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Abstract: We discuss a generalization of Chern—Simons theory in three dimensions
based on Leibniz (or Loday) algebras, which are generalizations of Lie algebras. Special
cases of such theories appear in gauged supergravity, where the Leibniz algebra is defined
in terms of the global (Lie) symmetry algebra of the ungauged limit and an embedding
tensor. We show that the Leibniz algebra of generalized diffeomorphisms in exceptional
field theory can similarly be obtained from a Lie algebra that describes the enhanced
symmetry of an ‘ungauged phase’ of the theory. Moreover, we show that a ‘topological
phase’ of Eg(g) exceptional field theory can be interpreted as a Chern—Simons theory for
an algebra unifying the three-dimensional Poincaré algebra and the Leibniz algebra of
Eg(g) generalized diffeomorphisms.
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1. Introduction

Chern—Simons actions define topological field theories in three dimensions (3D) [1]
and arise in numerous contexts, for instance: as part of string theory and supergravity
compactified to (or constructed in) 3D [2]; as a powerful framework for knot theory [3];
and as effective field theories for the quantum Hall effect (see [4] for a review). Moreover,
pure gravity and supergravity in 3D have an interpretation as Chern—Simons theories
[5,6], as have their higher-spin generalizations, which in turn led to new toy-models for
AdS/CFT [7,8].

In general, a Lie algebra that admits an invariant quadratic form defines a gauge
invariant Chern—Simons action for a Yang-Mills gauge field in 3D. In this paper we will
show that there is a larger class of algebraic structures that allow for consistent Chern—
Simons theories: the Leibniz (or Loday) algebras [9]. They are defined by a ‘product’
that is not necessarily antisymmetric but satisfies a Jacobi-like identity. In the case that
the product is antisymmetric, this identity coincides with the Jacobi identity and hence
the algebra reduces to a Lie algebra. Genuine Leibniz algebras do exist, however, and
define a gauge invariant Chern—Simons action, provided they admit a quadratic form
satisfying suitable invariance conditions. Such algebras and their associated Chern—
Simons actions have already appeared in the literature, notably in duality covariant
formulations of gauged supergravity (in the ‘embedding tensor formalism’ [10,11]) and
of 11-dimensional or type IIB supergravity (in ‘exceptional field theory’ [12-14]). In
this paper we will discuss Leibniz—Chern—Simons theories from a more abstract point of
view that allows us, at least partially, to elevate the analogy between gauged supergravity
and exceptional field theory to a technically precise correspondence.

Exceptional field theory (ExFT) is a formulation of the spacetime actions of 11-
dimensional or type IIB supergravity that is covariant under the U-duality groups E;(q),
d=2,...,9. To this end, the spacetime is extended, in the spirit of double field theory
[15-18], so that the coordinates transform covariantly under E,(4), subject to (duality
covariant) section constraints. EXFT was developed in [19-21]; see [22—34] for previous
and subsequent work. In this paper we will mainly focus on the Eg(gy ExFT [13], whose
bosonic field content consists of a ‘dreibein’ e, ¢, an Eg(g) valued metric My n, M, N =
1, ..., 248, and two gauge vectors A MM , By,m . All fields depend on the 248 coordinates

YM in the adjoint of Eg(g), subject to the section constraints, and on (unconstrained)
external 3D coordinates x*. The theory is invariant under generalized external and
internal diffeomorphisms of the x* and Y™, respectively. The internal diffeomorphism
symmetry, when properly formulated, is governed by a Leibniz algebra rather than a
Lie algebra. In particular, the vector fields, which act as gauge fields for the generalized
internal diffeomorphisms, naturally combine into a Leibniz valued gauge field 4, =
(A MM , B,m), and enter the action precisely in a Leibniz—Chern—Simons form [14].
As one of our main technical results, we exhibit the close parallel between the Leibniz
algebra structures (and their Chern—Simons actions) in gauged supergravity and ExFT
by showing that in both frameworks the Leibniz algebras can be obtained by means of
the same universal construction using an ‘embedding tensor’. Specifically, in gauged
supergravity the structure constants of the gauge algebra are defined in terms of a Lie
algebra g that encodes the global symmetry of the ungauged theory, and an embedding
tensor, which in 3D is a symmetric second rank tensor on the dual space g*. Typically,
the embedding tensor is degenerate and not invariant under the action of g, which im-
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plies that the resulting structure constants in general do not define a Lie algebra on
g*. They define, however, a Leibniz algebra [35,36]. We will then show that there is a
completely analogous construction in ExFT, starting from an ‘ungauged phase’ that is
invariant under significantly enhanced global symmetries. In contrast to the full ExFT,
this symmetry is governed by a genuine Lie algebra: the semi-direct sum of the Lie
algebra of (infinitesimal) 248-dimensional diffeomorphisms and the current algebra of
Y-dependent egg) transformations. The quadratic invariant of the Eg(g) generalized dif-
feomorphisms can then be taken as the embedding tensor, which yields precisely the
expected Leibniz algebra.

As a further application of the general framework of Leibniz—Chern—Simons theories,
we will show that a certain topological subsector of the Eg(gy EXFT can be interpreted as
a Chern—Simons theory based on an enlarged Leibniz algebra. This ‘topological phase’
consists of a (covariantized) 3D Einstein-Hilbert term and topological terms for the
gauge vectors. Pure 3D gravity has an interpretation as a Chern—Simons theory based
on the Poincaré or (A)dS group [5,6], and we will show here that there is an enlarged
Leibniz algebra combining the Poincaré algebra with the algebra of generalized diffeo-
morphisms, with the former acting on the latter by certain ‘anomalous’ transformations.
‘We show that this algebra can again be obtained from an infinite-dimensional Lie algebra
g and an embedding tensor on g* that acts as the symmetric invariant of the full Leibniz
algebra. The corresponding Chern—Simons action precisely reproduces the topological
sector of the Eg(gy EXFT, and we prove that the resulting gauge transformations are
equivalent to those following from [13], as it must be for consistency.

One may view this theory as a 3D Chern—Simons theory with an infinite-dimensional
‘gauge group’, whose algebra structure is encoded in the Y -dependence of all fields and
gauge parameters.! Accordingly, the theory still encodes genuinely 11-dimensional dy-
namics (or 10-dimensional dynamics, depending on the solution of the section constraint)
and in particular is invariant under 11-dimensional diffeomorphisms, albeit formulated
for a ‘3 + 8 foliation’. While this theory is topological and hence does not describe
Einstein (super-)gravity in D = 11, it is part of the full Eggy EXFT that encodes the
complete 11-dimensional supergravity.

Formally, this topological phase is obtained by setting My = 0 in the action and
gauge transformations. Of course, this is not strictly legal in that My was assumed
to be Eg(g) valued and hence invertible, but we will show that setting My = 0 does
respect all gauge symmetries. Thus, while the resulting theory is not expected to be a
consistent truncation (in the technical sense that any solution of the truncated theory
can be uplifted to a solution of the full theory) it is nonetheless ‘consistent’ by itself in
that it has as much gauge symmetry as the full theory. In particular, this allows us, for
this subsector, to make the external diffeomorphism symmetry manifest, which in the
conventional formulation acts in an intricate way and so far could only be verified by
tedious computations.

We close with some general remarks. The topological subsector of the Eg(gy EXFT,
for which we here provide a Chern—Simons interpretation, is obtained by truncating
the ‘physical’ degrees of freedom that in 3D are entirely encoded in M ;y. A natural
and certainly legal way to do so would be to set it to a constant invertible matrix, say
Mpyn = Sun. However, any such choice would break part of the duality symmetry,
here from Egg) to SO(16), while the topological theory still features the full Egg)
duality. Thus, this theory appears to be some kind of ‘unbroken phase’. While we have

! This is similar to Vasiliev’s higher-spin gravity in 3D, whose higher-spin algebra is defined through the
dependence on additional coordinates [37], with a Chern—Simons formulation for the topological sector.
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no a priori reason to assume that this theory by itself has some physical role to play
within string/M-theory, the fact that it exists and has such a natural Chern—Simons
interpretation is certainly intriguing. Regardless of whether the topological sector does
or does not make physical sense by itself, it is part of the full Eg(gy EXFT, and so it would
be important to see whether the Leibniz algebra structure also simplifies the ‘matter
couplings’ including My, a question to which we hope to come back to. We will also
show that the large Leibniz algebra can be modified to (A)dS gravity. Again, it would be
important to investigate whether this (topological) AdS theory by itself has a physical
interpretation within M-theory.

The remainder of this paper is organized as follows. In Sect. 2 we discuss Leibniz
algebras and their associated Chern—Simons theories in an ‘invariant’ (or index-free)
formulation that is appropriate for general applications. Section 3 is mainly a review of
the Leibniz algebra underlying the internal gauge symmetries of the Egg) EXFT. In this
we hope to present several results that are scattered through the literature, see [13,14,33],
in a self-contained fashion. Then we turn in Sect. 4 to one of our main constructions, to
show that the Leibniz algebra of Eg gy generalized diffeomorphisms can be interpreted in
terms of a suitably formulated embedding tensor formalism. Finally, in Sect. 5, we define
a Leibniz algebra combining (an infinite-dimensional extension of) the 3D Poincaré
algebra and the Egg) generalized diffeomorphisms. We prove that the resulting Chern—
Simons theory is equivalent to the topological subsector of the Eg(g)y EXFT. We also
present a generalization that includes a cosmological constant. Our conclusions and
outlook are in Sect. 6, while in the appendix we discuss the extension of the embedding
tensor formalism to higher dimensions.

2. Leibniz Algebras and Their Chern—Simons Theories

In this section we give a general discussion of 3D Chern—Simons theories based on Leib-
niz algebras. In the first subsection we introduce Leibniz algebras and their associated
Yang-Mills-like vector gauge fields. In the second subsection we discuss the invariance
conditions on a inner product and prove that the corresponding Chern—Simons action is
gauge invariant.

2.1. Leibniz algebras and their gauge fields. A Leibniz (or Loday) algebra is a vector
space X equipped with a ‘product’ o satisfying for any vectors x, y, z the Leibniz
identity

xo(yoz) = (xoy)oz+yo(xoz). (2.1)
If x oy is antisymmetric in x, y, this reduces to the Jacobi identity, and hence the algebra
reduces to a Lie algebra. In the following sections we will give examples of genuine
Leibniz algebras and thereby go beyond Lie algebras.

An immediate consequence of (2.1) is that the product defines transformations

8yy = Lyy = xo0y, 2.2)

that close and hence generalize the adjoint action of a Lie algebra. (Here we introduced
the notation £, of (generalized) Lie derivatives that will be employed later.) To see that
(2.2) closes we compute

[Ly, Ey]Z = Ly (ﬁyz) - £y(£xz)

= xo(yoz)—yo(xoz)
(xoy)oz
Exoyza

(2.3)
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using the Leibniz identity (2.1) from the second to the third line. Note that the left-hand
side of (2.3) is manifestly antisymmetric in x, y, but the right-hand side is not. Thus,
antisymmetrizing on both sides of the equation we obtain

[»Cx» »Cy]z = »C[x,y]Z’ (2.4)
while symmetrization on both sides yields
0 = Lz, (2.5)

where we introduced the symmetrization and antisymmetrization of the product:

{x,y} = txoy+you),

(2.6)
[x,y] = $(xoy—youx).

The symmetric bracket {, } measures the failure of the product to define a Lie algebra.
Importantly, even the antisymmetric bracket [, ] does not define a Lie algebra if {, }
is non-vanishing, for then the Jacobi identity is not satisfied. However, the resulting
‘Jacobiator’ acts trivially according to (2.5).

The subspace U generated by symmetrized products {v, w} forms an ideal> which
according to (2.5) we will refer to as the ideal of trivial vectors. Thus £, = 0, Yu €
U. In general, the Leibniz algebra may contain further vectors outside of U whose
generalized Lie derivative (2.2) on all other vectors vanishes. In the following it will often
be convenient to represent this ideal as the image of alinearmap D : X; — U, where X
is a subspace of the symmetric tensor product Xo ®sym Xo (which typically corresponds
to the space of two-form gauge fields of the theory). Explicitly, this corresponds to a
representation of the symmetrized products as

{x.y} = ;D(xey), 2.7

where e denotes a bilinear symmetric pairing Xo ®sym Xo — X1. This bilinear map is
defined by (2.7) only up to contributions in the kernel of D, which has consequences
for the tensor hierarchies (or L, algebras) to be discussed momentarily, but it turns out
that the related subtleties are immaterial for the 3D constructions in this paper.

