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Résumé : Parmi les représentations autorisées de la
supersymétrie étendue en six dimensions, il existe des
multiplets chiraux “exotiques” contenant des tenseurs
mixtes de spin deux au lieu d'un graviton convention-
nel. En particulier, le multiplet /' = (4, 0) contient un
graviton exotique a quatre indices, et il a été conjec-
turé qu'une théorie en interaction basée sur ce multi-
plet apparait dans la limite a couplage fort de la théo-
rie M compactifiée sur T6. La premiére partie originale
de cette thése présente une étude algébrique de ces
multiplets et leur plongement possible dans le cadre
de la “théorie des champs exceptionnelle”; un résul-
tat important est que les impulsions six-dimensionnelles
ne correspondent pas a une section conventionnelle de
I'espace-temps. Compactifiés sur un cercle, ces multi-
plets donnent lieu aux mémes degrés de liberté que
ceux de la supergravité en cing dimensions avec le
méme nombre de supersymétries. Cependant, en consi-
dérant les anomalies et la génération de couplages de
Chern-Simons, nous avons des raisons de douter que
leur dynamique reproduit celle des supergravités en

cing dimensions. Nous proposons une réalisation dif-
férente, similaire a celle de la théorie F : les espaces-
temps fibrés par un tore T3 de volume fixe y jouent
un réle important et suggérent que la dynamique de
la supergravité n'émergerait qu'en compactifiant vers
trois dimensions. Ces multiplets exotiques contiennent
aussi des champs de tenseurs-spineurs antisymétriques
de rang deux. Dans la derniére partie de cette thése, la
quantification de champs de tenseurs-spineurs antisy-
métriques oy, généraux, de rang et en dimension
arbitraires, est effectuée en utilisant le formalisme des
antichamps de Batalin et Vilkovisky. Comme dans le
cas du gravitino (p = 1), un fantéme dynamique de
Nielsen-Kallosh apparait dans les jauges Gaussiennes
contenant un opérateur différentiel. L'apparition de ce
“troisiéme fantéme” est décrite dans le formalisme BV
pour une théorie de jauge réductible arbitraire. Finale-
ment, le spectre de fantdmes est utilisé en conjonction
avec le théoréme de l'indice d'Atiyah et Singer pour
calculer les anomalies gravitationnelles de ces champs.

Title : Exotic supermultiplets in six dimensions : symmetries, quantisations and dynamics

Keywords :
Anomalies

Abstract : Among the allowed representations of ex-
tended supersymmetry in six dimensions there are exo-
tic chiral multiplets that, instead of a graviton, contain
mixed-symmetry spin-2 tensor fields. Notably, the N =
(4,0) multiplet has a four index exotic graviton and it
was conjectured that an interacting theory based on
this multiplet could arise as a strong coupling limit of
M theory compactified on T¢. We present an algebraic
study of these multiplets and their possible embedding
into the framework of exceptional field theory, finding
in particular that the six-dimensional momenta do not
correspond to a conventional spacetime section. When
compactified on a circle, the six-dimensional multi-
plets give rise to the same degrees of freedom as five-
dimensional supergravity theories with the same num-
ber of supersymmetries. However, by considering ano-
malies and the generation of Chern-Simons couplings,
we find reason to doubt that their dynamics will agree
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with the five-dimensional gravity theories. We propose
an alternative picture, similar to F-theory, in which par-
ticular fixed-volume T3-fibered spacetimes play a cen-
tral role, suggesting that only on compactification to
three-dimensions will one make contact with the dyna-
mics of supergravity. In these exotic multiplets, there
are also rank two antisymmetric tensor-spinors. In the
last part of the thesis, we perform the quantisation
of general antisymmetric tensor-spinors 1/’31,..#17 using
the Batalin-Vilkovisky field-antifield formalism for any
p and in arbitrary dimensions. Just as for the gravitino
(p = 1), an extra propagating Nielsen-Kallosh ghost
appears in quadratic gauges containing a differential
operator. The appearance of this “third ghost” is des-
cribed within the BV formalism for arbitrary reducible
gauge theories. We then use the resulting spectrum of
ghosts and the Atiyah-Singer index theorem to com-
pute gravitational anomalies.
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Abstract

Among the allowed representations of extended supersymmetry in six dimensions there are exotic
chiral multiplets that, instead of a graviton, contain mixed-symmetry spin-2 tensor fields. Notably,
the A/ = (4,0) multiplet has a four index exotic graviton and it was conjectured that an interacting
theory based on this multiplet could arise as a strong coupling limit of M theory compactified on
TS. We present an algebraic study of these multiplets and their possible embedding into the
framework of exceptional field theory, finding in particular that the six-dimensional momenta
do not correspond to a conventional spacetime section. When compactified on a circle, the six-
dimensional multiplets give rise to the same degrees of freedom as five-dimensional supergravity
theories with the same number of supersymmetries. However, by considering anomalies and the
generation of Chern-Simons couplings, we find reason to doubt that their dynamics will agree with
the five-dimensional gravity theories. We propose an alternative picture, similar to F-theory, in
which particular fixed-volume T3-fibered spacetimes play a central role, suggesting that only on
compactification to three-dimensions will one make contact with the dynamics of supergravity. In
these exotic multiplets, there are also rank two antisymmetric tensor-spinors. In the last part
of the thesis, we perform the quantisation of general antisymmetric tensor-spinors ¢y, —using
the Batalin-Vilkovisky field-antifield formalism for any p and in arbitrary dimensions. Just as for
the gravitino (p = 1), an extra propagating Nielsen-Kallosh ghost appears in quadratic gauges
containing a differential operator. The appearance of this “third ghost” described within the BV
formalism for arbitrary reducible gauge theories. We then use the resulting spectrum of ghosts
and the Atiyah-Singer index theorem to compute gravitational anomalies.






Résumé

Parmi les représentations autorisées de la supersymétrie étendue en six dimensions, il existe des
multiplets chiraux “exotiques” contenant des tenseurs mixtes de spin deux au lieu d’'un graviton con-
ventionnel. En particulier, le multiplet A" = (4, 0) contient un graviton exotique & quatre indices, et
il a été conjecturé qu’une théorie en interaction basée sur ce multiplet apparait dans la limite & cou-
plage fort de la théorie M compactifiée sur T°. La premiére partie originale de cette thése présente
une étude algébrique de ces multiplets et leur plongement possible dans le cadre de la “théorie
des champs exceptionnelle”; un résultat important est que les impulsions six-dimensionnelles ne
correspondent pas & une section conventionnelle de I'espace-temps. Compactifiés sur un cercle,
ces multiplets donnent lieu aux mémes degrés de liberté que ceux de la supergravité en cing di-
mensions avec le méme nombre de supersymétries. Cependant, en considérant les anomalies et la
génération de couplages de Chern-Simons, nous avons des raisons de douter que leur dynamique
reproduit celle des supergravités en cinq dimensions. Nous proposons une réalisation différente,
similaire & celle de la théorie F: les espaces-temps fibrés par un tore 72 de volume fixe y jouent un
role important et suggérent que la dynamique de la supergravité n’émergerait qu’en compactifiant
vers trois dimensions. Ces multiplets exotiques contiennent aussi des champs de tenseurs-spineurs
antisymétriques de rang deux. Dans la derniére partie de cette thése, la quantification de champs
de tenseurs-spineurs antisymétriques ¢y 4, Bénéraux, de rang et en dimension arbitraires, est ef-
fectuée en utilisant le formalisme des antichamps de Batalin et Vilkovisky. Comme dans le cas du
gravitino (p = 1), un fantéme dynamique de Nielsen-Kallosh apparait dans les jauges Gaussiennes
contenant un opérateur différentiel. L’apparition de ce “troisiéme fantéme” est décrite dans le
formalisme BV pour une théorie de jauge réductible arbitraire. Finalement, le spectre de fantomes
est utilisé en conjonction avec le théoréme de I'indice d’Atiyah et Singer pour calculer les anomalies
gravitationnelles de ces champs.






Introduction

It has been proposed that a strong coupling limit of five-dimensional quantum N = 8 supergravity
in which the Planck length becomes infinite could give a six-dimensional superconformal phase
of M-theory [1-3]. Moreover, for the free theory this limit has been argued to be given by a
six-dimensional theory with maximal N' = (4,0) supersymmetry. This theory is conformal and
hence has no length scales. When put on a circle, the compactification scale R becomes the
five-dimensional Planck scale. Clearly, understanding such a limit would require radically new
ideas and these would be important for our overall understanding of the gravitational physics
of M-theory. In recent years, there has been a revival of interest in this area, producing many
interesting developments and new approaches [4-19].

However, regardless of the implications for M theory, at the level of supermultiplets, the (free)
multiplet with A" = (4, 0) supersymmetry certainly exists [20] and has 32 supersymmetries and 32
conformal supersymmetries. Its dimensional reduction has the same degrees of freedom and the
same field content as the maximal supergravity in five dimensions. The latter theory has Eg)
global symmetry, and in addition to the graviton has 27 vector and 42 scalar fields, as well as
eight gravitini and 48 spin 1/2 fermions. It has been suggested that the former has the same
Eg6) symmetry, such that the fields appear in similar representations. Instead of gravity (rank
two symmetric field) it has a rank four tensor gauge field with the symmetries of the Riemann
tensor. Due to self-duality constraints on its double field strength this field has five degrees of
freedom (just like the five-dimensional graviton) and its dimensional reduction gives conventional
linearised gravity in five dimensions [1]. Similarly, instead of 27 five-dimensional vectors, the (4,0)
multiplet has 27 self-dual tensors.! In either case there are 27 x 3 degrees of freedom. The 48
spin 1/2 fermions simply become chiral fermions in six dimensions. Finally, the eight gravitini
(vector-spinor fields) are replaced by eight? “exotic gravitini” Y, spinor-valued two-forms with
self-duality constraint on their field strength.?

In fact, the (4,0) multiplet is not the only exotic six-dimensional theory. There exists also a
(3,1) multiplet, where the self-duality constraints are partial, and from examining the scalar degrees
of freedom one might guess that the symmetry governing the theory is Fy(4). The multiplet has a
rank 3 self-dual tensor field, and 28 scalars which could lie in the tangent space to the symmetric
space Fy4)/ Sp(2) x Sp(6). However, the 14 vector fields and 12 self-dual tensors only form the 26
representation of Fjy4) when combined together. This suggests that in fact only the R-symmetry
group Sp(2) x Sp(6) (and not the full Fy4)) would be a true symmetry. This could make one
suspicious as to whether Eg) would be a true symmetry of the N' = (4,0) theory, and we will
see some indications that it may indeed not be. As these symmetries do not follow directly from
the supermultiplets, but appear only in the construction of the associated theories, the absence of
a complete construction of the (4,0) theory means that one cannot be sure. However, a simple
argument in favour of the Fg) symmetry is that the scalars of the 5d maximal supergravity are
all lifted to scalars in 6d. Thus naively one would expect the 5d transformations of them also to
lift to 6d. The fermionic fields of the (3,1) multiplet comprise two exotic gravitini, six standard
gravitini of negative chirality, 28 spin 1/2 fermions of positive chirality and 14 spin 1/2 fermions of

In our conventions, the six-dimensional (2,0) gravity multiplet has five anti-self-dual tensor fields, while the
(2,0) tensor multiplets have self-dual tensors.

2We count the four quaternionic fields as eight complex fields and will use similar counting throughout.

3Like in much of the literature, the fields in (4, 0) and (3, 1) multiplets that do not appear in ordinary gravity or
matter multiplets, but have direct counterparts, i.e. like eight spinor-valued two forms in (4,0) vs eight gravitini in
(2,2), will be labeled as “exotic”. Due to its properties, for the exotic graviton in (4,0) multiplet the self-dual Weyl
(SDW) label will also be used.



2 Introduction

negative chirality. The exotic and conventional gravitini reduce to give the eight standard gravitini
in five dimensions, while the spin 1/2 fermions of either chirality simply reduce to five dimensional
spin 1/2 fields.

Finally, the exotic fields can appear in multiplets with less supersymmetry. These can be
constructed via the usual representation-theoretic arguments. An alternative is to consider the
decomposition of the maximally supersymmetric multiplets. For example, as we shall discuss, the
(4,0) multiplet decomposes into an exotic (2,0) gravity multiplet as well as 4 exotic (2,0) gravitino
multiplets and 5 (2,0) tensor multiplets. This decomposition is very similar to the decomposition
of the maximal (2, 2) six-dimensional supergravity. This can be decomposed into (2,0) multiplets:
one gravity, 4 gravitino and 5 tensors.*

One useful perspective on these multiplets is given by the fact that they can be seen as square
or product theories [4,8,10], in analogy to the linearised maximal supergravity in six dimensions,
i.e. the (2,2) theory being the square of the six-dimensional super Yang-Mills. In the same vein,
the (4, 0) multiplet can be seen as a square of (2,0) tensor multiplets, while the (3,1) theory - as a
product of a (2, 0) multiplet with a (1, 1) vector one. Similar product structures appear in the exotic
theories with less supersymmetry. While much of the interest in double copy constructions comes
from the computation of amplitudes in perturbation theory [21-23] (see [24] for a review) there have
also been developments in off-shell field theoretical realisations [5-8,25—-27] and the construction of
classical solutions [28-32]. Unfortunately in our case of interest, the strongly coupled theory has
no perturbative expansion and there may also be no classical limit with interactions, limiting the
direct usefulness of these constructions.

Algebraic aspects

Two main questions that preoccupy us in this thesis concern the algebraic symmetry-based
reasons behind the existence of the the exotic multiplets and the possibility of probing the existence
of interacting forms of these exotic theories (as well as their existence on non-flat spaces). Some
of the arguments here can be made for both (4,0) and (3, 1) multiplets, and some are specific only
to (4,0).

Much of the algebraic discussion in chapter 2 takes place in the context of the U-duality groups
and their relation to the corresponding superalgebras. In particular, we will use the language of
generalised geometry [33—-35] and exceptional field theory [36-38]|, discussing the charges appearing
in the supersymmetry algebra as generalised vectors in a generalised tangent space which transforms
as a linear representation under the relevant U-duality group. In order to avoid encountering infinite
dimensional duality algebras, we will work with dimensional splits of the theories considering three
external dimensions separately from the rest.

As we will discuss in section 2.1, all supersymmetry algebras with 32 supercharges arise from
a particular superalgebra A (with bosonic subalgebra sl(32,R) x R528) by restricting s[(32,R) to
different spin(d—1, 1) subalgebras. For example, one can obtain the superalgebras of 11d, type ITA
and type IIB supergravities from this prescription. On performing a dimensional split, decomposing
say spin(9,1) — spin(3,1) x spin(6) in type ITA or IIB, one can see how the resulting spin(6) group
would act on the charges appearing in the generalised tangent space of the supergravity theory on
the internal Euclidean signature part. In this way, merely requiring the chiralities of the fermions
present in type ITA and type IIB implies that one requires Eyg)-inequivalent “sections” (in the
language of exceptional field theory) of the generalised tangent space to correspond to the physical
momenta in spacetime for the two theories. For the particular case of type IIA vs type IIB,
these inequivalent sections (or inequivalent embeddings of the general linear group into the U-
duality group) have been discussed extensively in the literature [33,35,36,39|. A similar discussion
of sections for half-maximal supersymmetry can be found in [40], where it was concluded that
inequivalent sections gave the N = (1,1) and N' = (2,0) supergravities in six dimensions (the
former section extending to type I in ten dimensions).

Similarly, one can explore what happens if one instead requires N' = (4, 0) supersymmetry in six-
dimensions from the decomposition. We examine the intersection of the relevant Spin(5,1) group
with the generalised spin group Spin(2,1) x SO(16). Under the common subgroup Spin(2,1) x

41t is not hard to verify that even if individual multiplets are chiral the whole combination is not - for every
chiral fermion or self-dual field there is another with the opposite chirality or anti-self-duality.



Introduction 3

Spin(3) we observe how the charges in the generalised tangent space are grouped into irreducible
representations of the Spin(3) factor and of the SL(3,R) C SL(9,R) C Eg(g) which contains it. This
reveals a very different behaviour to the normal situation in generalised geometry or exceptional
field theory.

The root of this difference lies partly in the fact that in Eg(), the charges appearing in the
supersymmetry algebra do not span the full 248 representation in which the generalised vector
transforms, but rather only the 120 part under its SO(16) subgroup. Under the direct embed-
ding into the 248, the momentum charges do not satisfy the section condition, even in standard
supergravity.

The Spin(3) triplet of momentum charges of the (4,0) supersymmetry algebra thus embed into
the generalised vector as a triplet of SO(3), which consists of two of the momenta that would
be present in the conventional reduction of five-dimensional supergravity to three dimensions,
plus part of the dual graviton charge, much as expected from [1]. However, under the SL(3,R)
subgroup containing this SO(3), these three charges are combined with five others to form an
octuplet. Ordinarily, in supergravity one would expect them rather to be contained in a subspace
of the sum of two triplets, a space in which one could identify an SL(3,R) triplet solving the section
condition. Here, this is not the case, and there is no such section. Further, this SL(3,R) subgroup
is related to that of A" = (2,2) supergravity by a transformation in SL(9,R) C Egs), so any such
section would be equivalent to the standard one anyway.

Nonetheless, we go on to examine the decomposition of the generalised vector and the adjoint
of Eg(g) under SL(3,R) x Eg(g), noting that if we had enhanced SL(3,R) to GL(3,R) as one
would usually in standard supergravity, this would break the Egy commutant to SO(5,5). We
then look at these decompositions and attempt to apply the naive algebraic prescription (usually
imagined only in the context of supergravity — see e.g. [35] for a discussion) to extract the field
content of a parent six-dimensional theory. We find that, with suitable identifications, this matches
exactly what one would expect from the N' = (4,0) multiplet, though questions remain over
whether one must decompose under SO(3) C SL(3,R) and Sp(8) C Eg(s) in order to make these
identifications. Indeed, the algebraic construction of the generalised Lie derivative in flat space
appears to reproduce a formula for the gauge transformation of the exotic graviton, which reassures
us that our identification of the spacetime directions inside the generalised tangent space, together
with the fields and charges, is somewhat correct.

h-theories

Of course, one can wonder if there is more to these multiplets than simply their algebraic
properties. They stand out as multiplets with highest-spin < 2 which do not appear in stan-
dard supergravity theories, their decompositions under sub-superalgebras and compactifications
or their matter multiplets. We shall present arguments that the fact that the conjectured (4,0)
symmetry group Fg) has an SL(3,R) commutant inside the three-dimensional symmetry group
Egs) serves not only as a helpful technical tool, but is closely connected to the very existence
of the six-dimensional theory with FEge) symmetry. Correspondingly, the symmetry groups for
exotic (2,0) and (1,0) symmetry groups have SL(3,R) commutants inside the symmetry groups of
three-dimensional theories with 16 and 8 supercharges respectively.

In general, the exceptional Ey) groups have GL(n,R) commutants inside bigger Eiiq(itn)
groups. This is essentially by construction: the lower dimensional theories with maximal super-
symmetry are obtainable from the higher dimensional ones after a torus 7" compactification.
Finding other decompositions of Egi,(44+n) might be useful as a technical tool, but is of very
little consequence as far as higher-dimensional theories are concerned. For other decomposi-
tions Ggq X Hy, C Egyn(dsn), there is no (known) maximally supersymmetric theory (or multi-
plet) in D = 11 — d dimensions with symmetry H,,. For example the existence of the subgroup
SL(2,R) x Er(7y C Eg(s) has no implications for five-dimensional physics, as there is no maximal
five-dimensional theory with symmetry group E7 (7).

In this sense, assuming that the "= (4, 0) theory really has Ey(g) symmetry, we see that Eg ),
SL(3,R) and Egg) form a unique triple for maximally supersymmetric theories. As mentioned,
less-supersymmetric counterparts of this triple exist with SL(3,R) always playing a central role.
For concreteness we shall be concentrating on the maximally supersymmetric case. Given that the
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SL(3,R)/SO(3) coset is the moduli space of flat metrics on T of fixed volume, this suggests a way
of thinking about the (4,0) multiplet analogous to F-theory [41]. A solution of three-dimensional
supergravity with five non-constant scalars parametrising the coset, can be thought of as a solution
of a six-dimensional theory with the left-over Eg) symmetry, i.e. the (4,0) theory on a T3-fibered
manifold satisfying certain conditions. Moreover, using results from earlier work on “U-fold” torus
fibrations [42], it can be shown that the geometrical information can be repackaged and presented
in a form of a self-dual Weyl (SDW) tensor field, and differential conditions on the six-dimensional
space upon linearisation can be reduced to the equations of motion for the SDW field. The details
of this constructions which we call h-theory can be found in section 4. A novel feature of this
construction is that both the geometry and the SDW field on it are constructed out of the physical
scalar degrees of freedom in three-dimensions. Our analysis also has no propagating fields along
the directions of the torus, similarly to the situation in F-theory where there are no momenta in
the auxiliary 72 directions. This intriguing picture would thus suggest that the (4, 0) theory is not
really six-dimensional, as the physical states are not charged under the additional momenta.

It has been observed in [2] that due to the four-dimensional symmetry group E7(7)(Z) not having
an Egg)(Z) x SL(2,7) subgroup, the SL(2,7Z) duality expected from six-dimensional description
would act non-trivially on the graviton leading possibly to a modification of supergravity. Our
picture suggests a more conservative possibility, inspired by the relations between F-theory, 11-
dimensional supergravity and type IIB. We should not think of recovering the four-dimensional
supergravities from 7?2 reduction of the exotic (4,0) theory any more than we expect a direct
reduction of F-theory on a circle to yield the 11-dimensional supergravity, or of M-theory being
simply reduced to IIB. Instead, when M-theory is put on a two-torus one can take the so called
F-theory limit that decompactifies to ten-dimensions while while retaining the SL(2,Z), i.e. yields
the type IIB theory. The limit holds also from M-theory on an elliptically fibered manifold, in
which case the decompactification yields type IIB on the base of the elliptic fibration. So the idea
is to consider the three-dimensional maximal supergravity, i.e. the (4,0) theory on a fixed volume
T3 in decompactification limits. Denoting the radii of circles in T2 by r1, 72, r3 and setting the
Vol(T?3) = 1, up to numerical factors one has r; = 1/ror3. One can take ro,73 — oo and hence
r1 — 0, i.e. decompactify two dimensions. The path

72,3 —>00

Eg(g) D) SL(3,R) X E6(6) D) SL(Q,R) xRT x Eﬁ(ﬁ) — GL(27R) X E6(6) —_— E6(6) in D=5

results in a five-dimensional theory with Fg() symmetry, i.e. the ordinary five-dimensional super-
gravity. Another option is ro,73 — 0 and hence r; — o0, i.e. decompactify a single dimension.
The path now is

T1—00

Eg(g) D) SL(?),R) X EG(G) D) SL(2,R) x RT x EG(G) — SL(2,R) X E7(7) E— E7(7) in D=4.

This explains the appearance of both five-dimensional Eg) and four-dimensional E;(7y in the
decompactification limits of three-dimensional maximal supergravity. As everything else relating
to the embedding of SL(3,Z) in three-dimensional duality group, these chains continue to hold
for theories with 16 and eight supercharges. Calling the symmetry group G, we first note that
Gpts = Gp=s and that SL(3,R) x G532 € Gp=3 as well as SL(2,R) x Gp=4 € Gp=3. The
decompactifications to ordinary supergravities in four and five dimensions now work as in the
maximally supersymmetric case.

Another observation which suggests that we do not think of the theory as truly six-dimensional
comes from consideration of higher rank dualities. Considering the conjectured Kac-Moody sym-
metries Egp(s4ry) for n = 1,2,3, we might expect to find that the SL(3,R) commutant of Eg g is
extended to SL(34n,R). However, this is not the case. In particular, the SL(3,R) x SL(3, R) x (g
that we consider in our dimensional split (into three external dimensions, three internal dimen-
sions and an internal gy symmetry) does not extend to an SL(6,R) x Eg ) subgroup inside En b
However, there is a Spin(1,5) subalgebra of K FE;; corresponding to the decomposition of the 32
component spinor representation into 4 spinors of the same chirality in six dimensions, so that
F41 does appear to accommodate the multiplet at the level of the superalgebra. The fact that the

5We thank Guillaume Bossard for explaining these features of E1; to us.
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relevant SL(6,R) subgroup fails to exist indicates (unsurprisingly) that there is no six-dimensional
gravity for this multiplet and potentially that the theory is not truly six-dimensional.®

Chern-Simons couplings and anomalies

To provide further support to this picture, we include other arguments suggesting that the
naive reduction of the (4,0) theory on S or 72 might not produce the dynamics of supergravity
in five or four dimensions. We will also find similar statements for the (3,1) theory.

Firstly, we consider the generation of the topological Chern-Simons interactions present in
five-dimensional maximal supergravity [43]

SCS://{AZAAA/\FE/\FA (1)

where kpsa is the cubic Ege)-invariant and the A, ¥, A are Egg indices running from 1 to 27.
This interaction does not involve the metric and does not admit linearisation. By supersymmetry,
failure to generate it would indicate that the equations derived from the rank three and four tensor
fields will not agree with those of gravity beyond linearised level. Similar calculations have been
carried out, notably in the context of theories with eight supercharges, where is was shown how
triangle diagrams with massive KK modes coming from the chiral six-dimensional fields in the loop
generate five-dimensional Chern-Simons terms [44-47]. An important point here is that while KK
modes of six-dimensional fields are involved, the calculation itself is carried out in five dimensions.
As we show in section 3.2, under reasonable assumptions, only the reduction of the six-dimensional
supergravity generates (1) consistent with the Eg) cubic invariant.

Since the KK modes considered here come from chiral six-dimensional fields, the above calcula-
tion is closely related to six-dimensional anomalies and index theorems. Since the exotic multiplets
feature chiral fields, questions about anomalies arise naturally. One may object that these are for-
mulated in the flat space, and only upon reduction does (linearised) five-dimensional gravity and
diffeomorphism symmetry appear. The five degrees of freedom carried by the SDW field are to be
thought of as excitations of a five-dimensional metric, so that one does not expect six-dimensional
diffeomorphism symmetry, but rather exotic symmetries that give rise to five-dimensional diffeo-
morphisms.

In general, diffeomorphism invariance is a critical property for quantum supergravity theories.
It corresponds to the conservation of the energy momentum tensor at the quantum level and can
be checked via one-loop computations with the external states being gravitons. At the same time,
anomalies corresponding breakdown of diffeomorphisms can also be interpreted as the anomalous
transformation of the path integral measure of chiral fields under diffeomorphism transformations of
the space-time. Diffeomorphism anomalies are equivalent to anomalies for local Lorentz symmetry
up to local, non-polynomial counterterms (see e.g. [48]). Thus, regardless of considerations of
diffeomorphism symmetry, it makes sense to ask whether the non-gravitational (4,0) theory is
invariant under local Lorentz transformations on arbitrary background six-dimensional manifolds.
This question can be answered by computing the gravitational anomalies in the conventional sense.

We find that the exotic fields of the (4, 0) theory lie inside the domains of certain Dirac operators,
in much the same way that self-dual p-forms are found inside the signature complex (see e.g. [49]).
This fact is intimately related to the exotic multiplets arising as products of matter multiplets, and
is very similar to the treatment of self-dual p-forms as part of a bispinor field. As we shall see, for
the exotic fields we simply have to take higher powers of the spinor representations. The explicit
calculations can be found in section 3.1, with further details in appendix B.2. The conclusion is
that both (4,0) and (3,1) multiplets have non-vanishing anomalies. In a way, the decomposition
of the maximally supersymmetric multiplets mentioned above gives a heuristic explanation to this.
The ordinary (2,0) multiplets - gravity (GM) , gravitino (GoM) and tensor (TM) - while all chiral,
have fields of different chirality appearing in them, so that a particular combination of them even
becomes a non-chiral theory.” On the contrary, the exotic multiplets have maximally aligned
chiralities so that a cancellation naively appears much less likely, and indeed does not happen.

60ne slight difference between our picture and that of F-theory is that while there is no SL(12,R) inside F11,
there is also no twelve-dimensional spin group or momentum charge.
"In fact all three multiplets have proportional anomaly polynomials: Ity; = %IGOM = _%IG]\/I-
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Quantisation and anomalies of antisymmetric tensor-spinors

Apart from the bosonic exotic fields, fermionic two-forms appear in the exotic N = (4,0) and
N = (3,1) maximally supersymmetric multiplets in six dimensions [20].

The study of fermionic two-forms in six dimensions can be brought to a more general set up,
namely, fermionic p-forms in arbitrary dimension D. Consider fermionic fields of the form ¢y, . i
where « is a spinor index and the p; are spacetime indices, which are totally antisymmetric in their
spacetime indices:

/(jlufZ"'U'p = w[(;nuzmﬂp] : (2)

The free action for such a field in flat spacetime is a direct generalisation of the Rarita-Schwinger
action for a fermionic one-form ¢} and reads [50,51]

pp=1) 7 U2 fhpV P P2 P
SOW’] = _(_1) 2 /de wu1ﬂ2-"ﬂp 'YI W2 Hpbprb2. Py ar/wmpz‘-.pp- (3)

This action is invariant under some reducible gauge symmetries, i.e. with “gauge-for-gauge” trans-
formations. They are

o = dAP=Y - GAPD —gpaAP=2 - GAM = gA© (4)

in differential form notation (with a spectator spinor index). Here, each parameter A®) is an
antisymmetric tensor-spinor of rank k. This reducibility introduces well-known subtleties upon
quantisation, which we will tackle using the powerful Batalin-Vilkovisky (BV) field-antifield for-
malism [52,53].

Gravitational anomalies for these exotic multiplets are computed in chapter 3 (the results were
published in [15]), but some assumptions were required since the precise ghost structure for the
fermionic two-form was unknown at the time. Omne of the goals of this part is to fill that gap.
Another, more remote motivation for looking at these types of fields comes from considerations of
dual gravity [1,3,54,55|, where (in the linearised regime) the graviton is dualised to a [D —3, 1]-type
mixed-symmetry tensor. A supersymmetric, manifestly covariant model in which this field finds
a partner is still lacking, however, and a fermionic p-form field would be the natural candidate
(see [56] for an early attempt at dualising fermionic fields, and [57, 58] for related considerations
in the prepotential formalism).

In the quantisation procedure of irreducible gauge theories (i.e., when there are no “gauge-
for-gauge” transformations), quadratic gauges containing a differential operator give rise to a
third propagating ghost. This was discovered firstly in supergravity in the quantisation of Rarita-
Schwinger field, and the propagating third ghost is known as the Nielsen-Kallosh ghost [59, 60].
Later, the third ghost was derived again within the BV formalism [52] in a manifestly local way
by Batalin and Kallosh in [61].

The “third ghost” for quadratic gauges appears also in the reducible case, as we prove in
chapter 5. It should be emphasised that this statement is valid beyond the simple action and gauge
symmetries for the fermionic p-form described above: we allow for non-abelian gauge algebras, on-
shell closure, etc. These subtleties are all packaged in the explicit form of the ‘minimal BV action’
for the model at hand, which always exists and which we keep arbitrary.

The quantisation of free fermionic p-form fields, using the general results mentioned above,
(in the words of [53]) is “like cracking nuts with a sledgehammer”. Since fermionic fields satisfy
first-order equations of motion and the action (3) is already in Hamiltonian form, the Hamiltonian
quantisation methods of [62-64] would have been more economical. The third ghost has also been
discussed in that formalism in reference [65]. However, the approach we use here has the advantage
of preserving manifest covariance. This is done both in the usual delta-function gauge-fixing and
in the Gaussian gauge-fixing where a generalised Nielsen-Kallosh ghost appears; propagators and
BRST transformations are also discussed in both schemes. Explicit details are given only in the
two-form case, but the generalisation to higher form degree poses no difficulty. We maintain
manifest locality and covariance throughout.

We compute the gravitational anomaly of a chiral fermionic p-form in dimensions D = 4m + 2.
This is done using the ghost spectrum found in the quantisation and applying the Atiyah-Singer
index theorem [66,67], following the methods developed in the classic papers [68-71]. We describe
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the general procedure in detail and display the results in dimensions D = 2, 6 and 10 in tables 6.3,
6.4 and 6.5. An intriguing result is that in dimensions D > 6, the anomaly of a chiral fermionic
p-form matches that of a (D — p — 1)-form; it would be very interesting to use this fact to attempt
to build new anomaly-free models.

We should mention an important caveat related to the computation of the gravitational anomaly:
to the best of our knowledge, there is currently no model that couples consistently a fermionic p-
form to dynamical gravity. It can be hoped that this difficulty will be resolved in the future,
perhaps by including (an infinite number of) other fields.®* However, since the anomaly compu-
tations of section 6.4 are solely based on the ghost spectrum and not on the specific form of the
action, we are confident that these results will survive such future developments.

Structure

The thesis is divided into three parts and it is organised as follows. The first part is an intro-
ductory chapter, we review the construction and structure of the exotic six-dimensional multiplets.
This part also covers the discussion of the free exotic tensor fields appearing in these exotic mul-
tiplets.

The second part is based on the paper [15]. In chapter 2 we discuss how to relate the N' = (4, 0)
superalgebra to that of eleven-dimensional supergravity and how to interpret its charges in terms
of Fg) objects, within the framework of exceptional geometry. Chapter 3 section 3.1 contains
the anomaly polynomials for the local Lorentz symmetry of exotic multiplets, which are found to
be non-factorisable. We go on to show that there is no conventional mechanism to generate the
Chern-Simons couplings of five-dimensional maximal supergravity from the circle compactification
of the A/ = (4, 0) fields also in this chapter. In chapter 4 we present our construction of “h-theories”
on T3-fibered geometries, whose solutions are seen to match the linearised equations of motion of
the exotic graviton.

Finally, in the third part, mainly based on [72], we focus on the antisymmetric tensor-spinors.
In chapter 5, we firstly give a short review of the BV formalism, where the appearance of the “third
ghost” is explained in irreducible theories. Then we show that the “third ghost” also appears in
reducible theories. The last chapter turns to the application of BV quantisation to free fermionic p-
form fields. With the ghost spectrum obtained from the BV formalism, the complete computation
of gravitational anomalies is presented.

8Something even more exotic should happen in the D = 6, N' = (4,0) or (3,1) theories, if they exist, since they
contain no metric at all. As discussed above, one should probably take the vanishing of the gravitational anomaly as
a criterion selecting on which background manifolds these theories can be formulated consistently in certain regimes.






Synthése en francais

Il a été proposé qu’une limite de couplage fort de la supergravité quantique en cing dimensions
N = 8 dans laquelle la longueur de Planck devient infinie pourrait donner une phase superconforme
de la M-théorie en six dimensions. [1-3]. De plus, pour la théorie libre, cette limite est donnée
par une théorie en six dimensions avec une supersymétrie maximale N' = (4,0). Cette théorie est
conforme et n’a donc pas d’échelles de longueur. Lorsqu’elle est placée sur un cercle, ’échelle de
compactification R devient I’échelle de Planck en cinq dimensions. 11 est clair que la compréhension
d’une telle limite nécessiterait des idées radicalement nouvelles et celles-ci seraient importantes pour
notre compréhension globale de la physique gravitationnelle de la M-théorie. Ces derniéres années,
on a assisté a un regain d’intérét pour ce domaine, qui a donné lieu a de nombreux développements
intéressants et a de nouvelles approches [4-19].

Cependant, indépendamment des implications pour la théorie M, au niveau des supermulti-
plets, le multiplet (libre) avec supersymétrie N = (4,0) existe certainement [20] et possede 32
supersymétries et 32 supersymétries conformes. Sa réduction dimensionnelle posséde les mémes
degrés de liberté et le méme contenu de champ que la supergravité maximale en cinq dimensions.
Cette derniére théorie posséde une symétrie globale Fg ) et, en plus du graviton, possede 27 champs
vectoriels et 42 scalaires, ainsi que huit gravitini et 48 fermions de spin 1/2. Il a été suggéré que le
premier posséde la méme symétrie Egg), de sorte que les champs apparaissent dans des représen-
tations similaires. Au lieu de la gravité (champ tensoriel symétrique de rang deux), elle posséde
un champ de jauge tensoriel de rang quatre avec les symétries du tenseur de Riemann. En raison
des contraintes d’auto-dualité sur sa courbure, ce champ a cing degrés de liberté (tout comme
le graviton en cingq dimensions) et sa réduction dimensionnelle donne une gravité conventionnelle
linéarisée en cinq dimensions [1]. De méme, au lieu de 27 vecteurs en cingq dimensions, le multiplet
(4,0) posséde 27 tenseurs auto-duaux.” Dans les deux cas, il y a 27 x 3 degrés de liberté. Les
48 fermions de spin 1/2 deviennent simplement des fermions chiraux dans six dimensions. Enfin
les huit gravitini (champs vecteurs-spineurs) sont remplacés par huit!? “gravitini exotiques” Yy,
deux-formes spineurs avec une contrainte d’auto-dualité sur leurs courbures.'!

En fait, le multiplet (4,0) n’est pas la seule théorie exotique en six dimensions. Il existe
également un multiplet (3, 1), ou les contraintes d’auto-dualité sont partielles, et en examinant les
degrés de liberté scalaires, on peut deviner que la symétrie qui régit la théorie est Fjy(4y. Le multiplet
posséde un champ tenseur auto-dual de rang 3, et 28 scalaires qui pourraient se trouver dans I’espace
tangent a I'espace symétrique Fy4y/ Sp(2) x Sp(6). Cependant, les 14 champs vectoriels et les 12
tenseurs auto-duaux ne forment que la représentation 26 de Fy(4) lorsqu’ils sont combinés ensemble.
Cela suggére qu’en fait, seul le groupe de R-symétrie Sp(2) x Sp(6) (et non la représentation
compléte Fy4)) serait une vraie symétrie. Cela peut rendre suspicieux le fait que Egg) soit une
vraie symétrie de la théorie N = (4,0), et nous verrons quelques indications que ce n’est peut-
étre pas le cas. Comme ces symétries ne découlent pas directement des supermultiplets, mais
apparaissent seulement dans la construction des théories associées, I’absence d’une construction

9Dans nos conventions, le multiplet de gravité (2,0) en six dimensions posséde cing champs tenseurs anti-auto-
duaux, tandis que les multiplets tensoriels (2,0) ont des tenseurs auto-duaux.

10Nous comptons les quatre champs quaternioniques comme huit champs complexes et nous utiliserons un comp-
tage similaire tout au long de ’ouvrage.

1 Comme dans une grande partie de la littérature, les champs dans les multiplets (4, 0) et (3, 1) qui n’apparaissent
pas dans les multiplets ordinaires de gravité ou de matiére, mais qui ont des contreparties directes, c’est-a-dire
comme huit deux-formes spineurs dans (4,0) contre huit gravitini dans (2,2), seront étiquetés comme “exotiques”.
En raison de ses propriétés, pour le graviton exotique dans le multiplet (4,0), on utilisera également 1’étiquette
“self-dual-Weyl” (SDW).
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compléte de la théorie (4,0) signifie qu’on ne peut pas étre siir. Cependant, un argument simple
en faveur de la symétrie Eg(g) est que les scalaires de la supergravité maximale de 5d sont tous
élevés en scalaires dans 6d. Ainsi, nalvement, on pourrait s’attendre & ce que les transformations
de 5d de ces scalaires soient également élevées a 6d. Les champs fermioniques du multiplet (3,1)
comprennent deux gravitini exotiques, six gravitini standard de chiralité négative, 28 fermions de
spin 1/2 de chiralité positive et 14 fermions de spin 1/2 de chiralité négative. Les gravitini exotiques
et conventionnelles se réduisent pour donner les huit gravitini standard en cinq dimensions, tandis
que les fermions de spin 1/2 de chiralité quelconque se réduisent simplement a des champs de spin
1/2 en cinq dimensions.

Enfin, les champs exotiques peuvent apparaitre dans des multiplets avec moins de super-
symétrie. Ceux-ci peuvent étre construits via les arguments habituelles de la théorie des représen-
tations. Une alternative est de considérer la décomposition des multiplets maximalement super-
symétriques. Par exemple, comme nous le verrons, le multiplet (4, 0) se décompose en un multiplet
exotique de gravité (2,0) ainsi qu'en 4 multiplets exotiques de gravitino (2,0) et 5 multiplets
tenseurs (2,0). Cette décomposition est trés similaire a la décomposition de la supergravité max-
imale (2,2) en six dimensions. Celle-ci peut étre décomposée en multiplets (2,0) : une gravité, 4
gravitino et 5 tenseurs.'?

Une perspective utile sur ces multiplets est donnée par le fait qu’ils peuvent étre vus comme
des théories carrées ou produits [4,8,10], en analogie avec la supergravité maximale linéarisée en
six dimensions, c¢’est-a-dire que la théorie (2,2) est le carré du super Yang-Mills en six dimensions.
Dans la méme veine, le multiplet (4,0) peut étre vu comme un carré de multiplets tenseurs (2, 0),
tandis que la théorie (3,1) - comme un produit d’un multiplet (2,0) avec un multiplet vectoriel
(1,1). Des structures de produit similaires apparaissent dans les théories exotiques avec moins
de supersymétrie. Alors qu’une grande partie de I'intérét pour les constructions en “double copy”
provient du calcul des amplitudes dans la théorie des perturbations [21-23] (voir [24] pour une
revue), il y a également eu des développements dans les réalisations théoriques de champs off-
shell [5-8,25-27] et dans la construction de solutions classiques [28-32]. Malheureusement, dans le
cas qui nous intéresse, la théorie fortement couplée n’a pas d’expansion perturbative et il se peut
également qu’il n’y ait pas de limite classique avec les interactions, ce qui limite 'utilité directe de
ces constructions.

