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Observations of gravity cosmological scale

Type-Ia supernovae

LSS

GW

Model extraction consistent with current 
cosmic expansion

New!
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Observational constraints on cosmic expansion histories

Model extraction consistent with current 
cosmic expansion

O.Farooq et al.  Astrophys. J. 835 (2017) 

 Simon et al. (2005) 
 Moresco et al. (2012) 

Zhang et al. (2012) 
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 Horndeski theory 

SHorn =

Z
d4x

p
�g

5X

i=2

Li

The most generic theory with a scalar whose EoM 
contains only up to 2nd order spacetime derivatives. 

G. Horndeski, 1974

X ⌘ ��;µ�;µ/2

T. Kobayashi, M. Yamaguchi, and J. Yokoyama 2011

Model extraction consistent with current 
cosmic expansion

L2 = G2(�, X),



α-parameterization 
E.Bellini & I.Sawicky JCAP 2014

Model extraction consistent with current 
cosmic expansion

↵M

↵K

↵B

↵T

Kineticity  of scalar 

“Braiding” between scalar and tensor

phase velocity of tensor

In ADM formalism

↵M ⌘ 1

HM2

dM
2

dt

↵T ⌘ c2T � 1

R :3d Ricci scalar



α-parameterization 
E.Bellini & I.Sawicky JCAP 2014

Model extraction consistent with current 
cosmic expansion



Flow of the model extraction 
SA and A.Nishizawa. in preparation 

Model extraction consistent with current 
cosmic expansion



Set-up 

Model extraction consistent with current 
cosmic expansion

�(t) =
p

MplH0

n
a0 + a1H0tLB +

a2

2
(H0tLB)

2
o
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tLB ⌘
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H⇤CDM(z0) · (1 + z0)

H⇤CDM(z) = H0

�
⌦m0(1 + z)3 + 1� ⌦m0

 1/2

・time-dependence of

・approximation of the Horndeski functions

G(app)
i � �, X,�X,�2, X2(i = 2, 3, 4, 5)

gi⇢, gi⇢�(⇢,� = � or X)

�(t)
SA and A.Nishizawa. in preparation 



Criteria for model extraction 

Model extraction consistent with current 
cosmic expansion

1. Consistency

2. Stability

Avoiding ghost and gradient instabilities. i.e.  

S(2) =

Z
dtd3x

X

�=scalar,tensor

�
Q��̇

2 � c2�(@�)
2
 

Q� > 0, c2� > 0

for a quadratic action as

|1�H/H⇤CDM | < �Hobs/Hobs

�Hobs

Hobs
⌘ 20%

SA and A.Nishizawa. in preparation 
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I. D. Saltas et. al PRL 2014

Modification of GW propagation 

h00
ij + (2 + ⌫)Hh0

ij + (cT
2k2 + a2µ2)hij = a2��ij

⌫

cT

µ

�

time variation of the 

effective Planck mass

propagation speed of GW 

graviton mass

additional sources of GW

Lorentz symmetry/Equivalence principle

time dependent gravitational coupling

massive gravity (Shinji-Mukohyama’s talk)

Non-minimal coupling with other fields

GW observation as a probe of Horndeski theory

A.Nishizawa arXiv:1710.04825 



Solution of modified GW propagation 
at cosmological scale

A.Nishizawa arXiv:1710.04825 

h = CMGhGR

D ⌘
1

2

Z ⌧

d⌧ 0⌫H

�T ⌘
Z ⌧

d⌧ 0
⇢
(1� cT )�

a2µ2

2k2

�

� = 0
solutions that alters in cosmological time scale:  

: conformal time ⌧

Source-less system

amplitude

phase

CMG ⌘ e�De�ik�T

arrival time difference
e.g. GW and GRB

luminosity distance

GW observation as a probe of Horndeski theory



α & cT in Horndeski theory 

・GW properties are only involved with G4 and G5 

・in GR, ⌫ = 0 cT = 1

dt = ad⌧

Ȧ ⌘ dA

dt
H = H/a

E.Bellini & I.Sawicky JCAP 2014

M
2
⇤ (z) ⌘ 2(G4 � 2XG4X +XG5� � �̇HXG5X)

⌫ ⌘ d lnM2
⇤

d ln a
= ↵M (z)

cT
2 � 1 ⌘ ↵T =

2X

M2
⇤

⇣
2G4X � 2G5� � (�̈� �̇H)G5X

⌘

・ G4 or G5 themselves can achieve accelerating universe
“self acceleration” L.Lombriser & A.Taylor, JCAP 2016

GW observation as a probe of Horndeski theory



Different expansion histories 
SA and A.Nishizawa. in preparation 

GW observation as a probe of Horndeski theory



Model distribution 
SA and A.Nishizawa. in preparation 

GW observation as a probe of Horndeski theory



Impact of GW170817 & GRB170817A
  APJLett. 848:L13 2017 

GW observation as a probe of Horndeski theory
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Observational bounds from GW (preliminary)
SA and A.Nishizawa. in preparation 

GW observation as a probe of Horndeski theory



Summary of my talk

Summary

・We developed the numerical formulation to classify the  
   models in the Horndeski theory based on α parameterization.

・Applying our method to GW observation, we obtain the 

    distributions of the models in αT-αM plane.

・Considering the current observation of GW170817  
   and GRB170817A, the Horndeski theory hardly account  
   for cosmic acceleration and GW propagation at the  
   same time.

comments : quintessence or f(R) gravity survive so far!  
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Self Acceleration 

SHorn =

Z
d4x

p
�g

M2

⇤ (t)c
2

T (t)

2
R+ . . .

⌦(t)

in the language of the EFT
J.Gleyzes et al. 2013G.Gubitosi et al. 2013

N.B 1. We here use the notation as same as EFT of DE. 
N.B 2. This way of acceleration is ONLY seen in the Jordan frame. 

GW observation as a probe of theories of gravity

�����
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����� & 1

L.Lombriser & A. Taylor JCAP 2016  
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Lombriser & Taylor 2016

L.Lombriser & A.Taylor JCAP 2016

They carefully consider models that 
have non-linear screening mechanism 
but still give general discussion of 
Horndeski theory

�����
⌦̇(t)

H⌦(t)

����� & 1

⌦̇(t)

H⌦(t)
= ↵M +

↵̇T

H(1 + ↵T )