After this introductory discussion, our goal is now to develop generalizations of
Yang-Mills gauge theories for Leibniz algebras. In the same way that one introduces
for gauge groups of Lie type one-forms taking values in the adjoint representation, we
now introduce one-forms A = A,dx* taking values in the Leibniz algebra, of which
we think as the representation space of the generalized adjoint action (2.2). As in Yang-
Mills theory we define a gauge transformation w.r.t. to a Leibniz-algebra valued gauge
parameters A:

81A, = Dur = 0k — Aol (2.8)

In contrast to conventional Yang-Mills theory, these transformations as such are not quite
consistent, because they do not close by themselves. An explicit computation using (2.7)
shows

[0, 00,14, = Du[kz,)\l]+'D()\[1 o D, Ay)). 2.9)

2 The results of [38] then imply that this algebraic structure forms part of an Lo algebra [39]. See also
[40-42]. We will leave a more detailed discussion of the significance of such algebras in this context for future
work.
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The first term on the right-hand side takes the form of 8§12 A, with A2 = [A2, A1], but
the second term spoils closure. This suggests to postulate a new gauge symmetry with
one-form parameter A, (living in the space X in which x e y takes values):

8,A, = Dur — Dy, (2.10)
for then we have closure according to [dy,, 8,14, = Dy A2 — DAiay, where
A2 = [A2, A1l Az = Ap e Dyiqy. (2.11)

The one-form gauge symmetry is also needed in order for exact parameters A = Da
to yield trivial transformations. Indeed, from (2.10) it then follows that §A,, = 0 for
Au = Dya. More precisely, here we have to assume that the space in which A, lives is
a representation space of the Leibniz algebra, so that there is a well-defined action of £
and hence a notion of covariant derivative, and that D is ‘covariant’ in that it commutes
with generalized Lie derivatives. This is satisfied for all explicit examples.

The new one-form gauge parameter can be associated to a new two-form gauge
potential B, taking values in the same space. Indeed, in order to define a gauge-covariant
field strength such a two-form is needed, because the naive Yang-Mills field strength for
A, in terms of the antisymmetric bracket [, ] in (2.6) is not gauge covariant. Again, the
failure of covariance is D exact, and so can be fixed by setting

Fuv = 0uA, — 0,A, — [Au, Ay] + DBy, 2.12)

and postulating appropriate gauge transformations for B;,,,. One may then define a gauge
covariant field strength for By, which in turn requires three-forms. This construction,
which in general proceeds to higher and higher forms, is referred to as ‘tensor hierar-
chy’ [43]. In this paper we will focus on 3D, and it turns out that the two- and higher
forms are not needed in order to write a gauge invariant action. Thus, we will not further
develop the tensor hierarchy, and leave a more general discussion of tensor hierarchies
for Leibniz algebras to future work.

2.2. Invariant inner product and Chern—Simons action. We now turn to the construction
of gauge invariant Chern—Simons actions, for which we need an inner product satisfying
suitable invariance conditions. Thus, we assume the existence of a symmetric bilinear
(but not necessarily non-degenerate) quadratic form, i.e., a mapping of two vectors x, y
of the Leibniz algebra to a number (x, y), satisfying 6, (x, y) = 0 or

(zox,y)+{(x,zoy) = 0, (2.13)

for arbitrary x, y, z. This property is analogous to that of invariant quadratic forms of
Lie algebras. It turns out that we need in addition a ‘higher’ invariance condition, corre-
sponding to the need discussed above to introduce higher-form symmetries. Specifically,
we need to impose

(x,U) = 0, (2.14)

for arbitrary vectors x in the Leibniz algebra and the ideal U of trivial vectors. Indeed, we
can think of this condition as an invariance condition under the ‘gauge transformation’
x — X + Da, as in (2.10). (More precisely, this would be the invariance condition of
(x, x), but by polarization this implies the invariance of the bilinear form in general.)
Note that (2.14) implies that for non-trivial D (i.e., for non-trivial {, } or genuine Leibniz
algebras) the bilinear form is degenerate.
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Let us next specialize to 3D and define a Chern—Simons action for Leibniz valued
gauge vectors A . Using the inner product, we can write

S = /d3x eMP (A, A, — SA, 0 Ap), (2.15)

where we denote by ¢*'P the constant Levi-Civita symbol defining a tensor density.
Thus, this action is manifestly invariant under 3D diffeomorphisms and is topological.

In order to prove the gauge invariance of this action under (2.10), it is convenient to
first determine its variation under arbitrary § A. We compute

548 = fd3x e (84,0, 20,A0) = 1544, Ay 0 4,)
+ 3[40, Ay 0 84,)+ HAu, (A1, 64,))) (2.16)
= /d3x P (<8AM, 20,A, — Ay o Ay) + HAu DA, e 5A,,))),

where we discarded a total derivative, used the invariance condition (2.13), and (2.7).
We now observe that the final term in here vanishes by the ‘higher’ invariance condition
(2.14). Moreover, for the same reason, we can add the two-form term in (2.12) to the
first term to write the final result in the manifestly covariant form

548 = / Bx % (54, Fop). 2.17)

At this point it is important to recall that the bilinear form in general is degenerate, so
this relation does not imply that the field equations are 7 = 0. The field equations only
imply that a suitable projection of the field strength vanishes.

It is now easy to verify gauge invariance under A, = D, A. Inserting this transfor-
mation into (2.17) and integrating by parts, we need to compute D, F,. In contrast to
Lie algebras, this is not zero in general, but the failure of the naive Bianchi identity is
necessarily writable in terms of {, } and thus, by (2.7), is D exact. It then follows with
(2.14) that the action is invariant. Similarly, by (2.14), the Chern—Simons action is invari-
ant under the gauge transformations associated to the two-form, A, = —DA,, despite
the two-form not entering the Chern—Simons action. Summarizing, we have shown that
any Leibniz algebra that admits a quadratic form satisfying the invariance conditions
(2.13) and (2.14) defines a gauge invariant Chern—Simons action in 3D.

3. Leibniz Algebra of Egg) Generalized Diffeomorphisms

In this section we review the gauge structure of internal generalized diffeomorphisms of
the Eg(g) EXFT and show that they can be interpreted as a Leibniz algebra with invariant
quadratic form, for which the corresponding Chern—Simons action precisely yields the
topological terms for the gauge vectors of Eg(g) EXFT.

We begin by recalling a few generalities of Egg) and the associated generalized
Lie derivatives. The Lie algebra eg(g) is 248-dimensional, with generators (") g =
—f MN o and structure constants f MN o where M, N = 1,...,248 are adjoint in-
dices. The maximal compact subgroup is SO(16), under which the adjoint representa-
tion decomposes as 248 — 120 @ 128. The invariant Cartan-Killing form is defined
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by MV = 6]—0 FME, £NL L which we freely use to raise and lower adjoint indices. We
next need some properties of the tensor product 248 ® 248, which decomposes as

248 ® 248 — 1® 248 © 3875 ® 27000 ® 30380. 3.1

It contains the adjoint 248, and the corresponding projector is given by:

1
PY K, = % Myp 5L

1 7 1 1
— _sMsk _ " p MK Y MK b MK P
30 0oL 30( 3875)" " NL 50" L o5 e N
(3.2)
while the projector onto the 3875 reads
1 1 1
Pygrs) e = 28081y — g™ e — o fEN Y P 33

We next introduce functions or fields depending on coordinates Y living in the
adjoint representation, subject to the Eg(g) covariant ‘section constraints’

nMVoy oy =0, MKy @0k = 0, (Pagrs)mn lox @, = 0.
(3.4)

This constraint is to be interpreted in the sense that for any two fields (or gauge param-
eters) A, B we have nMNZ)MBNA = nMNE)MA oy B = 0, and similarly for the other
conditions in (3.4). These constraints are necessary in order to define consistent gener-
alized Lie derivatives, to which we turn now. The generalized Lie derivative is defined
with respect to two gauge parameters A, 3, and acts on an adjoint vector V™ (which
may carry an intrinsic density weight 1) as
Ll v = ANay VM 4 My RVVE £ 3oy ANV (3.5)
where we defined
RM = fMN oy AK 4+ =M, (3.6)

It is important that the gauge parameter X, is not arbitrary, for otherwise we could
simply absorb the A-dependent terms in (3.6) into a redefinition of X. Rather, X is
‘covariantly constrained’ in the sense that it is subject to the same ‘sections constraints’
(3.4) as the partial derivatives. Specifically, (3.4) holds for any two factors being partial
derivatives or covariantly constrained, e.g.,

"MNVoy sy =0, IVKay @3k =0, Py untox @ 2 = 0.
3.7

As a consequence of these section constraints, we have ‘trivial’ gauge parameters, i.e.,
gauge parameters that do not generate transformations on fields. These include param-
eters of the form

AM = Ny,
AM = (Pyg75)MK yp dg xNE, (3.8)

AM = MV oK 2y =y +aven”,



Leibniz—Chern—Simons Theory and Phases 1063

where ), is covariantly constrained, and 2 ul is covariantly constrained in the first
index.

Let us now turn to the gauge structure, which will be governed by a Leibniz algebra.
In order to uncover this algebraic structure it is instrumental to group the two gauge
parameters into the ‘doubled’ object

T = (AM, 2y), (3.9)

so that the second component is a covariantly constrained object. We now define the
product

YioTs = (/;QI]AQM, 9% + AzNaMRN(Tl)), (3.10)

where the Lie derivatives act as in (3.5), with the density weights indicated in square
parenthesis, and R(Y') is defined by (3.6). The (generalized) Lie derivative terms repre-
sent the naive ‘covariant’ action on T = (A, X), but the ‘anomalous’ term containing
dpm Ry is crucial for the following.

In order to prove that this indeed defines a Leibniz algebra it is convenient to use
the product (3.10) to define a generalized Lie derivative on a ‘doubled vector’ A, with
components of the same type as (3.9), as

LyA = YT oA (3.11)
The Leibniz algebra relation is then equivalent to the closure condition
[Lv,. L1, A = Liv, 1aA, (3.12)

where the bracket [, ] is the antisymmetrization of the Leibniz algebra (3.10), c.f. (2.6).
The equivalence of the above closure condition to the Leibniz algebra relation follows
as in (2.3). The proof of (3.12) proceeds by an explicit computation. We do not display
this computation, apart from noting the useful relations

Ry (Y1, V2D) = 2A0NanRu(T2) + funk RY (Y1RX (1), (3.13)

which is sufficient for proving closure of (3.5), and

o Ry (1. 12)) = L4y Ry (1) — £ (0 Ry (1)), (3.14)

which can be verified by taking the derivative of (3.13) and using the Lemma (2.13) of
[13]. For more details we refer to Appendix A in [14].

According to the general scheme discussed in Sect. 2, the symmetrization of the
Leibniz product (3.10) is by construction ‘trivial’. As a consistency check, this can be
verified with an explicit computation:

{T1, T2} = (7(P3875)MKNL Ik (AYA%) + 5 aM(AY Aow) + FMV g @,
3.15)
" +ayeu” ),

where
Q" = A" Soym — 3 Nk AaK dnAant. (3.16)

This is indeed of the ‘trivial’ form (3.8), in particular, <2 u" defined here is manifestly
covariantly constrained in the first index, which is carried by either X, or dy,. We
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can further spell out the decomposition (2.7) for the Eg(gy Leibniz algebra, defining the
bilinear operation Y| e Y3 by stripping off the derivatives in (3.15) (and multiplying by
an overall factor of 2). The vector space X in which e takes values thus decomposes into
different subspaces, corresponding to the different terms in (3.15), and to the two-form
gauge fields in the theory, c.f. [13]. Finally, the operator D acts differently on these
subspaces, its action being defined by the derivatives in (3.15) (and the inclusion map
for covariantly constrained terms).

