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Abstract

In an ungauged supergravity theory, the presence of a scalar potential is allowed
only for the minimal A/ = 1 case. In extended supergravities, a non-trivial
scalar potential can be introduced without explicitly breaking supersymmetry
only through the so-called gauging procedure. The latter consists in promoting
a suitable global symmetry group to local symmetry to be gauged by the vector
fields of the theory. Gauged supergravities provide a valuable approach to the
study of superstring flux-compactifications and the construction of phenomeno-
logically viable, string-inspired models. The aim of these lectures is to give a
pedagogical introduction to the subject of gauged supergravities, covering just

selected issues and discussing some of their applications.

1 Introduction

A long-standing problem of high energy theoretical physics is the formulation
of a fundamental theory unifying the four interactions. Superstring theory in
ten dimensions and M-theory in eleven seem to provide a promising theoretical
framework where this unification could be achieved. However, there are many
shortcomings originating from this theoretical formulation.

First of all, these kinds of theories are defined in dimensions D > 4, and,
since we live in a four-dimensional universe, a fundamental requirement for any

predictable model is the presence of a mechanism of dimensional reduction from
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ten or eleven dimensions to four. Moreover, the non-perturbative dynamics of
the theory is far from being understood, and there is no mechanism to select a
vacuum state for our universe (i.e. it is not clear how to formulate a phenomeno-
logical viable description for the model). Finally, there are more symmetries
than those observed experimentally. These models, in fact, encode Supersymme-
try (SUSY), but our universe is not supersymmetric and its gauge interactions
are well described, at our energy scales, by the Standard Model (SM). Therefore
deriving a phenomenologically viable model from string/M-theory also requires
the definition of suitable mechanisms of supersymmetry breaking.

Spontaneous compactification. The simplest way for deriving a four-
dimensional theory from a higher dimensional one is through spontaneous com-
pactification which generalizes the original Kaluza-Klein (KK) compactification
of five-dimensional general relativity on a circle. We consider the low-energy
dynamics of superstring/M-theory on space-time solutions with geometry of the
form

M4(173) X %nt ; (]‘)

where M4"¥ is the maximally symmetric four dimensional space-time with Lorentzian
signature and .#jy; is a compact internal manifold. The D = 10 or D = 11 fields,
excitations of the microscopic fundamental theory, are expanded in normal modes
(Y{n)) on the internal manifold

Bzt y*) = D Py(@h) Yoy (y*) 4 (2)
(n)

the coefficients ®(,,) of this expansion describing massive fields in M, with

mass of the order of %,

These are the Kaluza-Klein states, forming an infinite tower.

where R is the “size” of the internal manifold ..

In many cases, a consistent truncation of the massless modes @) is well
described by a D = 4 Supergravity theory (SUGRA), an effective field theory
consistently describing superstring dynamics on the chosen background at ener-
gies A, where

1
A K = < string scale . (3)

The effective supergravity has M4 as vacuum solution, and its general features
depend on the original microscopic theory and on the chosen compactification. In
fact, the geometry of .# affects the amount of supersymmetry of the low-energy
SUGRA, as well as its internal symmetries.



Internal manifold, compactification and dualities. According to the Kaluza-
Klein procedure, the isometries of .#i,; induce gauge symmetries in the lower-
dimensional theory gauged by the vectors originating from the metric in the
reduction mechanism (KK vectors). The internal manifold .#,; also affects the
field content of the D = 4 theory, which arrange in supermultiplets according to
the residual (super)symmetry of the vacuum solution M4 "%,

The compactification of superstring/M-theory on a Ricci-flat internal mani-
fold (like a torus or a Calabi Yau space) in the absence of fluxes of higher-order
form field-strengths, yields, in the low-energy limit, an effective four-dimensional
SUGRA, which involves the massless modes on M4"?. The latter is an un-
gauged theory, namely the vector fields are not minimally coupled to any other
field of the theory. At the classical level, ungauged supergravity models fea-
ture an on-shell global symmetry group, which was conjectured to encode the
known superstring/M-theory dualities [1]. The idea behind these dualities is that
superstring/M-theory provide a redundant description for the same microscopic
degrees of freedom: different compactifications of the theory turns out to define
distinct descriptions of the same quantum physics. These descriptions are con-
nected by dualities, which also map the correspondent low-energy description into
one another. The global symmetry group G of the classical D = 4 supergravity
is in part remnant of the symmetry of the original higher dimensional theory, i.e.

invariance under reparametrizations in iy '

Ungauged vs Gauged models. From a phenomenological point of view,
extended supergravity models on four dimensional Minkowski vacua, obtained
through ordinary Kaluza-Klein reduction on a Ricci-flat manifold, are not con-
sistent with experimental observations. These models typically contain a certain
number of massless scalar fields — which are associated with the geometry of the
internal manifold .#,; — whose vacuum expectation values (vevs) define a con-
tinuum of degenerate vacua. In fact, there is no scalar potential that encodes any
scalar dynamics, so we cannot avoid the degeneracy. This turns into an intrinsic
lack of predictiveness for the model, in addition to a field-content of the theory
which comprises massless scalar fields coupled to gravity, whose large scale effects
are not observed in our universe.

Another feature of these models, as we said above, is the absence of a internal
local-symmetry gauged by the vector fields. This means that no matter field is
charged under a gauge group, hence the name ungauged supergravity.

! in part they originate from gauge symmetries associated with the higher dimensional antisym-

metric tensor fields



Realistic quantum field theory models in four dimensions, therefore, require
the presence of a non-trivial scalar potential, which could solve (in part or com-
pletely) moduli-degeneracy problem and, on the other hand, select a vacuum state
for our universe featuring desirable physical properties like, for instance

- introduce mass terms for the scalars;
- support the presence of some effective cosmological constant;
- etc.

The phenomenologically uninteresting ungauged SUGRAs can provide a general
framework for the construction of realistic model. In a D = 4 extended supergrav-
ity model (i.e. having ' > 1 susy), it is possible to introduce a scalar potential,
without explicitly breaking supersymmetry, through the so-called gauging pro-
cedure [2-10]. The latter can be seen as a deformation of an ungauged theory
and consists in promoting some suitable subgroup G, of the global symmetry
group of the Lagrangian to local symmetry. This can be done by introducing
minimal couplings for the vector fields, mass deformation terms and the scalar
potential itself. The coupling of the (formerly abelian) vector fields to the new
local gauge group gives us matter fields that are charged under this new local
gauge syminetry.

In particular, in the presence of fluxes of higher-order form field-strengths
across cycles of the internal manifold

</ Fpy ) # 0, (4)
Zp
the non-linear dynamics of the low lying modes (or of a consistent truncation
thereof) is, in most cases, captured by a D = 4 theory which is gauged.

The gauge group G of the lower dimensional SUGRA depends on the geom-
etry of the internal manifold and on the possible internal fluxes

Gy
int. fluxes <— geom. of iyt
The fluxes and the structure of the internal manifold, aside from the gauge
symmetry, also induce masses and a scalar potential V(¢) (for reviews on flux-
compactifications see [11-13]). These mass terms produce, in general, supersym-
metry breaking already at the classical level (which is phenomenologically desir-

able) and the presence of a scalar potential lift the moduli degeneracy (already

at the tree level) and may produce an effective cosmological constant term
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/—v — SUSY breaking

geom. of Myt ,

int. fluxes
/’
N

Supergravity theories in D dimensions are consistently defined independently of

scalar masses

cosm. constant

their higher-dimensional origin, and are totally defined by

o amount of supersymmetry;
o field content;

o local symmetry, gauged by the vector fields (feature of gauged SUGRASs).

When originating from superstring/M-theory compactifications, gauged SUGRAs
offer a unique window on the perturbative low-energy dynamics of these theories,
since they describe the full non-linear dynamics of the low lying modes. In general,
there is a correspondence between vacua of the microscopic fundamental theory
and vacua of the low-energy supergravity. However, there are several gauged
SUGRAs whose superstring/M-theory origin is not known.

Gauged supergravities are obtained from ungauged ones, with the same field
content and amount of SUSY, through the gauging previously mentioned pro-
cedure, which is well-defined and works provided the gauge group G, satisfies
some stringent conditions originating from the requirement of gauge invariance

and supersymmetry.



‘ Ungauged SUGRA ,
M4(1‘5) X '//int ) D-dim
o _ o global symmetry
Ricci flat, .
group G encoding
flux =0 SS/M-th. duali-
L ties
SS/M—theory gauging
D =10, 11 of Gg € G
[ Gauged SUGRA ,
M"Y X Mg ) _D-dim o Gy,
flux # 0 o masses,
o V(g)#0

As mentioned above, gauging is the only known way to introduce a scalar potential
in extended supergravities without an explicit breaking of the supersymmetry.
However this procedure will in general break the global symmetry group of the
ungauged theory. The latter indeed acts as a generalized electric-magnetic duality
and is thus broken by the minimal couplings, which only involve the electric
vector fields. As a consequence of this, in a gauged supergravity we loose track
of the string/M-theory dualities, which were described by global symmetries of
the original ungauged theories.

The drawback can be avoided using the embedding tensor formulation of the
gauging procedure [3, 6, 14-16] in which all deformations involved by the gauging
is encoded in a single object, the embedding tensor, which is itself covariant
with respect to the global symmetries of the ungauged model. This allows to
formally restore such symmetries at the level of the gauged field equations and
Bianchi identities, provided the embedding tensor is transformed together with
all the other fields. The global symmetries of the ungauged theory now act as
equivalences between gauged supergravities. Since the embedding tensor encodes
all background quantities in the compactification describing the fluxes and the
structure of the internal manifold, the action of the global symmetry group on it
allows to systematically study the effect of dualities on flux compactifications.

These lectures are organized as follows.
In Sect. 2 we briefly review the general structure of ungauged supergravity
theories.



In Sect. 3 we discuss the gauging procedure in the electric symplectic frame
and comment on the relation between the embedding tensor and the internal
fluxes and the action on the latter of dualities. We end the section by discussing,
as an example, the gauging of the maximal four dimensional theory.

In Sect. 4 we review a manifestly covariant formulation of the gauging proce-
dure and introduce the notion of tensor hierarchy in higher dimensions.

A more complete and detailed recent review of gauged supergravities can be
found in [17].

2 Review of ungauged supergravities

Let us recall some basic aspects of the extended ungauged D = 4 supergravity.

Field content and bosonic action. The bosonic sector consists in the

graviton g, (), n, vector fields Aﬁ(m), ns scalar fields ¢*(x) and is described by

bosonic Lagrangian of the following general form 2

1 R 1 1 1
- Dhos = — 5 + 5 Gt(6) 040”01 + S Tas(9) Fip, F¥1 + = Ran(9) €77 Fy, Fio
(5)
where e = y/|Det(g,,,)| and the n, vector field strengths are defined as usual:
Fp, = 0,A) — 0,A . (6)

Let us comment on the general characteristics of the above action.

o The scalar fields ¢° are described by a non-linear o-model, that is they
are coordinates of a non-compact, Riemannian ns-dimensional differentiable
manifold (target space), named scalar manifold and to be denoted by #gca1.
The positive definite metric on the manifold is 64 (¢). The corresponding
kinetic part of the Lagrangian density reads:

Lica = 5 Gua(6) 06" 0" (7)

The o-model action is clearly invariant under the action of global (i.e. space-
time independent) isometries of the scalar manifold. As we shall discuss
below, the group G can be promoted to a global symmetry group of the
field equations and Bianchi identities (i.e. on-shell global symmetry group)
provided its (non-linear) action on the scalar fields is combined with an

2 using the “mostly minus” convention and 87Gy=c=h=1



electric-magnetic duality transformation on the vector field strengths and
their magnetic duals.

o The two terms containing the vector field strengths will be called vector
kinetic terms. A general feature of supergravity theories is that the scalar
fields are non-minimally coupled to the vector fields as they enter these terms
through symmetric matrices Zpas(¢), Rax(¢) which contract the vector field
strengths. The former Zyx(¢) is negative definite and generalizes the —1/g?
factor in the Yang-Mills kinetic term. The latter Rax(¢) generalizes the

f-term.

o There is a U(1)™ gauge invariance associated with the vector fields:
A A A
A, — A+ 00 (8)
and all the fields are neutral with respect to this symmetry group.

o There is no scalar potential. In an ungauged supergravity a scalar potential
is allowed only for N' =1 (called the F-term potential). In extended super-
gravities a non-trivial scalar potential can be introduced without explicitly
breaking supersymmetry only through the gauging procedure, which implies
the introduction of a local symmetry group to be gauged by the vector fields
of the theory and which will be extensively dealt with in the following.

The fermion part of the action is totally determined by supersymmetry once
the bosonic one is given. Let us discuss in some detail the scalar sector and its
mathematical description.

2.1 Scalar sector and coset geometry

As mentioned above the scalar fields ¢® are coordinates of a Riemannian scalar
manifold .#ea, with metric €4 (p). The isotropy group H of .#. has the
general form

H = Hgr X Hpyast s (9)

where Hp is the R—symmetry group and Hpyagt is a compact group acting on the
matter fields. The gravitino and spin-% fields will transform in representations of
the H group. The maximal theory A/ = 8 describes the gravitational multiplet
only and thus H = Hg = SU(8). The isometry group G of .#., clearly defines
the global symmetries of the scalar action.

In N > 2 theories the scalar manifold is constrained by supersymmetry to be



N % ng Ny R

8 e 70 | 28 56
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5 s 10 | 10 20

4 || 5w X sote)som | 602 | nt6 | (2,64 m)

3 et 6n | 3+n | (3+n)+ (3+n)

Table 1: Homogeneous symmetric scalar manifolds in N > 2 supergravities, their real
dimensions n, and the number n, of vector fields.

homogeneous symmetric, namely to have the general form

G

Mscal = — 10
scal H ( )
where G is the semisimple non-compact Lie group of isometries and H its maximal
compact subgroup. Generic homogeneous spaces .#s., can always be written in
the above form though G need not be semisimple. The action of an isometry
transformation g € G on the scalar fields ¢" parametrizing .#., is defined by

means of a coset representative L(¢) € G/H as follows:

g- L(cbr) = L(g* qbr) ’ h(¢rvg) ) (11)

where g x ¢" denote the transformed scalar fields, non-linear functions of the
original ones ¢", and h(¢", g) is a compensator in H. The coset representative is
defined modulo the right-action of H and is fixed by the chosen parametrization
of the manifold. Of particular relevance in supergravity is the so-called solvable
parametrization, which corresponds to fixing the action of H so that L belongs to



N E Ns Ny %’U
% on | n+l | (1+n)+(1+n)
SL(2,R) SO(2,n—1)
so@ X so@)xsom-n | 2n | ntl (2,n+1)
SU(1,1)
e 2 | 2 4
2, SK S{fg)) 12 7 14/
SU(3,3)
SUB)XUE)] 18 10 20
e 30 | 16 32.
E7(—25)
o 54 | 28 56
SU(2,npg)
SO@ % U(r ] ny
SO(4,npg)
SO(4)><SOI-(I7LH) dnmg
G2(2> 8
SU@) xSU@)
Facra)
SU(2) < USp(6) 28
2, QK ) 40
; SU@)xSU(6)
Ez(—5)
SU(2)xS0(12) 64
Eg(—24)
SU@)xE; 112
USp(2,2n5)
USp(2)x USp(2n ) dnn

Table 2: Homogeneous symmetric special Kéhler (SK) and quaternionic Kéahler (QK)
scalar manifolds in N/ = 2 supergravities, their real dimensions n, and the number n,
of vector fields.
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a solvable Lie group® G'g = exp(.¥), generated by a solvable Lie algebra .# and
defined, in the symmetric case, by the Iwasawa decomposition of G with respect
to H. The scalar fields are then parameters of the solvable Lie algebra .7

L(¢") =T € exp(.7), (12)

where {7} is a basis of ./ (r = 1,..., ns). All homogeneous scalar manifolds
occurring in supergravity theories admit this parametrization, which is useful
when the four-dimensional supergravity originates from the Kaluza-Klein reduc-
tion of a higher-dimensional one on some internal compact manifold. The solv-
able coordinates directly describe dimensionally reduced fields and moreover this
parametrization makes the shift symmetries of the metric manifest.
The Lie algebra g of G can be decomposed into the Lie algebra $ generating
H, and a coset space R:
g=HDR, (13)

where in general we have:
[, 9cH; D RICR; (R RICHBR, (14)

that is the space R supports a representation K of H with respect to its adjoint
action. An alternative choice of parametrization corresponds to defining the coset
representative as an element of exp(R):

L(¢") = e € exp(8), (15)

where { K, } is a basis of K. As opposed to the solvable parametrization, the coset
representative is no-longer a group element, since K does not close an algebra, see
last of egs. (14). The main advantage of this parametrization is that the action
of H on the scalar fields is linear:

VheH : hL(@)=he’ Krh T h=e""Eh™ = L(¢"Vh,  (16)

where ¢'" = (h™1!)," ¢°, and h," describes h in the representation K. This is not
the case for the solvable parametrization since [$), %] € ..

