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HS Interactions

® Massless HS ® Massive HS

® Gauge Invariance ® Reproduce Fierz sys.

® No-go Weinberg64 ® NoO-go Fierz-Paull
Aragon-Deser ... Velo-Zwanziger ...

® Yes-go Berends-Burgers-van Dam ® Yes-go Federbush

Fradkin-Vasiliev Metsaev ... - Argyres-Nappi ...
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Noether Procedure
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Cubic Interactions

® Massless HS ® Massive HS

® Gauge Invariance ® Reproduce Fierz sys.




HS in (A)dS

® Only Transverse & Traceless (TT) part

® LCCTT C“Full”
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OUTLINE

* Massless HS in Flat-Space (warm-up ex.)

e Ambient-Space Formalism for (A)dS
e Free HS fields

e |Interactions

e (Cubic Interactions

e Massive & Massless in (A)dS
e Partially-Massless in dS



Wanmwf
Massless HS 1n Flat Space
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Wanmwf
Massless HS 1n Flat Space
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Wanmwf
Massless HS 1n Flat Space
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Wanmwf
Massless HS 1n Flat Space
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Wanmwf
Massless HS 1n Flat Space
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o Generating fn of all consistent couplings
c Goto LC = Metsaev’s results

o Relax %.” = Full vertices



Gewneralization to (A) s




AMBIENT SPACE

Fronsdal Metsaev Biswas-Siegel ...
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AMBIENT SPACE

Fronsdal Metsaev Biswas-Siegel ...

* Ambient-Space HS Fields  ®(X,U) = R2* p(x,u)

* Homogeneity |X . Ox ® = Ahq>| X = ®B)x)

» langentiality |X > Gy I = O‘ U = (v)u)

* MASSLESS equation in Ambient Space

- massive & (partially-)massless in (A)dS
depending on Ay,

- Gauge symmetry |5(°> @ =1 -0 E\



AMBIENT SPACE

» Consistency of Gauge sym. with Tangentiality & Homogenerty
5o @y 0 =10

D=1 - Ox E (0 dx U0 s S iEe R e
(X - Ox — U -0y + p)rEr=0

» Massless : p=20 X -0y E=0

* Massive : meEaallaae g e 5 =

* Partially- pe{l....s—1} E= (U Ol
-massless :

X - O —



AMBIENT SPACE

» Gauge Symmetry (X -0x — U Ot e 2Rl

- Massless Aoz e =1
090 =U-0x F

» Massive AyeS s e {000 = 1

(no gauge sym.)

» Partially- dS: ped{l,---,s—1}
-massless
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How to deal with the ACTION !/

Radial dependence of the Lagrangian
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HS Cubie Interactions in (A)dS

* How to deal with the R-dependence?

* Remove it by introducing §(ve X2 — L)

* Then, what are the differences w.r.t. the (A)dS intrinsic way?

+  We still work with O0x not V.,

* Only simplifications? No subtleties?

* A subtlety arises in “TOTAL DERIVATIVES”



Y1 =0y, 0x, Yo=0y,-0x, Y3=0y, Ox,

s CU.blC ACtiOn lIl (A)ds Z1 =0y, Oy, Z2=0y,-0y, Z3=0y,-
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* Massless Gauge Symmetry
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* Partially-massless Gauge Symmetry
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Ou,



Y1 =0y, 0x, Yo=0y,-0x, Y3=0y, Ox,

s CU.blC ACtiOn lIl (A)dS Z1 =0y, Oy, Z2=0y,-0y, Z3=0y,-

S® ~ /dd“X §(VeX? - L) C(Y;, Z:) %

X ®(Xy1,U;) ®(Xo,Usz) (X3, Us) ‘X

* Massless Gauge Symmetry
0S5 1oy, 2), Uy 0x, | = (Y30, — Ya8z,) C(Y, Z) | *
+ (total derivatives) X, =X

7

* Partially-massless Gauge Symmetry

r

O[O, 2), (U1 0x,)+ ] = (Y 0z, — Ya02,)" ' C(Y, 2)
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+ (total derivatives) ) | x,
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Total Derivatives

S(VE? L) 0 (=) |, =~ 18/ (VX7 - LX) )|

X,I::X X,L-:X

X, Ox.

