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We compute the complete 3- and 4-dimensional tensor hierarchies, i.e. sets of
p-form fields, with 1 < p < D, which realize an off-shell algebra of bosonic gauge
transformations. We show how these tensor hierarchies can be put on-shell by intro-
ducing a set of duality relations, thereby introducing additional scalars and a metric
tensor. These so-called duality hierarchies encode the equations of motion of the
bosonic part of the most general gauged supergravity theories in those dimensions,
including the (projected) scalar equations of motion.

We construct gauge-invariant actions that include all the fields in the tensor
hierarchies. We elucidate the relation between the gauge transformations of the p-
form fields in the action and those of the same fields in the tensor hierarchy.
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1 Introduction

The bosonic degrees of freedom of a generic supergravity theory are described by a metric
tensor field and a set of (electric) p-form potentials with p > 0. In order to describe the
correct number of degrees of freedom these fields must satisfy second-order differential
equations. In general one may realize the supersymmetry algebra on a larger set of p-form
potentials as long as this does not upset the counting of degrees of freedom. Such potentials
are expected to exist in order to allow for the coupling of various types of branes. Examples
of such potentials are the (magnetic) (D — p — 2)-forms. Whereas the p-form couples to an
(electric) (p—1)-brane, the (D —p — 2)-form potential couples to a (magnetic) (D —p—3)-
brane. The magnetic (D — p — 2)-forms do not describe new degrees of freedom since
they are related to the electric p-forms via a first-order duality relation. By virtue of the
Bianchi identities that the curvatures of the electric and magnetic potentials satisfy, the
second-order equations can be derived as integrability conditions of the duality relations:

Bianchi identities & duality relations < equations of motion . (1.1)

For instance, in the case of ITA /IIB supergravity the supersymmetry algebra can be realized
on all p-forms (0 < p < 10) with p odd (ITA) or p even (IIB). The Bianchi identities and
duality relations then lead to all equations of motion (except the Einstein equation). This
is often referred to as the “democratic formulation” of ITA /IIB supergravity [1].

The idea of deriving the equations of motion of supergravity from an underlying set of
Bianchi identities and first-order differential equations has been pursued in several contexts
in the literature. It already occurs in the work of [2] for the case of maximal supergravity
including massive ITA supergravity [3]. Similar duality relations are natural in the FEj;-
approach to supergravity [4-7]. Duality relations also play an important role in encoding
the integrability of a system, for instance in maximal two-dimensional supergravity [8].

Recently, it has been shown that dual potentials are not only relevant to describe
the coupling to branes but play also a crucial role in the construction of a supersymmetric
action for certain gauged supergravity theories. A systematic way to study the most general
gaugings of a supergravity theory is provided by the embedding tensor approach [9-13],
which is a powerful technique to construct in a unified way gauged supergravity theories
for different gauge groups. Usually, supersymmetric actions involve besides the metric
tensor only electric potentials. However, using the embedding tensor approach, it has been
shown that to describe a magnetic gauging in D = 4, i.e. a gauging involving a magnetic
vector field, the action must also contain a dual 2-form potential via a Chern-Simons-like
topological coupling In general dimensions p-form potentials of even higher rank are
introduced. For instance, the action corresponding to certain gaugings in D = 6 requires
magnetic 2-form and 3-form potentials [17]. This led to the notion of a tensor hierarchy,
which consists of a system of potentials of all degrees p = 1,..., D and their respective
curvatures, which are related by Bianchi identities. Note that the tensor hierarchy does

In the context of N = 2, D = 4 supergravity it has been shown how the local supersymmetry algebra
can be closed on some of these dual 2-form fields [16].



not contain O-form potentials, i.e. scalars, and the metric tensor. These are introduced at
a later stage, see below.

We wish to stress that for theories in specific dimensions generically not the full tensor
hierarchy is used or needed in the construction of an action. Moreover, the field equa-
tions for the new (magnetic) potentials take the form of projected duality relations and,
therefore, do not encode the full set of second-order equations via their integrability condi-
tions. It is the purpose of this paper to investigate gauged supergravities from the point of
view that all bosonic field equations (except the Einstein equation and part of the scalar
equations of motion) should be derivable from first-order duality relations. This will nat-
urally include the full tensor hierarchy, which is required by consistency. We will focus
on the bosonic gauge symmetries that are realized by the D = 3 and (non—anomalousﬁ)
D = 4 tensor hierarchy independent of any supersymmetry. Our results apply for any
number of supersymmetries, not just the maximal or half-maximal cases. Hence we obtain
an off-shell formulationfl of all bosonic symmetries that act in the bosonic sector of any
(non-anomalous) D = 3,4 gauged supergravity theory.

In the D = 4 case we use as our staring point Ref. [11]. We use the same formalism,
impose the same constraints on the embedding tensor and follow the same steps up to the
2-form level reproducing exactly the same results, but we carry out the program to its
completion, determining explicitly all the 3- and 4-forms and their gauge transformations.
Here we find already a surprise in the sense that in D = 4 we find more top-form potentials
than follow from the expectations formulated in Refs. [13, 18]@. Our results and the general
results and conjectures of these referencest cannot be straightforwardly compared, though,
since in these works on the general structure of tensor hierarchies only one possible con-
straint on the embedding tensor (the standard quadratic constraint) is considered, while
in the 4-dimensional setup of Ref. [11] the embedding tensor is subject to two additional
constraints, one quadratic and one linear. They are ultimately responsible for the exis-
tence of additional 4-forms, which we find to be in one-to-one correspondence with the
constraints@.

Next, we will make precise how a set of dynamical equations can be defined by the

2By a non-anomalous tensor hierarchy we refer to a specific form of the so-called representation (or
linear) constraint imposed on the embedding tensor. This constraint is such that the classical action of
the corresponding gauged supergravity is gauge invariant.

3By “off-shell formulation” we mean that the commutator algebra of gauge symmetries closes without
the need to impose constraints on the fields. In this sense an off-shell formulation is not related to any
particular action.

4For instance, we find in D = 4 not only top-forms that correspond to quadratic constraints of the
embedding tensor but also top-forms that are related to certain linear constraints, see subsection [3.41

5There are no direct computations of tensor hierarchies up to the 4-form level in the literature. All we
know about them, up to now, is based on general arguments.

®Note added in proof: it has recently been shown in Ref. [19] that the introduction of these additional
4-forms is consistent with N = 1, D = 4 supergravity. Furthermore, it has been shown that the gauging
of particular classes of theories (e.g. N = 1, D = 4 supergravity with a non-vanishing superpotential) may
require additional constraints on the embedding tensor, which lead to extensions of the tensor hierarchy
and, in particular, to additional 4-forms related to the new constraints.



introduction of first-order duality relations. Besides the p-form potentials these duality
relations also contain the scalars and the metric tensor defining the theory. The set of
dynamical equations not only contains the equations of motion putting all electric poten-
tials on-shell but it also involves the (projected) scalar equations of motion. The tensor
hierarchy supplemented by this set of duality relations will be called the duality hierarchy.
This set of duality relations cannot be derived from an action, though the relation to a
possible action will be elucidated in a last step.

For the readers’ convenience we briefly outline our program, which can be summarized
by the following 3-step procedure. The first step consists of the general construction of
the tensor hierarchy, which is an off-shell system. The structure in generic dimension
has been given in [12,13]. The explicit form, however, of the complete D = 4 tensor
hierarchy is not available in the literature since it was constructed in [11] only up to the
2-form level. (For the construction of the tensor hierarchy of maximal and half-maximal
4-dimensional supergravities, see [20] and references therein.) The complete D = 3 tensor
hierarchy has been discussed in [12,21]. To construct the tensor hierarchy one usually

starts from the p-form potential fields of all degrees p = 1,..., D and then constructs
the gauge-covariant field strengths of all degrees p = 2,..., D. These field strengths are
related to each other via a set of Bianchi identities of all degrees p = 3,..., D. Usually, one

starts with the construction of the covariant field strength for 1-form potentials which, for
general gaugings, requires the introduction of 2-form potentials. The corresponding 3-form
Bianchi identity relates the 2-form field strength to a 3-form field strength for the 2-form
potential, whose construction requires the introduction of a 3-form potential, etc. This
bootstrap procedure ends with the introduction of the top-form potentials. The only input
required for this construction is the number of electric p > 1-form potentials, the global
symmetries of the theory and the representations of this group under which the p-forms
transform. Changing these data leads to different theories that can be seen as different
realizations of the low-rank sector of the same tensor hierarchy:.

A trick that simplifies the construction outlined above and which makes the construction
of the complete D = 4 tensor hierarchy feasible is to first construct the set of all Bianchi
identities relating the (p + 1)-form field strengths to the (p + 2)-field strengths. This
systematic construction of the Bianchi identities can be carried out even if we do not know
explicitly the transformation rules of the potentials. These can be found afterwards by
using the covariance of the different field strengths. The resulting gauge transformations
form an algebra that closes off-shell: at no stage of the calculation equations of motions
are involved.

The second step is to complement the tensor hierarchy with a set of duality relations
and as such to promote it to what we have called duality hierarchy. The duality relations
contain more ‘external’ information about the particular theory we are dealing with. It will
introduce the scalars and the metric tensor field that were not involved in the construction
of the tensor hierarchyﬂ. More precisely, some of the duality relations contain the scalar
fields via functions that define all scalar couplings, i.e. the Noether currents, the (scalar

"The dual scalars, i.e. the (D — 2)-form potentials, are included in the tensor hierarchy.



derivative of the) scalar potential and functions that define the scalar-vector couplings. In
this way the duality hierarchy contains all the information about the particular realization
of the tensor hierarchy as a field theory.

The duality hierarchy leads to a set of dynamical equations that not only contains the
equations of motion for the electric potentials but it also involves the (projected) scalar
equations of motion according to the rule:

Tensor hierarchy & duality relations < dynamical equations. (1.2)

The gauge algebra of the tensor hierarchy closes off-shell even in the presence of the du-
ality relations. However, in the context of the duality hierarchy this is a basis-dependent
statement. We are free to modify the gauge transformations by adding terms that are
proportional to the duality relations. Of course, in this new basis the gauge algebra will
close on-shell, i.e. up to terms that are proportional to the duality relations. We will call
the original basis with off-shell closed algebra the off-shell basis.

The last and third step is the construction of a gauge-invariant action for all p-form
potentials, scalars and metricﬁ In this last step we encounter a few subtleties that we will
clarify. In particular, we will answer the following questions:

1. How are the equations of motion that follow from the gauge-invariant action related
to the set of dynamical equations defined by the duality hierarchy?

2. How are the gauge transformations of the p-form potentials occurring in the action
related to the gauge transformations that follow from the tensor hierarchy?

