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* Numerical model classification and
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what GWs observations can do?
SA and A.Nishizawa. in arXiv:1711.03776
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Observational confrontations to seek

the true theory of gravity

redshift the present universe cosmic expansion
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Observational confrontations to seek
the true theory of gravity

redshift the present universe cosmic expansion
H

* dependence of unknown priors

* intrinsic degeneracies in models

The creation of the universe




Observational confrontations to seek

the true theory of gravity

EFT - parameterization

T. Kobayashi, M.Yamaguchi, and |.Yokoyama 201 |
E.Bellini & l.Sawicky JCAP 2014

D.Langlois et.al. 2017
In ADM formalism d¢(t) =

2 .
S = / dtd3:ta3M 0K 0K — §K?

+ (1 + ar) ( 6\/_ 52R)

+axH?*6N? + 4apH6KSN + (1 + off)RON | ,

R :3d Ricci scalar

1 dM? ‘
M MM dt
07524 Kinetic term of scalar

&pB  “Braiding” between kinetic term of scalar and tensor

. _ 2
QT phase velocity of tensor ar = cp — 1



Observational confrontations to seek

the true theory of gravity

e.g. Horndeski theory

G. Horndeski, 1974
T. Kobayashi, M.Yamaguchi, and |.Yokoyama 201 |

5
SHorn — /d4ZE\/ —4g Z »Cz
1=2

£2:G2(¢7X)7 o L
L3 = —Gs(¢, X)Og, = 0"/
L1 = Gu(¢, X)R+ Gax(9, X) [(O9)" — $u6™| ,

. 1 .
£5 — G5(¢a X)Gm/¢’lw - EGSX (¢, X) [( ¢)3 + 2¢;uu¢;ua¢;a# - 3¢;pu¢’lw ¢]

* General framework for|-scalar and 2-tensor d.o.f up to 2nd
order space-time derivatives

* Phenomenologically it can explains cosmic acceleration

- Impossible to solve the cosmological evolution in
model-independent way



Numerical model classification and

correlation between the EFT couplings

Flow of the numerical model extraction
SA and A.Nishizawa. in arXiv:1711.03776




Numerical model classification and
correlation between the EFT couplings
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Numerical model classification and
correlation between the EFT couplings

a
¢(t) — M¢ {a'O + a1 Hotrp 22 (HOtLB)z} 3

t =/z dz’ Wj/
" o Hacom(2') - (1+2') ¥

Hacom(2) = Ho {Qmo(1+2)° +1 - Qmo}l/2

Planck 2015 best-fit : Hy = 67.8 km - s *Mpc™ ! Q,,,0 = 0.3080
PAde. Planck2015
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Numerical model classification and

correlation between the EFT couplings
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Numerical model classification and

correlation between the EFT couplings
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Numerical model classification and

correlation between the EFT couplings

Set
/1 ~lapp)
Mf52(G4—2XG4)(+XG5¢-¢ZHXG5X): (Al)

d

H2Mfax =2X(Gax +2XGaxx —2G3s —2XG3sx)
+ 120X H(G3x + XGaxx — 3G1sx — 2XGisxx)
+ 12X H?(Gsx + 8XGyxx + 4X%Gyxxx)
— 12X H?*(Gs4 + 5XGsox +2X*Gsxxx)

+ 40X H?*(3Gsx + TXGsxx +2X 2G5XX)(() ; )
A3

HM?C!B - 2¢(XG3X — G4¢ — 2XG4¢x)
+8XH(Gsx +2XGisxx — Gs6 — XGs6x)

+ 20X H?*(3Gsx + 2XGsxx),
(A4)

M2ar =2X(2Gsx — 2Gss — (¢ — 6H)Gsx) .
(A35)




Numerical model classification and

correlation between the EFT couplings
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Numerical model classification and

correlation between the EFT couplings

|. Consistency

‘1 — H/HACDM‘ < A}Iobs/‘[_lobs

AH obs __ 20(7 N.B. Currently without any experimental
H b _ 0 prior (e.g. Planck 2015) but still reasonable
obs

c.f. Simon et al. (2005) Moresco et al. (2012)
Zhang et al. (2012)

