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Motivations

 Why should the graviton be massless?

« Large distance modification:
- dark energye
- dark mattere
- degravitatione

Nfields



Polarizations

 GR: propagates 2 gravitational waves
* Metric has 10-4=6 degrees of freedom:
+ 2 vector modes
+ 2 scalar modes
* |n massive theory these are set free
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Fierz-Pauli theory

| d4x\/§Rg +m? [ d*xzhu,hap (77“0‘77”5 — 77‘“’770‘3)
——

- Second orderin h,, =0, 1.,

* The only quadratic ghost-free theory for massive spin-2

Breaks gauge invariance

] Infrared-modified gravities ; :
e For reviews, see and massive gravitons Massive GI‘&Vlty

V.A. Rubakov® and P.G. Tinyakovb® Claudia de Rham
( ] [ }



70’s I: Newtonian limit

« The van Dam - Veltman — Zakharov discontinuity:

%4 R < rx
« The Vainshtein mechanism: kg {_
nonlinear kinetic interactions N
screen the helicity-0 mode V= (m)




/0’s findings II: pathology

« The Boulware-Deser ghost:

In curved backgrounds, the 6™ polarisation is
set to propagate. This is generically a ghostl!

¥ A ghost is a field with the wrong sign
kinetic term 5 /d% (—%(8¢)2+%(c‘)x)z - V(d),x))

¥ Different from a Tachyon, which has an
instability in the potential

V(¢ : :
(©) = / d'a (-%(a¢)2+‘]§7712®2)
| b Scale of instability: m




dRGT massive gravity

* The unigue non-linear action for a single massive spin-2
 The fis a ‘reference metric”
e e are elementary symmetric polynomials given by...



For a matrix X, the elementary symmetric
polynomials are ([] = trace)




ADM analysis

3 + 1 dimensional parametrization of the gravitational field g :

Yij =i, N=1/-9%, N;=go

allows to rewrite the action of general relativity in the first order form

Arnowitt, Deser, Misner (1959)

Le = M3\/—gR = M2, [_7,-,@«'7 — NR°® — N,-R"]
= the Einstein action is linear in the lapse N and shift N; = 2 degrees of freedom!

Meanwhile, the interaction term of massive gravity in the unitary gauge can be written

in a closed form as
Lep =2m5 AN [tr\ /g—1n — 3]

Hassan, Rosen (2011)

= the massive gravity action is non-linear in N, N; = 6 degrees of freedom!

CLAIM: After an appropriate field redefinition N' = (61’ + ND;') n
the Lagrangian is linear in N and gives rise to a secondary constraint.



The reference metric

...Is required for local, Lorenz-invariant massive gravity

But
- There are infinite number of (arbitrary) dRGT's
- Phenomenologically, it doesn’t work too welll
- Claims of extra theoretical problems oo

Resolution is simple...



Hassan-Rosen theory

M2
S = —79 d*z+\/— det gR(g) —

—I—m2M92/d4a:\/Tetgz4:5nen (g‘lf)
n=0

 Now 5+2 d.o.f.’s propagate

 The theory of spin-2 fields




The bigravity
field equations

3
Ruv — 50 R+ ’"722_% (~1)" Bn | Yohy (VOTT) + 0¥y, (V)| = A}ET,,.,,
. (2.3)
5 3
R;w - %gpu}—? + %;ZZ (—l)n ,Bd—n [pr}/(/};)y (V g_l.f) + .fw\}/(/},)“ ( g_lf)] =0,
* n=0
(2.4)

M2 = M2/M?

Yoy () =1, Yiy(R)=X—-1[0, Y (%) =% —Xx+ 71 (P - %),

Vg () = =3 D + X (G2 = [¢2]) - 51 (D° - 300 [X?] +2 %]



Massive bigravity has self-
accelerating cosmologies

« Homogeneous and isotropic solution:
dsz = g2 (—d72 + d:EQ) ,

ds = —X?dr* + Y?dz*
the background dynamics are determined by

As p -> 0, y -> constant, so the mass term approaches a
(positive) constant =



Confronting with the data

« A comprehensive comparison to background data was
undertaken by Akrami, Koivisto, & Sandstad [arXiv:1209.0457]

