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1 Introduction

It was shown that the conjectured [1, 2] non-linear realisation of the semi-direct product
FEq1x /1 of E11 with its vector representation contains the fields and the equations of motion
of every maximal supergravity theory [3, 4]. For a review, see [5]. As such, it contains
the metric of gravity and the three form in eleven dimensions and there are very good
reasons to believe that these are the only degrees of freedom that the non-linear realisation
possesses [6, 7]. However, the non-linear realisation contains an infinite number of fields,
of which only a few are the usual fields of the maximal supergravity theories.

It was conjectured in [8] and proven in [9] that many of these remaining fields rep-
resent equivalent descriptions of the degrees of freedom of the maximal supergravity the-
ories. For example, in 71 at levels 1,4,7,..., we find the fields Ay a5a5 5, Aay...a0,b100b3 >
Aqy . agbr..bo,c1eacs » and so on, which are related by an infinite set of duality relations. This
ensures that the only degrees of freedom are those which are usually contained in the first
field, the three form. However, any of these fields can be used to give an equivalent for-
mulation of these degrees of freedom. At levels 2,5,8, ..., the story is similar except that
the block of three indices ajasas in each field is replaced by a block of six indices a; ... ag .
Then, at levels 0,3,6,9, ..., we find fields associated with gravity. Indeed, at level zero,



we find the usual description of gravity with the field hyp . At level three, we find the field
Aq,...ag,p Which was proposed to provide a dual description of gravity, while at level six we
have Ag, .. .a9.b1..bg,c» at level nine we find Agy,  ag.p1..00.c1...c8.ds - - - » and so on. These fields
also provide alternative descriptions of gravity and all the fields are related by a set of
duality relations which ensure that the theory only propagates a single graviton. In fact,
there are other fields in the non-linear realisation and some of these are required to account
for the gauged supergravities.

It is useful to give an account of the history of the dual graviton field. It was first
observed by Curtright that the field A a,p = Afgyay
dimensions [10]. It was then proposed that the field Ay, 4, ,» may describe pure gravity

b could describe pure gravity in five

in D dimensions [11]. In order the show that the field A,, 445 at level three in the non-
linear realisation of E1; x £1 did indeed describe gravity, a parent action in D dimensions
was given in [1, 12]. By first linearising the parent action of [1], then varying the result
with respect to one field or the other and finally substituting inside the linearised parent
action, we obtain either the Fierz-Pauli action in the form where local Lorentz invariance
holds, i.e. in terms of the field h,, that is neither symmetric nor antisymmetric, or we
obtain an action in terms of the dual field A,, 4, 5. This result was fully explained and
also extended to higher spin fields in reference [13]. As shown in [1, 12], the parent action
of [1] also led to duality relations between the two fields. In this way, it was clear that
the dual graviton field A
at the linearised level. Further connections were also established in [13] between [1], [10]

a1..ap_s,b really did provide an equivalent formulation of gravity
and [11]. These developments are reviewed at the beginning of section 3.

It was also conjectured that the non-linear realisation of the semi-direct product
Ajgf;f x f1 of the very-extended algebra AEJ[; with its vector representation, contains
pure gravity in D dimensions [14]. Following early preparatory work in references [15]
and [16], this was indeed shown to be the case in four and eleven dimensions [17] and [18]
respectively. In four dimensions, at the lowest level, this non-linear realisation contains the
usual field of gravity hgp . At higher levels — indicated by numbers in brackets after each
field — in addition to other fields, it contains

h(lb (0) ) A(ab) (1) ) Aa1a2,(b152) (2) ) Aa1a2,b162,(c102) (3) ) Aalaz,blbz,clcz,(d1d2) (4) 3o
(1.1)
where groups of indices are antisymmetric unless otherwise indicated by round brackets
(--+) in which case they are symmetric. We interpret these fields as being related to dual
descriptions of gravity. The field at level one is called the dual graviton. We then find the
first higher dual graviton at level two, the second higher dual graviton at level three, and
so on. The equations of motion at the full non-linear level, as well as the duality relations,
were found for h,” and A, in four dimensions [17] and in eleven dimensions [18].

The non-linear realisations of E11 X £1 and ABf;

x ¢1 lead to an infinite number of du-
ality relations which can then be used to derive the equations of motion of the fields. These
field equations are constructed from fields that are irreducible representations of Ap_1 and,
as a result, they have more and more space-time derivatives for the fields at higher and

higher levels. The equations of motion require only the fields in the non-linear realisation,



and they correctly describe the relevant degrees of freedom. In [19] and [20], equations of
this type which describe the irreducible representations of the Poincaré group were given
precisely. As shown in [20] and reviewed in [21], one can also integrate these equations to
find equations of motion that are second order in space-time derivatives provided that one
makes a particular gauge choice that leads to the Labastida [22, 23] gauge transformations
for arbitrary mixed-symmetry fields where the gauge parameters obey trace constraints. In
fact, the duality relations derived from the non-linear realisation only hold modulo gauge
transformations which can, as a matter of principle, be deduced from the non-linear real-
isation. See, for example, [4] or the review [24]. However, one must also introduce extra
fields in order to have duality relations that hold as equations of motion in the usual sense
and not just as equivalence relations [25].

A parent action containing the fields Ag a0as 5 Aay...ao,b1bobs > --- Occurring at levels
1,4,... in the E1; x ¢ non-linear realisation, also containing certain extra fields, was
worked out in [25] along the lines of [9, 26]. Depending on which field was eliminated, one
found an action only in terms of one field or the other. In this way, the authors of [25]
found an action for the latter field which we call the first higher dual of the three from. The
higher level fields were also discussed in [25], as were the infinite chain of duality relations
and analogous results for the six form. Hence, using parent actions, one could find the
additional fields required in order to write down an action, or duality relations, for the
higher dual fields.

A similar strategy had previously been suggested for pure gravity in [9]. The method
of parent actions was used to produce, for the first time, an infinite number of higher dual
action principles, thereby proving the conjecture established in [8] on the equivalent dual
descriptions of gravity. These parent actions involve extra fields in comparison to those
that appear in the non-linear realisation of Af'++ X £l .

In this paper, we further pursue the approach set forth in [9] to higher dual descriptions
of gravity, focusing on four space-time dimensions for the sake of concreteness. We provide
an explicit procedure for constructing the parent actions that relate the different higher
dual formulations of gravity. Using these parent actions, one can directly obtain action
principles for each subsequent higher dual graviton. We find extra fields on top of those
already in the non-linear realisation of A7+ x £;. These extra fields are required to
formulate actions for the dual fields as well as the duality relations between dual fields at
adjacent levels.

We will compare the type of additional fields required to form higher dual actions with
those contained in the adjoint representation and the second fundamental representation,
denoted Iz, of A7™t. While there is a striking agreement between the GL(4)-irreducible
symmetry types of the extra fields appearing in the higher dual actions and the £y repre-
sentation of AT’LJ“ , the number of times each type of extra field appears off-shell does not
always coincide with their multiplicities in the /5 representation.



2 The Kac-Moody algebra Af++

2.1 The non-linear realisation of A7 TT x £;

Following earlier results [15, 16], the non-linear realisation of the semi-direct product
AT x £y of ATTT with its vector representation was computed at low levels in [17].
This calculation will be reviewed in this section. The Dynkin diagram for A7 "7 is

While no complete description of the generators of any such Kac-Moody algebra ex-
ists, they can still be analysed by decomposing them with respect to certain subalgebras.
Deleting node 4 from the Dynkin diagram of A7 allows us to analyse the algebra in
terms of its decomposition into GL(4) [15]. The resulting generators can be classified in
terms of a level which, in this case, is the number of up minus down GL(4) indices divided
by two. The positive low level generators R% are given, alongside the level zero generator,
by

Kab (O) : R(ab) (1) : Ra1a2,(b1b2) (2) : Ra1a2,b1b2,(clc2) (3) , Ralagag,blbg,c (3) :
R(Lla27b1b2,(11(12,(d1d2) (4) , R(Ll(lgag,bl})Q,(ClCQCg) (4)

)

aiazas,bibz,cic2,d aiazas,bibz,cic2,d
R(l) (4) ’ R(g) (4) )

Ralagag,b1b2b3,(c1cQ) (4) 7 Rala2a3a4vb1b27(cch) (4) , R“1a2a3a4’b1b2b3’c (4) ; .. (21)

The number in brackets corresponds to the level of the generators and the subscripts enu-
merate the generators when there is more than one with the same index structure. Groups
of indices are antisymmetric except when shown to be symmetrised using round brackets.
For example, the generator R%®<? satisfies Rc? = Rlabled — Rab(cd) — The generators
belong to irreducible representations of GL(4), i.e they all satisfy over-antisymmetrisation
irreducibility conditions. For example, Rl#vcld = Rlableldl — o Negative level generators
have the same index structure with lowered indices. Commutation relations for these AT'H'
generators can be found in [17].

The generators in the vector representation of the AT++ are denoted by L4 and,

when decomposed into representations of GL(4), the low level generators found in [17] are

given by
Pa (0) : A (1) : Z(alagag) (2) ’ Za1(12,b (2) : Za1a2,(b1b2b3) (3) ’
Zzlll)amhbz,c (3) ’ Z(6121)a2,b1b2,c (3) 7 Za1a2a3,(b1b2) (3) ’ Za1a2a3,b1b2 (3) ’
Z(all)a2761b2,(c16203) (4) 7 ZEl21)a2,b1b2,(016203) (4) ’ o (2'2)

where, as before, groups of indices are antisymmetric except for those in round brackets
which are symmetric. Subscripts denote different generators when the multiplicity is greater
than one. These generators satisfy the usual GL(4)-irreducibility conditions. For example,
Zlawa2bl — (. Generators in the vector representation commute and their commutators
AFTH

with the generators of are given in [17].



The construction of the equations of motion follows the same pattern as that for
E11 % 01 . See [5, 24] for reviews. For the non-linear realisation based on A} ™ x ¢1 in [17],
we start from the group element of A7+ x ¢; denoted by g = grga, where ga and g,
are group elements that are constructed in terms of non-negative level generators of the
adjoint and vector representations, respectively, of A7 T . They take the form

ga = e e = exp(Aup g R™Y) exp(Aap R%) exp(ha’ K%) , (2.3)
g = e La = exp(2?Py) exp(2aZ%) exp(Zape 2% + 2ap o Z70C) - - - . (2.4)

Therefore, the theory is populated by a set of fields A, which contains the graviton ha?,
the dual graviton Ag,, the first higher dual graviton Ag s, and so on. We see from

biba,crez,(didz) at Jevel four

the list of generators in (2.1) that we have the generator R%1%2:
which results in the second higher dual graviton Ay 4, p16s.c100,(d1ds) - Indeed, the pattern
continues so that one finds such fields at every level. This leads to an infinite tower of
dual formulations of pure gravity with fields that depend on the generalised coordinates
24 = {2% 24, Zabes Zabcy -} -

The non-linear realisation is invariant under rigid transformations go € A7 x ¢1 and
local transformations h € I.(A7"T), where I.(A{ ") is the Cartan involution invariant

subalgebra of AT++ . This means that generic group elements g = gr. g4 are invariant under
g — gog and g — gh, (2.5)

where go is a rigid (i.e. constant) group element and h is a local transformation which
can be used to set the coefficients of all negative level generators in g4 to zero [27]. The
equations of motion are just those that are invariant under these transformations and, as
for E11, they are essentially unique.
The dynamics of the non-linear realisation is often constructed using Maurer-Cartan
forms
v=gldg=va+vr, (2.6)

where v4 = g, dga = "G, RY and vy = g3 (97 dgr)ga = g4  (dz - L)ga =
dz""FrAL . Here, En® can be thought of as a vierbein on the generalised space-time.
Its lowest component is the gravitational vierbein given by e,* = (exp(h)),”. The G
are the components of the Maurer-Cartan form where the index II is a world-volume
(derivative) index and « is an index in the adjoint representation.

The low level Maurer-Cartan forms in the A;F'H direction are given by

GH,ab = eaﬂaﬂeub > éﬂ,bc = ebﬁec/\aﬂAnA ) (27)
aH,alag,bc = ealnleagfweb)\l 60)\2 <8HAH1H2,)\1>\2 - A[nﬂ()\laﬂA)\z)Mz]) : (28)

They are found as the coefficients of K%,, R* and R*%>* in the Maurer-Cartan form,
where O is the derivative with respect to the coordinates z!'. The dynamics is actually
constructed from G4, = (E_l)AHGmg = e"Gpua + -+, where “--.7 corresponds to
terms arising when higher contributions to the vierbein E? are taken into account. These



contributions contain derivatives with respect to the higher level coordinates. Working
with G4 o has the advantage that it only transforms under I.(A{ ).

