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CrossMark
Abstract
We study the relation between the frame-like and metric-like formulation of
higher-spin gauge theories in three space—time dimensions. We concentrate on
the theory that is described by an SL (3) X SL(3) Chern—Simons theory in the
frame-like formulation. The metric-like theory is obtained by eliminating the
generalized spin connection by its equation of motion, and by expressing
everything in terms of the metric and a spin-3 Fronsdal field. We give an exact
map between fields and gauge parameters in both formulations. To work out
the gauge transformations explicitly in terms of metric-like variables, we have
to make a perturbative expansion in the spin-3 field. We describe an algorithm
for how to do this systematically, and we work out the gauge transformations
to cubic order in the spin-3 field. We use these results to determine the gauge
algebra to this order, and explain why the commutator of two spin-3 trans-
formations only closes on-shell.

Keywords: gauge theory, higher-spin field theory, Chern—Simons theory, low-
dimensional field theory

1. Introduction

Higher-spin gauge theories have gained a lot of attention in recent years, in particular because
of the proposed higher-spin AdS/CFT correspondence in four and three dimensions (see [1, 2]
for reviews). Higher-spin gauge fields can either be described by extending the vielbein
formalism of gravity to higher-spins [3], or by extending the metric formulation [4]. Although
the metric-like description might be the more intuitive ansatz, because one needs less aux-
iliary fields, it is the frame-like formulation that allowed Vasiliev to construct a consistent
nonlinear theory of interacting higher-spin gauge fields [5, 6]. In the metric-like formulation,
on the other hand, one only knows how to construct interactions in a perturbative expansion,
e.g. one has obtained a classification of consistent cubic terms [7—-18].
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It would be desirable to understand the theory also in the metric-like formulation. In
particular one would hope that one could get a better geometric understanding of the higher-
spin gauge symmetry as generalized diffeomorphisms. This might also improve our under-
standing of particular solutions of higher-spin theories like higher-spin analogues of black
holes [19-23]. In [24] it was shown how one could use the Wald formula in a metric-like
higher-spin formulation to compute the entropy of higher-spin black holes (for other
approaches see e.g. [19, 25-34]).

Higher-spin gauge theories in three dimensions are considerably simpler than in higher
dimensions, because they do not contain propagating degrees of freedom and can be written
as a Chern—Simons theory [35, 36]. Also, in contrast to higher dimensions, it is possible to
truncate the tower of typically infinitely many higher-spin gauge fields to a finite selection—
the simplest theory only contains gravity and one spin-3 field. In this case the generalized
vielbein e = e¢,dx* and the generalized spin connection take values in the Lie algebra
sl (3, R),

e = e Ju, wp = ot Ja (1.1)

where J, form a basis of s/(3, R),

[]A* JB] :fABCJC' (1.2)
The gauge sector of this theory is described by the action
1 1
S = /tr eAR+ —eANeAe], (1.3)
162G 312
where
1
R=do+orow < RA=de+§fABCa)BAa)C (1.4)

is the curvature of the generalized spin connection, G is the gravitational constant and tr is the
trace in the fundamental representation of s/(3, R). The parameter / is related to the
cosmological constant—a real and positive / coincides with the radius of the AdS solution.
This action can be rewritten as a Chern—Simons theory whose gauge group depends on the
cosmological constant: e.g.for a negative constant (positive [?) the gauge group is
SL(3, R) x SL(3, R).

The frame-like formulation being so simple, it is tempting to try to reformulate it in terms
of metric-like fields. First one has to eliminate the spin connection by its equation of motion,

Dye,) =0, (1.5)
where D, is the covariant derivative including spin connection and the Levi-Civita Christoffel
symbols,

Diet =08 + fApcw) ef — Ty, et (1.6)

Then one has to express everything in terms of metric-like fields, which have to be
expressions in the vielbeins where all s/(3) indices are contracted with invariant tensors. In
[37] it was proposed to define the metric and the spin-3 field as

8, =Kape; e (1.7)
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and

1
_ 1 A B
Bup = T dapc e e,

where « (Killing form) and d are invariant symmetric tensors defined in (A.7) and (A.11). The
remaining task is then to rewrite the action (after eliminating @) in terms of these fields.

Because the vielbein is not invertible (it is not a square matrix), this is rather complicated.
In [24] the action was worked out to quadratic order in the spin-3 field by making a general
ansatz and then demanding that explicit solutions of the frame-like theory should map to
solutions in the metric-like theory. We will follow here a different approach which was started
also in [24] ".

Instead of considering the action and its solutions we concentrate on the gauge trans-
formations. We formulate an exact map of the gauge parameters in the frame- and the metric-
like formulation (section 2). Notice that one always has the freedom to reparameterize the
gauge transformations, therefore this map is not unique. We then formulate an algorithm that
can be used to map any given contraction of frame-like quantities to metric-like quantities in a
perturbative expansion in the spin-3 field (section 3). We use this algorithm to explicitly
compute the gauge transformations in the metric-like theory to cubic order. We are then in the
position to compute commutators of these transformations to better understand the gauge
algebra in the metric-like theory (section 4). We also discuss there why the commutator of
two spin-3 transformations only closes on-shell.

Our work clarifies a few issues that were left unanswered in [24]. First of all we could
show that the perturbative ansatz for the map between gauge parameters in [24] can be used
as an exact map without any corrections, such that one has an exact dictionary of fields and
gauge parameters. Secondly we can explain why the gauge transformations only close on-
shell in the metric-like theory (whereas they close off-shell on the frame-like side). Thirdly we
worked out a systematic approach to obtain the explicit expressions on the metric-like side
that does not require the use of specific solutions of the theory. Last but not least we worked
out the gauge transformations and gauge algebra to one order higher than in [24] in the hope
to understand the metric-like theory better.

The expressions that we obtain for the gauge transformations to the order we consider are
already quite large, they fill two pages of the appendix. In principle one could now go on and
determine the corresponding action (which is a fairly easy task if one uses a powerful
computer algebra program), and the result will be of similar size. We have not found any
pattern in our expressions that could help to organize them—but without such a pattern it does
not make sense to work out the metric-like theory to even higher orders. On the other hand,
one might hope that there is a clever redefinition of fields and gauge parameters which makes
the theory more manageable.

epc, (1.8)

2. Relating frame- and metric-like gauge transformations

In this section we relate the gauge transformations in the frame- and in the metric-like
description. In the frame-like theory there are two types of gauge transformations; the gen-
eralized local Lorentz transformations,

Sren=[A, e, 2.1)

! For an alternative ansatz for a metric-like description see [38, 39].

3
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Syw, = DA, (2.2)

and the generalized local translations,

Sze, = D,E, (2.3)
1 =
Szw, = l—z[eﬂ, =] (2.4)

The local Lorentz transformations act trivially on all metric-like fields built from the vielbeins
e,. The generalized local translations, on the other hand, induce non-trivial transformations on
them, and they can be interpreted as diffeomorphisms and higher-spin generalizations thereof.

Let us first consider pure diffeomorphisms. It is well-known (see e.g. [40]) that a gen-
eralized translation, where the parameter = is of the form

ZA = e,ft EH, 2.5)

induces a diffeomorphism generated by the vector-field £# (up to a local Lorentz rotation) if
one imposes the torsion constraint (1.5). The action of such a diffeomorphism (spin-2 gauge
transformation) on any metric-like field ¢ built from the vielbeins e is given by

8P¢ =L, (2.6)

where L, denotes the Lie derivative.

