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1. Introduction and Motivation

» The construction of interacting higher spin gauge field theories (HSF) has always
been considered an important task. The construction of (self)interacting HSF
theories was always in the center of attention during the last thirty years

* Particular attention caused the holographic duality between the O(N) sigma
model in d=3 space and HSF gauge theory living in the AdS,,. This case of
holography is singled out by the existence of two conformal points of the
boundary theory and the possibility to describe them by the same HSF gauge
theory with the help of spontaneously breaking of higher spin gauge symmetry
and mass generation by a corresponding Higgs mechanism.

 Does AdS/CFT works correctly on the level of loop diagrams in the general case
and is it possible to use this correspondence for real reconstruction of unknown
local interacting theories on the bulk from more or less well known conformal field
theories on the boundary side?

All these complicated physical tasks necessitate quantum loop
calculations for HSF field theory and therefore information about manifest,
off-shell and Lagrangian formulation of possible interactions for HSF.



1. Introduction and Motivation

« Important physical tasks (AdS/CFT,...)

4

Quantum loop calculations for HS

4

Lagrangian formulation of possible interactions for HSF.

» String Theory includes a plethora of higher-spin excitations,
whose detailed behavior is largely unknown.

 There are consistent equations for HSF in AdS (Vasiliev)

- Interacting Lagrangian for HS =) 7?7?77



Gauge invariance

4

Unigque Cubic Interaction
for arbitrary HS fields!!!



Power Expansion of Lagrangian
and Gauge transformation

Gauge Symmetry
S=09+6W +...
L=L 4094

oL =0,
) Y 4

Noether Equation

Y60+ +. )L+ LY +.) =0,




The beauty of Noether's procedure :
2. Exercises on spin 1- field coupling with the HS gauge fields

* We start this section constructing the well known interaction of the

electromagnetic field in flat D -dimensional space-time with the linearized
spin two field.

* Noether’s procedure

1 1
Lo———F F“=-=0 A0"A" +=(0A),

SO (x)=20%e"(X) =0 (X) +0"e*(x),  O,A, =—¢&"0,A, +Cs"d A
1 0 (2)y _
o,L,(A,)+o,L(A,.h;)=0

Noether’s procedure
regulates the relation between

gauge symmetries of different spin
fields

=1



* Solution of Noether’s Equation _
Field dependent

Reparametrization Gauge Variation

6,A, =¢F,, P e

= _gpapAu B aﬂgpAp T aﬂ (gp(X)Ap(X))’

[6,,5:1A, =6, 1A, +0,(£"1°F (X))

[7.€]" p
v 1 (94 14
5., (A)=3%e"F F’ —Zaag F.FY,
Energy-Momentum Tensor Ll(A h(2)) _ l h(Z)uv\P(Z)
\ M2y 2 uv?o

y73% uv' po

v =—F F’ +%g F_F*,



 Now we turn to the first nontrivial case of the vector field interaction with a spin
four gauge field

e Starting variation

A, =" (X)0,0,F,,. O =4d0er S = 2s
Notations

HV... Auv... ... vAu...
gqy =07, &Ly =0,0,,

SiL, =—0“e”8, F'0,F +%gfgav F,0"F., +%g{§af o, F

(p" u o)v uv- o

v o 1 v o v 1 o v 1 (7o
+8(”8(2))F F —28(3)FWF“ —5/1(8(’1) F.)o,F” —Zé‘é) 0"F,0F, —55’08'1 0,F,,0°F,,

Ho v

Field Redefinition

1 e 1., - Variation Modification
Aﬂ—)Aﬂ—Eﬁﬂ(haﬂ Fﬂa)—ghamﬁﬂlzﬁ.
1
|ntegrab|e Part 5:Aﬂ :gpxlaapa/llzﬂa _I_Eapgﬂ;taall:op.
1 1
Quv | Huvepy _ (4) uvargy (4) (2) uvgy(2)
L, (A, h® hOme) = T D@

nvef



4-1-1 Interaction

5L (A,)+8,L(A, N2 h7)=0

pv
Ll(A h(Z)uv h(4)uvaﬂ) _ 1 h(4),UV05ﬂ\IJ(4) + 1 h(z)ﬂV\{J(z)
2 ’ - 4 pvaf 2 pv?
1 1
(4) — /1 (o2 O
Yoves =0Fi0sF,), — > 900 Fau0 Fpy, = > 900 F 705 F,,-

uv' po

1
(2) _ o
Wi =—F R+ 0, P F

51Aﬂ=gpﬂcapafw+%a £, 0" F, an additional

p ulo
spin two field
O (@ uvef _ pA(u vepf) SO|wHeB _ o .off .
o'h =407, 0. 0" =280, coupling !

