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1 Introduction

Constructing a theory of interacting higher-spin (HS) fields encounters several surprises,
such as higher derivatives, unphysical degrees of freedom or acausality — novel obstacles
which do not arise so often in their lower-spin cousins.! On the other hand, there exist
two examples of HS theories — String theory and Vasiliev’s equations [2-6] — which so far
have proved to be safe from such problems. However, the mechanisms making them bypass
such difficulties, or more generally, the systematics of consistent HS interactions, are not
fully understood yet. For these reasons, we find it important and challenging to explore
this systematics in order to attain a better understanding of String theory and Vasiliev’s
equations, as well as to uncover possible links between them or, eventually, new theories
of HS fields.

Relatively well-understood nowadays is the systematics of HS cubic interactions.? As
regards the case of massless HS bosons of symmetric type, the exhaustive list of flat-space
cubic interactions has been identified in [7, 8], and classified according to the corresponding
gauge-algebra deformations in [25]. About (A)dS cubic interactions, all non-Abelian ver-
tices have been constructed in [20, 21, 41] in the frame-like approach (see also [23]). In our
previous works [42-47], we have constructed all (A)dS cubic interactions in the metric-like
approach,® but without touching the issues of their gauge-symmetry deformations. In this
paper, we analyze how the previously constructed cubic interactions induce deformations
of the gauge transformations and gauge algebras. This reveals some interesting structures
of HS gauge interactions. For instance, although the total number of consistent s; —s9—s3
couplings is the same in flat and in (A)dS spaces, the corresponding deformation of gauge
symmetries is qualitatively different. Postponing a detailed account to the next sections,
let us just comment that this is a general mechanism behind the Fradkin-Vasiliev construc-
tion [20, 21] where (A)dS backgrounds play a distinguished role.

1.1 General procedure

For a more concrete understanding, let us remind the general program [49]. The starting
point is the expansion of the sought action and gauge transformations in powers of the
fields:

=848 ..., 00 =0Dp+ 8 p+ . (1.1)

Here, the superscript (n) means that the corresponding term involves n-th powers of the
fields. In this expansion scheme, the gauge invariance of the action is recast into an infinite

!See e.g. [1] (and references therein) for a review about such obstructions and their possible resolutions.

2Many efforts have been devoted to this direction, among which let us mention e.g. the light-cone
approach of [7-11], the metric-like approach of [12-19], the frame-like approach of [20-23], the BRST-BV
constructions of [24-31], etc. Other relevant works are e.g. [32-36].

Beyond the cubic order, much less is known, in particular, about the (non-)local nature of the correspond-
ing Lagrangians and most importantly about unitarity. See [37, 38] in the light-cone formalism and [39, 40]
for more recent results on quartic interactions.

30ur construction covers also massless, partially-massless and massive spectrum. Note that when consid-
ering partially-massless and massive fields, we have employed the gauge consistency at the level of traceless
and transverse vertices, which turn out to be equivalent to the requirement of Stueckelberg invariance. These
results agree with those obtained in [48], while the study of the complete dynamics was left untouched.



number of coupled equations:

50 8@ = ©
5(0) S@®) + 5(1) S@ — @
5.8=0 = X X o (1.2)

5 S 4 50 5™ 4 52 9@ =0

where S@ and 6”¢ are the free action and the corresponding gauge transformations,
respectively. Higher-order parts of the action, S"=% | and higher-order gauge transforma-
tions, 6°""" ¢, can be identified starting from S® and 5" ¢ by solving the above equations.
The strategy is to solve the equations @ of (1.2) in two steps as

o 0 @ g0 O sm, @ g0 @ el (g
where @ represents the same condition as @ but solved this time on the shell of free EoM.
In particular, at each order one can first solve for S+ using @ and then read off 6" ¢
from @. On the other hand, the full non-linear gauge transformations must form an (open)
algebra:

Oy Oey P — 0ey 0cy P = Ofe; op) p + (trivial), (1.4)

where (trivial) refers to the trivial symmetry* of the action, while the commutator [e1, €2]
is in principle field-dependent and can be expanded as

[e1, ea] =[e1, e2]9 4 [e1, 2] +---. (1.5)
For the purpose of the present letter, we focus on the lowest-order part of the commutator:

0) §(1) 0) S, — 50O
55—:1 552 ¥ — 552 551 Y = 5[51752}](0)@7 (16)
which is field-independent and can be entirely obtained from 6% . To sum up, once consis-
tent cubic interactions are determined for a given free theory, then they induce deformations

of the gauge transformations and also of the gauge algebra:
S® = Wy = [e,e]?. (1.7)

For the analysis of such deformations, we need first to define the free theory. In the follow-
ing, we shall consider symmetric massless bosonic fields in a constant curvature background,
namely (A)dS.

Ambient-space formulation and Transverse and Traceless part. In order to con-
veniently treat fields in (A)dS, we use the ambient-space formulation where fields ¢, ..., ()
are described through the corresponding ambient avatars ®,;, ..., (X), defined in a (d+1)-
dimensional flat space and subject to homogeneity and tangentiality conditions:

(X-0x —~U-8y+2+ )X, U)=0, X 0y ®X,U)=0. (1.8)

1A trivial symmetry of an action S is given in de-Witt notation by d¢* = C% §5/§p? with C¥ = —C7*
and is proportional to the EoM by definition.



The mass of the field is here parametrized by the degree of homogeneity u, and when the
field is massless (that is = 0), it admits gauge symmetries:

09 ®=U-0xE [0fE=0,(X-0x—-U-0y)E=0, X-9yE=0]. (1.9)

In constructing gauge-invariant interaction vertices, we focus for simplicity on the trans-
verse and traceless (TT) part of the latter, disregarding the terms proportional to diver-
gences and traces of the fields. This is equivalent to consider, instead of the full vertices
and their gauge variations, their quotient modulo the following equivalence relations:

dy-0x® =0, 9E®=0; Iy OxE =0, 02E=0. (1.10)

In this setting, the free action assumes a general form and is given simply by

SA[@] = 1 / v 9 §(X,Uy) 02 ®(X, Us) , (1.11)
(A)ds

2 U;=0

and the interaction parts of action S™=3[®] together with the corresponding gauge trans-
formations 6'7=" @ can be also studied within this description.

Let us emphasize that here we do not impose any gauge condition on the theory, but
we merely attempt to identify the TT part of interacting vertices — that is the reason why
we introduce the notion of the equivalence class = . The point is, as shown in [44] and also
recalled in the appendix A, that it is possible to determine such TT part without having

any information on the other parts of the vertices.

1.2 Summary of our results

The interaction parts of the action can be conveniently expressed as

e (1.12)

0

S™[e] = / C™ (X, Uy) - &(X,,,Up)
(A)dS

X
U;

in terms of a differential operator C™ in X; and U;. Each operator C™ is constrained by
the gauge-invariance conditions (1.2). For cubic interactions (n = 3), the general solution
to them was found to be

AD v s1— - -

CO = N kymspl o Phl =AY YR YT G (1.13)
$1,82,53,N

where the s;’s are the spins of the fields involved in the interactions and n =0,1,..., Sy

labels the possible interactions for a given set of fields. The differential operator D acting
on Y;’s and G generates the curvature (treated here as \) corrections, and its form will be
provided later. The Y;’s and G are given by

Y; =0y, Ox G = 0y, - Ou, Ou,- Ox, + Ou,- Ou, Ou, - Ox, + Ou,- Ou, Ou,- Ox, , (1.14)

i1

and they represent different tensor structures allowed by gauge invariance.



#o [ ow | on [ on v
0 S1+82+s3 | = =0| =
Class I : : : : | = K(Yy, Hia, Hy3, Hsy)
,,,,,,,, g 2s (=0 G ) 2| f=2o0r3
#0
Class 11 : : E : . | ~ K(Y1,Hy3, Hos, H3))
sats1—s2 2 59 =0 [=0
£0| A
Class III : :
S1+82—s3 253 A
20
Class IV : : : : E
53 s1+s2—s3 | #0 [ #0 | #0

Table 1. Classification of cubic interactions (s; > s3 > s3) according to the deformations of gauge
transformations. Here #5 is the number of (highest, in the (A)dS case) derivatives involved in C® .
Notice that depending on the choice of s; —s2—s3, some of the above classes can be empty.

Each of the cubic interactions PS[T]SQ s3 induces a deformation of gauge transformation
5® and gauge algebra [E1, E2]® . However, the main question is to analyze if those
are trivial, being a mere consequence of gauge-field and/or gauge-parameter redefinitions.
Hence, in order to identify the non-trivial ones, we need to analyze the effects of redefinitions
on the deformations of gauge symmetries.” The latter analysis is one of the main contents
of the present article, and the results are summarized in table 1. An important lesson
is that cubic interactions corresponding to trivial deformations of gauge symmetries are
related to the appearance of a new tensor structure H;; :

The H;j’s are operators taking the curls of the i-th and j-th fields and contracting them.
They are gauge invariant without making use of the on-shell condition, and hence, they do
not lead to any deformation of the gauge transformations. It turns out that for s; > s9 > s3

the couplings can be organized as follows:

e Class I: the couplings which can be re-expressed as a function of H;;’s and Y3 (or
Y3) do not deform any of the gauge transformations 581) , 5,(513 and 5;1;;

e C(lass II : the couplings which can be re-expressed as a function of H;;’s and Y7 do

not deform the gauge transformations 6;1; and 55;1; but 55511) ;

5By gauge symmetries, we shall refer to both gauge transformations and gauge algebras.



o Class III €& IV : the couplings which cannot be re-expressed as a function of H;;’s
as above always deform all the gauge transformations in (A)dS (in flat space, the
couplings belonging to Class III deform two of the gauge transformations while those
belonging to Class IV deform all of them).

As regards the gauge-algebra deformations, the classification can be stated as follows:

e Gauge algebra : the deformation of the bracket [E7, Fs] g()) is non-trivial if and only if
both of (55511) and 5};; are non-trivial.

Let us remark that the couplings of Class II make the fields ®5 and ®3 charged with respect
to @1, so they are relevant for HS-algebra multiplets and in general for the classification of
representations of HS algebra. The couplings of Class III induce non-trivial deformations
6531; , but it vanishes in the flat-space limit. This class includes in particular the lowest-
derivative s—s—2 couplings, namely the gravitational interactions of HS fields: in (A)dS,
the corresponding 5,(513) reproduces the general coordinate covariance for HS fields, while in
the flat-space limit, the latter covariance is lost, so the spin 2 field is found to not couple
gravitationally to HS fields. Therefore, one recognizes the Aragone-Deser problem [50] and
the Fradkin-Vasiliev solution [20, 21] in this framework.

Since any cubic interaction can be expressed in terms of a coupling between a gauge
field and a current, it may be also useful to restate the classification above in terms of
currents. In both Class I and II cases, the corresponding currents are gauge invariant
being bilinear in the HS curvature tensors: generalized Bell-Robinson currents. More in
details, they are improvements or genuine Noether currents depending on whether the
corresponding couplings belong to Class I or II. On the other hand, the currents associated
with the couplings belonging to Class III-IV are not gauge invariant. Let us also note that
the couplings belonging to Class I, IT and III-IV correspond respectively to the Abelian,
current and non-Abelian couplings studied in [41] within the frame-like formalism.