For the higher-spin transformations we do not know how they act in general, but only in
the linearized theory where they should reproduce the transformations of free Fronsdal fields
[4]. The spin-3 transformation should act as

55(3)&41/ =0+ -, 2.7

1
55(3)%14) = V(M(fbp) - ggbp)élll) + ttty (28)

where £#¥ is a symmetric tensor that labels the spin-3 gauge transformations, and the dots
indicate terms that are at least linear in the spin-3 field. The covariant derivative V), is defined
with respect to the Levi-Civita connection. Note that instead of choosing the spin-3 gauge
parameter to be traceless, we decided to put an explicit projector to the traceless part and work
with an unconstrained gauge parameter &,,, which turns out to be more convenient in the
higher-order computations.

We combine the gauge parameters for spin-2 and spin-3 transformations into a single
object £ = (&, £7). We are looking for a map

&= (M 9 - E(D), (2.9)
such that

z0¢ =8¢ + 554. (2.10)

Note that such a map is not unique, even if we have fixed the expression of the metric-like
fields in terms of frame-like ones such that no field redefinitions are possible. We can still
redefine the higher-spin gauge parameters by terms that are at least linear in the higher-spin
fields, such that the linearized gauge transformations are untouched. In the following we will
construct one such map that is valid at all orders in the spin-3 field.

4
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2.1. A proposal for the map

The map & — = (&) is linear, so we can write it as
EAQE) = SA, e+ S84, 87, (2.11)

with possibly field-dependent matrices S. The implementation of pure diffeomorphisms is
given by (2.5), this fixes the coefficients S, to

S4, = et (2.12)

An arbitrary frame-like gauge transformation £+ will induce both a diffeomorphism and a
spin-3 transformation, therefore there will be projections P and (1 — P) such that P= induces
a pure diffeomorphism, and (1 — P)Z a pure spin-3 transformation. Instead of fixing S*,,
directly, we will rather first attempt to fix the projection P. It should project an arbitrary gauge
transformation to a pure diffeomorphism, therefore we demand that

for every Z+ there is a &# such that P4z 55 = S'Aﬂ EH, (2.13)

and P? = P. A natural requirement for the projector is that it is orthogonal w.r.t. the Killing
form, in other words that

PAB = pBA, (2.14)

where we have raised the indices with the Killing form. This then fixes the projector uniquely
to be

PAB =gt g ol (2.15)

Indeed we can easily check that

PAgPB. = e,j4 g eyD KBD epB g’ ef Kec (2.16)
=t g g, 8" e Kec (2.17)
= ¢! g ef ke = PA¢, (2.18)

where we used the definition of the metric (1.7) to go to the second line. Furthermore, for an
arbitrary £ we have

PAREB = elfl(g’“’ el kep 5’3), (2.19)

v

therefore P indeed projects onto pure diffeomorphisms (where we interpret the term in the
parentheses as the corresponding vector field). Notice that defining P to be an orthogonal
projector was a choice we made, but we will see in the next section that by redefining the
gauge parameters it is always possible to bring the projector to the form above.

Having fixed P we can now look for an S »p that satisfies

PAySP, = 0. (2.20)

In addition we want that S+ 4 coincides with the free field expression when we set the higher-
spin fields to zero, e

SA,=3d4c el ef + - 2.21)

2 That this ansatz reproduces the correct free field transformation (2.8) is checked in appendix A, see (A.17).
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Here the lower case Latin indices run over the principally embedded s/ (2)-subalgebra as will
be explained in more detail in section 3.1. A natural ansatz for a covariant expression that is
consistent with the linearization and with the projection P is then

S4,, = (55‘ - P73“)3 dPpcel e + - (2.22)

The linearized gauge transformation does only depend on the traceless part of the gauge
parameter £#¥. If we want this property to hold also at the nonlinear level, we have to add the
projection to the traceless part,

o o 1 o
EHO > (51,” o, — gg” gyﬂ) Evr. (2.23)
Our final ansatz for S AW, then reads
L [ l o
s4,, = (55l - P{;‘)3 dPpcel ef(é; 57— gg” gyp) (2.24)
=3(dApce) el —6elt g 51 57 — Lone 2.25
= ( BC e/,{ €, — 06 & ¢i/m) v Yp T gg gbp B ( . )

where we used our definition for the spin-3 field ¢ in (1.8).
To summarize we propose the following map for the gauge parameters,

EA=GA gH 4 SA, g (2.26)

(o2 1 fo} 17
=et & +3 (0 - Pg)dPpc el ef(é,,” 5 ~ 8 gbp)g . (2.27)

In the following section we will argue that this is a consistent choice to all orders in the
higher-spin field.

2.2. The proposed map is exact

Our goal is to obtain an exact map between the gauge parameters on the metric-like side and
on the frame-like side,

EA = A, &M, (2.28)

Here, M is a collective label for the metric-like labels, e.g. in the s/ (3) case {M} = {u, (up)},
where (vp) denote symmetric pairs of space—time labels without any trace constraints. The
matrix S is then not a square matrix, and it can depend on the fields and on the vielbein. In the
last section we have made a proposal for such a map (see (2.27)). In this section we want to
show that there will always be a redefinition of the gauge parameters such that the proposal
(2.27) provides the exact map.

Given a frame-like gauge parameter £ we may ask what the corresponding diffeo-
morphism and spin-3 transformation are that it induces, in other words we want to have an
inverse relation of the form

M =M 54 (2.29)
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such that

s 0
SAyTMy =64 | TMASAN=]CMN=(O ]sz]' (2.30)

121%]

Here, K is a projector: not all components of £# give rise to independent gauge
transformations, and those ¢ that are annihilated by X do not contribute. Therefore K projects
EM to the part that contributes to non-trivial gauge transformations. In the linearized
approximation, K projects onto traceless tensors, in the full theory K could act differently. Of
course this structure generalizes straightforwardly to the situation with more higher-spin
fields.

Such a map between frame- and metric-like gauge parameters, specified by S and 7T, is
not unique, because we can redefine the gauge parameter on the metric-like side. Suppose we
are given S and 7, and the associated projector K. Then we can parameterize &M by a new
gauge parameter £,

§M — (DMN EN, (2.31)

with a possibly field-dependent matrix @. Because some combinations of gauge parameters
EM label trivial gauge transformations (in the linearized theory this is the trace part of £#), the
matrix @ does not need to be invertible, but we have to ensure that & still parameterizes the
full set of gauge transformations. Therefore we request that

Im(KP) = Im(K). (2.32)
Then there is a map ¥ in the opposite direction,

EM = pM N (2.33)
such that

KoY =K. (2.34)

¥ acts as an inverse after projection by K.
With such a redefinition of the gauge parameters, the map (2.28) between frame-like and
metric-like gauge parameters is changed into

A =S4 EM, S = So. (2.35)
Similarly we can introduce a new inverse map 7,

EM=TM, EA T =T, (2.36)
such that

ST =1, TS =vyKo=K. (2.37)

Notice that the prescription is symmetric in the sense that we can also view &Y to provide a
new parameterization of €™ via ¥, and the maps @ and ¥ satisfy

kyo = &, (2.38)

in analogy to (2.34).

Let us now apply this general discussion to the situation we are interested in. We assume
that there is an exact map relating the gauge parameters as above with corresponding matrices
S and 7 which are a priori unknown. We then show that there is a redefinition of gauge
parameters such that the transformed S coincides with our proposal.

