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Abstract

In the 1980s, Berends, Burgers and van Dam (BBvD) found a nonabelian
cubic vertex for self-interacting massless fields of spin three in flat spacetime.
However, they also found that this deformation is inconsistent at higher orders
for any multiplet of spin-3 fields. For arbitrary symmetric gauge fields, we
severely constrain the possible nonabelian deformations of the gauge algebra
and, using these results, prove that the BBvD obstruction cannot be cured by
any means, even by introducing fields of spin that are higher (or lower) than 3.

PACS numbers: 11.15.—q, 11.30.Ly

1. Introduction

One of the main features of higher spin theories is that apparently the only way of building
a nonabelian interacting theory is to consider an infinite set of fields with an unbounded
value of the spin. Such an interacting theory is by now well known: Vasiliev’s equations
[1-3]. These equations admit (anti) de Sitter spacetime (A)dS as an exact solution, but not
the flat limit case with vanishing cosmological constant. The theory [1, 2] can be given a
Lagrangian formulation [4], albeit of a non-standard type. It has been proved recently [5]
that an interacting nonabelian theory built as a perturbative deformation of the free Fronsdal
theory in (A)dS spacetime [6] and containing an infinite tower of totally symmetric tensor
gauge fields with unbounded spin, does not admit any consistent flat limit. There are thus
doubts about the mere existence of a nonabelian theory around Minkowski spacetime.

To emphasize this, we show in this paper that a standard requirement of higher spin
nonabelian interactions in Minkowski spacetime cannot, at least in dimension 4, solve the
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usual flat-space interaction problems. Some years ago, Berends, Burgers and van Dam
(BBvD) exhibited a pure spin-3 nonabelian cubic vertex in flat spacetime [7], and then found
that this vertex cannot be further extended to higher orders in deformations if only spin-3 fields
are considered in the spectrum of fields [8]. A similar result had also been obtained in [9].

In more technical terms, an obstruction to the existence of pure spin-3 quartic deformations
appeared. In the light of this negative result, they brought the idea that the obstruction, as well
as others of the same kind, could probably be cured by introducing fields of spin higher than
3. Recursively, this would suggest that every value of the spin is needed in order to build a
nonabelian higher spin theory in flat spacetime.

In this paper, we actually prove that the BBvD vertex is in fact strongly obstructed in the
dimension strictly higher than 3, in the following sense: even upon introducing higher (and/or
lower) spin gauge fields, it is not possible to cure the obstruction brought in by the spin-3
BBvD vertex found in [7]. The very reason for this strong obstruction in flat background is
that, as opposed to what happens in (A)dS background, the number of derivatives involved
in an expression constitutes a well-defined grading that increases with the value of the spin.
In (A)dS instead, the non-zero commutators of covariant derivatives introduce expansions in
powers of the cosmological constant involving different numbers of derivatives. Furthermore,
these expansions in powers of the cosmological constant are precisely what prevents one from
considering a consistent nonabelian flat limit of the (A)dS theories, as was mentioned already
in [10, 11].

The paper is organized as follows. In section 2, we review Fronsdal’s theory in the
antifield formulation, as well as the cohomological reformulation of the consistent deformation
problem. In section 3, we present our theorem on the lowest order deformations of the gauge
algebra arising from local cubic interactions between totally symmetric higher spin gauge
fields in flat spacetime. This is used in section 4 in order to address the specific case of the
BBvD vertex. In section 5, these results are briefly summarized as a conclusion.

2. Antifield formulation and consistent deformations

We use the antifield formalism [12—-15] to derive our results on consistent deformations of
Fronsdal Lagrangians [16]. The BBvD vertex only involves the spin-3 gauge fields, but since
we allow them to mix with other gauge fields, we recall the Fronsdal Lagrangian for an
arbitrary spin-gauge field in flat spacetime, as well as the corresponding antifield formulation.

2.1. The Fronsdal Lagrangian

The field denoted by ¢ , is a totally symmetric field of spin s, and double-traceless:
priteptatiagd = 0. The index a labels a given set of fields with various values of the
spin. The Fronsdal tensor reads

Sa(su - 1)
F;Zl---/lv.m = D¢Zl---um ~ Sa apa(mqsﬁz---um)ﬂ + 2 a(’“ amd)/f””'““'”)’ 0

where ¢'¢ stands for the trace of ¢%. The Fronsdal tensor is invariant under the gauge
transformations:

a _ a
55‘1)#1...#&“ = Sa a(méuzmum)’ 2)
where the gauge parameter £¢ is traceless. The generalized Einstein tensor is defined as
a _ pa Sa (Sa - 1) ra
Gul...um = FM]---M:“ - T n(usz H3eefhsg) " (3)



J. Phys. A: Math. Theor. 43 (2010) 185401 X Bekaert et al

Finally, the Lagrangian can be written as

1
Lr=5) 0" Gy, @)

2.2. Antifield formulation

A set of fermionic ghosts Cj; ,  is introduced, with the same tensorial structure as the
associated gauge parameter. In particular, the ghosts are traceless. They carry a pure ghost
number 1 (also denoted pgh C* = 1). Then, two families of antifields are associated with the
fields and the ghosts: the fermionic antifields qu;“ I+t and the bosonic antifields C:f” frHoa=t
The antifield number (denoted antigh) counts the number of antifields with the following
weight: antigh ¢} = 1 and antigh C} = 2.

