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Showing diversity of constituent masses.

arXiv:1811.12907Now, 10 BH merger event data are publicly open.
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LIGO/Virgo O3 has 
started last April, 

and 
KAGRA will join soon.
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Test of GR using coalescing binaries

• Inspiral phase(large separation)
Clean system: ～point particles

(Cutler et al, PRL 70 2984(1993))

Accurate theoretical prediction of 
waveform is possible. 
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(Yunes & Pretorius (2009))

Parametrized test of gravitational wave form

( ) ( )fiefAfh Ψ−
≈
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f f uβΨ →Ψ +∑

GW waveform from a binary in a quasi-circular orbit

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

Parametrized Post Einstein (PPE) formalism
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(LIGO/Virgo 1903.04467)

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.

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.

The leading tidal effects 
appear at 5PN order



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

(Ramazanoglu et al. 1601.07475) 
8

However, the scalar field may have a small mass. 
The scalar field should be stabilized for Tuniv<10MeV,since the 
effective gravitational coupling GN must be unchanged during BBN. 

13 14
scalar10 eV 10 eVm− −> >

Scalar-tensor theory is already strongly constrained by the 
pulsar timing observations.  

Constraint on dipole radiation from GW170817 (1811.00364)

is to be compared with pulsar constraint

16
scalar 10 eV,m −>

Ex.1) Massive scalar dipole radiation

Is the parametrized test sufficient?
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In this case, it is easy to obtain the leading post-Newtonian correction. 

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

222 mk +=ω( ) ( )( ) ( ) ( ) ( )xSYkrexdkrhY lm
ltti

llm ′ΩΩ ∫ −− *)'(31~ ωφ
( ) ωφφφφφ kT trrt ~~ ,,

For the energy loss rate due to the dipole radiation (l =1), 
we will have an extra factor k3/ω3θ (ω - m) to the energy flux, 

compared with the massless case.  

: energy flux

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

However, it is not so easy to obtain the full waveform covering the 
merger-ringdown phase.
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Result of application of the test to the real data 

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

90% confidence level upper bound

K. Yamada, T. Narikawa and TT arXiv:1905.11859 

scalar mass
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Einstein dilaton Gauss-Bonnet

( )4 2 4EdGB

N

S d x g R R R R R
G

µν αβ µν
µν µν αβ

α θ⊃ − − +∫
( )24 2 21

2 N

d x g m
G

θ θ − − ∂ − ∫ Turu-turu

Hairly
=Scalar 
charge

0EdGBα =

0EdGBα ≠

Gauss-Bonnet coupling with massive scalar field in 
this mass range was constrained for the first time. 
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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. 

• 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. 
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Gamma ray 
association with binary 

neutron star merger 
event GW170817

(arXiv:1710.05834)
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1.7sec delay of gamma ray detection over 40Mpc implies
2 2 1510GWc cγ

−− <

Propagation speed of gravitational waves

Extension of gravity theory is tightly constrained. 

( )4 4 5, 0G G Gφ= =

Only rather traditional models survive.

Ex.) Horndeski theory: scalar-tensor theory with a single 
scalar field with only upto 2nd order time derivatives in EoM.  

K-essence, DGP braneworld, scalar-tensor theory
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Ex.2 Parity violating dispersion relation

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

α=0 (Aα > 0) corresponds to 
the graviton mass 
(although non-covariant theory)
⇒ mgraviton< 4.7 ×10-23 eV

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

( ) ( ) ( )( )×+ += hhh iRL

2

1,
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Quadratic action 

Generalized action including a term with the factor 
R Rαβµν
αβγδ µνρσε and a scalar field.  

R Rαβµν γδ
αβγδ µνφε : Chern-Simons gravity is a typical example

( ) ( )
( )

2
2

1

4
ijk l ijk l

PV il j k il j k

t
L t h h h h

a t

δγ ε ε = ∂ + ∂ ∂  
� �

Action for the Chern-Simons: 

( ) ( ) ( )2 2 2 2
, , ,1GR PV L R L R L Rg L L a t k t h k hλ γ ′ − + = − −    

(Nishizawa, Kobayashi 1809.00815)

( ) ( )t tγ δ=

Large modification of amplitude occurs when this factor 
change in time:   ( ) ( ), ,1 ~ const.L R L Ra t k t hλ γ−

In more general models dispersion relation becomes

( ) ( )( )2 2
, ,2 1 0L R L RaH k i k kω λ γ ω λ γ δ′+ − − + − ≈

In general, gravitational wave phase is also modified.

