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Why alternative gravity theories?

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Few

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years http://mapjésfc_ nasa.gov/



Three conditions for good

alternative theories of gravity
(my personal viewpoint)

1. Theoretically consistent
e.g. nho ghost instability

2. Experimentally viable
solar system / table top experiments

3. Predictable
e.g. protected by symmetry



V.

Ghost condensation
IR modification of gravity
motivation: dark energy/matter

Nonlinear massive gravity
IR modification of gravity
motivation: “Can graviton have mass?”

Horava-Lifshitz gravity
UV modification of gravity
motivation: qguantum gravity

Superstring theory
UV modification of gravity
motivation: quantum gravity, unified theory



A motivation for IR modification

Flattening galaxy rotation curves
extra gravity

Dimming supernovae
accelerating universe

* Usual explanation:
(DARK MATTER) (DARK
ENERGY).



Dark component in the solar system?

which people tried to P

explain with a “dark y
planet”, Vulcan,



Can we change gravity in IR?

»Change Theory?
Massive graVity Fierz-Pauli 1939
DGP model Dvali-Gabadadze-Porrati 2000

»Change State?
Higgs phase of gravity
The simplest: Ghost condensation
Arkani-Hamed, Cheng, Luty and Mukohyama, JHEP 0405:074,2004.



Massive gravity: history

Simple question: Can graviton have mass?

'
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Massive gravity: history

Si '
mple question: Can graviton have mass?

Vainshtein mechanism
(1 972)
Nonlinearity =
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Zhakharov discontinuity
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Massive gravity: history

Simple question: Can graviton have mass?

Yes? No?

) 4
Vainshtein mechanism Boulware-Deser ghost
(1972) (1972)
Nonlinearity ->
> < —
. . van Dam-Veltman-
Fierz-Pauli theory (1939) Zhakharov discontinuity
Unique linear theory (1970)
without instabilities Massless limit #
\ (ghosts) y General Relativit




Nonlinear massive gravity

de Rham, Gabadadze 2010
de Rham, Gabadadze & Tolley 2010

First example of fully nonlinear massive
gravity without BD ghost since 1972!

Purely classical (but technically natural)
Properties of 5 d.o.f. depend on background

4 scalar fields ¢2 (a=0,1,2,3)

Pomcare sglmmetry In the field space:
A”’gb
Pullback of

= fMV — naba ¢aay¢b Minkowski metric in field space

to spacetlme



Systematic resummation
de Rham, Gabadadze & Tolley 2010

Imass[guw fuu] — M]% m?; / d458v —g (EQ _I_Q_BJES +@:4)

fuv = nadu#'0,8" K =0 — (Vg T )
£y = 3 (K - [K7))
£y = = (1K) =31 [K?] +2 [Ic¥])
£y = 52 (11 = 61" [K2) +3 [ + 8 1K1 [K°] — 6 [K))

-

1%

Al =TrA

No helicity-0 ghost, i.e. no BD ghost, in decoupling limit
K. =0,0,m m L3, = (total derivative)

No BD ghost away from decoupling limit (Hassan&Rosen)



Massive gravity: history

Si '
mple question: Can graviton have mass?

/" de Rnam-Gabadadze- w
Tolley (2010)

N )
Vainshtein mechanism w Boulware-Deser ghost w
1972 (1972)
Nonlinearity =
. o . _
/" van Dam-Veltman- w

Fierz-Pauli theory (1 939) Zhakharov discontinuity
(1970)

Unique linear theory _
Massless limit #

without instabilities
\ (ghosts) ) | General Relativity J




No FLRW universe?

D’Amico, de Rham, Dubovsky, Gabadadze, Pirtshalava, Tolley (2011)

* Flat FLRW ansatz in “Unitary gauge”
g dxHdx” = -N*(t)dt* + a*(t)(dx*+dy*+dz?)
0 =x7 w f =1,

2 o0l 1 41
v = ——_ 99 ¢
C.fl ( ’_g5g‘uy) /_g5¢a gb

— no non-trivial flat FLRW cosmology

e “Our conclusions on the absence of the homogeneous
and isotropic solutions do not change if we allow for a
more general maximally symmetric 3-space”

e c.f. Inhomogeneous solutions do exist.
[Koyama, Niz, Tasinato 2011; Chamseddine & Volkov 2011]



Consistent Theory
found in 2010 but



Cosmological solutions_ln
nonlinear massive gravity

D’Amico, et.g|. (2011)
Non—existence of flat

Oomogeneoys
isotropic) universel




Open FLRW solutions

Gumrukcuoglu, Lin, Mukohyama, arXiv: 1109.3845 [hep-th]

f., spontaneously breaks diffeo.