In all parametrizations, the origin O is defined as the point in which the coset
representative equals the identity element of G and thus the H-invariance of O

algebra .7 Gg = exp(.Y).

3 a solvable Lie group Gg can be described (locally) as a the Lie group generated by solvable Lie
A Lie algebra .7 is solvable iff, for some k& > 0, D¥. = 0, where the

derivative D of a Lie algebra g is defined as follows: Dg = [g,g], D"g = [D" g, D" 1g].

suitable basis of a given representation, elements of a solvable Lie group or a solvable Lie algebra are

all described by upper (or lower) triangular matrices

11



is manifest: L(O) = 1.
If the manifold, besides being homogeneous, is also symmetric, the space K

can be defined so that:
R, R CH. (17)

In this case the eq. (13) defines the Cartan decomposition of g into compact and
non-compact generators, in ) and K, respectively. This means that, in a given
matrix representation of g, a basis of the carrier vector space can be chosen so
that the elements of $) and of K are represented by anti-hermitian and hermitian
matrices, respectively.

The geometry of ., is described by vielbein and an H-connection con-
structed out of the left-invariant one-form

Q = L'dL € g, (18)

satisfying the Maurer-Cartan equation:
dQ+QANQ=0. (19)
The Vielbein and H-connection are defined by decomposing €2 according to (13)
Qo) =P(¢) +w(g); weH, PeR. (20)

Let us see how these quantities transform under the action of G. For any g € G,
using eq. (11), we can write L(g % ¢) = g L(¢) h !, so that:

Qgx¢) =hL(¢p) " g d(gL(¢) h™") = hL(¢) " dL(¢) k" + hdh™". (21)
From (20) we find:
Plgx o) +w(gxp) =hP(@)h  +hw(@)h t+hdht. (22)

Since h dh~! is the left-invariant 1-form on $), it has value in this algebra. Pro-

jecting the above equation over K and §), we find:

We see that w transforms as an H-connection while the matrix-valued one-form
‘P transforms linearly under H. The vielbein of the scalar manifold are defined by
expanding P in a basis { K} of 8 (underlined indices s, r,¢, ... are rigid tangent-

12



space indices, as opposed to the curved coordinate indices s, 7,t,...):

P(o) = V3(¢) K - (25)

From (23) it follows that the vielbein 1-forms V2(¢) = Vi2(¢)d¢® transform under
the action of G as follows:

Vi(gxd) = VHP) (W) = h5VH9). (26)

For symmetric spaces, from (19) it follows that w and P satisfy the following
conditions

)
R}
If

dP+w AP+PAw = 0, (27)
Rw) = dw+wANw = —PAP, (28)

where we have defined the H-covariant derivative 2P of P and the $-valued

curvature R(w) of the manifold. The latter can be written in components:

1
R(w) = 5 Rys dﬁf)r A d¢s = R,s= *[Ph 7)5] €9n. (29)
We define the metric at the origin O as the H-invariant matrix:
nst = kTr(Ks K¢) >0, (30)

where k is a positive number depending on the representation, so that the metric

in a generic point reads:

ds*(¢) = Gut(9)de® do' = Vi*(¢)Vit(¢)ne dd® d' = kTe(PsPy) . (31)

As it follows from egs. (23), (26), the above metric is manifestly invariant under
global G-transformations acting on L to the left (as well as local H-transformations
acting on L to the right):

ds*(gx 8) = ds() (32)
The o-model Lagrangian can be written in the form:

e s e 0¢°
L = SS(O)adud 0 = SRTH(PUO)PHO)),  Pu=Pape, (39
and, just as the metric ds?, is manifestly invariant under global G and local
H-transformations acting on L as in (11).

The bosonic part of the equations of motion for the scalar fields can be derived

13



from the Lagrangian (5) and read:
1
Du(0" ") = 6 [F O Tas F2 + Fu 0y Ras "F2] 0 (34)

where 05 = 8%5, while Z,, also contains the Levi-Civita connection I on the scalar
manifold:

2,(0,9°) = V,.(0,0°) + T5,,,0,0" 0,0, (35)

V. being the covariant derivative containing the Levi-Civita connection on space-
time.

Let us end this paragraph by introducing, in the coset geometry, the Killing
vectors describing the infinitesimal action of isometries on the scalar fields. Let us
denote by t, the infinitesimal generators of GG, defining a basis of its Lie algebra
g and satisfying the corresponding commutation relations

[tou tﬁ] = 04,37 t’ya (36)

.37 being the structure constants of g. Under an infinitesimal G-transformation
generated by €*t, (e* < 1):
g%]l+€ataa (37)

the scalars transform as:

¢° — ¢° + " k() , (38)

kS (o) being the Killing vector associated with t,. The action of g on the scalars
is defined by eq. (11), neglecting terms of order O(e?):

(14 " ta) L(¢) = L(¢ + " ka) (1 — %G‘J‘Wi 1) (39)

where (1 — %GO‘WO{ Jr) denotes, expanded to linear order in ¢, the compensating
transformation h(¢, g), {J;} being a basis of ). Equating the terms proportional
to €, multiplying to the left by L™ and using the expansion (20) of the left-
invariant 1-form, we end up with the following equation:

1 1
LMoL = K (Ps+ws) = 5 Wo i = kG Vit s+ 5 (Kwl = W3) Ji, (40)

where we have expanded the H-connection along J; as follows:

1

Eq. (40) allows to compute k, for homogeneous scalar manifolds by projecting
L~ 't,L along the directions of the coset space & These Killing vectors satisfy

14



the following algebraic relations (note the minus sign on the right hand side with
respect to (36) :
ko, kgl = —fap” kv, (42)

We can split, according to the general structure (9), the H-generators J; into Hg-
generators Jp (a =1,...,dim(HR)) and Hyage-generators Jy, (m =1, ..., dim(Hpazt)),
and rewrite (40) in the form:

1 1
L%yl = kSVEK, — 5 Pada= 5 P8 . (43)

The quantities
Py = —(kows = W3), (44)

generalize the so called momentum maps in N' = 2 theories, which provide a
Poissonian realization of the isometries t,. One can verify the general property:

ko By = D24 (45)

where %, denotes the H-covariant derivative and we have expanded the curvature
R[w] defined in (28) along J;:

Rlw] = % RL de* A dg! J; . (46)

These objects are important in the gauging procedure since they enter the defini-
tion of the the gauged connections for the fermion fields as well as gravitino-shift
matrix Sap (see Sect. 3). For all those isometries which do not produce compen-
sating transformations in Hg, W& = 0 and &?2 are easily computed to be

a __ S, .a
Do = -k wd.

This is the case, in the solvable parametrization, for all the isometries in .,
which include translations in the axionic fields.

In NV = 2 models with non-homogeneous scalar geometries, though we cannot
apply the above construction of k., &2, the momentum maps are constructed
from the Killing vectors as solutions to the differential equations (45). In general,
in these theories, with each isometry t, of the scalar manifold, we can associate
the quantities Z2g, 5 which are related to the corresponding Killing vectors
ko through general relations (see [18] for a comprehensive account of N' = 2
theories).

15



2.2 Vector sector

We can associate with the electric field strengths F; lﬁ\y their magnetic duals Ga .
defined as:

0%,
GApw = _€Mypaa_f77f = Rax FEV — Taxy *FEV’ (47)
po

where we have omitted fermion currents in the expression of Ga since we are only
focussing for the time being on the bosonic sector of the theory. In ordinary
Maxwell theory (no scalar fields), Zxs = —dax and Rax = 0, so that Ga
coincides with the Hodge-dual of Flﬁ\l,: Gr = *FA

In terms of FA and GA the bosonic part of the Maxwell equations read

vﬂ(*Fé\l/) - 0’ vu(*gA/u/) = 07 (48)

In order to set the stage for the discussion of global symmetries, it is useful to
rewrite the scalar and vector field equations in a different form. Using (47) and

the property that **FA = —FA we can express *F and *Gy as linear functions
of FA and Gy:
FA=T71 (Rer FP — Gy) (49)
*Gr = (RIT'R4+T)as F¥ — (RT 1A Gx, (50)

where, for the sake of simplicity, we have omitted the space-time indices. It is
useful to arrange F* and G in a single 2n,-dimensional vector F = (FM) of

1 FA O\ dat A da”
F_(Zmyydmc@u)z( ) do Ado” o)
QAW 2

two-forms:

in terms of which the Maxwell equations read:
dF =0, (52)
and egs. (50) are easily rewritten in the following compact form:
F=-CM(¢*)F, (53)

where

C= (V) = ( 0 ﬂ) , (54)

16



1, 0 being the n, x n, identity and zero-matrices, respectively, and

(55)

M(9) = (M(@)ary) = (mf% + D ‘(RI_I)AF> ,

_(IflR)AE Ifl AT

is a symmetric, negative-definite matrix, function of the scalar fields. The reader

can easily verify that this matrix is also symplectic, namely that:
M(¢)CM(¢) =C. (56)

This matrix contains Zpy, and Ry as components, and therefore defines the
non-minimal coupling of the scalars to the vector fields.
After some algebra, we can also rewrite egs. (34) in a compact form as follows

Tu(05°) = G FL,DM(6) P (57)

2.3 Coupling to gravity

We can now compute the Einstein equations:

1 s v F

RMV - 5 gMV R = T[Sl/) + Tp(w) + T,L(w) ) (58)
where the three terms on the right hand side are the energy-momentum tensors
of the scalars, vectors and fermionic fields, respectively. The first two can be cast
in the following general form

1

T,LSE) = cgrs(gb) a,uqbraugbs - 5 Guv (grs(gb) ap¢rap¢s ) (59)
1 loa

7)) = <FEPIFVP — 9w (FLIF* )> , (60)

where in the last equation the vector indices A, Y have been suppressed for the
sake of notational simplicity. It is convenient for our next discussion, to rewrite,

after some algebra, the right hand side of (60) as follows

1
T3 = S Fuy MO EY (61)

so that eq. (58) can be finally recast in the following form:
1
Ryy = 6,5(9) 000" 0,6" + 5 Fl,M(@$)F, + ..., (62)

where the ellipses refer to fermionic terms.
The scalar fields enter the kinetic terms of the vector fields through the ma-
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trices Z(¢) and R(¢). As a consequence of this, a symmetry transformation of
the scalar part of the Lagrangian will not in general leave the vector field part

invariant.

2.4 Global symmetry group

In extended supergravity models (N > 1) the (identity sector of the) global
symmetry group G of the scalar action can be promoted to a global invariance
[19] of, at least, the field equations and the Bianchi identities, provided its (non-
linear) action on the scalar fields is associated with a linear transformation on
the vector field strengths F/ﬁ, and their magnetic duals Ga ;.:

o —  gx¢" (non-linear),
€eqG: A A A AT b
9 Vo a2 (A P () Ginean,
Ga GA Clglas  Dlgla™ Gy,
(63)

The transformations (63) are clearly a symmetry of the scalar action and of the
Maxwell equations (dF = 0) if FA and Ga were independent, since the latter are
clearly invariant with respect to any linear transformation on F™. The definition
Ga in (47) as a function of FA, *FA and the scalar fields, which is equivalently
expressed by the twisted self-duality condition (53), however poses constraints on
the 2n, x 2n, matrix %,[g] = (%,[g9]™ ). In order for (63) to be an invariance
of the vector equations of motion (52) and (53) the following conditions have to
be met:

i) for each g € G (more precisely in the identity sector of G), the matrix %,[g]
should be symplectic, namely

Ro19]"CAy[g) = C; (64)
ii) the symplectic, scalar dependent, matrix M (¢) should transform as follows:

M(g* @) = Ru[g] T M(8) Zulg) ", (65)

where we have used the short-hand notation %,[g]~" = (%.[g]™")".

The reader can indeed verify that conditions i) and ii) are sufficient to guarantee
invariance of (53) under (63). The symplectic transformation %, [g|, associated
with each element g of GG, mixes electric and magnetic field strengths, acting
therefore as a generalized electric-magnetic duality and defines a symplectic rep-
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resentation %, of G:

Vge G 2 A,]g) € Sp(2n,, R). (66)
The field strengths and their magnetic duals transform therefore, under the du-
ality action (63) of G in a 2n,-dimensional symplectic representation.
We denote by Z,« = %, T the representation dual to %,, acting on covariant
symplectic vectors, so that, for any g € G:

Roilg] = (Zoi[@u™) = Zulg] " = —CZ,[g]C =
= Rulglu™ = Cup Zlg)"oCNY, (67)

where we have used the property that %, is a symplectic representation®.

From (64) and (65), it is straightforward to verify the manifest G-invariance
of the scalar field equations and the Einstein equations written in the forms (57)
and (62).

Conditions i) and ii) are verified in extended supergravities as a consequence
of supersymmetry. In these theories indeed supersymmetry is large enough as to
connect certain scalar fields to vector fields and, as a consequence of this, sym-
metry transformations on the former imply transformations on the latter (more
precisely transformations on the vector field strengths F* and their duals Gy ).
The existence of a symplectic representation %, of G, together with the defini-
tion of the matrix M and its transformation property (65), are built-in in the
mathematical structure of the scalar manifold. More precisely they follow from
the definition on ., of a flat symplectic structure. Supersymmetry totally fixes
M(¢) and thus the coupling of the scalar fields to the vectors, aside from a free-
dom in the choice of the basis of the symplectic representation (symplectic frame)
which amounts to a change in the definition of M(¢) by a constant symplectic
transformation E:

M(¢) — M'(¢) = EM(¢)E" . (68)

Clearly if E € Z,.|G] C Sp(2n,,R), its effect on M(¢) can be offset be a redef-
inition of the scalar fields, by virtue of eq. (65). On the other hand if F a were
block-diagonal matrix, namely an element of GL(n,, R) C Sp(2n,,R), it could be
reabsorbed in a local redefinition of the field strengths. Inequivalent symplectic
frames are then connected by symplectic matrices E defined modulo redefinitions

* the symplectic indices M, N, ... are raised (and lowered) with the symplectic matrix
(Carn) using north-west south-east conventions: XM = CMY Xy (and X = Cypr XV)
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of the scalar and vector fields, namely by matrices in the coset [3]:
E € GL(nv,R)\Sp(an, R)/'@v* [G] ) (69)

where the quotient is defined with respect to the left-action of GL(n,,R) (local
vector redefinitions) and to the right-action of Z,.|G| (isometry action on the
scalar fields).

A change in the symplectic frame amounts to choosing a different embedding
X, of G inside Sp(2n,, R), which is not unique. This affects the form of the
action, in particular the coupling of the scalar fields to the vectors. However, at
the ungauged level, it only amounts to a redefinition of the vector field strengths
and their duals which has no physical implication. In the presence of a gauging,
namely if vectors are minimally coupled to the other fields, the symplectic frame
becomes physically relevant and may lead to different vacuum-structures of the
scalar potential.

We emphasize here that the existence of this symplectic structure on the scalar
manifold is a general feature of all extended supergravites, including those N/ = 2
models in which the scalar manifold is not even homogeneous (i.e. the isometry
group, if it exists, does not act transitively on the manifold itself). In the N' = 2
case, only the scalar fields belonging to the vector multiplets are non-minimally
coupled to the vector fields, namely enter the matrices Z(¢), R(¢), and they span
a special Kdhler manifold. On this manifold a flat symplectic bundle is defined”,
which fixes the scalar dependence of the matrices Z(¢), R(¢), aside from an initial
choice of the symplectic frame, and the matrix M(¢) defined in (55) satisfies the
property (65).

