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Abstract

The theory of spin-3-gravity on 3d Minkowski-space is analysed in the metric-like
formalism. Starting from the cubic interaction vertices classified by K. Mkrtchyan
in 2018, the first-order corrections to the gauge transformations induced by these
vertices are calculated. Due to the existence of dimension-dependent-identities
(DDT’s) the construction of higher-spin theories in three dimensions differs
significantly from the higher-dimensional case. The Noether-procedure hence needs
to be adapted to account for the influence of DDI’s. Making use of the first-order
gauge deformations, the gauge brackets emerging from the non-abelian deformations
are identified.

By imposing the Jacobi-identity for the gauge brackets and demanding closure of the
extended gauge algebra the coupling constants of spin-3-gravity are fixed and the
consistency of the theory is confirmed at the global symmetry level. Furthermore,
the structure constants of the global symmetry algebra are determined.

After the consistency of spin-3-gravity has been verified and most free parameters
have been fixed (up to a global factor), the coupling of matter in the form of
massive scalar and Maxwell fields to the theory is investigated. In accordance with
Prokushkin-Vasiliev-theory it is shown that once matter is introduced to the theory
an infinite tower of higher-spin fields is needed in order to close the gauge algebra.



Zusammenfassung

In dieser Arbeit wird die Theorie der Spin-3-Gravitation in dreidimensionaler
Minkowski-Raumzeit im metrischen Formalismus untersucht. Aufgrund der Existenz
von sogenannten dimension-dependent-identities (DDI's) unterscheidet sich die
Konstruktion von higher-spin-Theorien in drei Raumzeit-Dimensionen erheblich von
den hoherdimensionalen Fallen. Um den Einfluss dieser DDI’s zu beriicksichtigen,
muss die Noether-Prozedur fiir den vorliegenden Fall adaptiert werden. Als
Ausgangspunkt fiir die Konstruktion der Theorie dienen die kubischen Vertizes,
welche von K. Mkrtchyan im Jahr 2018 klassifiziert worden sind. Die von diesen
Vertizes induzierten Deformationen der FEichtransformationen werden zur ersten
Ordnung  ermittelt.  Anschlieend werden die Kommutatoren  dieser
Eichdeformationen berechnet und die daraus resultierenden Eichklammern bestimmt.

Durch die Forderung, dass die Eichklammern die Jacobi-Identitat erfiillen und die
erweiterte Eichalgebra abgeschlossen ist, werden die Kopplungskonstanten der
Spin-3-Gravitation fixiert und die kubische Konsistenz der Theorie auf dem Level der
globalen  Symmetrie-Algebra  demonstriert. Des  Weiteren werden die
Strukturkonstanten dieser Algebra ermittelt.

Nachdem die Konsistenz der Spin-3-Gravitation gezeigt und der Grofiteil der freien
Parameter fixiert ist, wird die Kopplung von Materie in Form von massiven
Skalarfeldern und Maxwell-Feldern an die Theorie untersucht. In Ubereinstimmung
mit den Erkenntnissen aus der Prokushkin-Vasiliev-Theorie wird gezeigt, dass fiir
die konsistente Kopplung von Materie ein unendlicher Turm von higher-spin-Feldern
benotigt wird, um die Abgeschlossenheit der Eichalgebra zu gewahrleisten.
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Introduction

Since the first investigations of fields with spin greater than two in the first half of
the 20th century [1], the subject of higher-spin theories has consistently attracted
attention. One reason for this is that higher-spin-gravity theories (i.e. theories where
the higher-spin fields are coupled to the gravitational field) are potential candidates
for a consistent description of quantum gravity. Furthermore, such theories are
expected to appear in the tensionless (high-energy) limit of string theory, so the
study of higher-spin theories could lead to a better understanding of string theory
itself.

The interest in these theories intesified at the beginning of the new millenium when
Klebanov and Polyakov proposed a holographic duality relation between higher-spin
theories on d-dimensional anti-deSitter-space (AdS) and a (d — 1)-dimensional
conformal field theory (CFT) on the boundary [2], resembling the string-theoretic
AdS/CFT-duality conjectured by Maldacena in 1998 [3]. Since higher-spin theories
are in general easier to analyse than string theory the higher-spin duality relation
allows for the study of holographic principles in a more managable setting
[4,5,6,7,8,09, 10, 11, 12, 13, 14, 15, 16].

The AdS/CFT duality becomes especially strong when the dual CFT is
two-dimensional. In this case, the conformal symmetry algebra becomes an
infinite-dimensional W-algebra [17], whose powerful symmetry allows for many exact
results. For this reason, three-dimensional higher-spin theories are particularly
interesting. The higher-spin AdS;/CFT,-duality was first analyzed in [18], also see
[19] for a review.

Over the years different formalisms in which higher-spin theories can be constructed
have been developed. The metric-like formalism [20, 21, 22, 23, 24|, based on the
work of Fronsdal [25, 26] uses symmetric tensor fields as basic objects, in analogy to
the standard formulation of general relativity, which is based on the metric tensor. In
this formalism the action is constructed perturbatively in powers of the fields, making
use of the so-called Noether-procedure [27]. While this process is quite tedious, it
has some important advantages. First, if one wishes to construct a quantum theory
of higher-spin fields, the metric-like action is best suited for quantization. Second,
in contrast to any other formalism, the coupling of matter to the theory can be done
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in a straightforward way [28, 29, 30, 31, 27, 32, 33].

Starting from the free Fronsdal-Lagrangian for higher-spin fields [25], the next step
of the Nother-procedure consists of the construction of cubic interaction vertices.
These vertices contain the first non-trivial interaction terms between different fields.
Even though cubic vertices are well-understood by now, much less is known about
quartic or even higher-order vertices [34, 35, 36, 37, 38|.

Cubic vertices in flat space have first been classified in the lightcone-gauge
(39, 40, 41, 42, 43, 44, 45] for d = 4 [46] and in arbitrary spacetime dimension
[47], then in the covariant form [48]. For AdS, the cubic vertices have been classified
in [49].

In three dimensions, little progress was made compared to higher dimensions, until
recently the 3d cubic vertices have been classified by Mkrtchyan [50, 51]. Due to
the huge influence of dimension-dependent-identities (DDI’s) the construction of
higher-spin-theories in three dimensions differs substantially from the
higher-dimensional case.

In the same fashion as three dimensional general relativity [52], higher-spin gravity
theories in three dimensions can also be formulated as a Chern-Simons (CS)-theory
[53]. This description uses the so-called frame-like language [54, 55, 56, 57|, in
which the basic objects are the generalized vielbein and the spin-connection. The
Lagrangian then consists of connection one-forms built out of these objects. An
advantage of the CS-formulation is that it is very easy to analyze the gauge sector
of the underlying theory. However, the coupling of matter turns out to be quite
difficult, although some progress was made [58, 59, 60, 61]. In this setting, it is
well-known how to construct spin-s-gravity theories [57] with symmetry algebra
sl(s) € sl(s) (see [52] for the case of spin-3-gravity). Even though these theories
can be described both in the frame-like and in the metric-like setting, not much is
known about the relation of these formulations. A first step towards the connection
of the two pictures was done in [62, 63|, where the metric-like expressions for the
Lagrangian and the gauge transformations have been extracted from the CS-theory
up to a certain order. In [64] also the inverse direction was investigated.

Last, there is also the BRST-approach [65, 66, 67] coming from string-theory, which
will not be relevant for this work.

When facing the task of constructing consistent higher-spin-gravity theories one
also has to take various no-go results into consideration (see [68] for a review).
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A prominent example would be the Aragone-Deser-problem [69], which constitutes
of the fact that in Minkowski space of dimension greater than three higher-spin
fields cannot couple to gravity in a consistent way. However, in three dimensions
the no-go result of Aragone and Deser does not apply, as was shown by the same
authors [70]. This is due to the fact that for d = 3 the Weyl-tensor vanishes and the
problematic terms that lead to inconsistencies in higher dimensions can be canceled
by appropriate counterterms. In fact, none of the known no-go results apply to three
dimensions, even in the flat space case [71].

Another way to bypass the Aragone-Deser-problem is to switch from flat space to
AdS. This consideration has led to the construction of Vasiliev-theory
(72, 73, 74, 75, 76, 77, 78, 79|, first for d = 4 in 1990 [80] and then for arbitrary
spacetime dimension [81] (see [82] for a review). Vasiliev-theory (in 3d
Prokushkin-Vasiliev-theory) is to date the only known example of a fully interacting
consistent theory involving higher-spin fields together with matter. It consists of an
infinite tower of higher-spin fields, one for each spin value, as well as some massive
complex scalar fields. The global symmetry algebra of the theory is the higher-spin
algebra hs()\) [83] (also see [84] for a detailed analysis of higher-spin algebras) and
the mass of the scalar fields depends on the parameter .

Although Vasiliev-theory is known for more than 30 years, there is still no standard
Lagrangian description available. Instead, the theory is formulated in the so-called
"unfolded-formalism” on the level of equations of motion. This circumstance makes
it very difficult to extract information from the theory, although some steps in
this direction have been done in [85, 86, 87]. However, it seems that for a full
understanding of the theory a Lagrangian description is indispensable.

In this work we take the next step towards such a Lagrangian description of
Prokushkin-Vasiliev theory: the construction of spin-3-gravity at the cubic level
on three-dimensional Minkowski-space in the metric-like formalism. We work in flat
space rather than AdS because the Noether-procedure is much easier to perform.
As already mentioned, none of the various no-go results apply in this case. Also,
as long as we do not include matter into the theory, the higher-spin algebra hs(\)
can be truncated to sl(3) € sl(3), so spin-3-gravity is expected to be consistent by
itself. Once all the tools necessary to construct spin-3-gravity are developed, they
can in principle be applied to spin-s-gravity for arbitrary s. In a final step, one can
try to incorporate matter to the theory, resulting in a metric-like formulation of
Prokushkin-Vasiliev-theory.

The outline of this thesis is as follows: chapter 1 introduces the notation and
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conventions used. In chapter 2 the cubic vertices for 3d flat space that have been
classified in [50] are presented. Making use of these vertices, chapters 3 and 4 deal
with the calculation of the first-order gauge deformations and the induced gauge
brackets for spin-3-gravity, respectively. To do this, the method of [22] is generalised
to three dimensions. In chapter 5 the consistency of the theory is verified by explicitly
checking various consistency conditions. Also the coupling constants are fixed up to
a global factor. Chapter 6 briefly discusses the structure constants of the global
symmetry algebra. Finally, the coupling of matter in the form of massive scalar
fields and Maxwell fields to the theory is investigated in chapter 7 and the need for
an infinite higher-spin tower is recovered. We end with a discussion of our results
and an outline of future research in chapter 8.



1 Notation and Definitions

Fields and gauge parameters

In this work, we will only deal with parity-even fields of integer spin. In the Fronsdal
formulation, which will be discussed in the next section, such fields are described as
fully symmetric tensors with rank equal to their respective spin. For these tensors
it is convenient to introduce an index-free notation, where all indices are contracted
with auxiliary vectors a;

S 1 S
(I)Z( Nag a;) = =@ (2;)a" ...k (1.1)
s!

Here i labels the different fields. All relevant operations on these fields can now be
expressed as contractions of the a; and a few partial derivatives

0 0

ozt YT dalt

Vip = (1.2)

For example, the operations of gradient, divergence and trace can now be written
as

Grad CIDES) (i, a;) = (a; - Vl-)CI)ES) (xi,a;), (1.3)
Div & (2, a;) = (9; - V) (21, a;), (1.4)

A gauge parameter of a massless spin-s field can be expressed in the same index-free
way as the field

(s-1)¢ LGSy

& (i a;) = o) N (7 [ (a (1.6)

)

For the sake of simplicity, the superscripts of the fields and parameters that indicate
their respective spin, as well as their arguments, will be suppressed most of the time.



1 Notation and Definitions

Free Fronsdal theory

A consistent description of free massless fields of arbitrary (half-)integer spin s has
been found in 1978 by Fronsdal [25, 26]. The fields of integer spin are described as
fully symmetric rank-s tensors obeying the so-called Fronsdal-equation

FO =00 — (a-V)D(®) =0, (1.7)
where D is the deDonder-tensor
1
D(®)=(0-V)d — §(a -V)(0-0)9. (1.8)

In order for this equation to propagate the correct degrees of freedom for a massless
spin-s field, we need to impose double-tracelessness of the field

(0-0)°® = 0. (1.9)

One can find a Lagrangian whose EOM are equivalent to the Fronsdal-equation
above. This Fronsdal-Lagrangian is [51]

1 .
L9 = o0, - 0.)°F, (1.10)
where we have
F=F— icﬁagf. (1.11)

One can check that this Lagrangian is invariant under the gauge transformation

50 = (a-V)e, (1.12)

iff we choose the gauge parameter to be traceless.

(9 9)e =0 (1.13)

In order to fix the gauge, we need to choose a gauge condition. One option is the
deDonder-gauge, D = 0. However, this gauge condition still leaves some residual
freedom, given by parameters that satisfy the so-called differential constraint
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Oe = 0. (1.14)

In deDonder gauge, the simplified EOM of the Fronsdal field is

0¢ = 0. (1.15)

It is worth mentioning that one can always choose to set D = 0, even in the off-shell
case. From now on, we will always work in deDonder-gauge.

Noether procedure

In order to calculate the deformations of the gauge transformations induced by
cubic interaction vertices, we make use of the so-called Noether-procedure. First, we
assume that the full Lagrangian of the theory, as well as all gauge transformations,
can be expanded as a power series in some coupling contant g

S=8%+4+4.80 4. .. (1.16)
5.0 =600 +g-0Wd+ ... (1.17)

Here we made the power of the coupling constant explicit. The supersripts indicate
the power of the fields in the respective terms.

We now demand gauge invariance of the action (1.16) under the transformations

(1.17) at all orders in g. This condition gives a set of equations, the Noether-equations,
which at lowest order reads

6083 = . (1.18)

This is nothing but the familiar gauge invariance condition of the free action, which
gives us the free EOM. At first order in the coupling constant we get

dMS® 15086 = 0. (1.19)

Since the first term on the LHS of (1.19) is again proportional to the free EOM, this
equation implies a weaker condition on S

10



1 Notation and Definitions

083 ~ 0. (1.20)

Here &~ means equivalence up to terms that vanish on-shell. One can now try to
construct a cubic action that obeys (1.20). Making use of the Fronsdal-Lagrangian
(1.10), equation (1.19) then allows us to calculate the first-order gauge deformations

6.

When constructing cubic interactions it turns out to be beneficial to split the action
into two parts: the TT-part, which does not contain any traces and divergences and
the DT-part, which contains the remaining terms

8B =8P 488 (1.21)

Since the zero-order gauge variations of traces and divergences are proportional to
themselves up to terms involving the differential constraint (1.14), equation (1.20)
gives an independent condition on the TT-part of the cubic action [88]

[5(0)8(3)]TT =~ [5(0)85131)1]7“7“ ~ 0. (122)

Therefore, the TT-part can be calculated without any knowledge of the DT-terms.
It has also been shown [48] that for massless fields the DT-part of the cubic action
is already completely determined by its T'T-part when enforcing gauge invariance.
After obtaining the TT-part of the action, one can systematically add the remaining
traces and divergences by using the methods of [48].

Killing-tensors

A Killing-tensor € is defined as a solution of the generalized Killing-equation

(a-V)e=0. (1.23)

From the above expression it is immediate that a zero-order gauge transformation
with a Killing-tensor as its gauge parameter is a trivial symmetry of the action.
Therefore, by using Killing-tensors as gauge parameters, one can investigate the
global symmetries and the underlying algebra of a higher-spin theory. In chapter 5,
we will make use of this in order to verify the consistency of spin-3-gravity on the
global symmetry level.

11



1 Notation and Definitions

On Minkowski-space, there is a particularly simple class of solutions to (1.23) that
are polynomials in z [89]

—(s—1 —(s—1 v Vi
egk) )(a, r) = EEk),ll«)lm,U«s—l,V1~~-Vlcaul R S L k<s-—1. (1.24)

Solutions of this type exist for all (non-negative) integers s — 1. These Killing-tensors
have symmetries corresponding to (s — 1, k) Young-diagrams. Note that in three
dimensions, all Killing-tensors with £ > 1 vanish, so we only have to deal with
Killing-tensors that are at most linear in x. For spin-3-gravity, the relevant
Killing-tensors are

2 @

€08 = —€1) B0 (1.25)
3 3 _(3) _
€1)08y = €(1).(aB)r €(1),(apy) = 0- (1.26)

Here we have supressed the constant solutions to the Killing-equation, since the
calculations for this type of gauge parameters are mostly trivial and can easily be
obtained from the calculations involving parameters with k& = 1. In addition to the
above symmetries, the Killing-equation also ensures that these tensors are traceless
and divergence-free. Again, for the sake of simplicity the superscripts and subscripts
will be suppressed most of the time.

Dimension-dependent-identities

When dealing with cubic interaction vertices, as well as the deformations of gauge
transformations they induce, we also need to take Dimension-Dependent-Identities
(DDT’s, also often called Schouten-identities) into account. A DDI is an equation
that arises from anti-symmetrizing over a set of indices larger than the spacetime
dimension d, which is therefore identically zero. Naturally, the influence of these
identities becomes stronger the lower the spacetime dimension is. For d = 3, the
existence of DDI’s already has a huge impact on the construction of higher-spin
theories, as will be discussed later on.

One can systematically construct DDI’s by contracting tensors with the so-called
generalized Kronecker-Delta [50]

SHA--Hdt1 5“”6#2 _.&“dﬂ] = 0. (1.27)

V1...V441 [1/1 vt I/d+1]

Depending on the set of tensors we choose to contract with 8,047, we get different

12



1 Notation and Definitions

DDI’s. For d = 3, we need a set of tensors with at least eight free indices to construct
a DDI. As an example, if we look at an expression that contains three spin-2 fields,
as well as two derivatives, one acting on the first field and one on the second field,
the set of tensors we have to use for the corresponding DDI’s is {0y ,,, 01, 02,4, 02,1,
O3y O3, Vi, Vo, }. Such a set cannot contain the same tensor more than two
times, because otherwise one would have to contract two copies of the same tensor
either to the upper set or the lower set of anti-symmetrized indices in 4, 7},
rendering the whole expression trivial.

13



2 3D cubic vertices

In this chapter we present the TT cubic vertices that have been classified in [50].
Also, all DDI’s that are relevant for the analysis of these vertices are calculated,
including their off-shell parts.

2.1 Cubic vertices for spin-2 and spin-3

The full cubic Lagrangian of a higher-spin theory can be written as a sum of
interaction terms for different spin triples

E(?’) = Zgg?zgsg,/:’g?ggs?,‘ (21>
Here 92?2233 are the coupling constants of the cubic interactions and n labels different

interaction terms for the same spin triple. The coupling constants will be omitted
from now on, unless they are absolutely necessary.

A single interaction part in the cubic Lagrangian can now be written in terms of a
vertex operator V acting on the fields

£ =y el el (2.2)

515283 515283

The vertex operator is built out of differential operators obtained by contracting the
partial derivatives (1.2)

Yi = 0i+ Vipr, 2z =01 O, (2.3)
Bij = Vl . Vj, (24>

together with the trace- and divergence-operators (1.4)-(1.5). Here we use a cyclic
numbering for which ¢ = ¢ 4+ 2. Note that all these operators commute with each
other. Since total derivative terms in the action will not affect the EOM, we will

14



2 3D cubic vertices

already discard them in the Lagrangian. Up to total derivatives, we then have the
following relations for the above operators

Yi = —0; - Vi1 — Div, (2.5)
1
B = 5(5171 —0; — Oi49). (2.6)

Using field redefinitions in the Fronsdal-Lagrangian (1.10), one can replace all
Laplacians with trace- and divergence-terms, which can be dropped. The TT-part
of a vertex-operator is thus a function of only six variables, V = V(y;, 2;).

In order to calculate the zero-order gauge variation of cubic vertices, we need the
commutators of the above operators with the gradient operator (a - V)

[y, (ai - Vi) = Biiy1, [Yix1, (ai - V)] =0,
(2.7)
[2i, (ai - V)] = 0, [zi+1, (@i - Vi)] = Ly
The zero-order gauge variation of a cubic interaction term is
0SB — {/ dx H dz;o(z — x;) Z V(a; - V;i)ePi1Pi1} (2.8)
j i a;=0

Here we evaluate the expression at a; = 0, since the gauge variation cannot depend
on any auxilliary variables. Pulling out the gradient operator, this reads

5(0)8(3) = /dl’ H de'Jd(JT - ZE]‘) Z{(CL, . Vi)Veiq)Hl(I)i_l + [V, (ai : vi)]eiq)i—&-lq)i—l}
J i

(2.9)

a; =0

The first term vanishes once the a; are set to zero, whereas the second term can be
rewritten making use of the commutators above

5(0)8(3) = /dIHd$]5($ — IL‘j) ZgiVei@iHCDi_l. (210)
J i

15



2 3D cubic vertices

From this we can see that the zero-order gauge variation of a vertex operator w.r.t.
®,; is G;V, with the operator of gauge variation

Gi = ¥i—10:,,, — Yi+105,_, + Biif10y,. (2.11)

Therefore, condition (1.20) reads

GV ~ 0. (2.12)

where G; now is the operator of on-shell gauge variation obtained from (2.11) by
simply dropping the B;;1-term.

One can now try to construct all T'T vertex operators obeying (2.12). For parity-even
fields of integer spin this was done by Mkrtchyan in [50]. It turns out that in contrast
to the higher-dimensional case, for d = 3 there exists at most one vertex for each
triple of spins (the only exception being the case of three spin-1 fields, which will
not play a role here). For fields of spins s; > 2 there exist two different types of
vertices, depending on whether the sum of the spins is even or odd. For an even sum
of spins, a vertex for a given spin triple exists if the spins obey triangle inequalities
Sit1 + S;—1 > s; + 2. In this case, the vertex has two derivatives and reads

Virsass = Y321 ZSQZ:?SH[(% + 53 = 2)y121 + (51 + 83 — 2)y220 + (53 — 1)y323], (2.13)

where
1
n; = §(Si_1 + Si+1 — Si) —1. (214)

For an odd sum of spins, for a vertex to exist the spins have to obey the triangle
inequalities s; < s;11 + s;_1. These three-derivative vertices are
ni _ng . n3

V515253 = UY1Y2Y3z1 29" 23", (215)

where

n;_1+ Ti+1 +1= S;. (216)

16



2 3D cubic vertices

At this point it is alredy necessary to take DDI’s into account. The first reason for
this is that most of these vertices are only on-shell gauge invariant because they obey
(2.12) up to some on-shell DDI’s. As an example, the vertex that minimally couples
spin-s to spin-2, which is inconsistent in higher-dimensional Minkowski-space, exists
in d = 3 only because of DDI’s. Second, one can directly use DDI’s in order to rewrite
the vertices themselves. Since all vertices that only differ by DDI’s are equivalent,
we are free to choose a representative that is most convenient for our calculations.
The DDI’s that are relevant for the construction of cubic vertices will be presented
in the next section.

In this work, we will restrict ourselves to the analysis of vertices for spin-2 fields
and spin-3 fields. The relevant vertices are

Vaza = (121 + Y222 + y323)%, (2.17)
V339 = y3z§(3y121 + 3y222 + Y323), (2.18)
Vs33 = Y1Y2Y3z12223, (2.19)

Vs22 = Y1Y2Y32223. (2:20)

The 2-2-2 vertex coincides with the usual Einstein-Hilbert vertex in higher dimensions.
In index-notation, these vertices read

Vaga|®] = +0°0,050) D55 + B D570,05P3.5 + 0a0sP1 5P 57

o B o 6] o B8 (22]‘)

Visa[®] = 307°0,05D3""D3 15, + 305D7°106, D) 5, D + 30387°DG 5, 0P, (2.22)

Vigs[®] = O° 0" 07DF | 0P D3 s, (2.23)
Viga[®] = 0,059, P} ;0507 . (2.24)

From these expressions one can see that the two-derivative vertices are symmetric

17



2 3D cubic vertices

in their fields of equal spin and therefore only need a single field for each spin value.
The three-derivative vertices however are anti-symmetric in their fields of equal spin
and require more than one field to be non-trivial. More precisely, one needs three
distinct spin-3 fields for the 3-3-3 vertex and two spin-2 fields for the 3-2-2 vertex.

2.2 DDI’s for cubic vertices

We now come to the calculation of the DDI’s that are relevant for analyzing cubic
vertices. These DDI’s are obtained by contracting the partial derivatives (1.2) with
the generalized Kronecker-delta (1.27). The contractions will give us variables (2.3)
and (2.4) as well as traces and divergences, which we discard right away. Since we
can at most use two copies of 0; for each i, the DDI’s need to have at least two
derivatives. On the other hand, if we contract more than four derivatives with the
generalized Kronecker-delta, we end up with a total derivative. Hence, the number
of derivatives ranges from two to four.

In order to check the on-shell gauge invariance (2.12) of the vertices it would be
sufficient to know the respective on-shell DDI's (i.e. discarding all B;j-terms and
Laplacians). However, in the next chapter we will have to calculate the off-shell
variation of cubic vertices, so we also include the off-shell terms of the DDI’s.

two derivatives:

Vi + Y37 + 21z 2 + 221202303 = 0 (2.25)
Y121+ Uaz5 + 20132125 + 221292305 = 0 (2.26)
Y375 + Y325 + 2ayszazs + 221222301 = 0 (2.27)
9%212 + Y1Y2z122 + Y1Y32123 — Yooz — 2212923823 = 0 (2.28)
Yszs + Y1Yaz12e + YoUszazs — Y1Yaz123 — 2212023813 = 0 (2.29)
Y325 + Y1ysz12s + YalszaZs — Y1yaz17s — 2212223812 = 0 (2.30)
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2 3D cubic vertices

three derivatives:

1 1 1

y1y3(y2z2+y3zg)+zQ(ylzl+§y222—§y323)D1+522(y222+y3z3)(li|2—Dg) =0 (2.31)
1 1 1

y1y2(y222+y323)+z3(y121—§y222+§y323)|31+§zz(y2Z2+y323)(Ds—Dz) =0 (2.32)
1 1 1

Yoys(y1 21 +y323)+zl(y222+§y121—§y323)Dz+§zl(y121 +ys23)(0;—03) =0 (2.33)
1 1 1

1y2(y121 +y323)+23(y222—§y1zl+§y323)52+§Z3(y1Z1 +y323)(03—0p) =0 (2.34)
1 1 1

Y2y (Y121 +y222)+21(y323+§y121—§y2z2)D3—|—§zl(y1z1 +1y222)(01—03) = 0 (2.35)

1 1 1
1Ys3(y121+Ya22) +20(Yszs — =y121+ =Ya22) O3+ =22 (Y121 +y222) (02 —01) = 0 (2.36)

2 2 2
four derivatives:
Yiys + y1y223(03 — Oy — Oz) = 0 (2.37)
Yiys + y1ysz2(0z2 — Oy — O3) = 0 (2.38)
Yays + Yaysz1 (01 — O — O5) = 0 (2.39)

1 1 1
Yiyays + v (y121 + JY2%2 + §y323)'31 + SU (y2z2 — y323) (02 — O3) =0 (2.40)

1 1 1
Y1YsYs + Ya(Y22e + §y12’1 + §y323)|32 + §y2(ylz1 —y323)(0; — O3) =0 (2.41)

1 1 1
Y1y2y3 + ys(yszs + S + §y222)|33 + 593(3/121 —yp2) (01— Og) =0 (2.42)
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2 3D cubic vertices

We can summarize these DDI’s as

(G —yizi)* + 22112120, = 0, (2.43)

YiziG — Yim1Zi1Yir1Ziv1 — Zig1Zim12i(0; — O — O0;21) = 0, (2.44)

1 1
(yiyie1 £ 521';1([‘@'—1 — 0410))(G —vizi) + zig1 (yizi £ SYi-12i-1 F Yir12i41)0; =0,

(2.45)
y7ﬁ2yz‘2—|—1 + YiYir12i—1(021 — O0; — Oi44) = 0, (2.46)
, 1 1
Y; Yir1 Vi1 Fyi(vizi + S Yit1Zit1 + 5%—1%‘—1)51‘
1 (2.47)
+§yi<yi+1zi+1 —¥i—12i-1) (041 — 0;21) = 0,

with G = ), y;2;. These identities coincide with the DDI’s presented in [50] in the
on-shell case.
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3 First-order deformations of
gauge transformations

Having all possible cubic interactions of spin-2 fields and spin-3 fields at hand, we
can now determine the first-order corrections to the gauge transformations they
induce. In higher dimensions, this has already been done in [22]. However, in three
dimensions this method needs to be adaped to account for the influence of DDI’s.
We will therefore first review the procedure of [22] and then generalize it to d = 3.
Note that even though we restrict ourselves to the vertices (2.17)-(2.20) here, this
method can be used for all cubic vertices.

