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Network SNR

Event mi/Ma /Mo M/M. Vet M /M. g Ewa/(Moc?) {peak/(ergs™)  dp/Mpe - AQ/deg? GstLAL
GWI150914 35.6%5 30657 28671 —00I50F 63155 06940 3.5 364ix 10 43050 0.09%7 179 24.4
GWIS1012 23300 1360t 15280 D04 357 06T 1510 320 106070 021780 1855 10.0
GWI151226 13788 7722 g9 018 205%% 074 L0 3400w 0% 4e00iR Q090D 1033 13.1
GW170104 31072 2009 21520 004100 49.1%32 066109 22103 3306, 10%  9p0HN 019109 g4 13.0
GWI170608 10973 7.6717 TR 0mapl 178t 060 0M o9t 3500 I0P®  320HhR 0ORinE 396 14.9
GWIT0729 SDEtES 343, 35702 036702 80P osrdl  astll 4270d%i00*® 27500 04l 101 10.8
GW170809 352*%3 238+32 350t 007018 56.4%32 070998  27:06 35406 10% 990430 0.20%0% 340 12.4
GWI170814 3073 25.3%) 2424 0073 534%7 07244 2708 37108 5E0MS Gij21n 87 15.9
GWI70817 1465310 1.27:00 11867000  0.000002 <28  <0.89 > 0.04 >0.0x 10 40t 001700 16 33.0
GW170818 35572 26841 267+ -009:018 59848 0674007 27708 3402 10%6 1020442 020100 39 11.3
GW170823 39.6%100 294%3  293+2 (0830 65619 071398 33109 3606 10% 1850:30 0342013 651 113

Now, 10 BH merger event data are publicly open.  arxiv:1811.12907



GraceDB — Gravitational-Wave Candidate Event Database
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LIGO/Virgo O3 has
started last April,
and
KAGRA will join soon.



Test of GR using coalescing binaries

* Inspiral phase(large separation) (“tferetah PRL702584(1959)
Clean system: ~ point particles

Accurate theoretical prediction of
waveform is possible.

Waveform in Fourier space for quasi-circular inspiral

5/6
~ ~716 51 P(F)| | A= 1 M M= 13M 25 _ M
h(f)~ Af "% — D 7 =y
\P:Zﬂftc—¢c+i(ﬂ/\/lf)_5/3 1420 143, 1177 Vi—( 16r-B)V’+---
128 9\ 331 4
1PN 1.5PN

V=M f
5



Parametrized test of gravitational wave form

h(f )z Af-78a¥ ()| GW waveform from a binary in a quasi-circular orbit

Theory a o b I6;

~ Brans-Dicke [9, 10, 14-16 - 0 -7/3 3
Af)—> (1+ Z au” jAGR( f) Parit}r-\-f’iolatiLn 22, 34_3;] 1 a / ~

i Variable G(t) [38] -8/3 ! -13/3 B

n Massive Graviton [8-14] — 0 -1 B
LI"( f —> LPGR Z ﬂ l.Jq Quadratic Curvature [23, 44] - 0 -1/3 I6;

_ Extra Dimensions [45] — 0 -13/3 B
Dynamical Chern-Simons [46] +3 « +4/3 I5;

(Yunes & Pretorius (2009))

Calculable leading order corrections are described by the
parameter b and £ in many cases.

Parametrized Post Einstein (PPE) formalism
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Constraint on the relative
amplitude of deviation from
GR for each PN coefficient of
the phase evolution

This Is a constraint on
generation of gravitational
waves in the inspiral phase.

The leading tidal effects

(LIGO/Virgo 1903.04467) appear at 5PN order

But this is not the whole story.
There are also many examples of possible extension from

GR that go beyond the scope of PPE formalism.
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285 the parametrized test sufficient?

Ex.1) Massive scalar dipole radiation

Scalar-tensor theory is already strongly constrained by the
pulsar timing observations.
Constraint on dipole radiation from GW170817 (1811.00364)
B <12 x10~"
IS to be compared with pulsar constraint
|IB| S 6 x 1078
However, the scalar field may have a small mass.