Rather than deriving the equations of motion, one can derive a set of duality relations
from which the equations of motion can be deduced, as explained in [3, 5, 24]. The duality
relations between low level fields at the lowest level of generalised space-time derivatives
are [17]

Ea7b1b2 = (det e)l/Qwa,bllw + %€b1b20162§61702a =0, (2-9)

Ea,blbg = Ga,blbg + EaclcQCchhcxg,hbz =0 ) (2'10)

where wq p,p, is the usual expression for the spin connection in terms of the vierbein which
is given in terms of the low level Maurer-Cartan forms by

(det 6)1/2wa7b152 = — Gbl,(bga) + Gbg,(bla) + Ga,[bﬂ)ﬂ (2.11)

with Gy pe = eqt'ep” Opepe -

Equation (2.9) relates the graviton field h,’ appearing at level zero to the dual graviton
field A,y at level one, while equation (2.10) is a duality relation between A, at level one
and the first higher dual graviton field A, 4, 5. appearing at level two.

By combining equations (2.9) and (2.10), one derives a duality relation between the
graviton and the first higher dual graviton:

By, = (det ) 2w0q b6, + 3Gy S =0 - (2.12)

The above duality relations only hold modulo certain gauge transformations, as in-
dicated by the symbol “=", so they really are equivalence relations. This is explained
in [3, 4, 24, 27]. In order to further manipulate the above duality relations, one needs to
know what the gauge transformations are. We will obtain them in the next section. As
explained in [1], the duality relation (2.9) may be turned into a usual equation by adding
an antisymmetric component to the symmetric dual graviton Ag, 4, . This 2-form field will
later be found inside the second fundamental representation of A% . In what follows
we are only concerned with the linearised theory and so we drop, in particular, the dete

factors.

2.2 Gauge transformations

It was proposed in [28] that a theory constructed from a non-linear realisation of g™+ x /1
where g™ is any very-extended Kac-Moody algebra and /; is its vector (first fundamen-
tal) representation, is invariant under a particular set of gauge transformations whose
parameters are in a one-to-one correspondence with the spectrum of #; . For the linearised
theory where base and fiber indices are identified, these gauge transformations take the
form

0A, = élﬁ(pé)EFaFAE : (2.13)

In this equation, C;g is the inverse of the Cartan-Killing metric C%2 for g*+*. The

matrix (D2)g" is that for the vector representation and, in particular, it occurs in the



commutator

[RE, L] = —(DYAPLgp . (2.14)

In addition, we have used the partial derivative in the linearised theory dp = H%F. The
gauge parameters A correspond to elements in the vector representation.

Hence, in order to evaluate the gauge transformations, we require the inverse Cartan-
Killing matrix and the analogous matrix for ¢; at the corresponding level. The gauge
transformations for the graviton and the dual graviton in the non-linear realisation of
AT x €1 were computed in [17] and we now extend these previous results to the main
object of study in this paper: the first higher dual graviton.

We begin with the computation of the Cartan-Killing form which is determined by
requiring that it is invariant. For our current purposes this means that it should satisfy

([Ra1a27 Rblb2]7 Rclcz,d1d2) + (Ra1a27 [Rc162,d1d27 Rble]) =0, (215)

where (-,-) is the symmetric non-degenerate bilinear form on AT++ that generalises the
Killing form for finite-dimensional semi-simple Lie algebras. One finds that

biba, _ bib b b b b
CUE0 ey dydy = 63113226(51312) + 5510'2 15‘(25222) + 5&}:‘2 25'(?1?1121) ’ (2.16)
where 5&11%22) = 5&11 5;)1;) in contrast to the usual symbol ;" = 5&11 (5;)122] .

Taking the previous results from [17], we find that the Cartan-Killing metric up to the
level of the first higher dual graviton is given by

5509 — 26865 0 0 0 0
0 0 gy 0 0
Cap = 0 502 o 0 0 . (217)
0 0 0 0 Carazbiba, 1
0 0 0 Cacxdidy b 0

where the basis is ordered to match the scalar products of K%, R*% | Ry, 4, , R*1%2:0192 and
R as,p1p, With K€, Rbib2 Ryp, , Rerezdida apd R c,.did, - Note that the only non-zero
entries of Cy g are found when the levels of a and 8 sum to zero.

The inverse Cartan-Killing metric is given by

5569 — 36405 0 0 0 0
0 0 o 0 0
c;é = 0 s, 0 0 0 . (2.18)
0 0 0 0 cerexfifz g,
0 0 0 Cacexdidz, oo 0




The vector representation appears in the commutators of (2.14) which were given
in [17] at low levels. Omitting the commutators with K%, , they are given by

(R, P.]
[ Rab cd P]
E]
o]

(R, 7¢] — 7o 4 geab)
Zb]cd % (53 Zbled) _ 52 Za(c,d)) . % (52 Zabd 53 Zab,c) ’
[Rav, Z) =260, By,
( ) 7+ 5, 7° + 605 27)
[Rap, Z°%¢] = (%b) Z°— 6%, Zd) (2.19)

[ ab»

[ ab,

To study the vector representation at the level of the first higher dual graviton, we
need to compute certain commutators at higher levels. One finds that
[Rayaz biba: Z742%] = €1 515;22?;?)]3“

[Ravanbnbar 2] = 3 (022,00, Pryy + 0512, 00, Ployy + 002 0 Py}, €2 =2, (2.21)

a1a2 al(bl‘ a2 al(bl

e = —4, (2.20)

2] >

where the last expression should be taken so that is anti-symmetric in a; and as.

Using the inverse Cartan-Killing metric (2.18) and reading off the analogous matrix
for ¢; from equations (2.19)—(2.21), we find that the gauge transformations with gauge
parameters

A= {6, €, Ave, Aabe - -} (2.22)

are given, for the fields at low levels, by

6ha? = 9,8° 6Aap = —20aly) » (2.23)
0Aaras,biby = — €1 014, Naglbyby — 3€2 Oy Nayas,jbr) T 2 €2 0oy Nag)(by b2) - (2.24)

The parameters satisfy Agjasa5 = A(ayagas) a0d Agjayp = A p with the irreducibility

aiaz],
condition Ay, 4,4 = 0. In these equations, we have not written the gauge transformations

that involve derivatives with respect to the higher level coordinates.

2.3 Linearised equations of motion

The duality relations given in (2.9)—(2.12) only hold modulo certain transformations which
arise from the gauge transformations for the fields involved in the duality relations. As we
computed these in the previous section, we can now compute the resulting transformations
up to which the duality relations hold. Having done this, we can then compute the equations
of motion from the duality relations at the linearised level.

We first consider the duality relation between gravity and dual gravity in (2.9). Using
the gauge transformation (2.24) we find that, at the linearised level, it takes the form

_ 1 rai
Ea,b1b2 = Wabiby T 5 €b1626102 G017C2a + aa&nbz =0, (2‘25)

where
gblbz = a[blgbz} - 6171()20162 861562 . (226)



In deriving this result, we have used local Lorentz symmetry to symmetrise the hy, field,
and so we obtain the variation dha, = 9(,&p) - Had we not done this Lorentz gauge fixing,
then the first term on the right-hand-side of (2.26) would have been replaced by a Lorentz
transformation. We have removed the dot above the equals sign in (2.25) since it holds as
a usual equation.

To find the equations of motion, we have to eliminate the gauge transformations from
the duality relations by taking derivatives and, at the same time, eliminating one of the
two fields involved. In the case of (2.25), we can eliminate the gauge parameter &p,p, by
taking an exterior derivative of E 5, which produces

a[a1 Eaz],blbg = 8[a1wa2],b1b2 + %?"—ql71b2Clcz 8[a1\écl,CQ|a2] =0. (227)

By contracting a; with by, we find that the term involving the dual graviton vanishes due
to the fact that we have anti-symmetrised derivatives and Ay, is symmetric. Thus, we find
that

OjarWas] brb1™ " =0, (2.28)

which is the equation of motion for linearised gravity.
We can also write (2.27) as

3 Ebibreres OlayWa),"** = oy Gler ealas) = 0 - (2.29)

The first term is —ep,4, CICZB[CLlablhb? as) @nd so it vanishes when we contract it with 7.
As a result, we find that
0 gy ™ = 0. (2:30)

which we recognise as the equation of motion for the dual graviton at the linearised level,
which agrees with the results of [17] where the full non-linear equation of motion was found
and its linearised version was also given.

We will now carry out the same procedure for the duality relation involving the dual
graviton and the first higher dual graviton (2.10). Using the gauge transformations in (2.23)
and (2.24), we find that the duality relation becomes

0.

Ea,lnbz = éa,lnbz + €, é01702037171172 -2 aaa(lhgbz) —3e1,°1 a618(51|‘/\€2e37|b2) =
(2.31)

By taking two derivatives, we find that the gauge parameters disappear. We obtain
01 Oy, B o)) = 011815, Gl o) + €% 010, Glay dpaig) )™ = 0., (2.32)
which can also be written as
L Eereaes 000 G oy + 00, Gley cpetinn] @ = 0. (2.33)

The first term vanishes if we sum over e; and b; and also e3 and by . From this, we obtain

—Ib1,b2e
8[018[1,1(;[ 1,02 ],bg]CQ] =0, (2.34)



which is indeed the correct equation of motion for the first higher dual graviton in four
spacetime dimensions [19].

Clearly, the duality equation (2.12) between the graviton and the first higher dual
graviton will also lead to the same equations since it can be deduced from the above
duality relations. However, it is instructive to treat this in the same way. Using the gauge
transformation (2.24), we find that this duality relation is given by

E a7b1b2 = wa7b1b2 + 3§[b1,b2017ca B Qaaa[blgbﬂ —3e2 8(aa[b1Abzc]7C) =0. (2'35)
The gauge parameter £¢ is then eliminated by taking a derivative as follows:

8[111 B | bibz — 8[a1wa2],b1b2 _ 38[@‘6[191,1)20],0'(12] — %62 0, a[ala[h Ab2c]va2] =0. (2_36)

az|,

Contracting a1 and by allows us to discard the first term as it is the equation of motion for
linearised gravity. We are left with the equation

39l aabd],d'a] —32e 3d3[63[01\bd],a] =0. (2.37)
Then, taking one more derivative, we can eliminate the last gauge parameter to arrive at
0119 G pg M2 =0, (2.38)

This is the correct equation of motion for the first higher dual graviton at the linearised
level that we have also found in (2.34).

The equations of motion (2.28), (2.30) and (2.34) for the graviton, the dual graviton,
and the first higher dual graviton, with their respective symmetry types [ [ |, [ [ |, and

L] , are tracelessness equations that may be written in the form

_ .
Trl?Kamz,blbz =0, Trl?Ka1a2,b1b2 =0, TrlZKa1a2a3,b1b2,C1C2 =0, (2‘39)

where Tr;; denotes a trace over columns 7 and j in a given Young diagram, and where we
have introduced the curvature tensors for each field. They are given explicitly by

Ka1a2,b1b2 = a[alwaz]mbz ) F(lla2,b1b2 = 8[a16[b1,62]a2} ) (2‘40)

Ka1a2a3,b1b270102 = a[61 8[171@[@17@2@3]7172]02] : (2'41)

As we have explained above, the duality relations only hold modulo gauge transforma-
tions, although the equations of motion derived from them hold exactly. One of the points
of this paper is to obtain the extra fields that are required to have duality relations that
also hold exactly. We will find evidence that these extra fields are contained in the second
fundamental representation of AT++, denoted £ . The content of this representation can
be deduced by enlarging the AT'H algebra by attaching an additional node to the node
labelled 2 in the A7 Dynkin diagram, and then by taking only the generators of this
enlarged algebra that have level one with respect to this new node. One may then de-
duce the commutation relations between generators in the adjoint and ¢o representations
of AT by using the fact that the level is preserved and that the Jacobi identities must
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hold. One can then add new fields corresponding to the ¢s generators and deduce their
ATTT transformations from their commutation relations. As the role of the new fields
is to soak up the gauge transformations in the duality relations, the next step must be
to propose their gauge transformations. This involves writing down the variation of the
{5 fields in terms of the derivative, which belongs to /1, acting on the gauge parameters
that also belong to the ¢ representation. This transformation can be deduced using level
matching and group theory. Given these transformations, one can then finally obtain new
duality relations which hold as exact equations, at least in principle, and in detail at low
levels. We leave this calculation to a future paper.