OR(2uv _ (1 v) SOR(2Qu _
O N7 =20Yg;,07h7" =2¢ 4.
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Spin one gauge field couplings to
the higher spin gauge fields

1 — ottt Starting variation
55 A/U & Vﬂl N °vﬂ|—2 F/”I—l/u :

5£h(€)ﬁq---ﬂ| _ |V(u| ggﬁﬂz'"ﬂl—l), 5£h0(f)05#1---ﬂ|-2 _ Zggf(fll-)--ﬂl—z

SMLy(A,)+S°L (A, @i | psny =0



L &2 r—-m-1
55 LO — Z ( j(_v(uzmggzll..ézrznr;1)xpﬂlmﬂ2m (Aﬂ ))

m=1 m-1
<[ f—m-1 m-1 ey o v Q
+; ( m — 1 ] m V,um+1 “.VﬂZm—Z EILEI_élm)ILlVILll “.v:um—l F/um )Va F g

ALY ..Vﬂm_ZV"F WV E#

c=2m+Du " Vi1

(gltemey Y F )V F

((1-2m+1) 7 14 Hm—p  HmaM

_f(ﬁ—m—l} m—

vV ..

Field redefinition terms Variation Modification

Integrable terms
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Interaction

(/2
1
(2) K(4) (0)y — 2 : (2m) g4 ... o g (2M)

‘Pﬂlnﬂzm(Aﬂ):(—1)m(—vﬂl...v F'y .V F

M1 Mmoo Hmaa ™™ Homer HomV

m-1 o B
+T gﬂwzvus "'Vﬂmv F/um+1ﬂvlum+2 "'Vﬂzm—lv Fﬂzm“
m
folex
+Z gﬂ1ﬂ2vﬂ3”.vﬂm+1|: V/umJFZ...V:uZm FpO')
1 R 7 Final
55 Au =& Vul "'Vﬂl—z Fﬂl-lﬂ variation

m — 1 m Hm-1 Hm

m=1

Z2il—-m-1\m-1 )
+Z ( j V:Uerl .“V:UZm—Z (vaﬁll_é?nrg_/ivﬂl .”V F )
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Field Redefinition

©2(0-m-1) m-1
A,—>A, - V.. hymes-tnzy V, F
H H ;( m_l ]Z(I_Zm_'_l) Hm /UZm 2( Hm-2 ﬂm—lﬂ)

2 0—m-1\m-1
+ — -V .V h<2m>“ﬂl sensy LV, V'F
Z( m-—1 j am Hm ﬂzms( Vﬂml)

m=1

The gauge invariant action for the spin { gauge field
coupled to the spin 1 gauge field includes gauge invariant
actions of tower of all smaller even spin gauge fields
coupled to the same vector field in the same way.
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Formalism

h® (z;a) = Z(Ha”)hﬁi}b (2).

Tr-h®(z:a) :>Trh(s‘2)(z;a) -1 anhoza)

Grad : h"(z;a) = Gradh®™(z;a) = (aV)h"*(z;a),

Div: h®(z:3) = Divh® ™ (z:a) = = (V0. )h® (z:a).
S

@)1 (@)%, 9" () =-1"" (z:a)%, £(v0,)9"" (z;a)

a't" (@), g (@") =" (@h)x, mmp0,9" ().

