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Abstract: Taking String Theory as a " theoretical laboratory", | will present handy expressions for bosonic and fermionic (SUSY) higher-spin
Noether currents. | will also describe a class of non-local higher-spin Lagrangian couplings that are generically required by the Noether procedure
starting from four-points. The construction clarifies the origin of old problems for these systems and links String Theory to some aspects of Field
Theory that go beyond its conventional low energy limit. | will finally discuss how the extension of these results to (A)dS brings about the
emergence of minimal-like couplings from higher-derivative ones.
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DProblems with &‘riny Tﬁeory

Vit is a schewe based on the mechanical wodel of a
vibrating relativistic string

v Although very natural it raises several questions:
Background (in)dependence(?) ....

Key ingredient for consistency): Infinite tower of HS excitations

Soft UV behavier, open-closed duality, planar duality, meodular invariance, ete...
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DProblems with Strin 19 Tﬁeory

Vit is a schewe based on the mechanical wodel of a
vibrating relativistic string

v Although very natural it raises several questions:
Background (in)dependence(?) ....

Key ingredient for consistency: nfinite tower of HS excitations

Soft UV behavier, open-closed duality, planar duality, medular invariance, ete...

Thediffieulty [ > Themechanical wodel hidesthe geometry

very general fact whenever an S-matrix theory is considered!

Global sUmmztr'Les (ward tdentities) on the asUmptoth (bowwdarg)
states are dual to bulk Geometry

String Thcora Ls a consistent Hig her-S‘Piw Theora!
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»”

Plan

String HS cubic couplings

» Limiting couplings

» Higher-Spin cubic interactions
(A)ds ba radial redwction!
Noether procedure

» A toy-model

» S-matrix amplitudes or Lagrangians?
HS Four-point functions and corresponding couplings

» Colored spin-2 or gravity?

» Lagrangian non-localities and non-local Geometry
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[ U/Jen] Bosonic-String S-matrix

Gauge fixed version of the Polyakov path integral

open __
Sjl"'.?'t —/:"_.n dyy - - - dyy

X (Vi (91)V;, (92) 1

(y?») o 'L’J.:(yn] j::‘T}.(‘_‘\al o 's\ﬂ“' ) T (]. — 2}

Yij = Yi — Y
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[ O/Jen] Bosonic-String S-matrix

Chawn-Patown facters

Gauge fixed version of the Polyakov path integral

open
Sivin —/__‘__ﬂ dys - - dyn

\

Vertex operators associated to asymptotic states via
the state-operator isomorphism

Yij = Yi — Y;
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[ U/Jen] Bosonic-String S-matrix

Chawn-Patown facters

Gauge fixed version of the Polyakov path integral

OpEN
Sivoin —/__‘__ﬂ dys - - dyn

X (Vi (91)Vi, (92) Yl (G3) - - Vs, (D TAA) -+ - A7) + (1  2)

\

Vertex operators associated to asymptotic states via
the state-operator isomorphism

Yij = Yi — Y;

(Lo—1) |o) =0 Lylo) =20 Ly |lo) =0

Gewneralized form of the Fierz-Paull equations for massive fields!
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[ O/Jen] Bosonic-String S-matrix

Chawn-Patown facters

Gauge fixed version of the Polyakovpath integral

open
Sjl"'jv: — /_"__., (]y4 "'(Zyﬂ

yz) -tV (yn)) TH(AYY---A%) + (1 < 2)

\

Vertex operators associated to asymptotic states via
the state-operator isomorphism

Yij = Yi — Y;

(Lo—1) |o) =0 Lilo) =20 Ly |lo) =0
Gewneralized form of the Fierz-Paull equations for massive fields!

M 2 _ A Y7E1 _ ot _
(_ ??25) Oﬂl---ﬂs =0 0 OHI---H: =0 o QL. s 0 4

Pirsa: 11110074 Page 9/83



Pirsa: 11110074

EE: 1
1 — =M1 Mn __ - M ~ K
OI(IJE'EEJ —_— _Oa‘-fl"'ﬂ-“igf "'EE — Oz+(‘;z OEH+3(‘;?

Genera z‘i@ Functions

For external states of the first Regge trajectory of the open bosonic string

1 )
‘0 o T s e
n! e
n

Convenient simplification: aly = &,
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) [
Grenera rating Functions
For external states of the first Regge trajectory of the open bosonic string

1 1
i [ — b cHn  __ - M cH1 K2
0ilpi&;i) = E Foem---m@z ver & _oz+c§zom+) S gg Opipg T oo

Conmumuting vartables
Convenient simplification: ay —‘-Q/
~‘1An = [O 1(51) v O n(én.)] *1..n

I Generating Function

) 1
=ov+otvu,+ 5 O Y2 Wyt

£=0 &

0(&1)* v(€;) = exp : - : o(€1)v(€y)
Sl 1 Vs o C‘)Sl c‘){ffl Sl \$1

weyl-wigner caloulus!
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Gienerating 9 Functions

