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1 Introduction

In 1978 it was discovered that toroidal compactifications of eleven-dimensional supergrav-
ity lead to emerging hidden global exceptional E,,(,,)(R) symmetries in (11 —n)-dimensional
maximal supergravity [1, 2]. The existence of the exceptional symmetries in maximal su-
pergravity theories continues to be one of their most remarkable features and remains to
be fully understood at the quantum level. It is only since 2013 that so-called “exceptional
field theories” are known, which are fully and manifestly E,,)(R) covariant and which
encompass eleven-dimensional supergravity [3]. See reference [4] for a recent review of
exceptional field theories. These exceptional field theories achieve (local) E,,,)(R) covari-
ance with the use of an extended generalised exceptional geometry and can be reduced
to eleven-dimensional supergravity upon the solution of a consistency condition called the
section condition. We review the Lagrangian formulation of Eg) exceptional field theory
in section 2

So far the canonical formulation of exceptional field theory has not been investigated.
In [5] the canonical formulation of O(n,n) double field theory has been discussed and very
recently E,,) covariant world-volume theories have been analysed canonically in [6].

The complete understanding of the canonical structure of exceptional field theory may
shed some light on the role and physical meaning of the section condition. It may fur-
thermore be interesting to use the canonical theory to investigate the local initial value
problem for the extended generalised exceptional geometry. In analogy to the canonical
double field theory results of [5] one could try to generalise the notion of asymptotic flatness
and ADM charges for non-compact extended generalised exceptional geometries. From the
canonical perspective on exceptional field theory one might moreover hope to identify a
suitable notion of a generalised Ashtekar connection, as the results of [7] might suggest
(we comment on this topic in section 8). Finally the canonical formulation of exceptional
field theory may be seen as the starting point for the canonical quantisation procedure.
Some loop calculations in exceptional field theory — for special geometries that are of the
form of Minkowski space times a compact torus — have already been carried out in [8, 9]
and the geometric quantisation of exceptional field theory has recently been commented
on in [10].

In this work we construct the canonical formulation of the (bosonic) Egg) exceptional
field theory [3, 11] and analyse its canonical structure. The general principles of the canon-
ical formalism for constrained Hamiltonian systems has been described in detail in [12, 13].
A central result in this work is the calculation of the canonical Hamiltonian of (bosonic)
Eg) exceptional field theory (1.1), written here on the primary constraint surface, with
II(X) indicating the canonical momenta conjugate to some fields X and Pj;(A) being
a modified version of the one-form momenta.! In (1.1) the secondary (Hamilton, exter-
nal diffeomorphism, generalised diffeomorphism and tensor gauge) constraints are already
apparent. Canonically the generalised diffeomorphisms are generated by the secondary

n equation (1.1) capital indices K, L, M, . .. indicate the (anti-)fundamental 27 representations of Es6),
t indicates the curved time index, lower case k,l, m,n, ... indicate the external curved spatial indices while
lower case a, b, ... indicate the external flat spatial indices.



constraints multiplying the Lagrange multipliers AM.
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We choose to analyse the Eg) theory because it is by comparison the simplest of
the true exceptional cases and does not involve a pseudo-action with self-dual forms or
constrained compensator fields which would further complicate the canonical analysis. For
the same reasons this analysis is limited to the bosonic sector of the Eg) exceptional
field theory. The main challenges that are present in the canonical formulation of the
bosonic Egg) exceptional field theory are the complicated topological term, the treatment
of the topological two-forms and to some degree the inherent complexity of the underlying
extended generalised exceptional geometry.

This work may be seen as an extension of the comprehensive canonical analysis of the
maximal ungauged Eg(g) invariant supergravity theory in [14].

The outline of this work is as follows. In section 2 we summarise some of the main
findings concerning the Lagrangian formulation of the bosonic Eg(g) exceptional field the-
ory based on the references [3, 11, 15]. Furthermore we construct the explicit non-integral
(not manifestly gauge invariant) (5 + 27)-dimensional form of the topological term of Eg g
exceptional field theory — which is needed to explicitly carry out the Legendre transfor-
mation. In section 3 we investigate the canonical formulation of a model theory consisting
only of the topological two-form kinetic term of Eg) exceptional field theory. We discuss
the canonical constraint algebra of the model and identify some problems regarding the
construction of Dirac brackets in the generalised geometry for constraint algebras of this
particular form. In section 4 we investigate the canonical formulation of the full bosonic
Eg(6) exceptional field theory. We calculate the canonical momenta, introduce some redefi-
nitions of the canonical coordinates and carry out the Legendre transformation to arrive at



the canonical Hamiltonian of Eg(g) exceptional field theory. We calculate most of the gauge
transformations generated by the canonical constraints in section 5. In section 6 we calcu-
late parts of the algebra of the canonical constraints and discuss some speculative results
based on references [11, 14, 15]. In section 7 we discuss the USp(8) symmetry and how the
results of the previous sections can be translated into the generalised vielbein formulation
canonically. Finally we summarise the findings of this work in section 8 and comment
on the possible existence of a generalised Ashtekar connection and the quantisation of
exceptional field theory.

2 Lagrangian formulation of Eg) exceptional field theory

It is possible to rewrite eleven-dimensional supergravity in a manifestly E,,,)(R) invariant
form, called exceptional field theory (ExFT). ExFT is a Kaluza-Klein-like rewriting of
eleven-dimensional supergravity, but without actually truncating any degrees of freedom.
ExFT achieves this by making use of an extended generalised exceptional geometry. The
Eg@) ExFT was first published in 2013 [3, 11], its supersymmetric completion was first
published in [16] and the theory was later reviewed in [4, 15]. The E7(;) and Egg) ExFTs
and their supersymmetric completions have been presented in [17, 18] and [19, 20] respec-
tively. In the extended notion of exceptional groups the Ey9) [21], Eg(3) [22], By [23] and
Es5) [24] ExFTs have also been constructed. General reviews of exceptional field theories
were published in [4, 25]. The structure of exceptional field theory is in some aspects sim-
ilar to that of gauged supergravity (e.g. tensor hierarchy) [26-31] and to the Kaluza-Klein
rewriting of double field theory (e.g. extended generalised geometry) [32].

In contrast to the representations of the groups O(n,n) in double field theory, the
representations of the exceptional groups E,,(,,) that occur in ExFT, and therefore also the
invariant symbols that they admit, are very different depending on the n chosen. Because
of this diversity it is hard to formulate all aspects of exceptional field theory in a way that
holds true for all E,,,) simultaneously. In this work we focus on the Eg) exceptional field
theory, which is formulated on an extended 5+ 27 dimensional extended geometry [3, 11].
The Eg) ExFT is, in a sense, the simplest case of the true exceptional groups n = 6,7, 8,
because there are no self-dual forms in the five external dimensions (unlike in the Er (7
ExFT where one has to consider a pseudo-action with an additional self-duality relation)
and there are no constrained compensator fields (unlike the Eg) ExFT). For simplicity
we furthermore focus on the bosonic sector of the Egg) ExFT as described in [3, 11].

The geometry of E,,,) (n < 8) exceptional field theory is constructed from a Kaluza-
Klein-like split (2.1) of the space-time of eleven-dimensional supergravity Mj; into a non-
compact external d-dimensional (d := 11 — n) Lorentzian manifold M and an internal
n-dimensional Riemannian manifold M™. We do not assume any specific topology for

the internal manifold M and crucially we do not carry out the truncation of any degrees

of freedom.

My = M x Mt (2.1)
The coordinates of the external geometry MS* are taken to be z# with u =0, ...,d—1 and
the coordinates of the internal geometry Mi™ are y™ with m = 1,...,n. With the eleven-



dimensional manifold written in this local factorisation the next step is then to extend the
internal manifold and turn it into an extended generalised exceptional geometry. To do
so one needs to extend the tangent bundle of the internal geometry while simultaneously
adding auxiliary (or dual) coordinates. To construct an extended exceptional geometry
we need the internal coordinates to sit in a representation of the duality group E,,). We
therefore add as many auxiliary coordinates to the internal coordinates y™ as are needed
to turn them into the generalised internal coordinates Y. The coordinate index takes
the values M = 1,...,dim(R1(E,,))) with R1(E,,)) being the coordinate representation,
often this is the fundamental representation, as is the case for Eg) with Ri(Ege)) =
27 [4, 11]. The overall coordinates of the external-internal geometry are then given by
(z*,YM). The extended internal coordinates Y™ come with associated internal partial
derivatives dps. Consistency of the extended exceptional geometry requires that the E,,,)-
covariant projection of certain combinations of internal partial derivatives vanishes, which
effectively removes the auxiliary coordinates again. This consistency condition is called the
section condition [33-35].

In the section 2.1 we discuss the internal Eg ) extended generalised exceptional geom-
etry in more detail and in section 2.2 we describe the structure of the Egg)-covariant field
theory constructed on this extended geometry.

2.1 [Eg) extended generalised exceptional geometry

The internal extended 27-dimensional Ege) generalised exceptional geometry can be
thought of as the coordinate-extended version of the generalised exceptional geometry
associated to the generalised tangent bundle (2.2), where T(M'") is the ordinary tangent
bundle of the unextended internal manifold MP* [36-39]. The extended internal coordi-
nates YM, with M =1,...,27, are in the fundamental representation R1(Eg(6)) = 27.

In order for us to be able to explicitly write the objects of Eg) generalised exceptional
geometry we first need to discuss the Egg)-invariant d-symbols. The fully symmetric in-
variant symbols dpan and dEMY carry three (anti-)fundamental 27 (or 27) indices [11, 40].
They are the unique invariant symbols of the (anti-)fundamental representation of Egg) (up
to their normalisation) and satisfy the invariance condition (2.3) [11]. We can choose their
normalisation to be defined by the condition for them to be inverse in the sense of (2.4).
The invariant symbols furthermore obey the cubic identities (2.5) and (2.6), which are
required in some calculations [11].

d" "M Mgy Mg Myis = dnrs (2.3)
d"* dgepy = o)
2
dsun dpgyr d°TH = i (i AN pPQ) (2.5)
2
dgrp dSMN gPQT — = s gNFPQ) (2.6)



Taking t¢, with ¢ = 1,...,78, to be the generators of the eg Lie algebra, we can write these
generators in the fundamental Egg) representation as (tC)M ~. The adjoint indices can
be raised and lowered with (¢, )™ s (t¢,)™ v, which is proportional to the Cartan-Killing
form. The projector PM 5% onto the adjoint representation of Eg() can then be defined
by (2.7), with the normalisation P™ ™ j; = 78. We can write the projector (2.7) explicitly

in terms of the invariant symbols as in equation (2.8).
PMNE L = ()M N (95 (2.7)
1 1 )
PMNKL: T85%5§+65£45]I§— ngKRdRNL (2.8)

Some aspects of exceptional geometry, across different exceptional groups, can be phrased
in terms of an object called the Y-tensor [4]. The Y-tensor of Eg(6), which follows from the
projector (2.8), is given by (2.9).

YME G =10dMEE qpy g (2.9)

In the case of Eg(g) exceptional geometry only 6 out of the 27 internal coordinates originate
from the physical coordinates of eleven-dimensional supergravity. This fact is encoded
in the Eg)-covariant section condition (2.10), which implies that at most 6 of the 27
coordinates really exist. As we will see below we can also think of (2.10) as a consistency
condition that arises naturally when considering generalised diffeomorphism.

dEM 9 @ 9y =0 (2.10)

Equation (2.10) is the projection of two internal derivatives with the Y-tensor (2.9). We
interpret the section condition (2.10) as the conditions (2.11) where ¥, ® are arbitrary
functions (e.g. fields or gauge parameters).

dEIM 910 0w =0, dEEM 910, ® =0 (2.11)

The generalised exceptional Lie derivative Ly V™, with generalised vector parameter AM
of a generalised vector VM can be written in terms of the projector (2.8) as (2.12). The
real constant A\(V) is the generalised weight of the generalised vector VM. The first term
of (2.12) is the transport (or translation) term, the second term can be interpreted as an
Eg() rotation and the last term is a weight term. Equivalently (2.12) can be written as
the standard Lie derivative (in terms of internal partial derivatives) with a correction term
given by the Y-tensor (2.9).

LaVM = AE 9 VM — 6 PM B 9 AL VY 4 A(V) AN VM (2.12)

Equivalently the generalised Lie derivative of a generalised covector Wj, can be written
as (2.13). With the Leibniz rule of the generalised Lie derivative the expressions (2.12)
and (2.13) extend in the standard fashion to any generalised tensor.

LaWas == AX 0 War + 6PN 05 L 0 AL Wiy + A(W) OnAN Wiy, (2.13)



Parameters AM of the form (2.14) are trivial, in the sense that they lead to a vanishing
generalised Lie derivative on any other field, when the section condition is applied.

AM = gMNE o Wi (2.14)

It can be verified that the generalised Lie derivative, as defined above, is compatible with
the Egg) invariant d-symbols and the relation (2.15) holds.

Ladyng =0 (2.15)

In the extended exceptional geometry the usual Lie bracket is modified by an additional
Y-tensor term and the resulting bracket is called the E-bracket. Using the explicit form
of the Y-tensor (2.9) we can write the Eg(6) E-bracket of two generalised vectors AM AY
as (2.16).

[Av, Aol =2 Af Ok AY — 10" NP dgcp Aff O AL (2.16)

It can be shown, in a somewhat lengthy calculation, that the commutator of two generalised
Lie derivatives is again a generalised Lie derivative, with the parameter of the resulting
Lie derivative given by the E-bracket of the original parameters, i.e. the generalised Lie
derivative obeys the algebra (2.17). The equation (2.17) is true only up to terms that van-
ish when the section condition (2.10) is applied. In this sense we may think of the section
condition as a consistency condition that is implied by the closure of the generalised diffeo-
morphism algebra. The cubic identities (2.5) and (2.6) also have to be applied repeatedly
in the calculation of (2.17).

LAy L) = Liay Aol (2.17)

The E-bracket (2.16) is antisymmetric and satisfies the Leibniz rule and therefore it defines
a Leibniz (or Loday) algebra [41-43]. However the Jacobi identity of the E-bracket only
holds up to a trivial parameter of the form (2.14), equivalently one can say that the
Jacobiator (2.18) is of trivial form, where UM, VN W are generalised vectors.

One can define the Dorfman-like bracket (2.19), which is helpful in some calculations [11].
(VoW )M .=L,wM (2.19)

The bracket (2.19) does satisfy the Jacobi identity, but it is not antisymmetric and the
relation (2.20) holds, if A(W) = 1/3.

(VoM = (v, Wl + 5 dMEE 9y (dpp, VE W) (2.20)

The symmetric part of (2.20) is of trivial form and its antisymmetric part is identical to
the E-bracket.



2.2 Eg6) exceptional field theory

We can now discuss the Eg) exceptional field theory built upon the 5 + 27-dimensional
extended exceptional geometry. This section reviews some of the results of references |3,
11, 15).

The bosonic field content of the Eg) ExFT is given by (2.21). In general all of the
fields (2.21) (and all of the gauge parameters) depend on all of the 5 4 27 external and
internal coordinates (z*,YM).

{Eua, My, Al B;WM} (2.21)

The external vielbein E,® is related to the external metric G, by (2.22), where 7,3 is the
external Minkowski metric with signature (— + + 4+ +). The indices o, 5 = 0,..., 4 are flat
Lorentz indices and the indices p, v =t,1,...,4 are the curved external space-time indices.

EE nas = G (2.22)

From the perspective of the external geometry the generalised Eg) metric components
Myn = My are scalar fields and parametrise the coset Eg(g)/USp(8), which is 42-
dimensional. Therefore only 42 of the scalar fields My are truly independent. We refer
to these relations among the 378 components as the coset constraints of the scalar fields.
Among other things the coset constraints imply that det(Mpy;n) = 1. The inverse scalar
fields are defined by Myrx MEN = §Y.. The generalised one- and two-form fields Aﬁ/[ and
Byym carry an additional (anti-)fundamental Eg ) index.

We can see how the fields of ExFT relate to those of eleven-dimensional supergravity
by considering a 5 4 6 split of the eleven-dimensional indices. The bosonic field content of
eleven-dimensional supergravity is a metric G and a three-form Cjyp [1]. Decomposing
the eleven-dimensional indices as i = (u,m), with g = ¢,1,...,4 and m = 1,...,6, we
can rearrange the resulting components into the fields of ExFT. The purely external
components G, of the eleven-dimensional metric become the external metric field of ExFT.
For the other components one has to check whether it is possible to arrive at a differential
form of lower degree by Hodge-dualising the field strength of the component, i.e. the purely
external components of the three-form C),,, can be Hodge-dualised via their field-strength
into one scalar field in five dimensions. Proceeding in this way and dualising all forms
to lowest possible degree we find 42 = 21 + 1 + 20 scalar fields coming from Gun, Cuup
and Cy,,, that constitute the independent components of Mpy;n. Furthermore there are
27 = 6 + 6 + 15 vector fields coming from Gy, C,r and Cuy,e that arrange into the
generalised vector fields Aiy . In five dimensions the 27 one-forms can equivalently described
by 27 two-forms that are arranged into B,,, /. Because we keep both the one-forms and the
two-forms dual to them we need to impose a duality relation, as otherwise we would add
degrees of freedom. This (on-shell) duality relation is given by the equations of motion of
the two-forms. The reason for introducing the two-forms lies in the existence of the tensor
hierarchy of differential forms, this will become clear when discussing the field-strengths.

The generalised one-forms Aﬁ/[ are taken to act as the gauge connection for the gen-
eralised exceptional diffeomorphisms. Because the generalised diffeomorphism parameters



AM(z,Y") depend also on the external coordinates we need to introduce the covariant (ex-
ternal) derivative (2.23).

D, =08, —La (2.23)

s

We then require that the one-forms transform as the covariant derivative of the gauge
parameter (2.24) under a generalised diffeomorphism with parameter AM_ The transfor-
mation (2.24) can be thought of as the covariantised version of an abelian U(1)%" gauge
transformation.

SpAN =D AM (2.24)

Naively one can write the field strength (2.25), which replaces the Lie bracket with the
E-bracket (2.16).
Fhy =20, Al — [A, A (2.25)

However just like in the gauged maximal supergravity [28, 44], the field strength (2.25)
fails to transform covariantly, due to the non-vanishing Jacobiator of the E-bracket and
instead transforms as (2.26).

SFM = 2Dy, 6AM +10dM KR dy g O (A[ﬁ SAL ) (2.26)

vl V]

The solution to this problem — just like in five-dimensional gauged supergravity — is
to introduce the (topological) two-forms B, whose transformation can be defined to
absorb the offending term. As we have seen above there are not naturally any two-forms
in the field content coming from eleven-dimensional supergravity. Consequently we need
to Hodge-dualise the one-forms (via their field strength) with regard to the five external
dimensions and require that the resulting two-forms are on-shell dual to the original one-
forms in order to not generate any new degrees of freedom. Continuing with the analogy
to gauged supergravity one then adds a Stiickelberg-type coupling term to the one-form
field strength (2.25) to arrive at the covariant field strength (2.27).

Fob = FM +10d""™ 0k B, (2.27)
=20, A) — [Ay, AJ +10d" M 9k By, 1 (2.28)

The improved field strength (2.27) transforms covariantly as (2.29).
0F = 2Dy, 6A) +10d™ N 0 AB,,N (2.29)

The modified two-form transformation AB,,,n is defined as (2.30) in order to cancel the
non-covariant term in (2.26).

ABuyN = 0B + dyir Al 6 A} (2.30)

The one-form field strength is generated by the commutator of the covariant deriva-
tives (2.31). Because the Stiickelberg-type coupling term in the covariant field strength
is of trivial form (cf. equation (2.14)) the commutator does not distinguish between the
naive and the covariant field strengths.

Dy, Dy] = ~Lg,, = -Lgz,, (2.31)



The two-forms B,,, s come with their own covariant field strength H -y which can be writ-
ten as (2.32), where the “...” indicate terms that vanish under the projection d™N¥ gy

1
/Hpm—N = BD[pBUT]N — 3dNKLA[[§ (80_47_} — §[A"’ Aﬂ]%) + ... (2.32)

The explicit form (2.32) of the two-form field strength can be found by solving the Bianchi
identity (2.33).
3Dy Foy = 10d" X O Hy,n (2.33)

In analogy to the tensor hierarchy of gauged supergravity the existence of a three-form is
required in order for the two-form field strength (2.32) to transform covariantly — just like
the two-forms are required for the one-form field strength (2.27) to transform covariantly.
Fortunately in the Eg) ExF'T the three-form terms are contained in the “...” of (2.32)
and do not appear in the Lagrangian because they are being projected out.

The action of Egg) exceptional field theory is given by (2.34). The action (2.34) can be
thought of as an elegant way of encoding the classical equations of motion. It is not known
how the integral over the internal geometry can be carried out explicitly in a meaningful
way before the section condition (2.10) is solved. We treat the integral over the internal
coordinates as being symbolic.