1.3 Organization of paper

The paper is organized as follows. In section 2 we review the construction of metric-like
HS cubic interactions. In section 3 we analyze the non-trivial deformations of gauge-
transformation deformations arriving to table 1. In section 4 we analyze the gauge-algebra
deformations, while in section 5 we consider their restriction to global symmetries. In
section 6 we give some details on the explicit structure of the non-deforming couplings in
(A)dS. Our conclusions, together with discussions on the partially-massless extension of the
classification, are presented in section 7. The appendices contain some technical details.

2 Review: cubic interactions

For completeness and in order to fix the notations, we briefly summarize our previous
results. For cubic interactions, that is the n = 3 case of (1.12), the ansatz® can be further

SHere, we use the convention that all the fields entering in the interactions are treated as different fields,
so that no symmetry under field-label interchange is assumed. This convention makes more transparent



simplified, removing the ambiguities of integration by parts and field redefinitions, as

5(3)[(1)17@27(1)3] = C(Y7 Z) ®1(X17U1) CI)Q(X27U2) (1)3(X37U3> X=X (21)
U.7

(A)ds =0

k3

where C(Y, Z) is a polynomial function of six variables:

Y = 0y,- 8Xi+1 , Z; = 8Ui+1~ ou,_, [i ~1i+3]. (2.2)
When one of the fields, say ®1, is massless, the cubic interaction must be compatible
with the corresponding gauge symmetry: &y S@ + 65’ S® =0. This condition implies
a weaker condition: 6291) S® =~ (0, where ~ is henceforth the equivalence modulo free field
equations as well as traces and divergences. The latter condition can be translated into

the following differential equation:

Y20z, — Y30z, — A (Y2 Oy, — Y30y, + £2523) 0y, | C(Y, Z) = 0. (2.3)

Here, A is an auxiliary variable introduced to simplify the computation: it eventually gen-
erates the cosmological constant A with some dimension dependent factor (see appendix B
for more details).

In the case of cubic interactions, where all three fields are massless: p1 = pa = 3 =0,
the general solution to the cubic-interaction problem is given by

C(Y,2Z)=e"PK(11,Y2,Y3,G 2.4
( ) ) € ( 1, 12,13, ) G:G(Y,Z)’ ( )
where D and G(Y, Z) are defined by
D = Z10v,0v, + Z1Z20v,0c + cyc. + Z1Z2730% (2.5)
G(Y,Z) =Y1Z21+YoZo +Y3Z3. (2.6)

From the solution (2.4), one can extract the s;—sy—s3 interactions by Taylor-expanding
the function K, and the contribution of each monomial in K to the cubic interaction C'
reads (for n =0,1,..., Smin)

P (Y, Z) =P Yy Y G

515283 G=G(Y,Z)

= YPUTYE Y GY, Z2)) + O (2.7)

The first term in the second line corresponds to the highest-derivative part of coupling while
O(A) represents the lower-derivative terms. So, the highest number, #5 , of derivatives in
PS[TLQ% is

#o =51+ s2+s3—2n, (2.8)

and the corresponding part coincides with the flat-space coupling in the A — 0 limit.

the analysis of the present work, while it is equivalent to the convention of a single generating function of
HS fields. Hence, the results obtained in this convention can also account for the self-interaction cases.



3 Deformations of gauge transformations and non-deforming couplings

3.1 Deformations of gauge transformations

After constructing all consistent cubic interactions S®, the next step is to identify the
corresponding deformations of the gauge transformations 5%) from the gauge-invariance
condition:

35 (S@[@a] + SP[®5]) + 05 SO [Py, By, D3] = 0. (3.1)

Here, without loss of generality, we have chosen F; = FE;. Using the form (1.11) of the
quadratic action, the above condition can be put into

8% SO [®y, o, O3]
T

= / %1 vy [5§3¢2(X,U1)a§q>2(x,U2)+5g;q>3(X,U1)a§q>3(X,U2) o (3.2)
(A)dS

i=0

As one can see from this expression, the deformation 5;}1) can be obtained by computing
the off-shell variation of the cubic interactions (2.1). The latter reads

5% S@[®y, By, O3]

= / Oy, C(Y, Z) By (X1,Un) 5 (0%, — 0%,) 2(Xa2, Us) ®3(Xs, Us) X=X (3.3)
(A)ds ‘20

DN |

where C' is the solution given in eq. (2.4). In order to obtain the deformations 6§;1> ®y and
65;11) ®3, we need to recast eq. (3.3) into the form of eq. (3.2). More precisely, we massage
the terms proportional to 83(3 and 83(2 in eq. (3.3) to get the expressions for 521) ®3 and
55311) ®, , respectively. Herefrom, let us focus on 55311) ®3 , because 5,81) ®, can be obtained from
the former by interchanging the field labels. What one needs to do is to integrate by parts
all the 0x,’s in 0y, C (Y, Z) of eq. (3.3) because in (3.2) there is no derivative acting on
(9%( ®3. Notice that, since the variable Y5 involves Oy, , we can no more use such a variable
in C(Y,Z) and this requires to re-express C(Y, Z) in terms of new variables Y :

Yl = 6U1' aXz 5 Y2 = aUQ' aXl ) ?E’) = %aUg' (aXl - aXz) ) (34)

which are nothing but the integration-by-parts versions of the Y-variables (up to divergence
terms, which we disregard). Notice as well that we have also redefined Y3 in order to get
more symmetric expressions. As a result, the coupling C(Y, Z) of eq. (2.4) can be written,
up to integrations by parts, as a new function C'(Y, Z) in different variables:

O, 2) Z OV, 2) = MNA0nt205+2 2206)0% |0y ) (3.5)

G=G(V,z)’
where we have taken into account the contributions coming from the delta function in the
measure. The difference between C(Y, Z) and C(Y, Z) lies in the operators appearing in
the exponent — the former has only three terms while the latter (2.5) has seven terms. In
particular, in flat space, they simply coincide with each other.

Given all this, we can express the gauge variation (3.3) as

o) @ = / %01 9 [T12(X, U1) 0% ®3(X, Us) + T13(X,Ur) 0% ®2(X, Uz)} , (3.6)
(A)dS



where T12(X,U) is given by

1.
Ta(X,U) = 5 0 C(Y, Z) B (X1, U1) @2(X2, U2) | x,oxs (3.7)

U;=0

in terms of the newly defined variables Y and Z (for simplicity of notations):

}/1:8(]1' 8X27 Y2:_8U2' a)(17 Y3:%U'(8X1_8X2)7
2y =U-dy,, Zo=U -, , Zs = O, Oy, - (3.8)

Finally, comparing eq. (3.6) with eq. (3.2), we obtain the first-order deformation of the
gauge transformations as

0 @3(X,U) B —Tia(X,U) + U (X, U) + U - X B(X,U) + U - 0x v(X,U).  (3.9)

Several comments are in order. First, the = above is to be considered with respect to the
generating functions Fy and ®5 and it is inherited from the analogous equivalence relation
on ®; and @4 in (3.6); second, o and v terms are in the kernel of the T'T projection and so
are inherited from the ®3 part of the equality modulo traces and divergences ; lastly, the 3
term is introduced since the field 3 is tangent. Hence, simplifying the problem by restricting
our attention to the TT part seems to leave too many ambiguities in the determination of
55911) @3, but actually, as we will see, these ambiguities can be fixed by general consistencies.
Let us make this point clear:

e First, the o term is what would be completely fixed if we had worked with the full
vertices instead of their T'T parts. Hence, in principle, its determination requires the
information about the trace and divergent pieces of the interactions. However, with-
out relying on an explicit treatment of such pieces, the corresponding gauge-algebra
deformations can be completely determined from the main piece T;; by asking con-
sistency with the traceless conditions on gauge parameters (in the Fronsdal setting).

e The (8 term is a peculiarity of (A)dS couplings. Since any non-linear field theory in
(A)dS can be reformulated in the ambient-space formalism, the gauge transformations
of such a theory admit expressions as tangent ambient-space tensors. Hence, by
requiring that (5,(,311) ®3 be tangent, one can fix 3.

e The last term given by v corresponds to the genuine ambiguity related to redefinitions
of gauge parameters.

Hence, modulo the genuine ambiguity v which we shall analyze later, the deformation of
gauge transformations can be written as

65511) (1)3(X’ U) = - Hq’ T12(X7 U) 5 (310)

where Ilg is the projectors which make the corresponding bracket traceless (by choosing a
suitable o) and renders the expression tangent (by choosing a suitable 3) for (A)dS cases.
Moreover, we also assume that Il introduces in (A)dS a suitable power of X?/L? as a



factor (which is in fact another ambiguity not listed above) so that the 5;11) ®3 satisfies
the homogeneity condition as well. Our prescription for Il may look a bit formal at this
stage, but soon it will become clear that in this way we have access to many interesting
informations on HS interactions.

The expression (3.10) for the first-order deformation of gauge transformations is never
vanishing for any of the cubic interactions (2.7). However, as anticipated, some of these
deformations are trivial since they can be reabsorbed by a gauge-field redefinition.

Redefinitions of gauge fields and parameters. In order to analyze the effects of
gauge-field and gauge-parameter redefinitions, let us first express them in our framework.
Without loss of generality, we concentrate on redefinitions of ®3 and FE3, which are given
in terms of functions 3, A2 and As as

P3(X,U) — 3(X,U) +1p Q3(A, B,Y, Z) &1(X1, Ur) ®2(Xo,Us)

X;=X"
U;=0

Es(X,U) — E3(X,U)+1lgA12(A,B,Y,Z) E1(X1,U;1) ®2(Xo, Us) X;=X

U;=0
+ HE AQI(A, B, Y, Z) EQ(XI, Ul) (I)l(XQ, UQ) X=X (311)

U;,=0
Here, we introduced the operators A and B defined by

A=1U-0x=1U-(0x, +0x,), B=0x,0x,. (3.12)

As before, we introduce as well the projectors Il and I1g in order to make the redefinitions
compatible with traceless and tangent gauge parameters. The projector IIg has exactly
the same role as Ilg, except that it adjusts the degree of homogeneity to match that of
gauge parameters.