The longitudinal derivative y has a vanishing action on every field except ¢¢, for which

y¢zl...ma = Sa 9y, CZz»--um)' o)

On the other hand the Koszul-Tate differential has a non-vanishing action only on the antifields:

Ly
Syt = — " and
8¢M1---Itm (6)
gy gy - (s—DG—=2)
SCaMI Hsg—1 — 59 aul Hsq—1P (12 p*/ 3. g —1) 0 ,
sa”[d) n+2s—6 2
where n denotes the dimension of the flat spacetime.
0)
The generator W, also called ‘solution of the master equation’, is then introduced:
© KLl a n
W= [|Lr+sa Yy ¢ " 0,Co , |dx. (7)

Let us define the antibracket (we denote collectively the fields and ghosts as ®' and the
antifields as ®}):

sLASRB  sLASRB

(AB)= —— —— — ————.
3D SDF D} 5D

(®)
(0)
The generator satisfies (W, A) = sA where s = § + y is the BRST differential of the theory.

2.3. Cohomology of vy

In this section, we introduce our notation for the cohomology of y (whose elements are
called invariants). It has been shown [17] that the local functions of H*(y) for a spin-s,
Fronsdal theory in flat spacetime only depend on the antifields, the Fronsdal tensor F¢

H1eeefhsg ?
the curvature tensor K, |, , (which consists of s, curls of the field) and their derivatives,

as well as some non-y-exact ghost tensors, denoted U;(Li])jll...m,-vflv,-ﬂ...vg _, (@ < s,), that are the
traceless part of the i times antisymmetrized ith derivatives of the ghosts. For example (i = 1)

a a (s —2)
U() 1=a[lilc

Vi V2.V, - vilvpvg—t n+2s —4
Of course, the zeroth tensor (i = 0) is the undifferentiated ghost itself. More generally,
the ghost tensors U (ha . give irreducible representations of the Lorentz algebra

V] i Vi Vi Vg, —
o(n — 1, 1) labelled i))]/ Young ldiagrams made of two rows of respective lengths s, — 1 and

My, 0° C ©)

V3.5, —1)|vip”

3
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i < s,. This property will be extremely useful in order to classify the nonabelian cubic
deformations.

In the case of a sum of Fronsdal theories, the cohomology of y is simply the direct product
of the cohomologies of the separate theories. The cohomology is thus the following set of
functions:

H*(y) = {f([®F], [F*],[K“], C*, UD")}, (10)

where the square brackets around a field denotes the corresponding field and all its derivatives.
The functions f are polynomials in the local case (and the number of derivatives is bounded
from above).

2.4. Consistent deformations

The problem of consistently deforming a free theory, like Fronsdal’s theory, into a full,

interacting theory, can be reformulated within the antifield formalism [13]: if one considers an

©0) (1) ()
expansion of the generator W in terms of a parameterg: W = [w = W +g W +g> W + -+,

then the deformation is consistent if the full generator satisfies the master equation (W, W) = 0

to all orders in g. Since Fronsdal’s theory is consistent, the initial generator satisfies

0) (0)
(W, W) = 0, which implies that s is a differential (s> = 0).

© (@D (1 (1
The first-order equation is (W, W) = s W = 0. In the case of a local deformation, W
. 1) . [€))
must be the integral of a local n-form a := (w and the equation s W = 0 becomes a s-cocycle
relation modulo d:

sa +db=0, (11)
where the operator d denotes the total exterior differential. Since s-exact and d-exact terms

in the cocycle (zb) correspond to trivial deformations, the first-order inequivalent deformations
are described by the cohomology class H%" (s|d), see [13, 14].

The obstructions under consideration in this paper arise when checking whether the
first-order vertices satisfy the master equation at second order, the local form of which reads

1 1 2
W, Wyd'x = —Ls W +de. (12)

2.5. Cubic vertices

It has been shown, for values of the spin up to 4, that the only first-order nonabelian solutions
of the local master equation in flat spacetime are cubic in the fields, ghosts or antifields [5,
18-20]. For the spin-2 fields, this allows one to show [19] that Einstein’s gravity is the only
nonabelian consistent deformation with at most two derivatives of the free Pauli—Fierz theory
in the dimension n > 3. For the spin-3 case, we know [20] that the BBvD vertex is one of
the only two possible nonabelian first-order deformations of the spin-3 Fronsdal theory. For
values of the spin strictly greater than 4, it is still not proved within the antifield formalism
whether other kinds of deformations are possible, for example starting with a quartic first-order
vertex. However, the problem consisting in computing cubic first-order deformations can be
addressed. As will be shown in the next subsection, the classification of the candidates is
severe enough to put strong constraints on the allowed number of derivatives and on the gauge
structure of the deformation, depending on the spins involved. Let us also mention the very
powerful light-cone gauge method used in [21, 22].

