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Higher spins at the quintic order: Localization effect and simplifications
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We investigate the special case of quintic interactions for massless higher spin gauge fields using the
string-theoretic vertex operator construction for higher spin gauge fields in Vasiliev’s framelike formalism.
We compute explicitly the related five-point interaction vertex in the low energy limit of string theory and
find that the structure of the quintic s; — s, — §3 — 54 — 55 higher spin interaction gets drastically simplified
and localized if (a) the spin values satisfy the constraint s; + s, + s3 = 54 + 55 + 2 (and, more generally, if
the sum of three spin values roughly equals the sum of the remaining two) and (b) one of the spin values s,
or ss is sufficiently small. In this paper, the explicit computation is done for the case s, = 4.
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I. INTRODUCTION

Interacting higher-spin gauge fields are known to be the
crucial ingredient of AdS/CFT and holography in general
and, at the same time, difficult and fascinating objects to
work with. Despite the fact that the higher spin theories in
anti—de Sitter (AdS) spaces can circumvent the restrictions
imposed by the Coleman-Mandula’s theorem, describing
the gauge-invariant higher-spin interactions is a highly
nontrivial problem since the gauge symmetry in these
theories must be sufficiently powerful in order to eliminate
unphysical degrees of freedom [1-43].

The restrictions imposed by such a gauge symmetry
make understanding the interactions in higher-spin theories
a distinctively complicated problem. While there was some
progress in classification of the higher-spin 3-vertices and
cubic interactions over recent years, our understanding of
the higher-order interactions is still largely incomplete even
at the quartic level [with the quartic interactions presum-
ably related to conformal blocks in the dual conformal field
theories (CFTs)]. Apart from that, at this point we know
very little, if anything about higher spin theories beyond the
quartic order, e.g. about quintic and higher order inter-
actions. One general property expected from the interacting
higher spin theories is that they have to be essentially
nonlocal. Such a nonlocality is a natural compromise in
order to evade the restrictions imposed by Coleman-
Mandula’s theorem in flat space-time; however, it also
appears to persist in curved background geometries such as
AdS where, at least formally, the Coleman-Mandula’s
restrictions can be circumvented. In fact, this nonlocality
property can be seen in a very natural way in string theory,
where one interprets the higher spin fields as space-time
wave functions for the certain class of vertex operators and
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the higher spin interactions in terms of the world sheet
correlators of these operators. Indeed, string theory appears
to be a natural framework to describe higher spin dynamics,
as the framelike description of the higher spin modes in
Vasiliev’s formalism has a very natural vertex operator
interpretation [44]. The vertex operators describing higher
spin modes have, however, the ghost structure which is very
different from that of operators for the lower spin modes,
such as a photon [44,45]. First of all, these operators couple
nontrivially to the  — y system of superconformal ghosts.
These couplings are classified by the minimum super-
conformal ghost pictures carried by the operators. That is,
the vertex operators of spin s are the elements of ghost
cohomologies H_; ~ H,_,(s > 2) implying that they are
annihilated by direct picture changing transformation
at negative picture —s and by inverse picture changing
transformation at dual positive picture s —2. Moreover,
these operators also have an anomalous b — ¢ ghost number
coupling, which is closely related to the nonlocalities in the
resulting interactions. Namely, the standard b — ¢ pictures
for lower spin vertices, such as a photon, involve either an
integrated form at ghost number O or an unintegrated form
at ghost number 1. Combined with the b — ¢ ghost number
anomaly cancellation condition, this requires three unin-
tegrated operators and N — 3 integrated leading, for exam-
ple, to the standard form of Veneziano amplitude, defining
local quartic interaction terms in the low-energy effective
action. The ghost structure of the higher spin operators is
different. Since these operators violate picture equivalence
and have no picture 0 representation, one needs operators at
both positive and negative superconformal ghost pictures to
ensure the correct superconformal ghost number balance in
correlators. The higher spin vertex operators at positive
pictures, however, only exist in the integrated form, given
by the integrals of three types of terms. That is, for spin s
operators these types carry the ghost structures e(*=2)%
cet5™ % and dcceS~ P2 | respectively (where ¢ and y
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are the bosonized superconformal ghosts). Typically, it is
the first and the second types of terms that contribute to
higher spin correlators. The second type, while being
integrated operators, also carry the b — ¢ ghost number
one. This leads to the possibility of the b — ¢ ghost number
balance being saturated while having an extra integration
in the correlator (compared to the correlators of vertices
for lower spins). This extra integration leads to the
appearance of additional singularities in the resulting
scattering amplitude. Unlike the poles of lower spin
amplitudes (such as the Veneziano amplitude), correspond-
ing to particle exchanges, the extra singularities reflect the
nonlocalities in the related interaction terms for higher spin
modes in the low-energy effective action. Typically, the
combination of superconformal and b — ¢ ghost number
balance constraints dictates that the type 2 operators always
contribute to the higher spin amplitudes, leading to non-
localities in space-time (e.g. considered in [46]). However,
as we point out in this work, there exists a class of
amplitudes contributed by the first type operators only.
These amplitudes are in turn related to the appearance of
local gauge-invariant interactions for higher spins in the
low-energy effective action. We find that the higher spin
interaction vertices of this type appear as follows:

(1) only appear at higher orders of interaction, starting
from the quintic order. The interactions of this type
are absent at lower orders, such as the quartic order.

(2) only may appear if the spin values satisfy the
localization constraint; that is, for the order N higher
spin interaction the sum of three spins must be
roughly equal to the sum of the remaining N — 3, i.e.

S|+ Sy +s3=854+ - +sy+a (1)

where a is of the order of 1 (in the concrete example
of the quintic interaction, considered in this work,
a =2). The rest of this paper is organized as
follows. In the next section, we review the vertex
operator formalism for framelike higher spin gauge
fields of arbitrary spin values and perform a general
analysis of the derivative structure of higher spin
interaction, related to the correlators of these oper-
ators. In Sec. III, we calculate the particular example
of the five-point amplitude, satisfying the constraint
(1), leading to the localization effect in the quintics.
The structure of the amplitude and of the interaction
particularly simplifies if one of the spins, s4 or ss,
has a relatively small value, up to 6 [in this work we
consider the case s, = 4, with all other spin values
arbitrary, up to localization constraint (1)]. In the
calculation, we particularly use the operator product
expansion (OPE) formalism for the Bell polynomial
operators, developed in previous work [47]. In the
concluding section, we discuss the physical impli-
cations of the calculation done in this work and its
possible generalizations.
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II. FRAMELIKE FIELDS AND VERTEX
OPERATORS: REVIEW OF THE FORMALISM
AND PRELIMINARY DERIVATIVE ANALYSIS

In the framelike formalism a symmetric higher spin field
of spin s is described by the set of s two-row gauge fields
Q1 (x) = Q1P P(x)(0 < t < s — 1) appearing in
the higher spin extension of Cartan’s 1-form by generators
of infinite-dimensional higher spin algebra,