3.2 Non-deforming couplings

We are now ready to examine how the redefinitions (3.11) contribute to the first-order
deformations of the gauge-transformations. When taking into account such contributions,
(581) ®3 takes the following form:

05 @3 = g (— 2 0v,C +[Q3, Uy - 0x,) + U - 0x A1z) By @ Xi=X (3.13)
where, using the chain rule, the commutator can be written as
[Qg, U1-6X1] :(A822+Bﬁy1+Y38Z2 —YQaZS)Qg. (3.14)

Hence, for a given cubic interaction C', the corresponding 521) ®3 vanishes if and only if
there exist functions €23 and Aq5 such that

- %aﬂé(yv Z)+ (A0z, + B0y, + Y30z, —Y202,) U3(A, B,Y, Z)
+2AA12(A,BY, Z)=0. (3.15)

~10 -



The A-dependence can be trivially solved by taking Ajo = —0z,0Q3/2 and assuming 3
independent of A. Then the equation simplifies into

— 30 C(Y, Z) + (B Oy, + Y30z, — Y20z,) Q3(B,Y,Z) = 0. (3.16)

In principle, for each cubic-interaction vertex:

P (Y, Z) i= MNP0t 220v +212206) 0y, y s1—ny se—ny ss—n oy B17)
one can examine whether there exists (3 satisfying eq. (3.16) or not.
Flat-space case. In flat space, eq. (3.16) can be written as
(BOy, + Y30z, —Y202,) [C(Y,Z)+2BQ(B,Y,Z)] =0, (3.18)

using the fact that C = C satisfies (Y; 0z; —Y;0z,)C =0. The solution is given as an
arbitrary polynomial in six variables:

C+2BQ= Z 9la,l3,mz2,m3,n2,n3 Y2l2 Ysl3 hlgnQ hl??’ 2n2 :),n3 ’ (3.19)
liymi,n;
where the hy;’s and the f;’s are given by
h12(B,Y,Z) := =Y1Ys — B Z3, fo(B,Y, Z) =Y, G(Y,Z) + B Z, Z3,
h13<B, Y, Z) =-Y1Ys+ BZs, fg(B, Y, Z) = -Y; G(Y, Z) +BZ17Z5. (320)

One can notice that hy; = Hi; up to integrations by parts. Moreover, the f;’s can be also
related to H-like objects, hg% =-Y2 Y5+ BZ;, as

B fo=Y$hi3 + hiahyy, B f3s =Y{ hia + hiz hi . (3.21)

In fact, a subset — but not all — of the couplings (3.19) can be recast into H-couplings of
the form:

C(Y, Z) ~ K(}/Z,ng,Hgg,Hgﬂ) [f =2or 3] . (322)

In order to see this point more clearly, let us restrict our attention to the s;—so—s3 inter-
actions. Then, any consistent coupling is a linear combination of ¥;™ " ¥;2 " Y37 " G"
with n = 0,...,$mm - On the other hand, the solution (3.19) tells us that any coupling
with 5,(911) = 0 is a linear combination of

}/212 }/313 (Yl Y2)m2 (Y'l Y3)m3 (}/2 G)nz (ng) G)ng — Y'lm2+m3 Y212+m2+n2 }/3[3+m3+n3 an—i-ng7
(3.23)
with non-negative integers I;, m;, n;’s satisfying

st=mg+mg+na+ng, sya=lo+ma+2ny+n3, s3=Ilz3+mz+na+2n3. (3.24)

Analyzing the above inequalities, one can conclude that, among all possible values of n =
0,...,Smm , the non-deforming couplings with 5,(513 = 0 correspond to those satisfying

n < f24s3=s (3.25)
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Equivalently, one can conclude that the number of derivatives, #g, of such couplings
satisfies
(#3 in a flat-space coupling with 5};11) = O) >2s7. (3.26)

Now, let us move to the H-couplings given by eq. (3.22). The analysis carried out in
section 6.2 shows that they correspond to the couplings with

s1+82+s
n < AE2TE —max{s1, Spid) - (3.27)
Hence, we have two distinct cases, $1 # Spim, and $1 = Sy

® S1 7 Smin ¢ the two inequalities (3.25) and (3.27) coincide with each other. Hence,
any coupling with 55311) = 0 can be written as a H-coupling (3.22);

® S1 = S - in this case, there exist couplings in the range:

Smax+Smin—Smid $2+83—51
5 <n< 5

, (3.28)

which neither deform 6y’ nor are expressible as a H-coupling (3.22).

(A)dS case. For the analysis of (A)dS cubic interactions, we need to come back to the
original condition (3.16). The basic way of solving the problem is Taylor expanding Q3 as

0(B,Y,Z) =) B"Q"(Y,2), (3.29)

m=0

and recasting (3.16) into a set of equations:
By, QY. Z) = (Ya Oz, — Y392,) Q™ (Y, Z). (3.30)

For a given Q-1 = %C’ (Y, Z) , we recursively solve for Qs If there is no obstruction in
solving (3.30) to all order, then the corresponding C(Y, Z) does not induce any non-trivial
deformation of the gauge transformations. For this analysis, let us first consider Q= given
by a monomial:

O, Z) = YO YR Y5 20 23 23 (3.31)

Then, one can show that the equations (3.30) admit a solution if (see appendix C):
02—7'2201 or 03—7'3201. (3.32)

However, depending on linear combinations of monomials (3.31), a solution may exist for
a wider class of polynomials Q=Y, although each monomial term does not admit a solution
independently. For instance, for the flat-space couplings, the bound is given in (3.25) which
is equivalent to

09 —To+03—T3 > 01. (3.33)

One can show that this is weaker than (3.32), although it is not manifest. Having this in
mind, let us consider the case C' = Plj%,s, (3.17). One can first notice that Q" can be
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expanded as a power series in A, and examined independently for each of the expansion
coefficients. Hence, we can focus on

AU, Z) = (Z10y, + Zady, + Z12206)" 0F Y "y, =y, s Gn NN RS

Each term in the above function, as the monomials (3.31), satisfies
01 = 81, oo —To =8y —n—k, o3—T3=s53—n—k, (3.35)

and should satisfy (3.32) in generic cases or a slightly weaker condition as in the case
of (3.33). The precise analysis — whether the differential operator in (3.34) generates
a particular linear combination which extends the bound (3.32) — is tedious and non-
trivial, so let us draw some general lessons. If the flat-space limit of a (A)dS coupling
induces a non-trivial deformation, then it also does in (A)dS: this allows us to examine
C = P, s, only for n > (s34 s3 — s1)/2 for the identification of non-deforming couplings.
However, the inverse is not true in general: even for the couplings whose flat-space limit
satisfies (3.33), and hence does not lead to any non-trivial deformation, their A* corrections
corresponding to (3.34) can induce a non-trivial ) for a large enough k. The reason is
that the two quantities o9 — 7o and o3 — 73 appearing in the generic bound (3.32) and
also in the special bound (3.33) both decrease as k increases. Hence, there must exist a
critical value k = k{(s1, 2,53, n), where the equation (3.30) admits no solution, and the
deformation of gauge transformation induced by the coupling C' = ]35[’1115233 reads

5By = (’)(A’“f(sh”v‘*?””)) . (3.36)

Although we do not identify k§(s1, s2, s3,n) precisely, we can have some information on it.
For instance, following the generic bound (3.32), we can conclude that k§ satisfies

k{ > max{s2, s3} —s1 —n, (3.37)
and in the particular case of the minimum-derivative 2—s—s interactions, it is
ki =s—2, (3.38)

by compatibility with the Fradkin-Vasiliev results [20, 21]. The equation (3.36) may give
us a wrong impression that in (A)dS all couplings induce non-trivial deformations. It is
because we have considered the deformations of a single coupling C' = P/}, s, alone. For the
analysis of deformations, in flat space, it was sufficient to examine each monomial P,
since different couplings never talk to each other having different number of derivatives.
On the contrary, this is no more true in (A)dS, so we need to consider general linear
combinations with a fixed number of highest derivatives:

QU =PM e NP ey N2 P [c1,¢co,... ER]. (3.39)

S$15283 S$15283 518283 515283

Hence, there may exist more than two terms in the above giving the same leading A-order
deformations. In such cases, those deformations might be cancelled among each others. In
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that regard, let us note that, as in the flat-space case, one can choose a basis of couplings
such that the ones satisfying the condition (3.27) are expressed as H-couplings (3.22) and
hence do not induce any deformation 6;11) . In other words, starting from the H-couplings,
one can derive the proper linear combinations QY s5 (3.39) leading to precise cancellation
of 55911) (for more detailed analysis, see section 6.2). Hence, one can summarize the result
as follows:

® 81 F Spn - forn < 82“%81 , one can find the couplings Q[sq]&z s3 which are related to
H-couplings, so they are manifestly all non-deforming;

® S1 = Spun: for m satisfying (3.28), the corresponding gauge-transformation defor-
mation is generically non-trivial. However, one needs in principle to examine all
possible QIs, s3 8 in order to see whether there might be a further cancellation lead-
ing to 5,(511) = 0. Let us note first that when s; < w%‘sl, the minimum-derivative
coupling with n = s1 also belongs to this class, and it is clear for this coupling that
the deformation cannot be cancelled since there is no other term in (3.39). More gen-
erally, one can conclude that for the latter couplings this cancellation never happens
because otherwise it would contradict the compatibility with the non-triviality of the

global-symmetry deformations (see section 5).

Remarks. The results obtained in this section are summarized in table 1. Let us conclude
with a few more remarks:

e One can see that 5;31;(1)”1 = 0 implies (51(911,)@1',1 = 0 and vice versa. Hence, when we
discuss whether the deformations are vanishing or not, we can refer them to (5;311,)
without writing explicitly on which field they act upon.

e The H-couplings (3.22) are non-deforming since Ys,Y3 and H;;’s commute with the
free gauge transformation (5;91) ®3 without relying on the EoM, irrespectively of the
curvature of spacetime. However, if we allow the dependence of both Ys and Y3 at the
same time in the coupling (3.22), then it does not satisfy the (A)dS gauge invariance
condition any more, so it is important to allow only one between Y, and Y3 .

e In flat space, there is a class of couplings with s; = s,,;, satisfying the condition (3.28)
for which only two of the three deformations are non-vanishing:

g =0, 85, #0. (3.40)
The corresponding (A)dS couplings deform all three gauge transformations:

5y = O(AFT), 6y

E3 3

= O(A°%) #0, (3.41)

due to the presence of lower-derivative terms in the coupling.
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Examples: gravitational interactions of spin-three and -four fields. Let us con-
clude this section with some concrete examples: the cubic vertices for the 3—3—2 and
4—4—2 interactions. These are of particular interest since they show how HS fields (spin
3 and spin 4) can gravitationally interact with spin 2 in a (A)dS background. In each
cases, there exist three consistent vertices, while only the ones with the minimum number
of highest-derivatives (four for spin 3 and six for spin 4):

/
K¥2(Y,G) = SYI Y2G?, KY(Y,G) = %Yf YZG?, (3.42)

induce non-trivial deformations of gauge transformations. Following the analysis presented
in this section, one can compute the corresponding C’s by applying e)‘<Z 10y, 4220y, +21220G) Oy
and then extract the gauge-transformation deformation 0 according to (3.13). With
proper gauge-parameter redefinitions, controlled by A;;’s, one can remove the higher-
derivative contributions in §. All in all, under the spin-2 gauge transformation with

parameter =, the spin-3 field ® transforms as

SUB(X,U) = =3k (Y123 + 112 27 2,) 2(X1,U1) ®(Xo, Un)