4
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The components of the generator w carry a ghost number 0, which means that their
antifield number is equal to their pure ghost number. Hence, for cubic deformations, only
expressions with at most antifield number 2 will appear, since the pure ghost number of any
individual field is at most 1 in Fronsdal’s theory. Therefore, the cubic first-order deformation
can be expanded in the antifield number @ = ag + a; + a, and the master equation decomposes
into the following system of equations:

yaz =0, (13)
802 +ya +db1 = 0, (14)
3611+)/a()+db0 =0. (15)

The component a; contains the information about the first-order deformation of the (a priori on-
shell) gauge algebra. The nonabelian deformations are thus characterized by a non-vanishing
a, component. A cubic a; is linear in the number 2 antifields and quadratic in the ghosts; it
does not depend on the fields. Consequently, the gauge algebra closes off-shell at first order
in the deformation, for cubic vertices. Moreover, the top form a, is y-closed by equation (13)
and any y-exact term is trivial in the sense that it is the antifield number 2 part of an s-exact
term in a. Thus, a, can efficiently be written as a representative of H>(y). Finally, a, is
defined modulo d, which allows one to only consider undifferentiated antifields. Therefore,
without loss of generality, the general structure of a, reads schematically
a = fiig) CoUDP U d"x, (16)

where f\ ;) are the internal coefficients. This expression of a, encodes the structure
constants of the gauge algebra, at first order in the deformation. A Poincaré invariant a; is
Lorentz-invariant (the spacetime indices must all be contracted) and does not explicitly depend
on the spacetime coordinates; therefore, the coefficients fb"c| (i)(j) are constants.

Finally, the component of the maximal antifield number of the second-order
equation (12), which is the test that we use to exhibit the obstructions, reads

(a,ap)d"x = ycp +dep. 17

This equation is the translation, within the antifield formalism, of the lowest order component
of the Jacobi identity for the gauge algebra.

3. General results on the gauge algebra deformations

In this section, we provide general arguments that simplify the classification of the cubic
nonabelian deformations for an arbitrary spin configuration. For any cubic configuration of
the type s — s" — s” (i.e. including fields of respective spins s, s" and s”), with s < s' < s”,
there is a small number of possibilities of building consistent a, expressions, and only some
of them are related to a consistent a;. As we said previously, a cubic a, can always be written
in the form

a = C*UPUDdx +y(...),
where the U® are non-y-exact ghost tensors. A strong constraint on such candidates a; is
that the product U@ U of ghost tensors (in general, with implicit contractions of indices)
must be contracted with the antighost C* which is itself a symmetric Lorentz tensor. The
Littlewood—Richardson rules will be used throughout this section in order to analyse all
possible contractions of the indices from the two ghost tensors and the antifield®. With the

3 More precisely, the specific rules for the product and division of the Young diagrams are applied here (see e.g. the
appendix A of [17] for a self-contained review of these Littlewood—Richardson rules).



J. Phys. A: Math. Theor. 43 (2010) 185401 X Bekaert et al

help of these rules, we will show that the previous constraint implies several strong conditions
on the allowed values of the numbers of derivatives i, j and of the spins s, s and s”.

3.1. Product of ghost tensors
Let us consider a product of two ghost tensors U and U, corresponding respectively to
the spins s; and s, (with 57 < 7).

(A) Firstly, we may study the minimal number of free indices in that product (in other words,
the maximal number of contracted indices).
(A.1) If i < j, all of the indices of U can be contracted with s; +i — 1 indices of U,
Let us visualize in terms of the Young diagrams that the symmetry properties of the
tensors resulting from the maximal contraction of indices:

U : , U :

= Maximal contraction : e[s; — s1|®[] —7]if j < 81
. @{sé—slﬂ—z—a\ ifj—iz>a>j—s+1>0.
a

Since UY) bears s, + j — 1 indices, the minimal number Ny, of free indices is
s, — s1 + j — i. Furthermore, these free indices can be symmetrized if j < s; since
there is a component [S9 — 81+ 7 — 1] in the tensor product. If j > s;, no
contraction of the two tensors U can be symmetrized and thus no Lorentz invariant
a, can be built. Consequently,

max{i, j} < s;
in order to have symmetrizable free indices, as can be seen for the other case as well.
(A2) If j <i < 51 < 57, let us visualize the ghost tensors as

U . s, —1 |, UY . sp—1 [s2 — 51,

The maximal contraction is obtained by contracting the s; — 1 boxes and the j boxes,
which leaves one with a product: [S2 — $1| ® [2 — 7| , which always involves a
totally symmetric component. Explicitly, this reads

Opvr vl st Bilec i Bimjl st pts; -1 7 7G)
Y UﬂlVl\---llijvj\ltf+1---u.c2—1’ (18)

The B indices are free and there are s, — 51 free u indices. The minimal number Ny,
of free indices in this case is thus s, — s +i — J.

The two cases can be gathered as
Nmin=S2—S1+|i—j|. (19)
(B) Secondly, the maximal number of free indices that can be symmetrized in a product
UDUY) may also be studied.
(A.1) If i < j < s1, then j pairs have to be contracted:
U9 ] [si =717 yu: So— 1 |
7] ’ 1] 20
If one contracts less than j pairs of indices, some indices remain in the second line

of UY) and the result cannot contain any totally symmetric component. This leaves
us with s; + s, +i — j — 2 free indices.
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(A.2) Ifi > j, in the same way i pairs have to be contracted, leaving s; + s, +j —i — 2
free indices.

Thus, the maximal number of free and symmetrizable indices in the tensor product of the
two ghost tensors is

Nmax:Sl+52_|i_j|_2- (21)

3.2. Bound on the difference of the number of derivatives

After these general considerations on allowed products of two ghost tensors U® and U, let
us now consider again a candidate for a,, for a configuration s — s’ — s” with s < §' < s”.

Firstly, it is noted that there are no nonabelian deformations if s” > s + s’. For example,
there is no way of building a 1 — 1 — s deformation if s > 2, or a 2 — 2 — s deformation with
s > 4. This property comes from* the fact that the product of two Young diagrams whose first
rows have lengths s and s” cannot contain a Young diagram whose first row has length s” with
s >s+5.