7
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We already know how a pure diffeomorphism is implemented on the frame-like side,

therefore S, = e;‘ is fixed, and should not be altered by a reparameterization. We can then

restrict to matrices @ and ¥ of the form

® = ((1) :) = ((1) :) (2.39)

Suppose now that we have found a T # 4 such that

Tr, SA, = S (2.40)
In our case this will be given by

TH, =g el kpa, (2.41)

such that we recover our projector on diffeomorphisms (see (2.15)) as

A

SA,, Thg = PAp. (2.42)

Then we set
1 ¥, A
— o - W, _ TH A

5”_(0 ) ) '3 pg_(r A= TH4) S, (2.43)
With this transformation one finds

?”AzT”A+Y’”MT/"’A (2.44)

=TH + (,}”B - T”B)SB/M T7° 4 (2.45)

=T”A+(%”B—T”B)(5£—SBU TU_A) (246)

=THy, (2.47)

50 it is possible to transform 7 such that the new 7 coincides in its y-components with T.
This means that it is always possible to redefine the gauge parameters such that the projection
on pure diffeomorphisms is indeed given by P as defined in (2.15).

Assume now that we have fixed S# u = "’;;4 as well as T# 4 as in (2.41). Then we are left
with block-diagonal transformation matrices @ and ¥ with the identity matrix in the y — v
-block. Suppose now that we have found a matrix S+ v Such that

7784 =0, (2.48)
In our case such a S is given by the expression in (2.25). Now we set

@ = ((1) 2) O =T, A (2.49)
With this map @, the matrix S is transformed to

SA,, = Sh,, D", (2.50)

=S4, THwz85 (2.51)

= (68 = $1,7"5)S"%,, (2.52)
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=84, (2.53)

We have to make sure that the transformation @ that we defined is an allowed one, i.e. that it
does not reduce the set of gauge transformations. In the case at hand this is clear at least in a
perturbative expansion in the higher-spin fields, where we only have to check that the
transformation is regular at leading order. The leading terms of S and S coincide and are
given by the linearized expression (2.21), therefore the transformation is regular.

In conclusion we have shown that indeed there is a parameterization of the metric-like
gauge transformations such that the proposed map (2.27) gives an exact relation between
metric-like and frame-like gauge parameters.

3. Translating frame- to metric-like quantities

In this section we will discuss an algorithm to translate frame-like to metric-like quantities.
We will first outline this algorithm for quantities which do not contain any covariant deri-
vatives and illustrate it by explicitly calculating the cosmological constant term in the metric-
like formulation up to quartic order in the spin-3 field. We will then generalize the algorithm
appropriately for quantities containing covariant derivatives. This will allow us to explicitly
calculate the gauge transformations of the metric and spin-3 field to cubic order. Finally we
will discuss why in these cases the mapping between metric-like and frame-like quantities is
unique despite the appearance of seemingly free parameters in the metric-like expressions.

3.1. Restricting to vielbeins only

The aim of this section is to describe an algorithm which allows us to rewrite a frame-like
expression in terms of metric-like fields. This algorithm is based on a perturbative expansion
of all quantities in the spin-3 field ¢. To this end we split the s/(3) generators into s/(2)
generators {J, }, labelled by small Latin indices, and the remaining generators {J, }, labelled
by capital Latin indices and chosen to be orthogonal to the J, with respect to the Killing form.
Using this notation we decompose the vielbein into the following components

et = (e, EY. (3.1)

We first note that a given order in the spin-3 field ¢ corresponds to the same order of vielbeins
EA,

O(¢p) = O(E). (3.2)
This can be seen by expanding (1.8) and (1.7),
1 e 1
by = EdAhC Ejy el ef + g dapc Ejf EPES (3.3)
Y © @
8w = Kab €, el + kap E,f Ef=: 8w T &u (3.4)

where we have used (A.9) and (A.14).
Given any frame-like expression’, with space—time indices y, ... 4, and all frame indices
contracted, we can perturbatively find the metric-like equivalent by making an ansatz

3 For the moment we will not consider terms containing covariant derivatives. But, as discussed in section 3.3, by
slightly modifying our algorithm these kind of terms can be dealt with as well.

9
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consisting of all possible contractions of metric-like fields up to a certain order n in the spin-3
field ¢p. We then proceed in five steps:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Expand both sides in terms of E4 using (3.3) and (3.4) up to order n and subtract
them from each other.

Isolate different orders in E4. For each order we obtain an equation of the following
form

. i 0) ay...apBy ... B
ZcO) t,ﬁ,),,_ap,Bl...B,,.({e}, (E}, {e}, {g _1}) o s

i HieHn

where ({e}, {E}, {€}, {Eg?)‘l}) denotes a contraction of vielbeins of the given index
structure containing the inverse zero-order metric, the vielbeins and the invariant
space—time tensor ¢#*?. We will assume that each term has the same number of e,
which carries only upper indices. The ¢ are s (2)-invariant tensors. Furthermore
some of the ¢” are understood to be the coefficients of the terms arising from the
expansion of the frame-like side and are therefore equal to 1.

The next steps are to be performed for each order separately.

Replace the E4 by the equivalent expression

A A Ao
E - E; A7, (3.6)
where we use A to denote the expression

)

A7 =g” e,’,’ e, Kpe » (3.7

which—when performing the contraction—is equivalent to the identity matrix.
This formal replacement ensures that the space—time index of E is contracted (via
the inverse metric) with an s/ (2)-vielbein e.

Impose

(©)
122

" e e,,b = x4 3.8)
for all contractions of this type. After this replacement all terms in the sum of (3.5)
are of the same form and can therefore be written as

fuapmn({ ) (1) 8. te. {?-'})m"ﬂ"&'"& 0. (9

Hy ey

This is because the replacement (3.6) will transfer the space—time index of the
vielbein E to a s/ (2)-vielbein e. If the vielbein E carries a free space—time index it is
therefore ensured that the free index is now carried by an s/ (2)-vielbein. If however
the space—time indices of two vielbeins E are contracted with each other they will
be contracted with a s/ (2)-vielbein after the substitution (3.6) and imposing (3.8).
Finally a vielbein E contracted with an s/ (2)-vielbein e will stay invariant under
performing (3.6) and (3.8). Note that the number of s/(2) frame indices in (3.9)
might have changed during this step.

Solve (3.9) by stripping off the vielbeins. This leads to

Piaaps5({c?}) =0, (3.10)

where P is a Og)rojector imposing the symmetry inherent in the tensor
({e}, {E}, {€}, {(g ~11). We will explain this aspect in more detail in the next

10
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section. But (3.10) is a linear equation in the coefficients ¢ and can therefore
easily be solved using a computer algebra program.

We stress again that steps 3—5 have to be performed for all orders from O to n separately.

3.2. Example: cosmological constant term

Let us illustrate the algorithm described in the previous section by an example. We will
consider the higher-spin cosmological constant term which is given by

1 1
35 TENen = fupe € eltel ef dx. (3.11)
We make an ansatz for the metric-like equivalent of this term by writing down all the possible

contractions of the spin-3 field with the metric such that the resulting expression is a space—
time scalar, i.e.

1 ) A 2 <
32 Jasc € ¢ e ey = 5 —g[l + Zﬁn] 3.12)
n=2

Here L, denotes all possible contractions compatible with the symmetries of the equation’s
lhs containing n of the ¢ fields and an arbitrary number of metric tensors. In the case of n = 2
this is given by

Ly=c| ¢" ¢, + 2 ¢* b, (3.13)

where ¢, denotes the trace of the spin-3 field. We will now explain how the algorithm
described in the previous section allows us to fix the coefficients c¢; and c;.