3.1 Calculating first-order deformations from
cubic vertices

We want to extract the first-order gauge deformations from the Noether-equation

dMS@ 1 508® — . (3.1)

The variation of the action corresponding to the Fronsdal-Lagrangian (1.10) is again
proportional to the EOM. For simplicity, we restrict ourselves to the variation w.r.t.
the first field

oS = /(521)‘1)252@2 + 0 D3 03D3). (3.2)

Here we imply that the first-order gauge deformations are fully contracted with
the respective EOM. In chapter 2 we have already calculated the zero-order gauge
variation of the cubic action

(56((1))3(3) = /d{L’HdZE](s(I - xj)Q~1Vel<I>2<I>3

7 X (3.3)

= /d$Hd.Z'j(5($ - .I'j)(gl + §(D3 - Dl - DQ)ayl)Vﬁlq)gq)g.
J
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3 First-order deformations of gauge transformations

The gauge parameter satisfies the differential constraint (1.14), so the term
proportional to O; can be dropped. Also, if we do not take DDI’s into account,
we can directly set G;V = 0 in the above. Equation (3.1) then reads

1
/da;((sg})cpgmgcbg + 6Py 0,P,) = —/dx5(53 — Oy)0,, Ve, 3. (3.4)

From this we can read off the first-order gauge deformations

1
5(1)@2 = §8y1V€1q>3, (35)

€1

1
6Py = — 50 Ver®s. (3.6)

Note that since on the LHS of (3.4) no further derivatives act on Oy®y and O3Pj,
the derivatives included in the variables of the vertex operator need to be partially
integrated in such a way that the derivatives only act on the gauge parameter and
the remaining field. For example, for the first-order gauge deformation (3.5) this
means

?jl = —81'V3, gQ f:CCL'V3—<1—C) a-Vl, ?jg = 83-V1, (37)

Z1=a- Os, Zo =0 - O3, Zs =0 - a. (3.8)

In g, the derivative can act on both the first and the third argument. The parameter
c will be called a partial-integration-parameter. These parameters are expected to
be completely fixed by demanding consistency of the underlying theory. We also
replaced all dy’s by a’s in order to have an expression for the gauge deformation
that is not contracted to O,®,.

An analogous calculation for the other gauge variations leads to similar expressions
for the remaining gauge deformations

1
5£21)q)1 = —§5y2V€2(1>3, (39)
S Py = 18 Ve, ® 3.10
€2 3—§y2€21> (-)

22



3 First-order deformations of gauge transformations

1

56(;)@1 = §8y3V€3q)2, (311)
5D d Ly
€3 ¥2 — _5 y3V€3CI)1- (3].2)

As already mentioned, this approach needs to be slightly modified in the presence
of DDI's. Now the Noether-equation has to be fulfilled only up to an off-shell DDI
that we call D

dMS? 1 508G = P, (3.13)

Also, we cannot set G;V = 0 in (3.3) anymore, since we potentially have G;V = D, for
some on-shell DDI D. In the on-shell variation we were able to set all on-shell DDI’s
to zero. However, in the off-shell variation on-shell DDI’s do not vanish anymore
and we get

€1

1
608B) = /da:[D + 5(Bs = 02)0, Ve @2®s. (3.14)

D only consists of on-shell terms, which cannot be canceled via terms in the first-order
deformations, as they are not proportional to the EOM. Since we still have that
§98®) ~ D on-shell, we see that D in (3.13) actually has to be the off-shell
completion of D. We can therefore complete D to its off-shell version by adding
the appropriate off-shell terms, which we call A in the following. More precisely, we
have D + A = D. This leads to

€1

s0S® — /dx[D + %(53 — Og)9y, V]e1 @2 P

) 1 (3.15)
e /dI[D — A + 5([]3 — DQ)aylv](El@Q@g'
D can now be dropped, since it is an off-shell DDI. This leaves us with
1
50S8®) = /d:c[—A + 5(Bs = 02)0,, Ve @205, (3.16)

A only consists of off-shell terms, which can be compensated by appropriate terms
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3 First-order deformations of gauge transformations

in the first-order deformations. The terms in A proportional to O; can again be
dropped because of the differential constraint. We can then split A into two parts,
proportional to Oy and Oj respectively

A - A2D2+A3D3. (317)

The Noether-equation then reads

/ dz (6 @00, + 6D d300,) =
(3.18)

1
—aylv(,% Z) - Az)]ﬁq’ﬂ’&

N / da:[D:a(%aylV(ya ) = Bg) + D2<_2

From this, we can read off the corrected first-order deformations in the presence of
DDTI’s

1
oM P, = (§aylv + Ay)er B, (3.19)

€1

1
WPy = (=500 V + Ag)er®s. (3.20)

An analogous calculation leads to

VP, = (—%awv + Ay)ey @s, (3.21)
NPy = (%%V + Ag)e @s, (3.22)
50, = (-%aygv + Ag)esdy, (3.23)
0D, = (%aysv + Ay)es®s. (3.24)

Here the distinction between A;, Al and A, is important: these terms come from
different DDI’s, since the gauge variations of a vertex w.r.t. the different fields do in
general not produce the same DDI. Hence, the A,’s correspond to the off-shell part
of the DDI in the gauge variation G,V and the A;’s correspond to the off-shell part
of the DDI in the gauge variation G3V .
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3 First-order deformations of gauge transformations

3.2 First-order deformations for spin-2 and spin-3

If we want to use equations (3.19)-(3.24) to calculate the first-order gauge
deformations, we first need to calculate the A;’s, A;’s and A;’s for the vertices
(2.17)-(2.20). This is done by performing the on-shell variations of these vertices,
identifying the DDI’s that make them on-shell gauge invariant (in general linear
combinations of the basic DDI’s (2.25)-(2.42)) and reading off the off-shell parts
of these DDI’s. We do however not need all of the A;’s, A;’s and A,’s in order to
calculate the first-order deformations, since a lot of the deformations will coincide.
As an example, the 3-3-3 vertex will only induce one first-order gauge deformation,
so the expressions in (3.19)-(3.24) all agree and it suffices to know e.g. As.

The 2-2-2 vertex (2.17) is gauge invariant even without the use of DDI’s; therefore
all the A;’s, A;’s and A;’s are zero. For the other vertices, the relevant expressions
are:

3-3-2 vertex:
Ay = 3z123(y121 + Y222) (3.25)
1 1
Ag = —62123(y323 + §ylzl - §’y222) (326)
A =0 (3.27)
3-3-3 vertex:
1 1
AQ = —Zl(ngg + 52/13/32123 + §y1y2212’2> (328)
3-2-2 vertex:
1 1
Ay = —95222 - 5913/2212’2 - 5913/32’12’3 (3.29)
~ 9 1 5 1
Ay =yiz120 + SY1Y27 + SY1Ysz2Zs (3.30)
~ 1 5 1
As = _§yly2zz + §y1y3z223 (3.31)

Now we are able to calculate the first-order deformations:
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3 First-order deformations of gauge transformations

2-2-2 vertex:

56(;)(131 = _(3/2Z§ + Y1212 + Ys2223) €2 P (3.32)
3-3-2 vertex:
3
04 ®1 = —223(3y121 + 3y + §y323)€2<1’3 (3.33)
(563 @1 = Z3(§y121 + §y222 + y323)€3¢)2 (334)
15
5;1)(1)3 = —2123(3y121 — 3y222 + ?y32’3)€1¢’2 (3.35)
3-3-3 vertex:
(1) 2.2 1 1 1
0, P1 = 20(y127 + §y1yzz122 + §y2y3z223 — §y1y3z123)62<133 (3.36)
3-2-2 vertex:
1
0 @1 = (yiz12 + §y1yzZ§)Ez<I>3 (3.37)
(1) 20 1 1 1
5e1 ¢y = (—?JQZQ - 5?/13/22122 - 5?/13/32123 + §y2y32223)61<133 (3.38)
(1) 1 2
¢, @ = (+§y1y3z3 — Y1Y22223) e3Py (3.39)

As can be seen from e.g. (3.19), the number of derivatives in the first-order gauge
deformations is lowered by one compared to the vertex they stem from. Therefore,
for the three-derivative vertices one can see that some of the deformations can be
changed by using the two-derivative DDI’s (2.25)-(2.30), whereas for the
two-derivative vertices such ambiguities do not exist.

In index-notation the above deformations read:
2-2-2 vertex:

ON®, = —c 9,e50" Py 00" + (1 — ¢) €50, P 00" a”

€2
—€50aP3 0" a” + Dpeg 0" @Y ,a”

(3.40)
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3 First-order deformations of gauge transformations

3-3-2 vertex:

15 15
00y = —7d 0,67 "Dy appa” + (1= d) 70,Psg,0"a”

—38a61,5ua“®g‘751,a” — 36?68(1(1)275;“,&“&”

3 3
(5&?@1 = +§6 e?@ucbzw)\a“a”a’\ — 5(1 —e) 8Ne§a“<1>27a,,,\a”a’\

A A

3
e “FHe v
+-0q€3 0 o3 Na"a

o v
5 — €50,Py ra"a"a

dWp, = +3f eg‘,ya”ﬁ,l@g’a,\a“a’\ —-3(1—f) 0ueg"ya“a”(l>3,a,\a’\

€2
3 w VR A o v A
—'—580(62’/“,0/ a @37)\a - 3627MCL aOé@g’VAa a
3-3-3 vertex:

SWp, = 442 8M8Vegﬁa“a”®37ama’\ —Jj(1 =) 8,,63561”8#@3,&@\@“@)‘

€2

—(1—=13)j 8uegﬂa“8,,cl>37aﬁ,\a”a)‘ + (1 —4)? egﬁaﬂayq)g,ag)\a“a”a’\

1 1
~|—§j 0M0ae§71,a”a”@§ﬁ)\aA - 5(1 —7) 80665’”&”8“(1);5/\&“&’\
1~ aB u v, _1 o aB [T 75N
+2] 0,€5" a0, P3 gyra"a 2(1 J) €5° 0,05 P grata"a

1
—§6ae’gjua“85®§7w\a”a)‘

3-2-2 vertex:
5£21)<I>1 = +k:f 8M8Veg‘a“a”fl>37a>\a’\ — (1= Fk)ky (9Meg‘a“0y®3,a,\a”a)‘
—k1(1 —ky) 6,,63@”8#1)37&,\@%’\ + (1 — ky)? 638M6V<I>37a)\a“a”a)‘
1 1
—|—§k1 @Leg‘a“&!@g,y,\a”a}‘ — 5(1 — ky) egaa@t@g,y,\a“a”a)‘
DDy = —k2 €70,0,®3 apa"a” + ko(1 — ky) 9,¢77a"0,®3 opa”
+(1 — ko)ko 5’uef‘ﬁa“ayfl)37a5a” — (1 — ky)? Gﬂﬁye?ﬁa“a”@g,w
1 1
+§k2 e?ﬁ8a('9u<1>3ﬁya“a” - 5(1 — ko) aue‘f‘ﬁa“@a@gﬁya”
1 v af u 1 o vFeb
+§k2 On€1,8,0"0,P5"a" — 5(1 — k3) 0,0q€1 0" a” D
1
+50a€) ,0" 055 0"

27

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)



3 First-order deformations of gauge transformations

00 By = s Doy B 50" — (1~ ky) Doy, 2] g 0"a” (3.47)
3.47

1
—5(‘3&6?85@(1"7“1,@“@”

Here we used different letters for the deformations of the 2-2-2 vertex and the 3-3-2
vertex, since these are the deformations we will analyze further in chapter 5.

We have checked that for the two-derivative vertices the deformations related by
an interchange of fields of equal spin indeed agree, whereas for the three-derivative
vertices the deformations related by such an interchange differ by a sign.

It is important to note that even in cases where no DDI’s can be used in the
first-order gauge deformations, the above expressions are still not unambiguous,
since we can make use of field redefinitions and gauge parameter redefinitions to

change them. Lets say we have a field redefinition of the form

Oy — D3+ Q3(y;, 25, Bij) P1Po. (3.48)

Normally, the zero-order gauge transformation of ®3 w.r.t. a gauge parameter of a
different field, say ®q, is zero. However, if we perform the above field redefinition,
the zero-order gauge transformation gets modified as

(56(?)(1)3 — 56(?)q)3 + Qs(yl, Ziy Bw)ég?)@ﬂh = Qg(yi, Zis Bij)al . Vlelfbg. (349)

This term contributes to the first-order gauge deformation (5§11)®3. Similarly, for
parameter redefinitions of the form

€5 — €3 = €3 + N12(Yi, 2i, Bij)e1Pa + Aoy (yi, i, Bij)ea P, (3.50)

the zero-order gauge transformation of ®3 gets modified as

(Cl3 : V3)63 — (Cls : V3)63 + (as : Vs)Aw(yz‘, Zi Bij)ﬁq’z + (Cbs : V3)A21(yz‘, Ziy Bij)EQ(I)l-
(3.51)

The term proportional to A5 contributes to 5&} ) ®3, whereas the term containing Ao
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3 First-order deformations of gauge transformations

contributes to 5§21)<I>3. The most general form of the first-order gauge deformation
(3.20) is thus

1
04 @y = (=505 Y + Bg + [, (a1 - Vi) + (a3 - V3) Arz)er . (3.52)
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4 Commutators of gauge
transformations

In a full interacting theory it is natural to assume that the gauge transformations
form an algebra

561 562© — 562551@ = 5[[61762”(13 + trivial, (41)

where [[e1, €2]] is referred to as the gauge bracket. In this chapter we calculate the
above commutator at the lowest order. The "trivial”-part does not play any role in
this calculation and will be discussed in chapter 5 when it becomes relevant. We
again follow [22] and generalize their method to three dimensions.

4.1 Calculating zero-order commutators of gauge
transformations

For simplicity, we focus on the gauge bracket [[e1, €5]], the other brackets can be
calculated completely analogously. Expanding this bracket as a power series in ¢

[[e1, e2]] = gller, 2] + g*[[er, €]V + . .., (4.2)

and using the expansion for the gauge transformation (1.17), equation (4.1) at lowest
order can be written as

6080 — 5602 =6 1w ® = (@ V)[ler, ] (4.3)

In order to extract the gauge bracket from the LHS of (4.3) we define new variables

a(Vi+ V), B = Bz =V;:Vy, (4.4)

~ - - 1
y1 = 01 - Vg, Yo = —02 - V1, Yz = 50 : (V1 - V2)7 (4-5)
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4 Commutators of gauge transformations

2,71:(1,'(92, Z~2:CL'01, 53:81'82. (46)

Note that this choice of y3 already fixes the partial integration parameter to % We
will however still work with arbitrary partial integration parameters for the brackets

in chapter 5, since the consistency conditions set these parameters to % either way.
For the variable A it holds that

1 1
1 1 -
a - VQ = §Q(V1 + VQ) — §CL<V1 — VQ) =A— Ys. (48)

The new variables satisfy the following commutation relations with the operators of
zero-order gauge variation

[, a1 - V1] = B, [Y2, a1 - V1] =0, [Ys,a1 - V1] =0,
(21,41 - V1] =0, [Z9,a1 - V1] =a-Vi=ys+ A, [Z3,a1 V1] =—1s,
[Y1, a2 - Vo] =0, [Y2,a2 - Vo] = Bog = =B — Oy, [y3,a2 - V2] =0,
[Z1,a2 - Vo] =a-Vo=—ys+ A, [%,a2- Vo] =0, (23, a9 - Vo] = 4.
(4.9)

We will first calculate the zero-order bracket for the case where no DDI’s need to be

considered and do the generalization afterwards. We start by calculating the term
559, for the third field:

5£?)6€(21)(I)3 = [%ai’ﬁ)}(yu Z)a (al ' v1)}6162 (410)

Using the above commutation relations for the newly defined variables (and dropping
the ~ for simpler notation) we get

1
5£?)5§;)<I>3 = §(Bt9y18y2V(y, z) + A0,,0,V(y, 2) + G10,,V(y, 2) )€1 €2, (4.11)
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4 Commutators of gauge transformations

where all terms proportional to O; or Oy can be dropped because of the differential
constraint (1.14). For the second term we get

1
60Ny = §(B8y28y1)/(y, z) — A0, 0, V(y, 2) — G20y, V(y, 2))€1€2. (4.12)

€2 "€1

The commutator then is

1
0005 @5 — 63005 @5 = (5 (020, + 0:,0,)V (Y, 2)
+G10,V(y, 2) + G20, V(y, 2) €162
1
= (Za ' v<a228y2 =+ azlazﬂ)v(ya Z)
+G10,,V(y, 2) + G20y, V(y, 2) )€1 €2.

(4.13)

We can rewrite the terms containing the operators G; as

gla?nv(y) Z) + gZay1V<y7 Z) = ayzglv(y7 Z) + azgv(ya 2) + 83;192)7(,% Z) - azgv(ya Z)
291V(y, Z) + 81/1 g2V(y, Z)'
(4.14)

Due to the on-shell gauge invariance of the vertex these terms can be dropped, since
we are not considering DDI’s at this point. The bracket therefore is

1 1
[[61, 62]](0) = Z(ﬁylazl + GyQGZQ)V(y, 2)6162 = 5(0,225&)(1)3 — 8Z15§11)<I>3)6162. (415)

Note that the deformations on the RHS of (4.15) are the ones which do not contain
contributions from DDI’s. Also, we work with the deformations as differential
operators and writing out any arguments explicitly.

Coming now to the case where we consider DDI’s we need to take care of two things:
first, the first-order gauge deformations get corrected in the presence of DDI’s, as we
have seen in the last chapter. Second, we can no longer drop the terms proportional
to G;V(y, z) in (4.14), since these terms could be proportional to some on-shell DDI,
which no longer vanishes in the off-shell case. The first term in the commutator then
is
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4 Commutators of gauge transformations

1 ~
(5(0)(5(1)(1)3 = [iayQV(y, Z) + Ag, ay - V1]€1€2

n : ) (4.16)
= (Bayl + Aazz + gl)(§ay2v(ya Z) + A3)€1€2a
whereas the second term is
1
0000 ®s = (B0, + A0:, + Ga) (—50, V(v 2) + AgJerer. (417)
For the commutator we get

+915§§)<I>3 — 9’255(11)@3]6162-

This can also be written as

§£?)5£21)(I)3 - 56(2)5£11)q)3 = [A(8Z25§;)<I>3 — azlég)@g) -+ Glég)@g — Q~256(11)(I>3]6162,
(4.19)

where the deformations are now the corrected deformations, already including
contributions from DDI’s. The terms that are proportional to A will give the corrected
bracket, whereas the remaining terms need to vanish, in order for the gauge
transformations to still form an algebra. So we need to have

(Glée(zl)q)g — Ggée(ll)q):;)ElEQ = 0 (420)

Writing this out leads to:

1 1 < .

§g1ay2V + §g28ylv + Q1A3 - ggAg + BaylAg —+ BayzA?)' (421)
Using (4.14), we can rewrite this as:

1 1 - ~
390GV + 500GV + Gils — Golg + BO, As + BO,, As. (4.22)
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4 Commutators of gauge transformations

Up to terms proportional to Oy or Oy, which vanish due to the differential constraint,
we have that

G1V = —A303, GV = —A30;, (4.23)
- 1 ~ 1
B8y1A3 — iﬁylAng, B3y2A3 — §ay1A3D3. (424)
Plugging these expressions into (4.22) leaves us with
GiA; — Go . (4.25)

We can now multiply the above by O3 and use (4.23) again to arrive at

G1G2V — G2G1V, (4.26)

which vanishes since the operators of on-shell gauge variation commute. Since Oj
also commutes with the G; we can infer that the extra terms in (4.19) indeed vanish.

From (4.19) we can now read off the corrected gauge bracket

1
e, 2] = 50,000 — 0,60 D5 )eres. (4.27)

22Y€eg Z17 €1

The formula is the same as in the case with no DDI’s, but here the corrected
deformations including contributions from DDI’s have to be inserted. An analogous
calculation for the other zero-order brackets yields

1

(€2, 63]](0) = 5(@356(;)‘1)1 - 8ZQ56(21)(I)1)€2€3, (4.28)
1

[[63, 61]](0) = 5(8z15£11)¢)2 - 8Z35£;)CI)2)63€1. (429>
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4 Commutators of gauge transformations

4.2 Zero-order commutators for spin-2 and spin-3

Making use of equations (4.27)-(4.29), we can now calculate the zero-order gauge

brackets induced by the vertices (2.17)-(2.20):

2-2-2 vertex:

3

3
(€1, 62“(0) = (Sth21 + -V + Ys2zz)er€n
2 2

3-3-2 vertex:

1
[e1, 62“(0) = (zth2123 + SYozezs + —Z/3Z:)2,)61‘52

2 2 2
[[e2, €3]] = (Byrz123 + SY2%273 + 1y323)€2€3
3-3-3 vertex:
1 1
[le1, 62]](0) = (_y§Z§ - Zyly:%ZlZS - Zy2y3222’3 — Y1Y22122)€1€2
3-2-2 vertex:
0) 1 3
[[61, 62]]3 = (Zngzg - Zy1y222)61€2
1 1
[[62, 63]]§0) = (—9%2’1 - §y1y323 - 5?/1922’2)6263

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

One can see that the bracket induced by the 3-3-3 vertex can again be changed by
using the two-derivative DDI’s (2.25)-(2.30), whereas for the other brackets this is

not possible.

In index-notation these brackets read:
2-2-2 vertex:
ler, €] = +g1 Duefatera — (1 — g1) €7 Ou€2,00"

3
D a w2 [
+261 On€2,,0 zﬁaewa €5
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4 Commutators of gauge transformations

3-3-2 vertex:

15 N 15 N
[[61762“(0) = +792 auﬁlﬁa“fmﬁ - 7(1 — g2) 6163u62,aﬂa“
3 a 3 a
+§€1'Baa6275H@M - 5(’3&61’5“@“62’8

[[627 63]](0) = +393 8}16(2)‘,1/&”@”63,@ - 3<]- - 93) Eg’yayaue?),aa“

9 9
(07 14 vV _
+§eg7ua“8a637,,a — 4—18062,”,,61“& €5

3-3-3 vertex:

[[€1, 62]](0) =—g; 8u8,,6(11f8a“a”627a/3 + g4(1 — g4) @Leffﬁa“&,ezaga”

+(1 — 94)ga 8V6?Ba”8ﬂeg’aﬂa“ — (1 — g4)? e‘fﬁf)ual,egjaga“a”

1 (0% 1 « 14
—194 @Lelﬁa“@aewya” + 1(1 — G4) 616(9&8“62”31,01“@
1 1
—1—194 aaauewl,a“a”egﬁ - 1(1 — q4) E)aewya”auegﬁa“
—i-@ae’iua"aﬂeg,ya”

3-2-2 vertex:

]' Q 1 (e
[[e1, €] = +=g5 0’0 Dner s — —(1 — g5) €57 0e0€0 50"

4 4
38 B ) e
+ZL o€, 4 Oy
[[e2, 63]](0) = —gs 0,0,€5a"a"€es o + go(1 — g) 0,€5a" 0y €3 00"
+(1 — g6)g6 Ove5a”0, €300 — (1 — g6)* €50,0,€3 00" a”
1 1
+§g6 O0n 0y €2, 0" a" €5 — 5(1 — g6) Oun€2,,a"0,€5a"
1

1
—596 0,€5a" 0q€3,,0" + 5(1 — g6) €5040,€3,0"a”

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

Again we have checked that for the two-derivative vertices the brackets related by
an interchange of fields of equal spin indeed agree, whereas for the three-derivative

vertices the respective brackets differ by a sign.
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4 Commutators of gauge transformations

Note that these brackets are not yet traceless, so the trace part still needs to be
subtracted in order to obtain a traceless gauge parameter. Since we will only be
using Killing tensors as gauge parameters from now on and the bracket of two
Killing tensors is again a Killing tensor, the trace-part will not play any role here.

As for the first-order gauge deformations, the above expressions for the brackets
are not unambiguous, since they can be changed by the means of redefinitions. For
parameter redefinitions and field redefinitions (3.50) and (3.48) discussed at the end
of chapter 3, the most general expression for the gauge bracket is rather lenghty and
given in [22].

37



5 Consistency conditions for
spin-3-gravity

From now on we will restrict ourselves to a specific higher-spin theory, which is
spin-3-gravity. This theory consists of only one spin-2 field and one spin-3 field.
Therefore, only the two-derivative vertices (2.17) and (2.18) need to be considered.
We now want to check the consistency of this theory at the global symmetry level,
which requires that we use Killing-tensors as gauge parameters. More precisely, we
will use the Killing-tensors given in (1.25) and (1.26).

For Killing-tensors, two major simplifications for both the first-order deformations
and the brackets occur. First, as can be seen from (3.49) and (3.51), all contributions
coming from parameter redefinitions and field redefinitions vanish when the
Killing-equation is satisfied. Second, since the Killing tensors (1.25), (1.26) are
always traceless and divergence-free, our choice to only work with TT-vertices does
not lead to any restrictions. This means that when using Killing-tensors as gauge
parameters both the first-order deformations and the bracket become unambiguously
determined. However, care needs to be taken when dealing with traces and
divergences of first-order deformations, as we will see in 5.1.

We now come to the conditions that need to be satisfied for spin-3-gravity to be
consistent. The first condition we want to check regards the EOM of the theory.
In the full theory it is expected that the full EOM of the fields are invariant (up

to on-shell terms) under the full gauge transformations. The gauge variation of the
EOM, i.e. the Fronsdal-equation, can be written as

6 FP =0OF® + sWFD 4 ... =0. (5.1)

Since the Fronsdal-equation is invariant under zero-order gauge transformations, the
first term on the RHS is zero. At the next order, we are left with

FoWd =0, (5.2)
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5 Consistency conditions for spin-3-gravity

where F is the Fronsdal-tensor, as given in (1.7). Therefore, we expect that the
first-order gauge deformations fulfill the Fronsdal-equation, just like the field itself.

The second consistency condition involves the gauge brackets. Since gauge
transformations are of the type

O — O+ 5.D (5.3)

and thus substitutions, they have to satisfy the Jacobi-identity

> [0, [0cy. 06, ]]®@ = 0. (5.4)

cyc.

Expanding both the gauge transformations and the brackets as power series in g,
the Jacobi-identity at lowest order reads [27]

(0) N
Z{ [61 [62 53]](0)]](0)(p + 5[[62 Egﬂ(l)(al qu)@} — 0 (55)

cyc.

This has to hold for arbitrary gauge parameters, so we have

> Allew, lleo, el + ez, 0] V(ar - Vier)} = 0. (5.6)

cyc.

For Killing-tensors the zero-order bracket is already the full bracket of the global
symmetry algebra [ME3], so the higher-order corrections to the bracket are zero and
the second term in the above vanishes. This leaves us with

> e [l & Y@ = o. (5.7)

cyc.