Aspects algébriques

Deux questions principales qui nous préoccupent dans cette thése concernent les raisons basées
sur la symétrie algébrique derriére ’existence des multiplets exotiques et la possibilité de sonder
Pexistence de formes d’interactions de ces théories exotiques (ainsi que leur existence sur des espaces
courbes). Certains des arguments présentés ici peuvent étre avancés a la fois pour les multiplets
(4,0) et (3,1), et d’autres ne sont spécifiques qu’a (4, 0).

Une grande partie de la discussion algébrique du chapitre 2 se déroule dans le contexte des
groupes de U-dualité et de leur relation avec les superalgébres correspondantes. En particulier,
nous utiliserons le langue de la géométrie généralisée [33-35] et de la théorie des champs excep-
tionnelle [36-38], en discutant les charges apparaissant dans I’algébre de supersymétrie comme des
vecteurs généralisés dans un espace tangent généralisé qui se transforme en une représentation
linéaire sous le groupe de U-dualité correspondant. Afin d’éviter de rencontrer des algébres de du-
alité de dimension infinie, nous travaillerons avec des décompositions dimensionnelles des théories
considérant trois dimensions externes séparément du reste.

Comme nous le verrons dans la section 2.1, toutes les algébres de supersymétrie avec 32 super-
charges proviennent d’une superalgébre particuliére .4 (avec une sous-algébre bosonique s[(32, R) x
R°2%) en restreignant sl(32,R) a différentes sous-algébres spin(d — 1,1). Par exemple, on peut
obtenir les superalgébres de 11d, les supergravités de type IIA et de type IIB a partir de cette pre-
scription. En effectuant une décomposition dimensionnelle, en décomposant disons spin(9,1) —
spin(3, 1) x spin(6) en type ITA ou IIB, on peut voir comment le groupe spin(6) résultant agirait sur
les charges apparaissant dans ’espace tangent généralisé de la théorie de supergravité sur la partie

12]] n’est pas difficile de vérifier que méme si les multiplets individuelles sont chiraux, la combinaison entiére
ne l'est pas - pour chaque fermion chiral ou champ auto-dual, il en existe un autre avec la chiralité opposée ou
I’anti-auto-dualité.
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signature euclidienne interne. Ainsi, le simple fait d’exiger les chiralités des fermions présents dans
le type ITA et le type IIB implique que l'on exige des “sections” (dans le cadre de la théorie des
champs exceptionnelle) E;(q)-inequivalentes de 'espace tangent généralisé pour correspondre aux
impulsions physiques dans ’espace-temps pour les deux théories. Pour le cas particulier du type ITA
vs type IIB, ces sections inéquivalentes (ou plongements inéquivalents du groupe linéaire général
dans le groupe de U-dualité) ont été largement discutées dans la littérature [33,35,36,39]. Une dis-
cussion similaire des sections pour la supersymétrie demi-maximale peut étre trouvée dans [40], ot
il a été conclu que des sections inéquivalentes donnaient les supergravités N' = (1,1) et N = (2,0)
en six dimensions (la premiére section s’étendant au type I en dix dimensions).
De méme, on peut explorer ce qui se passe si 'on exige une supersymétrie de

N = (4,0)

en six dimensions & partir de la décomposition. Nous examinons l'intersection du groupe perti-
nent Spin(5,1) avec le groupe de spin généralisé Spin(2,1) x SO(16).Sous le sous-groupe commun
Spin(2,1) x Spin(3), nous observons comment les charges dans l’espace tangent généralisé sont
regroupées en représentations irréductibles du facteur Spin(3) et du SL(3,R) C SL(9,R) C Eg(s)
qui le contient. Ceci révéle un comportement trés différent de la situation normale en géométrie
généralisée ou en théorie des champs exceptionnelle.

L’origine de cette différence réside en partie dans le fait que dans Eg(s), les charges apparaissant
dans l’algébre de supersymétrie ne engendrent pas la représentation 248 compléte dans laquelle le
vecteur généralisé se transforme, mais seulement la partie 120 sous son sous-groupe SO(16). Sous
le plongement direct dans la 248, les charges de impulsion ne satisfont pas la condition de section,
méme en supergravité standard.

Le triplet Spin(3) de charges de impulsion de ’algébre de supersymétrie (4,0) se plonge donc
dans le vecteur généralisé comme un triplet de SO(3), qui consiste en deux des impulsions qui
seraient présentes dans la réduction conventionnelle de la supergravité cing-dimensionnelle & trois
dimensions, plus une partie de la charge du graviton dual, comme prévu par [1]. Cependant, sous
le sous-groupe SL(3,R) contenant ce SO(3), ces trois charges sont combinées avec cing autres
pour former un octuplet. Normalement, en supergravité, on s’attendrait plutdt a ce qu’elles soient
contenues dans un sous-espace de la somme de deux triplets, un espace dans lequel on pourrait
identifier un triplet SL(3,R) résolvant la condition de section. Ici, ce n’est pas le cas, et il n’y a
pas de telle section. De plus, ce sous-groupe SL(3,R) est li¢ & celui de la supergravité N' = (2,2)
par une transformation dans le SL(9,R) C Eg(s), de sorte que toute section de ce type serait de
toute fagon équivalente & la section standard.

Néanmoins, nous continuons & examiner la décomposition du vecteur généralisé et de ’adjoint
de Eg(g) sous SL(3, R) x Eg ), en notant que si nous avions renforcé SL(3, R) en GL(3,R) comme on
le ferait habituellement en supergravité standard, cela changerait la commutante Fgy en SO(5,5).
Nous examinons ensuite ces décompositions et tentons d’appliquer la prescription algébrique naive
(généralement imaginée uniquement dans le contexte de la supergravité — voir par exemple [35]
pour une discussion) pour extraire le contenu du champ d’une théorie parente en six dimensions.
Nous trouvons que, avec des identifications appropriées, cela correspond exactement & ce que 1’on
pourrait attendre du multiplet /' = (4, 0), bien que des questions subsistent quant & savoir si 'on
doit décomposer sous SO(3) C SL(3,RR) et Sp(8) C Eg ) afin de faire ces identifications. En effet,
la construction algébrique de la dérivée de Lie généralisée dans l’espace plat semble reproduire
une formule pour la transformation de jauge du graviton exotique, ce qui nous rassure sur le fait
que notre identification des directions de ’espace-temps a l'intérieur de I'espace tangent généralisé,
ainsi que des champs et des charges, est plutot correcte.

h-théories

Bien stir, on peut se demander si ces multiplets n’ont pas d’autres caractéristiques que leurs
simples propriétés algébriques. Ils se distinguent en tant que multiplets avec le plus haut spin < 2
qui n’apparaissent pas dans les théories de supergravité standard, leurs décompositions sous les
sous-superalgébres et les compactifications ou leurs multiplets de matiére. Nous présenterons des
arguments selon lesquels le fait que le groupe de symétrie conjecturé de (4,0), Eg() posséde un
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commutant SL(3, R) dans le groupe de symétrie tridimensionnel Eg(g) ne sert pas seulement d’outil
technique utile, mais est étroitement lié a ’existence méme de la théorie en six dimensions avec la
symétrie Eg(g). De maniére correspondante, les groupes de symétrie des exotiques (2,0) et (1,0)
ont des SL(3,R) commutants a Uintérieur des groupes de symétrie des théories tridimensionnelles
avec 16 et 8 supercharges respectivement.

En général, les groupes exceptionnels Eg(g) ont des commutants GL(n,R) & I'intérieur de
groupes plus grands Egi,(44n). Ceci est essentiellement par construction : les théories de di-
mension inférieure avec supersymétrie maximale peuvent étre obtenues & partir des théories de
dimension supérieure aprés une compactification sur le tore T™. Trouver d’autres décomposi-
tions de Egyna4n) peut étre utile en tant qu’outil technique, mais n’a que trés peu de con-
séquences en ce qui concerne les théories de dimension supérieure. Pour les autres décompositions
Gaq X Hp € Egyn(d4n), il n'existe pas de théorie (ou multiplet) maximalement supersymétrique
(connue) en D = 11 —d dimensions avec une symétrie H,,. Par exemple, 'existence du sous-groupe
SL(2,R) x E7(7)y C Eg(s) n’a aucune implication pour la physique en cinq dimensions, car il n’existe
aucune théorie maximale en cinq dimensions avec le groupe de symétrie Er(7).

Dans ce sens, en supposant que la théorie N' = (4, 0) posséde réellement une symétrie Eg(6), nous
voyons que Fggy, SL(3,R) et Eg(s) forment un triple unique pour les théories maximalement super-
symétriques. Comme nous I’avons mentionné, il existe des contreparties moins supersymétriques
de ce triple avec SL(3,R) jouant toujours un role central. Pour étre plus concret, nous nous con-
centrerons sur le cas maximalement supersymétrique. Etant donné que le coset SL(3,R)/SO(3)
est ’espace modulaire des métriques plates sur T° de volume fixe, cela suggére une facon de penser
au multiplet (4,0) analogue a la F-théorie [41]. Une solution de supergravité tridimensionnelle
avec cinq scalaires non constants paramétrant le coset, peut étre considérée comme une solution
d’une théorie six-dimensionnelle avec la symétrie restante Eg(g), c’est-a-dire la théorie (4, 0) sur une
variété fibrée de T2 satisfaisant certaines conditions. De plus, en utilisant les résultats de travaux
antérieurs sur les fibrations de torus “U-fold” [42], on peut montrer que l'information géométrique
peut étre reconditionnée et présentée sous la forme d’un champ tenseur auto-dual de Weyl (SDW),
et les conditions différentielles sur l'espace six-dimensionnel aprés linéarisation peuvent étre ré-
duites aux équations du mouvement pour le champ SDW. Les détails de cette construction que
nous appelons h-théorie peuvent étre trouvés dans la section 4. Une nouvelle caractéristique de
cette construction est que la géométrie et le champ SDW sont tous deux construits & partir des
degrés de liberté scalaires physiques en trois dimensions. Notre analyse n’a pas non plus de champs
de propagation le long des directions du tore, de maniére similaire a la situation en F-théorie ou
il n’y a pas des impulsions dans les directions auxiliaires 72. Cette image intrigante suggérerait
donc que la théorie (4,0) n’est pas vraiment six-dimensionnelle, car les états physiques ne sont pas
chargés sous effet des impulsions supplémentaires.

Il a été observé dans [2] qu’en raison du fait que le groupe de symétrie quadridimensionnel
Er7(7)(Z) n’a pas de sous-groupe Egg)(Z) x SL(2,Z), la dualité SL(2,Z) attendue de la description
six-dimensionnelle agirait de maniére non triviale sur le graviton, ce qui pourrait conduire & une
modification de la supergravité. Notre image suggére une possibilité plus conservatrice, inspirée par
les relations entre la F-théorie, la supergravité 11-dimensionnelle et le type IIB. Nous ne devrions
pas penser retrouver les supergravités quadridimensionnelles & partir d’une réduction de 72 de la
théorie exotique (4,0), pas plus que nous ne nous attendons a ce qu’une réduction directe de la F-
théorie sur un cercle donne la supergravité 11-dimensionnelle, ou que la M-théorie soit simplement
réduite a IIB. Au lieu de cela, lorsque la M-théorie est placée sur un 2-tore, on peut prendre la limite
dite de la F-théorie qui décompactifie & dix dimensions tout en conservant la SL(2,7Z), c’est-a-dire
qu’elle donne la théorie de type IIB. La limite est également valable & partir de la M-théorie sur une
variété elliptiquement fibrée, auquel cas la décompactification donne le type IIB sur la base de la
fibration elliptique. L’idée est donc de considérer la supergravité maximale tridimensionnelle, c’est-
a-dire la théorie (4, 0) sur un volume fixe 7% dans les limites de décompactification. En dénotant les
rayons des cercles dans T° par 71,72, 3 et en fixant le Vol(T?) = 1, jusqu’aux facteurs numériques
on ary = 1/rers. On peut prendre ra,73 — oo et donc r1 — 0, c’est-a-dire décompactifier deux
dimensions.

Le chemin

2,13 —>00

Eg(g) D) SL(?), R) X EG(G) D) SL(27 R) X R+ X Eﬁ(ﬁ) — GL(2,R) X EG(G) _— EG(G) en D=5
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donne une théorie cing-dimensionnelle avec une symétrie Fgg), c’est-a-dire la supergravité ordinaire
en cinq dimensions. Une autre possibilité est r9, 73 — 0 et donc r; — 00, ¢’est-a-dire décompactifier
une seule dimension. Le chemin maintenemt est

Eg) 2 SL(3,R) x Egg) 2 SL(2,R) x RT x Eg) — SL(2,R) x Eq(7y ——» B¢z en D=4.

Cela explique I'apparition de Fg) cing-dimensionnels et de Er(7) quatre-dimensionnels dans les
limites de décompactification de la supergravité maximale tridimensionnelle. Comme tout ce qui
concerne le plongement de SL(3,Z) dans le groupe de dualité tridimensionnel, ces chaines continu-
ent a tenir pour les théories & 16 et huit supercharges. En appelant le groupe de symétrie G, nous
notons d’abord que G332 = Gp=s et que SL(3,R) x Gy C Gp=3 ainsi que SL(2,R) x Gp=4 C
Gp=3. Les décompacités vers les supergravités ordinaires en quatre et cinq dimensions fonctionnent
maintenant comme dans le cas maximalement supersymétrique.

Une autre observation qui suggére que nous ne considérons pas la théorie comme étant véritable-
ment six-dimensionnelle provient de la considération des dualités de rang supérieur. En considérant
les symétries de Kac-Moody conjecturées Egy(g4n) pour n = 1,2, 3, nous pourrions nous attendre
a trouver que la commutante SL(3,R) de g est étendue & SL(3 + n,R). Or, ce n'est pas le
cas. En particulier, la SL(3,R) x SL(3,R) x Eg() que nous considérons dans notre décomposition
dimensionnelle (en trois dimensions externes, trois dimensions internes et une symétrie interne
Eg()) ne s'étend pas a un sous-groupe SL(6,R) x Egg) dans Ey1.'* Cependant, il existe une
sous-algebre Spin(1,5) de K E;; correspondant a la décomposition de la représentation de spineur
a 32 composants en 4 spineurs de la méme chiralité en six dimensions, de sorte que F; semble ac-
commoder le multiplet au niveau de la superalgébre. Le fait que le sous-groupe pertinent SL(6, R)
n’existe pas indique (sans surprise) qu’il n’y a pas de gravité six-dimensionnelle pour ce multiplet
et potentiellement que la théorie n’est pas vraiment six-dimensionnelle.™

Couplages de Chern-Simons et anomalies

Pour étayer davantage cette image, nous incluons d’autres arguments suggérant que la réduction
naive de la théorie (4,0) sur S ou T? pourrait ne pas produire la dynamique de la supergravité en
cing ou quatre dimensions. Nous trouverons également des déclarations similaires pour la théorie
(3,1).

Tout d’abord, nous considérons la génération des interactions topologiques de Chern-Simons
présentes dans la supergravité maximale en cing dimensions [43]

Scsz/k}AgAAA/\FE/\FA (5)

oll kaxa est I'invariant cubique de Eggy et les A, ¥, A sont des indices de Eg6 allant de 1 & 27.
Cette interaction n’implique pas la métrique et n’admet pas de linéarisation. Par supersymeétrie,
Iincapacité a la générer indiquerait que les équations dérivées des champs tenseurs de rang trois
et quatre ne concorderont pas avec celles de la gravité au-deld du niveau linéarisé. Des calculs
similaires ont été effectués, notamment dans le contexte des théories & huit supercharges, ou il
a été montré comment les diagrammes triangulaires avec des modes KK massifs provenant des
champs chiraux six-dimensionnels dans la boucle générent des termes de Chern-Simons en cing
dimensions [44-47]. Un point important ici est que, bien que les modes KK des champs six-
dimensionnels soient impliqués, le calcul lui-méme est effectué en cinq dimensions. Comme nous le
montrons dans la section 3.2, sous des hypothéses raisonnables, seule la réduction de la supergravité
six-dimensionnelle génére des (5) compatibles avec I'invariant cubique Fgg).

Comme les modes KK considérés ici proviennent de champs chiraux a six dimensions, le calcul
ci-dessus est étroitement lié aux anomalies six-dimensionnelles et aux théorémes d’indice. Puisque
les multiplets exotiques comportent des champs chiraux, les questions relatives aux anomalies
se posent naturellement. On peut objecter que celles-ci sont formulées dans l'espace plat, et
que ce n’est qu’aprés réduction que la gravité cing-dimensionnelle (linéarisée) et la symétrie du

13Nous remercions Guillaume Bossard de nous avoir expliqué ces caractéristiques de E1.
14Une légére différence entre notre image et celle de la F-théorie est que, bien qu’il n’y ait pas de SL(12,R) &
I'intérieur de F11, il n’y a pas non plus de groupe de spin douz-dimensionnel ou de charge d’impulsion.
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difféomorphisme apparaissent. Les cinq degrés de liberté portés par le champ SDW doivent étre
considérés comme des excitations d’'une métrique en cinq dimensions, de sorte que I’on ne s’attend
pas & une symétrie de difféeomorphisme six-dimensionnelle, mais plutot a des symétries exotiques
qui donnent lieu a des difféomorphismes en cinq dimensions.

En général, 'invariance des difféomorphismes est une propriété critique pour les théories de
supergravité quantique. Elle correspond a la conservation du tenseur énergie-impulsion au niveau
quantique et peut étre vérifiée par des calculs & une boucle, les états externes étant des gravitons.
En méme temps, les anomalies correspondant & la rupture des difféomorphismes peuvent aussi étre
interprétées comme la transformation anormale de la mesure de l'intégrale de chemin des champs
chiraux sous les transformations de difféomorphisme de ’espace-temps. Les anomalies de difféo-
morphisme sont équivalentes aux anomalies de symétrie locale de Lorentz jusqu’aux contre-termes
locaux non polynomiaux (voir par exemple [48]). Ainsi, indépendamment des considérations sur
la symeétrie des difféomorphismes, il est logique de se demander si la théorie non gravitationnelle
(4,0) est invariante sous les transformations locales de Lorentz sur des variétés de fond arbitraires
en six dimensions. On peut répondre & cette question en calculant les anomalies gravitationnelles
au sens conventionnel.

Nous constatons que les champs exotiques de la théorie (4,0) se trouvent a lintérieur des
domaines de certains opérateurs de Dirac, de la méme maniére que les p-formes auto-duelles se
trouvent & l'intérieur du complexe de signature (voir par exemple [49]). Ce fait est intimement
lié aux multiplets exotiques qui apparaissent comme des produits de multiplets de matiére, et
est trés similaire au traitement des p-formes auto-duelles comme partie d’un champ bispineur.
Comme nous le verrons, pour les champs exotiques, nous devons simplement prendre des puissances
supérieures des représentations du spineur. Les calculs explicites se trouvent dans la section 3.1,
avec plus de détails dans Pappendice B.2. La conclusion est que les multiplets (4, 0) et (3,1) ont des
anomalies non-vanentes. D’une certaine maniére, la décomposition des multiplets maximalement
supersymétriques mentionnée ci-dessus donne une explication heuristique a cela. Les multiplets
ordinaires (2,0) - gravité (GM), gravitino (GoM) et tenseur (TM) - bien que tous chiraux, ont des
champs de chiralité différente qui apparaissent en eux, de sorte que une combinaison particuliére
d’entre eux devient méme une théorie non chirale.!®> Au contraire, les multiplets exotiques ont des
chiralités maximalement alignées de sorte qu’une annulation semble naivement beaucoup moins
probable, et ne se produit effectivement pas.

Quantification et anomalies des tenseurs-spineurs antisymétriques

Outre les champs exotiques bosoniques, des deux-formes fermioniques apparaissent dans les
multiplets exotiques N= (4,0) et N= (3,1) maximalement supersymétriques en six dimensions [20].

L’étude des deux-formes fermioniques en six dimensions peut étre ramenée a un ensemble plus
général, a savoir les p-formes fermioniques en dimension arbitraire D. Considérons des champs
fermioniques de la forme 7, pa..py» OO @ est un indice de spineur et les p; sont des indices de
I’espace-temps, qui sont totalement antisymétriques dans leurs indices de ’espace-temps :

/O:IM2---NP = wﬁtluzmﬂp] ’ (6)

L’action libre pour un tel champ dans un espace-temps plat est une généralisation directe de I’action
de Rarita-Schwinger pour une 1-forme fermionique ¢} et se lit [50,51]

p(p—1)

Solu] = — (1) / 0P Dy g AP HPRn Gp (7)

Cette action est invariante sous certaines symétries de jauge réductibles, c’est-a-dire avec des
transformations “jauge pour jauge’. Ces symétries sont

6p = dAP~D | SAPTD = gpA=2) 0 GAD = gA©) (8)

en notation de forme différentielle (avec un indice de spineur spectateur). Ici, chaque paramétre
A) est un tenseur-spineur antisymétrique de rang k. Cette réductibilité introduit des subtilités

15Fn fait, les trois multiplets ont des polynémes d’anomalie proportionnels : Ity = %IGOM = _%IG]M-
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bien connues sur la quantification, que nous aborderons & ’aide du puissant formalisme champs-
antichamps de Batalin-Vilkovisky (BV) [52,53].

Les anomalies gravitationnelles pour ces multiplets exotiques sont calculées dans le chapitre 3
(les résultats ont été publiés dans [15]), mais certaines hypothéses étaient nécessaires puisque la
structure fantéme précise pour la deux-forme fermionique était inconnue & I’époque. L’un des
objectifs de cette partie est de combler cette lacune. Une autre motivation, plus lointaine, pour
examiner ces types de champs provient de considérations sur la gravité duale [1,3,54,55], ou (dans
le régime linéarisé) le graviton est dualisé & un tenseur de symétrie mixte de type [D — 3,1].
Cependant, il n’existe toujours pas de modéle supersymétrique, manifestement covariant, dans
lequel ce champ trouve un partenaire, et un champ fermionique de p-forme serait le candidat
naturel (voir [56] pour une premiére tentative de dualisation des champs fermioniques, et [57, 58]
pour des considérations connexes dans le formalisme du prépotentiel).

Dans la procédure de quantification des théories de jauge irréductibles (c’est-a-dire lorsqu’il
n’y a pas de transformations “jauge pour jauge”), les jauges quadratiques contenant un opérateur
différentiel donnent lieu & un troisiéme fantéme qui se propage. Ceci a été découvert pour la
premiére fois en supergravité dans la quantification du champ de Rarita-Schwinger, et le troisiéme
fantome propageant est connu sous le nom de fantome de Nielsen-Kallosh [59,60]. Plus tard, le
troisiéme fantéme a été dérivé a nouveau dans le formalisme BV [52] d’une maniére manifestement
locale par Batalin et Kallosh dans [61].

Le “troisiéme fantéme” pour les jauges quadratiques apparait également dans le cas réductible,
comme nous le prouvons dans le chapitre 5. Il faut souligner que cette affirmation est valable
au-dela de 'action simple et des symétries de jauge pour la p-forme fermionique décrite ci-dessus :
nous autorisons les algébres de jauge non-abéliennes, la fermeture on-shell, etc. Ces subtilités sont
toutes regroupées dans la forme explicite de I'action BV minimale pour le modéle en question, qui
existe toujours et que nous gardons arbitraire.

La quantification des champs fermioniques libres de p-forme, & ’aide des résultats généraux
mentionnés ci-dessus, (selon les termes de [53]) est “comme casser des noix avec un marteau de
forgeron”. Comme les champs fermioniques satisfont des équations de mouvement du premier ordre
et que action (7) est déja sous forme hamiltonienne, les méthodes de quantification hamiltonienne
de [62-64] auraient été plus économiques. Le troisiéme fantome a également été discuté dans ce
formalisme dans la référence [65]. Cependant, approche que nous utilisons ici a avantage de
préserver la covariance manifeste. Ceci est fait a la fois dans la fixation de jauge habituelle a
fonction delta et dans la fixation de jauge Gaussienne ou un fantéme de Nielsen-Kallosh généralisé
apparait; les propagateurs et les transformations BRST sont également discutés dans les deux
schémas. Les détails explicites ne sont donnés que dans le cas a deux-forme, mais la généralisation
au degré de forme supérieur ne pose aucune difficulté. Nous maintenons la localité manifeste et la
covariance tout au long de 1’étude.

Nous calculons ’anomalie gravitationnelle d’une p-forme chirale fermionique en dimensions
D = 4m+2. Nous utilisons pour cela le spectre fantome trouvé dans la quantification et appliquons
le théoréme de l'indice d’Atiyah-Singer [66,67], en suivant les méthodes développées dans les
articles classiques [68-71]. Nous décrivons en détail la procédure générale et affichons les résultats
en dimensions D = 2, 6 et 10 dans les tableaux 6.3, 6.4 et 6.5. Un résultat intriguant est que
dans les dimensions D > 6, 'anomalie d’une p-forme chirale fermionique correspond & celle d’une
(D —p — 1)-forme; il serait trés intéressant d’utiliser ce fait pour tenter de construire de nouveaux
modéles sans anomalies.

Nous devons mentionner une mise en garde importante liée au calcul de I’anomalie gravitation-
nelle : & notre connaissance, il n’existe actuellement aucun modéle qui couple de maniére cohérente
une p-forme fermionique a la gravité dynamique. On peut espérer que cette difficulté sera résolue a
'avenir, peut-étre en incluant (un nombre infini) d’autres champs.'® Cependant, puisque les calculs
de 'anomalie de la section 6.4 sont uniquement basés sur le spectre fantéme et non sur la forme
spécifique de ’action, nous sommes confiants que ces résultats survivront & de tels développements
futurs.

16Quelque chose d’encore plus exotique devrait se produire dans les théories D = 6, N' = (4,0) ou (3,1), si elles
existent, puisqu’elles ne contiennent aucune métrique. Comme discuté ci-dessus, on devrait probablement prendre
la disparition de l'anomalie gravitationnelle comme un critére sélectionnant sur quelles variétés d’arriére-plan ces
théories peuvent étre formulées de maniére cohérente dans certains régimes.
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Structure

La thése est divisée en trois parties et elle est organisée comme suit. La premiére partie est un
chapitre introductif, nous passons en revue la construction et la structure des multiplets exotiques
en six dimensions. Cette partie couvre également la discussion des champs tenseurs exotiques libres
apparaissant dans ces multiplets exotiques.

La deuxiéme partie est basée sur I’article [15]. Dans le chapitre 2 nous discutons comment relier
la superalgebre A/ = (4,0) a celle de la supergravité onze-dimensionnelle et comment interpréter
ses charges en termes d’objets Egg), dans le cadre de la géométrie exceptionnelle. Le chapitre 3
section 3.1 contient les polyndémes d’anomalie pour la symétrie de Lorentz locale des multiplets
exotiques, qui s’avérent non factorisables. Nous montrons également dans ce chapitre qu’il n’existe
pas de mécanisme conventionnel pour générer les couplages de Chern-Simons de la supergravité
maximale en cinq dimensions & partir de la compactification circulaire des champs N = (4,0).
Dans le chapitre 4, nous présentons notre construction de “h-theories” sur des géométries fibrées
T3, dont les solutions correspondent aux équations de mouvement linéarisées du graviton exotique.

Enfin, dans la troisiéme partie, principalement basée sur [72], nous nous concentrons sur les
tenseurs-spineurs antisymétriques. Dans le chapitre 5, nous donnons d’abord un bref apercu du
formalisme BV, ou 'apparition du “troisiéme fantome” est expliquée dans les théories irréductibles.
Ensuite, nous montrons que le “troisiéme fantéme” apparait également dans les théories réductibles.
Le dernier chapitre est consacré a 'application de la quantification BV aux champs fermioniques
libres de p-forme. Avec le spectre fantome obtenu & partir du formalisme BV, le calcul complet
des anomalies gravitationnelles est présenté.
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Chapter 1

The exotic multiplets and exotic
tensor fields

In this chapter we provide some background discussion of the six-dimensional supermultiplets,
whose highest spin field is a spin-2 boson which is not a graviton. The supermultiplets of extended
Poincaré supersymmetry which correspond to possible local field theories were classified in [20].
Curiously, the list provided includes the multiplet which forms the basis for the N' = (4, 0) theory
of [1], as well as a similar multiplet with A" = (3,1) supersymmetry. However, similar multiplets
with less supersymmetry were omitted, one can find a list of them in [73]. As these will form part
of our discussion later, we will review the detailed construction of such multiplets with N" = (1,0),
N = (2,0) and N = (4,0) supersymmetry in the appendix A, and our conventions can also be
found in there.

These multiplets are exotic in the sense that they are not based on a dynamical metric tensor,
their field theories have not been constructed beyond the linear level. The free fields can be
represented by tensor with mixed Young symmetry. For example, the two column Young diagrams

Hﬂ and EF] can be used to represent the bosonic exotic gravitons in these multiplets in six
dimensions. The reduction of El} to five dimensions give rise to fields corresponding to Young

diagrams of type , EF] , and H; while the reduction of EF] yields EI:] and H As we will
see, these fields provide equivalent formulations of linearised gravity in five dimensions. The dual
graviton E‘:] is first studied in [74] and then together with the double dual graviton EH they are

considered a while ago by Hull [1-3] in the context of gravitational dualities. More recently, there
are various further investigations on the dynamics of these free tensor fields [14,75-79]. We will
briefly go through the gauge theories of these exotic free fields and mention their connections with
the chiral exotic fields in the N' = (4,0) and N = (3, 1) multiplets.

1.1 The massless multiplets of the six dimensional maximal
supersymmetry

In six dimensions the Lorentz group is SO(5,1). It admits symplectic-Majorana-Weyl spinor rep-
resentations, with such chiral spinors represented as pairs of four-component complex vectors ¢4
for A = 1,...,2n satisfying the reality condition ((#)* = QapB¢P (see appendix A for conven-
tions). For the case of maximal supersymmetry, which will be our main focus here, one has 32
real supercharges () which are made up of four such symplectic-Majorana-Weyl spinors. Up to
interchange of chirality, the possible combinations of chiralities are N' = (4,0), (3,1) or (2,2).
The corresponding R-symmetry groups of these superalgebras are Gg)_’ 0 = Sp(2p) x Sp(2q)* for

N = (p, q) supersymmetry.

'In this article, we denote by Sp(2n) the compact symplectic group of rank n.
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For instance, for the (4,0) chiral superalgebra, the anti-commutator of the supercharges is given

by
A ABY _ OAB 7[AB] (AB)

{Qa ) QB} =0 P;ﬂ/u[aﬁ] + Z[a/g] + Z(ag) (1-1)
where P, is the momentum and the quantities denoted with a Z are central charges (with Z (@] 44 =
0).

To study the multiplets, we need to look at the representations of the superalgebras. The
massless physical states form representations of the little group Giitee = SU(2) x SU(2) x G(p a)
which is the subgroup of Spin(5,1) x G preservmg a null-momentum vector. Representations of
Ghittle Will be denoted as e.g. (3,3;1 1) Where we use a semicolon to separate the representations
of the spacetime part and the R-symmetry part of the little group. The representations of these

superalgebras with only states of helicity at most 2 were classified in [20], and are presented in
Table 1.1.

D =6,(p,q) = (4,0) 28 =(5,1;1) + (3,1;27) + (1,1;42)
SU(2) x SU(2) x Sp(8) +(4,1;8) + (2,1, 48)
Q belongs to (2,1;8)
D=6,(p,q) = (3,1) 28 =(4,2;1,1) + (2,2;14,1) + (3,1;6,2)
SU(2) x SU(2) x Sp(6) x Sp(2) +(1,1;14',2) 4+ (4,1;1,2)
Q belongs to (2,1;6,1) + (1,2;1,2) +(3,2;6, 1)

+(2,1;14,2) + (1,2;14/,1)
D=6,(p.q) = (2.2) = (3,3 L,1) + (1,3,5,1) + (2,3:4,1)
SU(2) x SU(2) x Sp(4) x Sp(4) +(3,1;1,5) + (1,1;5,5) + (2,1;4,5)
Q belongs to (2,1;4,1) + (1,2;1, 4) +(8,2;1,4) + (1,2 5 4)+(2,2;4,4)

Graviton in the (3,3;1,1)

Table 1.1: Six-dimensional multiplets with 32 supercharges

We can see that in dimension six, the chiral superalgebra N' = (4,0) has only one massless

multiplet
=(5,1;1) + (3,1;27) + (1,1;42) + (4,1;8) + (2,1;48). (1.2)

The representations (3,1;27), (1,1;42) and (2,1;48) are immediately identified with self-dual
2-forms BZ.';, scalars ¢ and chiral fermions \.

The field in the (5,1;1) representation of the little group SU(2) x SU(2) x Sp(8) has been
labeled the exotic graviton [1] and is represented as a four-index object Cj;r; with 4, j, k, 1 being
the little group SO(4) vector indices. It has the following properties

Cijkt = Criij = Clijit = Cij[ry » Clijkn =0 (1.3)
Clii =0 '
1 mn 1 mn
Cijr = §€ijmnc Kl = icij Emnkl - (1.4)

We see that this little group representation corresponding to the exotic four-index field has the
symmetries of a self-dual Weyl tensor in four-dimensional Euclidean space. For this reason, this
field and the supermultiplets for which it is the top component are often described as “self-dual
Weyl” (see e.g. [6]), and we will use this terminology interchangeably with the label “exotic”. The
covariant self-dual Weyl field is represented by C),,, with the same index symmetries as the
Riemann tensor

C;u/pa = Cpa;u/ = C[uu]po = Cuu[pa] ) (15)
Cluvple = 0. (1.6)

The field strength (in flat spacetime) is defined as?
G[Ll/pUTK, = a[ltcup} loT,K] (17)

2The comma in the subscript denotes a partial derivative.
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so that
Guvporr = Gluvplors = Guuplorr] = Gorrup s (1.8)
and
Gluvpolrs = 0. (1.9)

The field strength defined in such way is invariant under the transformation
5CHl,pg = 28[“77,49(, + 28[,,770W, - 46[u77upa] (1.10)

with the parameter 7., = 7,4
It satisfies the self-duality on both the first three and the last three indices G = *G = G* where
we use x to denote the Hodge-star operation and it is defined in the 6d Minkowski spacetime as

1

Grvporn = (*G)HVP‘TT“ = geﬂupaﬁ'yGa’B’Ya'rn
1 (1.11)
= (GX)uwporn = gGuupaB T€apyorn -

This it the equation of motion for the covariant field strength G. We see that in our convention
with the 6d Minkowski metric, the Hodge-star x squares to identity (x)? = 1.
The (4,1;8) part of the multiplet corresponds to a covariant chiral fermionic 2-form-spinor

field @[Jﬁ‘w which we refer to as the exotic gravitino. We omit the Sp(8) index A. This spinor field

is anti-symmetric and its field strength is self-dual and gauge invariant
Yo = o (1.12)
Xpvp = 30,0, 5 X=x*X invariant under O = 20,6,

where €, is an arbitrary vector-spinor. However, unlike the bosonic fields, these properties (1.12)
are not strong enough to ensure that );; transforms in (4, 1; 8) of the little group after some gauge
fixing. An extra constraint must be included, and it is

YN abe = 0 (1.13)

where a,b,c,d are spatial indices. In [11], it was proved that this constraint together with the
self-duality in (1.12) is equivalent to the Rarita-Schwinger type equation

PPNy =0, (1.14)
which is the covariant field equation leading to (4,1;8). Equivalently, it can be taken as

Y Xpwp = 0. (1.15)

We will come back to this discussion in chapter 3.

As shown in [1-3], due to the double self-duality relations (1.11), the dimensional reduction of
Cluvps to five dimensions gives a single linearised graviton. This can happen because the various
components of C,,,- which appear in the reduction become the dual graviton and the double-dual
graviton. We will review this process in next section.

This mechanism is essentially a “squared” version of the mechanism by which a self-dual two-
form in six dimensions restricts to a single vector field in five. Similarly, the exotic gravitino
reduces to a single gravitino in five dimensions, and in total the massless degrees of freedom of the
(4,0) multiplet reduce to exactly the fields of five-dimensional N' = 8 supergravity. In addition,
the Kaluza-Klein tower of massive modes arising from the massless (4,0) states on circle match
perfectly the %—BPS—states of the five-dimensional maximal supergravity [1,3]. The scalars of the
(4,0) multiplet transform in the correct Sp(8) representation to form a non-linear sigma model
based on the coset

Es(6)/ Sp(8) (1.16)

which is the same as that parametrised by the scalars of five-dimensional maximal supergravity [43].
However, as discussed in the introduction, it is not clear that the Fg) symmetry uplifts to the
six-dimensional theory.
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We also see that in addition to the (4,0) and (2,2) maximal SUSY multiplets, there is the
(3,1) multiplet [1,2,20]. The highest spin field corresponds to the (4, 2;1,1) representation of the
little group SU(2) x SU(2) x Sp(6) x Sp(2) and is a three-index object whose covariant field is a
three-index tensor D,,,, which satisfies

Dyvp = D)oy Dipuvp) = 0. (1.17)
Its field strength is defined as
Spvpor = OuDuplio,x) (1.18)
which is invariant under
0D uvp = 200 — 201,00,5) + Opfun — 0By (1.19)

with the parameters ., B, = Blu.)- It is constrained to satisfy the one-side self-duality constraint

1 (03
S/U/,[)UH = (*S);wpan = ?E;wpaﬁ'ys Bwaﬁ . (120)

It can be shown that upon a circle reduction the (3,1) multiplet also yields the linearised five-
dimensional N = 8 supergravity multiplet. The scalars of this multiplet naively appear to have a
coset structure [1]
Fy
Sp(6) x Sp(2)
but the vector and two-form fields appear only to transform in a representation of Fj4) when
combined [12], making it unclear that this is a symmetry of the theory.

All three of these maximal six-dimensional supermultiplets can be thought of as products
of smaller supermultiplets. The idea that maximal supergravity can be viewed as the square
of maximal super Yang-Mills theory has proved to be extremely powerful for the computation
of perturbative scattering amplitudes [13,21-24]. However, this view is also useful for simply
understanding the multiplet structures purely at the level of the representation theory. In fact, one
can also obtain the supergravity multiplets with various amounts of supersymmetry by considering
products of tensor multiplets with supercharges of opposite chirality [6,10]

[(Qa O)tensor] & [(07 2)tensor] = [(27 2)sugra]
[(2; O)tensor] X [(0, l)tensor] = [(27 1)sugra] (122)
[(1; O)tensor] ® [(07 1)tensor] = [(17 1)sugra]

By contrast, the exotic multiplets arise when the tensor multiplets in the product have supercharges
of aligned chirality:

[(2a O)tensor] ® [(27 O)tensor] = [(4; O)SD—Weyl]
[(27 O)tensor] & [(17 O)tensor} = [(37 O)SD-Weyl] (123)
[(]—7 O)tcnsor] & [(]-7 O)tcnsor} = [(Qa O)SD—chl] + [(23 O)tcnsor] 5

Note that there exists also a [(1, 0)sp-weyi] which can be constructed using the standard methods
[20]. The (2,0)sp-weyl case is similar to the squaring of the (1,0) vector multiplet, for which the
product gives [(2,0)sugra) + [(2;0)tensor]-

For the non-maximally supersymmetric case, notably (2,0) and (1,0) the SD-Weyl multiplets
exist in parallel to the standard supergravity multiplets [73], and have the same numbers of degrees
of freedom as the latter, but have fields living in the different representations of the symmetry
groups, as summarised in the Table 1.2. Their field contents upon the circle reduction match, and
correspond to the five-dimensional supergravity multiplets with 16 and 8 supercharges respectively.

A detailed construction and a complete list of (1,0), (2,0) and (4,0) multiplets with low spins
can be found in Appendix A.2.

Similar considerations apply to the last maximally supersymmetric multiplet, which receives
much less attention in this thesis. The (3,1) multiplet can be seen as a product of tensor and
vector multiplets [6]

(1.21)

[(2»0)tensor] X [(17 1)vector] = [(37 ]‘)}exotic : (124)
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Exotic (or SD-Weyl) Gravity
D=6, (p,q) = (2,0) (3,1;1) x 24 (1,3;1) x 24
SU@2) x SU@) x Sp4) | = (5,1;1)+ (3,1;5) + (1,1;1) | =(3,3;1)+(1,3;5) + (2, 3;4)
Q in (2,1;4) +(4,1;4) + (2,1;4) + (3,1;1)
D =6,(p,q) = (1,0) (4,1;1) x 22 (2,3;1) x 22
SU@2) x sU@2) x sp2) | =(5,1;1)+(3,1;1) + (4,1;2) | =(3,3;1)+(1,3;1) +(2,3;2)
Q% in (2,1;2)

Table 1.2: Six-dimensional SD-Weyl vs. gravity multiplets

1.2 The exotic tensor fields and dualities

In the previous section, we considered the six dimensional chiral superalgebra and there are three
exotic objects in their massless representations. They are realised by the covariant fields C\, 00,
D,., and 1, as representation of SO(5,1), and they satisfy some symmetry properties and self-
dualities. In the bosonic case, it also follows that their field equations are just the self-duality
condition in each case. These self-dualities are very important to determine the little group ir-
reducible representation, however one can also relax the self-duality constraints and have some
“weaker” field equations for more general exotic Lorentz tensor fields in arbitrary dimensions. We
introduce these exotic tensor fields and study their properties as well as their duality relations.