It turns out that the construction of a gauge-invariant action requires that the gauge
transformations of the duality hierarchy are given in a particular basis that can be obtained
from the off-shell basis by a change of basis that will be described in this paper. To be
specific, the two sets of transformation rules (those corresponding to the off-shell tensor
hierarchy and those that leave the action invariant) differ by terms that are proportional to
the duality relations. It is important to note that once a gauge-invariant action is specified
the gauge transformations that leave this action invariant are not anymore related to the
off-shell basis by a legitimate basis transformation from the action point of view. This
is due to the fact that from the action point of view one is not allowed to remove terms
that are not proportional to one of the equations of motion that follow from this actionfd
However, although some projected duality relations follow by extremizing the action, this
is not the case for all duality relations of the duality hierarchy. Therefore, from the action
point of view, the gauge transformations that leave the action invariant are not equivalent
to the gauge transformations of the duality hierarchy in the off-shell basis. Indeed, the
gauge transformations in the off-shell basis do not leave the action invariant.

This work is organized as follows. In section [2] we briefly review a few basic facts about
the embedding tensor formalism that will be needed later on. In section 3 we construct

8Strictly speaking, in D = 4 not all 2-forms enter the action, see sec.
90ne may only change the gauge transformations by adding so-called “equations of motion symmetries”.



the complete D = 4 tensor hierarchy for non-anomalous supergravities. We introduce the
setup of our procedure in subsection B.1], present the standard construction of the vector
2-form field strengths in subsection and the construction of the 3-form and 4-form field
strengths in subsections and 3.4l In section [ we add to the tensor hierarchy duality
relations and construct the duality hierarchy. We show how the set of dynamical equations
that follows from this duality hierarchy not only contains the equations of motion of the
different potentials but also the (projected) scalar equations of motion. Finally, in section [l
we construct a gauge-invariant action for all the fields of the D = 4 tensor hierarchy and
show how this result is related to the duality hierarchy. The general analysis of theories
in D = 3 is presented in Section [6 which completes the investigations [12,21] discussed
in the literature so far. The D = 4 and D = 3 cases may be studied independently, and
the latter serves as a toy model which elucidates some (but not all) of the subtleties of
the four-dimensional analysis. Our conclusions are contained in section [7] and the three
appendices contain a summary of the 4-dimensional results.

2 The embedding tensor formalism

We start by giving a brief review of the the embedding tensor formalism [9, 10, 12, 13].
Readers familiar with this technique may skip this part.

The embedding tensor formalism is a convenient tool to study gaugings of supergravity
theories in a universal and general way, that does not require a case-by-case analysis. This
technique formally maintains covariance with respect to the global invariance group G of
the ungauged theory, even though in general G will ultimately be broken by the gauging
to the subgroup that is gauged. It turns out that all couplings that deform an ungauged
supergravity into a gauged one, as Yukawa couplings, scalar potentials, etc., can be given
in terms of a special tensor, called the embedding tensor. Thus, gauged supergravities are
classified by the embedding tensor, subject to a number of algebraic or group-theoretical
constraints, some of which we will discuss below.

To be more precise, the embedding tensor ©,,* pairs the generators t, of the group
G with the vector fields A, used for the gauging. The indices «, 3, ... label the adjoint
representation of G' and the indices M, N, ... label the representation Ry of G, in which
the vector fields that will be used for the gauging transform. Thus, the choice of ©,,,
which generally will not have maximal rank, determines which combinations of vectors

AMO e, (2.1)

can be seen as the gauge fields associated to (a subset of) the generators ¢, of the group
G, and, simultaneously, or alternatively, which combinations of group generators

Xy = Ou t, (2.2)

can be seen as the generators of the gauge group. Consequently, the embedding tensor can
be used to define covariant derivatives



D, = 0, —AMOy*t, = 0,—AM Xy, (2.3)

which shows that the embedding tensor can also be interpreted as a set of gauge coupling
constants'd of the theory. Even though ©,,* has been introduced as a tensor of the duality
group G, it is not taken to transform according to its index structure, i.e. in the tensor
product Ry ® Adj*, but must be inert under G for consistency. This requirement leads
to the so-called quadratic constraints, which state that the embedding tensor is invariant
under the gauge group. If we denote the generators of G (with structure constants f.z7)
in the representation Ry by (£, )", this amounts to the condition

5pOM* = Op s N ONT +Op% f5,°007 = 0. (2.4)

Therefore, seemingly G-covariant expressions actually break the duality group to the sub-
group which is gauged.
In the next sections we will frequently make use of the objects

Xun® = Outan” = X[MN]P+ZPMN> (2.5)

with Z7;n denoting the symmetric part of X,;x", in terms of which the quadratic con-
straints read

0p°Z yny = 0. (2.6)

Thus, the antisymmetry of the ‘structure constants’ of the gauge group holds only upon
contraction with the embedding tensor. Similar relations, that are familiar from ordinary
gauge theories but hold in the present context only upon contraction with ©, will be
encountered at several places in the next sections. Note that standard closure of the gauge
group follows from (24]) in that

(X, Xn] = —Xun"Xp = —Xpun" Xp (2.7)

by virtue of (2.6]).

So far, the discussion has been quite general. In the remaining part of this paper we
are going to discuss the D = 4 and D = 3 tensor hierarchies in full detail. For these cases
the embedding tensor can be specialized according to the known representation of the
vector fields. Also, our notation for the indices will slightly differ from the general case to
accord with the literature. In the D = 4 case we will work with electric vectors A* u, With
A =1,...,n, and magnetic vectors A,,. Together, these vectors will be combined into
a symplectic contravariant vector AM, with M labeling the fundamental representation

10G may have a product structure and each factor may have a different coupling constant, which is
contained in the embedding tensor. We, therefore, do not write any other explicit coupling constants
apart from ©,,.



of Sp(2n,R). Also the adjoint index of the global symmetry group will be denoted by A
instead of a.. This leads to the following notation for the D = 4 embedding tensor:

D=4: On® — Oyt (2.8)

On the other hand, in the D = 3 case the representation Ry of the vector fields is equal
to the adjoint representation of the global symmetry group . Therefore, the D = 3
embedding tensor carries two adjoint indices and this leads to the following notation

D=3: @Ma — @MN' (29)

We now discus the D = 4 tensor hierarchy in sections B, Ml and [ and, next, the D = 3
tensor hierarchy in section [Gl

3 The D =4 tensor hierarchy

In this section we will construct the complete D = 4 tensor hierarchy extending the results
of Ref. [11] following the outline of Ref. [12]. We will follow closely the notation and
conventions used in these references.

3.1 The setup

The (bosonic) electric fields of any 4-dimensional field theory are the metric, scalars and
(electric) vectors. Only the latter are needed in the construction of the tensor hierarchy.
We denote them by A%, where A,%,... =1,--- 7. In 4-dimensional ungauged theories
one can always introduce their magnetic duals which we denote by a similar index in lower
position Ay .

The symmetries of the equations of motion of 4-dimensional theories that act on the
electric and magnetic vectors are always subgroups of Sp(2n, R) [22] . Thus, it is convenient
to define the symplectic contravariant vector

L <ﬁii) | (3.1)

It is also convenient to define the symplectic metric Qy,n by

Qun = ( 0 H'Om ) : (3.2)

_Hﬁxﬁ

and its inverse QM by

QMNQnp = —Mp. (3.3)

' We assume that G carries an invariant Cartan-Killing form, such that the indices can be freely raised
and lowered. This assumption is satisfied for the duality groups of three-dimensional supergravity.



They will be used, respectively, to lower and raise symplectic indices, e. g.

Ay = QunAY = (4, —AY), AM = ApQNM (3.4)

The contraction of contravariant and covariant symplectic indices is, evidently, equivalent
to the symplectic product: AM By, = AMQunyBY = —AyBM.

We denote the global symmetry group of the theory by G and its generators by T4,
A B,C,...=1,--- ;rankG. These satisfy the commutation relations

(T4, Tg] = —fas“Tc . (3.5)

G can actually be larger than Sp(2n,R) and/or not be contained in i, but, according to
the above discussion, it will always act on AM as a subgroup of it, i.e. infinitesimally

5aAM = O(ATANMAN, 5aAM == _aATAMNANv (36)

where

TA [MN)] = TA [MPQN}p =0. (37)

This is an important general property of the 4-dimensional case. It is implicit in this
formalism that some of the matrices T4 /" may act trivially on the vectors, i.e. they may
vanish. Otherwise we could only deal with G C Sp(2n, R).

Apart from its global symmetries, an ungauged theory containing n Abelian vector
fields will always be invariant under the 2n Abelian gauge transformations

S AM = —9,AM | (3.8)

where AM () is a symplectic vector of local gauge parameters.

To gauge a subgroup of the global symmetry group G we must promote the global
parameters o to arbitrary spacetime functions aA(x) and make the theory invariant under
these new transformations. This is achieved by identifying these arbitrary functions with a
subset of the (Abelian) gauge parameters AM of the vector fields and subsequently using the
corresponding vectors as gauge fields. This identification is made through the embedding
tensor © )4 = (0,4, 044):

o (x) = AM(2)0y". (3.9)

The embedding tensor allows us to keep treating all vector fields, used for gaugings or not,
on the same footing. It hence allows us to formally preserve the symplectic invariance even
after gauging.

As discussed in section 2 the embedding tensor must satisfy a number of constraints
which guarantee the consistency of the theory. Some of these constraints have already been

12Tn what follows we will mostly use differential-form language and suppress the spacetime indices.
13The symmetries of a set of scalars decoupled from the vectors are clearly unconstrained.

10



discussed in section 2l In total we have three constraints which we list below. First of all,
in the D = 4 case we must impose the following quadratic constraint

QP = oMo, =0, (3.10)

which guarantees that the electric and magnetic gaugings are mutually local [11]. Observe
that the antisymmetry of QMY and the above constraint imply © 40,2 = 0. This
constraint is a particular feature of the 4-dimensional case.

As mentioned in section Pl there is a second quadratic constraint which encodes the fact
that the embedding tensor has to be itself invariant under gauge transformations. If the
gauge transformations of objects with contravariant and covariant symplectic indices are

SAEM = ANO AT, pMeP Samn = —ANONATy v ép, (3.11)

and the gauge transformations of objects with contravariant and covariant adjoint indices
are written in the form

S = AMOY B fponC . SaCa = —AMOLB f5uCC0 (3.12)
then

60O = AN Qnar?, Qnu’ = O Tu " 0p* — 0104 P fap?, (3.13)

and the second quadratic constraint reads

Qvu™ =0. (3.14)

The third constraint applies to all 4-dimensional supergravity theories that are free of
gauge anomalies [30] and can be expressed using the X generators introduced in section [2]

see Eq. (2.5):
Xy =0y Ty, Xunt =0y Tun". (3.15)
This constraint (the so-called representation constraint) is linear in ©y* and reads as
follows [11]:
Lyunpe = Xaune) = Xun®Qpg =0. (3.16)
The three constraints that the embedding tensor has to satisfy are not independent,
but are related by
Quiny* = 3LynpZ"* =20 Tpyy = 0. (3.17)

This relation can be used to show that the constraint Q4Z = 0 follows from the constraint
Qum N)A = 0 when the linear constraint Ly;yp = 0 is explicitly solved, whenever the action
of the global symmetry group on the vectors is faithful. We will neither solve explicitly

11



the linear constraint by choosing to work only with representations allowed by it, nor we
will assume the action of the global group on the vectors to be faithful, since there are
many interesting situations in which this is not the case and we aim to be as general as
possible. In (half-) maximal supergravities, though, the global symmetry group always
acts faithfully on the vector fields.

