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F1; and exceptional field theory

Alexander G. Tumanov and Peter West
Department of Mathematics
King’s College, London WC2R 2LS, UK

Abstract

We argue that exceptional field theory is a truncation of the non-linear realisation of
the semi-direct product of F1; and its first fundamental as proposed in 2003. Evaluating
the simple equations of the E1; approach, and using the commutators of the E;; algebra,
we find the local variations of the fields of exceptional field theory after making a radical
truncation. This proceedure does not respect any of the higher level F1; symmetries and
so these are lost. We suggest that the need for the section condition in exceptional field
theory could be a consequence of the truncation.



1 Introduction

The scalars that are part of a supergravity multiplet occur in the corresponding su-
pergravity theory as a coset, or non-linear realisation, and the full supergravity theory
possess the symmetries of the coset. This phenomenon was first observed in the context of
the four dimensional N = 4 supergravity [1]. However, it was a surprise when it was found
that the maximal supergravity theory in four dimensions possessed seventy scalars which
belonged to a coset of E7 with subgroup SU(8) [2]. The other maximal supergravities in
D dimensions for D < 9 were then found to possess a corresponding Fq1_p symmetry [3].
While the TIB supergravity theory posses a SL(2,R) symmetry [4].

It was almost universally thought that the F, symmetries found in the maximal
supergravity theories were a result of the dimensional reduction process and did not lift to
the ten or eleven dimensional theories. As a result it was not thought that the symmetries
were part of any underlying theory. However in 2001 it was proposed that the underlying
theory of strings and branes had an Fq; symmetry regardless of which dimension it was
formulated in [5]. In particular, it was conjectured that the Fj; symmetry was encoded
in a non-linear realisation which extended the known supergravity theories. This proposal
was motivated by the fact [6] that the maximal supergravity theories could be formulated
as non-linear realisations of an algebra which contained traces of the Fj; algebra. This
conjecture can be put another way; it was proposed that the coset, or non-linear realisation,
that the scalars belonged to generalised to include the other fields of the supergravity theory
and that the underlying group had the features we are familiar in physics, that is, it is
a Kac-Moody group, then as a consequence one that one had include in the non-linear
realisation many more fields in the theory than just those found in the usual supergravity
theories. This procedure involved introducing generators that carried space-time indices,
that is, Lorentz indices corresponding to the fields that were not scalars. An account of
the literature on symmetries in supergravity theories can be found in reference [5] and an
even more detailed account in [7].

The paper of reference [5] put to one side the question of how to systematically
incorporate space-time into the theory, however, this question was addressed in 2003 when
it was proposed that the one should consider the non-linear realisation of the semi-direct
product of E1; with generators that belonged to the first fundamental representation of
Eq1, called the [y representation [8]. While the Ej; part of the non-linear realisation
lead to an infinite number of fields the first few of which were the fields of the maximal
supergravity theories, the [; part lead to an infinite number of coordinates that were in a
one to one relation with the generators of the [, realisation. To be more precise, taking into
account the local symmetries of the non-linear realisation, for each generator in the Borel
subgroup of E1; the theory possessed a corresponding field, while for each generator of the
l1 representation one found a coordinate. The fields then depended on the coordinates of
this generalised space-time.

The theories in the different dimensions emerge by carrying out the E11; ®4 [; non-
linear realisation for different decompositions of the algebra [9,10,11,12]. The theory in
D dimensions comes from taking the decomposition into GL(D) x E1;_p. This choice is
unique except for ten dimensions where there are two possible choices of GL(10), or Ag
and so two possible theories in ten dimensions [5,6]. These are, of course, the ITA and

2



IIB theories. In each dimension the generators of E7; (fields) can be classified by a level
which is the number of up (down) minus down (up) indices. The two exceptions are in
eleven dimensions where this number must be divided by three and the ten dimensional
ITA theory where the counting is straightforward, but more subtile. The same is true for
the generators (coordinates) of the Iy representation but one must add (subtract) one.

There is very good evidence that the [; representation contains all brane charges
[8,13,14,15]. Consequently, there is a one to one correspondence between the coordinates of
the generalised space-time and the brane charges. Indeed one can think of each coordinate
as associated with a given type of brane probe. Furthermore, for every generator in the
Borel subalgebra of Fp; there is at least one element in the l; representation [13], and
as a result for every field at low level in the non-linear realisation one finds at least one
corresponding coordinate. The reader will easily see this correspondence between the
coordinates and fields at low levels. Papers [15,14,13] discussed the appearance in the Iy
representation of "exotic” representations of GL(D), that is, representations that are not
just labelled by a single set of antisymmetrised indices. The appearance of ”exotic” brane
charges implies the existence of correspondingly exotic generalised space-time coordinates.

In any dimension, with the exception of the ITA theory, the level zero coordinates of
the [; representation are just the usual coordinates of space-time, . In eleven dimensions
the I; representation leads to the coordinates [8,13]

xa(o)’ £Ijab(l)v Laq...as (2); xal...a7,b(3)7 Lai...as (3)5

mgll;gi);g,dl...&g (4)7 x(éCZ),dl...ng (4)7 xéci,al...ég (4)7 xé7d1--~&10 (4)’ e (]"1)

where the number in brackets gives the level. The coordinates up to and including level
seven were given in reference [13]. An analysis of the equations determining the generalised
coordinates in lower dimensions was given in reference [15]. At level one in the [; repre-
sentation one finds coordinates which are scalars under the Lorentz group but transform
as [15,16]

10, 16, 27, 56, and 2481, of SL(5), SO(5,5), Es, E; and Es (1.2)

for D =17,6,5,4 and 3 dimensions respectively.

The generators of the [; representation in D dimensions that are forms, that is, carry
a single set of completely anti-symmetrised space-time indices, are listed [12,15,16,14]
in the table below. The coordinates of the generalised space-time, being in one to one
correspondence with the generators of the [; representation, it is trivial to read them off
from the table. In the first column we find the Lorentz scalar coordinates mentioned just
above.

A not well appreciated point is that the non-linear realisation does not just specify the
representations of the fields and coordinates contained in the theory, it also specifies the
dynamics. By its definition the non-linear realisation possess specified symmetries which
act on the group element. The fields and coordinates of the theory are the parameters in
the group element and as the symmetries determine the way the group element appears in
the theory they also determine the way in which the fields appear.
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Non-linear realisations played a crucial part in the development of particle physics.
The group of interest to researchers at that time was SU(2) x SU(2) with local subgroup
being the diagonal subgroup SU(2).The dynamics which the non-linear realisation deter-
mined was found to be that of the pions and as a result researchers begun to understand
the role symmetry played in the underlying theory.

Table. The generators in the /; representation in D dimensions

D G Z Za Zalag Zal...ag Zal...a4 Zal...a5 Zal...G,@ Zal...a7
8 | SLB)®SL(2) |8,2)[3,1)|(1,2) [(3,1) [(3,2) [(1,3) [(3,2) |(6,1)
(8,1) |(6,2) [(18,1)
(1,1) (3,1)
(6,1)
(3,3)
7 SL(5) 10 | 5 5 10 | 24 | 40 | 70 -
1 15 | 50 -
10 | 45 -
5 -
6 SO(5,5) 16 | 10 | 16 45 | 144 | 320 | - -
1 16 | 126 | - -
120 | - -
5 Eg 27 |27 | 78 | 351 |1728 | - - -
1 27 | 351 - - -
27 - - -
4 E; 56 |133 | 912 | 8645 | - - - -
1 | 56 |1539 | - - - -
133 | - - - -
1 - - - -
3 Es 248 [3875 [147250| - - - - -
1 |248 30380 | - - - - -
1 | 3875 | - - - - -
248 - - - - -
1 - - - - -

The construction of the Fq; ®, [; non-linear realisation was computed in many of
the early Fq1 papers in various dimensions for the fields at low levels, but keeping only
the usual coordinates of space-time and taking the local subgroup to be just the Lorentz
group. However, the very unfamiliar nature of the many of the higher level fields and
especially the coordinates inhibited the construction for a number of years. Nonetheless,
in 2007 all gauged maximal supergravities in five dimensions were constructed by taking
the fields to depend on some of the generalised coordinates [12]. In 2009 the papers [17,18]
computed the dynamics of the F1; ®s [; non-linear realisation in four dimension keeping
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the 56 Lorentz scalar coordinates in addition to the usual four coordinates of space-time,
but only the fields at level zero, that is, the metric and the scalar fields.

Subsequently the F11 ®4 11 non-linear realisations was constructed in dimensions four
to seven and corresponding Lagrangians were constructed but keeping only the scalar fields
and only the level one coordinates, that is, the coordinates of equation (1.2) [19]. This
meant discarding the graviton and and even the usual coordinates of space-time as well
as all fields at all levels greater than zero, except the scalar fields, and all coordinates at
level greater than one [19]. In fact these Lagrangians in six and seven dimensions had
previously been constructed [20], but the results of [19] make it clear that they were just
the non-linear realisation of E1; ®, [; radically truncated in the way described.

A more systematic construction of the F1; ®4[; non-linear realisation was undertaken
more recently in eleven dimensions [21] and in four dimensions [22]. In the former paper
the eleven-dimensional equations of motion involving the fields at levels up to and including
the dual graviton (level 3) and the generalised coordinates 2%, x4, q, and z,, . 4, Were given.
While in reference [22], the four dimensional equations involving the scalars and vectors and
the coordinates at levels zero and one, that is, the usual coordinates of space-time and the
Lorentz scalar coordinates in the 56-dimensional representation of E7, were given. It was
found that once one specified the Lorentz, and in the case of four dimensions also the SU(8),
character of the equations they were unique. Furthermore these equations when restricted
to the usual space-time and fields did indeed agree with those of maximal supergravity,
although the equation relating the usual graviton to the dual graviton required further
study to be sure of its precise form.

The non-linear realisation of F1; ®, {1 when evaluated at low levels for the fields and
coordinates provides detailed equations of motion that involve the usual supergravity fields
and derivatives with respect to the space-time coordinates as well as some of the higher
level coordinates. It also provides a geometry for the generalised space-time which has a
specified tangent space equipped with a tangent group and a generalised vielbein which is
determined and indeed easily computed at low levels.