For external states of the first Regge trajectory of the open bosonic string

1 1
? _ s M1 Mn - cH1 M2
0;i(pi€&;i) = E Foam...y,__gz o &5 —Oz+“§goa;x+3“§g §i Oupuat---
n ’ =
Conmumuting vartables
’ , s 4 4 \
Convenient simplification: a, —
61(€1) -+ 0n(En)] 1.0 Ga(ED—
I Generating Function I
(&1) (&7) 0 0 (€1 v (€Y) + o* +1 +
(0] *1 U = exp . (0] v = ov o" v, — 0" UV us
\S1)*1 Ulg, I B¢, afi S 1)UV g, £=0 “T 3 e

Owne gets: weyl-wigner caloulus!

|\.J| —

—_— . .p. 16 €.
Z ~ /dy4 oo dy, exp | — Z pi Iny; | — V2d LA o R 35' —
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) [
Grenera rating Funclions
For external states of the first Regge trajectory of the open bosonic string

1 1
( ¢ — b cHn  __ - M ~H1 M2
0ipi&;i) = E — OQjpyepun$; o0& = 0;+&; om+3§l §i Ouipst.-.
n -

Conmumuting vartables

Convenient simplification: aly =

[Ol(él) ' o0 On(én)] *l...n.

I Generating Function I

0(&1)* v(€;) = exp : - J o(€1)v(€y)
\S1 1 \S1 o C-)g]_ C)Sfl \S 1 \S1 .

Owne gets:

Z ~ /dm v oo dYy €Xp

Unph Us’waL dependence on the
unintegrated Y, ‘s 5
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Tf}f’é@~/}0/’/}f’ Z //'/J,,f,’ s

Eliminate the unphysical dependence limposing the Virasoro constraints at
the Level of the generating function Z,
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7%’7’8%/]0/"/}[/ Amnlitudes

Eliminate the unphysical dependence limposing the Virasoro constraints at
the Level of the generating function Z,

AS Ln any S-matrix theory one recover on-shell results (C,eomctrU ts hidden...)

o (. [ vz \ . / vz \ . [ vi2 \ P U
Zyhys ~ €xp \T(:}l'ﬁ’ii (—— ) =82 Pnn (—— ) =83 P12 ( — ,,')—‘&,1':3—5,1':3—:3'§3=
‘ \ ¥12¥13 / \ V12%23 / \¥13¥%23 / /
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(' / II / / - / /
/ hree-point 7 //'/J,/, Aes
Eliminate the unphysical dependence limposing the Virasoro constraints at

the Level of the generating function Z,

o o 8 " sa—1 . . .
—pi=—— —pi = ——— —p3=— pi & =0 §i- & =0

AS Ln any S-matrix theory one recover on-shell results (C,eomctrU ts hidden...)

(. . / s\ . [ 12\ e B P sl g
Zyhys ~ €xp \T(h'm; §2'P3nn ( —— ) =83 P12 ( — ,,')—‘&,1':3—5,1'3,3—:3':3!
‘ \ V1223 / \¥13¥%23 / /
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Three-y /Jo' nwt Amnlitudes

Eliminate the unphysical dependence limposing the Virasoro constraints at
the Level of the generating function Z,

1 S 9 Sa ) - . - - .
- —pim——— -—pi=— pi & =0 £i- & =0

Own-shell Couplings: Starproduct with generating functions of fields

_ 2] o B 2 o o o
A=o01(p1. 2 T 5 P81 ] 02 P'I’-s"‘;"‘ 5 P23 ) 93|\ P3. ST \71)19
S = S “ -

Master Thesls (2009) [hep-th/10053061]
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LXON) / fes

- ) 01(p1)02(p2)os(ps) - pis
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FT~\ iz [ 2o
L X017717)163
S nduced by a conserved current:
5 § - §

O-0-S.:
J(z.§) =@ ‘r+z'\

a’ A
do_o_s = (\—)) o1(p1)o2(p2)o3(p3) Pio
(Berends, Buroers and Van Dam, 1986; Bekaert, Jound, Mowrad, 20093)
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Ag—g-s = V'3 o1(p1)oa(p2)os(ps)-pis J(z,§) =@ .1‘+z\71; P .1‘—2\75

Lot Hles

O-0-S: nduced by a conserved curvent:

(Berends, Burgers and Van Dam, 1926; Bekaert, Jound, Mowrad, 2009)

HS currents

The complex scalar

¢ o*(z)0,0(x) — o(x)d, 0% () -+-

= olx)"olx) + z\ foten
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rr:
LXOTY) fes

Induced bg} a conserved current:

O-0-S:
O_r N . ‘ . ) a‘f . . a;
—) o1(p1)o2(p2)os(ps)-pis J(2z.§) =@ ‘r+z\ =& @ .1‘—2\ -
C.n\
09)