Let us now turn to the definition of an invariant quadratic form on the Leibniz algebra.
For doubled, Leibniz valued fields A = (AM, By) it is given by

(A, A2) = /d248Y(2A(1MBz)M — My AaN o Ayk). (3.17)

The invariance condition (2.13) is equivalent to the statement that this integral is in-
variant under the variations (3.11), which one may verify by an explicit computation.
In particular, both terms carry density weight one and thus vary into a total derivative
that vanishes under the integral, up to ‘anomalous’ contributions originating in the first
term from the anomalous transformations of B and in the second term from the non-
covariance of partial derivatives. An explicit computation shows that these anomalous
terms precisely cancel. (See Appendix A in [14] for more details.) Discarding total
derivatives, the bilinear form can also be written as

(Al Ay) = /d248Y(A1MBzM FAM Bl — A NauAK).  Gs)
and consequently, in terms of Ry defined in (3.6), as
(A1, As) = / 85 (A" Ry (As) + Ar™ By). (3.19)

This form is convenient in order to establish the second invariance condition (2.14) in
the form

7 wivial = (A 7)=0 VA (3.20)

This follows because for trivial 7 we have Ry, (7)) = 0, as one may quickly verify, and
the contraction of the first component of a trivial 7 with a covariantly constrained By,
vanishes.

Having established the Leibniz algebra relations and the existence of an invariant
quadratic form, we can now define a Chern—Simons action for Leibniz algebra valued
gauge vectors

A, = (AM, Bum). (3.21)

Their gauge transformations are given by (2.8) w.r.t. an algebra valued gauge parameter
T = (AM, Zj). In components these are determined with (3.10) to be

sA,M = D, AM,

N (3.22)
8Bum = DXy — AV Oy Rn(AL),
where here and in the following we use the covariant derivative
Dy, = 0y — L4, (3.23)
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The associated field strengths F,, = (F,WM, G ,wm) for (3.21) can be defined as usual
through the commutator of covariant derivatives,

[Dyu, Dyl = —L(F,,.G ) (3.24)

up to trivial contributions. Evaluating the Chern—Simons action (2.15) for .A,, and the
Leibniz algebra (3.10), using the invariant inner product (3.17), yields

Scs = fd3x d*8y ghvr (FWMBPM — freLNo A KonA L
2
—3 fNrroyonAa,KAa,Ma,tl
1
=3 fuxi KT o f R A M 0p AL C0RA,S). (3.25)

Here, F WM denotes the components of the field strength defined as in (2.12) (which we
may or may not take to include 2-forms, as these drop out upon contraction with B/ ).
We record for later use the general variation of the action w.r.t. §A, 6 B:

5Scs = /d3x 4248y ghve <8AMM(GWM+fMNK8NF,,pK> + 8By FW,M),
(3.26)

which immediately follows from (2.17) and (3.18). The above action coincides with the
topological action given for the Eggy EXFT in [13], and we have thus shown that that
term has an interpretation as a Leibniz—Chern—Simons theory.

4. Embedding Tensor and Ungauged Phase

The goal of this section s, first, to show how the embedding tensor of gauged supergravity
defines a Leibniz algebra in terms of the global symmetry (Lie) algebra of ungauged
supergravity and, second, to show that there is an analogous construction for Eg(g
generalized diffeomorphisms. Specifically, we give an (infinite-dimensional) Lie algebra
containing 248-dimensional diffeomorphisms and Eg ) rotations whose coadjoint action
defines, in terms of the bilinear form of the previous section, the Leibniz algebra of Eg g
generalized diffeomorphisms.

4.1. Review of embedding tensor . We begin by reviewing gauged supergravity in the
embedding tensor formulation [10, 11,44]. The embedding tensor ® y/“ is a tensor under
some duality group G, which is the global symmetry of the ungauged theory. This
tensor encodes the subgroup of G that is gauged. Specifically, one defines the ‘structure
constants’

Xun® = Ou(ta)n® = X + 25w, 4.1)

where indices «, B, . . . label the adjoint of G, and indices M, N, .. .label arepresentation
(typically thought of as the ‘fundamental’ representation), and (z,) y X are the generators
in this representation. This representation is the G-representation in which the vector
fields AMM of the ungauged theory transform, so that the covariant derivatives of the
gauged theory can be written as D, = 9, — A MM ®p“t,. Similarly, all other couplings
of gauged supergravity can be written in terms of the embedding tensor ® y/“.
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To identify the Leibniz algebra in this formalism, note that X, NK in (4.1) is not
necessarily antisymmetric, and in the last equality we have decomposed it into its sym-
metric and antisymmetric part. Defining matrices with components (X 3 ) v X = Xyn X,
one now imposes the ‘closure constraint’ or ‘quadratic constraint’ for the commutator

[Xm, Xn] = —Xun" Xk. 4.2)
This defines a Leibniz algebra [36]: writing for two vectors with components VM, WM
VoW = xyeMvNwk, (4.3)
the closure constraint (4.2) is equivalent to the Leibniz algebra relation
Uo(VoW)—Vo(UoW) = {UoV)oW. 4.4)
We can infer from (4.2), by symmetrizing on both sides of the equation,
Z8unXxk =0 = ZFyyex* =0, 4.5)

where we used the non-degeneracy of the Cartan-Killing form «g5 o (y) nK (tg) N
to infer the second equation. In the above notation we have

(v, wiM = zM e vNwk, (4.6)
The tensor ZM y x typically decomposes into [43]
zMyk =D dy vk, 4.7)

with the index I running over the space X of two-form gauge potentials. The above
decomposition (2.7) then corresponds to maps

(VeW) =2dryn VYWY, @)™ = DMy, (4.8)

We now specialize to 3D. In this case the fundamental G-representation in which
vector fields are transforming is given by the coadjoint representation. This follows be-
cause vector fields are introduced as duals to the Noether currents of the global symmetry
group G of the ungauged theory. Expanding a local G transformation as A y;(x) t™ in
terms of generators #¥, the Noether currents are obtained by the corresponding vari-
ation of the Lagrangian into £ = 9, AmJ MM Defining the vector field strengths
through F,,™ = €,,,,J?M, we finally learn that vector fields A, transform in the
coadjoint representation of G. (Of course for the finite-dimensional groups appearing
in gauged supergravity, the adjoint and coadjoint representation are typically equiva-
lent.) As a result, the embedding tensor takes the form ® sy, with covariant derivatives
Dy =3, — A,MOyntY, for which (4.1) reduces to

Xun® = opp iy, 4.9)

with ZXyn = Orm fLX Ny. Moreover, the embedding tensor ®yy is taken to be
symmetric as it serves to define the Chern—-Simons coupling of the vector fields, see
(4.13) below. We can thus define the symmetric inner product

(V,W) = OyunVMWV, (4.10)
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It satisfies the invariance condition:
EoV.V) = Oun(Xx MEXVIIVY = @ynOgp ML EXVEVY

4.11)
= OgpZl N EXVIVY = 0,

where we used (4.5) in the last step. This proves that (V, V) is invariant, and by polar-
ization this implies invariance of the bilinear form in general. Similarly, if any argument
is of the form ZM y g UNK the inner product vanishes as a consequence of (4.5), thereby
implying the higher invariance condition (2.14). Conversely, invariance of ® 7y implies
the Leibniz relations, which can be seen by contracting

5K®MN = XKML®LN+XKNL®ML =0 (4.12)

with NP 5 and using the Jacobi identity in the second term.
We can write the Chern—Simons action (2.15) in this formalism, using (4.3) and
(4.10),

S = /d3x e OunAM (0,4, — Xk VALK ALY, (4.13)

which is the form of the Chern—Simons action in gauged supergravity. We have thus
shown that the embedding tensor formalism for 3D gauged supergravity is a special case
of the Leibniz—Chern—Simons theories introduced above in an ‘invariant’ or ‘index-
free’ fashion. This index-free formulation is greatly advantageous for the applications
in previous and subsequent sections, where the algebras are governed by differential
operators and hence are infinite-dimensional, so that an index notation would obscure
much of the underlying generalized geometric structure.

4.2. Leibniz algebras via coadjoint action of Lie algebras. Our next goal is to rewrite
gauged supergravity relations such as (4.9) in an invariant or index-free language, which
will be instrumental below for the infinite-dimensional generalizations based on function
spaces. To this end we will have to carefully distinguish between the Lie algebra g of G
and its dual space g*, since in the infinite-dimensional context there will be no invariant
metric to identify these spaces. We will follow the convention that adjoint vectors,
i.e., elements in g, are denoted by small latin or greek letters, while coadjoint vectors,
i.e., elements in g*, are denoted by capital latin or greek letters. (Moreover, a vector
or covector is typically denoted by a greek letter if it plays the role of a symmetry
parameter.) We expand vectors and covectors w.r.t. bases as v = v wtM and A = AM7,,,
respectively, where M is a basis of g, satisfying (M N] = fMNK tX, and 7y is the
dual basis. The pairing g ® g* — R then reads

A@) = AMyy. (4.14)
The adjoint representation is defined, for ¢, v € g, by
S:v = adev = [g,v]. 4.15)

We will use the notation §; for general variations w.r.t. a vector £, but it turns out to be
beneficial to also introduce notations such as ad; if the specific representation needs to
be made explicit. In order to define the coadjoint representation we have to specify how
¢ € g acts on a coadjoint vector A € g* to yield a new coadjoint vector 6; A. As the
latter is defined by its action on an adjoint vector v € g, we can define

B A () = (adfA)(v) = —A([g, VD). (4.16)
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An immediate consequence is that for any pair of adjoint vectors v, w € g
(adfA)(w) = —(ad} A)(v). (4.17)

The sign in the definition (4.16) is such that the pairing (4.14) is invariant:
8. (A(v) = (B:A)(v) + A@Bzv) = 0. (4.18)

W.r.t. a basis, the coadjoint action is given by (ad?A)M = fMN ey AKX,

Let us now return to the gauged supergravity relation (4.9), defining the Leibniz
algebra structure on g* in terms of the embedding tensor. Contraction with two coadjoint
vectors and one adjoint vector yields

AMBN X yn®vx = AMOy fAE vy vk BY = AM Oy (ad?B)E. (4.19)

Here we recognized in the last equality the coadjoint action of v on B. In order to rewrite
this equation in invariant language we recall that the structure constants X on the left-
hand side define the Leibniz algebra according to (4.3). The right-hand side suggests to
identify the embedding tensor ® with a map

9 gt > g 00w = —Ount”, (4.20)
such that (4.19) takes the form
(Ao B)(v) = —A(¥(adyB)) = —(ad}B) (¥(A)), (4.21)

using the pairing (4.14) between vectors and coadjoint vectors and the symmetry of ®
in the second equality. Using (4.17) we may further rewrite the last term as

— (adﬁB) W(A) = (adg(A) B)(v). (4.22)
This shows that the Leibniz product is directly given by
AoB = adj;(A) B, (4.23)

using the coadjoint action (4.16) w.r.t. #(A) € g. In particular, we can rewrite the
generalized Lie derivative w.r.t. A € g* defined as in Sect. 2 as

SAA = LaA = adjy A (4.24)

We next observe that the map defined in (4.20) canonically induces a bilinear form
on the dual space,
®: gd®g — R, (4.25)

by the relation
®(A, B) = —A(P(B)). (4.26)

The fact that © is typically degenerate means that ¢ is not invertible: in general there is
no map g — g*. Put differently, if for all A we have A(¥(B)) = 0 then ¢ (B) = 0, but
we cannot conclude that B = 0. In terms of ®, we can now equivalently rewrite (4.19)
as

(Ao B)(v) = O(A, ad} B). (4.27)
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In the remainder of this subsection we will prove, within this invariant formulation,
that the Leibniz algebra relations follow from the invariance of ® under the gauge
transformations defined by O itself via (4.27). Starting from the invariance condition on
O, i.e., that forall A, B, A € g*

SAO(A,B) = O(AoA,B)+O®(A,AoB) = 0, (4.28)
we first prove invariance of the pairing (A o B)(v) with (4.27):

SA((AoB)(v)) = O(AoA,ad*B)+O(A,ad*(A o B)+ad’y  B)

adp(A)v
O(A o A, ad}B) + O(A, ad’(ad} »,B) +adfy ), B)
O(A o A, ad*B) + O(A, A o (ad*B))
= 0.

