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motivations besides cosmology, etc.
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Consistent Field Theories Standard Model of Particle Physics
& General Relativity

Spin O: Higgs boson ¢
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Consistent Field Theories Standard Model of Particle Physics
& General Relativity

Spin O: Higgs boson ¢
massive &
Spin 1/2:  leptons, quarks ¢“ X massless

Spin 1: gluons, photon, W- & Z-boson A,

Spin 2: graviton g,u MASSLESS !




How do we describe

massive spin-2 fields 2




Massless + Massive
SPEV\“R Flelds



General Relativity

Senlo) = M3 [ a3 (Rig) - 24)

Einstein’s equations: R, — 2g,, R+ Agu, =0

Maximally symmetric solutions: R, = Ag,,

Linear perturbations of Einstein’s equations, g, = G + 09, :

S_MfJ(Sgpa =0 E~VV+A

*» equation for a massless spin-2 field with 2 degrees of freedom,

tensor analogue of [1¢ = 0




General Relativity

nonlinear theory
of massless spin-2




2 . . Fierz & Pauli (1939
Linear Massive Gravity o 11939}

Equation for a massive spin-2 field:

g,upadgpa ‘I‘ (5g,ul/ agul/ag) —

tensor analogue of ¢ — m?¢p = 0




I i i Fierz & Pauli (1939
Linear Massive Gravity ierz & Pauli (1939)

Equation for a massive spin-2 field:

g,upadgpa ‘I‘ (5g,u1/ agul/ag) —

tensor analogue of ¢ — m?¢p = 0

X propagates 5 degrees of freedom for a =1

5> for a # 1 there is an additional scalar mode which gives rise to a
ghost instability




@ Ghosts Ghost = field with negative kinetic energy

L (0pp)? - -+ healthy
r —(6t¢)2 ... ghost

X consequences: classical instability, negative probabilities at quantum level

=) must be avoided!
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@ Ghosts Ghost = field with negative kinetic energy

L (Op)? - -+ healthy
r —(8t¢)2 ... ghost

X consequences: classical instability, negative probabilities at quantum level

=) must be avoided!

3 Modlflcqhons of Generql Relativity tend to be haunted by ghosts
Modlfymg grawty is EXTREMELY difficult!




655

Fierz-Pauli theory is linear.
General Relativity is nonlinear.

Can we write down a
nonlinear mass term 2



Nonlinear Mass Term . o .
... should not contain derivatives nor loose indices.

But if we try to contract the indices of the metric, we get:  ¢""g,, =4

This is not a mass term.

Simplest way out: Introduce second “metric” to contract indices:

9" fuw =T (g7 f) M g =Tr (f'g)




Nonlinear Mass Term . o .
... should not contain derivatives nor loose indices.

But if we try to contract the indices of the metric, we get:  ¢""g,, =4

This is not a mass term.

Simplest way out: Introduce second “metric” to contract indices:

9" fuw =T (g7 f) M g =Tr (f'g)

= Massive gravity action is of the form

Smalg] = Serlg] — /d4:v Vg, f)

kinetic term mass term




ivatives nor loose indices.

What determines f,., 2

Can we make it dynamical 2

kinetic term mass term




Bimetric Theory
Nonlinear bimetric action:

m?]/d4a:\/§ (R(g) — 2A)
m?c/d4x\/? (R(f) —2]\) — /d4x Vg, f)

52 both metrics are dynamical and treated on equal footing

52 should describe massive & massless spin-2 field (5+2 d.o.f.)




This looks nice ...

... but unfortunately
the general theory
again has ghosts!



The Nonlinear Ghost

Can we extend the Fierz-Pauli mass term
by nonlinear interactions 2

2
Mpp

: ((5gW — g,w(Sg) + €109,00gpw + €2090g, + - - -

¢ Can we choose coefficients Ci such that the ghost remains absent 2




The Nonlinear Ghost

Can we extend the Fierz-Pauli mass term
by nonlinear interactions 2

2
Mip ((59#,/ — g,w(Sg) + €109,00gpw + €2090g, + - - -

¢ Can we choose coefficients Ci such that the ghost remains absent 2

Boulware & Deser (1972): Beyond linear order this is impossible!




Massive gravity stinks.
If you want to modify gravity,
try something else...