Remark) At a slightly higher frequency, 
negative energy states appear. 
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( ),

1

2
L Rh h ih+ ×= ±

Subtle difference from PPE case

( ) ( ),mod
, ,

L Ri
L R L Rh f e h fδΦ

=

( ) ( ) ( )mod mod mod1 1 1

2 22
L R L Ri i i i

L Rh h h e e h e e h
i

δ δ δ δΦ Φ Φ Φ
+ + ×= + = + + −

( ) ( ) ( )mod mod mod1 1 1

2 22
L R L Ri i i i

L Rh h h e e h e e h
ii

δ δ δ δΦ Φ Φ Φ
× + ×= − = − + +

mod mod mod
obsh A h A h+ + × ×= +

PPE case: ( ) ( ) ( ) ( )L R L Rf f f fδ δ δ δΦ = Φ = Φ − = Φ −

PV case: ( ) ( ) ( ) ( )L R L Rf f f fδ δ δ δΦ = − Φ = − Φ − = Φ −

In case of face-on in-spiral, hL and hR 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 important.
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Result of application of the test to the real data 
(K. Yamada and TT in preparation)( ) ( ) ,

ib
GR L R i

i

f f uλ βΨ →Ψ + ∑

1110 kmγ δ −− <

(Nishizawa, Kobayashi 1809.00815)
Constraint from |cT−1| < 10−15

1810 kmγ δ −− <

Generalized model 
in the previous slide

The obtained 
upper bound 
magnitude is 
similar to non-
parity violating 
case.  



19

Modified propagation is easy to predict? 

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

• However, waveform can be quite complicated 
due to environmental uncertainties.

Phase shifts of two graviton propagation modes

( )2

2

2 1c
y

ω
µ

−
=( )11 3 1c µ α ρ−− ≈ +

The phase shifts depend on the matter energy density ρ
on the line of sight.
The frequencies where the modification becomes large 
also depend on the matter energy density.  

2
1,2

1 1
1 1 2

12 2

c
dx y y y

y

µ αδ α
 − −Φ = − + + + + ∫ ∓

Ex.) Bigravity (De Felice et al, JCAP 1406 (2014) 037)
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1) Reflecting boundary at the Planck distance from the horizon
2) Slowly decaying echoes of the same waveform with overall phase shift π.
3) Echo period ∆ techo is the one predicted by the angular mom. barrier and 

the reflection wall at the Planck distance from the horizon.
→ 3σ detection of signal

(Abedi et al, arXiv:1612.00266)

There is a claim that echoes might have been detected in
the LIGO GW events.

Black Hole Echoes
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0
2

*

2

=+ YV
dr

Yd
SN

Perturbation Equation of Kerr BH (Sasaki-Nakamura)

( )
( ) ( )

( )
( )−∞→

∞→



+−
−=

*

*

**

*

expexp

exp

r

r

ikrYikrY

ri
Y

downup

ω

1≠C
since VSN is not real 

( )
down

up

Y

Y
Cf =R

depends on the frequency f.

( ) ?arg 



=

down

up

Y

Y
fφ

(arXiv:1704.07175)

[l=m=2 mode only]

Reflection rate :

Phase shift :

phase shift/π

reflection rate
1.0

0.5

0.5 1.0-0.5-1.0

/ Re( )Rf f

However, φ ( f ) can be approximated by a linear fn. 
for a narrow range of f close to the QNM frequency fR.

⇒⇒⇒⇒ φ ( f ) can be absorbed by 
the time interval between echoes and the overall phase shift φ0

φ can depend on the nature of the near-horizon boundary even if we 
assume complete reflection. 

We considered more appropriate template 
will increase the significance
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Power spectrum changes at each reflection

1st echo

2nd echo

4th echo

8th echo

16th echo

/ 0.7a M =

)Re(/ QNMff

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

• Low frequency modes cannot  
penetrate the angular momentum 
barrier.

There is a different opinion (1907.03091) 

• Higher frequency modes are 
suppressed at later time. 

Initial ingoing 
waveform is 
assumed to be 
the same as the 
outgoing one 
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We follow the basic strategy taken by Abedi et al. (2017）
Analysis method

echo

echo

t
x

t
≡
∆ echot

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

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

p-value 
event#of reference data with SNR SNR

#of all reference data
p

>
≡

If we find p << 1, there might be some true signal.

N. Uchikata, H. Nakano, T. Narikawa, N. Sago, H. Tagoshi, TT arXiv:1906.00838
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Results of our re-analysis

List of p-values

Expected improvement of the 
significance was not achieved. 

Simple 

repetition

Our 

template

GW150914 0.157 0.984

GW151012 0.047 0.882

GW170104 0.071 0.677

GW170608 0.079 0.488

GW170729 0.567 0.575

GW170814 0.024 0.472

GW170818 0.929 0.976

GW170823 0.055 0.315

average 0.241 0.671

The analysis using the template 
assuming simple repetition of the 
same waveform gives relatively 
small p-value, although p-value is 
large for a few events. 

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

2.75σ
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We evaluate the echo spectrum excited 
by a small particle falling into Kerr black 
hole, as a mimicker of binary coalescence. 

1st echo =huge magnitude

2nd echo

4th echo

8th echo

16th echo

)Re(/ QNMff

2

0.85

2.6z

a M

L M

=

=

• As expected, the low frequency 
modes are suppressed. 

• Early phase of echo can be much 
louder.

100
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10-4

10-6

10-8

10-10

10-12

10-14

100                       1000

Frequency(Hz)

Abedi et al.
Our template

Which frequency contributes to the 
match for the best fit parameters? 

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



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.