Sixer = / & / &Y Lo (2.34)
The Eg(g) ExFT Lagrangian consists of the five distinct terms (2.35).
Lexrr = LEH + Lsc + Lpot + Lym + Liop (2.35)

The first term is the improved Einstein-Hilbert term (2.36). This term consists of
the Einstein-Hilbert term F R, where FE is the vielbein determinant and R is the D,-
covariantised Ricci scalar associated to £,* in which all partial derivatives are replaced by
covariant derivatives D,. Additionally there is a one-form dependent improvement term.
This improvement term is necessary in order to make the D,-covariantised Riemann-tensor
transform tensorially under local Lorentz transformations — which would otherwise not
be the case due to (2.31) [32].

Len = ER = ER+ EF), E* Oy Ef
E
Lse = 57 G DMy D, MMN
Epot =-F Vpot(Gw/a MMN)

E
Lym=—7 My Fpy, FHN
The second term in the Lagrangian is the scalar kinetic term (2.37). The scalar kinetic
term can also be seen as an Eg)/USp(8) non-linear coset sigma model with covariantised
derivatives. Furthermore there is a scalar potential term (2.38) that only depends on the
external metric and the scalar fields. The potential Vi,oi (G, Marn) itself can be written



explicitly as (2.40), where G is the determinant of the external metric. The name potential
is justified because (2.40) depends only on internal partial derivatives. The generalised
Yang-Mills term is given by (2.39). It is of the standard Yang-Mills form, but written
using the improved covariant field strength (2.27) and with the Eg) indices contracted by
the internal generalised metric M.

1 1
Vpot = _ﬂ MMN 8MMKL ONMgr, + iMMN 8MMKL OrL My (2.40)

1 1
-3 G 1oy G oy MMN — 1 MMN G=15,,GG L oNG

1
-3 MMN 9y, G" NG

Finally there is the topological term Liop. In the Lagrangian formulation the explicit
non-integral form of the topological term in 5 + 27 dimensions, which is not manifestly
gauge-invariant, is not needed. Instead the topological term is written as a 6 + 27 di-
mensional integral over an exact six-form (2.42), where FM = %}"I% dz" A dx¥ and
Hyr = %’HHVPM dxt ANdx¥ ANdxP [11]. We discuss the topological term in more detail in sec-
tion 2.3, where we also present its non-integral form. Note that the two-form field strength
only appears in the topological term and in this sense the two-forms are topological.

Stop = / >y / d°x Liop (2.41)

— ok / Y [ (v FYAFN A FE - 40d" N5y 8 oM ) (2.42)
Mg

Having discussed the structure of the action (2.34) we can now discuss the (infinitesimal)
gauge transformations that leave this action invariant.

Every term in the Lagrangian (2.35) is individually invariant under generalised diffeo-
morphisms. With the exception of the p-forms, fields transform under generalised diffeo-
morphisms, with parameter A, as the generalised Lie derivative (2.12) acting on them
0p = Ly — with the appropriate generalised diffeomorphism weights that are listed in
table 1. From the perspective of eleven-dimensional supergravity the ExFT generalised
diffeomorphisms combine the spatial diffeomorphisms of the six original internal dimen-
sions with three-form gauge transformations that have now become geometrised. Due to
the tensor hierarchy the differential forms transform somewhat differently under generalised
diffeomorphisms. As was mentioned earlier the transformation of the one-forms combines
U(1)?" gauge transformations with the generalised Lie derivative to transform as (2.43),
where AM is the generalised diffeomorphism parameter. The additional transformation
in (2.43), with parameter Z,y, is a two-form gauge transformation that is induced in the
one-forms by the Stiickelberg coupling in the field strength.

sAN =D AM —10dMNE O E, N (2.43)
ABuynt = 2DEy i + duxr AN Flyy + Opnr (2.44)

The two-forms transform under two-form gauge transformations and generalised diffeomor-
phisms as (2.44) — with AB,,,r being the modified transformation defined in (2.30). The
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Weight A Objects
-2/3 G* . R, Vot
-1/3 oy, Eo*
0 O, La,, drinie, Myn, Ry®®
1/3 AN FMAM B
2/3 B Zpnty Huwpnr, G
1 LEFT
5/3 E

Table 1. The exceptional generalised diffeomorphism weights of the most important objects of
Eg(6) exceptional field theory.

two-form gauge transformation with parameter =, is of the standard form, but with the
derivative covariantised. The generalised diffeomorphism acts on the two-forms as defined
by (2.29) and (2.30). Additionally there is a shift transformation with parameter O,
that vanishes under the projection (2.45) (cf. Stiickelberg coupling (2.27)).

dMNK 8KOW/M =0 (2.45)

Besides the internal generalised diffeomorphisms all fields transform under external (co-
variantised) standard diffeomorphisms. The external diffeomorphism parameter £#(z,Y")
depends on all coordinates (as does every other gauge parameter), but the external diffeo-
morphism symmetry is only manifest for parameters that do not depend on the internal
coordinates, i.e. Oy = 0 VM. For gauge parameters that do depend on the internal co-
ordinates non-trivially, i.e. IM : Op&* # 0, the transformation connects the terms in the
Lagrangian (2.35) and thus fixes the relative coefficients. The resulting action (2.34) is
the unique action that is invariant under both internal and external diffeomorphisms, with
gauge parameters that depend on all of the internal and external coordinates [11].

It is remarkable that all relative coefficients in the bosonic Lagrangian are already
fixed by the bosonic symmetries, because from the supergravity perspective one would
expect that the relative coefficients are fixed by requiring the action to be supersymmetric.
This fact may indicate an unknown relation between supersymmetry and the exceptional
symmetry. Nonetheless the bosonic action (2.34), with all relative coefficients already
determined, admits a supersymmetric completion [16].

In general the fields transform under external diffeomorphisms as the standard Lie
derivative, but with all the external partial derivatives replaced by covariant derivatives
D,, (2.23). The transformations of the external vielbein (2.46) and the scalar fields (2.47)
are precisely of this form.

6B, =€ DB, + D, B, (2.46)

5§MMN = 5“ D#MMN (247)
1

A¢Buy = Ton € F €pvpor FTN Myn (2.48)

Se AN =& Fol 4+ MMN g, OnE” (2.49)
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The transformation of the differential forms is somewhat modified. In the transforma-
tion (2.48) of the two-forms the naive transformation, that one would expect of a two-form
Ae¢Buym = &° Huwpur, has been replaced by the two-form equation of motion (2.50), which
is the on-shell duality relation between the one- and two-forms mentioned earlier. This re-
placement is necessary in order to realise the diffeomorphism symmetry of (2.34) off-shell.

dPME o, (B Main FPN 4 507 Hygrar ) = 0 (2.50)

The first term in the transformation of the one-forms (2.49) is the covariantisation of the
expected transformation of a one-form under diffeomorphisms.

The second term in (2.49) originates from a compensating Lorentz transformation.
One should note that this term only exists for diffeomorphism parameters that depend on
the internal coordinates. Because this correction term depends also on the vielbein and
the scalar fields it leads to the connection of different terms in the Lagrangian.

Because this term will be relevant later we need to discuss its origin in some more
detail. We need to look at how the ExFT relates to eleven-dimensional supergravity to
understand why this term has to exist — here we follow the calculation presented in [11].

We decompose the eleven-dimensional curved index fi in an 11 = 5 + 6 split as g =
(11,m) and the flat Lorentz index as & = (a,a). The eleven-dimensional vielbein E;% can
be parametrised in a Kaluza-Klein-like decomposition as (2.51), with ¢ = det(¢,,*) and
v = —1/3.2 The ¢,,* can be thought of as an internal vielbein. In order to achieve the
upper-triangular form in (2.51) part of the eleven-dimensional Lorentz symmetry has to be

Ey® = (dﬂ OEMQ AZjTj (2.51)

The eleven-dimensional vielbein transforms as (2.52) under eleven-dimensional diffeomor-

gauge-fixed.

phisms and Lorentz transformations.

OB = € 0y Ep® + 0p8” Bp® + X* 5 By (2.52)

The condition of the upper-triangular form of (2.51) implies that the vanishing component
cannot transform non-trivially under gauge transformations, i.e. £,,* =0 = §E,* = 0.
This leads to the restriction (2.53) on the Lorentz gauge parameters and thereby partially
fixes the gauge freedom.

A = =7 $" O’ B, (2.53)

The Lorentz algebra then implies (2.54), which restricts further parameters.
)\ab = _5ab naﬁ )\ag (2.54)

When combined the relations (2.53) and (2.54) for the Lorentz gauge parameters lead to
the correction term in the transformation of AJ}* (2.55) when looking at the transformation

“Note that the nomenclature of the flat indices differs from reference [11] in order to match the notation
used in this work.
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of the E,* component of the eleven-dimensional vielbein. In (2.55) we have defined ¢™" :=
¢ @™ which is the precursor to the generalised metric My .

e Al = € F + ¢ 6™ gy On” (2.55)

The transformation (2.55) in the Kaluza-Klein rewriting of eleven-dimensional supergravity
becomes the transformation (2.49) in the extended exceptional geometry. We should note
in particular that the correction term in (2.55) was a direct consequence of the parametri-
sation (2.51). Furthermore the sign of the correction term is completely fixed. We come
back to this fact in section 5.3 when we discuss the external diffeomorphisms in the canon-
ical formalism.

Finally the external vielbein of ExFT transforms under the five-dimensional external
Lorentz transformations as (2.56).

ONE, " = \"3 E,° (2.56)

Overall the action (2.34) is invariant under external Lorentz transformations, external dif-
feomorphisms, internal generalised diffeomorphisms, two-form gauge transformations and
certain shift transformations.

The gauge algebra of the external and internal diffeomorphism transformations is struc-
tured as follows [15]. The commutator of the covariantised external diffeomorphisms can
be written as (2.57), it is an external diffeomorphism plus an additional internal diffeo-
morphism. Furthermore there may appear tensor gauge transformations of higher degree
differential forms, from the tensor hierarchy, which are indicated by the dots in (2.57).

[5517552] = 5512 +0p, + .- (2.57)

The effective external diffeomorphism parameter 12 is given by (2.58), it is a covariantised
version of the expected commutator of the original parameters. The effective internal dif-
feomorphism parameter A{4 is given by (2.59) and its form is essentially the transformation
of the one-forms under external diffeomorphisms (cf. equation (2.49)).

5?2 = 512/ ,Dugf - fly DV&S (2.58)
Al =& & Foy — 2 MM g, €5 On ¢y, (2.59)

The commutator of an external and an internal diffeomorphism (2.60) is given by an ex-
ternal diffeomorphism and a two-form gauge transformation.

[5A7 (55] = 5§/ + 0= (2.60)

The effective gauge parameter £, of the external diffeomorphism in (2.60), is the gener-
alised Lie derivative of the original external parameter (2.61). The effective parameter of
the tensor gauge transformation Z’ is given by (2.62), it is a projection of the transfor-
mation of the one-forms, under external diffeomorphisms (2.49), which is of the form of a
generalised diffeomorphism acting on the two-forms (2.44).

¢ = =AM Oyt (2.61)
Eun = —dMNK (f” Fh 4+ M"t g, 3L€”) AR (2.62)
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The commutator of two internal generalised diffeomorphisms is given by the commuta-
tor of the generalised Lie derivatives (2.17), we can write the subalgebra of generalised
diffeomorphisms equivalently as (2.63).

[6/\1’51\2] = 5/\12 (2'63)
The effective gauge parameter in (2.63) is then given by the E-bracket (2.64).
A= [Ag, A (2.64)

As was mentioned in section 2.1, the generalised diffeomorphism algebra (2.63) closes only
up to terms that vanish upon application of the section condition (2.10).

In order to go back from the exceptional field theory to eleven-dimensional supergravity
one has to solve the section condition (2.10) for a subset of the internal coordinates. The
idea is to reverse the extension of the internal geometry by taking away coordinates, in a
way that is consistent with the section condition. Solutions of the section condition contain
at most 6 of the 27 coordinates. The solution that leads to eleven-dimensional supergravity
is found by embedding the subgroup GL(6) into Egg) as in (2.65).

GL(6) = SL(6) x GL(1) C Eg) (2.65)

The fundamental 27 representation and the adjoint 78 representation of Eg(g) decompose
into representations of GL(6) according to equation (2.66) and (2.67) respectively. The
index indicates the weight under the GL(1).

27 — 611 B 15, 6_1 (2.66)
8 —=1_9®20_1 P (1 D 35)0 ® 2041 B 149 (267)

The internal coordinates Y decompose as (2.68) according to (2.66), with vy, = Ylmn)
antisymmetric and the overline indicating the difference of the GL(1) weight.

Y™ = (™, Yon, y™) (2.68)

The section condition (2.10) itself has to be decomposed according to (2.66) too and the
only non-vanishing components of the invariant symbol d™V5 are (2.69).

1 7 1
b= 0RO o dmnkipg = s Emnking (2.69)

dmﬁ
From the decomposed coordinates (2.68) we can choose the 6,1 coordinates y™ and drop
the other internal coordinates. Keeping only the coordinates y™ and therefore only the
internal derivatives 9,,, solves the section condition (2.10) when inserting the decomposition
of the d-symbol (2.69). The full set of coordinates that survive are then the 11 = 5+ 6
coordinates (z#,y™), equivalent to the Kaluza-Klein-like split of the coordinates of eleven-
dimensional supergravity. Decomposing all objects according to (2.66) and only keeping the
611 components, one can recover the full structure of eleven-dimensional supergravity in
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the Kaluza-Klein-like rewriting — the field strength Hodge dualisations that were described
earlier have to be undone in the process [11].

At no point in this process were any degrees of freedom of eleven-dimensional su-
pergravity truncated. In the construction of the ExF'T the degrees of freedom of eleven-
dimensional supergravity are first rearranged in a Kaluza-Klein-like 5+ 6-dimensional split
of the coordinates and part of the Lorentz symmetry is gauge fixed, but no truncation
is carried out. Then the degrees of freedom are dualised and rearranged on an extended
5+ 27-dimensional generalised exceptional space-time, while the section condition (2.10) is
simultaneously imposed. When the section condition is solved, for example by decompos-
ing everything according to (2.68) and keeping only the 61 parts of the Kaluza-Klein-like
split, the eleven-dimensional supergravity is again recovered. One can therefore see excep-
tional field theory as an Eg ) covariant rewriting of eleven-dimensional supergravity on an
extended generalised exceptional geometry.

Other non-trivial solutions to the section condition, besides the one described above,
exist. For example, one can embed GL(5)xSL(2) C Ege) and only keep the (5,1)44
components of all objects. This is an inequivalent, but consistent, five-dimensional solution
to the section condition that leads to the ten-dimensional type IIB supergravity [11].

The section condition can moreover be trivially solved by requiring dyy = 0 VM. In
the case of the trivial solution only the five external coordinates survive. The resulting
theory is the ungauged manifestly Eg(g) invariant maximal five-dimensional supergravity,
which was first described in reference [40]. This theory can also be obtained by a reduction
of eleven-dimensional supergravity on a six-torus, although this does not directly lead to
the manifestly Egg) invariant form. The canonical formulation and analysis of this theory
has been investigated in [14].

2.3 The explicit non-integral topological term

In order to be able to write down the external 1 + 4 dimensional ADM decomposition of
the ExFT and carry out the Legendre transformation of the Lagrangian — to find the
canonical Hamiltonian — we need to know all terms of the Lagrangian density explicitly
and in a non-integral form. The only term in the Lagrangian (2.35) that is not explicitly
stated in its 5 4+ 27-dimensional form is the topological term, which is instead given in
its manifestly covariant form as an external six-dimensional boundary integral over an
exact six-form (2.42) [11]. Reference [11] does however state the general variation of the
topological term explicitly as (2.70). The general variation (2.70) may be sufficient to
calculate the canonical momenta but in order to carry out the Legendre transformation of
the Lagrangian (2.35) the explicit topological term is needed.

3
0 Liop = K €HVPIT <4 drnk Fop Fow SAE +5d" VK dpepOnHyuwonr AL 5 AC (2.70)
+5 dMNK 8NH;WpM5-Bo'TK>

The structure of ExFT and gauged supergravity is in general very similar and reference [11]
mentions the similarity between the topological terms explicitly. We can find the explicit
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non-integral form of the topological term by considering a general ansatz, inspired by the
topological term of five-dimensional maximal gauged supergravity (see equation (3.11) of
reference [28]) and then comparing its general variation to (2.70) in order to fix the relative
coefficients of all terms.

In five-dimensional gauged supergravity the generators of the group of the gauging
are called X, [28, 44]. The generators obey an algebra (2.71) with “structure constants”
XunT that appear in the topological term of gauged supergravity.

(X, Xn] = —Xun" Xp (2.71)

The structure constants Xsn? are however not antisymmetric and we can split them into
a symmetric and antisymmetric part as (2.72) (cf. equation (3.15) in [44]).

Xun® = Xon + Xpum© (2.72)

The split (2.72) can be compared to the symmetric and antisymmetric parts of the Dorfman
bracket (2.20). Similarly we can compare the improved one-form field strength of gauged
supergravity (see equations (3.2) and (3.4) of reference [28]) to that of ExFT (2.27). We
find that the E-bracket takes the place of the antisymmetric part of the structure constants
X[MN]K Aﬂ/f AN ~ [A,, A))K and the projector ZEE ~ dKEM 9,/ (cf. equation (3.4) of [28])
corresponds roughly to the symmetric part of the structure constants. The precise rela-
tions are not relevant as we should introduce general coefficients in the ansatz. Inserting
these relations in the topological term of gauged supergravity (see equation (3.11) of ref-
erence [28]) we arrive at a suitable ansatz. Comparing the general variation of the ansatz
to the general variation (2.70) we can fix all coefficients.

We find that the topological term of the Eg) exceptional field theory can take the
form of equation (2.73) and that this expression yields the same general variation 6 Lp, as
given in equation (2.70).

Loy = — %euupaT AR 9B |3D,Bory — 6dy iy AF (agAf - %[AU, AT]E)]
+ K P dynp A 9,AN 9,AF
_%guupmdMNP Aﬁ] [Au:Ap]%[ 0, AL
+2—ge“"p‘”dMNp AN Ay, Al [As, Arll (2.73)

We can write (2.73) in a slightly more covariant form by making use of the definition of
two-form field strength (2.32) to find equation (2.74). In the following we will only need
the more explicit form (2.73).

1
Liop = — %wupm AN OpBuynt |Hporn — 3dnir AY ((%Af_ - 340, AT]ﬁﬂ

+r P Tdynp Ay 0,A) 0,AF
3K

— e AN Al (A, Al 9,AF
3
+2—ge“”p‘”dMNp AN (A, ALY 1A, AR (2.74)
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The numerical value of the overall coefficient of the topological term in the Lagrangian, as
used in this work, is k = 4++/10/6 [11, 15, 16, 25]. The bosonic theory does not fix the sign
of this constant, only its modulus and therefore its sign is conventional [16].3

The coefficient of the topological term of ungauged five-dimensional maximal super-
gravity, as described in [14] — we can call the coefficient k5 — is related to the that of
ExFT by k5 = %/{. This is due to the use of the ungauged abelian field strength in the
writing of the topological term.

3 Canonical topological 2-forms in 5 + 27 dimensions

As a preparation to the canonical formulation of the full Eg) ExFT we investigate the
canonical formulation of only the topological kinetic term of the two-forms B, (cf.
equation (2.73)) in this section. For this model theory to be a good analogy to the two-
forms of ExFT we need to consider the theory on the same 5 + 27-dimensional extended
geometry as ExFT itself.

We begin by calculating the canonical momenta of the two-forms and constructing the
canonical Hamiltonian of the two-forms in section 3.1. In section 3.2 we find the complete
set of canonical constraints. We then compute all canonical transformations and the full
constraint algebra in section 3.3. In doing so we can confirm that there are no propagating
degrees of freedom in this theory. Moreover we find that external diffeomorphisms are not
canonically generated because of the topological nature of the two-forms in this model.
Finally, in section 3.4, we identify some obstacles related to the construction of Dirac
brackets in exceptional generalised geometry for constraint algebras of a certain form.

For the model we want to consider an action of the form (3.1) with five external
coordinates z* and 27 internal coordinates Y. The integral over the internal coordinates
of the generalised exceptional geometry in (3.1) is taken to be symbolic, since we do not
know how to carry out this integral explicitly while observing the section condition (2.10).

SB:/d5x/d27Y£B (3.1)

The Langrangian we want to consider can be written as in equation (3.2), with ¢ being
the overall constant. Compared to the two-form kinetic term in ExFT (2.73) we have
dropped the covariantisation of the external derivative in (3.2) in order to make the model
as simple as possible — the theory is nonetheless interesting enough to be useful. As a
consequence thereof the internal generalised diffeomorphisms are not generated canonically
in this model theory.