For simplicity, we only consider bosonic tensor fields. Our discussions are also restricted at
the level of field equations. There are also intriguing results and analysis in terms of Lagrangian
formalism and action principle for these fields, see e.g. [9,11,12,74,76-78,80]|. We start with d-
dimensional Minkowskian spacetime and it is useful to describe the irreducible GL(d,R)-tensors
in terms of Young diagrams and Young tableaux (see appendix A.3). For our interests, we will
mainly deal with two-column Young diagrams. This is called the “Bi-form gauge theory” in [76]
and we mostly follow the conventions there.

1.2.1 Some gauge theories

The linearised graviton (Pauli-Fierz field). The linearised graviton (or Pauli-Fierz field)
hy. is represented by the Young tableaux of type [1,1] = [ ]. The linearised Riemann curvature
tensor (field strength of h) is

Ruvpo = Ojuhujjp,0) (1.25)

and graphically we can represent it by the Young tableaux

R:EE or R[h]:. (1.26)

In the Young tableaux where we filled the boxes with the partial derivatives “0” is to indicate that
we take two derivatives of h and impose the the Young tableaux symmetry on the corresponding
index. The gauge transformation is

Sy = 20,6, = with & =[] (1.27)

where the parameter £, transforms in the fundamental representation of GL(d,R). This leaves
the field strength invariant by the Young tableaux symmetry and the commutativity of the partial
derivatives:

_[19]
R =2 =0. (1.28)

The symmetry properties of R is manifest in the representation of Young tableaux

R,uupa = Rpouu = R[;u/]po' = R/,LV[pO’] ) (129)

R[,ul/p]a =0. (130)
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The differential Bianchi identity is obvious if we look at the second graphic representation (1.26)

L[]
ap\le]po = E =0. (1.31)

here we used again the commutative property of the partial derivatives. This also implies R, [p5,7] =
0 because of the symmetry of R (1.29). The field equation is exactly the linearised Einstein equa-
tion, which states that the single trace of the Riemann curvature tensor vanishes

Ry = 1" Ryupo = 0. (1.32)

For d > 4, this field equation does not imply R, ,, = 0. Thus, it is non trivial, and on-shell the
Pauli-Fierz field reduces to a traceless symmetry tensor h;; of the little group SO(d — 2). But for
d = 3, it is well-known that the vanishing of the Ricci tensor R, implies the vanishing of the
Riemann tensor, in this case, in order to get a non-topological theory, we should replace the single
trace field equation by R = n"?R,, = 0 and the theory propagates one physical degree of freedom
in three dimensions.

The dual graviton. The Young tableaux for the dual graviton (the name “dual graviton” will
be justified below) D, ;.. py_sv is the “hook” of the type [d — 3,1]

+
O
with

Dl‘l#2---#d—31’ = D[Hlﬂ2~--ﬂd—3]” and D[H1M2-~Md73V] = 0 (133)

The field strength is defined similarly as in (1.18)
SM1M2~~~ML72V1V2 = a[HIDIJ«Qu»I—Ld—Q][VlyVQ] (134)

S[D] = :

[]

One of the advantage to use Young tableaux is that we easily find that in this case there are two
parameters needed to describe the gauge freedom of D, and they are « and S of the type [d — 4, 1]
and [d — 3]. The gauge transformation is given by

and represented by [d — 2, 2]

(1.35)

5D#1H2---#d—3l’ = a[#la#z--#dﬁ%]y + 8[/115,@.../%,3]1/ + (_1)dal/5#1~-»ltd—3 (1'36)

F PP
5= 4 (1.37)

L] L]

The symmetries are

Sprpz..ppasvrve = S[muz-uudfz]VWz = Smuz'--ud—z[vwzl (1.38)
the algebraic Bianchi identity
Slurpz...pa—anlve =0 (1.39)
and the differential Bianchi identities
NpSpspin.pia_snve =0, Sprpsepra—sliiva,p) = 0 (1.40)
The field equation for D is again the traceless of its field strength

nulylSH1M2~~Md—2V1V2 =0. (1'41)
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The double dual graviton. The double dual graviton (again, the name of this field will be
explained later) C,, ;. iy svivs..vq 5 has the symmetry of a [d — 3,d — 3] Young Tableaux

-

[jj

it means
CM1H2---Hd—3V1V2-<-Vd73 = C[M1M2~~~ud—3]V1V2~~Vd—3 = CM1M2~~Hd—3[V1V2-~~Vd—3] ’ (1'42)
C/L1u2~~ud—3l/1l/2ml/d—3 = CV1V2~~~Vd—3M1/L2~-~#d—3 > (1'43)
C[Hflllz‘~~Hd—3V1]V2~~~Vd—3 =0. (1.44)
The field strength is [d — 2,d — 2]
G#l#z»--#d—zv1l’2--~ud—2 = a[lilCll2~~-lid—2][V1V2--~Vd—3»l’d—2] (1.45)

an

Gey = .

Now we need only one parameter with the symmetry [d — 3, d — 4] for the gauge transformation

(1.46)

50,“1#2~-Hd—3”1V2---’/d—3 = Mvrva..vg_slpipo...ra—a,ftd—3] + Nuipa...pa—3vive..va—a,va—s] (1'47)
and
o =11 . (1.48)
[T [Io]
Analogously, the field strength G satisfies the symmetries
Gripz..pa—aviva.va—s = G[HIMZ-<~Md—2]V1V2<-~Vd—2 = GHIMZ-<~Md—2[V1V2<~~Vd—2] ) (1.49)
GH1M2-~Md—2V1V2---Vd—2 = GV1'/2~--W—2M1M2~--M¢—2 ) (1'50)

the algebraic Bianchi identities

G[Mlll«2~~»ll:d—2yl]”2~»-l’d—2 =0= G#llm-~~[#472V1V2~~V472] (1'51)

and the differential Bianchi identities

0=G

(1.52)

a[PGM#z~»-#d72]l/11/2»--1/d72 H1p2.pd—2[V1V2...Vg_2,p] *

The new feature here that the single trace equation of motion

nltlylGM1M2~~M,1—2V1V2-~V¢172 =0 (1'53)

is problematic, it may imply the vanishing of G in certain spacetime dimensions. Because in these
dimensions the tensor G is completely determined by its trace part, see e.g. [14,76,81], and we
should take the vanishing of higher trace of G as the equation of motion.

For example, in spacetime dimension five, the Levi-Civita symbol €, .. ,,, has five indices and

it is invariant under SO(4,1). Then we have for G[C] = @ the following identity

11 11
GH1M2M3V1V2V3 = <§§6M1M2H30@36mp2p3aﬁ) G910293010203 <5§6V1V2V3H76010203KT) . (1'54)
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We see that this holds because of the e identity (note that the minus sign is due to the Minkowski
signature)
6#1#2#30456/)1’)2%&,6 =-312! 5Lp11 553 652] (1'55)

and alternatively, we can fuse one € from the first bracket with another one of the second bracket

eP1P2p30B (010203KT _ _ 5] n[pllmlnpz\dzl B .77/3]7 (1.56)

where we only antisymmetrise the indices which are not separated by We see that because
there are only 5 7’s in the expression (1.56), when we contract it with G, p,ps010004, Only traces
of G will appear. The single trace determines also higher traces, hence the traceless part of G
vanishes and G is completely fixed by G*,,.57.

This generalises automatically for a tensor gauge field A with [p,q] (p > ¢) Young tableaux
symmetry and field strength F[A] of the type [p+ 1, ¢+ 1] in arbitrary dimensions: the single trace
equation of motion

4L| |’7

77#1”1EA1M2~~HP+1V1V2---Vq+1 =0 (157)

is non-trivial in dimension d > p + ¢ + 2. Furthermore [76], the n-th trace of F' vanishing is a
non-trivial field equation in dimension d = p+ ¢+ 3 —n. If we apply this result for our [d—3,d — 3]
double dual graviton in d dimensions then (1.53) is non-trivial only for d = 4, and the vanishing
of the (d — 3)-th trace of G yields a natural and non-trivial field equation for d > 4
Gﬂluzu-ud—spuuw-“Mdi3 =0. (1'58)

o

Specifically, the self-dual Weyl field written as Clu,0 is a [p,q] = [2,2] gauge field in six
dimensions. The self-duality constraint on its field strength G' (1.11) and the algebraic Bianchi
identity of G together imply that G satisfies the single trace field equation

nuaG,qua'rn =0. (159)

Degrees of freedom. All the three two column gauge fields are represented by the Young
tableaux, and allowing gauge transformations with appropriate parameters. One imposes the
nature non-trivial field equations (1.32), (1.41) and (1.58). On-shell, for d > p+q+2, the linearised
graviton and the dual graviton transform in the representations of the little group SO(d — 2) with
the same Young tableaux and in addition, they are traceless. In the sense that if we pick one
index from the left column and contract with another one from the right column via the SO(d — 2)
invariant tensor d;;, the result vanishes.

The number of independent components of the [p, g] little group Young tableaux is (we use the
same notation as in [76], and “~ ” means traceless)

—

dimq—2)[p, q] = dimq_a)[p, q] — dim_o)[p —1,q — 1] (1.60)

where dimg[p,q] denotes the number of independent components of the traceful [p,q] Young
tableaux in the Lorentz group SO(d — 1,1) (or in the orthogonal group SO(d))

dimalp, q] = <Z) (d: 1) (1 - z%> . (1.61)

We can then insert the three cases that we are interested in and read off their physical degrees of
freedom

. — . d(d—3
dimg_o)[1,1] = dimg_n)[d — 3,1] = % (1.62)

———

for d > 4. The evaluation of dimg_s)[d —3,d — 3] through the equation (1.60) gives a negative
number. Because the non-trivial field equation (1.58) for the [d — 2,d — 2] field strength will lead

—

to a [1, 1] Young tableaux for the [d — 3,d — 3] double dual graviton in the little group. Thus, the
double dual graviton propagates on-shell the same amount of degrees of freedom as the linearised
graviton and the dual graviton.
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Note that in general, the Young tableaux with traceless condition are not sufficient to determine
irreducible representations of the Lorentz or orthogonal groups. For example, the free [2, 2] tensor

C with single trace field equation have in six dimensions dim_2)[2,2] = 10 degrees of freedom.
The self-dual constraint (1.11) implies the SO(4) little group self-dualities (1.4). Thus, it halves
the degrees of freedom and finally gives a irreducible representation of SO(4), and we see that
imposing the self-duality is a necessary step to determine irreducible representations for the Lorentz
(orthogonal) groups in some dimensions.

1.2.2 The dual formulations of linearised gravity

The Maxwell theory is formulated by using an abelian vector field A, transforming in the fun-
damental representation [ | of GL(d,R). The dual-formulation is based on the antisymmetric

tensor gauge field Aumz---u ._s represented by  with d — 3 boxes in one single column. Their

0o
field strengths are related by the Hodge star operator F[A] = xF'[A]. The Bianchi identities and

equation of motions get exchanged by this duality transformation. In the region where the electric
source coupled to A, vanishes, one has the equation of motion

dxF=0 =  dF=0, (1.63)

so F can be solved by a gauge field A up to gauge transformations. The relation between A and
A is non-local.

We had introduced the field strengths in terms of their gauge potentials in the previous para-
graphs. Conversely, given the tensor fields with the Young Tableaux symmetries [2,2] , [d — 2, 2]
and [d — 2,d — 2], if they also fulfill the differential Bianchi identities, there are the generalised
Poincaré lemmata [75,82,83] ensure that they can be solved by the gauge potentials of type [1,1],
[d—3,1] and [d —3,d — 3] up to gauge transformations. Hence, they admit similar duality relations
to the electromagnetic duality.

We can start with the Pauli-Fierz field h,, with its field strength R, then define the [d — 2, 2]
tensor S and the [d — 2,d — 2] tensor G by

S =%R

G — Rx (1.64)

the x acting from the left is to dualise the two indices on the first column of R (1.26) while the
* coming from the right side is to take the dualisation on the second column. This following
picture [84] shows the triality relations between these tensors. The double edged arrow between R
and G means the double Hodge dualisation and note that we also have G = S*.

R[]

(1.65)

S[D] G[C]

The algebraic Bianchi identities of R (1.30) implies that S satisfies the field equation (1.41) and
G satisfies the algebraic Bianchi identities (1.51). The field equation of R implies the algebraic
Bianchi identity (1.39) of S and the non-trivial field equation (1.58) for G. Furthermore, it can
be derived that both S and G satisfy the differential Bianchi identities (1.40) and (1.52). This is
the requirements one needs to apply the generalised Poincaré lemma, so S and G can be solved
with the gauge potential D and C of the type [d — 3,1] and [d — 3,d — 3]. Moreover, we can see
from the discussion on counting degrees of freedom (1.62) that the [1,1], [d—3,1] and [d —3,d — 3]
gauge potential describe the same physical degrees of freedom in the light-cone gauge. One can
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conclude that there are at least three equivalent formulations for linearised gravity via the gauge
field with mix Young Tableaux symmetry. However, it was noticed in [55], only two independent
sources which couple naturally to the three gauge potentials.

In the above duality transformations, the algebraic Bianchi identities and field equations get
interchanged between R and S as well as between S and G. But between R and G Bianchi identities
go to Bianchi identities and the field equation is mapped to the other field equation. Base on this
fact, it is argued in [14] that the relation between the linearised graviton field h and its double-dual
C' is algebraic. It means one can introduce C' by a algebraic combination of h together with some
gauge transformations. There are recent studies on these exotic duals of differential forms and
more general tensor fields, see e.g. [79,84].

The “critical” dimension and the reduction of chiral exotic tensors. We want to apply
the aforementioned duality to exotic gauge of type [2,1] and [2, 2], so the spacetime dimension is
d = 2+ 3 = 5. Five dimensions is also “critical” for the [2,2] gauge field as we showed that the
trace-free part of its field strength G vanishes identically, so G is completely determined by its
single trace, and as we discussed, the non-trivial field equation in five dimensions for G is

G gy = 0. (1.66)

This equation describes 5 degrees of freedom in 5d and it belongs to one of the three equivalent
formulations h, D, C for the linearised gravity in five dimensions. As discussed in [2], one would
naively expect that if one identifies the three 5d fields with components of a free 2, 2] field C from
six dimensions by circle reduction

B = Chusus Dyvp = Chips C5 = Chvpo s (1.67)

nvpo

then the single trace free field equation (1.59) in 6d could give three 5d nature non-trivial field
equations. However, this is not the case, a straightforward counting tells us that a free [2, 2] field
describe 10 degrees of freedoms in 6d and the three gauge fields in 5d have 15 degrees of freedom.
The subtlety is explained in [2], upon reduction, the 6d field equation (1.59) fixes the trace of G[C]
in 5d

GHVpUTp X R;UJO'T ) (168)

and the linearised Riemann tensor determines G' completely
ijpozﬁ'y x R[My[aﬁ(;p]’ﬂ . (1.69)

In [14], in the example on the algebraic relation between h and C, a same formula to (1.69) in five
dimensions is derived. If one starts with R[h] and define G by (1.64) in five dimensions then one
can fuse the two €’s and use R, = 0 to eliminate the traces of R

2!

1\? 1.
—(5) 518 05 . O Ry (1.70)
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This equation holds just by using the definition of G, some € algebra and the field equation R, =0
without knowing the 6d reductions.

It is straightforward to substitute the gauge potentials back in (1.69) and by the generalised
Poincaré lemma, one finds that C' can be expressed in terms of algebraic combination of i up to
gauge transformations [14]. In the context of the dimensional reduction (1.67), C’i{‘fpg and h,, are
not independent. Thus, one gets back to the 10 degrees of freedom carried by the 6d free [2,2]
tensor field.

If we are starting with the self-dual Weyl tensor, then the equation (1.11) is even stronger and
it relates R[h], S[D] and G[C] exactly via the dualities (1.64), so the self-dual Weyl tensor gives one
independent graviton in five dimensions. In a similar way to the SD-Weyl tensor, the three-index
object in the (3,1) multiplet gives a graviton and a vector field upon reduction to five dimensions.
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Chapter 2

The algebraic approach

The theory of eleven-dimensional supergravity can be formulated with eleven-dimensional Lorentz
symmetry non-manifest, but broken to a subgroup SO(1,10 — d) x SO(d), as one would have in
dimensional reductions of the theory. Remarkably, when this is done, one finds that this group
can be enhanced [85] to a local symmetry SO(1,10 — d) x Hy, where Hy is the (double cover
of) the maximal compact subgroup of the exceptional group FEg4) which would appear in the
corresponding torus compactification [86]. As one increases d, this exceptional group becomes
infinite dimensional, as does the corresponding H,, and grand proposals as to how these infinite
dimensional symmetries are realised in M theory have been put forward [54,87].

Dimensions = 11 — d Eqca H,
9 FEyy ~ SL(2,R) xR Spin(2)
8 E33y ~ SL(3,R) x SL(2,R) | Spin(3) x Spin(2)
6 E5 5y ~ Spin(5,5) Spin(5) x Spin(5)
5 Eg(6) Sp(8)

Table 2.1: SUGRA U-duality groups (split real forms) and double cover of their maximal compact
subgroups in (11 — d) dimensions [86, 88].

Recently, work has been done constructing the exceptional field theories. For d < 7, these
exceptional symmetries give rise to exceptional generalised geometries [88,89] which can be used
to describe the internal sector of the theory [33,34]. The full theory can then be written with these
symmetries manifest and the internal sector given by the generalised geometry formulation [36,37].
Further, one finds that the formulation of exceptional geometry can describe also type ITA and
IIB supergravity via the exact same equations. The only change is the choice of subgroup which
corresponds to the action of spacetime diffeomorphisms on tensors (i.e. the choice of “gravity line”
in the language of [90]). There are two inequivalent embeddings of GL(d — 1,R) into Eq(qy xR™,
giving different decompositions of the exceptional theory into ordinary tensor fields [33, 36, 39].
One of these embeddings gives type ITA and the other type IIB. In the language of [36], this is
phrased as the choice of “section” of a higher dimensional space. Such sections are subspaces V' of
(the dual of) the generalised tangent space such that V' ® V' is null in particular Eq(gy covariant
projections of the tensor product space. In generalised geometry discussions, the subspace V is
simply the cotangent bundle of the underlying manifold.

In this chapter, we explore the possibility that a third choice of spacetime subgroup could
give the NV = (4,0) theory of [1]. In the half maximal setting, it was established that both the
ten-dimensional type I theory and the six-dimensional N' = (2,0) theory could be seen in this
way [40]. However, the N' = (4,0) theory is not a standard type of gravitational theory, so we
expect that the picture will be different. We will see here that some hints of its known features,
at least at the linearised level, can be seen from this angle of investigation, but these will amount
more to curiosities than conclusive evidence. An important realisation, though, is that there
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is no spacetime section inside the exceptional multiplet of charges, in the way that there is for
standard supergravity, but only the embedding of the momentum charge, which does not solve
the section condition and carries no natural action of a special linear group. We will also examine
the corresponding pictures for exotic multiplets with A" = (2,0) and A = (1,0) supersymmetry,
finding the same pattern of behaviour.

We begin by studying the embedding of the spin groups into Cliff(10,1; R) and the relation of
this to the higher dimensional enhanced symmetries H;. We then comment on the interpretation of
these embeddings in terms of charges and how this could correspond to different spacetime groups
inside the duality group Egy)-

2.1 An almost universal construction of the maximal super-
symmetry algebras

The maximal supersymmetry algebras can all be seen as subalgebras of a Lie superalgebra A,
which we briefly describe. The generators of A consist of 32 fermionic generators Q¢, transforming
as the 32 representation of SL(32,R).! The anti-commutators of these give 528 bosonic generators
XoB

a 0By = yoB _ x(aB)

Q.= X =X o

[Xaﬁ’ Q’Y] =0

which have vanishing brackets with the Q’s. Finally, we add the generators M,” of 5[(32, R) which
act on the @)’s and X’s via the adjoint action.

We can recover a maximal supersymmetry algebra from A by truncating the s[(32, R) generators
to a subalgebra of the form spin(D — 1,1) @ €, where ¢ is the maximal compact commutant of
spin(D — 1, 1) inside s[(32,R) (¢ is the R-symmetry automorphism algebra). Decomposing Q¢ and
X°P under spin(D — 1,1) @ €, we recover the supersymmetry algebra. It is easy to see why this
prescription works: the generators Q® and X®? of the algebra A are simply the supertranslational
part, without specifying how they transform under the Lorentz symmetry and R symmetry. This
is then fixed by choosing the subalgebra spin(D — 1,1) & £ C s[(32,R)

Q— Q4 (2.2)

with A being the R-symmetry index and & is the spin(D — 1, 1) spinor index.

We now want to view the algebra s[(32,R) as the irreducible matrix representation of the
Clifford algebra Cliff(10, 1;R), see appendix B.1 for more details. Choosing the natural spin(10, 1)
subalgebra (which has no compact commutant in s[(32,R)), the 32 representation is irreducible,
while the 528 decomposes into 11 + 55 4 462, so that X becomes the momentum P, a 2-
form Z,,, and a 5-form Z,,, .. We thus recover the standard eleven-dimensional supersymmetry
algebra. Furthermore, the maximal automorphism group for the eleven-dimensional superalgebra
is SL(32,R) and one can work out how the SL(32,R) generators rotate the momentum and the
central charges [92].

The standard (non-chiral) maximal supersymmetry algebras in lower dimensions are then ob-
tained by taking spin(D — 1,1) subalgebras of this spin(10,1) and then examining their com-
pact commutants in s[(32,R) to find the R-symmetry (though again there are exceptions to this
rule — see footnote 1). We can decompose the eleven-dimensional Lorentz indices into indices
w,v =0,1,...D —1 for the “external spacetime” spin(D — 1,1) Lorentz group and m,n =1,...,d
the orthogonal group indices for the “internal space”.

We see that the parts of X*# which form the momentum charge in D-dimensions are completely
contained in the eleven-dimensional momentum charge P,, and that the d-dimensional Lorentz
group is contained in the eleven-dimensional Lorentz group by construction. In the corresponding
supergravity theories, this can be interpreted as saying that the lower-dimensional spacetime is a
subspace of the higher dimensional spacetime.

I Finite dimensional unfaithful representations of K (F11) exist, on which the ideal Z acting trivially and for Dirac
fermions the finite dimensional quotient is K (FE11)/Z = SL(32,R) [91].
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However, in some dimensions D there are alternative embeddings of spin(D—1, 1) into s[(32, R),
such that the resulting supercharges ) have different chiralities to those in the simple embeddings
above. For example, a different embedding of spin(9,1) to that above gives the N = (2,0) super-
symmetry algebra of type IIB supergravity in ten dimensions. A relatively clean way to see this
is to construct the embedding explicitly in terms of the Cliff(10,1;R) gamma-matrices, so this is
what we do next.

2.2 Spin embeddings into higher dimensional Clifford alge-
bras

We start by giving a general picture of some different ways that one can embed the Lie algebra of
Spin(s + 1,t) into Cliff(s + N,t). The construction is very explicit, using gamma matrices and a

multitude of different indices. Readers who do not wish to indulge these details could skip straight
to the examples.

2.2.1 Different embeddings of Spin(s+ 1,t) into Cliff(s + N, )

Let 4,7 be indices for the vector representation of SO(s,t) taking values in {—t,...,—1} for the
timelike directions and {1,...,s} for the spacelike directions. Let I'™ be the gamma matrices
generating Cliff (s + N, t), with the index M similarly taking values in {—¢,...,—1,1,...,s,s +
1,...,s8+ N}. Introducing a further set of indices I, J taking values in {—¢t,...,—1,1,...,s,s+1},
consider the generators
r+ I=i,J=j
217 J
{7 }: { Fis’+18+2”'8+n IZi:J:S—i—l (2.3)
in which s+ 1,...,s 4 n label n spacelike directions in the space of signature (s + N, t) which are

invariant under SO(s,t). One can check that these generate Spin(s+ 1,t) or Spin(s,t+ 1), where
the signature of the extra direction is determined by the value of n as

n|0 1 2 3 4 5 6 7 8
|- + + - - + + - -

(2.4)

In what follows, we will take n € {1,2,5,6,...} so that the extra direction is spacelike (4 in the
table).

If we have that s-+t+1 is even, we can calculate the chirality matrix? 4+ for the embedded
Cliff (s 4+ 1,¢)°v*". This tells us how the (s + N,t) spinor decomposes into (s + 1,t) spinors. In
particular, we note that if n = N then this is

,_S/(SthJrl) — I‘\ft —t+1 o F572 8711—\5 s+1 ... s+N — Fft L 1—\711‘\1 o FSJrN — F(SthJrN) (25)

which is the product of the gamma matrices in signature (s+N,t) (i.e. 1 or il if s+¢+ N is odd,
or the chirality matrix if s +¢ -+ N is even). Thus, if in Cliff(s + N, t) we have T(+*+N) = 11 then
all spinors will decompose to have the same (positive) chirality. This will appear in our examples
in the next section.

2.2.2 Examples

Example 1 : Type II into eleven dimensions

We start by looking at the nine-dimensional spin group Spin(8,1), generated by '/, for i,j =
0,1,...,8, inside Cliff(10,1). We then consider how we could add generators to these to enhance

the group to give a Spin(9, 1) inside Cliff(10,1). We see two inequivalent ways to do this, leading
to decompositions of the eleven-dimensional spinor into two spinors of different chirality or into

2In our notation for this chapter, if a Clifford algebra is generated by gamma matrices v%, with the index i
running over d values, then 'y<d) =1, 7" is the product of the d distinct gamma matrices.
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two spinors of the same chirality under the Spin(9,1) subgroups. These correspond to type ITA
(non-chiral) and type IIB (chiral) respectively.

For type ITA we simply add the spin generators corresponding to including one more direction
of the eleven-dimensional space, so that our Spin(9,1) group is generated by

{37} = {rv,r*%} (2:6)

which gives (recall that the T-matrices are the Cliff(10,1) gamma matrices and we take T(D) =
rorir2.. .10 = +1)

4(10) — 0123 - 7889 — P10 — 710 — (3 01) (in an appropriate basis) (2.7)
so we see that the eleven-dimensional spinor decomposes into one positive and one negative chirality
ten-dimensional spinors.

The commutant of the type ITA spin(9,1) subalgebra inside s[(32,R) is generated by {I'*°}.
This generates an RT subgroup of SL(32,R), and so there is no non-trivial compact commutant.
This matches the R-symmetry of type ITA.

For type IIB, we instead take

(4"} = {19, 1910} (2.8)
leading to
4(10) — pOIp23 | 8910 _ p(D) (2.9)

Thus, the 32 component spinor decomposes into only positive chirality spinors for this Spin(9,1)
subgroup, as all spinors have eigenvalue +1 under 419,

The commutant of the type IIB spin(9, 1) subalgebra inside s[(32,R) is generated by {I'?1°}.
This generates an SO(2) subgroup, which matches the R-symmetry of type IIB.

Example 2 : Six-dimensional A" = (4,0) into eleven dimensions

We start with the Spin(4,1) generators I'¥/, for i,5 = 0,1,...,4, inside Cliff(10,1) and look to
extend this to an embedding of Spin(5,1). Taking the additional generators I'*® would result in
the spin(5, 1) subalgebra for standard N = (2, 2) supergravity in six-dimensions. If instead we take

{;YIJ} _ {Fij’ri56789 10} (2.10)
then, similarly to the situation for type IIB above, we obtain
4(6) — o123 | 45678910 _ p(11) — 19 (2.11)

so that again the 32 component spinor decomposes into only positive chirality spinors for this
Spin(5, 1) subgroup.

The commutant of this spin(5,1) subalgebra inside s[(32,R) is generated by {I'"™, I'™1™2 .,
rma--me} for myn = 5,6,...,10. Of these, only the generators {T"1™2 T"m1m2ms TM1--Ms 1 gquare
to —1 and hence are compact. The compact commutant group these generate is Sp(8), which
matches the R-symmetry of the A/ = (4, 0) multiplet.

2.2.3 Irreducible decomposition of charges

In the examples of section 2.2.2 we gave the embedding of two inequivalent Spin(9,1) groups and
two inequivalent Spin(5,1) groups into Cliff (10, 1;R). In terms of Spin(10, 1) objects the charges
(Xap above) can be written as an eleven-dimensional vector, two-form and five-form via

{Qa, @8} = Par(CTM)ap + 5 Z20n (CTMN)ag + 5 Zagy.ats (CTM M) 05 (2.12)

where we have explicitly included the transpose intertwiner C as defined in appendix B.1. We can
then calculate explicitly the action of our other Spin groups on the charges (P, Z(2), Z(5)), written



2.2. Spin embeddings into higher dimensional Clifford algebras 35

in terms of a decomposition under the common subgroup with Spin(10,1). We provide a sketch
of these calculations here, noting that our Spin groups are acting as subgroups of GL(32,R). This
means that the action of a matrix M is given by

M- (CT+) = -MT(CT) — (CT )M

- _C«<(@—1MTC~V)F.A. +F"'M>. (2.13)

Example 1 : Type II into eleven dimensions

For type IIA the generators of the relevant Spin(9,1) were found above to be M* = I'* and
M =T for pu,v =0,1,...,8 the vector indices of Spin(8,1). Clearly, these simply generate a
Spin(9,1) subgroup of Spin(10, 1) preserving the tenth spatial direction. As such it is clear that
the Spin(9, 1) irreducible combinations of charges will be

(P, P?) (Zyw, Zy9) (Zys s Zas i) (2.14)
(P'0) (Z,10, Z9 10) (Zyy...114105 Zpy ...1i39 10)
We can check this explicitly, noting that
MM . (CT+) = C[MH,T+] (2.15)

From this, we can see that as e.g. [M*% I''%] = 0 we have that P!V is invariant under our Spin(9,1).
Similarly, we see that [M”97FV10] = 2(5“,/1—‘910 and [MH97F9 10] = —2F“10 so that (Zp,IO;Z9 10)
forms a vector of Spin(9,1).

For type IIB, the situation is more complicated as the generators of the relevant Spin(9,1) are
now M* =TH and M =T+ 10 We then have

MM . (CT) = —C{M"°, T} (2.16)
We must then calculate the anti-commutators to see which charges are rotated into each other by
MH. For example, {M*° TV} = 2¢g#T?10 and {M*2 1919} = —2I'* so that (PH, Zg109) now

forms a vector of this Spin(9,1). Continuing in this way, one finds that the Spin(9, 1) irreducible
combinations are

(PM> Zy 10) (Z/w’ ZW>\9 10) (Zm.-.#s)
(ZMGPZ) (Zm...mi)

where ¢ = 9,10. In ten dimensions, these are a vector, a three-form, a self-dual five-form and
doublets of vectors and self-dual five forms, which are precisely the charges appearing on the right
hand side of the supersymmetry algebra for type IIB.

(2.17)

Example 2 : Six-dimensional A = (4,0) into eleven dimensions

Let us now perform the same calculations for the ' = (4,0) embedding of Spin(5,1) in (2.10).
Letting p,v = 0,1,...,4, we have the generators M*” = I'*” and M#"> = ['*678910 leading to

MM (CT) = =C{M">, T} (2.18)
Calculating the relevant anti-commutators, using indices m,n = 5,6, ..., 10, organises the charges
into 14+ 6 + 6 + 15 vectors of Spin(5,1)
(PM7ZH1~~P«5) (ZM1~~H4m7Pm) (memZml..‘mg,) (Z;Lpl...p4uzmn) (219)
together with 1 4 15 + 20 self-dual three-forms
(Zw) (Zprpapsmn) (Zywmimams) (2:20)

Of course, these charges precisely agree with the representations expected on the right hand side
of the supersymmetry algebra (1.1), and one can check that they combine into representations of
Sp(8) as generated by {I'™m ['™np Ti--me}
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2.3 Dimensional splits, hidden symmetries and the 6d space

Consider the formulation of eleven-dimensional supergravity on a product space, as considered
in [33,34,36,85|. Letting u,v = 0,1,...10 — d be spacetime indices for the external space, and
m,n = 1,...,d be those for the internal space, we have that the hidden symmetry group H, can
be realised inside Cliff(10, 1;R) with the generators

hd ~ {lemz , Fm1m2m37 le..‘me , Fmlemg} (221)

for d < 8, where for d < 8 we truncate the generators which are automatically zero by antisymmetry.
The first generator I'"™1™2 is simply the generator of Spin(d), while the remaining terms correspond
to the fields of the theory: the three-form Ajs, its magnetic dual Ag and the conjectured dual
graviton [54, 93] hy s.

To relate the spin embeddings of the previous section to this formalism, we need to look at
the parts of the spin group which are in common in the two descriptions. For example, consider
a dimensional split with seven external dimensions. The (continuous) U-duality group is Ej) =~
SL(5,R) and we write our theory in terms of objects transforming under GL(7,R) x SL(5,R) x R*.
To describe eleven-dimensional supergravity in the relevant generalised geometry formalism, the
generalised tangent space on the internal four-dimensional part of the space is (for the expressions
of the generalised tangent space of Ey(4) xR and its decomposition under the group GL(d,R) see
e.g. table 2 in [88])

E~T,® ATy (2.22)

where Ty transforms under the natural GL(4,R) group of the frame bundle in four dimensions. F
itself transforms as a ten-dimensional representation of SL(5,R) x R*. We view this simply as the
vector space of charges of the objects living only in these four dimensions, here the four-dimensional
momentum and the M2-branes wrapping directions in the four-dimensional space. The analogue
of the spin group then becomes Spin(6, 1) x Spin(5), which is generated by the eleven-dimensional
I-matrices (u,v =0,1,...,6 and m,n =7,8,9,10)

{F,uu7 Fm1ﬂl2’1“m1m2m3} (2.23)

The first two sets of generators in the list generate part of the usual spacetime spin group
Spin(6,1) x Spin(4) C Spin(10, 1), while the I"™1™2™3 enhance the Spin(4) factor to the Spin(5)
hidden symmetries which are not manifest in the standard formulation with manifest eleven-
dimensional covariance. The intersection of the Spin(9,1) groups relevant to type ITA and type
1IB with this are then each isomorphic to Spin(6,1) x Spin(3).

With this dimensional split in place, the above discussion of extending the Spin(8,1) in nine
dimensions to Spin(9,1) for type IIA or type IIB becomes a discussion of how to extend the
Spin(6,1) x Spin(2) generated by (u,v =0,1,...,6 and m,n = 7,8)

{Trv pmamsy (2.24)

to Spin(6,1) x Spin(3).
In type ITA, the relevant Spin(6,1) x Spin(3) is generated by

{rm o, Tmol (2.25)

and this simply corresponds to including one more of the spatial directions rotated into each other
by the eleven-dimensional spin group. To see this more explicitly, we decompose the generalised
tangent space (2.22) under the GL(2,R) containing the Spin(2) factor in our Spin(6,1) x Spin(2),
giving

E~ (T, ®Rg®Ryg) ® (A2T2* T &1y @ Rg’lo) (2.26)
We then consider which parts of this are combined into irreducible representations of the Spin(3)
factor in (2.25), which is the compact subgroup of an SL(3,R) with generators (T @ T5) ® (T2 ®
R3) @ (Ro ®Ty). We see that this Spin(3) rotates Ty into Ry, forming 75 = T5 @ Rg. This SL(3,R)
can be extended to a GL(3,R) inside SL(5,R) x R* containing our Spin(3) and T3 becomes its
vector representation. We then have

E ~ (Ts ® Ryg) & (A*T5 & Ty) (2.27)
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with the internal momentum charges spanning the T3 factor, as this is the vector representation
of the corresponding general linear group. Thus, our ten-dimensional spacetime for type ITA
then has directions corresponding to the seven external dimensions and the three directions in
T5. These are simply ten of the original eleven directions we started with in the first place. The
passage from (2.26) to (2.27) exactly mirrors the discussion of the charges in the supersymmetry
algebra (2.14), which when restricted to the singlets of Spin(6, 1), reduces to the combinations
(P2, P9) (P0) (Zunns Zmo) (Zm105 Z9 10) (2.28)

For our type IIB embedding of Spin(9,1) in Cliff(10,1), the intersection with Spin(6,1) x
Spin(5) is instead the Spin(6,1) x Spin(3) generated by

{I‘“”, [mm, pmd 10} (2.29)

We again look at which directions in (2.26) are rotated into each other by this Spin(3) group. In
this case, the Spin(3) is contained in an SL(3,R) with generators (To @ Ty) @ (T2 @ Rg @ R1g) @
(Ty ® Ry ® Ry,) which rotates To into Rg 19 and these are combined into T5. This is again the
fundamental representation of a GL(3,R) C SL(5,R) x RT containing our Spin(3) and the full
generalised tangent space then becomes

E~T{o Ty o Ty o A3Ty" (2.30)

In the type IIB case, the momentum direction we have added to T3 corresponds to the charge of the
M2-brane wrapping the 9 and 10 directions in the eleven-dimensional picture, as in the well-known
duality between type IIB on S! and M theory on T? [94-96]. Again, the combinations of charges
which become representations of GL(3,R) perfectly match those found in (2.17) restricted to the
singlets of Spin(6,1):

(P™, Z9 10) (Zmi, P") (Zmn) (2.31)

This discussion of type ITA and type IIB is usually presented in the exceptional geometry
literature in terms of these inequivalent embeddings of the general linear groups into the exceptional
groups [33,35,39] (different “gravity lines”) or different solutions to a section condition [36,97].
However, we wanted to start instead from the details of the corresponding spin groups and central
charges, as in our main case of interest in this article that is the most accessible information.

Let us now consider the embedding of Spin(5,1) into Cliff(10,1) given in (2.10). By naive
comparison with (2.29) and its interpretation, one could expect that the sixth direction in this
case could correspond to the charge of some six-brane in the eleven-dimensional picture. However,
M-theory does not contain such an object (see [93] for a full discussion of this point). We will
see that in fact, the new generator can be embedded into the last generator listed in (2.21),
corresponding to the dual graviton. This exists only for dimensional splits with three external
dimensions or fewer. As the only case with a finite-dimensional duality group is that of three
external dimensions, for convenience we choose to examine the situation in that framework.

Thus we consider a (3 + 8)-dimensional split of eleven-dimensional supergravity. The corre-
sponding generalised geometry description would feature objects transforming under GL(3,R) x
FEg(s) xRT and the analogue of the spin group inside this would be Spin(2,1) x SO(16). In fact, for
our purposes it will suffice to truncate Eg(g) x R™ to the SL(9,R) x Rt sector which contains only
the graviton and dual-graviton fields [35]. In this subsector, the charges on the eight-dimensional
part of the space transform in the rank two antisymmetric bivector representation of SL(9,R),
which has the GL(8,R) decomposition

E~Ty @ (T§ @ ATTY) @ (APT§ @ ABT§ @ T3) (2.32)
while the decomposition of the adjoint of SL(9,R) is
ad SL(9,R) ~ (Ty @ T§) @ (AT @ Ty) @ (AT ® TF) (2.33)

The corresponding spin group is Spin(2,1) x Spin(9) generated by (u,v = 0,1,2 and m,7 =
3,4,...,9,10)
{rer, o D EL - where  T® =157 1910 (2.34)



38 Chapter 2. The algebraic approach

The intersection of the Spin(4, 1) group from section 2.2.2 with the Spin(2,1) x Spin(9) considered
here is then Spin(2,1) x Spin(2), which is generated by

{rm by (2.35)

Here we define the index ranges u,v = 0,1,2 and a,b = 3,4, while m,n = 5,6,7,8,9,10 and
m,n = 6,7,89,10 so that 7 = (a,m) = (a,5,m). We seek to enhance this to the Spin(2,1) x
Spin(3) groups which are the intersections of the Spin(5,1) groups described in section 2.2.2 with
Spin(2,1)x Spin(9). The Spin(2,1) x Spin(3) of standard N' = (2, 2) supergravity in six dimensions
is generated by

{rev, b et} (2.36)

which corresponds simply to including one more of the standard eleven-dimensional momenta to
give a total of six spacetime momenta out of the eleven.

