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① Introduction

•
De sitter and anti

-
de Sitter spacetimes allow for partially massless ( Pm )

gauge fields , with no -counterpart in Minkowski spaetime .

↳ Possess a mass Mpm (n> eigenvalue of lAIDS covariant d
' Alembertien

( I - min ) 4 = 0

intermediate between those of massive and massless fields

&



( ☐ - m2 ) 4 = 0
PM

↳ Non
- zero mass mm proportional to -1 , the ( square

root of ) the

cosmological constant A-
= - o dl, k

where AdSd
+,
~> 0 = +1

EH

and Einstein
_

Hilbert s = ^Fg' IR - 2 A) ◦Pa
d Sd

+ , →
0 = -1

MD

• Upper bound on graviton mass from BH mergers
: Ani ≤ to

- "°
in Planck
units

[Abbott et al . (20161 ] where me = m?m -
m}

,
in} being the -

critical value for
the massless graviton in ds .

⇐ The-etically.am =
2h2 ( see below)

• Cosmological constant _
to
-1"
in Planck units ( Wikipedia) •

There is still room

for a PM spin-2 .
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Ads
d+, so(2) d) 01501+1 sect

,
d+11#
-

° "° ' → """ ⊕ """ |
° ( #

°
)" "◦↳ ± ) ⊕ ˢ""

Cz = e. Ceo -d) + Cz [sold)] Cz = DID, -d) + C2 [sold)]

(☐-Ñm2*)Y¥= + extra -conditions

-
tracelessness

- divergenceless
r r

ME
*
= " "

°
"" - £ % | ⁿᵈ¥ = -" "← °" + £ %

k=1 k=1

*. (Partially )massless for Various cases of " masslessmess " :

e.
◦
= eÉ:=S± - p± + d - t Exceptional & Discrete UIR series

-

J
-

di-^ even
↳

⑥ Ae = Sn - r + d - t

1- ≤ t ≤ s± - 51=+1
a
= Sis - P + at - t £

a
= S +2 - E in 0154
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-
-

s
!:F¥⇐.

iD
H

P
÷

For a partially massless field in (AIDS (N.B. , c. Iazeolla , P. Sundell sooo ]

⇐ Unitary in AolSdn : 1st block activated
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② UIRsjfso.de : icing- foephysicists
IR
6

• Principal series : the = dz tie , & e arbitrary

[scalar : 1724. =L- E)Adac- d) 4. where - Aa (Ac - d ) = e ' * day ⇒ To > o in dSd+, I

• Complementary series : p c De Ldl - p , p e { on. . . . . EDI ] }

si = o for ptt E i s re

Rea : Sir may
be to for D= arts ,

but then Sr EIN

Rem : A scalar field can sit in these two UIRS

A scalar in the complementary series : p
-

-
o and Dc e Jo , d l
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Example :
scalar field Reme = - DIED )

↑

0

° die d A

.

(mR)2 = - Dd#d)

eompl . principal

e.=ᵈk e. =D

Ads
MR )2=eokEo - d)

- 01%
,

eo ≥ s - p + d. -1 for s > o

e
. ≥ ¥ for s=o

◦ ME 1

RAE -4-(012-4)e.
◦ ≥ 01¥ for 5=112
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•5-pe : 0154 soft , 4) r -- [3-2]=1

↳ Partially / Massless fields with 4~sr are in the lésoeete series

De __ Sn - r + d - t = s -12 - t = #to ( ☐ - Emt ) 4 = 0

where 1- ≤ t ≤ s m2
= - Deck - d) + s

e.g. 5=-1 : Dc =3 - t →
t =L m>

massless only ,
m2 = -212- 3) +1=3

5=-2 : a
= 4 - t → t=1 :

massless (graviton ) me = -313-31+2=2

→
t
= 2 :PMs m2=

-
2. (2-3)+2=4

H⇒ Hence m2
= 4-2 = 2 in unit of Ñ .

-
Search for couplings among

"massless " spin 2
,

PM spin 2
and massless

spin-1 vectors
.
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3 . Couplings between massless spin-2 fields , PM spin-2
and vector

gauge fields



3. 1) NON-ABELIAN DEFORMATIONS

Interactions
among

the set { trio , kÑ , AJ } > T.jo Jose ° Jab

↳ Deformation of the gauge algebra asking for the enisrtenee of vertices with no more than 2 0's

what is left is Diffee .

> Yang-Mills , geometric - coupling algebra
(5)aÉ" = 3*1.3" % }↑, gijs , ai"" = 2b¥

'

+ % (D- 3) az , aim = ICE Cbc
'

(7)
a = 3¥ ✗ ☐

%Xʳ ☐a , az = ✗% Few % fat ri

Geom

raz = in a%
'
+ ✗

pm
a
,

+ gym a'↑

EH

↳ leads to do ,
atom = hint?? ( k, k ) where T?? ( k , k ) ~ stress

_

energy
tensor of PM field .