Need FLRW coordinates of Minkowski f,

No closed FLRW chart S = ?@/1+IKI(x2+y2+z2),
¢t = IK|f(t)z,

Open FLRW ansatz 2 = JIKif,
& = VIKIf(@)z

fwdatdz” = —(f(t))? dt* + | K| ((2))” Qyj(a")da’da’

gudrtde” = —N(t)*dt* + a(t)*Qdx'dx?
|K|(zdx + ydy + 2dz)?
1+ |K|(2? +y? + 22)

Qde'dr? = da® + dy® + dz* —



Open FLRW solutions

Gumrukcuoglu, Lin, Mukohyama, arXiv: 1109.3845 [hep-th]

* EOM for ¢? (a=0,1,2,3) 2
o 50 ()]

* The first sol a = /|K|N implies g, is Minkowski

- we consider other solutions
P Xi51+2a3+a4i\/1+a3+a§—a4
|K| as +

e |Latter solutions do not exist if K=0
* Metric EOM =2

3K 1
3H>+— = A —
+ = i—|—M1%lp
AL = mg [ 2 9 3/2
L= — 5 (1+a3)(2—|—a3—|—2a3—3a4)i—2(1—|—6143+a3—a4) ]

(a3 + ay)



Self-acceleration

+ Branch — Branch
T T T T T T T T T T T

14+ as+ 025 — gy <0

Q3 + 0y




Cosmological solutions in
nonlinear massive gravity

D’Amico, et.al. (2011)
Non-existence of flat
FLRW (homogeneous
isotropic) universe!

Open universes with self-
acceleration

GLM = Gumrukcuoglu-Lin-Mukohyama



Cosmological solutions in
nonlinear massive gravity

closed/flat/open FLRW
universes

D’'Amico, et.al. (2011)
Non-existence of flat
FLRW (homogeneous
isotropic) universe!

Open universes with self-

acceleration

GLM = Gumrukcuoglu-Lin-Mukohyama



Summary of Introduction + o

Nonlinear massive gravity
free from BD ghost

FLRW background
No closed/flat universe

More general fiducial metric f
closed/flat/open FLRW umverses allowed
Friedmann eq does not depend on fMU

Cosmological linear perturbations
Scalar/vector sectors =2 same as in GR
Tensor sector = time-dependent mass



Nonlinear instability

DeFelice, Gumrukcuoglu, Mukohyama, arXiv: 1206.2080 [hep-th]

de Sitter or FLRW fiducial metric
Pure gravity + bare cc 2 FLRW sol = de Sitter

Bianchi | universe with axisymmetry + linear
perturbation (without decoupling limit)

Small anisotropy expansion of Bianchi | + linear
perturbation
- nonlinear perturbation around flat FLRW

Odd-sector:
1 healthy mode + 1 healthy or

Even-sector:
2 healthy modes +

This is not BD ghost nor Higuchi ghost.



Cosmological solutions in
nonlinear massive gravity

closed/flat/open FLRW

universes

D’Amico, et.al. (2011)
Non-existence of flat
FLRW (homogeneous
isotropic) universe!

Open universes with self-
acceleration

GLM = Gumrukcuoglu-Lin-Mukohyama
DGM = DeFelice-Gumrukcuoglu-Mukohyama



New class of cosmological solution

Gumrukcuoglu, Lin, Mukohyama, arXiv: 1206.2723 [hep-th]
+ De Felice, arXiv: 1303.4154 [hep-th]

Healthy regions with (relatively) large anisotropy
Are there attractors in healthy region?
Classification of fixed points

Local stability analysis

Global stability analysis

At attractors, physical metric is isotropic but
fiducial metric is anisotropic.

statistical anisotropy expected
(suppressed by small m,?)



Anisotropy
in
Expansion

Anisotropy in fiducial metric



Cosmological solutions in
nonlinear massive gravity

closed/flat/open FLRW
universes

' Amico, et.al. (2011)
l?\lon-existence of flat
FLRW (homogenem‘Js
isotropic) universe:

GLM = Gumrukcuoglu-Lin-Mukohyama
DGM = DeFelice-Gumrukcuoglu-Mukohyama



New backgrounds or
Extended theories

* New nonlinear instability [perelice, Gumrukcuoglu, Mukohyama 2012]
= (i) new backgrounds, or

¢ (I) Anisotropic FLRW (Gumrukcuoglu, Lin, Mukohyama 2012): physical
metric is isotropic but fiducial metric is anisotropic

(De Felice&Mukohyama 2013),
(Hassan, Rosen 2011; DeFelice, Nakamura, Tanaka 2013; DeFelice,
Gumrukcuoglu, Mukohyama, Tanahashi, Tanaka 2014),
(Rubakov 2004; Dubovsky 2004; Blas, Comelli, Pilo 2009; Comelli, Nesti,

Pilo 2012; Langlois, Mukohyama, Namba, Naruko 2014),
(de Rham, Heisenberg, Ribeiro 2014; Gumrukcuoglu, Heisenberg, Mukohyama 2014,

2015), (Mukohyama 2014; De Felice, Gumrukcuoglu,
Heisenberg, Mukohyama, Tanahashi 2016), (De
Felice, Mukohyama, Uzan 2017), ...

