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

Theoretical:
To understand why GR is unique.

“The best way to understand something is to modify it.”
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Any metric theory of gravity alternative to GR must satisfy (at least):
 extra degrees of freedom,
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* higher derivative terms (e.g., f(R)),
* extension of Riemannian geometry (e.g., f (T)),

* giving up locality.
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. T )
Einstein equation Is quite unique.

OéGuy -+ Aguy =0 [Lovelock, 1971]
\_ /

Any metric theory of gravity alternative to GR must satisfy (at least):
e extra degrees of freedom (with exotic couplings with gravity),
 extra dimensions (e.g., brane world),

* higher derivative terms (e.g., f(R)),
* extension of Riemannian geometry (e.g., f (T)),

e giving up locality.
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k-essence:
the most general scalar-tensor theory,

the Lagrangian involves up to the first derivative of the scalar

\field. Y
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Generalized galileon/Horndeski theory: the most general
scalar-tensor theory,

e Lagrangian/EoMs involve up to the second derivatives,
* Propagates 1 scalar + 2 tensor dofs.
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Higher derivatives of the scalar field and the metric.
Propagates 1 scalar + 2 tensor dofs.
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DHOST (degenerate higher order scalar-tensor) theory:
* Higher derivatives in EoMs (2"9 derivatives in the action),
* Propagates 1 scalar + 2 tensor dofs.
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TRADD, FISHE,

“Never forget why you started,
and your mission can be accomplished.”

[ OB BT, BmiE252 L, |
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Spatially covariant gravity

#JiIL) (beginner's mind) = a scalar degree of freedom

[ Reduction of } ‘ { Extra mode(s) }

symmetries

[ Breaking U(1] Massive vector }

(2 vector + 1 scalar)

Breaking whole spacetime diff
(2 tensor + 2 vector + 1 scalar)

ad
— { Massive gravity }
- |

_ 2 tensor + 1 scalar
only spatial symmetries

Breaking time diff, respecting }
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Foliation of spacetime

Spacelike
hypersurfaces

4 I “ I

Spacetime covariant Spatially covariant

4-D quantities 3-D quantities

ngguuaR,u,Vpcrav,u, tnNa hijaRijaviaKij
/ \ /
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Early examples

2004 Ghost condensation

[Arkani-Hamed, Cheng, Luty &
Mukohyama]

2007 ¢ Effective field theory of inflation
gcg:ggg;r(é;emmelh, Fitzpatrick, Kaplan 2009 Horava gravity

[Horava]

4 \

 The Lagrangians are built of spatial invariants;

* The theories propagates one scalar mode (besides
_ the two tensor modes).

/
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\_ /




Two faces of scalar-tensor theories

-

\_

Spacetime covariant
Scalar-tensor theories

ﬁ(Qb, Guv, R,uvpaa vu)

~
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Spatially covariant
gravity theories

L(t,N,hij, Rij, K;;, V)

~
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Gauge fixing:
(unitary gauge)

o(t,x) =t

N
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Spacetime covariant
Scalar-tensor theories
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Spatially covariant
gravity theories
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Two faces of scalar-tensor theories

Gauge fixing: o(t, %) —t

\_

(unitary gauge)

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

£(¢aguuaRuvpaavu) E(taNa h’tjaRZjaK%jav’b)

\_ v

w
Gauge recovering: t — ¢(t, I)

(Stueckelberg trick)

[H. Motohashi, T. Suyama, K. Takahashi, 2016]
[A. De Felice, D. Langlois, S. Mukohyama, K. Noui & A. Wang, 2018]
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Ghost condensation
[Arkani-Hamed, Cheng, Luty & Mukohyama]

Effective field theory of inflation
[Cheung, Creminelli, Fitzpatrick,

Kaplan & Senatore]
GLPV theory

[Gleyzes, Langlois, Piazza & Vernizzi]
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2004 7 Ghost condensation
[Arkani-Hamed, Cheng, Luty & Mukohyama]

2007 ! Effective field theory of inflation

[Cheung, Creminelli, Fitzpatrick, 2009 *
Kaplan & Senatore]
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2014 ¢ GLPV theory

[Gleyzes, Langlois, Piazza & Vernizzi]
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2014 GLPV theory
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2014 ¢ Spatially covariant gravity
[XG, Phys.Rev. D 90 (2014) 081501
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Spatially covariant gravity

2004 Ghost condensation
[Arkani-Hamed, Cheng, Luty & Mukohyama]

Y
2007 Effective field theory of inflation

[Cheung, Creminelli, Fitzpatrick, 2009 Horava gravity
Kaplan & Senatore] [Horava]

2014 GLPV theory

[Gleyzes, Langlois, Piazza & Vernizzi]

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]
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Geometric motivation

The basic picture:

[ 4d spacetime ] —+ [ foliation of spacelike hypersurfaces ]

Basic geometric quantities:

{ timelike normal vector field: n,=—-NV,¢

Induced metric: hu.

Basic building blocks:

£, time der.
¢, N, h,,  with derivatives in terms of

D, space der.

Also, field transformations typically introduces N.

[G. Doménech, S. Mukohyama, R. Namba, A. Naruko, R. Saitou, Y. Watanabe, 2015]
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The action

[XG & Zhi-Bang Yao, arXiv:1806.02811]

General action (in the unitary gauge):

S = /dtd?’a:N\/Eﬁ(t,N, hfi,j)FaKijavi)

with F = % (]lf — £ﬁN) : gy = % (hzj — £ﬁhij)

lapse is dynamical

Generally, such kind of theories have 2 scalar dof’s, one of which is
an Ostrogradsky ghost.

Nevertheless, we found conditions to kill the ghost.
[See Zhi-bang Yao’s talk]
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How if the scalar field acquires a spacelike gradient?

¢ = const.
timelike hypersurfaces



Spatial gauge

timelike spacelike

Vo= -n, Lo + Duo¢
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Spatial gauge

timelike spacelike
Vup=| —nufnd + Dug
0

spatial gauge

[XG, M. Yamaguchi, D. Yoshida,
General action: JCAP 1903 (2019) 006]

[ S(s8) — /dtdS:cN\/Eﬁ(hij;Kij,Rij,GbaNa D;) }

* ¢ is anon-dynamical (auxiliary) field

 General covariance is broken, which leads to a scalar d.o.f.
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Thank you for your attention!