The E1; conjecture can also be stated as follows; the complete low energy effective ac-
tion of strings and branes is the non-linear realisation of F1; ®l;. It has been thought that
the complete low energy effective actions were the maximal supergravity theories, however,
it has become clear that there are fields in the EF1; ®, [; non-linear realisation that are
needed in the complete theory and these fields are not contained in the usual formulations
of supergravity. Hence if it is shown that the E1; ®4[; non-linear realisation does contain
the dynamics of the supergravity theories when one truncates the higher level fields and
coordinates then one has in effect provided overwhelming evidence for the conjecture. It
may be hoped that the existence of an E1; symmetry in the low energy effective action
can provide some hints on what is the theory that underlies strings and branes. Clearly
the E11 proposal is more ambitious than to just reformulate the supergravity theories.

As we have mentioned the symmetries of the F1; ®, [; non-linear realisation essen-
tially determine the dynamics, but these symmetries do not include the familiar general
coordinate and gauge transformations. However, the dynamics, at least in the most recent
calculations of references [21,22] , do seem to possess these symmetries. In the early papers
on Fi; it was hoped that one could carry out a simultaneous non-linear realisation with
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the conformal group as was done in reference [23] for gravity and diffeomorphism trans-
formations, however, this has not been possible to implement for the full F1; symmetry.
Recently, by assuming compatibility with the Ej; symmetries, a simple formula for the
local transformations, that is, the diffeomorphisms and gauge transformations and their
higher level analogues has been given [24]. One finds that the local transformations are la-
belled by the [; representation and so there is one local transformation for each coordinate
in the generalised space-time.

A separate development that originated from the realisation that strings could wrap
around circles and as a result the string fields possessed not only the usual space-time mo-
menta but also momenta associated with the wrapping of the circle. The resulting theories
were found to be invariant under T duality. Corresponding to the doubling of momenta a
corresponding doubling of coordinates was then introduced into the first quantised string
theory [25] in such a way as to obtain a theory that was manifestly T duality invariant.
In 1993 a manifestly T duality field theory that contained the massless NS-NS fields of
the superstring which depended on doubled coordinates [26,27] was found. In this work
a section condition that restricted the dependence of the fields on the doubled space-time
was introduced and the field equations were shown to be a consequence of a generalised
Riemann curvature condition.

Beginning in 2009 a field theory, called doubled field theory, was given. It contained
the massless NS-NS fields of the superstring which depended on the doubled coordinates
and a had section condition [28,29,30,31]. It was eventually revealed that doubled field
theory was equivalent [32] to the theory introduced by Siegel in references [26,27]. As a
result we refer to this theory as Siegel theory. A new development of Siegel theory was
its extension to contain the massless fields of the R-R sector of the superstring [34]. This
result was found by constructing the E1; ®4 (1 non-linear realisation in the decomposition
appropriate to the ITA theory in ten dimensions. The dynamics at level zero was just Siegel
theory [33], but the dynamics at level one contained the massless fields of the R-R sector
of the superstring [34]. We note that this work required no section condition.

A more recent development has been the construction of the so called exceptional field
theory [35-39]. The starting point for this development was that

- the E,, symmetries can be lifted to the eleven dimensional theory. [5]
- The usual space-time is generalised to include the coordinates given in equation (1.2)

[8].

The fields content of the exceptional field theories are essentially the usual supergravity
fields and so it has largely the same field content as the fields of the F1; ®4 [; non-linear
realisation at low levels. Hence the main ingredients of exceptional field theory are just
those found previously in the non-linear realisation of F1; ®, [ at low levels. Indeed this
latter construction was explained in detail to one of the subsequent authors of exceptional
field theory [40].

To understand why the reader, and particularly the younger researcher, could be
forgiven for thinking that the F;; approach was only remotely connected to exceptional
field theory it is useful to note that the reference to the E1; approach in the first paper on

exceptional field theory [35] was ”......(For more ambitious proposals see [12-[14]).....".
We resist the temptation to further comment on the misleading account given in

6



reference [35], but we note that it did not reference paper [22] which gave the field equations
of the gauge and scalar fields in the E1; ®4[; non-linear realisation in four dimensions, that
is, the dynamics of these field which depended on the generalised spacetime of equation
(1.2).

One aspect in which exceptional field theory differs from the Ei; approach is that
in the latter the equations of motion are derived from the symmetries of the non-linear
realisation, however, in the former one uses gauge and diffeomorphism transformations
which were suggested by the notion of a generalised Lie derivative [41] in the enlarged space-
time of equation (1.2) [8]. However, diffeomorphism and generalised gauge transformations
were formulated in paper [24] within the context of the Ej; ®; [3 non-linear realisation.
Their form was in fact determined by the symmetries of the latter.

As mentioned above the equations of motion that result from the non-linear realisation
E11 ®s 11 have been found in eleven [21] and four dimensions [22] for all the fields except
for those in the gravity sector which have not been found completely. In this paper we
concentrate on the equations of exceptional field theory that are its starting point, namely
the the local variations of the fields. Indeed, we will show that exceptional field theory
not only has the generic features of the F1; ®; [; non-linear realisation at low levels, but
that the equations which give the local variations of the fields are contained within it if
one makes a radical truncations.

In section two we review the parts of the Fi; ®, [; non-linear realisation that we
require. In section three we evaluate the non-linear gauge transformations of reference [24]
for the low level fields using a parameter that carries a tangent space index. In section four
we give the generalised field strengths that appear in the field equations of the F17 ®s [4
non-linear realisation. While in section five we introduce a matter field in the context of
the F11 ®¢ [1 non-linear realisation, which belongs to the [; representation, and construct
its covariant derivatives which are evaluated at low levels. In section six we transfer the
results of sections three and five to a world volume point of view. We find an alternative
formulation of the transformation of the vielbein which is given by

EAzéEHA = (DQ)HE(DQ)E@%AE + ArﬁpEnAEAZ

where the parameter A* has a world index, Fg? denotes the vielbein that lives on the
generalised spacetime and (D) are the representation matrices of the [; representation.
We also find the transformation of a world volume matter field V! which belongs to the
1 representation; the result is given by

oV = VA (DY) " (Do)~ 0=A” + A 0V + VT o5 A>,

Evaluating the two results at low levels, and brutally truncating, we find variations for the
low level fields that agree with those found in exceptional field theory [35,36]. The same
applies to the generalised field strengths found in section four.

2 Review of the non-linear realisation of Fi; ®; ;.

In view of the results of this paper it is conceivable that readers may, and indeed
perhaps should, want to learn the E7; approach. As such we take the liberty of briefly
reviewing this approach.



It has been conjectured that the low energy effective action of strings and branes is the
non-linear realisation of semi-direct product of E1; with its first fundamental representation
denoted l; [5,8]. The commutators of this algebra, which is denoted by F;1 ®; [, can be
written in the form

(R, RP) = 2 RY, [R%,14] = —(D%) 4”15 (2.1)

where R% are the generators of F1; and [4 are the generators belonging to the [ repre-
sentation, as is encoded in the second commutator. The Jacobi identities imply that the
matrices (D) 4P are a representation of the Ey; algebra,

(D2, DP] = 2, DY (2.2)

We use the indices «, 3, ... to label the generators of F1;. A review of the E7; algebra
and indeed Kac-Moody algebras in general can be found in the book of reference [42].
Indeed in this reference the reader can find the Fq; ®, [; algebra when decomposed into
representations of SL(11) is given up to level four.

The non-linear realisation of F1; ®s [; is constructed from the group element g €
FE11 ®, 17 that can be written as

9= 919 (2.3)

In this equation gg is a group element of E1; and so can be written in the form g = Ao R

and A, are the fields in the non-realisation. The group element g; is formed from the

generators of the [; representation and so has the form e*"1a where 24 are the coordinates of

the generalised space-time. The fields A, depend on the coordinates 24, The explicit form
of these group elements can be found in earlier papers on E11, such as in five dimensions
in [12], and more recently in eleven dimensions in [21] and four dimensions in [22].

The non-linear realisation is, by definition, invariant under the transformations

g — 909, 9o € F11 ®sly, aswellas g — gh, hel.(F) (2.4)

The group element gy € Fq; is a rigid transformation and so it is a constant, while the
group element h belongs to the Cartan involution subalgebra of F11, denoted I.(E17); it is
a local transformation, that is, it depends on the generalised space-time. As the generators
in ¢g; form a representation of 17 the above transformations for gy € E11 can be written
as

9 — 909190, 9gg — goge and gp — gph (2.5)

The Cartan involution is an automorphism of the algebra, that is I.(AB) = I.(A)I.(B)
for any two elements of the Lie algebra A and B and an involution, that is, I?(A) = A. It
takes positive root generators to negative root generators and its action can be taken to
be

I.(R*)=—-R% (2.6)

for any root . The Cartan Involution subalgebra is generated by R&— R~<. For the famil-
iar finite dimensional semi-simple Lie groups the Cartan Involution invariant subalgebra
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is the maximal compact of subalgebra; for example for SL(2,R) the Cartan Involution
subalgebra is SO(2), while for Eg it is SO(16).

Equation (2.6) leads to a theory that lives in a space with Euclidean signature. How-
ever, one can adopt an alternative Cartan Involution by scattering some minus signs and
one finds that the theory has a Minkowski signature [43]. As it is tiresome to keep track
of these minus signs, it is easier to work with the Cartan Involution that leads to the Eu-
clidean signature and then change to Minkowski signature at the end. This is the course
of action we will take in this paper.

It follows from equation (2.5) that the coordinates are inert under the local transfor-
mations but transform under the rigid transformations as

2204 — 2V = gozMagy ' = 2" D(gy Hntla (2.7)

When written in matrix form the differential transformations act as dz? — dz7’ =
dz"D(gy"). As a result the derivative oy = 8% in the generalised space-time transforms
as 0y = D(go)™0,.

The Iy representation of Ey; is, by definition, given by

Uk)(la) = k7 Hak = D(k)APlg, ke En (2.8)

where D(k)4? is the matrix representative. For an infinitesimal transformation k = 1 +
as R and the matrix takes the form D(k)4® = 65 + (D2)45. As a result, we recognise
the matrix D(g; '), that appears in equation (2.7) as the matrix representation of the Iy
representation, although the indices are labelled according to the role which they will play
later in the physical theory that emerges from the non-linear realisation.