(2

X, Oy,

7

Homogeneity and Tangentiality

Move them to the right, and Act them on fields

Use commutation relations with Y; and Z;



. . . Y1:8U1'8X2 Y2:8U2'8X3 1/3:8U3'8X1
* Cubic Action in (A)dS G i A G

S® ~ /dd“X §(VeX? - L) C(Y;, Z:) %

X ®(Xy1,U;) ®(Xo,Usz) (X3, Us) ‘X

U

X
0
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* Massless Gauge Symmetry

Y28z, — Y30z, + & (Yady, — Y30y, — H25t3) 634 C(Y,Z) =0

6™ (VeX? — L) =§(VeX? ~ L) (e8)"

* Partially-massless Gauge Symmetry
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How to solve

Z (Tl & 1) (YS aY3 N Y2 aYQ NG Z3 823 B % (:LLQ e MS))

1 1o l
l{+lg+ig=ri+1 1062 62 1

A A [
< MY (~Ya+ 025y ) 0% 0505 C(Y,2) =0

Straightforward for given spins: s;—s;—s3

Expand the coupling in vy v v 21 73> 73
with arbitrary coeff.

System of linear equations
N, M

for those coeff. e M

Numerical methods



* Ex) 4-4-2 Couplings

* Spin 4 : first partially-massless point (u=1)

# Spin 2 : massless (u=0)
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Can we simplify the results?

Can we get a general formula

valid for any s:-52-55 ?



GENERATING FUNCTION OF
ALL MASSIVE & MASSLESS
CUBIC INTERACTIONS

® RECALL THE MASSLESS FLAT RESULTS

=l 5 o s )

B IS IT POSSIBLE TO WRITE THE (A)DS INTERACTIONS
IN THE SAME WAY?

(e e Ll Bl )



® [PROBLEM]
COUPLINGS ARE NOT HOMOGENEOUS
IN THE NUMBER OF DERIVATIVES

B DIFFERENT DERIVATIVE PARTS ARE
SIZED BY POWERS OF § (OR 1/L)

EX: MINIMUM-DERIVATIVE 4-4-4 COUPLING

SR V7 1007075 2 (Y 2 el s+ Ve 7)) 2R e e

A

0 (VeX2—L)=6(VeX2—L)(ed)"

® BUILDING BLOCKS WITH

TOTAL DERIVATIVES !



® CUBIC INTERACTIONS OF MASSIVE & MASSLESS HS

@ 3 MASSIVE C:K(Yl,YQ,Yg,Zl,ZQ,Zg)

® 2 MASSIVE (u=p2) (= IC(?l : 172, 173, 41, CNT*)
& 1 MASSLESS

B 2 MASSIVE (ui=pz) Ce=ifC( Y o ¥ -Zns ﬁz ,ﬁ:s)
& 1 MASSLESS

1 MASSIVE C:/C(Yg,ﬁhﬁ%ﬁ?))
& 2 MASSLESS

3 MASSLESS C:/C(YMYQ’YB,G)
i}Z:YL—Fa'LaXaUz 0512047 052:—%4_1, Oégz_aTH
) 1 o—
G =Y. (Y + B 0x - 0y,) Z =8, f=-5, [=-%F
Ij]’i — Y;J-I-l (Y:i—l — Ox - 8U7L—1) - %aX i (8X7, 7 aX7;+1 -1 aX7;—1) Zi

EX: MINIMUM-DERIVATIVE 4-4-4 COUPLING
- - ~ 4
(V) T o= ol AN e DA A A AN B E AN WA E VAN DX A — (=



® CUBIC INTERACTIONS OF MASSIVE & MASSLESS HS

@ 3 MASSIVE C:K(Yl,YQ,Yg,Zl,ZQ,Zg)

® 2 MASSIVE (u=p2) (= IC(ffl : 172, 173, 41, CNT*)
& 1 MASSLESS

B 2 MASSIVE (ui=pz) Ce=ifC( Y o ¥ -Zns ﬁz ,ﬁ:s)
& 1 MASSLESS

® 1 MASSIVE C:K(Yg,ﬁ1,ﬁ2,ﬁ3)
8& 2 MASSLESS

B 3 MASSLESS Or=—IC (Y W gY 163
Y/ZY—I-OQ,(?X v, a] = a, Oé2=—a+L17 a3:_aTH
1 o —
BB | B2 Bi=—an =
Hi=Yi1 (Yic1 — 0x - Ou, ;) — 2 0x - (Ox, — Ox,, — Ox:_1) Zs

FLAT LIMIT = METSAEV'S RESULTS



B “HIGHEST-DERIVATIVE” TYPE INTERACTIONS OF
PARTIALLY-MASSLESS HS

C:K(Yla?évi/i%)

@ THIS TYPE OF INTERACTIONS EXISTS
IF AND ONLY IF

[ul—\uz—u:ﬂé?Nj
0

@ RESTRICTION ON COUPLINGS G
OF PM HS TO TWO SCALARS

0

® THREE PM HS : TRIANGULAR INEQUALITY

€1 €92 €1 02



SUMMARY & OUTLOOK

PDE for consistent interactions in (A)dS
* Massive & Massless : generating function

e Partially-massless : for given spins

[ Stiickelberg formulation & Massless limit ]

Fermions and Mixed-symmetry
Deformations of HS Gauge Algebra
AdS/CFT computations