The scalar field should be stabilized for T, <10MeV, since the
effective gravitational coupling G, must be unchanged during BBN.

rnscalar > 10—16 eV’

which is marginally sufficient to evade the constraint from pulsar
timing (PSR J0348+0432).
LIGO-Virgo-KAGRA band corresponds to the mass range

10%eV>m_, > 10" eV (Ramazanoglu et al. 1601.07475)



In this case, it is easy to obtain the leading post-Newtonian correction.

At low frequencies there is no scalar emission and the fifth force is
suppressed at a distance beyond its Compton wavelength.

There Is a mass parameter region in which the dipole radiation occurs
only at around the binary coalescence.

Y, N[ DI o =K s
Tr$¢) ~ @8, ~Kogp : energy flux

For the energy loss rate due to the dipole radiation (I =1),
we will have an extra factor k3?0 (w - m) to the energy flux,
compared with the massless case.

However, it is not so easy to obtain the full waveform covering the
merger-ringdown phase.



Result of application of the test to the real data
K. Yamada, T. Narikawa and TT arXiv:1905.11859

; .3
sBY = L_.(f)q_wf —m?)(2r fM)~2/3
dt )3

d a fH Q iy
90% confidence level upper bound

101

10-2 i-—ua—w‘-—-—A\A
1073 N — Gwirest
00225000090
GW150914

< 107 — GW170814
105 GW170608
— GW170104
_ﬁ_
10 — GW151226
-7 I I |
0010 1014 1073 1072

m[eV]l scalar mass

Even we introduce the scalar mass, GR is more preferred.
10



Einstein dilaton Gauss-Bonnet
S5 —“(E;dGB [d'xJ-go(R?-4R, R +R¥ R",)

) d*xy-g| (00) -m6?|

2G,

Turu-turu

5 Stack
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E Aeges = 0
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1 F 4
A
1
|,,{
0.1 l r .
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Gauss-Bonnet coupling with massive scalar field in

this mass range was constrained for the first time. ”



Full waveform generation

* \We want to use the merger-ringdown
phase to give tighter constraint.

 However, the practical calculation of the
waveform for modified gravity Is limited
to PN expansion.

e Iterative construction of solution is going

to be developed. (okounkova et al. 1911.02588)

For the precise determination of the phase evolution,
something like renormalization group method may be
required.

12



Gamma ray

association with binary
neutron star merger :
event GW1/0817/

(arxiv:1710.05834)

Event rate (counts

ent rate | Counts §)

Event rate (counts/s) Ene

Frequency ( Hz)

500 4 .
i Lighteurve from

2250 -
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1750 143
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’.' ' I I‘ Ty

!

1500 4

1250 4

Fermi /GBM (10 — 50 keV)

L:..|' }

750 4 Lighteurve from Fermi /GBM (50 — 300 keV)

120000 <
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115000 4

Lightcurve from INTEGRAL /SPI-ACS
(= 100 k=V)

112500 4
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400
i)

100
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Propagation speed of gravitational waves

1.7sec delay of gamma ray detection over 40Mpc implies
2, —c?| <10
Extension of gravity theory is tightly constrained.

EX.) Horndeski theory: scalar-tensor theory with a single

scalar field with only upto 2" order time derivatives in EoM.
Ly = K(,X),
L3 =—G3(¢, X )00
L= Gu(6,X)R +Gax [(08)* = (V,Vus)?]

Ls = Gs(p, X '}Gw,‘\?'uvp(:} —

Gsx : : 2 :
X [(06) - 3(06) (VuVu6)? +2(V,Vus)’]

Gi— X (fjsc:,.__\- £ C)
Gy~ 2XGyx — X (HoGsx — Crg)
G, =G,(¢),Gs=0

Only rather traditional models survive.
K-essence, DGP braneworld, scalar-tensor theory 14

2
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Ex.2 Parity violating dispersion relation

Modified dispersion relation of GWs
has been tested by LIGO/Virgo collaboration. (1903.04467)

nDyp
- - - S 1 :
oD, (f) = sign(A,) 1 ! {
JTDL ?T(;J“"de[ f
In =], a=1
AA eff c?

a=0 (A,> 0) corresponds to
the graviton mass

(although non-covariant theory)