These two choices, which differ from those made in the explicit examples found in the
literature (see e.g. Ref. [20]) will have important consequences in the field content of the
tensor hierarchy and are the reason why our results also differ from those obtained in them.
Before we go on we wish to collect a few properties of the X generators X;n* in a separate
subsection.

3.1.1 The X generators and their properties

We first discuss the symmetry properties of the X generators. By their definition, and due
to the symplectic property of the Ty y*' generators, see Eq. [3.7), we have

Xunp = Xupn - (3.18)
From the definition of the quadratic constraint Eq. (8.14) it follows that

X 0p% = Qi (3.19)

and so it will Vanis, although, in general, we will have

Xoum" #0. (3.20)
This implies, in particular
Xaump = =3 Xpun + 2Lune = Xaun)" = 2P Tunn + 3Lun", (3.21)
where we have defined
+ieM
2 )
7P = _loNrey? = : (3.22)
—19,4 ’

2

ZP4 will be used to project in directions orthogonal to the embedding tensor since, due to
the first quadratic constraint Eq. ([B.10), we find that

ZMAQ P = -1 (3.23)

We next discuss some properties of the products of two X generators. From the com-
mutator of the T4 generators and the definition of the generators X, and the matrices
Xun' we find the commutator of the X, generators to be

14Here we will keep the terms proportional to constraints for later use, including the linear constraints

in (321).
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[Xar, Xn] = QunTe — Xun"Xp. (3.24)
This reduces to (cf. to Eq. (2.7))

[(Xar, Xn) = —Xun" Xp, (3.25)

upon use of the above constraint and Qun® = 0. From the commutator Eq. ([3.24]) one
can derive the analogue of the Jacobi identities

X Xiper™ + Xivp X i)™ + Xipan X g™ =
= —H{ XX p) " + Xivr X i) + Xipi® X v "t (3.26)

—Quun“Top ™

We finally present two more useful identities that can be derived from the commutators:

X *Xpo" = Xpn“Xug)" = Xpu®Xwo) = —Qpran“Tem™.  (3.27)
X Xpo" = Xen X" + Xpu®Xivg™ = Qron“Tow™. (3.28)

3.2 The vector field strengths FV

We now return to the construction of the field strengths of the different p-form potentials.
In what follows we will set all the constraints explicitly to zero in order to simplify the
expressions. In this section we consider the vector field strengths.

To construct the vector field strength it is convenient to start from the covariant deriva-
tive. This derivative acting on objects transforming according to 6¢ = AM§,¢ is defined
by

Do =dp+ AMy . (3.29)

For instance, the covariant derivative of a contravariant symplectic vector

DM = deM 1 XypMANED (3.30)

transforms covariantly provided that

§AM = —DAM 1 AAM Oy AAM =0, (3.31)

The Ricci identity of the covariant derivative on A" can be written in the form

DOAM = XypMFVAT, (3.32)

13



for some 2-form F™. Since this expression is gauge-covariant, F'M contracted with the
embedding tensor, will automatically be gauge-covariant, whatever it is and it is natural
to identify it with the gauge-covariant vector field strength. The above expression defines
it up to a piece AF'™ which is projected out by the embedding tensor, just like AAM in
SAM An explicit calculation gives

FM = dAM + L X (np M AN N AP + AFM Ou*AFM =0. (3.33)

The possible presence of AFM is a novel feature of the embedding tensor formalism.
Its gauge transformation rule can be found by using the gauge covariance of F'™. Under

Eq. (331), using O, A*AFM = 0, we find that

SEM = APXpnMFN + DAAY — 22X (wp)M (AVFP + AN AGAT) + 0AFM, (3.34)
so that FM transforms covariantly provided that we take

SAFM = —DAAM + 2ZMAT, np(ANFP + LAN N SAT) (3.35)

where we have used Eq. (B2I). Since both AAM and AFM are annihilated by the
embedding tensor, we conclude that in the generic situation we are considering her
AFM = ZMAR \ where B, is some 2-form field in the adjoint of G and AAM = —ZMAp ,
where A4 is a 1-form gauge parameter in the same representation. Then

M = dAM + XM AN N AT+ ZMABy (3.36)
SAM = —DAM _ ZMAp (3.37)
6Ba = DAs+2Tanp[AVFP + AN NSAT] + ABy, (3.38)

where AB, is a possible additional term which is projected out by ZM4 i.e. ZMAAB, = 0,
and can be determined by studying the construction of a gauge-covariant field strength H 4
for the 2-form By.

3.3 The 3-form field strengths H4

We continue to determine the form of H 4 using the Bianchi identity for FM just as we used
the Ricci identity to find an expression for F™. An explicit computation using Eq. (3:30))
gives

15The only information we have about the embedding tensor in a generic situation is provided by the
three constraints Qnp? = 0, Q4% =0, Lynp = 0. There is only one which we can write in the form
O xSomething™ = 0, which is the constraint Q4% = 0 and that uniquely identifies Something™ = ZMB
up to a proportionality constant.
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DFM = ZMUDBy + Ty ps A" A [dA% + 1 X np ANV N AP]} (3.39)

It is clear that the expression in brackets must be covariant and it defines a 3-form field

strength H4 up to terms AH 4 that are projected out by ZM4, i.e.
OFM = ZMAf,, (3.40)
Hy = DBa+TapsA® N[dA® + 2 Xnp" AN A AP+ AH, (3.41)

with ZMAAH, = 0. Both AB, and AH, are determined by requiring gauge covariance
of Hy. An explicit calculation gives

SHy = —AMO,Pfpa“He
~YanCIAM He — 6AM A Bo — FM A Mg — YTonpAM A AN AGAP]  (3.42)

+DABs+0AH,.

We have defined the Y-tensor as

YAMC = @MBfABC — TAMN@NC . (343)

and it satisfies the condition

ZMAY NC = 2QPMQpn = 0. (3.44)

The 3-form field strengths H,4 transform covariantly provided that the last two lines in
Eq. (3:42) vanish. A natural solution is to take

ABA = —YAMCACM, AHA = YAMCOCM, (345)

where A is a 2-form gauge parameter and Cc™ is a 3-form field about which we will
not make any assumptions for the moment. In particular, we will not assume it to satisfy
any constraints in spite of the fact that we expect it to be “dual” to the embedding tensor,
which is a constrained object. We are going to see that, actually, we are not going to
need any such explicit constraints to construct a fully consistent tensor hierarchy. On the
other hand, we are going to find Stiickelberg shift symmetries acting on Cc whose role
is, precisely, to compensate for the lack of explicit constraints and, potentially, allow us
to remove the same components of C™ which would be eliminated by imposing those
constraints. We anticipate that those Stiickelberg shift symmetries require the existence of
4-forms in order to construct gauge-covariant 4-form field strengths G¢™. It should come
as no surprise after this discussion, that the 4-forms are in one-to-one correspondence with
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the constraints of the embedding tensor. Working with unconstrained fields is simpler and
it is one of the advantages of our approach.
We then, find

Hy = DBa+TapsA®N[dA® + XN pS AN N AP] + Yo ©CcM,  (3.46)
6By = DAy +2Tanp[AVFP + AN NSAY] = Yau A, (3.47)
sCM = DAM+AMH — 5AM AN Be — FM A Ae

—1TonpAM N AN NSAT + ACM, (3.48)

where we have introduced a possible additional term AC:* analogous to AAM and AB,
which now is projected out by Y,

Yau“ACHM =0, (3.49)
and which will be determined by requiring gauge covariance of the 4-form field strength
GcM.

3.4 The 4-form field strengths G-V

To determine the 4-form field strengths G we use the Bianchi identity of H,4. We
can start by taking the covariant derivative of both sides of the Bianchi identity of FM
Eq. (340) and then using the Ricci identity. We thus get

ZMADH, = XnpMFN AN FY = ZMAT np FN A FY (3.50)

This implies that DHy = TaynFY A FN + ADH, where ZMAADH, = 0, suggesting
that ADH4 ~ Y CGe™. A direct calculation yields the result

GcM = DCHM+ FM ANBe — 5ZMABy A Be

+3TcsQAM N AN (FQ — Z94By)

(3.51)
— LT sXnrQAM N AS N AN A AT
+AGM
where
YanuCAGM =0. (3.52)

The Bianchi identity then takes the form
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DHy = Y “Ge™ + TaynFM NFY . (3.53)

AC:M and AGe™ must now be determined by using the gauge covariance of the full
field strength G¢™. It is tempting to repeat what we did in the previous cases. However,
the calculation is, now, much more complicated and it would be convenient to have some
information about the new tensor(s) orthogonal to Y4, that we may expect.

Given that the projectors arise naturally in the computation of the Bianchi identities,
we are going to “compute” the Bianchi identity of G obviating the fact that it is already
a 4-form, and in D = 4 its Bianchi identity is trivial. We have not used the dimensionality
of the problem so far (except in the existence of magnetic vector fields that gives rise to
the symplectic structure and in the assignment of adjoint indices to the 2-forms) and, in
any case, our only goal in performing this computation is to find the relevant invariant
tensor(s).