« Data sefs:
o Luminosity distances from Type la supernovae (Union 2.1)
o Position of the first CMB peak — angular scale of sound
horizon at recombination (WMAP7)
o Baryon-acoustic oscillations (2dFGRS, 6dFGS, SDSS and
Wigglel)

1

Take-home points:
No exact ACDM without explicit A
Phantom behavior (w <-1) is common
v'Viable alternative to ACDM

>




Massive bigravity effectively
competes with ACDM

Y. Akrami, T. Koivisto, and M. Sandstad [arXiv:1209.0457]
See also F. Kénnig, A. Patil, and L. Amendola [arXiv:1312.3208];
A. Solomon, Y. Akrami, and T. Koivisto [arXiv:1404.4061]

Model Bo | Bi1 | B2 | Bs | B4 | Om X2in p-value | log-evidence
ACDM free 0 0 0 0 free | 546.54 0.8709 -278.50
(B, 022) 0 free 0 0 0 free | 551.60 0.8355 -281.73
—r 00 0 0 free 0 0 broe o MOLO0 0000 10025
—_— e 00 0 0 0 ee 0 free o LT00 S0 L 0000 S5026
(B1,B2,Q5,) 0 free | free 0 0 free | 546.52 0.8646 -279.77
(B1,B3,Q5,) 0 free 0 free 0 free | 542.82 0.8878 -280.10
e — - — — — —l —
(B1,B4,Q0) 0 free 0 0 free | free | 548.86 0.8485 -281.42
(D D 0 0n 0N £ ) £ £ QNG 09 0n ()Cn1 AN O~
\u‘, u4’ \lﬂmj U \vJ LLUO A\~ LLO } & 5w ey VUV US U \v = X AT
(BB, Q) 0 0 0 froo L oo 1 feoo L LNS 0 L 000D 251 L1
(B1,B2,B3, Q%) 0 free | free | free 0 free | 546.50 0.8582 -279.61
(B1,B2,B4, Q%) 0 free | free 0 free | free | 546.52 0.8581 -279.56
(B1,B3,B4, Q2) 0 free 0 free | free | free | 546.78 0.8563 -280.00
—_—— - = free—1—free—1—free——free—T—h40-63 — ——
(B1,B2,B3,B4,0Q5,) 0 free | free | free | free | free | 546.50 0.8515 -279.60
full bigravity model | free | free | free | free | free | free | 546.50 0.8445 -279.82




Degeneracies
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Scalar perturbations in
massive bigravity

-These models provide a good fit to the background data, but look similar
to ACDM and can be degenerate with each other.

-Can we tease these models apart by looking beyond the background to
structure formation? (Spoiler alert: yes.)

« Extensive analysis of perturbations undertaken by
A. Solomon, Y. Akrami, and T. Koivisto, arXiv:1404.4061

* Linearize metrics around FRW bockgrounds,
res’mc’r fo scalar perturbations {E,, A s Fgyr and

g f}-

s2=a’{—(1+4 E,)dr* + 20;F,drdz* + [(1 + Ay)d;; + 0;0; B,) dx*da’ }

g
ds i = —X*(1+ Ef)dr? + 2XY 0;Frdrdz* + Y? [(1 + Ay)di; + 0;0; By] dz'da’



Linearized Einstein Equations for g

3H - 9 | Ag 2F, By 1712 1 0,
— — / _J _ - — —)
= (HE;— 4g)+V* |+ H (NU = ) +5-yP (30A+V°AB) = T
0-i:
ﬁ()i (Ag — HE9> +m TN 0; (xFy — yFy) = \[2 —01";
i-i:
1 oT ‘ 2 j\.r ; | y A ‘?\.T A 1 N2 02
~7 [|2H +3H° =2 H | By + HE; — Ag = 3HA, + < Ag| + 35 (95 + %) Dy
2|1 pAE 40 (A4 ()2 92)AB || = _ L,
+ m 5 +yQ A+ = 5 \ + O \[2(

_Ay+E, H(4F, 3B,\ 2F, 1 (. N.
Dg T ”2 _{_:\_r( a l\ >+ \(1 :\—,2 Bg TBQ R

Off-diagonal i-j:

P P = B1 + 262y + B3y’ AA=A;— A,
— lc)zc) Dy — I/Qc)zc) AB = —0T"; ‘ Qb i) ot sybRAB = By — B
2 \[2 r=X/N| y=Y/a AE=E;-E,