The last condition we need to check is related to the demand that gauge
transformations form an algebra (4.1). The lowest-order part (4.3) of this equation
was used to calculate the zero-order gauge brackets. At one order higher we have
[MA5]

(a-V)[[er, €]V (@ )+5(1)

[[e1,€

o (@) = 6“)(5(”@))@ - 6<1><5<1><<1>>><i>

D ((a1- Vi)er, @) — 62 ((az - Va)ea, ©)P
+5 WD, (ay - V1)ey )P — 52>( (as - Va)er)®
(5.8)
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5 Consistency conditions for spin-3-gravity

For Killing-tensors, the last four terms on the RHS and the first term on the LHS
vanish, which gives

05 (06 (@)@ — 68 (05 (@) + 51 10 (@) = 0+ trivial, (5.9)

€2,¢1]

At this order, the ”trivial”-part can consist of terms that are either proportional to
the free EOM (which is related to the demand that the gauge algebra only closes
on-shell) or of the form of zero-order gauge transformations [84]. We will refer to
this condition as first-order closure of the gauge algebra (FCGA). Only if all of the
above conditions are fulfilled, the theory of spin-3-gravity is consistent at cubic order.

Before we start to check these conditions, there is another calculational tool we
need, which is the concept of dualisation. In d = 3 a tensor € of mixed-symmetry
type (2,1), like the spin-3 Killing tensors with k& = 1 we are working with, is dual to
a symmetric rank-2 tensor € by the following relations:

€as = Caab™s + Eaabe™y, (5.10)
Ea/g’»y = gaaeaﬁ—y + gﬁaﬁaoé,y, (511)

where € is the Levi-Civita tensor. The symmetric rank-2 tensor defined this way is
traceless by definition.

Using the dualised spin-3 Killing tensors has some advantages. First, it allows one to
get rid of the Killing symmetry and replace it with a much easier symmetry. Second,
in the case of the FCGA the dualisation reduces the number of indices we have to
deal with, which greatly simplifies the calculation of relevant DDI’s.

5.1 Fronsdal-equation for the gauge deformations

As already mentioned, from now on we will always use the Killing-tensors in (1.25)
and (1.26) as gauge parameters. When checking the Fronsdal-equation for the
first-order gauge deformations it is important to note that even though we work
in the TT-setting we still need to keep the trace- and divergence terms in the
Fronsdal-tensor, since the gauge deformations they act on are no longer traceless
and divergence-free in general. This means that even if we drop all divergences
and traces of the field itself, the DT-terms in the Fronsdal-tensor can still produce
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5 Consistency conditions for spin-3-gravity

TT-terms when acting on a gauge deformation. The condition we want to check
therefore is

FoPo =06 — (a-V)(0- V)6V b — %(a V20068 e=0.  (5.12)

Even though the gauge deformations themselves are not necessarily traceless and
divergence-free any more, we can still drop traces and divergences of the gauge
parameter and the field itself, as well as the TT-EOM for the field, O® = 0.
Equivalence up to these terms will be denoted by ~.

2-2-deformation:

Fo ~ + 2(1 — ¢)e*0,05Pq a"a” + (1 + ¢)e*P0,05Pua"a”
— (1 = ¢)e*?9,05P pata” + 2€*°0,0,® s, a"a” (5.13)
=0

As we can see, the 2-2-deformation satisfies the Fronsdal-equation for arbitrary
values of the partial integration parameter c.

2-3-deformation:

3
.7-"(569)(1) ~ + SGEaﬁﬁu@ﬁ(I)a,,,\a“a”a)‘ - éEaﬁauﬁﬁq)a,,,\a“a”a)‘

3
+ 360‘5@8@(1)51,)\(1“@”@’\ + 5(2 — e)Eo‘ﬁﬁuﬁg<I>Oa,)\a“a”aA (5.14)
=0
Again, the Fronsdal-equation is satisfied for arbitrary values of e.
3-2-deformation:
F(Sél)cb ~ 4+ 15(1 — d)Eaﬁ'yau&yCDagya“a” + 3?75(3@67@@,,@“&”
15 3. o , 15 N )
+ (7d - §>€ 510,0,® p,a"a” — ?(1 — d)e*0,0,®Pup,0"a (5.15)
— SEBWOM&J(I)M,,@“@”

— 4+ 36D0,0,Dog,a"a” + 367000, g 0" a”
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5 Consistency conditions for spin-3-gravity

In contrast to the previous cases, this does not vanish identically. However, the above
expression is actually a DDI, so the Fronsdal-equation is again fulfilled. Since the
partial integration parameter drops out of the calculation, this is the case for all
values of d.

3-3-deformation:

}"521)@) ~ —|—3f€aﬁpxp8#8,,8,\<ba5a”a”a)‘ + 3€°‘€)x”8u8a85<13,,>\a“a”aA
— 68 10,0, 00 Baraa’a® + (9f — 3)e a"0,000pa%a>  (5.16)
+6Eaia“8a85c1>w\a”a>‘ — 1250‘51@“6”8&(%@“@"&

Here we can see that the partial integration parameter does not drop out of the
calculation. In the above expression we have two different types of terms: those with
two derivatives and those with three derivatives acting on ®. For these terms we
have different DDI’s, so the two groups need to vanish individually. Both groups
form a DDI only for f = 1. This means that the Fronsdal-equation is fulfilled for a
unique value of the partial integration parameter.

To summarize some obervations gained in these calculations:

e the 2-2-deformation is traceless for all values of ¢, divergence-free for ¢ = 1
and fulfills the Fronsdal-equation for all values of ¢

e the 2-3-deformation is traceless for all values of e, divergence-free for e = 0
and fulfills the Fronsdal-equation for all values of e

e the 3-2-deformation is traceless for all values of d, divergence-free for d = %
and fulfills the Fronsdal-equation for all values of d

e the 3-3-deformation is neither traceless nor divergence-free for any value of f
and fulfills the Fronsdal-equation only for f =1

5.2 Jacobi-identity

For the Jacobi-identity (5.7) we have many different cases that need to be
distinguished, depending on the choice of gauge parameters. In the following we
will calculate the Jacobi-identity for all possible triples of spin-2 parameters and
spin-3 parameters, which covers all cases that are relevant for spin-3-gravity.
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5 Consistency conditions for spin-3-gravity

5.2.1 Three spin-2 parameters

We start with the case of three spin-2 parameters. Here all three terms in the
Jacobi-identity consist of the same double-bracket, but with cyclically permuted
labels for the Killing tensors, which means that we do not have to include any
coupling constants in this calculation. We have to use the 2-2-bracket from the
2-2-2-vertex both as the inner bracket and the outer bracket. For Killing-tensors
this bracket reads:

3 5
[ &l] = (91 + )& 0" E20p0" = (5 = 91)& 2 € apa” (5.17)
The double bracket then is:
(€3, [[€1, &]]]] = +910,€5[[€1, &2]]la — (1 — g1)E50,][€1, &2

(
3 (5.18)
2

+§€§80,[[€1, &l — S llE1, €]]"0abs

Plugging in the inner bracket this reads:

o o 3 3 3.5 _
[[€3, [[€1, €]]]] = €5 ,a”[+(g1(g1 + 5) + 5(91 + 5))€f,a€2,ﬂpxp
5 3.5 _ _
—(91(5 —q1) + 5(5 — 91))&1 778,50
A - ) (5.19)

+€§,p$p[+(§(91 + 5) +(1 - 91)(5 — G1))€,0"€2 50
35 3.8 _

—(5(5 —q1)+ (1 =g1)(g1 + 5))6&62,@‘1“]

The other two terms are obtained by cyclic permutation of the Killing tensors:

o o 3 3 3.5 _
(€1, [[€2, &]]]] = €7 .a”[+(g1(g1 + 5) + 5(91 + 5))€§,a€3,ﬂp$’)
5 3.5 _ _
—(91(5 —q1) + 5(5 — 91))&5 778 a
R - ) (5.20)

+€ip$p[+(§(91 + 5) +(1 - 91)(5 — G1))€,0"€3 50
35 3.8 _

—(5(5 —q1)+ (1 —=g1)(g1 + 5))65@63,@““]
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5 Consistency conditions for spin-3-gravity

o o 3 3 3.5 _
(€2, [[€3, &]]]] = €5 .a”[+(g1(g1 + 5) + 5(91 + 5))€§,a€1,ﬂpl’p
5 3,5 _ _
—((z—g1)+ (5 — 91))65,}»’”%1,511]
s 2, PP (5.21)
+€§,pmp[+(§(91 + 5) +(1 - 91)(5 - 91))€§,ua”51,ﬁa
3.5 3.5 _
~(5(5 = 91) + (1= g1) (91 + 5))é; o&1 5u0”]
2°2 2
Summing up these terms leads to:
> e [le, el =
cyc
— e oo 3 3 ) 3 3 3
el,ﬁa€2,p$p€§,uau[+§(gl + 5) + (1 — 91)(5 —aq1) —gi(g1 + 5) - 5(91 + 5)]
o e = 3,5 3 5) 3,5
+61,pxp627504€§,,ua“[_§(§ —g1)— (1—=g1)(g1 + 5) + 91(5 —q1) + 5(5 —a1)
o - - 3 3 3 3 3 )
0 e 5065, 41 (91 + 5) + S+ 5) = Slon+5) =~ (=g —a)] 522
— o - ) 3.5 3,5 3
+61,Ba52,uaM€§,pmp[_91(§ —g1) — 5(5 —q1)+ 5(5 —g1)+ (1 —g1)(g1 + 5)]
5 3,5 3,5 3
L0 1 a1 (5~ 91) = 55— ) + 55— 90) + (L= g)(ga + )]
o oo _ 3 3 5) 3 3
+€1,p$”6§,ua“6375a[+5(91 +3) A =9)(5 —a) —aulgr +5) = 591+ 5)]

Demanding that this expression vanishes (i.e. that the Jacobi-identity is satisfied)
leads to a system of equations that can easily be solved. It turns out that by choosing
% for the partial integration parameter of the 2-2-bracket the Jacobi-identity can be

fulfilled:
> lles, [, @]l =0 (5.23)

cyc

As mentioned in chapter 4, it is already necessary in the derivation of the bracket
to choose ¢g; = % for all partial integration parameters of the brackets, so this is
an important conistency check. This choice is also the only one that makes the
2-2-bracket manifestly anti-symmetric.
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5 Consistency conditions for spin-3-gravity

5.2.2 One spin-3 parameter, two spin-2 parameters

Next comes the case of two spin-2 parameters and one spin-3 parameter. This time,
not all terms in the Jacobi-identity use the same brackets. Since the Killing-tensors
are the same in all three terms, we can discard their prefactors. The first double
bracket is of the form [[3,[[2,2]]]] and consists of the 2-2-bracket from 2-2-2 as the
inner bracket and the 3-2-bracket from 3-3-2 as the outer bracket, whereas the other
two brackets are of the form [[2,[[2,3]]]] and [[2,[[3,2]]]] respectively and consist of
the 2-3-bracket from 3-3-2 as the inner bracket and the same bracket as the outer
bracket. Since the first term ist the only one that contains a bracket from the 2-2-2
vertex we have to include a relative coupling constant gooo = % in the first term.
For this term, the inner bracket is:

o . 3.0 - o e
[Er, &l] = g22l(91 + )& pa"E20p2" = (5 = 91)& 2" E2 00" (5.24)

2

The double bracket then is:

(€3, [[€1, &]]]] = +3930,65 [[€1, €2]]la — 3(1 — g3)&5,,0,[[61, €] (5.25)
12,00l all — Dot |

Plugging in the inner bracket this reads:

(€3, [[€1, €]]]] = Gaoo€s, 0"z [+(6(1 — 93)(§ —g1) +9(g1 + §))E'f,ua”€2,ﬂa

2 2
3 5 _ B
—(6(1 — g3)(g1 + 5) + 9(5 — 91))€1,8a€5 0"
3 (5.26)
+§2226*§‘7Wa“a”[+(6g3 + 9) (g1 + 5)6175055#1%
5 _ _
~ (695 + 9)(5 — 91)E 27E2,0]
For the second term the inner bracket is:
[[€2, €3]] = (6(1 — g3) + 9)6(21,#@“637&,,,)@”51,"” — (693 + 9)E§’p:cp€3,aw,a“a” (5.27)

The double bracket then is:
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5 Consistency conditions for spin-3-gravity

[[€1, [[€2, &]]]] = —3930,[[€2, &3]]ar €] + 3(1 — g3)[[€2, €3]] ar O, T
9 9 (5.28)

-5 [[527 53]]380461,11 + Zaa[[g% ESHWE?

2

Plugging in the inner bracket this reads:

([, [[ez, &]]]] = €1, @ [+((3(1 — g3) + g)(ﬁ(l — 93) +9))€2,a85,,0"0"

H(B— g5) + 9)(6(1 — g5) + 9))éa 500" 0 27

9
—((3(1 = g) + 5) (695 + 9))é2,5,2"€5 o, 0"

(301 g3) + 2)(6g5 -+ 9))ea 3275 00 (5.20)

9
6,27+ (3g5(6g5 +9) + S (6(1 = g5) +9))e2 3,065 0"
9 = — v

—(3g3(6(1 — g3) + 9) + 5(693 + 9))62’50{6?7#”@“@
+(395((6g3 +9) — (6(1 — g5) +9)))é2,5,0 €5 ,,0"]

The third term can be obtained from the second one by interchanging the labels of
€, and € and switching the overall sign:

e [[es, @]])] = €800 [~ (B(L — gs) + 2)(6(1 — ga) + 9))er gaflsa”a”

2
9

—((3(1 —g3) + 5)(6(1 —g3) + 9))51,6ua"5§,apf€p
9

+((3(1 —g3) + 5)(693 + 9))51,6#’)55@”@”

H(B0~ g5) + (605 +9)er 327800 (5.30)

9
+€ ,7°[—(393(693 +9) + 5(6(1 —g3) + 9))51,6ua“€§,m@”

9
+(3g3(6(1 — g3) +9) + 5(6g3 + 9))@17@@57“”@“@”

—(393((6g5 + 9) — (6(1 — g3) + 9)))&1,5,0"€5 o, 0"

Summing up these terms leads to:
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> M6, ([ &l =

cyc

3. 9
El,ﬁagg,pxpgiuu@“@'j[+(693 +9)(g91 + 5) G222 — 393(6(1 — g3) +9) — (693 + 9)]

2 2
+€f,p$p€2,6a€g,wauay[_(693 + 9)(; — 91)9222 + 393(6(1 — g3) +9) + 2(693 +9)]
+€) 0" €2, 5a 5,0 T° [+6(1 — 93)(% — g1)J222 + (g1 + 2)57222

(301~ g5) + (601~ g5) +9)]
+51,ﬂagg,uau€§,upayxp[—6(1 —g3)(g1 + g)gm — 9(; — g1)Ja22
(1= g5) + )61~ g5) +9)]
Ve €50 gt (31— g5) + 2)(6(1 — g5) +9)
(31— ) + (61— g5) + 9]
+e ales P e puaa[+(3(1 — gs) + g)(figs +9) — 3g3(695 +9 — (6(1 — g3) +9))

~(3(1 - g3) + 5)(605 +9)]

9
+ey,a"e) " s’ [+(3(1 — g3) + 5)(693 +9) — 393(6g3 +9 — (6(1 — g3) +9))

~(305(695 +9) + 5 (6(1 — g3) +9))]

_ _ ) 9
+€ipxp6§,ua“€3ﬂva@ [—3g3(6g5 +9 — (6(1 —g3) +9)) — (3(1 — g3) + 5)(693 +9)

| ©

+393(6g3 +9) + 5 (6(1 — g3) +9)]

_ _ Y 9
—i—Eipxpe’g,ua“e&a,,ga [—393(6g5 +9 — (6(1 —g3) +9)) — (3(1 — g3) + 5)(693 +9)

31— g3) + (605 +9)]

(5.31)

This is solved by setting g1 = g3 = % and gooo = 3. From this we have already
obtained the value of the relative coupling constant of the 2-2-2 vertex and the 3-3-2
vertex, which is the only relevant coupling constant in spin-3-gravity. An important
consistency check for the theory is that all further calculations yield the same value

of this coupling constant.
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5.2.3 Two spin-3 parameters, one spin-2 parameter

We come to the case of two spin-3 parameters and one spin-2 parameters. The first
double bracket is of the form [[2,[[3,3]]]] and consists of the 3-3-bracket from 3-3-2 as
the inner bracket and the 2-2-bracket from 2-2-2 as the outer bracket, whereas the
other two double brackets are of the form [[3,[[3,2]]]] and [[3,][2,3]]]] respectively and
consist of the 3-2-bracket from 3-3-2 as the inner bracket and the 3-3 bracket from
the same vertex as the outer bracket. As in the last case, we discard the prefactors of
the Killing-tensors. Also, since the first term is the only one that contains a bracket
from the 2-2-2 vertex, it recieves a relative coupling constant. For this term the inner
bracket is:

(€1, €]] = 3(1 + 10g2)€” "€ 05p7” — 3(1 + 10(1 — g2))éy’ 2P appa”  (5.32)

The double bracket then is:

(€3, [[€1, €]]]] = Gooa[+ 910,65 [[€1, E2]]a — (1 — g1) €3 0,1, €2 533
50l — S0ucslle, @) |

Plugging in the inner bracket this reads:

(€5, [[€1, €]]]] = G220€5 ,2”[+(3(1 — g1)(1 + 10(1 — g2)) + g(l +10g2))e/” 0" pya
(31— 92)(1+ 10g2) + 21+ 10(1 — 02)))6]" 82 0]

N 3 By
+G222€3 ,0" [+(3(g1 + 5)(1 + 1092))65_37&52,/37/)37[)

2
3 _ _
—(3(g1 +5)(1+10(1 ~ 92))E 278 ]
(5.34)
For the second term, the inner bracket is:
= = 3\ e V= — — v
[[€2, &3]] = =3(g3 + )&, a"a" €3 0p2” — 3(3 + 2(1 — g3))€y , ,a" v €3 0a”  (5.35)

2

The double bracket then is:
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5 Consistency conditions for spin-3-gravity

o 15 —oBri 15 o o
[[€1, [[E&2, &]]] = +§923u€15[[627 &llas — 7(1 - 92)61559#[[62’ &lJas
3, 5 (5.36)
+§€f“ Oall€2, &]]o1 — 5 0apull2, &))"’
Plugging in the inner bracket this reads:
o oh 3 3o,
(€1, [[€2; &sll] = &7,,a"[+(=6(;5 + 1592)(g5 + 5))€zapyE5,%
3 _ _
—(6(5 + 1592)(3 + 2(1 — 93)))€3, 07" €3,5]
. 3.9 L
+617 1 [+ (90(1 = g2) (g5 + 5) + (3 + 2(1 = 95))) 205463 0"

—(9B+2(1 = g5)) +90(1 = g2)(3 + 2(1 — 93)))&3 a0 €315

~(18(g5 + 2) + 90(1 — 92)(3+ 2(1 — 95)))6a.0,) 053]
(5.37)

The third term can be obtained from the second one by interchanging the labels of
€, and € and switching the overall sign:

[[€2, [[és, &]]]] = 6“'5,@@“[%6(% + 1592) (g3 + §))€1,am€§,px”

2 2
3
H(6(5 + 1592)(3 + 2(1 = g5)))] 0,273
. 3. 9 L
e 2= (90(1 = 92)(95 + 5) + 53+ 2(1 = g5)))61 056 0"

(9B +2(1 = g5)) +90(1 — g2)(3 + 2(1 — 93)))€] a0 €345

+(18(g5 + g) +90(1 — g2)(3+2(1 — 93)))&y 0, @3]
(5.38)

Summing up these terms leads to:
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5 Consistency conditions for spin-3-gravity

> e, [ el =

cyc
— — s ~ 9 ~
61,&5762,ﬁufl“6g,p33p[—3(1 — g1)(1 4 10g2) G222 — 5(1 +10(1 — g2))g222

3 3
+6(§ + 15g2) (g3 + 5)]

0B o 3 s 3
+€17045’Y€27Bpxp6g,ua’u[+3<gl + 5)(1 4 10g2) G222 — 90(1 — g2)(g3 + 5)

~SG+2(1 - g5))]

B . 3 _ 3
+51,ﬁp$p€27aﬁw€g,uay[_3<91 + =)(1 + 10g2) G222 + 90(1 — g2)(g5 + =)

2 2
9
+§(3 +2(1 - g3))]
—a _ _ N 9 R
+€1,ﬁua#€27aﬁ“/€g,pxp[+3<]' —g1)(1 +10(1 — g2)) G222 + = (1 + 10g2) G222

: (5.39)

63 +15) (g5 + )

- _ 3
+€1,au'ya”€2’ﬁp$p€g”3[+18(g3 + 5) + 90(1 — gg)(?) + 2(1 — gg))

65 +1502)(3+ 2(1 — g5))]

e yuad" e 7€ 5[+9(3 +2(1 — g5)) + 90(1 — g2) (3 + 2(1 — g3))
65 + 1502)(3 +2(1 — gy))]

FE 108 025 ~9(3 + 2(1 — 5)) — 90(1 — g2) (3 +2(1 — 35)
—I—6(§ + 15g2)(3 + 2(1 — g3))]

2
—a _ _ 3
+617ﬁpxp627a}7a“63775[—18(93 + 5) —90(1 — ¢g2)(3+2(1 — g3))

—1—6(; +15g2)(3 + 2(1 — g3))]

This is solved by g1 = g2 = g3 = % and gq99 = 3, exactly as expected.

5.2.4 Three spin-3 parameters

The last case is the one of three spin-3 parameters. All double brackets are of the
form [[3,[[3,3]]]] and consist of the 3-3-bracket from 3-3-2 as the inner bracket and
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5 Consistency conditions for spin-3-gravity

the 3-2-bracket from the same vertex as the outer bracket. We again discard the
prefactors of the Killing-tensors. Also, there is no need to include any coupling
constants. For the first term, the inner bracket is:

[[El, gg]] = 3(1 + 1092)6?7ﬁua“627a5pxp — 3(]. + 10(]_ - gg))EiﬁpxpEg,agua“ (540)
The double bracket then is:

[[€3, [[€1, €a]]]] = +3930,.€5 , [[€1, &2]]la — 3(1 — g3)€5, ul[€1, €2]]a
9 (5.41)

9 = = = = = (e}
+§€§,uaa[[€1» €]y — Zaae&/w[[ely A

Plugging in the inner bracket this reads:

[[€3, [[€1, €]]]] = €.auma’a”[+(3(6g5 + 9)(1 + 10g2))e)” 2 py,7"
—(3(6g5 + 9)(1 + 10(1 — g2)))&}” , 282, 510]

+63,,0" 7 [—(27(1 + 10(1 — g2)) + 18(1 — g3)(1 + 1092))61 w€2,8700"
(

+(18(1 — gs)(1 + 10(1 — g2)) + 27(1 + 10g2));” 0" €2, gyl
(5.42)

—~

The other double brackets can be obtained from the first one by cyclic permutation
of the labels of the Killing tensors:

[[€1, [[E2, &]]]] = €aua’a” [+(3(6g5 + 9)(1 + 10g2))&5” &3 pyp "
—(3(6g5 + 9)(1 + 10(1 — g2)))&" 273 0]
+e 0”2 [—(27(1 4 10(1 — g)) + 18(1 — gs)(1 + 10g2))E, " €3 530"
+(18(1 — gs)(1 + 10(1 — g2)) + 27(1 + 10g2))&” 0" €3 3]
(5.43)
[[E2, [[E5, &]]]] = Eauva’a”[+(3(6g5 + 9)(1 + 10g2))&5” o&1,5v,7"
—(3(6g5 + 9)(1 + 10(1 — 92)))&; 21 s
+€5,,0"2"[—(27(1 4 10(1 — g2)) + 18(1 — g3)(1 + 10g2))&" 4 &1 5,00"
+(18(1 — g3) (1 + 10(1 — ga)) + 27(1 + 10g2))&”, 0" €1 ]
(5.44)
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5 Consistency conditions for spin-3-gravity

All terms in the above double brackets are different from each other, so it seems
that the Jacobi-identity is not satisfied. However, the sum of the three terms could
be a linear combination of DDI’s, in which case the Jacobi-identitiy would still be
fulfilled. Since the calculation of DDI’s for terms like the ones above is very tedious
(mostly because of the Killing-symmetry of the parameters), we instead dualise
the spin-3 parameters and calculate DDI’s for these new terms. Setting the partial
integration parameters to g = g3 = %, as dictated by the preceding calculations,
the first double bracket is:

e 2l = 70" (- 1086]" o ga” 10880 Pen )
+é5,,a" 2’2168, & 50" + 216€] 7,0 €2 o]

We replace the spin-3 Killing tensors by symmetric rank-2 tensors via (5.11) and

use

€8T hv X g gﬁvg% + gV gﬁx\ g+ ga/\ gﬁu q"
ap BA v Br ol v YA jow B (5'46)
—g9"9° 9 —9 g g —9g g g

on the Levi-Civita tensors coming from €; and €. The dualisation of the first double
bracket then is:

— - = o ~a ~f p=c M v ~3 v ~C M P
) — v
[[€3; [[€1, €2]]]auar = +2€7 3&; 7€ 0" €cana” + 28] 0" €5 5€5 M €cnp

~f v~a ~c [T ~B _pra ~c v
+2€7 ,0" €5 5€5 (Ecppat'x’ — 28 XPE) JE atecana (5.47)
_ora =B v wop __oza =B v~ _pu P
2€] 565,07 €3 €cupat T’ — 267 g€y Ja" €y aMecopt
The other double brackets can again be obtained by cyclic permutation of the gauge
parameters:
— - = _ ~c L vea =B _p ~c U p=B _v-a
(€1, [[€2: E]lllauar = +261 0" €car@” €3 5€5 , 77 + 267 0 €capt” € ,0"E5 5
~c wopB v-a o= _p v=B . p-a
+2€] (Ecup”TPEy a7 Eg 5 — 2€] Ve a”Ey 1P ES 5 (5.48)
9z wopra =B v o= _pu pra B v
2€] o Ecpup@” T'EG g€ a7 — 2€7 0" €capT €y €5 0
— - = _ ~B _pc i e ~a ~c p=B v
[[€2, [[€3, €1]]])auar = +2€) 7€ 0" €can 0 €5 5 + 267 5€5 0" €cnpTEy 0
~a ~c wop=B v o-a ¢ vB _p
+2€7 5€5 o Ecup” TPEy a7 — 267 y€5  aPeca €y x (5.49)
~8 _v~c W, .pra ~B8 v~c _pu pra
—2€) ,0"€; €cup T7EY 5 — 26, ,a"€; ,a" €TV ES 5
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5 Consistency conditions for spin-3-gravity

The full Jacobi-identity then is:

Z[[Eg, [[€1, €2)]]]duar = +2€?,5€§7pxp€§,ﬂa“em,a” + 2€f,l,a”€‘21ﬁ€§’#a“empxp

cyc.

+2€fz”alj€§:5€§,aecﬂpauxp - 2€f,pxpg§,5€§,ua'u€cayay
_26?,ﬁgg,yaygg,a€cupa“xp - 25?’5€§’Va1/€§’#a“€capxp
1285 580 aPE P ey’ + 285 0 € 5T 0" €pnpt”
+2€g,ual/€g,6€ia€cupa“$p - 2€§’pmp€§‘75€i#a*‘emya”
_263,6€§,yaygia€cupa“l’p - 25(21,5€§’Va”€‘f’ua“ecapxp
+2€§76€f’px’)€§’#a“ecwa” + 2€§’Va”€?ﬁgg’“a#6mpxp
+2€§’Va”€‘f"ﬁ€§’aecupa“x” — 26?,,)55/)5%555,#&“66@”@”
B s

€Y € vee H P P vee p
_263,661,11@ €9 aCeup T° — 263,561,1,0/ €. u@ €cap®

(5.50)

We now want to rewrite this in more convenient variables. In order to do so, we
need to fix a few conventions regarding the Levi-Civita tensor. If an index of € is
contracted with €;, we move this index to the i-th position of the indices of €. Also,
if any a’s and z’s are contracted with e, we always move the a’s to the left of the
x’s. The new variables are then defined as:

e ¢;... ¢ contracted with e (at the i-th position)

e A;... a contracted with ¢;

e X;... x contracted with ¢,

o A, ... acontracted with € at the i-th position
e X, ... z contracted with € at the i-th position
e 2, defined as usual

Note that the subscripts in A, and X, are strictly speaking obsolete, since the
positions of these objects are already completely fixed by our conventions and the
other variables, but writing them out makes it easier to check the consistency of all

steps of the calculation.

