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Probing the string spectrum

> two universal string parameters: o’ and gg

> infinitely many physical states

1
2 _
My =N —

that are thought of as:
1. mass eigenstates = on—shell mass

2. irreps of SO(D —1) or SO(D —2) =TT

1-particle states a la Bargmann and Wigner ?
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The graviton as a field
1. flat spacetime:

» symmetric, massless, TT

0G, =0 , "G =0 , [G]=0

!

. . . h . . .
> Lorentz invariance + locality Lagst (linearized) diffeos

2. mnonlinear completion:
> Einstein’s GR = unique kinematics of g,

Gupta, Kraichnan, Weinberg, Boulware, Deser, ... ’50s — '80s

3. on—shell amplitudes: double copy, example:
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Bern, Carrasco, Johansson ’'08,’10

2 propagating d.o.f.



The graviton as a string state

> string embedding: universally a bulk state

» construction: tensor product of massless transverse brane vectors
Scherk and Schwarz 1974

Vi (g = VT ”(z ep>v< Uz )
_ —¢(z (Z) wu( ),(/}u( )ein(z,Z)

Suuqu =€;wq" =0 , q2 =0 , Euv=¢uvp , Euuﬂuy =0
eg. Mayr, Stieberger 94
identical structure in 10D and in 4D

» 3— and 4-point amplitudes = effective action is the EH
Green, Schwarz, Brink 1982
Gross, Sloan 1987

> more generally:

1. (open string spectrum)r, ® (open string spectrum)g = closed
2. amplitudes: KLT relations

Kawai, Lewellen, Tye 1986
Stieberger 09, ...
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Massive fields?

1. massive graviton: 5 p.d.o.f.

2
> flat spacetime: Lyp = %h””ewfwhpg — T2 (W Ry, — h?)

Fierz, Pauli 1939

> nonlinear completion: ghost—free massive gravity (dRGT)
de Rham, Gabadadze, Tolley 10, 11

massive DC: can work up to 4—points, 3 spurious poles beyond

Atree — 92( NsCs N Ct Ny Cy )
A =
s—m?  t—m? u—m?
Momeni, Rumbutis, Tolley ’20
Johnson, Jones, Paranjape ’20

> supersymmetric massive gravity
Engelbrecht, Jones, Paranjape '22

> ghost—free bimetric theory: 7 p.d.o.f.

4 1
Lur = m3 VGR(a) + m VIR() — 2mm} VG & fnen| (Vi T)" ]

Hassan, Rosen 11

2. massive HS: constructed for the first time this year
Ochirov, Skvortsov ’22
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Lightest massive spin—2 string states

P> appear in both open and closed string spectra

> look at universal massive multiplets of N =1, D =4
compactifications, 1st level contains (2,3/2,3/2,1)

Feng, Liist, Schlotterer, Stieberger, Taylor 10
Feng, Liist, Schlotterer '12

> spin—2: identical structure in 10D and in 4D

VI\(/fjjxien(x’ ak) = T° e @ o 10X H (2)Y () etkX (@)
auvkt =0, k? = _i sy =ap o, gt =0

Koh, Troost, van Proeyen 1987
Bianchi, Guerrieri ’15

> spin-1: U(1) current J(z) due to internal fermions

Ferrara, Liist, Theisen 1989
Dixon, Kaplunovsky, Louis 1989

ViV (z,a,p) = T e 3 a, 4 (2) T () ePX )

[normalisations in front of v.o. omitted for clarity]
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Lightest massive spin—2 string states

/

1. brane state, m? = 1/«
Ferrara, Kehagias, Liist 19
Liist, CM, Mazloumi, Stieberger '21

2. bulk state, m? = 4/a’: we construct this state as the tensor
product of massive transverse vectors

VA(/[_,cll’O;el(;(z,E,a,k) = Vlg_l)(z,a,p)VA_l)(E,ﬁ,p) , pt=k"/2

= eI a4y () (2) 9 ()T (2) D)

2 4
auuk“ =0 , k= —or 0 Quv =avp amﬂ?‘“’ =0

> this mimics the massless graviton’s structure as a bulk state

We are naturally in a bigravity (even multigravity) setup!
Liist, CM, Mazloumi, Stieberger to appear

> supersymmetric massive DC: self-interactions of massive spin—2
multiplets = dRGT!

