On scattering of higher spins 1n flat space

Arkady Tseytlin

D. Ponomarev and AT arXiv:1603.06273

R. Roiban and AT arXiv:1701.05773



Motivation:
e understand properties of theories with infinite number of states:
e.g. consistent massless higher spin theory in AdS (vector dual)
or tensionless limit of string theory in AdS (adjoint dual)

e HS theory in AdS 1s complicated:
action? locality? consider some simpler limit

e HS theory in flat-space ... no-go theorems ...
such theory may exist if relax locality condition?
what about its symmetries? trivial S-matrix?

There are more things in heaven and earth, Horatio,

Than are dreamt of in your philosophy.
- Hamlet (1.5.167-8)



Summary:

e construction of quartic HS interaction vertices

for single tower of massless even spins s = 0, 2,4, ...

using the Lorentz-covariant S-matrix-based approach

e 000s: 4-vertices making amplitudes on-shell gauge invariant
local for s = 2,4 only

e locality can be restored by extending set of fields:

add extra tower of even spins s > 0 with specific couplings

e indications that extended local action has trivial S-matrix

e would be 1in agreement with soft limit constraints on S-matrix
from gauge invariance under assumption of locality

e underlying global symmetry of flat-space HS theory?
analogy with conformal extension of Einstein theory:
invariance under conformal HS algebra?

then possible reason for trivial S-matrix



Plan:

e scattering via massless HS exchanges:
0000 and 000s amplitudes

e constraints from gauge invariance of S-matrix in soft limit

e S-maftrix approach to construction of gauge-invariant action:
non-local 000s 4-vertices

e resolving non-locality by introducing extra tower of states

e conformal off-shell extension:
Einstein theory and possible HS generalization



Massless higher spins 1n flat 4d space
e free theory: symmetric double-traceless rank s tensors
S = [ dw 0™ DBy, o

5¢m1...ms — 8(m16m2mm8), S = O, 1, 2,
e cubic interactions with linearized gauge invariance known
e quartic interactions? consistent interacting theory?
e various s > 2 “no-go theorems”
€.g. no minimal interactions — no long-range forces

[Weinberg; Cachazo, Benincasa ,...

review: Bekaert, Boulanger, Sundell 1007.0435]

e assumptions? locality of quartic and higher interactions

e demand gauge invariance: which type of non-locality required?
e resolve non-locality introducing new fields?

e resulting S-matrix 1s trivial? underlying symmetries?



Why of interest?
e tensionless limit of string theory in flat space?
degenerate, not well defined ...
but 1s well-defined in AdS:
“leading Regge trajectory” — massless tower of higher spins
e massless HS theory in AdS
e consistent non-linear equations known [Vasiliev]
but complicated, many auxiliary fields, so far no action
e action for physical Fronsdal fields
can be reconstructed in principle using AdS/CFT:
match correlators of boundary CFT
[Bekaert,Erdmenger,Ponomarev,Sleight 15; Taronna, Sleight 16]
e cubic vertices known; quartic are complicated
issue of locality is subtle / unclear — kernels f(a0), A =1/a?



e flat-space limit of AdS HS theory?
non-local theory for HS tower s = 0, 1, 2, ...7
infinite global symmetry? S-matrix ?

e consistent theory requires

— infinite tower of spins s =0, 1,2, 3, ..., 00

— higher derivative (non-minimal) cubic interactions (s; < s9 < S3)
O" Qs PsyPsy> S22+ 83— 51 KN Sg + 83+ 51

e.g. l.c. 2-2-2 vertex — 02, 9*, 9% and 2-3-3 vertex — 9*, ..., O°

[light-cone: Bengtsson, Bengtsson, Brink; Metsaev;

covariant: Fotopoulos, Tsulaia; Boulanger, Leclerc, Sundell;
Manvelyan, Mkrtchyan, Ruhl; Sagnotti, Taronna, ... ]
e Noether procedure: deform 0, = de,_1 + ..., add 4-vertex,...