Q) = Q, dv" — (elea + 0 T g0,

N

oo s—1

s=3 t=0

where T, T, ,, are the space-time isometry generators, e
and w are the vielbeins and spin connections for s = 2, and
Ty, ..a, b, are the generators of the higher spin algebra
that envelops the space-time isometry algebra. In this
formalism, only # =0 fields are genuinely dynamical
and are related to Fronsdal’s metric-type higher spin fields
upon symmetrization. The fields with ¢ # O are the extra
fields, related to Fronsdal’s field Q*~'° by generalized zero
torsion constraints according to

Qs—l|t(x) ~ ath—l\O. (3)

In curved backgrounds, such as AdS, the framelike
approach to higher spin dynamics is remarkably efficient.
At the same time, string theory is known to be a particularly
natural framework to describe the interactions of higher
spin fields in terms of the world sheet correlators of the
vertex operators. In particular, the bosonic string spectrum
in the tensionless limit contains vertex operators that can be
interpreted as sources for Fronsdal’s higher spin modes,
although the correlators calculated in this limit are some-
what difficult to interpret in terms of higher spin inter-
actions in the field-theoretic low-energy limit of string
theory [2-5,30,31]. Apart from the tensionless limit, the
vertex operators describing massless higher spin modes can
be constructed in Ramond-Neveu-Schwarz (RNS) super-
string theory. These operators are the elements of nonzero
ghost cohomologies H_; ~ H,_,, existing either at minimal
negative picture s and below or at dual minimum positive
picture s — 2 and above. These operators describe massless
fields of spin s > 3 in the framelike formalism (except for
s = 3 where the corresponding higher spin mode is actually
a Fronsdal’s field). Becchi-Rouet-Stora-Tyutin (BRST)-
invariance constraints on these operators entail the on-shell
constraints on the higher spin fields (such as Pauli-Fierz
constraints) while BRST nontriviality conditions entail the
gauge and diffeomorphism transformations. As these trans-
formations shift the vertex operators by BRST-exact terms,
the resulting correlation functions are gauge invariant by
construction. For s = 3, the manifest expressions for the
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vertex operators in RNS superstring theory are rather
simple and are given by [44,45,48]

Vao(p.z) = Q52 (p)ce3Py™0X ,0X e (z)  (4)

at unintegrated minimal negative ghost picture —3 and
Vaolp.2) = (p)Ko [ dzehymox,0%,e7 @) (5

at minimal positive picture +1 which is always integrated.
Here X are the target space coordinates, ™ are the RNS
|

e

at the minimal negative unintegrated picture and
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fermions, and K is the homotopy transform, necessary to
ensure the BRST invariance of the positive picture operator
(5). (See [44,45,48] for the detailed description of the
transform.)

The operators (4) and (5) are thus the elements
of H_j0H,.

The manifest expressions for the vertex operators V_y;
for the framelike fields with s > 3 become far more
complicated; however, a significant simplification occurs
for the case t = s — 3. In this case, the explicit expressions
for the vertex operators are given by [45]

s—1]s=3 = Ce_s¢aXm1 e aXs—lWaOaWa] 821//a2 e 83_31//%_36[.17)(9:;)1“,”&_1 arhe (p) (6)

VEJ—FLS—S — Ko / dzes‘zﬁXml . 3Xs—1l//"°3l//al 821//{12 . as—Sl//aS%eipxggqol--»mﬁ a3 (p) (7)

at the minimal positive picture representation with the result of the homotopy K-transformation given explicitly by

Ko%dzes_zaxml DX WO, P, - O PRQU TN () = Ag(piu) + Ay (piu) + Ag(piu), (8)

where

mymg_y |og o §— 25—4
Ao(psu) = Qq, | Y(p) x ]{dZ(Z - u)* 4354;-2;3—5‘3

(‘Y_z)(ll)wa”ay/(zl aZW(lz e 8‘?_31//(1,\._3 eipX(u)’

A1<p; u) _ 29(’2}1""";—1 lay--ay3 (p) 7{ dZ(Z _ u)2s—4cel+(s—3)¢+ipX

5=3 s—2+k
k—1 _ . _
x {E (—1)"“1&{ > BYTVOX,, 0K, w X Oy, O (=ipa )0 g 0y
=0

k=0

s=2+k
| S S .
T Z ﬁBl(Iﬁ—)(z+k j)axml o ame—] x l//aoawal o ak_ll//akfl (al+]Xak)ak+lwaH] o 85_31//%3:|
J

s—1 1 Ik )

-2(s—1) EBf,f_}_ V0K, Xy O WO Py O }
k=0 """

Ay(piu) = —4(2s — 3)9:;]'”nl.\'—llul”'a.\'f.% (p) x jg dz(z — u)2s—4acce%+(s—4)l/)wao&l/a] aZWaz .. as—3was_3eipX(u) (9)

with Ag, Ay, and A, terms having the ghost structure
described above, namely, €029 cels=3)¢tx  and
Dccels=P+2 | respectively, and the integrals being taken
around an arbitrary point u on the world sheet. The choice
of u is arbitrary as any correlators involving Vti‘s_3( piu)-
operators are u-independent since their u-derivatives are
BRST exact in the small Hilbert space; the operators
themselves can be cast as BRST commutators in the large
Hilbert space (but not in the small Hilbert space) and

therefore are the elements of BRST cohomology in the

small Hilbert space, given the on-shell conditions on € and

. (n)
modulo the gauge transformations [45,48]. The B pinytpo

are the normalized degree n Bell polynomials in the
bosonized superconformal ghost fields ¢, y, and o, defined
according to

1 n
agemr/)+n)(+po'(z) =_ - (n)

B € TO(2),(10)
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where m, n, p are some numbers. The properties and the
operator algebras involving the Bell polynomial operators
have been studied in detail in [47] and will be used in the
present calculation. Although the negative and positive
picture representations of the higher spin vertex operators

(#)
Vs—1|s—3

transformations (as is clear from the fact that they belong to
the nonzero negative/positive cohomologies), they can be
mapped to each other by combining BRST-invariant picture
changing and Z-transformations which ensures that the on-
shell BRST-invariance constraints on Q are identical in
both of the representations [44,45]. Technically, it is easier
to analyze these constraints at negative pictures, with the
BRST invariance imposing the on-shell conditions,

(p;u) are not directly related by picture-changing

pZQ;nl"'m:—l‘al"'as—,? <p) 0
0

Q?’)’lns"'m.wl |ary a3 (p) =0

0 9

nglé"m.;71|aa3"'a;73 (p) 0

(p)=0

Ny-=My_ | |QOy Ay
anza s ]| 2 s—3

(11)

The first and the second constraints are the standard
constraints for the symmetric higher spin fields in the
framelike description. They are supplemented by two more
constraints, indicating that the vertex operators (6) and
(7) describe the framelike fields in space-time with the
gauge partially fixed. The gauge transformations for Q,

ey |byby sy |byby_
anl ag1lby 3 —)Qi,lql a1 by .3_|_pmAa| ag_y|b, hs_3’

(12)

in turn shift the operators (6) and (7) by the BRST-exact
term (see [44,45] for the detailed BRST analysis). It is
essential that the S-function equations for the Q-field, in the
leading order, defining the kinetic term for the correspond-
ing Fronsdal’s field and obtained using the off-shell
Weyl invariance constraints on the operators (6) and
(7) differ from the on-shell BRST-invariance constraints
due to nontrivial ghost couplings of the higher spin vertex
operators. Namely, the leading order i = 0 equations are
equivalent to I:AdsQ =0 where I:AdS is the Fronsdal’s
kinetic operator in the AdS, rather than flat space, as was
shown by detailed computations in [45]. In particular, the
appearance of the mass-like term in L,4 (which is
identified with the tail of the covariant derivatives in the
AdS Laplacian) is directly related to the Weyl transforma-
tions of the anomalous superconformal ghost parts of the
higher spin vertex operators.