(4.29)

Here we used, from the second to the third line, that the coadjoint action satisfies the Lie
algebra relation, and we used the invariance (4.28) in the last step. On the other hand,
we can also write out the left-hand side of (4.29) directly to obtain

0 = ((AoA)oB)(v)+ (Ao (AoB))(v)+ (Ao B)adyv). (4.30)
The last term here can be written with (4.18) as
(A o B)(adyayv) = —(adg(A)(A oB))(v) = —(Ao(AoB))(v). 4.31)

Back-substitution in (4.30) shows that the Leibniz relations hold upon pairing with v.
This holds for arbitrary v, which is sufficient to prove the Leibniz relations since

Yo: Aw) =0 = A =0. 4.32)

Can one also prove the converse, that the Leibniz relations imply invariance of ®?
This is possible, but only under the assumption that the Lie algebra g has trivial center.
We first note that the Leibniz relations imply, as in Sect. 2, that the above generalized
Lie derivative acts trivially if the parameter equals a symmetrized bracket, c.f. (2.5):

VA: 0 = E{ALAZ}A = ad’l‘;({Al,Az})A = Yo : adg({Al,Az})v = 0,
(4.33)
where the inference follows by pairing the first equation with v € g, using (4.18) and
the property

VA: A(v) =0 - v = 0. (4.34)

The last equation in (4.33) means [ ({A1, A2}), v] = O for all v, such that the vanishing
center of g implies that

P({A1, A2}) =0 = OA, {A1, A2}) = 0, (4.35)

where the last inference follows upon pairing with A € g* and using (4.26). Under this
assumption we can now prove invariance of ©:

SAO(A, A) = 20(Ao A, A) = —2(A o A)(B(A))

= —20(A,ad}4,A) = —20(A, (A, A)) = 0, (4.36)

where we used (4.27) in the third equality and (4.35) in the last equality.
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4.3. Eg(g) generalized diffeomorphisms and the ungauged phase. Our goal is to identify
a Lie algebra from which the Leibniz algebra of Eg(g) generalized diffeomorphisms can
be derived by means of a suitable embedding tensor. In gauged supergravity, this Lie
algebra is the global symmetry of the ungauged limit, in which the embedding tensor
is set to zero. Specifically, this limit removes the connection terms insides covariant
derivatives, reducing them to partial derivatives, and also eliminates the potential and
Chern—Simons term. We will now try to identify a similar ‘phase’ of EXFT by setting to
zero the analogous terms of the Eg(gy EXFT action, which yields

S = /d3x d*¥ye (R + 515 O MMN a/LMMN) . 4.37)

Here R is the familiar 3D Einstein-Hilbert term, without any further covariantizations.
We note that while all fields depend on x and Y, no Y-derivatives d); have been kept. In
a sense, the different Fourier modes of the fields have been decoupled, and we will see
in a moment that this leads to a significant symmetry enhancement.

This unusual looking theory is actually completely analogous to that obtained from
conventional (super-)gravity by compactifying, say, on a torus but without truncation and
then taking the ‘decompactification limit’. To make this point more transparent consider
the Fourier expansion of a generic field on a torus T¢,

K-y
0y = Y actexp (i=), (4.38)
keZd
with torus coordinates y = y + 2w R, where we restored the radius R (that for simplicity

we take to be equal for all radii). The covariant derivatives emerging in Kaluza—Klein
on a torus then take the schematic form

1 .
Dy = 8y — A "0+~ = D, = 3#—E2k:lAM~k+"', (4.39)
where 9, = % are the internal derivatives. We observe that the inverse radius % (or,

equivalently, the Kaluza-Klein mass scale) acts as the coupling constant of the gauging.
Thus, taking the ‘decompactification’ or ‘zero mass’ limit R — oo equals the ungauged
limit, in which covariant derivatives reduce to partial derivatives. Similarly, it is easy
to convince oneself that all other couplings due to gauging, such as potential terms,
disapg)ear in this limit, confirming that (4.37) reasonably plays the role of the ungauged
limit.

Having identified the ‘ungauged phase’ of the Eg(g) EXFT, let us now inspect its
surviving symmetries. We claim that they are given by

local external diffeomorphisms :  &£#(x, Y),
global Eg(g) rotations : oy (Y), (4.40)
global internal diffeomorphisms : M Y).

Here we refer to a symmetry as ‘local’ if its parameter may depend on the external
x coordinates and as ‘global’ if its parameter only depends on Y. Indeed, in order to

3 It is often claimed that compactifying on a circle of radius R and then sending R — oo gives back the
original, uncompactified theory. The above considerations make clear, however, that one obtains rather an
‘ungauged phase’ such as (4.37) that is quite different from any conventional theory.
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establish the parallel to gauged supergravity, we have to think of the Y-dependence as
parametrizing an infinite-dimensional global symmetry (rather than a finite-dimensional
local symmetry).

Let us now inspect these symmetry transformations in more detail. The £ act like
usual 3D diffeomorphisms, which are a manifest invariance of (4.37) since there are no
dy derivatives that could detect the Y'-dependence of £/*. The global internal diffeomor-
phisms with parameter AM act on the external dreibein as in the full EXFT:

Sren® = MWNaye, +anaNe,, (4.41)

while the dreibein is left invariant under Eg(g) rotations w.r.t. o. However, for M, or

equivalently a coset representative V4™, the variations look different than in the full
ExFT:

S(A’U)VAM = XNaNVAM + fMNKGNVAK. (4.42)

The Egg) rotation is a manifest invariance of (4.37), and the A variations of the action
combine into a total derivative. It would seem to be more natural to have the generalized
Lie derivative (3.5) w.r.t. A acting on V (we cannot use the normal Lie derivative because
of V being Egg) valued), but this is actually equivalent under the parameter redefinition
oM —> opu+f ko NAK . In contrast to the parameter X, in the full EXFT, here we take
o to be unconstrained, so this is a legal redefinition. Thus, in presence of unconstrained
o transformations it makes no difference whether we use the generalized Lie derivative
or the simplified form (4.42).

We will now identify the global symmetry Lie algebra g of the above ungauged
phase, which can be determined from the closure relations of (4.42). One finds that the
Lie bracket for functions ¢ = (A, o) is given by

61, 0] = apNavag™, 2anNovoom + X poikoaL). (4.43)

Lie algebras of this form are naturally associated to any given Lie algebra go (which here
is eg(g)) as follows. First, for an arbitrary manifold M, the set £ of smooth maps M — gg
forms an infinite-dimensional Lie algebra, with the natural Lie bracket obtained from
go. Second, the Lie algebra ® of (infinitesimal) diffeomorphisms on M acts on £ and its
Lie bracket as a derivation. We can then define the semi-direct sum £ & 9, whose Lie
bracket is (4.43). (What is special about (4.43) is that the ‘Lie algebra indices’ have the
same range as the ‘world indices’ of M; in general they need not be correlated.) Note
that the Lie algebra g has a non-trivial ideal, given by all elements of the form (0, o).
Similarly, the set of elements of the form (A, 0) forms a subalgebra that is isomorphic
to the diffeomorphism algebra ©.

Next, we investigate the adjoint and coadjoint representations of (4.43). The adjoint
representation acts on vectors v = (pM, gy) € g according to d;v = adyv = [¢,v],
which yields for the components

s p™ = WNayp™ —ayaMph,

(4.44)
Scam = MNongu — pNoavom + X pokar.
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A coadjoint vector in g* can be viewed as (doubled) functions A = (AM | By), with the
pairing g ® g* — R given by the integral*

Aw) = /dY(AMqM + Bup"), (4.45)

where fromnow on we setdY = d?*8Y. The coadjoint action 8; A4 = ad}.Ais determined,
asin (4.18), by requiring invariance of the integral. One quickly verifies that under (4.44)
and

8eAM = WNonAM 4 fMN oy AK +ayaN AM,

(4.46)
8cBy = ANy By +3ur" By +ana" By + ANdyow,

the expression under the integral in (4.45) transforms into a total derivative, thereby
proving invariance.

We will now show that the coadjoint action (4.46) on A gives rise to the Eg(g) gen-
eralized diffeomorphisms using a simple identification of (A, o) with T = (A, X).
Specifically, let us define a map ¢ : g* — g as in (4.20) by

2(0) = (OM. 9(My) = (AY. fuVkonAX +3Zy). 447
or, using the notation for the matrix Ry, defined in (3.6),
(1) = (AM, Ry(A, D). (4.48)

Using the Eg(g) Leibniz algebra (3.10) written out explicitly in the following form (which
uses that ¥ is covariantly constrained, c.f. Eq. (2.15) in [13])

TioYs = (ANanAM+ N Ry (1) MK + oy AV ALY,

(4.49)
AN aNZom + INAY Zom + duAY oy + AV dy Ry (Y1),

it then becomes manifest, using the form of the coadjoint action (4.46), that the Egs)
generalized Lie derivative can be written as in (4.24),

This shows that ¢ as defined in (4.47) encodes the expected Leibniz structure.

We now reconsider the bilinear form (3.17), whose arguments are coadjoint vectors
A = (AM, By) € g*, with the goal to interpret it as the embedding tensor for the Leibniz
algebra of Eg(g) generalized diffeomorphisms. To this end, we compute the embedding
tensor in the bilinear form induced by the map ¢ defined in (4.47) according to (4.26):

O(Al, A) = —A1(P(A)) = — / dY (A9 (A + By 9 (A)M)

_/dY(AlMBZM +AM By — Mk AN o AK), @51

4 This has a direct precursor in Witten’s treatment of the coadjoint representation of the Virasoro group
[45], where coadjoint vectors are viewed as quadratic differentials, and the pairing between vectors and
covectors is given by the invariant integral. Note that this characterization of g* yields a smaller space than
the unconstrained definition of the dual space as the ‘space of all functionals of g’, which would include delta
distributions.
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which indeed coincides with (3.18), up to an overall sign that we picked for later con-
venience. According to (4.27), the Leibniz algebra should then satisfy

(A1 0 A)(¢) = BO(A;, ad? A»). (4.52)

To confirm this, we evaluate the right-hand side by taking the second argument of (4.51)
to be given by the coadjoint action (4.46) of Aj;. The left-hand side is evaluated with the
pairing (4.45) and the Leibniz algebra (4.49). One finds that both sides precisely agree,
proving that (4.51) can indeed be interpreted as the embedding tensor that ‘derives’ the
Eg(s) Leibniz algebra from the Lie algebra (4.43).

Let us emphasize that the verification of (4.52) does not require the use of any
constraints, neither the section constraints on dys nor those on Bjys. (More precisely,
there are different ways of writing the Leibniz algebra that are only equivalent under
the assumption of section constraints. The above verification without section constraints
requires the form (4.49).) However, the product (4.49) satisfies the Leibniz relations (or,
equivalently, defines generalized Lie derivatives that close) only provided we impose
these constraints. Thus, from the point of view of the embedding tensor formulation,
these constraints are needed in order to satisfy the quadratic constraints. Luckily, as
proved in the previous subsection, the invariance of ® under 6y = Ly implies the
Leibniz relations. As the former is easier to prove than the latter (see Appendix A in
[14]), we have thereby simplified the discussion of the closure constraints.