Ao-0-s = (\2

(Berends, Burgers and Van Dam, 1926; Bekaer, Jound, Mourad, 20

The complex scalar
- 8 T o, T
= o(z)%0(x) + |/ 5 40" (z)0,0(x) — o(x)0,0" ()| +

1-1-8:

4_._;:(\%) -:‘—11.-!.;__.-13;C‘ P1s
_(\%) A Ar0 pl, +5A1 pas Ay, 0V piT = 8As psi Ay, 0¥ YT
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rr
LXaies
O-0-5:

| L~ - e

Induced bg a conserved current:
a’\ ‘ . . .ol e
Ag—0-s = (\ _3) o1(p1)o2(p2)os(ps)-pis J(z.§) =@ (‘1‘4—2\ ?:;) P (.1‘—2\ ?S)
The COW&PL&KSCQLQY (Bucr.als,‘sargcfsar.i Vaw Dawm, 1926; Bekaert, jouwnd, Mourad, 2009)
= o(@)"o(@) + 1/ 5-&" |0 (x)d,0(x) — o(x)0,0"(2)

+ ...
1-1-8:

; Rl ‘}J-,_' -+ 5.‘1_1 *Pi3 ."1'_; O;HIL){_:

£12

' 541 Poasg Ay
a’ ,
_(\T) AyspisArpnnopl,

The amplitudes can contain extra “stuff” that drops out in the massless Limit where
genuine Noether Lnteractions oughtto be recovered! Similar to a scaling Limit

This couptiwg too Ls Ltnaduced b(L‘j a conserved currvent!

7
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r-
LXOTNIES

nduced bbq a conserved current:

O-0-S:

Q'

Ao_og—s = (\ _—)) o1(p1)o2(p2)o3(p3) - Pis J(2.&) = P (‘1‘-4—2'\

o' . . .
& |21 V5 ¢

‘ . \ - . o o a)
The COIM.PLC)(SOQ Lar (Berends, Buroers and Van Dam, 1926; Bekaert, Jound, Mowrad, 2029)

= o(x)"olx) + z'\ 3

¢4 o*(z)0,0(x) — o(x)0,0" ()| + ...

o’ r
2

1-1-8:

The amplitudes can contain extra “stuff” that drops out in the massless Limit where
genuine Noether Lnteractions oughtto be recovered! Similar to a scaling Limit

This coupling toois induced by a conserved current! 7
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S eubjic ¢ coups //3

A gauge invariant pattern is recovered!

hep-th/1006.5242: A Sagwottiand M.T.

The resultLs:

A=o01(p1:§1)o2(pa:&2)o3(p3:&3)

*123 €xXp { \

§283 P12 + 828381

ro| D.\I

E1:po3 +&2p31+&3-p12 +&1-€
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S eubic ¢ coupl ling 195

A gauge invariant pattern is recovered!

hep-th/1006.5242: A.Sagwotti and M.T.

The result Ls:

A=01(p1:§1)02(pa:&2)0o3(p3:&3)

o’Ir ) )
*193 9-‘213{\._—)[51 po3 +&2pa1 +8§a3-p12 +&1-6283 P12 +8§2-8381-}
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LS eubic ¢ coups //J

A gauge invariant pattern is recovered!

hep-th/1006.5242: A.Sagwottiand M.T.

The resultis:

A=01(p1:§1)02(pa:&2)o3(p3:&3)

o’Ir
*193 9-‘213{\._—)[51 po3 +&2:pa1 +8§3-p12 +&1-6283 P12 +8§2-8381-}

J
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S eubic ¢ coups //J

A gauge tnvariant pattern Ls recovered!

hep-th/1006.5242: A.Sagwottiand M.T.

The resultLs:

A=01(p1:§1)02(pa:&2)o3(p3:&3)

*123 EXP{\.——)[-EI'P?? +&2pa1 +83-p12 +&1-8283 P12 +&2-8381-po3 +83-§182- PJJJ}

Gauge invariant up to the linearized massless Eom's. Off-shell completion
uniquely fixed up to partial integrations and field redefinitions.
Now-abelian deformation of gauge symmetry)!

Lego bricks of
> = cattert
> & - any gua’ltF rung
amplitude!
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LS eubic ¢ coups //J

A gauge tnvariant pattern Ls recovered!

hep-th/1006.5242: A.Sagwottiand M.T.

) s r 6 p . » .
The resultis: Coupling function: completely arbitrary in Field Theory (?)

1)092(po:&o)oz(p3:&3)

Cl"' . ) ) ) . ) . . 1
{\.——)[-‘51-13-33 +&2pa1 +83-p12 +&1-8283 P12 +&2-8381-po3 +83-§1&2- 1%1}}

Gauge invariant up to the linearized massless Eom's. Off-shell completion
uniquely fixed up to partial integrations and field redefinitions.
Now-abelian deformation of gauge symmetry)!