For the lower spin vertex operators, such as a graviton,
there is a familiar example, somewhat reminiscent of this
difference between Weyl and BRST transformations: e.g.
recall that the graviton’s f-function contains a term given
by the second derivative of the dilaton (which is, of course,
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absent in the on-shell conditions imposed by the BRST
invariance). For this reason, it is natural to think of the
(m,a) indices in (11) as of those living in the tangent
bundle of emergent AdS space. Accordingly, the correlators
of these operators describe the AdS higher spin inter-
actions, upon the pullback from the bundle to the manifold.

For the ¢ values other than 7= s—3 the manifest
expressions for the higher spin vertex operators become
significantly more complicated.

The explicit relation between the vertex operators
Vi =Wy, (with W being conformal dimension
0 primary fields which, upon coupling with the space-time
higher spin framelike fields Q*~'!" are the elements of H_)
with different ¢ values, generating the chain of the zero
torsion constraints, is given by [modulo the on-shell
constraints (11)]

Qs—1|t: rWs—l\t = QS—I\H—IWS_HH_I- (13)

Here W are the conformal dimension O vertex operators
which, upon coupling to the space-time higher spin
framelike fields Q*~!I", become the elements of H_,. I’
is the picture-changing operator for the  — y ghost system
given by

r={0.e)}

1 1
= - Ee‘f’wm@X’" +3 be*? (0, + 0o) + ce*dy.  (14)
The relation (13) can be generalized according to

Qs-1lr- FkWs—1|t — Qs—1|t+1WS_]|t+k (k<s—=3-1),
Qs—1lr- FkWs—1|t =0 (k>s-3-1), (15)

where T* =T...T:= :e¥GIG---0*'G: is the nor-
mally ordered product of k picture-changing operators
and G is the full matter + ghost world sheet supercurrent.
In particular, to obtain the operator for Fronsdal’s field one
can take k = s —3 and r = 0.

k = s — 3: Note that all the V,_;;, = Q~!'W _,, higher
spin vertex operators are the elements of H_;~ H, ,
cohomology for all the values of 0 <t < s — 3, although
the canonical pictures for V_;|, are different and equal to
—2s5 4+t + 3 at the negative picture representation. The
action of I' on V), thus results in increasing the ghost
picture by one unit and the appearance of the extra p factor
in front of Q(p), typically due to the contraction of the first
term in I" with the e’PX factor in the vertex operator. The
zero torsion constraints can, of course, be reformulated
equivalently for the operators in the positive cohomology
representations; with all the spin s operators being the
elements of H,_,, the constraints for the framelike vertex
operators in the positive cohomologies are
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Qs—l\t: F_kWs—1|t = Qs_llt+1Ws—l\t+k (k <s—-3-— t),
Qs—1lt- F_kWS—llt =0 (k> s=3-1), (16)

with Qs~1If W,_1j;-operators having canonical ghost pictures
2s —5 —t, in particular the operator for Fronsdal’s field
having canonical positive picture 2s —5. Here :I'*:=
(T H%: with T7! = —4ce*=2?9y being the inverse
picture-changing operator.

In practice, Egs. (15) and (16) generating the gener-
alized zero torsion constraints by the picture-changing
relations are hard to solve. For example, the solution
for the simplest of Egs. (15) for t = s —4 is already
complicated enough, with the vertex operator having the
form

Vs—1|5—4 (p’ Z)
~ ce_(SJrl){/)aX o a‘Xs—ll//mo al//a] 821//(12 T 8&—41//()[‘74
s—3  s-2
{(XB 5 Z Z “p\qap‘//maq‘/’nB(—z;_4_p_q)
p=0 g=p+1
+ as_ss_la“"Sl//nﬁ“‘“wm} e'rX (17)

at the canonical —s — 1 picture where the a),,-coefficients
must be calculated so as to ensure that Vs—1\s—4(P§Z) is
primary (i.e. the singularities of cubic and higher orders
stemming from the OPE of the stress tensor with the -
part must be canceled by those stemming from the
operator product with the Bell polynomials in the
derivatives of the ¢-ghost field). Note that the leading
order of the operator products of all the Bell polynomials

Bgﬁ) with e? is the simple pole for any N, which ensures

that the picture-changing transformation of (17) does not
produce any terms other than those proportional to
Vi 1)s-3, as well as the absence of singularities in the
OPE of T" and V_yj,_4(p;z). It is now not hard to see
that the expressions for operators with t < s —5 will get
more and more tedious for the lower ¢ values; their

|

53-2)
sr—1s,-3

<Qsl—l\91 3w(51 2) (pl)gs2—lh2 3w(

sp—1s;=3

x Qs Wi (ps))

A(Sl,...,SS)

—51—$2+6 « Os1—1]0 (25,-5)
< r Q Wsl—1|v -3

So— (3-2s
DQSTIOWETR ()

s4—1]0717(3—254)
x WS4— ( s5—1]0

10

_ - (251-6)
- <QS[ I‘OW.YI—II\U ( 5,—1[0

(p )QSZ—I\OW(292—5> (

§,—15,-3

- (25,-6 - 2-2
PO WD (pa) @ oW
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general structure would involve sums over multiple
products of 9Pydy-factors multiplied by products of
s —3 —t Bell polynomials of the ghost fields, making
them cumbersome objects to work with.