Let us finally point out the following subtlety of the above construction: While the
embedding tensor (4.51) is gauge invariant under the transformations defined by the
Leibniz algebra, the map ¢ given in (4.47) is not gauge invariant in the sense that

QAL Ap) = 9(ad 4 Ar) — ady 4,9 (A2) (4.53)

does not vanish. In fact, invariance of ® does notimply invariance of ¢ since by (4.51) this
only needs to hold upon pairing with another coadjoint vector, whose second component
is assumed to be ‘covariantly constrained’. As a consistency check one may verify that
(4.53) indeed does vanish after pairing with such a coadjoint vector. For the same reason,
for @ given, ¢ is not uniquely determined by (4.51), because the first component 1 (A)™
can be shifted by terms that vanish upon contraction with a constrained By;.>

5. Topological Phase of Eg(g) Exceptional Field Theory

We show that the topological subsector of the Eggy EXFT has an interpretation as a
Chern—Simons theory based on an extended Leibniz algebra. In the first subsection, we
construct the extended Egg)-Poincaré Leibniz algebra and discuss the corresponding
Chern—Simons theory. In the second subsection we will interpret this Leibniz algebra,
as above, via the coadjoint action of an extended Lie algebra. In the third subsection
we prove the equivalence of the Chern—Simons gauge transformations and that of the
original Eg(g)y ExFT, while the last subsection briefly discusses the extension to the AdS
case.

5 Note, however, that this degeneracy of the adjoint/coadjoint pairing does not invalidate the proof around
Eq. (4.29) that invariance of ® implies the Leibniz algebra relations, because we established the latter relations
upon pairing with an arbitrary (unconstrained) vector v, and the inference (4.32) thus is still valid. In contrast,
(4.34) no longer holds, and thus the Leibniz algebra relations do not conversely imply invariance of ®. Note
added: after submission of this paper we found a more streamlined treatment in which the ‘global’ Lie algebra
is given by a coset algebra g/J, so that the adjoint/coadjoint pairing is non-degenerate [46].
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5.1. Bgg) Poincaré Leibniz algebra. We now show that the above Leibniz algebra based
on Egg) generalized diffeomorphisms can be enlarged to contain an infinite-dimensional
generalization of the 3D Poincaré algebra. These Poincaré transformations in turn act via
novel anomalous terms on the Eg(gy Leibniz algebra, in a way that permits the existence
of an invariant quadratic form on the total Leibniz algebra. The corresponding Chern—
Simons theory will then be show to reproduce exactly the topological subsector of the
Eg(g) EXFT as described in the introduction.

The elements of this algebra combine parameters of the 3D Poincaré group and of
the Eg(g) Leibniz algebra discussed in the previous section, all being functions of 248
coordinates:

E = (§% ra AM, Bu), (5.1)
where a, b = 0, 1, 2 are SO(1, 2) indices. The Leibniz algebra structure is defined by
Eilo8 = (§% Mias AN, iom), (5.2)
where
&y = 26" qup e + 2L 67,
AM2a = Eabe )\? )»3 + 2‘65831 Mlas

1 (5.3)
A = £IAY,

1
0
Siom l:[yl]EZM + AYdu Ry (Y1) — ;E[laaM)LZIa,

and « is a free parameter. Moreover, we use the notation Y = (AM , Xu), and we have
employed the notation L for the Eg(g) generalized Lie derivatives above. In particular,
the Poincaré parameters, not carrying Eg(g) indices, are scalar (densities) of specific
weights. Note that the last term in X1, can be thought of as a non-central extension of
the Eg(gy Leibniz algebra by Poincaré generators and takes structurally the same form as
the ‘anomalous’ term A9 R whose need we discussed in Sect. 3; in particular, due to its
free index being carried by a derivative, it is manifestly compatible with the constraint on
2. In contrast to the term Ad R, however, the coefficient of this term is a free parameter
in that the above satisfies the Leibniz algebra relation

E1o(Br083) —Ero(B1o&3) = (Ejo&p)o Es, (5.4)

for any value of «, as we will prove momentarily. Thus, we could take the limit k — oo
and remove this non-central extension, but it turns out that a suitable invariant quadratic
form only exists for finite «.

In order to verify that (5.3) indeed satisfies the Leibniz algebra relations (5.4) it is
convenient to consider the adjoint action on a vector in the Leibniz algebra,

A = (¢, wa AM, By), (5.5)

defined by 6 2l = E o, and then to prove that they close, with an ‘effective’ parameter
given by the Leibniz algebra itself. Indeed, it is easy to see, precisely as in (2.3), that
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closure is equivalent to the Leibniz algebra relations (5.4). Using (5.3), the adjoint action
reads in terms of components,

se? = e &, w, — eCephe + E[[l]e“ — [,E;]S“,
Swy = eaperla’ + ﬁge]wa — EL?])»C,,

5AM = WAM, (5.6)

5By = LYV'By + ANy Ry () — S E9Dpwa + S “Intha.
2k 2k

Most of these variations are guaranteed to close by themselve. For instance, the Poincaré
transformations w.r.t. A and & acting on ¢% and w, close by themselves, because the
Poincaré subsector defines a Lie algebra whose adjoint action closes. (This subsector
does not define a subalgebra, however, because it acts non-centrally on the Egg) part, as
encoded in the last two terms in the last line of (5.6)). Moreover, the Eg(g) generalized
diffeomorphisms close by themselves (and acting on e, w, as scalar densities), by the
general results reviewed in Sect. 3. Thus, the only non-trivial check is the closure on
By of variations involving the non-central variations proportional to % For instance, a
quick computation shows that two Lorentz transformations on Bj; close according to

1
[85,. 82, | By = ~5e e“OmAi2a, (5.7)

with A2 given by the algebra (5.3). The closure relations for the remaining parameters
follow similarly, thereby completing the proof of (5.4). Let us also note that the trivial
parameters of the above transformations are unmodified compared to the pure Eg(g) case
(3.8), because the modifications by Poincaré parameters are antisymmetric. In particular,
the symmetrization of the Leibniz product (5.3) vanishes in the first two (i.e. Poincaré)
components, and reduces in the Eg(g) components to (3.15).

After having constructed the Leibniz algebra (5.3), our next task is to construct a sym-
metric bilinear form that is invariant in the sense of Sect. 2. We start from the following
ansatz generalizing the invariant form (3.17) of the pure Eg(g) Leibniz structure:

(A, A2y = 2/d248Y(8(1a w2 + 2k A(lMBz)M — KfKMNA(lMaKAz)N>.
(5.8)

The first term added here is the symmetric invariant of the 3D Poincaré algebra (which
was used by Witten to show that pure 3D gravity without cosmological constant has
an interpretation as a Chern—Simons theory of the 3D Poincaré group [6]). The second
and third term, which we here multiplied by an overall factor «, equal the bilinear form
(3.17) and are hence invariant under pure Eg(g) generalized diffeomorphisms. Thus, it
remains to verify that the additional variations of the Poincaré invariant due to the Eg(g)
diffeomorphisms in the first two lines of (5.6) are cancelled by the new, non-central
variations of Bj;. We compute with (5.6)

8(e® waa) = L e w2y0) — In (E7 A0 N 02)4)
+A(1N(§a3Na)2)a — ez)uaN)»a). 5.9

The first term is the covariant variation (of weight one), as needed for invariance under
an integral. The second term vanishes under the integral, and the third term is precisely
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cancelled in the combination (5.8), due to the extra variations of B proportional to %,
thus proving the invariance of (5.8). The ‘higher’ invariance condition (3.20) follows as
for the pure Egs) theory, since the form of ‘trivial” parameters is unchanged.

We see that both for the Leibniz relations as for the existence of an invariant bilinear
form « is a free parameter, but it needs to be finite in order to have a non-degenerate
quadratic invariant. More precisely, ¥ needs to be non-zero in order for the invariant
not to vanish for arbitrary values of A, B (or alternatively e“, w,); the bilinear form is
actually degenerate because of (3.20). We will see that in the final topological theory
the actual value of «, as long as it is finite, has no physical significance in that it can be
absorbed into a rescaling of the dreibein.

We can now construct the Chern—Simons gauge theory based on the Leibniz algebra
(5.3) with quadratic invariant (5.8). We thus introduce one-forms 2, in 3D taking values
in the Leibniz algebra and postulate Yang-Mills-like gauge transformations as in (2.8),

s A, = 9,8 — A, o B. (5.10)
Parametrizing the gauge parameter as (5.1) and the gauge field as
Ay = (exs wuas AL™, Bum), (5.11)
the gauge transformations read in components®

b b 1
Sey = D&Y — e phe + € Ep wpe + L[A]e,ﬂ,

. 0
Swua = Duhra — €abe a)ub)»‘ + C[AJwW,

5AM = D, AM, (5.12)

1 1
8Buy = DMEM—ANBMRN(AM,B#)+—2 e,ﬂaan——z £ @pas
K K

where we introduced covariant derivatives (3.23) w.r.t. the internal Eg() generalized
diffeomorphisms. Under the latter symmetries the above are the expected gauge trans-
formations for the one-form sector of the Egg) EXFT, and so are the local Lorentz
transformations for e, “ and w,,, but not for B, s, which is related to the corresponding
field of the Eg(gy EXFT by a field redefinition to be discussed in the next subsection.

Evaluating the Chern—Simons action (2.15), using the algebra (5.3) and the invariant
(5.8), yields

S = /d3x d*8BY (" e, Rupa + 2« Lcs(A, B)), (5.13)

with the Chern—Simons Lagrangian in (3.25) for the gauge vectors, and the (3D version
of the) generalized Riemann tensor,

Ruva = Dyuwya — Dywpg — Eabe a)ub w)°, (5.14)

where Dy w,q = 0ywyq — A ,LM dpwy, are the covariant derivatives w.r.t. internal gen-
eralized diffeomorphisms. The first term in (5.13) is the 3D form of the Einstein-Hilbert
term eR, but due to the covariant derivatives in (5.14) it depends also on the gauge

6 These component fields should not be confused with those in (5.5), because here we consider algebra
valued one-form fields, as opposed to zero-form ‘matter fields’.

7 Compared to the conventions of [12,13] we have redefined the spin connection by @ — —w. Moreover,
the spin connection is related to its standard form by the 3D redefinition wu"b = e“bcwuc.
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vectors A, M. (The non-central extension of the Leibniz algebra is needed in order for
the couplings to A ,LM to properly combine into the gauge covariant derivative.) The
above action coincides with the topological sector of the Eg(gy EXFT action obtained by
truncating the ‘scalar’ fields My, except for a field redefinition of By, to which we
turn below.

5.2. Eg(g) Poincaré Leibniz algebra via coadjoint action. We now ask whether there is
a similar construction to that in Sect. 4, where we showed that the Leibniz algebra of
Eg(g) generalized diffeomorphisms can be obtained, as in gauged supergravity, from a
genuine Lie algebra and a choice of embedding tensor. Is there a further extension of
that (infinite-dimensional) Lie algebra so that the full Eg(gy Poincaré Leibniz algebra is
obtained in the same fashion? The answer is affirmative, as we will now show.

The Lie algebra is defined for functions ¢ = (p%, 4, M o), with Lie brackets

(1, 82] = (2 e pr1p Ta3c + 2 By (™ o),
Eabe ‘Elb ‘L'ZC +2 A[lNaer]a,

(5.15)
2N ayag™,

2N ayoum + fEE o1k oo + 2 ,0[1“3MT2]a>~

The parameter « in the last line is a free parameter, not constrained by the Jacobi
identities. Note also the density term in the first line (for which we could also have
introduced a free parameter that we fixed here to the final value). The adjoint action on
a= n% mg, pM, gm) is given by d;a = [¢, a] and reads in components
§ent = e pyme — e ny To + Iy (N n®) — an (p" p*),
Scma = Eape P m€ + AN aymg — pNonta,
S;pM = ANBNpM — pNBNAM,

Scam = MWNavau — pNovou + X yokar + o p duma — an®dy,.

(5.16)

The coadjoint representation on A = (e, w,, AM, By) € g* is determined by demand-
ing invariance of the pairing

Aa) = /dY(e“ma +wan + AM gy + BMpM>. (5.17)

One finds
Sce = b1y 60 + 6% pp we + On (AN ) + a Dy (AM p)
Scwa = Eabe 20 + AN v, +a AM Ay,
8cAM = dyONAMY + fUN oy AK

8:By = NN By) + 0N By + ANdyon — ptdyw, + e dpta.