X=X
U;=0
= =3k (Au,- Ox, — Ox,- 0u,) B(X1, U1) D(Xa, Un) [y, (343)
U;,=U
and the spin-4 field ¥ as
SSW(X,U) = =6k N (Y1 21 + 3, Y2 Z} Z5) E(X1,Un) W(Xa,U2) |5
U;=

= —6K N (D, O, — Oy D) (X1, U1) W(Xa, Ua) |y (3.44)

U;=U

Analogous expressions can be easily extracted in the general case of s—s—2 interactions.
As one can notice, these transformations are given by Lie derivatives and correspond to
nothing but the general coordinate transformations of tensor fields ® and ¥. Hence, one
can interpret these interactions as gravitational ones. Notice also that the transformations
are proportional to A ~ A or A2 ~ A?, hence they vanish in the flat-space limit. It
is also interesting to note that the gravitational interactions (3.42) of HS fields induce
deformations also for the graviton field I': under the spin-3 gauge transformation with
parameter F, it transforms as

SWIT(X,U) 2 —3kBZ3 (31 Z} + Yo Z1 Z5) E(X1,U1) ®(X2,Us)

X=X
U;=
= =3k (0y,- Ox, — Ox, - Ov,) Ox, - Ox, Ou, - Ov, E(X1,U1) ®(Xa,Us) X=X (3.45)
U,=U
while under the spin-4 gauge transformation with parameter F', it transforms as
SR T(X,U) = =3k B> Z3 (31 27 + Ya Z1 Zo) F(X1,U1) U(X3,U2) |5 _x
U;=0
dx,- 0x,)* (Ou, - Ou,)?
= —6k (dy,- Ox, — Ox, - Ou,) (O, 5 x2)" (O 5 U2) F(X1,00) ¥ (X2, Us) | - (3.46)
U;=U
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Such transformations of the spin-2 field do not involve A dependence, they survive in the
flat-space limit. Let us also remark that all these expressions (3.43)-(3.46) are tangent and
homogeneous with the proper degrees.

4 Deformations of gauge algebras and abelian couplings

4.1 Deformations of gauge algebras

After obtaining the first order deformation of the gauge transformations 521_) , we can iden-
tify the lowest-order part of the gauge algebra. For that, we need to compute 5291) 582) and
55902) 5;11) . We can restrict the attention to the latter since the former can be obtained from
the latter by relabeling. This is given by

5(E()2)5(E11) Pg o IIs [— %GYIC‘—FQAAQ, U, - 8X2] FE Es

Xiex | (4.1)

U, =0

where we have included the contribution of gauge-parameter redefinitions, but omitted the
contribution of gauge-field redefinitions, since they automatically drops out by taking the
antisymmetric part to build the commutator. The commutator of two gauge transforma-
tions readily takes the form of a free gauge transformation:

Sl Oy @3 = U - Ox [ Bz, E1]5, (4.2)
with the gauge parameter given by

[Ei, B2] = §T0g [§ (0v,02, + 0v,02,) C — (Adz, — By, — Y30z, + Y10z,) Ara
+(Adz, + By, + Y30z, — Y20z,) Aa1] E1 B> X=X (4.3)

=

Here we have used the fact that
IIe U -0x =U -0x1lg. (4.4)

Hence, the formula (4.3) provides the general expression for the lowest-order deformation
of gauge algebras (modulo the terms proportional to divergences and d’Alembertians of
gauge parameters).

4.2 Abelian interactions

We can now ask for a given cubic interaction C' whether the resulting commutators are
Abelian, that is [ E1, Eb ]]éo) =0, up to a gauge-parameter redefinition. This is equivalent
to ask whether there exists a solution (Ajz, Agy) to

% (Oy,0z, + 0v,0z,) C_'(Y, Z)—(Adz — BOy, — Y30z, +Y10z,) A12(A,B,Y, Z) (4.5)
4 (ABy + By, + Y30y, — Ya02,) A1 (A, B,Y, Z) = 0. (4.6)

The above equation has a similar structure to the one (3.16) associated with 6V, but is
more involved including this time two functions Ao and As;. Hence, we take a different
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approach, instead of solving directly eq. (4.6),” to address the issue of gauge-algebra defor-
mation. For that, let us begin by considering the following proposition: for a given cubic
interaction C', the corresponding deformation of gauge algebra is trivial if and only if at
least one of two gauge-transformation deformations 5,81) and 5,(513 is trivial:

[E1, B2 =0 — §y) =0 or 6y =0. (4.7)
The implication < is manifest: assuming 6};3 =0, we get 5&2 0 = 55;1) 5212) which is
1.52l3

precisely the form of a gauge-parameter redefinition. The implication = can be shown
by checking that the couplings with non-trivial global-symmetry deformations — which
necessarily deform the gauge algebra — exhaust all couplings with 6;11), 65513 # 0. Leaving
the issue of the global-symmetry deformations to the next section, let us conclude this
section by presenting the classification separately for flat-space and (A)dS cases.

Flat-space case. Taking the union of the two conditions (3.25), one concludes that a
coupling with the number of derivatives:

#o < 2 min{sy, sa}, (4.8)
leads to the deformation of algebra, [ By, Fa]S’ #0.

(A)dS case. In (A)dS, only H-couplings (3.22) result in a trivial deformation of the
gauge transformations. Hence, any coupling with [ E;, Eo ] éo) = 0 can be expressed as

C(Y, Z) ~ K(}/g,le,Hgg,Hgl) [f = 1,2 or 3] N (49)

which corresponds to the union between the H-couplings (3.22) and their 6,(912) counterparts.
This is equivalent to say that a coupling with the number of derivatives:

#o < 25mia (4.10)

leads to a deformation of the algebra, [ E;, Es ]]g)) #0.

5 Global symmetries

5.1 Killing tensors

The settings for the analysis of gauge-symmetry deformations can be also used to study the
global (or rigid) symmetries of HS theory — the HS algebras. The latter can be obtained

from the gauge symmetries by imposing the Killing equation:®

U-90x E(X,U)=0. (5.1)

"With the help of Mathematica, we have analyzed all the cases up to spin 10 checking the agreement
with the classification obtained in the other way.
8See [51, 52] for previous works on HS killing tensors.
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Together with the traceless condition on the gauge parameter and the homogeneity and
tangentiality conditions (1.8),” the Killing equation (5.1) results in additional conditions:

ox- 0y E(X,U)=0, 0% E(X,U)=0, 02E(X,U)=0. (5.5)

The solutions to these conditions for the parameters £ — namely Killing tensors — forms
a HS algebra. A generic element of the latter:

03

r=0

TV (5.6)

can be decomposed into the generators of the corresponding HS algebra as
MMy M{M] XM U]Mi] oo XMy UM;] ] (5'7)

In eq. (5.6), we have used a short-hand notation Mm{[r] for the superscript M, MM, . Let
us notice here that since the generators T™[" appear always contracted with the traceless

parameter Fy,, they are defined actually as an equivalence class:
TME M 4 XU P X2 Py g2 p (5.8)

where P Ds are arbitrary polynomial in X and U possibly involving the ambient metric
tensor 7,,y and compatible with the homogeneity degree of TMI" . From the gauge-algebra
brackets (4.3) given by s; —sy—s3 cubic interactions, we can then deduce the r1—ro—r3
part (r; = s; — 1) of the structure constant.

5.2 Higher-spin algebras

Now let us consider the bracket (4.3) where the gauge parameters are Killing tensors.
The cubic consistency ensures that the bracket of two Killing tensors gives again a Killing
tensor:

U-ox [Er, B ] = (5.9)

About the explicit form of the bracket, we have two major simplifications. First, the TT
restriction does not exclude any term since all TT parts vanish when the Killing equations

9The operators e = X -9y, f =U -0x and h = X - 9x — U - Oy can be viewed as the generators of sp,:
[h,e] = 2e, (h, fl=-2F, e, fl]=h. (5.2)

Then, the massless Killing tensors are sp, singlets reflecting the construction of HS algebra based on Howe
duality. For the partially-massless cases with p € N, the Killing tensors carry rather (2 pu + 1)-dimensional
representations:

eE=0, M E=0, (h—2p)E=0. (5.3)

On the other hand, the fields carry infinite dimensional representations of sp, :

ed=0, (h—p®=0, &~d+f"E [eE=0, (h—2u)E=0]. (5.4)
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hold. Second, the reparameterization terms given by A;; also vanish since they involve
U; - Ox, E; . Hence, the bracket of the global-symmetry algebra:

[Er, B2 ] =Tg F, (Y, Z) EL By xi=x (5.10)
is given simply by
]:838152 (Yv Z) = % (8Y18Z1 + 8Y28Z2) O(K Z) ) (5‘11)

and there remains no term unfixed or ambiguous. Herefrom, we suppress the superscript
(0) of the bracket since it is the complete one for the global symmetries. Incidentally, the
absence of ambiguity at the global-symmetry level is also true for 5%) . Let us recall that

C(Y, Z) is given explicitly through the coupling function K which can be expanded for
given spins s —so—s3 as follows:

Smin Ysl—’n YSQ—n YS3_n Gn
K(Y1,Y,Y3,G) =Y kn ( ! 2 :
n=0

(5.12)

s1—n)! (so—n)! (s3—n)! nl’

In the following, we explore the implications of HS global symmetries separately for (A)dS
and for flat space.

(A)dS. The coupling C contains K(Y,G) as its highest-derivative part, while the lower-

21 vy +22 v, +21 2296 )%v; Ope can count

derivative parts are generated by the operator N
the number of derivatives involved in the coupling associated with G™, and its minimum

is given by

S1+ 82483 —2n—2(s3—n) = s1 + s2 — s3, (5.13)

independently on the initial number of derivatives of the coupling. This implies that
the lowest-derivative part of the above commutator contains exactly the right number of
derivatives to be compatible with the homogeneity conditions (1.8):

(AX of [[El,EQ]]g) = (AX OfEl) + (AX OfEQ) — (#8 of [[El,EQ]]g)
= (81—1)+(82—1)—(81+82—53—1)
=s3—1=(Axof E3). (5.14)

The higher-derivative terms have lower degree of homogeneity in X and need to be sup-
plemented by appropriate powers of X? accordingly to the projector IIz — recall that the
projector Il is making the commutator traceless, tangent and also of the proper homo-
geneity degree. Therefore, all the higher-derivative terms are trace components, which are
annihilated by the action of Il . Hence, the lowest-derivative part of the cubic interac-
tion C' contains the full information on the structure constant of the global symmetries.
The commutator can then be readily computed starting from the explicit formulas for the
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coupling C(Y, Z) and reads'?

1 Smin
]:835182()/17}/27 Zla 227}/3 Z3) = Z (8Y18Z1 + 8Y28Z?) Z kn ABT X
n=0
(Z1 0y, + ZoOvy + Z1220c) 7" Y7 Yy2" Gn} (5.15)
(s3 —n)! (s1 —n)! (s2 —n)! n! G=G(Y,Z)

Since the above expression is homogeneous in the radial coordinate, one can also replace
the powers of \ by

AT (d—5)(d—3) - (d+2(s3 —n) — T) A% (5.16)

However, in the following we shall keep A for the brevity of expression, unless the above
replacement is instructive.