Thus, we apply D to both sides of Eq. ([3:53) using the Bianchi identity of FM Eq. (3.40)
and the Ricci identity. This leads to the following identity

Y {9GM — FM ANHe} =0, (3.54)

from which it follows that

DGM = FM N He + ADGM YauCADGM =0, (3.55)

Acting again with ®© on both sides of this last equation and using the Ricci and Bianchi
identities, we get in an straightforward manner

@A@G()M = WCMABHA AN Hp
+WenpoMFN N FP A FQ (3.56)

+WenpMEN NG,

where

WMAB = _zMlAs Bl (3.57)
Wenrg" = Towrdg™, (3.58)
Wenp™ = Ox"fep”6p™ + Xnp™0c” — YopPon™. (3.59)

We thus found the desired new tensors. The Y-tensor annihilates the three new W tensors
in virtue of the 3 constraints satisfied by the embedding tensor

YVar WP = Yau“Wenpe™ = YaurWenp™ =0, (3.60)
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as expected. Note that the first and third W-tensors are linear in © but that the second W-
tensor is independent of ©. Other important sets of identities satisfied by these W-tensors
can be found in Appendix [Al

Coming back to our original problem of determining the form of AGc™ and AC-M,
we conclude from the previous analysis that

ACHM = —WeMAPAup — Wenpg" ANP9 — Wenp"MAp™T (3.61)

AGM = WMPDap + Wenpg" DNPC + Wenp" D" (3.62)

where Aag, ANPQ AN are 3-form gauge parameters and D4, DVPQ, DpNT are possible
4-forms whose presence will be justified in Go™ if their gauge transformations are non-
trivial in order to make the 4-form field strengths gauge covariant. Taking into account
the symmetries of the W-tensors, it is easy to see that Dag = Djap, D¥P? = DWP@ and
analogously for the gauge parameters Az, ANP?. Dp™F and Ag™ have no symmetries.
We observe that the three 4-form D-potentials seem to be associated to the three
constraints Q48, Lypg, Qnp? given in Egs. (310), BI4) and (B.I6) in the sense that
they carry the same representations. Only the last one was expected according to the
general formalism developed in Ref. [12] and the specific study of the top forms performed
in Ref. [13,18]. We find that in 4 dimensions there are more top-form potentials due to the
additional structures (e.g. the symplectic one) and properties of 4-dimensional theories.
Knowing the different W tensors it is now a relatively straightforward task to obtain
by a direct calculation the expression for 6G M, collect the terms proportional to the
three W-structures and determine the gauge transformations of the three different 4-form
D-potentials by requiring gauge-covariance of Go™. An explicit calculation gives

0Dsp = DA+ OéB[A A YB]PEAEP + @A[A A BB] — 2A[A N HB}
+2T1anp[ANFP — 2 AN ASAP] A B, (3.63)

6DE™P = DALNT — [FN — L1 — ) Z¥ BA A AT + CEP A SAY

1
2

+LTporAYN N AP N AR NSAT + ANGE (3.64)
SDNPQ = DANPQ _9AWN A (FP — ZPAB,) A §AQ)

+1Xps VAT A AR N AS AN GAID — 3BANEP A FQ (3.65)

where « is an arbitrary real constant. We hence find that there is a 1-parameter family
of solutions to the problem of finding a gauge-covariant field strength for the 3-form. The
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origin of this freedom resides in the presence of a Stiickelberg-type symmetry which we
discuss in the next subsection.

3.4.1 Stickelberg symmetries
Differentiating (B.IT) with respect to ©oY using Eqs. (AT)-([A9) gives the following iden-

tity among the W tensors:

Weoaumn @ = 3Wennp? 284 — 2WeP4P Ty yv = 2Lynoc™. (3.66)

The relation (3.60]) gives rise to symmetries under Stiickelberg shifts of the 4-forms in the
4-form field strength GM

SDENP = Zp(NP)
0D = —2E[AMNTB}MN, (3.67)
SDNPQ — _3zWNAZ | |1PQ)

This shift symmetry, which allows us to remove the part symmetric in NP of Dg™VF, also
leaves the 4-form field strengths G invariant.
If we multiply (BI7) by ZN¥F we find another relation between constraints

QYPYpp? — 1 ZNQnp” = 0. (3.68)

Differentiating it again with respect to the embedding tensor we find the following relation
between W—tensor@

WCMABYBPE o %ZNAWCNPEM — iQMPE(SCA . QAB [6PMfBCE . TBPM(SCE] 7 (369)

which implies that the Stiickelberg shift

(')‘DENP — %ZNBEBEP ,
(3.70)
6Dap = YurPEpe’,

leaves invariant the 4-form field strength G¢™ up to terms proportional to the quadratic
constraints, which are taken to vanish identically in the tensor hierarchy. This shift sym-
metry is associated to the arbitrary parameter « in the gauge transformations of Dy and
DpNP. Observe that, even though it is based on the identity Eq. ([3:69) which we can get
from Eq. (3:60), this symmetry is genuinely independent from that in Eq. (B.67).

This finishes the construction of the 4-dimensional tensor hierarchy. The field strengths,
Bianchi identities and gauge transformations of the hierarchy’s p-form fields are collected
in Appendix Bl By construction the algebra of all bosonic gauge transformations closes
off-shell on all p-form potentials. No equations of motion are needed at this stage.

16This identity can also be obtained multiplying Eq. (3.66) by ZVE.
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4 The D =4 duality hierarchy

In this section we are going to introduce dynamical equations for the tensor hierarchy
via the introduction of first-order duality relations, see Eq. (LZ). This promotes the
tensor hierarchy to a duality hierarchy. We will see that the dynamical equations will not
only contain the equations of motions of the p-form potentials but also the (projected)
scalar equations of motion. These scalars, together with the metric, will be introduced via
the duality relations. In particular, the scalar couplings enter into the duality relations
via functions that can be identified with the Noether currents, the (scalar derivative of
the) scalar potential and the kinetic matrix describing the coupling of the scalars to the
vectors. In this way the duality hierarchy puts the tensor hierarchy on-shell and establishes
a link with a Yang-Mills-type gauge field theory containing a metric, scalars and p-form
potentials. This field theory can be viewed as the bosonic part of a gauged supergravity
theory. We stress that at this point we only compare equations of motion. It is only in
the last and third step that we consider an action for the fields of the hierarchy. We will
assume that the Yang-Mills-type gauge field theory has an action but we will only consider
its equations of motion in order to properly identify in the duality relations the Noether
current, scalar potential and the scalar-vector kinetic function.

In the next subsection we will first consider a Yang-Mills-type gauge field theory with
purely electric gaugings, i.e. only electric 1-forms are involved in the gauging. In particular
we will compare the equations of motion of this field theory with the dynamical equations
of the duality hierarchy. This example shows us how to introduce the metric and scalars in
the duality hierarchy. In the next subsection we will first consider a formally symplectic-
covariant generalization of the equations of motion with purely electric gaugings. This
generalization necessarily involves electric and magnetic gaugings. We will see that this
generalization does not lead to gauge-invariant answers unless we also include the equations
of motion corresponding to the magnetic 2-form potentials. In this way we recover the
observation of [11-15] that magnetic gaugings require the introduction of magnetic 2-form
potentials in the action of the field theory.

4.1 Purely electric gaugings

Having N = 1, D = 4 supergravity in mind, we consider complex scalars Z* (i = 1,--- ,n)
with Kéhler metric G;;+ admitting holomorphic Killing vectors K4 = k4'0; + c.c.. The
index A of the Killing vectors must be associated to those of the generators of the global
symmetry group G. In general, not all the global symmetries will act on the scalars.
Therefore, we assume that some of the K4 may be identically zero just as some of the
matrices T4 1Y can be zero for other values of A. The action for the electrically gauged
theory is

Seteclg, 2, AN = / {*R —2G;;-DZ' N¥DZ*T" + 2F” NGs —+V } | (4.1)
where ® 71 is given by
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D7 =dZ' + A0\ st (4.2)

and where G5 denotes the combination of scalars and electric vector field strengths defined
by

Gat = fas(Z)F*T, (4.3)

where F* = L(F* + i+ F¥). Tt is assumed that the scalar-dependent kinetic matrix
fax(Z) is invariant under the global symmetry group, i.el

Lafas =2Ta fo)a, (4.4)

where £ 4 stands for the Lie derivative with respect to K4, since this is a pre-condition
to gauge the theory. However, the potential needs only be invariant under the gauge
transformations, because the gauging usually adds to the globally-invariant potential of
the ungauged theory another piece. Thus, we must have

ov
00,

where Y,¢ is the electric component of the tensor defined in Eq. (8:43). Indeed, using
this property, one can show that under the gauge transformations

£,V =Y© (4.5)

571 = AMOL Ak,

(4.6)
SAY = —DAN,
the scalar potential V' is gauge invariant:
v
§V = AOx £,V = A¥Qx*’—— =0 4.7
% A QE (9@,\‘4 ’ ( )

on account of the quadratic constraint.
The equations of motion (plus the Bianchi identity for F'*) corresponding to the action

(&) are given by

I"Here we are only considering a restricted type of perturbative symmetries of the theory, excluding
Peccei-Quinn-type shifts of the kinetic matrix for simplicity. We will consider these shifts together with
the possible non-perturbative symmetries in the general gaugings’ section.
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Ew = —% S = G +2Gij-[0,20,2*7" — L9,,0,2'D°2*7")
—ASmfas FAPFE T, + 1,V (4.8)
_ 1 0S8 *j* + S+ 1
gz’ = 5@ = Qij*ﬁD * D — &Gg NF — *562-1/, (49)
58 ‘
(S'A = —%*m = @GA - i@AA * JA,
eV = DFN, (4.10)

where

ja=2k5,D7" + c.c., (4.11)

is the covariant Noether current.

According to the second Noether theorem there is an off-shell relation between equations
of motion of a theory associated to each gauge invariance. For instance, associated to
general covariance we find the well-known identity

VHE — (D,2€F +c.c.) +2F,,(xE,)° =0, (4.12)

which implies the on-shell covariant conservation of the energy-momentum tensor. Simi-
larly, the identity associated to the Yang-Mills-type gauge invariance of the theory is given
by

DEN + %@AA(kAigi + C.C.) =0. (413)

Using the Ricci identity for the covariant derivative and Eqs. (@) and (£3) we find that
this equation is indeed satisfied because the Noether current satisfies the identity

oV
00,¢ "
We are now going to establish a relation between the tensor hierarchy and the equations

of motion for the vector fields, their Bianchi identities and the following projected scalar
equations of motion:

£ *jA = —Q(kiAiSi + C.C.) + 4TA2FFE A GF + *YAAC (4.14)
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DGr — 104 s = 0, (4.15)
Dt = 0, (4.16)

ka' |G *DZ* — 0;Ge T AFPT —xL0, V| +ce. = 0. (4.17)

Note that, unlike the tensor hierarchy, these equations contain not only p-form potentials
but also the metric and scalars.

