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Why gravity beyond GR?

(GR : general relativity)



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,
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Why gravity beyond GR?

» Can we address mysteries in the universe>

Dark energy, dark matter, inflation, big-bang singularity,
cosmic magnetic field, etc.

* Help constructing a theory of quantum gravity?
Superstring, Horava-Lifshitz, etc.

One of the best ways to understand something may be
to break (modify) it and then to reconstruct it.
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« 3 check points
“What are the physical d.o.f. ?”
“How do they interact ?”
“What is the regime of validity ?”

* If two (or more) theories give the same
answers to the 3 questions above then they
are the same even If they look different.



Metric g, + scalar field ¢

Jordan (1955), Brans & Dicke (1961),
Bergmann (1968), Wagoner (1970), ...

Most general scalar-tensor theory with 2nd
order covariant EOM: Horndeski (1974)

DHOST theories beyond Horndeski: Langlois
& Noui (2016)

All of them (and more) are universally
described by an effective field theory (EFT)




Time diffeo is broken by the background
but spatial diffeo Is preserved.

All terms that respect spatial diffeo must be
Included In the EFT action.

Derivative & perturbative expansions

Diffeo can be restored by introducing NG
boson



Time diffeo is broken by the background
but spatial diffeo Is preserved.

All terms that respect spatial diffeo must be
iIncluded in the EFT action.

Derivative & perturbative expansions

Diffeo can be restored by introducing
Nambu-Goldstone boson

ref. Arkani-Hamed, Cheng, Luty, Mukohyama 2004



Systematic construction of
EFT of ghost condensation

Arkani-Hamed, Cheng, Luty and Mukohyama, JHEP 0405:074,2004

Backgrounds characterized by
<> <aﬂ¢> + () and timelike

<-Background metric i1s maximally
symmetric, either Minkowski or dS.

(

:> Lo = Lew + M7 (hoo_27.r)2_%(K_'_ﬁzﬂ)2
—ﬁ(kij +§i§j7z)(Kij+§ﬁj7z)+m}




Gauge choice: @(t, X) =t.

Residual symmetry: X — X'(t, X)

mmp \Write down most general action invariant under
this residual symmetry.

( = Action for w: undo unitary gauge!)

Start with flat background g, =77, +h,,
5hﬂv =0,6, 10,6,
Under residual gi
Ny, =0,y = aoé:i’aqij = aié:j +aj§i



. . _ i
Action invariant under S Beginning at quadratic order,

e 2
(hoo ) since we are assuming flat
J ( h \)2 space IS good background.
ol 1
K2 KK, Kijzg(aohﬁ—ajhm—aihoj)



. : _ i
Action invariant under S Beginning at quadratic order,

((hoo )2 since we are assuming flat
J ( N \)2 space is good background.
SOl 1
k KZ,K”KU- Kijza(ﬁohij—ﬁjhm—ﬁihoj)
4 2 o 2 04 i
|:> I_eff :LEH_l_I\/I {(ho()) _M_:LZK _M_ZZKJKij_I_”'}
Action for &

hy, —> Ny, —20,7
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\%
Leading nonlinear operator in infrared Idtd?’ E(I\/IZ)

has scaling dimension 1/4.

e.J. Ghost inflation [Arkani-hamed, Creminelli, Mukohyama, Zaldarriaga 2004]



“The Effective Field Theory of Vector-Tensor Theories”
Katsuki Aoki, Mohammad Ali Goriji, Shinji Mukohyama, Kazufumi Takahashi, JCAP01(2022)059 [arXiv: 2111.08119].

Residual symmetry in the unitary gauge

T — f’(t7 3_;’) c.f. Residual symmetry in unitary gauge
for scalar-tensor theories

t—=t—gux(@), Ay— A+ 9dx(x) T —a'(t,7)

leaving 0V, = 0", + gas A, invariant

The web of EFTs | Each EFT is useful for inflation/dark energy & GW phenomenology!

extension to FLRW

EFT of inflation/dark energy |« Ghost condensation
N T = g > 4
2, 3: 6-15] Minkowski or de Sitter . 4, 5]
soft-breaking E imposing E
shift symmetry ' | shift symmetry !
Shift-symmetric Wf_’ak « | gauging
scalar-tensor theories [22] COUII)_ m,gt ! | shift symmetry
1M1t
weak 1 . :
¥ ' | gauging !
COUP, 111.g X shift symmetry !
limit v L
EFT of vector-tensor theories | <xtension to FLRW Gauged ghost
[present work]  |[--------- Rl >»| condensation |20, 21]
Minkowski
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Massive gravity in a nutshell

Simple question: Can graviton have mass?
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Massive gravity in a nutshell

Si '
mple question: Can graviton have mass?