In order to see more transparently the bracket structure, it is convenient to change
our convention. First, we remove Z; and Z3, by choosing a convention with the evaluation
U; = U instead of U; = 0:

[Er, Ba ]y =T 8,5, (Y1, Y2, Y3 Z3) By B Xi=x (5.17)

where the new bracket function §%, s, is related to the old one F%3,,,, by

1
(1 - 821)(1 - 822)

SS3S1SQ(Y17YV27}/E3Z3) = fsgslsQ(YIaY2ath27YE’)Z3)

. (5.18
Z1=0=2> ( )

Second, using the Killing equation, we remove Y3’s at the price of introducing B-dependence:

§%% .5, (Y1, Yo, B Z3) = e3[(V14Y2) 02y 4B (v +0%,)|Z3 0w 33 (v, ¥y ) . (5.19)

=0"

Note that since Y3 appears always as Y3 Z3 in the expression (5.15), B also appears as
B Zs5. As we have mentioned before, any cubic interaction leads to consistent (in the sense
of closure) bracket for HS algebra, and one can show that any consistent bracket should
have the form:

55615, (Y1, Y2, B Z3) = §4,5,(G3, H3) (G3=Y1+Ys, H3=Y1Yo+BZ3]. (5.20)

For concreteness sake, we provide several examples of such brackets obtained from cubic
interactions given by coupling constant k,’s (5.12) in table 2 (here we disregard the higher-
derivative couplings associated with lower n’s in (5.12) which give redundant structures).

At this stage, let us come back to the issue of classifying all non-Abelian vertices.
The point is that the map from the space of consistent cubic interactions to the space of
consistent brackets:

{K<Y7 G)} — {38i5i+15i—1(Gi7Hi) } ’ (5‘21)

10T be more precise, ky,’s must involve totally antisymmetric structure constant as well if s; + so + s3
is an odd integer.
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81—892—83 Structure constants

2-3-3 3323 =ko3AGs, §%33 =koGs Hs
3—3-3 S"33—]{722/\(9G§—4H3>+k3%(3G§—2H3)
3—4—4 T30 = k2322 (3G%2 — H3)+ k33X (2G3 — Hj),

F3aa=ko 3 N(9G3 H3 — 5 H3) + k3 5 (3G% Hs — 2 H?)
4—-4—4 Fra = k3 A (8G3S —9G3 H3) + k4 (2G3 — 3G3 H3)
3—4-5 | Fus=ks3GsH?, Fls3=4ks4AGsHs, F°310=k312A2Gj3

Table 2. AdS rigid structure constants induced by various couplings.

is surjective, as one can evince from the above examples. Although we do not provide an
explicit demonstration of this point, it should be clear if one reflects the Fradkin-Vasiliev
construction in the frame-like approach [20, 21, 23, 41]. Hence, one can conclude that,
defining N3 and N3 as the numbers of couplings with [E;, Ea] # 0 and [Ey, E] # 0
respectively, then

N3 < N3 < Spia — % (Smax + Smid — Smin) » (5.22)

where the last inequality is obtained counting the number of couplings which can be written
as H-couplings. Now, let us count the number N3 of independent structures in the bracket:

34,5, (Gs3, Hz) Z o G HY . (5.23)
Consistency of the number of contractions with the powers of X and U; gives (for more
details, see appendix D)
v+2h=81+859—53—1, v+ h <min{sy,s2} — 1, (5.24)
leading to the following bound for A :
max{sy, sa} —s3 < h < % (s1+s2—s3—1), (5.25)
so the number of integer h’s corresponds to the number of independent structures:
N3 = [ (Smin + Smia — Smax) | » (5.26)

where [2] = min{n € Z|n > x}. Finally, from the inequality (5.22), one can conclude that
N3 = Ns.
Finally let us consider the following bilinear form for the Killing tensors:

<8U1 ) 6U2)7"1 (6X1' 8Xz)
7'1! 7"1!

(E1L|EB2) = by, Ey(X1,U1) Eo(X2,Us) | _ (5.27)

U:

given by a series of coefficients bs’s. This bilinear form become invariant if it makes the
structure constant cyclic:

(Bs| [ By B2]) = (B | [ B, Bs]) =(Bo| [ B, Bi]). (529)
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The bracket structures F*5
condition if bs’s satisfy

sip1s:_1 resulted from cubic interactions satisfy this cyclicity

bs
bsfl

where we have used the replacement (5.16) to get the above relation. Note that this

— (d+2s5—T)A, (5.29)

condition is independent from the choice of coupling constants k,,, hence all the (A)dS
cubic interactions are automatically consistent with the condition (5.28). It is convenient
to present the solution of the above equation as

)\S
by =g (d—5)(d—3) - (d+25s—T)A° = . (5.30)

g
Then, one can rescale the fields so that the invariant form become proportional to the
identity: bs = 1 — this would correspond to the canonical normalization for HS fields. As
a result, the structure constants become automatically cyclic, while the kinetic term takes

the form: 1
e AUy U, (X, Uy) 3)2( B(X,Us) , (5.31)

29 (A)dS U;=0

with an explicit dependence on A for each different spin. An important point to remind

S [@] =

can.

here is that the rescaling involves the cosmological constant, so that the invariant form is
degenerate in the flat-space limit.

The explicit analysis of the brackets provides a one-to-one correspondence between
non-Abelian interacting vertices in the metric-like and in the frame-like formalisms. The
next step towards the systematics of HS interactions requires the study of the full quartic
consistency, which implies in particular that the consistent brackets must satisfy the Jacobi
identity. Hence, one may first explore all possible consistent HS algebras (see [53] for the
analysis of the algebras involving only symmetric fields, and [54, 55] for their multi-particle
extensions). To conclude the discussion of (A)dS global symmetries, let us consider the
gauge-algebra deformation induced by the cubic interaction associated with the coupling

function: 1
K(Y,G) = = e het¥s (5.32)
g

which does not involve any G dependence, and generates only the highest derivative cou-
plings for each s;—ss—s3. The corresponding cubic interaction takes the form:

O = AP K = L Yot YatA (14204 23) (5.33)
g
which resembles the cubic interaction for the excitations of the first Regge trajectory of the
open bosonic string (for simplicity we do not explicitly write down Chan-Paton factors):

C ~ l eY1+Y2+Y3+§ (Z1+Z2+2Z3) ) (5.34)
9o
Interestingly, the gauge-algebra deformation induced by (5.33) gives exactly the Moyal
bracket:

[Ef, By ]“(X,U) =Tl (d°a sinh Gz + fa cosh Gy) B (X1, Un) By (Xa,Us) |,

Ui

Y

.35)

S X

(

t
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81—82—S83 Structure constants

2-3-3 F393 =0, F?33=koG3Hs
3-3-3 §33=—3(ko+a)BG3+aBH;s+ 5 ks (3G3 — 2 Hj)
3—4—4 %4 =—(ks+4a) BH;+6aBG3,

§3uu=—1(ko+16b) BH? + 6b B G2 Hs + % k3 (3G2 Hy — 2HZ)
4—4—4 | Fu=2(ks+4a)BGS —6(ks+2a) BG3 H3 + k4 (2G5 — 3G3 H3)
3—4-5 5 =5ksGsHY, F'53=0, Fo34=0

Table 3. Flat rigid structure constants induced by various couplings.

where we have reinstated Chan-Paton factors and the corresponding internal structure
constants — totally symmetric dgp. and totally antisymmetric fu.. If the Killing tensors
were traceful tensors (so that we do not insert the projector Ilg), then the latter would
be a good bracket that does even satisfy the Jacobi identity. Notice however that in a
setting where finitely many irreducible fields are present for given spin (as in the Vasiliev
theory), one should consider only traceless tensors, so that the coupling (5.33) does not
actually fulfil the Jacobi identity on traceless tensors. Nevertheless, it is still challenging to
reconsider this type of coupling in a HS theory with reducible spectrum [56-62]. Actually,
such a reducible theory is a natural candidate for the tensionless limit of the first Regge-
trajectory of the open bosonic string.

Flat space. Let us consider now the case of flat-space interactions where the bracket is
given by

Smin Ysl—n Y282—’n Y383—TL [G(Y, Z)]n ‘

F g0 == (002, + 0v,02,) Y _ n ( (5.36)
n=0

1
s1 —n)! (s2 —n)! (s3 —n)! n!

=

One can again remove Z1, Zs by (5.18) and replace the Y3-dependence by B. However, at
this time, Y3 and B can appear alone (not always in the combinations Y3 Z3 and B Zs3,
respectively). The general form of the consistent bracket structure can be derived also for
the flat-space case, and it reads

3835182(}/17 Y2a BZ37 B) = 8’538152 (G37 H37 B) . (537)

One can notice that, compared to the (A)dS case (5.20), the flat-space brackets may also
depend on B in addition to G35 and Hs. We provide some examples for more concrete
understanding in table 3.

As one can see from the appearance of arbitrary coefficients a and b, there exist in
fact certain functions §*3, s, (Gs, Hs, B) which identically vanish when acted on the Killing
tensors. Hence, the description (5.37) of the flat-space bracket may involve some redundan-
cies. Even after removing such redundancies (by fixing a and b), there exist in general more
bracket structures than non-Abelian couplings. To iterate, let us remind the reader that
any functions of G3, Hs and B provide consistent brackets in the sense that the bracket
of two Killing tensors gives again a Killing tensor. However, not all such brackets can be
associated with consistent cubic interactions: look, for instance, the 3—3—-3 and 4—-4—-4
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examples, which do not involve the structures G% and Gg respectively. In other words,
not all such brackets can be gauged to give consistent cubic interactions in flat space, as
opposed to the (A)dS case.

Notice that in some cases such as 23, Fs3 and 234, there does not exist any non-
trivial bracket structure at all. This is one of the generic features of flat-space global
symmetries associated with the couplings in Class III in table 1: only one among the
three structure constants is non-vanishing. This implies that the invariant bilinear form is
necessarily degenerate if one of such couplings is present. In this perspective, of particular
interest would be the non-Abelian s;—s9—2 interactions with si,so > 2. They have s; +
s9 — 2 derivatives and do fall within Class III. Therefore, a consequence of our analysis is
that HS generators do not rotate under isometry transformations:

[T,,T,] =0  [Vs>2], (5.38)

where T stands for a Killing tensor associated with spin-s field. This implies again that
Gravity is not compatible with HS fields (recall that we have already shown that HS do not
transform accordingly to general covariance). Despite the lack of general covariance, one
can still study a possible consistency of spin-two non-Abelian (non-gravitational) couplings
with HS fields. Schematically, they induce the following brackets:!!

