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Massless fields in a flat space

@ Any attempt to switch on minimal gravitational interaction spoils
gauge invariance

e=>e?+h?2 D,=D,-w, — 6S~R

where R stands for Riemann tensor and for massless fields in a
flat space it can not be restored by non-minimal corrections to
Lagrangian and/or gauge transformations.
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Massless fields in a flat space

@ Any attempt to switch on minimal gravitational interaction spoils
gauge invariance

e=>e?+h?2 D,=D,-w, — 6S~R

where R stands for Riemann tensor and for massless fields in a
flat space it can not be restored by non-minimal corrections to
Lagrangian and/or gauge transformations.

@ Similarly, any attempt to switch on minimal electromagnetic
interactions spoils gauge invariance

D,= D, +eA, — 065~F

where F stands for electromagnetic field strength and for
massless fields in a flat space it also can not be restored by
non-minimal corrections to Lagrangian and/or gauge
transformations.
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Massless fields in anti de Sitter space

@ Fradkin and Vasiliev showed that in AdS space it is possible to
restore broken invariance with the non-minimal corrections

5S~Z%F{”

so that the flat limit A — 0 is impossible.
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Massless fields in anti de Sitter space

@ Fradkin and Vasiliev showed that in AdS space it is possible to
restore broken invariance with the non-minimal corrections

1 n
08~ i
so that the flat limit A — 0 is impossible.

@ Similarly, for the e/m interactions it is possible to restore broken
invariance with the non-minimal corrections

6S~Z%F”

@ The procedure can be reversed: starting with massless particle in
flat space and non-minimal interactions with highest number of
derivatives one can reproduce minimal gravitational or
electromagnetic interactions by AdS deformation.
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Frame-like formalism

@ Frame-like formalism for spin 2:
hw/ - hua ® wuab, 5/1 — ga @ nab

On shell: w ~ Dh, n ~ D¢
@ Spin 3:

b b, b,cd
q),ul/a = (Dua P Q#a c P Z#a C
glw — gab @ nab,c @ Cab,cd

Onshell: Q ~ Db, ¥ ~ D?®, 5 ~ D¢, ¢ ~ D?¢
@ Arbitrary spin:

¢ = ¢@Q@Z1@--~@ZS_2
§ = EDNBHD - D(s2
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Fradkin-Vasiliev approach — spin 2 example
@ Free Lagrangian for massless spin 2 in AdS:

1 v 1 Vo ANd -2 v
Lo= (B}t J L ey, on,n, MO ey yan,

@ ltis invariant under the following gauge transformations:
Soh,® = Dyu€? + 1,2, Sow,® = D + Ae, 12!
@ Gauge invariant objects (linearized curvature and torsion):
Auw®™ = Dywy™ + ey, *hy”
Tw® = Dphy® —wyn®

@ Free Lagrangian in terms of curvatures:

]
_ pwvof ab cd
Lo = 32A(d — 3) { abed } R ™ Ragp
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Spin 2 example (cont.)

@ Deformations for curvatures:

R = Dy + Neplohy ™+ wy, ®wy = Ay, *h,)°

A

Tw? = Dphy? —wpn® —wp®hyP
@ Corrections to gauge transformations:
S, 3 = olag, ble _ pp [3¢b] 5h,? = nh,b — w,cb
@ Transformations for deformed curvatures:
5R,,%® = yolag, ble — AT, lagtl, 57,8 =T, — R, ¢

@ Interacting Lagrangian:

1 ~ ~
_ pwvof ab cd
Lo = 32A(d — 3) { abed } A" Rap
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Fradkin-Vasiliev approach for massive fields

@ Two main ingredients — gauge invariance and frame-like
formalism.
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Fradkin-Vasiliev approach for massive fields

@ Two main ingredients — gauge invariance and frame-like
formalism.

@ There exists frame-like gauge invariant description for massive
fields (both symmetric and mixed symmetry ones) that nicely
works in (A)dS spaces and flat Minkowski space including all
possible massless and partially massless limits.
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Fradkin-Vasiliev approach for massive fields

@ Two main ingredients — gauge invariance and frame-like
formalism.

@ There exists frame-like gauge invariant description for massive
fields (both symmetric and mixed symmetry ones) that nicely
works in (A)dS spaces and flat Minkowski space including all
possible massless and partially massless limits.

@ It seems natural to apply Fradkin-Vasiliev approach to such
frame-like gauge invariant formalism for investigation of possible
interactions for any combination of massive and/or massless
particles.
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Electromagnetic interactions for massive hook

Frame-like formalism for massive hook
@ Free Lagrangian for massive hook in AdS:

3 [ w 3 [ wa bd d
Lo = 4 { Zb QuaCdvaCd ) { Zbc } Q,*D, Q% —
1 1
_6Cab02 o ZeuacabCDp,BbC _

_m2eua[gQuabCBbC + CabCQMbC] o
m*
2

where 3my2 — my2 ~ A
@ ltis invariant under the following gauge transformations:

bc m 2 2
v ac
ab } QH Q,™ — 4 Bab

4 2
6Q“abc _ D“nabc + 3(dm_13)eu[anbc], 5Q“ab _ D;mab - znﬂab
scabe 6mznabc7 5Bab — _4m2nab
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Gauge invariant objects and free Lagrangian
@ Gauge invariant objects (curvatures):