Lego bricks of
> = cattert
> 4 R any gua’lﬁ rung
amplitude!
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Cubic vertices

$4-84-S4 couplings

V3 ~ 01 0,,0%0,,0" 0.,
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Cubic verfices

$4-85-S4 couplings

V3 ~ 01\‘1 s, 81{2 Ds, akBOsa

Vg ~ (g)0010203

(-; B pasl 8&,2 353
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Cubic verfices

$4-84-S4 couplings

Pij = Pi — Pj

V3 ~ 81\‘1 D s, 6k2 Dssy 8k3033

Nuwwber of derivatives

Vi ~ (G)?010203 S, +S,+S5, Aqi-posAa-p3nAs-piro

Q ~~ pasl 852 353
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Cubic verfices

$4-85-S4 couplings

Pij = Pi — Pj

V3 ~ dF1o, 0% 0,,0% ¢,

Nuwwber of derivatives

Vs ~ (G)%010903 S, +S,+S, Aqj-pogAs-p3tAsz-pis

Vi3 ~ (G)' 610203

2 i i
G ~ P C)Sl 853 C)SB
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Cubic verfices

$4-84-S4 couplings

Pij = Pi — Pj

V3 ~ dFto, 0%20,,0% ¢,

Nuwwber of derivatives
Vs ~ (G)°010203 S;+S,t+S, A1-pazAa-parAsz-pi2
Vi ~ (G)1d10203 S, +S,+S,-2 A1-AsA3-p1o + cyclic

Q ™~ pagl 852 353
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Cubic verfices — + = 5= =

. Pij = Pi — Pj
$1-S5-Sg couplings
V3 ~ 81\‘1 D s, akg Dssy 8}{3 D s
Nuwwber of derivatives
Vs ~ (G)°010203 S;+S,t+S, Ay-pasAa-paids-pro
Vi ~ (G)1d10203 S, +S,+S,-2 A1-AsA3-p1o + cyclic

Q ™~ pasl 852 353

, . en Minimuwm niumber o
V3 ~ (G)°%010203 ey f
derivatives
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-

CM ///‘C ver 'f)’ HA) s12 82 2 83

$4-84-S4 couplings

V3 ~ 81\‘1 Ds, 6k2 Dssy 0k3033

Nuwwber of derivatives
Vs ~ (G)°010203 S;+S,t+S, A1-pazAa-parAsz-pi2
Vi ~ (G)1d10203 S, +S,+S,-2 A1-AsA3-p1o + cyclic

Q ™~ pasl 852 353

, . en Minitmuwm niumber o
V3 ~ (G)°%010203 oot f
derivatives

No minimal coupling of HS with g mvitg, but multipolar couplings
are possible! Generalizes weinberg-wittew Theorem...
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[ZUAS cubic verices
[ L) OO CUDIC VOrtices
Remarkably from the flat space result one cawn extract all (A)ds vertices

S Trick: ambient space formulation

General isomorphism between ambient space
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[‘7(/5,' /“J- r,": ’
[ L) OO CUDIC VOrtices
Remarkably from the flat space result one cawn extract all (A)ds vertices
S Trick: ambient space formulation

General isomorphism between ambient space

(X-0x — Ap)®(X,Z) =0

Owne can write (A)dS Lagrangians using the measure fdd*l_\ ) (
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[A)dS cubic verfices

RcmarkeabLa from the flat space result one can extract all (A)dsS vertices
N Trick: amblent space formul.at’ww

General isomorphism between ambient space
fields and (A)dsS fields X -9=0(X.Z) = 0
(X -0x — Ap)®(X, 2) =
Oowne can write (A)dS Lagranglans using the measure fd‘“'l X0 (\L i —
0P(X,Z) = Z-0x E(X, Z)

(A)ds gauge invariance becomes very simple

10
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> : / \SI / . [
[A)dS cubic verfices
RcmarhabL5 from the flat space result one can extract all (A)dsS vertices
N Trick: amblent space formuLatLow

General isomorphism between ambient space

fields and (A)dsS fields X -9=0(X.Z) = 0

(X-0x — Ap)2(X,Z2) =0
141 - \F
Owne can write (A)dS Lagranglans using the measure /d‘ X4 — 1)
(A)ds gauge invariance becomes very simple 0P(X,Z) ==Z-0x E(X, 2)

cubic (A)dS HS couplings can be encoded within the flat ones modulo a
fixed boundary term!  (hepth/1110.5912: € Joung and M.T.)