3 Higher dualisations of linearised gravity

In this section we give an action principle in four dimensions for the first higher dual gravi-
ton Agp g Whose equations of motion and gauge transformations were obtained from the
non-linear realisation of A7 x £; in the previous section. We will only be concerned with
free dynamics and we will build the action principle for the dual field Agpca = Ap),ca =
Agp,(cd) using the off-shell dualisation procedure proposed in [9]. In that paper, a field-
theoretical interpretation was given for an infinite subset of F1; generators that transform
in the GL(11)-irreducible representations whose Young tableaux are given in column no-
tation as

{Y[8,1],Y[9,8,1],Y[9,9,8,1],...} (3.1)

where the GL(11) Young diagram YI8,1] of the dual graviton may have an unbounded
number of columns of height nine glued to the left of it. It was argued in [9] that gauge
fields transforming in these GL(11) representations enter higher and higher dual off-shell
formulations of linearised gravity. This will now be made quantitative by working at the
first few levels of dualisation with precise action principles.

In what follows, we first recall the basic ideas behind the parent action procedure to
derive dual actions for linearised gravity in any dimension D, and then we will direct our
attention to the four-dimensional case for which A] "7 is the relevant Kac-Moody algebra.

3.1 From the graviton to the dual graviton

Off-shell dualisation of linearised gravity ho® around D-dimensional Minkowski space-time
was initiated in [1] and [12]. This was investigated further in [13] where the authors made
contact with the Curtright action [10] and generalised this duality to higher-spin fields with
spin s > 2. Although the analysis of [1] began with the fully non-linear Einstein-Hilbert
action, it is only for its linearisation that one can make the dual graviton and all of its
higher dual generalisations appear off-shell [9]. Following the original idea [1], consider the
second order Einstein-Hilbert action based on the vielbein e,*:

Spnle,] = — / Pz e [Q() Qup ele) +22(€) Qaep(€) — 4 Qu " (e) 2 ()]
(3.2)
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where e := det(e,®) and Qqp,(€) := 2ea* ep” Jye,)© . This form of the Einstein-Hilbert
action can be recast into first-order form by introducing an auxiliary field Yp.c = Yigy;c
and then by considering the parent action [1]

S[Vape €, = —2 / dPz e [Qab,c(e) Yo — L Voo YOO+ S Y Y“C%C] . (3.3)
Indeed, the field equation of Y. can solved for Yy, in terms of €2(e) which yields
Yab;c(e) = Qab,c -2 Qc[a,b} + 4nc[aQb}d,d : (3'4)

After inserting (3.4) into (3.3), one recovers the Einstein-Hilbert action (3.2). In fact,
the action in (3.3) coincides with the standard first order action for gravity where the
spin connection is an independent field, up to a field redefinition which replaces the spin
connection by the Yy field. The parent action in (3.3) is manifestly invariant under
diffeomorphisms and local Lorentz transformations. In terms of the Hodge dual field

d ._ 1 b;d
}/Cl.A.CD,2; O _igabclch_z Ya ) (35)
the parent action linearised around Minkowski spacetime, where e,* = §,% + h,*, reads

STy, > hap)

ai...ap—2; >

— _ﬁ /dDﬂj [Eab61mcD72 }/cl...cD,g;c Qab,c(h) + % YClmCD?%b chl...cD_g;b

D—2 vy c1...cp_3a; b 1 c1...cp—_3a;b
) yeeo=s aY::L..cD,gb; +§ yeeo=s Yrcl...cjj),gb;a ) (36)

where Qg c(h) = 20;4hp). and the field hgp has no symmetry on its two indices. The
equation of motion for hg;, yields

a[alyag...aD,l];b =0. (37)

The Poincaré lemma implies that the dual field Yy, 4, ,+ is the curl of a potential
Coy..ap_s»- This new field is completely antisymmetric in its first D — 3 indices but
it has no definite GL(D) symmetry otherwise:

Yal...ap_g;b = a[alcaz...ap_g];b' (38)

Inserting this back into the linearisation of (3.6) produces a consistent quadratic action
S[C] that describes linearised gravity by construction. Note that the field hy, acted as
a Lagrange multiplier for the constraint (3.7). It is not an auxiliary field like Yy, 4, .
is, but the dual action obtained by substituting (3.8) inside the parent action (3.6) is
classically equivalent to the original linearised Einstein-Hilbert action. The reader might
want to see [29] for more comments on this issue.

Until now, the dual field Cy,. 4, 4:» as defined in (3.8) does not transform in any
irreducible GL(D) representation since Yg, 4, , does not have any irreducible GL(D)

symmetry property. However, one may check [12, 13] that, after inserting (3.8) into (3.6),
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the resulting action S[C] is invariant under a shift symmetry inherited from the local
Lorentz symmetry

5ACa1...aD_3;b = _Aal...aD_3b7 (39)

with a completely antisymmetric (D — 2)-form gauge parameter that is nothing but the
Hodge dual of the local Lorentz parameter Ay, . In particular, in D = 11 dimensions, the
9-form component of the field Cy, . 445 drops out from the action due to the above gauge
symmetry. This gives rise to a dual action in terms of the other component of Cy, . 440
denoted by Ag,. .4 that we call the dual graviton [1, 12, 13]. In the antisymmetric
convention for Young tableaux, the GL(11) irreducibility condition of the dual graviton is
the over-antisymmetrisation identity

A[al..‘ag,b] =0. (310)

To summarise, the dual graviton field A, ,, ;5 in D dimensions is antisymmetric in its
first D — 3 indices and it obeys the irreducibility constraint Ay, 4, ,5 = 0. The dual
graviton is a GL(D)-irreducible tensor of type Y[D — 3,1].

It is important to stress the fact that the dynamics of linearised gravity around
Minkowski space-time, as given by the variational principle based on the original Fierz-
Pauli action, can equivalently be described from the dual action principle S[Aq, .ap 5]
given in [13]. The reason is that both the Fierz-Pauli action and the dual action appear
upon elimination of different fields from the same parent action. Moreover, as explained
in [13], the dual graviton in four dimensions is a symmetric field A, = A(4p) and the dual
action S[Aq] reproduces the standard Fierz-Pauli action. In D = 4, one concludes that
“Fierz-Pauli is dual to Fierz-Pauli” [13].

In the next part, we review the dualisation procedure first explained in [9], which
takes the dual action S[Ag,  a,_,s and produces a dual action featuring the first higher

dual graviton A b..bp_s.c &S well as an extra field that cannot be eliminated from

ai...ap—2,
the action. In four dimensions, the first higher dual graviton Ag, g, pc corresponds to the
AT generator R#12:(b) at Jevel 2. Therefore, this approach makes direct contact with
the previous section where the non-linear realisation of Af*" x ¢; was reviewed. The
extra fields that enter each higher dual action principle will then be shown to be closely
correlated with the £y representation of AT . Although they are not needed in order to
write down self-duality equations, they are necessary for the off-shell formulation of various

generations of higher dual graviton fields.

3.2 The first higher dual graviton in four dimensions

Action principle. As explained in [13], around Minkowski spacetime of dimension D =
4, the dual graviton Ay, 4, 4 is a symmetric rank-2 tensor Ag, = A(ab) and the dual action
is just the Fierz-Pauli action given as follows, up to boundary terms that we neglect:

Spp[Aw) = / A2 [ = 3 0a A 0"A™ + § 0,40 0" AL — 0, A DA + B, A 0 Ay .
(3.11)
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We stress that the curl Qg (A) 1= 20,4y is not featured in this formulation of the
Fierz-Pauli action. Instead, it features the full gradient Ggp.(A) := 0,4 without any
antisymmetrisation over indices. As proposed in [9], we define the following parent action

S[Ga;bc ) Dab;Cd] :
S = /d4${ - % Ga;bc Ga;bc + % Ga;cc Ga;bb - Ga;ab GYb;cc + Ga;ab Gc;cb + Ga;bc 8dDda;bc}
(3.12)

featuring the two independent fields Ggpe = Gg;pe) and Dab;Cd = D[ab]fd = D, (ed) . The
latter of these two fields is defined up to a gauge transformation

69Dab;6d = ae@eab;Cd ) Geab;Cd = @[eab} ed = ®eab;(0d) ) (3'13)

which preserves the parent action. In fact, since the original Fierz-Pauli action (3.11) is
invariant under the gauge transformation

dAap = 20,6 » (3.14)
it is easy to see that the parent action (3.12) is invariant under the combined transforma-
tions

0Gape = 2 0a0p€e) (3.15)
8Dy = 89O e, + 214 + 451, Oy e? . (3.16)

On the one hand, one can vary the parent action (3.12) with respect to the GL(4)-
reducible field D9t that acts as a Lagrange multiplier for the constraint 9aGape = 0.
This constraint is identically solved by

Gaspe = Gazpe(A) := aApe (3.17)

for some symmetric tensor Ap.. Substituting Gg.pe(A) for Ggpe inside the parent ac-
tion (3.12) reproduces the original Fierz-Pauli action (3.11).

On the other hand, in the parent action (3.12), the independent field Gy can be
considered to be an auxiliary field. Its equation of motion

0= 86Dea;bc - Ga;bc + Mbe Ga;ee — Na(b Gc);ee — Thbe CTYe;a6 +2 Na(b Ge;c)e (318)

can be solved algebraically to express Gg.p. in terms of Dab;Cd as follows:

oS|G, D
(g[Gcrbc] =0 = Gape= aeDea;bc + %7]1,8 8dDad;cc + %adDed;e(b Ne)a - (3.19)

Upon substituting this expression for G into the parent action (3.12), we obtain the

following alternative description of linearised gravity around four-dimensional Minkowski
spacetime:

Sw@ﬁp5/&xBWDM“@Dﬁm—%mDm@@D“%+imDm%@DWf]
(3.20)
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This action is invariant under the gauge transformation (3.16). We emphasise that (3.20)
describes the same free graviton dynamics as the Fierz-Pauli action (3.11). The reason is
that both action principles arise from the same parent action S|G, D] when it is extremised
with respect to one field or the other. Note that the spectrum of fields is in one-to-one
correspondence with those that are obtained by taking the tensor product of a 2-form with
a symmetric rank-2 tensor. This is depicted in terms of Young tableaux as follows:

Doyt~ ® (3.21)

AF*Tt. In what follows, we decompose the dual field D, into GL(4)-
irreducible components to allow for direct contact with the AT++ algebra. In particular, we

Relation to

will show how the first higher dual graviton Agp 4 that transforms in the GL(4)-irreducible

representation of type Y[2,1, 1] associated with the AT'H generator Rab:(ed) ig contained

in the GL(4)-reducible field Dy, in (3.21). This will differ from the first section where
we were concerned with duality relations modulo certain gauge transformations. In this
section, we find an off-shell formulation of linearised gravity in terms of Ag, ¢ and an extra
field Z9%<? which are both contained inside the Dab;Cd field given previously.
The GL(4)-irreducible decomposition of Dgp,“? reads
Dop™ = Xap® + 40, 2y, Xop? =0=Z,,", (3.22)

i

with inverse formulas
Xaty™ = Do + 0,,“Dyye. ™, Zo? = — 1Dy (3.23)
In terms these fields, the dual gravity action (3.20) becomes
S[Xab“, Zas© /d4 Oa X g 0° Xep, ™ — 1 0" Xgp,c 0. X"
+20,2%%0. 2y — X 0y Z%00° Zey + 0c Ly 0°Z4°
+ 28,2098 9° X 0 %y — 20° 20 aexae;bc] . (3.24)
Hodge dualising Xabfd and Z,.° on their lower indices produces the GL(4)-irreducible fields
Aabsed . 5 abij Xz], 7 Zabed . _abee Ze;d 7 (3.25)
with inverse relations
Xap® = ey AP 7,0 = Legpeq 200 (3.26)

These fields satisfy GL(4) irreducibility conditions in the antisymmetric convention for
Young tableaux. That is to say, they satisfy the over-antisymmetrisation identities:

A[ab,c]d =0, z[abc,d} =0, (327)

where Aabed — Alabled — gab(cd) apq Zabed — Zlabed — The reader will recognise that

the field A?¢? possesses all the symmetries of the first higher dual graviton defined in the
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previous section. It corresponds to the generator R of AT++ . We also see that the field

Zabed ig required for the action principle to exist. In terms of the two GL(4)-irreducible

fields A®cd and Zod | the dual gravity action (3.20) now reads

S[Aabed Zabed] _ /d4$ [_ 3 0, Abea gle gabled | 8 04 Ape” pld gable_
— 3 04 Aup, L0 ZMe 4 D Agyy cq D1 Z00C (3.28)
+ 8 Zape,° D 700 — 3 Oe Zape.q 01 Z%0¢ — 2 Oe Zapeq 0°Z% 4 = Oe Zape.d 862abc’d} -
This action is invariant under the gauge transformations

5Aab,cd _ _4a[a>\b]cd + a[a|ucd,\b} + 2a(cud)[a,b] - gij[a(cnd)b]aiej - %EijabT]CdaiEj 7 (329)