Vainshtein mechanism
(1 972)
Nonlinearity =

van Dam-Veltman-
Zhakharov discontinuity
0

Fierz-Pauli theory (1939)

Unique linear theory
without instabilities
(ghosts)

Massless limit #
General Relativit



Massive gravity in a nutshell

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




Massive gravity in a nutshell

Si '
mple question: Can graviton have mass?

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

N )
N (e b
Vainshtein mechanism Boulware-Deser ghost
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




Cosmological solutions_ln
nonlinear massive gravity

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

Oomogeneoys
isotropic) universel




Consistent Theory
found In 2010 but
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D’Amico, et.al. (2011)
Non-existence of flat
FLRW (homogeneous
isotropic) universe!

Open universes with self-
acceleration

GLM = Gumrukcuoglu-Lin-Mukohyama
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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



Minimal theory of massive gravity

( MTM G) De Felice & Mukohyam%,C1L§1765024((2200116g)300226;
2 physical dof only = massive gravitational waves
exactly same FLRW background as in dRGT

no BD ghost, no Higuchi ghost, no nonlinear ghost
positivity bound does not apply

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.)

Lorentz-violation due to graviton loops is suppressed by
m?/Mg? and thus consistent with all constraints for m = O(H,)



Blue-tilted & amplified primordial
GW fro m MTM G Fujita, Kuroyanagi, MizPquI;(;,Sl\g/lt(J;grg/)arznlaS,

* Simple extension: ¢, 2 ¢,(¢) with ¢ = ¢(t) Fujita, Mizuno, Mukohyama,
, JCAP 01 (2020) 023
* mlarge until t  (t.., <t <tg) but small aftert_

cf. no Higuchi bound in MTMG

* Suppression of GW in IR due to large m = blue spectrum  _c0s
DECIGO




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



Minimal theory of bigravity (MTBG)

De Felice, Larrouturou, Mukohyama, Oliosi, arXiv:2012.01073.

4 physical dof only = massless & massive GWs

« exactly same FLRW backgrounds as in HRBG

* no BD ghost, no Higuchi ghost, no strong coupling
Three steps to the Minimal Theory

1. Fix local Lorentz to realize ADM vielbeins in HRBG
2. Switch to Hamiltonian

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

A testing ground for gravitational phenomena, e.qg.
graviton oscillation, that can be probed by GWs.




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

Katsuki Aoki" and Shinji Mukohyama™"'
lDepartmenr of Physics, Waseda University, Shinjuku, Tokyo 169-8555, Japan
*Center for Gravitational Physics, Yukawa Institute for Theoretical Physics,
Kyoto University, 606-8502 Kyoto, Japan
SKavli Institute for the Physics and Mathematics of the Universe (WPI), UTIAS,
The University of Tokyo, Kashiwa, Chiba 277-8583, Japan
(Received 2 May 2016; published 1 July 2016)

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
DLMO = DeFelice-Larrouturou-Mukohyama-Oli
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Why gravity beyond GR?

» Can we address mysteries in the universe>

Dark energy, dark matter, inflation, big-bang singularity,
cosmic magnetic field, etc.

* Help constructing a theory of quantum gravity?
Superstring, Horava-Lifshitz, etc.

One of the best ways to understand something may be
to break (modify) it and then to reconstruct it.



* Ghost condensation is a universal description of
scalar-tensor theories around Minkowski and de
Sitter backgrounds.

* Ghost condensation generates a web of EFTs
describing scalar-tensor and vector-tensor theories.

: . extension to FLRW ct v Aar et
EFT of inflation/dark energy |« ) Ghost condensation
2, 3, 6-15 . , o > 4,5
[ — } Minkowski or de Sitter [ " }
soft-breaking + | imposing
shift symmetry ! | shift symmetry

weak e
| gauging

shift symmetry

Shift-symmetric S
- coupling |

limit !

scalar-tensor theories [22]

weak : oaloine
coupling | SatSIs
C 2 1 | shift symmetry
limit '
extension to FLRW 1 orhe
Gauged ghost

condensation [20, 21]

EFT of vector-tensor theories
[present work]

Minkowski




Summary of massive gravity

* Massive gravity has a long history as a fundamental
qguestion in classical field theory.