= Myaviton< 4.7 X103 eV

Aql  [peVvEe

-y ar—1 19
=
«l:;:;i(f) \ a£ ) i [

100 |-

How about the parity violating cases?
Right and left handed gravitons propagate differently.

her _ 1

J2

(W +ih®)

15



Generalized action including a term with the factor

e R,sR,... anda scalar field.

pe”™" R R, . Chern-Simons gravity is a typical example

Quadratic action (Nishizawa, Kobayashi 1809.00815)

L., :% y(t)e™h, o R + o) 5%, o h,

a*(t)
Action for the Chern-Simons: 7 (t) =5 (t)

V-9 (Leg + Loy ) =@ () [ 1= KA_p7 (1) ][ W% — ke |

Large modification of amplitude occurs when this factor
change in time: a(t)\/l— k4, r7 (t)h_g ~ const
Remark) At a slightly higher frequency,
negative energy states appear.
In more general models dispersion relation becomes
° + (2aH — ﬂL’Rk}/') o — (1+ A k(7 - 5)) k?=~ 0

In general, gravitational wave phase is also modified.

16



Subtle difference from PPE case

hL,Rz%(h+iihx)
o (1) =€ (1)

:> hTOd:%(hLmOd‘FhRmo :%(ei&pL+ei5q’R)h++E]_'(emL—ei5®R)rL

mo mo mo | L 10D 1 10D 10D
o = - (h “_h,! f’)_—( o _ g )h++§(e5q’ +e™)h,
|:> mod _ h+mod n AthmOd

PPE case: & (f)=60g(f)=6D (-f)=80(-f)
PV case: 0 (f)=-80g(f)=-6D (~f)=0(-f)
In case of face-on in-spiral, h, and h; are dominated by positive

and negative frequency components, respectively.
Then PV is degenerate with PPE.

It Is Important to determine the binary inclination angle using
multi-GW detector or multi-messenger information is importgpt.



Result of application of the test to the real data

LIJ( f ) N ‘PGR( f )+ AL,RZ@UQ (K. Yamada and TT in preparation)
|
105 ;_j |
10| i The obtained
101! upper bound
10-3 magnitude is
g 10° similar to non-
10:: parity violating
b | case.
019 _Generallzgd m0(_jel
1018 In the previous slide
-4 -3 2= TS
PN order
GW151226 — GW170104 GW170608
— GW170814 — GW150914 — GW170817
¥ = 5] <10 km 7 — 5] <10*°km

Constraint from |c;—1| < 10°1°
(Nishizawa, Kobayashi 1809.00815) 18



Modified propagation is easy to predict?

 We do not have to treat the merger ringdown
phase separately.

 However, waveform can be guite complicated
due to environmental uncertainties.

EX.) Bigravity (pe Felice et al, JCAP 1406 (2014) 037)
Phase shifts of two graviton propagation modes

B u\ec—-1 _ l-a
5CD1,2——J‘dx 5 fzy (1+ y+\/1+ 2y—1+a+y j
B 20°(c-1)
Je—1~ u \/3(1+a)p y= >

The phase shifts depend on the matter energy density p
on the line of sight.

The frequencies where the modification becomes large
also depend on the matter energy density. 19




Black Hole Echoes

There Is a claim that echoes might have been detected Iin

the LIGO GW events. (Abedi et al, arXiv:1612.00266)
Ly le—22 |
T CT) ' l 6l ! factic — trsrer . B : _ _
- " 20 § : ' '
g; ':th?}\ ; . B e | -------- ) eChO J—
E S 2 8 2 ; ] ; |
G| ™ Q7 z 0 f f
g S‘ % ; far:?‘?‘g - » 5 i "
e Tgi ',é E-.\Hﬂ\ TE__Q i auney . ............... .............................................
- el R | o
Bl S _
%\‘H‘-. !g.-" @‘-& {\\ 8 i L i I ]
T \ .f 0.0 0.2 0.4 0.6 0.8 1.0
r. ) t- 1:merger

1) Reflecting boundary at the Planck distance from the horizon
2) Slowly decaying echoes of the same waveform with overall phase shift 7.
3) Echo period 4 £, is the one predicted by the angular mom. barrier and
the reflection wall at the Planck distance from the horizon. 20
— 3o detection of signal