In order to derive the above equations of motion from the tensor hierarchy we must
complement the tensor hierarchy with a set of duality relations that reproduces the scalar
and metric dependence of these equations. Besides the usual ©27 term in the last equation
the scalar dependence of (AIH)-(AIT) resides in the magnetic 2-forms G,, the Noether
currents j4 and the derivatives 0;V of the scalar potential V. The latter derivative is

equivalently represented, via the invariance property (LX), by the derivative of the

oV
00,4
scalar potential with respect to the embedding tensor. These are precisely the objects that
occur in the following set of duality relations that we introduce:

Grn = Fj,

ja = —2xHa, (4.18)
oV
EASEN S
90,4 Foan

where the magnetic 2-form field strengths Fj, the 3-form field strengths H 4 and the 4-form
field strengths G'4® are those of the tensor hierarchy. The tensor hierarchy, together with
the above duality relations, forms the duality hierarchy. Upon hitting the duality relations
(A18) with a covariant derivative and next applying one of the Bianchi identities of the
tensor hierarchy we precisely obtain the equations of motion (4I5)-(IT). In the case of
the scalar equations of motion we first obtain the identity

)%
Q*jA—zLTAEFFxAGF—*YAACW =0. (4.19)

Next, by comparing this equation with the Noether identity (41I4]) we derive the projected
scalar equations of motion (LI7), i.e.
ko' +cc. =0. (4.20)

It also works the other way around. By substituting the duality relations into the
equations of motion the scalar and metric dependence of these equations can be eliminated
and one recovers the hierarchy’s Bianchi identities for a purely electric embedding tensor
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©*4 = 0. To be precise, Eqs. (#I5) and (EI6) are mapped into the 3-form Bianchi
identities ([B.40). Furthermore, Eq. (£I9), which is equivalent to (I7) upon use of the
Noether identity ([A.I4]), is mapped into the 4-form Bianchi identities (8.53)).

We conclude that, at least in this case, the duality hierarchy encodes precisely the
vector equations of motion and the projected scalar equations of motion via the duality

rules (L.I8)).

4.2 General gaugings

In this subsection we wish to consider the more general case of electric and magnetic
gaugings. Our starting point is the formally symplectic-covariant generalization of the

equations of motion (@I5)-@I7)H
Ew = Gu +2G-[0,2'0,27 — 19,,0,2'0° 2] — GM (4 * Grapyp + 29V,

8Z' = Qij*D *@Z*j* — 8ZGM+ A\ GM+ — *%&'V, (421)

(C;M = @GM - i@MA*jAa

where we have defined

(GM) = ( F ) , Gs' = fer(2)F', (4.22)

and where the electric and magnetic field strengths F'M are defined as in the tensor hi-
erarchy, i.e. including the 2-form B, for which we do not want to have an independent
equation of motion to preserve the original number of degrees of freedom.

The requirement that the kinetic matrix is invariant under the global symmetry group
G and that the potential is gauge-invariant leads to the conditions

Lafas = —Taas +2Tan" foya — Ta™ forfrs (4.23)
oV
£V = Yu¢—o 4.24

from which it follows that

kal0;Gu™ AGMT = k40 fas FM A FE = —Ty ynGM NGV (4.25)

A direct computation using the above properties leads to the following identity for the
covariant Noether current:

18The Einstein and scalar equations of motion are just a rewriting of the original ones, which are already
symplectic-invariant.
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ov

£ *Ja = —Q(kAZgZ + C.C.) — 2T MNGM VAN GN + *YAAC . (426)
00,
On the other hand, the Ricci identity gives
DOGy = —XNMPFN/\GPZXNPMFN/\GP. (427)

Taking the covariant derivative of the full £y, and using Eqs. (£.26) and (£27) we find

DEN+ 50" (ka'Ei+c.c.) = Xypu(FN —=GNYNGY = 0% Fy —Gs) ATupuGT . (4.28)

This is the gauge identity associated to the standard electric and magnetic gauge transfor-
mations of the vectors and scalars

57 = AMOu k4l
(4.29)
SAM = _DAM

provided that the right-hand side of the equation vanishes. Since this is not the case we
conclude that the equations of motion are not gauge-invariant. Hence, a naive symplectic
covariantization of the electric gauging case is not enough to obtain a gauge-invariant
answer involving magnetic gaugings.

In order to re-obtain gauge invariance we extend the set of equations of motion, adding,
arbitrarily, as equation of motion of the 2-forms B4y

E4 = 0MA(Fy — Gy) = —0%4(Fy — Gy), (4.30)

so that the above identity becomes again a relation between equations of motion

081+ 100 k8 + )+ TapE A G =0, (431

that we can interpret as the gauge identity associated to an off-shell gauge invariance of
the extended set of equations of motion.

The price we may have to pay for doing this is the possible modification of the equations
of motion of the vector fields: the above gauge identities are associated to the gauge
transformations of By

6Ba = 2T 4y pAMGT + 2R 40 N OAM (4.32)

where R4 is a 1-form that is cancelled in the above gauge identity by an extra term in
the equation of motion of the vector fields:

51/\4 :8M+RAM5A/\AM. (433)

The 1-forms R4y must be such that the infinitesimal gauge transformations form a closed
algebra. The gauge identity takes now the form
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DEY + 300 (ka'Si + c.c) + TanpE NGT — D(Ran &4 NAM) = 0. (4.34)

In order to make contact with the tensor hierarchy we take R4, = %XPMNAN/\ (Fp—Gp).
We observe that the equations of motion also satisfy the relation

DEN — LT O AN N EP + 0MAg), =0, (4.35)

which can be interpreted as the gauge identity associated to the symmetry

SAM = ZMAp,
(4.36)
0By = DAy — ITunnONBAM A Ag.

As we did in the electric gauging case, we are now going to establish a relation between
the tensor hierarchy and the following equations of motion:

Ey = DGy — 320y xju+ 1T yun AN NOPA(Fp — Gp) =0, (4.37)
EY = MM Fy —Gy) =0, (4.38)
k'€ = ka'|GipDxDZ —0,GyT AGMT =10,V | = 0. (4.39)

These equations are invariant under the gauge transformations

82" = 67", (4.40)
5 AM = §5,AM (4.41)
6.Bs = 0,Ba—2TynpAY(FF —GT), (4.42)

where we have denoted by ¢, the gauge transformations that leave this system of equations
invariant and by ¢j, those derived in the construction of the 4-dimensional tensor hierarchy
(summarized in Appendix [B). §,B, is, therefore, just 8, Ba with F¥ replaced by GF.

Following the electric gauging case, in order to derive the above equations of motion
from the tensor hierarchy, we introduce the following set of duality relations:

GM — FM

Ja = —2xHa, (4.43)
ov
W = —2*GAM.
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We note that the gauge-covariance of the first duality relation is more subtle in that G™
transforms not only covariantly, but also into GM — FM | see [30]. Note that the equation
of motion of the magnetic 2-form potentials, £4 = 0, is identified as a projected duality
relation. To recover the other equations of motion we have to again hit the duality relations
(A43) with a covariant derivative and next apply one of the Bianchi identities of the tensor
hierarchy. To derive the projected scalar equations of motion we first obtain the identity

4 ov
£ *xJA + 2TA MNGM A GN — *YAAC =0 (444)
00,4
from the duality hierarchy and, next, apply the Noether identity (4.20]).
The gauge identities guarantee the existence of a gauge-invariant action from which the
equations of motion &}, and €4 can be derived. This action has actually been constructed

in Ref. [11]. In our conventions, it is given by

Sguw, Z', AM, Ba] = /{*R — 2G4+ DZNKDZHT + 2FF A Gy — *V

—4Z%ABy A (Fy — 325" Bp)

(4.45)
—%X[MN}EAM A AN A (F2 — ZEBBB)
—%X[MN}ZAM A AN A (dAg - iX[pQ}gAP N AQ)} .
A general variation of the above action gives
08 08 0S 08
— py O i o~ . M el
6S /{59 Sg + (62 57 +c.c.) dA A*aAM +25By A*éBA} . (4.46)
where
0S
S = &, , (4.47)
08
_1 - .
2 VAL gza (4.48)
0S ,
_i*(SAM = gM ) (4.49)
05 A
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4.3 The unconstrained case

In this subsection we briefly comment on the meaning of the top-form and next to top-
form potentials. Experience shows that these higher-rank potentials can be related to
constraints: the constancy of © 4, ®0,,4 = 0, can be associated to the 3-form potential,
and the quadratic and linear constraints Qyp? = 0, Q4% = 0, Lypg = 0 can be associated
to the 4-form potentials DT, D5, DNTQ that we have providentially found. We would
like to stress, however, that prior to relaxing the constraints one is forced to introduce these
potentials if one requires that the field equations are derivable as compatibility conditions
from the duality relations, as we showed in the previous section.

In view of the discussion of an action principle with Lagrange multipliers in the next
section, we reconsider the gauge identities of the equations &£,, £4 defined in the previous
subsections assuming that those constraints are not satisfied. We then denote the embed-
ding tensor by ¥4 = ¥4 (x) in order to indicate that it is now space-time dependent.
Evidently, we are going to get extra terms proportional to the constraints which we will
reinterpret as equations of motion of the 3- and 4-form potentials, obtaining new gauge
identities that involve the equations of motion of all fields. Thus, off-shell gauge invariance
will have been preserved by the same mechanism used in the previous case. The price that
we will have to pay is the same: modifying the gauge transformations and the equations
of motion.

This procedure is too complicated in this case, though. As an example, let us take the
covariant derivative of £4:

DEA = DIyt A (FM — GM) + MY DEy — DGy) . (4.51)
The unconstrained Bianchi identity for '™ is
OFM = ZMBIHp — Ypn“CoN] + LM pg[BAR N dAS + 1 X npS AR N AN A AP
+DINA A FOVM By + STy pM AN N AP) + 1QnpPTE M AN N AP N AR

(4.52)
and, using the equation of motion &£}, we can write the following gauge identity

DEA — ST unIMAAN NEP + OMAEY + QAP[2(Hp + 5 % jB) — 2Ypn O]
+©19MB N [%ﬁMABB + %TB pQﬁQAAM N AP + 5BA(FM - GM)]
+LM3519MA[—%AR AdAS — %XNPSAR A AN A AP]

—5sQnp T pMIAAN NAP N AR = 0.

(4.53)

It is very difficult to infer directly from this and similar identities all the gauge trans-

formations of the fields and the modifications of the equations of motion. Thus, we are
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going to adopt a different strategy in the next section: we are going to construct directly
a gauge-invariant action.

5 The D =4 action

In this section we perform the third and last step of our procedure: the construction
of an action for the fields of the tensor hierarchyl). Our starting point is the action
Eq. (@43), which we will denote by Sy in what follows and which includes, besides the
metric, only scalars, 1-forms and 2-forms and which is invariant under the gauge transfor-
mations Eqs. (£.40)-(@.42)). We now want to add to it 3- and 4-forms as Lagrange multipliers
enforcing the covariant constancy of the embedding tensor (which we promote to an uncon-
strained scalar field ©,,4(x)) and the three algebraic constraints Q4”, Lypg, Qnp” that
we have imposed on the embedding tensor. The new terms must be metric-independent
(“topological”) and scalar-independent in order to leave unmodified the scalar and Einstein
equations of motion ({2I]) which are derived from the action Sy given in Eq. (£45]).
Thus, we add to Sy the following piece AS given b

AS = / {mMA ACAM 4 QupPDE™P + Q4B D g + LNPQDNPQ} L (5.)