However, the Spin(5,1) group which corresponds to the N/ = (4,0) decomposition gives rise to
a Spin(2,1) x Spin(3) group generated by

{rwv, 0ot per®} (2.37)

which are clearly contained in the generators of Spin(2,1) x Spin(9) in (2.34).
To see how to interpret this in terms of charges, we note that this Spin(9) is contained inside
the SL(9,R) group generated by (2.33). Decomposing

Ty =A3® Bs =Co O Rs @ Bs (2.38)

(according to m = (a,m) = (a,5,m)) we see that the Spin(9) generators featuring in (2.37) are
inside the SL(3,R) subgroup generated by

(C2® C3) @ (A2C2 @ A°Bs ® C2) @ (A*C ® A°B: @ C3) C ad SL(9,R) (2.39)

The five-dimensional dual graviton field (for the five-dimensional spacetime consisting of the exter-
nal directions together with the momenta in Cy) corresponds to the term C* ® A2C*, and we see
that this is the term appearing in (2.39). We then look at the decomposition of the charges (2.32)

E~CeRaeB
O (C*®C*@AB*) @ (C* @ A’°C* @ A°B*) @ (C* ® A°B*) @ (A*°C* @ A°B*)
® (B*®C* @ A°B*) @ (B* @ A>’C* ® A°B*) (2.40)
©(C* @A C* @ A'B*) @ (A’C* @ A'B*) @ (A*C* ® B* ® A'B*)
@ |[(AC* ® A5B*)2} P [(A2C* @ A°B*)? ® C*} ® {(AQO* ® A°B*)? ® B*}
and see which parts are combined into representations of this SL(3,R). Here we find a very different

result to the ' = (2,2) case. The terms which combine with C' to form an SL(3,R) representation
make up not a triplet but an octuplet of SL(3,R):

Co(C'eC e ’B) e |(A%C" e A°B")? @ C* (2.41)

This subspace does not satisfy the section condition of Fg(g) exceptional field theory?, and thus
it seems difficult to interpret it as the coordinate directions of a higher-dimensional spacetime.
Clearly, it also does not match the naive expectation of (2.19), which would suggest that the two
five-dimensional momenta P* in C' would simply be joined by one additional charge Z,,, ;,uzab to
form a triplet. We will examine this further in section 2.4. The decompositions (2.41) and (2.39)
are essentially the same as (2.32) and (2.33) and are the charges and adjoint relevant for five-
dimensional pure gravity reduced to three dimensions, with the SL(3,R) simply interpreted as the

3The Ejg(s) section condition determines whether a subspace V' C E has V®V null in the projection 248 x 248 —
1 + 248 + 3875. This tensor product contains terms contracting Ty into the A7T§‘ factor of Tg ® A7T§‘ and into
both factors of Tg ® A7Tg. It is the non-vanishing of these contractions which demonstrate that several subspaces
we consider in this article do not satisfy this condition.
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Ehlers symmetry.

We note also that the SL(3,R) subgroup (2.39) is conjugate to the standard one by an SL(9,R) C
Ey(s) transformation. To see this explicitly, it is convenient to think about the action of our two
SL(3,R) subgroups instead on the vector representation of SL(9,R) x R

V Ty @ ASTE ~ Cy ®R5 @ By @ (A2C* @ A°B¥) (2.42)

The N = (2,2) SL(3,R) subgroup has Cy @ R5 as the triplet part of the decomposition of V', while
the N = (4,0) SL(3,R) has Cy @ (A2C* ® A5B*). The difference is simply the interchange of the
R5 and (AQC’* ® A5B*) directions in V, i.e. interchange of the ATy direction in (2.42) with one
of the directions in Tg, which can be implemented via a rotation operation inside SO(9). Thus,
these two SL(3,R) subgroups are conjugate via this rotation inside SL(9,R). It follows that the
decompositions of the charges FE are also related by this swapping of directions. As such, any
triplet of this SL(3,R) that we could have found would be equivalent to the standard triplet of
momenta for standard A = (2, 2) supergravity by a U-duality.

At this point, let us also make some brief remarks about the commutant groups of our Spin(2,1)
x Spin(3) groups inside Spin(2,1) x SO(16), as this reveals some subtle points for consideration.
The chains of embeddings of the spin groups we have considered so far can be summarised in the
following diagram:

SL(32,R)

/\

Spin(5,1)(2,2) X Sp(4 Spin(5,1) 4,0y x Sp(8

Spm(2 1) x Spin(3 ) x §0(16)

Spin(2,1) x Spin(3) x Sp( ) Spm 2,1) x Spin(3) x Sp(8
(2.43)
The group at the bottom right of this diagram has the generators*
{I\;u/7 Fab7 1—\@1—\(8)7 rmams , 1—\'r7117rL2'r7’L37 ™ mc,} (244)
while the group at the bottom left has the generators
{T#v, T 795 [t Ty | (2.45)

The first three terms of each generate their respective Spin(2, 1) x Spin(3) factors, and are related by
exchanging T'® and I'® as one would expect from the discussion of the SL(9,R) rotation operation
above. However, one can perform this exchange on the remaining generators in (2.44) to obtain
generators for a Spin(2,1) x Spin(3) x Sp(8) group containing (2.45):

{I‘HV7 I‘ab7 Fa57 [y [0 My le"(8)7 T m, F(S), [ mg 1’*(8)} (2.46)

Very naively, one might then wonder why the group Spin(5,1)22) X Sp(4)? in (2.43) is not
Spin(5,1)(2,2) x Sp(8). The reason is because the generators added to those in (2.45) do not
commute with the generators I'"® which are present in Spin(5, 1)(2,2), but which are not part of its
Spin(2,1) x Spin(3) subgroup.

This shows that one should be careful about making conclusions when imposing dimensional
splits in the way that we have done in this section. Indeed, there is an apparent paradox in
our work here. The embeddings of Spin(5,1) into SL(32,R) really are inequivalent as they give

4Recall that we defined the index ranges p,v = 0,1,2 and a,b = 3,4, while m,n = 5,6,7,8,9,10 and m,n =
6,7,8,9,10 so that m = (a,m) = (a,5,m).



40 Chapter 2. The algebraic approach

different decompositions of the 32 representation into irreducible parts. However, on imposing
the dimensional split that we have done, the corresponding Spin(2,1) x Spin(3) subgroups have
been found to be conjugate by an SO(9) transformation. Thus, this inequivalence is not apparent
from the point of view of our dimensional split. Similarly, the corresponding SL(3,R) subgroups
inside SL(9,R) C Egs) also appear to be equivalent, unlike in the case of the type IIA vs type IIB
embeddings. From our analysis it thus remains unclear exactly how the inequivalent decompositions
of the spinor can be seen within the framework of exceptional groups. To learn more, one would
need to include the full external Spin(5,1) group as well as the dual graviton charges, which
would be contained only in a full Fq; analysis. The details go beyond the scope of our current
investigation, though the resolution appears to be that there simply does not exist an s[(6,R)
subalgebra containing our spin(5, 1)(4,0) whose possible equivalence one can ask about [98].

Let us now turn to a comparison of what we have found with the construction of [1]. In that
picture, one examines the five-dimensional maximal supersymmetry algebra

{Qaa. Qs = BPY" 10g + KQ4BCap + ZaB1Cap + ZuianV (ag + Zu)(AB) Vg (2:47)

The central charge K is singled out as it is a singlet of the bosonic subalgebra spin(4, 1) x sp(8),
and it is remarked that it is not the charge of any of the five-dimensional vector fields, but becomes
the magnetic charge of the gravi-photon on reduction to four dimensions. To identify the higher-
dimensional physical object carrying the charge K, it is useful to consider that, in terms of the
eleven-dimensional charges, it is the five-form charge Z5) carried by the M5-brane but with all in-
dices in the five-dimensional external space. (This was shown to be paired with the five-dimensional
momentum to form a vector of Spin(5,1) 4,0y in (2.19).) Possibly the simplest picture of this arises
from the type ITA decomposition. We think of the fifth direction of the five-dimensional external
space as the M theory circle and note that the charge K can then be seen as a D6-brane with legs
along the six internal directions.

In terms of the decomposition (2.40), the D6-brane is part of the M-theory dual graviton, but
to see this, we need to decompose further. Thus we go back to (2.38), and this time give explicit
labels to three one dimensional subspaces spanning As

A3 =R3 &Ry O Rs (2.48)

where our previous Cy; = R3 & R,. We then imagine R4 to correspond to the M theory circle
direction. In terms of these labels, the internal D6-charge corresponds to the dual graviton charge
R; ® (R ® R ® ASB*) C T* ® ATT*. The momentum charge around the M theory circle becomes
the DO-brane charge in the ITA picture and corresponds to Ry C Tg. Thus, naively it appears®
that the charges

R; &Ry @ [R} ® (R} ® R @ A°B*)] C E (2.49)

are thought of as the three momenta which, in conjunction with the three momenta in the external
space, make up the momenta in the six-dimensional spacetime of [1].

While the smaller subspaces Rz &Ry or R3® [RZ@(RZ@R; ®A5B*)] solve the section constraint
of Egs) exceptional field theory, the three charges (2.49) together do not. This is because the charge
R, has a non-zero contraction with the charge R} ® (R} @ R ® A% B*) in the relevant tensor product.
Thus, these charges fail to satisfy the usual requirements to be a spacetime section.

Further, in [2], the conjectured six-dimensional theory is compactified on 72 to give a maximally
supersymmetric four-dimensional theory with an SL(2,R) internal symmetry. It was noted there
that this SL(2,R) symmetry must be outside of the usual E;7y symmetry of four-dimensional
maximal supergravity.® However, if we view the two momenta on 7?2 as the D0 and D6 charges
Ry & [R} ® (R} ® Rf @ ASB*)], then we see that in fact there is also no SL(2,R) subgroup
of Fg(sy which rotates these charges into each other, as this would have to contain a generator
R; @ R ® (R} @ R ® A’ B*). Thus, the SL(2,R) symmetry of [2] also appears to lie outside of the
FEy(g) duality group.

A strongly related fact is that there is also no SL(3,RR) subgroup of the Eg) duality group
for which the charges (2.49) form a triplet representation. As we found above, these can only be

5See section 2.4 for a more complete discussion.
6The lack of this SL(2, R) is related to the absence [99,100] of uplifts of the deformed SO(8) gauged supergravities
of [101]. It is also related to the missing U(1) factor of footnote 1.
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combined into an octuplet of SL(3,R). The D0 and D6 charges then sit inside this octuplet in such
a way that there is no SL(2,R) subgroup under which they form a doublet.

One then wonders if there is a different triplet of charges for our SL(3,R) group (2.39), which
could form the six-dimensional space of the A/ = (4,0) theory. One quickly see that there is
precisely such a set: writing C' = R3 & R, as before, we have the triplet

R; @ (C* ® A*C* @ A°B*) (2.50)

comprising one of the spatial momenta in M theory together with the six-dimensional dual gravitons
with no leg along that direction. This set of charges thus solves the section condition of Fgg)
exceptional geometry. However, as noted above, the same SO(9) transformation which related the
SL(3,R) subgroup (2.39) to the standard one relates this section to the standard one spanned by
R; & Ry & Ry, As such, the charges (2.50) are simply U-dual to the three momentum charges
along R3, Ry and R5. This would indicate that something has gone wrong, as the corresponding
theories are supposed to be very different, as are the relevant spinor decompositions. Further still,
by considering the orbits of the charges in the supersymmetry algebra under Spin(5,1),0) and
how these are mapped into the 248 representation of Fgg) we can see that (2.50) does not match
the momenta of the six-dimensional space. We will do this explicitly in the next section.

2.4 Charges in Eyg) and the triplet of SO(3)

In this section we will see that our identification of charges in (2.49) is not quite right. Unlike the
lower rank exceptional groups, in Eg(gy the internal charges appearing in the anti-commutator of
supersymmetries do not map onto the 248 representation. Rather, they span only the subspace
forming the 120 representation of the maximal compact subgroup SO(16). As such, the momentum
charge P™ of eleven-dimensional supergravity in the eight internal directions, embeds into not just
the obvious vector Ty in (2.32), but it also has a component along 7§ ® (A®T§)?. The interpretation
of this is that the supersymmetry algebra closes not just onto local translations, but a combination
of these with higher gauge transformations of the dual gravitons. We also note that the subspace
of the charges into which the momentum directly embeds does not solve the section condition.

For standard supergravities, one could identify the spacetime section from the momentum
charge coming from the supersymmetry algebra in the following way. The embedded momentum
charge in fact lives in a subspace of the sum of two isomorphic vector representations of the
orthogonal group inside E. For the momentum P, above, these two become the Ty and Tg ®
(A3Ty)? representations of the GL(8,R) subgroup of FEg(s) containing SO(8). One can project
onto these two subspaces in a GL(8,R) covariant way. More generally, there are SO(8) covariant
projectors onto any linear combination of them. The property that picks out the subspace Ty (or
T¢ ® (A®TE)? which is the same up to an automorphism of SL(9,R)) is that it solves the section
condition (while any linear combination does not). Thus, even though the momentum charge
does not directly live in the directions Ty of the spacetime section, it is fairly simple to identify the
spacetime section and project onto it. Indeed, the generalised Lie derivative of exceptional geometry
effectively implements such a projection, as it receives no contribution from the Ty @ (A3Ty)? piece.

Let us contrast this with the situation for the momentum charge of the N' = (4,0) theory.
There, the result (2.19) tells us that two of the five-dimensional momenta are combined with
the charge labelled K above into a triplet, which makes up the three internal momenta of the
six-dimensional spacetime. This triplet is invariant under the Sp(8) R-symmetry, which uniquely
identifies it inside the 248 of Eg(s) as the generators of SO(3)(4,0) (see (2.60) later). In terms of the
charges in (2.40) this triplet consists of A2C* ® A° B* together with a two-dimensional subspace of
C @ (C*®A%C* ® A°B*). We would then like to project this onto a triplet of an SL(3,R) group
containing SO(3)(4,0y, as we did for the standard supergravity case. Naively it would even seem
reasonable that the projected subspace could be similar to the charges (2.49). However, here there
is no such projection. The SL(3,R) group containing SO(3)(4,0) makes the triplet of SO(3)4,0)
into an octuplet. It is not a subspace of the sum of two triplets.

What we have learned here is that there is no spacetime section for the /' = (4, 0) theory in the
standard sense. Rather, the momentum charge is the triplet of SO(3)4,0) which is invariant under
Sp(8), and like the embedded momentum charge in other cases, this does not solve the section
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condition. Moreover, the identification of this subspace appears to require the decomposition
under SO(3)(4,0y X Sp(8), which requires knowledge of the physical fields. Thus, very differently
to the case of standard supergravity, it appears that the momentum charge, or even a relevant
subspace of the correct dimension, can only be identified once a field configuration is specified.
This picture also resonates with the earlier mentioned observation that the Spin(5,1) 4,0y x Sp(8)
group is present inside K Fy1, but there appears to be no SL(6,R) x Eg(g) subgroup which contains
it, suggesting that a description of the N' = (4,0) theory in the Fj; formalism must make explicit
use of the Lorentz symmetry.

2.5 Interpretation of SL(3,R) x Ey inside Egg,

In the previous section, we argued that the role of SO(3),0y C SL(3,R) is very different for the
N = (4,0) theory compared with the role of the Lorentz and general linear groups in standard
supergravity. In particular, there is no three-dimensional spacetime section satisfying the section
condition, but only the analogue of the embedding of the momentum charge in the 248 of Fys).
Noting that any SL(3,RR) subgroup of Eg(sy with commutant Egy will be conjugate as SL(3,R) x
Egs) C Egg) is a maximal subgroup, we now examine the decompositions of the generalised
tangent space and the adjoint of Eg(s) under SL(3,R) x Egg). Remarkably, despite all that has
been said in the previous sections, some aspects of the A' = (4,0) theory do fit into this picture as
we now discuss.

We start from the GL(8,R) decomposition of the Fgg) x RT multiplet of charges related to
eleven-dimensional supergravity on an eight-dimensional internal space [35]

E~248,, ~T ® A°T* @ A°T* @ (T* @ A"T*)

2.51
) (AST* ® A3T*) o (AST* ® A6T*> @ ((AST*)Z ® T*) ( )

This corresponds to the decomposition of the adjoint representation of Egs)
248, ~ (TR T*) @ N3 T © A3T* @ AST @ AST* @ (AST @ T) @ (AST* @ T™) (2.52)

together with the embedding of GL(8,R) into Egsy x RT such that 1,1 = (A®T*). These expres-
sions do not provide a generalised geometry in the usual way due to problems with diffeomorphism
covariance associated to the dual graviton field (see [35] for a discussion) but one can argue that
using additional section conditions to constrain certain compensator fields in the tensor hierarchy
it is possible to write an exceptional field theory construction based on them [38].

We now wish to study further splits of the dimensions. In particular, we choose three of the
eight dimensions to join the three external dimensions, leaving 5 remaining internal dimensions (in
the eleven-dimensional picture). This mirrors our study of the spin groups in section 2.3.

As such, let us decompose under GL(3,R) x GL(5,R) C GL(8,R) so that

Ts = A3 & Bs. (2.53)

as before. We reiterate that the straightforward SL(3,R) subgroup of the GL(3,R) factor is appro-
priate for our purposes here, as the choice which seems most naturally related to the six-dimensional
N = (4,0) theory is equivalent to this one (as shown explicitly in section 2.3). Indeed, whichever
SL(3,R) subgroup we chose, we would wish to write our eventual decompositions in terms of its
triplet representation and tensor products thereof. As SL(3,R) x Eg ) is a maximal subgroup, the
result of doing this will be the same whichever SL(3,R) we chose initially.

The GL(5,R) factor can be seen to be a subgroup of a Spin(5,5) x RT group inside Egs) x RT
which commutes with our GL(3,R). Identifying the Spin(5,5) x R representations as is familiar
from five-dimensional exceptional generalised geometry via

(B® B*) ® A*B @ A*B* ~ spin(5,5)
ASB* ~1,y
Ba A’B*® A°B* ~ 16,
B*® A'B* ~ 10,

(2.54)
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we find the GL(3,R) x Spin(5,5) x Rt decompositions

248 ~ gl(3,R) @ spin(5,5)
®(A©167;) ® (A" ©161,)
O (A’A®10_2) @ (A’A* ®1042) (2.55)
® (AN A®16%5) @ (A°A* ® 16 5)
BN ARARL_4) @ (APA*® A" @ 144)
and
E~248,1~ A® 161, ® (A" ®10,2)

& (NA*®161 ;)@ (APA* @45,4) & (N*A* ® A* ® 144)

B (A°A* @ A* ®1615)

O (A3A* @ A2A* ©10.6)

D ((A°A%)* ® 167 ,)

D (MA@ A* ®18)

(2.56)

From this, we see explicitly that the commutant of GL(3,R) inside Fg(g) X R™ cannot be enhanced
further than Spin(5,5) x RT, as (2.55) contains no trivial GL(3,R) singlets beyond the spin(5,5)
summand. This agrees with the standard picture in supergravity, where we expect six-dimensional
N = (2,2) supergravity to have global symmetry Spin(5,5).

However, we expect the six-dimensional N' = (4, 0) theory to have global symmetry Eg), and
thus it would be desirable if we could see a way to make Eg) the commutant of our spacetime
subgroup inside Egs). To match this to the above, we decompose the above under SL(3,R) x
Spin(5,5) x RT € GL(3,R) x Spin(5,5) x RT. Under SL(3,R) we have additional identifications
A3A ~ A3A* ~ 1 and A%2A ~ A* and thus we have the decompositions

248 ~ 51(3,R) © (R @ spin(5,5) © 167, © 161
(2.57)
D A2A* ® (1,4@10+2 o 16:1> DA2A® (1+4 ©10_5 @ 1611)

E~248,, ~1,,® [(R @ spin(5,5) @ 167, ® 16;3) DA ® (1+4 ©10 5@ 1611)
(2.58)
O AZA* @ (1_4 D10, @ 16:1) @ (A24* @ A*)O}

where (A2A* @ A*)o denotes the irreducible part of (A2A* ® A*) whose totally anti-symmetric part
is zero. The summands R @ spin(5,5) ® 161’3 @ 163 form an eg(g) subalgebra of egs) and we
recognise the decompositions
eo(6) — R ® spin(5,5) © 1675 - 1674
27 -+ 1491042 P16, (2.59)
27 - 1,,®10_ ® 161,
Ignoring the overall R weight (as there is no non-trivial homomorphism SL(3,R) x Egg) — R™)

and choosing to use the isomorphisms A3A ~ A3A* ~ R and A24 ~ A* to write the result in a
suggestive way, we find the standard decompositions

248, — sl(3,R) @ eg(5) B (A°A* ® 27) © (A*A ® 27') (2.60)

E~248, = (A*@27) @ (A?A* @ A*), @ (A2A* @ APA* @ 27) @ (A3A* @ 78) (2.61)

We could have written these down at the outset. The reason for presenting this chain of decompo-
sitions and recombinations at this level of detail is to keep track of all of how the different charges
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combine into the Eg6) representations, and to show very explicitly that all that is needed to realise
Eg ) is to break GL(3,R) to SL(3,RR).

Naively applying the usual assignment of forms in the adjoint to physical fields and scalars to
a sigma model, one would suspect that the six-dimensional parent theory would have two-forms in
the 27 of Eg(g) and scalars in the coset Eg(g)/ Sp(8), exactly as one would hope for the N' = (4,0)
theory.

However, this is also problematic, as one would also like to interpret the forms in the generalised
vector as their charges. The one-forms in E are in the wrong Fg(s) representation to be the charges
of the two-forms in the adjoint. This is because in the adjoint the A2A and A2A* terms also live
in different representations. In the usual Kac-Moody prescription we would want to interpret the
corresponding charges in F as being dual in some higher sense. However, a possible resolution is
that under the maximal compact subgroup Sp(8), these become equal. This suggests that really the
symmetry of any theory underlying these observations is Sp(8) rather than Egg (c.f. the situation
for Fy4y in the ' = (3,1) multiplet as discussed in the introduction). An alternative resolution
would be to decompose under SO(3) C SL(3,R), which allows the identification of vectors and
two-forms, so that the third term in (2.61) could be viewed as the charges of the two-forms.

Further signs in this direction come from comparison of (2.61) with the charges in the superal-
gebra (1.1). We expect to find vector charges in the 1 @& 27 of Sp(8) together with (anti-self-dual)
three forms in the 36. These objects are present inside (2.61), but to see them we must decompose
under SO(3) x Sp(8), as we noted in the previous section. In order to see gy we have to combine
the magnetic charges of the scalars with the three-form central charges, while the singlet vector
momentum charge becomes part of a non-vector representation of SL(3,R). This again shows that
moving from Lorentz to special linear group is be problematic in this context, and that to identify
a subspace for the momentum of the correct dimension we must decompose under SO(3).

However, there are also encouraging signs in this, in that the non-vector representation of
SL(3,R) which absorbs the singlet vector central charge has the correct index structure to be a
charge for the exotic graviton C,,,, from section 1, as a charge A,;,[,,) can give a gauge transfor-
mation dCmnpg ~ OmAn)pg) + OpAgjimn] — 20mAnpq), Where the last term vanishes identically in
a three-dimensional restriction.

Indeed, one can see that this does in fact appear in the following way. If we consider R? with
standard Euclidean metric (and now take m,n = 1,2, 3) and define

"y = €"PO, A = LeMPIA g (2.62)

we can then compute the part of the projection of JA into the s[(3,R) part of the adjoint in (2.60):

[0, A, = DA, 7™ — 36™ 1, P AL, (2.63)

If we then define a dualised variable

Appg = %GmTSqutAt[rs] (2.64)

and restrict to considering A in the 5 representation of SO(3) (so that the 8 of SL(3,R) splits into
the momentum charge and the gauge parameter) then we find

[a’ A]mn = _empqgnrs (a[pAq]rs + 8[rAs]pq) (265)

Considering a variation of the exotic graviton Cf,,jpq to transform in the adjoint of SL(3,R) via
defining

5C™ = €™, "5 Clhmmiina] (2.66)

we find
5C[mn} [pa] = 7(8[PAQ]TS + 6[TAS]PQ) (2.67)

The projection of OA we have calculated would naively become part of the action of the generalised
Lie derivative or exceptional Dorfman derivative as introduced in [33]. Recall that this object has
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the general form”

Ly = 8{/ — (8 Xad V) (268)

where V' € FE is a generalised vector. The first term is a straightforward derivative, while the second
term term gives the action of the appropriate derivatives of the gauge parameter. What we have
discovered here is that, with the definitions made above, we seem to be able to recover the gauge
transformation of the exotic graviton as part of this object. In particular, the derivative (2.65)
which would be the only place where A would appear in (2.68), appears to give the correct gauge
transformation (2.67). This gives us some confidence in our interpretation of the momentum charge
and that our assertion of the necessity of working under the Lorentz group SO(3) is justified.

Overall, it seems that there is some hope of identifying the terms in (2.60) and (2.61) in the
usual way. In (2.60), the s[(3,R), eg() and A2 A* terms correspond to the exotic graviton, scalar
sigma model and two-forms respectively, while in (2.61) the terms match the charges of the two-
forms, the exotic graviton, higher duals of the two-forms, the three-form charges in (A.10) and
the magnetic duals of the scalars in that order. However, as discussed, it is really only under
SO(3) € SL(3,R) that we can identify the triplet A with spacetime, which makes these apparent
matches at least slightly surprising.

All of these comments should be taken as suggestive but in no way conclusive. However, they
are in harmony with other proposals made in this thesis concerning the importance of a fixed
volume T® fibred manifold, leaving only an action of SL(3,R) C GL(3,R) and the absence of a
six-dimensional “section”. The observation that one needs to work under SO(3) to identify the
six-dimensional momentum charge is also curious, as it suggests that knowledge of the exotic
graviton field configuration is needed to identify the six-dimensional space. They also fit a pattern
of behaviour shared by multiplets with less supersymmetry, as we explore next.

2.6 Exotic gravity with less supersymmetry

In this section, we examine the versions of the decompositions (2.60) and (2.61) relevant to the cases
of theories with less than maximal supersymmetry. In all cases we see that a special role is played
by the five-dimensional Ehlers symmetry s[(3,R), which becomes the terms relevant to the exotic
graviton in our decompositions. In a sense, the decompositions for these theories are built by adding
additional terms to this s[(3,R) base in a similar sense to the way that conventional generalised
geometries are built as extensions of ordinary geometry with frame bundle group GL(d,R).

2.6.1 N = (2,0) supersymmetry and SO(8,8 + n)

If, instead of looking at eleven-dimensional supergravity, we look at type I supergravity (which
has half-maximal supersymmetry in ten-dimensions) the analogous group to Egs) appearing in
reductions to three dimensions (with Abelian gauge symmetry) is SO(8,8 + n), where n is the
number of vector multiplets in ten dimensions.

We can then ask if the same procedure outlined above for the charges and adjoint representation
of Eg(gy will go through to match the field content of half-maximal exotic gravity. In this section
we will show that it does.

Rather than examining first the decompositions under a standard spacetime GL(7,R) group
(corresponding to the spatial directions on the seven-torus in a type I compactification), let us
assume that exotic gravity will correspond to an SL(3,R) subgroup as in the previous section
and simply decompose under the product of SL(3,R) with a suitable commutant inside SO(8,8 +
n) x RT. As such, consider the maximal subgroup SO(3,3) x SO(5,5 + n) x RT, noting that
Spin(3,3) ~ SL(4,R). We then decompose the adjoint under the SL(3,R) x SO(5,5 + n) x RT

"In fact, for Eg(g) it has been argued that one must add additional terms to this formula, including a second
constrained gauge parameter, in order to correctly account for the tensor hierarchy and address issues with closure
of the gauge algebra and covariance [38]. Here we consider only a local patch of flat space and ignore these issues,
as we are merely looking for signs of agreement in the core part of the object.
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subgroup and give the two presentations of the result corresponding to (2.60) and (2.60)
spin(8,8 +n) ~sl(3,R) & R & spin(5,5+ n)

@ [A2A* @ (142 @Dfl)} S [A2A ® (1_2 EBD+1):| (2.69)

E ~ {A* ® (12 &0 +1)} @ (A2A* @ A*)
(2.70)
o [Ro[) e A*A"| & N4 0 A4 @ (1200 1)]

This would correspond to having two-forms transforming in the (1+2 ¢ O ,1) representation of
SO(5,5 + n) together with scalars in the coset SO(5,5 + n) x Rt/ SO(5) x SO(5 + n). Together
with the exotic graviton, this would precisely match the bosonic field content of one NV = (2,0)
exotic graviton multiplet together with (5 + n) N' = (2,0) tensor multiplets. However, again we
see that the representation of the A* charges in (2.70) does not quite match that of the fields A% A*
in (2.69) as the R™ weights do not match. Thus again we see a sign that the full SO(5,5+n) x RT
may not be a symmetry of any corresponding theory, or that we may not be able to move from
SO(3) to SL(3,R) in the usual way.

2.6.2 N = (1,0) supersymmetry

We can also consider what happens for various theories with eight supercharges which (on reduction
to three dimensions) have scalars living in symmetric spaces as for the maximal and half-maximal
theories considered above. A list of such theories and their corresponding coset manifolds can be
found in [102].

For example, let us first consider pure five-dimensional supergravity. On reduction to three
dimensions, we obtain scalars living in the coset space Ga(2)/ SU(2) x SU(2), thus the analogue of
the group Fgs) from the maximal case here is G5(2). This has an SL(3,R) subgroup, under which
the decomposition of the adjoint representation is

g2(2) = sI(3,R) B A*A* & A*A (2.71)

which would match a theory in six-dimensions with an exotic graviton and a single self-dual two-
form. Thus, as expected, this matches the field content of the A" = (1, 0) exotic graviton multiplet.

Next, consider pure N' = (1,0) supergravity in six-dimensions, which upon reduction to three-
dimensions has scalar manifold SO(4, 3)/ SO(4) x SO(3). The group SO(4, 3) again has an SL(3,R)
decomposition of the relevant type:

50(4,3) ~sI(3,R)® R

(2.72)
o240 (L 010)| 0 (A48 (130 14)]
This matches a theory with an exotic graviton, two self-dual two-forms and one scalar, which is
the bosonic field content of an exotic graviton multiplet together with one tensor multiplet.

This pattern continues for the other theories outlined in [102]. A more involved example is
six-dimensional minimal supergravity coupled to two vector multiplets and two tensor multiplets.
On reduction to three dimensions, one obtains the scalar manifold Fy4)/ Sp(6) x Sp(2). One then
looks at the decomposition

f4(4) =~ 5[(37 ]R) D 5[(37 R)

o [a24"w6] @124 (2.73)
Thus we hypothesise an exotic graviton, self-dual two-forms in the 6 representation of SL(3,R) and
five scalars in the coset manifold SL(3,R)/ SO(3). This field content matches an exotic graviton
multiplet together with five tensor multiplets, and we expect a global symmetry group SL(3,R),
modulo the same problems with charges and fields living in different representations.

Table 2.2 summarises the corresponding results for this collection of theories. In all cases, the
SL(3,R) subgroup gives a decomposition which exactly matches a combination of an exotic graviton
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multiplet and some number of tensor multiplets, identifying the conjectured global symmetry group
as its commutant. This global symmetry and its coset are precisely those of the corresponding
six-dimensional conventional supergravity theory on S!. If one assumes that the reduction of these
theories on S! should give the same five-dimensional theory as reducing the standard N = (1,0)
supergravity then this is inevitable, since the five-dimensional scalars must come only from the
six-dimensional scalars of the exotic theory. Below we explain why other features of this table
inevitably must work out.

We also note that in all cases but the first row, the charges of the two-forms do not match
the representation for the two-forms, as we found in the cases considered in sections 2.5 and 2.6.1.
Thus, we again see that the numerator group of the scalar coset may not be a true symmetry of
the corresponding theory, or that really one must work under SO(3) to make these match.

Finally, we explain why the decomposition of the the duality group in 3d inevitably has the
form

g=sI3B,R)ptd (Bor)® (3 ®@r') (2.74)

if the three-dimensional theory can be written as a torus reduction of a five-dimensional supergrav-
ity theory. The existence of the sl(3,R) is the usual Ehlers symmetry appearing in the reduction
of 5d gravity to three dimensions. Under GL(2,R) this has the form

sI(3,R) = (C®C*) & (A*C*®C*) @ (A*C ® O) (2.75)

If the three-dimensional theory comes from the reduction of a five-dimensional supergravity theory,
then the only other degrees of freedom are standard scalars and p-form fields. Thus the adjoint can
only contain GL(2,R) representations of the form APC* @ APC* together with scalars and s[(3, R)
as above. The only options for p are p = 0,1,2,3. Any SL(3,R) representation in (2.74) other than
1, 3 or 3’ would give other types of GL(2,R) representations and thus is not allowed. Thus the
decomposition (2.74) is universal. Further, once it is known that the degrees of freedom of pure
five-dimensional supergravity lift to A" = (1, 0) exotic gravity and both vector and tensor multiplets
lift to N = (1, 0) tensor multiplets, it is clear that this decomposition will match the decomposition
of an N' = (1,0) exotic gravity. Thus the matching of the degrees of freedom between the SL(3,R)
decompositions and the exotic gravity theories is inevitable once one assumes that they reduce to
those of standard gravitational theories in three dimensions.
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3d coset 6d Supergravity 6d Exotic gravity
ny nr  6d coset nr B;V rep 6d coset
SEC /NN R P 0 1 :
SU(2) % SU(2) &
__S03) 0 0 1 1091 R+
S50(4) x 50(3) i r2E ot
S0(4,4+n) SO(1,n+1)
1 Rt 2 1 2_ — " x RT
SO x S0@d+n) | " nts I ontia s Ten Ty
Fa 5 9 S0(2,1) . 5 SL(3,R)
Sp(6) x Sp(2) S0(2) S0(3)
Fe2) S0(3,1) _ SL(3,C)
- 4 _ 3®3 _
SU(6) x SU(2) 5 Somy | ° 13 3w SU(3)
FE-_s 1 *
_ B g o SOGYH is SU*(6)
S0(12) x SU(2) S0(5) Sp(6)
Eg(—24) 50(9,1) Eg(—26)
_ 1 _ 2 27
B x SU ) 69 “Gopy | B Fi

Table 2.2: N = (1,0) supergravity and exotic supergravity theories and their duality groups
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Chapter 3

Chern-Simons couplings and
anomalies

3.1 Anomalies of exotic multiplets

Since the exotic multiplets contain chiral fields, they may suffer from anomalies. This section is
aimed at extending the results known for chiral spin %, spin % and self-dual fields to the SD Weyl
field and the exotic gravitino.

We start by a brief review of the classical results on anomalies. Then we consider a Dirac
operator coupled to a vector bundle V', and briefly go through the relation between the index
theory and anomalies. Some choices of V' are well-understood and relate to the standard anomalies
for fields that appear in supergravity multiplets [68—71]. These cases, i.e. the chiral spin 1/2 and
3/2 fermions, and self-dual tensor fields, will be reviewed in subsection 3.1.2, mostly following the
conventions of a recent review [48]. As we shall show, the curvatures of all relevant exotic fields,
i.e. the SD Weyl field of (4,0) multiplet, its counterpart in the (3, 1) multiplet as well as the exotic
gravitino can be found in the domain of the Dirac operators for appropriate choices of V. The index
calculation for the fields in the (4,0) multiplet will be presented in subsection 3.1.4. The anomaly
polynomials for other six-dimensional exotic multiplets with different number of supercharges will
be given in subsection 3.1.5.

3.1.1 Consistent anomaly and descent equations

In spacetime dimension D = 2n, we denote by ® the collection of quantum fields sensitive to
anomalies and A is the “external” gauge field to which the fields in ® are coupled. In the case
of gravitational anomalies, A can be taken as the spin connection for local Lorentz symmetry or
the Christoffel connection for diffecomorphisms. The partition function Z[A] is a functional of A
defined as the functional integral

Z[A] = e T = /ch e~ S®Al (3.1)

where S[®, A] is action and we only integrate over the fields in ® which explains the notion
“external” for A. Note that, in the above integral we are already in the Euclidean signature.! The
action is then assumed to be invariant under some gauge transformation with parameter € = e(x)
& =0+5.0
A A =A4+6A (3.2)
S[@', A'] = S[®, A].
In general, the path integral D® measure is not necessarily invariant under such transformations
and we write

DO — DI’ = DI [det (J)]° = Dde/ «(7)Al@) d%x (3.3)

1See appendix B.2 for the definitions and conventions.
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where J is the Jacobian for the transformation and ¢ = 1 for the transformation of a commuting
field while ¢ = —1 for a pair of anti-commuting fields.
For A’ we have

o-TlAY _ /D<I> o S[@.A'

_ /D@’e*S[¢I’A/]

(3.4)
— /D@ efs[CP,A]Jrfe(z)A(I) dPz
— o TIA+/ e(2) A(x) dPx
and it follows
5.T[A] =T[A] —T[A] = / —e(2) - A(x) dPx. (3.5)

Here, we only used the gauge invariance of the action and renamed the dummy index of integration
in the second step of (3.4). The integrand in (3.5) is a local function and it is the anomaly? which
we are looking for. We will write it as I3, (¢, A) or just simply as I3, omitting the variables

oT = / n. (3.6)
M2n

where the superscript means the ghost number when formulated in the BRST scheme, and it is 1
for I3, (e, A) because we replace the gauge parameter € by a ghost gauge function v [69]. Clearly,
the anomaly I3, is defined in this way up to a exact term dGs,—1 (and also up to an “s™-exact piece
that we are going to explain below). This local function I3, (e, A) is called the consistent anomaly,
due to the fact that it is a solution of the Wess-Zumino consistency condition (see e.g. [48] for a
proof)

§e;0esT = 6360, T = 61, e T, (3.7)

€1,

when writing with I} (e, A) this condition is

Ser [ holeac ) b [ Bueri ) = [ Ber,al, ). (3.8)

This consistency condition indicates that the gauge variation of the effective action I' reflects the
gauge algebra structure of the theory. If one starts from the equation (3.8) and wants to compute
the anomalies, it is to look for a non-trivial solution (not a gauge variation of a local functional in
the gauge fields, in that case one can introduce a local counterterm in the Lagrangian to remove
the anomaly) of the Wess-Zumino consistency condition.

We will not give much details about how to solve the equation and there is a very comprehensive
approach in [69] and most of our conventions also follow this paper. The key ingredient of the
solution to (3.8) is the descent equations (formulated in the BRST language)

Iopyo = dlonia
slopy1 = dIl,

5121n = dIQZn—l

sIg"t =0

where s is the BRST-operator and the result is that [ I3 (v, A) is a representative of the BRST
cohomology at ghost number one and the whole integral is defined up to a BRST-exact term. The
integrand I3, (v, A) is not only determined up to a d-exact term but also an s-exact term

L (v,A) ~ I} (v,A) +dG3, | + sFy, . (3.9)

2In the literature, also the whole integral which is a functional is sometimes called the anomaly.
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In practice, it is much easier to manipulate and compare the top term I3, 2, it is also what we
refer to as anomaly polynomial. Fortunately, this term is related to the index density Ind(D) of a
Dirac operator D in 2n + 2 dimensions [69, 70]

I2n+2 = [Ind(‘D)]Qn+2 (310)

where the index density Ind(D) is expressed in characteristic classes and it is a polyform of different
degrees. The subscript “2n + 2” means to restrict to the (2n + 2)-form part.

3.1.2 Anomalies in standard supergravity fields

In last section we discussed the consistent anomalies and its relation to the index of some Dirac
operators. Now we move to a concrete scenario, i.e. supergravities and talk about gravitational
anomalies.

Pure gravitational anomalies only arise in spacetime dimension D = 2n = 4k + 2 [68], and the
anomalies in 4k 4 2 dimensional theories are encoded by characteristic classes in 4k 4+ 4 dimensions,
which can be computed using the index theorems for the Dirac operators.

Suppose our space-time manifold with Euclidean signature has a spin structure and let S be
the spinor bundle. Then the Dirac operator on the smooth section of the spinor bundle C*>°(5) is
defined as the composition

D=l oV : C=(S) Y5 C(T* M ® §) & ¢=(5), (3.11)

where V¥ is the spin connection and ¢l is the Clifford multiplication. In local coordinates, this is
the Dirac trace of the covariant derivative in some representations of the gamma matrices®

D= cl(e“)Vfﬂ = v“Vf’: . (3.12)

In space-time dimension 4k +2, the spinor bundle decomposes into subbundles of definite chiralities

with respect to the Euclidean chirality operator I' = i2F+t1y0~yl. .44kl je G = S+ @ 5,
Consequently, D takes an off-diagonal form:
0 D
D= (®+ ) ) (3.13)

and the relevant positively projected Dirac operator flips the chirality of the spinor field
DT C®(ST) — C(S7). (3.14)

Since the full Dirac operator D is self-adjoint, it has always vanishing index. It is DT, whose
adjoint is D~ : C>(S™) — C°°(ST), that has a non-trivial index. For the rest of the paper we
shall omit the superscript + and use D to denote the appropriate Dirac operator.
The Dirac operator can be twisted by some vector bundle V' (i.e. act on spinors coupled to
some vector gauge field) .
D:C®(STRV)—C2(S™ ®V) (3.15)

Applying the index theorem [103], its index density is given by*

Ind(D) = A(M)ch(V), (3.16)

where A(M) is the roof genus and ch(V) is the Chern character, see appendix B.2 for their defini-
tions.

Furthermore, one can also generalise the definition of the Dirac operator to the Clifford module
E, a vector bundle whose fiber admits a Clifford action. In the definition (3.11) we just replace

3In section 3.1 we use indices u, v for the 4k 4+ 2 dimensional spacetime.

4In the literature, this formula is also written as Ind(D) = A(M) ch(R) ch(F), the first two factor refer to pure
gravitational anomalies and R stands for the curvature 2-form in some tensor bundle of the Lorentz group. The
third factor is responsible for gauge anomalies and F' is the curvature of the gauge bundle, and it is absent if the
fermions do not couple to any gauge fields.
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the Clifford multiplication ¢l by the Clifford action and replace the spin connection V* by the
connection V¥ on E.

