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M
S;I-Ess SPIN-2 Theogy,

Could gravity be part of a larger spin-2 structure
similar to how electromagnetism is part of

electroweak theory?



Success of General Relativity

* General Relativity: theoretically & empirically successful



Success of General Relativity

* General Relativity: theoretically & empirically successful

* Open Questions: DM, DE, Hubble tension, Inflation, QG? =— Modity gravity?



Success of General Relativity

* General Relativity: theoretically & empirically successful
* Open Questions: DM, DE, Hubble tension, Inflation, QG? = Modify gravity?

* Viable modifications are highly constrained (theoretically and observationally)



Success of General Relativity

* General Relativity: theoretically & empirically successful
* Open Questions: DM, DE, Hubble tension, Inflation, QG? =— Modity gravity?
* Viable modifications are highly constrained (theoretically and observationally)

A different route: Theoretical consistency first!
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Classiey,

* Lorentzian field theory: (mass, spin) + Consistency conditions:

* Fix structure of field equations

* Ghost-Freedom: L = —&2 X L = &2

* Provides essentially unique theories:
* s < 2: building blocks of SM: KG, Dirac, YM (well-known)
* s>2:Not possible*
* s=2:Last part of parameter space!

* General Relativity (m=0, Lovelock), but beyond one field essentially unknown.
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Theoretical Consistency as a Guide

Example

* Massless spin-1field: A, (x) 0f0Ep
IN Timgl
* Ostrogradsky: <—/ |

L =a0,A,0"A” +b0,A,0" A" + BT & tadpoles

Ay =A+0,x = L=(@+b)x’+... X
a+b=0 = GaugeSym. A, — A, + 0,0

— L=—3F,F"

_ 1
ad= =3
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Muld-Gravity

* Beyond 1 field: gfw (I=1,...,N)

N - N
S :/d4CE Zm%\/_gIRI — V(gh“ N _|_ng[9[7¢&]
- [=1 - I=1

* Quadratic spectrum: 1 massless & multiple massive spin-2 fields

* Generically propagate extra ghostly scalar modes X

* Ghost-freedom is extremely restrictive!



HOW CAN ADDING A NON-DERQIVATIVE TEEM TO
EINSTEIN-HIL8EQT GENERATE A DYNAMICAL GHOST?
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Where s the ghost?

* Einstein—Hilbert ghost?
* Ghost-isolating Ansatz: g, dz"dx” = —N?(t)dt* + f*(¢(t))d;;da’da’

Son = — [at o = [afmd + Y
\/
—H

5SEH - 7T2 - .

N9 0 (Non-dynamical)

This constraint must survive!
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N _
o Multi-gravity: S = / d*z| > miv=grRr = V(g1,...,9x
_I:1 -

S :/dt_zmgél — (— SLrs +V(¢,N)):
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Uniqueness of Multi-gravity

: : : I b
* Vielbein formulation: g, = €7, naver , e7o X Ny géo X —NI2

* Unique Covariant + Linear in Lapses:

[Flinckman, Hassan,

§ : IJK L 0 b d
V — /B eadeEQ‘ﬁW ef; OzeJ 66;{ ,Y€K ) X 26XX. XXXXX |
([Hinterbichler, Rosen,
IJK L 1203.5783])

* Necessary condition (multi-interaction):
6IJKL:616J6K6L — V:2m4det 2616]
I

|Flinckman, Hassan, 2604.07625], [Hassan, Schmidt-May, 1804.09723]



Ghost-free Multi-Gravity
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Ghost-free Multi-Gravity

 Full theory: S = Z SEH [g]] — 2m4/d4$ det (Z 616.7) Z Sm [917 W]
1 1

1

G,LIU/ T AIQ;IU/ T V,uly = — QT/{I/

2m7
* Free of Ghosts - Full, non-linear Hamiltonian constraint analysis S
: - : Flinckman, Hassan,
* Healthy mass spectrum: 1 massless + multiple massive spin-2 fields Hine e B

Ghost-freedom essentially imposes a unique class of spin-2 interaction!
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Multi-Gravity Cosmology

SCALE FacTogs

S~

 Multi-Gravity FLRW: H* = H;[Q,(a) + Qp + Qx(a)] + Veg(ar), Pr(ay) =0
e V.g(as) contains terms behaving as dynamical dark energy
e Massive spin-2 modes provide natural DM candidates

e N> 2: Largely unexplored, but bimetric theory (N = 2) 1s well studied
e Rich set of cosmologies: standard, self-accelerating, bouncing, etc.

e Competitive with wow,CDM while alleviating Hubble tension [Hogas, Mortsell, 2507.03743]
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Multi-Gravity Phenomenology

e Cosmology
e Dark Energy
e Dark Matter
e (ravitational Waves
e (Graviton mixing
e GW echoes
e Waveform mnversion
e Black Holes
e No Birkhoif's theorem! = New types of BH solutions