Linearized Einstein Equations for f

m?2 P

_ 4+ V2AB) =
EIVER — (3AA+V*AB) =0,

m2P 1 a
\2 <4f_IXEf) \[21/21+1/\ i (yFg —xky) =0,

1 \" ) . . . X . 1, 5
— {(9]\ + 3K2 ‘\ ]\) Ef-i-]\Ef—Af —3]\:1f +—,Af + § (sz»—f-i)i) Df

X X
o1 PAE+Q AA+=(@2+3)AB)| =0
\[2 x1y? i 2 % T % N

{f—i—Ef K —lFf 3Bf 2Ff 1 .. ‘\-, .
Di=—35—+% ( vy ~x )Ty (P xPr)
Off-diagonal i-j:
1 2
_Loop,+ 2 gia.AB -0,

2 2\[211/

»



Perturbations in massive
bigravity: subhorizon

A. Solomon, Y. Akrami, and T. Koivisto, arXiv:1404.4061 (gory details)

 Most observations of cosmic structure are taken
N the subhorizon limif:
« Specializing to this limit, and assuming only
matter is dust (P=0)...
o Five perturbations (E ¢, Ay, and Bs- B,) are

determined algebraically in terms of the density
perturbation &

o Meanwhile, 6 is determined by the same evolution
equation as in GR:

1
6" + Ho' + §k2Eg(5) =0



5"+ HS + 2k2E (5) =0

(GR and massive bigravity)

* In GR, there Is no anisotropic stress so
E, (fime-time perturbation) is related fo

0 through Poisson’s equation,

k°Ey = —(a®p/M7)6

* In bigravity, the relation beteen E,ana

0 Is significantly more complicated
= modified sfructure growth



The “observables”

We calculate three parameters which are commonly
used to distinguish modified gravity from GR:

« Growth rate/index (f/y): measures growth of structures




The “observables”:

» We have analyfic solutions (messy) for A,
and E, as (stuff) x g, so

o Can immediately read off analytic expressions for

Q and n:
i 0 (LK N
BTN A AT

(h, are non-trivial functions of fime...)
o Can solve numerically for 6 using Q and n:




The h-functions 1

1

hy =
17152

(1+92) (B + 3B3y* + (662 — 2B4) y> + 3 (B1 — B3) v?)
—B1+ (3B — Ba) y® + (681 — 933) y* + (350 — 1562 + 254) v + (383 — 731) y?’

hy = —

2 .
1 3 o . .
hs = S - [«f;?).!/' + (48233 — 2B34) ¥® + 3 (261 — 33) Bay® + (4B0B3 — 196233 — Baf3 + 2B154) v
2

+ (—3p% — 18532 — 652 + 4602 + 26251) ¥> + 3 ((Bo — 3P2) B3 + B1 (B — 552))

+ (—78% +2B3B1 + 2 (Bo — 3B2) B2) y — B1 (Bo + -b)]-

2
l ‘ r )
hy = # [2&,3 Bay® +2 (3685 — BafPa — 3 (81— 2B3) B3) y° + (B1 (682 — 4B4) + 363 (=260 + 962 + Ba)) v*
6

+2(367 — 28361 + 1863 + 953 — 3802 — 3B24) y° + (37P1 P2 + 276352 — 9B0P3 — 961 54) ¥

+ 2 (101,)’% — 33331 — 3 (.’5() — 3{?}2) ,’52) Y+ 3 ’))1 (‘,‘30 + .“jg) ] ]

he = 3m?a® (1 +- ,(/2) (;51 + ‘.“:)’3,17/2 + 2,“}21/) (d% + BsBay® + (35% — Bafo — 3 (1 — 2/3) ;)’3) yt
+ (38182 + 1283382 — 35033 — 251 4) ;/3 - (3:5% + 8381 — 3 (Po — 32) ‘.‘52) gQ + 53139 y) :

(B1 +y (282 + B3y)) (3Boy> + y2 (3Bay (¥2 — 5) + B3 (3 — 9y?) — Bay (v2 — 2)) + 1 (6y* — Ty? — 1))
1+ 2

hy =



The h-functions 2

2
11 .
hy = — Z o [4&% B3yM + B3 (248453 + (953 — 863) o + 383 (1983 — 861) Ba) y™°