* They provide stable cosmology.



PHYSICAL REVIEW D 94, 024001 (2016)
Massive gravitons as dark matter and gravitational waves

Katsuki Aoki" and Shinji Mukohyama™"'
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We consider the possibility that the massive graviton is a viable candidate for dark matter in the context
of bimetric gravity. We first derive the energy-momentum tensor of the massive graviton and show that it
indeed behaves as that of dark matter fluid. We then discuss a production mechanism and the present
abundance of massive gravitons as dark matter. Since the metric to which ordinary matter fields couple is a
linear combination of the two mass eigenstates of bigravity, production of massive gravitons, i.e., the dark

matter particles, is inevitably accompanied by generation of massless gravitons, i.e., the gravitational
waves. Therefore, 1n this scenario some information about dark matter in our Universe is encoded 1n
gravitational waves. For instance, if 1tat ] i
inflation, then the massive graviton with the mass of ~0.01 GeV is a candidate for dark matter.
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Cosmological solutions in
nonlinear massive gravity

closed/flat/open FLRW
universes

' Amico, et.al. (2011)
l?\lon-existence of flat
FLRW (homogenem‘Js
isotropic) universe:

GLM = Gumrukcuoglu-Lin-Mukohyama
DGM = DeFelice-Gumrukcuoglu-Mukohyama



More recent development

Minimal Theory of Massive Gravity

De Felice & Mukohyama, arXiv: 1506.01594
1512.04008

« 2 physical dof only = massive gravitational waves
« exactly same FLRW background as in dRGT
* no BD ghost, no Higuchi ghost, no nonlinear ghost

Three steps to the Minimal Theory

1. Fixlocal Lorentz to realize ADM vielbein in dRGT
2. Switch to Hamiltonian

(It is easy to go back to Lagrangian after 3.)



Cosmology of MTMG |

« Constraint Cy=0 X = a/a
(c3 4+ 2 X + 1 X)) (X +NHX —MH) =0
» Self-accelerating branch

_ 2 _
X = X:I: — 2+ \éfQ €163 )\ — O

SM2H? = m” My

(ca +3c3X 4+ 3caX” + 1 X°) +p

(even with c,=0)
Scalar/vector parts are the same as ACDM
Time-dependent mass for gravity waves



Self-acceleration

+ Branch — Branch

14+ as+ 025 — gy <0

Q3 + 0y
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Abstract

We discuss the detectability of gravitational waves with a time-dependent mass
contribution, by means of the stochastic gravitational wave observations. Such
a mass term typically arises in the cosmological solutions of massive gravity
theories. We conduct the analysis based on a general quadratic action, and
thus the results apply universally to any massive gravity theories in which the
modification of general relativity appears primarily in the tensor modes. E

) if . f lification in itational

is a sharp peak. The position and height of the peak carry information on the
present value of the mass term, as well as the duration of the inflationary stage.
We also discuss the detectability of such a gravitational wave signal using the
future-planned gravitational wave observatories.




Cosmology of MTMG I

 Constraint Co~ 0 X = a/a
(c3 +2co X + 1 X (X + NHX —MH) =0

* "Normal” branch A(H;X — H)N

_ A\ =
H_XHfZ , m?2 (01X2—|—202X+63)M
M
SM2H? = °"F (¢; 4 3c5X + 3¢, X% + ¢1.X°) + p

Scalar part recovers GR in UV (LK m™) but
deviates from GR in IR (L>m?)