Step 1 and 2: We expand (3.12) up to second order in E# which corresponds to second
order in ¢ as explained in the previous section. For this we have to expand
the determinant of the metric which will also depend on E4. This yields

)
g = %fww e el o) ey'(l + %g"” kap EJ} Ef] +0(EY). (314

Subtracting the lhs from the rhs of equation (3.12) and considering only
terms of quadratic order we obtain up to an overall factor

0) 0) 0
C] fuvw dAcd dBef 6)(56 e;l; eév eew epc epe' gﬂf?' eot'i e(}f/ g(m, E/? EDB ((gl)w
0) ©0) 0)
+ 2c¢1 fo dacad dpef eroe e e5 e’ e; ey g/”’/ Ef e(-,’f g(m/ ef EDB g
+ ...
+ O(E4) —0. (3.15)

Here we have only written out two terms explicitly and we will now show
how the algorithm transforms them into the same form.
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Step 3: Performing the substitution (3.6) leads to

©) ©
d 6(5 gzm

w c
e o

C1 Sy daca dper €7 €}y €3 €2 €5 e g e
() © )
x EA g ef e,ﬁ‘ Kgh Ef g™ el e Kk g
)
w

Se U,V c e pp'
+ 2¢1 fipy daca dpey €* e,e5¢’ e, e, 8

uvw
© © © ©
A h © d B 1
X EZ g% ef e kgn e) g ey E; g7 e; e] kj g
+ ...
+(9(E4)=0. (3.16)

Step 4: Imposing the relation (3.8) we obtain

0) (0)
d Se U v W A B it I
1 fz‘ww daca dg© Kig ex%¢ €y €5 € E; grcy eyg E; g" e

(0) 0)

+ 2¢ £, dadc dBfL'ex‘se ey e5 e EX g e}-,f Ef g'” e,d
+ ...
+ (9(E4) =0. (3.17)

Having written all terms in the same form we find up to a global factor

(_longBc Kgd Khe +f;:de(6cl dAhf ngf + 4cy dAgf chf + 3¢ dAsf stf th)

) )
+ 18f,, Kap Kg,,)eﬂf&' efed el E} g™ ef EF g e = 0. (3.18)

Step 5: We can solve this equation by stripping off the vielbeins. The remaining term has to
be antisymmetrized in ¢, d, e and symmetrized with respect to exchange of the pair
g, A with h, B. This operation was denoted by P in (3.10). The resulting equation
is linear in c;, ¢, and can be easily solved,

a=-3, = % (3.19)

This is most conveniently done by choosing an explicit representation for the
invariant tensors of s/(3) and solving the resulting equation using a computer
algebra program.

Therefore by using the algorithm described in the previous section we have found the
metric-like equivalent of the cosmological constant term to quadratic order in the spin-3 field.
By applying the algorithm also to the quartic order we obtain the result

1

2
i /fABC NN = /d3x FE(1+ Lo+ £4) + O(¢°), (3.20)
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where the quadratic terms are given by
9
Ly=-3¢""¢,, + > " ¢, (3.21)
This result was already obtained in [24]. The quartic contribution is
£4 — (9 + C) ¢'um< ¢/u/p q?mr ¢[n<‘r +c ¢,uy” (pmxp ¢/JKT qé;m—
_(54+4c)¢1/@[)0¢pk1%1(7_9¢D@p0’%%
1 7 OKT 9 v OKT
—(6+5¢) Gy 8" e 6™ + (5 +¢) ¢ & G @
+BL+20) ¢* 47 " — (Y + 3¢) 8 ¢ 0~ ¢ (3.22)
The sum of all terms term proportional to c is zero due to a dimension dependent identity as
will be explained in section 3.5.
Note that we cannot build a scalar by contracting an odd number of spin-3 fields and
therefore there are no such contributions in (3.20).
3.3. Including covariant derivatives

In the last two sections we did not include terms involving covariant derivatives in our
discussion. In principle we can apply our algorithm also to these types of terms, but there is an
additional complication. In the frame-like approach covariant derivatives can act both on E#
and e“. The algorithm described in section 3.1 crucially relies on the fact that we can bring our
expressions into the form (3.9). For this to work for quantities involving covariant derivatives
we need to be able to express D, e, in terms of D, E/. This can be achieved as follows. The
metric is covariantly constant,

Vo8, = Dpg,, = kap € Dyl + xup ' Dyel =0, (3.23)

where we used (1.7). The covariant derivative D, was defined in (1.6), and V), is the covariant
derivative with respect to the Levi-Civita connection.
By summing three permutations of equation (3.23),

KAB e,ft DpebB + KB eDA D,,ef
— KAB e/;4 D,,e,,B — KB eDA D,,epB
+ KB e;t Dbef + K48 eﬂA D,,ef =0, (3.24)
and using the torsion constraint (1.5) we conclude
kap €' Dyel = 0. (3.25)

Expanding this we obtain

)
Dyef = —kap 8”7 es E} D,ES. (3.26)

Using this result we can reformulate the algorithm described in section 3.1 such that it is also
applicable to expressions involving covariant derivatives. We only need to modify the
prescriptions for steps 1 and 3.

Step 1’: Expand both sides in terms of E4 using (3.4) and (3.3) up to order n and subtract
them from each other. Perform the following substitution

13
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)

Dyef = —kap 87 ef E}) D,ES. (3.27)

This ensures that all the covariant derivatives act on E4.
Step 3': Replace covariant derivatives of E4 by

DE} — A7 Al D,E} (3.28)

and the E4 without a derivative by
A A o

E; - E; A, (3.29)

The notation A I{’ was defined in (3.7).

All other steps are unchanged.

3.4. Spin-3 transformations

In this section we determine the spin-3 transformations of both the metric and the spin-3 field
perturbatively. For this we again make the most general ansatz for the gauge transformations
of the metric-like fields and fix its coefficients by applying the modified algorithm described
in the last section. The gauge transformation of the spin-3 field is then given by

08 by, =3 Viubyp + (E0V9),, + (g9),, +0(s*). (3.30)

afy
Here £ denotes the traceless component of &, see (A.3). The explicit expressions for

(fqb V) ap, and (Véd)gb)aﬂx are quite involved and are given in appendix D.
The metric transforms as follows

~yd ~AyS A 290
52'3)&:[1 =6 (2 " Vohap, + 4 £ 8ap Vs, + Cap Vsp® —2&" 8ap Ved);ﬁ
— 4,7 po, — 4 Ea” Vi Pp + 4 Ea” V%ﬂm

2 v0 N
= 4E° Sty ) + (E0ov0)  + O(7). (331)
The explicit expression for (£ V) can be found in appendix D.

3.5. Ambiguities

Equation (3.22) contains a free parameter ¢, seemingly suggesting that the frame-like cos-
mological constant term does not have a unique metric-like counterpart. However this is not
the case. The parameter c is due to a dimensional dependent identity (DDI), which arises by
over-antisymmetrization. An example for a DDI is

Sl 8y 81 84=0, (3.32)

which obviously vanishes in three dimensions. A systematic way to construct all DDIs of a set
of tensors is described in [41]. For a certain tensor all possible contractions with (3.32) are
determined. All identities which arise by over-antisymmetrization can be constructed in such
a way as we can always pull out deltas on the over-antisymmetrized indices. Using the
Mathematica package xTras, described in [41], these identities can automatically be
constructed by this method. For the case of the cosmological constant term at quartic order
there is the following relevant DDI,
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424 oe ¢ﬂw ¢p6 ¢ d);(eqb + @tv o ¢WJZ ¢;{ o ¢6e¢
1
—4 ¢D @){5 ¢x ¢ ¢6€¢ Y ¢/u/;( ¢HW{ ¢6€¢ ¢5€¢
. . 1 3 —
+ B by P29 B D b~ S ¢ P B =0. (3.33)

But the terms proportional to ¢ in (3.22) are exactly given by this DDI and therefore vanish.
Thus the cosmological constant term to quartic order is uniquely determined by our
calculation.

