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Massless gravity in a frame-like formalism
@ Dual variables w,# — w,? = £3°y,be.
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Gravity
Massless gravity in a frame-like formalism

@ Dual variables w,# — w,? = £3°y,be.
@ Free Lagrangian and gauge transformations (o = £1):

oLy = % {4} Wuawub — "%, Dy hef — g {4} hﬂahl’b

50hﬂa — Dﬂé‘a + 8#abﬁb’ 50wua _ Duﬁa o /\z—:#abé\b

where { 00} = et'ae”, — et'pe”z and [Dy, D,J¢2 = —Aey, 2.
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Gravity
Massless gravity in a frame-like formalism

@ Dual variables w,# — w,? = £3°y,be.
@ Free Lagrangian and gauge transformations (o = £1):

oLy = % {4} Wuawub — "%, Dy hef — g {4} hﬂahl’b

50hﬂa — Dﬂé‘a + 8#abﬁ\b’ 50Wua _ D“ﬁa o Aguabé‘b
where { 00} = et'ae”, — et'pe”z and [Dy, D,J¢2 = —Aey, 2.
@ Cubic vertex

ro /\
Ly = /4;0{Zbc}[huawybwac—§huahybhac]
S1h2 = —20k0e®[h,PAC 4 w,PE]
Sw? = —20r0e®w, P — Ah,PE
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Massless gravity in a frame-like formalism

@ Dual variables w,# — w,@ = 3% be.

@ Free Lagrangian and gauge transformations (o = £1):

1w va N
oLo = > {5} wn®wn® — w2 Dy ha® — 2 {56} hu?h®
50hﬂa — Dﬂé‘a + Eﬂabﬁb7 50wua _ D“ﬁa o Aguabé‘b

where { 00} = et'ae”, — et'pe”z and [Dy, D,J¢2 = —Aey, 2.
@ Cubic vertex

A
L1 = ro{ bre} M wa® — 2huh, ]
S1h2 = —20k0e®[h,PAC 4 w,PE]
Sw? = —20r0e®w, P — Ah,PE

@ No quartic vertices = we obtain complete theory.
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Massless bigravity — linear approximation
@ General d > 3 case see e.g. Boulanger e.a. 2000.
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Massless bigravity — linear approximation

@ General d > 3 case see e.g. Boulanger e.a. 2000.
@ Four independent cubix vertices:
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Massless bigravity — linear approximation

@ General d > 3 case see e.g. Boulanger e.a. 2000.
@ Four independent cubix vertices:

@ Example of cross-interaction

A
va b b
£1 = R2 { /;bC } [hﬂaQV Qac + 2fuawy Qac - E
Corrections to gauge transformations, e.g.:
01 wua = —20‘%26abcﬂﬂb’l70, 04 Qua = —ZKgsabcwubnc

and similarly for h,2 and f,2.
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Bigravity
Massless bigravity — quadratic approximation
@ General massless bigravity has one relation:
K12 + Ko® — oRolg — K1kg = 0

so we have two independent coupling constants and a kind of
"mixing angle”.
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Massless bigravity — quadratic approximation
@ General massless bigravity has one relation:
fi12 + 522 — okoko — Kiky =0

so we have two independent coupling constants and a kind of
"mixing angle”.

@ Butin d = 3 cubic vertex for two massless spin 2 and one
massive one does not exists. (For general d > 4 case see e.g.
R. Metsaev arXiv:1205.3131).
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Bigravity
Massless bigravity — quadratic approximation

@ General massless bigravity has one relation:
fi12 + 522 — okoko — Kiky =0
so we have two independent coupling constants and a kind of
"mixing angle”.
@ Butin d = 3 cubic vertex for two massless spin 2 and one

massive one does not exists. (For general d > 4 case see e.g.
R. Metsaev arXiv:1205.3131).

@ Thus we have to put k1 = 0 that leaves us with

Ko ORQ R3
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Frame-like gauge invariant formalism
@ Set of fields: (2,2, £,9), (B4, A,) and (74, ).
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Frame-like gauge invariant formalism
@ Set of fields: (©,2, 1,9), (B2, A,) and (7, ¢).
@ Lagrangian:
1 v 14 1 14
Lo = 2 { gb} Quaﬂub —et aQuaDufaa + EBaz —e"*B,DyAq —

—%ﬂ,f + 7Dy + MM [—2Q,, Ao + Buf,0] + 2Mrl A, +

M
+5 { &) £,21,° + 2mMe* of, 2 + 3mP?

where M2 = 2m? — A.

Yu. M. Zinoviev (IHEP, Protvino) On massive gravity and bigravity 01.06.2012 6/10



Frame-like gauge invariant formalism
@ Set of fields: (©,2, 1,9), (B2, A,) and (7, ¢).