(5.18)

Note that the anomalous Poincaré variations in the last line are not multiplied by «, i.e.,
they survive even if we send « — 0 to remove the analogous term in the last line of
(5.15). Thus, in this sense, this structure is an inevitable consequence of the coupling to
the Poincaré algebra.
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Next, we define the map 9 : g* — g by

9(E) = 0" ha AM Zp) = (6% ke AM RM (A, D)), (5.19)
so that by comparing with (5.6) we confirm, upon setting o« = —1,
LA = Eod = adg(E)Ql, (5.20)
up to the rescaling | X
e’ — Ze“, £ - aé“. (5.21)

We can now reconstruct the quadratic invariant as in (4.51):
O, %) = -1 (¥ 22), (5.22)

which reproduces (5.8), upon the rescaling (5.21), and up to the same global sign as in
(4.51).

5.3. Equivalence of gauge transformations. We will now prove equivalence of the gauge
transformations following from the Chern-Simons formulation to those of the Egs)
ExFT constructed in [13], and in particular give the required field redefinition of B .
We saw already that the Yang-Mills transformations of the Chern—Simons formulation
give rise to the expected form of internal Egg) generalized diffeomorphisms. Next, we
turn to the external diffeomorphisms, which in the formulation of [13] are parametrized
by £/ (x, Y), and show that the local translations £ can be matched with these transfor-
mations. Note that the manifest diffeomorphism invariance of the Chern—Simons theory
here only implies invariance under the Y -independent transformations with £# = £*(x),
and thus we have to identify the remaining diffeomorphisms (that in some sense mix x
and Y) among the infinite-dimensional Yang-Mills gauge transformations.

We begin by performing the following field-dependent redefinition of gauge param-
eters that introduces the vector parameter £ = £*(x, Y):

£ = £ ha & A+ E'wy. (5.23)

Note that at this stage we do not perform an analogous parameter redefinition of A, X.
We then find from (5.12) the transformations w.r.t. to the new parameter &*:

‘Seua = EUDveua + D/tgveva - EvTv,ua,

Swua = EUDkuu + Duévwvu - SURvuuv

sA,M =0, (5.24)
1 a 1., a 1 a v

SBum = Zeu 8Mka+;$ am ava]a+ZeM opE wyg,

where R, is the (generalized) 3D Riemann tensor (5.14), and we introduced the gen-
eralized torsion tensor

T7,, = Dye,* — Dye,“ — sabcwubevc + 8“bca)‘,beuc. (5.25)

In order to compare with the transformations of the full EXFT, we have to add an
equations-of-motion symmetry. A general such symmetry takes the form 62(,, =
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€"P7 8 po, With ,,,, antisymmetric. Choosing 2., o €,,,,&” we infer that the following
provides a trivial on-shell symmetry:

) Q‘/t = SVSU/L’ (5.26)
where the field strength, discussed in Sect. 2, takes the form
Suv =2 3[va] — Q[[p_ o Q[v] +oee (5.27)

up to trivial 2-forms that are irrelevant in the action. For the vielbein and spin connection
components these curvatures are given by (5.14) and (5.25), respectively, while the
curvatures F,, M, Gy for A, = (A, Byu) are as discussed in Sect. 3, c.f. (3.24),
except for the following modification:

1
g;wM = G/wM + ; e[/taava]av (5.28)

due to the non-central extension of the algebra. Adding (5.26) to (5.24) we obtain equiv-
alent gauge transformations, in which the field strength terms in §e and w are cancelled,
while field strength terms are added to § A, § B:
Scey = £"Dye,” + DyEVe”,
Swpa = EUDV('U,ILG + D,uékua,
(SAMM = EUFU},LMv (529)

1 1 1
§Bum = E"Goum + o e Opha + - &V Imwyia + o e ImE  wyq.

Writing the gauge transformation of By, in terms of the field strength G, via (5.28),
some terms cancel, and we get

Vv 1 a 1 a %
OBum = &' Guum + 5 " Intha + - 4" duE" Oua- (5.30)

Our goal is now to find a field redefinition so that the gauge transformations of
B,y can be matched with those of the original Eg(g) EXFT in [13]. In particular, in the
latter formulation B,y is inert under local Lorentz transformations, while in (5.30) it
transforms under A,. This suggests to define a new field as

i} 1
Buy = BMM+EeM“8abCa)MhC, ou® = My, (5.31)

because wyy has an anomalous Lorentz transformation A; wp? = €9y, 1, as can be

verified with (5.12), which precisely cancels the edysA term in (5.30). B is then Lorentz
invariant, as in the conventional EXFT formulation. Performing the redefinition (5.31)
in the action (5.13) one obtains

S = /d3x d*8y (eR + 2« Les(A, B)), (5.32)

where we defined an ‘improved’ Riemann tensor so that

eR = 8“”peM“Rvpa = eR+ee“”eb”FwaMab. (5.33)
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This is the form of the covariantized Einstein-Hilbert term for generic EXFTs, where
a term proportional to Fy,, is added in order to guarantee local Lorentz invariance.
The novelty of the 3D case is that this term is not needed but can be absorbed into a
redefinition of By, s, as done by (the inverse of) (5.31), in which case the non-invariance
of the Einstein-Hilbert term is compensated by a non-trivial Lorentz transformation of
By

Having identified the field redefinition that matches the actions of the original and the
Chern—Simons formulation, as well as matching the local Lorentz transformations, we
prove in the remainder of this section that also the external generalized diffeomorphisms
w.r.t. £# are equivalent, as it should be for consistency. To this end we have to compute
the transformation of the redefined B,y in (5.31) under (5.29), for which in turn we

need the anomalous diffeomorphism transformation of w;*?. To this end, we compute
A¢(@uen”) = duE Drey” + Dy@uEh)er” — e ooy ae, ", (5.34)

where Ag denotes the non-covariant part of the diffeomorphism transformation (the
difference between the full variation and the ‘covariant’ terms that take the same form as
standard infinitesimal diffeomorphisms, but with 9, replaced by D, ). The above relation
can be verified by a direct computation. From this we derive

Asoy™ = dyE* e D;e, P + D,y (g™ )e e, b (5.35)

When using (5.30) in order to compute the transformation of (5.31) we may use the
explicit form the spin connection, because in [12,13] we employed a second order
formalism that treats w as determined by its own field equations, 7}, = 0. It reads

wpa = €77 (emeub — %ewevb)Dpeab. (5.36)

Moreover, we have to write the field strength in (5.30) in terms of B:

_ 1 .
Guvm (B) = G (B) = 5 Dy (e eape ™), (5.37)

so that one obtains for the variation of (5.31)

_ _ 1
8eBum =£"Gyum(B) — e £"Dpy (e €abe waC)

1 1
+ E Sva(e/LaEabc U)Mbc) + E Du.gv(evagabc U)Mbc) + (& terms)

- 1
=£"G,,(B) + Du(4_ e, cape a)MbC) + (0p& terms),
K
(5.38)

where we give the dys& terms momentarily. The terms in the second line are the covari-
ant terms from the variation of the terms in (5.31) proportional to % We observe that
terms combined into a total D, derivative, which can be eliminated by the parameter
redefinition

} 1
Suo= Twt o £V, eape wm’C. (5.39)
K
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The total £ and & transformations are now given by
Sg,iéuM = D/AiM + S;'UGUMM

1 1
+ o e, (aMévwva + Eeabc 8M§UeprvepC (5.40)

1 .
+ Seabe Dy OmE e e, ).

where we restored the 9y terms, using (5.35). Inserting (5.36) one finds after some
manipulations, using a Schouten identity in the form 0 = 3£V £*7°1, the following
form of the external diffeomorphisms:

- 1 1
deBum = EUGV,LLM + E 6;WJDV(8M%_U) + E aMéveupangav s41)
(s.

1
= vauuM + E €pva gApDv(gpaaMga)-

The last form is precisely the gauge transformation of B, in the original formulation
(upon truncating the ‘matter’ fields M), see Eq. (3.24) in [13]. More precisely, in the
full EXFT an on-shell modification of the gauge transformations is needed, in which
the field strengths terms in 8¢ A and 8¢ B are replaced by their on-shell dual ‘matter
currents’. For the topological sector considered here we may perform another equations-
of-motion symmetry (5.26), but now only for the sector of gauge vectors (A, B), in
order to remove the field strengths terms F,, and G2 so that §:¢4,™ = 0, and
8¢ B, i reduces to the second term in (5.41), which agrees, upon truncating the matter
fields M, with Eq. (3.40) in [13]. This completes our discussion of the proof that the
gauge transformations of the topological sector of the Egg) EXFT can be interpreted as
Yang-Mills gauge transformations based on the Leibniz-Poincaré algebra (5.3).

5.4. Generalization to AdS gravity. We have seen that the topological sector of Egg)
ExFT has a Chern—Simons interpretation, reproducing in particular the 3D Einstein-
Hilbert term without cosmological constant. It is natural to ask whether there is an
extension to include a non-vanishing cosmological constant, as is the case for pure 3D
gravity, where the Poincaré group is simply replaced by the (A)dS groups, SO(2, 2)
or SO(1, 3), respectively. Moreover, both in gauged supergravity and ExFT there is a
potential, so that generic compactifications indeed give rise to a non-vanishing cosmo-
logical constant, thereby suggesting that a reformulation with a 348 (and eventually
3+248) split may naturally involve an external (A)dS3 space.

We will now show that there is an extension of the Leibniz algebra (5.3) to a de
Sitter-Leibniz algebra, whose Chern—Simons action leads to a cosmological constant.
We denote the cosmological constant by v = —%, with (A)dS radius ¢, (and we can
think of it as the ground state value of the potential in a complete theory, Vo = v). The
Leibniz algebra is defined in terms of functions E = (§¢, Ag; AM S) by

(1]

2 = (0, A2as AV, Siom), (5.42)

-
Ejo

8 Perhaps more simply, it is straightforward to verify with (3.26) that the pure field strength terms in Jz A ,LM
and 8¢ By, ) are a separate invariance of the Chern—Simons action and can hence be dropped in the formulas
for external diffeomorphisms.
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where

a _ 9 abc A 2£[1] a

12 = 27 Enp hage + 2L 8,

1 0
Eabc )\}17 )\5 - 6_2 Eabe é{’ 526 +2 LE\[]] A2las

Al2a
(5.43)
M 1AM
A = EHAz’

1
S = L) Zou + AY I Ry (1) = — §idnAay,.
The AdS length scale £ only appears in the second line, as a modification of the Lorentz
sub-algebra, as is the case for the conventional (A)dS algebra. We can now compute the
adjoint action on an algebra valued field 2 = (¢4, w,, AM | By) to find the transforma-
tions

se? = g, — Cepi. + ﬁljile” — L:[A”*g‘”,

1
Swy = sabc)»ba)c - Eabe $bec + ﬁg(\)]a)a - EE?])L,I,
(5.44)
M _ plllgM
sAM = lliaM,

8By

1 1
LBy + ANy Ry (1) — — E%0pwa + — ¢ Opha.
2k 2k

The new term proportional to the cosmological constant in dw, is the only change in
the transformation rules. The Leibniz algebra relations are thus automatically satisfied,
because their equivalent closure conditions hold precisely as for the pure (A)dS Lie
algebra.

We next have to ask whether there is still in invariant quadratic form. It turns out that
the invariant (5.8) for the Poincaré-Leibniz algebra continues to be invariant, because
under the new term in the variation proportional to v we have

Su(e@aa) = veapcE” e1%en® = 0, (5.45)

as a consequence of the symmetrization. Thus, we can define a Chern—Simons action
based on (5.43), using the same invariant (5.8), to obtain

S = fd3xd248Y(eR — 2ev + 2k Lcs(A, B)). (5.46)

Thus, the only modification is the addition of a cosmological constant term proportional
to v.