Secondly, we can show a stronger property that involves the numbers of derivatives i
and j. Three cases have to be studied, related to the spin of the antifield. In the case of
a spin-s antifield C*#-+#s-1 the minimum number of free indices in the product UP U is
s” —s'+i — j|. In order for a, to be Lorentz-invariant, every index must be contracted; hence,
the former number must be lower or equal to the number of indices of the antifield. We thus
obtain the following relation: s” —s" + |i — j| < s — 1. In the case of a spin-s’ antifield,
the same argument can be applied; it leads to the relation s” — s + |i — j| < s’ — 1, which
is the same as the first one. Finally, in the case of a spin-s” antifield, the minimal condition
s’ —s+|i — j| <s” —1is always satisfied, sincei < sand j < s imply |i — j| —s < 0
while, moreover, s’ < s”. On the other hand, in this case, we have to consider the fact that
the maximum number of free symmetrizable indices must be greater or equal to the number
of indices of the antifield: s +s" — |i — j| — 2 > s” — 1, and we obtain once again the same
condition.

Thus, for any combination of the fields, the spins have to satisfy the inequality

s+s —s">1i—jl>0. (22)

This provides an upper bound on the difference between the numbers of derivatives in the two
ghost tensors.

3.3. Conditions on the total number of derivatives

If we want to build Lorentz-invariant and parity-even expressions, the total number of indices
has to be even. For an antifield of spin s3 and the ghost tensors U ") of spin s; and U of spin
s,, the numbers of indices are s3 — 1, s;+i — 1 and s+ j — 1, for a total of 51 +s, +s3+i+j — 3.
Thus, we find that, for a configuration s < s’ < 57,

s+s'+s"+i+j=1 (mod?2). (23)

Furthermore, let us emphasize that the total number of derivatives i + j is bounded. As
was mentioned in subsection 3.1, the numbers 7 and j must be strictly lower than the spins of
the two ghost tensors in order for the free indices to be symmetrizable. If U is of spin s; and

4 Note that this property follows from purely diagrammatic reasoning and therefore also applies in AdS. Indeed, it
can be checked that the structure constants of the higher spin algebra in [3] obey this bound.
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UY is of spin s, with s; < s, theni < s; —1and j < s; — 1. Thus, we obtain the condition
i+j < 2s; —2. If we consider a candidate for a, , this condition immediately shows that

i+j <2 —2. (24)

More, precisely, if the spin-s antifield is considered, then the upper bound is 2s” — 2. If either
the spin-s’ or s” antifield is considered, the upper bound is even lower: i + j < 25 — 2.

3.4. A general theorem and a particular candidate

Let us summarize all previous considerations in the following theorem.

Theorem. Given a cubic configuration of fields with the spins s < s’ < s, the possible

Poincaré invariants a, = C*UDUY d"x are contractions of an undifferentiated antifield
number 2 antighost and of two ghost tensors, involving i and j derivatives. The spins and the
numbers of derivatives have to satisfy the following properties.

e 0L i —jl<s+s —s"
e s+s +s"+i+jisodd
o In the case of a spin-s antifield: i + j < 25’ — 2.
In the case of a spin-s’ or s” antifield: i + j < 2s — 2.

To end up this section, let us mention that the candidate a, with the highest number
of derivatives i + j = 25’ — 2 always satisfies equation (17) due to the large number of
derivatives involved in it. Let us also show that the same candidate a, satisfies equation (14),
i.e. a corresponding first-order deformation of the gauge transformations exists. This is less
obviously seen than the previous property: we do not provide the corresponding a; explicitly
but the equation ensures that it exists. In the case of an even number of derivatives (in other
words when the sum s + 5" + s” is odd), the candidate with 25’ — 2 derivatives reads
ay = CHte UD(ZTP]|1~?~\DZJ.P)~|M|P)\+1|~~~\M;’47105’71

(s"=Daypi]...|ax o1 Paet ]| Py -1l n
x U : d"x 25
[y Moy —23—2 oy —2p—1++-Hs—1 ’ ( )

e
where A = %

. In terms of Young diagrams, this contraction can be seen as follows:

U AT s — A1 .

s —1 e s —1

)

C AT = A—1],0¢ V. [AF A1

(26)

The variation of this expression under delta takes the form

(s—D(s—2) - .
Sa, =d(...)+ Ky 7 TN (12 g/ wsetts-Dits g 17" =D =Dy
a=dl(..) s[(p TOES AN },Ls[ ]

The action of 9,,, on the spin-s’ tensor U =1 js automatically y -exact because it is not possible
to take one more curl. Actually, the action of d,,, on the spin-s” tensor U~ is also y-exact
because the contraction of all free ¢ indices with the symmetric indices of the factor linear in
the antifield ¢* prevents any more curls.