Thus the V_;,_3-operators appear to be particularly
convenient and natural objects to use in order to describe
the higher spin vertices in space-time. However, there are
restrictions on the spin values for the vertices that can be
described by the correlators with all the operators being of
the V_j,—3-only. That is, for a n = p + g-point higher
spin amplitude containing p V_;,_3-operators at positive
cohomologies and g operators at negative cohomologies
the spin values must satisfy

)4 ptq
dsi=2)= ) 5 =-2 (18)
Jj=1 Jj=p+1

in order to satisfy the superconformal ghost balance
constraint. The amplitudes with spin values not satisfying
(18) cannot be described by using solely the operators of
this type and require finding explicit solutions of the
operator equations (15) and (16) making them far more
complicated. At the same time, note that if the constraint
(18) is satisfied, despite the fact that the correlation
functions of the V_j,_3-type operators by construction
contain a certain minimal number of derivatives (since
each space-time field € ;3 by definition contains
s — 3 derivatives), all the amplitudes involving V_j,_3
can be cast equivalently in terms of those involving
operators for Fronsdal’s fields and/or the operators for the
extra fields €_;, with lower 7, using the zero torsion
relations (15) and (16), combined with the picture
equivalence of the operators inside each particular coho-
mology. For example, consider a five-point higher spin
amplitude with the spins satisfying the constraints (18):
§1+ 8, — 853 — 854 — 85 = 2. In the amplitude of this type,
two operators are integrated at the positive picture, and
three operators are unintegrated at the negative pictures.
Using the zero torsion relations (15) and (16) we get

<p2)QS3—l|S‘q 3w( $3) ( )954—l\s4 3W —$4) (p4)

s3—1[s3-3 sq—1]s4-3

) [s3+satss=9 erl\OW(:_%'fg (P3)

_ (2-2
4) Qs 1\0Wsi lng)(p

Si— 2-2s. .
2 (pa)e oW T (p ): (19)
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i.e. the amplitude involving five V,_;,_3 higher spin
operators is identical to the one involving five Fronsdal
operators at pictures each lowered by one unit with respect
to the canonical.

As it is clear from the above discussion, the overall
b —c and superconformal ghost structures of the
n = p + g-point higher spin amplitudes, combined with
the ghost structure of the picture-changing operators (14)
suggest the existence of two types of higher spin
interactions at higher orders: the first type having
p =n—3,q = 3. This amplitude involves three uninte-
grated negative picture operators and standard N —3
integrated operators at positive pictures. All the terms,
contributed by all the integrated operators, are of Ay-type
(having b — ¢ ghost number zero). The higher spin
amplitudes of this type have the standard Veneziano
pole structure, leading to local interaction terms in the
low-energy effective action (with the poles in the
amplitudes corresponding to different channels of par-
ticle exchanges). These poles do not produce any
physical nonlocalities (the nonlocalities that one
may encounter upon the space-time momentum
integration and that express the low-energy effective
action in the position space), are not physical, and can be
removed by substituting the p-function equations
at lower orders [46] (strictly speaking, the locality of
the amplitude does not by itself guarantee the locality
of the related higher spin interaction vertex in the
low-energy effective action; for the case considered in
this paper see, however, the discussion below
in Sec. IV).

The amplitudes of the second type, on the other hand,
have the structure p =n —2,g =2.They involve two
unintegrated operators contributing two c-ghosts, with
the third c-ghost stemming from the A;-type terms of
one of the integrated operators and the remaining operators
contributing Aj-type terms. These amplitudes have a
structure very different from those of the first type.
Because of the extra integration, they contain extra poles,
corresponding to physical nonlocalities, rather than particle
exchanges. Unlike the Veneziano-type case, the nonlocal-
ities in the position space, obtained upon the Fourier
transform, cannot be removed using the f-function flows,
but reflect genuine nonlocalities of the higher spin
interactions.

In fact, generically most of the higher spin amplitudes
are of the second type, with the first type emerging only
for the special combination of the spin values. We will
refer to the appearance of the first type higher spin
amplitudes as the “localization.” In fact, as we shall
point out below, such a localization effect does not
occur at the quartic order but only appears at quintic
and higher order interactions. In the next section, we will
study this effect by direct computation of the correlation
functions.

PHYSICAL REVIEW D 93, 045001 (2016)

III. QUINTIC INTERACTIONS
AND LOCALIZATION

We start with the four-point higher spin amplitude
with the spin values satisfying constraint (18) with
p =1, = 3. It is not difficult to see that this four-point
amplitude vanishes. Indeed, the V operator at positive
cohomology contains s; —2 = s + 5, + 53 — 2 w-fields,
which cannot fully contract to the RNS fermions of the
remaining three operators, since the operators at negative
pictures contribute altogether s; + s, + s3 — 6 w-fields.
This means that the four-point amplitude with such spin
values admits no localization. Next, consider the five-point
amplitude with the localization constraint p = 2, g = 3. To
simplify the calculations as much as possible, we assume
that the value one of the spins is small enough (namely,
ss =u=4)and 55+ u —s; — s, — 53 = 2. All the vertex
operators for the framelike fields are in the V_j,_3
representation, with the operators for sy, s,, 53 being unin-
tegrated at negative pictures and the operators for spins
u=4and ss = ) s—2 at integrated positive (to abbre-
viate the notations, denote » | s = s + s, + s3). With such
a picture arrangement, only Ag-type terms of both of the
integrated operators contribute to the correlator. We are
now all set to compute, step by step, the X-ghost and -
factors of the correlator defining the quintic interaction of
the above spin values. We start with the calculation of the
X-part. The correlation function is given by

Ax(p1s--s PsWz:€)
= <8Xm' .. '8Xm51_1eiPSX(W)|w—>ooaan o
x OX ...3xqu_|eimx(z)axr1

LOX -1 eimx(l)

X OX 227l X (£)AXN - X s P X (0)),  (20)

where we have arranged the operator’s insertions in the
order (z; =w) > (z=1)>z> &> (23 =0), with 2,53
being the locations of the spin s, ; unintegrated vertices,
and z and & are the insertion points of the remaining spins
(to be integrated over). We shall later set z3 = w — oo but
for now shall set the w-dependence manifest to keep track
of the infinities. To compute the correlator (20), define the
partitions

5

STRy+ Q) ij=1...5  (21)

J=Lj#

Sl'—l:

where R;; is the number of contractions between 0X’s of
the operators of spins s; and s; (obviously R;; = R;;) and
Q;; counts the contractions of X-derivatives of the operators
for s; with the exponent ¢’”X in the operator for spin s;.
Straightforward computation then gives
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6(s;—=1)!(so=1)!(s3=1)!(D>_s=3)!
i:lHj:Z;j>iRij~Hk=1H[:];k;&lel-

X(i)z'f 11#,QU( I)ijl(QIj+Q2j>_Q2]+Q43+Q43+Q45+Q53W_Zj L (2R ;+01;+015)

Ax(pl,...

7p5|W;Z;§) =
[partitions: s,—1|ZI L (R;j+0;j)si=1.....5]

X (1 —_ Z)P3P4—2R24—Q24—Q42 (1 _ §)P2P4—2R25—Q25—Q52 (Z — é) P2P3—2Ry5s—Q4s5—0s4 ZP1P3—2R34—Q34—Q43

1051 +024+025+023

1031 +024+0p5+1
1

X §P1P2—2R35—Q35—Q53 pranU*Ql“*Q”“ .. .p’anU*Ql“QlﬁQB

9041 +0a2+045+1

% 9041+042+045+043 051 +05p 105441 T051+057+054+053  M01p+014+1 M0 +014+0y5
P 1 1 1 P> 2
X R0y 40+t 10014004405 D04 +0u+1 | 9041104 +Qs5 10314034034+ 10311032 +034+035
P> 2 2 2 2 2
MQpp+1 Moy +014 101 +1 "0y +054 V051 +05p+1 T051+057+0s4 1031 +037+1 103 +03,+034