+2 (1835 — 128435 + (11755 — 3653183 + 2137 ) B3 + 633 (481 + 533) Bafa
+3 (9985 — 815153 4 1857 83 — 353 B3 — 126013 — 8153) ) °
— (7283 (B2 — Ba) BT + (—7285 + 726433 + (11765 — 1687) B + 53 (8564 — 7260)) b1
+903 (—6033 + 86033 + 128433 — 9633 32 + 198053 + 503 54)) °
—2(36837 — (5453 — 363452 + 6953 + 867) A7
—205 (12353 — 76452 + 3 (1363 + B4 (460 + 1)) A
—3 (7285 — 368435 + (255033 + 457) B3 — 2133 BafB> — B3 + 653333
+f0 (—1253 + 4453 — 933382 + 35354))) ¥
+ (24 (382 — 2B4) B} + B3 (—T2B0 + 5072 — T7B4) B
+ (87633 — 5083433 + 60033 B2 + 4833 B2 — 3033 B4 + Bo (—723 + 4842 — 6933 ) b1
+303 (245283 + (—2285335 + 16842 + 953) Bo + 9P2 (4855 — 4Baf2 — 753))) ¥°
+2 (1881 + 458355 + (4775835 — 36002 — 1708432 + 1453 + 963 ) i
+303 (12633 — 42602 + 68482 — 363 + 2B04) B
+6 (Bo — 362) Ba (—1552 + 380 P2 + 2842 +6063)) v°
+ (44139 — 7964) B; + B3 (—3360 — 862 + 33B4) 57
+ (64833 — 1563033 — 603433 + 95332 + 950/33) B1 + 36 (Bo — 352) B3 33) v*
+ 201 (3983 — 260387 + (16753 — 15542 + 1583 — 350 (B2 + Ba)) 1 — 12B02/33) 4
+ 1 (3633 + 9818382 + 350 (387 — 5B3P1 — 453) + 57 (112682 — 9B4))

+287 (11587 — 33351 + 1263) y + 357 (Bo + B2) | (B.8)



The Minimal Model (B,)

SNe only:
B, = 1.3527 £ 0.0497

SNe + CMB + BAO:
B, = 1.448 + 0.0148

1.2 . : : | |
Growth of Structures = ===
SNe la ==ssee-
CMB/BAQO =—:=se: -
Combined
il BTN -
4 \
5 /. \
K F \
. - : ‘
08 I % HE \ i
. 4 : 3 A
8 ‘.' i/ "‘.
3
’8 06 X \ ]
E i \
- /N \
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7/ \ \
" \
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04 V; ‘ ]
/ -
” /‘ "
H /7 \
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s \
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- ) :
0 = | | S
11 1.2 13 - py

A. Solomon, Y. Akrami, T. Koivisto [arXiv:1404.4061] F. Konnig, L. Amendola [arXiv:1402.1988]

w(z) ~ —1.22%

0.02
0.02

2 140.05

(1+ 2)
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—0.8
-0.9
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-1.1
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Bull, Ferreira, Patel, Santos (2014)
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Scalar fluctuations can
suffer from instabilities

« B,-only model —simplest allowed by background

« Unstable for small y (early fimes)

For realistic parameters, model is only
(linearly) stable for z <~ 0.5 0.4

The instability is avoided
by infinite-branch solutions, B
where y starts off at infinity
Viability requires B, > 0 01
Existence of infinite branch

0.2}

0.0p

requires 0 < B, < 2B,

- i.e., turn on the f-metric cosmological constant




B,-B, model:

background dynamics

0.5

0.0

-0.5

-1.0

—1.5

-2.0

25

-30

I ! I I

: finite branch\\

- de Sitter point ]
- infinite i
branch
g k| dy ]
W = = i Y
3H \| dy
0.0 1().5 1.0 12.01 - 12.51 - 30




Nature of Spacetime: 2 Metrics or None?

Y. Akrami, T. Koivisto, A. Solomon [arXiv:1404. 0006]

2
S = /dilv [ _aﬁm(g \Ij] /dJlV [ —Cl'fﬁm(f,\ll)
+m* M / d4:17\/—gz Brén (\/ g“afau) :

n=0
No physical Riemannian metric exists to which matter minimally couples.

For photons (we make observations by tracking photons):

1 4 a v / a fuf
SA — _iag\/d%r\/_gg# g BFW/F 3__af/d4l f“ f 3 ;u/

Minimally coupled to an effective metric h, if:

Sy = —i/d4;1?.\/—h.h.““h’dFu,,F

0gV/=99" 9% + o/~ % = V—hh*he?