The dynamics of the non-linear realisation is just an action, or set of equations of
motion, that are invariant under the transformations of equation (2.4). We now recall
how to construct the dynamics of the the F11 ®, 11 non-linear realisation using the Cartan
forms which are given by

V=g ltdg=Ve+V, (2.9)

where
Ve = g5'dgr = d2"" G o RY, (2.10)

belongs to the E7; algebra and are the Cartan form for E7;, while the part in the space
of generators of the [; representation is given by

Vi= g5 (9, da)gr = g'dz - lgp = dz" En’la (2.11)

While both Vg and V; are invariant under rigid transformations, but under local
transformations of equation (2.5) they change as the

Ve — h 'Vgh+h'dh and V, — h VA (2.12)

Although the Cartan form is inert under rigid transformations, the rigid transforma-
tions do act on the coordinate differentials contained in the Cartan form and this action



induces a corresponding rigid £, transformation on the lower index of Ery4. On the other
hand, a local I.(F11) transformation acts on the « index of G, and on the A index of
En# as governed by equation (2.12). We may summarise these two results as

En® = D(go)n* EA"D(h)p* or  (E™1)a" = D(h™ 1) A" (E~")5"D(gg )a" (2.13)

Thus Ep? transforms under a local I.(E;;) transformation on its A index and by a
rigid F4; induced coordinate transformation of the generalised space-time on its Il index.
These transformations mean that we can interpretation of E* as a generalised vielbein of
the generalised space-time which possess a generalised tangent space that has the tangent
group I.(E11).

Examining equation (2.11) and recalling equation (2.8), we recognise Ep“ as the
representation matrix D(gg)n?, and so Eq? = D(gg)n® = (e*2PF)pA. It is useful to
take the Cartan form to be in the [; representation, taking the commutator of Gy, o R of
equation (2.10) with [4 we find that

GrLABlB = Gnvg(Dg)ABlB = (E_1>AA8HEABZB = —[GHQRQ, ZA] (2.14)

Converting the first index on the Cartan form G 4 to be a tangent index and using the
generalised vielbein we can write The Cartan form in tangent space as

Ga g% =(E"Ha"Gnp® = (B A"(E™") g onEAC (2.15)

Under the I-(F11) local transformation of equation (2.12) we find, using equation
(2.14), that

1A% =D A“Cuc”D(h)p” + D(h™ ") A“0uD(h) " (2.16)

Thus if one chooses to construct the dynamics using the Cartan forms G4, B¢ one
just has to ensure that the equations of motion, or the action, are invariant under the
local I (Eq1) transformations. Furthermore the non-linear realisation automatically comes
equipped with a generalised geometry in that it has a generalised tangent space, with
tangent group I.(E11), and a generalised vielbein E 4.

As the dynamics is just that which is invariant under the transformation of equation
(2.5), or equivalently (2.12), it follows that this is, for a general non-linear realisation,
determined by the group theory of the non-linear realisation. The worst that can happen
is that there are several constants whose values are not fixed, but it is very often the case
that the dynamics is uniquely fixed.

In this paper we will consider the Fi1 ®, [1 non-linear realisation in five dimensions.
The algebra, fields, coordinates, generalised vielbein and all the data need for the con-
struction are given in appendix A. Here, for convenience, we record the fields which are
given by

hab7 Pas AaMa Aa1a2N> Aalagag,a7 Aalag,ba (217)

and the coordinates of the generalised space-time which are

a N
x 9 xN? Lq 9 xa1a27a, xab, (218)
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3 The gauge transformations

The E11 ®;s l1 non-linear realisation does not obviously possess diffeomorphisms and
gauge transformations as one of its symmetries. However, it was shown in reference [24]
how the FE7; symmetries of the non-linear realisation could be used to determine the
transformation laws of these, and other, local symmetries; the result was given by

E~ 4 MERP = (D) 4B (D,)cP DpA© (3.1)
where AC is the parameter of the gauge transformation, which depends on the generalised
space-time, and DpA® = Ep(0pA® — VEQn ¢) and Qp ¢ is the connection which
will be discussed in sections five and six. The repeated « index means a sum over all such
F11 indices. The parameter A€ carries the indices of the [ representation which leads
to the generalised space-time. Thus there is a one to one correspondence between local
transformations given in equation (3.1) and the coordinates of space-time as well as the
brane charges. Despite its unfamiliar appearance, equation (3.1) does contains the usual
general coordinate and gauge transformations [24].

At the linearised level the transformations of equation (3.1) reads [24]

6Ay = (Do) p®dcAP,  or equivalently 0447 = (D2)a®(Dy)p® AP (32)

where at this level Eg4 = 5ﬁ + .AQ(DQ)HA = 5§ + Ap?. These lowest level variations
were evaluated at low levels in four, five and eleven dimensions in reference [24].

We now evaluate the gauge transformations of equation (3.1) in five dimensions at low
levels, but including the non-linear terms. The F11 ®gl; algebra, the fields and coordinates
of the non-linear realisation and generalised vielbein and the other quantities we need are
reviewed in appendices A and B. Taking A = a and B = N in equation (3.1) we find that
the only non-vanishing (D2) 47 is for &« = aN. Using that the Cartan-Killing metric is
given by gV, = 525, we find that

(Dan)c” = gana(D2)c” = (Dan)c” (3.3)

Examining the content of the I representation of equation (A.3), and using that (D), =}
—626%, we find that equation (3.1), for our chosen values of A and B, is given by

E' Eny = —(Don)p® Do AP

= —(Dan)? |’ DyAp — (Dan)’ pj@ DAL — (Dun)*2% |2 D 0 Acyens + - -
=D,Any — 10dNym P DMAaP —12 (DO‘)N M DbMAa(%a + ... (34)

Care has to be taken with the position of the indices, for example taking B = N results
in an NV index which is downstairs, as it should be when it appears on the vielbein, rather
than the inverse vielbein. Looking at the definition of the vielbein of equation (2.11) we
indeed see that it should be in the opposite position to the N index on Z¥. Given the
subtleties with the index placements we will often use a || to make clear the separation of
the A and B indices on D% and the connection.
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We now evaluate the left-hand side of equation (3.4). Looking at the five dimensional
vielbein of equation (A.28) and its inverse of equation (A.32) we find that it is equal to

E 0B Ny = B 0B n + By 0B v + B ) OB v

= —e;8(e, " Apn) + Aupd? 6(dn) = —e V6 Ay (dn™) (3.5)

We note that the vielbein has a universal factor of (det e)*% but this, and its derivative,
drop out of the above expression . Taking this equation together with the right-hand side
of equation (3.4) we find that

0A, 5 = —eu"dY (Dalpr —10dyrp DAY =12 (DY) " D pAap o +...)  (3.6)

We now consider the right-hand side of equation (3.1) when A = a; and B = ¥,
whereupon it takes the form

EalHH 5EH||02N = (Dg)a1||a2N(Dg)CDDDAC

1
= _(DalazN)CDDDAC = 1_0{(Da1a2N)b1MHb2 DbQAblM

bybs, bib
+ ('Dal(IQN) e HMDMAblbz,Oé + ('Dal(IQN) o ||]\4D]MAblb2 + . }
2

AGQ]N —12 (Da)M NDMAa1a2,a + § (Da)M NDMAalaz +... (37)

To find the variation of the field we must evaluate the left-hand side of this equation;

= 2D,

1

I N My N NRS jN
Ealn 5EH||(12 - —25(14”,/ )dMeaﬂebV + d dNA[;L|R5A|I/]Sea'uebV (38)
In deriving this equation we have used the fact that dN¥MP is an Fg invariant tensor and
that d¥ can be identified with an Eg group element in the relevant representation. Taking

these results for the left and right-hand sides of equation (3.1), for our chosen indices, we
find that

1

§AM = e, e, dp (—DigAy” + 6 (D?) . "D Agyay, 5 — 2

(D), "D AN gyay + .. )

Finally, in equation (3.1), we take the values A = ay and B = 4,4, to find that the
right-hand side of equation (3.1) reads

3

abibs, Bl|b o
B % (Da1a2a3 ) 102, Bllbs DbsAb1b2,5 = _3D[a1 Aa2a3] +... (310)
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while the left-hand side is given by
Eo " 0Butjjaza;® = —3€a,"0(¢1" Avaraz) + - - -

and as a result
5AM1M2M3 = —D[ A Jox + ... (3.11)

p1ttpops

We will now evaluate the above gauge transformations at very low levels. To do
this we will need to evaluate the covariant derivatives acting on the gauge parameters A“
which belong to the l; representation. In section five, with the help of appendix B, the
covariant derivatives of the an object V4 which transforms as the I; representation does
under I.(E7;1) are introduced and evaluated at low levels. The covariant derivatives that
appear in the gauge transformations have the same form as the the covariant derivatives
acting on V4 and the connections act on the parameters A4 in the same way. Nonetheless
the detailed expressions for the connections may not be the same in the two different
applications.

We may write the gauge transformation of the field A,y as

0A, 5 = —eu"dY Dol s = €,"dy] (Dans)o” DpA© (3.12)

In section five this covariant derivative on V4 was evaluated at low levels and in equa-
tion (5.14) truncated to contain only the component Vj, which corresponds here to the
component Ay, using this result we find that

0A, x5 = —(dete) N {8, An + ApQy,a(D* — D) T

—f—Ade]IZ(aPAN =+ AMQP@(DOC — Dia)NM)
+10dnarpd¥ (97N + ALQR 0dF + .. (3.13)

where we have also keep one term which contains the level two parameter A, but discarded
all other such terms.

Using the covariant derivative introduced in section five we can write the gauge vari-
ation of the field A,,,,", given in equation (3.9), in the form

y 1 . 1 wpe
(SA“UQM = __eulaeﬂ2bd1]7wD[GAb]P T §dNRSA

(3.14)

(11 2] S

This can be further evaluated using the formulae in section five, especially equation (5.17).

We close this section by finding, at low levels, the gauge transformations of the level
zero fields, namely the vielbein and the scalars. To find the variation of the vielbein e,
we take A = a and B = b in equation (3.1) whereupon, using the vielbein and generalised
vielbein of Appendix A, that is, equations (A.28) and (A.32), we find that the left-hand
side of this equation becomes

1
E N 6FRb = (det e)%ea“’ d((det e)_%eub) = e,"de,’ — 5 6le.N deye (3.15)

13



While the right-hand side of this equation is given by
1
EMSER" =D, A" = D, A" — Dby AN — 3 6 (D A+ DN An + DNy AN) +... (3.16)

where we have used equation (B.14). As a result we conclude that

1 2
eat0e,’ = Dy A® — Dy AN + 6Z(§DN Ay + §DCN AN+ (3.17)

Keeping only terms involving the field e¢,* and the parameter A® we recognise that this
field has the standard transformation under general coordinate transformations. This
justifies the choice of e,* = (€),® to be the correct vielbein rather than the combination
€, = (det e)_%eﬂa that appears in the generalised vielbein given in equation (A.28).