e 3-point coupling constants [Metsaev]

gsl+32+33—1

S1+ S+ 53— 1)

Csi1s9s3 — 4 (

e two constants (cf. string th.): g and /= length
structure of action:

1 n— n _
72 / 2| 3 00,005+ 70" 00, 6000+ 0 G
effectively “non-local”: no. of 0 grows with s and no. of ¢

e / should be hidden scale in background-independent
generalization of HS theory in AdS (cf. Einstein theory)

Aim: find quartic interactions required by gauge invariance



Free higher spin action
e symmetric higher spin tensors

Gs(x, 1) = ™% () Ugy - - - Uq,
e Fronsdal action: gauge-inv [ ¢ ¢s, 2 d.o.f.

S gs] = /d4$ bs(2,0,) T [D, — (u- 8;) D] ¢s(, u)

u=0
T=1-123?  D=(8,-0,) — L(u-8,)d?
e ¢, double-traceless
(04)"¢s(a,u) =0

e free equations

0, — (u-0y) l/ﬂ ¢(x,u) =0



e linearized gauge transformations
5,§O)¢S(x7 U) — (U ) ax)gs—l(xa U)

with traceless parameter 02 ,_¢(z,u) =0
e de Donder gauge:

ﬁgbs(x,u) = () — 0" b4y a, + .. =0

S(2>[¢3] = S!/d4£€ ¢S(x,5’u)fDx Gs(x,u)

u=0

e cquations of motion

[y ¢s(x,u) =0



Cubic interaction vertices:

e requiring gauge invariance of combined action

5(0)3(3) + 5(1)5(2) — ( [Manvelyan et al; Sagnotti, Taronna; Joung et al 11]
e traceless-transverse part of cubic vertex (0, = 0y, — Oy,)

3(3) [¢O> quQ, Qbsg] —C0sq3s3 /ddaj {(QLQ | 83031)82 (aU3 ) $12)83

X G0(1) sy (22, 12) Doy (w5, 13) |, _,

;=T
® C, 5,5, 11Xed 1n l.c. approach [Metsaev 91]
ps1ts2+s3—1

s1+ S+ 53— 1)!

Csys983 — g(

® same cg, 5,5, 10r massless HS in AdS, constructed from AdS/CFT
[Skvortsov 15; Sleight, Taronna 16]



Free HS propagator in de Donder gauge

Dy(u,u’;p) = —Z% Po(u, u')

Ps(u,u') = & (3v u2u’2)8 T, (\/%)

__ s s/2] (=1)*(s—k—1)! s—
Ti(z) =3 l[ciO] ( k)!(£—2k)! ) (22)

— %{(z%— V22— 1)+ (2 — V22 — 1)1
T — Chebyshev polynomial of 1st kind
Cubic Osas3 vertex @ (p;; = pi — D;)
V(auga 6U3;p17p27p3) — 22.(303233(—2.1031 | aug)SQ(_ipm ) au3)33

Consider scattering of spin O via all spin s exchanges






4-scalar scattering amplitude: exchange part
exchange of tower of higher spin fields

[Bekaert, Joung, Mourad 09; Ponomarev, AT 16]

e scalar: s = 0 member of HS tower

interactions with even spins only

contribution of contact 4-vertex 1s yet to be fixed

e s-channel exchange of spin j field

o~

Mandelstam variables (p? =p? =0, s+t+u=0)

J (s,t,u)

exch

— _(pl +p2)27 — _(pl +p/1>27 — _(pl +p’2)2
: Z'0(2)0' 1 '
ixch(svtau) — = 227 (t T u)] TS(EJ—r_ﬁ)

S



Aexch 713711 Z Aemch ,t,U)
=0,2,4,.