Ly = -0 dMNE9pB 0 pBorn (3.2)

3There is some confusion in the literature about this constant that originates from a hidden renaming
of the constant in reference [11] — the calculations are nonetheless all correct, if we are aware of this
renaming and do not mix up the different values. If we call k1 = \/E/b’ and ko = %‘ﬂ = \/E/S, then k1
is used in the equations (3.7), (3.8) and (3.9) of [11]. However starting from equation (3.29) of [11], when
the value of this constant is determined and in particular in the equation (3.31) which states x*> = % the
rescaled constant k2 is used. The additional factor % comes from taking the variation of the term, as can
be seen in equation (3.8) of [11]. References [16, 25] continue to use k2 consistently, while reference [15]

uses k1 consistently.
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Alternatively we can make use of the naive two-form field strength Hys := dBys (Hporn =
30),Born) to write the Lagrangian as in (3.3) or (3.4). It is important to note here that this
topological Lagrangian is linear in the field strength and hence in the time derivative. It is
this fact that leads to the peculiar canonical structure that we find in the following analysis.

L =— % dMNR OrBy N Hy (3.3)
S g o MNE 9B i Hoor (3.4)

In analogy to the topological term of ExFT we can furthermore write the action (3.1)
equivalently as a boundary term in a 6 + 27 dimensional geometry (3.5). Because the
two-form field strength is closed dHy; = 0 we can write the action also as (3.6).

Sp=-2 / a2y d (dMVF 0p By A Hy) (3.5)
- —% / A% d*Y dMNE 9 Hyy A Hy (3.6)

We can decompose the external five-dimensional indices in a 1 4 4-dimensional space-time
split as p = (¢,m), where ¢ indicates the curved time index and m = 1,...,4 the curved
spatial index. The space-time split of the Lagrangian can then be written as (3.8).

Lp =—oe™r77 dMNE aRB,LLl/M 8pBJ'rN (37)
=—0 Etnrsl aMNE OrRBpnrM 0¢Bgn
— 20" dMNE 9 Bypng 0 By

+ 20 €™ gMNE §p By Os Bun

3.1 Canonical momenta and canonical Hamiltonian

From the space-time split of the Lagrangian (3.8) we can read off the canonical momenta
of the time and spatial components of the two-forms, which we call ITI*'V(B), TI*!N(B),
the canonical momenta can be stated as (3.9) and (3.10). Due to the linearity of the
Lagrangian in the time derivative 9, we find that the canonical momenta do not contain any
time derivatives themselves — therefore implying that they all lead to primary constraints,
which we name Hp; and Hps.

(Hp)!™N :=TI"V(B) =0 (3.9)
(Hp2)™ = TN (B) + 20 €™ dMN 1 Op By = 0 (3.10)

The Legendre transformation of the Lagrangian (3.8) is given by (3.11), the factor of 1/2
needs to be inserted in the second term in order to avoid overcounting. Inserting the space-
time decomposition of the Lagrangian and using the definition of the primary constraints
we can write the canonical Hamiltonian Hp as (3.12).

. 1 .
Hp = Byn - T'"N(B) + 5 Brnn N (B) — Lp (3.11)

= Bun - (Hp1)™ + Binas - (Hs1)"™ (3.12)
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We have introduced the object Hg1, as defined by equation (3.13), here — already indicating
that this term will yield a secondary constraint.

(H81)nM — _49 6tnrsl dMNR 33&3511\1 (3.13)

Note that we can rewrite (3.13), using the two-form field strength, as in (3.14).

4
(HSl)nM _ _EQ thrsl dMNR 8RHrslN (314)

To verify the consistency of the primary constraints (3.9) and (3.10) we need to make use
of the total Hamiltonian Hp ota1 (3.15) which is defined as the canonical Hamiltonian plus
a linear phase space sum over the primary constraints with general coefficients.

HpTotal = Hp + (u1)iv - (Hp1)™ + (u2)sin - (Hp2)*Y (3.15)

3.2 Constraints and consistency

Before we begin with checking the consistency of the primary constraints it is useful to
determine their algebra using the fundamental equal time Poisson brackets given in equa-
tions (3.16) and (3.17). Here we use the notation that X; := (x1,Y1) denotes both the
spatial external and internal coordinates, X; — X9 = (z1 —x2, Y1 —Y3) and §(4+27) (X1 —Xo)
is the (4 + 27)-dimensional Dirac delta distribution.

{Bur(X1), ™5 (B)(Xa)} = 0705, 6420 (X) — Xy) (3.16)
{Bur(X1),TT"5(B)(X2)} = (6767 — 67"07) 7 620 (X1 — Xo) (3.17)
What we find is that the primary constraints all Poisson-commute amongst each other.

This implies that their total time evolution, as generated by the total Hamiltonian, is
equivalent to the time evolution generated by the canonical Hamiltonian (3.12).

{(Hp1)*, (Hp1)"} =0 (3.18)
{(Hp1)™™, (Hp2)™™M} =0 (3.19)
{(Hp2)*, (Hpo)™™M} =0 (3.20)

Consistency of the primary constraints is equivalent to the requirement that their total
time evolution is vanishing, thus preserving the constraints in time [13]. Requiring the
time evolution of the primary constraint Hp; to vanish (3.21) confirms that the expression
(Hs1) is indeed a secondary constraint.

{(Hp1)*™ , Hp1otal} = —(Hs1)™ =0 (3.21)

Before we go on to check the consistency of the primary constraint Hps it is convenient to
define the smeared (or integrated) secondary constraint Hs;[®] as in equation (3.22). The
smeared constraint allows us to avoid having to write derivatives of Dirac delta distributions
(see e.g. references [14, 45] for the use of smeared constraints). The smearing function
@07 (x,Y) can be thought of as a tensor of test functions which allows us to integrate the
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constraint over the full spatial geometry and makes it possible to move derivatives onto
the smearing function.

Hs1[@] := /d456 /d27Y D (’HsﬂnM (3.22)

Calculating the Poisson brackets of the smeared constraint with the primary constraints
we find that Hp; Poisson-commutes with the new secondary constraint, whereas Hpo does
not. It follows that Hps and Hgy are second class constraints.

{(Hp)™ Hs1[2]} =0 (3.23)

{(Hp2)™™ Hg1 [0]} = 8o ™™™ aN M 9re @y, (3.24)

With the explicit expression for the Poisson bracket of equation (3.24) it is straightforward
to compute the total time evolution of the primary constraint Hpo. We find that it is given
by the same expression as (3.24) but with the field By, taking the place of the smearing

function. Requiring this time evolution to vanish leads to another secondary constraint
Hso as defined in (3.25).

{(Hp2)™M Hp rota} =: (Hg2)™™M = 8g ™mn g8EM 910 By, = 0 (3.25)

The consistency of the secondary constraints has to be verified similarly, but no new con-
straints can be found by requiring their time evolution to vanish — we do however find
that the coefficient functions in the total Hamiltonian should be vanishing u; = 0, ug = 0.
The consistency and constraint finding procedure thus terminates and the complete set of
constraints is listed below.

(HPI)ZN — Hth(B)

(erz)slN — HslN(B) + 2Q6tmnsl dMNR 8RanM

(%Sl)nM — _4Q 6tnT‘Sl dKLM 8K87‘BSIL

(HS2)mnM — +8Q€tklmn dKLM aKalBtkL
3.3 Canonical transformations, algebra and degrees of freedom

Using the smeared version of all constraints we can write all non-trivial transformations
generated by the constraints as follows. In the context of the canonical transformations
the smearing functions are interpreted as the (gauge) parameters of the transformations.

{Binn, Hp1[x1]} = 2 (x1)nn (3.30)
{Bmnn, Hpalxa]} = 2 (X2)mnN (3.31)
{I™™N(B), Hpa[xa]} = +40 €™ dMN B 9k (x2)sim (3.32)
(I M(B), H1 [@1]} = +80 ™™™ dXFM 981, (®1)11 (3.33)
{TT"M(B), Heo[®2]} = +160 ™™ aXEM 9104 (9) 11, (3.34)

The shift transformations (3.30) and (3.31) of the two-forms are generic and expected for
fields that appear with only a single time derivative in the Lagrangian. Because the primary
constraints directly relate the fields to their canonical momenta these shift transformations
appear. It should be noted that this in particular includes transformations where the
parameter is a derivative, e.g. (X2)mnaN =: Ay leading to the perhaps more familiar
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# Fields Momenta Primary  Secondary
108 Bpy N (Hp)™N (Hg)™Y
162 anN HmnN (sz)mnN (HS2)mnN

Table 2. This table lists the number and names of the independent components of all the fields,
canonical momenta as well as of the primary and secondary constraints.

transformation dy;,,(x BmnN as in equation (3.35).
01py N BmnN = {Bman, Hp2[A]} = 20, AN (3.35)

In chapter 19 of reference [13] it is shown that in the case of free Maxwell theory the shift
transformations can be made into the usual form by way of the parameters of the extended
Hamiltonian. In our case there are however no first class constraints (as is determined
below) and therefore the extended Hamiltonian agrees with the already determined to-
tal Hamiltonian, it is thus unclear how an analogous procedure would work in this case.
Nonetheless it seems probable that a way of fully rearranging the shift transformations in
the usual form should exist and it may be instructive to study the case of three-dimensional
Chern-Simons theory £ = A A F, whose canonical constraints are structured in a similar
way as those of our model theory.

Since we can write the action in terms of differential forms as a boundary integral (3.5)
we should expect that (external) diffeomorphisms are a symmetry of this action. Canoni-
cally we do however not find any constraint that leads to diffeomorphism gauge transforma-
tions. Fundamentally this is expected in a topological theory because we would normally
expect the canonical diffeomorphism constraint to arise from the consistency requirement
(i.e. secondary constraint) of the primary constraint that tells us that the canonical mo-
mentum of the shift vector is vanishing II,,(N™) = 0. But in this model theory there is no
metric field and even if there was one it would not appear in the topological term. It is
therefore impossible to see the (external) diffeomorphism symmetry of purely topological
fields in the canonical formalism and this seems to be a general fact. The existence of
Lagrangian symmetries in the canonical formalism has been discussed in [46].

Having computed all non-vanishing canonical transformations we can now determine
the full algebra formed by the constraints. There are only two non-vanishing Poisson
brackets among the constraints. The first relation (3.36) is equivalent to what we have
already seen in equation (3.24), the other relation is given by equation (3.37).

{Hp1[x1], Hsa[®a]} = +160 ™ g8 EM (v 1Y 1 010 (P2) mnar (3.36)
{Hpalxa], Hs1[®1]} = +80 ™™™ aBXEM (yo) nr OOy (®1)kr (3.37)

Because all constraints are involved in these two relations we can conclude that all canonical
constraints in this model are second class constraints. The number of physical degrees of
freedom of the theory described by the Lagrangian (3.2) is zero and hence there are no prop-
agating degrees of freedom — as is expected in a purely topological theory. Canonically this
is because the number of independent components of all the second class constraints Hp1,
Hpo, Hs1 and Hgo taken together exactly cancels the independent phase space variables of
the theory — as can be seen in table 2.
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3.4 Dirac brackets in extended exceptional generalised geometry

Because of the existence of second class constraints the next step in the canonical analysis
of the theory should be the construction of a Dirac bracket {.,.}pg. We can define symbolic
indices a,b € {P1, P2, 51,52} to label the canonical constraints and define the matrix Mgy,
as in equation (3.38).

Map(x1,22,Y1,Y2) := {Ha(x1, Y1), Hp(z2,Y2)} (3.38)

The components of the matrix M, are given by the constraint algebra relations but with
the smearing parameters now replaced by Dirac delta distributions and thus dependent on
all coordinates. The indices that were contracted into parameters are now open, but we
will understand them to be covered by the symbolic indices a, b too.

One may now try to define the Dirac bracket for this theory as in equation (3.39),
however there are several difficulties and potential problems with this definition.

1, ={f,g} — d*zy [ d*zy | d¥7Yy | 7Y
{f.g}oB = {f. g} azb:/ 1/ 2/ 1/ 2
(U Halw1, 1)} M (@1, 29,1, Ya) {Hy (22, Ya), g} ) (3.39)

The first difficulty is the question of what the inverse matrix M® actually is. Since its
components depend on Dirac delta distributions and have open indices the inversion should
be defined by a condition such as equation (3.40).

Z/d4$2/d27Y2 Map (21, 22, Y1, Ya) M (29, 23, Y2, Y3)
b
= (5ac (5(4+27) (1‘1 — I3, Y1 — }/3) (3.40)

However due to the form of the components of M, or equivalently due to the form of the
algebra relations (3.36) and (3.37), solving equation (3.40) requires us to find distributions
U, as components of M, that satisfy equations of the type (3.41), with mixed derivatives
of ¥ yielding the 4 + 27-dimensional Dirac delta distribution.

()™M 000, U (21 — 23, Y1 — Y3) = 6UF2D (1) — 23, Y] — V3) (3.41)

Solving equations of the form of (3.40) to determine the inverse M hence turns out to be a
rather difficult problem as we need to identify a primitive function of the 4+ 27-dimensional
Dirac delta distribution. This is a general problem that arises when the constraint algebra
is of a form that includes (mixed) derivative terms. If we could identify such distributions
then we could solve (3.40) because the d-symbol and the Levi-Civita symbol are invertible.

Furthermore the internal integrals in equations (3.39) and (3.40) have to be carried
out while observing the section condition and it is hence not obvious that these objects are
well defined or how the internal integration should be carried out explicitly.

In reference [6] Dirac brackets have recently been used in the context of exceptional
world volume theories with a definition somewhat similar to (3.39) but in a very different
set up.
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Type of index Dimension (real) | Letters used
Fundamental rep. of Fgg) 27 K,L,M,N,.... X, Y, Z

Fundamental rep. of USp(8) | 8 A B,C,D,E,...,J
Curved (external) 5 TR 7 o
Curved (time) 1 t
Curved (external spatial) 4 k,l,m,n,0,p,q,7,8,u,...
Flat (external) 5 a, 3,7,0,...
Flat (time) 1 0

4

Flat (external spatial) a,b,c,d,e, f,g,h,...

Table 3. Conventions of the indices used, their dimensions and descriptions of the types of indices.

In principle we should be able to circumvent the introduction of the Dirac bracket
entirely by “unfixing” the (gauge) conditions that make the constraints of this model second
class [13, 47]. However this procedure of introducing a new set of constraints that are
first class, together with additional gauge fixing conditions, is not unique and it is not
immediately clear how one should proceed in this model. It may be worth pointing out
again that the canonical structure of the constraints in this model is similar to the structure
of three-dimensional Chern-Simons theory and it may be possible to identify a solution
there — although there is of course no analogue to the generalised geometry used here.

4 Canonical formulation of Eg) exceptional field theory

In this section we construct the canonical formulation of the (bosonic) Egy ExFT. In
section 4.1 we clarify the notation and list some of the conventions used in the following
sections. We then go on to compute the external ADM decomposition of the full ExFT
Lagrangian in section 4.2. In section 4.3 we compute all canonical momenta and some field
redefinitions are introduced. In section 4.4 we identify all primary constraints. The Leg-
endre transformation of the ExFT Lagrangian is carried out sector by sector in section 4.5
and the resulting canonical Hamiltonian is presented in section 4.6. The fundamental
Poisson brackets are defined in section 4.7. In section 4.8 we go through the consistency
algorithm of the canonical constraints. Some of the secondary constraints, that follow from
the primary constraints associated to the two-form momenta, are found to be of an unusual
form and this discussion is continued in section 5 where we discuss the canonical gauge

transformations.

4.1 Notation and conventions

In the following sections we need to make use of a large number of different indices, which
we list in table 3. The index t is reserved for the curved time coordinate and 0 for the
flat time coordinate. The external curved five-dimensional index decomposes in the ADM
split as p = (t,m) and the flat five-dimensional index decomposes as o = (0,a). We
may occasionally use the convention €¥" .= *'mn for the spatial components of the
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Weight A Objects

~2/3 G, g", R, Vior.

-1/3 Om, Bty eg™
0 Ous La,, dunk, Myn, Vi, R0, N"

1/3 AN FMCAM N, No, B, e®, TN (B)

2/3 BHVMa E,uMa ’H;pry HT/[(A% G/.LV) Immn, Nna H(e)gl
1 Lyxer, TN (M), TV 45(V)

4/3 e

5/3 E

Table 4. The generalised exceptional diffeomorphism weights of the most important objects of
canonical Eg(6) exceptional field theory.

five-dimensional Levi-Civita symbol, which does not contain any vielbein factors. For the
external geometry we use the Minkowski signature (— 4+ 4+ + +). A dot X on a variable
X indicates a curved time derivative. For the canonical momenta we employ the notation
that II(X), with appropriate indices, denotes the canonical momenta conjugate to any field
X. The notation used in this work generally agrees with the notation of reference [14].

The scalar fields Myn are Ege)/USp(8) coset representatives and only have 42 in-
dependent components. We call the relations that connect the 378 components of the
symmetric matrix My;n = M) the coset constraints. In the canonical formalism they
appear as canonical constraints if they are added explicitly to the Lagrangian. Alterna-
tively they can be considered implicitly, in which case one can treat My;y as a generic
symmetric matrix of fields, which greatly simplifies the canonical analysis. In the implicit
case one cannot apply the coset constraints before all Poisson brackets are fully evaluated.
The explicit and the implicit treatment of coset constraints has been discussed in [14] and
both formalisms have been described in detail for the case of SL(n) in appendix D of [14].
In the following we will be working in the implicit formalism in order to simplify the anal-
ysis. For an alternative and more explicit vielbein formalism approach to the canonical
formulation of coset space sigma models see reference [48]

The section condition (2.10) cannot be considered as a canonical constraint because it
is a condition on the internal coordinate derivatives and not on the canonical variables. If
we wanted to add the section condition explicitly to the Lagrangian we would have to add
infinitely many constraints because (2.10) applies to all fields and gauge parameters.

The generalised Lie derivative IL, is always understood to include a weight term with
the generalised diffeomorphism weight determined according to table 4.

4.2 ADM decomposition of the Lagrangian

We can now compute the ADM decomposition of all terms in the Eg) ExFT La-
grangian (2.35). We will be able to make use of the results of this section in the com-
putation of the canonical momenta and in carrying out the Legendre transformation of the
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Lagrangian. Explicitly seeing the ADM decomposition of the Lagrangian also gives us some
intuition as to what the various terms are doing. Because we are working on expressions
that are part of the Lagrangian in this section, we sometimes drop true total derivative
terms (that include the Lagrange multipliers), in analogy to the procedure in [14], as they
are not relevant to the results of this work. Useful relations regarding the ADM decom-
position, in the same notation as here, can be found in [14]. General information on the
ADM decomposition can be found in [49-54]

ADM decomposition of the improved Einstein-Hilbert term. The improved
Einstein-Hilbert term is given by (4.1).

Lpy =ER=FER+EF.) E*0yE,’ E* Eg” (4.1)

We start by looking at the covariantised Einstein-Hilbert term E R. The Ricci scalar is
defined with the covariantised coefficients of anholomonomy as defined in (4.2), where D,,
is the covariant derivative (2.23). It is this dependence on the one-forms Aﬁ/l , through
the covariant derivative, in the coefficients of anholomonomy that leads to the vielbein
transforming under generalised diffeomorphisms.

QagA/ =2 E[a‘uEﬁ]y D,uEuv- (42)
We choose to fix part of the Lorentz symmetry and parametrise the external vielbein in
the ADM split as (4.3), where N is the lapse function, N® the shift vector and e,;,* the
spatial vielbein. We flatten or unflatten spatial indices with the spatial vielbein.

B, = (N N a> (4.3)

0 en®

In the ADM decomposition the components of the coefficients of anholonomy take the
standard form (4.4), (4.5) and (4.6), but with all the derivatives covariantised.

Qabe = 2 ¢, ep)" Dmene (4.4)
Qapo =0 (4.5)
Qoo = —e" N1 D, N (4.6)

As in general relativity there is only a single component of the coefficients of anholon-
omy (4.7) that contains a time derivative.

1
Q()bc = N <ebn (DO - NmDm) €nec — ebm Enc DmNn> (47)

We can invert the relation (4.7) to express the time derivative of the spatial vielbein as in
equation (4.8).

doere = Newd Qope + (La, + N™Dyy) €e + €ne DR N (4.8)

Using the ADM decomposition of the coefficients of anholonomy we can write the ADM
decomposition of the Einstein-Hilbert term as the standard formula (4.9), where Ry is the
Ricci scalar in d-dimensions [52, 53].