The most elegant and
convenient way of handling
symmetric tensors is by
contracting it with the s’th
tensorial power of a vector a’
and star contraction

"= 8 H

Duality
relations
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Higher spin gauge field theories: Free field
Lagrangian and equation of motion

Free field Lagragian of higher spin s field

1

L, (h(a)) = —% ' (a)*, 7 (a) + T ' (a)*,0,7%(a),

Invariant in respect to
gauge transformation

5nh (z;8) =s(av)e* ™ (z;a),
0,7 (z;a) =0, 0°h®(z;a) =0.

Fronsdal's higher spin gauge potential has scaling dimension
s-2 (zero for the s=2 graviton case).

16



Equation of motion

2

5L, (h*®(a)) =—(F¥(a) - =, F*(a)) *, sh®(a),

A

Free field equation of motion

2

FO(a)— 2o, 7 (a) =0

Or equivalent

where

FB(z;a) =

A

F¥(a)=0,

h®)(z;a)-s(avV)D" ™" (z;a),



D®™(z;a) = Divh® ™ (z;a) - 87_1 (aV)Trh® 2 (z;a),

0 DV (z;a) =0.
Correct generalization of the Lorentz gauge condition

in the case of s>2 could be only the so-called de
Donder gauge condition

D®™"(z;a) =0.

In this gauge free field equation of motion is very simple

oh® (z;a) =0

18



Higher spin gauge field selfinteraction:
General setting of the problem

Neother equation for higher spin symmetry
SL(h" (a) )

SL(h® (a)) = 5hO (@)

Sh®(a) =0,

For nonlinear Lagrangian

L(h®(a)) = Ly(h® (@) + L (h"(a)) + ...
And nonlinear gauge transformation
6" (a) = 651" (a) + Sy h" (@) +....

First order equation

5(1) Lo (h(S) (a))+ 5(0) I—1(h(8) (a)) =0,

19



Noether equation for Higher spin
selfinteraction

5oL (h® (@) = (F*(a) - a?zﬂa F (@))%, 5y (a),

Syh® (@) = 8y 7'V (@) + a8y h* 2 (a) + (a®)? 5h* P (a) +...,

After 5

o0..h® (@)= 6,..h"®(a)+ a O
(@) ( ) D ( ) 2(D+28—2) a

(s)
5h(1) (a)a
Noether equation can be simplified to

Oy L, (h®(a)) = F¥ (a)*, 5h((153) ().



Selfinteraction for any spin

Ascribing the same dimensions to the free part of the Lagrangian that is
guadratic in the fields and derivatives and to the interaction cubic in the
fields, we arrive at the idea that:

the number of derivatives in the interaction should be S.
This type of interacting theories will behave in the same way as gravity.

The number of derivatives in the first order variation should be S-1.

For s=2 this consideration is of course in full agrement with the
linearized expansion of the Einstein-Hilbert action.

We start from following initial Lagragian term

L1 (0 (@) = ~h® (b) , T (b,) %, h(a),

21



L1 (0 (@) = ~h (b) , T (b,) %, h(a),

where

s—k

S . k
re(zb,ay=>
o K!

)h®(z;a).

is a de Witt — Freedman curvature for spin s field.

Simple, but important formula

F(2)V ,G(z2)V*H(2) = %(DF (2)G(z)H(z) - F(2)uG(z)H(z) - F(2)G(z)uH (2)).

0,

0) D¢ (z;a) =0e™ ™ (z; a).

22



Selfinteraction Lagrangian leading term

: 1 S
| leading (n(8) (7)) = o(z-2)0(z-2.)50(z -1
o ) 55y ﬂz(amjj o n)olemn)ole—t)

(V10.) (V,0,)"(V40,)7 (8.8,) (8,0.)°(8.2,)” |h(a; z)h(b; 2,)h(c; z,),

Corresponding first order on field gauge variation leading term

| 1 s—1
5Iead|ng h(s) C:Z) = E -1 p
(1) ( ) S!(S _1)' a+p+y=s ( ) a4 _:L ﬁ’ 7/

(CV,) (V,0,) M (V48,) (8.0,) (€8,)° (c8,)” |e(a; z)h(b; 2,).

where S g/
= , S=a+[+y.
a, B,y alpy

j | 8(z-2)5(z-2,)

23



Gauge transformation next to free part first
order on gauge field

s-1 1
5(Ile)ad|ng h(S) (C Z) — Z ky( jy((k() ) (C b, a) *a’b (aV)S_k_l (C@b)s_k h(s) (b),

where

kI
7/((:() 1))( b;a)_( _1) ZO

Y orton, (€,058) =T (¢, bs hy? (b)),

Ll) (V) (bV)' (c0,)' [ (80,)" P (b) ]

k!