J=

_ —é[F(\/er \/E) +P(Vs Tt - Vi)

Z 2.2
F(z) = Z COOJ T 922 [(2h— 1)']2 E )%
3 —

g* (¢ )[[0(62) JO(ZZ)]

OOI}—\

® sum OVer spins 1s convergent
¢ non-trivial dependence on Mandelstam variables and /¢

e full exchange amplitude

AN

Aexch(sv ta U—) — Aexch(sa ta U) + Aemch(ta S, U) + Aexch(ua ta S)



e Regge limit of exchange part: t — oo, s=fixed

R . 2 2 (021)3/4
Awen (5,6, 10) ~ —%e% Io(0v/GE) ~ — 19~ O s

g 925/471/2

e fixed angle limat:

s,t,u— o0, t=—sin*%, Y=—cos?? O =fixed
Acaen(s, t,0) ~ ig?[s** VIO 5 oo f(6) >0

e cxponential growth: indication of UV divergences in loops
but this 1s not full amplitude: still to add 4-vertex contribution
[cf. string theory: Shapiro-Virasoro amplitude is UV-soft]

A4 _ g2 F(—l—ia’s)F(—l—%a’s)F(—l—io/s)
I‘(2—|—loz’s)F(2—|—loz’s)F(2—|—loz’s)

—6,—a’[s[ h(6)

— ¢°ls| ®(sin @)~ — 0

h(f) = —%(sin® £logsin® & — cos? ¢ logcos® 2) > 0



4-vertex contribution
add contribution of 0-0-0-0 vertex

X

e expected to be effectively non-local: infinite series in 0"
e may cancel or “soften” large p behaviour of exchange

e (ry to guess 4-scalar vertex in flat-space HS action from
its form 1n AdS action reconstructed from AdS/CFT
[Bekaert, Erdmenger, Ponomarev, Sleight 2015]: V =0

Wlgo] =g /d4 {Zfzy v31) x12'3x34)2j

X ¢0($1)¢0(I2)¢0(I3)¢0($4)}

;=T

A51?34 = (6903 T 85134)27 851312 = 85131 o an



fgj(Z) = 1nfinite series 1n z, regular at z = 0: no poles
e choose large z asymptotics same as in AdS 4-scalar vertex:

€4j—2 .
Z— X \(Z) — Coj Co; — .
fZJ( ) 27 - ’ 27 [(2—1)1]2

e then asymptotic contribution to 4-scalar amplitude 1s

>0 fay(s) (b — )Y = 2[5 (201/2t +5) — Jo(20v/2t +5)

e contact term may cancel against the exchange contribution
— full amplitude may be trivial?



Remarks:

e soft UV behaviour is expected in higher-spin theory in AdS:
4-scalar amplitude = free CFT 4-point correlator (¢p9 — P*P)
e Witten diagrams in AdS in Mellin representation

look similar to scatt amplitudes in flat space [Penedones 2010]
[AdS exch — Mellin ampl with poles related to dim’s of ops;
contact interactions with 0" — Mellin amps

~ m-order polynomials in s, t, u =Mellin variables]

e total AdS scatt amp similar to Mellin transform (in u, v)

of 4-point correlator of spin O operator in free O(N) CFT:
distribution §(s — $)d(t — 2) + ... [Taronna; Bekaert et al]

e suggests (?) exch + 4-vertex tree-level 4-scalar amplitude

in flat space may also have trivial large p asymptotics



Comment on BCFW constructibility

e requires that amplitudes vanish under infinite

complex shifts of momenta [Benincasa, Cachazo 07]
assumption of analyticity (vanishing at co —

ampl can be reconstructed from poles and residues)

e leads to recurrence relations which allow to express

any tree-level amplitude in terms of on-shell 3-point ones

e applied to 4-scalar amplitude would allow to determine

quartic scalar self-coupling in terms of cubic vertices

e but BCFW construction can be applied only if cubic vertices
satisfy non-trivial consistency condition - “four-particle” test;
cubic HS vertices fail to satisfy this test

[Fotopoulos, Tsulaia 08; Dempster, Tsulaia 12; Bengtsson 16]

e not clear if condition of BCFW constructibility should apply
to an effectively non-local HS theory containing infinite number of fields
with higher derivatives of any order in vertices

(e.g. assumption of analyticity may fail if sums over spins do not

converge fast or give amplitudes ~ distributions)