The case of an even sum s + s’ + s” is a bit more complicated. There are two possible
terms that have to be proportional in order for a; to exist:
ay = aCH Ul£3101|l~?»|0t»\m\ﬂlm+l\---|I/-SL~A710SL]

< U(S,*Z)alpl‘---mkpk‘ Pt ]| Py —2lps -1 d"x
Mg’ i, Hag’ 233 Has! 232+ Hs—1
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+ BCHHs U(S/—z)

a1 p1|-lex pal 1 prat |-y —s 2Py 2|0y 1

(s"= D pi]...lee pr | Part ]| py—il n
x U : d"x 27
My -1 Mag/—23—3 Hagl—2p—2 - Hs—1 ’ @7)

where A = (s’ +s” — s — 2)/2 and «, B are coefficients. In terms of Young diagrams, these
contractions read

cr A1 "= —2 ],y [ ls’fA—ll,UEil_Q): A 5" —A—2 [1]

)

s —2 s’ —2
and
(SRR S = I = W N ) = W N\ D W = = I
y Al —A—72 s s —1

This time, the computation of §a, consists of four terms. The term involving the derivative
of the spin-s’ tensor U S(,S s automatically y-exact and the term where the spin-s” tensor

U :;f/fl) is differentiated is y-exact, thanks to the same arguments as for the odd case. On the
other hand, the terms where the U ' ~? tensors are differentiated are problematic. Fortunately,
the non-y -exact terms that appear are the same in the two expressions and the coefficients «
and B can be fitted to obtain a y-exact result.

4. Proof of the strong obstruction on the BBvD vertex

The BBvD first-order deformation [7] has been obtained in the antifield formulation in [20].

. . DA i @A :
We denote the spin-3 ghost tensors T,fv‘ p = .U;(w)l o an.d U,fv\ po = L W)‘ s The antifield
number 2 component a, of the BBvD deformation contains two derivatives and reads
3
A KLV B C B C B C
a2 ppop = [ pcCy |:T;w¢|ﬂTv o — 27,087, Plo 4 EC aﬂUﬂavﬂi| d"x +yc, (28)

where the capital internal indices span the multiplet of spin-3 fields. The corresponding
cubic vertex ap ggyp contains three derivatives. It has been shown [20] that the second-order
expression, (a2 BBvD, d2,BBvD) as in equation (17), presents an obstruction containing terms of
the structure C*TTU and C*CU U, that are not y -exact modulo d, and cannot be eliminated.
The coefficient of the obstruction is fapc fjz» Whose vanishing implies the vanishing of the
deformation itself. Let us note that, in dimension 3, since Uoﬁsw s = 0, the BBvD candidate
passes the test. In dimension 4, some Schouten identities could imply the weaker associativity
condition f gic f 1‘5‘] g = 0; however, this still implies the vanishing of f4p¢ in the end.

Furthermore, a new nonabelian cubic vertex with five derivatives was found in [20].
However, it vanishes in dimension 3 where the BBvD candidate involves the maximal possible
number of derivatives. In dimension 4, it has been shown that Schouten identities imply the
vanishing of the corresponding component of a,; thus the five-derivative deformation is abelian
in that case. Let us remark that the case of dimension 3 is a bit special, since traceless tensors
associated with a Young diagram whose first two columns have length 2 identically vanish®.
This implies that every field strength vanishes on-shell, which only allows topological theories,
for spin > 2.

5 More generally, in dimension n, any tensor associated with an irreducible representation of o(n) (and thus traceless),
whose Young diagram is such that the sum of the heights of the first two columns is greater than n, identically vanish
(see [23], p 394). Let us remark that, for n > 4, two-row tensors, such as the traceless part of the curvature or the
strictly non-y-exact ghost tensors, are never constrained by this condition.
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We now want to prove that no other a;’s can provide the same kind of terms that could
compensate the obstruction. First, the antibracket (a» pgvp, @2, Bevp) 1S 0f course quartic in
the spin-3 fields (in the extended meaning of fields, ghosts or antifields) and it contains four
derivatives. It can only be compensated by terms in another antibracket (a,, a;) which have
exactly the same structure. The only possibility of getting terms quartic in the spin-3 fields is
to take (a, a;) of two expressions with the same spin configuration s — 3 — 3. Then, the first
rule of our general theorem ensures that 1 < s < 5. The nonabelian 1 —3 —3and2 -3 —3
deformations have been completely classified [5, 24]: in both cases, there is only one solution,
whose a; is linear in the antifield with lowest spin (1 or 2) and antifield number 2. These
candidates satisfy trivially (a,, a;) = 0; hence they cannot help for the BBvD obstruction.

To complete the argument, we have to investigate the 3 —3 — 4 and 3 — 3 — 5 cases. Itis
rather simple: we will prove that the only a, candidates that are related to a; contain at least
three derivatives, which is sufficient to be sure that no obstruction containing four derivatives
will arise. The results of those two cases are presented in the next two subsections. The results
are sufficient to establish the inconsistency of the BBvD deformation in the dimension greater
than 3, in the parity-invariant case, thereby invalidating the hopes expressed by the authors
of [7, 8] concerning a possible solution of their problem by the addition of totally symmetric
higher spin contributions. Therefore, in flat spacetime, their spin-3 self-coupling is definitely
inconsistent and no totally symmetric higher spin field can cure this problem contrary to the
general belief. It is only in (A)dS that this candidate can play a role, as suggested by the
Fradkin—Vasiliev cubic vertices [10, 11].

Remark. The a; components that are considered in the following for the 3 — 3 — 4 and
3 —3 — 5 cases are not proved to be part of consistent first-order solutions. Anyway, since we
seek a negative result, it is obvious that if the obstruction remains when considering all of the
candidates, it would remain a fortiori if these candidates are obstructed at first order.