To talk about the index theory of the generalised Dirac operator we would like to put it in
the twisted form (3.15). If our even-dimensional base manifold is spin and oriented, then every F
Clifford module has a product structure £ =S ® V, where V is a vector bundle determined by E,
S and the Clifford action on E [104]. By making use of the chiral decomposition of S we define
E* .= 8% ®V and thus

D :C®(ET) — C®(E7). (3.17)

A pertinent example of Clifford module is given by the bundle of differential forms A*T* M,
which is a tensor product of spinor bundles A*T*M = S ® S. The sections of S are spinors
transforming in the spinor representation of SO(4k 4 2). One could further restrict to the chiral
S* and anti-chiral S~ subrepresentations and obtain

SE@SE=AT*"MaNT*Ma...0 AT M (3.18)

and
SteS  =AN"T"MoNT*Mo ... A*»T*M (3.19)

where A2*T1T* M are the self-dual (anti-self-dual) forms. In Euclidean signature a n-form £, .,
is self-dual if it obeys F},, ., = %L!em.__u%F""““'W".
The Hirzebruch signature operator is given by

T:C¥(STR(ST®ST)) —C®(S ®(STds)) (3.20)

with V = St ® S~ (cf (3.16)), and its index is given by the Hirzebruch L-polynomial. From
other side, the complexifications of self-dual even forms and anti-self-dual odd forms are given by
St ® S~ and S™ ® S~ respectively, and we are interested in the index of

DA C®(ST®S) — C(S~ ®S7) (3.21)

with V' = S7. It can be shown that the result for the index is equal to half of the Hirzebruch
L-polynomial with an additional — sign due to Bose rather than Fermi statistics, and is given by

o = (1) (5) A0 ab@lans = (1) (5) BOD ] (3.22)

where R = %Rw’y’“’ with R being the Riemann tensor of M and v*¥ the generator in the spinor
representation. The pre-factor factorizes i = % X %, where the first % due is to the chirality
projector of the second spinor and the second % comes from the constraint that we consider F' as
a real field when analytically continuing to Lorentzian signature.

For the gravitino field, the relevant Rarita-Schwinger complex is given by

C®(STRT*M) — C=(S™ @ T*M) (3.23)

The gravitino anomalies are actually given by the map:
D:C®(ST @ (T*M — 1)) — C®(S™ @ (T*M —1)). (3.24)
The origin of this formal shift is explained in [68] and we shall come back to it in the next subsection.

The tensor product ST ®T™* M contains an anti-chiral spinor S~ that needs to be projected out. In
addition a vector potential in D dimensions has D — 2 physical degrees of freedom. These together

lead to the —A(M) in the expression for the index:
spind 2 A . .
Lyis = [A(M) ch(R) = 2A(M) + A(M)]2n+2 = [A(M)(ch(R) = 1)]2n+2, (3.25)

where R is the curvature two-form in the vector representation of SO(4k + 2).
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3.1.3 Anomalies for product multiplets

Many supergravity theories can be seen as products of Yang-Mills multiplets with less supersym-
metry. In cases when the resulting supergravity is chiral, the anomalous part of the spectrum can
be analysed like in the previous subsection. All the fields are in the domain of a Dirac operator
with choices of V being given by the tangent bundle or (products of) spin bundles. As a result all
standard supermultiplets have anomalies of very constrained form.

Type IIB supergravity is a prime example of such a product theory, and can be obtained as a
double copy two (1,0) Yang-Mills multiplets. The anomalous part (a couple of left gravitini, two
right dilatini and a tensor field with a self-dual five-form field strength) is given by

Moo A, + Ao AL+ AL o NE

Hereafter we shall use o to denote the products of fields. As already mentioned A* o A, projects
into the left gravitino and a right spin 1/2 field. Note that both are in the IIB spectrum, and
one only needs to worry about the subtraction of 2 vectorial degrees of freedom. The whole IIB
anomalous complex can the be thought of as

C®StTe@2x (T*M —-2)@ ST)) —C®(S™ @2 x (T*M —-2)® ST)). (3.26)

with the resulting anomaly given by the 12-form

- [A(M) (ch(R) . éch(fz))} . (3.27)
that vanishes [68].

The reduction of IIB on a K3 surface yields a six-dimensional (2,0) theory that contains a
supergravity multiplet and 21 tensor multiplets and is also anomaly free. One can also see that
the non-chiral and obviously non-anomalous maximal (2,2) supergravity can be decomposed into
(2,0) multiplets and contains a (2, 0) gravity multiplet, together with four gravitino multiplets and
five tensor multiplets. Hence the three standard (2,0) multiplets have anomaly polynomials that
are proportional

2
_%Igravity = ilgravitino = Liensor 1= Xg = % (% - p2> . (328)
Because of the M5-brane anomalies and inflow, the Xg polynomial appears in the M-theory action
via gravitational Chern-Simons couplings. The contraction structure in Xg is given by the tg tensor
that appears naturally in the string amplitudes.
Working directly with six-dimensional multiplets, we note that the product of two AN = (1,0)
vector multiplets is a sum of N' = (2,0) gravity and tensor multiplets:

Table 3.1: 6d A" = (1,0) Yang-Mills squared

N =(1,0) A, vector (2,2;1) | AL chiral fermion (1, 2;2)
guv (3,3:1) i (2,3:2)
B,,~ (3,1;1 A (2,1;2

A, vector (2,2;1) B;V"_ El, 3, 1§ ( )
¢ (1,1;1)

T
L : : . i (27372) ¢ (13174)
A" chiral fermion (1,2;2) A (2 1:2) Bt (1,3:4)

The anomalous part of the product is given by
(A +2x X0 (A, +2x M) = 2004, + 24, 0 M +40F o NE, (3.29)

and like in the ten-dimensional case, A% o A, and A0 AF contains the left-moving gravitini and the
right-moving tensorini, which are in the spectrum with a net contribution to the anomaly given by
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f%A(T M)[ch(R) — 2]. The product of the two chiral spinors AL results in a self-dual 2-form. The
total anomaly of is

~2.2. % [A(TM)[ch(R) — 2]]8 —art

1 2 1 2
=—— —1952py) —4- —— (1 —112pg) = —20X
5760 (536p1 95 pg) 5760 ( 6p1 pg) 0Xg

(3.30)

Another six-dimensional example dimensions is the studied in [8], where the tensor product of
super Yang-Mills multiplets with A" = (1,0) and A = (1, 1) supersymmetries is shown to yield the
gravity multiplet in A" = (2,1). The details of the tensor product are summarised in the following
table:

Table 3.2: 6d N = (1,0) Yang-Mills tensor with N'= (1,1) Yang-Mills

N=(11)
A (22,11 M (211,2) A (1,221 ¢(1,152,2)
N =00 T B3 yr (39:1,2) | vk (2,32,1)
N ( ) BMV+ (371;151; " s AH (2 2:92 2)
2,2:1 B (1,3;1,1 L
i ) &y n% sy Ly L . R .
o 111.1) AL (1,2:1,2) | AR (2,1;2,1)
L
L . ¢M (2737231) . ¢ (1a13471) L .
>\ (17271) )\R (271;2,1) AH (27272’2) Buy+ (1’3;471) A (172747 2)

The resulting N' = (2,1) supergravity multiplet [20] contains one graviton g,,, 4 left-handed
gravitini @Z)ﬁ, 2 right-handed gravitini ¢57 8 vectors A,,, one anti-self-dual 2-form B,,,,~, 5 self-dual

2-form BW+, 4 right-handed fermions A\, 10 left-handed fermions A* and 5 scalars ¢. We may
once more consider the anomaly as the sum of the anomalies from individual terms in the product
(A +2x M) o (A, +2x AP+ 2x A +4x ¢)
= 24,0 M 124, 0 AT 22 F 0 A, +ANF o NR L ANE o NE 180 o g (3.31)
= 2 oA, +4rl ol 1800,

where only the anomalous terms are kept. The total anomaly is given by

174 1 1
roduct _ _ o = . o A _ g . = rsping
» =-2 7 [A(TM)[ch(R) 2]]8 AI% — 8. 1P
1 1 1
= (268p,2 — — 4 —— (16p12 — 112ps) —4 - —— (Tp12 — 4 3.32
5760 (268p1* — 976p2) 760 (16p1 p2) 5760 (7p1? —4p2)  (3:32)
360 , ,
5760 (p1 — 4p2)

and agrees with the direct calculation

; 1 .3 1 1
Igra\nty =~ . (=4 9) [sping 1-5 IA Z(4 — 10)[5Ping
M@y =5 (FAFDITE (1 =5)1T+ 5(4-10) (3.33)

— —[Pin% _47A 37PNz — 19X,

3.1.4 Index densities of exotic Dirac operators

The indices of the exotic fields (and multiplets) can be computed using (3.16). The only essential
difference from the calculations reviewed above is that V' is now given by a product of bundles. In
the A/ = (4, 0) multiplet (1.2) there are two exotic anomalous objects, namely the exotic gravitino
Y in (4,1;8) and the exotic graviton C),,p» in (5,1;1). We treat each in turn.



8.1. Anomalies of exotic multiplets 55

3.1.4.1 Exotic gravitino
We start with the fermion 1/,,. The field strength x is anti-self-dual with respect to SO(6):5

. 7
X =—1%*E X < Xup = —ﬁ%upa,@v)(am (3.34)

where the Hodge-star xg is taken in the Euclidean convention.

The advantage of working directly with x is that we do not need to worry about the ghost
contribution, and the calculation follows the treatment of the self-dual forms [68] (see also [71]).
See chapter 6 section 6.2 for a clear overlook about the ghost spectrum and the computation for
anomalies in that context. In [68], a generic potential A and its field strength F are viewed as
independent variables in the path-integral formalism, and one integrates over both of them by using
a first order action. In the path-integral measure, the self-dual '+ part and anti-self-dual part F'~
both appear, the contribution to the anomalies from them cancel each other. But one can extract
anomaly for the (anti-)self-dual part alone as the Jacobian generated by it under transformations
of the Lorentz group in the corresponding (anti-)self-dual representation. Since there is no gauge
freedom in F'T or F'~, there is no need to subtract ghost contributions. Back to our case with 1
and x, a first order Lagrangian formalism in which x is algebraic is yet unknown, but we assume
its existence and compute in the spirit of [68].

To compute the anomaly via the field strength X, we need to determine in which represen-
tation of the Lorentz group (orthogonal group) it transforms.

Recall that the Dynkin label of the negative chiral spinor representation of su*(4) is [0,0,1].5
The field strength x,., is fermionic and it transforms as a part in the tensor product of the
anti-self-dual 3 form [0, 0, 2] with the anti-chiral spinor [0, 0, 1]:

0,0,2] ®[0,0,1] = [0,0,3] & [0,1,1], (3.35)

and the duality constraint (3.34) alone does not imply that x ., transforms as the irreducible piece
[0,0,3]. We mentioned this fact in chapter 1 section 1.1 (see [11] for more details), the duality
condition is weaker than the field equation (1.14)

’YaBIL”pqup =0 (3.36)
which is equivalent to (see appendix B.3)

Y Xpvp = 0. (3.37)

The condition (3.37) together with the chirality imply that x,,, transforms in the irreducible
representation [0, 0, 3] of su*(4). This can be seen as follows, if we decompose the field strength as

Xuvp = Xpvp + VuOvp) T Vuv€o] + Vuwpl (3.38)

where v#X,,, = 0 = 7¥Y0,, = 7”€,. The equation (3.37) would set the variables {o,,,€,,1} to
zero, it is the gamma-traceless part X,., that corresponds to [0,0,3]. Since the field equation
(1.14) leads to the little group representation (4, 1;8), we will refer to the anomaly computation
for [0,0,3] as the “on-shell” anomaly computation, i.e. we used the field equation to navigate to
the correct representation.

On the other hand, the duality constraint (3.34) alone will kill the components o, and 7 (the
computational details can be find in appendix B.3), so

Xuvp = )A(p.up + Vv €p] - (339)

This just match the decomposition of the tensor product (3.35) and €, ~ [0,1,1], it is a gamma-
traceless 1-form spinor. We will refer to the anomaly computation for x,., = Xuwp + Y€y a8
the “off-shell” anomaly computation, because in this case the we introduce x .., as an independent

5Note that in the Euclidean space-time it is anti-self-dual and it is self-dual in the Minkowskian cases. Similarly,
left-handed spinors have negative chirality in the Euclidean space-time, while they are right-handed with positive
chirality in Minkowskian as explained in appendix B.2.

60ur conventions for the Dynkin labels are outlined in appendix B.2.
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variable in the path integral and only require x,., to be anti-self-dual. We are integrating over
both X,., and €,. The difference between the on- and off-shell computations is just the index
density contribution from [0, 1, 1].

From now on we focus on the index theory anomaly computation for the irreducible piece
[0,0,3]. It is convenient to have it in the tri-spinor product (S~)®3.

0,0,1] ® [0,0,1] ® [0,0,1] = [0,0,3] @ [0,1,1] & [0,1,1] & [1,0, 0]

We can recast the result for representations of su*(4) in terms of the sections of the corresponding
bundles:

Dy :C¥(ST RS ®ST)—C¥(STRQT* M) —C®(ST@T*M) +C>(S7)
—CP¥(ST®ST®ST)—C®(STRT*M)—C>®(S™ @T*M) +C>(ST)

leading to the definition of the complex for the exotic gravitino
=D, :C¥(STR[S ®S™ —T*MP —1]) —C®(S™ @[S @S —T*M® —1]). (3.40)

The formal manipulation above is allowed in K-theory [103], and effectively we have the index
theorem for the index density of D,

Ind(D,) = A(M)[ch((S7)%?) — ch(T*M®?) — 1]

) (3.41)
= A(M)[ch(S7)? — 2ch(T*M) — 1]
According to the famous results [103], we have
ch(St @ S~ H 2cosh — J and ch(S H 2sinh — J (3.42)
j=1
for the space-time manifold in 2n dimensions. It follows that
1
+y — ]
ch(57) = 5 H 2cosh =2 + ng 2s1nh (3.43)
h(S7) = - 2 h—— 2sinh =2 3.44
ch(S7) H cos 1;[ sinh = (3.44)
Inserting this into (3.41) and using the relation (B.25), we arrive at
Ind(D —(501p? + 3828 3.45

The contribution to the gravitational anomaly from x is obtained from the above result by mul-
tiplying it by (71)2%. The first —1 comes from the fact that y is fermionic and the second —1 is
because the map in (3.40) is actually in the opposite direction [71]. The division by 2 is due to the
fact that self-dual tensor in Lorentz signature satisfies the reality condition.

1 501 ,

I = (<175 (D] = == (a8 +1914ps), (3.46)

3.1.4.2 SD Weyl field

We now turn to the index density of the field strength of the exotic graviton defined in (1.7),
Guvporn = 9uCupjor,k)- The computation is also under the assumption of the existence of an
action with G as an independent variable. A remarkable fact for the bosonic case is that the
self-duality condition (1.11) is stronger than the single trace field equation (1.59), it halves the
degrees of freedom determined by the single trace field equation. Importantly, the symmetry,
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single traceless condition and the self-duality condition together, imply that G, porx transforms
in an irreducible representation of su*(4) [81].

We conclude that G transforms in the [0, 0, 4] of su*(4), and in order to obtain it from a tensor
product, one can take a pair of the field strengths F;~ of self-dual 2-forms:

0,0,2] ® [0,0,2] = [0,0,4] & [0,1,2] & [0,2,0]. (3.47)

For the [0, 1, 2] part,
01,0 & 0,0,2] = [0,1,2] & [1,0, 1] (3.48)

The representations [0, 2, 0] and [1, 0, 1] are immediately recognised as the metric g,y and the two-
form B, respectively. The individual [0,0,2] appears also as an irreducible part in the tensor
product of 2 negative chirality spinors:

[0,0,1] ®[0,0,1] = [0,1,0] & [0,0, 2] (3.49)

We can consider a product of four chiral spinors [0, 0, 1] and, applying the tensor product decom-
position, obtain

0,0,2]) ® ([0,1,0] & [0,0,2])
0,1,0]) @ ([0,1,0] ® [0,0,2]) @ ([0,0,2] ® [0, 1,0]) (3.50)
@ [0,0,4] & [0,1,2] @ [0, 2,0],

where (3.47) is used to get the last three terms.

The [0,0,4] can now be extracted, and the result can be recast in terms of sections of corre-
sponding bundles. The details of this calculation can be found in Appendix B.4. The resulting
complex for D¢ operator is given by

Dg:C®(STR[S™®S™ ®S™ —(S™@T*M)® +(ST)®%)) + B+g

—C® (ST @[ST®ST®ST —(STRTM)® + (SH))) + B+g. (3.51)

At this stage, we can state that the sections to which B and g belong do not contribute to the
index density. Simply said, the metric and a generic two-form field are anomaly free. It follows
the relevant complex is

D :C® (STO[S™ @S~ ®S™ — (5™ @T M)® 4 (5+)92))

—C® (57 @S @S ®S = (ST@T*M)® + (5T)®?)), (3:52)
and is again in the form (3.15). The index density for D¢ is then
Ind(Dg) = A(M) (ch((S7)*) — 3ch(S™)ch(T* M) + 2ch(ST)) (3.53)
Every individual factor is known and one can show that
[Ind(D¢)lg = %(219% + 10ps) = %(3840;0? + 19200ps). (3.54)

Since G is bosonic and the reality condition is imposed on it in order to move to the Minkowski
signature, the anomaly for the field strength is

1 1
Ig = (~1)(5)nd(Dg) = %(—192019% — 9600ps) . (3.55)
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3.1.4.3 Exotic graviton in the (3,1) multiplet

The field strength of the three-index exotic graviton D in the (3, 1) multiplet S}, porx = 9Dy p)[o,x]
is also subject to self-duality condition, and hence the field is expected to have a non-vanishing
index. The discussion follows closely the previous section and we focus on the field strength S
which is in the [1,0, 3] representation. Due to the absence of residual gauge symmetry, one can
avoid the discussion of ghosts and quantisation.

The relevant Dirac operator for S is given by (details of the computation can be found in the
Appendix B.4):

Ds:C® (ST @[S™ © 5™ @9 — (ST T M)®* - (57)9%)

—C® (ST R[ST®ST @St —(STeT*M)® — (57)%%)). (3.36)
It follows that
Ind(Ds) = A(M) ((ch(S™))?ch(S) — 2ch(ST)ch(T* M) — 2ch(S7)) , (3.57)
and the anomaly polynomial can be computed as
Is = (—1)(1) [Ind(Ds)]s = L(—3808;;% — 7904p3). (3.58)
2 5760

3.1.5 Anomalies of the exotic multiplets with different supersymmetries

Now we are able to collect everything together and present the anomaly formulae for different
multiplets.

The anomalous objects among the 6d A/ = (4, 0) multiplet are the exotic graviton (5,1;1), the
self-dual 2-forms (3,1;27), the exotic gravitini (4, 1;8) and the chiral fermions (2,1;48). Taking
into account signs due to chirality the total anomaly is given by

1

2
L= g (68497 + 2592p2) # 0 (3.59)

1
Ty = Ia + 2714 + 8L + 5 x 481

Since this multiplet is a product [6,10], we could obtain the same result by following the section
3.1.3. A concrete product construction is described in Table 12 of [6], here we just give the
construction of exotic graviton in the light-cone

3,1)®(3,1) =(5,1)®(3,1) & (1,1). (3.60)

It follows that if we view the exotic graviton field strength as product of field strengths of a pair of
chiral 2 forms and apply the same product construction to other fields, we end up with the same
equation (3.59) for the total anomaly.

The anomaly contributions in the (3, 1) multiplet are given by

1
= (—2241p7 — 8388py) . (3.61)

1 1

Nl=

The (2,0) SD Weyl multiplet consists of C..p0;68,,; ¢; 4opF - 49p7 . Tts anomaly is given by

pvs

1 1
I i = 1 61 41 — x4l = ——(—808p? — 2624 3.62
(2,0) exotic G+ A+ X + 9 X 3 5760( D1 p2) ( )

Finally, the (1,0) SD Weyl multiplet comprises C\up0; B, ¢; 21/)& and has an anomaly poly-
nomial

(—1403p? — 5884p5) (3.63)

1
L1.0) exotic = Io + 1a+ 20y = oo
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3.1.6 The Lagrangian for the exotic gravitino anomaly computation

So far we have performed the index-theoretical computation of the exotic field anomalies. While a
universal feature is that all fields that appear in these supermultiplets are in the domain of a Dirac
operator for some choice of vector bundle V', for the exotic fields V is given by a product of spin
bundles. Hence, much like for the self-dual tensor fields (and unlike the gravitino) the computation
involves the field strengths rather than potentials. This comes with a certain advantage - since
there is no gauge freedom of the field strength, there is no need to manually add any ghost field
contributions to the anomaly as one would do for the gravitino.

One can ask the question about computing anomalies with the potential itself. An example
of such computation is the ordinary gravitino anomaly [68,69,71]. According to [68], this type of
computation generalizes to the cases where a chiral gravitino 14 transforms in a tensor represen-
tation of SO(6) (or of SO(5,1)) with the tensor index A. Contributions from unwanted parts that
appear in the tensor product and the ghost contributions are yet to be subtracted.

For our interests, we take the chiral fermions in the rank 2 antisymmetric representation. We
will give a complete quantisation scheme for the free classical field 1,,,, in the next part of the thesis.
Before moving to it, we can still carry out a study on the classical Lagrangian of the antisymmetric
rank 2 tensor-spinor and the (anti-)self-duality constraint.

e The (anti-)self-duality
A generic tensor field by itself has no contribution to the gravitational anomaly. It is the
self-dual or anti-self-dual part that are individually anomalous, and their anomalies cancel
when they are combined to an unconstrained tensor field. At first glance, it seems to be
necessary for us to impose the (anti-)self-dual constraint.
There is a generalized Rarita-Schwinger action of the fermionic two-form proposed in [50,51]

S = / R NCag R (3.64)

we will also use this action in the quantisation later. The equation of motion derived from
this action is

rebred b, =0, (3.65)

which is, as we mentioned, shown [11] to be equivalent to the anti-self-dual condition (1.12)
and a constraint (1.13).
This way the (anti-)self-duality constraint on the field strength of v, is automatically satis-
fied, provided it is on-shell. One can thus use this Lagrangian for the anomaly computation
for the exotic gravitino.

e Representation The above consideration becomes clearer when one looks a the represen-
tations. An antisymmetric two-form of SO(5,1) corresponds to the su*(4) highest weight
[1,0,1]. We take the product of it with a chiral spinor

[1,0,1] ®[1,0,0] = [2,0,1] @ [0,1,1] & [1,0,0]. (3.66)

The exotic gravitino is in the [2,0,1] and [0, 1,1] is describing an ordinary gravitino (to be
unambiguous, it is a gamma-traceless spinorial one-form) with opposite chirality.

We can also check this using the little group SO(4) = SU(2) x SU(2). The physical degrees
of freedom of a two-form B, are given by B;; with 4,j = 1,2,3,4 running over the SO(4)
indices. Then, if we take the self-dual and anti-self-dual part together

[(3,1)+(1,3)]®(2,1)=(4,1) @ (2,3)® (2,1), (3.67)

which is nothing but the decomposition (3.66) translated in the little group. For the anti-
self-dual part of B alone

(3,1)®(2,1) = (4,1) ® (2,1). (3.68)
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3.2 Five-dimensional Chern-Simons interactions

The non-triviality of the index bundle discussed without any obvious anomaly cancellation mecha-
nism in view (at least for the maximally supersymmetric (4,0) and (3,1) cases) might be just one
of the signs of trouble with the multiplets involving the SD Weyl field C' or its three-index coun-
terpart D. Given the lack of general covariance, this might appear to be neither too surprising nor
lethal if mechanisms for reproducing the non-linear dynamics of lower dimensional gravitational
theories can be established.

As prior mentioned, when compactified on a circle the degrees of freedom of these multiplets
can be arranged into the fields of the five-dimensional supergravity [1]. The SD Weyl field C' can
in five dimensions be represented in terms of a symmetric field h,,,, while D reduces to h,, plus a
vector.” The six-dimensional (linearised) equations of motion are consistent with the interpretation
of h as the linearised excitation around the flat metric. A direct study of the dynamics of C' or D
fields beyond linearisation, and hence the comparison with the non-linear five dimensional gravity,
is very difficult and this is the key problem in establishing whether interacting (4,0) and (3,1)
theories exist.

From other side, the maximal five-dimensional supergravity is unique, and contains interactions
that do not involve the metric [43]. As we mentioned in the introduction there is the topological
Chern-Simons term (1)

Scs :/kAgA AA/\FE/\FA7 (3.69)

and it does not admit linearisation. Hence probing its origin could be the first step towards
understanding the interaction in six-dimensional (4,0) and (3, 1) theories, while avoiding the com-
plications associated with the C and D fields (the D field yields a vector in five dimensions, we
will see that its test is slightly different).

All vectors of the five-dimensional maximal supergravity are in the 27 representation of Egg)-
The interaction (3.69) is possible due to the fact that there is a Eg ) singlet in the cubic tensor
product of the fundamentals 27 ® 27 ® 27 = 1 @ ---. There is a more refined structure: under
Ege) — SL(6,R) x SL(2,R), we have 27 — (15,1) + (6,2) and the only allowed trilinear
couplings involve either three fields in 15 of SL(6,R) that are SL(2,R) singlets or a single vector
field in 15 and a doublet of SL(2,R) in 6 of SL(6,R). This structure is perfectly consistent with
eleven-dimensional origin of the Chern-Simons interactions, and arises in the reduction of the six-
dimensional (2,2) supergravity on a circle. The 15 — 15 — 15 interaction can be seen directly
from the T reduction of eleven-dimensional Chern-Simons terms. The doublet of 6 corresponds
to the metric and the three-form field having one leg along the torus. Note that even if the
Chern-Simons interactions do not involve five-dimensional gravitons, 6 of the 27 vector fields have
eleven-dimensional gravitational origin.

In theories with 16 and 8 supercharges, the intimate connections between the six-dimensional
anomalies and five-dimensional Chern-Simons couplings has been studied, and it is expected that
only the anomaly-free theories yield gauge invariant Chern-Simons interactions upon circle reduc-
tion [105,106]. In the maximally supersymmetric case, the refined structure of the Chern-Simons
couplings makes their compatibility with a non-vanishing gravitational index in the (4,0) or (3,1)
multiplets very unlikely.

It is instructive to review the five-dimensional Chern-Simons terms in theories with 8 super-
charges [44,45,47,107] and their six-dimensional N' = (1,0) origin (the case with 16 supercharges
and six-dimensional N' = (2,0) is very similar). There are two ways of generating these upon the
circle reduction. The first involves either simple dimensional reduction of existing six-dimensional
Chern-Simons terms, or field redefinitions involving the gravi-photon field A° coming form the
six-dimensional metric

ds? = ds? + gss(da® + Agdyc"“)2 (3.70)

where 4 = 0,1,...,4. In the reduction of the eleven-dimensional supergravity to five dimensions,
the entire (3.69) can be generated in this fashion. The second mechanism involves integrating out

"In this section we will use five-dimensional indices p,v and six-dimensional indices M, N. The gamma matrix
in 5d is written as v* while the 6d gammas are I'M .



3.2. Five-dimensional Chern-Simons interactions 61

at one loop the massive spin 1/2, 3/2 and two-form, i.e. potentially anomalous, fields coupled to
AP or six-dimensional vector fields.

A generic six-dimensional (1,0) theory has np tensor multiplets with an anti-self-dual three-
form in each, and a self-dual three-form in the gravity multiplet, leading to an O(1, nr) symmetry,
and gauge multiplets with a gauge group of dimension ny. The six-dimensional interactions lead
via reduction to the following triple interactions

AP NFY N FProp + kaigA* AN FPAF (3.71)

with a, 8 being O(1,nr) index and ¢ running over the Cartan subalgebra of the six-dimensional
gauge group.
The O(1, nr) symmetry does not allow generation of any terms cubic in A% [107], but couplings

koA° A FONFO + Koy A° N FU N FI + Ky A" A FI N FF (3.72)
are allowed, and are in fact a part of the five-dimensional low energy effective action arising after
integrating out the massive fields. For example, the first term in (3.72), can be traced to a triangle
diagram with three external legs being gravi-photons with some massive fields running in the loop.

By taking the ansatz (3.70), all six-dimensional fields that are coupled minimally to graviton will
provide massive fields in five dimensions that couple minimally to the gravi-photon with charges
given by the corresponding Kaluza-Klein level. We list the minimal five-dimensional coupling
between the U (1) vector fields and massive spin 1/2 and spin 3/2 fermions and complex two-forms:

gy A

iqlpp’ypuuA;ﬂ/)u (373)
1 _

+ Ziqe“”p‘”BWAme,

where the sign in the last line is correlated with the six-dimensional chirality of the B-field. We
have followed the conventions of [44,45]. A lengthy one-loop computation indeed leads to the
appearance of the cubic interactions of the form (3.72).

The five-dimensional theory also has non-minimal couplings

1 -~ V[ A MY

§ZQ1/2F’L Py

1. v oo 1. . 3.74
S 2P o + i g PP (3.74)
(jBBM,,FVpo” + Q'BBN,,FVPBW,FU“.

However, as shown in [44] these can be used to cancel divergences in relevant diagrams and do not
affect the Chern-Simons couplings.

The five-dimensional Chern-Simons interactions (3.71) and (3.72) do not contain any scalars
and are gauge invariant by virtue of six-dimensional anomaly cancellation [105,106]. We shall not
establish any direct relation between the non-vanishing index for the (4,0) and (3,1) multiplets
and the impossibility of recovering the gauge invariant Chern-Simons couplings of the maximal
five-dimensional supergravity. Instead we shall show that there are no diffeomorphism invariant
couplings compatible with the structure of these multiplets that can be reduced on the circle
or give rise to interactions like (3.73) that are needed in order to generate the five-dimensional
Chern-Simons terms.

3.2.1 Testing the (4,0) multiplet

We should recall that the six-dimensional multiplets do not contain gravity, and while the five-
dimensional Planck length is given by the radius of the compactification circle, the reduction
procedure is by no means the conventional Kaluza-Klein. The most notable difference is the
absence of the “gravi-photon”, i.e. the KK vector that usually arises from the reduction of the
metric. Further more, we still assume the six-dimensional Lorentz invariance and the locality of
interactions.
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The 27 chiral two forms Bf;y in the (4,0) multiplet are in the 27 of Sp(8) C Eg) [1]. Due
to self-duality each six-dimensional By yields a five-dimensional vector A, and there are no
KK vectors arising in the reduction of other fields in the (4,0) multiplet. In other words the 27
five-dimensional vectors Aﬁ in five-dimensional A/ = 8 supergravity all originate form the six-
dimensional tensor fields.

In order to explore the possibility of the coupling (3.69) governed by the Eg(g) cubic invariant
being generated via loop integration of the massive states with three external five-dimensional
vector fields, the Fg) invariant three-vertices involving six-dimensional Bjsy-fields have to be
examined.

The first immediate observation is that these tests do not involve the SD Weyl field. Indeed,
in order to get a contribution from the exotic graviton Cj;nypg running in the loop, 1 ® 27 ® 1
needs to contain an Fg(g) (or Sp(8)) singlet, which is clearly not possible.

Turning to the fermions we start from the chiral spin 1/2 fields in the 48 of Sp(8). The minimal
five-dimensional coupling is of the form

iqeas by A (3.75)

where A is in 27, 7, j are 48 indices and cp;; is a constant. Such a tri-vertex is allowed since there
is a singlet contained in 48 ® 27 ® 48. However, in order to lift this coupling to six dimensions we
must complete the term

iqei 0 " Bl (3.76)

to a Lorentz scalar. The easiest way is to put a derivative on B and thus yielding®
iqeni 0’ TMON BY yab?. (3.77)

However 0%V B,y = 0 serves like the Lorenz gauge just as in the case for Abelian vector field, and
(3.77) vanishes. Another option is to increase the rank of the gamma matrix sandwiched by the
fermions

1qCaij 0 TMN B, b7 (3.78)

This could give rise to the wanted minimal coupling when the index N = 5, but a chiral fermion
bilinear in six dimensions with two fermions of the same chirality does not contain any two forms.
Hence, the above expression is identically zero. Further possible six-dimensional couplings dimen-
sions lead to non-minimal couplings in five dimensions, which as already explained do not give
quantum contributions to the one-loop Chern-Simons terms.

The exotic gravitino ¢$,, is in the 8 of Sp(8), and the trilinear coupling with the vector
8 ® 27 ® 8 contains a singlet. The gravitino-vector coupling as listed in (3.73)

iqk/y oy 00y ADYY (3.79)

is lifted to
iqkp 5T Bhsthhs (3.80)

There are three six-dimensional candidates that do not have any derivatives acting on By or
YMN
LT T MNPQRS, b pA LT MNPQ_ b Bpa
qu;\abl/}%/[QF @ YnrBps; quf\abl/)imr Q"/’N BPQ7 (3 81)
iqkf\ab¢7v1RFMNPQ¢?VPB$R-

The first one is allowed by SO(5, 1) representation, but to achieve (3.79) we would have to set
@ = R =S =5 so the gamma matrix vanishes by antisymmetry. The other two vanish due to the
tensor product decomposition of the exotic gravitini.

The trilinear coupling of vectors with the massive two-forms B also need to be considered. Such
couplings for the reduction of (1,0) theory in (3.73) contain the gravi-photon and originate from

8Note that we raise and lower six-dimensional indices with the flat metric 77 in this section, as it is assumed
to be non-dynamical in the six-dimensional theory.
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self-duality of the six-dimensional tensor fields [46]. This is no longer the case, and one should be
looking for a six dimensional cubic invariant built solely from the bare potentials Bf;

kaar BY A B2 A BT = kaareNP@RS BY B, Bl (3.82)
the reduction of which would contain a minimal term proportional to
—&—iqkAAFe"”"”BﬁVAPABgT. (3.83)

This product contains an Fg) singlet and hence is allowed. As discussed, under Eg) —
SL(6,R) x SL(2,R), 27 — (15,1) + (6, 2) and the trilinear couplings are either between three 15
or between one 15 and two different 6. This means that any possible contribution to (3.69) from
(3.83) should have a massive two form in 15 in the loop. From other side as shown in [108], the
only two-forms allowed to enter the five-dimensional action are in one of the 6 representations.
Hence contributions from the massive two-forms to (3.69) seem to be ruled out by supersymmetry.
At any rate it would be very hard to imagine a gauge invariant completion of (3.82).%

This seems to exhaust the possibilities for generating the five-dimensional Chern-Simons cou-
plings using the five-dimensional massive modes coupled to the fields of the five-dimensional max-
imal supergravity in a way that can be lifted to six-dimensional Lorentz and gauge invariant
interactions.

Finally, one may entertain the possibility of a coupling like

SCSE = /k'AAF B]/\\/[N A HI%QV N HESWnVWGMNPQRS . (384)

and its direct reduction to five-dimensions. Clearly this coupling is not gauge invariant in six
dimensions. But that is not the only problem - upon reduction only the part involving 7°® gives
a sensible and gauge invariant five dimensional coupling. On the other hand, five-dimensional
interactions cannot contain n*”. Hence constraints need to be imposed on (3.84) in order to
eliminate the unwanted parts. This would come at the expense of the Lorentz invariance, and we
do not consider the possibility of breaking this here (even in a “specific and limited way”). Running
slightly ahead, we remark that the possibility of even such - however dubious - cures is not available
for the (3,1) multiplet.

3.2.2 Testing the (3,1) multiplet
The (3,1) multiplet, written in the representation of su(2) x su(2) x sp(6) x sp(2) is

(4,2;1,1) +(2,2;14,1) + (3,1;6,2) + (1,1; 14/, 2)

3.85
+(4,1;1,2) + (3,2:6,1) + (2,1;14,2) + (1,2; 14", 1). (3:85)

It follows [1] that, the (4,2;1, 1) field Dy;np gives a linearised metric hy,, and a vector Ag = D5,
which we denote with a superscript 0 to distinguish from other vectors.

There are also five-dimensional vectors AL given by (2,2;14,1) and those Af from the chiral
two-form (3, 1;6,2). With respect to the chain of groups

Sp(6) x Sp(2) C Fyay C Eg(s), (3.86)
the 27 of Eg) has a decomposition under Sp(6) x Sp(2)
27 =(1,1) + (14,1) + (6, 2). (3.87)

To build a six-dimensional vertex with (3,1) field content, a Sp(6) x Sp(2) singlet needs to be
constructed. Recalling the structure of the Eg ) cubic invariant (3.69), it is not hard to see that

(Oé,ﬁ,i) (047670)
(0,0,0) (0,0,4) (0,4,5) (i,5,k)
9Note that in [44,45] the five-dimensional couplings generated using the vertex with a massive two-form in the

loop and an external vector field involve the gravi-photon. As mentioned, in the reduction of the (4,0) theory this
field does not even arise.

(3.88)
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trilinear couplings need to be generated. Note that this structure is rather different from that of
the trilinear couplings arising in the reduction of (1,0) theory which has e.g. (a,4,j) couplings
obtainable by direct reduction, and does not have (a,(,¢) couplings. It can be shown, using
arguments from the previous subsection, that it is not possible either to directly lift this structure
to Lorentz and gauge invariant couplings of (3,1) multiplet, or to generate them by integrating
out massive modes in the loop.



Chapter 4

Evidence for h-theories

In this chapter we shall discuss how trying to solve the equations of motion for the SD Weyl
field Carnvpo may suggest an alternative way of thinking about some of the six-dimensional exotic
multiplets. The basic construction works for theories with 32, 16 or 8 supercharges, but for the
latter two a number of (2,0) tensor and (1,0) vector multiplets respectively need to be added.
Bellow, we shall mostly discuss the maximally supersymmetric case of (4,0) exotic multiplet.

The SD Weyl field has 5 physical degrees of freedom. While this is the same number of degrees
of freedom as that of five-dimensional metric, we argued (however indirectly) that the dynamics of
this field when reduced on a circle is unlikely to be the same as that of gravity. From other side, this
number also matches the number of the parameters of the SL(3,R)/SO(3) coset, i.e. a three-torus
of of fixed volume. Moreover, as discussed in section 2.5 this coset is closely related to the SD
Weyl field, both in terms of the degrees of freedom of the field itself and its gauge transformation
parameters. So one may wonder if the system of five scalars parametrising the coset coupled to
thee-dimensional gravity, which carries no dynamical degrees of freedom, may be related to the
solutions of the equations of motion for the SD Weyl field. This system is familiar, and it has been
shown in [42] that its solutions can be summarised by a Ricci-flatness condition of a semi-classical
metric on a six-dimensional space X obtained as a T fibration over the three-dimensional base.!

As we shall review shortly, the Ricci-flatness condition is equivalent to a real two-form & on
X, constructed from the coset element of SL(3,R)/SO(3), being covariantly constant. One can
think of k& as the Kéhler form on X, but in the context of supersymmetric theories, one cannot
establish a duality between any six-dimensional supergravity (with 32, 16 or 8 supercharges) on X
and solutions of the above three-dimensional system, preserving a quarter of supersymmetry. On
the contrary, the latter are consistent with the (4,0) and exotic (2,0) and (1,0) supersymmetry
respectively, and k can be squared to a SD Weyl field satisfying its flatness condition. It can be
shown that at the linearised level, the differential conditions on k reduce to the equations of motion
for the SD Weyl field.

In order to see this we just need to examine the duality groups of these theories. Let us
start from the 32 supercharge case. The three-dimensional theory has Fgg) symmetry and it’s
scalar manifold is the coset space Eg(s)/SO(16). All but five of these scalars are set to zero in
the solution, leaving the Eg(g) symmetry, which is stabilised by SL(3,R) inside Eg() intact. So
when geometrising the SL(3,R) symmetry and thinking of the solutions of the three-dimensional
system of gravity and five scalars in terms of solutions of some six-dimensional theory on X, one
expects the latter to have manifest Fg) symmetry. This is not the case for the maximal six-
dimensional supergravity, but it is for the (4,0) SD Weyl multiplet. As it is clear from the details
of the construction in subsection 4.2, on three-dimensional bases one can construct at most T
and hence geometrise only SL(3,R) this way. In many ways the construction is reminiscent of
geometrisation of SL(2,R) in type IIB and F-theory. Moreover since the construction involves
two groups of intersecting co-dimension two defects, the SL(3,R) arises as the group generated
by two SL(2,R) subgroups. This is reminiscent of the two pairs of charges in (2.49) which have
accompanying SL(2,R) actions, even though the full triplet (2.49) has no SL(3,R), as discussed
in sub-section 2.3. However, to make closer comparison with that discussion, it may be better to

1We shall work with a Euclideanised version of the three-dimensional theory.
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consider the points made in section 2.4 and look at the two SO(2) groups generating an SO(3)
under which the momenta transform as a triplet.

Similarly in the case with 16 supercharges, embedding SL(3,R) in the duality group SO(8, 8+n)
leaves invariant a SO(5,5 + n) x RT suggesting that this is the symmetry on the resulting six-
dimensional theory. While all (2,0) multiplets have the same R-symmetry, this symmetry is a bit
bigger than that admitted by the (2,0) gravity plus n + 5 tensor multiplets, and the RT factor
accounts for the extra scalar in the (2,0) SD Weyl multiplet.