In these variables, the Jacobi-identity (5.50) reads:
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5 Consistency conditions for spin-3-gravity

Z[[Es, [[€1, €2)]]]auar = +2€2e3A43X1 A, 23 + 2€163A43 X0 A, 23 + 2341 Ay Xy 2123

cyc.

—2e9e3A1 A3 X 23 — 2e1e3A2A3 X, 23 — 2e3 A0 A, X, 2023
+2e1e3A1 X0 A, 21 + 20169041 X3A,21 + 261 A2 A, Xey 2122
—2e1e3A1 49X ;21 — 2e160A1 A3 Xy — 2€1A3A, Xy 2123
+2e169 A9 X3Ac, 20 + 2e0e3 A5 X1 Ae, 20 + 2e0 A3 A, X, 2023
—2e1e9 A9 A3 X 20 — 2e0e3A1 A5 X 20 — 2e0 A1 A, X 2122

The DDI’s that are relevant for these terms consist of the following objects:

{8a17 aal ) aaw 8027 8a37 aaga a,a,xr, 6}

(5.51)

(5.52)

It turns out that the only relevant DDI’s are those where all three indices of the
Levi-Civita tensor are contracted with the generalized Kronecker-delta. All other
DDI’s are linear combinations of the aforementioned ones, as has been explicitly
checked. One needs six DDI’s to see that the terms in the Jacobi-identity indeed

vanish. These DDI’s are:

(e169X3A, — €160A3X, + 1A, Xey21 + €24, Xey20)A121 =0
(e169X3Ac, — €169 A3 X, + €1 A, Xey21 + €24, Xey22)Agzo =0
(e1e3X2A,, — e1e3A45X,, — e1 A, Xey21 + e3A Xey23)A121 =0
(e1e3X0A,, —e1e345X,, — €1 A, Xey21 + e3A X, 23)Azzz = 0
(e2e3 X1 A, — e2e3A1 X — e9A Xey2o0 — e3A X, 23)Azo = 0

<€2€3X1A61 — €2€3A1X€1 — €2A€1X€322 — €3A€1X€22’3>A323 = O

(5.53)
(5.54)
(5.55)
(5.56)
(5.57)

(5.58)

The terms in (5.51) are then just the sum of these six DDI's. We therefore see that

the Jacobi-identity is still fulfilled if DDI’s are taken into account.

To sum up our results from this section, the Jacobi-identity is fullfilled in all cases
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5 Consistency conditions for spin-3-gravity

that arise for spin-3-gravity. In the case of three spin-3 parameters, one needs to
make use of DDI’s to show that the Jacobi-identity holds. The partial integration
parameters have been determined to be % for all brackets, as expected. Also, the
relative coupling constant between the 2-2-2 vertex and the 3-3-2 vertex has been

determined to be gooo = 3.

5.3 First-order closure of gauge algebra

In the same fashion as for the Jacobi-identity, many different cases need to be
distinguished when checking (5.9). Here we only have to specify the spin of two gauge
parameters, but one can also choose different spins for the fields ® and @, which
typically results in more than one calculation for each pair of gauge parameters.

5.3.1 Two spin-2 parameters

We start with the case of two spin-2 parameters. Here we have two different choices
for the fields ® and ®: they can either both be spin-2 fields or both be spin-3 fields,
all other cases are trivial.

In the case where ® and ® are spin-2 fields, we use the 2-2-deformation of the
2-2-2 vertex both as the inner gauge deformation and the outer one in the first two
terms of (5.9). The same gauge deformation is used for the third term, but with the
2-2-bracket from 2-2-2 as the gauge parameter. By the term ”s1-s2-deformation” we
refer to the first-order transformation of a spin-s2 field w.r.t. a spin-sl parameter.
Since the Killing-tensors in all terms are the same, we can discard their prefactors
from the beginning. Also, there is no need to introduce coupling constants. For the
first term, the inner deformation is:

5§11)(<I>) = =267 7709, a"a” +2(1—c)&] 770, Porata” +2(1+ )& yoa @ a” (5.59)
The double gauge deformation then is:

0 (6)(®)) = €50 (6(®)) 0 — 0,5 (68 ()

€1

(5.60)
(1= )E30,(68(®))ws + Dner 0L (®)°,

Plugging in the inner gauge deformation from above this reads:
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00 (0 (@)) = &, %a"
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[—4(1 + c)Efypxp(?g(I)a,,a” +2(1+¢)(1 - c)Ef,pxpaacbg,,a”
+2(1 + ) (1 — )& ,2°9,Ppaa” + 2(1 + ¢)(1 + €)&1,05®P7,a”
+2(1 + ¢)(1 + )& pa" D7 ]
c)—2(1—c)(1+ c))gf’af)“@gya“a”
c)+2(1—¢)(1— c))é/fgx”@aaucbﬁya”a”
+ +c)—2(1—¢)(1 — c))g’iua“ﬁo@ﬁya”
+(2(1 =) (1 —c) —2(1 — o) (1 + ))&} ,a"D, Pgaa”
—|—4617aag wal'a” + 46?70x”853a<1>#,,a“a”
—4(1 — c)Ef’#a“ag(I)a,,a” —4(1 — C)Eiax”agau(bm,a“a”
+2(1 —¢)(1 — c)Ef’Ux"aua,,CI)gaa”a”]

+

(—4(1
(—4(1
(—4(1

(5.61)

The second double gauge tranformation consists of the same gauge deformations

and gauge parameters as the first one, so it can be obtained by switching €; and &,
in the above expression:

1 1 _ a
0 (08 (@) = &, %a"

xP[+

[—4(1 + c)E’gypx’@ﬁq)a,,a” +2(1+¢)(1 — c)€§7pxpaa<b5,,a"
+2(1+¢)(1 — c)E’g,pa;p&,@gaa” +2(1 4 ¢)(1 + ¢)Eg,059P" a”
+2(1 4 ¢)(1 + ¢)égpa" d° ]
2(1—¢)(1+ C))E§7a3#®5ya“a”

2(1—¢)(1— c))Egﬂx‘Tﬁa@ﬂ@gya“a”

+c)—2(1—¢)(1 — c))ggua“a&@wa”

+2(1—c¢)(1—¢c)—2(1 —¢)(1 + c))Eg’Ma“('?,,(I)gaa”
+4627a85 wal'a” + 4557055085(9&@#”%”
—4(1 — c)EQMa“(?g(I)a,,a” —4(1 - C)Egasc"@gau(ba,,a“a”
+2(1 —¢)(1 — 0)65703:"8“8,,@5(1%@”]

—C
—C

) —
)+
) -
1—

_|_

(—4(1
+(~4(1
(—4(1

(5.62)

For the last term in the FCGA we need the 2-2-bracket from 2-2-2. We will still use
arbitary partial integration parameters in the brackets, but since these calculations

can only contain one bracket at a time, the parameters for the brackets will all be
labeled g. The bracket is:
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5 Consistency conditions for spin-3-gravity

3 5)
[[€2,&]] = (g + Q)Eg,uauglaapxp - (5 - g)gg,pxpgl,aua# (5.63)
The gauge deformation is:
1 R R e - = 1o
52 (@) = (62, @0y, — c,l[E2, @1)) P 560
+(1 = o)[[e2, @]]* 0 Paw + OullE2, 1)1, 27,
Plugging in the bracket this reads:
1 3., 9 _ o v
5[([%@1“(@) = —2(c(g + 5) + 5 g)eg,gaeiua“@ ' a
5 3
+2(c(5 —9)+g+ 5)52,@@“55&@%@”
3\ a_ 0 BV
—2(g + 5)62 €1,8p2" 0P, a"a
(5.65)

5
+2(§ — )23y 00D, 0t a”
3
+2(1 —¢)(g + E)Egaélﬁpxpaucbwa“a”

5
—2(1 — c)(§ — )Er,3,2"E,%0, Dy, ata”

The FCGA then reads:
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60 (88 (®)) — 68 (8% (@) + 62 (@) =
5 3
€1,058, 0" OF,0"[+2(1 + €) (14 ¢) = 2(c( — 9) + g + )]
+E1,p0"Ey, 0 D0 [+2(1 4 ) (1 + ¢) — 2(1 + ¢)(1 + ¢)]
+é 176, 20" 05Paya” [—4(1 + ¢) + 4(1 +¢) +2(1 — ¢)(1 — ¢)]
+e 176, a0, Pgya” [+2(1 + ¢) (1 — ¢) — 4(1 — ¢)]
+é 176, a0, P paa” [+2(1 + ¢) (1 — ¢) + 2(1 — ¢)(1 — ¢) — 2(1 — ¢)(1 + ¢)]
3.5
+61,,"0"6,050%,0" [=2(1 4 ) (1+ ) + 2(c(g + 5) + 5 = 9)
+€17uaa“e2 27 05P o, a" [+4(1 +¢) —4(1 +¢) = 2(1 — ¢)(1 — ¢)]
+€1juaa“62 270, Pp,0" [=2(1 + ¢)(1 —¢) + 4(1 — ¢)]
+6, a" 62,,;35 £0,Ppaa"[—2(1+c)(1 —c) —2(1 —¢)(1 —¢) +2(1 — ¢)(1 + ¢)]
5
+€1 02,0, Pp a0t a” [—4(1 — ¢) = 2(1 — ) (1 +¢) +2(1 — c)(§ —9)]
5
+6] 465,17 05P 0" a” [+4 — 2(5 —9)]
+é o17€ 77030,y 0" a" [+4 — 4]
—i—elﬁx 7€y ,270,0,Ppaa"a"[+2(1 — ¢)(1 — ¢) = 2(1 — ¢)(1 — ¢)]
+£¢fg;ﬁaaﬁaﬂ a’[—4(1 —¢)+4(1 —¢) —2(1 — ¢)(1 — ¢)]
+é o17€ 77 0,0,Pp,a"a"[-4(1 — ¢) + 2(1 — ¢)(1 — ¢) + 4(1 — ¢)]
3
+€7 7€ a@ Ppata’[+4(1 —c) +2(1 —¢)(14+¢) —2(1 — ¢)(g + 5)]

3
61,1765 o Op P’ [~ 4+ 2(g + )]
(5.66)

Setting g = % and ¢ = 1, the FCGA can be fulfilled:

05 (68 (@)) — 64 (55 (@) +

€2

5(1)

[[€2,€1]]

5()

€1

(@) =0 (5.67)

Together with our results from the Jacobi-identity, this shows that the 2-2-2 vertex is
consistent in three dimensions, which is of course a well-known fact. This calculation
has now also fixed the value of the partial integration parameter of the first-order
deformation corresponding to 2-2-2 as ¢ = 1, whereas the parameter of the bracket
g= % is in agreement with previous calculations.
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5 Consistency conditions for spin-3-gravity

We can now also choose ® and ® to be spin-3 fields. In this case we use the
2-3-deformation from the 3-3-2 vertex both as the inner gauge deformation and
the outer one. The same gauge deformation is used for the third term and we still
have to use the 2-2-bracket from 2-2-2 as the gauge parameter. We again discard
the prefactors of the Killing-tensors. This time, the last term is the only one that
contains an object from the 2-2-2 vertex, so we have to add a relative coupling
constant. For the first term, the inner deformation is:

6§11)(<I)) =-9(2 — e)%?yﬂa‘@ama”a)‘ + Qeﬁ,pxpal‘@awa“a”a)‘ — 6€?7p:cp8a<bu,,,\a“a”a)‘
(5.68)

The double gauge deformation then is:

3 3
5 (05 (®)) = +5e830,(05) (®))aa — 52 — )9, (05 (®))aun

2 (5.69)
—&504(00 (@) un

Plugging in the inner gauge deformation from above this reads:

5;;)(58)((1))) =& ,27[—(27e(2 —e) + 546)Ef’a3“<135y>\a“a”a’\
+(54€? — 5de(2 — e))éf’ya”ﬁuq)ga,\a“a’\
+(27€* + 54(2 — e))giua“QO,(I)gZ,)\a”a’\
+(27¢* — 546)Ef,pxp8a8u<1>5y,\a“a”a’\
+5462E?’pxp(91,3#<I>5Ma“a”a’\ - 546Efvua“85<1>ay,\a”a)‘
—546€f,pxpagau(1>ama“a”a)‘ + 36(??’&85(1)#,,,\@“@”@)‘ (5.70)
+36E’fjpxp858a<bm,)\a“a”ak]

+6 ,a"[+27(2 - e)2Ef7a<I>5,,,\a”a’\ +54(2 — 6)25?7,/(1”(1)504)@)‘

—27e(2 — e)€f’pxp8a®5yka”a)‘
—54de(2 — e)Ef’p:cpﬁ,,(I)BaAa”a)‘
+54(2 — e)€f,p1:p6fg<ba,,,\a”a’\]

The second double gauge tranformation can be obtained by switching € and & in
the above expression:
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08 (05 (®)) = & [~

€1 €2

(27e(2 —e) + 546)@5@8”(1)5,,)\&“&”&/\
+(54€? — 54e(2 — e))égya”a CDgaAa“a)‘
+(27€? + 54(2 — e))e2 at 0, s 20" a
+(27€2 — 546)6271)1' 000, P g 00" a” a*
+54¢? 62 o7 ﬁyﬁuq)gaAa“a”a’\ — 54eég,ua“05<bm,,\a”a)‘
—54662,/)1‘ 856,1%”@”@”& + 36651,1(3,3(1)“,,,\@“@”@)‘ (5.71)
+36€§7pm”658a¢w)\a“a”a/\]
+€7 k' [+27(2 — 6)265,(1@51,,\@”@)‘ + 54(2 —e)? 62 ,a" ®para’
—27e(2 — e)ég’pa:paa@ﬁwa”a’\
—bH4e(2 — e)ég’pa:pay@gwa”a’\

+54(2 — e)égypx”@ﬁ@w,,\a”a)‘]

For the last term in the FCGA we again need the 2-2-bracket from 2-2-2:
5

)Eg,,u,a'uglﬂp‘rp - <_ - g)gg,pxpglaauau].g?QQ (572)

el =g+ .

2

The gauge deformation is:

3 3
ﬁp,(@):+56Wzaﬂ%h®wk—éﬁb—eﬁLW@Ema®wA

2 (5.73)
+§3a[[€2> el @5 — [[€2, €1]]“0aPrin

Plugging in the bracket this reads:

)
)62 a€1 IBP'T o 96(_ - g)EQ px €1 ,304]8 ¢ V)\CL'LLCLVCI,)\

Siere(®) = Gana[+9e(g + 5 :

[[€2,é1]] 2
~ 3 5 7ﬁ p7 M v )\

+Gaa[—6(g + =)é €187 +6(5 — 9)€ 7€ pal0aPrata”a

2 2 ’ (5.74)

%) 4901 - )3 — 9))éd a5

01—y +

+G222[+(9(g +

5 - a v
) + 9(5 - g))eg,aelﬁuau]@ A (1)\

The FCGA then reads:
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39 (0 (@) — 685 (@) + 6.2 _(®) =

€2 €2 [[€2,€1]]

5
é& Eg’p:cp(?“q)gl,)\a“a”a)‘[—Z%(Q —e) — bde + 96(5 — ) Ga22]

La
+Efaé"pxp85¢uVAa“a”a’\[+36 — 6(2 — g)Ga22]
+é L7 E3 170, P gara a[+54€7]
+é na'€5 270, Pgra”a[+27€]
+é na'€5 7P 05P ara”a[—=5de + 27e(2 — ¢)]

+é € 17 0005P ra a” a[+36 — 36]

+é&) 1€ 70,0, Pparaa” a*+0]

A[—27¢?]
+é) L€ 170,05 Ppyrata” o [+27¢€7)

—|—€1 765 ;17 0,05Paunata’a

2)9222 —-9(1 - 6)(; — 9)Go22]

3
e 5,0 B @ [H27(2 — ) — (g + )3
—l—E’i,,a”65‘7“(#(1)5&,\61A +0]
—i—Ef’px’)@ﬁua“aa(I)gy,\a”a)‘ +27¢62

[
[

—i—Ef pxpEg“”a“ﬁ,,(I)ga,\a”a)‘[—Séleﬂ
[

—

v, A
+é 275,00 Payna’a’|—

3
+€?’pmp€2,a8MCI>5VAa“a”aA[+27e(2 —e) + 5de — 9e(g + 5)@222]

3.
+€?,pxp€§,aaﬁq)wj>\auaua)\[_36 + 6(g + 5)9222]
o =0 v, oA 2 3 ~ ) -
+e ,a"e, ,Dpna’a[—27(2—e)* +9(1 —e)(g + 5)9222 + 9(5 — §)J222]
(5.75)
This is solved by setting g = 5, ¢ = 0 and gao» = 3, which perfectly agrees with
our previous results. We again observe that by choosing e = 0 the term in the

deformation where the derivative with the free index acts on the field vanishes, just
like for the 2-2-deformation.

5.3.2 One spin-3 parameter, one spin-2 parameter

Now we come to the case of one spin-2 parameter, which will be €, and one
spin-3 parameter, which will be &. Here we have again two possibilities to choose
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the deformations: we can either use the 2-2-deformation from 2-2-2 as the inner
deformation and the 3-3-deformation from 3-3-2 as the outer deformation in the
first term, as well as the 3-3-deformation from 3-3-2 as the inner deformation and
the 2-3-deformation from the same vertex as the outer deformation in the second
term. In this case, ® is a spin-2 field, ® is a spin-3 field and the deformation in the
last term is the 3-3-deformation from 3-3-2.

The other possibililty is to use the 2-3-deformation from 3-3-2 as the inner
deformation and the 3-2-deformation from the same vertex as the outer deformation
in the first term, as well as the 3-2-deformation from 3-3-2 as the inner deformation
and the one from 2-2-2 as the outer deformation in the second term. Then &
is a spin-3 field, ® is a spin-2 field and the deformation in the last term is the
3-2-deformation from 3-3-2. In both cases, we need to use the 3-2-bracket from 3-3-2
as the gauge parameter in the last term.

Starting with the case where ® is a spin-2 field and ® is a spin-3 field, the inner
deformation of the first term is:

569)((13) = Gozo[—2(1 + ¢)€] ,a""Poa” + 2(1 — c)€] 270, Py a0t a” — 25?7/)93”8&@“”(&%”])
5.76

The double gauge deformation then is:

0D (60 (@)) = +3£e5,0, (05 (®))ar — 3(1 = )05, (68 (®)) ar

3 (5.77)
=383,,00 (0%, (9))ua + 5 0afa, (05 (2))%

Plugging in the inner gauge deformation from above this reads:
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05 (0(®)) = oty 0" a”[=6(2 — £)(1+ 0)&] ;paa
—6(2 = f)(1 + )&} @ Ppa
+6(2 — f)(1 — c)Eipxp@a(I)B,\a’\
+6(2 — f)(1 = c)& 770\ Ppaa
—12(2 — f)€f’pxp85 ara’]

22085, 0" [+248] , 05D, 0a"a + 24€] 7”0, 05D, 00" a
+12f(1 — c)Ef’px”@l,a,\Cbaﬁa”a’\ — 24f€f7ya”85<1>axa’\
24f(—:1 oL &,ag@a)\a”a’\
+(24(1 4 ¢) + 12 (1 — ))&/ ,a" 0, CDB,\a)‘
—(24(1—c)+12f(1 + c))e1 WO Para’a
+(—24(1 —¢) + 12f(1 — ))epr 0,0,Ppra"a”
(

+(12f(1 — ¢) — 12f(1 + ¢))&] ,a* 0, Pgaa”]
(5.78)
For the second term, the inner gauge deformation is:
0D (®) = +6(2 — f)&y 20 a" ®ona® + 12fe5 0" 2", Porata (579
—12€5 ,,a" 2?0, Pyra” a’ '
The double gauge deformation then is:
5 (5O 3 3 ca(5(1)
o (05, () = +5eerd, (06 (®))ar = 5 (1= €)0.€0 (%, (2))ava
3 (5.80)

+50a61u(05 (@)1 = E0a (05 (@)

€2

Plugging in the inner gauge deformation from above this reads:
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00D (@) = & ar[-18(2 — ¢

€1 €2 f)€2 1/)\ aya)\q)ﬁa

(2 —e)
—36(2 — €)(2 = f)é, 0" Ppra’
+36(2 — e)él apT05Pyra’a + 72(2 — )‘5 ypa TP 0P ona’
—36f(2 — e)egapx”(? dgra’a® — 36f(2 — )eg’ypa”xpﬁaq)g,\a)‘
—36f(2 —e)él p V1P O\D g’
+€ff7pxp[+72€2’#pa“xp8a8ﬁ a’a — 36ees apT’0,05P,na"a” a’
—726(?57”#@#&”8& @ — 7266271,[)01 2°0,05P opat a’
+36f - eEfj’apxp@ua,,CI)g,\a“a”a’\ +36f - eggwal’xpaﬂa)\q)aga“a’\
—(36(2 — f) +18f - €)6, ., a"a" 0, Pyra’
+(72 + 36e)él .,
—1—366627&“ a" B, + (—72f + 36f - €)&5 10" 20,0, P grata
+(18e(2 — f) — 18f - )&, Wﬁaua”(?ﬂ)gaa
—(72f +36f - )62 a0’ 0, ®prata’
+(36e(2 — f) — 36f - e )esz a’0,®prata’]

atd®,za" a

(5.81)

For the last term we need the 3-2-bracket from 3-3-2:

3
=)€ ) 0" a7 € opr” — 33+ 2(1 — g))&; 0" "€ pa”  (5.82)

[[€2,&]] = =3(g + 5

The gauge deformation is:

5[([2,@1]]@) = +3f[[€2, @1]]%0uPar — 3(1 — [)Iu[[€2, &1]]%, Par

3 (5.83)
_3[[€27 gl]]auaaq)u)\ + Qaa[[g% El“,uuq)a)\

Plugging in the bracket this reads:
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N i
epea) () = [+36(g + 5)85,, 0" gy +18(3 +2(1 = g))é;
+18(342(1 — g))&

€2,up

fypxpa,ﬂ“a“

a“x”éljﬁo‘]@afby,\a”a’\

+[—36f(g + g)eﬁy’ga”empazp —18f(3 + 2(1 — g))ég’ap:cpélwg,,a”
—18f(3+2(1 — g))€§7Vpa”xp€175a]aﬂcl>a,\a“a)‘

+[—(18(g + §) +9(1 = /)B+2(1 — 9)))ey,, a"a’e, §

2
—(18(3+2(1 — g)) + 18(1 — f)(3+2(1 — 9)))&; , “a"e1 pya”
FBO(1— g+ 2) — 1801 — B+ 2(1 - 9))e,, a ey 50" Bora?

2
(5.84)

The FCGA then reads:
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0 (6P (@) — oD (6P (@) + 01 (@) =

€2 €2

o0 3pa [6(2 — )1+ )i+ 18(g + 2)
+9(1 = )3 +2(1—g))]
+e) 0 6, 0" a" Do [—6(2 — f)(1 4 ¢)gaze + 18(2 — £)(2 —e)]
—i—el,p:cpez’w ata” OzP a0 [+6(2 — f)(1 — ¢)Gaon — 18e(2 — f) + 18f - €]
—i—Ef,p:ch’Waa”a”&a(I)g,\a)‘ +6(2 — f)(1 — ¢)gaoz — 36¢€]

+E] 165 ,,0" 03P, \a" a[+247020 — 18(3 + 2(1 — g))]
24(1 — ¢)ga22 — 12f(1 + ¢) G2z
+18f(342(1 —g))]
24f - Gaza + 36£(2 — €)]

[—
[
[
+E) 108y, 00" DgPara[—12(2 — f)Goze + 36(2 — f) + 18f - ]
[
-

+€ﬁa€§‘7ypa 0,Psrata
—i—Efua“E‘;Vpa”:c”@g(I)a,\a’\[
+e) ,a"e,,a" 1 0 Pra [+24(1 + ¢) oz + 12f (1 — €)Gazz — T2(2 — €))]
+€ /\a’\E‘QJ‘Vpa 270, Ppaa! [+12f (1 — €)ooz — 12f(1 4 €)ooz + 36 f(2 — €)]
+61 LTE 0" aaagfb,v\a“a [+24G290 — T2]
+61 STE .0 1% 0,00 P 500" a[+12f (1 — ¢)Gaza — 36 - €]
+é ST7€5 50" 07 0,0, Pprat a*—24(1 — €)Gazz + 12f (1 — €)Gaga + T2¢]
M=24f - Gz + 72f — 36f - €]
[—36(2 —€) +18(3+2(1 —g))]
+€‘f‘7ua“€§yapx”8,,®5,\a”a)‘[+36f(2 —e)—18f(34+2(1 —g))]
+E,0"Ey o, 0" pra [+36(2 — €) (2 — f) — 18(3 +2(1 — g))
—18(1 = f)(3+2(1 — 9))]

3
+e 1085 0" 03P, na"a[—T2 — 36e + 36(g + )]

p=x o
+é €550 170,05 Panata

uw=hB v,.p v,
+€7 ,0" € ,,0" 1" 0P, ra"a

3
+€‘f7pa:pég7yaa”0uq)5,\a“a)‘[+72f +36f-e—36f(g+ 5)]
(5.85)

This is solved by setting c=1,e=0, g = % and go9o = 3, which is again in perfect
agreement with our previous results. Interestingly, the parameter f is not fixed by
this calculation. It is expected that it will be fixed by the other cases.
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Coming now to the second case where ® is a spin-3 field and d is a spin-2 field,
the first term in the inner gauge deformation is:

(SS)(Q)) =-9(2—- 6)6‘@&“@%,\&”@)‘ + Qeé‘f’pxp(?u@a,,,\a“a”aA — 6E‘f‘7p:vp8a<bu,,,\a“a”a>‘
(5.86)

The double gauge deformation then is:

15 15 N
55 (05 (®)) = —d0,8" (05 (9))as + 7 (1 = D& 0, (5 (8) o

(5.87)
—« 1 — 1 e
—385%0,(65) (®)) sy — 30aa,pu(64 (@))7

v

Plugging in the inner gauge deformation from above this reads:

0 (05 (®)) = &7 27 [+270(e(1 — d) — (2 = €)(1 — d))&1 10" D, D", 50"
—(216e + 540(1 — d)(2 — €))&1,,a0, P75, a"a”
+(216(2 — e) + 540e(1 — ))& 5, 0" 0n P75, a”
+270e(1 — d)é ,2°0,0,P", gata”
+(—216€ + 540e(1 — d))dé; ,270,0,P" 5, a'a”
—540(1 — d)€] ,a"0,Pop,a” — 540(1 — d)€] 70,0, Pop,ata”
+216(1 — e)€] ,05P,a"a” — 108¢e€] , 170,05, 0" a”
+216€] ,0,Pp,at'a” + 216€] ;17 0,0, Pg,a" a”]
+e5” a"[~18(2 — €)(3 — 15d)e1,,,a" P74
—36(2 — €)(3 — 15d)e1,0 D", 0"
+18e(3 — 15d)é1 ,270,P", 50"
+36€(3 — 15d)€1 ,7° 0, P 5, 0"
—36(3 — 15d)2] 270, By 5,0"]
(5.88)

For the second term, the inner gauge deformation is:

0 (®) = +90(1 — d)&s” "9, Pagiata’ + 9(2 — 10d)es” ,a'®op,a”

€2
—3663,@95”6&@5#”@#@”

(5.89)
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The double gauge deformation then is:

3D (6(®)) = Gaoa[— 0, (02 (@) + (1 — )X D (0L (@) o

€ 0a (08, (@) + Oatr,u(08 (@))°,] (5.90)

Plugging in the inner gauge deformation from above this reads:

08 (85)(®)) = G2f5,a"[-90(1 + ) (1 — A& 2" 0u Do
—90(1 +¢)(1 — )62 px L0, Ppyaa”
—9(1 +¢)(2 — 10d)&y” T ®aya”
—9(1+¢)(2— 10al)e2 L0 Pgg
+72(1 4 c)&y 77 0P 00"

)&
+ 22267 27 [+90(1 — ¢)(1 — )62 »270,0,Pp 00" a”
+(1 = ¢)(9(2 — 10d) + 90(1 — ))& Ma“a B aa”
+(—180(1 — d) + 9(1 — ¢)(2 — 10d))& .0, P 5., a"a”
+(—18(2 — 10d) 4+ 90(1 — ¢)(1 — d))egvuaua Dy,a”
+(—180(1 — d) + 90(1 — ¢)(1 — d))&" 2700, ® g aa”
+72€§7a85 Suwata’ +72€§70x"0a85 qala”
—72(1 — 0)62 10" 0P ,a”
—72(1 — 0)62 527 0,05P 00t a" ]
(5.91)

For the last term we again need the 3-2-bracket from 3-3-2:

[enall = =303 +2(1 — ))&, a"aPes ppa” — 3(g +

5 =6, ata € gpr”  (5.92)

The gauge deformation is:
(1) 15 o 15

5[[62,51]]((1)) = _?dau[[eb 61“aﬂ®a,8y + = 5 (1 —d)[é, El]]aﬁauq)aﬁ,,

(5.93)
—3[[é2, @1]] P 0a Py — 30a[[E2, €1]] 5,27,
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Plugging in the bracket this reads:

3
Oene) () = [F108(g + 5)&57e1 550 + 54(3 + 2(1 - 9))&3 2%,

[2.01] TPy

. p

+54(3 +2(1 — g))€;fjpxp€17,yo‘]8a<bgwa“a"
+[=270(1 — d)(3 + 2(1 — 9))&" ,a’e, .