,(A)dS : . _ _
E’1-23( = 9’1ﬂ-2a:§ + Ox (121 + a2 Zs + ag

3+ ...)
10
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(A )dS cubic vertices

Lower dervvative tatl appears a utomatica u.g
tn terms of intrinsic (A)dS coordinates
after the reduction:
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[A)dS cubic verfices

Lower derivative tail appears automatica LLH
tn terms of intrinsic (A)dS coordinates
after the reduction:

XM = RXM(z)

j

Y L? 90Xy 1
Ovm = Xy Op + — — |D, + —(..

e M M9k + 75 [ wt T (
OX \

oxr

E-” = ‘X—.IIL_: + L C- "€y

M
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[A)dS cubic verfices

Lower derivative tail appears automatica U'H
tn terms of intrinsic (A)dS coordinates
after the reduction:

L?20X 1
8_\-_\; = XyOpr + —C M [D# -+ —()]

R Oz, L
_ E OX s
:’” = .\-I[L) -+ L al‘ c : G'Ju

L

The minimal coupling is recovered but it is completely encoded within
the non-minimal ambient space coupling and requires by consistency a
whole tail of higher derivative contributions

1
LY ~Ag+=A1+ ...+ =A,
0 A 1 A7 2

1"
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[A)dS cubic verfices

Lower dertvative tatl appears a utomatica LLH
tn terms of intrinsic (A)dS coordinates
after the reduction:

L? 90X 1
Oxm = XpOp + — = [D# -+ —(]]

R Oz, L
_ . OX s .
=M = Xpy¢+ L Pt L

o
The minimal coupling is recovered but it is completely encoded within
the non-minimal ambient space coupling and requires by consistency a
whole tail of higher derivative contributions

a9 J.
LY ~ Ay + —\-41 4+ ...+

¥ )

\” <& T

Similar logic to the massless Limit of the ST vertex! The Lower derivative tail
disappears whenever A goes to zero while the & operator is disentangled!

This kind of approach can shed some new light on vasiliev's system! 1"
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Noether Procedure

Perturbative approach to Geometry (non-linear gauge symmetry)

L=LP 420G 4@ 4

0 =690 +6Wd + 5P + ...
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Noether Procedure

Perturbative approach to Geometry (non-linear gauge symmetry)

_ ~(3) »(4)
Fm+ L® 4+ @ 4 .

L~ &0 58 =GO+ Ve + 5V + ...

Usual Linearized gauge transformations: ) (0) d = OA
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Noether Procedure

Perturbative approach to Geometry (non-linear gauge symmetry)

N Fully non-linear deformation
L = - L% — f_ﬂ_l} — that sums up to what we call
Free part g , y P J

C;www'trg

usual linearized gauge transformations: () (0) d = OA

Finding a solution order by order!
» (2)

0-(1}1_. + d(OJﬁ(B) — 0
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Noether Procedure

Perturbative approach to Geometry (non-linear gauge symmetry)

" (3) ” (4) Fully non-lingar deformation
Free part L == +| L ) + L / “+ ... that suwms up to what we call

" _ C;eov.-.z‘:rg
L~ 0 5 =+ Ve + 620 + ... /
~ B |
Uusual Linearized gauge transformations: (5(0’@ = JA

Finding a solution order by order!
» (2)

522 ~ O® ~ 0 oML

(2)

§ (2 1:('2} n dtl:lLv_(B:» 4+ 5‘0}1;(4} — 0

+ 6(011:(:31 =

dt:&i L"t?.‘l + (5(2}1.'.“3:' + (5(1:»th4:1 + O‘(OJL‘_(S} — 0

12
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Noether Procedure

Perturbative approach to Geometry (non-linear gauge symmetry)

» (3) a (4) Fully non-lingar deformation
Free parts L == +| L ) + L / + ... that suwms up to what we call

" _ C;eome‘:rg
L~ 0 5 =+ Ve + 60 + ... /‘
. - |
usual linearized gauge transformations: (5(0’@ = gA

Finding a solution order by order!

O‘t?)ﬁ(?} 4+ dtl)[_(:a) n 6(0;1:_(4} — 0

6(3; [ 2) + (5(2}1.'.“3} + (5(1:»th4) + O‘(O:' tha:» — 0

12
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Noether Procedure

Perturbative approach to Geometry (non-linear gauge symmetry)

. Ful.l.g won-Llnear deformation
L = e /:tai — L‘t_h - ‘cha‘csum.sub'towh:.’rtwcca”
Freepart ‘ g . e ! LL

" _ C;eov.-.z‘:rg
L~ 0 5 =+ Ve + 52 + ... /
e - |
Usual Linearized gauge transformations: (5(0’@ = 0A

Finding a solution order by order!

5@ 0@ ~ 0 +lf5(0]ﬁ(3"] =0
+ dtl:'[:_(:a} + (5:031:_(-1:» = {j
+ §@ 03 L s ,p@ 50 6]

12

Pirsa: 11110074 Page 51/83



Noether Procedure

Perturbative approach to Geometry (nown-linear gauge symmetry)

\(3) a (4) Fully non-linear deformation
Free part L == +| L ) + L / “+ ... that suwms up to what we call

" _ C;eome‘:rg
L~ ®00 58 =GOV + 5V + ... /
~ - |
Usual Linearized gauge transformations: (5(0’@ = 0A

Finding a solution order by order! Non-Romogensous contributions!