4. Gauge algebra

We will now discuss the algebra of the gauge transformations for the metric-like fields. While
the algebra of the frame-like transformations closes off-shell, in the metric-like formulation
the algebra only closes on-shell (in addition to the torsion constraint that is imposed anyway
when going to the metric-like description, we also have to satisfy the remaining equations of
motion). We start by explaining this phenomenon and discuss also why the commutators with
spin-2 transformations (diffeomorphisms) still close off-shell (i.e. without imposing the
generalized Einstein equation corresponding to the vielbein’s equation of motion). We then
determine explicitly the gauge algebra to linear order in the spin-3 field ¢.

4.1. On-shell gauge algebra

Recall from section 2.1 that in the frame-like theory general local translations induce pure
diffeomorphisms and spin-3 transformations. General translations are parameterized by Z.
Obviously this corresponds to having eight degrees of freedom which nicely matches the 3 +
5 degrees of freedom of the parameter v corresponding to pure diffeomorphisms and
EW = e —% g £*, parameterizing the spin-3 transformations. According to (2.3) the fields
of the frame-like formalism transform as follows

556,14 =l)ﬂE'A, (41)
1
- A _ i =A
dzw, = lz[eﬂ, E ], 4.2)

and the gauge algebra closes off-shell.

When we translate the frame-like theory to the metric-like formulation we have to use the
torsion constraint (1.5) to express the spin connection in terms of vielbeins, @ = w (e). This
implicit dependence induces a gauge transformation of the spin connection that differs from
the transformation (4.2), and only coincides with it on-shell, i.e. after using the equation of
motion. This can be seen as follows. The induced transformation of the spin connection can
be calculated by varying the torsion constraint (1.5),

5z(Dyest) = 6=Dyue;t + DDy EA = 0. (4.3)

The Christoffel symbol is symmetric in 4 and v and therefore the variation of the covariant
derivative in the equation above is given by the transformation of the spin connection. We
thus obtain

fApcdzof S+ fApcRh E€=0 (4.4)



J. Phys. A: Math. Theor. 48 (2015) 035402 S Fredenhagen and P Kessel

with R ,ﬁ from (1.4). The equation of motion for the vielbein is

1
Ri=——f"nces e (4.5)
21
Using this equation of motion in (4.4), we find that the induced transformation reduces on-
shell to (we assume that the vielbein is non-degenerate)

1 =
Szw;t = l—zfA ey Z€, (4.6)
which coincides with the transformation (4.2) in the frame-like theory. Therefore we expect
that the metric-like gauge algebra only closes on-shell.
Let us explicitly consider the commutator of two gauge transformations on a vielbein (all
metric-like fields are built out of the vielbein). Using (4.1) we obtain

[62, 6nle;t = (82114 = 6724) + f4 pe( 20 1€ - spwf Z°)
= 5(55]7_5175)6‘;:4 +f‘A Bc(aga)f HC - (3170)”8 EC) (47)

The first term is a local translation of the vielbein and therefore can again be interpreted as a
gauge transformation in the metric-like formulation. For the second term it might in general
not be possible to rewrite it as a gauge transformation on the vielbein. On the other hand, on-
shell the last term is a generalized local Lorentz transformation of the vielbein as can be
checked by using the Jacobi identity,

- 1 - -
fABC((SEa)HB HC—(SHCU,,B :C)=—l—2 ABC(fBDSE,,D ESHC—fBD‘seﬂD HSSC)
1 -
= l—zfA po(fPec 25 TC)e L. 4.8)

In the metric-like fields all frame indices are contracted with invariant tensors, and the local
Lorentz transformations do not have any effect. Hence we find that on-shell the gauge algebra
in the metric-like formulation is obtained by translating

[55, 517] = 5(5_:17—5,75) 4.9

into metric-like quantities.

4.2. Off-shell closure for spin-2 transformations

In the last subsection we have shown that after imposing the vielbein’s equation of motion the
second term in (4.7) can be written as a local Lorentz transformation. In this section we will
show that in the special case in which at least one of the parameters describes a spin-2
transformation, i.e. 4 = eff”, the last term of (4.7) is a local Lorentz transformation even
off-shell. Firstly, using (4.4) we calculate the variation of the spin connection in this special

case.
fABC (S_:Cl)[/,f eyC] = _fABC Rﬁ eoC &
— A B ,C B ,C\go
__f Bc(R/w € +R0‘D e/l )f
= 2fABC wa ef] e, (4.10)

where we have used a Bianchi-like identity f* s¢ R[fy eac] = 0 (see appendix B). As the
vielbein is non-degenerate we conclude from (4.10) that

16
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Szw) =2¢° R} 4.11)
is the induced transformation of the spin connection under a spin-2 transformation.
Plugging this result into the second term of (4.7) and using (4.4) we obtain
Fpe (0202 I€ = 6wl 2€) = fApe(28 R) € = 50 ef &)
= fABC(2 E'RLIIC-268p0) €5 — Spw) ef .f”)
= fABC(Z E'REMC+28 RE 1€ - 707 ¢f 5”)

= 4 e Spwp ef &, 4.12)

But the final expression is just a generalized local Lorentz transformation and we have
therefore shown that the commutator of a spin-2 transformation with any other transformation
can be expressed as a gauge transformation also off-shell.

In the following we will compute the various commutators that arise in the algebra of
metric-like gauge transformations explicitly.

4.3. Spin-2 spin-2 commutator

Here we will consider the case of both transformations being diffeomorphisms, i.e.
n* = e”Aﬂ'” and £4 = efé”. As shown in the previous section this commutator closes off-
shell in the metric-like theory (i.e. by only imposing the torsion constraint), and using (4.7)
we can calculate the resulting transformation

517(9,24 5”) - 55(6;4 ﬂ”) = D,,(e;‘l ﬂ”)é” —-for
= —e' L,E¥ + 2 &4 1¥ Dyefl, (4.13)
where L, £ = n#0,£¥ — £#0,x” is the Lie derivative. But the last term in the last line vanishes

as we impose the torsion constraint (1.5). By (2.5) the result of this commutator therefore
induces a diffeomorphism with vector field —L,&".

4.4. Spin-3 spin-2 commutator

We now want to discuss the commutator of a spin-3 and a spin-2 transformation. The spin-3
transformation is parameterized by

A = SA/‘II‘z Eriba, 4.14)

where S is given in (2.25). The result for the commutator will not depend on the precise form
of S, but only on the property that it is built from the vielbeins. In fact we can also consider
the more general case of the commutator of a spin-(s + 1) and a spin-2 transformation
without any additional complication, where the spin-2 and the spin-(s + 1) transformations
are parameterized by

N4 =elz° and E4= S QTR (4.15)

Here, S# 4,..u (€) 18 built by contracting vielbeins and it is completely symmetric in all space—
time indices. For a result that we need later we consider the following space—time tensor,

Oy = Kan €SPy (@) (4.16)

Because it is constructed from the vielbeins, under the spin-2 transformation the tensor
Oy, ..u changes by the Lie derivative along 7,

17
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517(914414“/4 = ﬂﬁvn'(?yﬂl.“/fr +s V(ﬂ]ﬂﬂoh/(ﬂﬂz.“ﬂ&) + Vyﬂ-a (90';41...;{?' (417)

K

The lhs of this equation can be calculated by explicitly evaluating the variation of the
vielbein, i.e.

