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Abstract

We consider the massless theory of higher spin fields within the framework
of the BRST approach and construct a (off-shell) general covariant cubic
interaction vertex corresponding to the irreducible fields of higher helicities
81, 82, 83 on the d-dimensional flat spacetime. As compared to previous
works on covariant cubic vertices, which did not take into account
sequentially traceless constraints, we use the complete BRST operator,
which includes trace constraints necessary to describe irreps with a certain
integer helicity. As a result, we generalize the covariant cubic vertex found
in [arXiv:1205.3131 [hep-th]] and calculate new contributions to the vertex
that contain additional terms with fewer space-time derivatives of fields, as
well as terms without derivatives.. BRST approach is extended to construct
BRST-BV quantum action for interacting theory.
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Interaction vertices in the gauge theories
Lagrangians for HS fields from SFT
BRST-BFV approach for Lagrangians for HS fields

BRST approach with complete BRST operator to Lagrangians for free
massless HS fields on R14-1;

Including interaction through systems of equations for cubic vertices;

@ General solution for the cubic vertices for unconstrained of helicities

$1, 82, 83 HS fields

@ BRST-closed linear on oscillators operators /.3,(:1_);
@ BRST-closed cubic on oscillators operators Z;
© BRST-closed trace operators U;isi);

General (covariant) and partial solutions for the cubic vertices;
Correspondence with Metsaev's results on cubic vertices ;
Conclusion & Outlook
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Cubic interacting vertex

Known results on cubic vertices

@ metric formalism F. Berends, J. Van Reisen, NPB164 (1980), Berends, G. Burgers,
H Van Dam, Nucl. Phys. B271 (1986); A. K. H. Bengtsson, |. Bengtsson, L. Brink,
NPB (1983), E.S. Fradkin, M.A. Vasiliev, NPB 291 (1987), R. Manvelyan,

K. Mkrtchyan, W. Ruhl, PLB 696 (2011), [arXiv:1009.1054 [hep-th]], E. Joung,
M. Taronna, NPB 861 (2012) 145, arXiv:1110.5918[hep-th], I. Buchbinder,

V. Krykhtin, M. Tsulaia, D. Weissman, Cubic Vertices for N' =1, NPB 967
(2021), arXiv:2103.08231;

@ (half)integer spin for ISO(1,d — 1) in the light-cone R.R. Metsaev, NPB 759
(2006) hep-th/0512342, NPB 859 (2012) [arXiv:0712.3526[hep-th]]; 4d
[arXiv:2206.13268[hep-th]] ;

@ within constrained (with algebraic constraints, cov.) BRST approach for integer
spins -R.R. Metsaev, PL B 720 (2013) arXiv:1205.3131 [hep-th];

@ first, in BRST approach for reducible reprs ISO(1,d — 1), SO(2,d — 1)
I.L Buchbinder, A. Fotopoulos, A. Petkou, M. Tsulaia, PRD 74 (2006) 105018,
[arXiv:hep-th/0609082];

@ in frame-like approach M. Vasiliev, Cubic Vertices for Symmetric higher spin
Gauge Fields in (A)dSa, NPB 862 (2012) 341 , arXiv:1108.5921[hep-th]
arXiv:2208.02004, M. Khabarov, Yu. Zinoviev. JHEP 02 (2021);

@ Cov. cubic vertex in BRST approach for unconstrained HS fields (irreps) not found
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Interaction vertices in the gauge theories

Gauge theory of 1 -stage reducibility
So[A] — classical action of fields A',i=1,...n = (ny,n_), e(4") =&,

1o}
rank [ 3,5050] losoo =Ti=m =0T, 2= 51
5050 = O, 50,41 = ]—%02‘.}6050407 ag = 17.“7m0 = (m0+7m0_),:>

<_ . .
9 iSoRoh, =0 rank‘ Rob || 10:s9=0 = m < mo, = 650¢%0 = Z,80¢° .

so thatRoiOZOgﬂaiSO:o =0u, a1 =1,....,m1 = (m1+7m1,) = (mo — m)
(€)= £ay, 50,1
Deformation of k copies of LF for fields A“®), p =1, .., k with quadraticy_ S(()p) [A®P)]
of free fields A*® with rank condition [N = k(n — m)
Sint = 3.5 SPIAD] + g'S1 + 282 + ... g" Sy, [degaSr =7 + 2],
5[Z]Ai(p) _ 50Ai(11) Jrg(;lAi(P) o+ gl51Ai(P) = Ry i(p) gao(f)

Mg (1)

ot = |
5[(;]))5060(?) — {5(()0) +95£0) o +gl(;l(0)}£ao(z7) =7y O‘O(P)fal(t) IdegAZlaO(p)

oy (1) ai(t)

Roi?), = Robo 07, Zooo) = Zo20o7.
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Interaction vertices in the gauge theories

Noether's identities as system in powers of g from 5 S;,: = 0:

g1 : 0051 + 51?0 =0,
g 8052 + 6151 + 6250 = 0, (1)
5 e .7.._ . o
g : 6051 + Zp:l 5pslfp + 6150 - 07 SO = Zp:l SO
for the gauge transforms of 0 level from 6(20>52Ai(p>|;as,l,,,t:<] =0:

g (8176047 46064 ) |as, o = 0,
g (6080 + 5061 +6(76:) Ao, o =0, 2
g (550)60 +3, 5@,,5,,) AP 55,20 =0
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Interaction vertices in the gauge theories

for the cubic vertex for GTh of 1 reducibility level

Sint = 351 S0 AP + 9" 51,

5[1]Ai(P) = 5o AYP) 1 g(glAi(P) — (l)‘(;’)t)gao(t) (3)
5[(?])6043(?) - {5(()0> +g5§0>}£ao<p) - z?g))gal (4)