2. Stability
Avoiding ghost and gradient instabilities.i.e. Q, > 0,c% > 0

for a quadratic action as

S = / dtd’zy {Q,6% — c2(9;0)*}

o = scalar, tensor




Numerical model classification and

correlation between the EFT couplings
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Numerical model classification and

correlation between the EFT couplings

Model classification
SA and A.Nishizawa. in arXiv:1711.03776

Subclass of Horndeski theory  Parameters of Gg'”) Models

(I) G4 + G5 Gy,G3 =0 self acceleration

(II) G4 + G5 + G2 92,92X, G200 # 0 quintessence/nonlinear kinetic theory
J(R) thories

(ITII) G4 + G5 + G3 Gs #0 cubic galileons

(IV) Cov.Gal 92X,93X,94x X 95xx #0 covariant Galileons

G,+G5 Gy+Gs+Gy,  Gy+Gs+Gy Cov.Gal

8642 8642 8642 8642
loglayl

GW observations can significantly distinguish the models



S EFT of gravitation after GW 17081 7:

( CosMOLOGY
D] GROUWUP

what GWVs observations can do!?

Impact of GWI170817 & GRBI70817A

APJLett.848:L13 2017
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Gravitational Waves and Gamma-Rays from a Binary Neutron Star Merger:
GW170817 and GRB 170817A

LIGO Scientific Collaboration and Virgo Collaboration, Fermi Gamma-ray Burst Monitor, and INTEGRAL
(See the end matter for the full list of authors.)

Received 2017 October 6; revised 2017 October 9; accepted 2017 October 9; published 2017 October 16

Abstract

On 2017 August 17, the gravitational-wave event GW170817 was observed by the Advanced LIGO and Virgo
detectors, and the gamma-ray burst (GRB) GRB 170817A was observed independently by the Fermi Gamma-ray
Burst Monitor, and the Anti-Coincidence Shield for the Spectrometer for the International Gamma-Ray Astrophysics
Laboratory. The probability of the near-simultaneous temporal and spatial observation of GRB 170817A and
GW170817 occurring by chance is 5.0 x 10 ¥, We therefore confirm binary neutron star mergers as a progenitor of
short GRBs. The association of GW170817 and GRB 170817A provides new insight into fundamental physics and
the origin of short GRBs. We use the observed time delay of (41.74 £+ 0.05) s between GRB 170817A and
GW170817 to: (i) constrain the difference between the speed of gravity and the speed of light to be between
~3 x 10 " and +7 x 10 'S times the speed of light, (i) place new bounds on the violation of Lorentz invariance,
(iii) present a new test of the equivalence principle by constraining the Shapiro delay between gravitational and
electromagnetic radiation. We also use the time delay to constrain the size and bulk Lorentz factor of the region
emitting the gamma-rays. GRB 170817A is the closest short GRB with a known distance, but is between 2 and 6
orders of magnitude less energetic than other bursts with measured redshift. A new generation of gamma-ray detectors,
and subthreshold searches in existing detectors, will be essential to detect similar short bursts at greater distances.
Finally, we predict a joint detection rate for the Fermi Gamma-ray Burst Monitor and the Advanced LIGO and Virgo
detectors of 0.1-1.4 per year during the 2018-2019 observing run and 0.3-1.7 per year at design sensitivity.

Key words: binaries: close — gamma-ray burst: general — gravitational waves



EFT of gravitation after GW 17081 7:

what GWVs observations can do!?

Impact of GWI170817 & GRBI70817A

APJLett.848:L13 2017

THE ASTROPHYSICAL JOURNAL LETTERS, 848:L13 (27pp), 2017 October 20 https: //doi.org/10.3847 /2041-8213 /2a920c
© 2017. The Amenican Astronomical Socsety. All rights reserved.
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Gravitational Waves and Gamma-Rays from a Binary Neutron Star Merger:
GW170817 and GRB 170817A

GW propagation in Horndeski theory

hy:+ (2 + an)Hhi; + (ar® —1)k* =0

luminosity arrival time
distance difference

|OéT,()| < 10_15




EFT of gravitation after GW 17081 7:

what GWVs observations can do!?

Breaking degeneracy between X parameters
Gy+Gs Gy +Gs+Gy  Gy+Gs+G3
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EFT of gravitation after GW 17081 7:

what GVWVs observations can do!?

Phenomenological implication for coupling hierarchy

unless we set ar = 0or |¢/H¢| < 1

other X parameters have to stay in
|()4M < 0(10_2)

| < 0(10_5)
OéB‘ < 0(10_3)

ACDM model ?