If the scalar manifold is homogeneous, we can consider at any point the coset
representative L(¢) € G in the symplectic, 2n,-dimensional representation %,:

L(¢) 2% %,[L(¢)] € Sp(2n,, R). (70)

In general the representation %, [H| of the isotropy group H may not be orthog-
onal, that is %,[H] ¢ SO(2n,). In this case we can always change the basis of
the representation® by means of a matrix S

S = (8" u) € Sp(2ny, R)/U(n) (71)

® a special Kihler manifold is in general characterized by the product of a U(1)-bundle, associated
with its K&hler structure (with respect to which the manifold is Hodge Ké&hler), and a flat symplectic
bundle. See for instance [18] for an in depth account of this issue

6 we label the new basis by underlined indices
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such that, in the rotated representation Z, = S~'%, S:
R, H) =S '%,[H|S C SO(2n,) < ZJ[h ' #,Jh =1, VYheH. (72)

For any point ¢ on the scalar manifold define now the hybrid coset-representative
matriz L(¢) = (L(¢)M y) as follows:

L(¢) = Z,[L(¢)]S & L(o)My = R[L(¢))" NSy . (73)
We also define the matrix

L(¢)yY = CupC¥2LL($)7g . (74)

Notice that, as a consequence of the fact that the two indices of IL refer to two
different symplectic bases, LL itself is not a matrix representation of the coset
representative L. From (11), the property of %, of being a representation and
the definition (73) we have:

Vge G Zgll(¢) =L(gx ) Z,[h], (75)

where h = h(¢, g) is the compensating transformation. The hybrid index struc-
ture of L poses no consistency problem since, by (75), the coset representative is
acted on to the left and to the right by two different groups: G and H, respec-
tively. Therefore, in our notations, underlined symplectic indices M, N,... are
acted on by H while non-underlined ones by G.

The M(¢) is then expressed in terms of the coset representative as follows:

M(@)un = CarpL(9)  LL(¢) L Cry & M(¢) = CL(¢)L(¢)" C,  (76)

where summation over the index L is understood. The reader can easily verify
that the definition of the matrix M(¢) given above is indeed consistent, in that it
is H-invariant, and thus only depends on the point ¢, and transforms according

o (65):

Vge G : M(gxd)=CL(g*¢)L(gx ) C=
= CZu[g) L(¢)(2,[h] " 2, h]~ )L(¢)T%[Q]TC =
= Zulg] " CL(¢) L(¢)" CZu[g]
= Zolg) " M($)%]g) 7! (77)

where we have used eq. (75), the orthogonality property (72) of Z,[h| and the
symplectic property of Z,[g]. From the definition (76) of M in terms of the
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coset representative, it follows that for symmetric scalar manifolds the scalar
Lagrangian (33) can also be written in the equivalent form:

e

Lical = 5 Gut (9)9," Aot = g ETr(M™19,M M0 M) (78)

where k& depends on the representation %, of G.

The transformation properties of the matrices Zpy», and Ry under G can be
inferred from (65) and can be conveniently described by defining the complex
symmetric matrix

My =Ras +12as - (79)

Under the action of a generic element g € G, N transforms as follows:

N(g* ) = (Clg] + Dlg] ¥ (¢))(Alg] + Blg] ¥ (¢))", (80)

where Alg], Blg], Clg], D[g] are the n, x n, blocks of the matrix %,[g] defined
in (63).

Parity. We have specified above that only the elements of G which belong to
the identity sector, namely which are continuously connected to the identity, are
associated with symplectic transformations. There may exist isometries g € G
which do not belong to the identity sector and are associated with anti-symplectic
matrices A[g]:

M(gx ) = Alg] " M(¢) Alg];  Alg]"CA[g] = —C. (81)

Anti-symplectic matrices do not close a group but can be expressed as the product
of a symplectic matrix S times a fixed anti-symplectic one P, that is A = SP. In
a suitable symplectic frame, the matrix P can be written in the following form:

1T O
e (3 %) “

Due to their being implemented by anti-symplectic duality transformations (63),
these isometries leave eq. (53) invariant up to a sign which can be offset by a
parity transformation, since under parity one has * — —x . Indeed one can
show that these transformations are a symmetry of the theory provided they are
combined with parity. Notice that this poses no problem with the generalized

theta-term since, as parity reverses the sign of e#**? F’ lf,,F p%, under P we have:

Irs — Ias Ras — —Rax, (83)
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see equation (80), so that the corresponding term e**7F lfVF ,ErRAE in the La-

grangian is invariant. The global symmetry group of the theory is therefore
described by a group
G:GQXZQZ{G(), G0~p}, (84)

where Gy is the proper duality group defined by the identity sector of G and p
is the element of G which corresponds, in a suitable symplectic frame, to the
anti-symplectic matrix P: P = A[p].

Ezxample. Let us discuss the simple example of the lower-half complex plane
G/H = SL(2,R)/SO(2). (85)

This manifold is parametrized by a complex coordinate z, with Im(z) < 0. As
symplectic representation of G = SL(2,R) we can choose the fundamental repre-
sentation and the following basis of generators of g = s((2,R):

wem -~ i) = {(10) (0 0) (0 )}

The subalgebra .# of upper-triangular generators

S =1{c% o}, 0" = (8 é) : (87)

defines the solvable parametrization ¢° = (¢, x), in which the coset representative
LL has the following form:

/2 ,
_ XU+ P53 . 1 X e¥ 0 7
L(p, x) =eX? ez <O ) ) (O I € e’ . (88)

The relation between the solvable coordinates and z is
2 = z1+1i29 = x—i€¥. (89)
The metric reads:
dyo?

1 1
ds® = 5 + §dx26_2‘p =52 dzdz ; (90)
2
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and the matrix M(¢)y N reads:

20 \ —21 |z|2

M(z, Z)un = CypL(¢) L L(4) L Cry = L ( b ) . (91)

The generic isometry which is continuously connected to the identity is a holo-
morphic transformation of the form

, _az+b o
iod= ad —bc=1, (92)

corresponding to the SL(2,R) transformation S = (a
c

Z) with det(S) = 1. The
reader can easily verify that:
M, Z)=8"TM(z 287!, (93)
We also have the following isometry:
z2— —Z, (94)

which is not in the identity sector of the isometry group, and corresponds to the
anti-symplectic transformation P = diag(1, —1) in that:

M(=Z, —2) =P TM(z, 2P L. (95)

This corresponds to a parity transformation whose effect is to change the sign of
the pseudo-scalar y while leaving the scalar ¢ inert:

parity : x — —x, ¢ — . (96)

Notice that the correspondence between the linear transformation P and the
isometry (94) exists since P is an outer-automorphism of the isometry algebra
g = s[(2,R), namely:

P52, R)P = sl(2,R), (97)

while P is not in SL(2,R) and the above transformation cannot be offset by any
conjugation by SL(2,R) elements. Analogous outer-automorphisms implementing
parity can be found in other extended supergravities, including the maximal one
in which G = E7(7) X ZQ [20]

Solitonic solutions, electric-magnetic charges and duality. Ungauged super-
gravities only contain fields which are neutral with respect to the U(1)™ gauge-
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symmetry of the vector fields. These theories however feature solitonic solu-
tions, namely configurations of neutral fields which carry U(1)™ electric-magnetic
charges. These solutions are typically black holes in four dimensions or black
branes in higher and have been extensively studied in the literature. On a charged
dyonic solution of this kind, we define the electric and magnetic charges as the
integrals’:

1
GAE/ gA:/ GA pv dxt N dx”
g2 2 Jg2

1
mh = / FA = - / FA L dat A da (98)
SQ 2 SQ

where S? is a spatial two-sphere. They define a symplectic vector I'M:

r—(rM)—@AA)—/SQIFM. (99)

These are the quantized charges, namely they satisfy the Dirac-Schwinger-Zwanziger
quantization condition for dyonic particles [21-23]:

TTCT = m) ejpn —miegp =2nhien ; nel. (100)

At the quantum level, the dyonic charges therefore belong to a symplectic lattice
and this breaks the duality group G to a suitable discrete subgroup G(Z) which
leaves this symplectic lattice invariant:

G(Z) = GNSp(2ny, Z). (101)

This discrete symmetry group of surviving quantum corrections (or a suitable
extension thereof) was conjectured in [1] to encode all known string/M-theory

dualities.

2.5 Symplectic frames and Lagrangians

As pointed out earlier, the duality action %, [G] of G depends on which elements,
in the basis of the 2n, representation, are chosen to be the n, electric vector
fields (appearing in the Lagrangian) and which their magnetic duals namely on
the choice of the symplectic frame which determines the embedding of the group
G inside Sp(2n,, R). Different choices of the symplectic frame may yield inequiv-
alent Lagrangians (that is Lagrangians that are not related by local field redef-

7 the electric and magnetic charges (e, m) are expressed in the rationalized-Heaviside-Lorentz (RHL)
system of units
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initions) with different global symmetries. Indeed, the global symmetry group
of the Lagrangian® is defined as the subgroup G C G, whose duality action is
linear on the electric field strengths

Aty 0
geCa : Ay = (Cé DAE>, (102)

where D = A~T by the symplectic condition, so that

g€ Gy : FMN— FIN= AN F
GA — QA:CAZFE—i-DAEgz. (103)

Indeed, as the reader can verify using eq. (80), under the above transformation
the matrices Z, R transform as follows:

Ins — DA"Ds®Ina;  Ras — DaA"Ds® Rua + Can Ds™, (104)
and the consequent variation of the Lagrangian reads

Lroos = é Can AMg e ? F\ 2 (105)
which is a total derivative since Camp Ay, is constant. These transformations
are called Peccei-Quinn transformations and follow from shifts in certain ax-
ionic scalar fields. They are a symmetry of the classical action, while invariance
of the perturbative path-integral requires the variation (105), integrated over
space-time, to be proportional through an integer to 2wh. This constrains the
symmetries to close to a discrete subgroup G(Z) of G whose duality action is im-
plemented by integer-valued matrices %Z,[g]. Such restriction of G to G(Z) in the
quantum theory was discussed earlier as a consequence of the Dirac-Schwinger-
Zwanziger quantization condition for dyonic particles (100).

From (103) we see that, while the vector field strengths F, lfy and their duals
GA v transform together under G in the (2n,-dimensional) symplectic represen-
tation %, the vector field strengths alone transform linearly under the action of
G in a smaller representation ny, defined by the A-block in (102).

Different symplectic frames of a same ungauged theory may originate from
different compactifications. A distinction here is in order. In N > 3 theories,
scalar fields always enter the same multiplets as the vector fields. Supersymmetry
then implies their non-minimal coupling to the latter and that the scalar manifold
is endowed with a symplectic structure associating with each isometry a constant

8 here we only consider local transformations on the fields
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symplectic matrix. In A/ = 2 theories, scalar fields may sit in vector multiplets
or hypermultiplets. The former span a special Kdhler manifold, the latter a
quaternionic Kdahler one, so that the scalar manifold is always factorized in the
product of the two:

M = My X M - (106)

scal

The scalar fields in the hypermultiplets are not connected to vector fields through
supersymmetry and consequently they do not enter the matrices Z(¢) and R(¢).
As a consequence of this the isometries of the Quaternionic-Kahler manifolds
spanned by these scalars are associated with trivial duality transformations

g € isom. of Mo = gl =1, (107)

while only .#sx features a flat symplectic structure which defines the embedding
of its isometry group inside Sp(2n,,R) and the couplings of the vector multiplet-
scalars to the vector fields through the matrix M(¢). It is important to remark
that such structure on a special Kéhler manifold exists even if the manifold itself
is not homogeneous. This means that one can still define the symplectic matrix
L(¢) and, in terms of the components Zyy, and Ry, also the matrix M(¢) as in
(76), although L(¢) has no longer the interpretation of a coset representative for
non-homogeneous manifolds.

It is convenient for later purposes to rewrite the transformation properties of
the bosonic fields the group G, discussed in this section, in the following infinites-
imal form:

SL =A%t L,

SFN, = —A* (ta)NM F,

G :

in terms of the infinitesimal generators ¢, of G earlier introduced, satisfying the
relation (36). The matrices (to )" define the infinitesimal duality action of G
and are symplectic generators

(ta)MN(CNp:(ta)pN(CNM M, N,...:l,...,2nv. (108)

This is equivalently stated as the property of the tensor t, iy = (ta) ul Cpy of
being symmetric in M N:

(ta)mN = (ta)NM - (109)
2.6 The fermionic sector

Fermions in supergravity transform covariantly with respect to the isotropy group
H of the scalar manifold, which has the general form (9), while they do not
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transform under G, as opposed to the bosonic fields. Bosons and fermions have
therefore definite transformation properties with respect to different groups of
internal symmetry. The matrix IL, defining the coset representative for homoge-
neous scalar manifolds, transforms under the action of G to the left and of H to
the right, according to (11)

G > L « H, (110)

and thus has the right index structure to “mediates” in the Lagrangian between
bosons and fermions. This means that we can construct G-invariant terms by
contracting L to the left by bosons (scalars, vectors and their derivatives), and
to the right by fermions

(Bosons) * L(¢) x (Fermions) , (111)

the two x symbols denote some contraction of indices: G-invariant to the left and
H-invariant to the right. The “Boson” part of (111) may also contain L and its
derivatives. These are the kind of terms occurring in the field equations. If under
a transformation g € GG, symbolically:

Bosons — Bosons’ = Bosons x g~ !, (112)

and the fermions are made to transform under the compensating transformation

h(¢,g) in (11):
Fermions — Fermions’ = h(¢, g) x Fermions . (113)
Using (11) we see that (111) remains invariant:
(Bosons)’ x (g * ¢) x (Fermions') = (Bosons) x L(¢) * (Fermions) . (114)

The Lagrangian is manifestly invariant under local H-transformations since the
covariant derivatives on the fermion fields contain the H-connection’ Wy

2,6 =V, &+ w, % &, (115)

where, as usual, the x symbol denotes the action of the $-valued connection w,
on ¢ in the corresponding H-representation. The reader can verify that (115) is
indeed covariant under local H-transformations (113), provided w is transformed
according to (24). As opposed to the gauge groups we are going to introduce by

9

we define w, = w; 0,¢°
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the gauging procedure, which involve minimal couplings to the vector fields of
the theory, the local H-symmetry group of the ungauged theory is not gauged by
the vector fields, but by a composite connection w,, which is a function of the
scalar fields and their derivatives. The minimal coupling w), x § is an example of
the boson-fermion interaction term (111).

It is useful to write the coupling (111) in the following form:

f(¢, Bosons) x (Fermions) , (116)
where we have introduced the H-covariant composite field:
(¢, Bosons) = (Bosons) x L(¢), (117)

obtained by dressing the bosonic fields and their derivatives with the coset-
representative so as to obtain an H-covariant quantity with the correct H-index
structure to contract with fermionic currents. Indeed under a G-transformation

f(g * ¢, Bosons') = f(¢, Bosons) % h(¢,g) ™", (118)

The manifest H-invariance of the supergravity theory requires the supersymmetry
transformation properties of the femionic fields to be H-covariant. Indeed such
transformation rules, which in rigid supersymmetric theories (i.e. theories which
are invariant only under global supersymmetry) can be schematically described

as follows!:

0Fermion = Z OBoson - €, (119)

Bosons

and in supergravity theories have the following general H-covariant form'!

0Fermion = Z f(¢, Bosons) - €, (120)

Bosons

where the space-time derivatives of the bosonic fields are dressed with the scalars
in the definition of f(¢, Bosons). Examples of composite fields f(¢, Bosons) are
the vielbein of the scalar manifold (pulled back on space-time) P, = Ps 0,¢°, the
H-connection =), in (115), the dressed vector field-strengths

F(9,04)5 = —(L(¢) )N, (121)

)

10 this is a schematic representation in which we have suppressed the Lorentz indices and gamma-
matrices

1 the gravitino field has an additional term Ze which is its variation as the gauge field of local
supersymmetry
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or the T-tensor, to be introduced later, in which the bosonic field to be dressed
by the coset representative is the embedding tensor © defining the choice of the
gauge algebra.

3 Gauging Supergravities

We have reviewed the field content and the Lagrangian of ungauged supergravity,
as well as the action of the global symmetry group G. Now we want to discuss
how to construct a gauged theory from an ungauged one.