Xp3 .-p3 p3 ...p3 3 Y e

n Moy 4oy +1 9041 +047 T 05141 051405, 1031+ L3 +03,
X Py P4 "Dy Py Pa 4 P4 4

m n

n 0y g doq1 11 01+ 021 Q1R Q2 HR12

NIRRT S SRS Y Sl oY SERID Y T, 3

" E 01j+1+R 2 la E 04+1 E _Ql,-+R12+R14| E 04j+R14 " § 01 FR1p+R 4+ |r§ 05+
Xn J J -en j J n J J
mg Q1 j+R12+R14+R Ir 05;+R mE 01+R1p+R14+R +1|IE 03+1 "
X1 Q1R R R E ;95 15,7 QLRI R4 R ;930 ey
n la m lg n Ir
E Qo +1+R 1y E Q4 R4+l 5 (02 +R12+Ry 5 Q4 tR14+Ry E Q2 t1+R 2Ry E Q5 tRi5+1
X}/] J J ...]/l J J ;/] J J cee

m |r n |t m
E jQz_/+R12+R24+R25 E jQ5j+R|5+R2511 g jQz_/-+l+R12+R24+R25+l E j(_)3j+R31+l ;7

t
g jQ1j+R12+R14+R15+R13‘ E fQ3j+Rl3

|t
Q9 i+R|2+Ryg+R 03;+R31+R3
X7 5 Q2R TR+ Ros 5 ;23T R31 TR

D \VZ 5 Irz
g Q4j+1+Ry +Ran Os5j+Rs) +Rsp+1 04j+R41+R4p+Ry5 Q05 +R 5+Ry5+Rsy
Xn J J -en J J

t t
q§ /_Q4j+l+R41+R42+R45‘ § jQ3j+R31+R32+1 an jQ4j+R41+R42+R45+R43‘ § /_Q3j+R31+R32+R34

xn

P> "z
Qs ;+1+R5) +R5p+R 03 +R31+R3p+R34+1
X77 j 5j 51771527854 j 333234

r ‘t.r -1
2 (22)

where in our notations 5" is Minkowski tensor and > A = Z?:l; i Ai
This concludes the X-part evaluation. Next, consider the ghost part of the amplitude. The relevant correlator is

Ay (w3 z:€) = (ce™ P (w)ce™(1)ewDIBL D) (2)el==0BT " (£)ce%(0)). (23)

To calculate it, introduce again the characteristic partitions

2u-2)=4=a +az+a3+a§” +a22>7
2Bs—u)=2(Es—4)=p,+h+ P +,54(‘1) +ﬂ£2)’
(24)

where the integers a;(j = 1,2, 3) refer to the OPE singu-

larity orders ~(z—z;)™% due to contractions of

B, ,(2) with the ghost exponents ce™7(z;); f;(j =

1,2,3) refer to the OPE singularities ~(& — z;)™ due to

contractions of B%ZSZX"L(&) with ce™?(z;); ail) ﬂiw refer

to the OPE singularities of the Bell polynomials at z and &
with the opposite ghost exponents e(Z~“?(£) and

|
B%"__zi)_a(z), respectively, and finally o\” and B refer

to the OPE due to contractions between Bell polynomials at
z and ¢, i.e.

2u-2 (2%
B(Z(/)H—ZJ()—()'(Z) 2¢ S2;(u 5(5)

~ S @=L

o g2

@ @
x By @B @) (29)
where l(a?, ﬂf)) are the structure constants that can be
computed (see below). The correlator (23) is thus equal to
the universal factor due to contractions between the ghost
exponents, multiplied by the sum stemming from contrac-
tions of the Bell polynomials with themselves and with
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various exponents, with each term in the sum correspond-
ing to some of the partitions (24), with the correlator being
given by the sum over the partitions. The explicit expres-
sions for the operator products, needed to compute the
correlator, are [47]

B;w(zw@y(w)

¢ Bi
N,y N,
_ Z Z 2= w) Ay ) BUS (2)BE (w)
' bo
2=
(26)
and
N\ Fa Y [(-ap+1)
B (z)ef?(w) = Z(Z —w)™" —
=0 n'I'(—ap+1 —n)
X B%_") (2)eP?(w):, (27)

Ag(w;z;8) = > x

[partitions : 2(u—2)=4|a; +a,+a3 +ail)+af)]

T (25;= 'Y

PHYSICAL REVIEW D 93, 045001 (2016)

where

ap=a,+ ary + a0,
af=afy — apf, — asfh, (28)
and the OPE structure constants in (26) are given by [47]

1

- .};Cll :%ZF ) —y=0>
)“(nl’nZ) l’llll’lz!a 8 l('x y)|x—y—0
(190 =)
Fyx,y)=|———"——| . 29
i) = [0 (29)

-

Clearly, in our case a8 = —1 so one simply has

(=1)m. (30)

With all the above identities it is now straightforward to
compute the ghost correlator, with the result given by

3(”1,712) =

>

[partitions: 2(Zs—u)=2(Zs—4) | +h2+b3 +ﬁ£])+ﬁiz)]

'3 —2u)I'(1 + 2u — 2Xs)

X (_1)a§2>+lws

This concludes the computation of the ghost factor,
contributing to the integrand of the five-point amplitude.

Finally, we are left with computing the y-factor,
given by
u=3
iz = T 0w, 00 [T, 0 T 90, 0
J1=0 Jj»=0 Jj3=0
Xs—u—1 s3—3
<[ o @ [T0"w, ). G2
J4=0 J5=0

This amplitude would actually be the most tedious one
to compute for generic spin values, since there seems
to be no way to systemize it in terms of sums over
partitions of the spin values, as it has been done for
the previous correlators. However, assuming that u is
the minimal spin value of the operators, it simplifies
significantly for the minimal possible u = 4 value (for
u <4 it vanishes identically). The simplification is
that for u = 4, all the y-fields of four operators have to
couple to the y-fields of the operator with the highest
spin value, given by s,.« = s — 2. Technically, this
means that in the corresponding space-time amplitude

12— = (1- Z)zsz—az (1- 5)52(25—4>—ﬂ2 728370 553(25—4)—,53 (z

(3 —2u—a"\T(1 4 2u — 255 —ﬁfﬁ) ut

— gpe-z—a =AY (3

all the 4 out of 5 QI extra-field’s t-indices a, S, 7, ¢
have to contract to the A-index of the highest spin field
Qsma=ll4 The computation performed below is still
possible to perform for u >4, e.g. for u =15 or 6;
however, for u > 4 the locality of the interaction
vertex in space-time would be broken by the renorm-
alization group (RG) flows from lower orders despite
the locality of the scattering amplitude (see the
discussion in Sec. IV). In case of u=4, it is
convenient to make the following definition. Let
i(ay) describe the contraction of the world sheet
fermion 8k1//ak of the spin s; operator to the fermion

6i<”k>y/,1i(ak) of the spin s,,,, operator. Similarly, let i(3;)

describe the contractions between the world sheet
fermions of the s, and s.,, operators, and so on.
Clearly, i(a) # i(p) # i(y) # i(o) for all values of a, S,
v, o and 0 <i(a,p,7,06) < Spmax — 3- Then it is natural to
express the y-correlator in terms of the sum over the
permutations of different i’s or, equivalently, in terms
of the sum over all possible length s,,,, —2 orderings
of unequal integer numbers from 0 to s, — 3.