62abc,d _ Sa[a\udw,c] + ieabce adee + %Eabce aeed o igabcd 0%, 7 (330)

where the gauge parameters A\%¢ and p®° are GL(4)-irreducible:

)\abc — )\(abc) ~ ’ Iuab,c _ Iu(ab),c ~ l; b] 7 M(ab,c) =0. (331)

One may, of course, equivalently use the manifestly antisymmetric convention for Young
tableaux in expressing the mixed-symmetric gauge parameter by taking

mabe . — 2Mc[a,b] ~ Z c] : m[ab,c} =0 PN Mab,c — _% mc(a,b) ) (332)

In terms of this equivalent representation for the gauge parameter, one has

§Abcd — _ gplaybled _ %8[amb](07d) + olelpabild) _ 6ij[a(cnd)b]ai€j — %5ijabn0dai€j , (3.33)

52abc,d _ %a[ambc],d + ieabce adee + %6abce aeGd - %SGde O, . (334)

Notice that A%¢ and m?° ~ p%¢ match the gauge parameters Ay aya; and Ag q,p at
level 2 in the ¢; representation of A7 given in (2.22). Up to trivial gauge parameter
redefinitions, the transformation law of A%<? with respect to m®< and A% fully agrees
with (2.24). Note that off-shell dualisation is a different approach to the A7 *" non-linear
realisation presented in the previous section. The gauge transformations found here contain
extra terms compared with (2.24) which are due to the extra field Z%¢% in (3.28). We will
soon see that the /s representation of A;F'H is closely related to extra fields that appear
during off-shell dualisation. Therefore, we expect to obtain (3.33) and (3.34) from the non-
linear realisation by modifying it in a suitable way that incorporates the /o representation.

abe arise from the decomposition

The gauge parameters A%¢ and p
@abc;de = 25abci (_)\dei + ,Ude’i) > (335)
so that the @abc;de part of the gauge transformation in (3.16) reads

5®Dab;€f = _25abcd <8C)\def - 8CM€f’d) . (336)

We stress that this dual action principle (3.28)—(3.30) describes equivalent dynamics to
the Fierz-Pauli action principle. Namely, it propagates a single graviton in four-dimensional

~16 -



Minkowski spacetime. It is an alternative off-shell description of linearised gravity and
we will further analyse this action principle in section 4. In that section, in order to
make contact with the Labastida formulation for a gauge field with the symmetries of the
first higher-dual graviton, we need to change convention for Young tableau. We refer to
appendix A for this change of convention.

Note that the field content of the theory { A% | Z abe,d} ig in one-to-one correspondence
with the set of Young diagrams obtained in the tensor product

H e [ = O & . (3.37)

This depicts the set of GL(4)-irreducible tensors that are contained in the reducible tensor

rabsed . __ bij d
Dt = Ly ped (3.38)

In section 4, we will build two gauge invariant curvature tensors that do not vanish
on-shell. Anticipating this (more technical) result, the curvature for the gauge field Agp cq
starts like

~

Ga1a2a3,b25276102 - aalaln 801 Aazas,(bQCz) T (3'39)

where “...” is used to denote terms that involve the field Zlqu and where it is understood
that indices with the same letters are antisymmetrised. For example, 05, Vay = 2 (94, Va, —
OayVa,) - Then, in that same section, we show that the field equations for Agpq are
equivalent to

éabC’ab,de =0 ) éalagag,bc,bd =0. (340)

As demonstrated in [19, 20], this form of field equation is precisely what one should have
for a mixed-symmetric gauge field A, .4 that propagates non-trivially in four dimensional
Minkowski spacetime. It is of higher-derivative type for a gauge field with more than
two columns in its Young tableau representation, but a partial gauge-fixing procedure was
found in [20] that brings such higher-derivative field equations down to the two-derivative
equations (for bosonic fields) postulated in [22, 23].

The first field equation in (3.40) is precisely of the form we have seen before in (2.38),
except that now, since we have an action principle for the first higher dual graviton, all the
gauge invariant quantities involve both A, ¢ and Zabc,d which duly reflects the fact that
the gauge transformations (3.33) and (3.34) are both expressed in terms of the parameters
m®c¢ and ¢,. The gauge transformations are entangled as is typical when performing
higher off-shell dualisations [30]. Now, not only do we have the first higher dual graviton
field Agpca, but also the extra field Zlbc’d that is required for our dual action principle to
exist. Together, this pair of fields describes a single propagating graviton. The extra field
Zzbc,d is not in the adjoint representation of AT++ but we will later see that it belongs to
the /5 representation of Af++ at level 1 in the decomposition of AT++ with respect to its
GL(4) subalgebra (see table 2).
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3.3 Field theoretical analysis at higher levels

After having discussed, in great detail, off-shell dualisation from the dual graviton Ay, =
A(qp) to the first higher dual graviton Agp ¢4 , we may now proceed to the next step in the off-
shell dualisation procedure. Recall that the dualisation procedure at level one transformed
our set of fields from a symmetric tensor A, to the GL(4)-reducible field Dabfd whose
Hodge dual (3.38) in four dimensions, D contains the GL(4)-irreducible fields A%-cd
and Z%4 with symmetry types Y[2,1,1] and Y([3,1], respectively, with Young tableaux
given in (3.37).

In order to dualise the field A%¢? ~ L] , we build a parent action S[Geab-cd Zabed]

from S[Abcd Zabed] 1y treating G&¢d as an independent field that will be equal to the
gradient G¢0:¢d(A) := 9°¢ A®“d after varying the parent action with respect to the Lagrange
multiplier field Dab;Cd’ef that implements the constraint dl¢Gfliabed — (. Therefore, the
parent action at the next level of dualisation is given schematically by

S[Dab;Cd’ef, Ge;ab,cd’ Zabc,d} — S[Ge;ab,cd7 Zabc,d] + /d4l’ Gb;cd7ef aaDab;cd,ef ] (341)

Both G494 and D, “*¢/ have the GL(4)-irreducible symmetries of A°%¢/ in their final
four indices, and Dab;Cd’ef = D[ab];‘?d’ef .
As with (3.13), the Lagrange multiplier field D¢/ is defined up to

56Dab;6d’ef = ai@iab;Cd’ef ) @iab;Cd’ef = @[iab];cmef ) (342)

where @mbfd’ef also shares the GL(4)-irreducible symmetries of A°»¢f in its final four
indices.

The equation of motion for G4 can be solved algebraically for G4 in terms of
Zabed and Dab;"’d’ef . Then, as before, this expression may be substituted back into the

parent action S[Dab;Cd’ef7 Geiabed, Zabc,d] cd,ef7 Zabc,d]

to produce a new dual action S[Dgp,
that we will not write explicitly here. The GL(4)-irreducible field content of the new
field Dab;“l’ef can be read off from its Hodge dual Dicdel — %5‘“”7 Dijfd’ef and the

decomposition of its Young diagram:

| [

[ 1]
H ® L] o L o O ® o H
(3.43)
& Y2 ® Y2,1,1] ~ Y[2,2,1,1] @ Y[3,1,1,1] & Y[3,2,1] & Y[4,1,1],
(3.44)
S Y(1L1) ® Y3,1) ~ Y(4,2) @ Y(4,1,1) & Y(3,2,1) & Y(3,1,1,1), (3.45)
& D ~ A Y Z W. (3.46)

This demonstrates how to label Young tableaux either by the heights of their columns as
in (3.44), or by the lengths of their rows as in (3.45).

Before explicitly performing this decomposition, we switch the convention for Young
tableaux to that where the final four indices of D, cdef in the antisymmetric convention will
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be traded for Dab;Cde’f = —%Dab;c(d’ef ) in the manifestly symmetric convention.! with the
over-symmetrisation identity Dgy, (ede.f) = (. This decomposition into GL(4)-irreducible
components becomes

c2 chd) ,
(3.47)
where (---) denotes projection onto irreducible components. Indices ajag are antisymmet-

Dalaz;cwz%,d — Xa1a2;010203’d + 0la, {e1 YGQ];C2CBd> + 0o, (e1 Za2];0263,d> + Ofay (e1 O]

ric and indices cjcacs are symmetric. The GL(4) irreducibility conditions are

Xayayy @D =0,z =0, (3.48)

)

together with the tracelessness constraints

0= Xa1b;6102b’d = Xalb;010263’b = Yl-);clczb = Zb;clb’d = Zb.c1cg,b ) (349)

)

Projecting onto the symmetry of the final four indices, we find
Damz;cwzc:s,d — Xa1a2;01czc37d + 5[a1 (C1Ya2];czcg)d - 5[a1dYa2];610263

=+ 5[a1 (e1 Za2];6263)7d + 6[a1d5a2](cl WC2C3) , (3.50)

with inverse formulas

Xala2;c10203,d _ Dalaz;clcgcg,d + 5[aldDa2]i;C1czcg,i _ %5[(11 (a1 DGQ]i;czcs)d,i
+ 25[@ (ClDag]i;CQCB)i7d . %5[(11615(12](01 Dij;CQC?’)i’j , (3‘51)
Ya;cwzca _ Dm,;C102C37i _ %5a(chij;C263)i7j , (3.52)
Zuf128 = — §D 0 — 3Dy 5Dy S A5 9D (353)
weez — _ %Dij;cwzm _ (3.54)

Previously, in order to dualise A, off-shell, we decomposed Dab;Cd into traceless components
{X,Z}, whose Hodge duals are the irreducible components of the Hodge dual Dijied of
Dab;Cd. In order to make contact with the E-theory literature expressed using fields and
generators in the antisymmetric convention, we will do something similar to {X,Y, Z, W} .
Hodge dualising all of them on their first blocks of indices creates GL(4)-irreducible fields
in the symmetric convention, which may then be written in the antisymmetric convention
with fields labelled {4 ,Y,Z, W} . The full calculation is given in appendix A, from which
we find

.010263,d — _b (b1|(b2,d)|c1,c2,¢3)
Xalzzg, . 5 5a1a2b152A ) 3.55
\babs (b :
Ya;6102¢:3 = 5a1b162b3Y 2ba(b,c1,c2,03) 5 (356)
d._ 8 77(b1|bs(b2,d)|c1,
Za;ClC2 = Sgalnbzsz( 1bs (b2, d)len c2) ) (357)
Wweez . €b1b2b3b4Wb4b3b2(b1,c1,cz) . (3.58)

!The reason is purely technical: it comes from the fact that we use the Mathematica package xTras [31]
of the suite of Mathematica packages xAct that is able to implement tracelessness constraints more easily
than mixed Young tableaux irreducibility constraints. The manifestly symmetric convention for Young
tableaux is explained in appendix A.
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with inverse relations
araz,biba,cr,ea . 1 _ijaraz y. . cicalbiba] 1 _ijlai[bi] y. . cica|b2],az]
A = T 10°¢ Xij; +15¢€ Xij;
— %Eij[al(ClXij;CQ)GQHbI’bQ] + (a1a2 — blbg) , (3.59)

Ya1a2a3,c1,cz,¢:3 e %E’La1a2a3Y§;C16203 _ %€Z[a1a2(61y‘i;6203)a3] , (360)

2a1a2a3,b1b2,c — % glarazaz Zi;c[bl’bz] + % Ei[a1a2|[b1 Zi;bz}c,\ag] _ % 6i[b1|[alaz Zi;a3]c,|b2]

% Eic[alaz Zi;a3][b17b2] _ % giblbg[al‘Zi;c‘az,ag] _ % Eic[al[bl Zi;b2]a2’a3] ’
(3.61)
Wiazazaacica . % £0102a3aa 712 %g[alllQaS(ClWCZ)aél] ) (3.62)

At the second level of higher dualisation, decomposing Dala%cl‘:?c?”d recasts the action as

S[Dab;Cde’f, Zabc,d] — S[Xalag;clczcg’d7Ya;clczc37 Za;clcg,d, WC:[CQ’ Zabc,d] ’ (363)

although (3.55)—(3.58) allows us to express this action as

~ ~ — ~
S[Aa1a27b1b2,01702’Yalaza37c1,c2703’ ZCL16L2CL:J,J>1172,C7 Wa1a2a3a4,01,02’ Zalazas,c] . (3.64)

Off-shell dualisation from the dual graviton to the first higher dual graviton is given by

1 2 1xHU o 1x [ (3.65)

where D4 denotes one round of off-shell dualisation applied only to the dual graviton at
the previous level. At the next level, dualising only the first higher dual graviton A®*192:b¢
produces a new action D% (S[Agp]) = Da(S[A% Zd]) with the following set of fields

5 [ ]
M 24 1« ”@1><_|He91>< 1< @1><_[ (3.66)

where we can see that Zabed ~ Y3, 1] has been carried through to the new dual action
in (3.64) with the same gauge symmetries as it had in S[A%c? Zabd] = D4 (S[Aw)) .