The equations (1)—(2) pass to
g's aSi+a Yl S =0, (5)
g (6§°>60A’(") + 530)51A’<P>) los—0 =0, p=1,2,3. (6)
In 4d for spins (0, s1), (0, s2), (0, s3)... in light-cone formalism, first classification :
A. Bengtsson, I. Bengtsson, L. Brink, NPB (1983), A. Bengtsson, I. Bengtsson, N.

Linden (1987)
V22t = (2° + 1), 2z = (2! 4 iz®) cubic (self)interaction for s1 = 53 = 53 = s
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Interaction vertices in the gauge theories

for s =2k, ke Np
1 S 5sfn 5n
1] = 4 .= — _1\n S +\s .
Si] /d w{2¢D¢+g[¢;( D" (2) 0" (e gme) +ee }
for s = 2k + 1, k € No appears structure constants f?°¢ which close non-linear realized
Lorentz algebra on ¢“

Sil] = /d“w{%@“D@“ +gfee [@" i(—l)" (n) @7 (85::” ©° 65; soc) + c.c.] }

n=0

[g] = [[]*~" dim. coupling constant. Lorentz algebra is realized in light cone non-linearly:

840 =80 p —igztomp + O(g%)
bi—p= 5;,),gp + ig(x(;HSO + 5550) + 0(92)
65— = 5?4,0 + ig(i:(SHGD + 5590) + 0(92)

How to construct covariant cubic vertex for irreducible HS fields of spins

(0,51), (0, 52), (0, 83)... [(m1,51), (M2, s2), (M3, s3)...] on R~ within Lagrangian
formulation for totally symmetric tensor fields without holonomic constraints?

A construction it is suggested within BRST approach with complete BRST operator

(following from SFT).
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Lagrangians for HS fields from SFT

E. Wigner, M. Fierz, W. Pauli; V. Ginzburg; E.Fradkin; L.Singh, C.Hagen, C. Fronsdall,
J.Fang, M. Vasiliev, R. Metsaev, Labastida.Yu. Zinoviev, J.Buchbinder, A.Pashnev,
V.Kryhktin HS fields (0,s) as ISO(1,d — 1) irreps s = (s1, 82, ..., ), k < [452]

el T T 1T loa]
D(s1)w(s2)seplsy) S| V1 | V2 | - S N R 7 =Y (81,..., Sk) -

2 il .
(0%, 0"4) 1 (1)) oy = (0,0), 0@ 0k =0 (D)

) r - =0, :<y7, 1< <nj,
TS I LTS BNy U S SPLI S =0 2=t =
—— /

OCHOBHOM

Including of @1,y ks, in string vector ([a},a;”] = —0rn™")

.....

S
klzZzZ k

Z Z Z H s; | YoeeesttF (81 H H azﬂﬁ 0),

s1=0s2=0 sEp=0 i=110;=1
zo\<b>,zi|<1>>,zij\<1>>,tm\<1>>) =0, (zi,zij,tm) — (—i0uat Jallas,  afal).
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Lagrangians for HS fields from SFT

A connection of massless HS fields with SFT : (E. Witten (1986);
C. Thorn(1989)) = follows from tensionless limit of BRST operator Q for

(o — 00): (A. Bengtsson (1983) G.Bonelli (2003), A. Sagnotti, M. Tsulaia, NPB
(2004)).

OL/*}OO

—0Q — {oo} set of HS fields in srting spectrum

In the tensionless limit for open bosonic string BRST Q for Virasoro algebra and
string Gl string EoM turn in nilpotent Vd BRST Q. & EoM for HS fs for
reducible 7SO(1,d — 1) reps: (in representation on #: (al,Po, Pr,nx)|0) = 0)

limg/ o0 @ = Qc = nolo + Z [mflk + el + Z17k+77k770] =nolo —1PoM + AQ.,
k>0

(e, UF) = —i0u(alt, at*); 1o, 1571 =0, [, 1] =10 : [ak, a"] = —6pn™
[(d=26:) Q]x) =0, 8]x) = QJAo), §[Ao) = QA1),...; (e, gh)[Ak) = (k+1,—k —1)]
[ (Vd:) Qelx) =0, 8[x) = Qc[Ao), 6[Ao) = Qc[Ar), ... |
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Lagrangians for HS fields from SFT

decomposing Q. and string fields |x), |Ao), ... in 7o

X) = le1) +molwz),  [Ak) = |AR) + 10| k), .- (8)
EoM in terms of ng-independent equations and gauge symmetries looks
lO|@1> - A(gc|(,02> = ?7 AQC|801> - MLQDQ) =0, L (9)
dlp1) = AQc|Ag) — M|Ag), Slp2) = lo|Ag) — AQ:|Ag)

(9) - Lagrangian, determines free gauge theory of (k — 1)-reducibility stage & follows
from

[S[@,.] = [dno{(x|Qclx), 3]x) = Qcl[Ao), - .. 0[Ak—1) = Qc[Ar) gh([x),[As) = (0, —i — 1)