The A,, correlator is then straightforward to compute in
terms of such a sum, with the result given by
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AW(W,Z,f) = (_1)S1s2+s1+s2+53 Z

[permutations: {.i(ap)-i(as, -3).i(Bo)i(Bs,~3).i(r0).i(71).i(00) i(0;-3)}]

X {(_1)”({’i(a0>"'i(a:]—3)~i(ﬂ0)"'i(ﬂs2—3)vi(VO)J(Vl)si(D‘O) i(0,-3)} (1 + l(}/O))!(Z—F i(?’l))!

512 §p—2 s3—2

513 .
x [ (ki + i(a, = 1) H<k2+z<ﬂk — 1) T (ks + (B, — 1)) w2 i)
k=1 ky= k=1
« (1 )% 55—2) +Z i(B,) 52 (s3-2) +Zh o i( 0'13 ( 5)2+i(y0)+i(71)}’ (33)

where
a({i(ag) -+ i(as,—3).i(Bo) -+ i(Bs,—3). i(v0). i(r1). i(o0) - - - i(04,-3)})
is the minimal number of the permutations it takes to convert the ordering
{i(ag) -+~ ias,3),i(Bo) - - 1(By,—3), i(ro), i(r1), i(00) - - - i(05,-3) }

in the argument of z into the reference ordering
{0,1,2, ..., Spax — 3}

of s,.x — 2 integers. This concludes the computation of the y-factor contributing to the integrand of the amplitude. The final
remaining step to determine the amplitude describing the five-point higher spin interaction is to perform the double world
sheet integration over the positions of the integrated vertices, given by

1 z
A(m,-u,ps)IA dz/) dEEEYA, (w23 6)A (w7 E)Ax (pr. ... ps|Wi 23 €) (34)

to set the limit w — oo and to contract the result with the space-time framelike higher spin fields [in the integral (9) it is
convenient to choose the reference u-points u = 0 in both of the homotopy transformations for the integrated vertex
operators). Combining Ay, A,,, and A, factors together, evaluating the integral (34), and contracting with the framelike
space-time fields, we obtain the overall quintic amplitude, given by

g4
A(P1s s P5) = 6 om0 (D), i s (P) L1l s iy (P3)R125 (P2)

XQtl" 53 IMS]Jrsz—Z j’E: (p1> : : x : :
(1)

partitions : Y»—I\ZI L (Rij+Qyj)si=1....5  partitions: 2(u—2)=4|a;+a+az+a,

X Z X

partitions: 2(Ss—u)=2(Es—4) | +fo+3+4 ) +p)  permutations: {.i(ag)-i(as, =3).i(fo)-+i(Bs, =3)-i(r0)-i(1).i(00)-i(as53-3)}

(2)
+a,

X{<_1)n({,i(ao)~..i(asl3),i<ﬁo).~i(ﬂ.‘23),i<7o>.i(71),i(ao)..~i(as33)})+s1s2+s1+sz+s3+a4 x (14 i(yo) (24 i(r))!

51=2 . | '32—2 o u—Zk ) ((2s-—1)')2
Xkll_[:1< 1+ i, — ))sz:l( 2 +i(B, —1))! sz( 3+i(Pr,— 1) XH PN, — 1—a)l(2s,~ 1= )]

I'(3—2u)l'(142u—2%s) (s =D!(sp—1)! (s3—1) > os=3)!
T3 =2u—a"\T(1+2u =255 — B)) uma T T D ajos Rij TRt T 1 Q!

5
.~ (Q1j102j)=001+043+0u3+Qus+0s53 M0 15+014+015+1 M0 15+014+015+013 1051 +04+05+1
X(Z)g Lje ]H&/Ql/( 1>§ 121 (Q1j+02)) =021+ 043+ Qa3 +0as Q53plL12+L|4+L1fr _._plL12+L|4+(—15+L13p1L21+L24+L25+

110y +024+005+023 4041 +042+045+1 9041 +042+045+043 051 +057+054+1 7051+053+054+053 M0 5+014+1
X p pl “ e pl pl .« e pl p2 “ e
MQ15+014+015 11021 +004+1 11051 +004+025 4041 +Q4p+1 9041+042+045 | 1031+037+034+1 1031+03,+034+035
X p pz e p2 p2 DY p2 p2 DY p2
M+ Moy+014 110 +1 051 +024  T051+05p+1 T051+057+054 | [031+03+1 1031+03,+034
X p .. p3 p3 ... p3 p3 .« e p3 p3 . p3 (35)
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041 71 T'os lo3

q
*Ps  Ps " Ps P5 “Ps

012 904141 9041+04p " 051 +1 T0s51+05y 103141 1o31+03 oy 41,

R R e e A D A AR
r[172173 —|—9—T45—22s—ﬂ2—%(s2—2)2—zk 1 l(ﬁk 1)]
[[—papa+Tos—s52(Es—4) +1(s: -2 + B+ >0 Zi(Br 1)l
[[p3ps—Tos+25,— )
sin[z(pyps —Tas +S2(ES—4)—%(S2—2)2—ﬁ2—Z}Zfiwk—l))]

1
XU[popa+paps+pip3+6=Tos —=Tys—Tss+ (55—2)(Zs—4) —5(32—2)2+253 —a3

X

= i(Bret) = i(ro) =iy )T [papa+ pap3+2 = Tos — Tas + (51 -2)(Zs —4) —%(Sz -2)

- Z i(Bi-1) = i(ro) = i(y1)IU[papa+ Paps+ P1P3+P3pa+6—Toy+2s3 -y = Tos —Tys— T3y

5,2
1 " - . .
+(52-2)(Zs-4) —5(32—2)2+2S3—0’3—Zl(ﬁk—l)—1(70)—1(71)}31:2 {_P1P2+T35—(S3 +2)(Es-4)
=1
1 §3—2 1 §,—2
+5(53 =27 483+ Y _i(Br)ipapat 1= Tos +52(Es=4) =5 (52= 2 = fo = D _i(Be);
k=1 =1
X paps+pap3+P1P3+6—Tos—Tys =T34+ (52 —-2)(Es—4)
1 = L
—5(32—2)2+2S3—03—Zl(ﬁk—1)—1(70)—l(Yl);P2P4+P2P3+2—T25—T45+(32—2)(ES—4)
k=1
1 §,—2
—§(s2—2)2—Zi(ﬂk_l)—i(yo)—i(yl);p2p4+p2p3+p1p3—|—p3p4—|—6—T25—T45—T34—T24+(s2—2)(2s—4)
k=1
1 $,—2
—5(52—2)2+252+233—0!2—‘13_Zi(ﬁk—l)_i(yo)—i(h);l (36)
=1