* dRGT theory is free from BD ghost but its cosmology
suffers from strong coupling and ghost instability.
Stable cosmology requires either (i) new class of
cosmological solutions or (ii) extended theories.

— Testing grounds for gravitational phenomena that can
be probed by GWs.

> Blue-tilted & amplified primordial GW

> Graviton Oscillation

> Massive graviton DM and GW

and more ...



Implication of GW170817 on
gravity theories @ late time

X =—0"¢pd, ¢
Horndeski theoy (scalar-tensor theory with 2"d-order eom):
Among 4 free functions, . Still G,(0,X) &
G5(¢,X) are free.

G5(¢,X) may be constrained due to GW-DE interactions [Creminelli, Tambalo,
Vernizzi, Yingcharoenrat 2019]

Generalized Proca theory (vector-tensor theory):
Among 6 (or more) free functions, . Still
G,(X,FY,U), G5(X), G¢(X), gs(X) are free. X = —ArA,

Horava-Lifshitz theory (renormalizable quantum gravity):

= IR fixed point with c,,, = c,? How to speed up the RG flow?

Ghost condensation (EFT of scalar-tensor theory in Minkowski/de Sitter):
No additional constraint

Massive gravity (simplest modification of GR):

Much weaker than the requirement from acceleration

c.f. “All” gravity theories (including general relativity):



Thank you!



Backup slides



Extension to FLRW background
= EFT of inflation/dark energy

Creminelli, Luty, Nicolis, Senatore 2006
Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore 2007

Action invariant under x' > xi(t,x)
Ingredients
9 9%, Ryvpsr V& its derivatives

1st derivative of t

; I )t 0
6ut - 5# o \/ —gH 0, to,t - /—g00
900 huv = Guv + npnw

2nd derivative of t
K,, = hﬁvpn,/



Unitary gauge action

/d4£€\/ gL(t, (50 Kuv, 9uv, 9", va;u/pa)

‘ derivative & perturbative expansions

1= oy f daflr{ R+ e(t) + ea(t)g™

—I—L(Q) (5900, 5K/u/7 5R/u/pa; ty Guv gli’/, VIJJ)]

2 e < 00\2 < 00,\3 T 00F¢
L® = X(#)(69%)* + X2(£)(69™)* + A3(t)5g* 6 K/
+A4(t)(6KH)? + X5 (t) 0K LK, +



NG boson

Undo unitary gauge t — t =t — (¢, %)
H(t) — H({t+m), H@) — H{lt+n),

ANi(t) = N(t+7), at)— alt+7),
0, — (L4)d, + 6,0,
NG boson in decoupling (subhorizon) limit

H i)
I, = Ml%l/dtd?’fa?’ {—— (fr? —cgﬂ)

c2 a?
(1 C3 .3 . (8@-%)2 4 ~2 (2)
() (3 2) o 4,
1 4\ 2x; (1 -
—=1-2 03:c§—8682 — -1
c2 H —H \¢c

Sound speed
¢, . speed of propagation for modes with w > H

2 S
w? = c? % for m ~ A(t) exp(—if wdt + ik - X)



power spectrum

H 0;m)?

I, = Mpl dtd3 ——2 —cg( Z) =) Y
8 a C(k)_ga AN —4M12:)ZHCS

) 1 C273 a ? ~2 (2) - . csk~aH

—H (é - 1) (Zgﬁ ) +0(m*, &%) + Ls. 5R} m) non-Gaussianity
(G, (8) G, (8) G, (1)) = (2m)36% (1 + ko + k) B

2 types of 3-point interactions
1 T s
k° B |ky=ky=ko=k = 38A2( (LR

2 > size of non-Gaussianity
- 85 1 5es 1
: (1_‘_2) fNL—81 (1_0_2)

fxL ~ 324 2
c3 > shape of non-Gaussianity plots of By (k, 3k, k3k) /B (k, k, k)

- Prototype of the * Linear combination
of the two shapes

orthogonal shape

Prototype of the
equilateral shape