3\ By Y
—270(1 —d)(g + 5)625'75177/)5/’]8#(1)&&@“@ (5.94)
3
(=273 + 2(1 — g)) + 270d(g + 5))@35751,waﬂ
3 _ _
+(108(g + 5) —270d(3 4+ 2(1 — g)))ezﬁlﬂa“el,m
+(54(3 +2(1 — g)) — 270d(3 + 2(1 — 9)))&,50" €1 o] Papna”

The FCGA then reads:

69



5 Consistency conditions for spin-3-gravity

5556 (®)) = 85 (05)(®)) + 8{i o (®) =
&,a"6" 290, P 050" [—270(1 — d)(2 — €) + 270(1 — d)e
+90(1 + ¢)(1 — d)Goo2]
216e — 540(1 — d)(2 — ) + 270(1 — d)(3 + 2(1 — ¢))]
540(1 — d) +90(1 + ¢)(1 — d)gaz2]
+€] 178 b 270,0,P, 050 a” [+270e(1 — d) — 90(1 — ¢)(1 — d) o)
+e 18" 170,0,Pap,a"a” [~540(1 — d) + 180(1 — d)gazs — 90(1 — ¢)(1 — d)Gas]

+é, aeg px L0, p.a"a" [—
[—
[
[—
+6] 076" "D 0p[—18(2 — €)(3 — 15d) + 9(1 + ¢)(2 — 10d) oo
[
[—
[

V
+é, MCLMEQ 70, Pop,a

+e] ares” ad,®. 50" [+18e(3 — 15d) — (1 — ¢)(9(2 — 10d) + 90(1 — d))gaze]
Y[=36(3 — 15d) + 18(2 — 10d)§azs — 90(1 — ¢)(1 — d)Gozo)]
e ahey  Bp,a” [FI(1 + ¢)(2 — 10d)gaze — 27(3 + 2(1 — g))
+270d(g + )
+e 1°E5 10, P gy aa” [+180(1 — d)gazs — 9(1 — €)(2 — 10d)Fazs

3
5)]
3
61,1785 o Op P’ [ 72022 + 108(g + )]
+E¥7a€§7uﬁa“®vgya”[+36(3 —15d)(2 —e) — 54(3 +2(1 — g))
+270(3 4 2(1 — g))]
3
+e] 065, " Dy5,a” [+36(3 — 15d)(2 — ) — 108(g + 5) +270(3 +2(1 — g))]
+é€] pw”e2 10105 ®5,0" [+36€(3 — 15d) + T2(1 — ¢) gz
108¢ + 108(2 — €) — 54(3 + 2(1 — ¢))]

+é€] pxpez 100, @qp,a

—270(1 — d)(g +

V

[
+€] 6o, px P0pQyata”[—
+€] €5 pa: PO, Ppata”[+216 — 54(3 4+ 2(1 — g))]
+€] “a“ez 2700 P 5,0 [+216(2 — e) + 540e(1 — d) — T2(1 + ¢)Gozo]

+€] GxC’Egﬁpx 000, P g0t a” [+216 — T2G290]

(216 + 540e(1 — d) + 72(1 — ¢)gass]
’[—9€]

V

+€] ;7€ px £00,0,P.5,0"a

pzap
+€] ,17ey” 17 0,03P, 0" a

(5.95)

This is solved by setting e =0, c =1, g = % and go90 = 3, which again perfectly
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agrees with our previous results. Much like f in the previous calculation the
parameter d is not fixed by this.

5.3.3 Two spin-3 parameters

The last case is the one of two spin-3 parameters. As we will see, this case differs
fundamentally from the previous calculations for multiple reasons. First, in the same
fashion as in the calculation of the Jacobi-identity for three spin-3 parameters it will
become necessary to make use of DDI’s. Second, we also need to account for possible
terms in the ”trivial” part on the RHS of (5.9), i.e. terms containing the EOM or
zero-order gauge transformations.

The biggest difference to the other cases is that we can no longer ignore the fact
that the first-order gauge deformations are no longer traceless and divergence-free in
general. In the first two terms of (5.9) possible DT-terms in the outer deformations
can produce TT-terms when acting on the inner deformations that will still be
present after dropping all traces and divergences of the field itself.

For the values of the partial integration parameters ¢ and e, corresponding to the 2-2-
and 2-3-deformation respectively, that have been fixed by the preceding calculations,
these deformations indeed become traceless and divergence-free. For that reason no
DT-terms can contribute to any of the previous calculations. However, we know from
5.1 that the 3-3-deformation is neither traceless nor divergence-free for any values
of the partial integration parameter f and that the 3-2 deformation, whose partial
integration parameter d also remains unfixed, is only divergence-free for d = %,
which is not necessarily the value that is required for the consistency of the theory.

Hence, much like in the calculations of the Fronsdal-equation for the gauge
deformations, where we had to keep the DT-terms in the Fronsdal-tensor, we now
need to consider all possible DT-terms that act on the 3-2-deformation and the
3-3-deformation, rather than on the field itself. In principle, all DT-terms in the
vertices and the deformations can be systematically calculated once the TT-part of
the cubic action is known [48], but in this work we take a different approach. For
the case of two spin-3-parameters, the only deformations that contribute to the first
two terms of (5.9) are the 3-2-deformation and the 3-3-deformation. We therefore
build an ansatz for the DT-part of these deformations and fix the coefficients by
demanding that (5.9) holds.

In addition to DT-terms in the outer deformations that produce TT-terms when
acting on the inner deformations there is also another type of DT-term that produces
TT-terms when contributing to the inner deformations. These terms are proportional
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to the metric g, and therefore contain traces of the field in the EOM that is
contracted to the deformation, as can be seen from (3.4). In the index-free setting,
we have that g,,a"a” = a®. Acting with an outer deformation on these terms can
again produce TT-terms that will still be present after dropping all traces and
divergences of the field, including terms that contain a?. Due to the index-structure
of the deformations, such terms can only be present in the 3-3-deformation.

Indeed, all of the above considerations are necessary in order to show that the
FCGA indeed holds. As in the other cases, we encounter two different possibilities
for choosing the deformations: we can either use the 3-3-deformation from 3-3-2 as
the inner deformation and the 3-2-deformation from the same vertex as the outer
deformation in the first term, as well as the same deformations in the second term.
In this case, ® and ® are both spin-2 fields and the deformation in the last term is
the one of the 2-2-2 vertex.

The other possibility is to use the 3-2-deformation from 3-3-2 as the inner deformation
and the 3-3-deformation from 3-3-2 as the outer deformation in the first term, as
well as the same deformations in the second term. Then ® and ® are both spin-3
fields and the deformation in the last term is the 2-3-deformation from the 3-3-2
vertex. In both cases we need to use the 3-3-bracket from 3-3-2 in the last term.

Starting with the case where ® and ® are spin-2 fields, the inner gauge deformation
in the first term is:

0D (®) = +6(2 — f)Ey , a"a" Bora® — 1267, a"2P 0B, 00"
+ 12f€?’l,pa"xp8u<l>ma“a’\ + 4w1guya”al’€iﬂpx’)&\a}‘®a5 (5.96)
+ 4w2gﬂya“a”€iﬁpx”8a®g)\a’\ + 4w3gw,a“a”€iﬂ)\a)‘cl>a5
Here we have added all possible terms containing the metric with coefficients w; to
the 3-3-deformation. It is not necessary to add any other DT-terms to the inner

deformations, since the trace- and divergence-operators would act directly on the
field, producing no TT-terms. The double gauge deformation then is:
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)5 (5.97)

Voo
Vs + dae ,wa <6“ (@)™,
(@))%,

Z ~
KA

1 ds0,E W((S(l

where the terms with coefficients d; represent the ansatz for the DT-part of the
deformation. Note that only those terms that are relevant for this calculation are
added here. The result obtained after plugging in the inner gauge deformation
from above and discarding all remaining DT-terms is rather lengthy and given as
(A.1) in appendix A. The second double gauge tranformation consists of the same
gauge deformations and gauge parameters as the first one, so it can be obtained by
switching € and &. It is given as (A.2).

For the last term we need the 3-3-bracket from 3-3-2:
(€2, &]] = 3r(1 + 109)&5” ,a"e1 appa” — 3r(1 + 10(1 — g))&3” 2761 apua®  (5.98)

Here we introduced a rescaling factor r in order to test whether the overall constant
of the bracket needs to be rescaled. The gauge deformation is:

O (@) = Gona[—cO[[e2, &))" Pas + (1 = €)[[e2, €1]] 0Py

(5.99)
—[lé2, &]]"0a Py + Oal[€2, &1]], 0% ]
Plugging in the bracket this reads:
Olin i () = azz - r[H(6(1 = €)(1 + 109)e5"61 g 0"
—6(1 — ¢)(1+ 10(1 — 9))& 7€, 5,*)0uPara’a”
+(—6(1 4 109)&) "€ gpz” (5.100)

+6(1 +10(1 — g))Eg'yp:IUPE1 5y )0a®y,ata”
+(6(c(1+10(1 —g))+ 1+ 109)62 La"E )
~(6(c(1 + 10g) + 1+ 10(1 = 6)))& 1 370" )br”]
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5 Consistency conditions for spin-3-gravity

Adding these terms up and dropping an overall factor of 8, the full FCGA is again
very lengthy and given as (A.3) in appendix A.

Similar to what we did for the Jacobi-identity of three spin-3 parameters, we now
want to dualise this expression in order to simplify the calculation of DDI’s. Since
we only have two gauge parameters and the field does not need to be dualised, we
can eliminate all Levi-Civita tensors, which simplifies the structure of the terms
a lot. During the dualisation, we already discard terms proportional to the free
EOM, since these are allowed on the RHS of (5.9). Also, in order to shorten the
expressions we are dealing with, we rewrite the result of the dualisation in more
convenient variables. These new variables are defined as (here we treat ® as the
object with label 3):

e A;... a contracted with the i-th object

e X, ... x contracted with the i-th object

z; defined as usual

p; ... derivative contracted with ¢;
e p, ... derivative contracted with z
® p, ... derivative contracted with a

The FCGA then is given as (A.4).

We have three different types of terms in this expression, classified by the number
of derivatives they contain, which coincides with the number of x’s in these terms.
Since these types of terms consist of different objects (or of a different amount of
them), there will also be different types of DDI’s corresponding to them. The terms
in the smallest group, which have no derivative and no z, consist of the objects {0, ,
Oays Ouays Oags Ougy Ouys @, @ }. There is only one DDI that can be built out of these
objects, which is:

A%Z% — 2A1A22122 + Agzg — 2A1A32123 + Agzg — 2A2A32223 =0 (5101)

One can check that this DDI cannot be used to eliminate all terms in (A.4) of this
type. Therefore, we see that we also need to allow terms that are of the form of a
zero-order gauge transformation with a field-dependent parameter on the RHS of
(5.9). This means we have another set of equations:
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(0)
E(€é1,62,P)

(a"0,)E(é1,€,P) =0 (5.102)

We can now eliminate this freedom in the following way: since all expressions of
the form (a*0,)E(é1, €&, ®) will contain a term proportional to p,®, we can replace
these terms with their ”partial integrated” version, thus eliminating all terms where
(a*0,) acts on ®. After eliminating these terms the FCGA is still very lengthy and
given as (A.5).

When the terms containing p, are partially integrated the parameter d drops out of
the calculation, so it will not be fixed here.

Note that since we chose to eliminate all terms containing p, in (A.4), we have
to do the same for the DDI’s that we are going to calculate. This leads to an
interesting phenomenon: if we have a DDI consisting of n derivatives and n x’s, the
terms which contain a p, will be replaced by terms which have n — 1 derivatives and
x’s. For terms of the form p,p.(...) the number of derivatives will be reduced even
further, since performing one partial integration will transform p, into another p,,
which again needs to be partially integrated. By this mechanism, a DDI originally
consisting only of terms with a fixed number n of derivatives can now also contain
terms with lower n, all the way down to n = 0. Therefore, in the new DDI’s, terms
of different types will be mixed.

The advantage of this is that the terms with n = 0 in (A.4), which did not cancel
before by the means of the only DDI available, could now be canceled by DDI’s
with a higher number of derivatives. A big disadvantage of this mechanism is that
it does not provide any cutoff for n. Even a DDI with n = 500 could contain
terms with no derivatives. Even though (A.4) does not contain any terms with
more than two derivatives, the DDI’s with n = 500 could still be linearly combined
in a way that cancels all higher order terms and leaves us with a probably new
(i.e. linearly independent) DDI that only contains terms with a maximum of two
derivatives. It can be speculated that all DDI’s constructed this way can never be
linearly independent, but there seems to be no way to be sure. However, it turns
out that this does not lead to any problem and it suffices to calculate DDI’s with at
most two derivatives.

In order to see if the terms in (A.5) are a linear combination of DDI’s all DDI’s
for n up to (and including) n = 2 have been calculated with Mathematica. We
already set g = % and go99 = 3 as dictated by the previous calculations. There are
three solutions to the above system of equations:
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solution 1:

P 4, _ OGBS + 2w, = 6)

dy — 3(3f — 4’[02 — 6)
T 2(3f + 5wy — 6)

de — —3d3f — 5(13'[[12 + 6d3 + 18f — 6w2 — 36
o 2(3f + 5w, — 6)

—3f2 — 2fws + 9f + 5wy — 6
w =
! 3(f—2) w3

—6f2 — Tfws + 18f + 4wy — 12
Bl 6(f —2)

(5.103)
solution 2:
dl = —6 d2 . 12(711)2 — 6)
35’11)2 — 12
—35d3w2 + 12d3 — 42’(1}2 — 72
ds = 10
2(35w, — 12) f==
(5.104)
1 1
wy = %(—35102 —12) w3 = %(4911)2 —12)
r=2
solution 3:
dy = —6
dy = —(=3)(d2 — 4)
1
ds = 5(2d; — dy — 6)
f=2
(5.105)
Bl —3)
! 5dy — 12 wy =0
18 r =2
W TR, — 12
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All parameters that are not explicitly listed are understood to remain free.
Interestingly, all solutions require a rescaling of the 3-3-bracket from 3-3-2 by two.
As we will see, the next case also requires the exact same rescaling. The partial
integration parameter of the 3-2 deformation d remains free since it drops out and
the parameter of the 3-3-deformation f remains free in solution 1. Therefore, solution
1 is compatible with all previous calculations and the FCGA can be fulfilled.

Coming to the second case, where ® and ® are both spin-3 field, the inner gauge
deformation in the first term is:

s (@) = —36€f’ﬁpxp8a(1>5w,a“a” +90(1 — d)?f}ﬂpxp(?u(l)ag,,a“a”

“ (5.106)
+9(2 — 10d)&}” ,a"®op,a”

Here it is not possible to introduce any terms proportional to the metric that do not
contain any traces or divergences of the field or the gauge parameter. The double
gauge deformation then is:

60 (0 (@) = +3£€5,0, (05 (9))ar — 3(1 — )05, (5 (@)
3
_3ggaﬂaa<5éll) ((D))V)\ + 580462,#1/(52) ((I)»a)\ (5 107)

18, 00 (O (8))%, + hao,uOa (00 (8))%

where the terms proportional to the h; again represent the ansatz for the DT-part
of the deformation. Plugging in the inner gauge deformation from above this reads:
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5£1>(5£1>(q>))_62w a'a’[—216(2 — f)& 2”03 0ra®

€2 €1

+270(1 — d)(2 — )61 270, aa’
+270(1 — d)(2 — )& 2" 07D, 500>
+27(2 = 10d)(2 — f)&]" @, pra’
+27(2 = 10d)(2 — f)&]” @ ®y50]

+e5,al e’ [+4326]7 03P pna”a® + 43287 127 0,05P 00" 0
—432f€&]7,,a" 050 0na* — 432 )7 270,05, 0ra"a
+540f(1 — d)é ;79,0\ Pp,0a” a’
+6/(90(1 —d) +9(2 — 1Od))(—:1 ,@" 0 ®g 00"
+(54f(2 — 10d) — 1080(1 — d))&;" ,0,® 20" a’
+(540 (1 — d) — 1080(1 — d))&;” ,278, 00 Pppa"a™
+(540 (1 — d) — 108(2 — 10d))&;”, a”0a®spa]
( (2

8 upa”a’ P [+(T2hg + 180hy(1 — d) + 18hy(2 — 10d))E) 0, P gyra’]
(5.108)

As one can see, all contributions from the h;-term drop out. The second double gauge
tranformation consists again of the same gauge deformations and gauge parameters
as the first one, so it can be obtained by switching €, and &, in the above expression:
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5£1)(5E1)((I>))—61W a'a’[—216(2 — f)&; a0 ara®

€1 €2

+270(1 — d)(2 — )62 270, aa’
+270(1 — d)(2 — f)& 2" 07D 500
+27(2 = 10d)(2 — f)& o @ pra’
+27(2 = 10d)(2 — f)&) @ D50]

+E al e’ (443285, 05Ppra’at + 4328, 27 0005 P 00" a
—432f€)) 0" 050 ana® — 4328y 270,05, 0ra"a
+540f(1 — d)&; " 379, 0,Pg,0a”a’
+6/(90(1 —d) +9(2 — 1Od))(—:2 ,@" 0 ®g 00"

+(54f(2 — 10d) — 1080(1 — d))&; , 0, ®g,2a”a’
+(540 (1 — d) — 1080(1 — d))&; ,278, 00 Pppa"a™
+(540f (1 — d) — 108(2 — 10d))&5 ", a” 0aPspa’]

(

&1 upa”a’ P [+(T2hy + 180hy(1 — d) + 18hy(2 — 10d))ey 00 P gyra’]
(5.109)

For the last term we need the 3-3-bracket from 3-3-2:
(€2, &]] = 3r(1 + 109)&” ,a"e1 appa” — 3r(1 + 10(1 — g))&” 7€ aua®  (5.110)

where we again introduced the rescaling factor r. The gauge deformation is:

3 3
50 (@) =+ Sefler @] 0o — 5 (1~ )8, [e2. 1)) P
e 2 2 (5.111)

3
—[[€2, €1]]* 0aPpua + 5304[[527 a1l P

Plugging in the bracket this reads:
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5[([2,51]](@) = (+27¢ - r(1 4 109)&) & g, 2"
—27e-r(1+10(1 — g))Egjpx%mf)@L(IDO‘V)\a“al’a)‘
+(—18r(1 + 109)&) €, g 2"
+18r(1 +10(1 — g))Egj’px”éwwa)@a(IDWACL“a”a’\
H(+(27r(1 — €)(1 +10(1 — g)) + 27(1 + 10g))e& "¢, 5.
+(=27r(1 = e)(1 + 10g) — 27(1 + 10(1 — g)))& "€ gypa”) Poyra”a
(5.112)

All terms in the above are different, so there is no chance that the FCGA can be
fulfilled without the use of DDI’s. Adding these terms up and cancelling an overall
factor of 24, the FCGA is given as (A.6).

We now dualise this expression, again discarding terms proportional to the free
EOM and using the new variables from the previous case. The result is (A.7). It
is again necessary to account for zero-order gauge transformations on the RHS of
(5.9). After replacing all terms containing p, the dualised FCGA is (A.8).

Again, all DDI's with n up to (and including) n = 2 have been calculated with
Mathematica. For this system of equations we have two solutions:

solution 1:

4
d=+ r=2 (5.113)

solution 2:

hy=0  r=2 (5.114)

As in the previous case, solutions only exist for a rescaling-factor of two. Since d
remained unfixed in the previous calculations and f remains unfixed here, both
solutions are compatible with our previous results. It is worth mentioning that for
both hy, = 0 and d = % the contributions from the last remaining DT-term in
the outer deformation vanish. Therefore, the DT-parts are not necessary for this
calculation.

To sum up our results from this section, the FCGA (5.9) is fulfilled in all cases that
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5 Consistency conditions for spin-3-gravity

arise for spin-3-gravity. Together with our calculations regarding the Jacobi-identity
this proves the cubic consistency of the theory at the global symmetry level. Whereas
the cases involving at least one spin-2 parameter work out without any additional
structure, the cases with two spin-3 parameters make it necessary to allow for
zero-order gauge transformations on the RHS of (5.9). The partial integration
parameters of the first-order deformations are fixed as follows:

e For the parameter of the 2-2-deformation we have ¢ = 1 and for the parameter
of the 2-3-deformation we have ¢ = 0. In both cases the term where the
derivative 0, acts on the field vanishes.

e For the parameter of the 3-2-deformation we have two solutions, one where
d= % and one where d remains unfixed. The second solution requires hy = 0.
If it turns out that we need to have hy # 0 when calculating the DT-parts of

4

the vertices and the first-order deformations, this would fix d to be z, which

is also the only value of d for which the deformation becomes divergence-free.

e For the parameter of the 3-3-deformation we have three solutions, one for
which f = 1—70, which seems very unlikely, one for which f = 2 and one for
which f remains free. As in the case of the parameter d, it is expected that
the full knowledge of the D'T-parts of the vertices will fix this parameter.

Both calculations with two spin-3 parameters require a rescaling of the 3-3-bracket
by a factor of two. Such a rescaling is compatible with our calculations for the
Jacobi-identity, since in all cases where it is present it appears in all three terms of
the Jacobi-identity. Thus, a rescaling just gives a global factor. The calculations of
the FCGA also confirmed that all bracket parameters need to be % and that we also
have '&222.
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6 Global symmetry structure
constants

In this chapter we will use the explicit expressions of the gauge brackets for the
2-2-2 vertex and the 3-3-2 vertex that we calculated in chapter 4 to analyze the
global symmetry algebra underlying spin-3-gravity. This theory is expected to have a
sl(3) @ sl(3) algebra structure and we are interested in the structure constants of
this algebra.

For a detailed description about the calculation of structure constants see [84]. In
our case, the structure constants are obtained from the gauge bracket via

53152 = [[531,552“53, (6'1)

where €; are again Killing-tensors. In order to calculate from these the cyclic structure
constants, we need the invariant bilinear form, which can be chosen as [90]

(01 92)" " (V1 - Va)* ) )
1 2

ks,s’ = <€Is€| |€Is€’/> = 555/5kk/b57k (S — 1)' k!

(6.2)

This expression is diagonal in both s and k. Using this bilinear form, we can calculate
the cyclic structure constants:

Jors2s3 = Z ksl,Sf 5182 681| |H652= €s3]]> (6~3)

The constants bs in the bi-linear form can be fixed (up to a normalisation) by
demanding cyclicity of the cyclic structure constants

EPI I, &) = @2 [ED, &) = @[, &y (6.4)

This requirement already imposes strict limits on the possible values of the by
considering that in three dimensions k£ can only be zero or one. For k =k = k" =0
all brackets vanish, so we get a trivial result. If two of the k’s are one and the last one
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is zero, we also end up with trivial expressions, since the bi-linear form is diagonal.
In the cases where one of the k’s is one and the others are zero, the bracket vanishes
if the parameter with k£ = 1 is outside of the bracket. However, if the parameter
with & = 1 is inside the bracket, we get non-zero results for the other two structure
constants. Cyclicity then demands that the by in these expressions are zero. This
fixes the b, to be

b270 = bg,o = 0. (65)

In the following, we will demand that f33s = fag3 = f303 for k = k' = k" = 1 in order
to fix ZZ—’i, which is the last remaining relevant factor for spin-3-gravity.

Using the brackets calculated in chapter 4 and plugging in the Killing-tensors (1.25)
and (1.26), the cyclic structure constants of spin-3-gravity are

Joz2 = 4b2,1€§6€i7€2,aﬂ, (6.6)
Josz = 952,1@5@?,’3752@567 (6.7)
J323 = 3b3,1€gﬁa(€mba€3,a6 + 267 15€3,08), (6.8)
fazr = —3b318]7 (€, .05 + 265 5€3,05)- (6.9)

From this we can already see that the structure constants corresponding to the 2-2-2
vertex are indeed cyclic, since fo99 is symmetric in the three Killing-tensors. For the
structure constants of the 3-3-2 vertex the cyclicity is less obvious, it seems that
we only have fso3 = f332. In order to make the cyclicity visible, we will dualise the
spin-3 Killing-tensors using (5.11). The dualised structure constants then are

fass = 18[72,1€?a5277a€3,,37, (6.10)
fa23 = 36b316/" €} 1E3,5+, (6.11)
fazz = 36b318]"E} \E35,- (6.12)

This makes clear that choosing 2—1 = 2 results in cyclic structure constants.
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7 Coupling matter to
spin-3-gravity

After verifying the consistency of spin-3-gravity, we now turn to the task of coupling
matter to the theory. Here the term matter refers to fields of spin-0 (scalar fields)
and fields of spin-1 (Maxwell fields), since these fields carry propagating degrees of
freedom in three dimensions. It is known that once matter is coupled to a higher-spin
theory, one is forced to add an infinite tower of higher-spin fields to close the gauge
algebra [50]. In the following, we want to see at which point it becomes necessary
to consider fields of spin s > 4. Also, it is checked whether the coupling of massive
matter fields works in the same way.

Another peculiarity of d = 3 is that massless scalar fields are dual to massless
Maxwell fields [51]. Therefore, all calculations that work out for massless scalar
fields should also work out for massless Maxwell fields and the coupling constants of

the respective vertices are expected to be the same. For massive fields however, this
duality does no longer hold and we need to analyze the two types of fields separately.

7.1 Massive scalar fields

A scalar field can be coupled to spin-2 and spin-3 via the vertices

Vaoo = 41, (7.1)
V30 = ZJ?- (7'2>

Note that in contrast to higher dimensions there exist no vertices of the type s-s-0
in d = 3 [1]. In index-notation these vertices read

Vgoo[q)] = @?Bﬁa@g@g@g, (73)

Voo @] = B770,050, Dy Ps. (7.4)
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The 2-0-0 vertex is symmetric in 5 and P35, so a real scalar field would be sufficient.
The 3-0-0 vertex however is anti-symmetric in these fields, so we need two different
real scalar fields, or alternatively, a complex scalar field.

It is important to note that the above vertices have been constructed for massless
fields, so we need to check whether they are still gauge invariant for massive scalar
fields. Only the massless spin-2 field and the massless spin-3 field induce a gauge
transformation, so we have to check

5£?)Vsoo = Voo, (a1 - V1)]e1 PP
= 8y1V80031261(I)2<I)3

1
- §ay1VSOO(D3 -0 — D2>€1(I)2(I)3 (75)

1
= 583/11)500(771% - m%)61<I>2<I>3.