~

"

Dk Dk ± ¥,
kk "

aim = - Iz FY AL Aub f'ab , Fijk:=9ᵈjk "

F' il = Geijer ,

ifabc " = f- be Tad =L[abc] Leg, ☐a
= fai ☐a = Otar = atCarl

Geom
a
,

=
2k¥' (Duk?, 3

"
+ 2k¥ Du }

"
- Bekir ☒✗^ +12 Bhim ✗

ʳ
_ % him ✗a) ae.☐a

+ %, (D- 3)
h*itᵈ kµ% ✗^ Oei a + h*iᵈ Fµ DH ai☐a + 2k

*AN Ffa , 3
"

ai ☐a



3.2) ABELIAN DEFORMATIONS

1) Another type of coupling between his and kid ,

that is abelian but aim-•

≠ trivial

(1) ^

Bio
-

ok D,Fe% Die }ʳ]i
_
TI FRskin ☐ = ( Frau --

2,,→,
eye
RD" }"

" ) bian
2(D-2)

Shen undeformed .

'

Éhµ = ◦ .

Non
-
Geom Jeeta. = 21 hi e.

= ( F
"

F- EY
'

tirein
J! ( F. F) where

conserved on
_

shell % J! = 0 ⇒ Forces bias = bias,

In ease of a single PM Kiev field ,

Y
.

Zinoviev had obtained the current Jee, ( F. F)

2) In ease only kin 's fields involved ⇒ 3- theory ! ↳
last part of talk .

skin = FFµ the ce ' , ,
aft = k☐µJw☐ where bi

☐a
→ Czar

Requires D=4 and c- ☐a
= Cec☐a)

= : CE
>

☐a



3) Between Ana 's and is

61
•
◦ = zhiru Tie! ,

Tuo
i
= (F%F¥ - g-

µ
Fei Fb" ) d.

i.ab
minimal coupling
to gravity .

Enforces di
,
• b
= di.ba symmetric .

8 AL = - Fei si di:b ~ £
, Ana

4) Between Ana 's and kiev's

a'%' = 12k¥ Tie!, where Tien = ( Fa Fa - z
, g- Fa. Fb ) e.

☐

ab .

↳ Requires e ☐ ab = e ☐ b.a symmetric



3.3) QUADRATIC CONSTRAINTS

*
a
= in OÉ! + 4pm deJacobi identity test on

•em
+ gym a'↑

And compatibility between gauge algebra and its realisation on the set of fields at hand

on
,
= Kaf" + % am + gym aim + potion

- Geon

+ w a-
"

Y + a
, Iain + ✗

pm, _a'Y
- ^

↳ requires D= 4

↳ many quadratic -
constraints

, they imply

✗ 4
pm
=

g-
and ✗

1
= K = Ez ✗pm, >

Mixing of photons and Chik
"

) sector :

fdcaic did , b)
=D

o fdcaice ☒ dib, = ° , diae dj 's =L ,.jʰ dkab o

e
☐ ac esib = a

"

a dials >
diocese b = •e- ☐rehab .

Pure hen - k, , sector : di [g) { •JER] = ° = •[ it as •j] Er

Jkij Akan = Rise •j
-

R
and Qi [e Ain]a = ° > Aizen Ca] ,pE o

◦ = C
[At .AE Cia] >TE



3. 4) ANALYSIS OF THE CONSTRAINTS

We assume each sector separately has same sign of
kinetic terms :

Tej = sij o Jar = ± Sosa a Jab = ± Sab

↳ Redwine the known result that • Laban. compact semi - simple Lie algebra with Sab omar . tensor
,

• Jaja =
0 unless i = j = k

Jʰij •has = •e- a. { ʰj Er ⇒ ( ai •g.)☐a = 9 ii. Srij (ai ) ☐r

⇒ (ai )
☐

r Projectors ( up to resealing )

/ ⇒
"" entry

⇒ Qian = of ii. Sig 8in (we sum ever i )
°
"
◦
^
,

,

,

,0

⇒ Massless spin -2 hi
'

s and PM k% s come in same number .
in

µ
tie, ) , . . . ,Cʰ%k% ) interactionsWe can

group
them in pairs : •

,
,
, , , Azaz ,

etc (ʰ
"



1) Then
, restricting to one of the pairs ( hen , hen ) and discarding the

non -geometric coupling , 1=0 fu> aim_
•em

= how Jin ( F, F ))

↳ recovers conformal gravity as non - linear theory of massless spun-2 her

coupled to Kiev PM
. Only in 4 D as Carse is only D= 4 .

requires opposite sign of kinetic terms .

