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Why modified gravity

Phenomenological side:
To explain the early and late accelerated expansion of our
universe.

Theoretical side:
To understand why GR is unique.

“The best way to understand something is to modify it.”



How to modify gravity

N T )
Einstein equation is quite unique.

oGy + Mg, =0 [Lovelock, 1971]
\_ /

Any metric theory of gravity alternative to GR must satisfy (at least):
» extra degrees of freedom (scalar-tensor theories),
e extra dimensions,
 higher derivative terms,
* non-Riemannian geometry,

* non-locality.



Covariant scalar-tensor theories
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Spatially covariant gravity theories

How to introduce a scalar degree of freedom?

symmetries

{ Reduction of J ) { Extra mode(s) }

only spatial symmetries

[Breaking time diff, respecting } ‘ [ 5 e - 7 ses Al J




Two faces of scalar-tensor theories

Gauge fixing: o(t, %) —t

(unitary gauge)

4 _ _ I 4 _ _ I
Spacetime covariant Spatially covariant
Scalar-tensor theories gravity theories

['(@agm/aR,uJ/paav,u) E(t,N, hij:RijaKijavi)

\ / \ /
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Gauge recovering: t — ¢(t, ¥)
(Stueckelberg trick)

[H. Motohashi, T. Suyama, K. Takahashi, 2016]
[A. De Felice, D. Langlois, S. Mukohyama, K. Noui & A. Wang, 2018]



Early examples

2004

2007 |

2014 *

Ghost condensation
[Arkani-Hamed, Cheng, Luty & Mukohyama]

Effective field theory of inflation
[Cheung, Creminelli, Fitzpatrick, 2009
Kaplan & Senatore]

GLPV theory

[Gleyzes, Langlois, Piazza & Vernizzi]

Horava gravity
[Horava]
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2014 ¢ Spatially covariant gravity
[XG, Phys.Rev. D 90 (2014) 081501

(Rapid Communication)]
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2014 ¢ Spatially covariant gravity
[XG, Phys.Rev. D 90 (2014) 081501

(Rapid Communication)]

g — fdtd%N\/E[,(t,N, Do K050 /559 V)

2 tensor + 1 scalar DoFs with higher derivative EoMs.
[XG, Phys.Rev. D90 (2014) 104033]



Constraint from the gravitational waves

Speed of the GWs:

3x100P < _1<7x10°16
C

[Phys. Rev. Lett. 119, 161101 (2017),
Astrophys. J. 848, L13 (2017)]
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Constraint from the gravitational waves

Speed of the GWs:

3x100P < _1<7x10°16
C

[Phys. Rev. Lett. 119, 161101 (2017),
Astrophys. J. 848, L13 (2017)]

Constraint on the Horndeski/DHOST theory:

‘CCT:]. — P(Qb, X) + Q(be, X)ng
(+ F(0)°R )

\- J

[P. Creminelli, F. Vernizzi, Phys.Rev.Lett.
119 (2017) no.25, 251302]
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Gravitational waves in a cosmological background:

Kinetic terms:  K,; K%,

e

[ — /dtd?’x%(go’ﬁj"}/ij

0? ; 1 02 ot .
+W0713 27 +E/Vl€‘7k7lz__ 3713 W2’Yzj 473—'_ )

N\ )\

Potential terms: R, [ R2. ViRij, VszRz'j,---J




GWs in a cosmological background

[XG & Xun-Yang Hong, 1906.07131]
Gravitational waves in a cosmological background:

Kinetic terms: Kinij,[ VieKij, ViViKij, - ]
[ — /dtd?’x?(go"}/ﬁj’w

0 4 ik 107
+Wovis 37" +W1€Jk’)/h:a

O\

Potential terms: R, R2. ViRij, ViViRi,

— 0 l_W 8_4 ij_'_...
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GWs in a cosmological background

[XG & Xun-Yang Hong, 1906.07131]
Gravitational waves in a cosmological background:

Kinetic terms: Kinij,[ ViKij,  ViViKij,- - ]

e / » -~
Sy = /dtdg (go%ﬂw E‘ g1 ka'—nz jf)/k g2'}%3 2'72‘7 = }

e ik 1 82 Ot L

N

Potential terms: R, R2. ViRij, ViViRi,
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Propagation speed of the gravitational waves:
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Propagation speed of the gravitational waves:

82 (S)—|—H(2+I/(S))8’Y(S)‘|‘(()) k’2 (3):0’ s — +9

“potential terms”

yd
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“kinetic terms”



Speed of the gravitational waves

Propagation speed of the gravitational waves:

|I)

Effects in the “potential” and “kinetic” terms can get cancelled.
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Speed of the gravitational waves

How if ¢z = 1 in our spatially covariant gravity framework?

[XG & Xun-Yang Hong, 1906.07131]
Deper = &2V (KK +R) + VK
+e” (KKK} + RK) + & (KiK' + R) K + VK
- P
VIV + VK + 66K - o R,

. : » 9 .
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Speed of the gravitational waves

How if ¢z = 1 in our spatially covariant gravity framework?

Horndeski with ¢y = 1 :

Suis) | = / dtd®z NV [b(t) (Ki;KY — K>+ R) + ag K + dy]



Speed of the gravitational waves

How if ¢z = 1 in our spatially covariant gravity framework?

Parity-violating terms with ¢ = 1 :

. : 1 . .

01 = ¢ Eijk (va;ijKkn + ngKlJKle) ,
1177 k r-mn 2 v 17 1okl

02 = C2&45k Vv KTJnKnK — §V KlK K ,
. : 1 .

03 =  Eijk (C3R2leKlk + ﬁ@tC;gK;vJKkl) .
. 1 .

Oy = Eijk (C4legKkl + ﬁ@thlK;ijkl) .

[XG & Xun-Yang Hong, 1906.07131]



Main message from this talk

e Scalar-tensor theories can be further extended.

* There are more general gravity theories satistyingcy = 1.



Thank you for your attention!