The tildes in CoM, Z~7AB, DNPQ and DNP indicate that these 3- and 4-form fields need
not be identical to those found in the hierarchy, although we expect them to be related by
field redefinitions.

The action Sy is no longer gauge invariant under the gauge transformations involving 0-
and 1-form gauge parameters AM, A 4, without imposing any constraints on the embedding
tensor, but the non-vanishing terms in the transformation can only be proportional to the
Lh.s.’s of the constraints DJ,C = 0, Qnp? = 0, Q4P = 0 and Lypg = 0 and, by choosing
appropriately the gauge transformations of Cc™, Dap, DVF? and D™ we can always
make the variation of the action S = Sy + AS vanish. Having done that we would like to
relate the tilded fields with the untilded ones in the hierarchy.

Let us start by computing the general variation of the action. Taking into account the
fact that the fields g, Z “ and By w only occur in Sy, that the field AM . occurs in Sy and
in the term D9,,AC4M in AS and that the new fields Co™, Dap, DVNPQ and DpNF only
occur in AS, we find

19 Actually, not all the 2-forms B4 will appear in the action but only @A B 4.
200bserve that DO 4 = dO 4 — Qnar AN and, therefore, the covariant constancy of the embedding
tensor plus the quadratic constraint Qnp? = 0 imply dO,,4 = 0.
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550 55, 65 55
— wv 1 — -
5S /{59 Sgi + (5Z 57 + c.c.) A /\*6 7 +20B4 /\*5 ;

+D03 A A SCAM 4+ QupP(8DENF — AN A CpP) + QAB5D g (5.2)

~ 0S
LypgdDNPQ A .
+ NPQ(S + 0V 59 A}

The scalar and Einstein equations of motion are as in Eqs. ([A21)) and (£.47),(448).
The variations of the old action S, with respect to AM and B4 are modified by terms
proportional to the constraints. We can write them in the form

. 5‘23’4 = DFy — YWut % s — LdXpou A AT AN AQ — 1QanPAN A By
—Lynp AN A (dA” + 2 X (pg" AR A A®) + 2Qnp TaguAN A AP A A9
—d(Fy — Gur) — Xpun)" AN A (Fp — Gp), (5.3)
*% = 9"(Fp — Gp) + QP Bg. (5.4)

In deriving these equations we have used the unconstrained Bianchi identity for F*, given
by the upper component of Eq. ([£52), to replace H, in the equation of motion of Aj,.
This has allowed us to write a symplectic-covariant expression for the equation of motion
of AM,

The only non-trivial variation that remains to be computed in Eq. (5.2) is the equation
of motion of the embedding tensor. We get

05
00 A

= —OC M4+ ZMBEBg ABy —2(FM —GMYA By — *8—‘/
09t

A WanpPM DN + WaPM Do + Wanpe™ DNPQ
+AM AN {— *jA + YANCC'CN — TANPAN A (Fp — Gp)
—gTANRAN N [dAR + %X[pQ}RAP VAN AQ + %ZRBBB] } .
We are going to use this equation to find the relation between the tilded fields and

the hierarchy fields. Using Eqs. (£43]) and the definitions of the tensor hierarchy’s field
strengths H4 and G4, we are left with
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5ga = D30 = CuM =AM A By)
+YapCAM A (LCoP + CoP + AP A Bo) + WaBM (L Do — Dic) (5.6)
_i_WANPEM(%DENP — DpNP + 1AV A AP A Bp)
+WANPQM(%DNPQ _ DNPQ) 7

which is satisfied if we identify

CuM = —2(C4M 4+ AM A By), DgNP = 2DpNP — AN N AP A B,

~ i (5.7)

Dpc = 2Dpc, DNPQ  — 9DNPQ.

Using these identifications AS reads

AS = /{—23319MA A (Ca™ + AM A Ba) +2Qnp" (DT — LAN A AP A By)

+2Q*8Dyp + 2LypoDVPO} |

(5.8)
and a general variation of the total action S = Sy + AS is given by
(SSO (SSO 550 550
= w_——— Z'— +cc. | —6AM 20B —
0S /{(59 59W+<5 (SZZ—FCC) ) /\*§AM+ ) AA*(SBA
+D0 A A [-20C4M — 20AM A By — 2AM A SB4] + QAB[26D 4]
+QnpP[20DENT + 26AN A CpP 4+ 20AWN A AP) A Bp — AN N AT A 6B
+Lnpo[20 DNEPR] 4 5094 05
N S
(5.9)

The first variation of the total action S with respect to ¥,,” can be written in the form

05
80 A

= (GAM =35 0V/00y?) — AM N (Ha+ 5 % ja)

N =

(5.10)
—sTan"AM NAN A (Fp — Gp) — (FM = GM)Y A By .
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We can now check the gauge invariance of the total action S. We are going to use for
the gauge transformations of all the fields (except for the scalars and vectors) the Ansatz
0, = 05 + A where A is a piece to be determined. If we assume that the embedding tensor
is exactly invarian, ie. 804 =0, we find

ABy = —2T4unpAY(FF - GP), (5.11)
ACM = AsANFY = GM)Y = AM(Ha+ L xja), (5.12)
ADup = 20 A (Hp + L *jp) — 2T npAY (FF — GP) A B, (5.13)

ADENP = —AN(GE" =1 x0V/00p") + (FN — GN) A AR, (5.14)
ADNPQ = _35AN A AP A (FQ — G9) + 6ANEP A (FP — G9)
—BAWN(FF —GPYA (FP - G9), (5.15)

where we have used in this calculation the non-trivial Ricci identitie

InCDOANM = DI A (=YapPAM A ART) + QupP[(FYN — ZV4Ba) A Ag”

— LY@ AN N AP A AGYY, (5.16)

DOFy = XypmFNAFP —2Q08T,p FP A Bg 4+ dXnpy A AN A FF

—3QnpP " Te gAY N AV NF?, (5.17)

and the variations of the kinetic matrix and the potential Eqs. ([£23]) and (£24)).

We observe that all terms in the extra variations A vanish when we use the duality
relations (L.43). Actually, all of them, except for just one term in ADVP? | are such that the
variations d, are obtained from the tensor hierarchy variations d, simply by replacing the
scalar-independent field strengths FM, Hy, G4™ by the corresponding scalar-dependent

via the duality relations (£43)).

objects GM
J s JA 819/\‘4

210ne could also allow ¥4, to transform according to its indices as 094, = —QnaAAY. This is like
adding a term proportional to an equation of motion, that of D4™V™ | to the zero variation.

221f the constraints are satisfied, 3/ “DDAM = DD (W “AcM) = dd(9y“Ac™) = 0. Therefore,
when they are not satisfied, 93, “DDAc™ must be proportional to them.
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Finally, we note that the variations J, and J, are equivalent from the point of view
of the duality hierarchy. The two sets of transformation rules differ by terms that are
proportional to the duality relations. The only difference is that the commutator algebra
corresponding to J;, closes off-shell whereas the algebra corresponding to J, closes up to
terms that are proportional to the duality relations. The two sets of transformation rules
are not equivalent from the action point of view in the sense that only one of them, the
one with transformation rules ¢,, leaves the action invariant, whereas the other, with
transformations d,, does not.

6 The 3-dimensional case

As an illustration of our general procedure we will construct in this section the complete
D = 3 tensor and duality hierarchy corresponding to a generic D = 3 gauged supergrav-
ity theory, extending the analysis of the maximally supersymmetric case [12,21]. The
D = 3 hierarchy is sufficiently short in order to allow for a straightforward analysis and
nevertheless captures the features expected to appear in general dimensions.

6.1 Generalities on D =3

Three-dimensional gauged supergravity has been constructed in [9, 10] for the maximal
case and subsequently generalized to lower supersymmetries in [23,24].

D = 3 (ungauged) supergravities are particularly simple theories because their only
physical bosonic degrees of freedom are described by scalar fields, since in D = 3 the
metric and p-forms with p > 2 have no dynamics and vectors are dual to scalars. The
number of scalar fields as well as the rigid symmetry group G is ultimately constrained
by supersymmetry. For instance, in case of maximal supersymmetry there are 128 scalars,
which parameterize the coset space Egi)/SO(16), and thus we have G = Fg(s). However,
for the general construction of the tensor hierarchy to be discussed here supersymmetry
does not play any role, and so for the moment we will leave the group G completely generic,
thereby capturing the most general situation in D = 3.

The original formulation [9,10] of maximal gauged D = 3 supergravity requires the
introduction of gauge vectors A, transforming in the adjoint representation of G which
do not describe new degrees of freedom but are dual to scalars. Owing to this fact, the em-
bedding tensor carries in three dimensions two adjoint indices and thus reads © ;5. More
precisely, the gauge vectors enter via a topological Chern-Simons term, whose invariant
tensor is precisely given by Oy (cf. (6.22) below). In this case, the embedding tensor is
symmetric, Oy = Oy, and the tensors defined in (23) read

Xun" = @MKfKPN = X[MN}P“‘ZPMNa Z N = @K(MfKPN)> (6.1)

with the structure constants of G satisfying | = —fMN K As in (28), the
quadratic constraint states that the symmetric part Z vanishes upon contraction with

tM ]
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the embedding tensor, ©pyx ZF ;= 0. Ultimately, supersymmetry requires in addition a
linear constraint. However, for the bosonic gauge covariance of the tensor hierarchy this
constraint is immaterial and thus it is sufficient to impose only the quadratic constraints.

For the present purpose it suffices to inspect the equations of motion of the gauge
vectors. By virtue of the Chern-Simons term they take the form of first-order duality
relations,

e tePOyNE,,N = —20yNJ" . (6.2)

Here, the current J*M corresponds to the Noether current of the ungauged theory, which
can be written in terms of the Killing vector fields k;*(¢) generating G as

M = Do’ kM (6.3)

where i, 7, ... are the coordinate labels of the scalar manifold. The field strength takes the
standard form

M = 9,AM-0,AM+ XnpM AN AN, (6.4)

where the quadratic term has to be antisymmetrized explicitly due to the lack of antisym-
metry of the ‘structure constant’ X yp™.