(10)
For TS ®,,,) due to gh-homogeneity
|<p1>s B @M(S)aﬂl+._.aﬂs+|0> + nfpf_D#(S,Q)a”1+...a“5*2+|0>,
lp2)s = PiCue—na™..a"10), [Ao)s =P Auisrya™ a1 F0).
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Lagrangians for HS fields from SFT

Consequences:
1) From (9) triplet formulation in terms &, ), Cpu(s—1), Dyu(s—2) (m = 0) reducible

I50(1,d — 1) representations (Francia, Sagnotti 2003) with HS fs (s,s —2,...,1/0) in
oscillator form,

lol®)s — U [C)em1 =0, h]®)s —I[D)s—2=]C)s-1,
l0|D>S—2 - ll|C>s—1 =0

(1)
5(19),1C)o—1,ID)o—2) = (i lo, 12 ) IA)es

sign 78" in |®)s, |[X)st 0c|X)s = (s + “52)[X)s for the spin operator

1
lO'c = (go +77f731 — 771771+)|, go = *g{a:-au}

Lagrangian property (11) follows from the action (given on Fock space #):
[S[®,C, D] = [dnos(xIQclx)s, 61x)s = Qe[Ao)s, gh([x),[Ao)) = (0, D[ (12)

A. Reshetnyak (Tomsk)
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Lagrangians for HS fields from SFT

2) LF for HS field from irreducible representation (m = 0, s) includes trace condition
(111|®)s = 0) in the form of BRST-extended constraint £11 ([Qc, £11] = 0,
[Qc, ¢ = 0) imposed on [x),[Ao)
Sojs[®,C, D] = [dnos(x|Qclx)s;, dIx)s = QclAo)s,
o |- (13)
L0 (1x):[40)) = (b +mP1) (1) 1A0)) = (0.0). Ly =1/2a%a,
(13) = Fronsdal formualtion with A,y . | (A*,. =0) & &), (" ... =0).

(13) - constrained BRST Lagrangian formulation with external holonomic constraint
(Barnich, Grigoriev Semikhatov Tipunin 2004; Alkalaev Grigoriev, Tipunin, 2008).

3
Sl x @ x ] Zsmsz +9/H dngy” (sg<x<e)|VM(3)>(s>s + h-C-)v
e=1

Sl = QO N, —g [ L (o A

e=1

(i+2)‘
Sit2 c

Hit 1o i+ )V, Q7 L)V, =0

Inclusion into the system a (l11|®)=0) equally with the rest differential constraints, in
order to the all irrep conditions extracting the particle (m = 0, s);

O, =0, 8, =0 7", =0 (14)

should follow from LF with complete BRST @ without any external constraints,
A. Reshetnyak (Tomsk)
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BRST-BFV approach for Lagrangians for HS fields

A. Pashnev, M. Tsulaia, MPLA (1998);
I. Buchbinder, A. R., NPB 2012, [arXiv:1110.5044[hep-th]]

Sora®, 61, ] = Sopelx)s] = / dnos (XIKQIX)s, (15)
6|X>s = Q|A>S7 6|A>s = Q|A1>S7 6‘A1>s =0. (16)

An equivalence of the Lagrangian formulations with incomplete & complete BRST
operators for any irrep with discrete spin on R14~1 is established in A. R, JHEP (2018)
arXiv:1803.04678[hep-th], but for interacting theory of the same HS field this question
has not yet been solved .

Basic result for the cubic vertex for TS HS fields on R%~! was obtained for 5d, 6d in
light-cone by R. Metsaev (hep-th/0512342, arxiv:0712.3526), for covariant form in
constrained BRST approach in -R. Metsaev, PLB 2013.

Remarks: Almost all LFs for HS fields on R%9~!, AdS(d) in terms frame-like formalism
are LFs with algebraic constraints (E.Skvortsov, M.Vasiliev, Yu.Zinoviev, M.Grigoriev,
D.Ponomarev).

LFs without constraints for (half-integer HS fields on R**~* Campoleoni A, Francia D,
Mourad J, Sagnotti A, 2009, 2010 NPB
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BRST-BFV approach for Lagrangians for HS fields

In BRST-BFV approach (S. Ouvry, J. Stern, A. Bengtsson, A. Pashnev, M. Tsulaia,
I. Buchbinder, V. Krykhtin, A.R.) It is developed an algorithm

instead of direct problem of generalized canonical quantization for dynam. system
subject to constraints inverse problem of constructing Gl LF for HS fields with (m, s)

irreps conditions Eid (super)algebra{os(z)}: H

ISO(1,d-1), SO(2,d-1)| "|[or, 05} = fI5(0)or + Aus(g0)
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BRST-BFV approach for Lagrangians for HS fields

In BRST-BFV approach (S. Ouvry, J. Stern, A. Bengtsson, A. Pashnev, M. Tsulaia,
I. Buchbinder, V. Krykhtin, A.R.) It is developed an algorithm

instead of direct problem of generalized canonical quantization for dynam. system
subject to constraints inverse problem of constructing Gl LF for HS fields with (m, s)

irreps conditions Eid (super)algebra{os(z)}: H

ISO(1,d-1), SO(2,d-1)| "|[or, 05} = fI5(0)or + Aus(g0)

conversion O] — o7 + O/I : H ® Hl
A.Pashnev, J.Buchbinder, A.R.
[077 OJ} — FII‘(](Olv O)OK
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BRST-BFV approach for Lagrangians for HS fields