[T, To ] ~To+ > Tor, [T, Ta] =0 [Vs,s>2], (5.39)

s''>2

where the terms ) .., Ter correspond to possible contributions induced by s;—so—s3
interactions with all s; > 2. Since global symmetries must satisfy the Jacobi identity, the
above leads on the one hand to

[[Ts,Te ], T2l =—[1Ty, T2], Ts] — [[ T2, Ts], T« ] =0, (5.40)
while on the other hand to

[[Te, To ], Tl ~ [To+ Y Tor, To] ~ [ T2, T2]. (5.41)

s'">2

Combining the above two conditions, one arrives to the conclusion:
[Ty, To] =0. (5.42)

Therefore, one can see that the non-Abelian s1—s9—2 couplings with s; > 2 cannot pass
the Jacobi consistency test in a theory whose spin-two charges form the isometry algebra
[Ty, T»] ~ T».'? In particular, this implies that if a spin-two field couples to HS (even

"1n fact, [T, T>] can be non-vanishing for s = 3 if the theory involves the minimum derivative 2—2—3
coupling. In such a case, the analysis of the Jacobi identity becomes more involved (see appendix E for the
details) but the conclusions we draw here do not change anyway.

12 A similar argument can be applied to certain s; —s2—s non-Abelian interactions: the condition that all
non-Abelian coupling belong to Class III reads s1 4+ s2 > 3s. One can also see that when s = 2, any HS
s1, 82 > 2 satisfies this condition.
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non-gravitationally but through a non-Abelian coupling), it cannot couple gravitationally
to any other field.'? If one insists on keeping non-Abelian spin-two self-interactions into
the game, then the only allowed s; — s —2 interactions with s; > 2 are the Abelian ones. In
such a theory, non-trivial structure constants may still arise among HS particles, but the
global symmetry becomes just a direct sum between the isometry algebra and the algebra
generated by HS killing tensors. Hence, the latter can be better interpreted as an internal
symmetry. This analysis can be viewed as a field-theoretical version of the Coleman-
Mandula theorem [63]. However, let us emphasize that our conclusions rely neither on the
finiteness of the spectrum below a given mass-scale, nor on the locality of the Lagrangian.'*
Let us note also that we assume the free action to have the standard (Fronsdal) kinetic term:
diagonal in fields and of two-derivatives. This assumption forbids to obtain, for instance,
the conformal theory of HS [64, 65] which actually exists in flat-space background — the
spin s part of its kinetic term has 2's derivatives.'® It is also worth to comment on the
other no-go theorems based on the S-matrix consistency and/or on the general covariance
of HS (namely the equivalence principle) [67, 68]. Such results forbid gravitational HS
interactions in flat space. Let us mention however that our analysis does not yet rule out
the possibility that a non-Abelian self-interacting spin-two interacts with HS fields through
Abelian couplings.

6 Abelian and non-deforming interactions as H-couplings

In the previous section, we have seen that while in flat space the question of gauge-symmetry
deformation is equivalent to a simple counting of derivatives, in (A)dS the same question
can be rephrased as the question whether a cubic interaction C(Y,Z) can be expressed
making use of K(Yy, Hyg, Haz, H3;) or not. More precisely, depending on the possible
values of £, such coupling leads to

e trivial deformation of the i-th gauge transformation: 5;;1: =0, if and only if the re-
expression is possible for { =i+ 1ori¢—1;

e trivial deformation of gauge algebra: [E;, E;]” = 0, if and only if the re-expression
is possible for any ¢ =1, 2, 3.

In this section, we investigate these conditions and show, in particular, how they can be
interpreted as conditions on the maximum number of derivatives in the (A)dS couplings.
6.1 Contraction of curls

Before analyzing the couplings given by the operators H;;’s, let us make a few remarks on
the physical meaning of the H;;’s. From their definitions (1.15), it is easy to notice that

13Gee [37, 38] for some examples of amplitudes involving such interactions. It would be interesting to
clarify these examples from the viewpoint of global-symmetry algebra.

1The issue of locality may arise only at the quartic order.

150Other non-standard higher-derivative kinetic terms for HS fields have been studied in [66] together with
their gauge symmetries.
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they can be built using matrix operators [0x,0y,| with components:

These are nothing but the curl operators with respect to the i-the field, and they are
manifestly gauge invariant. One can now consider gauge-invariant scalar operators by
taking traces of such operators (that is, contracting different curls) as

H“Zn = TI“( [8Xi1 6Ui1] s [6Xln 8Uin] ) . (6.2)

However, as [0x0y]®™ corresponds to the curvature operator of rank 2n, one can check

that the only independent ones among H; 's are

1°in
Hiy, Hss3, Hsi, Hias. (6.3)
Moreover, the square of Hy23 reduces to a product of H;;’s as
TT
Hiys @123 ~ § Hiz Haz H3 @123, (6.4)
and Hig3 itself can be expressed in terms of H;; as
TT 1
Hig3 @123 = 5Yi Hiv1i+2 P23, (6.5)

when acted on the three-local fields ®123(X1, Ur; X2, Us; X3, Us) satisfying the homogeneity
and tangentiality conditions on each of the points.

6.2 H-couplings

In this subsection, we closely look the H-couplings K (Y, Hio, Hos, H31), and show how
many derivatives they contain. For that, we need to find an independent set of couplings
which span the space of all H-couplings. Such a set can be obtained by considering the
monomials (see appendix C of [46] for more details):

}/‘ZO' glhl I;I'th gghg

3 hi
- hi i i— Ny
Ry H [Z ( ) [hi — € 0] i (AZ:)"™ (Yisa Yz‘—1)h , (6.6)

(2
where €,; =20,; — 1 and H;’s are
I:[l = —Hog, I:IQ = —Hjq, 1'.:[3 = —Hyy. (6.7)

In eq. (6.6), we have also provided their expressions as functions of Y and Z , making clear
the counting of derivatives (the Y;’s contain one derivative while the Z;’s do not). The
powers o, hi, ha, hs of (6.6) are related to the spins by

S; = hip1+hi—1 + (51',( o. (6.8)

For the following analysis, it is also convenient to distinguish two cases — whether the
spins satisfy a triangular inequality or not:

Smax S Smid + Smin or Smax > Smid + Smin - (69)

However, it will turn out that the second case can be considered as a special class of the
first one.
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Triangular case: S,.. < Smia+Smm- When the triangular inequality holds, from eq. (6.8),
we can determine the h;’s in terms of the spins and o = v+2n, where v := moda(s;+s2+53)
and the non-negative integer n is bounded as

n < n, = min {2y s L (6.10)

Hence, we obtain a class of couplings labelled by n :'6

(¥ ) yen gEES T e gl =2 e n g B=Shaan o
where |z] := max{m € Z|m < z}. The highest-derivative parts of these couplings are all
the same: Y7 Y52 Y5* | and its number of derivatives is s;+524s3 — the maximum possible
value. By taking linear combinations of these n, + 1 couplings, we can make n, different
couplings where the highest-derivative terms cancel. The new highest-derivative part of
such couplings are again all the same: Yfl_l Y282_1 YE,)S?’_1 G(Y,Z), and their number of
derivatives is lowered by two: s; + s2 + s3 — 2. One can continue this procedure until to
obtain a coupling whose highest-derivative part is ¥;* " Y2 "™ Y# 7" G(Y, Z)™ (with
the number of derivative s; + s2 + s3 — 2n,). Hence, starting from the basis (6.11) of H-
couplings, we can obtain a new basis where couplings have all different highest-derivative
parts. The couplings whose number of highest derivatives is s1 + so + s3 — 2n reads

~ .| 52F83—s81 |_*% | 53ts1—s2|_5 | S1ts2—83|_*%
Qfensy = i (Ve 20y e e
RYSTYSETNYSE TN QY Z) + O(N), (6.12)

where Sg’i =1-194; and qé"jf is given by

QZL;” = (Hpp1 Hooy — Y2 Hy) %

" /n (c+2n+Dglo+1n—k , ~ . i Yo
Hyy Heoy)™ (=Y He)" ™% (6.1
X kzo <k> An+1 (cr + 1)2n+1 ( /+1 41y 1) ( ¢ g) (6 3)

To iterate, any H-coupling f((Yg,ng,Hzg,Hgl) can be decomposed in terms of Q[[] gl7

with n = 0,1,...,n,, and the value n, depends on ¢ (6.10). To be more concrete, let us
assume without loss of generality
512> 82 > 83. (6.14)

Then, all possible H-couplings are given by
Q<) QL QY s g, (6.15
From the above, we can conclude the following:

e Non-deforming couplings

The n =0 case is special since we can apply the identity (6.5) to replace Yy Hyy1¢o—1 with Hios.
Involving only H;;’s and Hi23, this coupling correspond to the full contraction of maximum curls, namely
three linearized curvatures. So, it is the Born-Infeld coupling.

"Herefrom, we drop the subscript s;s2s3 for compactness sake.
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First, in the range
n<Ebses o s >0, (6.16)

TT
all three Qllnl, [2"] and lel are available. In fact, Q[Q"l ~ Qg"l and they can be
expressed as linear combinations of Qllnl’s.18 Hence, the couplings given by Q[Q"]’s or

Qg"]’s leave all three gauge transformations undeformed: 55511) .5 = 0.
e Deforming Abelian couplings

In the range:
AT o < AFBTR o 95, < Hp < 251, (6.18)

only Q[fl is available but neither Q[Q"] nor Q:[g"l . Hence, the couplings given by Q[lnl’s
with n in (6.18) necessarily deform the gauge transformation 6Sf # 0, but leave the
other transformations and gauge algebra undeformed: 5;312)73 =0 and [E;, E;] =0
for all ¢ and j.

e Non-Abelian couplings
Finally, in the range:
n>SEsme o 4y <25, (6.19)

all three Qll"l,Q[Q"] and Qg"] are not available. Hence, any coupling, whose number
of highest derivatives is smaller than 2 ss, cannot be written as a H-coupling, and
deforms in (A)dS all three gauge transformations and all gauge algebra commutators:
6%) . #0and [E;, E;]© #0.

Ej2.3

This result is summarized in table 1, and one can also count the numbers of couplings in
the above three different classes:

(# of non-deforming couplings) = L% (Smin + Smia — smax)J +1,
(# of deforming Abelian couplings) = Smax — Smid »
(# of non-Abelian couplings) = [% (Smin + Smia — smax)l , (6.20)
where |z] = max{m € Z|m < z} and [z| = min{n € Z|n > z}.

Non-triangular case: .., > Smia + Smine Let us again assume s; > so > s3. In this
case, eq. (6.8) admit solutions only when ¢ = 1, and the corresponding H-couplings can
be decomposed by

[n] _ In] S1—82—83 7 S2—N 7 S3—™n
Q17515283 - q1,81—82—83 }/l. H3 H2 ) (621)
18For the proof, consider the coupling:
C=QY — QY — Q) — o Qllntramer] (6.17)
where the coefficients c,...,c are chosen such that the number of derivatives in C is the lowest possible.