() () —
h,”(b) = 5D

[(aab)s-l—k PO (b)] _



Spin 2 example — linearized gravity

Free field Lagrangian for spin two gauge field

1, 1
L, =—2h*(eh,, -2v,,D,))+ 7 h(ch-2(VD)),

2

where

1
D, =(Vh), =2 V,h, h=h*, (vD)=Vv*D,.

Which is invariant under gauge transformation

O, =2V &,

(0)" ‘wv

25



Selfinteraction for spin two gauge field

Trilinear selfinteraction Lagrangian

1
() _ a 1% a 1%
L (W) =~ h'V,V 0, 0 +h™V 7V b,

a  fuv
1 w1
—=(VD)h_h*—=h“*V hD,
4 “ 2 S
Corresponding gauge transformation
_ P Dp D _
O =&V, Ny + 70" Ny 7w =2V08,
And field redefinition
1 1
h h +—(hh - h® .
J22% — yv+4( y73% 2(D—2) gyv)

26



Spin 4 case

Spin four free gauge field Lagrangian

1 3 s —
(4)y _ afyd af3
Lo(h )__2h ﬁﬂ)ﬁ 2h falga
Which is invariant in respect h _ 4V
to gauge transformation 5(0) afys a© pys)>

afys — = apys By5)?

3 - N _ o
= (Vh)aﬂ}/ 2 (a h ,57)’ h ,37/ — hﬁ]/a 9

B _ B _
D,/ =0, 7 /=0

Fepps =Mepys =4V, Dpysys Fan=Fap =hap=2VD)

af?

27



Trilinear selfinteraction Lagrangian
for spin 4 gauge field

We introduce some "coordinate system"
for classification of our interaction

le Z Llnt(h(4))

i,j=01,2,3
I+]<3

where

L () ~ V4 (D) () (W)™,

de Donder gauge

3
Interaction in Lint (h(4)) _ Int (h(4))
dD ‘
jZO J

28



A 0 1 2

0 hhh Dhh DDh
1 hhh hDh hDD
2 hhh hhD

3 hhh
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in(; (h(4)) _ % haﬂ75huw1pr(4) V*“h Vavﬂhwﬂpv5h

afyo ,uvip o afyo LV
Syuh  veyrheeysh VAV h . h**V* Vv h"°
T2 Moo i T v opys LA
in 3 o — a 1% —
1(h™) :_Eh‘WV vﬁhwﬂpv5vvhﬁp—3haﬂy5h;pv VAV'VAR?
3 1% (04 — , 1% —
+§vﬂhaﬂy5v Veh VR, =V VIRV VR,

+%hﬂ“ﬂyhv vV V_(VVh),

afy © u



in 3 o — — 3 a — —
,(h*)y=—=h_ v VﬂV“hWV5hW+Eh VOVERPVIV R

afyo

- % vﬂvv ha,b’75va HIBVV}/ H&l B % haﬂmvavﬁ Hyé(VVﬁ)

-3V h .V V*R7V°}Q

U apysd v

in 3 — a— —y 3 —V, — N
' (h™) :Zvﬂvvhaﬁv h“ﬁvﬂhl—zvﬂh V. h5(VVh),



"(h®)=3V,V,D

h“ﬂﬂsvyhgﬂp + g \V& DamWh‘Wvﬂh

ApB PHYO

o 1% LBR/O
-2V Dvﬂu,oV haﬁy5 afyo v hgﬂ

V hPehr — g (VD)* V*h

1 ) | y ,
+Z(VD)“ V. h,sV.h W—E(VD)“ N5V .V, 077

apyo apyo

_V_ (VDY hPV h 43V (VD)*h#PV h

uvpro A B uvyd?