In BRST-BFV approach (S. Ouvry, J. Stern, A. Bengtsson, A. Pashnev, M. Tsulaia,
I. Buchbinder, V. Krykhtin, A.R.) It is developed an algorithm

instead of direct problem of generalized canonical quantization for dynam. system
subject to constraints inverse problem of constructing Gl LF for HS fields with (m, s)

irreps conditions Eid (super)algebra{os(z)}: H

ISO(1,d-1), SO(2,d-1)| "|[or, 05} = fI5(0)or + Aus(g0)

conversion O] — o7 + O/I : H ® Hl
A.Pashnev, J.Buchbinder, A.R.
[077 OJ} — FII‘(](Olv O)OK

BFV

. !
m BRST operator for {O;}:Q’'(z)

Q' =C'O; + 1C'C7F[5Pk + more
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BRST-BFV approach for Lagrangians for HS fields

In BRST-BFV approach (S. Ouvry, J. Stern, A. Bengtsson, A. Pashnev, M. Tsulaia,
I. Buchbinder, V. Krykhtin, A.R.) It is developed an algorithm

instead of direct problem of generalized canonical quantization for dynam. system
subject to constraints inverse problem of constructing Gl LF for HS fields with (m, s)

irreps conditions Eid (super)algebra{os(z)}: H

ISO(1,d-1), SO(2,d-1)| "|[or, 05} = fI5(0)or + Aus(g0)

conversion O] — o7 + O/I : H ® Hl
A.Pashnev, J.Buchbinder, A.R.
[077 OJ} — FII‘(](Olv O)OK

BFV

. !
m BRST operator for {O;}:Q’'(z)

Q' =C'O; + 1C'C7F[5Pk + more

Q" =Q+ (g0 +h+more)Cy + ... : Q%5 x)=0 =0

me_ |mass-shell: Q|x) = 0,gh(|x)) = 0 = action: S = [ dno(x|KQ|x)
spin (go + more)|yy,|ay,... = —h(|x),|A), ...)

gauge symmetries: O]x) = Q|A),5|A) = Q|A"), ...

Q@ - BRST operator for 1-st class constraints {Oq} C {Or} without invertible go. on

2-3 stages gauge and auxiliary fields introduced automaticallywhen getting LF for the
basic field
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Notes on BRST-BV approach for Lagrangians for HS fields

For (constrained) BRST approach there are not 2-nd class constraints in the isometry
algebra,no conversion, K = 1, spectrum of component fields less but there are
difficulties with quantization!

Usually one says on BRST-BV (Batalin-Vilkovissky) approach when

gh(®y,...., Pu)s....) = 0 for the component fields in |®), |A), .. is weakened (as
compared to BRST-BFV approach):

gh(Cus—1),....;---) > 0 — ghost fields gh(®,).  ,Cls-1y..,-) <0 antifields
jointly in |Pgen) = Sy = [ dno(Pgen| KQ|Pgen) = S(P) + more

minimal BV action with (free) class. actionS(®) & gauge algebra in "more".
Up to now BRST-BV action in constrained form was known for integer spin Barnich,
Grigoriev, Semikhatov, Tipunin 2004; Alkalaev Grigoriev, Tipunin, 2008, 2011; R.Metsaev

2012-2017
for HS fields with half-integer spin it was solved in

A. R, , JHEP 1809 (2018), arXiv:1803.04678[hep-th] and Phys.Part.Nucl. 49 (2018)
952, arXiv:1803.05173 [hep-th]

A. Reshetnyak (Tomsk) Cubic Lagrangian Vertex SQS22, Dubna 16 / 37



BRST approach with complete BRST operator to Lagrangians for

free massless HS fields on RL4-1

(auaw o nmuz)qﬁ“(s) = (0,0, 0) — (17)
(lo, I1, lix, go — d/2)|¢) = (0,0,0, 5)|@).
basic vector|¢) & lo, l1, 111, go are determined:

=3 e Ha+ 0), (18)

s>0
(lo, ln, 111, 90) = (0”8, —10" 0, %a“au,f%{a:, a'}).

In BRST approach a dynamic of free field of helicity s is determined in the extended
configuration spave with Gl action by ¢,(s) and auxiliary fields ¢1,(s—1),.... All of
them are included in |x), described

Sol6,91.-0] = Sur D] = [ dm. (K@l (19)
So|s[|x)s] invariant w,r.t. reducible gauge transforms
3x)s = QIA)s, 8|A)s = QIAY)s, §|AT)s = 0. (20)

with |A)s, |AY)s gauge parameter vectors of 0- & 1-levels in Abelian gauge transforms
A. Reshetnyak (Tomsk) Cubic Lagrangian Vertex SQS22, Dubna 17 / 37



BRST approach with complete BRST operator to Lagrangians for

free massless HS fields on RL4-1

Q@ - BRST operator constructed w.r.t. HS symmetry algebra
{lo, l-ls-’ I, ln, I = 1a%af }_tch Grassnlann-odd ghost operators
Mo, My 5 M1, 77117 1, P07 P, 731 ) Plh Pllv

Q = nolo + nfll + lfm + 7]1+] Eu + Z;ﬂ mi + 27]?L7]177()
= nolo + AQ + ) m Po,

roe
(Lu1, L) = (L1 +7717717L11+771 )
Lii =1+ (b+b+ h)b, Lf’l = + bt
n (e,gh)Q = (1,1). Algebra lo ,I1, I, L11, LT, Go is determined
[lo,l§+>] =0, [l =1 [L11, LT,] = Go, [Go, LT,] = 2L,
[llyLiLl} = 7lfa [llaGO] =l

with extended
Go=go+2bTb+h, b b [bbT]=1

- auxiliary conversion oscillators generating #'.