S-matrix approach to gauge-invariant interactions
e direct construction of gauge-inv action via Noether procedure:
quadratic action, deform by higher-order terms while also
deforming linearized gauge transformations to make

full action 1nvariant: ties construction of action

S =59+ 53+ 54 + ... to that of gauge transformations

6 =00 460 463 4+

6008 +6WS, =0, 608 +6WS5 4538, =0,....

e more efficient approach: start with S-matrix and demand its
on-shell gauge invariance: advantage - only linearized
transformations §'?) act on physical amplitudes

non-linear ¢e terms in 0 ~ Je + e+ ... |

relate Green’s functions to Green’s functions but projected out
by leg amputation to get S-matrix element



e linearized gauge transformations
0oy =0es1 = 0Dupa(D) = Dius€pneia) (D)

e non-trivial case: if S5 is invariant under linearized g.t.
only up to eqs of motion need to add S, vertex:

3-point vertex in higher point amplitude — variation leads to
p? X ]% — higher point violation of invariance

— add higher vertex to cancel



Example: scalar electrodynamics

L= amqb* mqb + ZAm(¢* mgb — ¢am§b*) + AmAmgb*qb
0A,, = On€, 00 = 10¢

A(1)o(2)p(3)A(4) scattering amplitude:

Am — Cm(p)eip-xa p- C =0

1 1
Aexeh = 5 C1 - Pp2Ga - P3+ —5C1 - P3Ca - P2
P12 P13

e gauge transformation in leg 1: 0(; = p1€1, 09 =0
OAexch = (G4 p3+Ca-p2)er = —G-pre

e can be cancelled by adding contact A™ A,,,¢* ¢ vertex
Acont — Cl ) C4 — 5Acont — P11 C4 €1

e thus 4-point vertex can be found from condition

of linearized gauge invariance of on-shell amplitude



e To get information about structure of possible 4-vertices
consider 0-0-0-s tree-level amplitude:

(1) find exchange contribution

(1) add general 4-vertex contribution

(111) impose on-shell gauge invariance w.r.t. spin s leg

(1v) determine “minimal” 4-vertex required by gauge invariance

e Parametrization of 000s 4-vertex in momentum space:
§—2

Looos = Z V:sk(plap% p3)

k=0
X ¢o(p1) (2ips - 0u)"do(p2) (2ips - 0u)* oo (p3) ¢;(pa, u)

e Aim: constrain coefficient functions V.
by demanding that S-matrix element 000s 1s gauge invariant



Gauge-1nvariance constraints on S-matrix

e soft momentum expansion of massless higher spin amplitudes
and gauge invariance constraints: [Low 58; Weinberg 64; Bern et al 14]
e soft limit of massless HS theory with generic 3-couplings

e assume locality: all poles in momentum in

amplitudes may only come from on-shell propagators

of particles present in the original action

e restrict to leading order of soft momentum expansion:
extends [Weinberg 64] to arbitrary couplings of HS [Taronna 11]

Soft momentum expansion of 0...0s amplitude
n spin-0 and one spin-s with p,.1 =q¢ — 0
two contributions: with pole at ¢ — 0 and without



n+1 / n+1ﬁﬂw /

A/Ll.--,us (ph c ooy Pny q) — 7D/JJ1---,LLS (ph c ooy Pny Q) + R,Ul---,us (ph « vy Pn; Q)

/

PH1-- Ms%zzp" ' ?’ Py ( uu)[(pi—q)'ﬁu}siWs;(pﬂrqaau’)

(pi +9)* =2q pi +¢* — 2q-p;

P,(u,u) — projector in spin-s propagator

Wy — Green’s function with all but ¢-th leg (p; + ¢) on shell
e forg = 0: W 1s n-point amplitude



W is then gauge-invariant: (W) 0 = Wy (i, Our)
W (pi, O ) Py (pisu') =0, s, #0

W (pis Ou) (i - w')* Py _i(ps,u') = 0, k=1,...s

e gauge invariance of full amplitude requires for any g

Qs A (P1s - psq) = 0

leading term 1n ¢ — 0O:

ZZP P S W (pi 0) Py (piy ) = 0

e assumed locality: dropped R-term that has no poles in ¢
e gauge inv of Wy, (q = 0): only terms with s, = 0 non-zero

e left with WO—AO O(p 7--'7pn)
A" (p1, . pn) Zp Pt =0



eas > .pit...pi°~" does not, in general, vanish if s > 2:

AOWO(pla SR 7pn) — O

local action — scattering amplitude =0 [Weinberg]

Soft momentum expansion of s;...s,s amplitude
again A =P+ R, forqg—0

Pt D1y P Z‘Q“;, (4, piy Ou) q Wy (pi+q, Ou)

W, all but the i-th leg (¢ + p;) on shell
for ¢ = 0 subject to gauge-invariance constraints
3-vertices V)" (q, pi; O,) gauge inv on shell [Manvelyan et all

non-trivial contribution to spin s gauge inv constraint:



0 =q - au [uul u/;sAM1...us (p1, D, q)}
Z iogirst (@ Dis Ug; Ou) Wi (Di 4 q, Owr) Py (u,u’)

O U R (pr s )]

leading order at ¢ — 0: using explicit form of vertices

0= chszsz 5] (ug - pi)°~ 1¢82(p“asz) ng(pi,au/) Psg(u,u/)

= A%? n(plv . 7pn) Z Css;s; (uq . pi)s_l

1

® s =2: (o, mustbesame foralls; (canuse ) , pr =0)
— spin 2 coupling must be universal
e s > 2: sum cannot vanish for generic on-shell momenta



e thus gauge invariance requires that either Fldn — ()
or constraint on coupling consts: cg.5. =0, 5, < s
—no cubic diagonal coupling of spin-s with s; < s fields

e (...0s amplitude as special case:

if c,00 # 0 and assume locality then A%-0 = 0

n = 3: trivially absent

n = 4: vanishing comes from constraint on 5-point 0000s
(assuming locality of 5-vertex)

e assumed locality:

may still get gauge-inv S-matrix in a non-local theory

but if recover locality (by adding extra fields, relaxing unitarity)
then total gauge-inv amplitude should still vanish



0-0-0-s exchange amplitude:  [Roiban, AT 17]
e no constraint from soft limit: A" = 0 — go beyond soft limit
e use 0-0-s" and 0-s'-s: @5 — (,(p) e?*

Cs(pa C]S> = Cmy...ms (p) q"t...q"", P = it Py, pz2 =0
e s-channel:

Zg 23/—|—s—2 s/ 2 _p2 S
Aexch — _pT (3’—61)!(34—3’—1)! (p%2) TS’(%) CS(p4ap3)
12 o
To(z) = [(z + V22 = 1)+ (2 — V22 — 1)"]
2ig° ;
Aexch — _pT [Fs(z—i—) T Fs(z—)] Cs(p4ap3)
12

Fo(z) = 2% [IS(Z) — JS(Z)} ; Rt = €(@j: \/p%Q —I—pfg)

e add t and u channels: full A,



e impose linearized gauge invariance condition

5Cm1...ms (p) — P(m1€ma...ms)
on full amplitude: Ay = Aoxen + Acont

0Aexeh = —259° | Fy(24) + Fo(22)] € 1(payp5 ™) + ...

cancel this against variation of contribution of 0-0-0-s vertex
k/ 0 Ve (P1, P2, p3) ¢o(p1)(p2-0 )k¢o(p2)(p3 )’ k¢o(p3) Cs(pa, 1)

0Acont = 8‘/;0(29172927]?3) p§4 Cs_l(m,pi_l) + ...

e find required 4-point vertex Voo

get “minimal” solution consistent (?) with locality

e gauge-invariance: gives relation of V;, to Bessels in A,
e local solution for 4-vertex exists only for s = 2 and s = 4



e s — 2:
local 4-vertex exists:
Vio = & (Fa(z4) + Fa(=-)