Taking D?(S[Au)) and dualising only the second higher dual graviton A%192.01b2.¢:d
gives us
D B [T | =
[T] — 1x @©1x @1 x @©1x
[T] | - |
@1 x[] ®1x @1 % @1 x[] (3.67)

The pattern is starting to become clear now. Label groups of k¥ symmetric and k anti-
symmetric indices by a(k) and a[k], respectively. For example, A%tz = Aallb(2) and
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Zmazazb = Zal3lb - After dualising the (n—1)" higher dual graviton A 12a?(2], a7 [2],e(2) ,
the set of independent fields will contain the n'" higher dual graviton

11,2 n
n — pAn all2].a212], ... .a™1[2].a™[2].c ailay|---|lal|c1|c2
Afz,?.,,zl,l]—A():—A (2,a[2], .. ,.a™ 1 [2],a™[2],¢(2) 1 ; L | ‘ (3.68)
CL2 CLQ CL2

which is a GL(4)-irreducible field of type Y[2,...,2,1,1] = Y(n + 2,2). The extra fields
that are produced belong to the following families at the n'® level of higher dualisation:

~ ~ =~ 1 n—2 ¢ ‘ | ‘ | ‘ ‘
PO = PO = P T (3.69)
a
. a
Z[(:?% 21 = 20 .= ZaBb 2], b 2e ~ |a (3.70)
a
a cle]
W[Eln% o1y = W = TR o R RO el I ’ (3.71)
ghyeenglydy a
a |

As with (A.19)—(A.22) in appendix A, these irreducible fields arise, respectively, from fields

1+2).b 12),b(n—1), +1),b(n), +1),b(n—1),¢,d
e t2):b(n) ¢3(n ):b(n=1),c ¢g(n ):b(n)e 1/,3/@ ):b(n=1),e.d (3.72)
in the symmetric convention. They themselves arise from the traceless components of the
dual field Dy, q,.€" 24" that must be introduced when moving from the (n — 1) to the

n™ level of higher dualisation. This is a result of the Young diagram decomposition

T . O o HEHY
H & ~ @ S @

(3.73)

which generalises (3.43). Ultimately, at the n' level of higher dualisation, the action will
be given in terms of the following set of independent fields:

{A("), Yy, 2(71)7 f/[\/(n)} U {f/(n—l)’ Zn=1) ﬁ\/(n—l)} U---U {?(2)’ 4SS 171\/(2)} U {2(1)}
(3.74)
In parallel with the A family of dual graviton fields, the AQ) family of extra fields
starts to appear at the first level of higher dualisation when Zabed enters the action, while
the Y™ and W™ families both enter the action at the second level. With index structure
explicit, we see that there is only Ay ~ AE?}H at level zero, i.e. at the level of the usual

dual graviton.
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Dualisation at low levels. Up to this point, we have only dualised the A family of
fields and the extra fields have been completely untouched so that they are carried forward
into every new dual action. This dualisation scheme may be extended by dualising some
or all of the extra fields that we encounter at each stage. In this case, the second level
of higher dualisation for the first higher dual graviton A%<? and the extra field Zabed g

summarised as

(1) D (2) -(2) 72 1772
{A[2,1,1}} — {A[Q,Q,I,I]’ }/7[3,1,1,1}’ Z[3,2,1]’ W[4,1,1}} ) (375)
(1) D (72 2  p@ A2
Zsn} = {250 Wi Pl Qi } (3.76)
or equivalently as
{A(O)} 2, {1 x AD 1x Y@ 2x 7@ 2 WO 1 x PO 1 x Q(Q)} , (3.77)

where D denotes one round of off-shell dualisation applied to every field at the previous
level, not just the A field. Moreover, P(™ and @(") denote two new families of fields
with indices grouped as Y[4,2,...,2] and Y[3,3,2,...,2], respectively, which only appear
after Z94 has been dualised. To further illustrate the ever growing number of families of
fields, the third level of higher dualisation can be summarised as

{Afi)z,l 1]} o {A[(S,)mg,u??[:(3,1,1,1]a Z[(?i)z,g,ua W[i)zm]} ; (3.78)
{?&11]} o {1%,1,1,1]7W[f%,lgpES,)1,1,1,1}7§[(§33,1,1}} ; (3.79)
{2550} 7 {25000 Wikt Plibap Qanay Sisia T} (3.80)
(Wi} = Wi s} - (3.81)
(P} = { P Tian O } (3.52)
{Qn} > { Qs Tinn ) - (3.83)
or equivalently as

(A0 2 (1 A9 2 x 7O, 3 x 70,6 x 0,3 x PV,

3% Q) 1x B®,3x 89 6 x T™,1x 0} . (3.84)

Let’s take inventory. At levels one and two, dualising every field at every level, we have

|

] 2 ixH e 1x[ (3.85)
s B 1] | =
[I] — 1x e1x[] P2 x P2 X d1x B1x

(3.86)
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whereas the third level is visualised as

1] | [ ]
1] ﬁ 1x |16192>< D3 x P 6 x D3 x

[ 111 |
@3 x H@Gx ®1x (3.87)

D3 x ®1x

The third higher dual graviton A®) = A®1a2,b1b2.c1¢2,(de) qyalises off-shell to produce

Y[2,2,2,1,1] — Y[2,2,2,2,1,1] @ Y[3,2,2,2,1] @ Y[3,2,2,1,1,1] & Y[4,2,2,1,1]

which consists of the fields A®, 57(4), 7@ and W®. In addition to this, the extra fields
at the third level of higher dualisation can also be dualised off-shell, and they produce the
following fields at the fourth level of higher dualisation:
Y[3,2,1,1,1] — Y[4,3,1,1,1] ® Y[4,2,2,1,1] & Y[4,2,1,1,1,1] & Y][3,3,2,1, 1]
®Y[3,3,1,1,1,1]®Y[3,2,2,1,1,1]
Y([3,2,2,1] — Y[4,3,2,1] ® Y[4,2,2,2] ® Y[4,2,2,1,1] ® Y[3,3, 2, 2]
®YI[3,3,2,1,1] & Y[3,2,2,2,1]

MZLH—% Y[4,2,2,1,1] @ Y[4,3,2,1] & Y[4,3,1,1,1] & Y[4,4, 1, 1]
Y[4,2,2] — Y[4,4,2] ® Y[4,2,2,2] & Y[4,3,2,1]
BS%—%YM3$@YH&ZH@YB33H@YB&Z%

Y[4,1,1,1,1] — Y[4,3,1,1,1] ® Y[4,2,1,1,1,1]

Y[3,3,1,1] — Y[4,3,2,1] & Y[4,3,1,1,1] ® Y[3,3,3,1] & Y[3,3,2,1,1]

Y[4,3,1] — Y[4,4,2] @ Y[4,4,1,1] © Y[4,3,3] ® Y[4, 3,2, 1]
4] — Y[4,4

Y[4, 2]
The irreducible fields at level four are given in column notation as
Y[2,2,2,2,1,1], Y[3,2,2,2,1], YI[3,2,2,1,1,1], Y[4,2,2,1,1], Y[4,3,1,1,1],
Y[4,2,1,1,1,1], Y[3,3,2,1,1], Y[3,3,1,1,1,1], YI[4,3,2,1], Y[4,2,2,2],
Y[3,3,2,2], Y[4,4,1,1], Y[4,4,2], Y[4,3,3], YI[3,3,3,1] (3.88)
with corresponding Young diagrams

| T [ [T (111 u

L]

111 L]

(3.89)

and respective multiplicities in the order presented above
(1,4,3,12,12,3,8,2,24,6, 6, 12,10, 9, 6). (3.90)

The number of families of fields will clearly continue to increase with further dualisation.
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Finally, note that W™ is the same as A2 with four extra antisymmetric indices,
so they are Hodge dual. Dualising every field at every stage but only keeping track of the
AM and WM families, we know that off-shell dualisation of A(™ produces both A(+1)
and WrHD = xA(M=1) At the n™ level of higher dualisation, we have one copy of
A™ and at least one copy of the k™ Hodge dual A™=2k) for every positive integer k
such that 0 < n — 2k < n. When n is even, we find that our set of independent fields
contains {A(O),A(z), AW A(")} as a subset. Similarly, when n is odd, we find that it

contains {A(l), AG) ,A(”)} instead. However, if we only dualise the A" fields, and if

we make the appropriate correspondence between the W) and A™ families, then we find
{A(")} U {A(”—2), AC=3) A(), A<0>} at level n.

Summary. Off-shell dualisation on empty columns in the Young tableaux of every field
at the n'™ level of higher dualisation produces independent fields in a one-to-one corre-
spondance with the set of GL(4)-irreducible fields entering the decomposition of the tensor

He He .. o H o (3.91)

with n factors of the antisymmetric Young diagram H .

product

3.4 Contact with A7

Before we explain the correspondence between the £y representation of AT++ and the extra
fields produced via off-shell dualisation, it will be useful to review an efficient method for

computing fundamental representations [32]. First of all, add a new node labelled * to the

Dynkin diagram of A7 1" and attach it to node i, say, by a single edge. A generic root in

the corresponding enlarged algebra Afrﬂi) is given by
3
Q= My + maoy + Z mjoy (3.92)
j=1

where a, denotes the new simple root associated to the new node * and where my is the
level in the usual decomposition of Af++ with respect to its A3 subalgebra. The structure
of ATTT is studied at each level by looking at the representation content (i.e. the weight
space) of the A3 subalgebra. Any generic A3 weight can be expressed as

3
A= "pik; (3.93)
=1

where )\; is the " fundamental weight of As. This weight may also be written as A =
[p1, P2, p3] and we may depict this weight (and its corresponding representation) by a Young
diagram with p3 columns of height 1, po columns of height 2, and p; columns of height 3.
With this, we have
A= [p1,p2,p3] ~YI[3,...,3,2,...,2,1,... 1] = Y[3P1, 2P2 1P3] (3.94)
NGARGEE

—— ——
p1 p2 p3
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I | Az weight | A7™" root a | o? | mult. field label
0] 1,01 (1,1,1,0) | 2 1 ha” h
1] 0,02 | 0001 | 2| 1 ARy |
21 [0,1,2] (0,0,1,2) 2 1 Afal,)l,l] @
31 [0,2,2] (0,0,2,3) 2 1 Ag,)m,l] a2
31 [1,1,1] (0,1,3,3) —4 1 2[(32,)271] €2
41 10,3,2] (0,0,3,4) 2 1 Ag’,)zz,l,l] 3
41 [1,1,3] (0,1,3,4) | -2 1 57%,1,1,1} h
4] (1,2, 0,1,4,4) | -6 | 2 2[(33’,)2,2,1] da
4| 10,1,2] (1,2,4,4) —-10 1 I7[\/[51?:;1,1] d3
4 [2,1,0] (0,2,5,4) | —10| 1 @fg,):a,m ds
41 [2,0,2] (0,2,4,4) | -8 | 1 g[(;é,lvu dr
41 [1,0,1] (1,3,5,4) | -14| 1 T[(jg’” ds

Table 1. The adjoint representation of A7 ™+ up to level four.

The relationship between the permitted As Dynkin labels p; of A and the Kac labels m; of
the AT root associated with A can be found in equation (16.6.3) of reference [33].

The notion of level is preserved by commutators, so the set of roots with m, = 1
forms a representation of A7 " which one can show is equivalent to the i*" fundamental
AFTt

representation, denoted ¢;. The ¢; and ¢y representations of were calculated this

way in the tables found in this paper. Note that the A3 weights in the tables for #; and
{5 have their corresponding A{ " roots written as A;r++(i) roots so that the new simple
root ay is included.

In previous sections, we have found the extra fields appearing in the action principles
and duality relations at low levels. Now we are finally ready to show, level-by-level, that
off-shell dualisation produces a set of extra fields that is closely correlated with the /¢
representation. In particular, at the n' level of higher dualisation, we count fields that
appear in the adjoint representation at level n 4+ 1 and in the ¢y representation at level
n. This will then be compared against the set of extra fields that we obtain by off-shell
dualising every field at every level.

In table 3, the ‘adj’ and ‘¢s’ columns contain the field multiplicities in the adjoint
and o representations, respectively, and the ‘total’ column gives their sum. The ‘maximal
off-shell’ column tells us how many of each field is found by off-shell dualising every field
at every level. Lastly, the ‘net’ column is the ‘maximal off-shell’ column minus the ‘total’
column. It tells us if we have too many, too few, or the right amount of fields with maximal

off-shell dualisation.