A. Reshetnyak (Tomsk) Cubic Lagrangian Vertex SQS22, Dubna
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BRST approach with complete BRST operator to Lagrangians for

free massless HS fields on RL4-1

conversion parameter when constructing Verma module for so(1, 2)
h=h(s) = —s — 955,

2
{no,Po}y =1, {m, P} ={n,Pi}={m,Ph}={n1,Pu} =1
theory is characterized by spin operator o:

| 0=Go+nPr—mP{ +2(n;,Pis — nuPqy) ] (23)
o selects vectors with definite spin s
U(|X>Sv ‘A>Sﬂ |A1>S) = (07070)7 (24)

with periodic € and decreasing gh (0,0), (1,—1), (0, —2) respectively.
All operators act in total Hilbert space Hiot = H Q@ Hon @ H' ¢

(xl¥) = /dd:v(0|x*(a,b;m,Pl,ml,’Pn)w(a 7771 77)1 a771177711)|0>

Operators @, o supercommute and Hermitian (see, |.L. Buchbinder, A. Pashnev,
M. Tsulaia, PLB (2001), I. Buchbinder, A. R., NPB (2012) arXiv:1110.5044)

Q* = nfimio, @, o} =0; (25)

n—1

Q" 0NK = K(Q,0), K= Z b+ )" 0)(0p™ T G+ R(s)),

rLO =0
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BRST approach with complete BRST operator to Lagrangians for

free massless HS fields on RL4-1

QQ\HQWZO = 0 is nilpotent on subspace with zero. values for o (24).
Field |x)s, |A)s |A')s (as the result of spin condition) are defined in the form

X)s = |®)s + 11 (7’1+|¢2)s—2 + Piilgar)s—s + nﬂP{“Pf’lng)s_G) (26)
+ 1 (7’1+|¢31>s—3 + 7’1+1|¢32>s—4) + Mo (7’1+|¢1>s—1 + Plilgn)s—2
+ PEPH [ I612)s-a + miild13)es ] ).

[A)s = P1EVem1 + Piilér)e—z + PI PR (17 JE1n)e—s (27)
+ 71 |§12>575) + 0Py Piil€or)s—3,

AY)s = PIPHIE) s (28)

with ¢ ) . = |p(at,bT) ). & . |P)s| b+ —0) = |#)s
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Including interaction through systems of equations for cubic vertices

the most complete classification for covariant cubic vertices for m = 0,m # 0,

(s1, s2,82) R.R. Metsaev, Phys. Lett. B 720 (2013) arXiv:1205.3131 [hep-th] for the
fields (with Y'(s1, ..., sx)) was initially given in light-cone coordinates in 5d, 6d

R.R. Metsaev, NPB 759 (2006), hep-th/0512342 whereas for 4d by A. K. H.
Bengtsson, I. Bengtsson & N. Linden,(1987) in LC with realization in BRST approach
with algebraic constraints -R.R. Metsaev, PLB 720 (2013) arXiv:1205.3131

Sol¢, C, D] = [dnos(xclQclxc)ss dlxe)s = QcAoc)s,
L1 (\Xc), |A0c>) = (111 + 7]1P1) (|X¢>, |A0c>) = (0,0),

(mi = 0,81, 52,83) : [VME) o = 3 422K 12 (LO)5 712679 gpg)
s = Y6 |0) = 101)02)[0). (30)

and enumerated by natural &k subject to
s —28min < k<s, k=s—2p, p€No.
with Q.-BRST-closed differential forms ([z + 3 ~ ¢])
Lo — (pfjﬂ) _ pfj+2))a(i)u+ B Z(/Péﬂ»l) _ ,P(gi+2))n§i)+7

(31)
Z = L{PTL® L LT LW L BYT L@ (e, (38))

(32)
but L, [VM®)) ). # 0 with destroying irreducibility for the interacting fields for

deformed gauge transforms: L’il(\xg)>5. + 6|X§‘7)>5.) # 0.
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Including interaction through systems of equations for cubic vertices

Cubic vertex for HS fields (s1, s2, s3) within BRST approach includes 3 copies of vectors
IXYs,, [AD),, [ADY . with |0)' and oscillators a(V#+ .