_% [p%3R2 (pTs) + P33 R2(p33) + Pialts (P%z)})
Ry(x) = 5= |I;(v—2) — Js(v/—x)] 2 — 0residue of F5(x)

e particular form of gauge-invariant 0-0-0-2 amplitude:
for special choice of local 4-vertex

A=g [p%3R2 (p%?)) + p%3R2 (pgs) + p%zR2 (p%2)]
C2(pa,p3) | C2(pa,p3) | C2(papl)
x ( Pis * Pis * P33 )
e still need to fix possible extra terms in 4-vertex:

requires study of other amplitudes



o s =4:

local 4-vertex ~ R, ~ Bessels
particular form of gauge-invariant
exchange + contact 0004 amplitude:

A= U(p17p2,p3) CZL (p47 (p%2p2_p%3p3) ) 15p

(P4 pz) + ..

U= (5 + ;2 ) Ra(ply) + cycle

e s > 4: no local 4-vertex exist [Roiban, AT; Taronnal]

e cf. constraint of soft theorem:

if assume locality then gauge invariance of 000ss’
implies vanishing of 000s

e similar conclusions assuming BCFW constructibility

[Benincasa, Cachazo; Benincasa, Conde; Dempster, Tsulaia]



Required non-local terms for s > 6

e minimal required non-local 4-vertex

to make 000s amplitude gauge invariant

coefficient functions Vy(p1, p2, p3) have poles (¢ = 1)

S Vso(phpmp:a)

2 2
1 P13 1TPa3
A pra local

2 1.2 4 .4
1 P13 tPa3 1 Pi3tPa3
L 250l pr + 22311 pr2 + loc;al 6
1 P13 tPa3 1 Pi3tPas3 1 P131tP33
10 24 x5!Ix 111 pi2 T 23 x3!Ix6!x13!!  piog + 22x5!xT!Ix15!"  p1o + local

s/2—3
nonioc 1
Vo 1 (p1,p2,p3) = _2;2 Z Fusl (p%éw +p§é+2)
=0

1
28/2= 11214+ 1)N 1+ 5)1(20+s+1)!!

Rsl =



e 4-vertex in position space (¢(u) = ¢(x,u))

s/2—3

1
Looos* =9’ Z b0 (0" 0" 60) =[Oy -+ Ousyy(0u-0) 0] 05 (u)

fg
(205 +1)!

e observe factorization in sumover s: Gy = 55 o

Z 58861;00 _ Z Cor o ("1 ... 9242 ¢h)
=0

5=6,8,...

LS CulB Dy @ 0 ) (1)

s=6-+21

e suggests that may eliminate non-locality by introducing
additional spin s = 2,4, 0, ... ghosts-like fields 9,



oo @)

L(6,8) = =3 > Yarralasa = > |Cor oD - 0,)* 6

[=0 [=0

£ Y Ca((@a-0)(0,- 00 *260)6.(w) | Yrsalv)

s=2l+6

e integrating out 1), gives also other non-local terms

oo

1
L3360 = D (Cor)* dod"" ... 0" = G0y, - - - Opag,a o

[=0

Lo =3 " Capt Cagt [(Ouy + 0)* Dy - - - Opigry B0 05, (11
[=0

% é [(a’@ ) 8)82(9#1 s aﬂ2l+2 qu} ¢52 (UQ)



e assume that these non-local quartic terms are indeed present
then extra contact contribution to 0000 amplitude

2ig°
(AE™)oooo ol = — p—i S13 [Io(\/ 8p13) — Jo(v/ 82913)}
(Agt)oooo Dole =4 Z(COZ)2(p13)2l+2 = 27;92% [[0(\/ 8p13) — JO(\/ 82913)}

I=0
e sum vanishes — cancellation of s-channel pole in 0000
suggests full 0000 amplitude should vanish ?
e same may expect for s > 0 —if add proper non-minimal terms
e if local and gauge-invariant but non-unitary extended action
exists — such theory may have a trivial S-matrix
consistent with expectations based on soft theorem
e same should then apply to non-local HS theory:
consequence of hidden infinite-dimensional symmetry?