Engelbrecht, Jones, Paranjape '22
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A stringy massive DC

3—point string amplitudes:

Maee = Eippeavo e3rn Baaa B 577"

Maem = E1up oo are Baau B BP7" (Ts) (Ts)

Muma Q1pp @206 Exn Bararg B Brer (I T2) <jl jz)
Muvv = Qpp Q200 asae Evonig B B2 (J1 Jo Ts) (T1 To Ts)

’ ! !
E = |z12|% P17P2 |213|% P3'P3 |z53|% P2°P3 BHYA =20’ (nMVpy + 0V ply + 0 MHpY)

» manifest DC structure, e.g. Mg = Aaan-Aaaa

» WS location dependence: Koba-Nielsen factors vs [J(z) correlators

» but (J) =0, (1J2T3) = 0!

Liist, CM, Mazloumi, Stieberger to appear
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A stringy massive DC

> we thus need a non—abelian current for a non—vanishing Mpsaras !
Liist, CM, Mazloumi, Stieberger to appear

> let’s look at lightest massive spin—2 multiplet of N' =2, D =4

compactifications
Feng, Liist, Schlotterer 12

> spin-2: same as for N/ =1 !

Vﬂ(/lj;;)wen(% ak) = T¢ e @ o 10X (2)Y () etkX (@)
a}‘«uk“:o 5 k2:_é . auy =ouy D‘uu"’]‘“’:O

> spin-1: SU(2) triplet of currents J*(z) due to internal fermions

Banks, Dixon 1988
Ferrara, Liist, Theisen 1989

V/(l_l) (z,a,p) =T* e (%) aﬁ PH (z)JA (2) ePX(2)

now <j1Aj2BJ3C> = fABC !

[normalisations in front of v.o. omitted for clarity]
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Three—point results

» Maam =0
» true for both abelian and non—abelian case

> extension of Landau—Yang theorem? agreement with
Arkani-Hamed, Huang, Huang ’17

> M yva same for abelian and non—abelian
Mymve = [* (p1 - e p2) Tr(a - a2)
+(p2 - @1 - p2) Tr(az - €) + (p1 - @2 - p1) Tr(ay - €)
—2p1-az-e-a1-p2+2p1 ~a2‘a1~6‘p2+2p2‘a1~a2-6-m}a'2
» Muyvm = 0 for abelian but non—zero for non—abelian:

Mymm = [(kl cag - k1) Tr(oq - a2) + (k2 - a1 - k2) Tr(az - ag) + (k3 - a2 - k3) Tr(asz - a1)

+2k:2-a1~a2~a3~k1+2k3~a2~a3‘a1»k2+2k1~a3~a1~a2~k3]a’2

= same form as universal 3—graviton string amplitude

Gross, Sloan 1987
Liist, Theisen, Zoupanos 1988
Stieberger, Taylor 14 — 16

Liist, CM, Mazloumi, Stieberger to appear

[normalisations in front of amplitudes omitted for clarity]
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“Effective” Lagrangians
> finite cubic amplitudes: can we compare with field theory?

P let’s compare with bigravity expanded around Minkowski bkgs:
= two eigenstates: massless graviton and massive spin-2 field

Hassan, Schmidt-May, von Strauss ’12
Babichev, Marzola, Raidal, Schmidt—May, Urban, Veerm, von Strauss ’16

LA = geG"[0uGpe0,G* —20,Gr0e0° Gh)

graviton self-interactions: strictly GR

Boulanger, Damour, Gualtieri, Henneaux 2000
Loz = g [G“” (04 Mpo 0, M?° — 40, M,o0° M)
2 M™ (8,6 po 0, M — 6,,GWBVM”")]
i A {y [M?] + 20/ M™ [0, My 0, M?" — xal,M,wa"Mﬁ]}
(3,1,1), if M, is a brane state

_ (2,0,2), if My, isabulkstate = tune (1 = 3
(z,9,2) = {

Liist, CM, Mazloumi, Stieberger ’21 and to appear
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Conclusions

> for the first time, we have [to cubic order]

> extracted a set of “low—energy” interaction vertices of massive
spin—2 string states from string amplitudes

> formulated a stringy massive DC: need

1. non-abelian Chan—Paton
2. nonabelian internal currents

> the string and bimetric yield the same set of terms at 3—points
1. brane massive spin—2 kinematics not GR-like (ghosts?)

2. Jregion in parameter space (51 = f3) for bulk M, with a matching
List, CM, Mazloumi, Stieberger '21 and to appear

» Future: multiplicity of closed massive spin—2, beyond 3—points,
massive HS from twisted strings, ...
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