At this stage the situation is very similar to the four-dimensional case discussed in
the previous section. Due to the simplicity in D = 3, it is instructive to repeat below
a few of the remarks we already made in the previous section. First, one may wonder
whether it is possible to obtain the scalar equations of motion from the duality relation
©2) by acting on it with a derivative D,. This turns out not to be the case, since
(62) is only a projected version of the naive duality relation in that both sides appear
contracted with the embedding tensor. In fact, in gauged supergravity there is a scalar
potential, whose contributions to the scalar field equations are invisible upon contraction
with the embedding tensor. Thus, the duality relation obtained from the action does not
imply the scalar field equations, though it is nevertheless compatible with them. One
might be tempted to impose the unprojected duality relations by dropping the contraction
with ©,;y, in order to obtain the full field equations. However, there are two immediate
obstacles. First, the naive Bianchi identity D[MF,,p]M = 0 required for deriving second-
order equations as integrability conditions holds for the field strength in (6.4) only upon
contraction with ©,,n. Second, it is clear that the contributions from a scalar potential
cannot be reproduced in this way, due to the fact that one cannot ‘pull out a derivative’ of
the scalar potential. It turns out that the resolution of these two problems is related and
naturally suggested by the structure of the tensor hierarchy. Specifically, this will introduce
higher-rank tensor fields that allow for covariant field strengths satisfying consistent Bianchi
identities. Moreover, these additional tensor fields will be accompanied by further duality
relations which encode, in particular, the scalar potential. This set of first-order field
equations defines the duality hierarchy which will be discussed in the next subsection.
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6.2 The D = 3 tensor and duality hierarchy

As in the D = 4 case, the tensor hierarchy can be systematically introduced by requir-
ing that the field strengths satisfy Bianchi identities and transform covariantly according
to their index structure. First, we modify the field strength (€4 by a Stiickelberg-like
coupling involving a 2-form gauge potential BNX = BEN

H,M = F,M-22MykB,N5 . (6.5)

By virtue of the quadratic constraint (2.6) the extra term vanishes upon contraction with
the embedding tensor. Thus, all non-covariant terms in the variation of the (unprojected)
F, WM can be absorbed into a suitable variation of the 2-form potential. Specifically, under
the standard form of the gauge transformation

SAM = D,AM = 9,AM 4+ Xy pMANAP (6.6)

one finds

5F;WM = XNPMF;LVNAP - QZMNPA[HN(;AV}P : (67)

We note that upon contraction with ©,,5 the second term vanishes and the structure
constant in the first term is antisymmetric. In particular the latter property is required
in order to derive the standard covariant form of the gauge transformation. The lack of
covariance for the unprojected field strength can now be compensated by assigning gauge
transformations to the 2-form in (6.5]). Requiring the covariant variation

§H,M = —ANXnpMH,T, (6.8)

determines the 2-form gauge variation, with parameter AMY = ANMM to be

0B,MN = DAY — AL MeAN  AMEN (6.9)

up to terms that vanish upon contraction with Z¥,x. Here, the brackets ( ) a priori denote
ordinary (unit-strength) symmetrization. However, Eq. (€9) and all subsequent relations
directly generalize to the case, where a linear constraint has been imposed, for which ()
has to be interpreted as the corresponding projector onto the surviving representations.
We have also added the variation of the 2-form under its own gauge parameter A,M".
Invariance of (6.5) then requires that A, transforms (as a shift) under this symmetry,
i.e., the gauge variation (6.6) has to be modified by 0’4, M = ZM ypA, NP,

In a next step one can introduce a 3-form field strength G,,,"" for the 2-form gauge
potential by requiring gauge covariance. It turns out, however, to be more convenient
to determine the leading terms of this field strength by requiring that the modified field
strength for the original gauge vector satisfies a Bianchi identity,

D[MHVP}M - _2ZMNPGWPNP‘ (6.10)
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This uniquely determines the field strength up to terms that vanish by contraction with
Z% yrn. Ultimately, we want to write covariant duality relations involving the uncontracted
G, . As before, this can be achieved via introducing a new potential, which is a 3-form,
and assigning appropriate gauge transformations to it. Without repeating the detailed
steps of the derivation, we simply state the results. (For more details we refer the reader
to [12].) The 3-form field strength reads

1
GWPMN = D[MBVP}MN - A[u<MavAp]N> - gXKL<MA[uN>AVKAP}L
2
_§YMNP,KL C,uprJ(L . (611)

Here, we have introduced the intertwining Y-tensor [12]

YMNprr = ZM kN p — Xpie ™Mo gy (6.12)

which relates the irreducible representation in which B, ”* transforms to the irreducible
representation of the 3-form.

Summarizing, we find that the 2-from field strengths (€.3]) and the 3-form field strengths
(6110 transform covariantly under the following gauge transformations of the D = 3 tensor
hierarchy:

sAM = DA+ ZMypANT (6.13)

2
6B, MY = Dy AyMY — A, MAN + AMELN 4 SV R kA PR (6.14)

5CWPP7MN = D[MAVP}RMN -3 5A[M<PBWJ}MN> + A[MUDAVM(SAP}M

3

—°H

5 ' TAMN) = 3G, M) (6.15)

pvp
Again, the brackets () generically impose the constraints on the 2-form and, via (612, also
the corresponding constraints on the 3-form. Asin D = 4 the above gauge transformations
of the D = 3 tensor hierarchy close off-shell. In three dimensions the tensor hierarchy
terminates at this point, as there are no higher-rank tensor fields and no further non-
trivial Bianchi identities beyond the 3-form identity (G.10).

Now we are in a position to impose manifestly gauge-covariant duality relations, whose
compatibility conditions with the Bianchi identities reproduce the supergravity equations
of motion (up to the Einstein equation). First, we introduce the unprojected form of the
duality relation (€2)), in which the field strength gets modified according to (6.3,

erM = eterrp, Mo M = 0. (6.16)
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Next, we define a duality relation for the 2-form potential, which introduces the derivative
of the scalar potential with respect to O,

1
ENN = TG, N 4 LGN O, = 0. (6.17)

Here, GMN-KL ig a (scalar-dependent) matrix fixed by supersymmetry (for the explicit form
in case of N' = 16 see [21]), which determines the potential according to

1
V = ﬁGMN’KL@MN@KL . (618)
The (formal) G-invariance implies the following identity
OV ov
M — — 27V = 0. 6.19
dg N 90N p (6.19)

The claim is that the D = 3 duality hierarchy ([6.16) and (6.I7) encodes the equations
of motion up to the Einstein equations. In this example there are just two equations of
motion: the vector equations (6.2)), resulting from (G.I6) by contracting with O/, and
the scalar equations of motion,

- o)
Dy (gi;D'¢’) = —2 Erl (6.20)
where g;; is the metric on the scalar manifold. By acting with D, on (6.16]) and using the
second duality relation (6.I7) one obtains as a consequence of the Bianchi identity (6.10)

uM zMa_V

Dut = 2k (6.21)
Alternatively, these equations are identical to the 3-form Bianchi identity (6.10) after
replacing in (6.2I) the scalar-dependent Noether current J* by the scalar-independent
2-form field strength HM via the duality relation (6.I6) and after replacing the scalar-
dependent (derivative of) the scalar potential V' by the scalar-independent 3-form field
strength GMY via the duality relation (6I7). These second-order ‘conservation equations’
can be viewed as projected scalar equations of motion in the sense that (6.21]) results from
([620) by contracting with the Killing vector k;*.

6.3 The D = 3 action

An action including all fields of the D = 3 tensor hierarchy has already been constructed
in [12,21] (see [27] for the case of global supersymmetry). It reads
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1 1
L = — ZeR + ZeP’“PW —eV
1 1
— Zé“w/pAuM’ﬁMN (0,,APN + gXKLNA,,KApL) + 'Cfermions (622)
1 1
+ ZglwpD/ﬂgMNBprN + aﬁPKZKMNgquC;pr’MN ]

Here we used the definition

P = Du¢i e () (6.23)

where e;% denotes the vielbein on the scalar manifold with flat indices a, b, .... We denote
the embedding tensor by ¥yn = Yyn(x) in order to indicate that it is now a space-time
dependent field. As long as the precise form of the scalar potential and the fermionic
couplings is not specified, this form of the action is completely general and applies to all
gauged supergravities in D = 3. In particular, the scalar kinetic term represents a generic
non-linear sigma model.

In ([6.22]) we have made use of the fact that the 2-form potentials emerging in the tensor
hierarchy carry the same G-representation as the embedding tensor. This follows from the
fact that the tensor ZM v contracting the 2-forms in (G.5) can be viewed as a G-rotation
of Iy n and thus satisfies the same representation constraint (if any) as the embedding
tensor. The space-time dependent embedding tensor 9y (z) in ([622) is set to a constant
satisfying the quadratic constraints by the field equations for the 2- and 3-forms.

Like in D = 4, in principle, it is also possible to enforce linear constraints via additional
top-form Lagrange multipliers. However, since for the action in D = 3 the linear constraint
is immaterial for bosonic gauge invariance, this would be redundant and so we will not
follow this route here. This is in contrast to the D = 4 case where linear constraints do play
a role for bosonic gauge invariance. In that case we did introduce a Lagrange multiplier
for the linear constraint.

In this reformulation with dynamical embedding tensor the original invariance of the
action is violated by terms proportional to d,0n and the quadratic constraint. This can
be compensated by assigning appropriate gauge transformations to the 2- and 3-form, as
has been done in [21]. The corresponding gauge variations will be denoted by 4, in order to
distinguish them from the gauge transformations J; of the tensor hierarchy. As in D =4
we find that J, and ¢, differ by terms that are proportional to the duality relations (G.10)

and ([6.17):
1
0.B, "N = 6,B,MN + §egpr<M5PN>,
3 1
§a0/u/pP’MN - (ShOMVpP’MN - 1650[/“/80<PAP]MN> — §€€MVPA<P€MN> s (624)
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as can be inferred from [21] by comparing the ¢, variations with the tensor hierarchy
We note that the variations of the original vectors and scalars remain unchanged. This
modification is precisely such that all field strengths in the transformation rules get replaced
by dual (matter) contributions, as Noether currents, etc.

Let us stress again that (6.24]) is not equivalent to the original gauge transformations of
the tensor hierarchy. First of all, (6.24]) does not represent a modification by an equations-
of-motion symmetry, since this would have to act on all fields and not just the 2- and
3-forms. Moreover, the modified gauge transformations are not even on-shell equivalent
to the tensor hierarchy, due to the fact that neither the duality relation (6I6]) nor (G17)
follows from the action. More precisely, the field equations are

1
sim = gl E =0, (6.25)
1
05 L omn (M op N)
S = —1(5 + A, MerN) = 0. (6.26)

Thus, the first duality relation appears only in a contracted version. Once its unprojected
form (6I6]) has been imposed by hand, the field equations for the embedding tensor (6.26])
turn out to be equivalent to (6.I7). As a consequence, the field equations obtained from
the action are not manifestly gauge-covariant but rather rotate under the gauge transfor-
mations in a highly intricate way into the other field equations (including second-order
matter equations) [21]. Moreover, the off-shell closure of the gauge algebra characteristic
for the abstract tensor hierarchy is violated in that closure requires the validity of all field
equations (except the Einstein equation).

7 Conclusions

In this paper we have showed how the second-order p-form equations of motion and the
projected scalar equations of motion of general D = 3, 4 gauged supergravity theoried?] can
be derived by a duality hierarchy, i.e. a set of first-order duality relations between p-form
curvatures.