To find the variation of the scalars, that are contained in their vielbein ddy? we
choose A = N and B = M in equation (3.1). Using the vielbein and inverse vielbein given

in equations (A.28) and (A.32), we find that the left-hand side of equation (3.1) is given
by

BN S By = (dete)rd g N 5((det e))dar ™) = d o™ ddp N — %55\2@3 Sext  (3.18)
While, using equation (B.13) the righthand side of equation (3.1) is given by
ENU§Emy = DV Ay = (D9 o (Do) ,  Dp AA
=6 (DY) " (Da)p? D" Ag =6 (DY) ™ (Da)p® Dq Ad”
+ (DN ar (Da?), * DaA+(D%)™N ar (DY) @ D2 Ap+(D%)N ar (D), P Dl AT
_% ((Daa)NM (Dbb)cdDd AC & (Daa)NM (Dbb)PQDQ Ap + (Daa)N u (Dbb)CP,dQ DdQ ACP)I
=DN Ay — D AN —10dV PR dyigr (D9 Ap — Dp A9)
—%5%(1}61\0 +DPAp +3D°p AT+ ... (3.19)
In this last equation we have used the expression of the Cartan-Killing metric of equation

(B.13) and the identity of equation (A.14). The variation of dy® can be found by using
equation (3.18) and equation (3.19) to be given by

dN p6d%, = DN Ay — Dy AN —10dMPR dyor (D2 Ap — Dp A9)
1 N 1 N e P
=6 (D)"Y (Do)p DY Ag —6 (D), N (Do) p° DA + ... (3.20)
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In section six we compute the gauge variations of the fields with a parameter that is
a world vector rather than a tangent vector. After a radical truncation we make contact
with the analogous quantities found in exceptional field theory.

We close this section by noting the relation between the gauge transformations of
equation (3.1) and local I.(FE11) transformations. We can write equation (3.1) in the form

1 1
E- 1\ M5 ERP = 5(D%LD*Q)AB(DQ)CDDDAC+5(Dﬁ—D*Q)AB(DQ)CDDDAC (3.21)
We recognise the last term as an I.(E7;) transformation of Ep? and this we can discard
from the gauge transformation as it is symmetry of the theory. We also note that the
gauge transformations also contain the rigid Fy; transformations [24].

4 Construction of the generalised field strengths.

As explained in section two, if one uses the Cartan forms to construct the dynamics
then the invariance under the rigid £1; symmetry of the non-linear realisation is automat-
ically encoded and one just has to ensure invariance under the local subalgebra Io(E17).
This has been the strategy adopted in most of the previous Ej; papers. Indeed, in [21]
and [22] a systematic effort was made to find the equations of motion of the E7; ® I; non-
linear realisation in eleven and four dimensions respectively. The dynamics consists of a
series of duality relations that are first order in derivatives with respect to the generalised
coordinates and, at least at low levels, the dynamics appears to be uniquely determined by
the symmetries of the non-linear realisation. As such the dynamics consists of equations
which were linear in the Cartan forms which, we recall from section two, have the form
G 4,o Where the first index A arises from the [; part of the non-linear realisation and the
second index « is from the F; part. At the linearised level G4 o = 6281-[14Q and as such if
A = a we get a lead term in the Cartan form that contains the usual space-time derivative
of a field while if A is a higher level index we get a derivative with respect to one of the
higher level coordinates.

Examining the resulting equations of motion of references [21] and [22], it becomes
apparent that the Cartan forms that contain a leading term that has a usual space-time
derivative, that is, G4 o came together with a Cartan form whose leading term contains
the derivative with respect to one of the higher level generalised coordinates. The reader
may look at equations (4.10), (4.11) and (4.14-17) of reference [22] to see how this works
in four dimensions using just the symmetries of the E1; ®, [; non-linear realisation.

In reference [24] the same phenomenon was observe in four and five dimensions, but
instead using the rigid F1; symmetry instead of the local I.(Fq1) symmetry. Since we are
considering five dimensions in this paper, we now recall how this goes in this dimension.
The equation of motion of the field A,y must contain the Cartan form G4, q,n as at the
linearlised order it is of the form G4, 4,)N ~ O, Aa, N+ It Was found that such a term in
the equation of motion occurs in the combination

8[a1Aa2]N + 1OdNRsaRAa1a25 (4.1)
In terms of Cartan forms this means that the equations of motion involve the combination

galazN - G[al,ag]N + IOdNRSGR,alags (42)

15



The equation of motion of the field A,n implies that its field strength, which is
contained in Gq, q,]n, is dual to the field strength of the field Aq,a,Y which is continued
in the Cartan form G[ahaQag]N. At the linearised level the latter is of the form G[ahaz%}N ~
a[0,1 Aagag]

Carrying out the same procedure for the field A, 4,° we find that it occurs in the

linearised combination
a[a1Aaza3}N + G(DB)RNaRA,alazasﬁ (4-3)

and as a result the associated Cartan forms must occur in the combination

5 = G[al’a2a3]N + 6(D6)RNGR,a1a2a3ﬁ (44)

gal azas3

We refer to the modified field strengths, such as in equations (4.2) and (4.4), as generalised
field strengths. Consequently, the equation of motion for the vector field should relate the
generalised field strength of equation (4.2) to the dual of the generalised field strength of
equation (4.4).

An alternative way to find these combinations is to use the gauge transformations of
equation (3.1). It suffices to do this using the linearise expressions for the fields in the
Cartan forms and their lowest order gauge transformations. One finds that Gj,, A4, n and
Guyanas” are invariant under the lowest level gauge transformations of equation (3.1), that
is, those given in equation (3.2). These latter transformations for the lowest level fields
are [24]

6 Aans = —0aAps +10dp pg09 AL +12(DP) prN 0% Apas + - . .

0Aq, 0, ™M = _a[alAgﬂ +6(DP)NMON Ay agp + - - -
Sha® = 0,€° + SLOM Ay — 0% AN + (5b8NA +.
S = —6(Da)pR8PAR +6(D*)pT % A,” + ... (4.5)
The last equation can also be written as
3™ = 6(D*) ™ (D) p" (07 AR — O Ay") +

where ¢ Y = —(D*) N po. It is instructive to recall that the scalar vielbein is de-
fined by the equatlon e~ PR ZN gda R — ZM(d=Y) N One then finds that (d~ )MN =

(exp(=D%¢a))m
Applying these arguments to the scalars we find that the quantity

Oadb — 6(D*) pROF Aup (4.6)

is gauge invariant at lowest level under Ay transformations and so the non-linear quantity
that should appear in the equations of motion is given by

ga,a - Ga,a - G(Da)PRGP,aR (47)
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For the graviton it is the quantity
c 1 caP
Oahp” + §5b8 Aap (4.8)

which is invariant under under lowest order Ay transformations and this in turn implies
one should in the equations of motion use the quantity

1

ga,bc - Ga,bc + 3

5yGT .p (4.9)
Of course for the scalars one must also take into account the standard local symmetry of
the non-linear realisation Eg with local subgroup USp(8) which requires one to use the part
of the Cartan form that is in the coset and so transforms homogeneously. While for the
vielbein we must also ensure general invariance. In fact the unique object composed from
the vielbein and which has only one derivative that is invariant under general coordinate
transformations at lowest order is the spin connection. The above discussion suggests
that this should be modified by replacing derivative of the vielbein by the combination of
equation (4.9).

We now give explicit expressions for the objects in equations (4.2) and (4.4). The
Cartan forms Gry o are defined in equation (2.11). They are very simple to evaluate using
their definition in equation (2.10) and they have been extensively computed in previous
E11 papers, for example in five dimensions in the [12,44]. They are given by

Gron = Ondun (4.10)
1
GH,alazN — aHAalagN + idNPQaHA[CLﬂPA‘aQ]Q (4']‘]‘)

1 [0 (6%
GM,ara2a38 = 3HAa1a2a3ﬁ—65HA[a1|MA\a2|NA|a3]PdMNQ(D o —0nAp,a,™ Augn (D )MNI

(4.12)

The Cartan forms of equations (4.2) and (4.4) have as their first index a tangent index
rather than the world index that they possess in equations (4.10-12). The quantities are
related by G4« = E-1 AHGH,Q where the inverse vielbein E~! 4! is given in appendix A
in equation (A.32). Evaluating the effect of the inverse vielbein we find for example that

Gaa = €a"Gpa + Aanrd GY o + (240, d}y; — §dﬁdMRSAaRAVS)G” Pt (413)
We now truncate the quantities of equations (4.2) and (4.4), keeping only the fields

A,n and AalazN and the derivative 0,, and OV, and discarding all higher level terms to
find the expressions

1

2 dSPQaRA[cu |PA\a2]Q)

(4.14)

ga1a2N = e[aluaHA,uaz]N +A[a1 NaNAaz]Q + 1OdNRSd§<aRAa1a2S +
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and
1 .
galazasN = 8[a1u(8uAa2a3}N + idNPQauA\CLQIPAIas]Q) + A[a1|Pd£8PAlaza3]N

1

AV A AL, PO” Ajay A 0@ — N AN TEAEOT Aoy 31 Ajas P Ajay@dLrW

" 3

1 ; .
20" Aoy, Aug)s =100V dpgw dyf Ao, 0" Auyyr (4.15)

+ A0, d50T Agyys —
In deriving this result we have used the identity of equation (A.14) and we have rede-
fined Ag, 4,05 before discarding it. After a suitable field redefinition the generalised field
strengths of equation (4.14) and (4.15) agree with the generalised field strengths given in
the papers [35,36] on exceptional field theory in five dimensions. The possible exception
is the coefficient of one term whose value in the papers on exceptional field theory we are
not sure of. We will assume that this coefficient does in fact agree on closer examination.

The equation of motion for the vector was deduced using the symmetries of the non-
linear realisation E71; ®,!l; in four dimensions [22]. It essentially stated that the generalised
field strength were self-dual. It is inevitable that a similar calculation in five dimensions
will lead to a condition self-duality condition relating the generalised field strength in
equation (4.14) and (4.15).