Let us point out a peculiar difference of the above construction to pure AdS3 gravity
and its supersymmetric and higher-spin generalizations. In the latter case the algebras
always factorize; for instance, for pure gravity we have SO(2, 2) = SL(2, R) xSL(2, R),
and the super- and higher-spin groups factorize similarly. As a consequence, there is a
second invariant of the Lie algebra [6], which reads

ve(1“ezq + w1 wa, (5.47)

which is non-degenerate for v # 0. Due to the splitting of the gauge groups, the Chern—
Simons action is then really the sum of two SL(2, R) Chern—Simons terms with arbitrary
relative coefficients. There is no analogue for the Eggy EXFT, however, because the
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second invariant cannot be consistently extended. In fact, in ExFT, e carries (density)
weight one and w weight zero, so that in (5.47) both terms fail to have a total weight of
one, as would be necessary for invariance under an integral as in (5.8).°

We have shown that the Chern—Simons formulation can be extended so as to include
a cosmological constant term proportional to v. In particular, for v < 0 the theory admits
AdS3 solutions, and so one can investigate it as a (toy-)model for the AdS/CFT corre-
spondence. As a first step it would be important to determine the asymptotic symmetries.
While for pure 3D gravity they are given by (two copies of) the Virasoro algebra, with
the Brown-Henneaux central charge ¢ = %, already for supergravity and higher-spin
theories the asymptotic symmetries are no longer governed by Lie algebras, but rather
by so-called W-algebras (although the value of the central charge remains unchanged)
[7,8,47]. Thus, it is plausible to suspect that the same happens for the theory considered
here. Finally, we note that W-algebras have recently been shown to have an interpreta-
tion as L, algebras [51], as have the bulk ExFTs, and so intriguingly both the bulk and
boundary degrees of freedom may be governed by suitable co-algebras. This may lead
to a new perspective on holography more generally.

6. Summary and Outlook

We have discussed the general construction of Chern—Simons actions in 3D based on
Leibniz algebras and shown that they arise naturally in gauged supergravity and excep-
tional field theory. For the Eg(g) exceptional field theory both the topological terms for
the gauge vectors themselves and the full ‘topological phase’ including also the dreibein
and spin connection allow for such Chern—Simons interpretations. We have also shown
that there is a universal construction of such Leibniz algebras that is applicable both to
gauged supergravity and exceptional field theory. It starts from a genuine Lie algebra g
(that we can view as the global symmetry of the ‘ungauged phase’) and an embedding
tensor, that in 3D is a symmetric tensor ® on the dual space g*. Interpreting the em-
bedding tensor as a map ¥ : g* — g, one can define the Leibniz algebra in terms of
the coadjoint representation as A o B = ad}j B The original embedding tensor ® is
invariant under this action, which in turn implies the Leibniz relations.

With this construction we believe to have made a potentially significant conceptual
advance in that it gives an answer to the question whether the generalized diffeomor-
phisms in double and exceptional field theory can be interpreted as originating from more
conventional transformations, such as diffeomorphisms on a larger manifold, by putting
additional structures. Obvious analogies are symplectic manifolds in which the general
diffeomorphism group is reduced to the symplectomorphisms that leave the symplectic
form invariant. However, such a construction cannot give generalized diffeomorphisms,
for starting from a Lie algebra and demanding invariance of some structure at best yields
anon-trivial subalgebra that is still a Lie algebra, but not a genuine Leibniz algebra. (See
Sect. 3.1 in [52].) This obstacle is circumvented in the above construction by having the
‘invariant structure’ (the embedding tensor) itself define the ‘adjoint action’ of the Leib-
niz algebra—in terms of the coadjoint action of the original Lie algebra. Moreover, this

9 There is another 3D Chern—Simons-type theory with an infinite-dimensional extension of the AdS algebra
that does not factorize [48]. This is based on the algebra of volume preserving diffeomorphisms on 53 [49],
which is a genuine Lie algebra that, however, does not have an invariant quadratic form. The Chern—Simons
term constructed in [49] can be interpreted as a Leibniz—Chern—Simons theory, with the embedding tensor
being the invariant quadratic form on the dual space of one-forms given by ©(w, n) = [, 53 @ A dn. We hope
to elaborate on this connection in more detail in future work and thank an anonymous referee for inquiring
about this. Note added: In the meantime, the preprint [50] appeared in which this connection is developed.
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Lie algebra is crucially not just a diffeomorphism algebra but rather the semi-direct
sum of a diffeomorphism algebra and the current algebra based on the corresponding
U-duality group. It is important to investigate this construction further, in particular in
order to see whether it sheds light on some of the conceptual questions of double and
exceptional field theory.

In view of the realization of the ‘topological phase’ of the Eg(g) exceptional field the-
ory as a Leibniz—Chern—Simons theory, it remains to see whether the ‘matter couplings’
given by the Eg(g)/SO(16) coset degrees of freedom can be efficiently described in a
similar language, presumably upon introducing auxiliary fields. Moreover, even without
matter couplings, it would be interesting to see whether the topological phase makes
physical sense by itself. Although here we can only speculate, one may wonder whether
this Chern—Simons theory represents a protected topological sector of M-theory.
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Appendix
A. Embedding Tensor in General Dimensions

Although our focus in this paper is the 3D case, for completeness we discuss here how
to define embedding tensors for generalized diffeomorphisms in arbitrary dimensions,
i.e., starting from more general Lie algebras go. This will illustrate from a yet different
angle that the 3D case, which superficially seems to be rather special, fits nicely into the
pattern in general dimensions.

We start with the Lie algebra gg of the U-duality group under consideration, with gen-
erators f,, satisfying [ty tg] = fup"'t, . Furthermore, we pick a representation space R of
go in which the coordinates live, and write for a generic vector M M =1,...,dim(R),
and for the representation matrices () wY. We can now define an infinite-dimensional
extension g of go as described after (4.43). Specifically, the elements of g are functions
of YM denoted by ¢ = (AM , 0%), with Lie brackets

(21, &1 = 2rpNavag™, 2anNovoy® + fz,%01P027). (A1)

We now consider some important representations of this Lie algebra. First, the repre-
sentation R naturally extends to infinite-dimensional g representations, whose elements

are R valued functions v™ (Y), on which ¢ € g acts as
scvM = pooM = AWNayuM +y anaN oM — 0%ty p M. (A.2)

Here y is an arbitrary density weight, and so we can denote this representation space
more appropriately as R1”1. Using that the (#,) ;" form a representation of the original
algebra gy, it is straightforward to verify that (A.2) is indeed a representation of (A.1):

[oz1s Pl = Prer,o- (A.3)

We again note that the coordinate indices need not be correlated with the R represen-
tation indices; the above would be a representation regardless, but this form is the one
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appearing in our subsequent construction.!’ More generally, we can canonically define
representations on any tensor power of R. In addition, we can consider the dual repre-
sentation R*, whose elements are functions Ay, with invariant pairing R ® R* — R
given by

AQv) = /dY M Ay, (A4)
where dY = d4m®y_ More precisely, if the original representation space is RV the

dual space (R™1)* consists of functions A of intrinsic density weight 1 — y, with the
transformation rules

8;Am = piAy = MNoyAy + (1 —y)onAN Ay + 0% (t) ™ A (A.5)
As usual, this definition is equivalent to
(pfA) (W) = —A(prv). (A.6)

Next, we investigate the adjoint and coadjoint representations. The adjoint repre-
sentation acts on a = (pM,¢%) € g as d¢ca = [¢, a], which yields in components

oep™ = aNoyp™ — pMoyat, A7
8cq* = WMang® — pVono® + fp, %o Pq”. '

The coadjoint representation acts on g*, whose elements are functions A = (A, By)
with the pairing g* ® g — R defined as usual by an integral:

Aa) = / dY (pM By + q“Aq). (A.8)

The coadjoint action is determined by requiring invariance of the integral and found to
be

8cAy = MNoyAy + AN Ay + fap? 0P A, A9)

8By = ANoy By +0prN By + oy i By + Ay dyo®. '

This definition of the coadjoint representation is of course equivalent to (4.16).
In order to relate to the embedding tensor formulation in arbitrary dimensions, we
next have to use the general fact that for any representation R there is a canonical map

7: R® R* — g~ (A.10)

(For R equal to g or g* this coincides with the coadjoint representation, and so this map
is a natural extension of our 3D construction based on the coadjoint representation.)
This map is defined as follows: Since its image is a coadjoint vector it naturally acts on
adjoint vectors ¢, and so we can define, forv € R, A € R*,

(v, ANE) = (pf A (). (A.1D)

To illustrate this definition we note that for a finite-dimensional Lie algebra with gener-
ators t, this reads in a basis

T, Ay = VMt )N An. (A.12)

10 A related question is whether in (A.2) one could employ the full Lie derivative w.r.t. A, which can only
be written if both indices are identified. It turns out that this would spoil closure.
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We now evaluate (A.11) for our infinite-dimensional algebra and representations by
computing for the right-hand side with (A.5)

(P ) = /dY(AM(vNaMAN — (v Ay)
(A.13)

+y oy (UNAN)) + O‘avM(la)MNAN>,

where we integrated by parts in order to move derivatives away from A. With the pairing
(A.8) we can then read off the map 7 from the left-hand side of (A.11):

nw, A) = (WM™ An, =3V An +y du(vV A)). (A.14)

We are now ready to re-interpret the embedding tensor in these invariant terms. To this
end we return to the general form ®,/ for the embedding tensor, which was employed
for the gauged supergravity relation

Xun® = Ou* )N ", (A.15)
c.f. (4.1), and view it as a map
®: R®g" — R (A.16)

Contracting (A.15) with v, w € R and A € R* and recognizing the map (A.12), we can
write the Leibniz product on R via

Awow) = O, 7(w, A)). (A.17)

We now claim that the Leibniz algebra defined by generalized Lie derivatives in
generic dimensions is defined through this relation upon taking the embedding tensor to
be given, forv € R, A = (A4, By) € g*, by

O, A) = —/dY(vMBM—/c(t“)MNAa anoM), (A.18)

where k is a constant to be determined. Note that the last term requires an invariant
bilinear form on the original Lie algebra gg in order to raise the index on 7y, which is the
first time that this assumption is needed. Evaluating the right-hand side of (A.17) with
(A.14) we obtain

OW, 7(w, A)) = /dY(UMaMU)NAN —y oMoy wV Ay) (A.19)

+ k() N avoMwX (1) kP AL).

Integrating by parts, this can be rewritten in terms of the standard form of the generalized
Lie derivative,

LowM = vNVoaywM +k ) yM )X ax vt w +y avvNwM, (A.20)
as follows

O, w(w, A)) = /dY(vaM)AM. (A.21)

Provided we choose X and «, which so far are free parameters, appropriately (depending
on the group and representation R), the right-hand side is equal to A (v o w). This proves
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that the Leibniz algebra of generalized Lie derivatives is recovered in accordance with
the embedding tensor construction (A.17).
As for the 3D case, it is illuminating to also view the embedding tensor as a map

% : R — g, (A.22)
defined, for v € R, A € g*, by
A@®(v)) = —O(v, A). (A.23)
From (A.18) one finds that this map reads explicitly
o) = (M, -k @) u"ayo™M). (A.24)

One of the advantages of this map is that, again, we can define the Leibniz product (or
generalized Lie derivative) more explicitly by

vow = PyW. (A25)
In order to prove that this is equivalent to (A.17) we act with a covector A € R*:

Aow) = Alpywyw) = — (03, A) (W) = —(T(w, A)) (P (v) = B(v, T (w, A)),
(A.26)

where we used (A.6) and (A.11). One may also quickly verify with (A.24) that (A.25)
yields the familiar formulas for generalized Lie derivatives (and thereby for the corre-
sponding Leibniz algebras).

At this stage a cautionary remark is in order. In general, the embedding tensor map
¥ is not gauge invariant. If ¢ were gauge invariant we would have an immediate proof
of the Leibniz relations as follows: Invariance means that, for v, w € R, the following
expression vanishes:

Q, w) = 6 (w)) —adyp)?(w) = F(ow)—[F(), F(w)]. (A.27)
The Leibniz relations in turn involve the combination

(viovy)ow+wvyo (v ow)— vy o (v ow)
= P9iov)W — [Powp)s P )W (A.28)
= PQv, 1) W,

where we used that p forms a representation of the Lie algebra g, and we recognized
(A.27) in the last step. Thus, invariance of ¥ or 2 = 0 implies the Leibniz relations, but
the converse is not true: Due to the section constraints there are ‘trivial’ parameters, so
that one may have pq,,v)w = 0 without € (vy, v2) being zero. This is indeed what
happens for generic ExFTs.



1088 O. Hohm, H. Samtleben

References

10.

11.

12.
13.