HURE

1 1

y§V7huw1pv Ve D‘W’ T E Hyév7v5hﬂvﬁpvﬂ DWIP
3 ) vV INAP 3 VOl HVAD
—I—ZV h hﬂvlpvyv D _vﬂh h VVV&DWP
9 o) y) Vv, — YO VN4
+ZV hyvphﬁwlv D™ +3n"V hwvﬂuvﬂv D ’
3 h°V h ., V“V D" — > hV V h,  V“D"™
2 h VA 2 h oLV
3 Y Rp—) 3 7 Y0 —VA
__(VD) V h V}/héyv/l _ZV (VD) h Vihﬂ@“’
P | y
+6V*V (VD)W Mh /1 4h75Dﬂ ’V hé,uvp
3Dy h

3 pyovp?



(h(‘”)— D“”(Vh)’V,V ,h ‘%VN@D””H”V#ﬁvp

-8D“"R"V,V,V,h;,~3V,D,, V'n"V;h*

uvpy
~(VD)Y, BV, -2 (VDY RV, VSR,

3 _

+ E % (VD)ygvy ﬂvﬁg — 3(VD)WSV7V# H5VHW

9 — v — 3 Vi ko
~7 (VDY V* R Vg + VA (VDY V7 sh

3 = (TR 4 S sy NR
+5 (VD) R,(VVh)+2 VAV (VD) R R,

3 _
5 (VD) h W5



L5 (W) =3D"D**V V h 2 prpery v h

vipafy 4 a’ u Pyvp

+3DVPDIV hy + = (VD)WSDWPV h

o’ puvp ouvp?

Lt (h) =— 3 h'°V D"V DW+ (VVH)D”VPDW

9

+= (Vh) D“*V D 4575VyD“‘””VﬂD

ovp ovp

+377°V#D*V,D,, +3V*V,°D*D

oup y oup
3

—h h"’(VD)*'V D, s +6ph"V*(VD), D

M vyo ouv

+3h7° (VD) (VD)s, .



o.h .. ="’V VV h

)" apys u' vy p apy

+3(V,&," =V &,V V. h, 7

uvpro

+3(V, Ve, =2V V g, +V V & WV h 7

a " vZpp v pTop wys

+V,V,v.e,,-3V V,V e +3V.V Ve, -V VV e )"

a’ BT yTup a’ u’ v pp uY vy pCapy

+(trace terms O(g,,))

=y %V YV N #3780 VNV S

papr e Na.p v Brs

_|_37/(2) /UV h Vo +7/(3) h'm/’o

eENapyp TV £ aBy . uvp O

+(trace terms O(g,,)).



Cubic interactions for arbitrary spin:
Leading terms
L0 @) 00,1 (€) = Y.C 8z a6z, ~2)0(z, ~2)6(z.~2)

N

T(Qs. Qs Qs I M, 0,, 1 )N (7;;2)0 2 (2,; D)™ (z,; )

where

T(Qur Qo Q[ 1,1, 1) = (0,0,) 2(6,0,) 2(0,0,) (0,V,) 1 (,V4) 2(0.V,) "

) nnen=A

I, "'le "'Qal =3 Q,=n,—v, n. > v.

Number of derivatives A

n,+Q,+Q, =5, Qp=n—-v Vi =1/ 2(A+s,—s; —5,)

N, +Qy +Qy =5, Qy =n,—V,
,j,k are all different
37



A =max[s +$. -S. ]=5,+5S,-5,
v, =8, -5, v, =S,—S, v, =0 ZQij :A_Zvi

1]

dv,=3/2A-1/2>s

Cl2'3 = const [ 202 j

N No.N3
N —vy,N, —=Vv,,N; =V,

S
C1%2'3 = const (n ’ j

MM2:M3 , —S,+S;,N, —S, +5,,N,

SA.S 1/2 S _A
Céll’z?cézf; o, = Const ( 0 (% ! 0 )j
1217 X237 X31



To derive the next term of interaction containing one
deDonder expression we turn to Lagrangian formulation
of the task and will solve Noether's equation

S50 (he )(a))+25<0>4 (h*(@),h"™? (b),h™(c)) =0,

i=1

where L @)= “h% (@)%, FV @)+ (1_ o ™ (@)*, 0, F(a)

