. (B.40)

The fermionic field equations are deformed by the massive contributions

an (¢M) = _imlle¢/2_3v/2f'7’“/ [ T'l/} T '71/)\ + 7/4\[7-71//\} y
Xonis (A) = myge/2=30/2VT v [ i1y )\*} : (B.A1)
X1, (;\> = m11e¢/2_3“’/2ﬁ7” [ T, — 61—\%2'7'%/\* + %ir*%;\*] .

This massive deformation is a gauging of the scale symmetry «, reading
A =e wemnA A2 A2 )2 (B.42)

with gauge vector A2 and parameter \2.
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