517(9144[.../4 =kun D, (6;471.0)58”1 o H + KaB eyA (51758/41 ..Ayl‘_)

= s 7°(Dye) P, + Kap ¢ (60SP u) + Var O (4.18)
where we used (1.5) and suppressed the dependency of S 4,..u. ON the vielbeins to simplify
notation. Combining (4.17) with (4.18) yields ’

KAB 654(5175'BM| u) = kup ¢ 1°D,S”, S Kap et Viun© SBlo’l;tz...ﬂS% 4.19)

We therefore conclude that

51756”1_””5 = ﬂ'”DGSBﬂ]_N”S + SV(MIJTO- SB|O-|”2__'ﬂS). (4.20)

We are now in the position to determine the commutator of the spin-2 transformation /7 and
the spin-(s + 1) transformation = given in (4.15), and we find

S=l* = 624 = 17D, (S4,, , &4k ) = &hbs 578y,

=S4, (7OV e = s gt V) )
=S4, (LeErn), 4.21)

Thus the commutator is a spin-(s + 1) transformation whose parameter is given by the Lie
derivative of the original spin-(s + 1)-parameter. In particular in our case we find

[68), 6] = 6. (4.22)

4.5. Spin-3 spin-3 commutator

In contrast to the commutation relation involving at least one spin-2 transformation we
currently do not have an all order result for the commutator of two spin-3 transformations.
The commutator is specified by traceless parameters E" and 2*, and generically it will lead
to a combination of a spin-2 transformation and a spin-3 transformation, i.e.

[61], 53]6};4 = 55(,4’1,) 6,;4 . (423)

where
SA(u, v) = SA,,V” + SA,,gu”" (4.24)

denotes the map defined in (2.11). In the following we will determine the parameters u** and
v# perturbatively in the spin-3 field. First we will calculate explicitly the spin-2 parameter v*
by only considering zeroth order contributions. Then we will use the algorithm discussed in
section 3.1 to determine these parameters at linear order.

4.5.1. Spin-2 parameter v#.  This contribution was already calculated in [24] using a different
method. We need to evaluate
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5754 =36 {65 - P} dPep ef o2 E" +3(84 - P4 of {dBCD ef el E* }
= —3(5;73)P,§4) dBcp ec eD "
+6( 05 — Pg') aBcp(DI1C) el E”
+3(85 = P4) dcp ef e ( <3>§’”) (4.25)

The variation of the projector P,gf‘ is given by

8PPy = (DMHA)g”” el kpe + e,fl g””KBC(D,,HC)
—2¢;! ker e e D" g™ g K, (4.26)
where the last term arises due to the variation of the inverse metric in the projector. We will

now evaluate (4.25) at leading order. Let us focus on the last term in (4.25) first. By using
(3.31) it can be checked easily that this term is of higher order as

SPE" = O(F). (4.27)

Note that if we choose A = A, all terms in (4.25) will be at least of linear order. For A = a
we can easily deduce that the second term in (4.25) does not contribute as

(6 — P{) = 0 and P§ = O(E). (4.28)

So only the first term in (4.25) will contribute to leading order. From A = a it follows that to
leading order we have to choose 3 = B. The variation of the projector is then given by

8;Pg =3 el g" kpc d€y ef el V,#"" + O(E). (4.29)
Plugging this in the only non-vanishing term of (4.25) we find at leading order

5PET— M = =9 dpy dP g el g7 ¢l e e ef (5"” VA — & o n)

=18 ¢ g7 (&" Vit — € o 7), (4.30)

where we have used the identity (A.15b) in the last step.
But by (2.5) the result in (4.30) corresponds to a spin-2 transformation with the parameter

H=—18 g"”(f”" V7o — %5/’,, Vyrls, - ¢ o 71'). (4.31)

4.5.2. Spin-3 parameter u**. To determine the spin-3 parameter u** we make the following
ansatz

5P A = 5D IA = SA(w, ), (4.32)

where S# is defined as in (4.24). The parameter v# cannot be corrected by terms linear in the
spin-3 field as we cannot build a vector by contracting a spin-3 field, a covariant derivative
and the parameter u**. In order to solve this equation we make an ansatz for the linear order of
u* by considering all possible contractions of

&%, wP° and ¢

otp

(4.33)

with two symmetric free indices, y and v, and antisymmetric with respect to the exchange of &
and #. We use the algorithm described in section 3.3 to determine the coefficients of the
ansatz. The result for u® contains three different contributions denoted by
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u? = u® + ug? + uf?’. (4.34)

Firstly terms with a derivative acting on the spin-3 field
u = 6(—5(§A)aﬂ){5 Vo, + (éﬁ)w;(g“ﬁ Vs V€¢r1/35) " 3(5 )aﬁx V¢){5€
)xﬁefgaﬂ Vggbﬁg " 3(5”)(04)( 5IV 4’5 " 2(5 )(al)(;lngbﬁ
_ 3(5 )(al)( tsvelqbﬁ)(Sé _ 5(5 )(al)réelv ¢ s
+ 13(é8) """ le) + kD”, (4.35)

where we have used the following notation
(éﬁ)"””” ="pre — € o g, (4.36)

The hatted tensors again denote the traceless components of the parameters, see (A.3). The
term D“ﬂ is given in appendix C and vanishes due to DDIs.
Secondly there are contributions with a derivative acting on one of the parameters,

gt = 12((Vz§fr)§aﬂ o+ (VerY S ads” = (V)™ g™ - 2VERY " §

RVZGEIN) P
)

2 A\X0 & ap 2 A\ (ald]
+12(VEr)™ g ¢5€¢ - (V¢ b5 = (V7)™ b
A (a]8 e de(a , f)
- 2(Ver) s - 3a{vin)y ™0 )
+ koD + k3D + k4D + ksDSP. (4.37)
Here we used the notation

A

(for)ﬂ”f”’e =" V,E" —f o & (4.38)

The terms D,*’, i = 2...5, are given in appendix C and are identically zero due to DDIs.
Finally there are contributions containing the trace of the parameters of the gauge
transformations

=4(bn = 28)"v, 0" s+ 4(Ex - 78) "V, ¢, + 2(En - 28)' v, ¢
—8(n = 2) Vg, - 8(en - 22 )" + 8(Ex - 22) Vg,
~8(&x - #2)' v " . (4.39)
where we denoted
(zfn’ - ﬁg’)"” = "o, — pruge . (4.40)

It might at first seem surprising that the commutator contains traces of the gauge parameters,
whereas in a single gauge transformation only their traceless part contributes. This is due to
the fact that the notion of the trace is field-dependent (it depends on the metric), and that the
field changes under the gauge transformation.

Let us briefly explain this phenomenon in a very simple example. Consider an
infinitesimal rotation of a vector X € R® parameterized by a vector ¥ € R,
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6, =V X X. (4.41)
Obviously the component of ¥ parallel to ¥, i.e. ¥ = I(qu.)lzlz)f’ does not contribute to the
X
rotation. However the commutator of two rotations is given by
[8,, 8]% = (W x ¥) x X = ¥(% - ) — w(V - X). (4.42)

Therefore the components parallel to X contribute in the commutator although an individual
rotation only depends on the component orthogonal to X. This is completely analogous to the
observation above that the traces of the spin-3 parameter contribute to the commutator.

This concludes the computation of the commutator of two spin-3 transformations at
linear order in the spin-3 field. Together with the expression derived for the commutator of a
spin-2 with either a spin-2 or spin-3 transformation, which are exact results, we have therefore
determined the gauge algebra to leading order.

5. Conclusion

In this article we have studied the metric-like formulation of the higher-spin gauge theory that
in the frame-like formulation is described by an SL(3) X SL(3) Chern—Simons theory.
Starting point is the identification of the metric and the spin-3 gauge field by contracting the
generalized vielbeins with the invariant tensors corresponding to the quadratic and cubic
Casimir, respectively.