@ Lagrangian:
1

Lo = 5 {5} Q,2Q,° — 2Q,2D, 1,2 + %Baz —e"*ByDyAs —

—%w; + 7Dy + MM [—2Q,, Ao + Buf,0] + 2Mrl A, +

M2

+— {4 £8P 4 2mMe” of Bp + 3mPp?

2

where M2 = 2m? — A.

@ Gauge transformations:

60,2
bof, 2
5o B?
Jom?

D#T]a—i- M2€'uab£b

Dﬂga +€uab'f]b+2meua£
—2mn?, 60A, = D&+ mg,
OMME,  Spp = —2M¢
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Gravitational interactions

@ Only standard interactions (up to terms that can be removed by
field redefinitions):

e, = h,2, D, = D,, D,£3 = D, — 2pe®uw, PeC
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Gravitational interactions

@ Only standard interactions (up to terms that can be removed by
field redefinitions):

e, = h,2, D, = D,, D,£3 = D, — 2pe®uw, PeC

@ Cubic vertex:

2
L4 =k { ) [h,2Q,°Q,° + 2£,%0,PQ.° + Mhuafubfac]

abc

2
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Gravitational interactions
Gravitational interactions

@ Only standard interactions (up to terms that can be removed by

field redefinitions):

e.?=h?, D, = D,, D% =D,&% — 2ﬁoaabcwﬂbfc

@ Cubic vertex:
M2

L1 = kp { Mua} [hanuanc + 2fuawybﬂac + 7huafubfac]

abc

2

@ Corrections to gauge transfromations:

drw,? = —20m2€abC[Qubnc + szubﬁc] — 4mo k9,2
S1h,? = —20kpe®[f,n° + Q,°¢°
a _ _ abc bac b, c 2¢ bfc 2 bec
519# = 2K0€ [QMT] +w,n +Mfuf +M huf]
62 = —ZRgaabC[beﬁc + Qubfc + hubnc + wubgc] + 4mrph, 3¢
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Self-interaction

@ Non-standard (though similar in structure) interactions
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Self-interaction
Self-interaction

@ Non-standard (though similar in structure) interactions
@ Cubic vertex:

M2 + m?
3

L1 = kg { 5o [£,2Q,°Q,° +

abc

f#afybfac]
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Self-interaction
Self-interaction

@ Non-standard (though similar in structure) interactions
@ Cubic vertex:

M2 + m?

Ly = rg { B0 [£,202,5Q,° + 3

b
abc fuafu fac]

@ Note that in full Lagrangian there are terms proportional to m?/M?
so that partially massless limit M — 0 is impossible.
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Self-interaction
Self-interaction

@ Non-standard (though similar in structure) interactions
@ Cubic vertex:
M2 + P

Ly = ra { OV [£,2Q,PQ,° + 3

abc fuafubfac]

@ Note that in full Lagrangian there are terms proportional to m?/M?
so that partially massless limit M — 0 is impossible.

@ Corrections to gauge transformations:

5192 = —2r3e°[Q,Pn° + (M? + m?)£,PeC] — 2mr3Q, 3¢
51,2 = —2k3e%C[f,PnC + QL€ + 2mrsf, 3¢
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Massive case

Beyond linear approximation

@ In the massless case we have:

Ko

K3
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iyardlizzy g onale:
Beyond linear approximation

@ In the massless case we have:

@ Additional gauge symmetry:

51w'ua = —4m/€09”a§, 51Qf:—2m/<;3(2ua§
61f,2 = 4domrgh,?¢ + 2mrsf, 3¢
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e
Beyond linear approximation

@ In the massless case we have:

@ Additional gauge symmetry:

51wﬂa = —4m/€09”a§, 04 Qlua = —2m/<;3(2f§
61f,2 = 4domrgh,?¢ + 2mrsf, 3¢
@ Result:
40/4;02—{—/@32:0 = o=-1
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Conclusion

@ Constructive approach based on frame-like gauge invariant
formalism does allows us systematicaly investigate consistent
ghost-free theories.
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Conclusion

@ Constructive approach based on frame-like gauge invariant
formalism does allows us systematicaly investigate consistent
ghost-free theories.

@ Such approach can be staightforwardly extended to massive
higher spins, in this

» No quartic vertices for s > 2
» No extra fields = no higher derivatives
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Conclusion

@ Constructive approach based on frame-like gauge invariant
formalism does allows us systematicaly investigate consistent
ghost-free theories.

@ Such approach can be staightforwardly extended to massive
higher spins, in this

» No quartic vertices for s > 2
» No extra fields = no higher derivatives

@ Similarly, it can be used for investigation of massive spin 2 (and
higher) models in d > 4 dimensions.
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