In the following, we will employ a covariant formalism in which the possible
gaugings will be encoded into an object called embedding tensor, that can be
characterized group-theoretically [3, 14, 15].

3.1 The gauging procedure step-by-step

As anticipated in the Introduction, the gauging procedure consists in promoting
a suitable global symmetry subgroup G, C G of the Lagrangian to a local
symmetry gauged by the vector fields of the theory. This requirement gives us a
preliminary condition

dim(Gy) < ny. (122)

As explained in Sect. 2.5, different symplectic frames correspond to ungauged La-
grangians with different global symmetry groups Ge; and thus to different choices
for the possible gauge groups.

The first condition for the global symmetry subgroup Gy to become a viable
gauge group, is that there should exist a subset {AA} of the vector fields'? which
transform under the co-adjoint representation of the duality action of G;. These
fields will become the gauge vectors associated with the generators X; of the
subgroup G.

We shall name electric frame the symplectic frame defined by our ungauged
Lagrangian and labeled by hatted indices.

Note that, once the gauge group is chosen within Gy, its action on the various
fields is fixed, being it defined by the action of G4 as a global symmetry group
of the ungauged theory (duality action on the vector field strengths, non-linear
action on the scalar fields and indirect action through H-compensators on the
fermionic fields): fields are thus automatically associated with representations of
Gy.

12" we describe by hatted-indices those pertaining to the symplectic frame in which the Lagrangian

is defined
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After the initial choice of Gy in G, the first part of the procedure is quite
standard in the construction of non-abelian gauge theories: we introduce a gauge-
connection, gauge-curvature (i.e. non-abelian field strengths) and covariant deriva-
tives. We will also need to introduce an extra topological term needed for the
gauging of the Peccei-Quinn transformations (105). This will lead us to construct
a gauged Lagrangian cfg(;)lged with manifest local Gg-invariance. Consistency of
the construction will imply constraints on the possible choices of G, inside G.
The minimal couplings will however break supersymmetry.

The second part of the gauging procedure consists in further deforming the La-
grangian g;;)lged in order to restore the original supersymmetry of the ungauged
theory and, at the same time, preserving local Gg-invariance.

Step 1. Choice of the gauge algebra. We start by introducing the gauge
connection:

Q= Qudat; Q=g A X, (123)

g being the coupling constant. The gauge-algebra relations can be written
r
[Xi Xs] = fie Xp, (124)

and are characterized by the structure constants f[\if . This closure condition
should be regarded as a constraint on Xy, since the structure constants are not
generic but fixed in terms of the action of the gauge generators on the vector fields
as global symmetry generators of the original ungauged theory. To understand
this, let us recall that G is a subgroup of G¢; and thus its electric-magnetic duality
action, as a global symmetry group, will have the form (102). The duality action
on the vector field strengths and their duals of the infinitesimal generators X3
will then by represented by a symplectic matrix of the form (102)

(x)" 5 = (?Ai XO A) , (125)
ATS: r
where X [\Ai and X AfA are the infinitesimal generators of the A and D-blocks
in (102) respectively, while X} . describes the infinitesimal C-block. It is worth
emphasizing here that we do not identify the generator X; with the symplectic
matrix defining its electric-magnetic duality action. As pointed our in Sect. 2.5,
there are isometries in N’ = 2 models which do not have duality action, see eq.
(107), namely for which the matrix in (125) is null.

The variation of the field strengths under an infinitesimal transformation
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SA X, whose duality action is described by (125), is:

A_ Py A ps
SFA = P XA P2

SV = M (XM FN = A o (126)
0G3 =& XpiseF™ +€ Xp3 ¥ Gs
The imposed symplectic condition on the matrix X; implies the properties:
) . X2 = _Xx..5
P P AT AR s
Xiw Cap=Xan" Cup & 0 (127)
AT = QAT

The condition that Al/} transform in the co-adjoint representation of the gauge
group: A ) o
SFY = &b oM P>, (128)

and the transformation properties (126), leads us to identify the structure con-
stants of the gauge group in (124) with the diagonal blocks of the symplectic
matrices Xj:

A A
ffA XfA , (129)
so that the closure condition reads

(Xi Xg) = — Xl Xp (130)

and is a quadratic constraint on the tensor X AM 5 The identification (129) also
implies

A _
X(fi) =0. (131)
The closure condition (130) can thus be interpreted in two equivalent ways:

o the vector fields A//} transform in the co-adjoint representation of G4, under
its action as global symmetry, namely

n, = co-adj(Gy); (132)
o the gauge generators X are invariant under the action of G, itself:
53 Xs = [X;, Xo] + X" Xp=0. (133)
Step 2. Introducing gauge curvatures and covariant derivatives. Having
defined the gauge connection (123) we also define its transformation property
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under a local G4-transformation g(z) € G-
Qy — qu:gQgg_l—l—dgg_lng’AXA. (134)

Under an infinitesimal transformation g(z) =1 +g CA(JU) X34, eq. (134) implies
the following transformation property of the gauge vectors:

§AY = Dyt = 9.t + g AT XN (135)
where we have introduced the Gy-covariant derivative of the gauge parameter
D, (M.

As usual in the construction of non-abelian gauge-theories, we define the gauge

curvature'?

gF = gFMX; :%ijdx“/\dx”XAEng—Qg/\Qg, (136)

which, in components, reads:
Fh o= 0,4 —0,AN g M AT AT — 9,48 —0,AD 4 g xp M AT AT (137)
The gauge curvature transforms covariantly under a transformation g(x) € Gyt
F - F=gFg!, (138)
and satisfies the Bianchi identity:
DF = dF —QAF+FAQ =0 & DFM=dFM 49X A APAF =0, (139)

where we have denoted by DF A the G g—covariant derivative acting on FA. In the
original ungauged Lagrangian we then replace the abelian field strengths by the
new (g-covariant ones:

0, AL — 9,48 — g.ab —9,AD 4 g x M Al AT (140)

After having given the gauge fields a G4-covariant description in the Lagrangian
through the non-abelian field strengths, we now move to the other fields. The
next step in order to achieve local invariance of the Lagrangian under G4 consists

in replacing ordinary derivatives by covariant ones

0, — Dy = 0, —gA X;. (141)

13 here we use the following convention for the definition of the components of a form: Wpy =

1 M1 iz
Wiy ip dzHr A ... dxHr

P!
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As it can be easily ascertained, the covariant derivatives satisfy the identity which
is well known from gauge theories:

D’= gF=-gF X, & [D,DJ]=-gF)X;. (142)

Aside from the vectors and the metric, the remaining bosonic fields are the scalars
¢°, whose derivatives are covariantized using the Killing vectors kj associated

with the action of the gauge generator X; as an isometry:
Oy — Dud® = 00" — g ANE(9), (143)

The replacement (141), and in particular (143), amounts to the introduction of
minimal couplings for the vector fields.

Care is needed for the fermion fields which, as we have discussed above, do not
transform directly under G, but under the corresponding compensating transfor-
mations in H. This was taken into account by writing the H-connection = in
the fermion H-covariant derivatives. Now we need to promote such derivatives to
G 4-covariant ones, by minimally coupling the fermions to the gauge fields. This
is effected by modifying the H-connection.

For homogeneous scalar manifolds redefine the left-invariant 1-form Q (pulled-
back on space-time), defined on them in (18), by a gauged one obtained by co-

variantizing the derivative on the coset representative:

O =L70L — O=L7'DL=L" (9, — g AL X3 ) L=Py+ iy (144)
where, as usual, the space-time dependence of the coset representative is defined
by the scalar fields ¢*(z): 0,L = 0,L0,¢°.

The gauged vielbein and connection are related to the ungauged ones as fol-

lows:

Pu=Pu—gANP:  ap=w - gAlwy. (145)
The matrices Py, wj begin the projections onto & and §), respectively, of L'X Al
Pi= LT'X3L|g 5wy = LIXGI (146)
Using eq. (43) we can express the above quantities as follows:
1 1
Py=kVs"Ks:  wy =-3 t@zJa—gt@}\nJm, (147)

where Wi were defined in Sect. 2.1.
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For non-homogeneous scalar manifolds we cannot use the construction (144)
based on the coset representative. Nevertheless we can still define 93}\“, :@Z‘ in
terms of the Killing vectors, see discussion below eq. (45). From these quantities
one then defines gauged vielbein f’u and H-connection w, using (145) and (147),
where now K should be intended as a basis of the tangent space to the manifold at
the origin (and not as isometry generators) and {Ja, Jm} a basis of the holonomy
group.

Notice that, as a consequence of egs. (147) and (145), the gauged vielbein 1-
forms (pulled-back on space-time) can be written as the ungauged ones in which
the derivatives on the scalar fields are replaced by the covariant ones (143). This
is readily seen by applying the general formula (40) for homogeneous manifolds
to the isometry X in (144), and projecting both sides of this equation on the
coset space R:

P, =PsDyuz". (148)
Consequently the replacement (143) is effected by replacing everywhere in the
Lagrangian P, by 75”.

Consider now a local G4-transformation g(x) whose effect on the scalars is
described by eq. (11): gL(¢) = L(g x ¢) h(¢,g). From (144) and from the fact
that D is the G-covariant derivative, the reader can easily verify that:

Qu(gx¢) =hQu(d)h L + hdh™t =

(149)
where h = h(¢,g). By deriving (144) we find the gauged Maurer-Cartan equa-

tions:

A+ QAQ=—gL ' FL, (150)

where we have used (142). Projecting the above equation onto K and $) we find
the gauged version of egs. (27), (28):

IP=dP+wAP+PAw=—gF\P;, (151)

Ra)=dw+whiw=-PAP—gF w. (152)

The above equations are manifestly Gg-invariant. Using (148) one can easily
verify that the gauged curvature 2-form (with value in ) can be written in terms
of the curvature components R,s of the manifold, given in eq. (29), as follows:

Ra) = %Rrs D" N D¢ — gFN . (153)
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The gauge-covariant derivatives, when acting on a generic fermion field &, is
defined using =, so that (115) is replaced by

Dy = V& + €. (154)

Summarizing, local invariance of the action under G, requires replacing every-
where in the Lagrangian the abelian field strengths by the non abelian ones, eq.

140) and the ungauged vielbein P,, and H-connection w, by the gauged ones:
I (0

~

Pu — Pu; Wy, — Wy . (155)

Clearly supersymmetry of the gauged action would require as a necessary, though
not sufficient, condition to perform the above replacements also in the supersym-
metry transformation laws of the fields.

Step 3. Introducing topological terms. 1If the symplectic duality action (125)
of X; has a non-vanishing off-diagonal block Xjs, that is if the gauge trans-
formations include Peccei-Quinn shifts, then an infinitesimal (local) gauge trans-
formation fi‘(az) X would produce a variation of the Lagrangian of the form
(105): ) o

5 Loos = g eMNa) X jpa P LS (156)
Being £A(x) a local parameter, the above term is no longer a total derivative and
thus the transformation is not a symmetry of the action. In [24] it was proven
that the variation (156) can be canceled by adding to the Lagrangian a topological
term of the form

1 y A5 r3 B A LT
Lrop. = 59" Xjips, Al AY (a,,AE +3 9Xan" AD AE) : (157)
provided the following condition holds
X([\fi) = 0. (158)

We will see in the following that condition (158), together with the closure con-
straint (130), is part of a set of constraints on the gauge algebra which is implied
by supersymmetry. Indeed, even if the Lagrangian .Zq(o) constructed so far is
locally Gg4-invariant, the presence of minimal couplings explicitly breaks both

supersymmetry and the duality global symmetry G.

Gauge algebra and embedding tensor. We have seen that the gauging
procedure corresponds to promoting some suitable subgroup G, C G¢; to a local
symmetry. This subgroup is defined selecting a subset of generators within the
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global symmetry algebra g of G. Now, all the information about the gauge algebra
can be encoded in a G;-covariant object 6, which expresses the gauge generators
as linear combinations of the global symmetry generators t, of the subgroup
Gel CcG

X[\ = QAU to ; 9[\0 € ny X adj(Gel) s (159)

with A = 1,...,n, and with ¢ = 1,..., dim(G;). The advantage of this
description is that the G;-invariance of the original ungauged Lagrangian .Z is
restored at the level of the gauged Lagrangian Zyayged, to be constructed below,
provided 637 is transformed under G; as well. However, the full global symmetry
group G of the field equations and Bianchi identities is still broken, since the
parameters 637 can be viewed as a number ny = dim(Ge;) of electric charges,
whose presence manifestly break electric-magnetic duality invariance. In other
words we are working in a specific symplectic frame defined by the ungauged
Lagrangian we started from.

We shall give later on a definition of the gauging procedure which is completely
freed from the choice of the symplectic frame. For the time being, it is useful
to give a description of the gauge algebra (and of the consistency constraints
on it) which does not depend on the original symplectic frame, namely which is
manifestly G-covariant. This is done by encoding all information on the initial
symplectic frame in a symplectic matrix E = (Ej/") and writing the gauge

generators, through this matrix, in terms of new generators
X = (Xa, XY (160)

which are at least twice as many as the Xj:

<)BA> —F (‘;((ﬁ) . (161)

This description is therefore redundant and this is the price we have to pay in
order to have a manifestly symplectic covariant formalism. We can then rewrite
the gauge connection in a symplectic fashion

AANX = AAEA X+ ANE X = AN X An, X =AM Xy (162)

where we have introduced the vector fields Aﬁ and the corresponding dual ones
Ap i, that can be regarded as components of a symplectic vector

Al = (A}, App)- (163)
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These are clearly not independent, since they are all expressed in terms of the only
electric vector fields A® of our theory (those entering the vector kinetic terms):
A A 4A A
Ay =E" A, Anp=Ej A4, . (164)
In what follows, it is useful to adopt this symplectic covariant description in
terms of 2n, vector fields Aﬁ/[ and 2n, generators X s, bearing in mind the above
definitions through the matrix F, which connects our initial symplectic frame to

any other.

The components of the symplectic vector Xj; are generators in the isometry

algebra g and thus can be expanded in a basis t, of generators of G:
XM:@Mata, 04:1,,d1m<G) (165)

The coefficients of this expansion © ,;“ represent an extension of the definition of
f to a G-covariant tensor:

0pr° --» Oy = (HAQ, Or"); OM® € A x adj(G), (166)

which describes the explicit embedding of the gauge group G, into the global
symmetry group G, and combines the full set of deformation parameters of the
original ungauged Lagrangian. The advantage of this description is that it allows
to recast all the consistency conditions on the choice of the gauge group into
G-covariant (and thus independent of the symplectic frame) constraints on ©.
We should however bear in mind that, just as the redundant set of vectors
Aﬁ/[ , also the components of ©,; are not independent since, by eq. (161),
0," = EMoy, 0=Eey~, (167)

so that
dim(G,) = rank(f) = rank(©). (168)

The above relations (167) imply for © ;¢ the following symplectic-covariant con-
dition:
0,20t —epfete=0 & CcMVoyten’=0 . (169)

Vice versa, one can show that if O, satisfies the above conditions, there exists
a symplectic matrix £ which can rotate it to an electric frame, namely such that
egs. (167) are satisfied for some 6;*. Equations (169) define the so-called locality
constraint on the embedding tensor ©,,/* and they clearly imply:

dim(Gy) = rank(©) < n,, , (170)
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which is the preliminary consistency condition (122).
The electric-magnetic duality action of Xy, in the generic symplectic frame
defined by the matrix F, is described by the tensor:

Xun® = Oy tan” = ETWMETINY XU ERY (171)

For each value of the index M, the tensor Xy/n' should generate symplectic
transformations. This implies that:

Xunpe = Xun9Cop = Xupn (172)

which is equivalent to egs. (127). The remaining linear constraints (131), (158)
on the gauge algebra can be recast in terms of X,x % in the following symplectic-

covariant form:

2 X' = XMy,
Xunp =0 & 2 XD = xpAY (173)
Xz =0.

Notice that the second of equations (173) implies that in the electric frame, in
which XA = 0, also the B-block (i.e. the upper-right one) of the infinitesimal
gauge generators Z[X ;| vanishes, being ij\i = 0, so that the gauge transfor-
mations are indeed in G;.