Vector part is the same as GR

Non-zero mass for gravity waves



1.0

0.8

0.6 |

f08

0.2¢ “Normal branch” of MTMG with ACDM background |
(mass of GW)? ~ (1.08 x Hy)? ~ (1.6 x 10-33 eV)?
cf. LIGO bound: |mass of GW| < 1.2 x 1022 eV ~ 2.9 x 108 Hz
0.0

Exercise!
Fitting ADCM & MTMG to RSD data

De Felice & Mukohyama, arXiv:1607.03368

]__

— = = = ACDM = “Self-accelerating branch” of MTMG

0.4 0.6 0.8 1.0 1.2

1.4



Cosmological solutions in
nonlinear massive gravity

closed/flat/open FLRW
universes

' Amico, et.al. (2011)
l?\lon-existence of flat
FLRW (homogenem‘Js
isotropic) universe:

GLM = Gumrukcuoglu-Lin-Mukohyama D
DGM = DeFelice-Gumrukcuoglu-Mukohyama

= DeFelice-Gumrukcuoglu-Heisenberg-Mukohyama



Summary

Nonlinear massive gravity
free from BD ghost

FLRW background
No closed/flat universe

More general fiducial metric f
closed/flat/open FLRW universes allowed
Friedmann eq does not depend on f

Cosmological linear perturbations
Scalar/vector sectors = same as in GR
Tensor sector = time-dependent mass

All homogeneous and isotropic FLRW solutions in the
original dRGT theory have infinitely strong coupling and
ghost instability

Stable cosmology realized in (i) new class of cosmological
solution or (ii) extended theories



Bigravity + Chameleon =?

Shinji Mukohyama (YITP)

based on arxiv: 1702.04490 with
Antonio de Felice & Jean-Philippe Uzan



Fierz-Pauli theory on de Sitter (Higuchi 1987):

Same for dRGT massive gravity &
bigravity on de Sitter

Generic FLRW

If m; ~ Hy4ay 2 Need a UV completion to
describe the early universe



Chameleon
(Khoury & Weltman 2004)

* Non-minimal coupling V. 0)

[ MR | (99)°
£—\/—g{ 13 + 5

ngl«)V - eXp(2Bi¢/MP1)gMV
« Effective potential

Veff(¢) = V(qb) + pelgﬁb/MP] \
« Screening 5™ force \\YS“”
¢ gets heavy in dense PRLO3L7TIION

V) L0080 |

~'”"be><p(B¢/Mpl)

environment



« Making graviton mass dependent on

environment |
m?r X p
* If yes, Higuchi bound would be satisfied
automatically.

* How to implement?



* Bigravity action
M2

5=~ [ Rlgy=gata+ = ] AV Fdts M g Bitls)y/—gd'z

2
_ (8
stsy, = g~ fou/

Bi = Bi(9)

* Non-minimal coupling of matter

Gur = A2(D) G| Sas = ] Lonat (8, ) /=G A2

» Adding kinetic term of ¢

1

Skin = —3 /g“"@uqﬁayqb\/ —gd*z




Simple example

Universal ¢-dependence of f3

Bi(¢) — _Cif(¢)
Simple exponentials
f — e—¢/M — e—)\qﬁ/Mg

A — eﬁﬁb/Mg
Physical scales

Dimensionless parameters
(x = M#/M?)



Ansatz  ds? = —dt* + a*(t)é;; dz’ da’

ds} = &3(1) [~*(8)dt* + a® (t)3y; da’ da’]

Constraint eq. (1 — ¢)(83€% + 2626 + 1) = 0

We choose as the other

branch has strong coupling & ghosts.
2—m—26_f)‘\4_ﬁ3 3 c; & p e%-

H™ = ;(%)15+3MS i »Handq)as

2 ;Zg =Y (?)Cmgi functions of p

BZ( ) e oe=50) )fzg( ) =0 » ianlc?ependentofp
Tensor mode mass

myp  3(1+ k&%) (c3” + 2 +c1)

H?2 463 4 3c362 + 3c5€ + ¢4 » mp X P




 Exact solution with
eachtermin s3p*= z\;z [pA4—|- ¢] m’R
scales as 1/a% ?

 Tensor mode mass my x p
o Stable @ all scales If stable @ one scale



We found a simple example to implement
Chameleon mechanism to bigravity

Exact de Sitter solutions
-> Higuchi bound satisfied @ all scales
If satisfied @ one scale

Exact scaling solution in RD epoch
-> Higuchi bound satisfied @ all scales
If satisfied @ one scale

Light mass @ cosmo scale can be consistent
with solar system constraints.

Opens up new possibilities/windows!



Nonlinear massive gravity S U m m ary

free from BD ghost

FLRW background
No closed/flat universe

More general fiducial metric f
closed/flat/open FLRW universes allowed
Friedmann eq does not depend on f

Cosmological linear perturbations
Scalar/vector sectors - same as in GR
Tensor sector - time-dependent mass

All homogeneous and isotropic FLRW solutions in the
original dRGT theory have infinitely strong coupling
and ghost instability

Stable cosmology realized in (i) new class of
cosmological solution or (ii) extended theories

Applicablility of bigravity can be significantly
broadened by Chameleon mechanism.



Why alternative gravity theories?

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Few

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years http://mapjésfc_ nasa.gov/