5 Matter representations

Matter representations for non-linear realisations were introduced in the classic papers
of reference [45] for the case when the group did not include space-time generators. These
are objects which transform linearly under the local subgroup. In previous papers on F1;
such matter representations were not discussed as they are not needed for the development
of the theory, but it is straight forward to introduce them. We recall that the generators
of the [y representation by definition belong to a representation of FE;i, a fact that is
encoded in the second commutator of equation (2.1), and they transform under a finite
E4; transformation as in equation (2.7). As a result they must transform under the local
subgroup, I.(E11) as follows

h=tiah = D(R)AP1p (5.1)
where h € I.(E11). Such an infinitesimal transformation is of the form h = 1 + a,(R% —
R™2).

We can introduce a [; matter representation V4 whose transformation is such that

VAL, = h~1VA4h and as a result it transforms as

VA =VEDM)p? =VA +VB(DL - D %)pta, + ... (5.2)

We observe that this is the same way as the A index on the generalised vielbein Epr#
transforms. Examining the components of the generators of the /; representation given in
appendix A we find that the representation V4 has the components

VA - {Va7VN7VaN7‘/Yclcgo¢7‘/Vclc2,-..} (53)
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We define the covariant derivative of V4 to be
DAVE = (D) 4P (Dy) P DpV© (5.4)
where the sum is over all indices «. In this equation we define
Dy = gupD2 (5.5)

where g, is the inverse of %" which is the Cartan-Killing metric of E;; which is given
in appendix A. We also take

DpVC = Ep™(onVC — VPO p%) (5.6)
Where Qp, pC is the connection which changes under a local I.(E7;) transformation as
Qn' = D(h"HQuD(h) + D(h"HonD(h) (5.7)

where in this last equation we have viewed Q7 p© as a matrix and D(h) is the matrix
D(h)4® for h € I.(E11). The connection is to be constructed from the Cartan forms of
equation (2.9). Examining equation (2.16) we recognise that these Cartan forms have the
correct transformation law of equation (5.7). In fact the part of the Cartan form that
belongs to the local subalgebra has precisely this transform and so from this viewpoint
alone one could just take this to be the connection. However, it will turn out that the
connection is the I.(E1;) part of the Cartan form plus a specific combination of the Cartan
forms that belong to the coset part which transform covariantly under Io(Fq1). This is
apparent when one considers general relativity from this viewpoint. It is usual to take
the connection, no matter how it is constructed, to belong in the local subalgebra which
would imply that Qm,p© = Qo (D2 — D™%)p®, however, in this paper we will take a
more liberal perspective.

The derivative DpV ¢ transforms covariantly under a local Io(E;;) as one might

expect
(DpVEY = D(h Y)Y pEDeVED(h)p® (5.8)

This is not an irreducible representation of I.(Ej1). We can project it onto the ad-
joint representation of I.(F11) by acting on it with (Dy)c” and consider the quantity
(D2) P DpVC which, using equation (5.8), transforms as

(D2 (DpVE) = (D) (DpVE) + ag(f22, — f722) (D))" DpV© (5.9)

from which it is clear that it does indeed transform in the adjoint representation of I (E11).
In evaluating this equation we have used the result

D(h)p" (DY) P D(h™")g” = D(hREh™")p® = D+ ap(f2%, — f722)DT  (5.10)

where h is the infinitesimal transformation given below equation (5.1) and that by definition
1+ D2 = D(I + R%).
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Examining equation (5.4) we find an additional factor of (D2) 48 in the definition
of the covariant derivative. However, when the indices A and B are specified the value
of o is determined. As such the effect of multiplying by this factor is just an equivalent
way to writing the quantity (DQ)CD DpVC. Using the fact that the transformation of
the adjoint representation simply rearranges the sum over a we find that the covariant
derivative defined in equation (5.4) transforms as

(DAVEY = D(h"Y)AaPDeVE D(h) " (5.11)

When examining this formula it is important to remember that the factors of D(h) are
projected by the (D2) 45 to lie in the adjoint representation.

The covariant derivative discussed in this section has the same form as the one which
appears in the gauge transformations acting on the gauge parameters. This motivates
our use of the projector onto the adjoint representation when constructing the covariant
derivative, however, as is apparent from equation (5.8) even if we do not project the
covariant derivative of equation (5.6) is indeed covariant. The steps below, in conjunction
with appendix B, can be used to evaluate either covariant derivative.

We will now evaluate in more explicit form the covariant derivative of V4 taking
particular components. To do this we will use the equations of appendix B and in particular
we repeat equation (B.16) which is given by

2 1
DoV = Dy Vy—10dnap DMV, —12(D*) ™ D0t Vi a—= DN Vap—= DN Vig . . ..

3 3
(5.12)
Discarding the covariant derivatives of the level two components of V4 and all higher level
components, that is Dy Vagp o = 0 = DNV = ... and using the expression for the

inverse vielbein of equation (A.32), and equations (B.3), and (B.10) of appendix B, we
find that

D, Vi = (det e) {ea" (0, VN + VQ.en + Ve o (DY — D~ T +10dpyn VM, T .. )

+Aupd2(0 Vi + VQF oy + Vi QP o(D* = D) M 1)
1 .
+(24,5M — idMSTAaSAbT)eubd%(a“QVN +VEQ G on A+ )
—10dyarpd ¥ (O7VE +2veQl P~ VQR odQF

—VEQR(DY — D) P 42Vl )+ (5.13)

The appearance of the (det e)% factors will be compensated by the change from a tangent

to a world index on V4 which requires the vielbein and so leads to the factor of (dete)~=.
In this last formula we now further truncate and set all components of V4 to zero
except for Vy to find that
D, VN = (det e)%{ea”((‘?MVN +VpQu,o(D* — D_O‘)NP
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—|—Aapd1;(aPVN + VMQP,O((DQ — Dia)NM) + 1OdNMpd]]\%/[VLQR’anQLP +.. } (514)

We can repeat the above process for the derivative of the component V?. The expan-
sion of equation (5.4) when we take the values A = a and B = b is given in appendix B in
particular in equation (B.14). We then carry out truncations in the same spirit as above
to find the expression

Do V! = (det)F o (0, V" =20, (V= QM Vi +...)
+ Aan dy™ (9N VP 20V M ve oV vy o)
+ (2 AN - %dNPR Aup AcR> e, dy (aﬂN VP —20m g Mve—qr M vy )
et an (g VY 200 Ve NP Vet |
- % (dete)® &} fea (0, V" =20 TV = QM Vi + .. )
+ Aay dg™ (0¥ V- 20N Aye QN Oy, o)
+ (2 AN — %dNPR Agp AcR) eudy™ (05 V=200 Ve MYy )
+di N (aN Vi + (D™ — D*“)NMQNQ +10dypp QN MY P 4 )
—dVES g Aus (0% Viv + (D = D7) M Q%+ 10dwarp 0 M V" + )
ety (005 Va4 200y NV dVMT Qg Ve ) (5.16)

Proceeding in the same way we find that the covariant derivative of V.V is given by

N[

Do ViV = —2(dete)? e(,” (au V¥ = d¥MP Qi Ve

— (D% = D7) N Qo V™ 20y Ve 2V Q) (5.17)

6 The world volume viewpoint

The deliberations of the paper so far have largely been based on tangent space quan-
tities. In this section we will transfer our results to an approach based on world volume
quantities. We begin by reformulating the gauge transformations of equation (3.1) by
replacing the parameter of gauge transformations A4 by the world volume object A,
the two quantities being related by A*E,™ = Al. We begin by processing the gauge
transformation of equation (3.1) which can be written as

SFEn” = (DY) g Eq® (DY) P Ep®EAC Ep® Ds AY (6.1)
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As explained above equation (2.14), the vielbein can be written as En? = D(gg)n?.
Substituting this into the above equation, using arguments similar to those given below
equation (5.10) and the fact that « is a dummy index we find that

SFEn? = (DY) FEx?(DY)x® Ec¥ Do A¢ (6.2)
Changing to the world volume parameter this equation becomes
5B’ = (D) Es” (D2)x®(9eA” + Er>(e Br” — ErPQe p™AT)  (63)
Using the fact that the torsion tensor is given by
Toa® = 00 FEA® — 0AEe® — EaPQ0 p® + Ee”Qa p© (6.4)
we may rewrite equation (6.3) as
SFEn? = (DY) T Ex?(DY)s® Do AT + AVor Eq? (6.5)

where

DoA* = 0o A* + Tor™Al — Ec™Or o“ AT (6.6)
In evaluating equation (6.3) we have used the identity
(DY EA?(DY)s® Ec*A"0r Ee® = (D%)p* En® (D) AYGr p©
= AorEn? (6.7)
In the last step we have adopted the normalisation

(D*)c”(Dg)p© =6

(6.8)

I

We note that the part of the connection in equation (6.3) that is in I.(E1;) results in
a local I.(F11) transformation of Ep? of the form

— (DY Ent (Do) P A" Qr p© = —(D% — D™ p* Eq" A Qr (6.9)

and so it can be dropped form the variation of § E? if desired.

We now demand that the derivative that appears in the transformation of the vielbein
of equation (6.5) is just an ordinary derivative, that is, it comes with no connection. The
condition for this to be true we require that

(Dg + Dig)Z@(T@FE — ECEQF’@C) =0 (610)

That we choose the particular sum over the values of « in the above expression is related to
the fact, noted above, that the same sum with a minus sign is an I.(E;;) transformation.
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As a result the transformation of the vielbein is given by
EAZ5Epg? = (DY)n™(D%) 500 A® + AVorEgt EA* (6.11)

This is the same pattern that appears in general relativity; the general coordinate trans-
formation of the vielbein e,* contains space-time derivatives of a parameter that appear
with a connection when the parameter has a tangent index, but with no connection when
the parameter has a world index. As a result the definition of the covariant derivative
depends on whether it is acting on a world parameter or a tangent parameter. The same
is true for the generalised geometry we are constructing in this paper.

In section five we introduced the I; representation V4 which carried the tangent space
index A. We now consider the corresponding world volume object VI = VAE L. Pursuing
the analogy with general relativity further we take the vector V4 to transform under the
local transformations as

VA = Alopv4 (6.12)

Using the transformation of the vielbein of equation (6.5), we then find that under a gauge
transformation V! transforms as

SV = — VA (DY) ™ (Do) = 0=A% + AZ 0V + VT O A®, (6.13)

We have added by hand the last term to take into account of the fact that VI could be a
density. We note that had we not insisted that the transformation of the vielbein contain
an ordinary derivative, rather than a covariant derivative, then the transformation of VI
would not transform into itself alone.