In the above it has been used that for the vertices of the type s-0-0 we have that
G1 V00 = 0, even without the use of DDI’s. From this we can see that these vertices
are indeed gauge invariant also in the massive case if we choose the masses of the
two scalars to be the same.

The next thing we want to check is whether we can calculate the first-order gauge
deformations in the same way as in the massless case. Since no DDI’s are needed for
the on-shell gauge invariance of the s-0-0 vertices, we do not have to consider any
DDI-contributions. Again, only the first fields in the 2-0-0 vertex and the 3-0-0 vertex
are massless, so the only relevant gauge deformations are 5;1 )<I>2 /3. The first-order
Noether-equation then is

sNS@ 4 5083 = g, (7.6)

We now have to include a mass term in the EOM of the scalar fields, so the variation
of the quadratic action reads

o8® = /[58)@2(5% +m2Dy) + 60 By (ODg + m2Dy)]. (7.7)
The off-shell variation of the cubic action is the same as in the massless case:

€1

1
s0S® = / 0y, Ver5(Ts — O2) By (7.8)

85



7 Coupling matter to spin-3-gravity

In the massless case this variation of the cubic action was already proportional to
the EOM, so that the first-order gauge deformations could just be read off. In the
massive case, we have additional mass terms in the EOM, which we also need to
add in the cubic variation:

1
56(?)8(3) = /8y1V€1§<D3 + m2 — m2 — Dg)q)gq)g (79)
Now this variation is again proportional to the EOM and by comparing this to the
first-order gauge variation of the quadratic action we have obtained the first-order
gauge deformations w.r.t. the first field

1
(5£11)CI)3 == —§ay1V€1(I)27 (710)
dWp, = 18 Ve, ® 7.11
a 2= 5% €1%3. (~)

These are exactly the same expressions as for the massless case, so we can still
calculate first-order gauge deformations in the usual way. The explicit gauge
deformations are:

2-0-0 vertex:

55})(132 = ylﬁlq)g (712)

3-0-0 vertex:

3
0Dy = §y§elq>3 (7.13)
In index-notation these deformations read:

2-0-0 vertex:
6Py = — €0, D3 (7.14)
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3-0-0 vertex:
5N, = —6158 953 (7.15)

Since there are no gauge parameters for the scalar fields, no brackets are induced
by the 2-0-0 vertex and the 3-0-0 vertex. This means that no contributions to
the Jacobi-identity and no structure constants arise, as expected. Verifying the
Fronsdal-equation is straightforward and will not be done here. Lastly, we still need
to check the closure of the gauge algebra for the above deformations. This will be
done in the following.

two spin-2 parameters

Starting with the case of two deformations w.r.t. spin-2 parameters, we have to
choose the 2-2-bracket from 2-2-2 for the last term in (5.9) and then the deformation
in this can again be w.r.t. a spin-2 parameter. In the same way as in chapter 5 we
will use the Killing-tensors (1.25) and (1.26) as gauge parameters, but discard their
prefactors. For the first term, the inner deformation is:

0D(®) = —& 2P0, P (7.16)

The double deformation then is:

S0 (@)) = &5 278 L05P + &5 a7 8] 10,05 ® (7.17)

€2 €1

The second term can be calculated from the first one by interchanging €; and é;:

0D (00 (@) = € ,17€5 L Dp® + € ,17Ey 7P Dp® (7.18)

€1 €2

For the third term we need the 2-2-bracket from 2-2-2. Since this term is the only

one containing an object from the 2-2-2 vertex, we need to add a relative coupling
constant £222:
9200

G222

lena]) = 22((g+2

o 2)E§7ua”61,apxp — (= - g)gg,pxﬂa,wa“] (7.19)

2

The third term then is:

5O (®) = —[[6, €]]*0u® (7.20)
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Plugging in the bracket from above this reads:

1 9222 3.5 _ 5 _ o«
Oenen(®) = {0+ DB 152 08 + (5 = 9) 276, 0a®] (7:21)

The FCGA then reads:

59 (68 (@) — 6L (69 (@) + 61 (@) =

a \ve [[€2,&]]

3
e 2785 9.d[—1 9222 2
61,0‘7j 62,(1 B [ + G200 (g + 2)] (722)
B —a o 9222 O
+€1,o¢€2,ox aﬁq)[+1 - _<_ - g)]

9200 2

This can be fulfilled by setting g = % as usual and Zzﬁ = % We see that for coupling
a scalar field to gravity we do not need fields of higher spin, as expected.

one spin-2 parameter, one spin-3 parameter

Moving to the case of one spin-2 parameter, which will be €; and one spin-3 parameter,
which will be &, the bracket in the last term is then the 3-2-bracket from 3-3-2 and
the deformation in the last term is again w.r.t. a spin-3 parameter. For the first
term, the inner deformation is:

0D(®) = —& 10, P (7.23)
The double deformation then is:
SV (0D (®@)) = —38" 1Pe] 270,050, — 6& 1€ 050, P (7.24)
For the second term, the inner deformation is:
0 (®) = 3657 2°8,05P (7.25)
The double deformation then is:

0D (08 (@) = —3e5 2e)) ,050,® — 3¢5 1Py 17 Do B (7.26)
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For the third term we need the 3-2-bracket from 3-3-2. Again, we have to introduce

a relative coupling constant 93§§

(&, a]] = £2(-3(g +

3
9200 5)52#”&““@”61,@37/) -3 +2(1-g))&

ez,upa“x"’él,a,,a”] (7.27)

The third term then is:

50 (®) = o llen 610,05 (7.28)

[[e2.&1

Plugging in the bracket from above this reads:

1 9332 3 _
5[([%751”(@ = %[—9(94—2)62[3 €1,7p2" 06,05 P+9(3+2(1—g)) " px”e?ﬁ@a({)g@] (7.29)

The FCGA then reads:

6%9’@» = 8005 (@) + 8y (@) =

& \Ve € \Yé [[E2,€1]]

3. gs32
€1 i)
& 27,030, 2[+3 — 9(g + 2)9200] (730
+E¥@E§,ﬂpxpaﬂa'y(p[_6 +9(3+2(1 — g))?]
200

This can be solved by setting g = % and 9332 = 1 . We can now use gﬂ = 1 from
the previous calculation and combine it Wlth the results from here to get 922; =3,

which is in perfect agreement with our results from chapter 5.

Again we observe that this calculation works out without the need of introducing
additional fields.

two spin-3 parameters

The last case is the one of spin-3 parameters. The bracket in the last term is then the
3-3-bracket from 3-3-2 and the deformation in this term is w.r.t. a spin-2 parameter.
We already use the rescaling factor of two that we determined in chapter 5. For the
first term, the inner deformation is:
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0 (@) = 36102°0,05® (7.31)

€1

The double deformation then is:

S (0D (@) = 965227 (€] 17 9000, 05P + 267°,950,05D)] (7.32)

P

The second term can be obtained from the first one by switching the gauge parameters:

3D (00 (@) = 961527 [€)°, 47 00050, D5® + 261,950, 05D] (7.33)

For the last term we need the 3-3-bracket from 3-3-2 and a relative coupling constant
g332.
9300

2] = 2261 + 100)65”, 0761 5" — 6(1 + 1001 = 0))65” "1 o] (730

The third term then is:

3t (@) = ([, &])0, @ (7.35)

[[€2,€1]]

Plugging in the bracket from above this reads:

1 g332 _oBy = _a _
oY (@) = @[6(1—I—109)62’3761,aﬁp$”07(1>—6(1—I—10(1—g))ezﬁpx’)el’a;&y@] (7.36)

Both the first term and the second term contain a contribution where four derivatives
act on the field ®. These two terms cancel in the commutator. The remaining terms
have three derivatives acting on ® and need to be canceled by contributions from
the third term. But as one can see, the contributions from the third term do not
have enough derivatives acting on ®. This is exactly the point at which one is
forced to introduce fields of higher spin: if we had a 4-3-3 vertex, we would also
have a 3-3-bracket from this vertex, which gives back a spin-4 parameter. The
corresponding gauge deformation then has three derivatives and could give the
contributions necessary to cancel the remaining terms. In 7.3 we show that this
indeed works out.
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7 Coupling matter to spin-3-gravity

Another interesting feature of the above calculation is that no contributions with two
derivatives acting on ® appear in the first two terms. Cancelling these contributions
would require the 3-3-bracket from the 3-3-3 vertex, which is known to be inconsistent.
So the absence of such contributions is an important consistency check for the theory.

7.2 Massive Maxwell fields

Analogously to the scalar case, we can couple Maxwell fields to spin-2 and spin-3
via the vertices

Voi1 = yiz1 + Y122 + Y1Yazs, (7.37)
V311 = y%«zl + yfy222 + ?J%y323- (7.38)

In index-notation these vertices read

Vo1 [®] = — 070,830,503, + B 0 P5 050 + 0, D) 030] DS, (7.39)

Van[®] = —05770,03050, B3 5 + 0370 0,03030, D35 + 0, D7°0,05P9 597 (7.40)

Again, the first vertex is symmetric in the spin-1 fields, whereas the second one is
anti-symmetric w.r.t. those fields. As opposed to the scalar case, for Maxwell fields
we also have vertices of the form s-s-1

Voo1 = Y1Y2Y3723, (7.41)

V331 = ylyzyszi, (7.42)

as well as two self-interaction vertices

Vi1 = Y121Y222Y323, (7-43)

)}111 = Y1Y2Y3- (7'44)

In index-notation these vertices read
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Vo1 [0] = 0,87 95®] 50, D5, (7.45)

Vi31[®] = 0, 07"05®3 5, 0P, (7.46)

Vi1 [®] = BL0,Ph B 5 + DI BGD, B3 5 + Dp®) Dy 5B, (7.47)
Vi1 [®] = 9,090, D505P7. (7.48)

Both vertices of the type s-s-1 are anti-symmetric in the respective massless fields.
The first one of the two self-interaction vertices is the well-known Yang-Mills vertex.

Moving on to the question of gauge invariance, we can first note that the
self-interaction vertices are trivially gauge invariant since they do not contain any
gauge fields. The vertices of the type s-1-1 can be made gauge invariant in the same
way as the corresponding scalar vertices, i.e. by choosing the masses of the Maxwell
fields to be the same. Here it is important to note that analogous to the scalar case
we have G1Vs; = 0 without the use of DDI’s. For the vertices of the type s-s-1
however we encounter a problem:

56(?)V551 = [Vssla ar - vl]ﬁlq)zq)g,
= 8y1V351312€1(I)2(1)3
1
= §aylvssl(m3 — U — D2)€1(I)2(I)3 (749)

1
= §m§8y1V58161(I>2<I>3 7é 0,

and similarly for the variation w.r.t. the second field. There is no chance that we can
make this vertex gauge invariant. It seems that for the coupling of massive matter
fields to spin-3-gravity one needs vertices with at least two matter fields such that
the mass terms can cancel each other. Of course, one can still analyze the s-s-1
vertices for massless Maxwell fields, but we will not do this here.

We now calculate the first-order gauge deformations induced by the vertices of the
type s-1-1 in the usual way:

2-1-1 vertex:

1 1
042 = (121 + SY222 Tt §y323)€1¢3 (7.50)
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7 Coupling matter to spin-3-gravity

3-1-1 vertex:

3
0Py = (59%21 + Y1y222 + Y1y323)€1P3 (7.51)
In index-notation these deformations read:

2-1-1 vertex:

1 1
5£11)®2 = +§u €10,P3 oa" — 5(1 —u) 0,€e7a"Ps,
1 o (7.52)
+§8a61,#a“<1>3 — € 8aq>3,#a“

3-1-1 vertex:

0002 = —v 7060, @5 50" + (1 = v) €] 0" 0aPs 5
3 7.53
—0a€; ,a" 0305 + 563"%&05@3,#@# (7.53)

As in the scalar case, no new brackets and therefore no structure constants or
contributions to the Jacobi-identity emerge. The Fronsdal-equation is fulfilled for
arbitrary values of u and v. We again have to check the closure of the gauge algebra
for the above deformations.

two spin-2 parameters

The first case is the one of two spin-2 parameters. For the bracket we again have
to choose the 2-2-bracket from 2-2-2 and then the deformation in the third term is
again w.r.t. a spin-2 parameter. For the first term, the inner deformation is:

1 1
5 (@) = —€1 0 0aBua + Juet 20, Baa — 3 (2~ w)Ef 0" B (7.54)

The double deformation then is:
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5&;)(521)(@)) = E(zx,pﬂfp[—i-éf,aaﬁ@ua“ + éfv(,x"aaaﬁ@ua“
1 1
—éu?ﬁua“@gcba — 5’&650%0(9#85@&&“

1 1
H(-u? + £(2 — u)e] ,a" 0. g

4 2
1 1 _

—(Gu+ u(2 - u))e] o0 gt (7.55)
1 1

+(4u — §u) »270,,0,P5a"|

1 1
+E§,”CL‘“[+§(2 - U)gf,pﬂvpag(l)a - ZU(Q — u)Eipxp@a(I)B

1
+Z(2 - U) 61 aq)/@]
The second term can be calculated from the first one by interchanging €; and é:
0 (0 () = & 27 [+63 05 B + & ;170,05 D 0"
1 _ I 5 4
—éue’g#a’”@,@@a - §ue§7azzz 0,05Py0a"

+(lu2+ ;(Z—U)) 10" 0P

4
1 1 _
—(Gu+ Ju(2 = )é 10, Ppa” (7.56)
1 1
+(4u2 - §u) 527000, P 0"
B 1 1 i
—1—61’#@“[—%5(2 —u)é TP 05Pq — ZU(Q — u)egpxp&aq)g

1
+Z(2 - U) 62 oc(bﬁ]

For the third term we need the 2-2-bracket from 2-2-2 and a relative coupling
constant %:

3
e el = Z2((g + D)8 0 erapt” — (5 — 98, Paaa]  (T5)

9211 2

The third term then is:
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510 (®) = [0, 117008, + Suller, 2]1* 0,

[[€2,&1]]

: X (7.58)
=5 (1 = w0, [[&, &]"®a + 5 0u[E, @11

Plugging in the bracket from above this reads:

1 9222 3\ _Ba_ ) _ .
e (®) = 210+ D Espa” + (5 = 9) 1765 10uBra”
G222 1 3 _Ba— 1 5 _ . a
+E[+§U(9 + 5)65 €1,8p7" — 5“(5 - g)ﬁg,pxpﬁ,ﬁ 10, Pqa”
9222, 1 3 5 8 -
J221_2((1 — Y2 1
+9211[ 2(( u)(g + 2) + 5 9)62,(1617@@
1 5 3. _ o
+§((1 - U)(§ —g)+g+ §)€§,ua”€1,6a}q’

(7.59)

The FCGA then reads:
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060 (@) — (0 (@)) + 8Ly (@) =

+€f’ax”€g‘7pxp8aag@ua“[+l —1]

1
""Ef,uau E{Qx,pxpaa P+ —u2]

4
B p-a _p 1 1
+é ,a"e v 8ﬁ<ba[—§u + Zu(2 —u)]
1 1 3 5
o uB 2 G222
HE1, 0" 60 Dol (2 —u)” + 5@((1 —u)(g+3)+5 - 9)]
1
+E’f,px”e*2ﬁua“85¢a[—é—lu2]
o 11
—|—ef’px”e2’ua”8a<1>5 [+§u — ZU(Q —u)]
1 1 3 5
B 2 9222
+€1,a€z,ua"‘1’ﬁ[+1(2 —u)® — 5@(9 tot (1- U)(§ —9))]
—6 [om0% P w ]' 2
+€, ;77 € 070,00 Psa [+Zu ]
1
+E’f7ax"ég7pxp8uag®aa“[—Zug]
_ 9222 3
+€?,pxp€§,aaﬂq)ua“[_1 + E(g + 5)]
o 11 1 3
+617pxpe§7a8,1<1>5a“[+§u + Zu@ —u) — §u(g + 5)]
5
18188, 0 5,0 [+1 = 22— g)]
9211
1 1 1 5
+€f,a€g,pxpau‘1)ga“[ —_ Eu — ZU(Q — U) + 5’&(5 — g)]

one spin-2 parameter, one spin-3 parameter
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(7.60)

This can be solved by setting u =0, g = % and Z% = % Setting u = 0 sets the term
where the derivative acts on the field to zero in the deformation used above. This
is similar to what we observe for the other spin-2-deformations of spin-3-gravity.
Also, the relative coupling constant gz% agrees with %, which was calculated in
the scalar case. This is somewhat expected, since the above calculation also works
for massless Maxwell fields. In this case the vertices Vsg9 and Vo are also related
by the duality transformation of the fields and the coupling constants agree.

Next we come to the case of one spin-2 parameter and one spin-3 parameter. The
bracket is then the 3-2-bracket from 3-3-2 and the deformation in the third terms is



7 Coupling matter to spin-3-gravity
again w.r.t. a spin-3 parameter. For the first term, the inner deformation is:
5D (B) = —& 2P0uD a4+ uE® PO, Dadt — =(2 — u)es, "D 7.61
o (0) = —€] 270, P pa +§uel,px nFal _5( — )y, a' @, (7.61)

The double deformation then is:

05 (65 (@) = & a[~6€] , 050, 0" — 3¢ ;2700300
+3ué] ,030,P,a" + 2ve] ,0,0,Pza"
+20€] ,a"0,0,Pp + 2ve] ,270,0,0,Ppa"
—2v(u — 1)€] ,030,P,a" + u(g — 0)€] 270,030, P,a"

—(2(2 —u) +u- )] ,a"0,059P,]
+g§‘7ﬁ#aﬂ[—2(1 — )& 0,05 — 2(1 — )& 27 0,0,P5
Hu(l—0) + Su)d], 2 0u05%;
+€nga“[2qﬁ&y<ba + 2€] 77030, P,
F(—u—u(l=v) + (2 = u)(1 —v))€ 3002,
H2—u—u(l —v)+ (2 —u)(l — ) ,05,]

(7.62)

For the second term, the inner deformation is:

S0(®) = +38 190,05® 0" — 2087 £90,0,D 50"

“ 5 ] (7.63)
—{—2(1 — U)E; ua“(‘?a(bg — 262#&@“85@&

The double deformation then is:
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3
0 (0 (@) = € 40 [~ 5(2 — )& 17050, P+ 0(2 — w)&y 17 s0uD
—(1—-wv)(2—- u)e2 208, + (2 — u)€27a587<1> ]
+E?,pxp[_3€2, aaﬂayq),uau - 3657(&”3&8,38 (b‘u(l‘u
+gue a“ﬁga b, + 2ue 27950,0,P,a"

1 (7.64)
+2v(1 — éu)eQ 527 030,0, . a"

—(2v +u+u(l —v))& 30,0, Psa"
—(20 +u(l —v))é 0010 Ppa

+2(1 —v) +u-v+2)& ,30"0,0,0,P5
( )

+(2(1—w —I—u-v)EQMa“@ 0~,0,Pg]

For the third term we need the 3-2-bracket from 3-3-2 and a relative coupling

constant 932.
g211

3
2070 = 230+ 5000 Erapt” = 3(3 4 2(1 = )85, 081 ] (7.65)
211

The third term then is:

3
50 (@) = +2 (62, &1 0,050, — vl[E2, 1] 00,05
+(1 — ’U)au[[gg, El]]a58a¢5 — 8a[[€2, El]]ﬁuagcba

(7.66)

Plugging in the bracket from above this reads:
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50 (@) = T2 [0(2g 4 31676, a0 — 9(3 + 21— 9))6)0,2"1,510a05 B 0"

9211
+?[—3v(2g + 3)€3 05€1,70%" — 30(29 + 3)€; 54 €1,7p”
211
+3v(3 4 2(1 — ))& ,, 7 €1 15
+30(3 +2(1 — 9))& 5,27€1,40) 000, Ppa’
_,_?[4_3(1 v)(29 + 3)62 €1 +3(1 —v)(2g + 3)és" 8 E1qud”
211
—3(1—v)3+2(1 - 9)a" ,a"e1 s
—3(1 = v)(3+2(1 — ))&} 4,0"¢, ,*10aDs
+?[—3(29 +3)6,5,0" €170 — 3(29 + 3)€5 30" €1 10
211
+3(3 4+ 2(1 = 9))& paf1yua” + 3(3 +2(1 = ))& 100" €1 4505 Pa

(7.67)

The FCGA then reads:
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0 (06 (2)) = 06 (05 (@) + 0 o (®) =
E‘iua“ez 27050, P o[~ - V]
+€‘iua”e27 p27050,P4[—0(2 — u) + 2v]

+&0 0"y 105, <2+ u— (1 — v)(2 —u) + 3(3+2(1 — g)) 22

g211
+3(1 — v)(29 + 3) 22
g211
+€(f,ua“€27a7585 A=A =v)(2—u) +3(1—v)(29+ 3)5332]
211
—i—E?’pxPEngxoaa@ﬁavq)uau[+3 _ 3]
9
+E?pxp€§7aaﬂaw®ua [4+3 — =(29 + 3)9332]
| 7 2 g211
+€1,276 0 0, Ppa’ [+2v + u(l — v) +u — 3v(2g9 + 3)9332]
g211
€1 ,17€ g
+€7 276, 0,0, 50" [+20 + u(l — v) — 3v(2g + 3)92:;,?]
‘l—g?pxpez »2°0,030,P,a Fl—u - v]
+é€7 pmpe 2°0 (958 o a“[—i—u U]
+eég 2rey) " 050, P o —u + u(l — v)]
+€7 2" 62 150" 000 L Ps[—u - v]
€ " EQWG 1000, P5[—u - v
+6 65 2700, [—6 + 9(3 + 2(1 — g>>?]
211
] 085, 70,0, @0 [+20 — 30(3 + 2(1 — ) 2]
o 9211
€] 85"’ K 9332
TE€1 462, pT 0,05P-a [+3u — 2v(u — 1) = 3v(3+2(1 — g)) =]
9211
€1 o€o. 9332
+e] 065, a0, ®p[+2(1 — v) +2 - 3(3+2(1 — g))ﬁ
—3(1—v)(3+2(1 — 9)) 22
g211
€1 by G332
+61{,a€§,# a“87¢5[+2(1 —v) =3(1—v)(3+2(1 - g))a]
+E] 58, @ 0u @ [—u — u(l — ) + (2 — u)(1 — v)
—3(1 - v)(3+ 2(1 — g)) 22
g211
+_’Y—0¢5/‘8(I) 2—u— 1 — 9 _ 1— _3(2 39332

9211

—3(1—v)(3+2(1 —g))%]

100 (7.68)
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This can be solved by setting v = 0, g = % and g*;% = %, which in turn also

gives % = 3. Again, these results coincide with the ones obtained in previous
calculations. Similar to the cases in 5.3 the parameter of the spin-3-deformation v
remains unfixed by this.

two spin-3 parameters

Lastly, we check the case of two spin-3 parameters. The bracket is then the 3-3-bracket
from 3-3-2 and the deformation in the third term is w.r.t. a spin-2 parameter. For
the first term, the inner deformation is:

s (@) = —|—36 270005 ® 0t — 21)6 27040, Pga

“ (7.69)
+2(1 — v)el’ @ 0a®p — 261#06@“85(1)“

The double deformation then is:

0 (6 (®)) = &” x* [+18a‘*aaﬂawa§c1>ua” +98)° 27 0,050,05P 0"
—61]61 ? 0,0,05P 50" — 61)615“@“8&&85@5
o7 0,00,0,05Pat — 6€) 0" 005057
+4v61ﬁ78“8a85@7a” + (40* — 61})61 527 0,0,080,Psat
+(4v* — 120 — 4o(1 — v))El 501000, P;5a"
+(6(1 — v) + 40? )el 0" 00050, Ds]
+&7 a'[+6(1 — v)& ,0,0;P5 + 6(1 — v)&]° 10,0, 05P
—4v(1 — v)el 00,08Ps5 — 4(1 — )El,ﬂvaa65
+4(1 = 0)28)° 4040, 5 — (4v(1 — v) + 20)&]° ,2°00,0,05Ps]

—6ve

+8) 00" [—68)° ;0,050 — 68° ,1° 050,05
—|—4v61 50,0aPs — 4(1 — v)&]° 0,055
—{—4617&78585@7]

(7.70)

The second term can be obtained from the first one by switching the gauge parameters:
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00D (®@)) = & 1P [+186)° ,950,05P 0" + 9¢)°

€1 €2

2 0y030,05 0"
—62}62 000,05 Pga" — 611627 1,0"06,0,05Pp
—62}6 507 0,0,0,05Ppat — 6645,/”@“8 0305 P
—1—42162,578“8&85@7@“ + (40* — 61))62 527 0,0,050, P sa’
+(40? — 120 — 4v(1 — v))&)° 50,000, D50
+(6(1 — v) + 40? )62 0" 00,030, Ds]
+e” @' [+6(1 — )& ,0,0;P5 + 6(1 — v)&}’ 27900, 05 D5
—4v(1 — )&}’ ,0,95P5 — 4(1 — V)& 4,0405D"
+4(1 = 0)26)° 5000, P5 — (4v(1 — v) + 20)€}’ 205,005 Ps]
+&) 00" [—68) 50,050, — 66 27050, 054
+4v&) 50,0.P5 — 4(1 — )&}’ ,0,05Ps

+48 ., 0305
(7.71)

For the third term we need the 3-3-bracket from 3-3-2 and a relative coupling
constant %. We will again use the rescaling factor of two for the bracket:

[[62,61]]2gzjjm(umg)@ JAEL gt — 6(1+10(1 — ))& 181 apuat]  (7.72)

The third term then is:

= =1« 1 = =1«
Olere(®) = —[[E2 &10D,, + Suller, 6]]°0,Pa

1 n L (7.73)
—5(1 —u)0,[[€, €1]]7Pq + §6a[[62, &) ®

Plugging in the bracket from above this reads:
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Benen)(P) = T2 [=6(1+ 109)8 @1 5,2” + 6(1+ 10(L = 9))&" 275, 5,1 Da By

[[€2,&1

9311
—i—?[‘i‘i’)u(l +109)8, &1, 51" — 3u(l + 10(1 — ))& 276, 5,10, Pat”
311
+%[_3((1 —u)(1+109) + 1+ 10(1 — 9))& &g, u0”
311

+3((1 = w)(1+10(1 — g)) + 1 + 109)&;” ,a€1 5,0]D°
(7.74)

The third term only contains terms with zero derivatives or one derivative acting
on ®, whereas the first two terms only contain contributions with more than one
derivative on ®. As in the scalar case, we observe that we need to introduce a spin-4
field to close the gauge algebra.

7.3 Spin-4 and beyond

As we have seen in the calculations of the FCGA for two spin-3 parameters, in the
presence of matter it is necessary to introduce fields of even higher spin in order
to achieve consistency. More precisely, it is expected that the problems with the
cases involving two spin-3 parameters can be resolved by introducing a spin-4 field
together with a 4-3-3 vertex and use the corresponding 3-3-bracket in the last term.
This bracket gives back a spin-4 parameter, which allows use to use deformations
induced by the 4-0-0 vertex in the scalar case and the 4-1-1 vertex in the Maxwell
case respectively.

Using the results from [50], we can see that a 4-3-3 vertex indeed exists. It is
symmetric in the spin-3 fields, so it will also be present in Prokushkin-Vasiliev
theory (since this theory only includes one field for each spin).

The 4-3-3 vertex is

Vysz = +3y%zfz223 + 2y§z§’z3 + 2y§zzz§

2.2 2 2 (775>
+4yays325 23 4 DY1Y321 2225 + DY1Y2212523.