Conformal off-shell extension

e candidate symmetry: higher spin conformal symmetry —
symmetry of higher derivative conformal higher spins [ d*z ¢ 0% ¢
e analogy: Weyl gravity and conformal extension of Einstein
[ d*z\/g (R + 60™¢0,p) have same symmetries

e similar conformal extension of Fronsdal 0 theory?

requires tower of auxiliary ghost fields

e non-local if one eliminates ghost fields:

non-local action with extra gauge symmetry but same S-matrix
e Sp(h) = [d*z\/gR

depends on traceless t,,,,, and trace h parts of h,,,

Ronn, = o + inmnh : trn = Ry — inmnh , h=h"
e h — unphysical — can be gauged away on shell:

does not appear as asymptotic state in S-matrix



e integrate out h — non-local effective action for %,,,

Sg(t) = [ d*x(td*t + 00t0 200t + Ottt

+0*t0~20t0t + O*tttt + OtotO *0tdt + ...)

produces same Einstein S-matrix for gravitons
cf. Sw(t) = [d'z\/g C* = [ d*x(td*t + O*ttt + oMttt + ...)
e closed form of such action:  [Fradkin, Vilkovisky 75]

S = fd4:c\/§(R — %RA‘lR)
Weyl-invariant off shell extension of Einstein theory
e generalize to HS case: quadratic plus cubic action for
Fronsdal HS fields ¢,,, ..., subject to double-tracelessness
(1) split into “physical” traceless t, + “ghost-like” trace h,_-
(1) integrate out h,_»
e resulting non-local action for ¢ should lead to same S-matrix:
analog of conformal off-shell extension of Einstein theory
invariant under infinite dim conformal HS symmetry?



Integrating out the trace from the Einstein action

Lp(h)=\/gR=X1 + Xo + Xs + Xy + ...,
X1 = OpOphyn — 0%h = 0,0ty — 20%h
Xo = 20ktmnOktmn — 30ktmnOntmk + tmn0?tmn — OnlinOmtim
+ 2 (0kh)? + 20mtmnOnh + 5tn0m0ph
2Ot srOptsr 4 timsOmtnrOntsr + 5tnsOmtnrOptsm + ..

X3 =
Solving for h:

Le@)=LP@® +LY®) + LY + ...
Eg) (t) — _iaktmnaktmn + %aktmkﬁntmn + %0m8ntmn8_25’k8rtkr
— % mnkl8_20mnkl — itabp%%a%mn
R i e S ) N e -

(m~ n)

LP(t) = Xs(t)+5 X1 (102 Xa(1) Xo(t) = Xo(t,h = 0)



e in transverse gauge O,,t,,, = 0
X, =0, Xo = 20ktmnOktmn — 2O0ktmnOntimk + tmn0®tmn ,
X3 = —1taOalmnObtmn + tavOalmnOntms — 5tapOntmaOnlmp + ...
Xi = —1=tmntimn(OrtanOrtar — 20, Optar) +
Li(t) = =10kt Optimn+ X3 (t)+ Xa(t)+Ya Yy = s X207 X,

3-graviton amplitude is given by X;5(#)
e non-local contribution Y, to 4-graviton amplitude

Y;l — 6 382( mn mn) 1ak6 ( m )} % [%aQ(tabtab) — %arab(tabtar)

e non-local h-exchange term contributes to S-matrix?

h “unphysical” — “wrong” sign of kin term, pure gauge on shell
same 3-graviton amplitude — should be no change to S-matrix
constructed by BCFW prescription: unitarity-based arguments
imply that scattering amplitudes should be cut-constructible



e BCFW representation: Einstein 4-point S-matrix in terms of
t> physical vertex (at complex momenta) — trace not involved
e complete 4-graviton amplitude =

tmn €xchange X307 2X3 + local X4(t) + non-local Y,(t)