If we take II = N then equation (6.13) becomes

provided we brutally truncate it to keep only the components Vy, and AN of the vectors
VI and A respectively. This agrees with the transformation of this object given in the
papers [35,36] on exceptional field theory.

We now evaluate the gauge transformations of equation (6.11) for the level zero and one
fields. We begin with the transformation of the vielbein which occurs at the lowest level of

the generalised vielbein, given in equation (A.28), in the combination €,* = (dete) 2 e’
Taking IT = p and A = v in equation (6.11) we find that the right-hand side becomes

56, E," =
D2)," (D%)5P06 A" + A" 0116, &,"
= (DY)," (535;--@577) { ) "0 A + (D” )NMaMAN—i—(D/’n)TN”‘Mé?TNAHM]I
+A" one, e,
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_ (DVM)T.‘-@ aﬂAT 4 (DV/,L)NM aMAN + (DVH)TN,,%M 8T]\']'AI€M + AH 8Hé,ua éau
= A ="y NS = S0 (0,07 + 0% Ay + 07 AN ) + AT oG, G, (6.15)
where we have only included the components of the parameter A at levels zero, one and

two and discarded the rest. On the other hand the left-hand side of equation (6.11) is
given by

~ a x5 UV a 174 1 1% a
66, ," = de,el” — 3 o (ea>‘ dey ) (6.16)
and so 3
€a 06\ = — 5 e’ en’. (6.17)

Using this result, and equation (6.15), we find that
a v ~ az Vv 1 vViiz NSz oa
de, el =de, " e,” — §5u (ea ey )

= 0N — 0"y AN + 3 90 ON Ay + R AN + A one, " es”. (6.18)

We now consider the gauge transformations of the level zero scalar fields which are
contained in the scalar vielbein d ', however, the scalar vielbein, given in equation (A.28),

contains the combination d M = (dete)” 5 d oM. Taking II = N and ¥ = M in equation
(6.11) give the equation

P 6dN p = (DN (D25 P96 AZ + dF 1, AT od” p
=6(D%) 3, (Do) (0905 = A, 2) +d” A" O™ p

+ (D), N (52 39 — % 55 5g> {(D’Jn)f B AT + (Dpn)PQ N+ (D?,). P 87},3,\&@}'

= 6(D%) 5, (Da) " (0905 — 0" oA, ) - % o (aﬂA“ + g "Ny + gaﬂpAMP>

+d” AT opd™ p (6.19)

While the left-hand side is given by

~ ~at . 1 .
d¥ y;0dN p = d¥ y,0dN p — 5 5N (ea™ bex®). (6.20)

As a result, truncating as before, we find that
ban™ dy™ =6 (D) ;¥ (Do) 5” (998 p = 0 50 9) +d” AT Ond¥p. (6.21)
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In order to find the transformation of level one field A, we take II = g and ¥ = N.
The left-hand side of equation (6.11) is then given by

(S

By 0B, = B,y 0B, + BT g 0B,p = (dete)® A,y 6 [(dete)” * e,°] —d” oA, p

= — 6AuN - <5dpM dNP> A“M + (eay (56Ha) AzzN’ (6.22)

where <5dpM dNP> and (e,” de,*) were found in equations (6.21) and (6.18). While the
right-hand side of equation (6.11) is given by

Eax 5EMA - (DQ)MN (DQ)HA OpA" + A (EAN 8HEMA)
My Y P M, I A
= (Dux) 0y + (D) wr” 0pAM + AT (B g 0B +

= DAy —10dy 5 OV A, AT O A~ AT (dg ™ Oudn ) A,y AT (e One,) Ayt

(6.23)
Combining these last two equations we find that
0A 5 = AT OnA, g — 0uhg +10dgyp O AT + 8,074,
—A“MBMAN — IOdeRdMQRAQ 8PAMM+..., (6.24)

In deriving this result we have used the following identity

10dy g 9% A,y 07D = 10 p MO 0P (Mg A,y ) = 10digps ¥R 8 07 Ay,
(6.25)

the definition . . o
A=A +dPC AL A (6.26)

and we have discarded level two derivatives of the level two parameter, that is, terms of
the form 0" ;e where e is any parameter. Keeping only the parameter Ay, except for one

term with the parameter A, we find that the variation of the level one field is given by
0A, 5 = —O0uhg + AN OgA g — A0 A g —10dy pp dMORA L OPA

+10d g p O AT + . (6.27)

We note that in carrying out this last step we have, in equation (6.26), redefined the level
two parameter before we have discarded it. The similarly truncated results for the vielbeins
in space-time and the scalar sector of equations (6.18) and (6.21) are given respectively by

1 . .
Seu e’ = DAY + 5 0 0N A + A Dpe,” ea. (6.28)
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and
5dNN dMN =6 (DQ)MN (Da)QpﬁQAP + dPMAP 81'3de. (629)

Equations (6.27-29) are indeed the the transformations of the gauge fields found in
the papers [35,36] on the five dimensional exceptional field theory. However, to get these
formulae we have carried out a brutal from the EFq; perspective. In particular, we have
set all components of A™ to zero except A x» something which is only compatible with the
symmetry GL(5) ® Eg part of the F1; symmetry.

7. Conclusion

In this paper we have started from the E1; approach in five dimensions and evaluated,
at the low levels, the corresponding gauge transforms and generalised field strengths for
the fields which are defined on a generalised space-time whose coordinates are the usual
coordinates of space-time as well as Lorentz scalar coordinates that belong to the 27-
dimensional representation of Eg. We also introduced matter fields transforming in the [y
representation into the non-linear realisation and gave their transformation rules. After
a radical truncation the resulting formulae agree with those proposed in exceptional field
theory. As we explained in the introduction the main ideas that underlie exceptional field
theory are those proposed much earlier in the context of the F11 ®,[/; non-linear realisation
and, as one can choose to work at low levels in the later, it should not come as too great
a surprise to find that one does indeed recover exceptional field theory after a truncation.
While we have not computed all possible quantities the reader can be left in no doubt that
exceptional field theory is a truncation of the F1; ®, [; non-linear realisation.

The truncation required to find exceptional field theory only preserves the Fg symme-
try and breaks all the higher level F1; symmetries. However, if one would like to extend
exceptional field theory to include larger symmetries one only has to include the higher
level fields and coordinates in the E11®4l; non-linear realisation, that is, adopt the F11 ®4l;
non-linear realisation as ones starting point. Seen in its proper context exceptional field
theory provides evidence for the Fy; approach.

As we have mentioned in the Ey; approach the dynamics is determined using the
symmetries of the F1; ®,[1 non-linear realisation. This was carried out in four dimensions
for the gauge fields and scalars [22], although the calculation of the gravity-dual gravity
equation was not fully worked out. Analogous result were also found in eleven dimensions
[21]. It would be straightforward to find the equivalent results in five dimensions and
it would be very surprising if these, when radically truncated, do not agree with those of
exceptional field theory. We note that we do not apparently need the gauge transformations
studied in this paper and certainly not the matter fields. However, it could be that a
knowledge of the gauge transformations could shorten the calculation.

One fact that emerged in references [22,21] was that the E1; ®4[; invariant equations of
motion were invariant under the usually understood gauge transformations of form fields
and we see in reference [24] and section four that, at the linearised level, they are also
invariant under the low level gauge transformations associated with the generalised space-
time. Thus it might appear that the symmetries of the F1; ®, 17 imply the presence of the
diffeomorphism and gauge symmetries. This possibility requires further study.
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To find the dynamics of the F1; ®, [ non-linear realisation at higher levels requires
us to find equations of motion for the fields which are beyond the usual supergravity
fields. However, these fields have in general mixed space-time indices, that is they do
not just possess one block of totally antisymmetrised indices. As such they possess gauge
transformations that are much more complicated, but are correctly given by the gauge
transformations proposed in reference [24] where the gauge parameters are in one to one
correspondence with the [; representation. As a result the gauge invariant field equations
for these higher and higher level fields will involve more and more space-time derivatives,
indeed one more space-time derivative for each additional index block. It follows that the
equations of motion cannot be given by a Ricci tensor equal zero condition as this has
only two derivatives. The gauge transformations contain the rigid F;; transformations
[24], but these symmetries will rotate the low level supergravity fields into the higher level
mixed index fields and as a result one might not expect the Riemann tensor to be gauge
invariant. As such the geometry that the non-linear realisation corresponds to must be
quite different to that which encodes Einstein’s theory and more similar to that found in
higher spin theories.

The dynamics of Fq1 ®; [; non-linear realisation of the four and eleven dimensional
theories given in references [22,21] is formulated in terms of duality equations which are first
order in derivatives. However, these equations only hold modulo gauge transformations
and to eliminate these one must act on the equations with more and more derivatives as
the number of gauge transformations grows. This is consistent with the remarks made in
the previous paragraph.

Exceptional field is defined so as to possess a section condition which restricts the
dependence of the fields on the generalised space-time. Indeed this condition is required
from the very outset in order to perform calculations in this theory. However, in the E1;
approach one does not, at least up to now, need such a condition to find the equations of
motion. As such it is possible that the need for the section condition in exceptional field
theory is a result of the radical truncation required to find exceptional field theory in the
Eq1 approach. As was pointed out in reference [47] the section condition of Siegel theory
is a BPS condition and it is not usual to impose such a condition from the beginning.
How the restrictions on the field dependence on the generalised space-time might arise was
addressed from the viewpoint of the first quantise string theory in reference [48]. One can
think of the generalised space-time introduced in the F7; ®,[; non-linear realisation as an
effective spacetime just as one thinks about a field theory as an effective field theory. From
this perspective how to recover the spacetime we are used to is a physical question whose
resolution might require us to understand the physics of spacetime in a more fundamental
way.

To find the different theories in the Fq; approach one decomposes the algebra into
different subalgebras. As such the theories in the different dimensions are the same but the
quantities are rearranged [10]. Hence it is obvious from this perspective that the theory in
five, or any other, dimensions will lift, or descend, to the theory in the new dimension.