In index-notation this reads
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Viss[@] = +30770,0583 @35 + 28777 057 00053 600 + 207777 Dy 5,5 D5

3, v
dpo a dpo o adpo
+49, 7" q>§,pc,aﬁq>3775 + 50, D 0@} ,, 05 5 + 5T aacbgw 300
(7.76)

The corresponding 3-3-bracket is given by

[[62, 63}] = 2223(8y12’1 —f- 7’y222 —|— 7y323)€263. (777)

In index-notation this bracket reads

[[627 63“ = +8.g7 a,ueg,uaﬂayei’),a}\a)\ - 8<1 - 97) 63‘71,@”8#63@)\@“@)‘

(e VA vV « A
+762’Ma“3a63,1,)\a a” — T0q€2,0"a €5,0"

(7.78)

For the deformations in the last term of the additional condition, we also need the
4-0-0 vertex and the 4-1-1 vertex. These read

V400 = yjl, (779)
Vi = Y121 + YYze + Y yszs. (7.80)

In index-notation they are given by
Vioo[®] = 770,050,052, (7.81)

Vin[®] = 07°0,050, 050505 , + D377°0,050, 050503 , + D537 0,050, Dy , B3,
(7.82)

The induced gauge deformations then are:

4-0-0 vertex:
DD, = 2yte, 0y (7.83)
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4-1-1 vertex:

3 3
56(11)(1>2 = (2y12 + 59%92752 + 5?/%9323)61@3 (7.84)

In index-notation these read:

4-0-0 vertex:
s @y = —261770,050,®; (7.85)

4-1-1 vertex:

3 3
00) @2 = +5te]7 0,050, D550 — S(1 = )07 " 0ap D5

; (7.86)
—2617100050,®3,0" + 50,677 0" 0,050

We can now use these objects to check whether the gauge algebra can be closed in
this way. Starting with the scalar case, recall that the first two terms of the FCGA
are:

S (0 (®)) = 985027 (€], 270,050, 05® + 261°,950,05P)] (7.87)
S (00 (@) = 981027 (€], 170,050, 05P + 263,950, 05D (7.88)

For the last term we now use the 3-3-bracket from the 4-3-3 vertex and the 4-0-deformation
from the 4-0-0 vertex. Introducing two relative coupling constants Z;‘% and Z‘;ﬁ we
then have:

5O (@) = DBIO 845 1 7V €0 pr — A8(4(1 — g) + T)E aPE ]950, 05D
[[€2,€1]] G300 9300 , atlp ) , o o
(7.89)

One can check that the contributions from this new term indeed cancel the remaining
contributions from the first two terms by setting g = %, as demanded by the
anti-symmetry of the bracket, and %% = 2—14.

For the Maxwell case, the first two terms of the FCGA are:
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0D (0D (®@)) = & 1P [+18€)° 950,05, + 9€)° 37 00050, 05® 0"
—62}61’ 000,05 Pga — 6@617 1,0106,0,05Pp
—6v&]° ,270,0,0,0;Ppa" — 6& . a" D, 05050
+408 5.0,040;P7a" + (407 — 6v)€]° ,370,,00,050, Dsa"
+(40? — 120 — 4v(1 — v))&]° 50,000, D50
+(6(1 — v) + 40? )61 0" 00,030, Ds]
+E§75Ma“[+6(1 — U)EL 00,05P5 + 6(1 — v)eL 27 00,0,05P
—4v(1 — )&}’ ,0,05P5 — 4(1 — V)] 4,0405D"
+4(1 = 0)%6]° 5040, P5 — (4v(1 — v) + 20)€]° ;205,005 Ps]

+8 00" [—68)° 50,050, — 68" 27950, 054
+4vE]° 30,0405 — A(1 — v)&]° ,0,05P;
46 03057
(7.90)
50 (81 (@)) = & af [+186)° , 050,058 0" + 96} 2700050, 05 0"

—61]62 0010505 Ppa’ — 61}627 1,0"06,0,05Pp
»270,,0,0, 050 50" — 665 . "0, 03050
+4v62’678“8a85<1>7a“ + (40* — 61})?:;5 527 0,0,050,Dsa
+(4v* — 120 — 4o(1 — U))Eg,éﬁa“aa@w@ga”
+(6(1 — v) + 40%)€}’ a0 050, D]
+e” " [+6(1 — )& ,0,05P5 + 6(1 — v)&}’ ,2°000,05 D5
—40(1 — )&’ ,0,05P5 — 4(1 — )& 45, 0.05D”
+4(1 — v)*€) 58 0, Ps — (dv(1 —v) + 21))62 27 00,0,05Ps]
+&) 00" [—66) 50,050, — 663 27950, 054
+4v8)° 50,0aP5 — A(1 — )&}’ ,0,05P;
+4€) o, 050597

—6’U€

(7.91)

Using again the 3-3-bracket from 4-3-3, the 4-1-deformation from 4-1-1 and introducing
two relative coupling constants Z;‘% and % we have:
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By (@) = ST 48(4g £ 1)E5 0

g311 9311
—48(4(1 — g) + )& 2" 5102050, 0"
+ 3 I0L1_194(4g + 7)e 5€f7pf — 24t(4g + )86 0"
g311 9311
+12t(4(1 — g) + 7)357,,33%?65
+24t(4(1 — g) + 7)&° 28] 1100050, "
+ BT 19(1 — 1) (4g + TV, s + 24(1 — £)(dg + TN 5el o
g311 9311
—12(1 = t)(4(1 — g) + 7)&) ,a"e’s
—24(1 —t)(4(1 — g) + >€‘§"‘y hes
—12(4g + T)Ey 58] 0 — 24(4g + T)E5 50€Y
+12(4(1 — g) + 7)€‘§,M“61 5
+24(4(1 — g) + 7)6‘5%61 1601060507

(7.92)

In this case, the FCGA is not identically fulfilled. Analogously to the calculations
of 5.3 we dualise the spin-3 parameters using (5.11) and rewrite the result in the
new variables. Note that the Laplacians created during the dualisation cannot be
dropped anymore, since they produce terms proportional to the mass of the Maxwell
fields. Adding these terms up and dropping a factor of 4, the FCGA is again rather
lengthy and given as (B.1) in appendix B.

There is no solution to the above system of equations, even if we set m? = 0. We
therefore see that it is again necessary to allow for terms of the form of zero-order
gauge transformations on the RHS of (5.9). After replacing all terms containing p,
the FCGA is:
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{600 (@)) — 6L (6% (@) + 01 1 (®) Yauat =

[[€2,€1]]

+A12123 [+108m2@%]

g311 9311

A ipipaz [+648733 9111 o7

9311 9311

+Agzo23[— 108m2% gann
g311 9311

F Agpipaza 427 — 6487133 I

g311 9311

7.93
+ Aspr Xoz3[+24m? (4g — 11)%@ + 3] ( )

g311 9311

+ Aspa Xzl +24m? (4 + T) 222U 5]

g311 9311
9433 G411

9311 9311

+Asp1p3 Xs [+(696 — 96g)@@ — 27]

g311 9311

+Asp1papa23[+192(2g — 1)

Ay pa X [+27 — 24(dg + 25) 9438 941,

g311 9311

We can see that the parameter v drops out of the calculation and will therefore
not be fixed by this. There is still no solution to the above system of equations.
Setting g = %, as dictated by the anti-symmetry of the bracket and 233911 — L iy

9311 9311 24
accordance with the corresponding scalar calculation, we get:

9 9
{5é21) (5e£11)((1))) - 52)(5%1) ((D)) + (5(1) <(D)}dual = §m2A1z1z3 — 57712142222,’3 (794)

[[€2,€1]]

From this we can see that the FCGA is fulfilled in the massless case, but not for
massive Maxwell fields. This means that we do not observe any contradiction with
the calculations for the scalar fields, since the only deviation occurs in the massive
case, for which the dualisation relation between the scalar field and the Maxwell
field no longer exists.
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summary of results

The theory of spin-3-gravity has been successfully constructed on three-dimensional
Minkowski space at the cubic TT level. Taking into account the influence of DDI’s,
the methods of [22] regarding the calculation of the first-order gauge deformations
and the zero-order gauge brackets have been generalised to the three-dimensional
case. By explicitly checking the Jacobi-identity for the gauge brackets and the closure
of the gauge algebra at first order, the consistency of the theory has been verified
for the global symmetry algebra.

In a final step, matter in the form of scalar and Maxwell fields has been introduced
to spin-3-gravity. Whereas scalar fields can be coupled both as massless and massive
fields, the Maxwell fields need to be chosen to be massless. It has also been observed
that in the presence of matter, the algebra of spin-3-gravity can no longer close and
it becomes necessary to include fields of even higher spin, up to infinity. This is best
illustrated in the scalar case: the scalar coupling vertex s-0-0 has s derivatives, so the
gauge deformation it induces has s — 1 derivatives. Hence, the commutator of two
spin-s deformations will contain 2s — 2 derivatives. If we have only one copy for each
higher-spin field, the only brackets available have one derivative, so the deformation
in the last term of (5.9) needs to have 2s — 3 derivatives to match the number in
the first two terms. This deformation then has to come from the (2s-2)-0-0 vertex,
which requires a field with spin 2s — 2. An example of this would be the commutator
of two spin-3-deformations, which gives back a spin-4-deformation. Since 2s —2 > s
for s > 2, we can see that as soon as we have a field of spin s > 2 coupled to the
scalar field, closing the gauge algebra requires also a field of spin s’ = 25 — 2 > s.
This leads to the familiar infinite tower of higher-spin fields, which is also present
in Prokushkin-Vasiliev-theory.

Using multiple copies of each higher-spin field would give us access to brackets
with two derivatives instead of one. Considering again the commutator of two
spin-s-deformations, the deformation in the last term of (5.9) would then need to
have 2s — 3 derivatives. We have that 2s — 3 > s only for s > 3, so in the case
of spin-3-gravity this could still work out without the need for additional fields.
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However, in the case of two spin-3-deformations the only available bracket with two
derivatives comes from the 3-3-3 vertex, which is known to be inconsistent [91].

An easy way to avoid the emergence of an infinite tower of higher spins in
spin-3-gravity is using a real scalar field instead of a complex one: the 3-0-0 vertex
requires two copies of the scalar field, therefore it cannot couple to a real scalar field
and the problematic commutator of two spin-3-deformation does not arise [50].

In this work only the coupling of massive matter fields to spin-3-gravity has been
investigated. Using massless matter fields instead, new vertices, such as the s-s-1
vertices, that are not gauge invariant for massive fields, and the s-1-0 vertices become
available. One can then check whether these vertices can be successfully implemented
into the theory.

All partial integration parameters of the brackets have been fixed to be %, as
demanded by the anti-symmetry of the commutator. For the spin-2-deformations the
parameters are fixed in such a way that the terms where the free derivative 0, acts on
the field vanish. It can be conjectured that this is the case for all spin-2-deformations
induced by the minimal coupling vertices Vyg. On the other hand, the parameters
of the spin-3-deformations cannot be fixed at the current level. It is expected that
these parameters are fixed once the full vertices, including traces and divergences,
are known.

For now, it is still possible to draw some conclusions about the parameters of
the spin-3-deformations. In [62] the 3-2-deformation of 3d spin-3-gravity has been
calculated in terms of the metric-like fields from the frame-like theory. Comparing
the deformation in (3.41) to the result from this paper and using a Killing-tensor
as gauge parameter in order to avoid ambiguities related to redefinitions, one can
see that the two expressions agree (up to a numerical factor) for d = % The
3-2-deformation then takes the form:

5Dy = +66270, Dy 05,0 a” — 30,0y 50" a" (8.1)

For the 3-3-deformation the Fronsdal-equation demands f = 1. However, if the
traceless constraint of the gauge parameters gets deformed by higher-order interactions,
this will also result in a change in the Fronsdal-equation, possibly leading to a
different solution for the parameter f.

Consistency of the theory also requires that the relative coupling constant of the
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2-2-2 vertex and the 3-3-2 vertex is chosen to be 222 = 3. The calculations involving

9332
matter predict this value as well.

It turns out that in the commutator of two spin-3-deformations it is necessary to
allow for zero-order gauge transformations with a field-dependent parameter on the
RHS of (5.9). This phenomenon also appears in the matter calculations. It would
be interesting to know if this structure is also present in the cases involving fields
with higher spin values.

further research and applications

An immediate application of the methods developed in this work is the construction
of Prokushkin-Vasiliev-theory [83] in the metric-like formalism. This theory contains
one field for each higher-spin value and will be built out of the vertices in (2.13).
One can then use the formulae (3.19)-(3.24) and (4.27)-(4.29) for these vertices to
calculate the first-order gauge deformations and the zero-order gauge brackets. The
consistency of the theory is then proven in the exact same way as was done for
spin-3-gravity in this work.

When investigating the global symmetry algebra, one can again use the
Killing-tensors (1.24). While the spin-indices will increase, in three dimensions these
tensors can still be at most linear in x. Hence, the generalisation of the dualisation
(5.11) can be used to replace the parameters of symmetry type (s-1,1) by fully
symmetric rank-(s-1) tensors, which significantly simplifies the analysis of the
consistency conditions. Also, since one can use at most two copies of a building block
in the construction of DDI’s, increasing the number of spin-indices does not lead to
any new identities. Therefore the DDI’s relevant for the anlysis of the higher-spin
cases are the same that have been calculated in this work, multiplied by some
contractions of the partial derivatives (1.2) and the auxilliary vectors a;. The only
novelty that is expected to appear in the construction of Prokushkin-Vasiliev-theory
is that the mass m of the scalar field has to be fixed by the parameter A of the
higher-spin algebra hs(\).

Examples of other theories that can now be constructed using the same methods
are parity-odd theories built out of the vertices given in [51] and colored higher-spin
theories such as [92, 93], containing more than one copy of each higher-spin field,
therefore allowing for vertices of the type (2.15).
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Appendices

Appendix A

FCGA for two spin-3 parameters, ®, ® spin-2
The first double deformation:

SO (61(@)) = €57 ar[+12(3 — 15d)(

€2 \Ye = € iz ) f)El,a57®7VaU
+24(3 — 15d)(
)€

2 —
2 - )El,ow’yaycl)’ﬂ3
=Y
€1

—24(3 — 15d)€] , ,a" 270, P op — 48(3 — 15d)€] , 270, Pg,a”
+24f(3 — 15d)e] ,, 27 03®,,a" + 24 f(3 — 15d)é] , 270, Py, a”
+24(3 — 15d)€] 0" 2" 0p 5]

+&7 af[+(180(2 — f)(1 — d) + 72f), o5 0P paa”
—(180f(1 — d) + 72(2 - ))&y, a"a" 0. P,
+(360f(1 — d) — 144f)e] ,,0" 37000, P, 0"
+(360f(1 — d) — 144 f)e1 a7 030,.,a"a”
+360(2 = f)(1 = d)e, o, a" 0, Pgya"

)
~360(1 — d)e],,,a"a" 0, @ e
—360(1 — d)e] ,,a"2°0,0,Ppoa’ — 720(1 — d)¢] ,,,a"0, P, a”
—T720(1 — d)€] 1,27 0,0, Pp,a"a”

+360f(1 — d)é€] ,,a"0pP,a”
+360f(1 — d)é] ,,a"0,Ppa” +360f (1 — d)e] ,,270,0,P,za"a”
—144(2 — f)el,ﬁu a0, P 0" + 144617%387(1)#&“61”
+288€] ,,0"0,Pp,a" + 144€] 5 77000,y ata”
+288€] ,,0" 27 0,0, Pp,a” — 144 €] ,,a"0pP,a”
—144fe ,,a"0, P pa” — 144 €], a"170,03P,,a"]

3 15

+€5,, " [+(48f - ds + 80wy - d5 — 16w1(§ — —d))el 700 Pp

112



8 Discussions

3 15

+(48f . d5 - 96d5 + 80’(1]2 . d5 - ]_611)2(5 - ?d))GL pxpaWCI)(;a
3 15 . 4
—|—(—24d5(2 — f) + 80'11}3 . d5 — 1611)3(5 — ?d))GL aq)’}'ﬁ]
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—8wy - dy + 16ws - dy)E) " 0P

a"z?[+(240w; (1 — d) — 96wy + 48f - d3
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—48d1€1”50x”8567<13a,,a”
+(48f - dy — 96dy + 80w, - dy
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+(48f - dy + 80wy - dy — 24d3(2 — f) + 80w - ds
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+16w; - d; + 2ws - dl)EY’éaal,@Wga”
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(A1)

o
+627up

The second double deformation:

65 (65 (®)) = €7,a" [+12(3 — 15d)(2 — [)ey 05 B0
+24(3 — 15d) (2 — f)éy 0 a" Dy
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2,ap
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+16w; - dy + 2ws - dl)ég’éa&,@wa”
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The full FCGA:
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3 15 3
+€1 l,pa ZEPEQ “(I o) q)ozﬂ[ 6(5 — —d) + 3d2(2 — f) + §d1f - 6d3f - 2d1w1
—1Od3w1 — 30(1 — d)w1 - 2d1w3 — 1Od2w3 + ].21,03]
L .3 15 9 )
"‘61,@5762,%‘1“@71/“ [‘*’3(5 - _d)(2 —f)+ 57“(0 + 1) Go2o]
B g Y 3 15 9 ~
"‘51,%@#62,01;(1)71/@ [_3<§ - _d)( - f) - 57"(@ + 1) G222
_ v 3 5
+€1,o¢upya EQﬁ@M(b’YﬁH—(S(ﬁ - 7d)(2 - f)]
» 3 15
+€1 a” 62 au cI)“/ﬂ[ 6(2 - f)(§ - _d)]

+6] ,0" 176" 2°0,0,P 5,0 [—6fds — 10wads + 12d5 — 3d, f
—18f +45f(1 — d) — 2dyws — 30(1 — d)w)
+€‘f‘7ﬁpx”égwaa“&,®ma”[—|—18f
+€Y7Wa“€g7ﬁpxpa,,@ma”[—18f

] 16500, B0 [H6 (5 — ) — 457(1 — )]

+El,au’ya’ygg,5p$paﬂq)ﬁ’Ya#[+45(2 f)( )]

)
]
3
2
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+€iﬁpxp€2,au7ayauq)ﬁwau[_45(2 — )1 —d)]
—i—Ewag,Wpa“a”xp@aCI)ﬂW[—3(2 — f)dy + 3fdy + 10w dy — bwady
+10wsdy + 6dy + 2d1w; — dywy + 2djws]
&1 0l a” P8 00D [43(2 — f)dy — 3fdy — 10w dy + Swady — 10wsd,
—6dy — 2dywy 4+ dywe — 2djws]
+6,,,) a"a" ey’ 100, @, [—6 fds — 10wads + 12d5 — 9(2 — f)

45 3 15
—?f(l —d) + 2(5 - Ed)wﬂ
By - a pv 3 15
+€ o€ 0" a" Ppy [=3d5(2 — f) — 2(5 — ?d)wg + 10d5ws3]
3 15
+€1’Hyaa“al’€§7a(b/3,y[+3d5(2 — f) + 2(5 — 7d)w3 — 1Od5w3] (A3)

The FCGA, dualised:

{6505 (@) =08 (5 (9)) + 6z ¢ (9) Yauas =
+A3p2pa$22223[—6fd3 — 20w ds + 10wads — 12d3 — 99 f + 225 fd + 450d
+60dw; — 36w; — 4d;(2wy + 3) — 30dws
42w, — 2d5(9f + 10w + 5wy — 6) — 414]
+AopaprXsza2z3[—60wd — 30wad — 90d + 3 f(dy + 4dy + 15d — 9) + 8dywn
+20dywy + 36wy + 2d1wy + 30w,
+2d3(9f + 10wy + 5wy — 6) + 90]
+a - xpapaX32023]—60w1d 4+ 30wed — 90d — 3 f(dy — 4ds + 15d — 9) + 8dyw;
+20dswq + 36w, — 2diwe — 30w,
+2d3(3f + 10w, — 5wy + 6) 4+ 90]
S Aopa Xazaza[—12fds — 20wsds + 24ds — 15d, f + 24dyf — 243f + 225fd
—450d + 20dwq + 40d4w, — 60dw, + 12w, — 4dywy — 20d4wo
—30dwy + 6wy + 20d w3 + 40d4 w3 — 120dws + 96ws
4d3(6f + 5wy + 10ws — 6) + 2da(15f + 20wy + 10w; — 6) + 342]
+ Agpape Xozazs[+18(—5df + 3f — 10d + 10))]
F AgpaXozoza|+12d, f — 180df + 252f + Ordoss — 9rcgans — ddywy + 24w,
—2dywy 4+ 12we — 2ds(9f + 10wy + Swy — 6) — 4dyjws + 60dws
—60w; — 2d3(3f + 10w; — 6) — 108
+Asa - xpapezazs|[+3dy f + 2dy (we + 6) — 12(3f 4+ wy + 3) + 2da(3f + 5wy — 6)]
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+ Ay Agpyzozs[—15dy f — 24dyf — 24ds f — 45df + 9f — 270d — 8dyw,
—40d 4w, — 40dsw, — 60dw, + 12wy 4+ 10dyws + 20d4ws
—30dwsy + 6ws + 4ds(3f + Hwy — 6) + 2d3(3f + Swy — 6)
—8dws — 40d w3 + 198]
+Asa - xpazoz3[+6d; f + 405df — 225f + 810d — 4dywy + 60dw; — 60w,
+2dyws — 30dws + 30wy — 2d3(3f + 10w — Hws + 6)
—4dyws + 24wz — 2ds(3f 4+ 10ws — 6) — 594]
+AsA32923[+18f(5d — 1) — 97 Gage — Ircgoge + 12w — 60d(ws + 3)
—4d5(3f + 10ws — 6) + 36]
+ Ay Asp? 2o 23[—12(wy + 3) + dy (3f + 2wy) + 2da(3f + 5wy — 6)]
+Asp1par® zs [+6 fds + 20w d3 — 10wads + 12d3 + 99f — 225 fd — 450d
—60dw; + 36w; + 4d; (2w + 3) + 30dwy — 42ws
+2d2(9f 4+ 10w; + 5wy — 6) + 414]
+a - xp1pa X321 23[+60w d — 30wad + 90d + 3f (dy — 4dy + 15d — 9)
—8dijwy — 20dyw; — 36w + 2diwy + 30ws
—2d3(3f 4+ 10w, — bws + 6) — 90]
+ Agpapa X225 H18(10(d — 1) + £(5d — 3))
+A3p, X1 2123]—12dy f 4 180df — 252f — 9rgage + Ircgass + 4dyw,
—24wy + 2dywe — 12wy 4 2da(9f + 10w, + Sws — 6)
+4dyws — 60dws + 60wz + 2d3(3f + 10w; — 6) + 108]
+Aza - xp1prz1z3[—3di f — 2di(wy + 6) + 12(3f + we + 3) — 2d2(3f + bwy — 6)]
+Asa - xpy2123]—6dy f — 405df + 225 f — 810d + 4dyw; — 60dw; + 60w,
—2djwy + 30dwy — 30ws + 2d3(3f + 10wy — bwy + 6)
+4djws — 24wz + 2d2(3f + 10ws — 6) + 594]
+A3p1pa X2 X323[+18(10(d — 1) + f(5d — 3)]
+ Agpopa X1 X323 +18(—5df + 3f — 10d + 10)]
+ Ao Asp1pe Xa2z3[+3d1 f + 12(3f — wy — 3) + 2d; (we — 6) + 2d2(3f + bwy — 6)]
F ApAgpr Xaza|—12f ds — 20wsds + 24ds + 21dy f — 18 + 180fd + 180d
+6d;wy — 60dw, + 12ws
+4ds(3f 4 bws — 6) + 2d3(3f + bwy — 6) — 216]
+A2p1 Xo23[+180d — 9f (dy — 10d + 2) — 9rGags — 2d1wy + 12ws
—2dy(3f + 5w, — 6) — 198]
FA2ps X1 23— 180d + 9F(dy — 10d + 2) + 9rgags + 2dyws — 12w,
+2dy(3f + Bwy — 6) + 198
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+ Aop1pa X3 23[+3f (dy + 15d — 9) + 2(dy — 15d + 15)wy + 2d3(3f + Hwy — 6)]
+a - xp1paXaz129]—60wid — 30wed — 90d + 3 f(dy + 4ds + 15d — 9) + 8djw,
+20dswy + 36wy + 2diwy + 30w,
+2d3(9f 4+ 10wy + 5wy — 6) + 90]
+Aopape X121 22[+60wrd — 30wed 4+ 90d + 3f (dy — 4dy + 15d — 9) — 8dyw,
—20dyw; — 36wy + 2diwy + 30wy
—2d3(3f + 10w; — 5wy + 6) — 90]
+a - xpopaX12122|—3f(dy + 4dy + 15d — 9) — 2d3(9f + 10w, + Hwy — 6)
—2(2(2dy + 5dy + 9)wy + dywy + 15ws
—15d(2wy + wq + 3) + 45)]
+Aopa X1 2129[4+9dy f — 24dy f + 45df + 153 f + 90d — 24dywy — 40d,w,
+60dw; + 12w; + 6diwy + 20dswy — 30dws + 30wy — 24d;ws
—40dw3 + 180dws — 156wz — 2d2(21 f + 30w; 4+ 10w — 6)
—2d3(12f + 10w, — 5wy + 30ws — 12) — 18]
+Asa - xpr12129[+3f(2dy + 15d — 9) — 4d5(9f + 10w, + S5wy — 6)
+6(2w; + we — 5d(2w; + wy + 3) + 9)]
+Aop1pa XoX320|—3f(dy + 4dy + 15d — 9) — 2d3(9f + 10w, + Swy — 6)
—2(2(2dy + 5dy + 9)wy + dyws
+15wy — 15d(2wy + wq + 3) + 45)]
+A2py X32p[+6dy f — 45df + 9f + 90d — 4dyw, + 60dw; — 60w, — 2d;w,
+30dwy — 30wy — 2d3(9f + 10wy + bws — 6) — 4dyws + 24ws
—2dy(3f + 10ws — 6) — 18]
+ A3popa X1 Xo20[+2(3 fd3 + 10wd3 — Bwads + 6d3 + 36 f — 90 fd — 180d
—30dw; + 18w; + dy (4wy + 6) + 15dwy — 21wy
+dy(9f + 10wy + 5wy — 6) + 162)]
+ Ay Agp1pe Xozo[+12(=3f + wy + 3) — 2do(3f + 5wy — 6) + di(—3f — 2ws + 12)]
+Aza - xp1peXoza[+3di f + 12(3f — we — 3) + 2d; (wy — 6) + 2da(3f + Hwy — 6)]
+AsAsp1 Xozo[—3f(2dy + 15d + 27) + 4d5(9f + 10w, + Swy — 6)
—6(2w; + wy — 5d(2wy + wy + 3) — 27)]
+ A Agpop, Xy 20[—3dy f — 2di(wy + 6) + 12(3f + we + 3) — 2d2(3f + Swy — 6)]
+AsAspe X1 22[+9d; f + 24dyf — 180df + 198 f — 360d + 12dyw, + 40d4w,
—60dw; + 60w; — 12dywe — 20dswy + 30dw, + 6wy
+2d3(3f 4+ 10wy — bwg + 6) + 12djws + 40d w3 — 24ws
+do(—12f — 30wy 4 20ws + 24) + 72

120



8 Discussions

+Asa - xpa X1z [—3dy f — 2dywy + 12wy — 2dy(3f + 5wy — 6) + 36]
+Aop1pa X1 X321 [—60wrd 4+ 30wed — 90d — 3f(dy — 4ds + 15d — 9) + 8djw,
+20dywy + 36w; — 2diwy — 30ws
+2d3(3f + 10w, — 5wy + 6) + 90]
+Asp1pa X1 Xo21[—2(3fd3 + 10w ds — Swads + 6ds + 36 f — 90 fd — 180d
—30dw, + 18wy + dyi(4wy + 6) + 15dwy — 21w,
+dy(9f + 10wy + 5wy — 6) + 162)]
+Aza - 2pt Xoz1 [—12(wy + 3) + di(3f + 2ws) + 2da(3f + 5wy — 6)]
+Aza - xp1pe X121 [+12(=3f 4+ was + 3) — 2d2(3f + bws — 6) + d1(—3f — 2wy + 12)]
+As A3p1 X121[—3(—90d + 3f(dy — 15d + 3) + 2(d; — 6)ws
+2d2(3f + Swy — 6) + 126)]
+ Ay Aspi Xy X[ —3dy f — 2dywy + 12wy — 2da(3f + 5wy — 6) + 36]
+ A Asp1paX1X;5 [+3d1f + 2dy (wg + 6) — 12(3f 4+ wa + 3) + 2da(3f + Swy — 6)]
[=3f(dy + 15d — 9) — 2(d; — 15d + 15)wy — 2d3(3f + Hwsy — 6)]
[
[