4.1. Study of a in the 3 — 3 — 4 case

Let us use the theorem of subsection 3.4, with s = 5" = 3 and s” = 4. The sum of the spins
is even; thus, the number of derivatives in a, has to be odd. The maximum is 25’ — 3 = 3.
Furthermore, the difference between the numbers of derivatives acting on the two ghosts
obeys |i — j| < s+’ —s” = 2, and is thus equal to 1. The possible strictly non-y-exact
Lorentz-invariant expressions with one derivative read

(1) ( ) (3)
AB C*uvpCAa av|p’ AB C*AHVT4a|ﬂCum37 AB C*A;chBpUU(l)lva
(29)
Those with three derivatives are

(4)AB C*;prAalﬂU 0B
va|pB?

(5>A3 Auv B ©
— c*Awv aﬁlyUaﬁwuw’ 30)

©4p *Apy (DaBly
t 48 =yl wplynU V-
The spin-4 internal indices have not been written explicitly since no symmetries can arise

involving them (similarly, in the next section, the spin-5 indices are not written as well). Let
us check that the candidates with three derivatives are related to a;:

6 */ A
po V‘Y| B
valop ~ 5 U Usilop-

)
§ t "% = divergence + y (...) + 4" UL PUE (31)

10
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This term is antisymmetric in A B; thus, a symmetric set of coefficients ensure the vanishing
of the non-y-exact terms. The variation under § of the two other terms provides the same

5)
- «ApvpyrBeaBl v (2 . L
non-y -exact term ¢ U™, Usgly > 50 they vanish if 7

coefficients. Finally, we get as candidates with three derivatives

a5 = kam CM T VUR, o d'x + L O[T UG

(6) .
AB and t “8 have opposite

_ Uoﬁ‘ﬂyuU(l)aﬂlyv] d"x. (32)

On the other hand, the candidates involving one derivative are obstructed:

(1) . 3
§ t 48 = divergence + y(...) + 4(¢*“W’a — 271(’“}(/)*/’))0) [—TAag\,LTaliw + C,fanlep]_

(33)

N § OB . - . . .
All the terms vanish if ¢ 4? is multiplied by a symmetric coefficient, except one proportional

to the trace of ¢*: =% ¢***CA® U5 This obstruction cannot be removed. The variation
n+2 av|op

(@) 3) . .
under § of 7 4% and 1 ** contains the obstructions ¢**** U2 | C, % and ¢p*Anvr CoP Uﬁh}ﬁlp'
Finally, the only possible 3 — 3 — 4 deformation contains three derivatives in a,. Even if the
vertex exists, which is not sure, the only terms in (a3, a2 3) contain six derivatives. This

cannot remove the obstruction of the BBvD deformation.

4.2. Study of ay in the 3 — 3 — 5 case

The theorem of subsection 3.4 ensures that the number of derivatives in a, is even, and is
not greater than 4. Furthermore, the two ghosts bear the same number of derivatives, since
|i — j| <3+3—5 = 1. There are candidates with four, two and zero derivatives. Once again,
only the candidates with four derivatives satisfy equation (14). The possible terms with no
derivatives are

(1) )
utt =cvoch cl and Ut = CHCPOC, . (34)

Those with two derivatives are

G ap __ v uvpo o Aa B ®ap _ *Apv g BaBly (1)

u't==C T Tapio and u'?==C T Usgly v- 35)
Those with four derivatives are

O)AB _ wpvpo prAal BrrB O AR _ wpvyraBlysy (2

u’?=0C U, " Upiop and ut =Cc"y UoBlysiu- (36)

(€)) 3 (5 . . . .
Let us note that u A8, w48 and u 48 are naturally antisymmetric over AB. It is quite

. (&) . . .. .
obvious that § # 4% is y-exact modulo d because the third derivative of the spin-3 ghost

. (6) L.
are y-exact. Then, we can consider § u 48, which is y-exact modulo d, for the same

reason than the previous one and because d(,U @ap Wlw) is y-exact. On the other hand,

)AB

. . . (€)
obstructions arise for any of the other candidates. For u “”, one of the trace term

. . . . 4 . .
remains, which is proportional to ¢*'#'* Ulfmr UTBD‘V‘J. For u“%, the obstruction consists
of two terms, proportional to ¢*A#vrT Bebly Uo(z;zﬂ)ly sy @nd C*P Y Bap ‘pro(zii)ly .- Finally,

B

. o . Doap . . .
with no derivatives, the obstruction of u arises once again in the trace terms, it is

. . () . .
proportional to ¢*'*** T/}, CP* . The obstruction of u*# consists of two terms proportional

to gp*Anve CBap Ux(nlx)lﬂuv and ¢*4**?TP*FC, 5. None of those obstructions can be removed;

the only possible cubic a; thus involves four derivatives. Thus, any (a,, a;) term involves eight

11
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derivatives, this can of course not remove the BBvD obstruction. Since we have considered a
spin greater than 4, we are not sure if the cubic deformations are the only possible ones, but
any solution of degree higher than 3 will provide terms of power higher than 4 in (az, a»),
which cannot compensate the BBvD obstruction either.