E Rs = e N (Q0(at)Q0(ab) — Q0aa20bb + Ra) (4.9)
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The ADM decomposition of the Einstein-Hilbert improvement term is given in (4.10).
+EFM B 0y B, B Bg¥ =+ % FM oy N™
— - T N Oy N
+eNFM e dpreb e ey (4.10)

The first term in (4.10) will contribute to the canonical momenta of the one-forms. Note
in particular the sign of the second term, this point is further discussed in section 4.5.4.
The last line is the spatial improvement term and will join the spatial Ricci scalar Ry of
equation (4.9).

ADM decomposition of the Yang-Mills term. The ADM decomposition of the gen-
eralised Yang-Mills term takes the form (4.11). There is one term that is quadratic and one
that is linear in the time components of the one-form field strength. The third term is the
spatial Yang-Mills term. The fourth term will drop out in the Legendre transformation.

E e
— 7 Mun PN FLL =4 o Myy FiY Fil g™

€
= 5 Mun Fil F,

mn
eN
= Mun F Fon g™ g™

.
2N

gSTL Nm

+ — Myn Fl FN, NTN™ g*" (4.11)
ADM decomposition of the scalar kinetic term. The ADM decomposition of the
scalar kinetic term can be written in the form of (4.12). The first term of the last line
is the spatial kinetic term. The structure of the scalar terms will become clearer in the
Legendre transformation.

1

+24

E g" DMy D, MMN (4.12)

e . . .
T ( — My Mrg MM MSN — Moy Loa, MMN

+ L, My Mps MM MY 4 1Ly, My LAtMMN)

e . .
+ N N < + Man DIMMN — Mg MM MSN DMy N

— g, My DIMMY — Dy My ]LAtMMN>

1 Kl €k arl MN
—i-ﬂ(eNg - N)DkMMNDlM

ADM decomposition of the topological term. We split the topological term (2.73)
into the individual terms, in order to make the expression more manageable and then com-
pute the ADM decompositions. We start with the kinetic term of the B-field (4.13). This
kinetic term (4.13) is the D,-covariantised version of the model Lagrangian in section 3.
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The last term in (4.13) is the only term in the ExFT Lagrangian with a time derivative on
the B-field.

15
77“ 00T MNE B i DyBory = — 15k €L dMNE 9By 3D, By

+ 15k €L gMNE §p B, v Ds Byn

+ 157’{’ Etm"sl dMNR aRB

15
- 7"“ sl gMNR 9B 1 8By (4.13)

nrM LAt leN

The ADM decomposition of the two other B-field dependent terms are given in (4.14)
and (4.15).

+ 15kePT dMNE e, OBy Al 05 AL (4.14)
= +30re™ L AMNE g ier OpBranr AKX 0, AF
— 15k gMNE 1o p Op By AKX Al
— 15k gMNB e O10R By AKX AF

+ 30ke™ St MNE 11 Op Bt AX 0, AF
There is a time derivative on the one-form in the third line of (4.14).

— 5k P AMNE A OpBuun AL [Ag, ArlE (4.15)
= —10k ML GMNE 1o OpBinns AKX [As, Ak
— 5 ML GMNE e Or Bues AR [Ag, Ak

+ 10k €L gMNE e r Op Brear AK (A, Ak

The term (4.16) is the analogue of the topological term in five-dimensional ungauged max-
imal Eg) invariant supergravity (cf. reference [14]), because this is the only part of the
topological term (2.73) that does not depend on any internal derivative and therefore sur-
vives in the trivial solution of the section condition.

+ K PTdynp A 0,AN 9,AL (4.16)
=+ e™ldynp AN 0,AM 9,AF
— 2k émSldynp AN 9,AM 9,AF

+ 25 et dynp AN 9,AM 9,AF

In the term (4.17) there is a time derivative on the one-form in the fourth line.

3
—Z“eﬂ”f’”dMNp AN A, ALY 9,47 (4.17)

- %’*JWZ dynp ( + AN [A,, ALY 0, AP — 24N [4,, A)Y 0, AP

— AN (A, AN AP + AN (A AJY O Af)
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The terms (4.18) and (4.14) are the only parts of the topological term that are purely
internal in derivatives. For this reason they cannot contribute to any of the canonical

momenta.
3
+ ?ge“VpMdMNp AN (A, AM (A, AR (4.18)
3K
—+ e dyp (4 A (A, AJY LA AL - 4AY (A0 AT (A, AL

ADM decomposition of the scalar potential term. The ADM decomposition of
the scalar potential is given in (4.19). Note that we have already written the potential
with the sign with which it will appear in the Hamiltonian. The first term in (4.19)
depends on several Lagrange multipliers and we cannot interpret this term canonically —
fortunately we find that this term cancels in the Legendre transformation. The remaining
terms of (4.19) form the scalar potential of the Hamiltonian, which will be part of the

Hamilton constraint.

B Voot = = 5 Gmn MY N0y N Oy N (4.19)

_Ne

TA]w-MNaJ\/[gmn aNgmn

N
— —MMNﬁMe dne
e

Ne
- ﬁMMNaMMKL ONMyr

Ne
+ TMMNGMMKL oL MnKk

+ N 0M8NMMN e
+ N2 MMN 9prdne
+ N2 8MMMN BNe

4.3 Canonical momenta

Having computed the ADM decomposition of all terms of the ExFT Lagrangian in sec-
tion 4.2 we can now compute the canonical momenta. In this section we also discuss some
important redefinitions of the canonical coordinates that simplify the later calculations and
the form of the canonical Hamiltonian.

The canonical momenta of the one-form fields. Because there are no time deriva-
tives on the time component of the one-forms we find that the momenta (4.20) vanish, as
is expected and they double as primary constraints.

5 (A) = 0 (4.20)
3
I4(A) = %gl" Mryn (ft’,i + N’“f;@ — Z“elmm“dMNTA% (A, A M (4.21)

+ 2k €™ dy vy AM 9, AN

+ 15k €M gMNE Gy rer Or Brnar AK

e
— 9N
+ N@;p
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The canonical momenta of the spatial components of the one-forms are given by equa-
tion (4.21). The first line of (4.21) is the covariantised version of the expression expected
in Yang-Mills theory coupled to general relativity. The next three terms originate from the
three time derivatives on the one-forms in the topological term. The §0rN ! contribution
comes from the Einstein-Hilbert improvement term.

In reference [14] it was found in five-dimensional Eg) invariant supergravity that
if we define modified canonical momenta, where all topological contributions to the mo-
menta I1;(A) are subtracted, this greatly simplifies the canonical Hamiltonian and has nice
transformation properties under the canonical constraints. In direct analogy we define the
modified momenta-like variables (4.22) by subtracting all topological contributions from
the canonical momenta. Explicitly we can thus also write the modified momenta P4(A) as
in (4.23).

PL(A) := + I (A) (4.22)
+ %elmdeNTA% [An, A )Y
— 2k ™ dy Ny AM 9, AN
— 15k €M gMNE G e OB AX

e

=+ Ngl” Mrn (ftf,f + N’ffffk) + <~ arN (4.23)

N

We find that PF}(A) are indeed the right variables to use, because they lead to the simplest
canonical Hamiltonian and hide a large number of topological contributions that would
otherwise clutter the Hamiltonian. Without this redefinition the Legendre transformation
is itself also very messy due to the large number of terms that are produced. In section 4.5
we find that the momenta PL(A) allow us to make the Legendre transformation of the
one-forms comparatively simple.

Just as in reference [14] this redefinition of the momenta leads to complications when
evaluating Poisson brackets, because the redefinition (4.22) is not a canonical transforma-
tion and the new variables do not Poisson-commute with themselves {Px(A), P1;(A)} # 0.
This fact combined with the complicated topological term (2.73) presents some of the great-
est difficulties in the canonical analysis of Eg(g) exceptional field theory. Not using the re-
defined momenta PL(A) does not circumvent these issues, as in this case the complications
are just displaced and already apparent at the level of the Hamiltonian.

By definition we find that I\ (A) = Py (A) if we set the coefficient of the topological
term to zero x = 0. This fact allows us to work in orders of the topological coefficient x to
break up the calculations in more manageable parts. For some very difficult calculations
we only present the calculation at k = 0, but often we can already see the main structure
of the full result at this level. A notable exception to this are all calculations that concern
the B-fields as their dynamics are entirely topological. We should stress the fact that the
case k = 0 is only considered as a computational tool — because it removes one of the main
difficulties — and this case does very likely not correspond to any physically meaningful
theory upon solution of the section condition.
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The canonical momenta of the two-form fields. The canonical momenta of the two-
forms are given by equations (4.24) and (4.25). Because the only time derivative on the
B-fields comes from the topological kinetic term of equation (4.13) the resulting canonical
momenta are identical to the canonical momenta of the model theory that we studied in
section 3.1.

mY(B) =0 (4.24)
' N(B) = — 15k ™ dMNE 9p By (4.25)

We can see that both (4.24) and (4.25) are primary canonical constraints, because there
are no time derivatives on the variables.

The canonical momenta of the scalar fields. There is a slight subtlety in the calcu-
lation of the canonical momenta of the scalar fields concerning the scaling of the diagonal
components of Mpysn. This issue is purely formal but we want to briefly explain the is-
sue here since it plays a role in the Legendre transformation that we will carry out in

section 4.5.
Mo
. 11 . d . 8M12 .
Kronecker delta term in the general derivative (4.26) in order to get the correct result for

Because we want both % =1 an = 1 to be true we have to subtract a

the diagonal components.

= 050 + 0 65 — (ShiRe*)6y op (4.26)

The canonical momenta of the scalar fields are then found to be given by (4.27) (there is
no sum on R, S in this expression).

_ [
12N

s (M) (2 — §lgrgnecker) {Jr Mgop MOEMPS 4 N" D, MBS 4 Lo, MRS (4.27)

Because the Kronecker delta term in (4.27) is somewhat unappealing, we can choose to
remove it by rescaling the diagonal component of the canonical momenta as in (4.28).

s 2.TIR5(M), if R=S
RS (M) = (M), 1 (4.28)
RS (M), if R#S
The rescaled canonical momenta of the scalars are then given by equation (4.29).
7S (M) = GLN {Jr Mqp MORNPS £ N™ D, MBS 4 1Ly, MPS (4.29)

During the Legendre transformation in section 4.5 we have to pay attention to this rescaling
to get the prefactor of the scalar terms right. After the Legendre transformation we will
simply write IS (M) = IS (M) as this distinction is no longer necessary.
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The canonical momenta of the external metric components. Only the Qg com-
ponents of the coefficients of anholonomy (4.7) contain a time derivative and that is on
the spatial vielbein. Therefore the Einstein-Hilbert term (4.9) leads to the vanishing of
the canonical momenta of the lapse function (4.30) and the shift vector (4.31), which
become primary constraints. Only the canonical momenta of the spatial vielbein are non-
vanishing and given by equation (4.32). While the momenta (4.32) look exactly like in
general relativity the coefficients of anholonomy are nonetheless written in terms of the
covariant derivatives.

I(N) =0 (4.30)
T1(N,) = 0 (4.31)
Hgl(e) =2e e;)n(QO(ab) — Oab QOCC) (432)

We furthermore define the contractions (4.33) and (4.34) of the vielbein momenta.

Hab(e) =+ €m(a Hmb) (6) (433)
TI(e) = + e Ty () (4.34)

4.4 Primary constraints

Having computed all canonical momenta in section 4.3 we can identify the following com-
plete set of primary constraints. The primary constraints (4.35), (4.36), (4.37) and (4.38)
are of shift type, meaning that they will only generate shifts in their conjugate canonical
variables and nothing else. We will see that the consistency requirement of each of them
generates a corresponding secondary constraint.

II(N) =0 (4.35)
I1%(N,) =0 (4.36)
Iy (AM) =0 (4.37)

We furthermore introduce the names Hp; and Hpy for the primary constraints (4.38)
and (4.39) coming from the B-fields. These two-form constraints are in direct analogy to
the primary constraints of the model theory in section 3.

(Hpr)™ = 1M (B) = 0 (4.38)
(Hpo)st = (HS”V (B) + 15  ¢mnstgM N1 aRanM) =0 (4.39)
Finally there are the primary Lorentz constraints (4.40), which behave exactly like in five-
dimensional supergravity and whose canonical properties have been discussed in that case

in detail in [14].
Lap := epaIl(e)™y =0 (4.40)

Overall we count a total of 1 +4 4 27 4+ 108 4+ 162 4+ 6 = 308 primary constraints.
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4.5 Legendre transformation

In this section we go through the Legendre transformation of the (bosonic) Lagrangian
of Eg) exceptional field theory. We begin by clarifying how we want to split up the
computation, in order to manage the large number of terms and then proceed to compute
the partial results using the ADM decompositions presented in section 4.2.

The Legendre transformation of the ExFT Lagrangian (2.35) is formally given by
equation (4.41).

Hepr = +N -I(N)+ Y No TNo)+ > éma 1T (ema) (4.41)
a=1,...,4 a=1,....4
m=1,...,4
+ oy AYINAN+ Y AT IR(AY)
N=1,...,.27 N=1,...,27
n=1,...,4
. 1 .
+ Z BtnN : HnN<BtnN> + 5 anN : HmnN(anN)
N=1,...,27 N=1,...,27
n=1,...,4 m,n=1,....4
+ Y Mgs -TI"5(Mgs) — Lexer
R,S=1,...,27
R<ZS

We explicitly write out the summation here in order to avoid overcounting. In order to
only sum over the independent field components we introduce a factor 1/2 in the B-Field
transformation term and restrict the sum on the scalar fields. We cannot sum over all
components of the scalar fields by inserting a factor because that would give the wrong
prefactor for the diagonal components. Following the calculation starting from (4.42) we
find that we can indeed write it as the unrestricted sum (4.46) if we use the rescaled scalar
momenta instead. We can treat the scalar fields as a generic symmetric matrix here because
we use the implicit formalism of the coset constraints as explained above. This treatment
is identical to the treatment of the scalar fields in [14].

Hexpr = Y 9 (M) Mps + . .. (4.42)

R<ZS

= > IR5(M)Mgs + 1175 (M) Mgs + ... (4.43)
R<S R=S

~ . 1~ .

= > IR5(M)Mgs + ST17%(M) Mgs + ... (4.44)
R<S 2 R=S
1 - : 1- .

= = > IO75(M)Mps + S11%(M) Mgs + ... (4.45)
2 R#S 2 R=S
1 - .

=3 > TR (M)Mps + . .. (4.46)

R,S

Expanding the Lagrangian we arrive at (4.47), which is written in a way that already
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suggests how we can split up the computation according to the various sectors.

Hexer =+ Y. €ma - 1" (ema) — ERs (4.47)
a=1,....4
m=1,....4
+ > AN TN (AY) - Lym — E FYGE*POME)
N=1,..,27
n=1,...,.4
1
+ 5 Z anN : HmnN(anN) - ['top.
N=1,...,27
m,n=1,....4
1 . ~
+ 5 MRS . HRS(MRS) - ['sc - Epot.
R,S=1,...,27
+N-T(N)+ Y Ny -TI%(Na)
a=1,...,4

+ > AV INAN)+ D Bun M (Buy)
N=1,..,27 N=1,...,27
n=1,...,.4
In the following sections we will look at the computation for each sector of the theory
individually. The main difficulty lies in the transformation of the terms concerning primar-
ily the one-forms, which appear in the generalised Yang-Mills term, the Einstein-Hilbert
improvement term and in the topological term.

4.5.1 Legendre transformation of the Einstein-Hilbert term

For the Legendre transformation of the pure Einstein-Hilbert term (without the improve-
ment) regarding the spatial vielbein time derivative we find that the contributions to the
Hamiltonian are given by (4.48).

1 1

I (e) émg — ERs =+ N - <46 I (e) Hyp(e) — @HQ(e) — eR4) (4.48)

4+ N™. (2 Hma(e) D[nem}a — €na DmHma(e)>
+ Af( : (Hma(e) OK €ma — :138KH(6)>

The first two lines of (4.48) are the covariantised version of what we expect in pure general
relativity [14, 52, 55]. Because of the gauging of the derivatives with the one-forms we find
the additional AX contribution and it is these terms that canonically generate generalised
diffeomorphisms on the vielbein and on its momenta.

4.5.2 Legendre transformation of the scalar kinetic term

For the Legendre transformation of the scalar kinetic term we find (4.49). The contri-
butions to the Hamilton and (external) diffeomorphism constraints are the covariantised
version of the terms that are found in the Hamiltonian of five-dimensional Eg(g) invariant
supergravity [14]. The additional Af contributions will turn out to be the correct terms
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to generate generalised diffeomorphisms on the scalar fields and their canonical momenta.
The explicit projector P%; 9, in this expression might appear strange, however it only
appears here because we need to factor out the Lagrange multiplier AX from the gener-
alised Lie derivatives L4, in the ADM decomposition (4.12). Projectors will appear in this
context in general for fields that are not scalars under Eg() — e.g. there are no projectors
in (4.48) for the external vielbein because it does not carry any Eg) index.

1

5 > Mgs T™(Mps) — Lic (4.49)
R,S=1,...,27
3 = ~ e
=+ N. (26 HMN(M) HRS(M) MMR MNS — ﬂ gkl DkMMN DZMMN>

1 -
+ N™. (2 HMN(M) DnMMN)

L ~
+AK. (2 TN (M) O My — 6 PR O (HLN(M) MRN))

4.5.3 Legendre transformation of the two-form kinetic term

We want to treat the Legendre transformations regarding the one-forms and the two-forms
separately and therefore we need to single out the covariantised B-field kinetic term Lpx,
as defined in (4.50), from the topological term. The remaining part of the topological
term Liop. — LK is considered in the transformation of the remaining one-form terms in
section 4.5.4. 15
K

Lpx = —TEMVpUTdM NB OrBuur DyBory (4.50)
With the ADM split (4.13) we find that the Legendre transformation of Lpk is given
by (4.51).

1 .
3 By - T™N (Byan) — LBK (4.51)

15
_ T’i sl qJMNR 9. B L, By — 30k SLGMNR B D Op By

Because Lpxk is the covariantised version of the Lagrangian of the model theory of section 3
we find the covariantised version of the Hgi constraint from section 3 plus an extra A;
dependent term. In section 3 we could rewrite the By,ps term in terms of the naive two-
form field strength as (3.14). In (4.51) we can commute the covariant derivative with the
internal derivative because of the contraction into the d-symbol dMNRYE BN by both the
derivative and the B-field (cf. identity (2.36) of [11]). However in (4.51) we are missing the
remaining one-form dependent terms that appear in the covariantised field strength Hymnr
— we will see that these terms appear in the Legendre transformation of the one-forms.
Taking a closer look at the A; dependent term in (4.51) we can see that we can make use
of the definition of the primary constraint (4.39) to write this term as (4.52). The first term
in (4.52) already appears to be the correct term to generate generalised diffeomorphisms on
the B-fields, however we are not allowed to set Hp2 = 0 and go to the primary constraint
surface at this point. We will come back to this point when discussing the canonical gauge
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transformations. Because we need to factor out the Lagrange multipliers we arrive at the
constraint contribution (4.53) and similarly to (4.49) the projector Py, is explicitly
visible in the constraint due to the integration by parts.

- 1571% eanl dMNR OrRBnrm LAt Ban
1
=+ 5 (HSZN(B) — (HPQ)SlN) LAtleN (4.52)

1
= Ai‘/j . ( + 5 HlnN(B) aMBlnN — 3PRKSM 65 (HZRK(B) BlnR)
1
—5 (Hp2)™ Or By + 3P 11 05 ((”Hm)l"K BlnR)
1 mnN 1 mnN
_ g O (anNH (B)) + § O <anN(HP2) ) > (4.53)

Alternatively we can factor out the Lagrange multiplier A} without using the primary
constraint to arrive at the simpler form of the contribution (4.54). In the calculation
of (4.54) one has to make use of the section condition (2.10). This is notable insofar as
it is the only instance where this becomes necessary in the calculation of the canonical
Hamiltonian. The use of the section condition can however be avoided by the use of the
form (4.53).

15
— 7/@ eVt AMNE 9 By La, Ban

= Ai\/l . ( — 75K enrsl dQNR dLST dNMT 8RBm»Q asBSlL> (4.54)

While (4.54) is of simpler form than (4.53) it makes it harder to see that it may lead to
generalised diffeomorphisms. In the following we will need to make use of both forms of
this term depending on the situation.

4.5.4 Legendre transformation of the Yang-Mills, Einstein-Hilbert improve-
ment and topological terms

In this section we finally calculate the Legendre transformation of the terms that contribute
to the dynamics of the one-forms (4.55) — namely the generalised Yang-Mills term, the
Einstein-Hilbert improvement term and the remaining part (Ltop. — L) of the topologi-
cal term.