There does not seem to be a simple way of explicitly solving for the spin connection,
therefore we can only study the metric-like reformulation in a perturbative expansion in the
spin-3 field. Instead of directly rewriting the action, we decided to analyse the structure of the
gauge transformations in the metric-like description that is induced from the gauge trans-
formations in Chern—Simons theory. We made a proposal for the relation between the metric-
like and frame-like gauge parameters in section 2, and we showed that this proposal is
consistent to all orders in the perturbative expansion. Having the dictionary fixed, we could
then work out the gauge transformations in the metric-like theory order by order.

To systematically do this, we formulated an algorithm in section 3, which we imple-
mented on a computer. Using this algorithm we worked out the gauge transformations to
cubic order in the spin-3 field. In section 4 we analysed the gauge algebra and explained why
the algebra only closes on-shell, i.e. after imposing the equations of motion in the metric-like
theory.

The ultimate goal would be to find a complete nonlinear metric-like formulation of this
higher-spin gauge theory. The simplicity of the Chern—Simons action led us to the suspicion
that one could also find a simple metric-like formulation. On the other hand, our analysis
shows that the expressions rapidly become very complicated, and we could not identify any
pattern that would help to reorganize the results in a way that could be generalized to higher
or even all orders.

There are now different possibilities. It might be that there is a clever field redefinition
(and/or gauge parameter redefinition) that leads to a simpler answer (of which we did not see
any sign), or it could just be that there is no simple metric-like formulation of this theory, and
the frame-like approach is the natural description.

Some signs, however, point towards an alternative scenario. The on-shell closure of the
gauge algebra is reminiscent of the situation in supersymmetric field theories, and it suggests
to add additional auxiliary fields. As gauge transformations mix spin-2 and spin-3 gauge
fields, one might try to reorganize gauge fields and auxiliary fields in a unified higher-spin
field, similarly to the formulation of supersymmetric theories in terms of superfields. It would
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be very interesting if one could find a higher-spin generalization of geometry, in which the
metric-like formulation becomes simple and natural.
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Appendix A. Conventions
We denote symmetrization by a pair of parentheses,
1
Ay B, = E(A,, B, + 4, B,). (A.1)

Likewise square brackets denote antisymmetrization. We often omit contracted indices of a
tensor to simplify notation, for example

b =d," (A.2)

Furthermore we will use hats to denote the traceless projection of a contravariant rank 2
tensor, i.e.

B = (64 8 — 5 8" 8, )E™ (A3)

The algebra s/(3, R) can be given in terms of generators J, and T, with the commutation
relations

[Ja’ Jb] = €abc Je, (A4a)
[Jm Thc] =2 eda(ch)da (A.4b)
[T o) = =2(taccCe + Myc€arac) s (Adc)

and Tjp) = n® T,;, = 0. Here the Levi-Civita symbol is given by
2 = —gyp = 1, (A.5)
and indices can be raised and lowered by #,, = diag(—1, 1, 1). A3 X 3 matrix representation
for the T, is given by
2 .
Ty = (Jan + Jpda — 3 Mav LJ‘), (A.6)

where J, is in the three-dimensional representation of s/ (2, R) < s/ (3, R). Furthermore {J4 }
denote a set of five independent generators built from the matrix representation 7,,. We use
the notation {J4 } for the set of all generators {J,, J4}.

The Killing form is defined to be one half of the matrix trace in the fundamental
representation of s/ (3, R),

1
Kap = tr(J4 Jp), (A7)
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and therefore
Kab = Hyp» (A.8)
k. = 0. (A9)

The anti-symmetric and symmetric structure constants are given by

fase = %tr([JA, IsJe). (A.10)

dapc = % tf({JA, JB}JC), (A.11)
such that

Jave =Japc =0, (A.12)

Jave = €abes (A.13)

dape = dpapc = 0. (A.14)

The structure constants satisfy a number of identities of which we used

dape K¢ = 0, (A.15q)

dape d* e = —g Kpe Kde + 2 Kap Keye- (A.15b)

The latter identity is for example useful to verify that at the linearized level the metric-like
spin-3 field transforms as a free Fronsdal field. Applying a spin-3 transformation to ¢, (as
given in (3.3)) yields

1 c
5wy = 5 dabe € e 5E/3 + O(E)

1 c e O,
=2 due dA g el et DP)(e,, ef & 2) + O), (A.16)

where the transformation SE MA =DZ 4 is determined from (2.11) and (2.21). Using the
identity (A.15b) then leads to the expected gauge transformation at leading order (see (2.8)),

1
6w = V@(é’m - ggw)ef%) + o (A17)

Appendix B. Bianchi-like identity
For the curvature of the spin connection we have the following Bianchi-like identity,

fABcRE, e =0. (B.1)
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For convenience we display its proof here. We evaluate
B ,C _ B,C , 1¢B £ _F,C
fA BeR{ e = A BC(alﬂwv ep + 57 erwp o, eﬂ])
B,C 1 B B E F,C
= A pcojm) ey — g(fA pef Bre + fAprf cs)w[ﬂwy €,
= B,C _ 14 £y B _ 1 Fi B
= fA BCOu®, €p) = Ef BED[,0,€)) — EfA BFO, 048]
B,C £ B
= fA BCa[;twy ep] + fA Bé‘a[ywl/ ep]

= fApcou( 0lef)- (B.2)

Here we have used (1.5) to obtain the third line. By using the torsion constraint (1.5) again we
yield

A Bca[ﬂ(w ep]) —d0,e = 0, (B.3)

which concludes the proof of (B.1).

Appendix C. DDI contributions to gauge algebra

In the following we will summarize the contributions to the parameter u® of the gauge
algebra, given in (4.34), which vanish due to dimensional dependent identities. These might
be helpful in comparing with our results.

First we give the term with a derivative acting on the spin-3 field.

O (R

+ (&), Vip” s~ (88)" Vit °
2RV R (88,

+ 2(éﬁ)(alxéel Vﬂ)(ﬁx& + ( 2 )(al;( §V€I¢ﬂ) 5

+ ( éﬁ)(al;{éel v, o s - ( gﬁ)(alxéel V" ﬂ)' .1

Furthermore there are four more quantities with a derivative acting on the parameters.

_ Véﬁ_);(aﬁ&e(plés _ (Véﬁ)maﬂ(/)l& _ Z(Vé )xﬁe(séga/}qﬁle‘f
_ Z(VAﬁ_)x(alélb’) s, + 2(VAﬁ_))((a|5|/3)e¢
X

+ 2(V§ﬁ-)“a|5(56|¢ﬂ) ot 2( é )xée(aé(ﬁﬁ) o (C.2)

xoe
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D3 = (VérY "0 + (VEr)  sd”s” — (VEr)™ o

xoe & af

)(55_(V§A) 58 ¢){€§

e &
)X éx gaﬂ(bﬁef

xoeaff

7
+ (Véz)* et a/3¢5€§ (

ﬂ

Vér
(al 5|/f) A\ (@]5]6)
s = (VER) T s

- (vé#)
(véz)’,
- (vé7)”
(V )(aﬂ))(5é X& ( f ) alys|pe ¢;(55
(véz)"
(vé2)
(vé2)

(alys el p) 2 ;((alﬁl[i)é
+ V X ¢ se T ( 5 ) )(56
M\ (@ls el f) s(ale] , B)
+ Vﬂ X ¢ e T ( )X ¢ Se
yoe(a A N\ Joe(a
+ (VEr)™ 4" s+ (VER)™ 50" e (€3)