5Ph (@) =5, V)e" (z:a)

Shifting 5i(1) by trace term in the same way as in our last
article we obtain the following functional equation:

360, (0 (a),h (6), 2 (@) = 0+ O(F ¥ (a)

=1
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{s
C{n }

T(Q In)[@v)e™ "h2n™ +h'™ (bv,)e 7h™ +h'Yh"2 (v,)e™ ]
=0+0(F%(a))

we see that all necessary information
we can find calculating these commutators

[T( i ni)’(avl)]:Qalf(Q12’Q23’Q31_1|n1’n2’n3+1)_Q12-|:(Q12_11Q23’Q31|n1’n2+11n3)
"‘nl-lc (le’ng’Qsl | I, -1 Ny, n3)(V1V2) _le-le(le -1, Q231Q31 | N, 1y, n3)(8bV2),

)+SD(

1
V1V2=§( —L,— ), Dh( )(z,,a) Fb )(z

l:l (s; 1)(2 ) 5(0)D(S -1)

(8aiVi):siD(S‘_l)+1/2(a Dlmi h’(z:a), a =a,b,c
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Noether’s Equation leads to

(n, +1-v,)CI2%  _(n,+1-v,)C12% =0

NNy +lny NNy Ny +l -
,S5,S 'S+ ,S .
(n3 +1_V3)Cnsi,n§,nz+l o (nl +1_V1)Cnsi+12,n23,n3 =0

$1:59,8 $:5,8 .
(nl +1_V1)Cnl+12,n23,n3 o (n2 +1_V2)Cnl,n§+f,n3 _ O

With the following solution

C1%2%3 = const( 212 )

N~ , N
121 N, —vy, N, =v,,N; =V,
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Z_[szdzdzldzzdzgd(z1 —-2)0(z,—2)0(z,—2)

) SN 55,52 (51D (55) 1 (53)
4o=3] 2 AECLIRT(Q I ~1,n,,n,)DA hPh(

SZnZ Coina S3T(Qij In,n, -1, n3)h(sl)D(52_l)h(33)

NNy N3

#2LECHERT(Qy I, 0, ~Dh Ph D]

LR

42,0) — ZJ‘["‘ Sgngzsln nsirsé S3T (Q” | n 1’ n2 1 n3 _1)D(sl—1)h(52)D(53—1)

AU ~ - _
+222 Cr2 8T (Q; In ~1,n, ~1,n,)D P D2 P

L S2MSeNs sy,

s (1) [~ (52 —1) [ (53—1)
2 nln2 3T(Q|J |n]_1n l)ng _1)h D 2 D 3 ]

L9 = ZI [+ 33”3522”251”1 cazsT(Q, [ —~1,n,-1,n,~1)D D D]

NNp.ng



In de Donder gauge

40’1) = 1.1(012) =0 Trace decouples !!!

3 Q Q Q ) (5
403)_2“' nsinini, 12'¢23¢31 F(le 1,0,,-1,0, -1|n,n, 3)Dah(51)Doh(2)Dch(3)]

11) — ca%2% o SQp,N, » (8D | (52)(53)
’CE ZI M:No.Ng [+ 1 22 2T(le _1’Q23’Q31|n1'n2 _1’n3)Dsllmbh >h™s

2Q23 3 T(Q12 , Q23 1 le | n1’ n2! n 1)h(Sl)D(SZ—1) I:IC h(33)

3Q31 1 T (Q12 ’ Q231 le | , n —1, n,, ng)Da h(Sl)h(Sz) D(S3—1)]
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12) _ S5,S - s ®
L2 Zj jllni nf; 1Q12Q23 Saeenls £ 1,0, -1,Q,, [n,n,,n, ~1)DO VL h 2 hS

2Q23Q31 1 -|- (Q12 ’ st 1 le | ) -1, n,, ng)Da h(sl) D(sz—l) Dc h(Sg)
3Q31Q12 2 T(Q12 1 Qgg;le 1| n, -1, n3)|:|ah(sl) Db h(SZ)D(S3_l)]

2 = 529 5,55 (5)) (~(So-1)  (53-1)
4 ) - Zj‘ Crsi,ni,nz [ 3Q43.1 2T(Q12’Q23’Q31 | 1_11n2 _11n3)|:|ahsl D 2 ! D 3 !