5[.‘2" ~ d =~ 0 0-(1"1_',(2" X J(O)L.'(B-’ — 0

12
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Y J//I//O/ Coleulus

Convenient simplification: >A, — &,




S’jl/m//o/ Coleulus
o

variables
Convenient stmplification: >A, —

YM: .—ll-_)g(])g) = H [-—12’(])5) -&; + OJP;” *123 2123(135- Q-;']
tax]
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EA / ,
S ym//o/ Colewlus
Comt::’i‘fbrmwa
Cownvenient simplification: >A, — @\/

H [Ai(psi)-€&i + 04i(pi)] *123 Z123(pis €7)
i=1

Formal sum of all amplitudes

[Ai(pi)-&i + 04ilpi)] %1238 (p1-E3&1-E2)

v

L a2
P1 0"“1 A 2 -_1:3 =
v=1
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597%}//0/ Coleulus
o

variables
Convenient simplification: >A, —

Formal sum of all amplitudes

P1aAfAg, AJ? = H [Ai(pi) - &+ 0i(pi)] *1238 (p1-E3&1-E2)
i=1

|
— OL‘+OM L‘}u +3 O'u"u' L"u:‘u: +- ..

{i:O i

. o 0 7, i -,
0(§1) x1V(§;) = exp | == o(§1)vi§,)

weyl-wigwner caleulus!
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‘S’y/m/}o/ Coleulus

variables
Convenient simplification: >A, —

H [Ai(pi)-€&i + 04i(pi)] *123 Z123(pis €7)

=1
Formal sum of all amplitudes
7 o - . \ - o~ -
P1aA7 Ao, Ag? = H [Ai(pi)-&i + 04ilpi)] %128 (p1-E3&1-E2)
=1
[ ey — - % c e/ — y Mo 1 M2 .,
0(§1) x1v(§;) = exp o, m o(§1)v(§,) o — 9Y +0 L.“+§o U pgpg +oo

weyl-wigner caleulus! & tndaing Prton

Stratghtforward to generalize to HS (most general RFT)

A = [01(£1) ... 9n(€n)] *1...1

1 1
- — s M1 of ok R - M sH1 M2
Oi(_pi'éi) - Zn_'olﬂl'“ﬂr:éi ég - Oi““é;‘ Oij.z+,._)§;‘ é;‘ o;zl;z:+"'
! < 13
n
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A fay model: Scalar %mj- Mills

(D, ®*)?% + ...

D) =

2
(F,L?V) -

‘

1
4

Tr (A,p i + <I'])Q®)
A, =A,T¢

we aLreadg Rwnow the answer! L =

.)}

p-A=0 L2 =

0‘(1)1:.(2} _+_£t3} — 0

~ p-0¢

(W)

Page 58/83
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A foy model- Scalar %mﬂ- Mills

(Fr)’ -

73 %

we already know the answer! L = (D, ®“ )2 +

(N

1
4

) 1 . .
p-A=0 L2 = 3T1' (A, p? + &p?d)

—A, =A,T¢

0‘(1}1:_('_7} +QL(H — 0 > pi-ac L( (él é) éu) I~
~ pas ’ ’ ’ 4 1

The cubic coupling is the solution of simple
Linear homogeneous differential equations

Convenient stmplification: the solution is a function of simple building
blocks...

14
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A foy model- Scalar %mj- Mills

» 1 2 1\ 2
L= (F%) — = (D.®) + ...

i

(N

1
4

o) 1 . .
p-A=0 L2 = 5 Tr (A, p? + &p?d)
B —A, =A,T¢°

Lo a0 £ £) -
5 +@:L.( =0 > pi- ¢, L'(&1, &, &3) ~ 0

" - ‘) ’, ’ ’ # #
P The cubic coupling is the solution of simple
Linear homogeneous differential equations

we aLreadg Rwnow the answer!

Convenient simplification: the solution is a function of simple building

blocks...
» (3) .--1[0.1} -(0.2) - (0.3) ~ (1) ) .
r® — 4 (91-_)3 + Y123+ Y13 -912:3) ~ exp(y)

14
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A foy model- Scalar %mﬂ- Mills

1 2 1
we already know the answer! L=< (F%) = (D, ®%)? +
4 Uy 2
- »(2) 1 2 2
p'rl =0 LY = —)Tl (flyp + (i)phq))
- —A, =A,T¢
O(LL" 2) +QL(H — 0 > D C)c L( (él $2 &3) ~ (
~ P 85 The cubic coupling is the solution ofsimpLa