4mo R 4my2

abc __ abc [ bc] [ap .bc]
17 - D Ql/ v QV
Ry L R T ) U I T ) T?
2mo
b _ b b
Fu® = DpQ,% +29),,% NCE 3) e“B,”
2my?
Cuabc _ Du Cabc o szﬂuabc (d 3) [a Bbc]
4
Buab — DuBab + 5Cuab +4m29uab
@ Free Lagrangian in terms of curvatures:
Lo = { Zgg‘dﬁ} [ a RwabeRaﬂcde + a ]_—Wab FaﬂCd] +

{ }[aCaCdCde+aBacBbC]
where ay, as ~ 2,ag,<':14~1
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Deformations for curvatures

@ Deformations for hook’s curvatures correspond to standard
minimal substitution D,, = D, + eyA,,. After that they transform as
follows:

. o b R
0R., % = eoel Fun®l,  6F,,%" = ege! Fun®?

@ Deformations fro e/m field strength turns out to be:

" ; . . 2
be, be, b, b.j
FMV = F,W +308U[Q[#a CIQy]a C 3(0’ 3)0 a IC a4
2m 2 2ms2 . )
Q, abiq .abj _ ' B aig.aj
-y T = g B B
@ Transformations for deformed field strength:
A i i 2m;2
F,=2 i Vabc,l 1 yabl ab,j
0 % aope [RN + (d 3)}-# ]
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Interaction

@ Interacting Lagrangian:

L = { /;Z?j} [31 ﬁuyabeﬁzaﬁc\de + agﬁuyabﬁaﬁf"d] +

v 5 PN ~ N 1.
+ { gb} [ascMaCdCVde + a4BMaCBVbC] - ZFMVZ
@ Gauge invariance requires that

€p ~ a0m12
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Interaction

@ Interacting Lagrangian:
L = { o } [@1 R PR 05%% + A F0 20 Fras®) +
{1} 206,396,504 8,6, - 1F,
@ Gauge invariance requires that

€p ~ a0m12

@ This includes in particular:
» massless limitin AdS: m> — 0, M2 ~ —A
» flat limit: mo2 — my2/3, A = 0
but it is impossible to take massless limit in dS my; — 0 without
switching off e/m interaction
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Deformations for hook’s curvatures

@ Correspond to standard minimal substitution rules:
e.?=¢e,2+h,2 D,= D, —w,

both in curvatures as well as gauge transformations
@ Transformations for deformed curvatures:

4m12

57@/ yabc - R Ud[a bcld T V[a bc]
" S 3(d—3) " "
5]ﬁ-uyab _ znabc T#Vc _ Rﬂyo[anb]c

5, =0, B,*=0
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Deformations for gravitational curvatures

@ Deformed Riemann tensor:
4

o b b d bed b
Ru®™ = Ru® + a0l + mc[uca 0=
4m12 b m12 b
“3d—3) M~ 5ig gy B Bl
@ lts transformations:
o 4m;2a
ab _ _ cdla bled 140 c[a b]c
5R;u/ aon Rw/ + —3(d— 3)77 fuu
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Interaction

@ Interacting Lagrangian:
Lo = { ;‘;gf} [a ﬁuuabeﬁaﬁcde tap ]j—wab ]f—aﬁcd] I
+{m [asC, 290,07 1 a,8,%8,be]
_32/\(<1j -3) { b } R g™
@ Gauge invariance requires that

9(d—3)A
0 32m12
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Particular limits

@ Massless limit in AdS space (m. — 0) is non-singular.
Stueckelberg fields completely decouple and we obtain massless
hook in ASV formalism interacting with gravity.
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Particular limits

@ Massless limit in AdS space (m. — 0) is non-singular.
Stueckelberg fields completely decouple and we obtain massless
hook in ASV formalism interacting with gravity.

@ Flat limit is non-trivial due to massless graviton:
1. A A
~ —R? SR~ —
Lg~ AR m12R(F )

but at least for cubic interactions it is non-singular.
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Particular limits

@ Massless limit in AdS space (m. — 0) is non-singular.
Stueckelberg fields completely decouple and we obtain massless
hook in ASV formalism interacting with gravity.

@ Flat limit is non-trivial due to massless graviton:
14 A A
~ —R? SR~ —
Lo~ R, 2 RF)
but at least for cubic interactions it is non-singular.

@ Similarly to electromagnetic case, it is impossible to take massless
limit in dS space (my — 0) without switching off minimal
interactions.
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Conclusion

@ Fradkin-Vasiliev approach with frame-like gauge invariant
formalism allows one effectively investigate possible interactions
for any set of massive and/or massless fields both in AdS as well
as flat Minkowski space.
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as flat Minkowski space.

@ One of the questions that deserves further study — flat limit for
interactions of massive higher spin particles with massless gravity.
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Conclusion

@ Fradkin-Vasiliev approach with frame-like gauge invariant
formalism allows one effectively investigate possible interactions
for any set of massive and/or massless fields both in AdS as well
as flat Minkowski space.

@ One of the questions that deserves further study — flat limit for
interactions of massive higher spin particles with massless gravity.

@ Also it is would be interesting to understand striking difference
between massless limits in AdS and dS spaces as far as
possibility to switch on interactions is concerned.
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