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How do we make a

spin-2 field massive 2




Massless & Massive

Spin-2 Fields




Massless Theory
General Relativity

ﬁ
= classical nonlinear field theory for metric tensor g,,,,

% Einstein-Hilbert action: Senlg] = M3 /d4a:\/§ (R(g) — 2A>

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

&> describes the two degrees of freedom
of a self-interacting, massless spin-2 particle




Massless Theory
General Relativity

ﬁ
= classical nonlinear field theory for metric tensor g,,,,

% Einstein-Hilbert action: Senlg] = M3 /d4a:\/§ (R(g) — 2A>

Einstein’s equations: R, — 2g,,R+ Ag,, =0 e
$ 9 we = 9w I . two derivatives

. &> kinetic term

&> describes the two degrees of freedom
of a self-interacting, massless spin-2 particle




General Relativity

unique description of
self - interacting massless

spin-2 field



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

Examples: scalar (spin O) vector (spin 1)
—0,90" ¢ — m*¢* — FMF,, —m2AFA,
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Mass Term . . .
... should not contain derivatives nor loose indices.

Examples: scalar (spin O) vector (spin 1)
_g/ﬂ/@uqb&/gb - m2¢2 - gﬂpgyanan,v - WQQWAMAV

For the spin-2 tensor contracting indices of the metric gives: ¢/ g,, =4
This is not a mass term.

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

9" fuw = Tr (g7 f) M g =Tr (f'g)

T e ey
kinetic term mass term

&> Massive gravity action:  Syglg] = SEH[g] - /d4g; V(g, f)




Mass Term

Examples: scalar (sr

—9" 040 What determines f,. 2
For the spin-2 tensor cont Shouldn’t it be dynamical 2

This is not a mass term.

Simplest way out: Introduce sec

" fu =Tr (g g

&> Massive gravity action:  Swyiglg] = Senlg] — /d437 V (g, f)

R e e ey
kinetic term mass term




Bimetric Theory

Nonlinear action for two interacting tensors:

Sulg. £ = m? [ dteys (Ro) - 24)
+ m§/d4a;\/} (R(f)—Q]\) — /d% Vg, f)

X% both metrics are dynamical and treated on equal footing

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




Bimetric Theory

Nonlinear action for two interacting tensors:

Sulg. £ = m? [ dteys (Ro) - 24)
+ m§/d4a;\/} (R(f)—Q]\) — /d% Vg, f)

X% both metrics are dynamical and treated on equal footing

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

This looks good, but there is a major problem... @g




Ghost = field with negative kinetic energy

L = (0p¢)*--- healthy
L —(Opp)? - - - ghost

X consequences: classical instability, negative probabilities at quantum level

&> must be avoided!

X% explicit check for ghosts by computing the Hamiltonian




Ghost = field with negative kinetic energy

L = (0p¢)*--- healthy
L = —(0,¢)*-- ghost

X consequences: classical instability, negative probabilities at quantum level

&> must be avoided!

X% explicit check for ghosts by computing the Hamiltonian

Modifications of General Relativity tend to be haunted by ghosts.
Modifying gravity is EXTREMELY difficult!




Ghost = field with negative kinetic energy

L = (0p¢)*--- healthy
L —(Opp)? - - - ghost

X consequences: classical instability, negative probabilities at quantum level

&> must be avoided!

X% explicit check for ghosts by computing the Hamiltonian

G massive spin-2: six instead of five propagating degrees of freedom

&> need extra constraint to remove the ghost




Avoiding the Ghost 2

/d4af;\/§ (R(g) — 2A>
/d4x\/? (R(f) — 2]\) — /d4x V(g [)

For generic interaction potentials the theory suffers from a ghost.
Is there a particular potential which avoids the ghost 2

Fierz & Pauli (1939): Linear mass term avoiding the ghost @




Avoiding the Ghost 2

/ d*ay/g (R(g) - 2A)
[tV (Rt -22) = [aevig.s)