14.
15.

16.
17.

18.

19.

20.

21.

22.
23.

24.
25.

26.

217.
28.

29.

30.

31.
32.

33.

34.

. Deser, S., Jackiw, R., Templeton, S.: Topologically massive gauge theories. Ann. Phys. 140, 372411

(1982)

. de Wit, B., Nicolai, H., Samtleben, H.: Gauged supergravities in three dimensions: A panoramic overview.

In: Proceedings of Symmetries and mysteries of M theory, J. High Energy Phys. jhw2003 (2004).
arXiv:hep-th/0403014

. Witten, E.: Quantum field theory and the Jones polynomial. Commun. Math. Phys. 121, 351 (1989).
. Witten, E.: Three lectures on topological phases of matter. Riv. Nuovo Cim. 39(7), 313-370 (2016).

arXiv:1510.07698

. Achucarro, A., Townsend, P.K.: A Chern—Simons action for three-dimensional Anti-de Sitter supergravity

theories. Phys. Lett. B180, 89 (1986)

. Witten, E.: (2 + 1)-dimensional gravity as an exactly soluble system. Nucl. Phys B311, 46 (1988)
. Henneaux, M., Rey, S.-J.: Nonlinear W as asymptotic symmetry of three-dimensional higher spin AdS

gravity. JHEP 12, 007 (2010). arXiv:1008.4579

. Campoleoni, A., Fredenhagen, S., Pfenninger, S., Theisen, S.: Asymptotic symmetries of three-

dimensional gravity coupled to higher-spin fields. JHEP 11, 007 (2010). arXiv:1008.4744

. Loday, J.-L.: Cyclic Homology. Grundlehren der Mathematischen Wissenschaften [Fundamental Princi-

ples of Mathematical Sciences], vol 301. Springer, Berlin (1992)

Nicolai, H., Samtleben, H.: Maximal gauged supergravity in three dimensions. Phys. Rev. Lett. 86, 1686—
1689 (2001). arXiv:hep-th/0010076

Nicolai, H., Samtleben, H.: Compact and noncompact gauged maximal supergravities in three dimen-
sions. JHEP 04, 022 (2001). arXiv:hep-th/0103032

Hohm, O., Samtleben, H.: U-duality covariant gravity. JHEP 1309, 080 (2013). arXiv:1307.0509
Hohm, O., Samtleben, H.: Exceptional field theory III: Eg(g). Phys. Rev. D90, 066002 (2014).
arXiv:1406.3348

Hohm, O., Musaev, E.T., Samtleben, H.: O(d + 1, d + 1) enhanced double field theory. arXiv:1707.06693
Siegel, W.: Superspace duality in low-energy superstrings. Phys. Rev. D48, 2826 (1993).
arXiv:hep-th/9305073

Hull, C., Zwiebach, B.: Double field theory. JHEP 0909, 099 (2009). arXiv:0904.4664

Hohm, O., Hull, C., Zwiebach, B.: Background independent action for double field the-
ory. JHEP 1007, 016 (2010). arXiv:1003.5027

Hohm, O., Hull, C., Zwiebach, B.: Generalized metric formulation of double field the-
ory. JHEP 1008, 008 (2010). arXiv:1006.4823

Hohm, O., Samtleben, H.: Exceptional form of D = 11 supergravity. Phys. Rev. Lett. 111,231601 (2013).
arXiv:1308.1673

Hohm, O., Samtleben, H.: Exceptional field theory I: Eg gy covariant form of M-theory and type IIB. Phys.
Rev D89, 066016 (2014). arXiv:1312.0614

Hohm, O., Samtleben, H.: Exceptional field theory II: E7(7). Phys. Rev. D89, 066017 (2014).
arXiv:1312.4542

de Wit, B., Nicolai, H.: d = 11 supergravity with local SU (8) invariance. Nucl. Phys. B274, 363 (1986)
Hillmann, C.: Generalized E7(7) coset dynamics and D = 11 supergravity. JHEP 0903, 135 (2009).
arXiv:0901.1581

Berman, D.S., Perry, M.J.: Generalized geometry and M theory. JHEP 1106, 074 (2011). arXiv:1008.1763
Coimbra, A., Strickland-Constable, C., Waldram, D.: E;(gy x R* generalised geometry, connections and
M theory. JHEP 1402, 054 (2014). arXiv:1112.3989

Berman, D.S., Cederwall, M., Kleinschmidt, A., Thompson, D.C.: The gauge structure of generalised
diffeomorphisms. JHEP 1301, 064 (2013). arXiv:1208.5884

Cederwall M.: Non-gravitational exceptional supermultiplets. arXiv:1302.6737

Hohm, O., Samtleben, H.: Gauge theory of Kaluza-Klein and winding modes. Phys.
Rev. D88, 085005 (2013). arXiv:1307.0039

Hohm, O., Wang, Y.-N.: Tensor hierarchy and generalized Cartan calculus in SL(3) x SL(2) exceptional
field theory. JHEP 1504, 050 (2015). arXiv:1501.01600

Abzalov, A., Bakhmatov, 1., Musaev, E.T.: Exceptional field theory: SO (S, 5). JHEP 06, 088 (2015).
arXiv:1504.01523

Musaev, E.T.: Exceptional field theory: SL(5). JHEP 02, 012 (2016). arXiv:1512.02163

Berman, D.S., Blair, C.D.A., Malek, E., Rudolph, FJ.: An action for F-theory: SL(2) x R* exceptional
field theory. Class. Quant. Grav. 33(19), 195009 (2016). arXiv:1512.06115

Baguet, A., Samtleben, H.: Eg(g) exceptional field theory: Geometry, fermions and supersymme-
try. JHEP 09, 168 (2016). arXiv:1607.03119

Bossard, G., Cederwall, M., Kleinschmidt, A., Palmkvist, J., Samtleben, H.: Generalized diffeomorphisms
for Eg. Phys. Rev. D96(10), 106022 (2017). arXiv:1708.08936


http://arxiv.org/abs/hep-th/0403014
http://arxiv.org/abs/1510.07698
http://arxiv.org/abs/1008.4579
http://arxiv.org/abs/1008.4744
http://arxiv.org/abs/hep-th/0010076
http://arxiv.org/abs/hep-th/0103032
http://arxiv.org/abs/1307.0509
http://arxiv.org/abs/1406.3348
http://arxiv.org/abs/1707.06693
http://arxiv.org/abs/hep-th/9305073
http://arxiv.org/abs/0904.4664
http://arxiv.org/abs/1003.5027
http://arxiv.org/abs/1006.4823
http://arxiv.org/abs/1308.1673
http://arxiv.org/abs/1312.0614
http://arxiv.org/abs/1312.4542
http://arxiv.org/abs/0901.1581
http://arxiv.org/abs/1008.1763
http://arxiv.org/abs/1112.3989
http://arxiv.org/abs/1208.5884
http://arxiv.org/abs/1302.6737
http://arxiv.org/abs/1307.0039
http://arxiv.org/abs/1501.01600
http://arxiv.org/abs/1504.01523
http://arxiv.org/abs/1512.02163
http://arxiv.org/abs/1512.06115
http://arxiv.org/abs/1607.03119
http://arxiv.org/abs/1708.08936

Leibniz—Chern—Simons Theory and Phases 1089

35.
36.
37.

38.
39.

40.
41.

42.

44,

45.
46.

47.
48.
49.

50.
. Blumenhagen, R., Fuchs, M., Traube, M.: W algebras are Loo algebras. JHEP 07, 060 (2017).

52.

Strobl, T.: Mathematics around Lie 2-algebroids and the tensor hierarchy in gauged supergravity, talk at
“Higher Lie theory”, University of Luxembourg (2013)

Kotov, A., Strobl, T.: The embedding tensor, Leibniz-Loday algebras, and their higher gauge theories.
arXiv:1812.08611 [hep-th]

Vasiliev, M.A.: Equations of motion for d = 3 massless fields interacting through Chern-Simons higher
spin gauge fields. Mod. Phys. Lett. A7, 3689-3702 (1992)

Hohm, O., Kupriyanov, V., Lust, D., Traube, M.: General constructions of Lo algebras. arXiv:1709.10004
Zwiebach, B.: Closed string field theory: quantum action and the B-V master equation. Nucl.
Phys. B390, 33-152 (1993). arXiv:hep-th/9206084

Lavau, S., Samtleben, H., Strobl, T.: Hidden Q-structure and Lie 3-algebra for non-abelian superconformal
models in six dimensions. J. Geom. Phys. 86, 497-533 (2014). arXiv:1403.7114

Hohm, O., Zwiebach, B.: Lo algebras and field theory. Fortsch. Phys. 65(3-4), 1700014 (2017).
arXiv:1701.08824

Cederwall, M., Palmkvist J.: Lo, algebras for extended geometry from Borcherds superalgebras.
arXiv:1804.04377

. Wit, B.de , Nicolai, H., Samtleben, H.: Gauged supergravities, tensor hierarchies, and M-

theory. JHEP 0802, 044 (2008). arXiv:0801.1294

Wit, B.de , Samtleben, H., Trigiante, M.: On Lagrangians and gaugings of maximal supergravities. Nucl.
Phys. B655, 93—126 (2003). arXiv:hep-th/0212239

Witten, E.: Coadjoint orbits of the Virasoro group. Commun. Math. Phys. 114, 1 (1988)

Hohm, O., Samtleben, H.: Higher Gauge Structures in Double and Exceptional Field Theory. In: Pro-
ceedings of Durham Symposium. Higher Structures in M-Theory

Henneaux, M., Maoz, L., Schwimmer, A.: Asymptotic dynamics and asymptotic symmetries of three-
dimensional extended AdS supergravity. Ann. Phys. 282, 31-66 (2000). arXiv:hep-th/9910013
Arvanitakis, A.S.: Higher Spins from Nambu-Chern—Simons Theory. Commun. Math.
Phys. 348(3), 1017 (2016). arXiv:1511.01482

Bandos, I.A., Townsend, P.K.: SDiff Gauge theory and the M2 condensate. JHEP 0902, 013 (2009).
arXiv:0808.1583

Hohm, O., Samtleben, H.: Reviving 3D N = 8 superconformal field theories. arXiv:1810.12311 [hep-th]

arXiv:1705.00736
Hohm, O., Liist, D., Zwiebach, B.: The spacetime of double field theory: Review, remarks, and out-
look. Fortsch. Phys. 61, 926-966 (2013). arXiv:1309.2977

Communicated by H.-T. Yau/C. Schweigert


http://arxiv.org/abs/1812.08611
http://arxiv.org/abs/1709.10004
http://arxiv.org/abs/hep-th/9206084
http://arxiv.org/abs/1403.7114
http://arxiv.org/abs/1701.08824
http://arxiv.org/abs/1804.04377
http://arxiv.org/abs/arXiv:0801.1294
http://arxiv.org/abs/hep-th/0212239
http://arxiv.org/abs/hep-th/9910013
http://arxiv.org/abs/1511.01482
http://arxiv.org/abs/0808.1583
http://arxiv.org/abs/1810.12311
http://arxiv.org/abs/1705.00736
http://arxiv.org/abs/1309.2977

	Leibniz–Chern–Simons Theory and Phases of Exceptional Field Theory
	Abstract:
	1 Introduction
	2 Leibniz Algebras and Their Chern–Simons Theories
	2.1 Leibniz algebras and their gauge fields
	2.2 Invariant inner product and Chern–Simons action

	3 Leibniz Algebra of E8(8) Generalized Diffeomorphisms
	4 Embedding Tensor and Ungauged Phase
	4.1 Review of embedding tensor 
	4.2 Leibniz algebras via coadjoint action of Lie algebras
	4.3 E8(8) generalized diffeomorphisms and the ungauged phase

	5 Topological Phase of E8(8) Exceptional Field Theory
	5.1 E8(8) Poincaré Leibniz algebra
	5.2 E8(8) Poincaré Leibniz algebra via coadjoint action
	5.3 Equivalence of gauge transformations
	5.4 Generalization to AdS gravity

	6 Summary and Outlook
	Acknowledgemets.
	A Embedding Tensor in General Dimensions
	References