From gravity to dual gravity. Recall the dualisation of gravity in section 3.1 which
gave us the dual graviton with GL(4)-irreducible symmetry type Y[D — 3, 1] and an extra

— 95—



[ | A3 weight Af++(2) root a | o2 | mult. field label
0] [0,1,0] (0,0,0,0,1) | 2 1 Uy) 4
1| [1,0,1] (0,1,1,1,1) 0 1 Z[(Sl)l]

2| o3 | onrzy [ 2| 1 [ ¥, | @
2| [1,1,1] (0,1,2,2,1) -2 1 2[(32,)2,1] €2
2| [0,0,2] (1,2,2,2,1) | -4 | 1 VAV[(4,)1,1] c3
2| [0,1,0] (1,2,3,2,1) | =6 | 1 13[2,)2] c4
3| [1,1,3 (01,231 | 0 | 1 [ ¥ | d
31 [1,2,1] (0,1,3,3,1) | -4 | 2 Z[(zi)z,z,u d2
31 [0,1,2] (12331 | -8 | 4 | W, | d
31 10,2,0] (1,2,4,3,1) | -10| 2 13[53)272] dy
31 [2,1,0] (0,2,4,3,1) | =8 | 1 @S,)s,z] ds
31 [0,0,4] (1,2,2,3,1) —2 1 R[(i)l,l,l,l] dg
31 [2,0,2] 0,2,3,3,1) | =6 | 1 §[(§,)3,1,11 dr
31 [1,0,1] (1,3,4,3,1) | —12| 2 f[f;” ds

Table 2. The /5 representation of AT up to level three.

label | A3 weight | adj | o | total | maximal off-shell | net
b [1,0,1] 0 |1 1 1 0
c1 [1,0,3] 0 |1 1 1
ca [1,1,1] 1 |1 2 2
c3 [0,0,2] 0 |1 1 2 +1
c4 [0,1,0] 0 |1 1 1 0
Cs [2,0,0] 0 |0 0 1 +1
dy [1,1,3] 1 |1 2 2 0
do [1,2,1] 2 |2 4 3 -1
ds [0,1,2] 1 |4 5 6 +1
dy [0,2,0] 0 | 2 2 3 +1
ds [2,1,0] 1 |1 2 3 +1
dg [0,0,4] 0 |1 1 1 0
dr (2,0,2] 1 |1 2 3 +1
dg [1,0,1] 1 |2 3 6 +3
dyg [0,0,0] 0 |0 0 1 +1

Table 3. Extra fields from off-shell dualisation compared with A7 representations.
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[ | Az weight AfrHl) root a | ? | mult. | field
0| [1,0,0] (0,0,0,0,1) 2 1 p®
1] [0,0,1] (1,1,1,1,1) | 0 1 Zy)
2| [0,1,1] (1,1,2,2,1) -2 1 Zp)
2| 1[0,0,3] (1,1,1,2,1) 2 1 Zpaa]
3| [1,1,0] (1,2,4,3,1) | -8| 1 Zi39)
3|1 [1,0,2] (1,2,3,3,1) —6 1 Z31
3| 10,2,1] (1,1,3,3,1) | 4| 2 2.2.1]
3| [0,1,3] (1,1,2,3,1) 0 1 Zpa,

Table 4. The /; representation of A7 ™" up to level three.

(D — 2)-form which may be gauged away with a shift symmetry [1]. In four dimensions,
the decomposition

[]@[]:Dj@H (3.95)

gives us a symmetric rank-2 field Ay, and a 2-form field. The symmetric field is the familiar
dual graviton ag := AE? )1} in the adjoint representation of A7 at level 1 in table 1, and

the 2-form v := 17[(2?) is found in the ¢ representation at level 0 in table 2. In contrast to
what happens later, we do not dualise the extra 2-form field as it can be shifted away.

(0)

The first level of higher dualisation. Taking the dual graviton A and dualising

(1,1]
again, we obtain the first higher dual graviton Ag)l 1] and the extra field Z[(gl )1] , with sym-
metry types Y[2, 1, 1] and Y[3, 1]. We will now find each of these fields in the representations

of A+
The weight [0,1,2] in the adjoint representation at level 2 (see table 1) corresponds

to the first higher dual graviton field a; := Ale)l 1 and the weight [1,0,1] in the /o
(1)

representation at level 1 (see table 2) corresponds to the extra field b := 2[371} required to
build a consistent dual action principle. So, at the first level of higher dualisation, we see
the complete correspondence between the fields produced during off-shell dualisation and
the generators of the adjoint and /5 representations of A7 ™", There is a perfect match at
this level. In table 3, we see that b appears zero times in the adjoint at level 2 and once
at level 1 in fo. It is also required exactly once at this off-shell dualisation at this level,
hence the zero in the ‘net’ column. Note that, although they both have the same A3 weight
[1,0,1], the two fields b and dg in {2 at levels 1 and 3, respectively, are not compared or
counted together since they appear at different levels. In fact, dg should be viewed as a
Y[4,3,1] field.

The second level of higher dualisation. Taking the first higher dual graviton AEI)

2,1,1]
and dualising again, we obtain the second higher dual graviton Ag)Q 11] and three extra
fields that are required for a consistent action principle: }7[&2{ 1] 2[(32 )2 1] and W[Sf)l 1" This
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is the minimal off-shell dualisation of linearised gravity. In addition, we may dualise the
extra field from the previous level for mazimal off-shell dualisation. Recall (3.75) and (3.76)
for convenience:

1) 2) >(2) 5(2) =(2)
A[2,171] A[2,2,1,1] ® Y[3,1,1,1] N2 Z[3,2,1] D W[4,1,1] (3.96)
(1 =(2 —=(2 ~(2 ~(2

Z[3v)1} Z[(37)2,1] @ W[El,)l,l} ® P[Sl,)z} ©® Q[(g,)g,] (3.97)

We are now going to see where these fields are in the representations of ATH' .

The weight [0, 2, 2] in the adjoint representation at level 3 corresponds to the second
higher dual graviton ag := Ag,l,l] .
In the ¢ representation at level 2, we find the As weight [1,0,3] which corresponds to

It is useful to look at a couple of extra fields in detail.

~

cl = 1/[:(5271’1] . Since it does not appear in the adjoint, ¢; appears only once in our tables.

Moreover, ¢ appears precisely once in maximal off-shell dualisation at this level, so there
(2)

[37271]
appears once in the adjoint and once in the /5, and it also appears twice in maximal off-

is a perfect match for ¢; . Moving onto the next field, we see in table 3 that ¢y := Z

shell dualisation: once from the dualisation of a; and once more from the dualisation of b.

Another perfect match. The reader might like to check that ¢4 := ﬁ[f)z} gives yet another

match.
Unfortunately, we do not find a match for every extra field. For example, c3 := 171\/[512)1 1]

does not appear in the adjoint, and it appears once in the 5. However, two of them are
required for maximal off-shell dualisation. In other words, although ¢ contains enough for

the minimal off-shell description, we go slightly over when we dualise every field at every
(2)

3,3]
yet it is needed for maximal off-shell dualisation. We suggest that ¢5 should be thought of

level. It is even more peculiar with c5 := @ since it is not contained in the tables at all,
as thrice Hodge dual to the extra field cj3.

There is a perfect match for the GL(D) types of fields required but, as for multiplicities,
we appear to be lacking a small number of fields in the tables. Omne possible solution
could be to dualise some extra fields but not all of them. By carefully selecting which
fields to dualise, this would provide an off-shell description of gravity that does not exceed
the field content of the adjoint and £y representations of A7 " but nonetheless, within
this restriction, as many fields as possible are dualised. This lies somewhere between the
minimal and maximal off-shell dualisations, and we call it the optimal off-shell dualisation
of linearised gravity.

The third level of higher dualisation. Moving onto the next level, we find that

maximal off-shell dualisation produces the fields in (3.84) with Young tableaux (3.87).
®3)

2,2,2,1,1]
level 4, and a number of extra fields that are obtained by dualising the set independent

This set of fields contains the third higher dual graviton ag := A in the adjoint at
fields {ag,cq1,...,c5} from the previous level. As before, looking at table 3, we find that
some fields are a perfect match and some are not. In fact, for almost all of the extra fields
introduced at this level, we have a surplus of fields in the maximal off-shell description
compared with the fields that are available from the adjoint and {5 representations. With

the exception of the rogue scalar field dg := o®

[j Ik the Young tableaux for the extra fields
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perfectly match those of the spectrum of ¢5 at level 3. Rogue scalars like this one are found
in the maximal off-shell description at all odd levels of higher dualisation greater than or
equal to this level.

Optimal off-shell dualisation. In order to understand the differences between these
higher dualisation schemes, it is useful to give examples at low levels. All three of them
coincide at the first level of higher dualisation where the dual graviton A, is dualised
to give A%< and Zabed . We then have the choice of whether to dualise only the first
higher dual graviton or to dualise both fields. Unfortunately, we exceed the adjoint and
{5 representations of A] ™1 if both of them are dualised. Optimal and minimal off-shell
dualisations coincide at this level. In fact, we do not have an exact match with the fields
coming from A] Tt because there is an extra ¢z field in the A7 7T tables that is not obtained
in the optimal scheme.

At the next level of dualisation, we can choose any of the fields in {aj,c1,c2,c3} to
dualise. It turns out that all of them may be dualised to produce 16 new fields which are
contained in the A7 ™ representations. However, we do not find a perfect match because
there are six fields in the adjoint and ¢ representations that cannot be obtained this way.
In other words, the representations of A7 contain slightly more fields than optimal
off-shell dualisation.

The adjoint and #» representations at the next level contain 96 fields. If we dualise all
of the fields at the previous level in the optimal scheme, we obtain 69 fields. However, there
are six Y[3,3,1, 1] fields in the optimal scheme, whereas the adjoint and ¢ representations
of AT only contain five. The set of fields that produce Y[3,3,1,1] upon dualisation is
{4 xd3,2 x dg}, so optimal off-shell dualisation is attained by choosing any one of these six
fields not to dualise at the previous level. This is important: optimal off-shell dualisation is,
in general, not unique. Then again, we do not yet know what will happen at higher levels.
It is possible that these various pathways to optimal off-shell dualisation may converge at
higher levels. It would be interesting to draw the graph of optimal pathways at higher

levels and to study its topology.

More general statements. We have just observed what happens at low levels, but
there is more to say. It can easily be checked that the n'™ higher dual graviton A™ ~
Y[2,...,2,1,1] corresponds to the A3 weight [0, n, 2] with associated A} root (0,0,n,n+
1) whose squared length is equal to 2. That is, the n*® higher dual graviton appears in
the adjoint at level n + 1. To calculate this, we have used equation (16.6.3) from [33]
while requiring that the Kac labels are non-negative. It can also be shown that the /o
representation of A7 contains the 17("), 7™ and W™ families of extra fields. They
correspond to the Az weights [1,n — 2,3], [1,n — 1,1] and [0,n — 2,2] with associated
A;r++(2) roots (0,1,n—1,n,1), (0,1,n,n,1) and (1,2,n,n,1). However, even at low levels,
this will turn out not to produce the entire spectrum of /5 and, indeed, less than half of
the spectrum of £ at level 3 is found if we only dualise the A™ fields.

The A7 ™" algebra has been shown to contain the minimal off-shell dualisation of
linearised gravity in four dimensions. Of course, extra fields may also be dualised off-shell,
but dualising too many of them leads to field multiplicities that exceed those provided
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by the adjoint and £ representations of A "% . Maximal off-shell dualisation contains
too many fields, but it is quite interesting nonetheless. Despite some discrepancies in the
multiplicities of table 3, the correct Young tableaux shapes appear in this maximal scheme.
More work is needed to fully understand the role of the rogue scalar 6[(2)4] at the third level
of higher dualisation, and the other scalars at odd higher levels of dualisation.

The situation at the fourth level of maximal off-shell dualisation is more severe with
fields that have a surplus as high as +7. However, ignoring multiplicities, the Young
tableaux at this level in the maximal off-shell description perfectly matches the spectrum
of 5 at level 4.

In this section, we have identified a possible solution to the tricky problem of mis-
matched multiplicities at each level: optimal off-shell dualisation. In this scheme, one
carefully chooses which extra fields to dualise so that, at each level of higher dualisation,
AFTt

the set of extra fields is contained in the relevant representations of with multiplicities

that do not exceed those in the ‘total’ column in table 3.

4 The graviton tower action at low levels

The off-shell dualisation procedure has the advantage that the extra fields contained in
the /5 representation of AT++ are made explicit. See, for example, the dual action (3.28)
where the GL(4)-irreducible field variables Agp cq and Zaqu are in direct contact with
representations of A7 ™" namely the adjoint and /5 representations.