., 1=1,2,3. Deformed action
and gauge transformations

1 3
Sty XM X, x ]

3
Z&n +g / 11 dns” <5€(X<€)K(€)\V(3))(S>3 + h.c.),
e=1

i I3 i i+e) i+1 i+1 i+2 i+1
6[1]’X( )>5i _ Q( )|A( )>Si _g/ Hdﬁ( <s,+1<A< +1) g (it )‘5#2()(( +2) (it )|

e=1

TNCH DI 2)) 17®) (s

8 ’A(i>>s,¢ _ Q(i) ’A(iﬂ)si _ / H d,](“rf’ ( (A(l+1)1K<Z+1)} (%+2)K(l+l)
+i+1ei+ 2)) ’V(g)>(s)3

with unknown |V(3>> ‘V(3> !V@)
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Including interaction through systems of equations for cubic vertices

z-locality |V(3)>, |‘~/(3)>, |V(3)) and momenta conversation law:
3 3
V), = [10 (@1 =2V [ 05”10). 10) = @21 J0)°
i=2 j=1
(1)—|—p +p£3):0. (s)3 = (s1,82,83) [1+3~1]

invariance Spy w.r.t 0y x)s,, i = 1,2, 3, — system of equations:

g QUQUIAND, =i Yo WAY). =0, i=1,23,
3
gl . / H dn(()e)sj <A(J)K(J) |s,~+1 <X(J+1)K(J+1) |3j+2 <X(J+2)K(J+2) |Q(V3, V3) =0,
e=1

QP 73 = ZQ(k)|‘7<3)><s>a +QW <|V(3>>(s)3 _ |‘7<3>>(S)3>, j=1,2,3.

k=1

preservation the form of gauge transformations Ix")s, wort 6y [AD),, ¢ [ADY,, —
g* :QUQUIA . =Y i e VA, =0, i=1,23,
2
gt /H dnée)sj+1 <A(J+1)1K(J+1)|Sj+2 (U g+ | (Q(V3, V3 - Q<J+2>|V(3>>) —0,
e=1

¢ Q7% = ZQ”")W(g))(s):z n Q<j>(“7<3>>(5)3 _ \‘7(”)(5)3), j=1,2,3.

k=1
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Including interaction through systems of equations for cubic vertices

should fulfill spin condition as consequence of spin equations on each vectors (24)
|X(l)>8i7 |A(Z)>Si7 |A(l)1>si:

ot (|V<3)>(5)37 |V(3>>(5)37 |V<3)>(S):5> =0,i=1,23 (33)
deformed gauge transformations should form closed algebra

(651,603 ]Ix™) = —gdt ™), (34)

where Grassmann-odd Az = As(A1, A2) explicitly calculated as
2
|Ag) ~ / I1 dng”e){ (<A§+1)K|<A§i+2>|K ++1oit 2)) — (A & Az)}|‘7(3)>.
e=1

Introduce Q% = 3", _, Q%)
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General solution for the cubic vertices for unconstrained of helicities

S1, 82,83 HS fields

For simplicity we suppose [V ), = [VE) ), = [VE),),. then

AV KD (@@ (G g(3) 3 V3 = ' -

o <'+1>1| ZE'<~)+<1) | E"<+X2) G+ VAT = T, =0
AV KY ’5j+2<X] KY ’Q(V,V):O ' :

we seek (Q'*-BRST- closed) solution in the form of products of specific homogeneous

in oscillators operators _

, (1), Q**-BRST- closed forms L(ZZ_), i=1,2,3, ki =1,...,5; & Z constructed from

L@, Z RR. Metsaev, (2013) arXiv:1205.3131 [hep-th], where deg(,+ ,+) L =1,

deg(a+m+)Z =3 ,

5j+1<

() _ pGyki=2 (7 ()2 kil )+ (i1 (i+2) _ p)
Ly, = (L) ((L ) T 3k —2) 2Py + 2P, — Py })7(35)

IO = () _ plt D)@t (D | plitD) i+ 10 — a0 (36)
AR ATRal ASURED Ay A ISR A (37)
we have used momenta conversation -law and non-invariance L% when acting by trace
operator: (L% (L%)?|0) # 0) and

i1 i i 1 i i1 1 Gt i
LT = qOmrger  Lpoyaene Lpine o

(38)

A. Reshetnyak (Tomsk)

Cubic Lagrangian Vertex SQS22, Dubna 25 / 37



BRST-closed linear on oscillators operators E}EZ)

(2), one has new 2-, 4- , ..., [s;/2] forms in powers in —
USY (YT P = @9 TPEED)? Gl — DnPTPRTY, i=1,2,3.

First,we should check (36) and (38) - Q“°*-BRST-closed as extensions of BRST
operators Q%°* in Alkalaev Grigoriev, Tipunin, 2008, 2011, R.R. Metsaev, Phys. Lett. B
720 (2013) in view of trace operators.

LNk 0y = 0,5 =1,2, VkeN,

EQLOW) = (= (4 o )0 4 o(PED — PE)ald + LOLE ) o) =,

L (LD)?)0) = ( (D = pltD)ar 4o (PSHY — P 4 L(“Eg’f)L“)\o),
(7 D =B @ = pUH) 4+ LRI = P ) 4 (L)L) 0)

7 (o =PI =l T)0) £ 0.

latter for (L?)* does not vanish under sigh of inner product (35). Analogously, Vk:
Z*, not BRST closed.
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BRST-closed cubic on oscillators operators Z

Z; is determined from the condition of BRST closeness, e.g. for j =1

3 3 3 ; 3
. . pO+ i i .
z H Ly =z H Ly — Z ki (LY, 2}, 09} H Ly, (39)

b<z>+b(>
+Z ke = LAY [[L4, 2}, L“>}L<e>}H£” =y

pAtpltpla+ . ; D7 (e =
_ § kikeko— oy ey ner [L89, [L89, [[L5), 2}, LY O L Oy [T 2y
i#eF#o J=1

For j > 1 expression for Z; is deduced analogously.
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BRST-closed cubic on oscillators operators Z