+Aspapa X275
+a - xpopa Xozs[+3f(dy + 15d — 9) + 2(dy — 15d + 15)wy + 2d3(3f + 5wy — 6)]
+Aopa Xo23[+4ds (3 + dwy — 6) + 6(f(dy — 30d + 18)

—wsq + 5d(wq + 9) — 39)]
+Adp,2a[—3f(dy + 15d — 3) — 2(dy — 15d + 15)wy — 2d3(3f + 5wy — 6)]
+Aga - xpyzs[—27(f — 2)(5d — 1)A325 + (=3f(2d, — 15d + 9)
—4d5(3f + Bwy — 6) — 6((5d — 1)wq + 6))]
+a - xp1paX12:[—3f(di + 15d — 9) — 2(dy — 15d + 15)wq — 2d3(3f + 5wy — 6)]
+Pape X32123A1[—3f(dy + 4dy + 15d — 9) — 2d3(9f + 10w, + bwy — 6)
—2(2(2dy + bdy + 9)wy + dywy + 15ws
—15d(2wy + wq + 3) + 45)]
+ A1pa Xz 23| +12fds + 20wads — 24ds + 15d, f — 24dyf + 243f — 225fd
+450d — 20d;w; — 40dsw; + 60dw, — 12w; + 4dywo
+20d,wy + 30dw, — 6wy — 20d; w3 — 40d4ws + 120dws — 96ws
—4d3(6f + 5wy + 10ws — 6)
—2dy(15f + 20w; + 10w; — 6) — 342
+ A1 Agprz123[+15dy f + 24dy f + 24ds f + 45df — 9f + 270d + 8dyw,
+40d 4wy + 40dsw, + 60dw; — 12wy — 10d;wy — 20d4ws
+30dwy — 6wy — 4da(3f + bwe — 6) — 2d3(3f + Hwy — 6)
+8dyws + 40d w3 — 198]
+A1 A32123[+3f (6 — 30d) 4 9rgasa + 9rcgoss — 12ws + 60d(ws + 3)
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+4d5(3f + 10ws — 6) — 36]
+ A1 Asp2 2 23] 3dy f — 2diws + 12wy — 2do(3f + 5wy — 6) + 36]
+ A1 A3pap, X323[+12(=3f + we + 3) — 2da(3f + bwy — 6) + di(—3f — 2wy + 12)]
P AL Aspo X za[+12fds + 20wsds — 24ds — 21dy f + 18f — 180 fd — 180d
—6dyws + 60dws — 12wz — dda(3f + Hws — 6)
—2d3(3f + 5wy — 6) + 216]
+A1papa X3 23[—3f(dy + 15d — 9) — 2(dy — 15d + 15)wy — 2d3(3f + 5wy — 6)]
+ A1 paprXoz1 22[—60w d + 30wad — 90d — 3 f(dy — 4dy + 15d — 9) + 8dyw,
+20dswq + 36wy — 2dywe — 30w,
12dy(3f + 10wy — 5wy + 6) + 90]
4 A1 paXozizo[—9dy f + 24dyf — 45df — 153f — 90d + 24dyw; + 40dyuw,
—60dw, — 12w; — 6diwy — 20d4ws + 30dwy — 30w, + 24d;ws
+40d4w3 — 180dws + 156ws + 2d2(21 f + 30w; + 10ws — 6)
+2d3(12f 4+ 10wy — bwg + 30ws — 12) + 18]
+Aja - xpez129|—3f(2dy + 15d — 9) 4 4d5(9f + 10w, + H5wy — 6)
—6(2w; + wo — 5d(2wy + wy + 3) + 9)]
+A1popa X2 X322 [+60wd — 30wad + 90d + 3 f (dy — 4dy + 15d — 9) — 8dyw,
—20dyw; — 36wy + 2d;we + 30w,
—2dy(3f + 10w, — 5wz + 6) — 90]
+ A1 Aopa X329 —24dy f + 45df — 9f + 90d — 12dyw; — 40d4w; + 60dw,
—60w; + 6djwy + 20d4wy — 30dws + 30ws
—2d3(3f + 10w, — bwy + 6) — 12djws — 40dqws + 24ws
—2dy(3f + 10ws — 6) — 18]
+ A1 Agpe Xo2o[—270d + 9f (dy — 15d 4 3) + 6(d; — 6)ws
+6d3(3f + bwy — 6) + 378]
+ A1 papa X1 X321 [—60w d — 30wed — 90d + 3 f(dy + 4ds + 15d — 9) + 8dyw;
+20dywy + 36wy + 2d1wy + 30w,
+2d3(9f + 10wy + 5wy — 6) + 90
+ A Aopy X321 [+24dy f — 45df +9f — 90d + 12dyw;y + 40dqw; — 60dw,
+60w; — 6dywe — 20d4wse + 30dwy — 30w,
+2d3(3f + 10w, — 5wy + 6) + 12dyws + 40dyws — 24ws
+2d5(3f + 10ws — 6) + 18]
+ A1 A3p1pe Xozq [43dy f 4 2dy (wy + 6) — 12(3f + we + 3) + 2d2(3f + 5wy — 6)]
A Agpy Xoz [<9d, f — 24dyf + 180df — 198f + 360d — 12dyw, — 40dsuw,
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+60dw; — 60w, + 12dywy + 20d,wy — 30dwy — 6ws
—2d3(3f + 10w, — bwy + 6) — 12dyws — 40dqws + 24ws
+2dy(6f + 15wy — 10ws — 12) — 72
+ A1 Agpop. X121 [+3d1 f + 12(3f — wy — 3) + 2d; (we — 6) + 2d2(3f + Swy — 6)]
+ A1 Aspa X121 [+3f(2dy + 15d + 27) — 4d5(9f + 10w, + bws — 6)
+6(2w; 4wy — 5d(2w;y + wy + 3) — 27)]
+ A1 Asp1pe Xo X5[—3d1 f — 2di(wa + 6) + 12(3f + wy + 3) — 2d2(3f + bw, — 6)]
+ Ay AspE Xy Xs[—12(wa 4+ 3) + di (3f + 2ws) + 2da(3f + 5wy — 6)]
+ A1pap X1 2243 f (dy + 15d — 9) + 2(dy — 15d + 15)ws + 2d3(3f + 5w, — 6)]
[—6f(dy — 30d 4 18) 4 6wy — 30d(ws + 9)
—4d5(3f 4 5wy — 6) + 234]
+Aa - wp1 2 [+3f(2d; — 15d + 9) + 4ds(3f + Swy — 6) + 6(5dwy — wy + 6)]
+ A2po X320 [—6dy f + 45df — 9f — 90d + Adywy — 60dw; + 60w, + 2dyw,
—30dws 4 30ws + 2d3(9f + 10wy + bwy — 6) + 4dyws — 24ws
+2d5(3f + 10ws — 6) + 18]
+ATpe2i[+3f(dy + 15d — 3) 4+ 2(dy — 15d + 15)wq + 2d3(3f + 5w, — 6)]
+AZ2[+27(f —2)(5d — 1) (A4)

+an121 Al

The FCGA, after rewriting terms containing p,:

{6505 (9)) =0 (65)(®)) + 81 () auas =
+Asa - xpapyzazs[+3dyf + 2dy (we + 6) — 12(3f + wa + 3) + 2d2(3f + 5wy — 6)]
+ Ay Asprzo23[—2(3(3dy + 2d3 + 4dy + 4ds + 3) f
+2(4dy + 5d3 + 10dy + 10d5 + 6)wy — 2(2d;y + bdy — 6)wo
+2dy (5w — bwy + 6) + 4(dyws + bdyws + 9))]
+Aza - xpazozs3[+9dy f + 18dyf — 54 f — 24(wy + we — w3 — 6)
+4dy (w1 + we — w3 + 6) + 4da (5w + Sws — Hwz — 3)]
+ A9 Az2023[+2(—97Ga22 + Hdaws + bdzwsy + 10d5wy + 6wy — 10daws
—10dsw3 — 20dsws — 12w3 — 2d4(6 f + 10wy — Swy + 10ws)
+dy (3f — 4wy + 4wy — 8ws) + 36)]
+ Ay Asp? 2o 23| —12(wo + 3) 4+ dy (3f + 2ws) + 2da(3f + 5wy — 6)]
+Asa - xp1pezaz3[—3di f — 2di(wa + 6) + 12(3f 4+ wo + 3) — 2d2(3f + dw, — 6)]
+Asa - xpr12123]—9dy f — 18dyf + 54f + 24(w;y + we — w3 — 6)
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—4d; (wy + we — w3 + 6) + 4da(—bw; — bwy + bws + 3)]
+ A Asp1pe X323[4+3d1 f + 12(3f — woy — 3) + 2dy (wg — 6) 4+ 2da(3f + Hwy — 6)]
+ A Aspy Xazs|—12fds — 20wads + 24ds + 15d, f + 90f
+2dywy — 48wy + 4ds(3f + Bws — 6) — 2d5(3f + 5w, — 6) — 36]
FAZD Xozs[—9(dy — 4)f — Oriazs — 2d1ws + 12wy — 2da(3f + 5wy — 6) — 18]
+A3po X1 23[+9(dy — 4) f + 97Gozs + 2dywy — 12w,
+2ds(3f + 5wy — 6) + 18]
+Aga - xp12122[+3dy f — 12dy f — 8dywy — 20daw; — 24w,
—2djwy — 24wy — 2d3(9f + 10wy + Hwy — 6)
—4d5(9f + 10wy + bwy — 6) — 36]
+A5p1 X320 [+9(dy — 2) f + 4(dy — 6)w; — 4dyws + 24ws
+2d5(3f + 10w, — 10ws + 6) + 72]
+Ag Asp1pa Xoza[+12(=3f + we + 3) — 2da(3f + bwe — 6) + di(—=3f — 2wy + 12)]
+Asza - xp1peXoza[+3di f + 12(3f — we — 3) 4 2d; (wy — 6) + 2d2(3f + bwy — 6)]
+ A Agpr1 Xozo[—3dy f + 12dy f — 108 f + 8dywy + 20daw,
+24wy + 2dywe + 24wy + 2d3(9f + 10wy + Hw, — 6)
+4d5(9f + 10wy + 5wy — 6) + 252]
+ Ay Aspop, X1 20[—3d1 f — 2d1(wy + 6) + 12(3f + wy + 3) — 2da(3f + Hwy — 6)]
Ay Aspo X1 20[+9d, f — 30dsf + 24dyf + 126f + 40dsw; + 24w, — 20d4ws
+48wsy + 40dyw3 — 24ws + 4di (wy — 3wy + 3wz — 3)
—|—4d2(—5w1 — 10wy + bws + 9) — 252]
+Asza - xp3 X1 20[—3dy f — 2dywy + 12wy — 2do(3f + 5wy — 6) + 36]
+Asa - wp? Xoz [~ 12(w2 +3) + di(3f + 2wsy) + 2d2(3f + bwy — 6)]
+Asa - xp1pe X121 [+12(=3f + we + 3) — 2da(3f + bwe — 6) + di (=3 f — 2wy + 12)]
+ A0 Asp1 X121 [—2(=9f — 12we + di (3f + 2wy — 6) + 2d2(3f + bwy — 6) + 72)]
+ Ay Aspi X X[ —3dy f — 2dywy + 12wy — 2dy(3f + 5wy — 6) + 36]
+A2A3p1p2X1X3[+3d1f + 2dy (wa 4+ 6) — 12(3f 4+ wa + 3) + 2d2(3f + 5wy — 6)]
+ASp, 2 [-18f ]
+Aga - xpyza[—9dy f — 2dywy — 24wy — 2d3(3f + 5wy — 6)
—4d5(3f + bwy — 6) — 36]
+A222[~9d, f — BAf — 2dyws — 24w, — 2d5(3f + Hws — 6)
—A4ds(3f + 5wy — 6) + 180]
+A 1 Aspyz123[+6(3dy + 2d3 + 4dy + 4ds + 3) f
+4(4d; + 5ds + 10d, + 10ds + 6)w; — 4(2d; + 5ds — 6)wy
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+4dy (5w — bws + 6) + 8(dyws + Sdsws + 9)]
+ A1 A32123[42(97 G292 — Bdawy — bdswe — 10dswy — 6ws + 10dws + 10d3ws
+20dsws + 12ws3 + dy (=3 f + 4wy — 4w, + 8ws)
+2dy(6f + 10w, — 5w, + 10ws) — 36)]
+ Ay Asp2 2 23[—3dy f — 2dyws + 12ws — 2da(3f + 5wy — 6) + 36]
+ A1 A3pop, X323[+12(—3f + wy + 3) — 2da(3f + 5wy — 6) + di(—3f — 2w, + 12)]
Ay Agps Xaza [ H12f ds + 20wsds — 24ds — 15d, f — 90F
—2dywq + 48wy — 4dy(3f 4 5wy — 6) + 2d3(3f + bwe — 6) + 36]
+Aja - xpazyzo|—3dy f + 12dy f + 8dywy + 20dyw,
+24w; + 2dyws + 24wy + 2d3(9f + 10wy + 5wy — 6)
+4d5(9f + 10wy + 5wy — 6) + 36]
+ A1 Aopo X325[—3(dy + 8dy — 6) f — 4(dy + 10d, + 6)wy + 4dyw,
+20d 4wy — 12diws — 40d w3 + 24ws
+2do(3f + 10w; — 10ws + 6) + 72]
+ A1 Agpe Xo2o[+2(—9f — 12ws + dy (3f + 2wy — 6) 4 2da(3f + Hwy — 6) + 72)]
+ A1 Aop1 X321 [+3(dy + 8dy — 6) f + 4((dy + 10dy + 6)wy — dywe
—5dqws + 3diws + 10d4ws — 6ws — 18)
—2dy(3f + 10w, — 10ws + 6)]
+ A1 Asp1pe Xoz1 [+3dy f + 2dy (way + 6) — 12(3f + we + 3) 4+ 2d2(3f + 5wy — 6)]
+ A Aspr Xoz [9d f + 30daf — 6(4dy + 21) f — 8(5dy + 3)w + 20d,ws
—48wy — 40d w3 + 24wz — 4dy (wy — 3wy + 3ws — 3)
+4dy(5wy + 10wy — Swz — 9) + 252]
+ A1 Aspop, Xy 21 [+3dy f + 12(3f — wy — 3) + 2dy (we — 6) 4 2d2(3f + Hws — 6)]
+ A1 Agpe X121 [+3dy f — 12dy f + 108 f — 8dyjwy — 20dawy — 24wy — 2dywe
— 24w, — 2d5(9f + 10w, + 5w, — 6)
—4d5(9f + 10w, + 5w, — 6) — 252
+ A1 Asp1pa Xo X3[—3d1 f — 2di (w2 + 6) + 12(3f 4+ wo + 3) — 2d2(3f + dw, — 6)]
+ Ay Aspa X X3[—12(wy + 3) + dy (3f + 2ws) + 2da(3f + Bwy — 6)]
+Ava - xp 22 [+9dy f + 2dywy + 24w, + 2d3(3f + 5w, — 6)
+4d5(3f + 5wy — 6) + 36]
+A2py X321 [—9(dy — 2)f — 4(dy — 6)wy + 4(dy — 6)ws
—2dy(3f + 10w, — 10w; + 6) — 72]
+ATp, 2 [+18f]
+A222[49d, f + 54f + 2dywy + 24wy + 2d3(3f + Hwy — 6)
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+4ds5(3f + 5wy — 6) — 180] (A.5)

FCGA for two spin-3 parameters, &, d spin-3
The full FOGA:

08 (01 (®)) — 6L (65 (@ >>+6ﬁmn< ) =
+€f‘upa“a¢”62 570,05, 00" a*[—18] +€1 oL 62Wa“xpﬁaaﬁéw,\a”a)‘[—l—w]

+e! M)a“ycpe2 517050, ®,ana”a[+18f] + ef?ax €5 ,,p0" 17030, P ana” 0 [—18f]
45
—i—Eiupa”xpez 517000, ®p 00" a*[+45(1 — d) — ?f(l —d)]
+€f70xa€g‘7upa“x’)0aayq)gy,\a”a)‘[+? F(1—d) —45(1 — d)]
45
+€iupa“xpggjga:”5’>\8,,<I>5ma”a’\[—7]“(1 —d)]
oo 45
+el 017 €y ,,,0" TP 020, Ppr0a”a [—l——f(l —d)]
H A 9 p MoV oA 9
1813178y Dy P raa” a [—57“] + &8 5y 1P Do @ nat a’ a [+ =7

2
+€7 Mpa“:nPGQ 2050, 00" a[—18] —|—€1 T o€ 0" TP 0P oaa”a[+18]

+61 pmpEZ nv fata” 8/3 Yo [ 9<2 - f)] + El,wf a“a”eg’ypxpaﬁq)va)\a)‘[+9(2 - f)]
+€7 0" 1l gj,ja 03Pana AH18] +€f'yya”Eg‘upa“x s ® w,\(Jc’\[—18f]

e 0 0, paa[+45(1 — d) — 3f( — )
LT 6 ah D, By a3 f(§ _ —d) 4501 — )]
+E‘fmEQ,W,Jaﬂavxﬂaa@WaA[+(; - Ed)h2 125( — d)hy + 3hy)
+ef7pwpeg,wa“a”aa%ak[+%<2 D0 —d)
—|—ELW°‘a“a 62 px PO @57)\@ [— 1 (2 )1 —d)]
+€‘f‘7upa“xpE§7Va”8a<I)ﬁw\a [+ (g — ?d) — —f(l —d)]
+617Wpa“a”a:pe§7a8a¢>5w\@[—(% — Ed)h2 - %(1 — d)hy — 3hy)
eV Waﬂxﬂaacpmaw? F1—d)— 6(; _ 1—25d)]

126



8 Discussions

—|—€[f7px”€27waa“a”@,\Qﬁwa)‘[—f—%(2 — ([ —=d)]

+€1,ufa“a”e§n,xpaﬂ%a -2 - d)

e e 0 OB (35 — D) f — (1~ )]

rel,0e Mpa“xﬂa@maw+3<§ - —5d)f ¥ ‘f( — )]
e 0 B a 15 (5 — Dd)(2— )]
ey By -5 (2 f><§ )
0, 0 D [ (5 — D)2~ )
ey By -5 (2 f><§ - 2d)

27
+E1,8yp0” 62 0 CIDQ,,)\a“a”a)‘[—i—Zre] + 51 EZ,ﬂvpxpauq)auAa“auaA[—Zre]
z n=Byo v 20 o o y oA 2T o
+€1,6u0" 6" Payra’a’ 1 r(2—e)] + &7 pyua" Parra’a’ [+ 1 (2 —e)]

(A.6)

The FCGA, dualised:

{055 (@)) =08 (55 (®)) + 6 ) (®) Yt =
+A3po X1 23[+9(r + 2)] + Ajp1 Xo23[—9(r + 2)]

+ A1 A3p3 X1 X5 [+18] + Ay A5p1pa X1 X3[+18]
+ Ay A3p? Xo Xs[—18] + Ay AZp1pa X2 X3[—18]
+ A9 Adp X121 [—54] + A1 AZpa Xy 21 [—9(f — 2)(5d — 3)]
18] + AL A2pyp, X121 [+18]
AL A Xzt [49F(5d — T) + 6(5d — 4)(2hs — 3)]
+ Aip1pa X1 Xoz1 [+9(=10d + f(5d — 7) + 8)]
Ay A2y Xy 209 f (5d — T) — 6(5d — 4) (2h, — 3)]
+ Ag A3p1 Xozo[+9(f — 2)(5d — 3)]

+ A1 AZpy Xo2o[+54] + Ala - pipr Xozo[+18]
+ Ay A1 e Xo2o[— 18] + AZpapa X1 X222[+9(10d + f(7 — 5d) — 8)]

+ Ay AZp1 X323[—36(f — 2)] + A1 A3paXaz3[+36(f — 2)]
+ Ay Aip1pp X323 [+18] + A A5pop, X323 —18]

[

[

[—

-

+Afa - apipa X1z [—

+A3a - p? Xoz [+18

+ A1 Aspip, Xoz [+18

+A2a - wps X 1218

+A5A 3p2pxX12’2[ 18
[
-
[—
[
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9
+ Ay AZp2 2 23— 18] + A A3z 23[+ 2( 40d 4+ 4f(5d — 1) + 61 — 3re + 8)]
+A3a - xp12123[+9(10d + (7 — 5d) — 2)]
A A2, 2249 F(5d — 3) + 6(8hs — 5d(2hs + 3) + 9)]

2Tre
+A3a - wp1pez123[—18] + A3pa X121 23[+90d + f(9 — 45d) —

— 72]
+A§p1pax22123[ +9(10d + f(7 —5d) — 8)] + A2A§p22223[+18]

+A2 32’223

l\DI@

(—40d 4+ 4f(5d — 1) + 61 — 3re + 8)]
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[+9(—10d + f(5d — 7) + 2)]
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e}
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+AA 3px 2923

27re

+A3an22223 90d + 9f(5d - ].) + 72]

+ A3popar®2023[+9(—10d + f(5d — 7) + 8)]

+AT A7 [9(f — 2)(5d — 1)] + A1 Aza - apr2{[+18(f — 2)]
+ AT Aspr 27 [—18] + Ay Aspa X127 [-9(f — 2)(5d — 3)]
+Aza - xp1p X123 [+18f] + AL Aspap, X127 [~ 18f]
+A3A325[+9(f — 2)(5d — 1)] + Ay Asa - xpyz3[—18(f — 2)]
+ A3 A3p, 23 [H18 ] + Az Aspa Xo23 [+9(f — 2)(5d — 3)]

+Asa - a:pgangz
+A1 Ay Asp1 X3z
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[—
[—
[
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[—18/] + A Aspap. X225 [+18]
[—60had +90d — 9 (5d — 7) + 48hs — 18]
+A? 1A3pa X321 [+9(10d + f(3 — bd) — 2)]
+A2A3p1pa X1 X321 [+90(d — 1) — 9f(5d — 7)]
+ A1 Aspapa X1 X321 [+90(d — 1) — 9f(5d — 3)]
+ A2 5Asp1 X322[+9(—10d + f(5d — 3) + 2)]
+ A1 Ag A3pa X329[+9f(5d — 7) + 6(—8hg + 5d(2hy — 3) + 3)]
+ A2 A3p1pa Xo X322[+9(5df — 3f — 10d 4 10)]
+ A1 A3popa Xo X320[+9(bdf — 7f — 10d 4 10)]
+AsAza - xp12122[-9(f — 2)(5d — 3)]
+A1Aza - xpazi22[+9(f — 2)(5d — 3)]
Ay Agpa X121 29[ +90£(2d — 1) +12(5d — 4)(hs — 6)]

+Asa - xpopa X121 22[+9(bdf — 3f — 10d + 10)]

4 Ay Aspaps X121 20[+9(5df — TF — 10d + 10)]

[—6(

+A1A3an22122 6 ].5f(2d — 1) + 2(5d 4)(h2 - 6))]
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+Asa - xp1paXoz122[+90(d — 1) — 9f(5d — 3)]
+ A1 A3paps X22122[+90(d — 1) — 9f(5d — 7)]
+ Ao Asp1pa X3 23[— 18 f] 4+ Ay Aspapa X3 23[+18 f]

Ay Agpa X223 +6(3F(15d — 8) + 10d(hy — 6) — Shy + 42)]
+Asa - xp1paX32123[+9(5df — 7f — 10d 4 10)]
AL Aspape Xs 2123 L9(5df — 3f — 10d + 10))]

+ Ay AgpaXaza23|—6(3F (15d — 8) + 10d(hy — 6) — 8hy + 42)]
+Asa - xpepaXs2223[+90(d — 1) — 9f(5d — 7)]
+ Ao A3paprX32023[+90(d — 1) — 9f(5d — 3)]

[

[

-

2|

[

+A3p, X327 [+18 (3 — 5d)] + Ap2 X1 X327 [—45f(d — 1)]
+A3pa X323 [+18f(5d — 3)] + Aspi X0 X323[+45f(d — 1))]
+A5a - apaz1 25[~45(f = 2)(d — V)] + a - api Xo2123[—45f(d — 1)]

(
+A1a - wpzize[+45(f — 2)(d — 1))+ a - ap> X 272 [+45f(d — 1)]
+ AP X3z 245 f(d — 1)] + AopiXizozs[—45f(d — 1)] (A7)

The FCGA, after rewriting terms containing p,:

{6566 (2)) =68 (6 (@) + 6 ) (9 Yauar =
4 Ay Ay Agpr Xazn [+(48 — 60d) By + T2] + Ay Ay Agps Xa20[+12((5d — 4)hy — 6)]
+A1Aza - xpy27[—36] + A1 Asa - xpazy zo[—36]
60dhy + 27r + A8hy — 54] + AL A2py Xoz1 [+12(5d — 4)h)
12((5d — 4)ha + 3)] + A1 A3p1p2 X2 X5[— 18]
+ A A1 P Xo 21 [+18] 4+ Ay A2pop, X1 21 [+18]
+ Ay Adpop, X323[— 18] + Ay Adps X X3[+18]
+ A AZpy X121 [+36] 4+ Ay AZpa Xozo[+30]
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]

[
i
+ Ay A2z 23—
[—
[
[
[
+ AT Aspa X521 [+72) + A1 A3pa X323 —T72]
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[
[
[
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+A; Agplezg

+ A Adp2 2 23[— 18] + AT A323[+36]
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+AxA 3P1X121
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18] + A2 A3p1p, X323[+18]
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+ A AZp1 Xa23[+72] + Ag AZpop, X1 29[ 18]
+ Ag A2p2 20 23[+18] + A2A322[ 36
18] 4 AZa - xp1pa Xozo[+18]
18] + A2 - xp? Xy 2 [+18]
+36] + A2 F TPaPr 2223 +18]
18] + A3a - xpazez3[—36]
9(r + 2)] + A3py X1 23[+9(r + 2)]

+A?ﬂ xp1p2X121
+AZa - xpipezizs
+AZa - xprzizs
+A3a wps X172
+A3p1 X 23

[
=
-
[
-
-

Appendix B

FCGA for two spin-3 parameters, ®, & Maxwell fields

The FCGA, dualised:

{05 (36 (®)) =05 (55 (®)) + 81 -1 (®) atuar =
4+ Aop1 X1 21 [+20°m?] + A1p1 Xoz [+20°m?]
+p10a X1 X021 [+20m?] + Agpy X 29[ —202m?]
+ A1 paXozo[—20*m?] + papa X1 Xo 2o [—20*m?]
[ (

+AspaXi23 +3m2(8 4g + 7)%@ —3)]
9311 9311

+Asp1 Xoz3[+3m>(8(4g — 11)@@ +3)]

g311 9311
9433 Ja11

+ Ay 21 z3[+m?*(—20% + 3v — 6((4g + T)t — 18)—222)]

9311 gs11
+a - xp 21 23] —4v*m?]
+paX12123[—m3(20% — B + 6(4g + T2 L)
9311 9311

+p1pax22123[—2v2m2]

+A22223[+m2(2v2 —3u— 6((4g . 11)t + 18)9433 ga11 )]

9311 9311
+a - xpazazs[+4vim?]
e Xozzs[+m? (207 — 3v + 6(11 — 4g)¢ 2232 SA1Ly)
9311 9311
+papat’ zoz3[+20*m?]
F Agpi X0 [+20° + (696 — 96) L2 I _ 97)
9311 gs11
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Ay pa X[ —20% — 24(4g + 25) L3 L | o7
9311 9311

+A1p1p5 X3[+20%] + Aopipa Xs[—207)
+p1P§PaX1X3[+2U2] + p%p2an2X3[—2’02]
2

+Aopiz [+6(v° —2v 4+ (4g + 25)15@@)]
g311 9311
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