Finally, the closure constraints (130) can be written, in the generic frame, in
the following form:

[XM, XN] = —XMNPXP = @]wa@j\fﬁfo[gfy +Ou” taNP@P’Y =0. (174)

The above condition can be rephrased, in a G-covariant fashion, as the condition
that the embedding tensor O be invariant under the action of the gauge group
it defines:

SpON =0. (175)

Summarizing we have found that consistency of the gauging requires the following
set of linear and quadratic algebraic, G-covariant constraints to be satisfied by
the embedding tensor:
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o Linear constraint:

Xmnp) =0, (176)

o Quadratic constraints:
CMNo*en? =0, (177)
[Xar, Xn] = —Xun" Xp. (178)

The linear constraint (176) amount to a projection of the embedding tensor on a
specific G-representation Zg in the decomposition of the product %, x Adj(G)
with respect to G

Ry x Adj(G) S5 Ro + ... (179)

and thus can be formally written as follows:
Po-© =0, (180)

where Pg denotes the projection on the representation Zg. For this reason (176)
is also named representation constraint.

The first quadratic constraint (177) guarantees that a symplectic matrix E
exists which rotates the embedding tensor © ;% to an electric frame in which the
magnetic components ©M vanish. The second one (178) is the condition that
the gauge algebra close within the global symmetry one g and implies that © is a
singlet with respect to G4. In a general theory, the three constraints (176), (177)
and (178) should be imposed independently. As we shall prove below, in theories
(such as the maximal one) in which all scalar fields enter the same supermultiplets
as the vector ones, the locality constraint (177) follows from the other two. In
maximal supergravity, however, the closure constraint (178) follows from (176)
and (177) and thus, once the linear constraint is imposed, the two quadratic ones

are equivalent.

The second part of the gauging procedure, which we are going to discuss
below, has to do with restoring supersymmetry after minimal couplings have

been introduced and the Gg-invariant Lagrangian £, ©

sauged have been constructed.

As we shall see, the supersymmetric completion of fg(gl)lged requires no more
constraints on G4 (i.e. on O) than the linear (176) and quadratic ones (177),

(178) discussed above.

As a final remark let us prove that the locality constraint (177) is independent
of the others only in theories featuring scalar isometries with no duality action,
namely in which the symplectic duality representation %, of the isometry algebra
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g is not faithful. This is the case of the quaternionic isometries in N' = 2 theories,
see eq. (107) of Sect. 2.5. Let us split the generators t, of G into ¢y, which have
a non-trivial duality action, and ¢,,, which do not:

t)u™ #05  (tm)u™ =0. (181)

From equation (178) we derive, upon symmetrization of the M, N indices, the

following condition:
X PXp=2X POptya =0 182
(MN) (MN) o ) (182)

where t, on the right hand side are not evaluated in the %, representation and
thus are all non-vanishing. Using the linear constraint (176) we can then rewrite
X(MN)P as follows:

1 1
X(MN)P - —5 (CPQ XQMN = —5 CPQ @QéthN, (183)

so that (182) reads
ceF @Qg@pa tatepan = 0. (184)

Being ¢, and t; sy independent for any « and ¢, conditions (176) and (178) only
imply part of the locality constraint (177):

Cc’eptep* =0, (185)
while the remaining constraints (177)
CcePegmep" =0, (186)

need to be imposed independently. Therefore in theories in which all scalar fields
sit in the same supermultiplets as the vector ones, as it is the case of NV > 2 or
N = 2 with no hypermultiplets, the locality condition (177) is not independent
but follows from the other constraints.

3.2 The gauged Lagrangian

The three steps described above allow us to the construction of a Lagrangian
.,iﬂg(gl)lged which is locally Gg-invariant starting from the ungauged one. Now we
have to check if this deformation is compatible with local supersymmetry. As
it stands, the Lagrangian fg(gl)lged is no longer invariant under supersymmetry,
due to the extra contributions that arise from variation of the vector fields in the

covariant derivatives.
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Consider, for instance, the supersymmetry variation of the (gauged) Rarita-
Schwinger term in the Lagrangian

Lrs = ie PP Dyipa, + hec., (187)

where D, is the gauged covariant derivative defined in eq. (154). Under super-

symmetry variation of 1,

0, =Dye+ ..., (188)
¢ being the local supersymmetry parameter'*. The variation of % produces a
term
0Lrs = -+ 21 eﬁf’y“”pDVDpeA + h.c. =
= - igeiﬁf’v“”prAp (wie)a + hc., (189)

where we have used the property (142) of the gauge covariant derivative. Similarly
we can consider the supersymmetry variation of the spin-1/2 fields:

SN =i PIAtes+..., (190)

where the dots denote terms containing the vector fields and 755 4 is a specific
component of the R-valued matrix 75“. The resulting variation of the correspond-
ing kinetic Lagrangian contains terms of the following form:

) (—ie 5\17“2)“)\1 + h.c.) == Zie;\zfy””DMfDVZAeA + h.c. =
:"‘+ig€5\IV“VF/§VP%AEA + h.c. (191)

We see that the supersymmetry variation of the minimal couplings in the fermion

kinetic terms have produced O(g)-terms which contain the tensor
Fo L' XL =P L' XL (192)

projected on $ and contracted with the ve current in (189), or restricted to £ and
contracted with the Ae current in the second case (191). On the right hand side of
(192) the summation over the gauge generators has been written in the symplectic
invariant form defined in eq. (162): FM X, = FAE ™ Xpr. These are instances

of the various terms occurring in the supersymmetry variation 5$g(z?1)1ged' Just as

14 the ellipses refer to terms containing the vector field strengths
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(189) and (191), these terms are proportional to an H-tensor defined as follows':

(0,00 = 5 L(6) 3" L6 "Xy L(6) = L L(6) ™ On’ L(0)s ta =
= T(O,9)u*ta, (194)
where
T(0,0)u" = 5L(6) " aV ON L) = 5 (L (@) 0", (195)

where x denotes the action of L™! as an element of G on © ;% in the corresponding
Ze-representation. The tensor T(¢, ©) = L™1(¢) x © is called the T-tensor and
was first introduced in [2].

If © and ¢ are simultaneously transformed with G, the T-tensor transforms
under the corresponding H-compensator:

VEEG i Tgxo, gx0) =L (gx0)x(gx0)=

(h(g, @) x L7 (¢) xg™") * (g% ©) = h(g, ) x T(¢, ©). (196)

N

This quantity T naturally belongs to a representation of the group H and is an
example of composite field discussed at the end of Sect. 2.6.

If, on the other hand, we fix ¢ and only transform O, T transforms in the
same G-representation Zg as O, being T defined (aside for the factor 1/2) by
acting on the embedding tensor with the G-element L.™!. As a consequence of
this, T satisfies the same constraints (176), (177) and (178) as O:

Tyu™ = Tunp) = 0,
CMET TN = 0,
[Tar, Tn] + Taun”Tp = 0, (197)

where we have defined TpnE = Ty tont. Equations (197) have been originally
derived within maximal supergravity in [2], and dubbed T-identities'".

15 in the formulas below we use the coset representative in which the first index (acted on by G) is

in the generic symplectic frame defined by the matrix E and which is then related to the same matrix
in the electric frame (labeled by hatted indices) as follows:

L) ™ = ExP L(@)pY = M) yx =Eq’ Ex®M($)rq, (193)

last equation being (68)
16 recall that in maximal supergravity the locality constraint follows from the linear and the closure
ones
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Notice that, using eqs. (146) and (147) we can rewrite the T-tensor in the

following form:

Ty =

N | =

1 1
Lty N on® (k; VEKs = 5 Poda— 5 P Jm) , (198)

which can be extended to A/ = 2 theories with non-homogeneous scalar manifolds,
see discussion at the end of this section.

To cancel the supersymmetry variations of gg(egl)lged and to construct a gauged
Lagrangian Zyaugeq preserving the original supersymmetries, one can apply the
general Noether method (see [25] for a general review) which consists in adding
new terms to fg(gl)lge 4 and to the supersymmetry transformation laws, iteratively
in the gauge coupling constant. In our case the procedure converges by adding

terms of order one (A.i”(l) ) and two (AX(Q) ) in g, so that

gauged gauged
Lronged = L0+ ALY L AP? (199)
gauged gauged gauged gauged *

The additional O(g)-terms are of Yukawa type and have the general form:

eilAfg(;l)lged =g (21/32? Y B Sap + i N AH Yy A N4 + AT MI]) +h.c.,
(200)
characterized by the scalar-dependent matrices S 45 and NZ4 called fermion shift
matrices, and a matrix MZ7 that can be rewritten in terms of the previous mixed
mass tensor NZ4 (see the subsequent sections).
The O(g?)-terms consist of a scalar potential:

ALY =2V (4). (201)

gauged —

At the same time the fermionic supersymmetry transformations need to be suit-
ably modified. To this end, we shall add order—g terms to the fermion super-
symmetry transformation rules of the gravitino (¢,4) and of the other fermions

%)

5e¢uA = D/J,EA‘FigSAB ’)/uﬁB—i-...,
dAr = gNzhea+... (202)

depending on the same matrices S 45, N4 entering the mass terms. The fermion
shift-matrices are composite fields belonging to some appropriate representations
Hs, Zn of the H group, such that (200) is H-invariant.

These additional terms in the Lagrangian and supersymmetry transformation

laws are enough to cancel the original O(g) variations in 5fg(£l)l gea — like (189) and
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(191), together with new O(g) terms depending on S and N in the supersymmetry
variation of Q‘Zgguged — provided the shift-tensors S35, NZA are identified with
suitable H-covariant components of the T-tensor:

Ko 5 Ry + Rs + Rosper (203)

and that additional H-representations ... in the T-tensor do not enter the
supersymmetry variations of the Lagrangian. This can be formulated as a G-
covariant restriction on the representation Zg of the T-tensor or, equivalently,
of embedding tensor, which can be shown to be no more than the representation
constraint (176) discussed earlier.

The identification with components of the T-tensor defines the expression
fermion shift-tensors as H-covariant composite fields in terms of the embedding
tensor and the scalar fields:

Sap =Sap(¢,0) = T(¢,0)|,, ; Nzt =Nz*(¢,0) = T(¢,0)|,, . (204)

Finally, in order to cancel the O(g?)-contributions resulting from the variations
(202) in (200), we need to add an order-g® scalar potential V (¢) whose expression
is totally determined by supersymmetry as a bilinear in the shift matrices by the
condition

55V () = ¢* (Nt N5 —1284°Sp0) , (205)

where we have defined NZ 4 = (NIA)* and S48 = (Sxp)*. The above condition
is called potential Ward identity [26,27] (for a comprehensive discussion of the
supersymmetry constraints on the fermion shifts see [28]). This identity defines
the scalar potential as a quadratic function of the embedding tensor and non-
linear function of the scalar fields. As a constraint on the fermion shifts, once
these have been identified with components of the T-tensor, it follows from the
T-identities (197) or, equivalently, from the quadratic constraints (177), (178)
on ©. The derivation of quadratic supersymmetry constraints on the fermion
shifts in maximal supergravity from algebraic constraints (i.e. scalar field inde-
pendent) on the embedding tensor, was originally accomplished in [14], though
in a specific symplectic frame, and in maximal D = 3 theory in [15]. In [3] the
four-dimensional result was extended to a generic symplectic frame of the N = 8
model, i.e. using the G-covariant constraint (176),(177), (178) on the embedding

tensor!”.

Let us comment on the case of N' = 2 theories with a non-homogeneous scalar

7 in a generic gauged model, supersymmetry further require the fermion shifts to be related by

differential “gradient flow” relations [28] which can e shown to follow from the identification of the
shifts with components of the T-tensor and the geometry of the scalar manifold
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manifold (106). In this case we cannot define a coset representative. However,
as mentioned earlier, one can still define a symplectic matrix LM ~ depending
on the complex scalar fields in the vector multiplets (which has no longer the
interpretation of a coset representative). We can then define the T-tensor in
these theories as in (198) where { K} should be intended as a basis of the tangent
space to the origin (and not as isometry generators), while {J;} = {Ja, Jm} are
holonomy group generators'®. Recall that {222 2™} enter the definition of the
gauged composite connection (147) on the scalar manifold and, as mentioned
earlier, are related to the Killing vectors by general properties of the spacial
Kahler and quaternionic Kahler geometries [18].

It is a characteristic of supergravity theories that — in contrast to globally su-
persymmetric ones — by virtue of the negative contribution due to the gravitino
shift-matrix, the scalar potential is in general not positive definite, but may, in
particular, feature AdS vacua. These are maximally symmetric solutions whose
negative cosmological constant is given by the value of the potential at the cor-
responding extremum: A = V3 < 0. Such vacua are interesting in the light of
the AdS/CFT holography conjecture [29], according to which stable AdS solu-
tions describe conformal critical points of a suitable gauge theory defined on the
boundary of the space. In this perspective, domain wall solutions to the gauged
supergravity interpolating between AdS critical points of the potential describe
renormalization group (RG) flow (from an ultra-violet to an infra-red fixed point)
of the dual gauge theory and give important insights into its non-perturbative
properties. The spatial evolution of such holographic flows is determined by the
scalar potential V(¢) of the gauged theory.

In some cases the effective scalar potential V(¢), at the classical level, is
non—negative and defines vacua with vanishing cosmological constant in which
supersymmetry is spontaneously broken and part of the moduli are fixed. Models
of this type are generalizations of the so called “no-scale” models [30], [31], [32]
which were subject to intense study during the eighties.

3.3 Dualities and flux compactifications
Let us summarize what we have learned so far.

o The most general local internal symmetry group G4 which can be introduced
in an extended supergravity is defined by an embedding tensor ©, covariant
with respect to the on-shell global symmetry group G of the ungauged model
and defining the embedding of G inside G. Since a scalar potential V()

18 the Hg = U(2)-generators {J,} naturally split into a U(1)-generator Jy of the Kihler transforma-
tions on g and SU(2)-generators J, (z = 1,2,3) in the holonomy group of the quaternionic Kéhler
manifold .Zqx
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can only be introduced through the gauging procedure, © also defines the
most general choice for V =V (¢, 0).

o Consistency of the gauging at the level of the bosonic action requires ©
to satisfy a number of (linear and quadratic) G-covariant constraints. The
latter, besides completely determining the gauged bosonic action, also allow

for its consistent (unique) supersymmetric extension.

o Once we find a solution ©,,“ to these algebraic constraints, a suitable sym-
plectic matrix E, which exists by virtue of (177), will define the correspond-

ing electric frame, in which its magnetic components vanish.

Although we have freed our choice of the gauge group from the original symplectic
frame, the resulting gauged theory is still defined in an electric frame and thus
depends on the matrix F: whatever solution © to the constraints is chosen for the
gauging, the kinetic terms of the gauged Lagrangian are always written in terms
of the only electric vector fields Alf}, namely of the vectors effectively involved in
the minimal couplings, see eq. (162). We shall discuss in the next section a more

general formulation of the gauging which no longer depends on the matrix F.

Dual gauged supergravities. All the deformations of the ungauged model
required by the gauging procedure depend on © in a manifestly G-covariant way.
This means that, if we transform all the fields ® (bosons and fermions) of the
model under G (the fermions transforming under corresponding compensating
transformations in H) and at the same time transform © and the matrix E, the
field equations and Bianchi identities — collectively denoted by &(E, &, ©) =0 —

are left invariant:

VgeG : S, 8,0)=0 & &(F, gxd, gx0) =0 (with E' = EZ,[g]7).
(206)
Since the embedding tensor © is a spurionic, namely non-dynamical, object,
the above on-shell invariance should not be regarded as a symmetry of a single
theory, but rather as an equivalence (or proper duality) between two different
theories, one defined by © and the other by g x ©. Gauged supergravities are
therefore classified in orbits with respect to the action of G (or better G(Z)) on
©. This property has an important bearing on the study of flux compactifications
mentioned in the Introduction. Indeed, in all instances of flux compactifications,
the internal fluxes manifest themselves in the lower-dimensional effective gauged
supergravity as components of the embedding tensor defining the gauging [4, 33,
34]:
© = Internal Fluxes. (207)
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This allows us to formulate a precise correspondence between general fluxes (form,
geometric and non-geometric) and the gauging of the resulting supergravity.
Moreover, using this identification, the quadratic constraints (177), (178) pre-
cisely reproduce the consistency conditions on the internal fluxes deriving from
the Bianchi identities and field equations in the higher dimensional theory such
as, in the presence of RR fluxes, the tadpole cancelation condition [4, 11, 33].