As we mentioned in the introduction the E1; conjecture is that the effective theory of
string and branes is given by the dynamics encoded in the F1; ®,[; non-linear realisation.
If one has could show that the dynamics, when truncated to the low level fields which
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depend on the usual spacetime only, are just those of maximal supergravity theory then
one would, in effect, have to believe in the conjecture. This follows as some of the fields
present at higher levels in the Fy; theory are known to present in the underlying theory.
In reference [22] this result was shown for the vector and scalar fields and the graviton
equation was also correct at linearised order [49]. The technical problem that arose for
the graviton equation is now understood [51], using the ideas put forward in reference [50],
and it is to be hoped that this calculation can now be completed.
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Appendix A: The five dimensional theory

In this appendix we review the F1; ®,[1 non-linear realisation in five dimensions. The
five dimensional theory is obtained by deleting node 5 from the F;; Dynkin diagram to
find the algebra Gl(5) ® Eg. The F11 ®sl1 algebra is then decomposed into representations
of this subalgebra of E; [12,44].

11

°
|

e — e — e — o — R — e — e — e — e — e
) 8

1 2 3 4 6 7 9 10

The generators of F/11 are denoted by R%. The level of an E; generators is just the number
of up minus down GL(5) indices. The positive, including zero, level generators of the E1;
up to level 3 are

Kab; Ra, RQM, RalagN, Ralagag,oz7 Ralag,b.“ (Al)

where R[192:% = (). The negative level generators are given by
Rary Ravay™ s Ravasas™s Ravas,b, - - (A.2)
The [; representation decomposes into representations of GI(5) ® Eg as follows
Ia={P,, 2ZV, Z%, Zox 7% 1 (A.3)

The fourth generator Z%® has no symmetries on its indices. The level is the number
of up minus down GL(5) indices plus one. For all these objects the lower case Latin
indexes correspond to 5-dimensional fundamental representation of GL(5) (a, b, ¢, ... =
1, ..., 5). Lower case Greek indexes correspond to 78-dimensional adjoint representation of
Es (o, B, 7, ... = 1, ..., 78). We note that the generators of Fg are denoted by R® which
has no underline on the a. to distinguish it from the generators of E1;. Upper and lower
case Latin indexes correspond to 27-dimensional and 27-dimensional representations of Eg
(N, M, P, ... = 1, ..., 27) respectively. An arbitrary group element of Fj; ®; [; can be
written as g = g;gr where

g=exp(z°Py+an ZV + 2 ZN + Tayas,a 27+ 10p Z0 + ..,
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gE = €Xp (hab Kab) exp (¢a R”) exp (Aayasas, o R4 9)
X exXp (Aalag,b R%1a2; b) exp (Aa1a2N RalazN) exp (AaN RaN) o (A4)

In writing this group element we have used the local symmetry of the non-linear realisation
g — gh to gauge away all terms that involve negative level generators. The group element
g1 is labelled by the quantities

a N
T, TNy La , Tajasz,as Laby --- (A5)

which will be identified with the generalised coordinates of the generalised space-time,
while the fields
hab7 Pas AaMa Aa1a2N7 Aalazag,aa Aalaz,ba (A6)

which depend on the generalised space-time.
We now give the Fq; algebra when written in terms of the above generators. The
commutators of the Fy; generators with the GL(4) generators K%, are

(K%, K] = 6¢ K% — 6% K%, [K%, R*] =0,
(K%, R°N] =65 R*N,  [K%, Ren] = — 62 Ry,
(K%, R y] =28 RlYloaly [K%, Raya,™] = — 208, Rppjag™.
K9y, R¥10205:9) = 384 Rlalazaslo (Ko Ry 0 @] = — 308 Ripjagas®
(K%, R*o2:¢] = 254" Rlalaz2) e .58 R0 @ (K9 Ry 0, o] = — 262, Ripjas], =02 Rayas. ]
(K%, Ry v ] = 45[51 Rlalezazas] o [KabRalm(MNlNg} = 450, R|b|a2a3a4]N1N2’
[Kab, Ralagag,cN] _ 36[;1 Rlalazas], eN + ¢ Ralagag,aN’
[K%, Rajazas,enN] = =301, Ribjasas], eN — ¢ Rayazas, bN- (A7)

The commutators of the F7; generators with Fg generators R are determined by the
representation of Fg that this generator belongs to. They are given by

[Ra, RB} _ foéﬁ7 R, [Ra7 RCLM:| _ (Da)NMRaN, [Ra’ RCLM] _ (Da)M NRaN,
[Roz, Ra1a2]\/[] — _ (DQ)MNRalazN, [Ra, RalazN} — (DQ)MNRa1a2M7
[Ra’ Ra1a2a37ﬁ} = faﬁfy Ra1a2a3,’y7 [Raa Ra1a2a3ﬁ} = faﬁ*y Ralagagva
[Ra7 Rala%b} =0, [Ra7 Ralag,b] =0,

[Ra’ RabchN} — _ (Da)MPRabchN . (Da)NPRabchP,
[Roc’ RabchN] — (Da>P MRabchN + (Da)P NRabchpa (AS)
[Ra, Rmazag,bM} _ (Da)NMRmagas,bN7 [Ra’ Ralazag,bM] — _ (Da)MNRalazag,bN-
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where o8 ~ are the structure constants of Eg, normalised by

oy f7°0 = —4 53 (A.9)

We lower and raise indices on the Fg generators with the Cartan-Killing metric g,g of
Es. The matrices (D)™ are the generators of Eg in 27 representation and so obey the

relation
(D%, DP|p N = f*P (D7) 0N (A.10)

They are normalised so that
(D)™ (DP)NM = g (4.11)
The commutation relations of the positive level E1; generators are given by

[RCLM, RbN} _ dMNP Rabp, [RaN, RbcM] _ (Da)MNRabc,a +6]]\\2 Rbc’a,

1
[RabM, RCdN] — RabchN —20dyNp Rab[c7 d]P, [RaN’ Rbc, d] — Rabc, dN g Rbcd,aN,

[RaN’ Rbcd,a] — 3dNMP (Da)P RRabchR +6 (Da)M NRbcd,aM‘ (A.lQ)
where dM NP is the completely symmetric invariant tensor of Eg formed from the product
of three 27 representations. The invariant tensor dj;np, which has its indices down, is
completely symmetric product of three 27 indices and satisfies the relation

d"NPdyng = 65 (A.13)

We follow the conventions of reference [44] rather than reference [12], the difference being
a rescaling of d by /5. We will also use the relation [44]

)
SN0 — ngQRdMPR (A.14)

1
9apD§ N DY = 65%?4 +

L
18

The commutators of negative-level Fq; generators are
[RaN7 RbM] - dNMP RabP7 [RaN7 RbcM] - (Da) M Rabca + 5% Rbc,a-
N

1
[Ra,bM, Rch] = Rapea™ ™ —20dMNF Rapje,aqjps  [Rans Roc,d] = Rabe,an — 3 Rycd,an,

[RaN7 Rbcd, Oé] =3 dNMP (Da)R PRabchR + 6 (Da)N MRbcd, alM - (A15)

The commutators between the positive and negative level generators of E11 up to level 4
are given by

1
[R*N, Rynr| = 66" (Do) ™ R + 65 K — 3 6N 0T K¢,
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[Ran, R*y] = 20dnap 6 RIP, [R*Y, Ry M| = 204" M7 65 Ry,
[Ran, R*14299:°] = 18 (D) 5y M8\ R ar, [R*™N, Rayazas®] = 18 (D)5 Voh, Rayay)™ |}
[Ran, R*%?] = 65 RM2 y — 6 RM%2y [R*N, Ryyay.] = 0f Rayay ™ — 0 Rayas)™
[Ran, R Ny, ] = 40dn v, vy (Da) ) Mglar pazasaal, o
(B, Ry ™) = 008 (D) Y5 R, (416)
[Ran, R#1200 M| = (Do) Mg B2 — (Dg) y Maly R71205h % 4 363 61 Rezosl-?,
[R*™N, Rayasas.001] = (Da)ps V67 Rayasas® = (Da) ps ™ 0 Rayagas)® + 362 08, Ragasl, b-
The Cartan involution acts on the generators of E1; as follows

I (K%)=—K%, I.(R*)=-R"* I (R"N)=-J"Y R,

Ic (RabM) — J]\_/le RabNa Ic (Rabc,a) = _Rabc, — Ic (Ralaz,c) = _Ralaz,m
I (R yn) = Jifp Ing Raved” @, I (R™4N) = T™ Rape,anr- (A.17)

where the constant Jyjs relates generators with the 27 and 27 representation under the
Cartan involution.

The scalar product on the Fj; algebra (R<, RE) = ¢*8 defines the Cartan-Killing
metric g22. Tt is straightforward to calculate using its invariance property, ([RY, R], R?)+
(R, [RY, R%)) = 0 together with the above commutation relations.

We find that the Fp; Killing metric in the decomposition suitable to five dimensions
is found to be given up to level 2 by

59 0 0 0 0 0

0 6365 —306065 0 0 0 0

ap_ | 0 0 0 ool 0 0

g 0 0 SP oM 0 0 0 ’
0 0 0 0 0 — 20 63 o5

0 0 0 0  —200%; 0502 0

(A.18)
where the generators in the scalar product are labelled by

R* = {Raa Kab7 RaN? RaNa Ra1a2Na RalazN, } (A19)

and
Rﬁ = {Rﬁ7 KCd) RCM7 RCM, RbleM7 RbleM, ...}

. The next entries for the metric are more easily given by listing the scalar product

(Ralagag, a’ RblebSB) = 360 gaﬁ (5?11;22;;3, (Ralaz,a, Rblbg, b) =20 (Sg 5;111;22 —20 (sgézllb(;z. )
A.20
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To avoid confusion of notation we denote ¢*? to be the Killing metric on Eg and we never
write the «, 8 components of the Fy; Cartan-Killing metric, although of course we do use
it.

We now give the commutators between the generators of F;; and those of the [y
representation. The commutation relations between the later and the generators of GL(5)
are given by

1 1 1
(K%, P.] = —6%Py+ 55;” P., [K%, ZV]= 55{; ZN. (K%, Z°N] =65 Z% + 55; zy,

. 1 1
[}{ab7 Zalag,a] _ 25[{)1Z|a|a2],a+ 5 51? Zalag,a’ [}{ab7 ch} _ 55 Zad+5g an+ 5 5{; ch.