In this section, at the first level of higher dualisation, we show that the fields A%-°? and
Zabc,d may be repackaged into new fields: Ay and A%cd with the respective symmetry
types of A0 = A, and AM = A%cd  We will show that the gauge transformation
laws of these two fields are almost identical to those of the Fierz-Pauli field for A, and the
Labastida gauge field [23] with symmetry type Y(3,1) = Y[2, 1, 1] for A®<?  with additional
terms that entangle the two gauge transformation laws. In order to make contact with the
Labastida formalism where mixed-symmetry fields are given in the symmetric convention
for Young tableaux, we will also use this convention for the first higher dual graviton in
this section. However, it should be noted that this convention is not used in the context
of E-theory.

The equivalent formulation we will present for the action of the first higher dual gravi-
ton in terms of A4 and Ay, has the advantage of showing more explicitly the number
of degrees of freedom through an on-shell duality relation between the gauge invariant
curvature tensors of the two fields, as is usual in this context [11, 19, 34].

Change of variables. Recall that the fields appearing in the action (3.24) were X"
and Z,°, the latter being the Hodge dual of 2“‘1’6, see (3.25). The Hodge dual of the
former field Xab;ef is related to Acbef via Aabcd = d)Cd[“’b] and ¢4 = %eijd(“Xij;bC). This
field, the first higher dual graviton, transforms in the GL(4)-irreducible representation
Y[2,1,1] = Y(3,1).

From the independent field variables Xab;ij and Z,.° we introduce the two-form field

Uab — %Eabcd(XCd;ee . 4Zc;d) = _% Ned qud[a’ b 6abcd Zc;d = _% AAab,cC + Zabc,c (41)
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that transforms like
ST — 9 9laptl 4 cabed g o 70— Nab, _ b (4.2)
while we recall from section 3.2 that the field ¢®“¢ transforms like
§prberd — 3 gdyabe _ 3 glaybe)d | 3 pla bo)d _ %n(ab £ e (4.3)

We define the Y(3, 1)-type gauge field

%abc,d L (babc,d + 3 n(ab Uc)d (4 4)
= 1 .
that transforms like
5$abc,d _ SadS\abc o 38(a;\bc)d + 38(aﬁbc),d o %n(ab 5c)def 8e€f 7 (45)
where
Xabc — )\abc o %n(ab 7_0) ’ ﬁab,c — 'uab,c + % (nach o nc(aTb)) ] (46)

The advantage of this change of variable is that the newly defined gauge parameters Nabe

and 1% have the same trace:

Fa . )\abb _ ﬁbb,a _ 1 ot —

1 o =0, % = APy + 2 (4.7)

D=

This also implies that, among the three linearly independent gauge fields {ggabc’d, U, z (asb) )
only U? transforms with 7¢. As a result, the dependence of the action S [(;NS“bC’d, Ueb, Ziaw)]
on U comes entirely through its field strength H¢(U) := 3 9leytd .

From (A.3) together with (4.4) and

Xab'Cd _ %5abef 5cde7f 7 gzgabc,d _ %Eijd(a Xij'bc) ’ (48)
we obtain
)?ab;Cd = Xab;Cd + %Eabefn(CdUe)f . (4.9)
We now express the action (3.24) in terms of the independent fields Xabfd , U and fqp ==
Z(aih) *
LX,U, f) = & Hape(U) HP(U) + 0afoc 0* £ — 4 0af™ 0efo® — 3 0af™ 0cX ;"
+20°f 0" X o — 1 Eabea H(U) (ai)?id;ee +4 aifid) — & 0, X " 0" Xypg
+ 10, X 9, X g + 3 0" Xai O X0 + L 0, X g 0T X (4.10)

where Habc(U) = 38[anc] .
Now we can dualise the field U into a scalar field S by letting Hge be an inde-
pendent field and creating a new parent Lagrangian £(X, H, f) with the additional term

% gbed § S Hy.q. Solving the field equation for the auxiliary field H . yields

Habc = %&zbcd (ai)?id;ee +4 8zf2d + adS) . (411)

~ 31—



Substituting this into the parent Lagrangian, we obtain the following dual Lagrangian
which is given, up to a total derivative, by

L(X,S,f) =55 0,50 + £ 0,50 — 2 0uf® O futy + Dufpe O
- 2718 aa)?ab;cc ai)ﬂzib;dd + % aaXab;cd azl)zvib;cd + % adXda;be anab;cc
+ i aXapet 0UX Y, +20°f 0 X gope — 20uf P X’ . (4.12)

This action is invariant under

(kgabc,d =3 adxabc -3 a((JLS‘bc)d +3 a(aﬂbc),d - %n(ab €c)dij 8i€j ) (413)
§fup =1 (eaCde Ocfivd,e + 5°% 3cﬁad,e) + O(a€t) — § Tab Oce® (4.14)
0S8 = — 30,6 (4.15)

Finally, we combine the scalar field S with the traceless symmetric field fop := Z(4;) to get
Agy =2 fap — tnwS & S=-3 A fup = 3 (Agp — 1 Nab Ac,) . (4.16)
We therefore obtain a new action S [ﬁab, ;lab’“l] which takes the form
S[ Ay, Asbedy
~ 1 / dha [} 0, A 00 A — 30,40 0 A+ 20,4 9° Ay + 3 0,4 A
+ 289, A% 0 X . q" — 20°A% 0" X gy e (4.17)
+4 D X0 X g€ — 3 Oa X ape DX, — DXL 0 X pg — Do X 2551 66)?61;;@4 ,
where
Aobed _ Jedlad] Jobed — _ 3 Jd(abo) (4.18)

and

v ciea — 1 Jcieaby,b Jcicacs,d — 3 _ijd(c1 y. . cac:
Xa1a2;12:§5a1a2b1b2¢121 2 Perecs :15](1Xz'j;23) (4'19)

are understood throughout. This allows us to write the repackaged first higher dual gravi-

A®cd i a variety of useful ways. For example, it was convenient to write the above

action in terms of A, and Xab;“l.

ton
It is invariant under the following intertwined gauge
transformations:

(Lzlab =2 8(a6b) - gcde(aac lab)d76 ) Xabb = /jbbya ) (420)
5(Zabc,d -3 8anbc _ 38(aXbc)d + 38(aﬁbc)7d _ %n(ab gc)dij 82'53' . (4.21)

Trivially, one would need to make use of (4.18) before checking gauge invariance un-
der (4.21). The Xebe and %€ parts of the gauge transformations for ¢*ed coincide with
the Labstida gauge transformations for a gauge field of type Y(3,1). In particular, the
two gauge parameters are constrained to have equal trace. The ¢, part of the gauge
transformations for the (traceful) symmetric rank-two tensor Ay corresponds to linearised

~ab,c

diffeomorphisms. However, notice that A, also transforms with the p*¢ gauge parame-

ter, and that ¢>¢ transforms with the gauge parameter e,. As we have seen in [30] for
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higher dualisation of gauge fields, we find that the action contains fields that resemble the
original dual graviton A, and the first higher dual graviton ¢®%? with entangled gauge
transformation laws. By the construction of our dual action using the parent action pro-
cedure, we know that the on-shell degrees of freedom are only those of a single massless
spin-2 field around four-dimensional Minkowksi spacetime. Nevertheless, we will rederive
this fact from the field equations. It is clear that the dual action is more than just the sum
of the Fierz-Pauli and Labastida actions.

It is also important to remember that this repackaging approach seeks to drastically
redefine our fields for reasons that will become clear towards the end of this section. As
a result, gauge transformations (4.20) and (4.21) are not expected to resemble the gauge
transformations for A, and A% that were found in section 2.2 and section 3.2.

Field equations. The equations of motion for the fields A, and ¢“? are given by
E[Aly~0  and &[G ~0, (4.22)
where E[A]q and E[@]?Pe? are given by

g[g]ab = - %Dgab + %alabﬁcc + %8ia(agb)i — %nab (Dgcc _ alajg”)
— 200 Xsyij” — 00 Xi(ar); (4.23)
5[¢]abc7d = %Dd)aqu _ ingd(ab)C) _ %aiadd)abc,i + iaia(agﬁbc)d,i + %adaigbi(ab,c)
_ %aia(agbC)z}d . %a(aab;gdii,d + %a(aab|$dii,|c) + %nd(aajabgc)ii,j _ éﬁ(abac)@&ﬁj’j
— In™0M9;¢;'19) 4 Ln(atlg0dgle)is:; 4 Ln(ablg; 0,61 1e) — Lyleby,p;60)d
o %n(ab\adajgiij,\c) _ %n(abac)aj(’gdii,j + %n(abac)ajgiij,d + %n(alﬂajadg\c)ii,j
+ 3350 067 — TGN 4 300,00 A9 4 Jon( e 9,0 Ay (4.24)

Alternatively, we may vary with respect to )N(abfd to find £ [)N( Jab:“4 ~ 0, where

E[X] ;% = — 9,0 AR D + 151, COAD — 15,050 Ao + 01,00 AV — L6, 0 ' Ay,
+ 200 O Ay + 0101 Xy, — 300 Xy D — L0t X
+ 1070 100" Xy + 01 70Xy — 'O X’ — 7317000 Xigiy?
+ 201,00, XV 4+ By, coDaI XV (4.25)

They obey Noether identities associated with the gauge parameters. For ¢,, we have
OE[Alap — 2 mij enapd*E[PITH = 0. (4.26)
In addition, associated with the traceless part of the [i% gauge parameter, we find
(ajd(baig[ﬁ] i+ 30,E[p) b — 3aa5[$]a<bc’d>) — trace =0, (4.27)

where “trace” indicates the terms needed to remove the trace of the expression in the
brackets. There are also Noether identities related to the traceless part of the gauge
parameter A*¢ and the shared trace of A%¢ and 7i®¢ although we will not write them here.
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Gauge-invariant tensors. Associated with the gauge transformations (4.20) and (4.21)
for Ay and ¢%%? respectively, we find the following gauge-invariant tensor with two
derivatives:

Kmanb = 400 Abja) + 2 01min 000" Aji + 2 1m0 0" Agji — 2 1 01 O A
— 40 0" Xifnp]|a] — 40O Xifmsal o] = 3 MnfmOa) 0" Xbizg” = 2 Mamin 050" Xairg” -
(4.28)

Notice that I := OA.¢ — 9°0" A, = —% K%, is a gauge invariant scalar. This can be
seen as resulting from the gauge transformation of V, := 0[Xap:c® + 2(Aap — NapAc)]

5Viy = 79" Oaey, - (4.29)
We find that the left-hand side of the field equation for Aab is related to the trace of Kyqnp :
_25["2{]111) = Kap — %nabK =: G , (430)

where Kgp, := 0" Kgpmpn and K 1= n®K,,. Obviously, on-shell, we have K, ~ 0 which
is to be compared with the field equation (2.28) in section 2.3. This is analogous to the
Ricci-flat equation in linearised gravity.

We also have the following gauge-invariant quantity with three derivatives:

Gmn,pq;d =4 5ade aaa[ma[pggq]n]b,c
=2 (Mo 01V + § (%m0 0 Vi) + 600y Vi) = 3 Mgy im0V
(4.31)

that possesses the algebraic symmetries of the Riemann tensor in its first four indices and
also satisfies two additional tracelessness constraints: Grnpg;" = Gmngpg? = 0. These

algebraic constraints on the tensor Gy, pe" imply that the dual tensor Gupemnpg =
Eabed Gmn,pg:® is of GL(4)-irreducible type Y[3,2,2].

The Bianchi identity. We find that 9|, Ky 4c is expressed in terms of Agp and ¢ed ag
010Ky de = 4001400 Xilbscle] + 21[a[d0" 01 b X iz — *201a(d0 01 Op A - (4.32)
It is possible to write this in terms of the left-hand-side of the field equation for Xabfd:

a[a,[(bc},de =38 a[ag[jz]b[d;e]c] - n[a[dae]g[jabc];ii + %n[d[aaif")’zbc};e}i + %n[a[daig[i]e]b;c]i :
(4.33)

Therefore, on-shell, we find the following relation that will be instrumental in showing that
the degrees of freedom are those of a single graviton:

8[aKbche ~0. (434)
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On-shell duality relation. We find that the gauge-invariant tensor Ggp 4. is related
to Kgp,cqa and the left-hand-sides of the equations of motion in the following way:

C;ab,cd;e = _86Kab,cd
+ a0 €A + NefaOnE 1Al — 010 01cE[Alap) — 9101 [Al)a) + NafenapO°EA]L’
+ 80 E[X] () + 8 OE[X] (apla) + 2 MfaleDa €[ X5 i + 2701ea Oy €[ X g™ i - (4:35)

Consequently, on-shell, we have the following duality relation:
Gapgplel2) ¥ — €apla Kozl € Gunpg = — 0 Kunngg - (4.36)

These equations are important in several respects. The tensors K, .q and éabc’de, fq
can be called the field strengths for the repackaged dual graviton and first higher dual
graviton, resepctively. Indeed, they do not vanish on-shell and they are gauge invariant.
The duality relation (4.36) sets equal the two curvature tensors, on-shell, thereby showing
that the physical degrees of freedom carried by the field ﬁab are also contained in anbc,d-
There is no doubling of the degrees of freedom. Secondly, from (4.36) and the on-shell
Bianchi identity (4.34), we find

C:mbc,ab,de ~ 0 ; (437)

which is exactly the form of the field equation (2.34) that we derived for the first higher
dual graviton in section 2.3. Finally, by taking the trace of the duality relation (4.36) on
the indices by and co and using the Ricci-flat equation K, ~ 0 that we derived above, we
find

Gabedelf = 0. (4.38)

This field equation completes those found in section 2.3.