Consider the limit in which the lower-dimensional gauged theory provides
a reliable description of the low-energy string or M-theory dynamics on a flux
background. This limit is defined by the condition that the flux-induced masses
in the effective action be much smaller than the scale of the Kaluza-Klein masses
(of order 1/R, where R is the size of the internal manifold)'":

1
Flux-induced masses < B (208)

In this case, fields and fluxes in the lower-dimensional supergravity arrange in
representations with respect to the characteristic symmetry group Gjy; the inter-
nal manifold would have in the absence of fluxes. In the case of compactifications
on T", such characteristic group is GL(n, R), acting transitively on the internal
metric moduli.

In general, in the absence of fluxes, Gj; is a global symmetry group of the
action: Gy C Gg. By branching Zg with respect to Gint, we can identify
within © the components corresponding to the various internal fluxes. The ef-
fect of any such background quantities in the compactification is reproduced by
simply switching on the corresponding components of ©. The gauging proce-
dure does the rest and the resulting gauged model is thus uniquely determined.
Since, as mentioned earlier at the end of Sect. 2.4, a suitable subgroup G(Z) of
G was conjectured to encode all known string/M-theory dualities, the embedding
tensor formulation of the gauging procedure provides an ideal theoretical labora-
tory where to systematically study the effects of these dualities on fluxes. Some
elements of G(Z) will map gauged supergravity descriptions of known compacti-
fications into one another, see Fig. 1.

19 for string theory compactifications we should also require this latter scale to be negligible compared
to the mass-scale of the string excitations (order 1/va/)
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SString/M-theory on SString/M-theory on

Mg X My _— Mg x M,
+Flux duality \ +Flux’
QuSablux ©' = Flux'
O =g+0O
D=4 GS(©) | GS(©))
g €G(Z)

Figure 1: Dualities between known flux compactifications (“GS” stands for “gauged supergravity”).
gaug g Yy

Other elements of G(Z) will map gauged supergravities, originating from known
compactifications, into theories whose string or M-theory origin is unknown, see
Fig. 2.

SString/M-theory on SString/M-theory on
My x Ming —_— ?
+Flux duality .
© = Flux
Q' =gx©

D=4 |GS(®) GS(@)

geG(Z)

Figure 2 : Dualities connecting known flux compactifications to unknown ones.

In this case we can use the duality between the corresponding low-energy descrip-
tions to make sense of new compactifications as “dual” to known ones.

The so-called non-geometric fluxes naturally fit in the above description as
dual to certain compactifications with NS-NS H-flux. If we consider superstring
theory compactified to four-simensions on a six-torus 7° without fluxes, the re-
sulting (classical) ungauged supergravity features a characteristic O(6,6) global
symmetry group, which contains the T-duality group O(6,6;7Z) and which acts
transitively on the moduli originating from the metric and Kalb-Ramond B-field
in ten dimensions. The G-representation Zg of the embedding tensor, defining
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the most general gauging, contains the representation 220 of O(6,6)

o L

220 + ... (209)
which in turn branches with respect to the characteristic group G;n; = GL(6,R)
of the torus as follows:

GL(6,R)
—

220 20_3 + (84+6)_; + (84 +6')1 + 20.3. (210)

The component 20_3 can be identified with the H-flux H,g, (that is the flux
of the field strength of the Kalb-Ramond field B) along a 3-cycle of the torus.
Switching on only the 20_3 representation in ©, the gauging procedure correctly
reproduces the couplings originating from a toroidal dimensional reduction with
H-flux. What (210) tells us is that the action of the T-duality group O(6,6;Z)
will generate, from an H-flux in the 20_3, all the other representations:

84+6_1 : 7,57,
84 +6'11 1 Q.77
20,3 : RV, (211)

The first tensor 7,47 is an instance of geometric fluz, being a background quan-
tity which characterizes the geometry of the internal manifold. It describes a
compactification on a space which is no longer a torus, but is locally described by
a group manifold [35] with structure constants 7,37. The constraint (178) indeed
implies for 7,47 the Jacobi identity: T[a5770175 = (0. This new internal manifold
is called twisted torus [36] (see also [11] and references therein).

The T-duality picture is completed by the remaining two representations,
described by the tensors Q,%7, R*¥7. Their interpretation as originating from
a string theory compactification is more problematic, since in their presence the
internal space cannot be given a global or even local description as a differentiable
manifold. For this reason they are called non-geometric fluxes [37-39] (see also
[11] and references therein). The H, 7, @, R-fluxes can all be given a unified
description as quantities defining the geometry of more general internal manifolds,
having the T-duality group as structure group. Such manifolds are defined in the
context of generalized geometry [40,41] (see also [11] and references therein), by
doubling the tangent space to the internal manifold in order to accommodate a
representation of O(6,6) and introducing on it additional geometric structures,
or of double geometry/double field theory [42—45], in which the internal manifold
itself is enlarged, and parametrized by twice as many coordinates as the original
one.
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Finally there are gauged supergravities which are not G(Z)-dual to models
with a known string or M-theory origin, Fig. 3. Finding an ultra-violet com-

SString/M-theory on SString/M-theory on
? duality { ?
o'=G(Z)-©
D=4 | GS(©) GS(©')

Figure 3 : Intrinsically non-geometric theories.

pletion of these theories, which are sometimes called intrinsically non-geometric,
in the context of string/M-theory is an open challenge of theoretical high-energy
physics. Progress in this direction has been achieved in the context of extended
generalized geometry [46,47] or exceptional field theory [48-50].

If the hierarchy condition (208) is not met, the gauged supergravity cannot be
intended as a description of the low-energy string/M-theory dynamics, but just
as a consistent truncation of it, as in the case of the spontaneous compactification
of D = 11 supergravity on AdSy x S7. In this case, the back-reaction of the fluxes
on the internal geometry will manifest in extra geometric fluxes, to be identified
with additional components of ©.

Vacua and dualities. The scalar potential

2
V($,0) = gﬁ (NLANTp — 12849 Sp¢) | (212)

being expressed as an H-invariant combination of composite fields (the fermion
shifts), is invariant under the simultaneous action of G on © and ¢*:

VgeG : V(gxo, gx0)=V(p, O). (213)
This means that, if V (¢, ©) has an extremum in ¢g

0
o¢p®

V(g,©)] =0, (214)
%0
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V(¢, g * O) has an extremum at ¢, = g x ¢p with the same properties (value of
the potential at the extremum and its derivatives):

0
0¢®

V(p,g*0O) =0, geG. (215)
g*¢o

If the scalar manifold is homogeneous, we can map any point ¢ to the origin
O, where all scalars vanish, by the inverse of the coset representative L(¢g) ™! €
G. We can then map a generic vacuum ¢g of a given theory (defined by an
embedding tensor ©) to the origin of the theory defined by ©' = L(¢g)~! x ©.
As a consequence of this, when looking for vacua with given properties (residual
(super)symmetry, cosmological constant, mass spectrum etc.), with no loss of
generality we can compute all quantities defining the gauged theory — fermion
shifts and mass matrices — at the origin:

N(0, ©), S(0, 9), M(0, ), (216)

and translate the properties of the vacuum in conditions on ©. In this way, we
can search for the vacua by scanning though all possible gaugings [51-53].

3.4 Gauging V=8, D=4

Ungauged action. The four dimensional maximal supergravity is character-
ized by having N/ = 8 supersymmetry (that is 32 supercharges), which is the
maximal amount of supersymmetry allowed by a consistent theory of gravity.

We shall restrict ourselves to the (ungauged) N' = 8 theory with no antisym-
metric tensor field — which would eventually be dualized to scalars. The theory,
firstly constructed in [54, 55], describes a single massless graviton supermultiplet
consisting of the graviton g,,, 8 spin-3/2 gravitini ¢Z? (A=1,...,8) transform-
ing in the fundamental representation of the R-symmetry group SU(8), 28 vector
fields Aﬁ (with A =0,...,27), 56 spin-1/2 dilatini x 4pc in the 56 of SU(8) and
70 real scalar fields ¢":

[ 1% guw, 8x ), 28 x A}, 56 x yasc, 0 x ¢ |. (217)

Jj=2 j= Jj=1 i=3 3=0

Njw

The scalar fields are described by a non-linear o-model on the Riemannian man-
ifold .#.,1, that in the N/ = 8 model has the form

= (218)
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the isometry group being G = Ey(7), and H = SU(8) being the R-symmetry
group. The bosonic Lagrangian has the usual form (5). The global symmetry
group of the maximal four-dimensional theory G = Eg(7) has 133 generators
to. The (abelian) vector field strengths F* = dA® and their magnetic duals
Ga together transform in the %, = 56 fundamental representation of the Er )
duality group with generators (t,)ar", so that

M 5F;i\1/ a M N
oF,, = 56 = —A%(ta)N F - (219)
v

Gauging. According to our general discussion of Sect. (3.1), the most general
gauge group G4 which can be introduced in this theory is defined by an embedding
tensor O * (M = 1,...,56 and o = 1,...,133), which expresses the gauge
generators Xj; as linear combinations of the the global symmetry group ones
to (165). The embedding tensor encodes all parameters (couplings and mass
deformations) of the gauged theory. This object is solution to the G-covariant
constraints (176), (177), (178).
The embedding tensor formally belongs to the product

On® € %, ®adj(G) = 56 ©® 133 = 56 © 912 @ 6480. (220)

The linear constraint (176) sets to zero all the representation in the above de-
composition which are contained in the 3-fold symmetric product of the 56 rep-

resentation:
X(MNP) S (56 ® 56 ® 56)Sym. — B6 @ 6480 ¢ 24320. (221)

The representation constraint therefore selects the 912 as the representation Zg
of the embedding tensor?’.

The quadratic constraints pose further restrictions on the Eq(7)-orbits of the
912 representation which ;% should belong to. In particular the locality con-
straint implies that the embedding tensor can be rotated to an electric frame
through a suitable symplectic matrix E, see eq. (167).

Steps 1,2 and 3 allow to construct the bosonic gauged Lagrangian in this
electric frame. We shall discuss in Sect. 4 a frame-independent formulation of
the gauging procedure in which, for a given solution © to the constraints, we no
longer need to switch to the corresponding electric frame.

20" we can relax this constraint by extending this representation to include the 56 in (220). Con-

sistency however would require the gauging of the scaling symmetry of the theory (which is never an
off-shell symmetry), also called trombone symmetry [56,57]. This however leads to gauged theories
which do not have an action. We shall not discuss these gaugings here
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The complete supersymmetric gauged Lagrangian is then obtained by adding
fermion mass terms, a scalar potential and additional terms in the fermion super-
symmetry transformation rules, according to the prescription given in Step 4. All
these deformations depend on the fermion shift matrices S 4, Nz4. In the maxi-
mal theory Z = [ABC] labels the spin-1/2 fields x apc and the two fermion shift-
matrices are conventionally denoted by the symbols Ay = (Aap), A2 = (AP Apc).

The precise correspondence is':
1
Sap=——=Aap; Napc” =-V24" 4p¢, (223)
V2
where
Aap =Apa; Aapc” =Aupc)”;  Appc” =0. (224)

The above properties identify the SU(8) representations of the two tensors:
Aap €36; Aapc” €420. (225)

The T-tensor, defined in (194) as an E;(7y-object, transforms in Zg = 912, while
as an SU(8)-tensor it belongs to the following sum of representations:

T ¢ 912 "% 36 & 36 @ 420 & 420, (226)

which are precisely the representations of the fermion shift-matrices and their

conjugates Aap A8, A4pcp, AABCP. This guarantees that the O(g)-terms
(0)

gauged’

in the supersymemtry variation of % which depend on the T-tensor, only

2L in the previous sections we have used, for the supergravity fields, notations which are different

from those used in the literature of maximal supergravity (e.g. in [16]) in order to make contact with
the literature of gauged N/ < 8 theories, in particular A” = 2 ones [18]. Denoting by a hat the quantities
n [16], the correspondence between the two notations is:

=iy s =1,

éi:%e“‘; €i:%€A; (i=A4),

q/}i,u = \61/);?7 \[wA,ua (Z A)7

)A(ijk = XABC; X”}IC = XABC'; (['Uk] [ABCD )

Ay = (Ayy) = A48, AM = (Aljkl) = A%gep; (i=A j=B k=C,1=D),

VAij:—LLA ; VuziL 5 i:A7.:B7 222
\/5 AB A NG AAB ( J ) ( )

where in the last line the 28 x 28 blocks of V& have been put in correspondence with those of LM y

The factor /2 originates from a different convention with the contraction of antisymmetric couples of
SU(8)-indices: Vj; V" = %VAB Vag
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contain SU(8)-structures which can be canceled by the new terms containing the
fermion shift-matrices. This shows that the linear condition © € Zg is also
required by supersymmetry.

The same holds for the quadratic constraints, in particular for (178), which
implies the T-identities and also the Ward identity (205) for the potential [2, 16]:

2 2
V(g)dh = %NCDEANCDEB_1292 SacSBC = %z‘lBCDEz‘lACDE—6g2 Ao ABC
(227)
from which we derive:
o (1 B 9 3 9
V(g) =g ﬂlA cpE| —ZlAABl : (228)

The scalar potential can also be given in a manifestly G-invariant form [16]:

2
V(p) = _é]ﬁ <XMNR Xpg® MME MYNQ Mps + 7 Xun® Xpo™ MMP) ;
(229)
where MM¥ is the inverse of the (negative definite) matrix My defined in (55)
and, as usual, X7 n % describe the symplectic duality action of the generators X s

in the Zy«-representation: Xy n® = Z. [ Xar]n "

3.5 Brief account of old and new gaugings

As mentioned in Sect. (3.1), different symplectic frames (i.e. different ungauged
Lagrangians) correspond to different choices for the viable gauge groups and may
originate from different compactifications (see [3] for a study of the different
symplectic frames for the ungauged maximal theory).

The toroidal compactification of eleven dimensional theory performed in [54],
upon dualization of all form-fields to lower order ones, yields an ungauged La-
grangian with global symmetry G¢ = SL(8,R). We shall refer to this sym-
plectic frame as the SL(8,R)-frame. The first gauging of the maximal theory
was performed in this symplectic frame by choosing G, = SO(8) C SL(8,R)
[2]. The scalar potential features a maximally supersymmetric anti-de Sitter
vacuum which corresponds [58] to the spontaneous compactification of eleven di-
mensional supergravity on AdS; x S7. The range of possible gaugings in the
SL(8,R)-frame was extended to include non-compact and non semisimple groups
G4 = CSO(p,q,r) (with p+ g+ = 8) [8]. These were shown in [14] to exhaust
all possible gaugings in this frame.

The discovery of inequivalent Lagrangian formulations of the ungauged max-
imal theory broadened the choice of possible gauge groups. Flat-gaugings in
D = 4 describing Scherk-Schwarz reductions of maximal D = 5 supergravity [59]
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and yielding no-scale models, were first constructed in [60]. The corresponding
symplectic frame is the one originating from direct dimensional reduction of the
maximal five-dimensional theory on a circle and has a manifest off-shell symmetry
which contains the global symmetry group of the parent model®” Eg(6): one has
in fact Ge; = O(1,1) X Egg)-

Exploiting the freedom in the initial choice of the sympectic frame, it was
recently possible to discover a new class of gauging generalizing the original
CSO(p, q,r) ones [61-63]. These models are obtained by gauging, in a differ-
ent frame, the same CSO(p, q,r).