(A.21)
while with the generators of Fg we have
[Ra, Pa] — O, [Ra, ZM] — (Da>NMZN, [Ra, ZaN] - (Doc)N MzaM,
(R, Zz2 P = fof zwmeny [R™ 7] = 0. (A.22)

The elements of the [; representation at a given level can be introduced into the
algebra by taking the commutators of suitable F1; generators of the same level with P,,
namely

(RN, P =063 2, [R™%y, Pu] =206 2%y,
[Ruez00 @ P] =36 zeeeh e, [RUenb P] = —246; Z1nee) — 280 ZIeel - (4.23)

The commutators of the remaining positive level generators of E1; with the [; generators
is determined by the Jacobi identities and they are found to be given by

[RaM, ZN] — —dMNP Zap, |:RCLN7 ZbM] - _ (Da)M Nzab,oc _5% Zab,

[RalazN, ZM} _ (DQ)NMZalaz’a _{_25]\]\2 Z[a1a2]_ (A24)

Commutators between the level —1 generators of Fq; and those of the [; representation
are also determined by the Jacobi identities to be given by

[Ran, Po] =0, [Ron, ZM] =03 Pay [Ran, 28] = —10dymp 62 Z°,
2 1
[Ran, 2% @) = —12 (D) Mol 2%y, [Ran, 2%] = — 3 0 Z°N — 3 % Z%x.

(A.25)
Commutators with level —2 generators are

[RalagNa Pb] = 07 [RalagNa ZM] = 07 [Ra1a2N7 ZbM:| =20 51\]\2 5[21 Pag]a
[Raya, ™, Z0b220] = 1206082 (D), N ZM | [Ry,0,Y, Z20%2] = - ? otz 7N - (A.26)

a1a2 a1a2
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Commutators with level —3 generator R,, 4,4, are

[Ra1a2a3 ) Pb] - 0 [R(hazasav ZM} = 07 [Ralaga;»,aa ZbM} — 07

[Rayazas®, Z01028] = 360 g7 5”1”2 Puys  [Rarazas®s Z2°] = 0. (A.27)

[a1az

The generalised vielbein is defined in equation (2.11) and it was found in references
[12,46] to be given by
1
En® = (dete)” 2

e,ua el’«b ab|M_ eﬂb al?\aM eﬂb O‘b'|a1a2,o¢ eﬂb Oél?\Cd
0 (d—l)MN (d_t\gp NﬁlpaM g_l)fNﬁia1a2,a (Igi—l)lfNﬁPbcd
0 0 dN (ei )a,u dN gejul)ub;by P|1a1a2,a dN (ei )bM’Y Pled R (A28)
0 0 0 (e’ (F7 )Ba 0
0 0 0 0 (e7h), * (e7h),”
where in the first line
1
Qv = — Aany ap” = —2A" — 2 dVMP A App,
1
Qalaras, a0 = — 3Aaa1a2,a + 2Aa[a1NAa2]M (Doc)N M + 8 AaN A[alM Aag]P dNMS (Da)s P7
1
Agled = — 4f4d(a,c) - 2AadN ACN - 6 AaN AbM ACP dNMP7 (A29)

in the second line
1
ﬁNaM = AaP dNMP7 ﬁNalag,a = Aa1a2M (DOC)M M- 5 A[QIMAU«Q]RdNMP (DO‘)P R’

1
BN = —2A,N + 5 Aans App dVME (A.30)

and in the third line

’yaN|a1a2,oz = - 5[31 Aag]M (Da)]\] Ma ’YaN|cd = 63 ACN' (A?)l)

The indices N, M, ... are curved Eg indices while the indices N, M, ... are tangent FEjg
indices. The ﬁeld eyt = (eh) , but it will turn out that the actual Vlelbem is glven by

= (dete)2 e,* and we will in the main text of the paper use dp/™ = (dete)™ 2dp N
The inverse generalised veibein is given by

B4 = (dete)?

et dyN agy (d71), Men aap™ 2 fo dapiny, s et e’ dajes

0 dNN (d—l)M N eub ﬁN M ub11/lj§ faﬁﬁ aran. e,ue 6Vf ﬁch

0 0 (@) Ve e o Y N b e et Ve |0 (432
0 0 0 €010 fio 0

0 0 0 0 e’ e,
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where in the first line

1
aun = Aoy, oy’ =2 40" — 5 AV Aop Ape, (A.33)
1
Calarana = 3 Aaasas, o+ 2 Aafa, Awnr (Da)y ™ = = Aay Ajasns Aqyyp a5 (Do) ",
(A.34
1
Qgled = 4Ad(a,c) - 2AadN ACN + 6 ACLN AbM AcP dNMP; (A35)
in the second line
1
ﬁNaM - - AaP dNMPa ﬁNalag,a = - AalazM (Da)M N + 5 A[alM Aaz}R dNMP (DQ)P R,
(A.36)
1

BV =2A0™ + 5 Aars App ™7, (A.37)

and in the third line
’YaN|a1a2,oz = 5[31 Aaz]M (Da)N Ma fYaN|cd = - 53 ACN‘ (A38)

Appendix B: Calculation of the covariant derivatives

The gauge transformations of section three and the matter fields of section four both
involve covariant derivatives given in equations (3.1) and (5.4) respectively. Although
these formulae are very elegant to evaluate them for specific cases can be rather and in
this appendix we show in detail how do this is done. The covariant derivative in these
sections acts on an object, denoted here by e, that transforms under I.(Fy1). It consists
of a projector acting on a more familiar type of derivative which is of the generic form

Dye=E' ,"M{0n — Ono(D(RY) — D(R™2)}e (B.1)

where 1 o is the Ic(F11) valued connection and D(R2) is the representation of R%
appropriate to the object on which it acts. We recall that by definition D(1+ R%) = 1+ D%
and so we adopt the shorthand notation D(R%) = D< as this makes it clearer what
generators are involved.

As explained in section five for the object V4, which transforms in the [; represen-
tation restricted to I.(F11), the covariant derivative before it is project into the adjoint
representation is given by

DaVE = E7 MonVP —VEQ g5) (B.2)

where QH’EB = QHQ( < — D_Q)EB — QH,Q(D(RQ) - D(R_g))EB'
Let us begin by evaluating the inverse generalised vielbein. Using equation (A.32) we
find that

D=

. 1 .
E_la”H o = (det e) [ea“ au—l-AaN dNN 8N—|— (2 AabN — 5 aNMFp Aur Abg) eub dMM (9‘“1\'/[4—. . ] ,I

(B.3)
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E_lN”H 61‘[ _ (det 6)% dNN aN o dNMP AaP eua dMM a,uM + .. _]7 (34)

and
L
E7r N0 = (dete)? dyN e, 0y + ..., (B.5)

The evaluation of the inverse generalised vielbein in front of the term in the covariant
derivative which contains the connection takes an analogous form, but with the partial
derivative exchanged for the connection.

We now consider the evaluation of the connection which has the form

O 5? = Qo (D(RY) — D(R™) 5P = Qo (D2 — D™2) P
= O,/ (D(K®f) — D(K'0))5" + Qo (D(R*) — D(R™))g"”

+Qm1,p(D(RY) = D(Rep))EP 4+ QU eyes” (DR p) — D(Reye,)E” +... (B.6)

Contracting with V¥ and evaluating using the components of the V4 multiplet of equation
(5.3) we find that

VEQL p? = VaQH,aHB + VMQH’MHB + VCMQH"]:W”B + ...
__1/a o - B o —a\\M B
=V*Qno(D(R*) = D(R™9))q” + VuQmo(D(R*) — D(R™%))™
+VCMQH,Q(D(RQ) — D(R_g))ﬁ/[HB + %1czaQH,é<D(RE) — D(R—ﬁ))qcza”B

+Veres o (D(RY) — D(R™9)) > B+ L. (B.7)
When B takes the value b to find that equation (B.7) is given by

VEQn " = VO, (D(Ks) = DK e))e)” + VarQm,ep(D(R) — D(Rep))M1°
VMO eren T (DR p) — D(Reye, ) ar)” + - .. (B.8)
and as a result we find, using the algebra of appendix A, that
~VEQ g = —2veQn b — Vpn PP — 20V MO Par + ... (B.9)
When B takes the value N we find that equation (B.7) takes the form
—VEQH,EHN = VQmen + Vo (D — D) M +10dpy vV QP

20
—120‘/6162@QH’CICQP(DL3)NP + 3‘/616291'[’61621\] + ... (BlO)

While when B takes the value .~ we find that equation (B.7) takes the form
—VEQu pa” =2VOm e — VuQumapd™N — V.V O o(DY — D7) 0N
2V N O o (B.11)
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The covariant derivative of VA of equation (5.4) and the gauge transformation of
equation (3.1) has a projector onto the adjoint representation of Io(E11). We will now
show how to evaluate this projector. We called equation (5.4) for the covariant derivative
of the vector V4,

D, V' =(D%)," (Do), " Dp VY = (D%)," (DS)c” Dp VE. (B.12)

The first step is to evaluate the projector which using the Cartan-Killing form of equation
(A.18), we find that

e — e,m n e 1 e
(D)4 % (97155 " (D)o = (D%, P (D)o = 5 (%), P (D)o (B13)
Substituting this into equation (B.12) we find that it becomes

D, V' = (D%)," (De)c? DpVE — 2 (D%)," (D! ) DpVE = (D%) P DpV*

Wl =

1
=Dy V' = D'N Vo = 583 (D VE+ DVViy + DN Ve ). (B.14)

Finally, we consider the covariant derivative of the Vi component of V4 which is
equal to

DaVix = (D2), (D) " Do VE = (D), (Dep)c” Do VO (B.15)

al|N

since the only value of a for which (D<), is non-zero is & = bM. Using that (DbM )a v =

— %63 and the Cartan-Killing metric of equation (A.) we find
Do Vy = — (Dan)e P Dp VE

2 1
= D, Vy —10dyyp DM V,E —12(DY) ™M Db s Vi o — 3 Dby Vi — 3 D° N Vio. (B.16)

Applying the same procedures to the covariant derivative of the V,”V we find that

1
D Vi = (D%), " (Do) DoV = = 55 (D"*r1), Y (Daya,™) " DoV,
1
= TO(DabN)CDDDVC (B.17)

where “1?2,, is the only value of o that gives a non-zero contribution and — % factor
comes from the Cartan-Killing metric. This in turn is equal to

2
D, VN = +2 Dy, Vb]N —12 (D), N DM Vop o + 3 DN Viab]- (B.18)
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