AN T3 (AY) = Lym — E FA4E*OMES — (Lyop. — LBK) (4.55)

The one-form sector is by far the most complicated part of the Legendre transformation
of ExFT. To simplify the calculation we transiently introduce the expression T™ as de-
fined by (4.56) but we only make use of it in this calculation. The use of T, but more
importantly the use of the modified momenta 'PZT(A) is what allows us to carry out this
calculation in a relatively simple form.

M .= FM - AM (4.56)
= —0,AM — (A, AN +10dMNE O Broge (4.57)
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We begin with the computation of the terms that involve a time derivative, i.e. either
terms with a A,]y or ]-"t]l\/[ . In the following equations the dots ‘... " always indicate the same
collection of terms that do not have a time derivative in the ADM decomposition — we
will write these terms explicitly once we have dealt with the time derivatives. We start
from the Legendre transformation (4.58) and then write out the time derivative terms. We
can then insert (4.56) and arrive at (4.59) after some rearrangements of the terms.

AN T (AN — Lym — B FEP0y ES — (Lrop, — LBK) (4.58)

— AN 117, (AN - % My FM FN g + % My FM EN gsn ym
- % FM 9y N™ + 15k st gMNR gy 9 By AK Al
F 20y AY 04N 0,47 - SE dyp AN [An AJY AP+
= AN .11, (AN (4.59)
- % Myn FiLAY ¢ + % My (AY + 10 (AT = 1)) g™
+ % Myn (AY + 1) Fh, g N™
e

N

3 .
2k el dynp AN 9,AM 9,AF — Z"‘etml dunp AN (A, AJM AP 4

(A% + T%) O N"™ + 15k ghnrst gMN R ANk OrRBnrM Af A%

Comparing (4.59) to the explicit form of the canonical momenta (4.21) we can identify all
terms that are needed to cancel the A,J:T - TI% (AN term of the Legendre transformation.
There is then only one quadratic term with time derivatives left over and we arrive at (4.60).

AV TR (AN) = Lym — E FALE*°OMES — (L1op. — LK) (4.60)

e . .
:+ﬁMMN (A£4+Ty) (AéV_TTJY)gsn
+%MMNT§”E%LQS”N’”—%T%E?MN"*--

To replace the remaining time derivatives of the one-forms in (4.60) we need to write the
modified canonical momenta PL(A) as in (4.61) using (4.56). We can now invert (4.61) to
arrive at the expression (4.62) for AY.

Pr(A) = %gl" My (A;V + 1)+ N’“J—'ﬁ,@) + %(%Nl (4.61)
: N
= AY = g MY (Ph(A) — £OrN') = TN - NUFY (4.62)

Inserting the time derivative (4.62) into (4.60) we arrive at the expression (4.63) which
does not contain any time derivatives.

AN Y (AY) = Lym — E FYSE*POMES — (Lop, — LK)

N
=+ 5 g MFPPLA)PR(A) + 5 gim MIFOLN' 94N

— gim MFEPL(A) O N™ = PR(A) TY + = N" Fol 0y N"™
+N"f%PMA)Jr%gm”MMNN’“NZF%CFﬁJr... (4.63)
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We can now take a closer look at the terms we have found. The origin of the term
+5% Jim M KLY, Nt O N™ is the interplay of the improvement term of the Einstein-Hilbert
term and the generalised Yang-Mills term. The improvement term leads to the FONyN"
contribution in P} (A) and the Yang-Mills term creates the A% from which the term in
question originates via (4.62). This is the only term that cancels against a scalar potential
contribution. Note that the sign of the improvement term of the Einstein-Hilbert term is
irrelevant for this cancellation.

The term —g,, M KLPIL(A) O N™ exists due to the same interplay of terms and we
discuss it in more detail in section 5.3 when discussing the external diffeomorphism trans-
formations.

Taking a closer look at the —P%(A) TY term and opening up the T2 leads us to the
relation (4.64).

— PR(A) TN = 0, AM PL(A) + PY(A) [Ar, Anlsy — 10dMEL 9 Byr, PR (A)  (4.64)

Furthermore we find that we can rewrite the first two terms of (4.64) as (4.65). We can
think of equation (4.65) as the covariantised version of the Gauf3 constraint from [14], which
generates U(l)27 gauge transformations, plus an extra momentum term.

Ou A PR (A) + Py (A) [Ar, Anly
=AM (=D Py(A) = 5 dyrrs AT 9, PR(A)) (4.65)

This extra momentum term AM (—5 dEER dyrpe AS OLP}"”((A)) is a direct consequence of

the E-bracket in the covariantised field strength of the one-forms F . However without
the E-bracket term in F we would also not be able to write down the covariantised
—D,Pi;(A) term. When we compute the canonical gauge transformations we will see that
this additional momentum term can be thought of as being related to the tensor gauge
symmetry of the B-field.

We can now write out the ‘... in (4.63), which is a rather large number of terms. We
find that there are some cancellations with the explicit terms of (4.63) and we arrive at
equation (4.66).

AY TR (AY) = Lywm — B FALE**0MEjy — (Lop. — LBK)

N e
=+ 55 9m MEEPLA) PR(A) + 55 i MEFOLN' O N™ (4.66)
= Gim M*PPL(A) 0 N™ — 10 M5 0 By, PR (A) + N™ Ff Pig(A)

— AMD,Pr(A) — 5 AM dKLR g oo AS 9 Pr(A)
N
— efo‘,fIn e el e, ™ ey + ET Myn f% ‘Fr];:,[n g"g™"
_ 30K€tnrsl dMNR dNKL aRBtnM A’,I‘( asAlL
-+ 15:%6””31 dMNR AdNKL O1ORBnris Aﬁ( AtL
— 30k AMNE 41 OrBrrmt AF 0, AF
+ 10k €St MNE e OpBinar Aﬁ( [As, Al]é

+ 5K €tnrsl dMNR ANk OrRBnrm AtK [A& Al]é
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— 10k €™ AMNE dnger Or Brrnr AK (A, Ak

— 3k el dynp AN 0,AM 9,AF

+ %’“gtml dynp AN (A, AN 0, AF

3K
- ?etml dynp AN (4, A )Y 05 AP

L
4
3j

20
3K

5

et dynp AN (A, A)Y 8 AP
e dyvp AN [An,Ar]% [As,Az]IED

+ Z2emst qyvp AN [AtaAr]%[ [As,Az]Z

In order to rewrite (4.66) in a more useful form we can factor out the Lagrange multipliers
in the non-topological terms and organise the terms accordingly to arrive at (4.67).

AN Y (AY) = Lym — E FYGE*POMES — (Ltop. — LK)

=+ % Gim MKLaLNl OxgN™ (4'67)

N e
N (4 2 g MEEPLAYPRA) + § Muw FY i, g™ g

—e F%n e Apre, eg™ eb”>
+ N < + FM Ph(A) + 0k (gmn MKLP’L"(A)) >

+AM. ( — D, Py (A) — 5d5 R dyrpg AS BLP}%(A))

+ 15ke™ St GMNE g rer 910 Bprar AKX AF

— 30kem St @MNR e r Or Brens AK 0,AF

+ 5k ML GMNE gy r OpBryas AK [As, Ak
— 10k €St GMNE g et Op Bpes AK (A, A&

— 3k el dynp AN 0,AM 9,AF
v %’%tml dvnp AN [An, AJM 9, AF

3K
- 76“”81 dynp AN [Ar, AN 6, AP

3
+ Zﬁet”ml dyunp AN (A, AN o AP

3K

20
3K

5
+10dMEL B, 0 PR (A)

+ 30ke™ L AMNE Gy Binng Or(AX 0, AF)

— 10k €™ AMNE G ger Bronr Or(AK [Ag, Aj)R)

st dynp AN [AnaAr]J\E/[ [A&Al]g

+ st dy yp AN [At,Ar]]}f [As,Az]§
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In (4.67) we find the expected quadratic one-form field strength 2 and momenta terms
P? of the Hamilton constraint. We can furthermore see the spatial Einstein-Hilbert im-
provement term. We also find the expected one-form diffeomorphism constraint term FP
plus the additional term +0k (gmn MK LPF(A)) that was already mentioned earlier.

Combining the last three terms of (4.67) with the By, s term from section 4.5.3 we can
construct the expression (4.68). Here we define Hg; in analogy to the secondary constraint
from section 3 that carries the same name. We will find that it is indeed a secondary
canonical constraint and it generates part of the tensor gauge transformations.

+ By - {10 dMELy,. (Pf; — K mnr ?—lman) ] =: +Byun - (Hs1)™M (4.68)

Lastly we should factor out the Lagrange multipliers of the remaining topological terms.
We only state them in this form in the final result (4.73) as this expression is not interesting
and makes the Hamiltonian much more complicated. This is in particular due to the terms

with a time index in the E-bracket [A, 4,]% .

4.6 Canonical Hamiltonian

Combining the partial results for the computation of the Legendre transformation (4.47)
from section 4.5 we finally arrive at the complete canonical bosonic Eg(g) exceptional field
theory Hamiltonian Hpxpr (4.69). In order to make the secondary constraints apparent
we have written (4.69) in the form where the Lagrange multipliers have been factored out.

1 1 ~
T =+ N- |+ —1I I — —TI(e)? -
HE<FT + [ + 1o ab(€) Tgp(e) 1% (e) e R+eVyp
3 e
+ ?GHMN(M) (M) Myrp Mys — ﬂgkl DMy Dy MMY
e 1
+ ZMMN g™ g FM N+ 50 9im MELpLopp

+ N {4_ 2 11" (e) Dipemla — €na DIl a(e)
+ %HMN(M) D, My
+ EM Pl +0ur (g MYV PR |

+ AM. {— DiPyy — 5dV 5 dyvi AR OsPE + (Heop)ar
+ I, (e) Onrema — %8]\/[1_[(6)

1
+ 5 HKL(M) OMpgr, — 6PRKSM 85 (HKL(M) MRL) ]

+ B - {+ 10 MLy (Pl — k™™ M) }

+ N -II(N) + N, - TI*(N,) + AM - Ty (Ay) + Benn - TN (Binn) (4.69)
In the Hamiltonian (4.69) R is the improved spatial Ricci scalar (4.70) (cf. equation (2.36)).
—eR=—eRy—eFM e, ey (e"pre,) (4.70)
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The scalar potential of the Hamiltonian Vigp is closely related to the scalar potential of the
Lagrangian Vo by (4.71). We add to the Lagrangian potential the contribution from the
Einstein-Hilbert improvement term, which we found in section 4.5.4, thus cancelling this

term overall.
(&
NeViap = NeVyor, + ﬁgmnMM Noy N™ Oy N™ (4.71)

The Hamiltonian scalar potential takes the explicit form of equation (4.72).

1
+eVip = — EMMN(?Mgm" ONGmn — EMMN({?MG one (4.72)
— 2£4MMN8MMKL ONMgr, + gMMNaMMKL OrLMpnk
+ 8M8NMMN e+2 MMN OyOne + 2 8MMMN dne

The Hamiltonian topological term Hqop collects all terms that originate from Lo, (2.73),
with the exception of the terms that go into the modified momenta Pj; or into the two-form
field strength Hpymn. Hiop is explicitly given by (4.73). Hiop is the ExFT analogue of the
Hamiltonian topological F? #-term in the GauB constraint of five-dimensional ungauged
maximal Eg(g) invariant supergravity, cf. reference [14]. We can also see this term in the
third line of (4.73), it is the only part of the topological term that does not depend on any
internal derivatives. The great complexity of Hqop, is a consequence of the complexity of the
topological term in the Lagrangian Lo, and is made slightly worse by the need to factor
out the Lagrange multiplier Af\/[ . Note that Hiop is by definition linear in the coefficient
of the Lagrangian topological term k. This factor is hidden for the two-form kinetic term
in (4.73) because it is written in terms of the primary constraint Hpy (cf. discussion in
section 4.5.3).

(Hiop)ar = (4.73)
+ 3TN (B) Oy By — 3PP x5 05 (15 (B) Biug) — 5 0ur (B 117 (B))

- % (Hp2)"™ v Bian + 3P K51 05 ((HP2)an anR) + % Onr (anN(Hm)m”N)

— 3k ™ dynp AN 0,AF

— 15k M @SEN dy vk 0105 Byng AKX — 30k €M dSEN v i D5 Brang 0 AK

+ 5 €M @SB dy vk [AL A B 05 Brrr — 20k € @SEN qon e AR 00 AY 05 Brrr
+ 100k eltmmr gNET qRRS g 1 drpg AP Ok AL 05 Brrr

+ om0 Ay AN [An, Al — 36 dgni AL 0, AN 03 AK

+ 15K Etlmnr dNRS dyNK ARLP AlL 35147{,(,& anAf

— S dynp AN 0,45 95 AL — Dk dyyyp AN AS 0,05 AF
+ ?Iﬁ etlmnr dPXS dynpdxyz AZN 8mAZ agATZ
+ %/ﬁ: 6tlmm" dPXS dMNp dXYZ A{V Ax 8m85ATZ
3 6
— ok @ Ay (A Al [An, Al + 25 €™ donic AP O AN [An, AT

— 65 M ANES gy v dpro AF 05 AR (A, ALS
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We can further compare the Eg) ExFT Hamiltonian (4.69) to the Hamiltonian Hsp of
five-dimensional ungauged maximal Egg) invariant supergravity [14]. As is expected we
find that upon applying the trivial solution of the section condition (Oyr = 0 VM) to the
ExFT Hamiltonian (4.69) it reduces to the five-dimensional supergravity Hamiltonian Hsp.
The ExFT Hamiltonian contains all terms that are in form identical to those of Hsp, but
with the derivatives, one-form field strength and Ricci scalar replaced by the covariantised
expressions D, ]-" and R. In addition to the terms found in Hsp there are internal
derivative terms in ExFT that vanish completely in the trivial solution of the section
condition. This includes the scalar potential Vgp, the term +N™ Oy (gmn MMN P}G) —
which is further discussed in section 5.3, as well as all of the Bys dependent and most
of the AM dependent terms. In Hsp the AM dependent terms form the Gauf constraint
which generates U(1)?” gauge transformations. In ExFT the analogue expression is much
more complicated because the one-forms act as a connection in the covariant derivative
D,, and because the Lagrangian topological term of ExFT is much larger than that of five-
dimensional supergravity. In section 5.2 we will see that the A} dependent terms form the
constraint that generates generalised exceptional diffeomorphisms. The By; dependent
terms do not have any analogue in Hsp because there is no two-form in the five-dimensional
theory. In section 5.5 we will see that these terms form the constraint that generates a
part of the tensor gauge transformations.

If we insert the definition (4.22) of the modified momenta P} into the Hamilto-
nian (4.69) we can see how much more cluttered the Hamiltonian is when expressed in
terms of the canonical momenta II%;(A). Therefore Py} seem to be the best variables
to use.

4.7 Fundamental Poisson brackets

Before we can construct the complete set of canonical constraints we first need to define the
fundamental Poisson brackets. In this section we use the notation X; = (x1,Y7) to denote
the tupel of spatial external and internal coordinates and define X1 — Xy = (1 —x2, Y1 —Y2).
The non-vanishing fundamental equal-time Poisson brackets are listed below.

{N(X1), II(N)(X2)} = 620 (X1 — Xo) (4.74)
{N™(X1), Ty (N?) (X2)} = 073,620 (X1 — Xa) (4.75)
{en”(X1), 1Ty (e) (X2)} = o070 U+20 (X, — Xy) (4.76)
{AM(X1), Ty (Af)(X2)} = o3 002D (X, — Xy) (4.77)
{AM (X0), 1% (Af) (X2)} = {AM (X1), PR (X2)} (4.78)

= 63 om U (X) — Xa) (4.79)

{Bur(X1), 11" (Bigq) (X2)} = 6767 6427 (X1 — Xo) (4.80)
{Bur(X1), 1™ (Bpyq) (Xa)} = (9707 — 0" 03) 05, 027 (X1 — X3) (4.81)
{Murn (X1), TIP(M) (Xo)} = (37 0% + 0% 6% ) 620 (X, — X)) (4.82)

The modified momenta Py (A) do not affect the Poisson bracket (4.78) with the one-forms.
We need to be careful with the modified momenta however because the definition (4.22) is
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not a canonical transformation and the momenta do not Poisson-commute among them-
selves {PL(A), Pk (A)} # 0. Because of the B-field dependent term in (4.22) we furthermore
have to pay attention to the fact that {P%(A), I (B)} # 0.

As explained earlier we use the implicit formalism for the Egg)/USp(8) coset con-
straints (cf. reference [14]). Because of the implicit formalism the relation (4.82) is the
fundamental Poisson bracket of a generic scalar matrix and there is no coset projector term.

4.8 Canonical constraints

In this section we derive the secondary canonical constraints that arise as the consistency
conditions of the primary constraints listed in section 4.4.

4.8.1 Total Hamiltonian

To verify the consistency of the primary constrains we need to make use of the total
Hamiltonian [13]. The total Hamiltonian is given by (4.83) and consists of the canonical
Hamiltonian plus a generic phase space linear combination of the primary constraints.

HExFT-Total ‘= HExpT 4 uo - TIN) + (u1)q - TT%(N,) 4 (u2)® - Lap (4.83)
+ (ug)™ - T, (A) + (ua)in - (Hp1)'™ + (us)sn - (Hp2)™™

With the fundamental Poisson brackets from section 4.7 we can verify that all primary con-
straints Poisson-commute — that is with the exception of the Lorentz constraints among
themselves, which form the Lorentz subalgebra — this fact simplifies the consistency pro-
cedure. In particular this means that the primary constraints associated to the two-forms
Poisson-commute, which is a result that we already know from the analogous model theory
in section 3.2.

{(Hp1)*™, (Hp1)*} =0 (4.84)
{(Hp)™™, (Hp2)™™M} =0 (4.85)
{(Hp2)™", (Hpa)™™M} =0 (4.86)

4.8.2 Secondary constraints

For the formalism to be consistent the primary constraints have to be conserved in time
under the time evolution generated by the total Hamiltonian [13]. The consistency of
the shift-type primary constraints II(N), II"(N,,), M (AM) and (Hp1)M(B) = T*M(B)
immediately leads to the Hamilton constraint (4.87), the (external) diffeomorphism con-
straint (4.88), the (internal) generalised diffeomorphism constraint (4.89) and the secondary
B-field constraint (4.90) respectively.

1 1 .
=+ —II I — —TI(e)? — 4.
HHa + 1 ab(€) Hgp(e) 1% (e)*—e R+eVup (4.87)

3 e

+ 2feHMN (M) TIRS (M) Myp Mys — ﬂgkl Dy My Dy MMN
e 1

+ My ¢ g Tl Fon + 5o 0m M P PR
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(Hpit)n = + 2 ™4(€) Dipemia — €na DmIl™a(e) (4.88)
+ %HMN(M) DMy N
+ Fo{Phr + Onr (gmn MMV PR

(Hep)M = - DPYy — 5dVE5 dyne ABOSPI + (Hiop) s (4.89)
+ "™, (e) Orrema — %8}\/[1_[(6)
+ % XL (M) 0y Mg, — 6 PR 511 0 (HKL(M) MRL)

(Hs1)'™ = + 10 aME Ly (P}: — g elmnr HmmL> (4.90)

The Lorentz constraints do not lead to any secondary constraints.

The secondary constraints Hg; (4.90) are the ExFT version of the constraints (3.14) in
the topological model theory, which themselves follow from the consistency condition (3.21).
We should furthermore note the similarity of (4.90) to the Lagrangian duality equations
of motion of the two-forms (2.50).

The only primary constraints whose consistency we have not yet considered are the two-
form constraints Hpa (4.39) which are not of shift type. In the model theory of section 3
we have seen that the consistency of the analogous Hpo constraints leads to secondary
constraints Hga (3.25), because of the non-vanishing bracket {Hpo, Hg1} # 0. Because
the constraint Hpo Poisson-commutes with all other primary constraints its time evolution
with respect to the total and the canonical Hamiltonian are identical and therefore the
consistency conditions are too (4.91).

0 = {(Hp2)™™M  Higxpr-rotal} = {(Hp2)™™M, Hierr ) (4.91)

In contrast to the simple model of section 3 the consistency condition (4.91) is more com-
plicated in ExF'T because every secondary constraint in the Hamiltonian Hgxrr depends
on the two-forms and these secondary constraints do not commute with Hps. At this point
we are not allowed to apply primary constraints and thus there are actually no IT¥/(B)
terms in the canonical Hamiltonian — as is expected of a field that appears with a single
time derivative in the Lagrangian. Fortunately this means that we only need to care about
the II™"M (B) term of the constraint Hps for the calculation of (4.91). This means we can

express (4.91) in terms of the transformation (4.92).