mE 0 +1|n§ 0yj+1 m§ 0 +R ‘"E 0 i+R m§ 0 +14R \q§ 04i+1 mE Q1 +R2+R |q§ 04j+R
01 D Q1jTR12 iQ2jTR12 Q1 12 4j LTI 14 j AT
Xn J J n J J n J J n J J
mg Q)i +R1p+R +1|r§ 05i+1 mg Q) +R|2+R14+R ‘r§ 05;+R mg Q) +R |2 +R14+R +1‘t5 03;+1 mE Q) j+R12+R14+R 5+R ‘IE 03;+R
xn LRI R4 ;950 - Q1R R4 HR s ;95 15’7 Q1R R4 HRs JL<Tan n LT R R RIs R 3 ;23R
n lq m lq n [r m [r
E 00 +1+R E 04 +R14+1 E 09 +R1p+R4 g 04j+R14+R4 g Qpj+1+R 1y +Ryy g Q05 +Ry5+1 E 02 tR12+R24+Ry5 g 05 +R15+R)s5
Xn J j cen J J n J J ceen j j
n I3 m | q [r
E (02 +1HR TRy +Ry5+1 g 03 +R31+1 E 00 jTR1p R +Ry5 E 03 +R31+R3) E Q4 +1+Ry +Ryp 5 .05 +Rs5) +Rs)+1
X 71 J J “ e ;7 Jj J r] j Jj “ e
g i+R41 +R4p +R Ir Rys+RystRsy T i+14Rg] +Rgp+R le i+R3)+R3p+1 g i+R41+Rap+Ry5+R le i+R31+R3p+R
X1 jQ4/ 41 TR42+Rys5 /.Qsj 15+tRa5+ 54’7 jQ4j +R41 R4 +Ry5 jQz_, 31+R3+ n jQ4ﬂr 41 TR +Ry5+R43 st_,+ 31+R32+R34

r [t r |1
i+14Rs| +Rsy+R i+R31 +R3p +R34+1 _3lts3-1
xn E jOsiHIFRs 1 HRsp +Rsy § ;O3 TR R HR3g 1 n g 5=3153 }’ (37)

where
Tij=2R;; + Q;; + Qji (38)

and the additional constraint is imposed on the partitions

= si(sp = 1)
ZQJHFZ i(ogey) =3+ 5 (39)

stemming from the fact that only wO—terms contribute to the amplitude, with all others vanishing in the limit w — oo. This
concludes the computation of the five-point amplitude for the localized quintic interaction. In the next section we shall
discuss the construction of the quintic higher spin vertex, related to this amplitude.
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IV. READING OFF THE QUINTIC VERTEX

In the previous section we have computed the five-point
world sheet amplitude, related to the interaction of massless
higher spin in the quintic order. By itself, this amplitude does
not describe yet the five-point interaction vertex in the low
energy effective action: it is only gauge-invariant under
gauge (BRST) transformations at the linearized level. To
read off the interaction vertex with the full gauge symmetry,
one has to subtract from it the terms, produced as a result of
the world sheet RG flows of the effective action’s terms at
lower orders, such as cubic and quartic. Generally speaking,
there are two possible sources of such terms at the quintic
order: the flow of the quartic vertex in the leading  order
and the flow of the cubic vertex in the subleading ' order. In
general, computation of these flow terms would be quite
complicated; in particular they would involve the flows
stemming from all the diversity of the quartic vertices which
by themselves are tedious and complex. Moreover, since the
quartic interactions are generally nonlocal, one would
generally expect the flow terms to retain these nonlocalities,
destroying the local structure of the amplitude (35)—(37).

|

s12 == (P —Pz)z; S13 =

N = N =
N = N =

S23 = (Pz - P3)2§ So4 =

(p1—p3)%

(Pz - P4)2;

PHYSICAL REVIEW D 93, 045001 (2016)

Fortunately, however, for the spin combinations considered
in our work things again get drastically simplified: as we
pointed out above, the four-point correlation functions
contributing to the world sheet -function of the space-time
framelike field with the highest spin value, relevant to the
flow terms at the quintic order, vanish identically, as it is
impossible to accommodate the full contractions of the y-
fermions consistently with the ghost number balance
restrictions. Therefore the quartic interactions, relevant to
the flow terms at the quintic order, stem themselves from the
flows from the previous (cubic) order. For this reason, the
flow contributions are reduced to the double composition of
the RG flows of the cubic terms, the structure of which is
relatively simple to control. As the structure of the cubic
higher spin vertices is determined by the structure constants
of the higher spin algebra [44,45] and the quintic vertex is
cubic in the structure constants, the effect of the cubic
terms’ flows can be expressed by regularizing the poles in
s;;-channels present in the amplitude (35)~(37) due to
Euler’s gamma functions and the hypergeometric func-
tion where

sy =5(p1— P4)2,

e

$34 =5 (p3 + pa)* (40)

Zsi/ =0
iJ

are the generalized Mandelstam variables. Subtracting the poles resulting from the flows of the cubic vertices using the
procedure similar to those explained in [46,49] and taking the field theory limit we find the quintic vertex stemming from

the B-function of the highest spin field is given by

Ao Asg-s

A(pl EERER) p5) = 6ﬂle""nxl—l [2+++As) 3 (pS)in'”nsz—l 145y -2+ A5 595 (p4)QII|61243|/1.s1+s2744s1+s273 <P3)Qr1 Tys-3 (p2>

X Qtl...,u_] PR S (p1) x

X Z X

>

partitions: s;,—1| Z?;L#,-(RUJFQU');":I ..... 5

x 2
)

partitions: 2(u=2)=4|a;+a,+a3 +ail>+a4

partitions: 2(Es—u)=2(Ss—4)|fy-+fs-+ -+ )47 permutations: {.i(ap)-+i(ay, ~3).i(A) (B, =3)(r0).i(r1) o) (0, ~3)}

« {(_1)Jr({qi(ao)"'i(axl—3)~i(ﬁ0)"'l’(ﬂs2—3),i(}'o),i(}’l).i(0'0>"'i(0':3—3)})+5152+51+52+S3+af)(1+i(y0>)!(2+l’(yl))!

R a2 ((25,= 12
X ]E(kl + l(akl - 1))]{]2__[:1(](2 + l(ﬁkz - 1))]11](’@ + l(ﬂk} - 1))]U1aj'ﬁ]'(2sj -1 —aj)!(2sj -1 _ﬁj)!
[(3=2u)l(142u—2%s) | (s = D!(sy = D(s3 =IO s =3)!
F(3—2u—a§1>)F(l +2u—22s—ﬁ£l)) I T2 R T T T 1 Q!