• In case p≠o , no general solution of constraints .

•
For spin - ^ mixing

2) Coupling of spin- ^ fields to one PM
requires

Ci ) D=4

cii ) presence of a massless spin- 2 to couple to Yang - hills

↳ reconstructs YM
-coupled to conformal gravity



4
.
A theory for multiple PM spin -2 fields---

-

↳ 8 Yen = Ruth E - o -12 g-µ,
c- me 8 = ☒ • o k -

4 C-

Obs# : m2 -12 is small
,
so is -1 if ga, = 4, , PM (m2= 4.)

•
Several

-
endeavours to find a consistent theory of non - linear

PM
spin-2 fields [ Y.

Zinoviev 206
,
C. de Rham _

5. Renaux
_

Pete 2012
,

5.F. Hassan
,

A. Schmidt
_ May ,

M
. von Strauss 2012

,

5. Denser
,

E. Joung and A. Waldron 2012
,
Deser _ Sandora _ Waldron 2013

E. Joung , K . Mkrtchyan and G. Poghesyan 2019 ]

⇒ I 2
-

derivative (cubic ) vertex for a single PM field in 4D [ Y.
Zinoviev 2006 ]

however it does not admit
any

-
consistent higher-order completion .
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° A systematic analysis about a possible non- abelian deformation

of PM
spin - a theory was suggested by the comment

in [ Deser - Joung - Waldron 2012 ] & [ S .
Deser

-
M

.

Sandora
-

A
.

Waldron 1301 . 5621 I

• For a set of PM spin - 2 IS . Garcia - Saenz
,
K

.
Hinterbichler

,
A

. Joyce , E .
Matson & R.

A. Rosen ears ]

show that there is No non
-

abelian deformation ¥=RT
with assumption # derivatives ( man .

s ) and taking In linear in Ch ] .
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Felt the necessity to revisit this problem with more powerful methods

↳ BRST - BV from [G.Barnick & M .
Henneause 1993 ] : cohomologyiced reformulation

of [Berends - Burgers - v
-

an Dane 1985 ]

since the no - go
result of [s . Garcia - Saenz

,
K

.
Hinterbichler

.
A

. Joyce , E .
Mitsu & R.

A
-
Rosen eons ]

does not rule out non - abelian
gauge algebras starting at higher orders in 4,

nor does it rule out transformations with more ( than 2) derivatives .

→ We find that the abelian PM symetry admits no nonabelian deformation
without

any assumption on order of Eau in he]

nor in the number of derivatives .

15



• Revisiting these analyses in the BVBRST-cohomohegc.cat formulation

start from So [% ] = - ±, Jdnx Fg' kab [Fame F bare - 2 For Fbn ]
a a

F rule : = 2 Due Yu ] e -
curvature for PM

co)

8≤ So = 0 under % = Ruth E - r -12 g-µ c-
•

a) We prove that the most general deformation of the gauge algebra :

a (O)

[ Sense. I % = 8×47 ( off_ shell)

where ✗
= (ma be Ef ei + no be THE? % Ei ) → no field dependence

2) Consistency requires
ma

be = 0 = na be ⇒ Abelian

3) We
prove

that there are No higher _ order corrections !
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4) Deformation of gauge symmetry ( but abeliang) , if 2 0 's .

.

Consistency gives only ( out of a _
candidates )

%=Ée , only in D= 4 .

5) Corresponding eubuc vertex with 2 0's : S
, =/ d4× Fg' % JI

where JW
a

= Lbe
,
a
[ ¥" en Fue 's - 1g guv

# eat Fe
eat + improvements]

⇒ # independent deformation : IN
-

CNN) m⇔ Lab
,
c - ☒ ☒ ☒

→ Uniqueness result ( enistence not new )
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• Cowgate .

. Obviously Mu JI - E gj Jia = 0

but also
,
since 0=4 : DrJI=⑦

⇒ fab Fg
' JI Pu Eb Noether current Is = o in 40

rigid symmetry 8 Few = fab
,

ekbecmo, PEE
2
, killing

6) Higher-order consistency :

Provided fae , b f
-

c.
d = o u) & fab

,
e f - e. ol = o Cz)

s So + S
, fully -

consistent to all orders c ! )
.

But use a) non -

trivial solution only if kab * a

i. e .

' '

wrong
" relative

signs .

so



⇒ First
-
consistent interacting theory for PM spin - a .

• Analogous to ( but not all obtainable from ) -conformal gravity

and its multi
- conformal graviton extensions IN. B .

.

M
.
Henneause soot]

& [ N . B.
,
M

. Henneause
,
P.
Van Nieuwenhuizen 262]

• Possibility that coupling te gravity or more general
Einstein background might sure unitarily issue .
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