[m]s

Since C' gives 683_) =0, it can be expressed either by Q™’s or by Q5"’s, but the number of derivatives of
C is too low to allow them. Hence, one can conclude that C' must be zero, that is, any Q[Q"] can be written
as Q™’s. One can do the same for Q[;] to conclude the same.
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# | o8 | ow | o) o
0 |s1+s2+s3|#0| =0 | =

~ K (Y1, Hia, Ha3, H31)

83 | 81+ S92 — S3

Table 4. Classification of cubic interactions (s1 > so > s3) in the non-triangular case (s1 > s + s3)
according to the deformations of gauge transformations and gauge algebras.

n | #o | Op, | 05, | Op, n | #a | Op, | Ok, | Op,
0| 7 0 0 0 0| 8 0 0 0
1] 5 * 0 0 1] 6 0 0 0
2|1 3 * * * 2| 4 * * A
Table 5. 3—2—2 interactions Table 6. 3—3—2 interactions
where n =0,1,...,s3. Hence, in the non-triangular case, all the consistent couplings can

be expressed in terms of Q[ln]’s so that they do not deform 5212)73 but deform 5};1) . This result
is summarized in table 4.

In this section, we have shown how the H-couplings are related to the curl of fields,
and that in order to reproduce all couplings in Class I and II, we need to take particular
combinations of such functions where the highest-derivative terms cancel. From the former
point, one can notice that such couplings admit expressions in terms of HS curvatures. Let
us notice that the construction of this kind of couplings making use of curvatures and of
the cancellation of the highest-derivative piece were also discussed in [41].

6.3 Examples

Finally, for concreteness sake, let us consider two examples: 3—2—2 and 3—3—2 interac-
tions. The table 1 reduces then to table 5 and 6.

3—2—2 interactions. Any gauge invariant cubic vertices of 3—2—2 interactions can be

n] 5

expanded in the basis of P3y’s (2.7) as
C\Y,Z)=ko PO 4k PY 4y PP , (6.22)

where we have omitted the subscript 322, and the P"’s are given by

PO = VY2V 4+ 2AY° Ya Y3 (2Y1 Z1 + 3Ya Zo + 3Y3 Z3)
+2X2Y1 [(Y1 Z1)% +3(Ya Z2)° + 3 (Y3 Z3)> + 6 Y1 Z1 (Y2 Zo + Y3 Z3) + 12Ya Z5 Y3 Z3)
+120% (2Y1 Z1 + Yo Zo + Ys Z3) Zo Zs

PY = VYo Y3 (Y1 Z1 + Ya Z2 + Y3 Z3)
FAYL (V1 Z1)° + 2 (Ya Z2)° +2(Ys Zs)* + 4Y1 Zy (Yo Za + Ys Zs) + 6 Ya Zy Vs Zs)
+4)\2(2)/121+YQZQ+Y3Z3)ZQZB7

PP = Y, (Y1 Z1 + Yo Zo + Y3 Z3)° + 2N (2Y1 Z1 + Yo Zo + Y3 Z3) Zo Z5 . (6.23)
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On the other hand, H-couplings provide a non-deforming and a deforming Abelian vertices,
Q[Ko] and Q[f] . Being gauge invariant, they can be also expressed as the expansion (6.22):

QY =Yy Hy Hy Hy = P — 4\ PY +2)\2 P
QY =gl Vi Iy = A7 <Y13 A2 Y, H s ﬁg) ~PY_2)\PE. (6.24)

These correspond to two vectors in the linear span of (6.23), and the remaining independent
vector P represents the non-Abelian coupling of 3—2—2 interactions.

3—3—2 interactions. In the case of 3—3—2 interactions, we have

PO = YAV Y2 43 Y2V Y 2Y1Z1+2Y2Z> +3Y3 Z3)
FONTYLYE [(Vi 20 4 (Ya Z0)% 43 (Vs Z0)° +3Y2 71 Ya Zo 4 6 (Vs 71 + Ya Z2) Vs 7]
+O6X Z3 [3(Y1 Z1) +3 (Y2 22)" + (Ya Zs)* + 121 21 Ya Za + 6 (Y1 21 + Ya Z2) Ys Zs]
+36 A Zy Zo Z327

PY = Vi2Y,2 Y5 (Y1 Z1 + Yo Zo + Ys Zs)
FAYIY2 [2(Vi Z0)2 +2 (Yo Zo)* 4+ 4 (Ya Z3)° + 5Y1 Z1 Yz Zo + 8 (Vi Z1 + Ya 7o) Ya Z3]
F2A2 25 [3(Y1 Z1)2 +3(Ya Z2)? + (Y3 Z3)° + 10Y1 Z1 Yz Z2 + 5 (Y1 Z1 + Ya Z2) Y3 Z3]
+10X* 2, 2, 23,

PP = Y, Ys (Vi Zy + Ya Zs + Vs Z3)°
+AZs [3(Y1 21)* +3(Ya Z2)* + (Ya Zs)* + 8Y1 21 Ya Zo + 4 (Y2 2y + Ya Z2) Ys Zs]
+4X* 71 22 75 . (6:29)

On the other hand, H-couplings provide two non-deforming vertices, QEO] and Q[el] , which
can be expressed as

QY = Hy Hy Hi ~ P — 5 \P" +4)\* P,

Q[él] = q% HyHz = \71 (Yf H}? Hy — Hy Hy ﬁ32> ~ P -2\ P®. (6.26)

Again, the other independent coupling P® represents the non-Abelian 3—3—2 interaction.

7 Discussions

In the present paper, we have analysed the deformations of both gauge transformations
and gauge algebras induced by the cubic couplings of massless fields constructed in [42].
The main results of the paper are already summarized by table 1, but let us rephrase them
once again here:

e Defining ¥; = s; in flat space and ¥; = max{s;, Sy} in (A)dS, the highest number

derivatives #4 of a coupling with (5;311,) = 0 satisfies
(#3 of a coupling with 55311,) = O) >2%;. (7.1)

Equivalently, if the highest-derivative term of a cubic interaction involves less than
23; derivatives, then the coupling necessarily induces a non-trivial deformation of
gauge transformation: 6<Ell_) #0.
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e Defining ¥;; = min{s;, s;} in flat space and ¥;; = s,.4 in (A)dS, the highest number
of derivatives #p in a coupling with [E;, E;]® = 0 satisfies

(#0 of a coupling with [E;, E;]” =0) > 2%;;. (7.2)

Equivalently, if the highest-derivative terms of a cubic interaction involves less than
2¥;; derivatives, then the coupling necessarily induces a non-Abelian deformation of
the gauge algebra: [E;, E;]| #0.

This is the first classification of cubic interactions according to the deformations of each
bracket [E;, E;]® and each gauge transformation 52; . As a result, we categorized all cubic
interactions into four different classes (see table 1).'2 Class I and IV correspond to the
set of couplings which deform nothing and everything, respectively. The other two classes
have some interesting features. Class II couplings leave the gauge algebra invariant but
deform one out of three gauge transformations. This means that the other two fields are
charged with respect to the last field, and should correspond the couplings responsible
for HS-algebra multiplets, together with the massless-massive-massive cubic interactions
(see below). Class III couplings induce non-trivial deformations of gauge transformations
for all three fields (hence for all three brackets) in (A)dS, but one of them (two of them,
considering brackets) vanishes in the flat-space limit. The gravitational interactions of HS
fields belong to this class, and the corresponding gauge transformations, which vanish in
the flat-space limit, are the general coordinate transformation (or diffeomorphism) of HS
fields. The couplings belonging to Class III have also interesting implications on the global
symmetries: a conclusion similar to the Coleman-Mandula theorem can be derived in our
setting as a consequence of the Jacobi identity.

H- and G-couplings. In the case of (A)dS interactions, we have shown that the classifi-
cations of couplings can be entirely rephrased in terms of the possibility of rewriting them
as H-couplings. Hence, the classification boils down to the question whether a G-coupling
(the coupling given by Y;’s and G) is expressible as a H-coupling (the coupling given by
H;j’s and one of Y;’s) or not. Although, our aim was to analyze the three-massless-fields
interactions, let us briefly discuss the interactions of one massless (gauge) field and two
massive (matter) fields, where the distinction between H- and G-coupling become more
clear. The general solution of the equation (2.3) consists in two parts:

C(Y,Z)=Cu(Y,Z)+ 0py—pse2z Ca(Y,Z) . (7.3)

19 At this point, let us summarize once again what was known before about the general classification of
the HS gauge-symmetry deformations. The results can be categorized into two groups — the metric-like
formulation for flat space interactions, and the frame-like formulation for strictly (A)dS interactions. In
the former case, the minimum number of derivatives of cubic interactions with [E1, E2]¥ = [E2, B3] =
[Es, E1]” = 0 has been identified in [25], but neither for each of the [E;, £;]’s nor for the 623’5. In the
latter case, the non-Abelian vertices, corresponding in our classification to the Class III and IV couplings,
have been constructed in [22] together with the discussions on the Abelian and the Current vertices, which
correspond respectively to the Class I and II couplings.
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p2 —p3 =0 |2 — psl = 2,4,. ..

H-couplings

G-couplings

H-couplings

g

G-couplings

Figure 1. Schematic diagram of the relation between H- and G-couplings

The solutions Cy correspond to what we call H-couplings. Their key property is the
existence of a field redefinition bringing their form to

Cu(Y,Z) = K(Z1,Ya, Y3, Hip, Hy3) (7.4)
that it is manifestly off-shell gauge invariant. On the other hand, the G-couplings Cg are
present only when ps — ug € 27, and they may lead to deformations of gauge symmetries.
Their form is given by

H2*u3) R(Mg*m

Cav,2) = v,y o 20 v e v, 6) (7.5)

G=G(v,2)’
where R(z) = (x + |x|)/2 is the ramp function. The latter H- and G-couplings are not
totally independent, and have a non-vanishing overlap. In particular, when ps — us =0,
all the H-couplings can be written as G-couplings (see figure 1). The physical interpre-
tation of these class of couplings becomes more transparent when one rewrites them as
a coupling between a gauge field and a conserved current bilinear in matter fields. The
question whether the deformation is trivial or not becomes the question whether the cur-
rent is identically conserved or not. The H-couplings (7.4) provide us with the full list
of interactions expressible using identically conserved currents, namely improvements. On
the contrary, the couplings in the coset G/H correspond to those associated to on-shell
conserved currents, namely Noether currents. It is interesting to notice that Noether cur-
rents in (A)dS can involve fields with different masses contrary to the flat-space case. This
means that HS multiplets consisting of matter fields may involve fields of different masses.
As we mentioned, to identify the couplings associated with Noether currents, one
should quotient the space of G-solutions (7.5) by that of H-solutions (7.4). This can be
conveniently done by rewriting them in a common basis (see [46] for more details):

. PE (o2t 5, [os = B, (A 250y 0v,)” (A 220y, 0v,)”
Blosogo(i; Y, Z) = Z [o2 + 03], p! q! .
pTq

p,q>0
x Z7 YV Y, Y7 GL(Y, 2)]Y, (7.6)

where [a], :=a(a —1)---(a —n + 1) is the descending Pochhammer symbol and fi; = ps—
o € 27 . The spins are related to the indices 0;, 71 and v by s1 =01+ v, $0 =02+ 71 +v
and s3 = 03 + 71 + v. In this basis, the genuine Noether couplings correspond to the ones
with o9 + 03 < o1. Let us also stress that the allowed mass difference is bounded by
spins as —2s3 < i1 < 2s3. The corresponding gauge-transformation deformation 5§;f of
the massive fields are given by the general formula (3.7).
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Partially-massless fields. The simple pattern of the non-deforming cubic interactions
of massless fields suggests its straightforward generalization to the partially-massless (PM)
interactions: the couplings which do not deform any gauge transformation (the analog of
Class I) have the form:

-1 M4

C = Z Z leill_lyvlilrl KUZ—101+1(Y2’]§II’FI2’FI3)7 (l = 273)1 (77)

01-1=00741=0

while the couplings which deform only one of three gauge transformation but no bracket
(the analog of Class II) have the form:

M2 M3
C=)Y Y Y¥y¥ K77 (Y1, Hy, Ha, Ha). (7.8)

02=003=0

This conjecture, if true, completes the classification of the PM cubic interactions. We
do not need to consider a possible distinction like the massless Class III and IV, since
PM representations themselves decomposes into standard massless ones in the flat-space
limit. In this way, non-Abelian interactions can be identified simply by the couplings which
cannot be written as above.
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A Transverse and traceless part

In the settings of our works [42, 43, 46], one of the most important ingredients is to consider
the TT part of the vertices separately from the other parts. This enabled us to simplify the
technically involved problem of constructing consistent HS interactions into small steps,
of which the first one — constructing the TT part of the vertices — could be solved
independently from the others. In this appendix, we explain this point by recalling the
demonstration provided in [44].