Quote from lecture notes by Kurt Hinterbichler, 2010
(now turned into a very nice review!)



The Ghosk-Free

Theorj




Development

Creminelli, Nicolis, Papucci, Trincherini (2005):
attempt to construct ghost-free candidate theory; fails only because of
unfortunate sign mistake

de Rham, Gabadadze, Tolley (2010):
construction of candidate theory for massive gravity in flat reference frame;
ghost-free in “decoupling limit”

Hassan, Rosen, ASM, von Strauss (2011/12):
proof of absence of ghost in fully nonlinear theory

Hassan & Rosen (2011):
generalisation to ghost-free bimetric theory




de Rham, Gabadadze, Tolley (2010);

Interaction Potential Hassan & Rosen (2011)

Vg, f) = m4\/§§:ﬁnen (\/g‘lf)

arbitrary spin-2 mass scale m
3 interaction parameters (3,
elementary symmetric polynomials ¢, (S)

square-root matrix S defined through S = g1 f




Hassan & Rosen (2011)




What is the physical

content of ghost-free
bimetric theory 2




Hassan, ASM, von Strauss (2012)

Proportional solutions

pv — ngl“/ with ¢ = const.

5+ gives two copies of Einstein’s equations (o = m¢/my) :

R(g) + Ag(aa B, C)guu =0

Ry (g) —
R(g) + Af(()é, 5717 C)g/,u/ =0

Ry (9) —

Iu
Iu

5> consistency condition: Ay(c, B, ¢) = Af(a, By, c) determines c

o Maximally symmetric backgrounds with R,,,,(g) = Ayg,.




Hassan, ASM, von Strauss (2012)

Mass spectrum . .
Perturbations around proportional backgrounds:

G = Guv + 5guv fuv = CQg;w - 5f,u1/

Can be diagonalised into mass eigenstates:

6Guy o< 6gu +a®6fu massless (2 d.o.f)
M, o< Ofu —c*dg,, massive (5 d.o.f)

Linearised equations:

E.°6G py = 0

€875 My + ™EE (5M,,, — G, 6M) = 0

with Fierz-Pauli mass mpp = mpp(a, By, ¢)




Ghost-free bimetric theory
nonlinear theory
of massless & massive spin-2



Deviations from

Greneral Qeta&ivi&v




What is the physical metric 2

How does matter couple
to the tensor fields 2



Matt li Yamashita, de Felice, Tanaka;
atter coupling de Rham, Heisenberg, Ribeiro (2015)

Only one metric can couple to matter!

Syt :mgfd‘lx\/g R(9) +m§/d4x f R(f)
4

—|—/d4a;\/§ Linatter (9, @)

= only coupling that does not re-introduce the ghost

» g, is gravitational metric




M tt | Yamashita, de Felice, Tanaka;
atter coupling de Rham, Heisenberg, Ribeiro (2015)

Only one metric can couple to matter!

ng:mgfd‘lx\/gz%(g) +mf/d4x f R(f)
4

—|—/d4:1;\/§ Linatter (9, @)

= only coupling that does not re-introduce the ghost

«» g, is gravitational metric

The grawtqhonal metric is nof massless I



Baccetti, Martin-Moruno, Visser (2012);

Physical Interpretation Hassan, ASM, von Strauss (2012/14);
Akrami, Hassan, Koennig, ASM, Solomon (2015)

Bimetric theory = General Relativity (GR) + corrections

Recall: 59;;1/ X 5G,uy - 0425M/,W

Assume that o =ms/m, is small (i.e. weak gravity!)

=) the gravitational metric is almost massless

> the massive spin-2 field interacts only weakly with matter
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Babichev & Chrisostomi (2013)

Large Spin-2 Mass

For small @ the Fierz-Pauli mass scales as: mpp ~ a2

Thus it becomes large in the limit of small «.

> Interactions with a heavy field do not strongly affect the low-energy
theory of the massless spin-2 mode, which therefore resembles GR.

> This can be verified explicitly in static point-source solutions and
cosmological solutions of bimetric theory.




Ghost-free bimetric theory

General Relativity +
additional (heavy?) tensor field



Cmsmomgj
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“Screening” does
not work. But maybe
extra symmetries?