This overconstrains h (in general, cannot simultaneously satisfy 00-00, 00-ii and ii-ii components).

Similar for other fields, such as a massive scalar; massless scalar does have an effective metric:

V=hht" = ag/=9¢" + as/—f "



Nature of Spacetime: 2 Metrics or None?

X/

< Possesses mathematically two metrics, but physically none.

% We need to step beyond the confines of metric geometry.

Point-particle of mass m (simplest possible type of matter):

Spp = —Mmay, / dt\/ g, THT" — maoy / dt

= —1may, / ds, — may / dsy,
Geodesic equation:

duy 9 dsy (duf .
Qg Gap E = qug‘ ug = affagds +1'? wpuy | = 0
'~g '~ g

ot — okt .
ub = dzt [ds,

Not the geodesic equation for any Riemannian metric:

Spp = —m [ ds

ds® = (a'z G + Q‘;‘ fu,,) dz"dx” + 20,05 \/ Gy fapdrtdzy dz daP

Line element of a Finsler geometry!



Nature of Spacetime: 2 Metrics or None?

Finslerian geometry:

The line element is the most general one that is homogeneous of degree 2 in coordinate intervals:

ds* = f(z*,dz"); f(z* Adz”) = N f(z", dx¥).

Quasimetric:
. 1 82f
—ds* =g, detdz”, G, = ———.
/ H " - 2 Odx+Odxv
. . dsy dsg
Guw = af]ga,B + a'fffag + a oy T (gm, quuf’,) 7 (fa3 - u U ) - 211 u )
.Sg f
disformally related to original metrics.
Define proper time:
dr? = —ds?

Massive (massless) point particles travel on unit-norm timelike (null) geodesics with respect to the
quasimetric.

The geometry that emerges for an observer in a bimetric spacetime depends quite nontrivially upon, in
addition to the two metric structures, the observer's four-velocity. This means she is disformally coupled
to her own four-velocity, and thus effectively lives in a Finslerian spacetime.



Double-coupling revives
B-D ghost!

‘Cmatter - Ag‘cg[g/.wa X] + /\f‘Cf[f/.wa X] dsg = gu,,dilludl}” = _N2(t)dt2 + a2(t)d$2
_ —% =g (9" 0. x0x + M*x?) — %\/Tf (F* 8, x0x + M?X?) ds} = fwdatde” = —N?(t)dt* + b (t)da?

' 12> M\ 5 1 5,0 IR Aga@® AP
[’matterzi(?\r + N)X _§M (/\gG,N‘f‘Abe)X Py = N + N X

1 NN , 1
= — —M?* (N\,a*N + b 2
matter 2 )\QQBN n Abepr + ( ga' + f N) X

_)H

2

Yamashita, de Felice, Tanaka [arXiv:1408.0487]
De Rham, Heisenberg, Ribeiro [arXiv: 1408.1678]
Noller, Melville [arXiv:1408.5131]

Hassan, Kocic, Schmidt-May [1409.3146]




New coupling

 One loop requirement for an effective metric:

1 ”
Lmatter = —§V —Geff (ggffaﬂxavx + M2X2)

9 4
m
* L joop =M 4/=gog + curvature corrections. looks as e E :anu,,[ic]
=0

. A candidate metric: | g5 = &®guw + 208 Gua X%, + B2 fu

Shown to cure the instability in cosmology

6
. Bt £ %ty > ghost, m?, = S
. 1,log det g ’ ghost — M4 !

A= (m2Mp1)1/3



Classes of new couplings

The criterion V/det geg = v/det gdet(al + BX)

s satisfied with any unit-determinant M such that
et = §(a + BX)’M

For example

. . 51 . f-1
M=1, M= gt M= /9

 det (\/W)m, det (ﬁ) 7

Ghosts or note Remains to be seen...

And what about e.g. the criterion

V det geg = v/ det g + 4/ det f e



Conclusions

The graviton could have a mass
- need to Infroduce a new metric
- 4 free interaction parameters

Viable cosmology possible
- only specific class of models is stable
- self-acceleration, talsifiable

Issue of matter coupling
- symmetric coupling with ghost m>A\
- ghost-free couplingse Open question