Consider two inequivalent frames admitting Gy = CSO(p, ¢, ) as gauge group,
namely for each of which CSO(p, ¢,7) C Ge. Let %, and Z, be the corresponding
symplectic duality representations of G. We can safely consider one of them (%)
as electric. The duality action of the gauge generators Ry, and R, are described
by two tensors X, NP and XyrnT, respectively, related by a suitable matrix F
(171): ) )

Xyx' =Eg™ EgN (BN e Xun®. (230)

The matrices M(¢) in the two frames are then related by (68). The two embed-
ding tensors describe the same gauge group provided that { X/} and {E X, E~1}
define different bases of the same gauge algebra g, = ¢so(p, ¢, 7) in the Lie algebra
e7(7y of Er7). In other words, E should belong to the normalizer of cso(p, g,7) in
Sp(2n,,R). At the same time the effect of E should not be offset by local (vector
and scalar field) redefinitions, see (69). The duality action of G in both Ry and
Py is block-diagonal:

G 0
Ko |Gyl = B |Gyl = | 7 : 231
Gl = F0nG] (0 GQT) (231)
For semisimple gauge groups G, = SO(p, q) (with p+¢ = 8), it was shown in [63]
that the most general E belongs to an SL(2,R)-subgroup of Sp(56,R) and has
the general form:

1
o LR € Sp(56,R); ad—be=1, (232)
cn dl

where 7,y is the s0(p, ¢)-Cartan Killing metric, normalized so that n? = 1. The
most general SL(2,R)-matrix can be written, using the Iwasawa decomposition,

22 gee Table 3 at the end of Sect. 4
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as follows:

a b\ (A0 1 9 cos(w)  sin(w)
(C d) - (0 i) (0 1> (— sin(w) Cos(w)> ) (233)

The leftmost block corresponds in E' to an unphysical rescaling of the vectors (in
GL(28,R)). The middle block realizes, in going from the unhatted frame to the
hatted one, a constant shift in the generalized #-angle matrix R: R — R + 9.
This can have effects at the quantum level, but does not affect field equations
[63].

The rightmost block has, on the other hand, important bearing on the physics
of the classical theory. Let F(w) be the symplectic image (232) of this block only,
and let Z, be the SL(8, R)-frame, where the CSO(p, ¢, ) gaugings were originally
constructed and in which the matrices L and M are given by well know general
formulas [2,54]. For w # 0, this frame is no longer electric, but is related to the
electric one by E(w). Using (167) we can write:

X3 = cos(w)Xp +sin(w)masn X¥; 0= — sin(w)n™* Xx + cos(w) XA, (234)

where (n*) L' =y, The above relation is easily inverted:

=n
Xp = cos (w) X3 XA = sin (w) nAEXi . (235)
We can then write the symplectic invariant connection (162) in the following way:

Qgp = AM Xpp = AD Xy + Ap, XD = (cosw AD +sin(w) An ) X = AL X
(236)
In other words, the gauging defined by X,; amounts to gauge, in the SL(8,R)-
frame, the same SO(p, q)-generators by a linear combination of the electric Aﬁ
and magnetic Ay, vector fields. The true electric vectors are all and only those

entering the gauge connection, that is Aﬁ

, and define the electric frame. We shall
denote by ©w]| the corresponding embedding tensor.

The gauged model can be constructed either directly in the SL(8,R)-frame,
using the covariant formulation to be discussed in Sect. 4, or in the electric frame,
along the lines described in Sect. 3. The range of values of w is restricted by the
discrete symmetries of the theory. One of these is parity (see Sect. 2.4), whose
duality representation P in the SL(8, R)-frame has the form (82) [20]. The reader

can verify that its effect on the T-tensor (194) is:

T(OW], 9)u = P+ T(O-w], ¢p) (237)
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by using the properties
P, "P'X;P=X,; P'EwWP=E-w); P 'L(¢)P=L(g,), (238)

where ¢, denote the parity-transformed scalar fields. Eq. (237) shows that parity
maps ¢ into ¢, and w in —w. In other words w is parity-odd parameter. The overall
P transformation on T in (237) is ineffective, since it will cancel everywhere in
the Lagrangian, being P an O(2n, )-transformation. Similarly, we can use other
discrete global symmetries of the ungauged theory, which include the SO(8)-
triality transformations Sy C E7(7) for the SO(8)-gauging, to further restrict the
range of values of w. One finds that [62, 63]:

w € [O, g] , SO(8) and SO(4,4) gaugings,
w € [O, Z] , other non-compact SO(p, q) gaugings . (239)

These are called “w-rotated” SO(p, ¢)-models, or simply SO(p, q),,-models. The
SO(8) ones, in particular, came as a surprise since they contradicted the common
belief that the original de Wit-Nicolai SO(8)-gauged model was unique.

For the non-semisimple CSO(p, ¢, 7)-gaugings, the non-trivial matrix E does
not depend on continuous parameters but is fixed, thus yielding for each gauge
group only one rotated-model [61,63].

Even more surprisingly, these new class of gauged theories feature a broader
range of vacua than the original models. In this sense the w — 0 limit can be
considered a singular one, in which some of the vacua move to the boundary of
the moduli space at infinity and thus disappear.

Consider for instance the SO(8),-models. They all feature an AdSy, N' = 8
vacuum at the origin with the same cosmological constant and mass spectrum as
the original SO(8) theory. The parameter w manifests itself in the higher order
interactions of the effective theory. They also feature new vacua, which do not
have counterparts in the w = 0 model. Fig. 4 illustrates some of the vacua of the
de Wit-Nicolai model (w = 0), namely those which feature a residual symmetry
group G C SO(8).

Fig. 5 shows the Ga-invariant vacua of a particular SO(8), model and the
disappearance of one of the vacua in the w — 0 limit [62]. The vacua of these
models have been extensively studied [64-68] also in the context of renormaliza-
tion group flows interpolating between (or simply originating from) AdS vacua
[69,70] and AdS black holes [71-74].

Determining a string or M-theory origin of the w-rotated models is, to date, an
open problem [75]. They seem to provide examples of what we named intrinsically
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Compactification on §7

Warped compactification on &7
st / ) = g ' Warped compactification on 87
! < SN with torsion

Compactification on §7
with torsion

Figure 4 : The Go-invariant vacua of the de Wit-Nicolai model, with their interpretation in terms of compactifications

of the eleven-dimensional theory.

w— 0

New vacuum

Figure D : On the left the Ga-invariant vacua of the SO(8),, model, with w = 5+ The dashed lines represent identi-
fications of vacua due to a discrete symmetry of the theory which is a combination of triality and parity.
All of them have an w = 0 counterpart, except the lowest one, marked by a circle, which disappears in the

w — 0 limit.

non-geometric models in Sect. 3.3. The only exceptions so far are the dyonic
nonsemisimple gaugings CSO(p, ¢, 7). Indeed, the ISO(p,7 — p) gaugings were
shown to be related to compactifications of massive Type-IIA theory [76-79].
The p = 7 theory features N' = 2 [76] and N' = 3 [68,80,81] AdS-vacua, all
corresponding to backgrounds with topology AdS, x S%. The uplift of the generic
CSO(p, q,r)-model to Type-ITA or Type-IIB theory was eventually achieved in
[82].
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4 Duality covariant gauging

Let us discuss in this section a formulation of the gauging procedure in four-
dimensions which was developed in [6,16] and which no longer depends on the
matrix F, so that the kinetic terms are not written in terms of the vector fields
in the electric frame.

Step 1, 2 and 3 revisited. We start from a symplectic-invariant gauge

connection of the form?:

Qgu = AV Xpp = A Xp + AR Xy = A Oy ta, (240)

where ©,/* satisfies the constraints (176), (177), (178). The fields Al/) and Ap
are now taken to be independent. This is clearly a redundant choice and, as we
shall see, half of them play to role of auxiliary fields. Eq. (177) still implies that
at most n, linear combinations A{} of the 2n, vectors Aﬁ, Ap , effectively enter
the gauge connection (and thus the minimal couplings):

AN X = Al X (241)

where X are defined in eq. (167) through the matrix E, whose existence is
guaranteed by (177), and where A{} =g-1,A Al]y.

In the new formulation we wish to discuss, however, the vectors Af} instead of
A//} enter the kinetic terms. The covariant derivatives are then defined in terms
of (240) as in Step 2 of the Section 3.1, and, as prescribed there, should replace
ordinary derivative everywhere in the action. The infinitesimal gauge variation
of AM reads:

SAN =DM =0,¢M + AN XnpM (P, (242)

where, as usual, Xy pf* = Z,.[X 1] p®. We define for this set of electric-magnetic
vector fields a symplectic covariant generalization FM of the non-abelian field
strengths FA (137):

Fi = 0,40 —0,AM + Xpup™ AN AL & FM = aaM+ g XypM AV n A",
(243)

where in the last equation we have used the form-notation for the fields strengths.
The gauge algebra-valued curvature F is defined as in (136):

F=FM X, . (244)

23 here, for the sake of simplicity, we reabsorb the gauge coupling constant g into ©: ¢g© — ©
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The first problem one encounters in describing the vectors Aﬁ in the kinetic terms
is that, in a symplectic frame which is not the electric one, such fields are not
well defined, since their curvatures fail to satisfy the Bianchi identity. This comes
with no surprise, since the components ©4¢ of the embedding tensor are nothing
but magnetic charges. One can indeed verify that:

DFM = dFM4 Xyp™ ANAFY = X (po) AP/\<dAQ n gXRSQAR A AS) £ 0.

(245)
In particular DFA = ( since X(PQ)A = —% oMt uPChrn # 0, being in the non-
electric frame ©%® # 0. To deduce (245) we have used the quadratic constraint
(178) on the gauge generators X, in the %, .-representation, which reads:

XupXNe? — Xnp"Xnr? + XyunXpp? = 0. (246)
From the above identity, after some algebra, one finds:

Xpure) "X ive® + Xpn "X r @ + Xivn " X pr)? = —(Xnn™ X(pry®) iune) »

(247)
that is the generalized structure constants Xy p]R entering the definition (243)
do not satisfy the Jacobi identity, and this feature is at the root of (245). Related
to this is the non-gauge covariance of FM. The reader can indeed verify that
(using the form-notation):

SFM = — XnpM (Y PP+ 2 X (v M Y P = Xvp M AN NSAT) £ — XnpM (Y PP
(248)
where AM is given by (242) and where we have used the general property

SFM = DSAM + X (poy™ A N5 A9, (249)

valid for generic AM. We also observe that the obstruction to the Bianchi
identity (245), as well as the non-gauge covariant terms in (248), are proportional
to a same tensor X(MN)P. This quantity, as a consequence of (178) and (182),
vanishes if contracted with the gauge generators X s, namely with the first index
of the embedding tensor: X(MN)P Op® = 0. Therefore the true electric vector
fields A:} and the gauge connection which only depends on them, are perfectly
well defined. Indeed, one can easily show using the matrix £ that the gauge
curvature (244) only contains the field strengths FA associated with A% and
defined in (137): )

F=FMXxy = FAXx;. (250)
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On the other hand, using (245) and (182) we have:
DF = DFM X, = 0. (251)

The gauge covariance (138) of F, and thus of F [\, is also easily verified by the
same token, together with eq. (142): D? = —F.

In order to construct gauge-covariant quantities describing the vector fields,
we combine the vector field strengths F% with a set of massless antisymmetric
tensor fields’! By, in the adjoint representation of G' through the matrix

zMo = —cMN gy (252)

DN | —

and define the following new field strengths:

HA = dAM + 0% B,

HY = FM 4 ZzMeB, ., (253)
8 8 g Ha =dAy — 10, B, .
From the definition (252) and (177) we have:
zMeeuf =0 o ZMoX)y=0. (254)

The reader can verify, using the linear constraint (176), that:

XvpyM = —% CMQ XonTiCrp = —% CMR oty nBCrp = —ZM %ty NP,
(255)
where, as usual, we have defined t, yp = tqo ~NECgrp.
The reason for considering the combination (253) is that the non-covariant

terms in the gauge variation of Fl% ,

being proportional to X(NP)M, that is to

ZMe can be canceled by a corresponding variation of the tensor fields 0Boyuw:

SHM = Xpy™M (N FP 4 ZM (5B, + tanp AN A 6AT) =
= XPNM CN HP + ZMea (5Ba +tanp AN VAN (5AP) =
= —Xnp" CVHE 2 XM (Y HE + ZMY (5B, + tanp AN NSAT) =
= —XnpM VHE + ZMY [6Bo + tanp (AN NSAT — 2N HD)] . (256)

where, in going from the first to the second line, we have used (254), so that
XpNM FP = XpyM HE. If we define:

0By = tanp 2CNHE — AN A 5AD), (257)

24 these fields will also be described as 2-forms B, = %BW dxH N dx?
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the term proportional to ZM @ vanishes and HM transforms covariantly. The
kinetic terms in the Lagrangian are then written in terms of ’Hﬁy:

1 1 A 3 pv 1 uvpo A )

ggv,kin = 1 IAE(QZS) /H,MV H + @ RAE(qb) € HNV /Hpa . (258)
The above transformation property (257) should however be modified since the
quantity we want to transform covariantly is not quite %, but rather the sym-
plectic vector:

HA 0L
M _ _
= : = — 259
g (gA) ) gAuV Cuvpo afHﬁg ) ( )

corresponding, in the ungauged theory, to the field-strength-vector FM of eq.
(51), and which contains inside Ga fermion bilinears coming from Pauli terms in
the Lagrangian. Consistency of the construction will then imply that the two
quantities HM and GM, which are off-shell different since the former depends on
the magnetic vector fields A as opposed to the latter, will be identified on-shell
by the equation

(HM — M)y On™ = (Ha — Ga) O =0. (260)

These equations will in particular identify the field strengths of the auxiliary fields
Ay in Ha with the duals to H*. The best that we can do is to make gM on-shell
covariant under G4, namely upon use of (260). To this end, we modify eq. (257)
as follows:

6Bo = tanp (2¢N gF — AN A 5AT)Y, (261)

so that the variations of the symplectic vectors HM and g™ read:

SHM = —Xnp™M (N HE + non-covariant terms,

o6M = —XnpM (N 6P + non-covariant but on-shell vanishing terms. (262)

Consistent definition of B, requires the theory to be gauge-invariant with
respect to transformations parmetrized by 1-forms: =, = =, dz#. Such trans-
formations should in turn be G4-invariant and leave HM unaltered:

AM o AM L 5-AM . B, — By, +0=B, = 0=HM =0. (263)
Let us use (249) then to write

o=HM = Doz AM + ZM* (62By + tanp AN N 6=AT) . (264)
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If we set
o=AM = _zMez (265)

the invariance of HM implies:
0=By = D=2, — tanp AV A G=zAT (266)

where
D=, =dEZ, +OnP 5,7 AM A E,. (267)

Let us now introduce field strengths for the 2-forms:
1
HE) = DB, — tapoAL A (dAQ +3 Xps? AR A AS> : (268)

Writing the forms in components,

HE) = %HQW dzt Ada¥ AdzP;  DBa = %DMBQ vp i A da? A dz ) (269)
we have:
Howp = 3Dy Bavy — 6tarq <Af;8,,A§] + %XRSQ AiAfAi) . (270)
The reader can verify that the following Bianchi identities hold:
DHM = zMaqy () (271)
DHE) = XypM HY AHE. (272)

Just as in Step 3. of Section 3.1, gauge invariance of the bosonic action requires

the introduction of topological terms, so that the final gauged bosonic Lagrangian

reads:
B e e 5 ot it
gbos = _§R+ itgst(gb) Du¢ D ¢ +
1
+Z Tns Hyu MM o SR s 7 Hy MM +

1 1
+ 3 ghrrghop (2 DpAsn + Xnuna AM AN — 1 9A63p0,3> +
1 1
+ g ‘C:HVPUXMNA A,uMAVN (8pAaA + ZXPQAA/JPAUQ> 4
1 1
Xy AM AN (apAg At XPQAApPAUQ) . (273)

The Chern-Simons terms in the last two lines generalize those in eq. (157). On
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top of them, gauge invariance of the action requires the introduction of new

topological terms, depending on the B-fields, which appear in the third line of

(273). Notice that if the magnetic charges ©* ¢ vanish (i.e. we are in the electric

frame), B, disappear from the action, since the second line of (273) vanish as

well as the B-dependent Stueckelberg term in HA.
The constraints (176), (177) and (178) are needed for the consistent con-
struction of the gauged bosonic action, which is uniquely determined. Just as

discussed in Sect. (3.1), they are also enough to guarantee its consistent super-

symmetric completion through Step 4, which equally applies to this more general

construction.

Some comments are in order.

i)

ii)

The construction we are discussing in this Section requires the introduction
of additional fields: n, magnetic potentials Ay, and a set of antisymmetric
tensors By . These new fields come together with extra gauge-invariances
(242), (265), (266), which guarantee the correct counting of physical degrees
of freedom. As we shall discuss below these fields can be disposed of using

their equations of motion.