Theories with 8 supercharges are a bit harder to analyse, notably because there are many
options for the scalar manifolds available. Yet the most “typical” quaternionic coset is given by
SO(4,4+n)/SO(4) ® SO(4 +n). Under SL(3,R) embedding one gets a coset space SO(1,1 +
n)/SO(1 + n) which can describe the moduli space of ny = 1 + n six-dimensional (1,0) tensor
multiplets coupled either to (1,0) gravity multiplet or to (1,0) SD Weyl multiplet. Note however
that the latter case has fewer degrees of freedom (a (1,0) gravity multiplet is “worth” a (1,0) SD
Weyl multiplet + a tensor multiplet).

In this section, we will discuss the equations of motion of the SD Weyl field and their 73
reduction, looking to capture the solutions of three-dimensional gravity with varying scalars in
terms of a six-dimensional geometric construction involving the SD Weyl field. In particular, we
will construct a T3 fibered manifold together with a tensor field Cpsn pQ using five scalar fields
with dependence only on the three-dimensional base. On imposing that the five scalars solve the
supersymmetry conditions of three-dimensional supergravity, this field will solve an equation

Q?vaRS =0. GunpPQrs = ViMCNPIQR;S) (4.1)

However, the field Casn,pg cannot directly be interpreted as the SD Weyl field on the curved
space. To identify the SD Weyl field of [1] we should linearise the system by thinking of the three-
dimensional scalar fields underlying the construction as small fluctuations. The corresponding
geometry will then be seen as a small fluctuation of a flat manifold R? x T3, with the five scalars
determining the metric on the fibres. As we shall see shortly, in the expansion of C in the powers
of the scalar fields

CMNPQ:C](\B)NPQ-I-CMNPQ-F... (4.2)

the linear fluctuations of the SD Weyl field of [1] will be identified with the the first order term,
denoted Cprnpg. To the first order in fluctuations, (4.1) reduces to the standard equation for the
SD Wey! field of [1]

GYNpors = 0. GunpPQrs = OmCNP)QR,s) (4.3)

provided that Cysnpg is taken to have no dependence on the T3 directions of the geometry.

Note that geometric fluctuations around the flat geometry R? x T2 would only affect the non-
linear parts in the expansion of (4.1) without spoiling the agreement of it with the linearised
equation (4.3). Thus one could view equation (4.1) as a non-linear extension of the SD Weyl field
equation of motion. Here we only check that the two agree at the linearised level. Another feature
of this construction which mirrors comments made in section 2.5 is that the T fibered geometry
uses the physical degrees of freedom in its definition, and thus the six-dimensional space requires
the physical fields for its definition.

This reformulation of three-dimensional theories in terms of the (diffeomorphism non-invariant)
six-dimensional one on (non-compact) manifolds with certain geometric properties, suggests the
interpretation of the latter as lower-dimensional cousins of F-theory.

4.1 SD Weyl field on R? x 7%

Since to the linear order in scalar fields, the equation of motion for the SD Weyl field Cyvpg
is not sensitive to the metric fluctuations, in this section we will examine the reduction of the
equations on a flat R3 x T3,

Following [1,2], we define the SD Weyl field strength in flat space as

GunpPQrs = OmCNPIQR,S) (4.4)
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subject to self-duality constraint (we are working in Euclidean signature, hence the factor of 7):

i TUV
GunrPors = emnpTuvG " QRS =

7
30 eqrsTuvGunpT 0V (4.5)

3!

with M, N, P... =1,...,6. The equation of motion for C in 6 dimensions is then given by
G°Npors = 0. (4.6)

We shall now assume that the SD Weyl field C' depends only on three of the coordinates. We
can separate the the coordinates into the R3 part £* with o = 1,2,3 and 72 part £ with i = 1,2, 3,
and allow the dependence only on the z*-coordinates of R3, i.e. take

0;Capcp =0, (4.7)

This, together with the self-dual condition of the field strength of C' eliminates the some of the
components

Gijkmne = 0iCjpmn;p) =0

o (4.8)
GapyMNP = €aprijcG? " vnp =0
The non-vanishing components field strength of C' in the product ansatz are of the type
Gaijunp Or  GagiMNP, (4.9)

where because of the exchanging symmetry Carnypg = Cpoamn Wwe only need to focus on the first
3 indices of the field strength G. Since these two types of components are related again by the
self-duality of G

) )

GaijMNP = gﬁaijmkGﬁykMNP or GgykMNP = geﬁwkaijGaijMNP~ (4.10)
it is sufficient to consider the components G'giys; arising from the potentials C;,;. In each pair
of indices on C there is one R? coordinate index and one T2 coordinate index. The equation of
motion for C' in 6 dimensions (4.6) reduces to

870 Caiyipj8) = 0 (4.11)

This is a set of (linear) three-dimensional equations for five degrees of freedom contained in the
SD Weyl field. As already mentioned the SL(3,R)/SO(3) coset has the same number of degrees
of freedom. In what follows, we will construct a T2 fibred geometry together with a tensor field
Cymnpo satisfying similar equations to those for Cpn pg above (but on the curved geometry), such
that the linearisation of the total system reduces to (4.11). The fact that the geometry is given by
R3 x T3 only at zeroth order in fluctuations does not affect the linearised equation (4.11).

4.2 The SL(3,R)/SO(3) sigma-model and the SD Weyl field

The symmetric space SL(3,R)/ SO(3) has dimension five. Thus, we need 5 real scalars to parametrise
the non-linear sigma-model with target SL(3,R)/SO(3). Its vielbein V,; in Borel gauge can be
written as follows

1 a b
V=e2/V3[ 0 e (VBRI-92)/2 (o (VBRI=®y)/2 | (4.12)
0 0 6*(\/§<I>1+<I>2)/2

where a is a SO(3) index, while ¢ is a SL(3,R) index. The two dilatonic scalars ®; and ®q
correspond to the two Cartan generators of sl(3,R) and the three other scalars a, b and ¢ are
nilpotent generators which complete the coset.
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The Mauer-Cartan form dV'V ! can be split into the part symmetric in SO(3) indices, P* =
P " and the anti-symmetric part Q* = Qla!

(0aVVH® = P2 + Q2. (4.13)

Here the partial derivative 9, is taken with respect to the 3 dimensional space on which we put the
SL(3,R)/SO(3) sigma-model. (We think of this as the base space in what follows.) The involution
o under which the s0(3) subalgebra is invariant corresponds to taking minus the matrix transpose,
and thus (4.13) splits 9,V V! into its o-eigenvector parts. The symmetric part P, transforms
covariantly under the action of base-coordinates dependent SO(3) elements while @, transforms
like a connection.

The action of this sigma-model coupled to three-dimensional gravity is given by

1
S = /d?’x 2—2\/—9(R — ¢g*# Tr P, P3), (4.14)
K
with the field equations

Do P = g% (Vo Ps + [Qa, Ps])

(4.15)
Rag =Tr PaPﬁ
In terms of the scalar fields (4.12), the Lagrangian can be brought into a simple form
1 1 1
L=55V-9B- 5(3@1)2 - 5(5%)2—
K (4.16)

1 1 1
- 56\/5%—@2 (0a)? — 562‘1’2(80)2 - 56\/5@4-@2 (0b — cda)?).
The Lagrangian (4.16) can be embedded into three-dimensional supersymmetric theories with the
varying amounts of the supersymmetry. The relevant part of the supersymmetry transformations
for the spin 3/2 and 1/2 fermions? is given by

0thq = Dye = (Vo + i@g”:rab)e
1 (4.17)
Sx* = —= PP
2

where 7% and T are the SO(3) generators in the adjoint and spin representation respectively.
Solutions with varying moduli consistent with SL(3,Z) were constructed in [42]. The solution
takes the form of overlapping codimension two objects. One can start by solving for each such
object, which will be picking a specific SO(2) inside the SO(3) automorphism group. A 1-BPS

projector for a brane with transverse £ — % plane can be written as®
1 aias ab
P =g (14+9"% AayahanT™) (4.18)

where Agp(z) is an SO(3) rotation matrix. Solving the BPS conditions for a single codimension-
two object yields a solution very much like the standard seven-branes in ten dimensions. On a
three-dimensional base there is room for two groups of intersecting objects with a net quarter
of supersymmetry preserved.* Two groups of such overlapping objects will now fill out the entire
SO(3), and the solution geometrically realises a T fibration over the three-dimensional base space.

Using the SL(3,R)-invariant form of metric on 7% one can summarise the solution using a
six-dimensional metric of the form

dsg = dS%)ase + (VTV)ZJ (x)dgldfj (419)

2Note that the spin 1/2 fields transform under the maximal compact subgroup of the symmetry group. Here we
restricted to the relevant SO(3) subgroup.

3The barred indices @; = 1,2, 3 refer to tangent space

41t is not hard to verify that there are only two independent projectors of the type (4.18) on a three-dimensional
space.
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with the metric on the three-dimensional base space taken as
ds?... = ewl(ﬂdx? + €2¢2(w)d.’[}§ + e2¢3(7”)d:13§. (4.20)

As shown in [42], solution of the killing spinor equations is equivalent to the following two-form
on the six-dimensional space

0 —e %28V
kyn = ( @ m) (4.21)
e?s Vg&f 0
being covariantly constant
Vaknp =0. (4.22)

One could think of k£ as the fundamental form on the resulting six-dimensional manifold. How-
ever, as mentioned the solution to (4.16) cannot be lifted to a solution of six-dimensional super-
gravity on any six-manifold since its symmetry group is SO(5,5) and not the Eg) group that is
stabilised by SL(3,R) inside Eg(g) for the case of maximal supersymmetry. The group stabilised by
SL(3,R) inside the three-dimensional duality group is compatible with the six-dimensional (4, 0)
theory or less supersymmetric exotic theories.

In order to describe the six-dimensional lift in terms of the exotic graviton, one can build a
four-index object with the properties of Riemann tensor:

CMNPQ = kIVINkPQ — k[MNkPQ]7 (423)

which has the non-trivial components C.ig;. The algebraic symmetries of C are manifestly the
same as in (1.5). By virtue of (4.22) C satisfies

V. Caipjsy = 0. (4.24)

Notice that the three-dimensional covariant derivatives are used here. Consistently (4.24) and with
the self-duality properties the field strength of C, C;;,; components can be taken to zero.
In order to compare with (4.11), we need to consider the linearisation of (4.24). Using

0 -
karn = KOy + By + . = (60 OZ)+kE\})N+... (4.25)

one can expand C in a similar fashion, with 01(\91)1\{ PQ = kg\%\,k;% — k[(]%} ng)g?] having only constant
components. It is the linear term in the expansion of C that is taken to be equal to the SD Weyl
field CJVINPQ

CunpPQ :CJ(\E)NPQJrCMNPQﬁL... (4.26)
It can be checked then, that the linearised equations of motion for the five three-dimensional scalar
fields (4.16) imply 0;oCgij[vj,a) = O-

In other words the three-dimensional gravity coupled to scalars in SL(3,R)/SO(3) coset is
solved at linearised level by (4,0) SD Weyl supersymmetry on a T° fibered Ricci-flat manifold M.
Note that on M, the covariantly constant tensor C is globally defined. This is not the case for the
SD Weyl field C which is obtained by picking the part linear in scalar fields in the expansion of C.

From other side the conspiracy between SL(3,7Z) and the duality groups in three and six dimen-
sions makes this construction unique. One could construct a T2 fibered four-manifold in a similar
fashion, but the group E7(7) group that is stabilised by SL(2,R) inside Egs) is too big for any five-
dimensional theory. This has a well-known realisation in terms of codimension-two objects with
a deficit angle. The T? fibered construction corresponds to two sets of intersecting codimension-
two objects, each realising an SO(2) within SO(3). As mentioned, on a three-dimensional base
there are only two independent such groups each preserving half supersymmetry (any other half-
supersymmetric projector can be built out of the above two). In agreement with this, no other
SL(n,R) group (for n > 3) inside Eg(g) stabilises any known duality group for an (n+3)-dimensional
theory (since the stabiliser is Eg_,,9_,) as can easily be seen from the extended Dynkin diagram).

Here we have concentrated on the maximally supersymmetric theory in three dimensions and
its lift to the six-dimensional (4, 0). From other side, there is very little dependence on the details of
the multiplet or amount of supersymmetry, and as discussed above similar relation exists between
three-dimensional theories with 16 and 8 supercharges, and (2,0) and (1,0) SD-Weyl multiplets
completed by matter multiplets.
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Chapter 5

Introduction to the
Batalin-Vilkovisky (BV) formalism

In this chapter, we introduce the Batalin—Vilkovisky (BV) field-antifield formalism [52,53]. This
formalism provides a systematic way of quantising gauge systems which is in general very involved.
The antibracket, antifields and the master equation are introduced, they play important role in
analysing gauge transformations and the associated gauge structure. Due to our interests and
purpose, we will focus on procedures of gauge-fixing, and the notation and conventions mostly
follow the comprehensive reviews [109,110].

5.1 Gauge transformations

We start from a classical action Sg[p?] depending on fields ¢* with ¢ = 1,2,...,n. The action is
assumed to be invariant under some gauge transformations ¢’ = R\, A* with generators R!, and
parameters A%. We use DeWitt’s condensed notation, where a contracted index includes spacetime
integration. For example, in the gauge transformations

soi(y) =3 / Rl (2, ) A%(y) (5.1)

The range of the index « indicates the total number of gauge transformations. The classical
equation of motion is
578,
d¢* (z)

where the superscript “R” means that the functional derivative f—; is acting from the right.! The

=0, (5.2)

vanishing of gauge variations of Sy[p?] yields the Noether identities

§RSy . RSy .
0=0)5) = —28p" = —CR! A
St dpt
5BSy
5o R =0. (5.3)

The fields and gauge parameters are allowed to be bosonic or fermionic, their Grassmann parities
are written as €(p') = ¢ and €(AY) = ¢,. We see that in this convention, the indices of an
expression reveal the Grassmann parity, e.g. €(R!) = ¢; +¢€, mod 2. The parity gives a Z, grading
to the set of fields, we will omit the “mod 2” for convenience.

sL
St

have the variation 60X (¢) = d¢ S(I;f = ‘s?—f&zﬁ.

1We also define the left derivative

to acting from the left. For any function or functional X of the field ¢ we
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The complete set of gauge transformations. We assume that any solution ¢ to the Noether
identities (5.3) can be expressed as

5o’ = RLAS + 0%50 p i (5.4)
(03 5(pJ ? N
where M% is some arbitrary function with the graded index symmetry MJ* = —(—1)%% M.

The second term ‘?—Sj“M J alone is a gauge transformation due to the symmetry of M% and it
vanishes on-shell. Gauge transformations of this type are called trivial gauge transformations and
the commutator of two trivial gauge transformations is another trivial gauge transformation. So
the set of all trivial gauge transformations form an ideal of the gauge algebra and we can quotient
out them in practice. On-shell, the set { R’} gives a complete description of the gauge freedoms of
the equation of motion. Consider the commutator of two gauge transformations from the complete
set and use the assumption (5.4) again, we find

0" Rl T 7S,

€q € B 7 Y Jt
s T~ () SRR = BT, - SO (5.5)

where we omitted the gauge parameters and the new variables T;*ﬂ, M ;JB have the graded symmetry

Ty = —(~1)orde
M, = —(—1) P M, = —(~1) M.

(5.6)

If Mgfﬂ = 0, the gauge algebra is called a “closed” algebra. It is a Lie algebra if the structure
constants TO'ZB are field independent and the commutators of elements from the complete set also

satisfy the Jacobi identity. The gauge algebra is said to be “open” if M gfﬁ # 0, and in this case it
is also referred to as the gauge algebra “close only on-shell”, since it is multiplied by the equation
of motion 5:;0 in the relation defining this gauge algebra. The situation for open gauge algebra
occurs for instance, in supergravity theories and it is the case that Faddeev-Popov quantisation
can not be implemented.

It is convenient to introduce the ghost fields to describe the gauge algebra. We simply replace
the parameters A% by the ghosts C® with opposite Grassmann parity e(C®) = e* + 1. Writing the
equations (5.3) and (5.5) with the ghosts

0B S, i o
5o R, C*=0, (5.7)
SERY . . O08Sy
@ i i ea (B
(2 500 Rjﬂ — ,YT(;YE + WMiﬁ) (-=D)>CPC* =0, (5.8)

we get the very first two equations that characterise the gauge structure of the theory.? Obviously,
with only these two conditions one does not conclude that the gauge algebra is a “Lie” algebra. A
further step is to study the Jacobi identity

[517 [527 53“ + [527 [537 51“ + [637 [517 52“ =0, (59)

and it leads to extra constraints (involving cubic terms of the ghosts) on the generators and
constants, see e.g. [110] for details.

Reducibility of gauge transformations. In the last paragraph, we only assumed that the
set {R!} exhausts the solutions to Noether identity. In general, we get rid of the trivial gauge
transformations by restricting to the solution space S of the equation of motion, and on-shell, these
gauge generators of R!, can still be linearly dependent. Gauge theories with linearly dependent
generators are phrased as reducible theories, otherwise they are called irreducible.

Following [52,111], we adopt the notations for generators and ghosts with extra numbers: Réo
and C5° with a9 =1,2,...,mo.

20ne needs to pay attention to the extra factor (—1)¢ in (5.8), this is necessary because of the graded symmetry
for the ghosts C*CP = (—1)(catDles 0B g,
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Irreducible gauge theories

By definition, the gauge generators are all independent

rank R’

o |S =myo, (510)

and we have the completeness assumption for the Hessian matrix

This completeness assumption is seminal, it states that the non-existence of the propagator
or degeneracy of the Hessian is completely due to the gauge invariance.
First-stage reducible theories

When the gauge generators are linearly dependent, the rank condition (5.10) no longer holds.
The gauge theory is then reducible. Let us start with the simplest case. Suppose there are
mo — mq independent generators

rank R, |s =my—my, (5.12)
then on-shell there are m; null vectors Zy2 of Rl and they are labelled by oy
R, Z30 | =0, (5.13)
rank Z79 |S =m, (5.14)
with the parity e(Z73 ) = €a, + €a,- The condition (5.14) is the linear independence of the
null vectors. There are “gauge transformations” for the ghosts C°
80" = 219 O, (5.15)

these transformations are parametrised by the next generator ghost fields C7™*, a.k.a. ghosts
for ghosts. For them, the parities are e(CT") = (€, + 1) + 1.

The assumption on the Hessian matrix changes to
=n—mgy+m. (5.16)

L-th-stage reducible

Similarly, we can postulate the existence of my null vectors of Z7 and modify the rank
conditions for all gauge generators and the Hessian matrix accordingly. This process can be
extended to any finite stage of reducibility. For the L-th-stage the extra generators (gauge
transformation for ghosts, for ghosts for ghosts and etc.) are

Zogt, as=1,....ms, s=1,...,L, (5.17)
e(Ze57") = €auy T €a s (5.18)
VAR v s=0, s=2...,L. (5.19)

Just like in the first two cases, we also introduce here the ghosts C'%s corresponding to further
gauge transformations. The parity formula for them is

e(C*) = (€a, +s)+1, s=0,...,L. (5.20)

We will have ghosts from different stages, to distinguish between them, we introduce the
ghost numbers denoted as gh(X) for a field X. For our classical fields, gh(¢?) = 0 whereas
for the ghosts they are just the stage number plus one: gh(C¢:) = s+ 1.
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The rank conditions read

L
rank R, s =Y (=1)"m,, (5.21)
s=0
L
rank Zf‘cjs—l‘s :Z(—l)t_sms, s=1,...,L, (5.22)
t=s
§LoR S, L
rank — =n— —1)°my . 5.23
o |y =~ XY (523)

Note that for reducible gauge theories the gauge algebra structure can be much more compli-
cated than those of irreducible theories. However, the Noether identities (5.7) and the commutation
relations of the original gauge generator (5.8) remain the same.

5.2 The Field-Antifield formalism
5.2.1 The Antifields and the Antibracket

To describe the gauge structure, we introduced the ghosts as gauge transformations parameters so
far. In the field-antifield formalism of Batalin and Vilkovisky [52,53,111], the space of variables is
extended to include the antifields ; and C7, . We will denote the set of all fields collectively by
®!, and the antifields by ®%, where I = 1,2,..., N. The ghost number assignments and Grassmann
parities of the antifields are related to their ordinary counterparts

gh(®}) = —gh(®1) =1, €(®}) = €(@7) +1. (5.24)

The set {¢;, Cs*} and {¢], C}, } are called the minimal sets of fields and antifields.

The action Sp[¢?] is then extended to a functional of all the fields and antifields S[®, ®*]. At
the moment, we will only require that it reduces to the classical action when all the antifields are
set to zero:

Solp'] = S[®, ®* = 0] . (5.25)
To get a concrete expression of S[®, ®*| in terms of the fields and antifields we need to introduce
the following device.

The Antibracket. For functions (or functionals) X and Y defined on the phase space spanned
by {®,®*}, we define an operation (-, -) which is called the antibracket:

SEX Ly SEX 6Ly

X,Y) = - .
XY) = 507 507 ~ 507 907

(5.26)

This bracket is very similar to the Poisson bracket in classical mechanics and we see immediately
that the antifields ®* can be thought of as the conjugate momenta? to the normal fields ®

(@, @%) =67 (5.27)
The antibracket carries ghost number +1 and it has odd Grassmann parity
gh[(X,Y)] = gh[X] +gh[Y] +1,¢[(X,Y)] =ex + ey +1. (5.28)
The symmetric of the antibracket is
(X,Y) = —(=1)lex vy, x) (5.29)
and it also satisfies a graded Jacobi identity (see [110] for a proof)
(X,Y),Z) + (=1)extDlevFez) (v, 7), X) + (—1)(cztDexFer) (2, X), V) = 0. (5.30)

3There are canonical transformations which map {<I>I, @7} to new pairs of variables that are functions of the old
ones and the antibracket is preserved at the same time [109,110], we will see examples of these transformations in
our applications.
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5.2.2 The Proper Solution

Let S be a ghost number zero, even functional of the collective variable z* = {®,®*}, a =
1,2,...,2N. We call the equation

(5,9)=0 (5.31)
the classical master equation.
By introducing the matrix
aw_ (0 5§)
¢ = (—6§ 0 ) (5.32)
the antibracket can be brought into the form
SBX 0ty
X,Y)= ab_—. 5.33
(X,Y) 824 ¢ 620 (5.33)
The master equation for S becomes
oRS ., okS
S,8) = —(¢*— =0. 5.34
We compute the second derivative of S and define the matrix
oLts
R = ¢ab . .
c C 6Zb620 (5 35)

Then, for any solutions to the master equation (5.34) the following condition holds by taking a
further derivative
RS
0z
which is an extended version of the Noether identities. It follows that the solution S admits gauge
transformations generated by R{.

RE =0, (5.36)

At the stationary point zg of S (where the “extended equation of motion” holds: —5:25 =0),
Z=Zz0
we have the equations

Ry Re

=0. (5.37)

20
Thus, the matrix R is a nilpotent matrix at the stationary points and have maximally rank N.
The Hessian matrix of S is obtained by ('R, where (™! is the inverse of the invertible matrix ¢
and it preserves the rank. Thus,

sLskRsS

_— <N .
§208z¢|, — 7 (5.38)

rank

Z0

and when the rank of the Hessian equals IV, we call this solution S a proper solution of the master

equation. One of the reasons to have the proper solution is that we need N independent gauge

conditions, it is an indication that under this circumstance the N antifields can be removed.
From now on, we only focus on the proper solutions of the master equation. In order to make

contact with the classical action Sy, we required the boundary condition (5.25). Being a proper

solution with the the boundary condition (5.25) imply that S satisfies further conditions

sLoRS »
a =Ry,
0p;0Cy° $*=0 ’
LSR (5.39)
07075 =7t s=1 L
60:—1(1 60?9 - SQag ) It I 9
s—1 Pd*=0

where these conditions ensure that S contains information of the gauge algebra given by Sy. The
existence of these conditions is shown in [112]. The proper solution satisfying (5.25) and based
only on the minimal sector is called the minimal proper solution S™. Its general form reads

L
SM[®, %] = Solg] + @ RL, Co® + > Cora, BT C8 4. (5.40)
s=1
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where the omitted terms contain cubic interactions, higher power of the antifields and etc. For
example, we can consider the Yang-Mills theory and it has a closed irreducible gauge algebra.
The enlarged set of fields contains the gauge field A%, the ghost C'* for gauge transformation

parameters their antifields, i.e. ® = {A%,C?} and ®* = {4}, C;}. The proper solution is

1 1
S = / d (jmz«f" + Az, DFCP + 5O:ﬁchbca) : (5.41)

where D#%;, is the covariant derivative and f,;° is the properly normalised structure constant
for the gauge group. One can easily check that f,;° is to be identified with the gauge structure
constant 7! 5 in (5.8). In Maxwell theory the gauge group is abelian and f,;,° (or 7)) /3) vanishes,
so there are only the first two terms of (5.41) appearing in the minimal proper solution. We see in
this example that the cubic term carries the explicit information about the gauge algebra. More
structures of the gauge symmetry (such as the on-shell closure) are also encoded in the proper
solution depending on the case that one examines.

The BRST-Symmetry of the proper solution. The BRST-symmetry appears in the quanti-
sation of gauge theories under the Faddeev-Popov method. In that procedure, one fixes the gauge
and breaks gauge invariance of the action, but a graded, nilpotent symmetry with ghost number
+1 arises for the gauge-fixed action and it is the BRST-symmetry. The original fields and ghosts
transform both under the BRST-symmetry.

This symmetry comes very naturally out of the field-antifield formalism; it appears already
in the proper solution before we proceed to the gauge-fixing procedure. We define the classical
BRST-transformation s for any functional X as its antibracket with the proper solution

sX =(X,9), (5.42)

as consequence of the classical master equation this is a symmetry of the proper solution sS =
(S,S) = 0. The graded property reads

S(XY) = XsY + (=) (sX)Y , (5.43)

note that on the product s acts from the right due to our definition. We write the Jacobi identity
(5.30)

((X,8),8) +((S,5), X) + (-1)*((5,X),5) =0, (5.44)

where we used €[S]=0. Because of (S, S5) = 0, the Jacobi identity becomes

((X7 S)’S) + (_1)€X((S’X)7S) =0
= [1+ (D (=) (-1)*T((X,9),5) = 2((X, 5),5) =0 (5.45)
22X = ((X,9),5) =0,

where we used the graded symmetry (5.29) of the antibracket and s is a nilpotent symmetry. The
BRST transformations on the fields and antifields is easy to compute, by definition of s they are
given by the functional derivatives of the action S with respect to the corresponding antifields and
fields

oks orS
ol = = o1 = (-1t 4
0= T s = (1) (5.46)
For instance, we have
s®' =Rl C* + ..., (5.47)

and by looking at (5.40), one comes to the idea that antifields can be interpreted as the sources
for the BRST-transformations, although we did not write the terms in the ... and this is not
completely recognisable for the moment. This interpretation will be clear after we gauge-fix the
action and introduce the gauge-fixed BRST-symmetry.
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5.3 The gauge-fixing fermion

In this section we turn to the question of gauge-fixing and we reach the key point of covariant
path integral quantisations. To eliminate the antifields, we consider the surfaces in the phase space
given by the following condition*

Y= {{<I>,<I>*}|<I>f4 = ‘S(S‘I’Tff)} , (5.48)

where ¥ is a Grassmann odd functional with ghost number —1, i.e.
e(W)=1, gh(¥)=-1. (5.49)

When a functional X restricted on the surface ¥, we mean to replace the dependence of X on the
SU(D)
5PA

antifields ®% simply by

The independence of gauge-fixing. Passing to the quantisation, we need to have a well-
defined path integral and some quantum actions which appear in the integrand. Let us start with
introducing the operator

41 08 6F
=(—1)¢A
A=(-1) 507 537, (5.50)
Let bosonic functional W = W[®, &*| be assumed to satisfy the equation

Aexp (%W) =0, (5.51)
which is equivalent to

1

5 (W, W) = hAW . (5.52)

The equation (5.52) is called the quantum master equation and fi is the reduced Planck’s constant.
The functional W plays the role of a extended quantum action. We want the path integral

v[®, D] /D <I>A 6(;\{1)exp(hW[<I><I>])

/D exp WI[®, " = g‘i])

to be well-defined, meaning, at stationary points propagators exist. The form of the path integral
also indicates that the elimination of antifields is realised by the delta-function. If the quantum
master equation (5.52) is satisfied, we have a path integral which is independent of the choice of
the gauge-fixing fermions. Let the gauge-fixing fermion have a infinitesimal change ¥ — ¥ + 0¥,
the change of the path integral is®

(5.53)

Tuso Ty = [ D10 (exp (S, L) o (21, 301) )

R (exp (& * L
:/D[q)] 0 ( p(;qf;[q):(b D)‘ 6551?3})—&-0((5\1/)2)

(5.54)
- /D[@]Aexp (%W) 80 + 0 ((69)?)
v)?%)

4There is no need to distinguish between left or right derivatives of ¥ with respect to the fields
(~1)ealew)+1) X@) _ ST0(E)
5We used the 1ntegrat10n by part in the second last step: fDqSéRXY (— 1)6(‘1>>Jr1 fD(bX‘s;—(;/.

sw(®) _ shw(e) _
504 T T 5aA
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If the solution to the quantum master equation (5.52) is expanded in power series of i we will
write

W =8+ WM,, (5.55)
p=1

and the equation (5.52) becomes

p=0:(5,5)=0,
p=1:(M,S)=1iAS,

ool (5.56)
p>2:(Mp,8) =iAMy1 — 3 > (M, M,_).

g=1

In the classical limit A — 0, W reduces to S and we identify it with the classical action. The
requirement that W satisfies the quantum master equation implies S is a solution of the classical
master equation.

In the above discussions, the assumption of the well-definedness of the path integral (5.53) is
crucial, and it is the only restriction that one needs when constructing an appropriate gauge-fixing
fermion. The reducibility of gauge structure plays a central role in determining this restriction
and for reducible theories of different stages the restriction conditions on the gauge-fixing fermion
need to be formulated similarly but in a tedious way. The gauge-fixing fermion appears in our
applications will be given explicitly and they are the admissible ones that we are going to explain.
For general cases, we refer to [109,110] for pedagogical reviews.

Trivial pairs and auxiliary fields. We want to use the condition ®% = 6(;11(153)) to eliminate all

the antifields. But the gauge-fixing fermion has ghost number —1 and the variables required for the
minimal proper solution have all non-negative ghost numbers. Thus, by ghost number conservation,
we need to introduce new fields and their corresponding antifields to make the elimination possible.

This can be done by adding so called “trivial pairs”. For example, we add to our minimal sector
the a pair of fields and their antifields {X,Y, X* Y*} such that

gh[Y] = gh[X] + 1,¢(Y) = e(X) + 1. (5.57)

Then we have gh[X*] = —gh[X] — 1 = —gh[X] and €(X™*) = €e(X) + 1 = ¢(Y), so we can add
Suit = [ XY (5.59)

to the action SM to get the non-minimal solution SMY to the master equation.b

5.4 Gauge-fixing for irreducible theories and the Nielsen-Kallosh
ghost

We begin with the irreducible case and start from an action Sp[¢’] depending on fields ¢?, invariant
under some gauge invariances 0o’ = R’ A®. To avoid cumbersome notations, we just write c¢® for
the ghost corresponding to the gauge parameter A, and the minimal sector includes the antifields
f and ¢},. The gauge-fixing condition will be written x*(¢) = 0; the function x“(¢) has the same
index structure and Grassmann parity as the gauge parameter A®. Ghost number assignments
and Grassmann parities are collected in table 5.1.

The minimal solution to the classical master equation is

SMpt, ¢ pf, ] = Solp] + pf REC + ..., (5.59)

again we omitted the terms in higher power of the antifields (cf. (5.40)).

6This is based on the fact that the proper solution of the classical master equation is unique up to addition of
trivial pairs and canonical transformations [110].
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‘ 0 ¢ e b ‘ SO; SM, SNM ] Xa
gh | O 1 —1 0 0 -1 0
€ € €+l €+l €y 0 1 €a

Table 5.1: Ghost numbers and Grassmann parities of the various objects appearing in the irre-
ducible case.

To gauge-fix the theory, one further extends the space of fields by adding a trivial pair (¢'®, b%)
of ghost numbers —1 and 0 respectively, along with their antifields.” The minimal action S™ is
then extended to the non-minimal

SNM — GM i o X X ] 4 X b> (5.60)

[0}

which still satisfies the master equation. As planned, we eliminated the antifields according to the
formula

o
7= —. 5.61
If the gauge-fixing fermion ¥ is well-chosen, the resulting action is properly gauge-fixed and pos-

sesses well-defined propagators.

Delta-function gauge-fixing. The simplest example is the delta-function gauge-fizing: here,
one can simply take the gauge-fixing fermion as

U5 = X (p). (5.62)

It has the requisite ghost number —1 and statistical parity.
This gives the gauge-fixed action

; ow
Sslet, e, ba] = SYM {é’, P} = f{ﬂ (5.63)
_SM ia_*_l(SRXa * «
- PHC P = Cq 5()01 ) Cq = 0] + X (‘p)ba : (564)

The field b® is auxiliary and enforces the gauge-fixing constraint x®(¢) = 0. Integration over the
field b™ leads to the insertion of § (x*(¢) = 0). The fields ¢® and ¢, are the usual Faddeev-Popov
ghost-antighost pairs. Note however that formula (5.64) is also correct for e.g. theories with open
algebras where the usual Faddeev-Popov procedure cannot be applied; these subtleties only appear
in the explicit form of SM.

Gaussian gauge-fixing. It can also be convenient to use the Gaussian gauge-fizing, which will
bring a gauge-breaking term in the action of the form x, (¢)M“x5(¢p) with some non-degenerate
matrix M. This can be obtained by including terms linear in the auxiliary fields in ¥g:

1 _

Vo = X" (9) + 5ea(M1)Pbs (5-65)

giving
(;Rxoz
St
Here, b“ is a simple auxiliary field appearing quadratically in the action. Eliminating it using its
own equation of motion yields the looked-after gauge-breaking term xoM*? xg. However, in some
applications one would like this term to contain a differential operator, M = D. Then, the above

procedure is problematic since the non-local object D~! appears in the gauge-fixing fermion (5.65)
and the action (5.66).

) ) * * fe 1 -1\«
Slet, e, cl ba) = SM |@h ¢ pf = ¢, =0 +x (w)ba+§(M DoBbgbe, . (5.66)

"In some cases, it can be more convenient to take fields with down indices instead, and we will sometimes do
this in the following. Note also that ¢’ is often written ¢; however, since we will be dealing with fermionic theories
in the applications, this could be confused with the Dirac conjugate and we will stick with the prime notation in
this part of the thesis.
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The Nielsen-Kallosh ghost. It is well-known that gauge-breaking terms of the above men-
tioned form lead to a third propagating ghost, the Nielsen-Kallosh ghost (the first two ghosts
being the usual Faddeev-Popov ghosts ¢® and antighosts ¢’*) [59,60]. The third ghost is nothing
but the b* field, which stops being auxiliary and propagates with kinetic operator D. This was
first described within this formalism, while maintaining manifest locality throughout, by Batalin
and Kallosh in reference [61] as we review shortly now.

The trick is to use the freedom to do a canonical transformation, which preserves the antibracket
and maps solutions of the master equation to solutions, and only after that replace the antifields
using a gauge-fixing fermion. In the simple case where the gauge condition x® only depends on
the original fields ¢*, the canonical transformation reads

b — b =% — x“(p) (5.67)
R, «

B 1)
0F = @1 = pf + b =X
dpt

(5.68)

(the gauge condition x is also allowed to depend on the ghost fields ¢*, ¢® or %, in which case
the canonical transformation is more complicated; see [61]), with other variables unchanged.
To check that this transformation is canonical, compute

. o 5R a
Grd@t + brdb® = (ap; N A
dpt

) ! b6 — X (9) = pidgt + by

which is the field-antifield analogue of the condition pidq" = p;dq’ in classical mechanics. Another
way is to notice that this transformation is generated by F' = b’ x*(¢) via the antibracket, i.e. takes
the form
®f = T4 (F.2T), @ > 7+ (F2]), F=bx"(¢).
This maps the non-minimal action (5.60) to
R, «

S ; dx
NM _ oM * *
S =S (plyca?(pi +ba (;(pl R

g | +ea (0% = x*(9), (5.69)

which still satisfies the master equation since the transformation is canonical. Using the gauge-
fixing fermion

1 (6%
Vo = 5 Dap() (X" () +b7) - (5.70)
now gives
i« Ql * 6\11(}
Sale',c 7C/a7b04] = "M {(I)I’(I)I = ol (5.71)
, B 1, §BD
—_ oM i, /aD . - o aﬁ B B —1)¢i€s
S o8 5o +5¢ W (x” +b7%) (=1)<°2,0
1 1
= 5Pas X’ (@)X (¢) + 5 Dagh”b". (5.72)

This action contains the desired gauge-breaking term Dups x?(¢)x* (), along with a quadratic
term in . This construction is most relevant when the operator D,z is field dependent: then, b*
is coupled to the other fields (including the ghosts ¢® and ¢’*) and cannot be ignored in Feynman
diagram computations.

5.5 Gauge-fixing for first-stage reducible theories and the
“third ghost”

In the rest part of this chapter, we will show that the “third ghost” will appear in the Gaussian
gauge-fixing procedure in reducible theories. We consider now a first-stage reducible theory with
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n

Figure 5.1: The pyramid of ghosts fields in the first-stage reducible case [111]. The fields linked
by a thick line constitute the minimal BV sector; an arrow a — b indicates that the field b (along
with its partner in a trivial pair) is introduced to fix the gauge freedom of a. The second pyramid
shows the partners of the non-minimal fields of the first pyramid. Ghost numbers of the fields have
alternating increasing and decreasing patterns for both pyramids, see figure 5.2 for an explicit
assignment.

‘ (p’L ce Cla @ C/a ,r]a ‘ b e 7.‘.la
gh | O 1 -1 2 =2 0 0 -1 1
€ € €+1 e+l € € € | €a €+1 € +1

Table 5.2: Ghost numbers and Grassmann parities of the various fields in the first-stage reducible
case.

an action Sp[p?] invariant under m gauge transformations dp° = R A®, which themselves are
invariant under n reducibility (“gauge-for-gauge”) transformations JA® = Z\%,

R
55;.0 R\, =0, R.Z>=0. (5.73)

We assume that there are no further reducibilities. The number of independent gauge redun-
dancies in the fields ¢* is therefore m —n. Accordingly, the gauge-fixing condition x*(¢) = 0 must
only contain m — n independent conditions. We will take it to satisfy n constraints:

Xaax"(p) =0 (5.74)

with X, of maximal rank.

In the minimal BV sector, we therefore have the original fields (!, the ghost C corresponding
to the gauge parameter A, and the ghost-for-ghost ¢* corresponding to the reducibility parameter
A%, along with their antifields. The proper solution S™ to the master equation starts as

SN[, O, 507, Ol cl] = Soli] + @ RLC® + CLZSE + ... (5.75)

a’ra

To build the non-minimal action, one introduces three extra trivial pairs: {C'*,b*} to fix the gauge
freedom of ¢!, but also two more, {n®, 7'*} and {c*, 7%}, to fix the gauge freedom of the ghosts
C'* and C?, as in figure 5.1. Their ghost numbers and Grassmann parities can be found in table
5.2.

The non-minimal action is then

SNM — M | Orpe 4 i’ (5.76)

Delta function gauge-fixing. This case is well-known [53]: simply take the gauge-fixing fermion

U5 = Oy (9) + waaC* + 002 CY, (5.77)

a
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Figure 5.2: The example of ghost numbers assignments in the third-stage reducible case, this
generalises to higher reducibility cases.

where w and o are of maximal rank and we take the pair (C/,b,) to have indices down for this
paragraph only. The gauge-fixed action then reads

. 0
S5 = SNM {qﬂ, P = ﬁ} (5.78)
= oM {gpi,C“,c“;ng o (5Xz' LCF = "Waa, i =0
+ (X (p) +107) ba + waaCO7 + og CLm’™. (5.79)

In this action, the ghosts C® and C!, are both gauge fields. Their gauge invariances are fixed by
the 2m gauge conditions w,,C* = 0 and ¢2C’® = 0 imposed by the auxiliary fields 7@ and 7'®.
The field b® is also auxiliary and imposes the equation

x*(p) +n%og =0. (5.80)

Among these m conditions, m—n fix the gauge invariance of the original fields ¢?, and the remaining
n set the extra ghost n to zero.

Gaussian gauge-fixing. Now, we would like to achieve the gauge-fixing term Dogx”’x®. As
before, the field b* will become propagating if D is a differential operator. However, an important
difference with the irreducible case is that b® is a constrained field, satisfying the same constraint
(5.74) as the gauge condition.

One starts with the same canonical transformation as in the irreducible case:

b — b = b — x%(p) (5.81)
6R (e
OF = @F = of +b, 5o (5.82)

with other fields unchanged. We take the gauge-fixing fermion

1
= 5C"Dap() (X* () +17) + "waaC* + 1000 C"" (5.83)
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which is of the same form as W5, with only the first term modified. Eliminating the antifields using
U then gives

0Vq

Sg = WM {q»’, ®r = Sor (5.84)
; S| SED
_ SM i o a,ClaDa : 70/04 ?éﬁ B bﬁ —1)¢¢8 @ wa 0
20 ,C 3 153 5@1 + 9 (SSOZ ( + ) ( ) C Waas
1 8.« 1 8o
— i'DaﬂX X+ ipagb b (5.85)

+ naaaa(ba _ Xa) _|_ ﬂ_awaaca + W/aUaaCla .