In the analysis of the gauge invariance condition 65 = 0, it is convenient to split the
interacting action S into two parts: the one which does not involve any divergence, trace
or auxiliary fields (TT part), and the one which does (DTA part). The point is that the
TT part of the vertex can be determined without using any information about the other
part. First, let us note that any functional S can be separated in a unique way into its TT
part and the DTA part as

S = [S]tr + [Slora (A1)
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after removing all the ambiguities given by integrations by parts or field redefinitions.
Moreover, the gauge invariance condition can be also split into two equations:
(0) g(3) ~ (0) g(3) ~
[6O8W] =0,  [098¥] . =0. (A.2)
Second, as the gauge variations of divergences, traces or auxiliary fields are proportional
to themselves up to terms proportional to [ as
[6© [S(3>]DTA]TT ~0, (A.3)
the first equation in (A.2) provides an independent condition for the TT parts, [S®]rr, of
the interactions:
0) g(3) — [50) (3) (3) ~ [§0) (3) ~
[5 S }TT_ [6 {[S ]TT+[S ]DTA}}TTN [5 [S ]TT]TTNO' <A4)
This analysis is valid for any homogeneous condition §“S™ =~ 0 of any order n since
[0O[S™]ppa ] e &= 0. However, it is important to notice that eventual divergence terms
might contribute to the inhomogeneous conditions (1.2) when combined with higher-order
deformations §"=" . Therefore, for higher-order interactions, more careful analysis is
needed. We hope to report on this issue in the near future.

In below, we provide a few more remarks on the issues of restricting to the T'T part:

e Let us recall here an observation made in section 5: as far as the global-symmetry al-
gebra is concerned, the restriction to the T'T part does not filter any information since
gauge parameters associated to global symmetries already satisfy the T'T conditions.

e Let us emphasize once again that in this TT set up, we are not imposing any gauge
condition. Therefore, the deformation §V® is not required to satisfy any condition
such as tracelessness or transversality. Instead, the consequence of the TT-part re-
striction is that we get only a part — but all physically relevant — of the information
on 0 ® | as discussed in the paragraphs after eq. (3.9).

e Finally, let us mention that there is no vertex whose TT part does not induce any
deformation while its other part does. It is because our analysis is based on whether a
given vertex can be re-expressed into a H coupling, whose gauge invariance properties
do not rely on any T'T conditions.

B Constants generated by A

In this appendix, we explain how to eliminate A in terms of proper factors of A. The A,
which was denoted by —d/L in our previous papers, is defined to play the following role
inside of the (A)dS action:

/ A”IAz/dd+1X5[”1(x/eX2—L) <_6> In, (B.1)
(A)dS L
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where Ia is an integrand of the homogeneity degree A. The sign € is positive for dS and
negative for AdS and 6/ is the n-th derivative of the delta distribution. Hence, after
integrating by part the radial variable, one obtains

/' XUA:(A+d—le+d—3y~(A+d—2n+UA"/i In, (B2
(A)dS

(A)ds

with the cosmological constant A = ¢/L?. Therefore, one can see that A" inside of action
generates A" with the above constant which depends on the space-time dimensionality d
and the degree of homogeneity of the integrand I . Although the above replacement is
possible only inside of the action, we can still formally assume the above formulas, since
the degree of homogeneity A is preserved through our analysis.

C Analysis of trivial deformations

Let us first consider the following simple problem: for a given function C' whether there
exists a solution §2(¢) for

(t -V 8Z2 + Y, azl)Q(t;Yi,}/é,Zl,Zg) = C(Yi,)/Q,Zl,ZQ) . (Cl)

To analyze this, we again expand €Q(t) in ¢ as

o0
LY, Ye, 21, Z2) = D tFwi(V1, Y2, 21, Za) (C.2)
k=0

then the equation (C.1) reduces to
w1 =C, wi—1 = (Y102, — Yo 0z,) wi [k=0,1,2,...]. (C.3)
Since the differential operator commutes with the number operators:
N1 =Y10y, + Z2 0z, , Ny =Y50y, + Z1 0z, , (C.4)
while have eigenvalues —1 with
Nz =710z, + Z30z,, (C.5)

we can address this problem in the subspace:

C g ymmnzna—1) (C.6)
where
(Ny, Ng, Ng) Vmzns) — (p) ny p,) Veonens) (C.7)
then the solution belongs to
g € Vmmaneth) ()

The space V("1:"22) ig spanned by the monomials:

m Nz—m
ALAC

(n1,ng.mz) — yM—Nztmymz—m B2
p - .
" ! 2 m! (ny, —m)!
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The image of Q("1"2:"2) by the differential map is spanned by

(nq,ng,nz—1) (n1,mg,nz—1)

max{n, —n1,0} <m < min{n,,na} } (C.10)

while the codomain, the space of C'"1:"2:"==1 "ig spanned by

ny,mo,mzy—1
{pinl nemt

max{n, —n; — 1,0} <m < min{n, — 1,na} } . (C.11)
The two sets span the same space if and only if

ny,<mny or n,<ng. (C.12)
In general we deal with funcitons
C =P Cmrethmanathhon (C.13)

satisfy
1+1<o0; or m+1<o09, (C.14)

then there always exists a solution 2.

D Counting of (A)dS structure constants

In this appendix, we give more details on the counting of the number of independent
(A)dS structure constants. As explained in the text, it is not difficult to see, using spsy
commutation relations, that the general solution for the bracket is given by

F538182 - eZI+Z2 3838182 (G3a H?)) . (Dl)

In particular the generic structure constant F% s, will be a linear combination of the
following independent structures:

ZIQ_v_h Z;l_v_h Gév)rlm H§L , ri+ro—v—2h=rs, (D.2)

where we have used the short-hand notation:

(v)rira . v (lel)k (YQZQ)vik
= . D.
G kg()(k)(rg—v—h—l—k)!(rl—h—k)! (D-3)

Hence, in order to count the independent terms (D.2) we need to find the number of
solutions of

v+2h =81 +8y —5s3—1, v+ h < min[sy, s9] — 1, (D.4)

that is precisely the condition solved in the text.

— 36 —



E No-go for the spin-3 gravitational coupling in flat space

In this appendix, we come back to the discussion on the flat-space gravitational coupling
of HS fields of section 5. The only case left over is the possibility of allowing the bracket:

[T5, T2] ~ T3, (E.1)

induced by the three-derivative 2 —2—3 coupling.?’ If such a bracket exists, then the
r.h.s. of (5.40) with s = s’ = 3 is not zero but ~ T, so that one cannot simply conclude
[Ty, T5] = 0. Before analyzing this case in more detail, let us notice that this case still
excludes any gravitational interactions for spin s > 4 fields, and requires that gravitons be
colored for the non-triviality of 2—2—3 coupling — a very exotic scenario, which we shall
rule out by the following analysis. Consider the spin-2 part of the Jacobi identity:

[[E7, B ] B ]+ T1E BV B )+ [[ B8, BV ] ESP ] =0, (B2)

where the superscript (n) indicates the spin of the associated field. While the last two terms
get contributions only from the bracket induced by the three-derivative 2—2—3 coupling
(hence in total siz derivatives), there exist three possible contributions for the first term:

1. the first bracket by the three-derivative 3—3—3 coupling; and the second bracket by
the three-derivative 2—2—3 coupling (hence in total siz derivatives);

2. the first bracket by the five-derivative 3—3—3 couplings; and the second bracket by
the three-derivative 2—2—3 coupling (hence in total eight derivatives);

3. the first bracket by the four-derivative 2—3—3 coupling; and the second bracket by
the two-derivative 2—2—2 coupling (hence in total siz derivatives).

In fact, the first contribution cannot be considered since the three-derivative 3—3—3 cou-
pling, discovered longtime ago [12], has been shown to be inconsistent in [27]. The second
contribution is neither possible since it involves eight derivatives differently from all other
contributions. The only remaining possibility is the third case, and to examine it we need
the explicit forms of the brackets:

[By, By] = X, (co‘ab Gs Hy BP EY + %5, Hy B B + d®g, Gs Ef E;) . (E3)

where the Killing tensors E;’s contain both the spin-2 and spin-3 parts with Chan-Paton
factors labelled respectively by «, 8 and a, b:

Ei=X,E® + Y, Ef. (E.4)
The coefficients ¢%q,, f*g, and d%g, are the corresponding structure constants of the
internal symmetry. Plugging eq. (E.3) into the Jacobi identity (E.2), one gets
1 (F%a o+ [0 [ ga) Z1a(Y12 Yor — Wi Z1a + Yi3 Yor — Wig Z12) (Yas Yao — Waz Za3)
+d%gy 7oy (Y12 Yor — Wia Z12) (Y12 Y3o Zog + Y12 Y31 Zoy + Y13 Yo1 Z34
— Y12 Yo3 Z34 — Yo1 Y31 Z14 — Y21 Y32 Z14) = 0, (E.5)

20Notice that all 2—2—s couplings are Abelian for s > 3 so that the only case in which they might play
any role for HS algebras is the s = 3 case.
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where (W, Yij, Zij) = (Ox,- 9x;, v, Ox;,0v; Ou;) , and the equality holds when it acts on
the Killing tensors Ef E’Qb E’f . Apparently, this expression as a function of the variables
Wi;,Yij, Zi;'s is not identically zero. However, one should examine all possible identities
of such variables due to the properties of Killing tensors. For that, we have evaluated the
expression on the generators of the type:

E" = [(W)un UM XN (E.6)

with antisymmetric constant matrices W;’s. This has been carried out with the help of
Mathematica and we found that the relation (E.5) cannot hold for non-trivial internal
structure constants c¢%q,, f*g, and d*g, .
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