For generic interaction potentials the theory suffers from a ghost.
Is there a particular potential which avoids the ghost 2

Fierz & Pauli (1939): Linear mass term avoiding the ghost @

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




The Ghost-Free

Theory




. . de Rham, Gabadadze, Tolley (2010); :
- free Bimetric Theory Hassan, Rosen, ASM, von Strauss (2011/12)
2 4
mg / d*x+/g R(g)
w} [daVFRG) - [t vig.s)

4 4
Vg )=m V5 Y b en <\/g‘1f) = VF Y Bacn e ( f—lg>
n=0 n=0

X% arbitrary spin-2 mass scale m

X% 3 interaction parameters (3,
X square-root matrix S defined through S? =g 1f




. : de Rham, Gabadadze, Tolley (2010); ’
- inge Bimelric Theory Hassan, Rosen, ASM, von Strauss (2011/12) ;
Splg, fl = my / d*z\/g R(g)
- m?/d%\/} R(f) — /d4x Vg, f)

4
[V(g,f)m4\/gz ﬁn€n< g
n=0

elementary e1(S) = Tr[S]
symmetric polynomials:




Physics of
Massive Spin-2 Fields




Hassan, ASM, von Strauss (2012) '

Mass spectrum

Perturbations around proportional backgrounds:

Juv = g/u/ + 5glu/ uv — gm/ + 5f;w

Can be diagonalised into mass eigenstates (@ = ms/my):
6Gu = 0gu +a*5f,, massless (2 d.o.f)
oM, O fuv — 0Gum massive (5 d.o.f.)

Linearised equations:  £,/70G,, =0
.87 My + 2 (5M,y, — Gu6M) = 0

with mass mpp = mpp(,8,) and kinetic operator £ ~ VV 4 A




Ghost-free bimetric theory

unique description of
massless + massive
o) K spin-2 field




What is the physical metric 2

How does matter couple
to the tensor fields 2




Yamashita, de Felice, Tanaka;

Matter Coupling de Rham, Heisenberg, Ribeiro (2015)

m; / d*z\/g R(g)
/d4x\/7 R(f) — /d“x Vg, [)

2
m g

+/d4x g Ematter(ga¢)

Absence of ghosts: only one metric can couple to matter!

&> g, is gravitational metric




i H , ASM, von St 2012
Mass Eigenstates assan von Strauss (2012)

2
m g

m; / d*z./g R(g)
/

d*z+/f R(f) — /d“x Vi(g, f)

+/d4x g Ematter(ga¢)

(linearised) gravitational metric:

8Guw < 6G L — a*6 M, (a = mys/my)
massless massive




i H , ASM, von St 2012
Mass Eigenstates assan von Strauss (2012)

m; / d*z\/g R(g)
/d4;c\/7 R(f) — /d“x Vg, [)

2
m g

+/d4x g Ematter(ga¢)

(linearised) gravitational metric:

8Guw < 6G L — a*6 M, (a = mys/my)
massless massive

The gravitational metric is not massless but a superposition of mass eigenstates.
Max, Platscher, Smirnov (2017): analysis of gravitational wave oscillations




i H , ASM, von St 2012
Mass Eigenstates assan von Strauss (2012)

See Moritz Platscher’s talk

Wednesday, 17:47

Seminar room 4b

The gravitational metric is not mussless but a superposition of mass eigenstates.
Max, Platscher, Smirnov (2017): analysis of gravitational wave oscillations




i H , ASM, von St 2012
Mass Eigenstates assan von Strauss (2012)

m; / d*z\/g R(g)
/d4x\/7 R(f) — /d4a: Vg, [)

2
m g

+/d4x g Ematter(ga¢)

(linearised) gravitational metric:

8Guw < 6G L — a*6 M, (a = mys/my)
massless massive

&> forsmall a =ms/m, gravity is dominated by the massless mode

&> the massive spin-2 field interacts only weakly with matter




Baccetti, Martin-Moruno, Visser (2012);
Mass Eigenstates Hassan, ASM, von Strauss (2012/14);
Akrami, Hassan, Koennig, ASM, Solomon (2015)

m; / d*z\/g R(g)
/d4x\/7 R(f) — /d4a: Vg, [)

2
m g

+/d4x g Ematter(ga¢)

a=ms/mg— 0

is the General Relativity limit of bimetric theory




Recovery of GR

Babichev, Marzola, Raidal, ASM,

Urban, Veermée, von Strauss (2016)

nonlinear Vainshtein regime

large mass regime

,

linear regime

&_
’@
%

GRonlyif a<<1




Ghost-free bimetric theory

General Relativity +
additional tensor field




What are the consequences

for cosmology 2
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Viable
cosmology with
self-accelerating
solutions

70%
Dark Energy

25%

Dark Matter

Akrami, Hassan, Kénnig, ASM, Solomon (2015); | /
Kénnig, Patil, Amendola (2014); 3

Akrami, Koivisto, Mota, Sandstad (2013);

Volkov; von Strauss, ASM, Enander, Mértsell, Hassan;
Comelli, Crisostomi, Nesti, Pilo (2011)
e e

normal
matter




Extra symmetries?

“partial masslessness’

Apolo, Hassan (2016)
Hassan, von Strauss, ASM (2012/13)
Deser, Waldron (2001)

‘,
V

Viable
cosmology with
self-accelerating
solutions

Volkov; von Strauss, ASM, Enander, Mértsell, Hassan;

25%

70%
Dark Energy

Akrami, Hassan, Kénnig, ASM, Solomon (2015); |

Kénnig, Patil, Amendola (2014); ¥

Akrami, Koivisto, Mota, Sandstad (2013);

Comelli, Crisostomi, Nesti, Pilo (2011)
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Extra symmetries?
“partial masslessness”

massive spin-2 ?

Apolo, Hassan (2016)
Hassan, von Strauss, ASM (2012/13)
Deser, Waldron (2001)
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295% ‘
Dark Matter

. Babichev, Marzola, Raidal, ASM,
Urban, Veermde, von Strauss;
Aoki, Mukohyama (2016)

(

70%

| Dark Energy

Viable |
. 0,
cosmology with 5% 1
. , norma
Self_acceleratlng Akrami, Hassan, Kénnig, ASM, Solomon (2015); &

matter
Kénnig, Patil, Amendola (2014); :

Akrami, Koivisto, Mota, Sandstad (2013);
Volkov; von Strauss, ASM, Enander, Mértsell, Hassan;
Comelli, Crisostomi, Nesti, Pilo (2011)
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solutions




Babichev, Marzola, Raidal, ASM,
Spin-2 Dark Matter Urban, Veermée, von Strauss (2016)

Recall the (linearised) gravitational metric: 69, o< G, — a*5M,,,
massless  massive

and the General Relativity limit of bimetric theory: o =m;/my— 0

&> gravity is weak because the physical Planck mass is large

&> massive spin-2 field decouples from matter, interacts only with gravity
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Babichev, Marzola, Raidal, ASM,
Features Urban, Veermée, von Strauss (2016)

% heavy spin-2 field automatically resembles dark matter when gravity
resembles General Relativity

X interactions with baryonic matter are suppressed by the Planck mass

% spin-2 mass and interaction scale are on the order of a few TeV




Babichev, Marzola, Raidal, ASM,
Features Urban, Veermée, von Strauss (2016)

% heavy spin-2 field automatically resembles dark matter when gravity
resembles General Relativity

X interactions with baryonic matter are suppressed by the Planck mass

% spin-2 mass and interaction scale are on the order of a few TeV —

Chu & Garcia-Cely (2017):  may be lowered to MeV by takmg into account
| self interactions of massive spin-2

Gonzalez, ASM, von Strauss (2017): mtereshng new effects for more than one
‘ massive spln -2 field