295% !
Dark Matter

70%
Dark Energy

-,
Viable cosmology
° L3 5%
with self-accelerating
. : . normal
solutions
Akrami, Hassan, Kénnig, ASM, Solomon (2015); 1 matter

Kénnig, Patil, Amendola (2014);
Akrami, Koivisto, Mota, Sandstad (2013);
Volkov; von Strauss, ASM, Enander, Mértsell, Hassan; s
u ) Comelli, Crisostomi, Nesti, Pilo (2011) %
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“Screening” does
not work. But maybe
extra symmetries?

What if it has spin-2 ?

295% !
Dark Matter

70%
Dark Energy

-,
Viable cosmology
° L3 5%
with self-accelerating
. : . normal
solutions
Akrami, Hassan, Kénnig, ASM, Solomon (2015); 1 matter

Kénnig, Patil, Amendola (2014);

Akrami, Koivisto, Mota, Sandstad (2013);
Volkov; von Strauss, ASM, Enander, Mértsell, Hassan; s

u ) Comelli, Crisostomi, Nesti, Pilo (2011) %
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SPEM-—Q

Dark Makter




Aoki, Mukohyama (2016);
Dark Matter Babichev, Marzola, Raidal, ASM,

Urban, Veermdée, von Strauss (2016)

Quadratic action for mass eigenstates:

Sy = & / d4:1:[(5G,“,£"””"5Gpa + M, EM°° S M,

mp)

_MEp (S NIHV —SM?) - (sG* — a MM )T
E2 (SMPY M, — SM?) o v




Aoki, Mukohyama (2016);
Dark Matter Babichev, Marzola, Raidal, ASM,

Urban, Veermdée, von Strauss (2016)

Quadratic action for mass eigenstates:

S(z) = 1 / d"a:[dG#,,S""”"éGpa + 6 M, EP7 5 M,

mp)

—MER (SM™SM,,, — 6M?) — -1 (60‘“’ —adéM ’“’)Tuu]

In the General Relativity (GR) limit of bimetric theory, o — 0

massive spin-2 field decouples from matter, interacts only with gravity.

A large spin-2 mass further suppresses deviations from GR.




Aoki, Mukohyama (2016);
Dark Matter Babichev, Marzola, Raidal, ASM,

Urban, Veermdée, von Strauss (2016)

Quadratic action for mass eigenstates:

S(z) = 1 / d":z:[&G,wE""”"éG,,a + M, EM°° S M,

_MEp (S NIHV — M) - (6G* — asM™)\T
s (OM* oM, — OM?) « pv

mp)

In the General Relativity (GR) limit of bimetric theory, o — 0 :

massive spin-2 field decouples from matter, interacts only with gravity.

A large spin-2 mass further suppresses deviations from GR.

Basically we get: GR + Standard Model + spin-2 dark matter candidate




Consistency checks

Our spin-2 dark matter is part of gravity (!) and...

5> ... gravitates just like baryonic matter

X ... does not decay into gravitons and its decay rate into -
Standard Model fields is sufficiently small: (507 — X X) ~ < ke

mg,

«» automatically stable

% ... has interactions with baryonic matter which are naturally
suppressed by the Planck scale

52 ... can be produced thermally for a mass of 1- 108 TeV




Detection

X not observable in current indirect and direct detection experiments

52 massive spin-2 field may gravitate differently in curved backgrounds

=) non-standard behaviour of dark matter around massive objects 2

X dark matter self-interactions: could be observable in cluster collisions
and in power spectrum

5> correlations with gravitational waves aP Ask Shiniji!




Lessons learned
(and to be
learned...)



52 is one of the few known consistent modifications of General Relativity

describes nonlinear interactions of massless and massive spin-2 fields

can be interpreted as gravity in the presence of an extra spin-2 field

contains an interesting dark matter candidate whose coupling to
baryonic matter is suppressed by the Planck scale




52 is one of the few known consistent modifications of General Relativity
describes nonlinear interactions of massless and massive spin-2 fields
can be interpreted as gravity in the presence of an extra spin-2 field

contains an interesting dark matter candidate whose coupling to
baryonic matter is suppressed by the Planck scale

And what is next 2 &5 develop better understanding of phenomenology
% can we detect this 22




Thank you for you attention!