{(Hp2)™™M Hpgpr} = {T""M (B), Higpr} = 0 (4.92)

The consistency condition (4.92) is in direct analogy to the model theory where it leads to
the secondary constraints (3.25). Due to of the Stiickelberg coupling of the two-forms to
the field strength of the one-forms we get contributions to (4.92) from every secondary con-
straint in ExF'T. Because of the independence of the Lagrange multipliers of the secondary
constraints in the Hamiltonian we can split up (4.92) into the independent consistency
conditions (4.93), (4.94), (4.95) and (4.96). Each of these consistency conditions is re-
ally just a different transformation of II"™™M (B) with the parameter given by the relevant
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Lagrange multiplier.

These constraints should exist due to the direct analogy with the Hgo constraints in the
model from section 3. Furthermore we should expect the same structure of second class
constraints as described in section 3.3. In particular the second class system of constraints
will again require the introduction of a Dirac bracket which then leads to the difficulties that
we already addressed in section 3.4. We will come back to the two-form constraints in sec-
tion 5.5 where we calculate the canonical transformations equivalent to (4.93), (4.94), (4.95)
and (4.96).

We do not find any other secondary constraints and the consistency of the secondary
constraints that we have found so far does not yield any further canonical constraints.

5 Canonical (gauge) transformations in Egg) ExFT

In this section we investigate the gauge transformations that the canonical constraints gen-
erate via the Poisson brackets on the canonical coordinates. Schematically we can think
of the canonical (gauge) transformations generated by a (first class) constraint H[\| on
a canonical coordinate X as dy»X = {X,H[A]}. We do not know which canonical con-
straints are first class functions without knowing the full constraint algebra. In the following
we will intuitively use the term “gauge transformation” for the canonical transformations
that we can identify with gauge transformation of the Lagrangian formulation.

In section 5.1 we briefly discuss how it can be computationally advantageous to consider
the (gauge) transformations in the “non-topological” limit £ = 0. Thereafter we analyse
the canonical (gauge) transformations on a constraint by constraint basis. Throughout the
following sections we make use of the smeared (or integrated) constraints in order to avoid
writing derivatives of Dirac delta distributions.

5.1 Gauge transformations at Kk = 0

One of the main challenges in the canonical analysis of the Eg(g) exceptional field theory is
the complicated topological term Hop which inherits its complexity from the topological
term in the Lagrangian (2.73). As a consequence of the existence of the topological term
we have modified the canonical momenta of the one-forms, see section 4.3, in order to sim-
plify the Hamiltonian. The modified momenta however do not Poisson-commute amongst
themselves {Px(A),P1;(A)} # 0. This situation is analogous to the case of the canoni-
cal formulation of five-dimensional Egg) invariant supergravity [14], but unfortunately the
topological term in the Egg) ExFT is much more complicated. To deal with this issue
computationally we can nonetheless proceed in the same way. First we compute each ex-
pression at x = 0 and this result already contains much of the relevant information about
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the overall result because only the topological contribution is missing. We then want to
proceed to compute the terms linear in the topological coefficient k to piece together the
full result. The terms that are quadratic in s vanish because this only involves Poisson
brackets of the one-forms and two-forms but no canonical momenta.

In some computations there is no difference between the result for kK = 0 and the
full result and in many cases the only difference is that the one-form momenta II%(A)
are replaced by the modified momenta Py. Some transformations are computationally
very difficult to calculate in the case of K # 0. This is in particular the case for the
transformations of Py; itself and for some of these transformations we only give the result
at kK = 0 because the computation of the remaining terms becomes too difficult.

What is completely missing at £ = 0 is the topological dynamics of the B-field. We
thus consider the case x = 0 only as a computational tool, because it removes one of the
main difficulties of the canonical analysis and allows us to formulate partial results for some
of the more difficult calculations. The limit kK = 0 very likely does not correspond to any
physically meaningful theory upon solution of the section condition.

If we do set kK = 0 then by definition the modified one-form momenta reduce to the
canonical momenta Py = I\ (A), the topological term vanishes Hiop = 0 and so too does
the OxHpimy term in Hgy. The constraint Hg; does not completely vanish because the
remaining By term originates from the Stiickelberg coupling terms in the one-form field
strength F, /% in the Yang-Mills term. In the case x = 0 the canonical Hamiltonian becomes
the much simpler expression Hfgop (5.1).

1

— —T(e)?—¢eR N
1% (e) e R+eVyp (5.1)

_ 1
M =+ N |+ 1 Tle) Tln(©

3 e
+ %HMN(M) (M) Myr Mys — ﬂg’d DMy D MMN

M g™ g FAEN, + g M I (A) T (4)
+ N {—i— 2 11" o (e) Diemla — €na DIl a(e)

+ %HMN(M) DMy

+ FA T (A) + 0nr (s 21 1T (4) |

+AM. [ — DI (A) — 5V dygne AKOSTIZ(A)

+ I, (e) Onrema — %8]\/[1_[(6)

1
+ 5 HKL(M) O Mgt — GPRKSM Og (HKL(M) MRL) ]
+ By - {Jr 10 gMEL 8KHZL(A)}

+ N -II(N) + N, - TI%(N,) + AM -1, (A)
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5.2 Generalised exceptional diffeomorphisms

When acting with the generalised diffeomorphism constraints Hgp (4.89) on the canonical
coordinates via the Poisson bracket we find that they (mainly) generate generalised excep-
tional diffeomorphisms in the form of the generalised Lie derivative, including the correct
generalised weight terms. For the spatial vielbein, the scalar fields and their conjugate
canonical momenta the generalised Lie derivative is the full result, which agrees with the
Lagrangian formulation. This structure is already apparent in the constraints (4.89).

{ena; Hap(C]} = Leena (5.2)
{II"a(e), Hap ]} = Lell"q (e) (5.3)
{Mun, Hepl(]} = LeMun (5.4)
{TMN (M), Hep[¢]} = LN (M) (5.5)

The transformation of the differential forms is more complicated. For the one-forms the
relevant part of the constraints are the momentum terms (4.65). Equation (5.6) shows that
Hep canonically generates a generalised diffeomorphism, as represented by the generalised
Lie derivative acting on the one-forms, but there are additional terms being generated.

{AY HeplC)} = LeAY + 0, — 5V R o (drak ¢ AK) (5.6)
= DN + 5d" 0 (dpari (M AL)

= D”QN + 67'151[*% d.vk (M AK) (A”N)

The second term in (5.6) is an abelian U(1)?7 gauge transformation which is the only
part of the transformation that survives in the trivial solution of the section condition (cf.
reference [14]). The last term in (5.6) originates from the extra momentum term in (4.65)
which was found during the Legendre transformation. We can use the symmetrisation of
the ExFT Dorfman bracket (see equation (2.19) of [11]) to arrive at (5.9).

LAY = —La, N +10dV R dgyrge O (CM AK) (5.9)

Using the identity (5.9) and the definition of the covariant derivative we can rewrite (5.6)

s (5.7). The extra term of (5.6) does not cancel the term in (5.9) but instead the sign
is switched. We will see that this extra term should be thought of as a tensor gauge
transformation of the one-forms (5.8) coming from the Hg; constraints. Comparing (5.8)
to the Lagrangian transformation (2.24) we find that the expressions agree up to the tensor
gauge transformation.

The transformation of the original canonical one-form momenta II%;(A) at k = 0 is
given by equation (5.10). We find the generalised Lie derivative term, but there is an extra
term, which again originates from the additional term in (4.65). Comparing the second
term in (5.10) to the constraints at k = 0, see equation (5.1), we can identify it as the
k = 0 version of the secondary constraint Hg; and we arrive at (5.11).

I (4), M} = LTy (4) = 57 Pdyagp M OGIT(A)  (5.10)
= LT (4) — 5 dyrp ¢ (HETO)" (5.11)
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The full calculation of the transformation of Py is computationally exceedingly compli-
cated because of the Py terms in (4.89) and because of the complexity of the topological
term. The full transformation should certainly contain the expression (5.12) where some
of the topological contributions arrange into Py (A) and into the full Hg; constraint, in-
cluding the two-form field strength covariantisation terms. One may hope that the full
transformation is indeed just given by equation (5.12) and that the remaining contribu-
tions cancel, however it is possible that this is too optimistic and that there are further
more complicated transformations that need to be added to this transformation. Due to
the complexity of the calculation the precise form of the transformation (5.12) remains to
be determined.

{PR(A), HaplC]} = LePR(A) - %dNMP ¢M(Hs)™ + ... (5.12)

It may be interesting to observe the analogy between the role of the U(1)2” one-form gauge
transformations in the case of (external) diffeomorphisms in canonical ungauged maximal
five-dimensional Eg ) invariant supergravity and the two-form gauge transformations, that
we have seen above in the canonical (internal) generalised exceptional diffeomorphisms of
ExFT. We can see this analogy by comparing the canonical transformations generated
by the diffeomorphism constraint of five-dimensional supergravity on the one-forms and
their momenta in [14] to the action of the generalised diffeomorphism constraint on the
one-forms (5.8) and their momenta (5.11). What we find is that where a U(1)?" gauge
transformation and the Gauf3 constraint (i.e. the constraint that generates the U(1)2” trans-
formation) appear for standard diffeomorphisms a tensor gauge transformation and the Hg;
constraints appear respectively for the generalised diffeomorphisms of ExFT.

The Lagrangian kinetic term of the two-forms (4.50) only has a single time derivative
which causes this term to cancel in the Legendre transformation of section 4.5.3. Therefore
the Hamiltonian cannot depend on the canonical momenta IT**(B). The model Hamil-
tonian from section 3 also illustrates this. In fact this absence of the canonical momenta
in the Hamiltonian is a general feature of fields that are first order in the time derivative
in the Lagrangian. As a direct consequence the two-forms do not transform under any of
the secondary constraints which are all part of the Hamiltonian. The two-forms do how-
ever transform under the primary constraints Hpo (4.39). The constraints Hps contain
the two-form momenta by definition and relate the canonical momenta directly to the in-
ternal derivative of the two-forms themselves. From equation (4.52) we can see that we
can use the primary constraints Hpy to insert the canonical momenta IT*M (B) into the
B-field kinetic term that is part of Hgp. We then find that (4.52) does indeed generate
the generalised Lie derivative (5.13) if we apply the primary constraint Hpy = 0.

{Bmkz, Hap[C]} = LeBpkz  if (Hp2) = 0 is used, else 0 (5.13)

The problem with (5.13) is that we are not allowed to make use of canonical constraints
inside the Poisson bracket [13]. Furthermore we know from section 3 that the two-form
constraints are second class constraints and thus we should construct a Dirac bracket,
which would then also allow us to apply the canonical constraints before evaluating the
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bracket. Nonetheless it seems likely that the result (5.13) would carry over to the Dirac
bracket, possibly with further gauge transformation terms being generated.

The transformation of the two-form momenta II"™*4(B) is relatively complicated and
not easy to interpret. Because there are many two-form terms in the topological term of
‘Hep its Poisson bracket with the two-form momenta (5.14) has many topological contribu-
tions that do not have any obvious simplification. We know however from (4.95) that (5.14)
with the parameter replaced by (™ = AM should itself be a canonical constraint. This
constraint is also analogous to the Hgo constraint from section 3, but without the proper
Dirac bracket this constraint is difficult to interpret.

{12 (B), Hap[¢]} = —300 i ¢mhnr gRNQ gZST g 0 5 (gM aRBWQ) (5.14)
15k (tMkls gZNR ANt O0R (CM Af)
+ 30k ™I ZNR dyep o (0T AR AF)
— 105 €™ ZNE 4y 0 (¢ AK 9, AT )
— 150k ™K PENR e dMT5 dprg 0 (9s¢P AN A7)
+ 50k ™I GENE o1 4P dygyx 0 (¢ AR i AY)

+ 5k €™ @ZNE i Or (CM [A;, Arh{i)

We do however find that the terms of equation (4.52) also generate the generalised Lie
derivative of the two-form momenta L. II"™*?(B) if we were allowed to make use of the
primary constraints Hpo. Nonetheless we would see additional terms due to the topological
(non-kinetic) two-form terms in the modified one-form momenta and Hiop.

5.3 External diffeomorphisms

Acting with the canonical external diffeomorphism constraints Hp;g (4.88) on the canonical
coordinates we find that they (mainly) generate covariantised external diffeomorphisms.

When acting with Hp;g on the spatial vielbein (5.15) and the scalar fields (5.17) we
find that the resulting gauge transformations are the covariantised versions of standard
diffeomorphisms, where all derivatives are replaced by covariant derivatives. These trans-
formations are identical to the spatial part of the transformations of the Lagrangian gauge
transformations (2.46) and (2.47). The transformations of the canonical momenta of the
vielbein (5.16) and the scalars (5.18) are also given by the D-covariantised standard diffeo-
morphisms (with appropriate external diffeomorphism weight cf. reference [14]), however
there are additional OnE&™ terms.

{en®, Hpit[€]} =+ & Dien” + Dnél e (5.15)

{I1"4(e), Hpi[€]} = + & DTl (e) — D™ Iy (e) + Di€ T g (e) (5.16)
+ 26 MMV 9360 PR (A)

{Mun, Hoi[§]} = + §" DpMun (5.17)
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{TMN(M), Hpigl€]} = + "D, IIMN (M) + D,e"TIMN (M) (5.18)
— 20K E™ gonn PP (A) MEM ppN)L

These additional terms originate from the —g;,, MELPL(A) O N™ term in the Hamilto-
nian, which we identified in section 4.5.4 as coming from the interplay of the Einstein-
Hilbert improvement and the Yang-Mills terms. This term depends on the spatial compo-
nents of every field and thus leads to contributions in the transformations of all canonical
momenta. Due to the dependence on the modified momenta it also contributes to the
transformation of the one-forms. We find that the one-forms transform as (5.19).

{AN Honle] | = +€™ Fov = goun MMV 0™ (5.19)

The first term in the transformation (5.19) is the covariantised version of the standard
diffeomorphism that one finds in five-dimensional supergravity [14]. This term is also the
spatial version of the first term in the Lagrangian transformation (2.49). The second term
in (5.19) is identical to the spatial component of the 9p/&™ term found in (2.49), but
surprisingly it appears here with the opposite sign. We will come back to this fact at
the end of this section where we discuss the origin of the —g;, MEEPL(A) O N™ term
in detail.

If we restrict the coordinate dependence of the gauge parameter of the external diffeo-
morphisms to only the external coordinates £" (m“, yM ) = " (zH), equivalently OnE™ = 0,
then the transformations generated by the canonical constraints Hp;g[¢], that we have seen
so far, are given exactly by the D-covariantised version of standard diffeomorphisms. The
individual terms of the Eg) ExFT Lagrangian (2.35) are manifestly invariant under the
action of external diffeomorphisms with parameter £"(x*). The diffeomorphisms with pa-
rameter £" (m“, yM ) are not a manifest symmetry of (2.35) and instead connect different
terms in the Lagrangian, thereby leading to the unique Eg) ExFT action (up to the overall
scaling) [3, 11]. It seems that the Jj/&™ terms in (5.16), (5.18) and (5.19) serve a similar
function. Because these terms depend on many different variables the transformations mix
various fields and momenta. We may speculate that the canonical constraint algebra re-
lations concerning the external diffeomorphism constraints depend on many cancellations
of such mixing terms and that these cancellations depend on the precise coefficients of all
terms in the Hamiltonian.

Due to the one-form dependent covariant derivatives in the diffeomorphism con-
straints (4.88) the transformation of the conjugated original one-form momenta II%(A)
is more complicated than the above transformations. For the transformation of II%(A)
under the x = 0 version of the diffeomorphism constraints we find that the transformation
is given by (5.20). The first line of (5.20) is the covariantised standard Lie derivative of
I} (A). We can compare (5.20) to the analogous transformation in five-dimensional super-
gravity [14] and find that the Hgp constraint term in (5.20) is an extension of the U(1)%"
Gauf} constraint term in the transformation of [14]. The constraints Hg; consist only of
the ITy (A) term in (5.1) for the k = 0 case. This term and also the II% (A) terms in Hap
originate from the transformation of the covariantised one-form field strength F in the
diffeomorphism constraint Hp;g. The remaining terms in (5.20) are all of the dx&™ form.
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In contrast to the transformations of the fields above the On§™ terms in (5.20) exist due to
the covariant derivatives in Hp;g and in the case k = 0 the —g;,,, M KLHZL (A) Og N™ term
is irrelevant to the transformation of II%;(A).

{II% (A), i [€]} = + & DRI} (A) — D& T (A) + D" I3 (A) (5.20)
v (HED) |+ 5 e € AF (HE)

+ 8N§k Im".(e) ex® — % ONE™ Hka(e) er”

N

1
-3 ONEM TR (M) My, — O™ TIRE (M) My
+ 10 dBM dye n g O™ THEL (M) My,

+ 10 dBSM dye g 0selm T (A) AK

For the calculation of the transformation of the modified momenta P (A) we need to
remember the Poisson non-commutativity of this variable with itself which generates a
large number of additional terms. We find that the transformation of P (A) can be
expressed as (5.21). Most of the additional topological contributions coming from the two
PR (A) terms in Hpig go into the complicated topological term (4.73) that is inside Hgp
and into Hgy. To arrive at (5.21) the Schouten identity (cf. appendix C of [14]) has to be
applied many times in order to move the correct index to the gauge parameter. In order for
the purely two-form dependent terms in the transformation (5.21) to match the two-form
kinetic term of Hgp we have to make use of the rewriting (4.54) which implies that the
section condition has to be used in this calculation. This seems to be the only occurrence
of the section condition before considering the canonical constraint algebra. This is further
discussed in section 8. Furthermore there are many topological dn&™ terms in (5.21) for
which there does not seem to be a simpler form. Finally we are left with a rather large
number of topological contributions that we have written in (5.21) as Kk T'(A, B)ny £". Most
of the terms hidden inside I'(A, B) only depend on the one-forms, but some also depend
on the two-forms. There are no pure two-form terms in I'(A, B). Note that these terms
are not of the Iny&™ form and therefore there has to be another interpretation for them or
else they may arrange to cancel in some non-trivial way to yield I'(A, B) = 0.

{PR(A), Hoinlé]} = + €" DiPR (A) — D" PR (A) + Dic* PR(A) (5.21)
+&" (Hep)y + % dnir EF AR (Hs)™
+ OnEF T (e) ex® — % INE™TTF 4 (e) e
— é ONEMTIEL (M) Mycp, — O™ TINE (M) My
+10d5M dye g OgEM TIEE (M) My,
+10dBSM dg g 05l Pl (A) AK

- g 1 €M Ay o O AQ AK Dy e gy MTV
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—5 K €man dnQT 8[{14;( A?,L 6W£k ik M

+ 3k emnr dyvigr 3NA7M Af% 8W§k ik M
30

+ Z /{Elmqn dMQT dMRK dRSN 0KA7Qn A(}g awgk ik MTW

45
+ ? Helmqn dMQT dMRK dRSN 6KA§ ASL awgk ik MTW

— 15k ™ dpyyp dMEE dpgy 05 AF AS Dy gy MTV
+ 6 K €™ dyy vy O AM Oy eF gy MTV

— 30 k lman gMQR donT OrBmant OwEF gue MY

+ k(A B)yE&"

In section 5.2 we argued that because the B-field kinetic term of the Lagrangian only has
one time derivative the secondary constraints do not contain any two-form momenta and
therefore the two-forms do not transform under any of the secondary constraints. In the
case of the generalised diffeomorphism constraint we found that we could make use of the
primary constraints Hpo to rewrite the B-field kinetic term in a way that would make
the B-fields transform properly by inserting the canonical momenta IT¥(B). The same
procedure does not work for the diffeomorphism constraint Hp;g however because here the

two-forms only appear inside FM

and Py (A). In the canonical formalism it is therefore not
possible to make the topological two-forms transform under external diffeomorphisms —
even if we use the primary constraints. Furthermore this is consistent with what we found
in the model theory of the topological two-forms in section 3. In the canonical formalism
this behaviour should be expected for any field whose kinetic terms are located inside a
topological term — such as (2.73) — which by definition does not depend on the metric
G, and as a consequence thereof not on the shift vector N". The two-forms therefore do

not “see” the external diffeomorphisms and canonically they transform trivially as (5.22).

{Brin, Hoig[§]} = 0 (5.22)

By the same argument we do not find any Lie derivative terms in the transformation of the

conjugated two-form momenta I17**(B). Due to the two-form dependent F/, and P (A)

terms in Hp;g we do nonetheless get a non-vanish transformation (5.23) for the momenta
1P7*9(B). The vanishing of the transformation (5.23) with the replacement £&” = N™ is then
equivalent to the consistency condition (4.94). We will come back to this when discussing
the tensor gauge transformations in section 5.5.