Babichev, Marzola, Raidal, ASM,
Features Urban, Veermée, von Strauss (2016)

% heavy spin-2 field automatically resembles dark matter when gravity
resembles General Relativity

interactions with baryonic matter are suppressed by the Planck mass

spin-2 mass and interaction scale are on the order of a few TeV

no need for extra fields, artificial symmetries or fine tuning

bimetric theory could explain dark matter in the context of gravity

massive spin-2 field is a natural addition to the Standard Models







Bimetric Theory ... review: ASM, Mikael von Strauss; 1512.00021

X% is one of the few known consistent modifications of General Relativity

% 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

&3 Larger theoretical framework: String Theory 2

%% Can we detect/observe the massive spin-2 2




‘fﬁcmlé yOUfOT’ yOLH’

attention!







Hassan, ASM, von Strauss (2012)

Proportional solutions

= Ansatz: f/w = c2§wj with ¢ = const.

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

vR(g) + Ag(a, B, c)guy =0

Rw/(g)
R(g) -+ Af(av 6717 C)g,ul/ =0

R, (g) —

Iu
Iu

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

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




] Volkov; von Strauss, ASM, Enander, Méortsell, Hassan;
Dark Energy Comelli, Crisostomi, Nesti, Pilo (2011)

=> Cosmological solutions in analogy to GR

¥ Homogeneous & isotropic ansatz for both metrics
%% Use bimetric equations to eliminate components of f,..

X% Obtain modified Friedmann equation for scale factor of physical metric:

3

a

a\* A
(—) = —+F|p(1)] GR: F[p(t)]:3—M}%

X Use full bimetric equations to compute linearised perturbations




. 7 Akrami, Koivisto, Mota, Sandstad (2013);
(o) DCﬂ'G ’ ’ ’ i
ison Kénnig, Patil, Amendola (2014);
Akrami, Hassan, Kénnig, ASM, Solomon (2015)

Compar

% set vacuum energy to zero and look for self-accelerating solutions

X% impose conditions for viable cosmology (background & perturbations)

% fit to data

Outcome: self-accelerating solutions exist, meet the viability conditions
\ and fit the data as well as ACDM

. Perturbations are well-behaved in the GR limit, i.e. for small o = m[/m,
|

l?_——'_ ————— e —




Structure of Vertices (bimetric action expanded in mass eigenstates)

Quadratic (Fierz-Pauli)

- ~2 | 12
oG 5G5]\[ oM 59;1,1/ + 0425fuy mCISSIGSS

1,A 1,A, ””%P 5f/,w - 5gW massive

Sy = 1 / A4 [5G £77% 6G o + SM E477° S M

TSR (SMMY 5 M, — M) — L (66" — a 6M™ )T, |




Structure of Vertices (bimetric action expanded in mass eigenstates)

Quadratic (Fierz-Pauli Cubic
6G* SGOM S M? 5G| 6G2M | 8GSM? | sMP

)
a,al, amip

1 ; A 1 , A , ’I'n,%P , ( 1,A,mép

1 1A 1,2
o ZA ) o IIIFP

self-interactions of massless spin-2 sum up to General Relativity
no vertices giving rise to decay of massive into massless spin-2
massive spin-2 particle gravitates like baryonic matter

self-interactions of massive spin-2 are enhanced in the GR limit




1030

T T T TTTT

10%°

T T T TTTT0T

1028

I/S

T T T TTTT0T

r

1027

T T T TTTTI70

1026

25

T TTT

1111

T

T TTT

T

T TT1T

1111

TTTT T T 1717

T

TTTT

TTTT

<

g

] ==l 1 1 1111

1 11 1111

11 11l

EGRB, uji

EGRB, 77

EGRB, bb

PAMELA p, bb or tt
AMS 5 /p, bb

Fermi LAT ~-ray lines
IceCube, v,.v,

1071

10°

10t

107

103 10%
megp /G eV

10°

10°

10’

108