Forj =2
3 3 3 i
[l =z2z]]c? - DI 2 2 H L (40)
2 kp kp h(i1) Lir,
p=1 p=1 i1=1
3 .
BUVFBEVT ) 126 »
+ 3 Zheoner B [[26 ’Z}’ZH% 13
i17#e1 p=1
3 ; 3
BN THEOE (o) Tpien [[700) )
Z K1) plen) p(o1) [L“ ’ [L“ ’ HL“ ’Z}’Z H Lk, }}}
i1#e17#01 p=1
for 5 > 1 we have by induction
3 3 3 P 3
plii—1)+ ~(is1)
z]1e) =2z 0128 - 3 oy [P 2) 2 11 2 (
p=1 p=1 ij-1=1 p=1

3 i . 3
b<1371)+b<61*1>+ ~(es ~(is
D D e el L2 T | LA A -1 | P
. p=1

h(ti—1) plej—1

3 ;- . . 3

bl - DF O ro, ) Ties) [[705-1) Y\

Z Bi—1) plei—1) ploj—1) [Lll ) [Lll ) [[Lll 7Z}7Zj*1 l_Ill:kp }
e

ij_17€j 17051

SQS22, Dubna 28 / 37
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BRST-closed trace operators U]Sfi)

it is sufficiently present in the form [V®)) ) = U}j") Y (s)s—2j, with some
|X(3) Yo)s: (€, gh)|X(3)) = (1, 3) & check BRST-closeness for i # k and j = 1,2

Y LY USRI0) = 0,k #14,

nOTTOUED | X® o = (P00 — ogDF PO+ @)Xy ), =0, (42)
nOFTOUED | X®y )y, = (0O E0TY -2y <,>+L<,>++277<,>+L</>+
AL PO, {X<3> Vaygot, = 200OTLOF|x@y ), =0
for j > 2 Ji—1
i)+ 7 (¢ S; 3 T(i)+\e 7 i)+ T+ T70E)+F\ji—e—2
T IRUSY X ) g2 = (2 TR AT, I HERTY (43)

e=0
g (G = 1) = 2P 0 B X 02,
= (Ui = Dot = 2jn P ) (B0 X )52, = 0.
In (42)—(43) we have used s/commutators linear in E(i)+
0% (28, 0%} = 0 {019+ 2) ~ 2P0} = O — 2P,

[Z07, 00} = —289 L), (44)
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BRST-closed trace operators U]Sfi)

and polynomial in E”H
(i i e (1 ji—e—1
n£1>+ [L(11)> L( )+ } Z L( )+ ()+ [L() L( )+}(L§1)+)]
=S B OO B 2 (B R
e=0
_ (]z _ 1) |:O_(z) ] j|n(l)+(L(1)+)Jz _ 2 (L(T)"F)Jz 1 (”"’fp(’)"!‘ (1)
X D) ()g-25) /0P =

BRST-closeness of all introduced operators is guaranteed.
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General (covariant) and partial solutions for the cubic vertices

general solution for covariant cubic vertex preserving irreps of ISO(1,d — 1) for HS
fields (s1, s2, s3) (thus correct degrees of freedom) when passing to interacting theory
([s1/2],[s2/2],[s3/2]) N
3 M (3 s s EE M(3
VY s = VM) 0, + > U U U VI E) (s, (45)
(J1,42,53)>0
VMG o) determined in R.R. Metsaev, PLB 720 (2013) with modified forms
respecting trace L(Zi), (35) u Z;
M(3 _ 3 (%)
v ( )>(S)3—2(j)3 = 2 Z12q6—20-k [ Lsi—Qj,i—1/2(s—2J—k)|O>7 (46)

and enumerated by naturals (k, j1, j2, j3) satisfying to the equations

[s —2J —25min <k <s5—2J, k=s—2J—2p, peNoy, 0<4 <[s:/2].] (48)

General vertex (45) besides modified terms (46) contains new ones. These are linear in
trace U](f”) = L) for each field copy

1,1,1 (1 T2 io (T(3 1
S oY LY (L T VI®) (49)

as differed from VMG o in vertex: b7, ni""lH”PﬁH, 1=1,2,3.
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Correspondence with Metsaev's results on cubic vertices

Thus, for even s;, i = 1,2, 3 vertex for j; = [s;/2] be with s;/2 traces for initial fields
|¢)s;r [1, Tri/2¢™, without derivatives (!)

3
(3) S; 7 i — T+(1 . 7 i
V) s HU< 10) :H (LN LLHDY? — i — DT PR o).

(50)

For 1, 2 or for all odd s1, s2, s3, the vertices with minimal number of derivatives will
contain 1, 2 or 3 derivatives:

3 s s s
|V'1< >>(S)3 U< 1) U( 2) U( 3

)
21 Ui UGs J LV10), (51)

3
|V2( )>(S)3 = U[51 1/2] U(ss; 1/2 U[(5533}2]L(1)L(2)|0>7 (52)

Vi) s = H Ut af H LY + Z}0). (53)
=1

for d > 4 the number of independent (even parity invariant) vertices in
V|VM(3))<S)3,2<j)3 enumerated by k & equal (Smin — 2jmin + 1), but for d =4 it
reduced to 2, i.e. k=5 —2J, s — 2J — 28;min due to proportionality for k:
5 —2J — 28min < k < s — 2J, to terms with 9* (R. Metsaev, PLB 720 (2013)). For

s1 = s2 = s3 we have selfinteracting vertex (45) ¢,,(s)-
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Correspondence with Metsaev's results on cubic vertices

V@)Y £ VM) not identical: L{) [VM®) £ 0.