+ S F(Q, Qq ~1,Qu I -1, m, D VD P

+ 8381Q22n2n3 -Ie(le -1, st’ Q31 | n,n, -1, n, _1) D(sl_l) Db h(sz) D(Ss_l)]
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Trh
0 hhh Dhh DDh DDD
1 000 DTrh h DD Trh
2 000 D Trh Trh
3 Trh TrhTrh
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4. Generating Function for HS cubic
Interactions

Sagnotti-Taronna GF (On-Shell)

With vertex operator
ﬁ — [(am@ag) T 1](aa3V12) + [(a@aﬂg) T 1](6'111 VB) T [(aagam) + 1](80«2 v"31)

This result is derived from String Theory side and in complete agreement

with results presented here, derived by pure field theory approach!
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Generalization to Off-Shell Generating Function

77&1:- 77&13 ?7(123 77&2? ?7&3? 77@3

Correspond to ghosts in String Theory?

Anticommuting
variables!

A(i)(z)) = / ANy ATy AN)ay ANy A1)y dTqy (1 T NagNay ) (1 T Tag ﬁag) (1 T Nas '7_7&3)

expW d(21: ar) D (20; a2)P(235 43) |ay—ay—az—o

Where

W

+

+

_ 1
1+ (90, 0ay) +

4

_ I -
'narlnwljag + Znajnalljal_

: o | | _
_1 + (aazaag) + ZUGQUGBD% + Znaanazl:laz_

_ 1
1+ (9a30a,) +

4

_ | -
NazTayHay + Znalnagljaa_

:(aagvm) + 'naaﬁale - nag'ﬁazDaQ:

(ac?»lv?-?) + Nay Nas Dag — Nay Mas DGB:

:(60»2 Vgl) T NasTas Daa — TagMay Dal:
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Off-shelling the On-shell expressions

1 1

177@177@2 ag T 177&277&1 ai s

| 1

177@277@3 as T 177@377@ a

1 1

177@377&1 ai T anﬁaa as

(

(am v23) (am v23) T TNay nagDaQ — TNay naaD
(aaz v?)l) (84212 v?)l) T Na, nagDa‘a — Tay 77a1D
(aaavm) (6a3v12) + 77@:377&1Da1 — NasgNas Dag-

(am@a:z) — (acnaaz) T

(8@8@3) — (aagaag) +

am@m) — (80336&1) +
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Classification of Lagrangian terms

oN] 0 1 2 3
() A[:H] () AQD ()
1 0o [ A" | A%
) A{} 2 Al 2
3 A[]B
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Intriguing case

W = (8@8@2)(8@3V12) + (8@8@3)((%1 VQS) + (8a:38a1)(8a2v31)

The Lagrangian generated by this operator does not mix different HS
gauge fields in the interaction! This includes only minimal
selfinteractions for even spin gauge fields which is a closed subset of
all cubic vertices. This gives hope for nonlinear selfinteraction theory
of even HS gauge fields like Einstein-Hilbert gravity.

Simple example: Cubic selfinteraction of
the graviton in deDonder gauge

L, (h®) = Zh“ﬂv V,h, he +h®V hV h

50



5. Conclusions

* |t was shown that there is a local, higher derivative Lagrangian for HS
interactions in flat space-time, at least for first nontrival order — cubic
couplings.

e All possible cases of cubic interactions between different HS gauge
fields including selfinteraction of even spin fields are presented in one
compact formula.

 These interactions between HS gauge fields are unique, therefore
reproduce flat limit of the Fradkin-Vasiliev vertex for cubic couplings of
HS gauge fields to the linearized gravity, and also include all lower spin
cases which are well known for many years.

* |t was shown that these cubic interactions are in exact agreement
with the ones obtained from String Theory in tensionless limit.

 The simple and deep structure of these interactions give hope that
they can be continued to the quartic and higher order Lagrangians,
which would lead to covariant Lagrangian formulation of full nonlinear
HS gauge field theory.
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Thank You for your attention!