1s physical and gauge-independent

but split between exchange and contact contributions depends
on (on-shell) gauge or particular choice of polarization tensors
e non-local term Y, (not gauge-invariant) does not contribute
to S-matrix 1n special gauge or for choice of polarization tensors
for which on-shell matrix element of Y, vanishes

e cf . similar choices in gauge theories

when 4-gluon vertex does not contribute:

it 1s under this special choice BCFW construction applies

e in general, unphysical trace exchange cancels

other unphysical (time-like, etc) parts of the ¢,,,, exchange



Conformal off-shell extension of Einstein theory
e same Ly (t) obtained by integrating out h can be found
from Weyl-invariant off-shell extension of Einstein theory

S(g,8) = Su(d%g) = / P /G(RE + 60" 60,0)

invariant under ¢/ = A*(2)Gmn, ¢ = A" (z) @
e perturbatively equivalent to the Einstein theory if assume ¢
has a non-zero constant vacuum value in flat space
i.e. expansion ¢,,, = Mmn + Pmn, @ =14 @
e if fix the Weyl gauge ¢ = 0 — Einstein theory
or if solve for ¢ in terms of the metric —
non-local “conformal off-shell extension” of Einstein gravity
e gives equivalent S-matrix but has an additional Weyl symm



o(g)=1+p(g), —V+iR(1+¢)=0
» = —%A_lR, A=-V?+ %R

5.(9) = S(g.0(9)) =6 [ d'2y/50(9)20(0)
- / d%\/g(}z _ %RA—lR)

e Weyl symmetry — can fix traceless gauge on h,,,:

S. depends only on traceless graviton ¢,,,, even off-shell
e resulting action is equivalent to Sg = [ d*zLg(t)
found by integrating out h from the Einstein action:
either gauge-fixing v = 0 and solving for h

or first gauge-fixing h = 0 and solving for ¢

leads to same action for ¢,,,,,



Higher spin generalization?

e Weyl gravity — conformal higher spin theory

invariant under conformal higher spin symmetry

generalizing both reparametrizations and algebraic Weyl symm
e conformal extension of Einstein theory —

2-derivative higher spin generalization?

should contain extra tower of ghost-like “compensator” fields
making it invariant under conformal higher spin symmetry

e solving for this extra tower of fields should give

non-local action with extra higher spin conformal symmetry
depending only on “physical” traceless parts ¢,

of the original (double-traceless) Fronsdal fields ¢

e cquivalent action (leading to same S-matrix)

from integrating out traces h,_» of the fields ¢, in

massless HS Lagrangian L = )" ¢:0%¢s+ V3(o)+Vi(o)+...



e kin term in non-local action depends only on traceless ¢
represented in terms of linearized Weyl tensors C'y ~ 0°t,
conf HS theory: Lo, = C,C, =t ,[1°t, + ...

conf Fronsdal: Lo =C,0 0, =t,0t, + ...

e analogy with “extended” cubic+ quartic theory from
condition of on-shell gauge invariance:

also has extra “ghost-like” HS fields v; needed for locality
e suggests interpretation of additional fields ); as
conformal compensators of conformal off-shell extension
that should not appear as asymptotic states in S-matrix

e action should have extra hidden symmetry

— conformal higher symmetry —

e while speculative this proposal

may be explaining possible triviality of resulting S-matrix



Conclusions
e motivation to study flat space HS theory:

limit or simplified version of massless HS theory in AdS
e using S-matrix gauge invariance to constrain Lagrangian:
exist local quartic Lagrangians such that
0002 and 0004 amplitudes are gauge invariant
but 000s with s > 4 require non-local 4-vertices
e may be eliminated by tower of extra ghost-like HS fields
e requires additional 0000 vertex that cancels
exchange part of 0000 amplitude
same may apply for other amplitudes: full S-matrix trivial?
e tests required — e.g. gauge invariance of the 00s; sy amplitude
e analogy with conformal off-shell extension:
higher symmetry explaining triviality of S-matrix?