+ (VAﬁ)X)(55€¢aﬁg + VAﬁ);(aﬂﬁed)X& + (VZ_,: A)){ 665 aﬁqb;(eg
" (VAﬁ)XZMgaﬂ B — (VAﬁ)xé‘exﬁgaﬂ e
" (VAﬁ')(aﬂ)Xlaqﬁ& " (VAI%)X(G/})&¢5
_ (VAﬁ)(aﬂ))(ée ¢){56 + (VAﬁ)(al)(fslﬂ)e ¢)(5€
_ (VA )(a|)(5 eld)l)’)($ _ ( éﬁ)ﬂalé‘lﬁ)e[p )

X € o€
_ (Véﬁ'))((a |5e|¢/})(s ( é )){((1|5 €|¢ﬂ)5

3 X €

B (VA )x(a|5ﬁe|¢/}) o ( éﬁ)x 6(a|s|¢ s (C.4)

D& = ~(Vér)" op” — (Vér) " 0" + (Véﬁ) s

(
n (VA]%)(vt/f);(}{zSd)(S " (Véﬁ)(alxﬁlﬂ) x¢5 _ (Vfﬁ)mlm xﬁd’ﬂ)

( b, + (Véﬁ)mwm) b
_ 2(Vé,ﬂ);((alﬁlﬁ’) 54’;{ " (Véﬁ)x(alﬁlﬁd)ﬂ) " (Véﬁ)x;(ﬁ(a5¢ﬂ)~
The quantities V£7) and (£#) are defined in (4.38) and (4.36).

2 )){(a pro

(C.5)

Appendix D. Higher order corrections to spin-3 transformations

In this section we list the higher order corrections to the gauge transformations given in
section 3.4. By making a particular choice of the undetermined constants due to dimensional
dependent identities we reduced the size of the expressions considerably. For the gauge
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transformation of the spin-3 field there are corrections with a derivative acting on the ¢ field,

(é6v8),, = 18(20°6 Vi, + & (305 Vethy, + by (1705 = 37:5°)

- 4¢(a£ﬂ){) V§¢5 + 8¢(aé/35V1)¢6 + 9¢(a£ﬂévl5l¢;() - 54555(0:/3 Vléld’;()

= 2% 151 Vb — 86Es’V P s = 20 Vi + $7ais1V by

+ 13¢°8aVisih e — 30°6a Vi s + 128apd Vit

+ 58P s Vb — 1286 b g Vath = Téab gy Vebs = 66’ Pp1a) Vi

+ 88515 Vead ) = 3 Diaprol Voo = A€ Dapis Vs

- Sé(a/ﬂﬁ o) 56V§¢5e§ + é(aﬂ¢5€§ Vx)‘i’asé

+ 58ap D Vislh ez + 118 PV e + Ea’bp Vi Pie + 66’ bV b e

+ 38 Py Vsl s — 188605 Vit oz = S’ Pla1“ Ve e = 118 1o Verd e
= 9" By Vi bsee + 3" Papo Vb prer + TE Doy Vit pee + 3" Py Va1 s

= TE Dt Verb pre = O biats Vb e — 30uE "8y Vath + 20°6iaia18) V0

= 20°8 a8y, Vot — 3¢°8a 8y, Vetbs — 308581y Virth — 30°E5%80p Vit )

+ 0l 8y V s + 30788 V s + 30765 8ap Vb e = THE 8y Vi e
3078 810 Vit yy5c = 3a"8 b5 Vebs = 26" 8aph i V s + 9 8p b 5 Vet
+3¢ &g(aﬁ‘/’z)&gvffl% - 4 &g(aﬁ‘ﬁl&e‘fvéld’x) + a8 sV ety + S8 0 Voeg,
= &8 D Vetbsey = 8E"8uph 5°V ey = 6 80ph ) ¥ Vi,

£oe poe £oe
+ 68 8upb ) Vetbsey + 68 8apio” Virdes, + 8E 8<aﬂ¢|agyvél‘/’x>ey)- (O.D
Then there are contributions with a derivative acting on the parameter.

(VEdo),, = =9(120°buy, Vils® + 4dhy, %% Viisc + 1410,V %6 5

+ 60 #° Vo5 + §°05 Vialy) — 160D, °V Esc + 160,05 Vs

— 8 VisiE e = 1207 05V Eise

- 8¢6¢(a/3|5| Vegx)e + 32¢5¢<aﬁevlélgx)e - 12¢§¢(a/36 Iel‘fx)ﬁ + 8¢§¢(a|5€Vel‘§/fx)

+ 4¢(aﬂ5¢;()5evééef - 4¢(a/35¢;() “CVeEse + 14¢(aﬂ5¢|5|€§v){)$€§ - 12¢(aﬁ6¢|6€§V€|é){)§
- 6¢(a5€¢ﬂ|65| Vgéx)é + 8¢(a 56¢|555V§|£/31) - 12¢(a¢58ﬁ;() Vefﬁe + 3(/’5¢€8(aﬁ Vx)éﬁe

— P°P58ap V Eppe — 4b(08yy 97 Visler + 1098 b 5V e — 1678 5, < Vs
+ 120°8 450 ) Velisr = 6085 P13 Vipler + 20°80p P16 Vil e
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+ 280p b B3V ey = 281ap b b5 Veliy + 108105 h ) 5 Viliy

+ 8ap®* Placey Vg, - Zg(ay‘/’&i‘/’weyvéléx)y — 16¢,¢° Vlﬁléﬂ;())- (D.2)
Finally the transformation of the metric to cubic order is given by

(00 V), = 18( 1607 4,ys V,h = 80778,V 0

+ 1607E" P5 Vg + 1607E78,,55 Vytpes, + 597005 Vsth,

— 14¢, ¢ Eup Vs + 47§78, 85 Voth + 126795 b, Vi,

+ 887 0,5, Cbee T Vady, — 100297 E g, Vi e — 87,2,y Vihes,

+ 8E7g b, Ch Vi beyy + 1207 P°E, 8 Vets — 2000, p7E g,y Veths

+ 1407 E05, " Vetps — B*P°E 1580 Veh® — 997D lap Veth 5

+2097€ &ga/} b, 4 Vedse, + 8¢ Zﬁ¢aﬁ ‘D Vigs — 8E Xé(ﬁaﬁ ‘D s Ve

+ 18805 5“7 Viech — 1007 E%g s 5. Vb’ + Aupep 57 Vip®

- 8(1515)( 54175 « V‘fd)a/}e - 12¢){¢5'§1 ega[i Vé‘i’asé

+ 100, p*E% g,y VitpsE + 1807 Esh, * Vs ¢

+ 1687808, b Vs + 20878, h, s TV + 6878, e Vi

+ 4ED D, sV oge — 28E7°h BV g — 8EF s BV e

+ 169+ 5€gap b,V s + 24¢ Xﬁqsa[} BTV e — 126, b, TPV, e

= 16"y T Vybser — 1261y, SV, pe

= 148 5 D2 VT + 87E, 20,05V — AEV 8y BV,

- 405 Xégaﬁ (/J))( €§¢e "y ¢5§y - 8$X5gaﬁ ¢x €§¢e§ ! Vﬂ¢6y -1 651&&/1 d’x 6%56 Vi ¢§y !

+ 878,50 b Vabs, " + 202 Ep, Vb5 — 206,078V,
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+ 166, 0 E Vi pyse — 2007, Ea®V By + 12077 Ea |V by
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— 2007 &’ Vi bsee = 2007 Ea Py, Voih e

= 3207 &0, Ve pyse — 1607 €D Vi pyes + 807E, 20 Vierh s
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