It is known that in D-dimensions there is a duality that relates p-forms to
(D — p — 2)-forms, the corresponding field strengths having complementary
order and being related by a Hodge-like duality. In four dimensions vectors
are dual to vectors, while scalars are dual to antisymmetric tensor fields.
From this point of view, we can understand the 2-forms B, as “dual” to
the scalars in the same way as Aj are “dual” to A*. This relation can be
schematically illustrated as follows:

OBy X €€upe0’¢ + ... (274)

More precisely, we can write the non-local relation between B, and ¢° in a
G-covariant fashion as a Hodge-like duality between 7—[&3) and the Noether
current j, of the sigma model describing the scalar fields, associated with
the generator t:

5$bos s
50,0° k., (275)

Hoz,u,up x e euupajg ; jg =
k7, being the Killing vector corresponding to ¢,. This motivated the choice

of the 2-forms in the adjoint representation of G. In the gauged theory we
will find a Gg-invariant version of (275), see discussion below.

65



iii)

iv)

vi)

It can be shown that the presence of the extra fields B, and Ay in the ac-
tion is related to non-vanishing magnetic components ©* of the embedding
tensor. In the electric frame in which ©*® = 0, these fields disappear alto-
gether from the Lagrangian and we are back to the gauged action described
in Sect. 3.1.

The kinetic terms in the Lagrangian only describe fields in the ungauged
theory, while the extra fields enter topological terms or Stueckelberg-like
couplings and satisfy first order equations, see discussion below. This feature
is common to the G-covariant construction of gauged supergravities in any
dimensions [5, 83-85].

The dyonic embedding tensor ©;% determines a splitting of the 2n, vector
fields Ai\[[ into the truly electric ones Al/}, which are singled out by the combi-
nation Al]y O and thus define the gauge connection. The remaining ones
fl/]y correspond to non-vanishing components of ZM @ that is to the compo-
nents along which the Jacobi identity is not satisfied, see (247). These latter
vectors, of which there are at most n, independent, can be then written as
[1{14 =zMay, u and are ill-defined, since the corresponding field strengths
do not satisfy the Bianchi identity. An other problem with the vectors [lﬁ/l
is that they are not part of the gauge connection, but in general are charged
under the gauge group, that is are minimally coupled to Af}. These fields
cannot therefore be consistently described as vector fields. However, this
poses no consistency problem for the theory, since Af/ can be gauged away
by a transformation (265), (266) proportional to Z,. In a vacuum, they
provide the two degrees of freedom needed by some of the tensor fields B,
to become massive, according to the anti-Higgs mechanism [86,87]. In the
electric frame, these vectors become magnetic (A f\u) and disappear from
the action. This phenomenon also occurs in higher dimensions: the vectors
21;‘/ which do not participate in the gauge connection but are charged with
respect to the gauge group, are gauged away by a transformation associated
with some of the antisymmetric tensor fields which, in a vacuum, become

massive.

An important role in this construction was played by the linear constraint
(176), in particular by the property (255) implied by it, which allowed to
cancel the non-covariant terms in the gauge variation of F» by a corre-
sponding variation of the antisymmetric tensor fields. It turns out that a
condition analogous to (255) represents the relevant linear constraint on the
embedding tensor needed for the construction of gauged theories in higher
dimensions [5, 83-85].
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Let us now briefly discuss the bosonic field equations for the antisymmetric tensor
fields and the vectors. The variation of the action with respect to By, yields
equations (260). By fixing the Z,-gauge freedom, we can gauge away the ill-
defined vectors fli‘[l = ZMa4,, and then solve egs. (260) in B, as a function of
the remaining field strengths, which are a combination of the FA only. Substitut-
ing this solution in the action, the latter will only describe the AI’} vector fields
and no longer contain magnetic ones or antisymmetric tensors. In other words
by eliminating B, through equations (260) we effectively perform the rotation to
the electric frame and find the action discussed in Sect. 3.1.
By varying the action with respect to A,A/ we find the following equations:

DiuGogy = 26 CMY €5 D7 9" G kiy = 2 CM N €00 %, (276)

which are the manifestly G-covariant form of the Maxwell equations. The right-
hand-side is proportional to the electric current

% = D¢* G kiy = ON DI Gk, = ONJT. (277)

If we contract both sides of (276) with ©,,%, we are singling out the Bianchi
identity for the fields strengths FA of the vectors which actually participate in
the minimal couplings. By using the locality condition on O, we find:

D[MG%] Oy =2eCMN g, @Nﬁe#,,p,, D7¢ ey Ky = 0, (278)

which are nothing but the Bianchi identities for F A This is consistent with our
earlier discussion, see eq. (251), in which we showed that the locality condition
implies that the Bianchi identity for the gauge curvature have no magnetic source
term, so that the gauge connection is well defined?”.

Now we can use the Bianchi identity (271) to rewrite eq. (278) as a dualization
equation generalizing (275). To this end, we consider only the upper components
of (278), corresponding to the field equations for Ax ,:

Z2 Moy = 12 € Z% €190 D7 6° Gy KL . (279)

When the gauging involves translational isometries [6], ¢ — ¢! + ¢!, the above
equations can be solved in the fields A, contained in the covariant derivative.
This is done by first using the {-gauge freedom associated with Ap to gauge away
the scalar fields ¢! acted on by the translational isometries. Eqs. (279) are then

25 in our earlier discussion we showed that DHM ©,,% = DFM ©,,% = 0. This is consistent with
eq. (278) since on-shell HMO,,* = MO~
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solved in the fields A, which are expressed in terms of the remaining scalars,
the vectors AN and the field strengths of the antisymmetric tensors. Substituting
this solution in the action, we obtain a theory in which no vectors Ax appear and
the scalar fields ¢! have been effectively dualized to corresponding tensor fields
Bj . The latter become dynamical and are described by kinetic terms. These
theories were first constructed in the framework of N = 2 supergravity in [88,89],
generalizing previous results [90].

The gauged theory we have discussed in this section features a number of
non-dynamical extra fields. This is the price we have to pay for a manifest G-
covariance of the field equations and Bianchi identities. The embedding tensor
then defines how the physical degrees of freedom are distributed within this larger
set of fields, by fixing the gauge symmetry associated with the extra fields and
solving the corresponding non-dynamical field equations (260), (279).

A view on higher dimensions. As mentioned in point ii) above, there
are equivalent formulations of ungauged supergravities in D-dimensions obtained
from one another by dualizing certain p-forms C'y) (i.e. rank-p antisymmetric
tensor fields) into (D — p — 2)-forms C(p_,_s) through an equation of the type:

dC(p) = *dC(D,p,Q) + ... (280)

Such formulations feature in general different global symmetry groups. This
phenomenon is called Dualization of Dualities and was studied in [91]. The
scalar fields in these theories are still described by a non-linear sigma model
and in D > 6 the scalar manifold is homogeneous symmetric. Just as in four
dimensions, the scalars are non-minimally coupled to the p-form fields (see below)
and the global symmetry group G is related to the isometry group of the scalar
manifold and thus is maximal in the formulation of the theory in which the
scalar sector is maximal, that is in which all forms are dualized to lower order
ones. This prescription, however, does not completely fix the ambiguity related to
duality in even dimensions D = 2k, when order-k field strengths, corresponding
to rank-(k — 1) antisymmetric tensor fields C(;_1), are present. In fact, after
having dualized all forms to lower-order ones, we can still dualize (k — 1)-forms
C(k—1) into (k — 1)-forms CN'(k,l). This is the electric-magnetic duality of the
four-dimensional theory, related to the vector fields, and also occurs for instance
in six dimensions with the 2-forms and in eight dimensions with the 3-forms.
Duality transformations interchanging C;_;) with é(k—l)» and thus the cor-
responding field equations with Bianchi identities, are encoded in the group G,
whose action on the scalar fields, just as in four dimensions, is combined with a
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linear action on the k-form field strengths F{;) and their duals F(k):

Flgy = Fyy = Alg] Fiyy + Bly] Fiy

geqG - -

(281)

As long as the block B[g] is non-vanishing, this symmetry can only be on-shell
since the Bianchi identity for the transformed F{j), which guarantees that the
transformed elementary field C’ék_l) be well defined, only holds if the field equa-
tions dFjy,) = 0 for C(;,_y) are satisfied [92]:

dFyy = Alg) dF () + Blg] dF () = Blg] dF{3) = 0. (282)

The field strengths F;) and F(k) transform in a linear representation Z of G
defined by the matrix:

geG 2 g = (A[g] BM) . (283)

Just as in four dimensions, depending on which of the C_) and é(k—l) are
chosen to be described as elementary fields in the Lagrangian, the action will
feature a different global symmetry G;, though the global symmetry group G of
the field equations and Bianchi identities remains the same. The constraints on
Z derive from the non-minimal couplings of the scalar fields to the (k — 1)-forms
which are a direct generalization of those in four dimensions between the scalars
and the vector fields*®, see (258)

(&9

zkin,c = o%k!

(Zas(¢) ED, FAete f Ry (¢) FA - FFA#-i) - (285)

where p =0,...,D—1 and A, ¥ =1,...,n, being ny the number of (k—1)-forms

C—1) and € = (—)F1L.

The matrices Zax(¢), Rax(¢) satisfy the following properties:
Ias, =Isp < 0, Ras = —eRsxa . (286)

Just as we did in four dimensions, see eq. (47), we define dual field strengths

26 the Hodge dual *w of a generic g-form w is defined as:

e

q' E#l.nﬂD—qu...Vq wl/l...uq 9 (284)

* w#l---,uD—q =

where €g1..p_1 = 1. One can easily verify that **w = (f)‘I(D*Q) (-)P 1w
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(omitting the fermion terms):

% .
gAul...uk =€ 6“1"'#‘]6‘”1"'”]6‘ (S_F,T = GA - _IAE }7E - ERAE FE , (287)

vi...Vg

and define the vector of field strengths:

oy _ [FR
F = (F )_<§A>' (288)

The definition (287) can be equivalently written in terms of the twisted self-duality
condition [91]:
F=-C.M(¢)F, (289)

which generalizes (53), where

C. = (CMV) = <50]1 ﬁ) , (290)

1, 0 being the n; x ng identity and zero-matrices, respectively, and

M(¢) = M(d)un) = (<I ;éf%@“ —(?_I;?f) (291)

The reader can easily verify that:
MIC.M=C.. (292)
For ¢ = —1, which is the case of the vector fields in four dimensions, C. is

the symplectic invariant matrix and M is a symmetric, symplectic matrix. For
¢ = 41, which is the case of 2-forms in six dimensions, C. is the O(ng,ny)-
invariant matrix and M a symmetric element of O(ng, ng).

The Maxwell equations read:

dF = 0. (293)
In order for (283) to be a symmetry of egs. (289) and (293) we must have:
M(g o) = Zlg) ™ M(¢)%lg) ", (294)

and
1) CZ]g] = C-. . (295)
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This means that in D = 2k dimensions:

keven :  Z|G] C Sp(2ng,R),
kodd : Z[G] C O(ng,ng) . (296)

All other forms of rank p # k — 1, which include the vector fields in D > 4, will
transform in linear representations of G. The corresponding kinetic Lagrangian
only feature the first term of (285), with no generalized theta-term (R = 0).

If we compactify Type ITA/IIB or eleven-dimensional supergravity on a torus
down to D-dimensions, we end up with an effective ungauged, maximal theory
in D dimensions, featuring form-fields of various order. Upon dualizing all form-
fields to lower order ones, we end up with a formulation of the theory in which
G is maximal, and is described by the non-compact real form Eq;_p1_p) of the
group Eq;_p. Here we use the symbol Ejy_p(1;_p) as a short-hand notation for
the following groups:

D=9 : G = EQ(Q) = GL<27R) s

D=8: G =Eyzs =SL(2,R) x SL(3,R),
D=7: G = E4(4) = SL(5,R) s

D=6 : G= E5(5) = 80(5, 5) s

D = 5 . G == EG(G) 5

D = 4 . G == E7(7) 5

Only for D <5, Eq1_p(11—p) is a proper exceptional group. The ungauged four-
dimensional maximal supergravity was originally obtained from compactification
of the eleven-dimensional one and dualization of all form-fields to lower order
ones in [54], where the E7(7) on-shell symmetry was found.

In D = 10 Type IIA and IIB theories feature different global symmetry groups:
Grra = SO(1,1) and Grrp = SL(2,R), respectively. The latter encodes the
conjectured S-duality symmetry of Type IIB string theory. In this theory Grp
does not act as a duality group since the 5-form field strength is self-dual and is
a Grp-singlet.

A G-covariant gauging [5,83-85] is effected starting from the formulation of
the ungauged theory in which G is maximal and promoting a suitable global
symmetry group of the Lagrangian Gy C G to local symmetry. The choice of the
gauge group is still completely encoded in a G-covariant embedding tensor ©:

O € %y, x adj(Q) | (298)
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subject to a linear constraint, generalizing (255), which singles out in the above
product a certain representation Zg for the embedding tensor, and a quadratic
one expressing the Gg-invariance of ©. In Table 3 we give, in the various D-
dimensional maximal supergravities, the representations Zg of ©.

Just as in the duality covariant construction of the four-dimensional gaugings
discussed above, one introduces all form-fields which are dual to the fields of the
ungauged theory. All the form-fields will transform in representations of G and
dual forms of different order will belong to conjugate representations. In D = 2k,
in the presence of rank-(k—1) antisymmetric tensors, this amounts to introducing
the fields é(k—l)A dual to the elementary ones C&_l), just as we did for the
vector fields in four dimensions. Together they transform in the representation
% discussed above. By consistency, each form-field is associated with its own
gauge invariance. Only the fields of the original ungauged theory are described
by kinetic terms, the extra fields enter in topological terms and in Stueckelberg-
like combinations within the covariant field strengths. The latter, for a generic
p-form field, can be schematically represented in the form (we suppress all indices)

F(p+1) = DC(p) +Y,[0]- C(p+1) +.... (299)

where Y,[0] is a constant intertwiner tensor constructed out of © and of G-
invariant tensors. The gauge variation of the p-form has the following schematic
expression:

6C(p) = YplO] - E(p) + DE(p_y) + - - (300)

The embedding tensor defines, through the tensors Y,[0], a splitting of the p-
forms into physical fields and unphysical ones. The former will in general become
massive by “eating” corresponding unphysical (p — 1)-forms, while the latter,
whose field strengths fail to satisfy the Bianchi identity, are in turn gauged away
and become degrees of freedom of massive (p + 1)-forms. The constraints on
the embedding tensor and group theory guarantee the consistency of the whole
construction.

Just as in the four-dimensional model discussed above, the embedding ten-
sor defines the distribution of the physical degrees of freedom among the vari-
ous fields by fixing the gauge freedom (300) and solving the non-dynamical field
equations. These G-covariant selective couplings between forms of different order,
determined by a single object ©, define the so-called tensor hierarchy and was
developed in the maximal theories, in [5, 84, 85] as a general G-covariant formula-
tion of the gauging procedure in any dimensions. In this formalism the maximal
gauged supergravity in D = 5 was constructed in [83], generalizing previous works
[93,94]. The general gauging of the six and seven -dimensional maximal theories
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D G H S

7 SL(5) USp(4) 10 x 24 =10+ 15+ 40 + 175

6 | SO(5,5) | USp(4)xUSp(4) | 16 x 45 = 16 + 144 + 560

5 Eo(6) USp(8) 27 x 78 = 27 + 351 + 1728
4 Er(7) SU(8) 56 x 133 = 56 + 912 + 6480
; By S0(16) 248 x 248 =

1+248+ 3875+ 27000+ 30380

Table 3: Decomposition of the embedding tensor © for maximal supergravities in various
space-time dimensions in terms of irreducible G representations [3,5]. Only the underlined
representations are allowed by supersymmetry. The R-symmetry group H is the maximal
compact subgroup of G.

were constructed in [95] and [84] respectively, extending previous works [96]. In
D = 8 the most general gaugings were constructed in [97]. Finally, the D = 9
gauged theory was studied in [98-100]. We refer to these works for the details of
the construction in the different cases.
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