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Summary & outline

- massive spin-2 supermultiplet D=4, N =1 SUGRA

» |Unique at leading order in Mp consistency with local SUSY

> Supercurrent superfield

4-derivatives coupling to R,,».,

> Properties of the coupling <

connection with string theory

> Relation to Kaluza—Klein theory



The massive spin-2 field &
supersymmetry



The massive spin-2 field

- Fierz-Pauli lagrangian:
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Lrp = 70uhp0 W' — 0l 0PN — 201" O, h + S0, hd"h (W* by, — h2)

ghost-free

- Equations of motion & constraints:
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The massive spin-2 field

- Fierz-Pauli lagrangian:

m2

1 1 1 1
Lrp = 70uhp0 W' — 0l 0PN — 201" O, h + S0, hd"h (W* by, — h2)

ghost-free

- Equations of motion & constraints:

hpw = mZhy, 0" hy, =0 h*, =h=20




The massive spin-2 multiplet

- Massive spin-2 supermultiplet: {h M2 A s X s A ,u}
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The massive spin-2 multiplet

- Massive spin-2 supermultiplet: {h M2 A s X s A 0 }

- Supersymmetric Fierz—Paul1 lagrangian:
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The massive spin-2 multiplet

- Massive spin-2 supermultiplet: {h M2 A s Xy A 0 }

- Coupling to supergravity:

{g,uuaw,u} _|_ {h:u’/7)\,u7X,u7A,u} PN T,uu & E’u

— | Supercurrent superfield S*



The supercurrent superfield



The supercurrent supertield

- Multiplets of currents: ~ SH = {JH ZF TH X}

St :S,u & DQS’u =0 DaSozoz _C N’Y —‘,uv T'u,u? X

linear multiplet conservation-like equation



The supercurrent supertield

- Multiplets of currents: ~ SH = {JH ZF TH X}

- Local SUSY > S" is the current of the SUGRA gauge fields:
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£ ~ _§(gNV — HMV)T'M — §Qp’ux:'u — ivluq]'u —l— CMX'M



The supercurrent supertield

- Currents supermultiplets & off-shell SUGRA formulations:

(1) Ferrara—Zumino multiplet: ng — {J Ho=R TR X } — old-minimal off-shell SUGRA

0, J" #0  complex scalar

(2) R-symmetry multiplet: SE = {J Hosh T XH V} — new-minimal oft-shell SUGRA

0, Jf{ = 0  antisymmetric field

(3) Non-minimal multiplet: 5d85 . = DU (F2) 4 C’((XR) — non-minimal off-shell SUGRA

interpolating between (1) and (2)



The massive spin-2 supercurrent
& the coupling to supergravity




The massive spin-2 supercurrent

- Supercurrent for the multiplet R A s X Ap b

—  R-symmetry: A, — !5 Au s Xp — e_m%xu L€ — e "¢



The massive spin-2 supercurrent

- Supercurrent for the multiplet huws A X Aut:

—  R-symmetry current: Jb = e"P7 (A1 de — Xp Vv Xo) d,Jy =0
—>  R-symmetry multiplet: ], = —iey;=,
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The massive spin-2 supercurrent

- Supercurrent for the multiplet huws A X Aut:

—  R-symmetry current: J§ = ehvre (E\pvy)\a — Xp’%/Xa) d,Jy =0
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'+ stress-energy tensor: 0 =T¢" +0,0,G,7"" +0,B" improvement terms =~ <—
gW(’)p(‘)gGgw”p ~ RMUV’OGSUW) diff-invariant

— non-minimal couplings <
gW@pBgW ~ FMWB(’[))'“V not diff-invariant

— | BP*Y terms do not define consistent couplings to gravity



The unique consistent coupling

- Improvements to the supercurrent:

S('SL — SH* = Sg —+- ASH multiplet of improvements
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— ASH = {AJH AZF ATH AXMY = —0, LM + o *P[D,, D,

linear superfield improvement

D2LM =0



The unique consistent coupling

- Improvements to the supercurrent:

S('SL — SH* = Sg —+- ASH multiplet of improvements

1 .
—  ASHt = {AJHAE AT AXMY = —8,LM 4 0 P Dy, D U
T

non-minimal improvement

ATH ~ RU



The unique consistent coupling

- Improvements to the supercurrent:

S('SL — SH* = Sg —+- ASH multiplet of improvements

1 .
—  ASH = {AJH AEF ATH AXMY = —0,LM" + 0 *P[Dy, DylU
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parity + linear multiplet + 4-derivatives



The unique consistent coupling

- Improvements to the supercurrent:

S('SL — SH* = Sg —+- ASH multiplet of improvements

1 .
—  ASH = {AJH AEF ATH AXMY = —0,LM" + 0 *P[Dy, DylU
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The unique consistent coupling

- Resulting improvements to the stress-energy tensor:

1
B — B  Fl — B F2 — B = - B

new bad improvements — ¢ = cp1 = 0 —> cpo =4

§
g d, () — [T =T 4 8,0,G0

unique coupling to gravity at 4-derivatives

— GH77P = Qﬁf‘f P+ gffli‘w} - gfﬁlw =+ Q’Pf"”p non-trivial coupling to the Riemann tensor



