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Motivation for considering modified gravity

1) Incompleteness of General relativity

2) Dark energy problem

GR is non-renormalizable

Singularity formation after gravitational collapse

3) To test General relativity

GR has been repeatedly tested since its first proposal.

The precision of the test is getting higher and higher.

⇒ Do we need to understand what kind of modification 

is theoretically possible before experimental test?

Yes, especially in the era of gravitational wave observation!
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Showing diversity of constituent masses.
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GW150914 and also GW170817(BNS) have 

extra-ordinarily high S/N. 

Only GW151226 and GW170729 weakly suggest 

the existence of spin before merger.

arXiv:1811.12907



What we can say from these GW events? 

• Direct detection of GWs
– Really detected

• GWs really propagate.

• Existence of 30Msol black holes
– Moreover, they are rather abundant.

• 0.6-12events/year/Gpc3

• Are these “BHs” still BH candidates or BHs? 
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Judging whether they are BHs or BH candidates is difficult, but 

– No big discrepancy between theoretical predictions and 

observations will indicate certainly more than the previous argument 

based on observations of matter accretion onto BHs.

“Many people will think these objects are BHs but it would be more 
conclusive if QNM modes are detected as expected. ”
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BH quasi-normal mode (QNM)

Black 
Hole ～～

Frequency (fR) and 

damping rate (fI) are 

determined by the BH 

mass and spin.

Evidence for the 

formation of BH 

(Detweiler ApJ239 292 (1980))
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How deeply can we see BH spacetime by observing QNMs?

t

r*QNM excitation

  *exp rti    *exp rtik 

• QNM frequencies can be rather accurately obtained 

by WKB approximation

• But breakdown of WKB approx. is necessary to find 

a solution connecting in-going and out-going waves.

• The breakdown of WKB approx. occurs at around 

the extremum of the effective potential V.

• In WKB approx. the behavior of V around the 

extremum determines the QNMs

• The position of the extremum of V will give an 

approximate answer to the above question.

(Schutz &Will, ApJ, 291 (1985))

(Nakamura et al., Phys.Rev. D93 (2016))
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How deeply can we see BH spacetime by observing QNMs?

(Nakano, TT, Nakamura, 

arXiv:1506.00560) 
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•Potential maximum that determines QNM 

frequency is rather close to horizon, 
especially for rapidly rotating case.

•There is a forbidden region for 

QNM frequencies in GR

•Black line is corresponding to 

Schwarzschild case
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(Nakamura, Nakano, 

arXiv:1602.02385) 
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Mock data challenge
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• Many groups have been working on extracting QNMs as a 

test of performance of advanced data analysis methods. 

• But fair comparison of performance has not been done. 

Frequency

Amplitude

Numerical relativity simulation 

tells that the evolution of 

frequency and amplitude in GR 

is rather simple and smooth.

⇒We construct waveform with 

modified fR and fI with Gaussian 

noise.

Then, can we extract fR and fI ?

H. Nakano, T. Narikawa, K. Ohara, K. Sakai, H. Shinkai,

H. Tagoshi, H. Takahashi, N. Uchikata, S. Yamamoto, T. Yamamoto

arXiv:1811.06443



Mock data challenge
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• Many groups have been working on extracting QNMs as a 

test of performance of advanced data analysis methods. 

• But fair comparison of performance has not been done. 

QNM 

Frequency

Amplitude

Numerical relativity simulation 

tells that the evolution of 

frequency and amplitude in GR 

is rather simple and smooth.

⇒We construct waveform with 

modified fR and fI with Gaussian 

noise.

Then, can we extract  fR and fI ?



Matched filtering

13

• Matched filtering is the optimal one among linear 

filtering methods for Gaussian noise. 

• However, it is not generally guaranteed to be optimal.

• Also, the estimate of QNM frequency based on 

matched filtering might be systematically biased 

depending on the assumed wave form.  

 
 

    fhfs
fS

df
hs

n

*|
s: data

h: template with parameter q

Sn(f ):=2׬−∞
+∞

𝑑𝜏 𝑛 𝑡 𝑛 𝑡 + 𝜏 𝑒2𝜋𝑖𝑓𝜏

n: noise

Find parameter q that realizes maximum (s|h).  



Empirical Mode decomposition
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u(t):upper envelope

l(t):lower envelope

s(t)

s(t) → s(t) – m(t)

m(t) := (u(t) +l(t))/2

Hilbert Huang Transformation 

a(t)𝑒𝑖𝜃(𝑡) = s(t) + iv(t) 

Hilbert-Spectral Analysis

We drop high and low frequency

modes by filtering the data [ fL, fH ]

We extract fR (from q (t)) 
and fI (from a(t)).

The choice of initial filtering 
band [ fL, fH ] is a little ad hoc.

Ohara, Sakai, 
Takahashi

Iterate this process until m(t)
becomes sufficiently small 



Auto-Regressive model
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S.Yamamoto, H.Shinkai (OIT)

Fitting data in time sequence with linear function.

• find  aj ,e

• re-construct wave signal using the fitted function

• apply FFT to the re-constructed wave.

f

P(f)

AR

FFT

• The order M was fixed 

at 20〜30.