Our starting point has been the complete tensor hierarchy of the embedding tensor
formalism which we have used to derive the off-shell gauge algebra for a set of p-form
potentials, not including the scalars and the metric tensor. Next, in a second step we have
put the tensor hierarchy on-shell by introducing duality relations between the curvatures
of the tensor hierarchy. These duality relations contain the metric tensor and all the
information about the scalar couplings via natural objects, like the Noether current, the
derivative of the scalar potential with respect to the embedding tensor and, in the case of

Z3Gtrictly speaking, only the maximally supersymmetric case has been investigated in [21]. However, as
far as invariance of the bosonic Lagrangian is concerned, this is no restriction.

24 Actually, our results should apply, unmodified, to more general D = 3,4 theories with no supersym-
metry.
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four dimensions, a function describing the scalar-vector couplings. We have showed how
the duality relations, together with the Bianchi identities of the tensor hierarchy, lead to
the desired second-order equations of motion for the p-form potentials and to the projected
equations of motion for the scalars.

In a third and final step we have constructed a gauge-invariant action for all the fields
of the tensor hierarchy. Here a subtlety occurred. We find that the gauge transforma-
tions of the action, with on-shell closed gauge algebra, are not the same as the gauge
transformations of the tensor hierarchy, with off-shell closed gauge algebra. They differ by
(unprojected) duality relations some of which do not follow from extremizing the action
although they are part of the duality hierarchy. We find that the transformation rules
that leave the action invariant are obtained from the transformation rules of the tensor
hierarchy by replacing everywhere curvatures by dual curvatures via the duality relations
except in one term in the gauge transformations of the 4-forms DNP? associated to the
linear constraint. This exception to the almost-general rule disappears if one solves the
linear constraint at the beginning and uses only the allowed field representations. It is
reasonable to conjecture that the same will be true in other dimensions and, if true, it
would be interesting to find an explanation for this general pattern. It would also be in-
teresting to find out how the general D = 4 tensor hierarchy is modified if one relaxes
the linear constraint as in Ref. [30], in which the classical lack of gauge invariance can be
compensated by a quantum anomaly.

It is natural to ask under which circumstances the duality hierarchy can give rise to the
full set of scalar equations of motion. For this to be the case, the Killing vector fields need
to be ‘left-invertible’. For instance, in the D = 3 example this means that (621]) implies
([6.20). A necessary condition is that the dimension of the isometry group is larger or equal
to the dimension of the scalar manifold. This is satisfied for coset manifolds G/H. In
order to see this, let V be G-valued and P,* = [V~'D, V] the coset part of the G-invariant
Maurer-Cartan forms. The Noether current results from P,* by converting the flat index
to a curved or rigid one by means of the coset vielbein V),

JM = v P, (7.1)

where the contraction is only over the ‘coset directions’. Comparing with (6.3]) one infers

kiM = VMa eia . (72)

Since the vielbeine e and V are both invertible the desired result follows. Thus, in case of
supergravity theories based on coset manifolds, the entire set of field equations (except the
Einstein equations) are encoded in first-order duality relations.

It is tempting to conjecture that this pattern will persist in general dimensions D > 4.
In the context of higher dimensions it is noteworthy that to construct an action not always
all fields of the tensor hierarchy are involved. Apart from low-rank forms, which are
required for consistent gaugings, and the (D — 1)- and D-forms, which can be interpreted
as Lagrange multipliers, there appears a gap ‘in between’. For instance, the D = 5 gauged
supergravity actions of [25,26] do not contain a 3-form. In contrast, at the level of the
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duality hierarchy one is forced to introduce this 3-form in order to recover the correct
second-order field equations [7].

One may wonder whether it is possible to also obtain the Einstein equations as compat-
ibility conditions from duality relations. Remarkably, this turns out to be possible upon
introducing the dual graviton transforming in the mixed-Young tableaux representation
(D —3,1), as has been shown recently [28]. At first sight one would think that one cannot
write first-order duality relations since it is not possible to ‘pull out a derivative’ of the
energy-momentum tensor [29]. This is similar to the scalar equations of motion discussed
in this paper, where it was not possible to pull out a derivative of the scalar potential. The
resolution to this obstruction is in precise analogy to the scalar equations: it requires the
introduction of an extra higher rank tensor field, which in this case contains the (D —2,1)
Young tableaux. Thus, like in (6I7), a second duality relation has to be imposed, that
explicitly contains the energy-momentum tensor. It is intriguing that, therefore, all su-
pergravity equations can be written as first-order duality relations (assuming a sufficiently
large symmetry in the scalar sector).

Finally, it is interesting to contemplate the possible relation of our findings to the
E4y1 approach to supergravity [4-7]. In that context the formulation in terms of duality
relations seems to be more natural and thus the present analysis may be of relevance. In
this context we note the different status of the higher p-forms in the action and the duality
hierarchy. For instance, the incorporation of the top-form and next-to-top form potentials
in an action leads to complicated gauge transformation rules with an on-shell closed gauge
algebra [21]. It is unlikely that such a structure has a direct Kac-Moody origin. In contrast,
the gauge symmetries realized on the duality relations close off-shell in agreement with the
tensor hierarchy, and therefore a possible connection to Kac-Moody algebras appears to
be more promising. The Kac-Moody approach to supergravity has only been developed so
far for supergravities whose scalar sector is given by a coset manifold. It is precisely for
these cases that the duality hierarchy reproduces the full set of scalar equations of motion
and not just the projected ones. It would be of interest to extend both the Kac-Moody
approach as well as the duality hierarchy to supergravities whose scalar sector is given by
more general manifolds.

Note added: We would like to mention ref. [31], which was brought to our attention
after this paper has been submitted to the bulletin board. Section 4 of [31] also deals with
the D = 4 tensor hierarchy and has some overlap with our section 3.
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A Properties of the IV tensors

The W tensors defined in Eqgs. (B.57)-([8.59) satisfy the following properties:

@MCWCMAB — 2QAB, (Al)
O Wenrg™ = Lypo, (A.2)
Ou“Wonp™ = 2Qnp", (A.3)
8 AB
(937 _ W MAB (A4)
oL
a@fg — Wenpo™, (A.5)
a E
a%ff - Weonp™ (A.6)
(SGMCWCMAB — @MC(SWCMAB:%g(GMCWCMAB):é‘QAB’ (A?)
O Wenrpg™ = dLypo, (A.8)

50 “Wenp™ = Oy sWenp™ =360 Wenp™) = 6Qnp" (A.9)

where Q4P Qnp¥ and Lypg are the quadratic and linear constraints Eqs. (310), (3.13)
and (3.16) imposed on the embedding tensor and where we have not used the constraints
themselves.
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B Transformations and field strengths in the D = 4
tensor hierarchy

The gauge transformations of the different fields of the tensor hierarchy are

oAM= —DAM — ZMAN, (B.1)
6pBa = DA+ 2Tunp[ANFP + LAY A6, AT] — Yap CAM, (B.2)
5hCAM = DAM = FM ANy — 6, AY N By — ITanpAY N AN A5, AT + AV Hy
—WaAMABA o — Wanpg™ ANFQ — Wy pPM AN
6nDap = DAap+aBu AYpp”Ap® + DA A Bp — 2A14 A Hp
+2T anp[AVEY — JAN A6, AP) A B, (B.3)

D" = DAPNT —[FN — §(1— a)ZN Ba] A AR"

1
2

+Cp" N SRAY + LTporAN N AP N A9 N §AR + ANGET, (B.4)
5 DVP? = DANFQ —2AN A dAT A5, AD — 3 XN API N AR N A5 A 5, A9

—3ANFP A FQ (B.5)

and their gauge-covariant field strengths are

M= dAM + XM AN N AT + 2By (B.6)
Hy = DBa+ TapsA® AN [dA% + IXnp" AN N A"+ Yau©CM, (B.7)
G = DCOM + [FM = 1ZYABy) A Be + 3Tc sgAM N A% A dA?
+ 5T soXNTPAM A AT A AN A AT
AWeMABD g + Wenpg™ DVPQ + WonpP DN (B.8)
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These field strengths are related by the following hierarchical Bianchi identities

oM = zZMA[g, (B.9)

DH, = Yau“Ge™ +TyynF™ ANFN. (B.10)

C Gauge transformations in the D = 4 duality hierar-
chy and action

In hierarchy variables, the total action takes the form

S = / {*xR —2G;;-DZ' N¥DZ*" + 2F* N Gy, — +V

—4ZFABy N (Fs — 1258 Bg) — 3 Xuns AM N AN A (F® — Z¥BBp)
—%X[MN}EAM N AN A (dAE — iX[PQ}gAP VAN AQ) (Cl)
=200 A (Ca™ + AM A By) +2Qnp" (DY — AN N AT A Bp)

—|—2QABDAB + QLNPQDNPQ} .

A general variation of this action is given by

0S S 08 0S
— wy__ L — -
0S /{59 Sgm + <5Z 57 +c.c.) JAM /\*5 w7 +20Ba /\*5 -

=209 N 6CAM +2QnpTIDENT +2Q4B5Dap + 2LNpgd DVFC (C.2)

05
A
i W} ,

where
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0S
ogrv

K {G +2G:+[0,2'D,2°" — 19,,0,20° 2] — GM ) * G,y

+50wV} (C.3)
GijD*xDZ —0,Gyt ANGMT =15,V (C.4)
DFy — iﬁMA *Jja— %dX[PQ]M ANAP A AC + %QMPECEP — %Q(NM)EAN N Bg
—Lynp AN A (dAY + 2 X[y AR N A®) + QNP "TrouAY N A" A A9

—d(Fy — Gu) — Xpun)P AN A (Fp — Gp) + 209y A Ba, (C.5)
PN Fp — Gp) + QP By — DUy A AM — LQnpt AV N AP, (C.6)
(Ga™ = 2% 0V/09 ™) — AM A (Ha+ Lxja)

+1iTanp A NAN A (FP = GF) — (FM — GM) A Ba, (C.7)

and vanishes, up to total derivatives, for the gauge transformations

45



S0t = 0, (C.8)

6,20 = AMYy Ak, (C.9)
5, AM = 5, AM (C.10)
6aBa = 6,Ba—2TanpAYN(FF —GTF), (C.11)

6,CaM = 8,0 + AAN(FM = GM) = AM(Hy+ 1% 54), (C.12)

5aDAB - 5hDAB + 2A[A A (HB} + % *jB]) - QT[A‘NPAN(FP — GP) A B|B] ,(Clg)
8. DN = 5, DENT — AN(GRT — Lx0V/00pT) + 2(FN — GNYAAET ., (C.14)
6,DNPQ = §,DNPQ 36 AN A AP A (FD — G9) 4 6ANFP A (FQ — G9)

—3AWN(FF —GPYAN (FQ - G9). (C.15)
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