Because of the constraint (5.74) satisfied by x*(¢), there is a privileged choice for the matrix g44:
simply take 0 = X. This gets rid of the unwanted term n%o,,x® in the last line, and one remains
with

6P 1, 01D

Sa = S| O O Py + 5O (W ) (1)1 O

1 1
- ipaﬁxﬂxa + iDagbﬁbo‘ + T%aaC® 4+ T X 10 C'® + 1 X 00 b, (5.86)
featuring the desired gauge-breaking term Dagxﬁ X

The extra propagating field. Just as in the irreducible case, the field b is propagating when-
ever D contains derivatives, and couples to the other fields and ghosts if D is field-dependent. This
generalises a result of [61] about the “third ghost” to the reducible case.

In the action (5.86), the auxiliary fields 7® and #n’* impose the gauge conditions

WaaC* =0, X0aC'™ =0 (5.87)

on the ghost fields C* and C'®, as in the delta-function gauge-fixing case. On the other hand, n°
plays here a very different role as it did in (5.79): it is now a Lagrange multiplier for the constraint

Koo b* =0 (5.88)

on the field b*. Notice how both C’'* and b™ satisfy the same constraint as () in this gauge-fixing
scheme.

Strictly speaking, this Gaussian gauge-fixing procedure is only “partially” Gaussian in the sense
that there is only the gauge-breaking term for ¢’ but not for the gauge fields C%, C'® and b°.
They are delta-function gauge-fixed.

5.6 Higher stage reducibility

This procedure generalises straightforwardly to theories with higher degree of reducibility. For
concreteness, we write out the second-stage reducible case here. So, we consider an action Sy[p’]
with second-stage reducible gauge symmetries:

50! = RiggA, A% = Z90, X1, 6XO = 201, €0 (5.89)

with ag = 1,...,m, a1 = 1,...,n and as = 1,...,r. Invariance under these transformations is
equivalent to the relations

1S,
dpt

Riag = 07 Riaozaoal = 07 Zaoalzal(xz = 07 (590)

and we assume that there are no further reducibilities. The gauge condition x**(¢) = 0 must fix
the m —n + r independent gauge transformations: we take it to satisfy constraints Xy, q,x®° =0
as in the previous case, but here with a degenerate matrix X of rank n — r.
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Figure 5.3: The pyramids of ghost fields in the second-stage reducible case [61]. This should be
read in the same way as figure 5.1.

In the minimal BV sector, there are now three generations of ghosts: C{°, C7"* and C5?. The
first few terms in the minimal action are simply

SM[SOivc(?Ovclo”?CQOQ; @r’ca:a(ﬁcfogl?c;az] (591)
= Sol¢] + Pi R ag O + GGy 2% O + CF o, 2% 0,057 £

For gauge fixing, we add the usual extra pairs, as in figure 5.3.
The Non-minimal action reads

SNM — SM[SOivc(?Ovclalvogz; 90:706010’0;0[1’0;0(2] (5.92)
+ Cpny b
+ Ot g,

+ 05327(20;2 + C;27T/2a2 =+ glzzﬁaz .
Delta-function gauge-fixing. We use the following gauge-fixing fermion

Vs = C(I)aoxao (90) + Cial (wl)alaocoao + C£a2 (w2)a2alcla1 (593)
+n™ (Ul)alaoc{)ao + (¢ (02)042&10{&1 + ¢ (Ué)aaoq n. (5.94)

This gives the gauge-fixed action

QM| 1 o aq Qs ., Q0 6RX0¢0 (90) 1y X%
S5 =57 |y aCO 701 702 ) CO 590i 701 (wl)a1ao7c2 (WQ)OzzauO (5'95)
+ (Xao (@) + 770“ (Ul)alao)bao
+ ((wl)alaocoao + <042 (02)02041)71—(111 + ((Ul)alao (/)CYO + CIOCQ (0'12)&2&1)71—/1(11

1 Q1 a2

+ (w2)a20¢101a17rg2 + (02)04204101 my T+ (Ul2>a20177a15a2 .

The propagating fields are ¢ and the Faddeev-Popov ghost-antighost pairs {C§°, C{“°}, {C}*,
C“'} and {C352, CL** 1.

Gaussian gauge-fixing. The non-minimal action, after the canonical transformation (5.81),
then reads
R, oo

= ; 0
INM _ oM [% €00, 001, 082 ot + bgoT’;, Cl e c;al,cgaz] (5.96)
+ G, (670 = X () + C oy 75 415, 7™
+ Ch T2 + (o, my ™ 4 (1, 8%
We use the gauge-fixing fermion
1 @ « « @ a
Vg = 5C(’) °Daoso () (X™ (©) + 5%) + C1 % (W1) ey g Co™® + C5* (w2) arger; C1°1

/1

+ 1" Xaiao C(/]ao +(*?(02)az0, C1 " + ¢ (Ul2)a2a1 n, (5.97)
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where wy and X are of rank n—r and ws, 09 and ¢} are of maximal rank r. The gauge-fixed action
is then

M 7 (o1 a Qg
Sa =57 9" Gy, CT, Oy

NP 1 5ED,,
A der R ) 1y,

Cial (wl)alam éaz (WQ)OQCU ) 0}

C((/)ij)l)éo Bo

1 1
- QDaoﬁoxﬁOXao + EIDaoﬁobﬁUbao + nal (Xoélaobao + (Ué)azalﬁaz)

+ ((wl)aloéocoao + Caz (0-2)@2041)771&1 + (Xalaoc(l)ao + C/OQ (Ué)omoél)ﬂ-/lal
+ (wQ)(X’zal Clalﬂ-gz + (0-2)0!2(%1010[1775042 ) (598)

with the same structure as (5.86) and where we already used the constraint X, q,x“° = 0. The

auxiliary fields n®t, 7{* and 7]“" impose the constraints

Xaloénbao + (Jé)oézoqﬁaz = 0 (599)
(wl)oqoéocoao + (0—2)(12041 Caz =0 (5100)
Xo1ao0y™" + (0)azar ('** = 0 (5.101)

which give n — r constraints on b*, Cp*, C})*° and imply the vanishing of the extra ghosts,
B2 = (@2 = ("2 = (). The fields 752 and 75“? impose the gauge-fixing conditions

(W2) ey, C1% =0, (02)aga, C1™" = 0. (5.102)

This Gaussian gauge-fixing procedure for the second-stage theories, is analogous to the one we
had for the first-stage: we perform the canonical transformation and produce a term proportional
t0 Doy, X0 X in the gauge-fixed action with help of the gauge-fixing fermion. As a consequence,
the fields ¢* have non-degenerate kinetic term in (5.98), and the top sitting auxiliary fields b
becomes propagating if D,,p, contains derivatives; whereas the zero-stage ghost pair Cy®° and
Cy™ can have higher derivative kinetic terms depending on the exact form of the operator Dy, g,
(this we will see explicitly in the applications in the next chapter).

For theories that have higher levels of reducibility, both the delta-function gauge-fixing and
the Gaussian gauge-fixing obviously work. However, it is a non-trivial task to also produce non-
degenerate kinetic terms for all the ghost pairs by some “well-chosen” canonical transformations
and modifications of gauge-fixing fermions. In general, there are cross terms between different fields
and the diagonalisation of these cross terms can be very involved. Since this is neither necessary
for the well-definedness of the path integral nor important for our interests on quantisation of the
antisymmetric tensor-spinors, we will not move to any further discussions on this issue.
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Chapter 6

Free fermionic p-form fields

This chapter turns to the quantisation of free fermionic p-form fields, using the general results of
the previous chapter. After the quantisation, we move to the gravitational anomaly of a chiral
fermionic p-form in dimensions D = 4m + 2 in section 6.4.

6.1 Review: the BV quantisation of the Rarita-Schwinger
Lagrangian

As an example, we apply in this section the field-antifield method described in chapter 5 to the

quantisation of the free spin 3/2 field ¥} (u is a spacetime index and « a spinor index). We will

use Dirac spinors to avoid dimension-dependent discussions of chirality and/or reality conditions,

but these can be included without difficulty. Our spinor conventions are as in the textbook [113].
The Rarita-Schwinger action and gauge invariances are

So[y] = — / APz VPO, SPT = 9N, (6.1)

where the bar denotes the usual Dirac conjugate, 1,5,1 = i(wu)TfyO. We will impose the gauge
condition

X(¥) =79, = 0. (6.2)

In the minimal sector, there are the field 1y, the ghost ¢, and their antifields 3", cf,. Notice
that the antifields carry naturally an index down, so they transform as conjugate spinors under
Lorentz transformations. The minimal BV action is

SM — /de <f%1/;ﬂ'y“””8yz/}p +Yrko,c” + c.c.) (6.3)
= /dDm (—1%7“””8,,1/),3 + "0, c + (8,@)1,5*“) , (6.4)

where in the second line we suppressed the spinor indices and introduced the notation
V=i ()] (6.5)

for the “Dirac conjugate” of a conjugate (index-down) spinor. With this notation, we have y = +x
for any spinor or conjugate spinor y, and the property (ab)T = +ba for any conjugate spinor a and
spinor b.

For the non-minimal sector, one adds one pair of spinors {¢’*,b*} and their antifields. The
ghost numbers are given in table 6.1. Grassmann parity is ghost number plus one modulo two, since
we have a fermionic theory and take the convention where degrees add up when determining signs.
In particular, ¢ and ¢’ are bosonic (commuting) spinors, while b has the correct spin-statistics. The
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« (0] /o « * * /% *
"(/)MC c b‘wa o b

gh o 1 -1 o0]-1 -2 0 -1
Grassmann parity‘ 1 0 0 1 ‘ 0 1 1 0

Table 6.1: The ghost numbers and parities of the fields and antifields appearing in the quantisation
of the Rarita-Schwinger Lagrangian.

non-minimal action, adding the trivial pair, is simply
SNM — oM /dDﬂc (¥b™ + c.c.) (6.6)

— /dD.r (=P Oy + P HOuc + (0,E) ™ + *b + b)) (6.7)

Delta-function gauge-fixing. For J-function gauge-fixing, one takes the gauge-fixing fermion

Us = /de (@x(W) +cc)= /de (@ hy — ) (6.8)
which gives the gauge-fixed action
oWy
I NM |57 &+
1- -
= /de (—iwﬂfy“””&,lbp + & A1 + by, + c.c.) (6.10)
= /le’ (71/7117“””61,7% +& y0uc+ e 0, c + by, — 1/7#7%) . (6.11)

The auxiliary field b enforces the gauge-fixing condition y#1),, = 0. Using this condition, the kinetic
term for %),, reduces to —w“(ﬂw”.

Gaussian gauge-fixing. We now want to produce the Gaussian gauge-breaking term

EX(W) Px (W) = =€ "y YO, (6.12)

with an arbitrary parameter £ # 0. As indicated above, this is done by the canonical transformation

0
b b X(¥), YT Y = g by (6.13)
o

(and similarly for the Dirac conjugates), which gives the non-minimal action

SNM /de (—%&Mv“”pauwp + (P 4+ b y")dc + (b — x) + c.c.) : (6.14)
Eliminating the antifields by means of the gauge-fixing fermion
Vg = —g dPr @ @ (x(1) +b) + c.c. (6.15)
then produces
Sq = / APz (=" PO, + ExXPx — £ (€ Oc+cOc’) — EbPb) (6.16)

The field b is now a propagating spin 1/2 field. Note that the ghosts ¢, ¢’ count for four, since they
come with the second-order 0 = @@ as kinetic operator.

This can be “undoubled” with a well-known trick (cf. for example the textbook [114], exercise
VIA4.2). Introduce a Lagrange multiplier )\, of ghost number —1, to impose the equation dc = f
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with f a new spinor of ghost number 1. This gives the equivalence & Oc ~ &@f + A@c — f).

This is diagonalised by the non-local triangular change of variables ¢ — ¢ + 6_1 f, with final
result @ Oc ~ @@ f + e featuring four fields with a first-order Lagrangian instead of two with a
second-order one.

The field b, being of ghost number zero, has the correct spin-statistics. This gives indeed the
requisite number of ghosts: 3 =4 — 1.

In the action (6.16), the Nielsen-Kallosh ghost b is decoupled. However, in supergravity the
operator ¢ appearing in the gauge-breaking term is covariantised and contains the vielbein and
the spin-connection. Then, the field b couples to the other fields and ghosts of the theory [59-61].

6.2 Quantisation of the fermionic 2-form

In this section, we carry out the quantisation of the fermionic 2-form explicitly along the lines
explained in section 5.6, both in delta-function gauge-fixing and in the Gaussian gauge-fixing
where an extra Nielsen-Kallosh ghost appears.

The action, gauge transformations and reducibilities read

Solv] = / AP QT O, S, = 20,A2,  SAL = 9N (6.17)

The gauge parameter A has n = Ds components and A has m = s components, for a total of
n —m = s(D — 1) independent gauge transformations, where s is the dimension of the spinor
representation at hand. (In this section as in section 6.1, we consider Dirac spinors so s = 2lP/21
but this counting is of course also valid with when reality and/or chirality conditions are imposed
on the fields.) This action was used in the papers [11,12] as part of a complete free action principle
for the exotic N' = (4,0) and N = (3,1) multiplets in D = 6.

Accordingly, the minimal spectrum in the Batalin-Vilkovisky formalism consists of the fields
and antifields

(b O s g™ O ei b (6.18)

where C7} is the ghost associated to the Af} gauge parameter and ¢* is the ghost-for-ghost associated
to the reducibility parameter A*. The minimal BV master action reads

1-
M = / Pz (iwﬂ,,»ywwapwm + 29,0, +C*"8ﬂc+c.c.) . (6.19)

Note that antifields transform naturally as a conjugate spinor. The non-minimal action, with the
usual trivial pairs, is

GNM — oM /de (C™ b, + 7w + '’ 4+ c.c.) (6.20)
where gh[clﬂ7 blt} = [7170]3 gh[clﬂﬂ = [727 71} and gh[n7ﬂ-,] = [Oa 1]

Both the minimal and non-minimal action are ghost number zero functionals satisfying the
master equation

(M, 8M) = 0 = (SNM gNMy (6.21)
We will use the redundant gauge condition
Xu (V) =¥ Y — ﬁ%wﬂ/’yﬂ
=0, (6.22)
which satisfies the constraint
Y xu(@) =0 (6.23)

identically and hence gives the correct number n — m = s(D — 1) of gauge conditions to fix the
independent gauge transformations. To understand this gauge condition better, it is useful to write
the different trace components of v, explicitly,

w;w = "Z};w + (’Vuo'u - ’YVO'p,) + Yurp (624)
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where i’uv and o, are gamma-traceless, ’y”z/}W =0 =~v"0,. A short computation then shows that
the condition x,(¢) = 0 is equivalent to o, = 0, i.e. setting the spin 3/2 component o, to zero
but not the spin 1/2 part p, indeed removing s(D — 1) components of 1,

Delta-function gauge-fixing. The gauge-fixing fermion is taken as

Vs = /de (Cr. X" (W) + @ Cu + " C), 4 cc.) (6.25)
leading to
S5 = /de (lzﬁ YHPTT Y e +2C" 0o 0,C, + & Pc
0 2 pv pYor 6¢uu nv

+ by (XM () = APn) + TVC + TAHC, + C~C~) (6.26)

where 5 )

Xo
L p——— L 2

S 07 T2 (6.27)

The auxiliary fields enforce the gauge conditions
X'W) =2t =0, HC,=0, A"C}, =0. (6.28)

Contracting the first condition with +,, gives n = 0 owing to the constraint satisfied by x*(¢), and
then it also implies the gauge condition x*(v) = 0.

Using this gauge condition, the kinetic term for ) can then be simplified using the decomposition
(6.24) with o, = 0, which gives

SO O iar =~ B — (D= (D= 2D =B)D—4) . (629

The gamma-tracelessness conditions on C}, and C[{L can also be used to reduce their kinetic term

to
6XU _ 2D ay
55 0.Cy = —5—C C, . (6.30)

D
Rescaling the fields and using an auxiliary field d* to impose the gamma-tracelessness of TZJW,, the
final result can then be written as

92 C_WT

Ss = [P (= 3By, — pip + CIC, + o
+ dPyY e, + 7RO, + T C, + c.c.) : (6.31)
Notice that, although, as we expect, there is no extra auxiliary field propagating, we shall not

ignore the fact that the double gamma trace p of ¥*¥ survives and have a kinetic term in the
gauge-fixed action. This would be crucial to the computation of anomalies.

Gaussian gauge-fixing. We now would like to achieve a gauge-breaking term of the form
XuD" X1, where DH¥ is some first-order differential operator. Using only gamma matrices, the
flat metric " and one spacetime derivative, we find using the gamma-tracelessness of x,, that the
only independent possibility for D*” is the very simple

DM =l . (6.32)
As indicated in section 5.5, we start with the canonical transformation

X0
My’

by = by —xu(¥), Y =P 4 b (6.33)
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which gives the new non-minimal action

- 1_
SNM _ /de (gwuy,tupo'Tapwo_T +9 (w*uu +b*o‘ 6XU’ )aucu + C*Mauc

Yy
+ C" by — xp) + I+t + C.C.) , (6.34)
and we use the gauge-fixing fermion
Vg = /de (—gé"’@ (bo + Xo) +EVHCp + V" C), + c.c.) , (6.35)

where £ # 0 is an arbitrary parameter. This gives the gauge-fixed action

0Xo
0w

+ gfm DX+ " (b + xu) + THCu + TAC, + c.c.) . (6.36)

1- _ _
S = /dDm (iwuw””ﬂ‘”apww —26C"7 @ 0,0, + & Pc — gbu i

The term 7y*x, () in this action identically vanishes thanks to the constraint satisfied by x,.
The auxiliary fields , 7 and 7’ impose the gamma-tracelessness of C,,, C’L and b,,.
Using the gamma-tracelessness conditions on the ghosts C, and Cl’“ their kinetic term can be
simplified as
26D

_ Sx _
_ lo g — / I
2607 ™ 9uCy = 750,00 (6.37)

The final result is then, after rescaling some of the fields,

Sg = /de {@uu’yuupa‘rapwa‘r +¢& )Zu(w) $X“(¢) (638)
+ (C,0C*" 4+ C,OC™) = b, P + (¢ Pe+ cpc’)
+ (M"by — buy"'n) + (A" Cy — Cuyt'm) + (' C), — Co ')

with the desired gauge-breaking term. The field b, has a kinetic term and is a propagating spin
3/2 field: it is the Nielsen-Kallosh ghost for the fermionic two-form. As in the Rarita-Schwinger
case, the ghosts €', and C’L have a second-order kinetic term and hence count for four. The field
b, has the correct spin-statistics and there are effectively three spin 3/2 ghosts.

BRST transformations. The gauge-fixed actions above are invariant under a nilpotent BRST
transformation § of ghost number +1, and the extra terms in the action (gauge-breaking terms
and ghosts terms) are BRST-exact. As we had already seen in chapter 5 section 5.2.2, even
before gauge-fixing, this comes very naturally out of the field-antifield formalism. Now, the BRST
symmetry we will discuss, is present after the process of gauge-fixing, they are thus called the
gauge-fixed classical BRST symmetry. Our interests here restrict to the fermionic two-form case,
see [109,110] for a general discussion.

In the delta-function gauge-fixing case, the action of the BRST differential 5 on a functional A
depending on the fields ®! of the non-minimal sector (but not on the antifields ®%) is given by

 sRA LM

A — NM
SA = (A,S ) §Us — W&T 50, y (639)
Loler=Sg

> ="5%

where the non-minimal action is in eq. (6.20). Notice, however, that (6.20) is linear in the anti-

L gNM
fields': therefore, 25—

the gauge-fixing fermicl)n. On the fields, 5 explicitly reads

is antifield-independent and the definition of § is in fact independent of

5y = 20,,Cy), 5C, =0uc, 5C, =b,, 5 =m, syp=m", 5(other)=0. (6.40)

IWe discussed in the last chapter that terms of higher order in antifields would be expected in a putative
interacting theory with a more involved gauge structure, e.g. if the gauge algebra were open.
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The nilpotency
52=0 (6.41)
is immediate and holds off-shell. On 9, (and C, due to the reducibility), 5 takes of course the
familiar form ‘gauge transformations with parameter replaced by ghost’. The gauge-fixed action
(6.26) can then be written as
Ss =Sy +35Vy, (6.42)

with Sy the original action (6.17) and ¥ the gauge-fixing fermion (6.25). Indeed, since S™™ is
linear in antifields, we have SYM = S, + o* aisT Therefore,

I 57
. 0V SWs oL GNM _
55 = 5™ [0, 97 = 352 | = 5o+ 357 say St T (6.43)

(This can also be checked explicitly using formulas (6.40).) BRST invariance
585=0 (6.44)

of the gauge-fixed action then follows from the gauge-invariance of Sy (indeed, 55y = 0 is equivalent
to its gauge invariance since it only depends on 1) and 5% = 0.

We now do the same for the Gaussian gauge-fixing case. Even though (6.39) doesn’t depend
on the choice of gauge-fixing fermion, in the Gaussian case the non-minimal action from which we
started is different. The BRST transformation in this case is then defined as

N SRA §LGNM
GA = (A, M = 5Bl st
3 (A, )¢*=5§; 5B 5% @*:‘%97

(6.45)

with S™M given in (6.34) (which is also linear in antifields, so no antifields appear on the right-
hand-side of (6.45) and this definition is again independent of the choice of gauge-fixing fermion).
It takes the explicit form

§¢NV:28[MCV]7 §CM:8uC, §C;L=b#—xﬂ
OXp
Yoo

Notice that 5b, = 5x,. The properties

§by =2

9,Cy, s =m, sn=n", 5§ (other)=0. (6.46)

§2=0, Se=S8+35¥g, 3S¢=0 (6.47)

then follow straightforwardly. By comparing the gauge-fixed BRST transformations (6.40) and
(6.46) with the non-miminal actions (6.20) and (6.34) we confirmed that the antifields can be
thought as sources for the gauge transformation of their corresponding fields (cf. (5.47)).

Propagators. We finish this section by exhibiting the propagators for v, in both gauge-fixing
schemes. The propagator S*”,,(p) is obtained by solving

Kpﬁ,uu (p)SMVJT (P) = 5{;5:-6] (648)

where K?%,,, is the kinetic operator of ¢, in momentum space.

In the delta-function gauge-fixing case, the kinetic part of the action for the gamma-traceless
component 1[)#” of 4, is simply —@. The propagator for that component is therefore simply given
by (including Feynman’s ie prescription)

S'LWGT(p) = 7]P)'UJVKA ])QLLZE ]Pm)\a‘r s (649)

where P is the projector onto the gamma-traceless subspace

v v 2 1 v
Py = b7 + mv[ )7” Yoo - (6.50)

pstla o
Ol DD =2
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It is antisymmetric in both pairs of indices, satisfies v,P*”,, = 0 = P*" ;7" and P, \PrA oo =
P#" . The other component of 1), is p, which is simply a Dirac field with the usual propagator
—p/(p? — ic).

In the Gaussian gauge-fixing case, the kinetic operator appearing in (6.38) reads, in momentum
space,

K K K 1 “ 1
7% p) =27 ums =€ (307 + g ) (s~ ') (6.51)
We find the result
S e (p) = | = (D — )ty — 2 (pho iy + A6 ) + Ao lpy
oT p2 — e (D _ 4) 2 oT [o 7] o ]
2 1
R (kAv] uv L

+ 55 (1“7 or + 9" opr)) + s 3" P

( (D —4)[(D -2+ ])mﬂpvp

) D2¢ 3 VoPr]

D
( —2)2 ) p[u(;[”(jpﬂz;] : (6.52)

6.3 Quantisation of fermionic p-forms (a general case)

Action and gauge symmetries. The action for a fermionic p-form field, that is, a tensor-
spinor ¥y, . totally antisymmetric in its spacetime indices, is a direct generalisation of the
Rarita-Schwinger action for a fermionic one-form 15 and reads [50,51]

p(p—1)
2

So [w] = _(_1> /de 1LM1N2-~Hp ,yIL1/L2.../Lpr1p2-..pP anPIPZ'pr . (6.53)

Due to the rank 2p + 1 antisymmetric gamma matrix, it is manifestly invariant under the gauge
transformations

6¢M1H2 -Hp pa[ﬂl A(pil)zg...up] ’ (6'54)

where the gauge parameter A®P~1) is an arbitrary antisymmetric tensor-spinor of rank p — 1. This
system is (p — 1)-stage reducible: (6.54) comes with the chain of gauge-for-gauge transformations

IRy = (0= D) O AT (6.55)
SN B3ty (r—2) 8[#31\@73)2(4---%] (6.56)
SA e = g, A0 (6.57)

where each parameter A®) is a rank-k antisymmetric tensor-spinor. In form notation (with a
spectator spinor index), this is

6p = dAP™D | SAPD = gpAe=2) 0 A = gAO) (6.58)
The equations of motion coming from the action (6.53) read

AHL VL VgL HV1...Vp+1 =0, HH1~-»Hp+1 = (p + 1)8[H1¢“2“~ﬂp+1] , (659)

where H = di) is the gauge-invariant field strength of the field ¢ (we denote by H instead of x
to avoid confusions with the gauge-fixing conditions). Equivalently, they can be written as the
single-gamma-trace equation

,yFLlH

H1p2..-fp1

=0. (6.60)
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These equations propagate the correct representation of the massless little group: the rank p
antisymmetric tensor-spinor of SO(D — 2) satisfying a gamma-traceless condition.

Such a tensor-spinor identically vanishes for p > D/2. This is consistent with the covariant
action (6.53): it identically vanishes when 2p+1 > D because of the antisymmetric gamma matrix
and, for 2p + 1 = D, the equations of motion are equivalent to H[¢)] = 0 which implies that 1
is pure gauge. So, the theory described by (6.53) has propagating degrees of freedom only for
2p < D, and we will see it explicitly in the counting (6.61) below. We will assume this inequality
for the remainder of this section.

Let g, denote the number of components of the rank p antisymmetric tensor-spinor in the little
group SO(D — 2), while ¢, equals the number of components of the little group gamma-traceless
rank p antisymmetric tensor-spinor. The physical degrees of freedom of a fermionic p-form given
by the action (6.53) is g,. We also need the number of components of the Dirac spinor of the little
group, denoted by s, and s = 2[¥], where [z] is the largest integer less than or equal to z. We
have the identity for p < %

. B (D —2)! (D —2)!

R S(p!w—z—p)! CEDICE —p)!)
(D =-2)(D-2p—1)
B p!(D—p—1)!

(6.61)
D—2
T]

9l

One can check, for example, for p = 0 we get gy = 2721 and for p=1,4=(D-— 3)2[¥] agree
with the physical degrees of freedom for Dirac fermion and gravitino. When p =2 and D = 6 we
have go = 8, if we take the spinor to be chiral this number reduces to 4. This is the known result
for the exotic gravitino (cf. (1.14)).

Gauge conditions. We now turn to the gauge condition that we will impose on the field

Wipis..q,- 10 1S given by an equation of the form

Xjisopp—1 () = 0, (6.62)

with the same index structure as the gauge parameter, that must only contain as many independent
conditions as there are independent gauge transformations. That number is

prl - Qp72 + pr?) - prél + ek QO (663)

where Q. is the number of components of an antisymmetric tensor-spinor of rank & in the spacetime
Lorentz group SO(D—1,1) (we also denote by Qk the number of components of such a tensor-spinor
which is in addition gamma-traceless) and where the final sign depends on the parity of p. One
way to realise this is to take a gauge condition xj;, ,, _, (¢) that satisfies Q-2 —Qp-3+Qp-a—---
independent constraints; this can work if the operator X in the constraint equations X, . (x) =
0 (cf. section 5.6) itself satisfies Qp—3 — Qp—a + - -+ independent constraints, etc. This reasoning
shows that it is sufficient to define operators 7*) mapping fermionic k-forms to (k — 1)-forms such

that the nilpotency condition
T o Tk — ¢ (6.64)

holds and exhausts the constraints satisfied by 7*:+1) (extra constraints would of course upset the
counting above). Then, the gauge condition

x(@) = TP (1) =0 (6.65)

satisfies TP~ (x) = 0 and gives the correct number of independent conditions. From the analysis
of the Rarita-Schwinger case (p = 1), eq. (6.2), we take

TW (9) = 74, (6.66)
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as a suitable starting point. The next operators can then be determined recursively using the
nilpotency condition: the first few read explicitly

TP () ="ty — %%ﬁw%p (6.67)
T W) = Y Ppp + %vm’”wy]pa (6.68)
T W =1 s = g7 Voster = =g = e e (669)

T (D)oo =V pwpor + %V[WT”wupa]m T Déi 0 6) Ve Y Varrrc
(6.70)

We point out that T3 (1), = 252y, (¢)) where x,,(¢) is the redundant gauge condition (6.22) for
the fermionic two-form.

Gauge-fixing. The generalisation of the gauge-fixing processes described in the last two sections
to higher form degrees is direct: the non-minimal sector in both gauge-fixing procedures for the p-
forms ¥, u,..., 18 Tepresented by two pyramids as in figure 5.3, where we extend the first pyramid
to have p+1 levels. At level k, the ghosts are (k—1)-form tensor-spinors. As for the auxiliary fields
pyramid, it has p levels and starts from a (p — 1)-form tensor-spinor from the top. The arrows that
indicating the gauge-fixing directions, the ghost number assignments and the Grassmann parities
are just the same as usual.

An arrow a, — b,—_; indicates that the variable b,_; along with its trivial pair partner fix the
gauge freedom of a, by imposing the the gauge condition T’ (P). This means we have such terms

= /de (. ot TP (@), o) (6.71)

in the gauge-fixing fermion. For the delta-function gauge-fixing, ¥4 consists only this kind of terms;
and for the Gaussian gauge-fixing, the trick of canonical transformations (5.81) is still valid, one
can reach a gauge-breaking term of the form

T Q)" P T® (p) (6.72)

Bip2.pp

The price we payed for achieving this term is that the top sitting (p — 1)-form-spinor auxiliary field
becomes a propagating field in the dynamics, this is the “extra ghost” in the general case.

The same process we presented in the last section for the two-form-spinor can thus be extended
naturally to p-form-spinors, we are not going to give the explicit gauge-fixed action, this can be
worked out on a case-by-case basis.

Counting degrees of freedom. A good cross-check to the quantisation is to count the degrees of
freedom. In the delta-function gauge-fixing case, the dynamical variables are the p-form-spinor 1,
(p stands for form degree in the following discussion) and pairs of Faddeev-Popov ghost-antighost
{C}.,Cy} for k =0,1,...,p — 1. The aforementioned gauge condition T®)(C) = 0 will eliminate
the (k — 1)-th gamma-trace, the (k — 3)-th gamma-trace... and etc. With all the k — (2] + 1)-th
gamma-trace removed, the resulting components for such a Cy, is (same for C})

[5]
Qe+ Q2+ Qrat = Qua, (6.73)
=0
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and we also take into account that {C},Cx} comes with the Grassmann parity ex = 1 + (—1)P~*,
Put these ingredients together, we have for the resulting net components of fields

Ncomponents = Q;D + QApr + prél + prﬁ + Qp78 + ...
-2 (Qp—l + QP—S + Qp—5 + Qp—? + .. )
+2 (Qp—Q +Qpa+tQpe+Qpst.. )

= Qp - 2@;0—1 + 3@;0—2 - 4Qp—3 + 5Qp_4 — ...
= (Qp - Qp—1> - 2(Qp—l - Qp—2) + S(QP—Q - Qp—S) - 4(Qp—3 - Qp—4) +.

=Qp —3Qp—1+5Qp—2 —TQp_3+9Qp_s — ... (6.74)
= (~D)*2k+1)Qp
k=0
P
—9l%] 1k D!
- ,;0( RS vy pe
_(D=2UD =2p—1) iz
p!(D—p—1)! ’

where we used Qk = @Qr — Q1. Because we have a fermionic theory, the physical degrees of
freedom is a half of the net components [109,113]

1 D-2D—2p—1) (b1, .
Nphysical = §Ncomp0nents = ( p!(g(_p_ f)’ ) 2[ 7= p - (6.75)

This matches our previous counting in the little group (6.61). In the computation, we also see that
the pattern @, — 3Qp—1 + 5Qp—2 — 7Qp—3 + 9Qp—a — ... appears. This is somehow a evidence
of the statement made in [115] that in fermionic theory one has successive fields in numbers of
1,3,5,7... as ghost structures in the quantisation, whereas in the bosonic case the known result
is1,2,3,4... .

Now we turn to the Gaussian gauge-fixing process. Here, to the p-form spinor kinetic term, a
gauge breaking term (6.72) is added and when we count, all the gamma-traces of 1, contribute.
However, the {C}_;,Cp_1} get a second order kinetic term and their components are doubled.
At the same time, because of the canonical transformation, the auxiliary field b,_; have a kinetic
term in the action. This field is the trivial pair partner of 01/9—1 and have the opposite Grassmann
parity. Effectively, at the (p — 1)-form level we have 3 ghosts with even Grassmann parity (cf.
(6.37) and the discussion below it). The treatment to the all other ghosts remain the same.

We compute again the number of components

Ncomponents = Qp+
-3 (prl + Qp73 + Qp75 + QAp77 + .. )
+2(QpatQpatQpotQpst...)

= Qp - 3@;071 + 2@;072 - 5@;073 + 4@;074 - 7@;075 + 6@;076 cee (676)
= (Qp - Qp—l) - 2(Qp—1 - Qp—2) + 3(Qp—2 - Qp—S) - 4(Qp—3 - Qp—4) +...
:Qp - 3Qp—1 + 5Qp—2 - 7Qp—3 + 9Qp—4 ..

=Y (“DF2k+1) Qpei

:Ncomponcnts = 2Qpa

where the same pattern 1,3,5,7... of gamma-traceful fields appears, and we arrive at the same
result.
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Y Tﬁw/ p C, CL c by n d, 7’

Ss chirality + 4+ + + 4+ 4+ + + + + + o+
Sg chirality + + - 4+ o+ = = + -
Grassmann parity 1 1 1 0 0 1 1 1 1 1 0 O

Table 6.2: The chirality of the various fields appearing in the gauge-fixed actions (6.31) and
(6.38) for the chiral fermionic two-form. Notice that the chirality can depend on the gauge-fixing
scheme. Grassmann parity is also included; even fields have abnormal spin-statistics.

6.4 Gravitational anomalies of antisymmetric tensor-spinors

In this section, we compute the gravitational anomalies for chiral fermionic p-forms in D = 4m + 2
dimensions using the Atiyah-Singer index theorem [66-71]. The computations of this section only
rely on the spectrum of ghosts and they therefore apply to any theory with the same structure
(6.58) of gauge transformations and reducibilities, whether or not it has a kinetic term of the form
(6.53). For this reason, we will also consider in this section fermionic p-forms with 2p > D, which
carry no degrees of freedom. For such fields, the action (6.53) vanishes identically, but one could
nevertheless imagine the existence of topological models in which they are coupled to other fields
while still having the same structure of gauge transformations and reducibilities; our computations
would then be applicable to such models. The prime example of this case is the gravitino in D = 2,
which doesn’t have a Rarita-Schwinger kinetic term and carries no degree of freedom, but for which
we nevertheless reproduce the classic result of [68].

As the first step, we would like to exam the chirality structure of the quantisation of the chiral
fermionic two-form v, in D = 4k + 2 dimensions. The chirality condition imposed is

7*¢HV = +wuy 5 (677)

where 7, is the usual chirality matrix.

The chiralities of the ghosts depend on the gauge-fixing procedure, for example, for the 2-form-
spinor we have the expression C}, x*(1) in the delta-function gauge-fixing fermion (6.25), while
the corresponding term is C’L ? x"(v) in the Gaussian gauge-fixing case (6.35). The ghost field C’
have thus opposite chiralities in the two gauge-fixing schemes. Notice that the Grassmann parity
of the variables plays an important role, it determines the signs of contributions from each field
(cf. (3.3)). Some formal manipulations and careful handling of signs are required to reach the
standard form (3.15). Let us show how they work explicitly in the chiral two-form-spinor case
and the chiralities and spin-statistics of each fields are listed in the table 6.2. The computation is
slightly different in the two gauge-fixing schemes of this thesis, but the result is of course the same.

The gravitational anomalies for the chiral 2-form-spinor field.

e Computation in the delta-function gauge-fixing

In this case, the dynamic variables are {1/;“,,, 0, CA”N, C’A“, d, ¢} (cf. (6.31)). The relevant
path integral measure is

/ [Dﬁwiﬂw} [Dé/upgu} [Dé,ﬂ)@} [Dd'De’) [DeDE [DpDp) (6.78)

where a ‘hat’ denotes a gamma-traceless field.
Since the gamma-trace has the opposite chirality as the field itself, the field 1[)#,, for example
is an element of the formal difference

C>®(ST @ A*T*M — S~ @ T*M) , (6.79)

i.e. a positive chirality fermionic two-form without the negative chirality one-form component.
This is not in the standard form (3.15) for Dy (the subscript 2 stands for the fermionic 2-
form, and later for fermionic p-forms we use D,,) to act upon; however, a fermion of negative
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chirality gives the opposite contribution to the index density as a fermion of positive chirality.
We can then replace S~ by S in (6.79) and change the sign: 1, therefore contributes as

C™(ST ® [A*T*M + T*M]), (6.80)

which is now in the form (3.15). Another rule is that fields with the wrong spin-statistics,
in our case C), and C;/u also contribute with a minus sign. Combining these two rules, the

wrong s in—statistic& ositive chirality, amma-traceless ﬁeld é fOY example contributes
g Sp p g m p
as

—C®(STRT*M —S™)=C>®(ST @ [-T*M —1]). (6.81)

One must sum the contributions of all fields appearing in the measure (6.78), using these two
rules and the chirality and spin-statistics of table 6.2. The complex C*(S™ ® Vj) on which
the Dirac operator acts in this case is then
C®(ST@Vs) =C®(STRAN*T*M - S~ @T*M) - C®(ST@T*M — S™)
—C®(STRT*M — S7) +C>®(8T) +C=(ST) +C>=(ST) (6.82)
=C>®(St @ [A*T*M — T*M +1])

and we have

Vs =A2T*M — T*M + 1

_ (6.83)
Dy :C®(ST @ Vs) — C®(S™ @ V3).

Computation in the Gaussian gauge-fixing

After the Gaussian gauge-fixing, the generalised Nielsen-Kallosh ghost b,, enters the dynamics
and we have the measure

/ (D, D] [Déqmgu} {D@DEU} [Db,Db,] [DeDe] (DD (6.84)

after integrating out the auxiliary fields. Here as before, a hat indicates a gamma-traceless
field. Notice that in this case we integrate over unconstrained %),,,,. The ghosts éu and (AZ'I’L
have opposite chiralities but otherwise identical properties and their contributions to the
index density cancel out. The total complex on which Dy acts in this case is then

C®(ST®Vg) =C®(ST @ A*T*M) —C>®(S™ @ T*M — ST)
—C®(STRT*M—S7)+C®(S™®@T*M — ST)

6.85
+C>®(ST) +C>(ST) (6.85)
=C®(STQ[A*T*M —T*M +1]).
Therefore,
Vs=Va=W (6.86)

as expected; both gauge-fixing procedures will give the same result for the anomaly.

Anomaly for fermionic p-forms. For p > 3, the ghost spectrum extended similarly and we
prefer to perform the above discussion only in the d-function gauge-fixing scheme to avoid the
dynamics of the Nielsen-Kallosh ghosts. The p-form gauge theory is (p — 1)-stage reducible. The
chirality of v, is +1, so all the Faddeev-Popov ghost-antighost pairs {C},,Cy} for k =0,1,...,p—1,
have the same chirality +1. The vital point is that when we remove the gamma traces, different
chiralities appear. We use the superscript 4+ or — to indicate the positive or negative chiralities. For
example, consider a positive chiral fermionic 3-form ghost C’;’ in the gamma trace decomposition

Cf =Cf +9 Wy +yPEF +4PEy, (6.87)
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where C’g‘ , j{ , EAI" , Fo_ are all gamma-traceless, and they come with alternating chiralities. We
denote by I,j the index density contribution from a positive chiral gamma-traceless k-form-spinor
and denote by Z,j the index density contribution from the gamma-traceful ones. Clearly, for the

negative chirality we have R R
Ty =1, Iy =-1}, (6.88)

and similar to the number of components we have the identity

4+ _ 7+ -

7 =1 -1, , (6.89)
for the index density contribution but with the chiralities get flipped. The total contribution is

I+

p—form = ZA-;_ +ZA-;:—2+I+ 4+I+ 6+I+ 8+
72(I;_l+I;_3+I;_5+I;_7+...)
+2(Ly+ I+ I e+ T s+ )
(6.90)
_ g+ T+ 7+ >+ >+
=15 —2L7 | +31 , — 41 s+ 51 , -
=S -1,,)-2Z; -1, )+3(I;,27123)—4(I+ T

P p—3 = Lpma) T
_ 7+t _ 7+ + + +
=1, -1, ,+I, ,-I, 3+I,

c

where the third equality is the deciding step. Without the chirality flipping between gamma traces,
the pattern would be identical as in the degrees of freedom counting (6.74).