2 — 2 massive spin-2 scattering amplitude

(1) High-energy limit: s — oo, 0 fixed

h,uv h,uv A(S) ~ 85 & A(S) 2 83

b
h h A(S) — 33 dRGT massive gravity & H -R b1 1t
Uy Uy g y assan-Rosen bigravity

® = spin-2, spin-1, spin-0



2 — 2 massive spin-2 scattering amplitude

(1) High-energy limit: s — oo, 0 fixed

h,uv h,uv A(S) ~ 85 & A(S) 2 83
()

h h -

v v (2) Regge limit: s — oo, ¢ fixed

® = spin-2, spin-1, spin-0
A(s) > s”



2 — 2 massive spin-2 scattering amplitude

- Massive spin-2 scattering from the unique coupling:

» »
o g v L otupov L ol ol A
)" =Thp + 0,04 —§hf”‘h +§77P Hhl\h
» »

— A(S) ~ 34 both high-energy & Regge

— better behaviour than the generic s°

— non-minimal improvements worsen the amplitude



The unique coupling & open string theory

- Connection with superstring theory:

v 1 v 1 oV 1 o % — . . .
(1) T}7 = T b + 0,05 <—§h”[“h W4 §np][“h N > = coupling of a massive open string state of mass m = 1/va/

2) Rucvp6"""? D Ry, " F¥? <— potential violations of causality <—  tower of higher-spin fields

—> Evidence for the string lamppost principle in D = 4 and with /' =1 SUSY

| ADAMS, DEWOLFE, TAYLOR *10] [KIM, TARAZI, VAFA ’19] [MONTERO, VAFA ’20] [BEDROYA, HAMADA, MONTERO, VAFA ’21]



The Kaluza—Klein coupling



The Kaluza—Klein coupling

- Kaluza—Klein reduction of 5D pure supergravity on the orbifold S 1 /7 :

{EMA7 72\47"4]\4}

Sl/ZQ N=2—N=1

\4

{g,ul/aw,u} -+ {T, C} -+ Z{hﬂw)‘WXmAu}(n)

SUGRA multiplet  chiral multiplet tower of massive spin-2
supermultiplets



The Kaluza—Klein coupling

- Kaluza—Klein reduction <<— Stiickelberg organisation of the massive degrees of freedom

1 1
h/SW = Gy + Ea(uB,,) — 0uoy® <  0sguv = 9u&), 0sBy, = -—m&, + I\, 0s¢ =mA 5D gauge invariance

— {huuaAuaXmAu} <  unitary gauge: B,=0 & ¢=0

— unitary gauge + massive SUSY o.B, =0, 0.9 =0 =— deformation of the massless SUSY

the Kaluza—Klein coupling cannot be captured by
—
the undeformed supercurrent supertield setup



Infinite distance paradigm

String oscillator Kaluza—Klein mode
- long multipletin N' > 2 SUSY - 1/2-BPS short multiplet in N' > 2 SUSY
- unique coupling to gravity S*  [Bossarp, GC, Dubas, Loty *25] - KK coupling to gravity deformation expected to be unique
- higher-spin tower becoming light for m — 0 - massive spin-2 tower becoming light for m — 0
tensionless limit of the string decompactification limit

—> realisation of the infinite distance paradigm of the swampland program

|[OOGURI, VAFA ’06] [ GRIMM, PALTI, VALENZUELA ’18] [LEE, LERCHE, WEIGAND ’19]



Conclusions & future directions

— Future directions:

e extension to a fully non-linear lagrangian <  propagation of ghosts?  causality violation?
e cxtend the improvement analysis to higher-derivative orders (e.g. 6-derivatives)
e prove that the KK is (not) the only deformed coupling

e similar analysis for higher-spin supermultiplet {h(s), A(s—1)s X(s—1); A(S_z)}






Non diff-invariant improvements
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Non-minimal coupling to the Riemann tensor
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The Kaluza—Klein reduction

- 5D pure supergravity on the orbifold S* [ Zs :

1) 5D supergravity algebra:

1
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The Kaluza—Klein reduction

- 5D pure supergravity on the orbifold S* [ Zs :
1) 5D supergravity algebra

2) compactification ansatz:

L :¢—%€a
E* =¢ (dy + B)
A=a(dy+ B)+ A
5 1 1
V=¢1A(dy+B)+¢ * (%ﬂ - 56“%%>\)



The Kaluza—Klein reduction

- 5D pure supergravity on the orbifold S* [ Zs :
1) 5D supergravity algebra

2) compactification ansatz

3) mode decomposition of the fields along. S* /7o

ZA(”) sm(R> —aO+Zan cos( )



The Kaluza—Klein reduction

- 5D pure supergravity on the orbifold S* [ Zs :
1) 5D supergravity algebra

2) compactification ansatz

3) mode decomposition of the fields along S* /Z

4) Stiickelberg organisation of the massive degrees of freedom:
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Stuckelberg combinations
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