5. Conclusion

Within the antifield formalism and in the case of cubic vertices between symmetric tensor
gauge fields of any integer spins, we have introduced a set of criteria for the construction
of consistent deformations of the gauge algebra. Equivalently, these criteria are conditions
on the structure constants of the gauge algebra at first order in the coupling constants. We
have then shown that the Berends—Burgers—van Dam spin-3 vertex is obstructed at second
order in the coupling constants, even if one introduces other symmetric tensor gauge fields in
the theory. This invalidates, in Minkowski spacetime, the argument according to which the
obstructions arising for a given set of values of the spins can be cured by terms involving
higher values. This argument is related to the standard lore that an infinite tower of
fields with unbounded spin is needed in any consistent higher spin gauge theory. While
this general expectation is not questioned, our result confirms some doubts about the mere
existence of any consistent nonabelian Lagrangian formulation for higher spin gauge fields
in four-dimensional® Minkowski spacetime, which would be obtained as a perturbative local’
deformation of Fronsdal’s theory. For flat spacetimes of higher dimensions, our results suggest
that presumably all nonabelian cubic vertices containing only totally symmetric gauge fields
and involving a number of derivatives which does not saturate the upper bound that we found
become inconsistent at second order because their gauge algebra does not close®. More
precisely, our argument essentially relies on the numbers of derivatives. Consistent first-order
vertices must involve a minimal number of derivatives. This minimum number increases
with the values of the spin of the three fields contained in the cubic vertex. The number
of derivatives is a good grading in flat spacetime, so the second-order equations involving
different types of vertices are, most of the time, linearly independent (because they contain
different numbers of derivatives). We can conjecture that many consistent cubic deformations
in Minkowski spacetime are strongly obstructed in the same way. However, in (A)dS the
number of derivatives is not a proper grading and we expect that the obstructions exhibited
for the flat-spacetime vertices do not show up in (A)dS, so that the Fradkin—Vasiliev cubic
Lagrangian [10, 11] (see also [27, 28]) could be completed to give a fully consistent nonabelian
Lagrangian theory to all orders in the coupling constant.
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© The pure spin-3 nonabelian cubic vertex found in [20] exists only in higher dimensions (n > 4), but this one is not
obstructed at the level of the gauge algebra. Nevertheless, the existence of a corresponding quartic vertex remains an
open issue.

7 Our assumption of perturbative locality means that each term in the power expansion in terms of the coupling
constants must be local (e.g. each term in the expansion of the cubic string field exponential vertex is local, order by
order in the string length).

8 These remarks only concern nonabelian deformations, i.e. such that the algebra of gauge transformations is
noncommutative. Note that examples of nonlinear Lagrangians for massless higher spin fields in flat spacetime which
are consistent at all orders, do exist (e.g. the interactive theories [25] obtained from the tensionless limit of cubic
string field theory) but their gauge algebra is abelian (see, however, the recent paper [26]).

12



J. Phys. A: Math. Theor. 43 (2010) 185401 X Bekaert et al

References

(1]
[2]
[3]

[4]
(3]

[6]
[7]
[8]

[9]
[10]

(11]
[12]
[13]
[14]
[15]

[16]
[17]

(18]
[19]
[20]
[21]
[22]

[23]
(24]

(25]

(26]
[27]

[28]

Vasiliev M A 1990 Consistent equation for interacting gauge fields of all spins in (3+1)-dimensions Phys. Lett.
B 243 378-82

Vasiliev M A 1992 More on equations of motion for interacting massless fields of all spins in (3+1)-dimensions
Phys. Lett. B 285 225-34

Vasiliev M A 2003 Nonlinear equations for symmetric massless higher spin fields in (A)dS(d) Phys. Lett.
B 567 139-51 (arXiv:hep-th/0304049)

Boulanger N and Sundell P (in preparation)

Boulanger N, Leclercq S and Sundell P 2008 On The uniqueness of minimal coupling in higher-spin gauge
theory J. High Energy Phys. JHEP08(2008)056 (arXiv:0805.2764 [hep-th])

Fronsdal C 1979 Singletons and massless, integral spin fields on de Sitter space Phys. Rev. D 20 848-56

Berends F A, Burgers G J H and Van Dam H 1984 On spin three self interactions Z. Phys. C 24 247-54

Berends F A, Burgers G J H and van Dam H 1985 On the theoretical problems in constructing interactions
involving higher spin massless particles Nucl. Phys. B 260 295

Bengtsson A K H 1985 On gauge invariance for spin 3 fields Phys. Rev. D 32 2031

Fradkin E S and Vasiliev M A 1987 On the gravitational interaction of massless higher spin fields Phys. Lett.
B 189 89-95

Fradkin E S and Vasiliev M A 1987 Cubic interaction in extended theories of massless higher spin fields Nucl.
Phys. B 291 141

Henneaux M and Teitelboim C 1992 Quantization of Gauge Systems (Princeton, NJ: Princeton University Press)
520 p

Barnich G and Henneaux M 1993 Consistent couplings between fields with a gauge freedom and deformations
of the master equation Phys. Lett. B 311 123-9 (arXiv:hep-th/9304057)

Henneaux M 1998 Consistent interactions between gauge fields: the cohomological approach Contemp. Math.
219 93 (arXiv:hep-th/9712226)

Barnich G, Brandt F and Henneaux M 1995 Local BRST cohomology in the antifield formalism: 1. General
theorems Commun. Math. Phys. 174 57-92 (arXiv:hep-th/9405109)