> <i)zij:1;i#,/' Qi (_ 1 ) Zizl (Q1j+02))= 0214043+ Q43 +045+053

w p 0ttt M0t 01 OIS O3 001 +00a k05t 100140244005 4003 D041 H0u +0as L D041 +042+ 045 +0s3
Py Py 1 Py 1 1

p"Q51+Q52+Q54+1 ) 05140524050+ 053 MO0+l M0 +014+015 11001 +004+1 _”p”Q21+Q24+Q25

% qQ4]+Q42+I .
1 1 2 2 2 2 2

9041 +Q42+045 1031 +032 403441 10314030 +034+035  "M013+1 MQ15+014 110 +1 1051 +004 T 051405241
sz p2 -..pz p3 -o.p3 p3 ..op3 p3 e
70514052 +054 1031 +032+1 10314037 +034
X Py 3 Dy (41)
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m m + + o5+ "o 2 fo3+1 311032 7 51 Toy,
Xp4]...p4Q12pZQ4l1...pZQ41 Q42p4Q~ l...p4Q~+Q5p4Q~ .o pQ stl...pgﬂpgl...ng“pl prs...pQ
§,—2 sp—2
K 9+T45+22s+ﬂ2+ —2>2+Z m.)] <9+T45+22s+ﬁz 2=2) +Z ﬂ“)
§,—2
! 2 i ! !
X —T25+52(2S—4)—5(52—2) ==Y i(Bror) )11 = Toy + 25, — y)!
k=1
r 1 sp—2
X |5=Tys—Tys— T3+ (52— 2)(Zs — 4) —z(sz —2)* +2s3—a3 - Z i(Br-1) — i(ro) — i(}’l)] !
L k=1
' I = o -
X (1 —Tas = Tys + (52— 2)(Zs — 4) _5(32 -2 - Z i(Br-1) — i(ro) — l(h)) !]
L k=1
- 1 $,—2
X |5=Tou+2s5—ay=Tys —Tys = T3 + (52— 2)(Zs — 4) —E(Sz —2) 4253~ - Zi(ﬁk—l) —i(ro) — i(?l)] !
L k=1

1 s3—2. 1
x3F, [T35 —(s3+2)(Zs—4) +§(S3 =22+ B3+ Y i(Bier)i 1 = Tos + 55(Es — 4) —5(52 =20 =B
=
s,—2 1
= i(Bic1): 6 = Tos = Tys = Tag + (s, — 2)(Zs — 4) — 5(52 —2)* 4253 — a3
pa

§,—2

- ; i(Brer1) —i(ro) —i(r1);2 = Tos = Tus + (5, = 2)(Zs —4) — % (55 —2)>
S,—2

. ; . 1
- Z i(Bre1) —i(ro) = i(r1);6 = Tos = Tus — T3q — Tog + (53— 2)(Zs — 4) —5(52 —2)7 + 25, + 253 — ay — a3
k=1

§,—2
- E i(Brer) —i(ro) —i(r1): 1 (42)
k=1

mg 0 +1|n§ 0yj+1 mE 0 i+R ‘ng 0 +R m§ Q) ;+14R \qg 04i+1 mE 0 +R2+R |q§ 04j+R
X7 ;1 ;92 . QTR ;92 1277 Q1 12 94 . QiR R4 ;24 R4

mg ‘Q]j+R]2+R]4+l|r§ 05j+1 mg ,Q,j+R,2+R,4+R15‘r§ 05j+Ry5 mg ,Q,j+R]2+R|4+R15+1‘t§ 03j+1
X ;/] J j PR 7/] J J 7/] Jj Jj o

m |t n lg m lq

E Q1R +R14 TR 5+R 3 E Q3 +R13 5 Q2 +1+R1p E Q4 tR14+1 E 02 +R12+Ro4 E 04 tR14+Roy

X ]1 J J }’l J J e }7 J J

" ; Ir ; " i+R 2 +Ryy +R: Ir i+R5+R

(02 +1+R 1 +Ry Os5j+R5+1 02j+R12 Ry +Rys 05 TR 5+Ry5

X }7 J J LI }7 J J

"§ ,Q2f+1+R12+R24+R25+1|t§ [03j+R3+1 m§ _Q2j+R12+R24+R25|t§ [03j+R31+R3;
X }7 J - J h e ]’I J N JT h h

q |r q |r

Ouj+H1+Ry1 +Ry (05j+Rs | +Rsp+1 04j+Ry41 +Rap+Ry5 05 tR15+Ry5+Rsy
Xn j J e J J
t t

qE .Q4;+1+R4|+R42+R45‘ g (03 +R3 1 +R3p+1 qE 4Q4,'+R41+R42+R45+R43‘ g (03 TR31 +R33+R3y
Xn j j s Jj j

r§ _Q5j+l+R51+R52+R54|I§ [03j+R3]+R3p+R34+1 rE ,\-_3‘tS3-1
X n J j e e R (43)

where

L(n) = Z% (44)

This concludes the evaluation of the quintic interaction vertex.
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HIGHER SPINS AT THE QUINTIC ORDER: ...
V. CONCLUSION

In this work we have considered a very special limit of
higher spin quintic interaction, limited to the case when the
sum of three spins participating in the interaction roughly
equals the sum of the remaining two, or where one must be
small enough and another must be large. In this case, the
ghost structure of the operators drastically simplifies the
calculations, and the absence of RG flows from the quartic
order, contributing at the fifth order, makes the construction
of the interaction five-vertex from the scattering amplitude a
relatively straightforward procedure. Despite the specific
choice of the spin values considered in this work, it is
remarkable that the structure of the 5-vertex can be extracted
from string theory in the low energy limit. One particularly
important result is the locality of the quintic amplitude in this
limit. This is the intriguing novelty of the quintic interaction
where all the known examples of the vertices at the previous
(quartic) order are essentially nonlocal, and the vertex (41)—
(43) constructed in this paper has no quartic analogue (which
vanishes by the ghost/y-number constraints). This may bear
important implications for the higher spin holography, as the
nonlocality of higher spin vertices versus their local counter-
parts in the dual CFTs is the well-known puzzle [50-54].
Despite the vanishing of the four-point analogue of the
amplitude considered in this work, one may still hope to find
alternative mechanisms for localization at the quartic level,
at least in the AdS space. Our hope is that the string theory
may provide efficient and powerful tools to address these
issues, as well as to approach the higher orders of higher spin
interactions, at least for specific spin values. It is also of
interest to find the holographic interpretation of the locali-
zation effect, pointed outin our calculations. For that, itis, on
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the other hand, necessary to have better understanding of the
higher spin nonlocalities from the string theory side. So far,
string theory has been able to account for very limited and
simplistic types of higher spin nonlocalities only. For that,
the class of V_;|,_3-operators considered in this work may
not be sufficient, and one may need to find explicit solutions
of the operator equations (15) and (16) for the generalized
zero torsion constraints. These constraints are generally hard
to work with in the formalism of the on-shell (first-
quantized) string theory. Alternatively, in the string field
theory approach the nonlocalities may be naturally
encrypted in the structure of operators in the cohomologies
of the BRST charge shifted by the appropriate analytic
solutions in open string field theory [55]. The obvious
advantage of this approach is the background independence,
which in theory may allow us to penetrate beyond the realm
of standard string perturbation theory. Although at this time
our understanding of how the analytic solutions work to
describe higher spin interaction is still very preliminary and
limited, in the end it seems plausible that the language of
shifted BRST cohomologies in open string field theory may
be the most natural and efficient to understand the non-
localities in higher spin interactions.
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