{175 (B), Hpinl€]} = + 204755 0y (¢ Pi(4)) (5.23)
+ 30k ElpwdSNRdNKT Or (aLfk gkl MET Af)
— 80k P AN Ry ier g (€8 ) AX)

The origin and sign of the —g;, MKL’PlL(A) O N™ term in the Hamiltonian.
The transformation of the one-forms (5.19) is the only diffeomorphism transformation with
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a OnE™ term that we can compare to an analogous Lagrangian gauge transformation (2.49).
What we have found is that the sign of the dn&™ term is different when compared to the
Lagrangian transformation. The minus sign in (5.19) is a direct consequence of the sign
of the term —gp,, MKLPlL(A) Ox N™ in the Hamiltonian. In this paragraph we want to
explain the origin of this term in the Hamiltonian.

In the ADM decomposition of the Einstein-Hilbert improvement term (4.10) we find
the term + % FM 9y N™. This term comes from taking the y = t, v = n,a = 0, 3 =
b,p = {t,r} parts of the five-dimensional indices and using the identity dps(e;"” e,?) = 0 to
unify the p = {¢,r} contributions. When computing the canonical momenta IT;(A) (4.21)
the term +& FM 9p/N™ in the Lagrangian leads to the contribution +%drN' to I (A)
and consequently to P;(A). Because the term 4+ F4! Oy N™ is linear in time derivatives
it cancels in the Legendre transformation in the step from (4.59) to (4.60) against the
Legendre transformation term of the one-forms AY - I3, (AY). And in equation (4.60)
the only term with time derivatives in the Legendre transformation is the quadratic
Yang-Mills term which contains in particular the term +5% ¢°" Myn Aé” Af:’ . From this
+3%5 9% My AM AN term in (4.60) we get many other terms by inserting the expres-
sion (4.62) for AY. The terms where one A ~ P(A) and the other A ~ —£0pN' then
lead to the term —gj,, MELPL(A) Ox N™ in the Hamiltonian. The minus sign of this term
originates in the inversion of the momenta for A(P) (4.62).

When we then act with the term —gp,, MKLPJZL(A) O N™ on the one-forms, as we do
in (5.19), we immediately arrive at the transformation (5.24).

{AN = gim MMEPL(A) O N™} = — gy MMN 9y N™ (5.24)

In section 2.2 we have explained the origin of the analogous term in the Lagrangian gauge
transformation (2.49) as coming from a compensating Lorentz transformation (cf. refer-
ences [4, 11]) when considering the Kaluza-Klein-like rewriting of eleven-dimensional super-
gravity. In the derivation of this sign from the gauge transformations of eleven-dimensional
supergravity there does not seem to be any choice for changing this sign.

Another possible origin of this difference in sign could be a diverging convention,
however the conventions chosen in this work, in particular the signature of the Minkowski
metric, seem to agree with the conventions used in [3, 11].

When viewed purely from the canonical perspective the sign in (5.19) is not immedi-
ately problematic, however it remains to be checked if the sign might affect the closure of
the canonical constraint algebra.

Considering the above factors we do not have an explanation for the difference in sign
of the On&™ term in (5.19) when compared to the Lagrangian formulation.

5.4 Time evolution

The Hamilton constraint Hypam (4.87) acting on the canonical coordinates generates time
evolution. The time evolution of the spatial vielbein (5.25), the scalar fields (5.26) and the
one-forms (5.27) generated by the Hamilton constraint are in form identical to the analogous
transformations in five-dimensional Eg) invariant supergravity [14]. These results are
expected because the canonical momenta terms in the Hamilton constraint are of the
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same form as in the five-dimensional Eg) invariant supergravity Hamiltonian. We should
note that the time evolution of the one-forms (5.27) is most concisely written in terms of
the modified momenta P (A) which may be seen as another argument in favour of the
modified momenta.

en Hitan 6]} =+ o goun T1™a(e) — 22 T1(e) en (525)
(Mary, Hitam 6]} =+ 26 19 (2) Msq Myp (5.26)
(AN Hutan 0]} =+ £ gu MY PL(4) (5.27)

While the time evolution of the fields in Eg) ExFT agrees in form with that of five-
dimensional Eg) invariant supergravity [14] the time evolution of the canonical momenta
is significantly more complicated in ExFT. Part of the complexity is expected because the
analogous transformations are already relatively complicated in five-dimensional super-
gravity but the scalar potential and covariant derivatives lead to many additional terms.

The canonical time evolution of the vielbein momenta I1",(e) is in five-dimensional
Eg) invariant supergravity [14] given by the spatial Einstein equation in vielbein form
and contributions from all other terms of the Hamilton constraint because all fields couple
to the metric. In ExFT we find the analogous covariantised time evolution (5.28) which
contains a number of additional terms, in particular due to the scalar potential (4.72) which
does not exist in five-dimensional Eg(g) invariant supergravity. The covariant derivative V,,
contains only the Levi-Civita connection.

{I1"4(€), Hizam[®]} = + % Mye(e) Mpe(e) ea™ — Z%Hkb(e) 1"y (€) ekq (5.28)
— 2 T2(e) e + 2 TH(e) T (e)

— 2¢e (ﬁink Cha — %]fi ea")

1% (vav% B v v ea")

+ 221N (M) TIPS (M) Mg Mys ea”

+ %akMMN OMMN g e, — %&cMMN O MMN gl ek

— X My FMFN, g g el + de Mary FFN, g7 g ea
+ 2 MKE PLA) PR(A) gin ea” — MK PR(A) PL(A) el

+ %MMN g™ Ongu e + O (%MMN 5Ngk;l) 9" eq!

— 0N (%MMNaMgm") ema

— %MMN Oyednee,” — 20N (%MMN aMe) eey”

+ EOMMN gy MEE Oy My, e — <2 MMN oy MFEO, My "

— e¢8M3NMMN el — 2e aMaNngMN eqt — 20N Oy MMN ¢, m
—2e gi)ff,\fk g™ 3Me§ — Om (e qﬁ}"%c gmr es)

— e Fl el (ef ek g™ + b el g™ + ef e g™
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The canonical time evolution of the scalar momenta IT®%(M) in five-dimensional Es(6)
invariant supergravity [14] is relatively simple. It consists of contributions from the scalar
kinetic terms and is only slightly complicated by the fact that the scalar fields My;n are
used as a “generalised metric” to contract the Eg) indices in the one-form kinetic terms.
In ExFT we find the corresponding expressions, but due to the covariant derivatives in
the scalar kinetic term and in particular due to the scalar potential (4.72) the full ExFT
result (5.29) is much more complicated. There may exist a slightly simpler and more
covariant form to write the additional internal derivative terms in (5.29) coming from the
scalar kinetic term. For the scalar potential contributions to (5.29) there seems to be little
hope of significant simplification.

(T4 ), Hitanlg]} =~ 22 TR (M) (M) M (5.29)

-9 <¢ K g MKL) dgf gkl O My MM pfLN

& rm sn m
7%9 9" Fh ]:#m+?glm Phy(A) PR(A) MEM MY
_Gn(€¢ ML, MMN> MEMMEN 4, < °¢ 9" La MKL)
12 12
£ T ) S, 21K 0
+0g 129 D,M"™™ A, g D, M™" 0rA,,
- 66¢gmn D MM(Ka AL) + 5§¢ mn DnMM(K dL)TX dUXM aTA%

— R ( 1;5 D Muyn Af;’;) MEM MLN—%gm”DnMMN OR AR MEM prEN
_% mnp N[ o AMMN(KML)R 5€¢ mnp N[ dXTMd o AUMN(KML)R
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The canonical time evolution of the modified one-form momenta PX(A) in ungauged five-
dimensional Eg () invariant supergravity [14] is quite simple and consists of only two-terms.
One contribution from the abelian Maxwell-like term and one topological contribution from
the Poisson non-commutativity of the modified momenta P(A) — which are much simpler
in [14] due to the simpler topological term. Because the one-forms are used in ExFT
to gauge the generalised diffeomorphism symmetry the canonical time evolution of their
conjugate modified momenta P}%(A) is very complicated. There are many contributions
coming from the covariant non-abelian field strength terms, the covariant derivatives of
other fields and in particular there is a very large number of topological contributions
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from the Poisson non-commutativity of the modified momenta with the P? term. We do
not give an expression for the full result of the transformation of P& (A), but without the
topological contributions, at x = 0, we find that the canonical time evolution of II¥ (A)
is given by (5.30). The first line of (5.30) is the covariantised version of the analogous
result in [14], but without the topological contribution due to £ = 0. The remaining terms
in (5.30) come from the covariantised field strengths in the generalised Yang-Mills and
Einstein-Hilbert terms, as well as from the covariant derivatives in the scalar kinetic term.

{105 (A), Hitam[6]} = + O (6 Masie g™ g™ F) (5.30)
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As was discussed for the external and internal diffeomorphism constraints the two-forms
cannot transform under secondary constraints because their Lagrangian kinetic term is
topological and linear in the time derivative. Similarly we find that their time evolution
generated by the Hamilton constraint is vanishing (5.31). What this means is that the
overall canonical time evolution of the two-forms is given purely in terms of the gauge
transformations that do lead to transformations of the two-forms. In the topological model
theory in section 3 we find that there are no propagating degrees of freedom for the topo-
logical two-forms of the model. Similarly we should not expect the two-forms in ExFT to
have a canonical time evolution given in terms of their canonical momenta IT¥M (B), as
would be the case for propagating fields (cf. (5.25), (5.26) and (5.27)). Moreover it is not
possible to make use of the primary constraints to construct a (II(B))? term because the
Stiickelberg coupling term in the one-form field strength is not of the same form as the
primary constraints Hps.

{Briv, Hiam|[¢]} = 0 (5.31)

In contrast the canonical two-form momenta IT?*" (B) do transform under the secondary
constraints, including the Hamilton constraint, because of the Stiickelberg coupling in F
and due to the two-form term inside the modified one-form momenta P};. The transfor-
mation of IIP*W (B) generated by the Hamilton constraint is given by (5.32). In analogy
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to the above argument and to the model from section 3 we should not interpret (5.32)
as a normal time evolution. Furthermore replacing the parameter with the lapse function
¢ = N in (5.32) we find the explicit form of the consistency condition (4.93).

{7 (B), Hytam (8]} = — O (204" MV g e e, e (7 Oure, ")) (5.32)
+ 0 (100 e dMKE aNFW My g 6 O By,

30
_ 8[{ ( :Qﬁ Gimn MMN /PKT Ag 6tmpvq dRKW dMRS)

5.5 DB,,u tensor gauge transformations

In this section we discuss the transformations generated by the constraints Hp; (4.38),
Hpo (4.39) and Hgr (4.90) and identify some of the transformations with the tensor
gauge transformations of the two-forms. We also comment on the consistency condi-
tions (4.93), (4.94), (4.95) and (4.96) analogous to the Hgy constraints of the model theory
from section 3.

The primary constraints Hp; and Hps are in form identical to those of the model theory
in section 3 and therefore they lead to the same transformations. The shift type primary
constraints Hp; (4.38) generate shift transformations (5.33) on the time components of the
two-forms By .

{Bimn, Hp1[A} = 2 A (5.33)

The primary constraints Hpy similarly generate shifts (5.34) of the spatial B-fields By,,s.
The general shift transformations (5.33) and (5.34) include the restricted O, shift trans-
formations (2.44), as well as the more specific tensor gauge transformations =,y (2.44),
which is illustrated by equation (3.35). As was discussed in section 3 in principle there
should be a way of explicitly bringing the canonical shift transformations into the La-
grangian form but it is not clear how this can be done for the tensor gauge transformations.

The momenta I1™"% (B) transform under Hps as (5.35), which is identical to the trans-
formation (3.32).

Due to the two-form term inside the modified momenta PjJ;(A) they transform
as (5.36). This is not actually a new transformation but a transformation induced by (5.34)
in the composite modified momenta Pj;(A) which are not fundamental canonical coordi-

nates.
{anSa Hpo [P]} =2 PmnS (534)
{II™"S(B), Hpalp]} = 30k ™M a5 Oy (5.35)
{P(A), Hpalp]} = —30 k e*mn gBST qrnng AN Ogprrc (5.36)

The one-forms A% transform under the secondary constraints Hg; as (5.37). Comparing
the canonical Hg; transformation (5.37) to the Lagrangian Z,)s transformation in (2.43)
we can identify (5.37) precisely as the tensor gauge transformations of A induced by the
Stiickelberg coupling. The transformation (5.37) of A therefore exists even at x = 0
because the one-form momentum term in (5.1) comes from the Stiickelberg coupling and
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is not dependent on the topological term.
{AN N1 [E]} = —10d"MY 92,0 (5.37)

At k = 0 the canonical momenta IT%(A) do not transform (5.38) under Hs;. The modified
momenta Py do transform under Hg; in a very complicated way because a large number
of terms are generated by the Poisson non-commutativity of the Py, and due to the covari-
antisation terms in Hp,n. The explicit transformation of Py remains to be calculated.

{II% (A), HET[E]} = 0 (5.38)

The transformation of the two-forms (5.39) under the secondary constraints Hg; vanishes,
which agrees with what was found in the model in section 3. The two-form momenta
119*%(B) transform as (5.40), which can be expand as (5.41). We can see the covariantised
version of (3.33) plus an additional one-form dependent term in (5.40). From (5.41) we
can see that it is not possible to simplify this expression in a meaningful way because of
the different structures of the terms.

{Bysr, Hs1[Z]} =0 (5.39)

(IR (B), Hs1[E]} = + 300 k €95 dMEL GSNR Gy g1 oy (8KEZ M Af;?) (5.40)
+ 60 K €™ dMER D, 0By
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When replacing Z,5; = By in (5.41) we find the explicit form of the consistency con-
dition (4.96). This is in direct analogy to the constraints Hge defined by equation (3.25)
of the simpler model in section 3. In the model the constraints Hgo consisted only of the
second term in (5.41).

Now that we have calculated the explicit form of (4.96) we have found all of the
consistency conditions (4.93), (4.94), (4.95) and (4.96) that follow from (4.92). All of these
consistency conditions are non-vanishing and since they are independent we should think
of all of them as canonical constraints, in analogy with the constraints Hgo of section 3. It
is the form of the topological term (2.73) combined with the Stiickelberg coupling in (2.27)
that leads to these constraints.

What is unusual about these constraints is that they depend on the Lagrange multi-
pliers N, N", AM and By,y. This is already the case for the Hgs constraints in section 3
which depend on By,n. In the model this leads to the constraint algebra relation (3.36)
which makes Hgo and the primary constraints Hp; into second class constraints. The Hgo
constraints in the model are themselves of the same form as the term in the (3.37) algebra
relation that makes the other constraints into second class constraints, which suggests some
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relation between these unusual constraints and the need for Dirac brackets. It is possible
that a similar relation exists in ExF'T for the constraints (4.93), (4.94), (4.95) and (4.96),
which turn the primary constraints that are the canonical momenta conjugate to the La-
grange multipliers into second class constraints. To make sense of these constraints a better
understanding of the model in section 3 and in particular of the Hgs constraints is needed.

5.6 Shifts and Lorentz transformations

Finally we can briefly describe the transformations generated by the remaining primary
constraints from section 4.4 which are of the usual form and appear identically in five-
dimensional Eg) invariant supergravity [14].

The primary constraints of shift type generate shift transformations on the conjugate
canonical variables.

{NI(N) M)} =M (5.42)
{Na, I(Np) [A2]} = (M2)a (5.43)
{AY, A D]} = (W)Y (5.44)

The Lorentz constraints (4.40) generate spatial Lorentz transformations on the spatial
vielbein and their conjugate momenta. The equivalent Lorentz transformations in the
five-dimensional Egg) invariant supergravity have been discussed in detail in [14].

{ex, LIV} =+ enp Aba (5.45)
{I1"a(e), LIV} = + 11"(e) ¥ bba (5.46)

6 Canonical constraint algebra

In this section we discuss part of the algebra that the canonical constraints form under the
Poisson bracket. Some of the relations of the canonical constraint algebra are very difficult
to compute and because not all of the transformations of the modified one-form momenta
Py have been fully computed we can only give speculative results for some relations of
the algebra.

The primary constraints all Poisson-commute — with the exception of the Lorentz
constraints which form the Lorentz subalgebra (6.1). For the primary two-form constraints
Hp1 and Hps their Poisson-commutativity was already verified in section 3.

We can also look at the algebra relations between the Lorentz constraints and the
secondary constraints. In the canonical formulation of five-dimensional Eg) invariant
supergravity [14] one finds that the Lorentz constraints Poisson-commute with the Hamil-
ton constraint. We find the same result for ExFT (6.2) because the scalar potential can
be written entirely in terms of the metric and is therefore Lorentz invariant. For the
bracket of the external diffeomorphism constraints with the Lorentz constraints we find
the relation (6.3), where the Lorentz parameters are transformed by an external diffeo-
morphism. The relation (6.3) is the covariantisation of the equivalent expression in five-
dimensional Egg) invariant supergravity [14]. Irrespective of its sign the contribution from
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the —gim MELPL(A) O N™ term in Hpig to the bracket (6.3) vanishes due to antisym-
metry of the Lorentz constraints. The Poisson bracket of the Lorentz constraints with the
generalised diffeomorphism constraints is given by (6.4), where the Lorentz parameters are
transformed by a generalised diffeomorphism. The analogous relation in five-dimensional
Eg() invariant supergravity [14] vanishes, which is consistent because the trivial solution
to the section condition leads to the vanishing of the generalised derivative in the gauge
parameter. The bracket (6.5) vanishes trivially due to the form of the constraints.

{LD, L[s]} = L[=271" &) (6.1)
{Huam[¢], LY]} = 0 (6.2)
{Hpie[l, L[]} = LIN™ Dy (6.3)
{MaplAl, Ly]} = LLAr™] (6.4)
{Hs1[=], LIy]} =0 (6.5)

So far we have not needed to make use of the section condition (2.10). The section condition
is however needed many times in the computation of the algebra relation (6.6) concern-
ing the generalised diffeomorphism constraints. The computation of the relation (6.6) is
more complicated than in the Lagrangian formalism because the constraints Hgp do not
just generate generalised diffeomorphisms but also contain some information about the
tensor gauge transformations, cf. equations (5.8) and (5.11). Because of the Poisson non-
commutativity of Py; and because of the topological term in Hgp a very large number
of terms is being generated in the computation. The relation (6.6) was verified at k = 0.
There are additional terms that may rearrange into further constraints, possibly related
to the tensor gauge transformations, however this remains to be computed. The cubic d-
symbol relations (2.5) and (2.6) need to be applied repeatedly in the computation of (6.6)
to move Egg) indices between objects.

{HepclAl, Hepel(l = Hape [[A, (E] + - - (6.6)

The seeming difference in sign between (2.64) and (6.6) is due to the fact that the con-
straints act in the Poisson brackets from the right onto the fields. This can be verified ex-
plicitly by using the relation d3,.a] = { - Hapc[A]} to translate (2.63) into the canonical
formalism and using the Jacobi identity and antisymmetry of the Poisson bracket.

The algebra of the canonical constraints of Eg) ExFT has to be consistent with that
of five-dimensional Eg) invariant supergravity [14]. The ExFT algebra relations need
to reduce to those of [14] for the trivial solution of the section condition. Combining
this fact with the information about the Lagrangian gauge algebra described in [15] and
summarised in section 2 we can make some conjectures about the form of the remaining
canonical constraint algebra relations. In all of the following algebra relations it is possible
that additional canonical constraints, in particular those related to the two-forms may
appear. In general the form of the gauge algebra in the Lagrangian formalism does not
have to be identical to that of the constraint algebra in the Hamiltonian formalism because
one can always choose a different basis for the algebra.
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From the relations (2.57) and (2.58) one might conjecture the algebra relations (6.7)
and (6.8), but these relations have not been computationally verified. Regarding the consis-
tency of (6.7) and (6.8) with five-dimensional Eg(g) invariant supergravity the field-strength
term in the parameter of (6.7) seems to be problematic as it does not seem to lead to a
vanishing term in the trivial solution of the section condition — therefore it seems that
this term should not appear canonically, possibly due to the different parametrisations of
the algebra. Furthermore the sign of the second term in the transformation (5.19) appears
in two of the gauge parameters, which adds further uncertainty about these relations. In
contrast the Hp;g terms on the right hand sides seem more likely to be correct. It seems
probable that the section condition may play a role in the computation of these relations
because the generalised diffeomorphism constraints are involved.

{HpialN], Hpis[€]} = Hpisr [\ D™ — €™ Dy A"
+ Hap N2 FT 4 MMYN g (N0 E™ — €O A + ... (6.7)

{Hep[A], Howl€]} = Hoi[Lac"]
+H81[dMNK AK (fm ]'—n]\{n — MKLgmn 8L£”)] 4+ ... (6.8)

The relation {Hpam[0], Hep[€]} is particularly difficult to compute but since this relation
vanishes in five-dimensional Eg) invariant supergravity we cannot extrapolate the result
to ExFT. Finally we may conjecture (6.9) and (6.10) as relations of this form seem to
be required by comparison to the algebra of canonical five-dimensional Ege) invariant
supergravity (the appearance of the spin connection wyqy, in (6.9) has been discussed in [14]).
There may be additional constraints appearing on the right hand sides of (6.9) and (6.10).