Fronsdal C 1978 Massless fields with integer spin Phys. Rev. D 18 3624

Bekaert X and Boulanger N 2005 Gauge invariants and Killing tensors in higher-spin gauge theories Nucl. Phys.
B 722 225-48 (arXiv:hep-th/0505068)
Barnich G, Henneaux M and Tatar R 1994 Consistent interactions between gauge fields and the local BRST
cohomology: the example of Yang-Mills models Int. J. Mod. Phys. D 3 139—44 (arXiv:hep-th/9307155)
Boulanger N, Damour T, Gualtieri L and Henneaux M 2001 Inconsistency of interacting, multigraviton theories
Nucl. Phys. B 597 127-71 (arXiv:hep-th/0007220)

Bekaert X, Boulanger N and Cnockaert S 2006 Spin three gauge theory revisited J. High Energy
Phys. JHEP01(2006)052 (arXiv:hep-th/0508048)

Metsaev R R 2006 Cubic interaction vertices for massive and massless higher spin fields Nucl. Phys.
B 759 147-201 (arXiv:hep-th/0512342)

Metsaev R R 2007 Cubic interaction vertices for fermionic and bosonic arbitrary spin fields arXiv:0712.3526
[hep-th]

Hamermesch M 1989 Group Theory and Its Application to Physical Problems (New York: Dover)

Boulanger N and Leclercq S 2006 Consistent couplings between spin-2 and spin-3 massless fields J. High
Energy Phys. JHEP11(2006)034 (arXiv:hep-th/0609221)

Fotopoulos A and Tsulaia M 2007 Interacting higher spins and the high energy limit of the bosonic string Phys.
Rev. D 76 025014 (arXiv:0705.2939 [hep-th])

Fotopoulos A and Tsulaia M 2009 Gauge invariant Lagrangians for free and interacting higher spin fields: a
review of the BRST formulation Int. J. Mod. Phys. A 24 1 (arXiv:0805.1346 [hep-th])

Polyakov D 2009 Interactions of massless higher spin fields from string theory arXiv:0910.5338 [hep-th]

Vasiliev M A 2001 Cubic interactions of bosonic higher spin gauge fields in AdS(5) Nucl. Phys. B 616 10662
(arXiv:hep-th/0106200)

Alkalaev K B and Vasiliev M A 2003 N = 1 supersymmetric theory of higher spin gauge fields in AdS(5) at the
cubic level Nucl. Phys. B 655 57-92 (arXiv:hep-th/0206068)

13


http://dx.doi.org/10.1016/0370-2693(90)91400-6
http://dx.doi.org/10.1016/0370-2693(92)91457-K
http://dx.doi.org/10.1016/S0370-2693(03)00872-4
http://www.arxiv.org/abs/hep-th/0304049
http://dx.doi.org/10.1088/1126-6708/2008/08/056
http://www.arxiv.org/abs/0805.2764
http://dx.doi.org/10.1103/PhysRevD.20.848
http://dx.doi.org/10.1007/BF01410362
http://dx.doi.org/10.1016/0550-3213(85)90074-4
http://dx.doi.org/10.1103/PhysRevD.32.2031
http://dx.doi.org/10.1016/0370-2693(87)91275-5
http://dx.doi.org/10.1016/0550-3213(87)90469-X
http://dx.doi.org/10.1016/0370-2693(93)90544-R
http://www.arxiv.org/abs/hep-th/9304057
http://www.arxiv.org/abs/hep-th/9712226
http://dx.doi.org/10.1007/BF02099464
http://www.arxiv.org/abs/hep-th/9405109
http://dx.doi.org/10.1103/PhysRevD.18.3624
http://dx.doi.org/10.1016/j.nuclphysb.2005.06.009
http://www.arxiv.org/abs/hep-th/0505068
http://dx.doi.org/10.1142/S0218271894000149
http://www.arxiv.org/abs/hep-th/9307155
http://dx.doi.org/10.1016/S0550-3213(00)00718-5
http://www.arxiv.org/abs/hep-th/0007220
http://dx.doi.org/10.1088/1126-6708/2006/01/052
http://www.arxiv.org/abs/hep-th/0508048
http://dx.doi.org/10.1016/j.nuclphysb.2006.10.002
http://www.arxiv.org/abs/hep-th/0512342
http://www.arxiv.org/abs/0712.3526
http://dx.doi.org/10.1088/1126-6708/2006/11/034
http://www.arxiv.org/abs/hep-th/0609221
http://dx.doi.org/10.1103/PhysRevD.76.025014
http://www.arxiv.org/abs/0705.2939
http://dx.doi.org/10.1142/S0217751X09043134
http://www.arxiv.org/abs/0805.1346
http://www.arxiv.org/abs/0910.5338
http://dx.doi.org/10.1016/S0550-3213(01)00433-3
http://www.arxiv.org/abs/hep-th/0106200
http://dx.doi.org/10.1016/S0550-3213(03)00061-0
http://www.arxiv.org/abs/hep-th/0206068

	1. Introduction
	2. Antifield formulation and consistent deformations
	2.1. The Fronsdal Lagrangian
	2.2. Antifield formulation
	2.3. Cohomology of γ
	2.4. Consistent deformations
	2.5. Cubic vertices

	3. General results on the gauge algebra deformations
	3.1. Product of ghost tensors
	3.2. Bound on the difference of the number of derivatives
	3.3. Conditions on the total number of derivatives
	3.4. A general theorem and a particular candidate

	4. Proof of the strong obstruction on the BBvD vertex
	4.1. Study of a2 in the 3 - 3 - 4 case
	4.2. Study of a2 in the 3 - 3 - 5 case

	5. Conclusion
	Acknowledgments
	References