From this index density contribution we can find the complex C>(S* ®V,,), on which the Dirac
operator D,, acts and we get

V, = APT*M — AP7YT*M + AP2T*M — AP3T*M + - £1
& 6.91
S (=1 AR T (6.91)

k=0

D, : C¥(ST @ V,) — C®(S™ ®V,). (6.92)

For p = 0, Dy acts on C>®(ST), whereas for p = 1, Dy acts on C>®(ST @ [T*M — 1]) and we
recovered the known results for chiral fermion and chiral gravitino.
The next step is to apply the index theorem to get the index density and it will give the anomaly

polynomial I(Dp_)ﬂ, we need to pick out the (D + 2)-form part

1P, = [d(Dy)],,, = |A(M) (zp:(mkch (AP’“T*M)N . (6.93)
D+2

k=0
Chern characters and traces. In the expression (6.93), Chern characters for higher exterior
powers of the cotangent bundle T*M arise. The generator in the fundamental representation of

SO(D) is (%) = 62045—046%, then the generator of the rank k antisymmetric tensor representation
of SO(D) can be expressed as

(TE)™ " e = B! Z AR GULPRE (6.94)
Now let Ry be the curvature 2-form in these tensor bundles, it is given as
1
R[k] RabT[k;] (695)
where Ry, is the curvature 2-form on the tangent bundle. A non-trivial problem is to write the

traces of powers of Rj) in terms of traces of powers of R in the fundamental representation. This
can be done using the explicit formula (6.94).



102 Chapter 6.  Free fermionic p-form fields

For example, for k = 2

(T = 2 (1) 8% + (™) ;8% ) (6.96)

(R2)) sg,ep = (Reedaf + Rapdce — Repdae — Racdey) - (6.97)

Since R[) is an antisymmetric matrix, itself and its odd powers are traceless. The first non-
vanishing contributions to the Chern character are
1
2 2 2
tr R[Z] = 5 Z(R[2]>ab,ab = (D — 2) tI'R 5 (698)
a,b
where the factor of % accounts for the fact that we are summing over independent pairs of indices
a, b instead of taking them as anti-symmetric double indices, and

tr Riy = (D — 8) tr R* + 3(tr R?)*. (6.99)

Details of the computation can be found in Appendix B.6. We see that this direct computation
becomes very cumbersome for higher rank of the tensors and for higher powers.
Fortunately, there is the generating formula [116]:

ix’“ ch(Rp)) = det (1 + me%) = exp trlog (1 + xe%) (6.100)
k=0

with z a formal variable. So, ch(R[;)) can be found by expanding the right-hand-side and selecting
the k-th power of z. For example, for the second-rank antisymmetric one finds
]. iR ]. i2R

2
ch(Rpg) = 5 (tres )" — e (6.101)

This formula contains all tr(R["Q]) in terms of the fundamental traces: for example, four-form
component of this equation gives (6.98), the eight-form component recovers (6.99), and so on.
Likewise, all traces of the form tr(Rﬁf]) can be found by expanding equation (6.100) to order z*
and to form degree 2n.

Putting everything together, the anomaly polynomial for the chiral fermionic p-forms is given
by

P
1P, = [AMD) > (-1)PFeh(Ryy) | (6.102)
k=0 D+2

This can be computed for any desired D and p using the ingredients detailed above. We display
explicitly the results in terms of Pontryagin classes in dimensions D = 2, 6 and 10 in tables 6.3,
6.4 and 6.5. Of course, for spin 1/2 and 3/2 fields (p = 0 and p = 1 respectively), these tables
reproduce the classic results of [68]. The anomaly polynomial for the chiral bosons (i.e. the self-dual
scalar, 2-form and 4-form) in those dimensions are also listed for convenience [68].

Interestingly, in dimensions D > 6 we find? that the anomaly of a chiral fermionic p-form
matches that of a (D — p — 1)-form,

2, =107 (6.103)

For example, the anomaly of a chiral fermionic 2-form in D = 6 could be cancelled by a 3-form
of the opposite chirality. Similarly, one could imagine canceling the anomaly of a bosonic, self-
dual 4-form in D = 10 (such as the one appearing in type IIB supergravity) using topological
fermionic 8- and 9-forms of opposite chirality. This is of course subject to the caveats mentioned
in the introduction, namely, the current lack of explicit Lagrangians coupling fermionic p-forms to
dynamical gravity. Nevertheless, it would be very interesting to see whether these possibilities can
be realised in physically relevant models.

2To be more precise: this is apparent in D = 6 and 10 from tables 6.4 and 6.5, and has been checked explicitly
in D = 14 and 18; however, we have no general proof for arbitrary D.
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Table 6.3: The anomaly polynomials for chiral fermionic p-forms in D = 2.
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Table 6.4: The anomaly polynomials for chiral fermionic p-forms in D = 6.
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Table 6.5: The anomaly polynomials for chiral fermionic p-forms in D = 10.
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The 6d exotic gravitino anomaly revisited. We are at the stage to compare this result with
the one we computed via field strength of exotic gravitino in chapter 3, section 3.1.4. Recall that
in six dimensions, we use the Az Dynkin label, and now consider [1,0, 0] as the Weyl spinor with
positive chirality, then we have the decomposition for self-dual x,,,, (now we use x,,,,, for the field
strength as in chapter 3)

[2,0,0] ® [1,0,0] = [3,0,0] ® [1,1,0]. (6.104)

With respect to this tensor product decomposition, we have two interpretations: the “on-shell”
computation is associated to a chiral three-form spinor x,,, satisfying ’yO‘BW”XWp = 0 and it picks
out only the [3,0,0] piece; while the “off-shell” computation is for self-dual x,,, which contains
both [3,0,0] and [1,1, 0], as we explained in the section 3.1.4, the self-duality constraint is weaker.

In D = 6, the index density contribution of the “on-shell” chiral three-form spinor is given by
(3.45) as

1
[Ind(Dy)]g = ﬁ(501p§ + 3828ps) . (6.105)
From table 6.4 we read
1
1Y = [Ind(Dy)] = =65 (79007 -+ 2840ps) (6.106)
1
[Ind(Ds)]g — [Ind(Dy)], = ﬁ(289p§ — 988py) = I3 + 21 . (6.107)

The difference is exactly the same as the index density contribution from a gamma-traceless chiral
one-form spinor:

Is + 213 ~[1,1,0]. (6.108)
Indeed,
1,1,0] ~C®(StT@T*M — S~
| ] ( ) (6.109)
=C>®(ST @ [T*M —1]) 4+ 2C°°(ST).

We see that it is the “off-shell” computation via the field strength that matches the result through
BV quantisation.



Conclusion

We conclude by briefly mentioning some of the many aspects of the exotic supersymmetric multi-
plets that we have not addressed.

The algebraic structure of the exotic six-dimensional multiplets and the embedding into the
exceptional geometry framework appears to be an interesting story, which we have only scratched
the surface of here. It is clear that the six-dimensional momenta and spin group can be described
in the algebraic framework, such that they agree with the supersymmetry algebra, but there is no
spacetime section in the usual sense. This should not be a great surprise as these are not standard
gravitational multiplets. However, the wider interpretation of the matching of momentum charges
and section condition is subtle issue for the higher-rank exceptional groups which perhaps deserves
further study in its own right. One could wonder whether the presence of the additional 248
constrained fields needed to accommodate the gauge algebra and tensor hierarchy in [38] could
play a role in this. Naively, one would expect some modification to the usual generalised Lie
derivative picture would be needed in order for the gauge algebra to close in the absence of a
spacetime solving the section condition.

One could also wonder whether there is a similar story for the Dy, exotic graviton of (1.17). In
the case of the N’ = (3,1) theory, the decomposition of the adjoint of Eggy under SL(3,R) x Fy4) C
Gg(g) X F4(4) is

248 - (5[(3,R) ®(3,1) (3, 1)) & fa) @ (3,26) & (3',26) & (1,26) (6.110)

where the three terms in the bracket make up g (). Decomposing under SO(3) x Sp(6) x Sp(2) one
can see that the non-compact generators of gs() match the 5@ 3 of SO(3) for the relevant exotic
graviton, while the f4(4) term corresponds to the scalar coset. There is also a (3',14,1) for the
vectors and (3,6, 2) for the self-dual two-forms. The final term is slightly harder to interpret, but
the 14 non-compact generators could be matched to the three-form magnetic duals of the vectors.

More generally, it appears that the special role played by SL(3,R) for the exotic graviton for
the N = (4,0) multiplet could become Gy(sy for the exotic graviton of the N' = (3,1) theory. For
example, there is an ' = (1, 0) supermultiplet (with V' = (3,2, 1) in the notation of appendix A.2)

with field content
(2,2,1) (&) (3,2,2) (&) (4,2,1)

(6.111)
A# wi} D[uu])\
This multiplet appears to match the decomposition of the group SO(4,3) by
50(4,3) = gag) BT — (51(3, R) & (3,1) @ (3, 1)) ®303 @1 (6.112)

Again, the three terms in the bracket correspond to the field Dy,,jy while the 3 © 3" of SL(3,R)
correspond to a vector field. Finally, the remaining non-compact singlet generator is the magnetic
dual three-form to this vector. This pattern is repeated across other examples, with go(2) playing
the role for Dy, 5. It could thus be worth considering how the rest of our analysis would work out
for these cases.

The existence of the exotic six-dimensional multiplets could have been dismissed as a mere
curiosity if not for the possible far reaching implications for gaining insights into strongly coupled

3Many of the considerations of this paper could also be applied to exotic two-dimensional theories with fields
built as product involving chiral bosons. We have not studied two-dimensional theories in this thesis.
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gravitational theories [1-3]. Just like the gravity multiplet can be thought of the product of two
YM multiplets, the (4,0) multiplet is a product of two (2,0) tensor multiplets [4,10]. From other
side while the circle reduction of a (2,0) theory yields five-dimensional YM, it appears to be
impossible to reconcile the nonlinear couplings of the five-dimensional maximal supergravity with
the symmetries of the six dimensional (4,0) and (3, 1) multiplet consistently with six-dimensional
gauge or Lorentz invariance. We have not studied the possibility of couplings which manifestly
break these properties in any detail.

Our results on anomalies in exotic six-dimensional multiplets are perhaps not too surprising
— after all they do not display full covariance. One should have in mind formal properties of
elliptic operators on a six-manifold M, rather that anomalous box diagrams. While we express
the result in terms of local curvatures on M, there can be no cancellation mechanism short of
full automatic cancellation. Such cancellations are not happening for any of the exotic multiplets.
In the (2,0) case the SD Weyl multiplet is the only multiplet that does not have an anomaly
polynomial proportional to Xg (3.28). Both for (2,0) and for (1,0) SD Weyl multiplets, trying to
find a combination of matter that would lead to cancellation of the irreducible part of the anomaly
is not useful, in spite of abundance of 2-form tensor fields. Due to absence of gravitons, one could
not possibly compute counterterms that could lead to anomaly cancellation. On the other hand,
for the (2,0) and (1,0) SD Weyl multiplets one could contemplate coupling to respectively (2,0)
and (1,0) gravity multiplets, together with appropriate matter, in order to cancel the irreducible
part of the anomaly. We have neither studied if this can be done supersymmetrically or thought
about any other aspects of such “exotic bi-gravity” theories.

Finally, we discussed the quantisation of the exotic spinor fields in detail. Our starting point
is the rank two antisymmetric tensor-spinor and its quantisation in the BV formalism generalises
to fermionic p-forms provided that they possess non-trivial Rarita-Schwinger type Lagrangians.
An extra propagating ghost appear in every case when the quadratic gauges contain differential
operators in Gaussian gauge-fixings. The spectrum of dynamical fields effectively corresponds to 1,
3,5, 7, ... gamma-traceful fields. With the apparent ghost spectrum, the gravitational anomalies
are computed by using the Atiyah-Singer index theorem. We recover the classic results [68] for
spin—% and spin—% fermions and a new matching (6.103) between anomalies given by chiral fermionic
p- and (D — p — 1)-forms is discovered.



Appendix A

Conventions for the exotic multiplets
and tensor fields

A.1 6d spinors and gamma matrices

In this appendix, we give our conventions for the six-dimensional gamma matrices. For more de-
tails one can find, for example in [11,113,117].

The flat metric 7, is with the “mostly plus” signature, i.e. n = diag(— + + + ++).

By Cliff(p, ¢,R), Spin(p,q) and SO(p, q), as well as their associated Lie-algebras, we mean to
use the metric n = diag(—--- — + + ---+) with p positive entries, and ¢ negative entries. One
should pay attention that we have exactly the reverse of the conventional notation, unless stated
otherwise.

The Clifford algebra Cliff(5, 1) is generated by the gamma matrices defined by

VA A =2, (A1)

and the higher rank gamma matrices are defined by the total antisymmetrisation of the product
of single gammas
LR PV BV (A.2)

The chirality matrix is given by v7 = 7071727374']5, it anti-commutes with all the gamma matrices

{y7,7"} = 0. We define the Dirac conjugate by 1) = iy)i~°.
The chirality projector is defined by

Py =2 (1£97). (A.3)

1
2

With our convention, all the spatial gamma matrices are hermitian and 70T = —~%. The important
symmetry property of the gamma matrix is given by the unitary transpose intertwiner C' (charge
conjugation matrix)

(T = —Ccyrot ct =c. (A.4)
We use the transpose intertwiner to lower and raise the spinor index
P = Caﬁwﬁ ('Vu)aﬁ = (%L)apcpﬁ = ('Vuc_l)aﬁv (A-5)

here C%? are the components of CT while C,s are the components of C~!.
The symmetry property and the (anti-)hermitian property together also fix the complex con-
jugation property of the gammas. To see this, we define the unitary matrix

B=—iCy°, (A.6)

which gives
(y")* = By*B~! and B*B=—-1I. (A.7)
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This definition ensures that for a generic spinor v, the expression By transforms in the same way as
1* under the Lorentz transformation. However, because of the minus sign in the second equation
of (A.7) we can not identify the complex conjutage spinor ¢* with Bi.

Instead, for pairs of spinors (4 for A = 1,...,2n, we can impose the symplectic-realilty condi-
tion

(¢ = QusBC”, (A.8)

where the Qap is the Sp(2n) symplectic form and its inverse is denoted by Q4Z. They are
numerically the same, but we can use them to lower and raise the Sp(2n) index, if we denote (¢4)*
by putting down the Sp(2n) index: (j.

Spinors satisfy the condition (A.8) are called symplectic-Majorana spinors. Sometimes, the
symplectic-realilty condition is written with the Dirac conjugate

(P=Qus(?)C or =0aBCYPCE (A.9)

Furthermore, we can impose the Weyl condtion 77¢4 = £¢4 on the spinors and this is compatible
with the reality condition (A.8) because of (77)* = By;B~!. In this way, we define the symplectic-
Majorana-Weyl spinor in six dimensions.

A.2 Constructions of the chiral multiplets

We briefly review the construction of massless multiplets of the chiral supersymmetry algebras in six
dimensions. For the construction of these multiplets, let us first look at the chiral supersymmetric
algebra N' = (N, 0) without central charges

{Q£7 Qg} = QAB (P_i_,yﬂc—l)[aﬁ] PM (AIO)

where the C' is the transpose intertwiner (charge conjugation matrix) and P is the positive chiral
projector. The index @ = 1,...,4 is the SU*(4) ~ Spin(1,5) spinor index and the R-symmetry
Sp(2N) index A runs from 1 to 2N. The supercharges Qn4 thus live in the (4, 2IN) representation
of Spin(1,5) x Sp(2N). where Q4p is the Sp(2N) symplectic form, P, is the momentum.

As usual, to analyse the spin content of massless multiplets, we decompose under Spin(1,1) x
Spin(4) C Spin(1,5), writing the Cliff(1,5;R) gamma matrices as the tensor products

W =ic?®1 Y=c'®1l A" =0 @™ (A.11)
where o? are the Pauli matrices and v™ are the generators of Cliff(4; R). The transpose intertwiners
C4 5 for Cliff(1,5) and Cy for Cliff(4), which we use to raise and lower spinor indices, are then

related by C; 5 = 0! ® Cy. Taking zero central charges and momentum (P*) = (k, k,0,...,0) for
a massless representation, we see that

_ 1 0
(PyytC 1)[&5]Pu:| =2k (0 0) ® Cy (A.12)

The supercharges with non-trivial algebra are thus those with positive chirality under the Spin(1,1).!
As (4)spin(s,1) — ((2,1)4 + (1,2)-)su(2), xSU(2)sx Spin(1,1) We have that these transform in the
(2,1,2N) representation of SU(2); x SU(2)2 x Sp(2N). Decomposing under U(1); C SU(2); we
have 2 — 14 +1_. Denote now by Qy the supercharges with U(1); charge +1. In an appropriate
complex basis we have that these satisfy the usual Clifford algebra of raising and lowering operators

{Q44:Q+8} =0 {Q4a,Q "} =64"  {Q7Q"}=0 (A.13)
We can then build a multiplet by acting on a vacuum state |0) with the raising operators Q4 4.
The basic multiplet thus has the form

0) Q+4l0) Q4aQ4B[0) Q1aQ+pQ4cl0) ... (A.14)

With each term having one unit more U(1); charge than the previous. These various terms can
then be combined into SU(2); representations.

IThe negative chirality supercharges are nilpotent and generate physically irrelevant zero-norm states, so we
discard them at this point.
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A.21 N = (1,0) multiplets

We list massless multiplets of the chiral supersymmetry algebras in the non-maximal cases six
dimensions. Here, the R-symmetry is Sp(2) and the basic multiplet, in which the vacuum has only
a U(1); charge of —1, has the structure

0)  Q+al0)  Q4+aQ4+5]0)
U(1); charge -1 0 +1 (A.15)
Sp(2) irreps 1 2 1

This is the hyper-multiplet and by combining the U(1); charges into SU(2); representations we
can read-off its field content as

Spin 0

SU@) % SU2)s x Sp(2) 1ep (L,L,2)  (2,1,1) (A.16)

The other multiplets are then formed by taking tensor products of this multiplet with some
representation V of Giige = SU(2)1 X SU(2)2 X Sp(2). We have:

V=(1,1,1) (Hyper)

Field o A
Glittle rep (17]-’2) (271a 1)
V=(1,2,1) (Vector)
Field AL A,
Ghivtte Tep (1,2,2)  (2,2,1) (A-17)
V=(211) (Tensor)
Field ¢ AR B,
Glittlc rep (]-alv]-) (27132) (3717 1)
V=(1,3,1) (Gravitinol')
Field B:{V wﬁ
Giittle T€P (1,3,2) (2,3,1)
V=(221) (Gravitino®?)
Field AL A, f
Glittle rep (172a 1) (27232) (3727 1)
V=(2,3,1) (Gravity)
Field B L g
nv " nv
Grivte Tep 1,31 (232 @31 &9
V=(3,1,1) (Exotic Gravitino)
Field AR B, l’fy
Giittle rep (23 1, 1) (37 1, 2) (47 1, 1)
V=(4,1,1) (Exotic Gravity)
Field B, o Cluv]ian]

Giittle T€P (3,1,1)  (4,1,2) (5,1,1)
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A.2.2 N =(2,0) multiplets

Here, the R-symmetry is Sp(4) and the basic multiplet, in which the vacuum has only a U(1);
charge of —2, has the structure

0) Q+al0)  Q1aQyBl0)  Q1aQ1BQcl0)  Q+aQ1BQ1cQyp|0)
0

U(1); charge -2 -1 +1 +2
Sp(4) irreps 1 4 1+5 4 1
(A.19)
This gives the tensor multiplet, whose field content is
Field 10) AE B, (A.20)
Glittle TEP (1,1,5) (2,1,4) (3,1,1) '

The other multiplets are then formed by taking tensor products of this multiplet with some repre-
sentation V of Glitrle = SU(2)1 x SU(2)2 x Sp(4). We have:

V=(1,1,1) (Tensor)
Field ¢ A* B,
Glittle rep (17155) (27154) (35171)
V=(1,2,1) (Gravitino™)
Field A Ay (Gl
Glittle rep (1a27 5) (25274) (37271)
V=(1,3,1) (Gravity)
Field B, " G
Glittle rep (15375) (27374) (37371)
V=(211) (Exotic Gravitino)
Field ¢ At B, -
Glistle T€P (1,1,4) (2,1,5+1) (3,1,4) (4,1,1)
V=(311) (Exotic Gravity)
Field ¢ AT B, Vit Cluw)rn]
Glittle TEP (1,1,1) (2,1,4) (3,1,5+1) (4,1,4) (5,1,1)

(A.21)
Note that there is no Gravitino” multiplet. This is consistent with the absence of a gravity mulitplet
when V' = (3,0) or N = (4,0).

We can also decompose these multiplets into multiplets of the A" = (1,0) algebra. The resulting
N =(2,0) = N = (1,0) decompositions are given below.

Tensor Tensor + 2 x Hyper
Gravitino® Gravitino® + 2 x Vector
Gravity Gravity + 2 x Gravitino” (A.22)

Exotic Gravitino
Exotic Gravity

Exotic Gravitino 4+ 2 x Tensor + 2 x Hyper
Exotic Gravity + 2 x Exotic Gravitino 4+ Tensor

L1l dld
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A.2.3 N = (4,0) multiplet

Here, the R-symmetry is Sp(8) and the basic multiplet, in which the vacuum has only a U(1),
charge of —4, is the exotic gravity multiplet and has the structure

U(1); charge —4 -3 -2 -1
Sp(4) irreps 1 8 1+27 8+ 48
0
1+27+42 (A.23)
+1 +2 +3 +4
8 48 1427 8 1
Thus the field content is
. R - R
Field 10) A B, ¢W C[W][M} (A.24)
Glittle TEP (1,1,42) (2,1,48) (3,1,27) (4,1,8) (5,1,1)
and we have the V' = (4,0) - N = (2,0) decomposition:
Exotic Gravity — Exotic Gravity + 4 x Exotic Gravitino + 5 x Tensor (A.25)
A.3 Young diagrams and Young tableaux
A Young diagram consists of n boxes set in k rows of non-increasing length: [y > Iy > --- >
I, Y-, i = n. In the following example n = 8, with I} =4, [, =2, I3 =2
and we write a Young diagram either with (I1,12,...,l;) by the number of boxes of each row or
with [f1, fa, ..., fn] indicating the number of boxes of each column. The above example is then

(4,2,2) or [3,3,1,1].

We can fill the Young diagram with different integers ranging between 1 and n, thus making
a Young tableau. A standard way to do this is to keep integers increasing in each row from left
to right, and in each column from top to bottom. Young tableaux obtained in such sense is called
standard Young tableaux. For example we can fill the [2,1] Young diagram as

a | c a|b
or (A.26)
b c

the first Young tableau can represent a GL(d,R) tensor Type = Tjap)c While the tensor Tope TEPTE-
sented by the second one is antisymmetric in the index a and ¢. We can see that there is a nature
symmetric group S,, action on the GL(d, R) indices via permutations. According to the represen-
tation theory of the symmetric group S,, there is a bijection between irreducible representations
and Young diagrams with n boxes. The dimension of that representation is given by the number
of standard tableaux. In our conventions, a tensor is said to be of (symmetry) type [f1, fo, ..., fx]
if it transforms by 5,,, under that representation. The symmetry is explicitly given as: the tensors
are totally antisymmetric in the indices corresponding to a column of the Young tableau; and any
antisymmetrization over all the indices of a column, plus one index belonging to another column
to its right, vanishes. There are further discussions involving e.g. computing the numbers of the
standard Young tableaux, Young projectors, hook length and etc. we refer to [81,117].






Appendix B

Conventions and useful formulae

B.1 More on CIiff(10, 1;R)

We follow the conventions as in [34,118], consider the Clifford algebra Cliff (10, 1; R) and define the
highest gamma matrix as

ry —popt | popto (B.1)
and we have for the signature (10,1) we have (F(“))2 = 1. We choose ') = 70T . T9T710 =
—1=-TgI'1...T'gI';p and define the eleven dimensional Levi-Civita symbol as €p1..10 = 1. With

this choice we have the duality relation between the rank p and rank (11 — p) gamma matrices

TH1H2-Hp — (,1)% 1 Hip2... [

gl
(11—]0)!€ P it pipzepp 11HPTHPEE T (B.2)

It follows that {1, TH#1, THiH2 THikzis TH1k2psia THIK2MsHals b i g basis of ClIff (10, 1; R) ~ gl(32,R).
If we take out the generator 1, we would realise an s[(32,R) algebra.

The above representation of Cliff(10,1;R) is Majorana and it acts on the eleven dimensional
spinor () via the standard Majorana spinor representation.

We define the intertwiner as CT#C~! = —(I'*)” and CT = —C, and CT#*#r is symmetric
for r = 1,2 and antisymmetric for r = 0, 3.

B.2 Conventions for anomalies

Dynkin labels. We start with a brief account of our conventions for the representations of
the space-time Lorentz group SO(5,1) and the orthogonal group SO(6). Their Lie algebras are
different real forms of the complex Lie algebras of type A3 ~ D3 in the Cartan classification, with
50(6) = su(4) and s0(5, 1) = su*(4). There are then two common conventions for the ordering of the
Dynkin labels, and we use both in places. In the “D-type” conventions, the vector representation
is [1,0,0], the spinor with positive chirality is [0,1,0] while the spinor with negative chirality is
represented by [0,0, 1]. We then have, for instance,

[1,0,0)®[0,1,0] = [1,1,0] & [0,0, 1], (B.3)

which recovers the discussion below (3.24). In the “A-type” conventions, we write the vector
representation as [0,1,0] and the spinor with positive chirality as [1,0,0], while the spinor with
negative chirality is represented by [0,0, 1]. We use “A-type” conventions whenever referring to the
Lie algebra as su(4) or su*(4).

Minkowskian and Euclidean signatures. Here there is a subtlety on the signature of the
metric, we need to clarify it in order to apply the family’s index theorem to obtain the anomaly
polynomials. Following [119], in spacetime dimension D = 2n with the metric have a Minkowskian
signature (— + - -+ + +) we define

€01..D-1 = /_g — EOLHD71 — (B4)

o
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where g is the determinant of the metric. The canonical volume form is

1
= ﬁeﬂlufz...updxm AdxH2 Ao A dahP
=eo1..p—1dr® Adzt A AdaP ! (B.5)

= /—gdPz.
A differential p-form w is given by

1
W= Wy g oo, T A - Adahe (B.6)

The Hodge dual of w is a (D — p)-form

1

*w = mwmuzmup

YRS da" Ao Ada¥P-r (B.7)

1-V(D~p)

and it follows x(xw) = (—1)P(P=P)¥1 Moreover, we define the components of the exterior derivative
of w as

(dw)u1u2~~up+1 =(p+ 1)a[mwuzu3mup+1] (B.8)
and there is also the identity
1
*W AW = mem“#?wmw“'””\/—ng;U. (B.9)

The integration of a D-form 7 is defined as

1
/77 = /ﬁ Ny iz ATt A - Adah? = /7701_“(D,1)dx0d331 coodaPh. (B.10)

In the functional integral written in the Minkowskian signature, one has the factor ¢*® with the
action S. The continuation to the Euclidean case gives factor e°#, where we need S = iSg and
2% = —iz%,. We still count the Euclidean coordinates z# from 0 to D — 1 in order to have the
correct orientation [119] for writing down integrals. The continuation have a direct change on the
definition of gamma matrices. Now we have in the Euclidean signature 4% = i7", where y* is
the Minkowskian gamma matrices and we use the subscript “E” to emphasize the difference. A

convenient definition of the chirality matrix for computing anomalies is given in [69] as
D-1
=] (B.11)
pn=0
where ¢ is i for Euclidean and i"~! for Minkowskian signature. One can compute
D-1 D-1 D-1
w=it[[p=i [ = [ = (B.12)
n=0 n=0 n=0

Thus, the Weyl fermions of positive chirality in Minkowskian signature are negative chiral in the
Euclidean signature and vice versa. To talk about Hodge dual, we now need to define the Euclidean
eg and it is

L1
1. p1=lgl = P = — (B.13)

Nk

We have the Hodge g defined similarly as in (B.7), we just replace € by eg and

(x)* = (~1)PP~P) (B.14)
on p-forms. In the case that are relevant for gravitational anomalies D = 2n = 4k + 2, a n-form
F ..., is said to satisfy the self-dual constraint in the Minkowskian case if

1
F =%F <— F,ulug.,.un = E eppo...pnml/g...unFVlemVn (B15)
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while in the Euclidean signature we need to insert a i to describe the self-duality

1
F=ixgF <= Fu 4, =i—c Frivaen (B.16)

aemm---unulw...u

this is consistent because of (B.14). Moreover, we can obtain the Euclidean self-dual 2k + 1-forms
F];f by spinor bilinears with positive Euclidean chirality

F e C>®(S5®SHh) (B.17)

where S} is the bundle for Euclidean positive chiral spinors and C* means the section of bundles.
As discussed, this means that the spinor bundle SE corresponds to S, the bundle of negative
Minkowskian chiral spinors. If we take tensor product of those we find the anti-self dual 2k + 1-
forms in the Minkowskian signature

F~eC®(S~®8). (B.18)

We arrive at the conclusion that the when a 2k 4 1 form is self-dual in the Euclidean spacetime,
then it is anti-self-dual in the Minkowskian cases and vice versa.

Useful characteristic classes. The roof-genus and the Chern character are defined as [68]:

A 1 1,
A(Maa) = 1 S (TM) 4 s (T(TM) — 4po(TM) 4. (B.19)
. . »k—
— -~ - -~ v k
ch(V) =tr (exp<2ﬂF)> rk(V) + 5 try F + ...+ L try 5 4., (B.20)

where F' is the curvature two-form of a connection on the vector bundle. Sometimes we just write
ch(F) instead of ch(V') to stress with which curvature that we are computing the Chern character
explicitly.

The expressions p;(T' M) are the Pontryagin classes of the tangent bundle which in conventions
we use are given in terms of the curvature two-form as:

R
det(l—%):1+p1+p2+p3+p4+... (B.21)

The first three Pontryagin classes are sufficient for our purposes

__ 1 (1 2)
= (277)2( g T H

Py = ﬁ <7itr R* + é(trRQ)Q) (B.22)

1 1 1 1
=——(—=trR® —tR%R“——tR”).
bs (27r)6< g gt R — o (tr )

The spin 3/2 fermion anomaly is computed using
A(May) (ch(R) — 1) = A(May,) (tr(e=") — 1)

, B.23
= A(My,) (tr(eﬁR —1) + dim(T) — 1) (B.23)

where dim(7') is the dimension of the tensor representation of SO(2n) and R is the curvature
2-form R, with the orthogonal frame indices a,b contracted with the generator T% of SO(2n).
Since R,y is anti-symmetric in @ and b, the matrix %R can be brought in the skew-symmetric
form
T

—1

T2

—1

(B.24)

Tn
—Tp
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where each z; is a 2-form and the first three Pontryagin classes can also be expressed in power of

)
‘TJ S
n
o 2
p1= E x;
j=1

> wial (B.25)

p2 =
i<j
n
E 2.2 2
pP3 = ./L'ijxk.
i<j<k

We also make use of the representation independent quantity

1 2 8
ﬁ(fpf ——p2)+... (B.26)

N i 1
LR
A(May,) tr(ez=" — 1) = 52 (4p1) + 3 3

and the Hirzebruch L-polynomial, expressed in terms of Pontryagin classes as

1 1 7
L(My,) =1+ = ——p? 4+ — B.27
(Mzn) =1+ 2p1+ (= 2Pl + zp2) + (B.27)

As an example, the anomaly formulas for six-dimensional fields are given by [6§]

peing — L (7p1? — 4p2)

5760
. 1
Ping — 60 (275p12 — 980p2) (B.28)
1
T4 = —— (16p12 — 112p,) .
5760 ( D1 pz)

The invariant polynomials in (B.28) correspond to anomalies for local Lorentz transformations.

B.3 Decomposition of the (anti-)self-dual field strength

For simplicity, the computations are perform in Minkowskian signature. We have the 6d gamma

matrix duality
1

7#1#2“#;;'77 = _Weﬂpupfl“-HlV1V2~~~V6—p’y’j1u2“.l/67p (B'29)

and in particular, for p = 6 it is
Yuvpap~yV7 = €uvpaBy - (B30)

The following identity allows us to split the higher rank gamma matrices into lower rank ones

O L L pv[mm»--upflnﬂp]a ) (B.31)
For a generic chiral 3-form spinor x,.,, we can always do the decomposition

Xuvp = Xpvp + VuOvp) T Vuv€o) + Vuwpl (B.32)

where v*X v, = 0 =v"0,, = 7°¢,. The gamma traces are defined as

. 2
XI/Jp = 'Y, Xuvp = gaz/p + 2’7[,,6p] + 4’yyp’l7

Xp =Y Xuwp = 4€p + 2071
X" =77 Xyuwp = 120n.

(B.33)

e First we show the equivalence

YN iy =0 = Xy = 0. (B.34)
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One computes
0 = YapupX""" = =YapX" + 67aXj) — 6Xog s (B.35)

and then uses the traces (B.33) to arrive
4oap — 12791068 + 24705m = 0. (B.36)

The contraction with v* yields
€g = 5ys1 (B.37)

and a further contraction with v” kills . This also eliminates 0,5 by looking back at the
relation (B.36). The field equation y*##Py ,,, = 0 just tells us that y,,, is completely
gamma-traceless which is equivalent to v*x ., = 0.

e Recall that the self-duality reads

1 (0%
Xpvp = gezww,@vx - (B.38)
and Y1 Xpvp = +qup
Insert (B.30) back in (B.38) and use the chirality condition for x .,

1
Xuvp = _ﬁ'yuup'yﬁaxaﬁ’y (B39)

We also use the definition of traces (B.33), then (B.39) becomes

YurpX — 97[,“,)(2] + 187[#)(;,)] =0. (B.40)

Now we put back the decomposition (B.32) we find a simpler equation

Vuwpll = VuOvp] - (B.41)

Contract both sides with v*~v#, we finally arrive at

2
=70, =0 = n=0 = 0,,=0. (B.42)

207y,n = 3

B.4 Computational details for section 3.1

The Dirac operator for SD Weyl field:
In order to compute the relevant Dirac operator for the SD Weyl field one needs to extract the
[0,0, 4] piece of the su*(4) representation in (3.47):

ReC®(S" 95 @5 ®57)—
—(C*(I"M®F;)—B) —g
=C®87 RS RSTRST)-C(T"MRIT*M)—C®(T"M® (S ® S~ —T"*M))
—C®((STST-T"M)QT*M)—-C*(T"M ® (S~ ®S™ —T*M))+ B—g
=C®("®85 S ®S)—CO(T*MRT*M)—C(T*M &S~ ®57)
+CO(T*MR@T*M) —C>®(S™®S™ @T*M) +C®(T*M @ T*M))
—C*(T"M S~ @87 )+ C*(T"MT*M))+B—g
=C®(S"®ST®ST®ST)—CR(T"M®S™ ®57)
—C®(5~ @8 QT M) —C®(T*M®5 ®@57)
+C(T*M QT *M)) +C®(T*"M @T*M)+ B —g

CO(T*M @T*M) — C(T*M @ Fy ) — C™(F; @ T*M)

(B.43)
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=C*E"®ST®STRST)-C(T"™ M5 ®57)
—C®(STRSTRT'M)-C*(T"M® S~ ®S7)
+C(T"MQIT*"M)+C(T"MT*M)+B—g

=C®S™TRSTRISTRIT)-C(IT"™M®S5S™ ®S57)
—C(STRSTRT'M)-C*(T"M S ®57)
+C¥(S™®ST+9)+C®(S  ®ST+g9)+B—g

=C®S™TRSTRISTRIT)-C(IT"™M®S5S™ ®S57)
—C(STRSTRXT'M)—-C*(T"M®S™ ®57)
+C®(ST®ST)+C®(S"®ST)+B+yg

=C¥ (S ®[STR®ST®S —(STRT*M)P+(ST)®]) +B+g

The Dirac operator for exotic graviton in (3,1) multiplet:

For the D field in the (3,1) multiplet, we focus on its field strength S in the [1,0,3] of su*(4).
From

[1,0,1] ®[0,0,2] = [1,0,3] & [1,1,1] & [0,0,2] & [0,1,0] (B.44)
and

[1,0,1]®10,1,0] =[1,1,1] © [0,0,2] & [0,1,0] & [2,0,0] (B.45)
we get

[1,0,3] =[1,0,1] ®[0,0,2] & ([1,0,1] ® [0,1,0] © [2,0,0]) (B.46)
Thus

SeC®B®F;)—-C®(B&T*M)+C™(F;)
=C®([ST®85 —¢|R[ST®S™ —¢]) —C*([ST®S™ —¢|@T*M) +C>(ST® 5" —¢)
=C*(STRST®ST®ST)-C*(STRSTQT'M)—C® (S ©S™ ®¢)+C*(I"M ® ¢)
—C= (S’ ® St ®T*M) +C®(T"M ®¢)+C™ (SJr ® S*) —C®(T*M)
=C® (S @[S @S @St —(STeT*M)® — (57)9%)).
(B.47)

B.5 Independent components of SD Weyl field strength

Deducing which components of the field strength Ganpgrs of the SD Weyl field on T2 are
independent is a cumbersome task due to the double self-duality of the field strength. Here we
present a brief group-theoretical account which enables us to be sure that we have not missed parts
of the equations of motion in equation (4.11).

The components of the SD Weyl field form a representation of SO(6), whose Lie algebra co-
incides with that of SU(4). Using Dynkin label conventions in which the six-dimensional vector
representation is [1, 0, 0], while the positive chirality spinor representation is [0, 1, 0], the SD Weyl
field strength Garvp,grs transforms in the reducible representation [0,4,0] + [2,0,0]. Under the
relevant SO(3) x SO(3) subgroup we have the decompositions

[1,0,0] — [2,0] + [0, 2]

0,1,0] — [1,1] (B.48)
[0,4,0] — [0,0] + [2,2] + [4, 4] ’
[2,0,0] — [0,0] + [2,2] + [4,0] + [0, 4]

Splitting the index M = («, ) as in section 4.1, the corresponding parts of the field G can be iden-
tified as follows (the symbol ~ here is taken to mean “represents the same independent components



B.6. A explicit example for the computation of the trace formulas 119

of G):
) Gijk,irj'kr ~ Gijkapy ~ Gaprijk ~ Gapy,arpry ~ [0,0]
G ~ G105 ~ [0,0]
Glapijh ~ G apy ~ [2,2]

GY aijs ~ G%ijapy ~ [2,2] (B.49)
af-traceless part of G ;8 ~ [4,0]
0, 4]
4,4]

ij-traceless part of Ga’@iyagj ,

~ |
1j- and af-traceless parts of ka-’kgj ~ G niqngj ~ |

)

Imposing that 0;Cynpg = 0 as in section 4.1, we see that the first [0, 0] parts and the first [2,2]
parts in this list vanish. All of the remaining components are then related to G748, and its traces.
Thus we conclude that the equation of motion GM y p,MRrs = 0 indeed reduces to G785 = 0.

B.6 A explicit example for the computation of the trace for-
mulas

The SO(6) generator in the rank 2-tensor representation:
In order to find the index of the exotic gravitino (see section 6.4),

; D(D-1) 1 1
Rpg) _ _ 2 4
trez= 2 = 5 22y tr Ry + 1(2m) tr Ry + ... (B.50)
for the D(g_l) X D(D2_1) matrix Ry given by
(R[Q])Cd7e‘f = (Rce§df + Rdféce - Rcféde - Rdeécf) (B.51)

has to be computed. tr R[QQ] and tr Rfl?] are evaluated as follows.

1
2 —
(B%) ey = 5 (B2 i (Bi2) e
1
= 5 (Racébd + Rbd5ac - Rad5bc - Rbcaad) (Rceédf + Rdf(sce - Rcf§de - Rde5cf)
= Rio0vf + Riydac — Riy0he — Ricdag + 2RacRys — 2Ras Ry

= tr (R[21)2 - % Z ((R[Q])Q)ab,ab

a,b

1
= 3 D (Rauds + Riybua — RoyOua — Rigbab + 2Raa Ry — 2Rap Ria)
a,b

(B.52)
1
= 5(DtrR? + DtrR?> —tr R —tr R> + 0 — 2tr R?)
=(D—2)tr R?
4 1 2 2
((R[2]> )ab,ef - 5((R[2]) )ab’Cd((R[2]> )Ci@f
= Rge(sbf + 6R(216R§f - GRgeRif - R;)le(saf + 4R2€Rbf - 4R§eR0«f
+ Ry0ac — RitpObe + AR} s Rae — ARD ; Rye
4 1 4
=t (f) =3 zb: ((R2)") (B.53)
1 4 2 p2 2 p2 4 3
= § Z(Raa(sbb + 6RaaRbb - 6RbaRab - Rbaéab + 4RaaRbb
a,b

— AR} Rap + Riy0aa — RE 6pa + AR Raa — AR3, Ry
= (D —8)tr R* 4+ 3(tr R?)?
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