Correspondence

1) VD) = (VM@ LR v,

irrep

2) reducing My, — M.: |V(3)>Mun M, = \‘7(3))
Then [VY®)y — [7@)

irrep
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Conclusion

@ It is found general cubic interacting vertex (off-shell) for irreducible interacting HS
fields with integer helicities s1, 2, s3 on Minkowski R1'¢~! space;

@ BRST approach is developed for constructing cubic vertices by deformation of 3
copies of free 1-st stage reducible gauge theories without any constraints for
massless TS HS fields up to interacting 1-st stage reducible gauge theory with
accuracy up to the 1-st order in g. Entangled system of equations are derived and
solved on cubic vertex from deformed free actions and reducible gauge
transformations with preservation of number of physical degrees of freedom;

@ BRST-closed cubic vertex generalizes CV from [arXiv:1205.3131 [hep-th]] for
massless HS fields and appears by covariant analog of even-parity vertex suggested
in the light-cone formalism [hep-th/0512342] and reproduces new inputs into the
vertex with traces and less numbers of space-time derivatives, including the terms
without derivatives. )
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@ Construction (off-shell) covariant cubic interaction vertex with massive irreducible
HS fields with integer spins s1, s2, s3 within BRST approach (in progress);

@ Construction (off-shell) covariant cubic vertex for irreducible HS fields with integer
and half-integer spins s1,n2 + 3,n3 + 3 on a base of BRST approach;

@ Construction (off-shell) covariant cubic vertex for irreducible mixed-symmetric HS
fields subject to Ysi,...,s%, Ysi, ..., sb, Ysi, ..., s2 integer spins 5%, 5%, 55"

@ Construction (off-shell) covariant cubic supersymmetric vertex within BRST
approach for irreducible irreps with (half)integer superspins;

@ Derivation system of equations for quartic vertex and its solution for irreducible
ISO(1,d — 1) massless representations with integer helicities s1, s2, s3, s4 and
study its (non)local realization .
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@ Construction (off-shell) covariant cubic interaction vertex with massive irreducible
HS fields with integer spins s1, s2, s3 within BRST approach (in progress);

@ Construction (off-shell) covariant cubic vertex for irreducible HS fields with integer
and half-integer spins s1,n2 + 3,n3 + 3 on a base of BRST approach;

@ Construction (off-shell) covariant cubic vertex for irreducible mixed-symmetric HS
fields subject to Ysi,...,s%, Ysi, ..., sb, Ysi, ..., s2 integer spins 5%, 5%, 55"

@ Construction (off-shell) covariant cubic supersymmetric vertex within BRST
approach for irreducible irreps with (half)integer superspins;

@ Derivation system of equations for quartic vertex and its solution for irreducible
ISO(1,d — 1) massless representations with integer helicities s1, s2, s3, s4 and
study its (non)local realization .

Thank you very much
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Quantum BRST-BV action for constrained massless HS fields

Mbi npegnaraem pacwupenue BPCT-BEB noaxoga ¢ HenonHeim BPCT onepaTtopom
ramunbToHOBCKUMU BPB ocumnnsTtopamn HEMUHUMANBHOrO CEKTOpPa, U
AHTUrOCTOBCKMMU TEH3O0PHbLIMY MOJIAIMM 1 TeH30pHbIMu nosisi Hakanuwu-Jlaytpyna
COBMECTHO C MX aHTUNONSIMUA AJIS HENPUBOANMON KanubpoBOHHOI Teopun
B3aMMOAENCTBYIOLWNX OrpaHNYeHHbIX BE3MACCOBLIX MONENA BbICLUIUX CMUHOB HA
npoctpancTee Munkoeckoro. B pesynbrate Bce noseebie n aHTUMNONIEBbIE KOMMOHETHbIE
nonst BB anropntma BkNagbiBaOTCs agAUTUBHO B (DOKOBCKNI FPaCCMaHOBCKO-HeTH bl
0606wweHHbIT “none-aHTunone” BEKTOP C HYNEBbIM FOCTOBCKUM HuCioM. Mebl
dopmynupyem npoueaypy dukcaunn kanubposku, ctpoum BPCT-BB kBaHTOBOE
neiicTene u NponsBoasiwnii pyHkymoHan dyHkuuii I'puHa. Mbl BeiBognM
npeobpasosarusi BPCT cnmmertpun u nonyyvaem Toxagectso Yopaa.

C. Burdik, A.A.R, BRST-BV Quantum Actions for Constrained Totally-Symmetric
Integer HS Fields, Nuclear Physics B 965 (2021) 115357, [arXiv:2010.15741]
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Quantum BRST-BV action for constrained massless HS

* . . [3
7131 [JO[3]7¢[3] ] — /defzelds()zﬂcexp{ {531,32733 (Xtot|c /anZ( f|c|Xﬂ 55

(54)
where

[3]13] *
S\;I,l,82 s3 Xtot\c ZS Xtot\ +Sint(¢[3]7¢qj (3] aC[S]ac[S] )7 (55)

Sint = g/Hdﬂé(@?:l Sj <Xg{c|vg>51»82753 + 51,582,83 <‘/g+| ®§:1 |Xg\]c>51) (56)
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