We considered more appropriate template

will increase the significance (@xiv:1704.07175)
Perturbation Equation of Kerr BH (Sasaki-Nakamura) [I=m=2 mode only]
dZZ +VgqY =0 Y = {eXp(_iwr*_) . ()
dr, Y,, eXp(— iKE )+ Yo, explike.)  (r. — —o0)
" Reflection rate :

Y reflection rate
JR(f)=+C =L \ '
‘Ydown‘ \
C=#1 \
< since Vyis notreal | N '\
Phase shift : ‘o100 05 | 05 1.0 4
o(1)=ard = |2 Seo-o N FIRe(fy)
Youm \ | phas@shift/z
depends on the frequency f. N .

~ ¢ can depend on the nature of the near-horizon boundary even if we

assume complete reflection.
However, ¢ ( f) can be approximated by a linear fn.
for a narrow range of f close to the QNM frequency f.

= ¢ (f) can be absorbed by
the time interval between echoes and the overall phase shift ¢, %



Power spectrum changes at each reflection

0.01%t

0.010"

0.006-
0.004-

0.002-

0.008-

Initial ingoing || 1% echo * Low frequency modes cannot
waveform is

assumed to be | | 2M echo penetrate the angular momentum
the same as the barrier.

outgoing one

alM=0.7 There is a different opinion (1907.03091)

8th echo _
* Higher frequency modes are

16" ech :
" suppressed at later time.

0.5 1.0 ‘2.0‘ T

f /Re(fou )

How does the significance of the echo signal change by taking
Into account this more physically motivated waveform?

22



N. Uchikata, H. Nakano, T. Narikawa, N. Sago, H. Tagoshi, TT arXiv:1906.00838

Analysis method

We follow the basic strategy taken by Abedi et al. (2017 )

Search the maximum signal-to-noise ratio (SNR) in the
Interval of 0.99 < x < 1.01, varying the other parameters.

t h le-22
X = ecno

B Atecho

hoes

Background estimation
Perform the same analysis for
the neighboring 4096sec data,
where no signal is expected.

Template with e

p-val u e DTU 052 [}:l-'i 056 CI.iB 1.0
_ #of reference data with SNR  SNR

#of all reference data
If we find p << 1, there might be some true signal.

23



Results of our re-analysis

We performed reanalysis using our new template, which we think is more
physically motivated, expecting the increase of significance.

List of p-values

Simple | Our The analysis using the template
repetition | template . . ..
assuming simple repetition of the
GW150914 0.157 0.984 form iVES relativel
GW151012 0.047 0.882 Same waveto g y
small p-value, although p-value is

GW170104 | 0071 | 0677 | f f
GW170608 | 0079 | 0488 arge for a few events.

GW170729 0.567 0.575

Expected improvement of the

GW170814 0.024 0.472 . g i
significance was not achieved.

GW170818 0.929 0.976
GW170823 0.055 0.315
average 0.241 0.671

2750 24




match for the best fit parameters?

Which frequency contributes to the

100 Abedi etal.
Our template

102
104
106
108
10-10
10-12
10—14

100 1000

Frequency(Hz)

As expected, the low frequency
modes are suppressed.

Early phase of echo can be much
louder.

0.10 |

0.05

As expected, low frequency modes
contribute a lot in the case of the
original template.

~>

We evaluate the echo spectrum excited
by a small particle falling into Kerr black
hole, as a mimicker of binary coalescence.

0.0 -

a/M = 0.85 1st echo =huge magnitude

015 - LZ/M 2 _ 26 2"d echo

8th echo

£\

}f \ 16t echo

= 1

0.4 0.g

i I~
s | ||l-
| A\
1 L PR L
1.0

1.2 14

f/Re(foum)



Summary

Gravitational wave observations opened up a new window
for modified gravity.

There are many ideas that can escape un-directed test of
GR, such as massive field radiation, echoes and so on.

More aspects that can be tested by the ground GW
detector network, to which KAGRA will join soon, will be
remaining to be uncovered.

Dedicated data analyses are to be implemented.

For this purpose, more theoretical studies are definitely
necessary.