Linear homogeneous differential equations

Convenlent stmplification: the solution is a function of simple building

blocks...
» (3) - (0,1 > (0.2) 5>(0.3) 5 (1 N
L-( & ((-11)1} (,1)-,’ (-11)1} (-fl):)) B E‘Xp(ﬁx)
»(0.1) - - (0.2) - - (0,1) -
Gios = &1 pos U3 = §2° P31 Uiog ° = &3 P12
1(1] - - - - - - -
Grog = &1-8§283 P12 + 828381 -pas + §3-81§2- P31 14
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A foy model: Scalar %mj- Mills

O‘tliL“(Q} + 6(0)1:(3) —_ 0

Ol2]L[2] + ()(IIL_{°J + (){0) 4 — 0—_>Pe‘f)5;1~-m(§1----} ~ -5 £ B
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A foy model- Scalar %:ry-— Mills

0‘('2]1:{‘2] + O‘cllL-_{BJ + O‘{O} 4 — 0—>pi- O, L"H)(‘SL AR [_611)/:'(3}]

Starting from the quartic ovder the
differential equation Ls non-homogensous

ln general: not easy to find a solution...

butthere is a clear Logic!

Splititinto non-local contributions L‘“’ -4 3 i_;_ r4)
pa:t homo
. c) ‘4) ¢ (5(1'][_'(3)
Pi- Ok, pm(sl. vel) R— ,

15
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A foy model- Scalar 'Uarg-— Mills

(5(‘2]1:{‘2] 4+ d‘cllL'_{BJ + O‘{O} L*_(-l) — 0 51)3'35; L‘-H)(‘EL ) A [_dtlmﬁca}]

Starting from the quartic ovder the
differential equation Ls non-homogensous

ln general: not easy to find a solution...

butthere is a clear Logic!

Splititinto non-local contributions 4 — ‘I(J::t P‘ 1-‘1(1;11’110

— »(4) - _ = +» (3
D, C)c {_"1] ~ —O(l)f_‘“]

pazt(

15
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A foy model- Scalar %mj- Mills

O‘iliL“(_‘ = O‘(Oiﬁ(?’:’ —_ O

(5('2]1:{‘2] + 5(1]1:_(31 + (5{0} L*_(-l) — 0__)1)3_35;];@)(&1. L) A [_611)/;(3}]

Starting from the quartic ovder the
) ) differential equation Ls non-homogensous
ln general: not easy to find a solution...

butthere is a clear Loate!
- ‘ +(4) /¢
pi-O¢ Ly (€1,...) =0

> (4) /

Splititinto non-local contributions (4 :l [ (4) P{j—'l },,,_,-’—'/
4 10110

‘part

\

The particular solution to the nown- T, - O, L“x(:;:-r[gl- L) =W LB
homogeneous equation Ls always
given by minus the current exchange
contribution and is entirely specified
by the Lower-point couplings! 15
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A foy model: Scalar %mj- Mills

‘part

\

\
(4) \ 1 y Color-ordering contribution:
L = = ) N~ - = only two channels contribute

Pirsa: 11110074 Page 66/83



Pirsa: 11110074

A fay model- Scalar 'Uarg-— Mills

~(4)

»(4)

‘homo

‘part

\
\
\

Coler-ordering contribution:
only two channels contribute

16
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/
»(4) \ 1 1
Lhomo =T /f;. ) N « L u +
\

A foy model- Scalar %mﬁ- Mills

\ /
(4 \ 1 / ' Color-ordering contribution:
» ) \ ,
L‘part = ,’) ) % - « " owlg two channels contribute
/
\

we cawn characterize any contact Lagrangian quartic coupling as the
counterterm compensating the violation of the linearized gauge invariance of
the current exchange part  nep-th/1107.5243: M.T.

16
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7/ o / R
HS four-point functions

ST suggests how to provide an answer to all orders: YM: Lego bricks
\:»F' of any scattering
Y g amplitude!
Cfi:zs = 0767010 :-\)".‘I\‘ —_ TOX ‘,;) P
%

Noether procedure indeed is solved by any generating function satisfying:

Pi C).‘;' 1—‘-[3}(61- 52- 53) ~ 0 ';L‘,t‘?’i = exp | www { = oo
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S four-point funclions
S [our-fomt funclions
ST suggests how to provide an answer to all order;: YM: Lego bricks

of any scattering
amplitude!

Noether procedure indeed is solved by any generating function satisfying:

])2 8:;- L"(g}(él_ §2_ 63) ~ 0 >L‘-t3j - exp B

Sowmething analogous happens at the quartic order but not at the level of couplings!

nep-th/ 1107 SR43: M. T.

\

U——o <+ 8 + su

17
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Colored. J'/ﬂ'n-z or @r'&;'w'z‘y 7

Four spin-2 case: two different options! ,
— At the fourth order two different

color orderings are independent!
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Colored. J'/Jin-z or 6}//’&10}"@ 7

Four spin-2 case: two different options!

—— Atthefourthorder two different

color orderings are independent!