We developed the numerical formulation to classify the models in
the Horndeski theory based on X parameterization, reasonably
including observational uncertainties.

Applying our method to GW observation, we obtain the
distributions of the models in X7-Gm plane.

Considering the current observation of GW170817 and GRBI170817A,

c.f.].M.Ezquiaga and M.Zumalacarregui 2017
Unless av = 0, it is inevitable to set all the s to be smaller.

caveats

. |ar| <107" is confirmed only at one redshift

— multiple GWV detections are significant
SA and A.Nishizawa. in arXiv:1711.03776

- Models with ap = 0 potentially predict large values for the s
—> GW +Other cosmological observations are essential




Back Up



Model extraction consistent with current

cosmic expansion

Observational constraints on cosmic expansion histories

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

TABLE 1
HUBBLE PARAMETER VERSUS REDSHIFT DATA

|

H(z) oH

z T
(km s~ ' Mpec ') (km s~ * Mpec 1)

z -1 -1 ~1 ~1
0070 o 195 5 (kms™* Mpc ) (kms™ " Mpe " °)
§:;§ “?g“ ”3'2 g 0.070 69 19.6
0.199 75 5 3 0.090 69 12
om 1 it i 0.120 68.6 26.2
§;§ :g:,: 3?3‘ 1% 0.170 83 8
ms 8 " S 14 78 -
0.3 s itz g 0.200 72.9 29.6
0.4497 92.8 12.9 9 0.270 77 14
0.4783 80.9 9 9
8'§?8 9%7 4 163 1% .
0.593 104 13 3 Simon et al. (2005)
0.600 87.9 6.1 4
0680 0 *s 3 Moresco et al. (2012)
o781 bt 2 3
0.875 125 17 3 Zhang et al. (20 | 2)
0.880 90 40 2
ooy 154 % 3
e g : AH e
1.430 177 18 1 N 17(7
1.530 140 14 1 — 0O
1.750 202 40 1
v -y o - H obs
2.360 226 ~ 6

@z ~ 0.1

* Reference numbers: 1. Simon et al. (2005), 2. Stern et al. (2010), 3.
Moresco et al. (2012), 4. Blake et al. (2012), 5. Zhang et al. (2012)
6. Font-Ribera et al. (2014), 7. Delubac et al. &2015;, 8. Moresco
(2015), 9. Moresco et al. (2016), 10. Alam et al. {2016).



GWV observation as a probe of theories of gravity

Self Acceleration

2

M?(t)cz(t
SHorn:/d4x\/_g *()CT()R+

2
Q(t) L 1 dM:
MZ2H dt

in the language of the EFT

G.Gubitosi et al. 2013 J.Gleyzes et al. 2013

N.B [.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.

4(¢)

HOQ(t)

> 1

L.Lombriser & A.Taylor JCAP 2016



Lombriser & Taylor 2016

L.Lombriser & A.Taylor |CAP 2016
0.0

~0.5-

-1.0

log oy |

~15

~2.0-

They carefully consider models that
have non-linear screening mechanism

but still give general discussion of
Horndeski theory

25—
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EFT of gravitation: a bridge of low and high

energy physics of gravity

Models in the EFT-parameterization

E.Bellini & I.Sawicky JCAP 2014

Model Class aK ap aM QT
ACDM 0 0 0 0
cuscuton (wx # —1) [71] 0 0 0 0
quintessence 1, 2] 1-Qm)(14+wy) 0 0 0
k-essence/perfect fluid  [45, 46] (I_Q‘“‘)éuw") 0 0 0
kinetic gravity braiding [47-49] m?(nmtag)/H2ME,  mE[HME 0 0
galileon cosmology 57] —3/203  H?r2e2¢/M  akfe — am ~28/HM 0
BDK 26] $°K sue” " [H2 M2 —a R H 0
metric f(R) 3, 72 0 —aMm BH /2 0
MSG /Palatini f(R) 73, 74] ~3/203, — oM 20/H 0
f(Gauss-Bonnet) 52, 75, 76] 0 s T gj:}‘f}f 3 Sl




GW observation as a probe of Horndeski theory

Observational bounds from GW170817

vvvvvvvvvvvvvvvvvvvvvvvvv

—75.3 S 1740 S 78.4

SA and A.Nishizawa. in arXiv:1711.03776

591 X 1013

—4.7x 1071 < §,0 <22x 10710