{Hitam[0], Hitam[7]} = Hpig[(0 VinT — 7 Vin8) g™
— L[V —7Vm) g™ wnap) + - - (6.9)

9
{Hpig N, Hitam 0]} = Hitam V™ D] + Hen N gy P MM 4 (6.10)

From five-dimensional Eg) invariant supergravity we cannot get any information about
the algebra relations concerning the two-form constraints as there are no two-forms in
the theory. From the results of the model theory in section 3 we should expect that the
two-forms do indeed not contribute any propagating degrees of freedom to the theory.
Moreover we do not yet have a good understanding of the relations that follow from the
‘Hps consistency condition (4.92).

To confirm that the number of physical degrees of freedom in field space is indeed 128
the full canonical constraint algebra needs to be known as otherwise we cannot know which
canonical constraints are first class and which ones are second class.

From the canonical analysis of the five-dimensional ungauged maximal Eg) invariant
supergravity [14] we should expect that the (bosonic) Eg) ExFT, without the two-forms,
does have 128 physical degrees of freedom. To these 128 physical degrees of freedom the
external metric G, contributes 5, while 42 come from the scalar fields M,y and 81 come
from the generalised one-forms Aﬁ/[ . And indeed the canonical analysis of the topological
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two-form model in section 3 suggests that the two-forms By, s should not contribute any
propagating physical degrees of freedom. This may lead us to naively suspect that (with
the implicit treatment of the scalar coset constraints) only the canonical constraints coming
from the two-forms are second class, in which case the counting of the physical degrees of
freedom would work out to be 128, but this remains to be verified by the computation of
the full constraint algebra.

7 The generalised vielbein and USp(8)

The canonical formulation of Eg(g) exceptional field theory, written in terms of the gen-
eralised metric M}y, was constructed in section 4. The description in terms of the gen-
eralised metric is sufficient for the bosonic sector of ExFT, however it can be useful for
some applications (e.g. coupling to fermions or manifesting the USp(8) symmetry) to con-
sider the formulation in terms of the generalised USp(8) vielbein V4/Z. In this section we
discuss how the canonical formulation of Egg) ExFT can be reformulated in terms of the
generalised vielbein.

The generalised USp(8) vielbein is essential in the supersymmetric formulation of Egg)
ExFT and we use the same conventions for the USp(8) invariant form as [15, 16]. The uni-
tary symplectic Lie group USp(8) is 36 dimensional and has an 8 dimensional fundamental
representation. The indices A, B, ..., F =1,...,8 are used here to denote the fundamental
representation of USp(8).

The internal generalised metric Myn of Eg) ExFT is an Eg)/USp(8) coset repre-
sentative. There is a direct analogy of Mj;ny as a coset element to the external metric
G, of general relativity, which is a GL(d)/SO(1,d — 1) coset element. In analogy to the
vielbein (or frame field) E,* of the external metric (2.22) we can introduce a generalised
internal vielbein V4{iP = J[\?B} as in (7.1) by making use of the local USp(8) invariance.
In the definition (7.1) the USp(8) symplectic form Q4p takes the place of the Minkowski
metric in (2.22).

My = VB VGP Qac Qpp = Vil Vvas (7.1)

In (7.1) the Vyap is defined by Vyap := VﬁDQACQBD. We define the inverse symplectic

form by Qa5 Q8 = 52, which is equivalent to Q45 Q8¢ = —55. The generalised vielbein

furthermore satisfies the identity (7.2). With the condition (7.2) the index pair [AB] has
27 components, which agrees with the dimension of the fundamental Eg ) representation.

Vil Qup =0 (7.2)

The inverse generalised vielbein is defined by (7.3) and (7.4) [16].

Vil Vig = i (7.3)
VAP Vi = 3 (640 — 6408) — 394 Qo (7.4)
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The canonical momenta of the generalised vielbein that follow from the kinetic term of the
scalar fields (4.12) are given by (7.5).

e

H%B (V) = 37N

VN VEDVAE + VR VEpVERV! P VN as (75)
+LaVip  +LaVipVnapVMe?

+ N"DVAG + N"DVEL VN apVMOP

We can relate the canonical momenta (7.5) to the rescaled canonical momenta of the
generalised metric by (7.6). The inverse relation (7.7) is directly analogous to the relation

(2.9) in reference [14] about the canonical momenta of the metric and the standard vielbein
in general relativity.

(V) = 211N (M) Yy ap (7.6)
N () = ST ) YA (7.7)

In analogy to the Lorentz constraints in general relativity (4.40) there are the primary
canonical USp(8)-constraints Hygp(s) (7-8).

(HUSp(S))AD — ]\AJB QBC HMCD + VﬁB QBC HMC'A =0 (78)

In contrast to the Lorentz constraints the contraction of the canonical momenta with the
generalised vielbein in (7.8) is symmetrised. The constraints (HUSp(g))AD thus have 36
components, which is equal to the dimension of USp(8).

The fundamental Poisson bracket of the generalised vielbein can be defined by (7.9).

1 1
VP I ()} = (5365 — 0568) — S04 Qe (7.9)

In order to rewrite the ExFT Hamiltonian (4.69) in terms of the generalised vielbein V{7
we first need to verify that the Legendre transformation is invariant under this change
of canonical coordinates. An additional symplectic term coming from the identity (7.4)
vanishes due to the projection (7.2) and we find that the Legendre transformation is indeed
invariant (7.10).

1 L 1 :
3 > MRS-HRS(M):5 DR el 15 ve1e%) (7.10)
R,S=1,...,27 M=1,...,27
A .

Due to the identity (7.10) we can now insert the definitions of the generalised vielbein (7.1)
and their canonical momenta (7.7) into the canonical Hamiltonian (4.69) thus replacing the
generalised metric and its momenta. We find that the part of the Hamiltonian coming from
the scalar kinetic term (4.49) can be written in terms of the generalised vielbein as (7.11).
In (7.11) there are always two differently contracted versions of each term of (4.49), this
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is a general feature for the generalised USp(8) vielbein.

1 .
5 Z V]e[B ’ H%B(V) — Lgc (7.11)
M=1,..27
AB=1,0.8
3 3
=N { T6e eV VE? + @H%BHgDVSCDVéL‘ Vit Veer
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8 Conclusions and outlook

In this work we have constructed the canonical Hamiltonian of (bosonic) Egg) exceptional
field theory, computed most of the canonical gauge transformations and discussed some
relations of the canonical constraint algebra.

In order to carry out the Legendre transformation of the Eg(g) ExFT Lagrangian (2.35)
we had to construct the explicit non-integral (non-manifestly gauge invariant) topological
term of Egy ExFT (2.73). The topological term (2.73) was found by making an ansatz
inspired by the topological term of the five-dimensional maximal gauged supergravity [28]
and then comparing its general variation to the variation (2.70) to fix all coefficients of
the ansatz.

The resulting topological term (2.73) is very intricate and consists of many terms.
This complexity is one of the major computational challenges in the canonical formula-
tion of Eg) ExFT because many calculations involve a very large number of terms. As a
consequence some of the canonical transformations concerning the modified momenta Py},
but in particular many of the relations of the canonical constraint algebra have not been
calculated. As this is a purely computational issue it should be feasible to fully perform
these calculations with the assistance of a suitable computer algebra program that is able
to handle the multitude of mathematical structures involved in canonical ExFT simulta-
neously. Alternatively one might instead want to consider the Eg(g) ExFT [19], which has
a somewhat simpler topological term, although there are other complications that arise in
the Eg(g) theory, such as e.g. constrained compensator fields.

The dynamics of the two-forms B,y in the Egg ExFT is purely topological and
governed by (2.73). In analogy to gauged supergravity the two-forms are needed to absorb
the non-covariance in the transformation (2.26) of the one-forms. In section 3 we have
investigated the canonical formulation of the model consisting of the two-form kinetic term
in isolation and confirmed canonically that there are no propagating degrees of freedom.
We have furthermore found that due to its topological nature the two-forms do not see the
external diffeomorphisms canonically. Because the two-forms in ExFT only couple to the
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external metric through the Stiickelberg coupling terms this is also true for the full ExFT.
From the model theory we have furthermore learned that the tensor gauge transformations
appear canonically in a very different form. This can be compared to the gauge transfor-
mations of Maxwell theory which canonically also appear in a different form (cf. [14]) but
which can be brought into the usual Lagrangian form dyA,, = 0, A by means of the extended
Hamiltonian formalism, see chapter 19 of [13]. For our topological model this method does
not work because all constraints are second class and the extended Hamiltonian is identi-
cal to the total Hamiltonian. Because the canonical structure of the topological two-form
model of section 3 is similar to the canonical structure of three-dimensional Chern-Simons
theory it may be possible to find an analogy between these theories that allows us to find
a way of canonically bringing the tensor gauge transformations into the standard form.

To deal with the second class constraints of the two-form model in section 3 we wrote
down a possible definition (3.39) for the Dirac bracket in the ExFT geometry. Because
the non-constraint terms in the constraint algebra of the model theory are not constant
but instead contain both internal and external derivatives we found that we would need
to solve equations of the form (3.41) for a primitive function of the 5 + 27-dimensional
Dirac delta distribution in order to find an explicit expression for the Dirac bracket of the
two-form model. It is not clear which functions solve the equation (3.41). If one could
solve (3.41) we should be able to find the explicit form of (3.39) in the case of the model
— which may also shed some light on the structure of the tensor gauge transformations.

In section 4 we have calculated the ADM decomposition of the Eg) ExFT Lagrangian,
the canonical momenta of all fields and carried out the Legendre transformation to arrive
at the canonical Hamiltonian of Eg) ExFT (4.69). In analogy to [14] we found that
the most concise description of the canonical theory is given in terms of the modified
one-form momenta-like variables Pj;(A) (4.22) where all topological contributions have
been subtracted from the original canonical momenta II;(A). While these modified mo-
menta give the simplest Hamiltonian and have nice gauge transformation properties the
redefinition (4.22) is not a canonical transformation and the new variables do not Poisson
commute {Py;(A), Py(A)} # 0. This Poisson non-commutativity, which in turn again
stems from the complexity of the topological term (2.73), further complicates the canoni-
cal calculations.

With the exception of the purely internal terms we found that the canonical Hamilto-
nian (4.69) is given by the covariantisation of the canonical Hamiltonian of five-dimensional
ungauged maximal Ege) invariant supergravity [14]. The ExFT Hamiltonian (4.69)
(mainly) consists of the secondary Hamilton constraint Hyam, the (external) diffeomor-
phism constraints Hpig, the generalised diffeomorphism constraints Hgp and the two-form
tensor gauge constraints Hgi. In the Legendre transformation we found that the ExFT
scalar potential remains largely unchanged and only a single potential term cancels (4.71).
The scalar potential is the main addition to the Hamilton constraint when compared to
five-dimensional supergravity [14]. The generalised diffeomorphism constraint, which is
associated to the Lagrange multiplier A} is an extension of the abelian U(1)%" constraint
of the five-dimensional supergravity because the vector fields are used to gauge the gener-
alised diffeomorphism symmetry. The generalised diffeomorphism constraint furthermore
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contains the extensive Hamiltonian topological term (4.73). The secondary two-form ten-
sor gauge constraints Hg; are in form very similar to the Lagrangian on-shell duality
relation (2.50). It may be suspected that the on-shell duality of the one- and two-forms is
canonically implied by the transformations generated by the two-form constraints, though
the details of this duality are not yet fully understood canonically.

Verifying the consistency of the primary constraints of shift type (i.e. vanishing canon-
ical momenta) we confirmed that the above secondary constraints are required. The two-
form primary constraints Hpo are special because they are not of shift type, instead they
relate the spatial two-form canonical momenta directly to the spatial two-form components
— these constraints are a direct consequence of the fact that the two-forms appear with
only a single time derivative in the Lagrangian. The consistency condition (4.92) that is re-
quired by Hpo implies the existence of secondary constraints that depend on the Lagrange
multipliers. In the two-form model of section 3 these are the Hgo constraints that depend
on the Lagrange multiplier By,ps. In EXFT the consistency condition (4.92) seems to yield
several independent constraints as they depend on all of the independent Lagrange multi-
pliers N, N, AgM and By, . These constraints are of the form of the transformations of
IT¥M(B) but with the parameters given by the Lagrange multipliers. The transformations
generated by these constraints in the Poisson bracket are not very illuminating, but in anal-
ogy with the model in section 3 we should expect that these transformations are indeed
related to the tensor gauge transformations of B, . Ultimately these constraints exist
because of the linearity in the time derivative of the two-forms in the Lagrangian and be-
cause the two-forms couple to the other secondary constraints via the Stiickelberg coupling
terms and the topological term couplings. To better understand the constraints analogous
to Hgo and the transformations generated by them we first need a better understanding of
the model two-form theory of section 3, including the construction of the Dirac bracket.

In section 5 we have calculated most of the transformations generated by the canonical
constraints. In particular the full transformations of the modified momenta Py} are very
complicated due to the number of topological contributions. For some of the transforma-
tions of Py} we have thus only given the result at x = 0, thereby dropping all topological
contributions, which we considered as a purely computational tool.

We found that all fields transform under the generalised diffeomorphism constraint
as the generalised Lie derivative. For the one-forms and their momenta there are addi-
tional tensor gauge transformation terms that appear. The tensor gauge constraints Hgy
and transformations that appear canonically in the transformations generated by Hgp are
in analogy to the one-form gauge transformations that appear in the canonical transfor-
mations of the Hpig constraints in five-dimensional supergravity [14] — or analogously
in ExFT to the Hgp terms that appear in the transformations of the Hpis constraints,
because in ExFT the Hgp constraints also take the role of the one-form gauge transforma-
tions. For the two-forms and their momenta one only finds that their transformations under
Hap are given by the generalised Lie derivative when applying the Hps constraints and for
the momenta there are additional terms that are likely related to the tensor gauge trans-
formations. In general the two-forms do not transform under any secondary constraints
because the Lagrangian is linear in their time derivative.
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For the external diffeomorphism constraints we found that the external vielbein and
the scalar fields transform as the covariantised external Lie derivative, which agrees with
the covariantised external diffeomorphisms described in the Lagrangian formulation [11].
The transformation of the one-forms (5.19) agrees in form with the transformation given
n [11], however the 0p/&™ term, that is responsible for fixing the relative coefficients in
the Lagrangian, has the opposite sign in the canonical transformation. As was shown in
section 5.3 the sign in the canonical formulation follows directly from the ADM decom-
position of the Einstein-Hilbert improvement term in (2.36). In section 2 we showed that
the term in the Lagrangian formulation followed directly from a compensating Lorentz
transformation, see also [4, 11]. In both formulations there does not seem to be any choice
involved in creating this term, in particular with respect to Lorentz transformations. The
conventions in both formulations also seem to agree and therefore we do not have any
explanation for this difference in sign. The canonical momenta of the vielbein, the scalars
and the one-forms also transform as the covariantised external Lie derivative, however in
these transformations there also appear 0p/&™ terms, which we should expect to play a
similar role in determining the relative coefficients in the Lagrangian or canonically lead-
ing to precise cancellations in the constraint algebra. For the one-form momenta there
furthermore appeared additional Hgp and Hg; constraint terms.

For the canonical time evolution generated by the Hamilton constraint Hyp,m we found
that the transformation of the vielbein, scalar fields and one-forms is identical in form
to that found in five-dimensional Eg) invariant supergravity [14]. The two-forms do not
transform under this constraint because it is a secondary constraint — the time evolution of
the two-forms comes purely from the other constraints, similarly to the model in section 3.
The time evolution of the canonical momenta that we found in ExF'T is more complicated
than in five-dimensional Eg) invariant supergravity, mainly due to the scalar potential,
the covariant derivatives and to some extend also to the topological term. The expressions
we found for the time evolution reduce to those found in [14] when applying the trivial
solution of the section condition, but the expressions given here are likely not the simplest
and most covariant form of the equations of motion.

The Hgy constraints generate the transformations also found in the model theory, but
we also identified the transformation generated by them on the one-forms with the tensor
gauge transformation of the one-forms given in [11].

In section 6 we computed the canonical algebra relations of the Lorentz constraints
with the secondary constraints. The second class algebra relations of the two-form con-
straints were computed in section 3 for the two-form model. For the Poisson bracket of the
generalised diffeomorphism constraints with themselves we found that at least at Kk = 0
the correct terms appear, but we cannot rule out that further constraints appear in this
relation canonically. For the remaining algebra relations we could for now only give spec-
ulative results based on [11, 14, 15] because not all transformations of P}} are fully known
and because of the above-described computational difficulties.

Concerning the section condition (2.10) we found that we do not need to use the
section condition to arrive at the canonical Hamiltonian. In the calculation of the canonical
gauge transformations done in this work the section condition was only needed once in
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the transformation of P}; under the external diffeomorphism constraint (5.21) in order to
match the two-form terms of the Hap constraints that appear. It may be that there is some
ambiguity in the definition of the topological term and one might be able to add a term that
vanishes under the section condition without affecting the variation of the overall term, in
which case one may not need to use the section condition before computing the constraint
algebra — but such a modification of the topological term remains to be determined and
as it is the section condition has to be used in the computation of (5.21). In the canonical
constraint algebra computations that were done in this work we could only confirm that the
section condition is needed many times in the computation of the closure of the generalised
diffeomorphisms. We have not been able to find any natural interpretation of the section
condition in the canonical formalism and the section condition has to be applied ad hoc.
It is not possible to view the section condition as a canonical constraint because we cannot
add the condition to the Lagrangian with Lagrange multipliers as it is not a condition on
the canonical variables but instead on the derivatives and coordinates themselves.

What remains to be done to complete the canonical analysis of Ege) ExFT is to
compute the full transformations of P}}, to better understand the role of the constraints
Hgs, to compute the full algebra of canonical constraints, to understand the difference in
sign in (5.19) compared to the Lagrangian formulation and finally to explicitly construct
appropriate Dirac brackets.

As an outlook it may be interesting to look for a generalisation of the Ashtekar
canonical variables of general relativity. First described in 1986 the Ashtekar variables
(or Ashtekar connection) A,,, are alternative phase space coordinates in four-dimensional
(or three-dimensional) general relativity that lead to canonical constraints that are of poly-
nomial form [56, 57]. In general relativity the Asthekar variables can be written as (8.1),
where wy,qp is the spin connection, I1"™,(e) are the canonical momenta of the spatial dreibein
and 7y is a constant [58]. The coordinates that are canonically conjugate to the Asthekar
variables are the inverse densitised dreibein E,™ := ee,™ [58].

1 1
Ama = —= €abe Wmbe + g (Hma(e) — iema H(e)) (8.1)

2

In reference [7] it was found that the internal vielbein (which combines metric and three-
form degrees of freedom) of eleven-dimensional supergravity written in an external-internal
SO(16) invariant form, behaves in a similar way as the E,™ variables and in particular
renders the supersymmetry constraints and transformation in polynomial form. It was
thus argued in [7, 59, 60] that there might exist such generalised Ashtekar variables in the
context of eleven-dimensional supergravity. Because one should be able to see the internal
vielbein of [7] as part of the internal vielbein of Eg(g) ExFT one might hope to see a similar
structure in canonical ExF'T.

In section 7 we have investigated the rewriting of the canonical Eg) ExFT in terms of
the generalised USp(8) vielbein V{{Z. While the contractions of the canonical generalised
vielbein momenta terms in the Hamilton constraint (7.11), combined with the “internal
Ricci scalar” of the scalar potential, look somewhat like the ADM general relativity Hamil-
ton constraint we have not found that the generalised vielbein in this formulation has the
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desired properties of the Ashtekar connection — in particular they do not seem to render
the canonical constraints in polynomial form as is. Nonetheless it may be interesting to
further look into the possible existence of a generalised Ashtekar connection. As such a
construction may depend on the dimensions involved it may be advantageous to look at
the Egg) ExFT, as is suggested by the SO(16) covariant results of [7].

If such a generalised Ashtekar connection existed for the extended exceptional geometry
one could attempt non-perturbative and background independent quantisation approaches
to ExFT along the lines of loop quantum gravity [58, 61]. Similarly it was attempted
in [62-64] to quantise eleven-dimensional supergravity in a background independent way
by borrowing methods from loop quantum gravity. It may also be possible to find that the
quantised ExFT is no longer equivalent to supergravity — in particular when quantised
in terms of generalised Ashtekar variables. Alternatively one could attempt the canonical
quantisation of ExF'T in the present coordinates. Some loop calculations in ExFT have
already been carried out in [8, 9] for special geometries. Double field theory has recently
been discussed in the context of geometric quantisation in [10] and the extension of the
results to ExF'T has also been commented on.
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