Planar! (Open-string Like):

. 2

a(s.t,u)
- — u — - S <+ su

Su

A1234
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Colored. J‘/ﬂ'r;-2 or Gjmwlr’y 7

Four spin-2 case: two different options!

S —— At the fourth order two different
—-—H , ’
color orderings are independent!
Planar! (Open-string like):
Tr o \ 2
a(s.t,u)
A1234: —— u —y ' 38 e su
su
\ ’ ) /
Now-planar (closed-string Like):
s . ) \ [ . A
A= als, t,u) o u i + su t -+ + st
\ AN /
+ cgcuc

18
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Colored. J‘/J}'n-z or 6]%&;0@ 7

Let us expand the result Looking at the current exchange part!

r \ 2 o~ _— 2

— — D | J— e —

+ Local terms
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Colored. J‘/ﬂ'n-.z or 6]%&;0@ 7

Let us expand the result Looking at the current exchange part!

r \ 2 r ~_ _— 2
1 1
Ay~ q_u U + q_u $ + Local terms
\ y \ J
r \:
1 ,
A —~ - + Localtermus + cgcuc channels
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Colored. J‘/ﬂ'r;--z or 6}/’4{(//‘.@ 7

Let us expand the result Looking at the current exchange part!

. \ 2 r ~_ _— =2
1 1 ]
A — — e U 4 — 8 + Local terms
1234 SU ‘ SU
\ / \ J
r V¢
1
o § = + Cocabiterms + c-acu’,c- channels
S
C ) 7 9
Cawn we read the exchanged particles? t°

19
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Colored. J‘/ﬂ'r;--z or 6}/‘&:!//’@ 7

Let us expand the result Looking at the current exchange part!

e 3\ 2 s . . 3\ 2
1 1 ]
A — — e T s N\ 8 + Local terms
1234 SU ‘ SU
C 7 \\ J/
r V*
1
A~ |- + Cosalbitermms + c-Uch,c- channels
S
| § ) / o5 )
Cawn we read the exchanged particles? t” t”

19
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C oforeé/ J‘/J/'r;--z or Gjmw'fy 7

Let us expand the result Looking at the current exchange part!

e ™ 2 f’ . . 3\ 2
1 1 1
A — R e B i W 8 + Local teyrms
1234 S ‘ S
. 7 \ y,
- \ 2
1
A~ |- + Cosaltermes + c-gcu,c- chanwnels
S
\ i J 2 9
Cawn we read the exchanged particles? t” t”

The second amplitude is the Gravitational one...

...butthe firstis not!

19
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Colored. J‘/ﬂ'n—~2 or Gjmw';r’y 7

Let us expand the result Looking at the current exchange part!

g 3\ 2 s . . 3\ 2
1 1 ]
A — R e U i W 8 + Local teyrms
1234 31U ‘ S
\ 7 \ y,
- \ 2
1
v = + Cosaltermas + c-gcu’,c- chanwnels
S
\ J -j .)
can we read the exchanged particles? t” t”

The second amplitude is the Gravitational one...

...butthe firstis not!

Massless spin-2 not necessaritg C}mvitg n HS theortes (mixing?) But nown-
Localities are needed on the Lagrangian side (see vasiliev's system...) 19
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Wh W non- ocalities?
From the S-matrix perspective everything is standard...

...but if we extract the Lagrangian couplings explicit non-localities can arise!

Crucial observation (as in the YM case):

S, \\ P St S | S

V . / | -\. — \\‘

. —
P

) f
)
/ AN /
/ \

Sa Ss  Sg 3

20
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Wh W non- ocalities?
From the S-matrix perspective everything is standard...

...but if we extract the Lagrangian couplings explicit non-localities can arise!

Crucial observation (as in the YM case):
The Noether procedure reguires

S, Se [ S, Se the full current exchange!

N / \ /
> . \\/ \ jrj
V_; = | - \}—-— - <

Now Local 4-p couplings If the first term does not factorize on all available exchanges!

Ownly possible way out to bypass weinberg NON-LOCAL
Argument! Geonmetry!
..butthis kind of structure forces infinitely many spins propagating
1 _
Smin = 5 (81 + 82 + 83 + 84) — 1(2) 20
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Outlook

»ALLth ree-point couplings (abelian and non-abelian!)
» Starting from ST all reference to the mechanical wmodel completely eliminated
» Four-point functions and couplings by Nocether procedure via ward (dentities

» Systematics of (A)dS couplings from the flat space analysis

BEHIND THE CORNER:

Classifying the consistent coupling functions

Full systematics of HS theories (work in progress)
For the near future:

)‘-"computc n-polnt functions in (A)ds bg radial reduction (fix bouwdarg term)
» Compute the coupling function of vasiliev's system with AdS/CFT
» Loop computations can shed Light on mass-generation!

»Now-local HS Geometry!
21
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