With these field equations, we have found a strong parallel with the analogous equa-
tions derived in section 2.3. However, since no action principle was considered in that
section, each field strength was a function of a single field. Instead, in the off-shell formu-
lation found in the present section that requires the extra field Zabed 4 be repackaged,
equations necessarily entangle both fields due to the nature of the gauge transformation
laws.

We conjecture that this dualisation and repackaging procedure creates an increasingly
tall tower of new repackaged dual gravitons whose gauge transformation laws are inter-
twined. In particular, for a given tower with highest level N, the field 5(”) at level n < N
should transform as a Labastida gauge field of symmetry type Y[2,...,2,1,1]. Its gauge
transformation law should contain terms that entangle it with the repackaged fields at
every level lower than n. Moreover, if n < N, then its gauge transformation law will also
be entangled with that of the repackaged field at level n + 1. It may even be possible to
redefine fields so that the repackaged dual graviton at level n is entangled only with those
at level n+1andn—1.

For the graviton tower action S[Agp, A%¢4] in (4.17), the extra field Z%*¢ was com-
pletely hidden by the specific field and gauge parameter redefinitions used to construct A .
However, this may only be possible at low levels, so we cannot yet exclude the possibility
that some extra fields may still be present in the graviton tower actions at higher levels.
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5 Conclusion

In this paper, we started to make precise connections between the non-linear realisation
based on A{ " [14-18] and the off-shell dualisation programme for pure gravity in four
dimensions [9]. The non-linear realisation contains an infinite number of dualisations of
gravity. It consists of an infinite set of duality relations, the first of which involves only the
graviton and the dual graviton. This relation was worked out at the full non-linear level
in [17, 18]. In section 2, we have used the non-linear realisation to work out the linearised
equations of motion for the first higher dual graviton.

While on the other hand, in [9] it was shown that pure linearised gravity could be
described by any member of an infinite family of action principles, each involving more
and more fields. Some of these fields were shown in [9] to have a direct connection with
the adjoint representation of the very-extended Agf?{ algebra, while other fields received
no interpretation at that time.

In the present paper, where we focus on D = 4 for the sake of concreteness, we showed
that the aforementioned fields are all associated with generators in the ¢5 representation of
ATTT in the sense that there exist generators in £3 that have the same GL(4) types. We
have carried out this match up to level four and, while there is a striking agreement at low
levels, some of the multiplicities differ for the extra fields.

We also constructed, at the level of the first higher dual graviton, a new action princi-
ple featuring two fields Ay, and Aab’cd with the GL(4) symmetry types Y[1,1] and Y[2,1, 1]
of the dual graviton and the first higher dual graviton, respectively. The gauge transfor-

mations of these two fields are those of the dual graviton and the corresponding L]

Labastida field, along with extra terms that entangle the two fields. Remarkably, the
field equations can be obtained from a duality relation between the gauge invariant curva-
tures of these repackaged fields, which further demonstrates that our original action only
propagates a single graviton. That the field equations can be encapsulated in a set of
duality relations is in full agreement with the method of obtaining the field equations in
the non-linear realisation of A] "1 x ¢;.

In a future work in preparation, we will extend our analysis to pure gravity in five
dimensions where the relevant algebra is A;'H. We will also consider pure gravity and
the bosonic sector of maximal supergravity in eleven dimensions. It is well-known that the
relevant Kac-Moody algebras for these theories are A§++ and F71i, respectively. There,
we will also show how their /5 representations are related to the set of off-shell fields
entering higher dual action principles. It will be important to modify the coset space
used to construct the non-linear realisation for these algebras in order to incorporate /s .
Consequently, this will account for the extra fields that were thought to be missing from
E -theory until now.

Finally, it would be interesting to make a contact with [35] where the importance
of the {5 representation of Fji; was noticed in a similar context. It is not yet clear to
us that there is a connection since their equations of motion are obtained from the FEqq
pseudo -Lagrangian by a variational principle supplemented by extra duality relations that
are not derived by variation. More specifically, variations with respect to constrained fields
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(which carry a section constraint index) vanish only when these extra duality relations are
imposed. In contrast, our off-shell dualisation approach produces equations of motion and
duality relations that are all obtained by varying dual actions. Nothing external needs to be
imposed here. Another line of research is to investigate the possible non-linear extensions
of the higher dual actions considered here.
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A Young tableaux in the symmetric convention

During the construction of the first higher dual action for gravity, we might want to express
the irreducible field content {Ac?  Z@bed} of (3.28) in terms of fields with blocks of sym-
metric indices, corresponding to the manifestly symmetric convention for Young tableaux.
Recall that {A%<d Zabed) and { X, Z,.%} are related by (3.25) and (3.26) as follows:
Aab7cd — _% é_abij Xij;Cd ’ Zabc,d — Eabce Ze;d ’ (Al)
Xop,™ = § €apij AV Zo® = § €abed 2" . (A.2)

We can now introduce equivalent fields in the symmetric convention:

cieacs,d . 3 _ijd(c cac cica,d,e . 1 _aed(c c
pereaesd .= 3 giidler x e2en) | yereade . 1 aed(er 7, ) (A.3)
Inverse relations are given by
cica 1 bicica,b c__ 1 bi1c,b2,b
Xa1a2; 192 = §€a1a2b1b2 d) 1ee.m2 ) Za; - §€ab1b2b3¢ 155208 (A4)

These GL(4)-irreducible fields satisfy over-symmetrisation constraints:

(babc,d _ (z)(abc),d (b(abc,d)

(A.5)
(A.6)

)

0,
0.

wab,c,d _ w(ab),c,d w(alyc),d — w(ab|,c,|d) = wab,(c,d)

)

This is an opportunity to summarise and exemplify the two equivalent conventions for
Young tableaux of GL(D). A finite-dimensional irreducible representation of GL(D) may
be described by a tensor field with groups of manifestly symmetric indices, each group
corresponding to a row on the Young tableau associated with it, such that the tensor sat-
isfies over-symmetrisation identities. Alternatively, we may choose to describe the same
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finite-dimensional irreducible representation of GL(D) by a tensor with groups of mani-
festly antisymmetric indices, each group corresponding to a column on the Young tableau,
such that the corresponding tensor satisfies over-antisymmetrisation identities. The GL(4)
symmetries of the fields introduced so far are depicted by the following Young tableaux:

b]

¢abc,d ~ blcl ~ Aad,bc ’ d}ab,c,d ~ ~ Zacd,b ] (A?)

[x]=]e

a
L]
The relation between the two conventions for Young tableaux is given by

Aab,cd = gbcd[a,b} zabc,d = 3wd[a,b,c} (AS)

with inverse relations

gebed = 1 ged(ab) (A.9)

)

abe,d — 3 pd(a,be)
gobed = _3 4

These relations describe nothing more than a change of basis between irreducible tensor
fields in the manifestly symmetric and antisymmetric conventions for Young tableaux.

The second level of higher dualisation involves a reducible field Dab;clc”i*’d which must
be decomposed into traceless components as in (3.50). These components then need to be
Hodge dualised on their first blocks of indices in the same way that Xabfd and Za;b were.
As before, this will create GL(4)-irreducible fields with symmetric blocks of indices. Their
symmetry types are Y(4,2), Y(4,1,1), Y(3,2,1) and Y(3,1,1,1):

¢clcgc3c4,d1d2 —_ 4 €a1a2(d1(cha “ 026304)7(12) (A ]_O)
5 1G2; ’ :
¢010203C4,d76 — %eaed(clya.0203c4) , (All)
(Y) ’
¢C1C203,d1d276 — 4 cae(di(a Za.0203),d2) (A.12)
2) 5 ’ ’ '
w(cv1vc)2€3,d,€,f — 7% 5fed(cl WC2‘33) , (A.13)

Inverse relations are given by

d_ 1 b ,bad
Xa1a2§610263 - §5a1a2b162¢ 1e1e2es,be ) (A14)
1 b b2,b
Ya;CIC2CS — §€ab1b2b3w(;}?lc283 2,03 , (A15)
d_ 1 bieica,badb
Za;CICQ - jgabﬂ)gbgw(é)chQ 24,08 ) (Alﬁ)
1 b 7b 7b‘ 7b
weae = §5b152b3b4w(;‘2102 2 (A.17)
The symmetries of the fields on the right-hand-sides of (A.14)-(A.17) are depicted as
bi]ci]e2]
bifeifez]es] bi[ci]e2]
bilcilezle b
b; dl 2cs] ) B2 , ba|d , % : (A.18)
03] [b3] ba]

Generators of Af++ are usually written with antisymmetric indices. To match that, we
take the irreducible fields in the symmetric convention, namely @¢1c2esca.didz w§10253c4’d’e,
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w;lc?c?”dld?’e and wgyzcs’d’e’f , and use them to construct irreducible fields with antisymmet-

ric blocks of indices which obey over-antisymmetrisation identities. They are defined by

Aalag,blbg,cd - ¢Cd[al [b1,b2]a1]
. )

Yy @1a2a3,¢1,62,¢3 . wCICQCS[al,a%aB]
) (Y) ’
Za1aza3,bibz,c . wC[al[bLbz]az,%]
) (2) ’
W @1a2a3a4,c1,¢2 . ¢C102[a1,az7a3,a4]
’ (W) ’
with inverse relations
¢C10203C4,d1d2 _ 12 A(Cl‘(dlde)‘027C37c4)
= -k ,

wclcgc;gal,d,e — 2?6[6(01,62,03,04)
M

)

w0102037d1d2’e — 16 Z(cile(di,dz2)|cz,c3)
=X )

(Z)

pereaesdef — 9 wfed(eicanes)

(W)

B Representations of At at the next level

I | Az weight | A7™" root a | o? | mult. field

5| [0,1,0] (2,4,7,5) —24 1 Alg4.2]

51 [2,0,0] (1,4,7,5) —22 1 Az g

5| 10,0,2] (2,4,6,5) | —22| 2 Ay
51 [1,1,1] (1,3,6,5) —20 5 Az
5| [3,0,1] (0,3,6,5) —-16 2 A33.3,1]
51 [1,0,3] (1,3,5,5) —16 3 Auu31,1,1
5| [0,3,0] (1,2,6,5) —-16 2 A2,
5| [2,2,0] (0,2,6,5) —14 3 A3.329)
5| 10,2,2] (1,2,5,5) | —14| 3 | Ausony
5| [2,1,2] (0,2,5,5) —12 4 A3321,1
5| 10,1,4] (1,2,4,5) | =8 | 1 | Auaiiiy
5| [2,0,4] (0,2,4,5) —6 2 A3.31,1,1,1]
51 [1,3,1] (0,1,5,5) -8 3 A32:2,2,1]
51 [1,2,3] (0,1,4,5) —4 2 A32,2,1,1,1]
5| 10,4,2] (0,0,4,5) 2 1| Apasaiy

Table 5. The adjoint representation of A7 at level five.
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[ | A3 weight A1+++(2) root a | o? | mult. field

4| [0,1,0] (2,4,6,4,1) | —22| 3 Apaz)

41 [2,0,0] (1,4,6,4,1) —20 3 A3

4| [0,0,2] (2,4,5,4,1) | 20| 3 Apany
4| [1,1,1] (1,3,5,4,1) —18 | 12 Al3.2,1]
4 (3,0,1] (0,3,5,4,1) —14 3 Ai333,1]
4| [1,0,3] (1,3,4,4,1) —14 7 Az,
4 [0, 3,0] (1,2,5,4,1) —14 6 Al2,2.2]
41 [2,2,0] (0,2,5,4,1) —12 3 A3.329]
4 [0,2,2] (1,2,4,4,1) —12 9 A22,1,1]
41 [2,1,2] (0,2,4,4,1) —-10 5 A 321,1]
4 [0,1,4] (1,2,3,4,1) —6 4 Al21,1,1,1]
4 [2,0,4] (0,2,3,4,1) —4 1 A3.31,1,1,1]
4 [1,3,1] (0,1,4,4,1) —6 3 A32,22.1]
41 [1,2,3] (0,1,3,4,1) | =2 | 2 | Aoy

Table 6. The /5 representation of A7 at level four.
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