Even for short segment,

AR model shows clear peak 

in the power-spectrum.



Convolutional neural network
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Neural network

Convolutional layer

T. Yamamoto

Pooling layer

Rectified linear unit (ReLU)

Choose the coefficients 

h, w and b

to minimize loss function

Dense layer

size x channels
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Challenge data

•15 samples for each set with various SNR for the 

ringdown part (3~20) are examined.

We prepared two different sets of waveform

Set-A

Set-B

•The way how we interpolate between the inspiral-

merger part and the ringdown part is different. 
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Challenge results

•For matched filtering (MF-R), simple damped sinusoidal waveform was used. 

•For matched filtering (MF-MR), Set-B template was used. 

•Neural network (NN) was trained using Set-B template.

•Performance of MF-MR is good even for Set-A, but the error is larger for Set-A 

than for Set-B, as expected. 

•NN exceeds the performance of MF-MR for fR.

•For set A real part, AR showed the best performance among all.  

Error in the estimate of log fR of log fI (%)

We prepared 

two different 

sets of 

waveform

Set-A

Set-B
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The best fit model in GR obtained from the whole data of GW150914 

is on the 3σ-line obtained by the MF-MR analysis. 

GR GR

GR
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Challenge results

Only 15 samples with various SNR (3~18) are examined.

For the plane matched filtering (pMF), simple damped sinusoidal 

waveform was used. 

For the improved matched filtering (iMF), Set-B template was used. 

Neural network (NN) is trained using set-B template.

• AI exceeds the performance of the matched filtering. 

• For set A, AR method showed the best performance.  

Error in the estimate of log fR of log fI (%)

Two different 

sets of 

waveform

Set-A

Set-B
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Re-analysis of 

Black Hole Echoes

Nami Uchikata, Takahiro Tanaka, Hiroyuki Nakano, Tatsuya 

Narikawa, Norichika Sago, and Hideyuki Tagoshi



BH entropy paradox

2
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Suppose  matter flows continuously into BH to maintain the BH size. 

The entropy emitted as the thermal radiation:

In the semi-classical picture, the outgoing radiation is perfectly entangled 

with the internal state of BH. 3
















pl

plnevapolatio
M

M
ttAfter t exceeds the evaporation time scale                                      ,

Possibilities

1) Hawking evaporation is wrong

2) Bekenstein-Hawking entropy bound is wrong

3) Semi-classical approximation is not valid

⇒ Black hole is not described by a classical spacetime

G

A
SS BHrad

4


First law:

T
rg

 2
2

1
==

:Equilibrium at 

the Hawking 

temperature
dJdA

G
dM H




=
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A
SBH

4
=

analogy

One may see some exotic phenomena!

BHrad SSS = BH of inside
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1) Reflecting boundary at the Planck distance from the horizon

2) Slowly decaying echos with predicted  techos

3) 3s detection of signal???

(Abedi et al, arXiv:1612.00266)

There is a claim that echoes are detected from the LIGO 

GW events.
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0
2

*
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= YV
dr

Yd
SN

Perturbation Equation of Kerr BH (Sasaki-Nakamura)
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   
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
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depend on the frequency f.

  ?arg 



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


=

down

up

Y

Y
f

arXiv:1704.07175

We focus on the dominant mode l=m=2

Reflection rate :

Phase shift :

phase shift/

reflection rate
1.0

0.5

0.5 1.0-0.5-1.0

)Re(/ QNMff

  f ) can be approximated by a linear fn. 

for narrow range of f close to fR.

  ( f ) can be absorbed by 

time interval between echoes and the overall phase
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Wave form also changes
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Power spectrum changes at each reflection

1st echo

2nd echo

4th echo

8th echo

16th echo

1.0,1,7.0/ === Ma

)Re(/ QNMff

How does the significance of 

the echo signal change by 

taking into account this more 

physically motivated waveform? 
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We follow the basic strategy taken by Abedi et al. (2017）

Method of analysis

echo echo

echo

t t
x

t

 


 echot

Background estimation
1) Perform the same analysis 

for the data at different time.

2) Perform the same analysis 

for the data with different x.

Search the maximum signal-to-noise ratio (SNR) in the 

interval of 0.99 ≤ x ≤ 1.01, varying the other parameters.

p-value 
# of background with SNR SNR(0.99 1.01)

# of all background

x
p

  


If we find p << 1, there might be some true signal.
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Preliminary results of our re-analysis

List of p-values

GW150914 GW151226 GW151012 total

Westerweck et al. (2018) 0.199 0.414 0.056 0.100 

Re-analysis with BG estimate 2 0.09699 0.398123 0.0203686 0.006 

1.0 1.5 2.0 2.5 3.0

5

10

15

20

25

30

p-value looks small but the signal is not so outstanding: 

ex. LVT151012

SNR2 for fixed techo

Max of SNR2 in 

the search range of techo

30

20

10

0.96     0.98     1.00     1.02     1.04 1.0       1.5       2.0       2.5       3.0

x x

H

L

total

Signal looks large in this plot, but…

~2.7s
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Preliminary results of our re-analysis

GW150914 GW151226 GW151012 total

Westerweck et al. (2018) 0.199 0.414 0.056 0.100 

background estimate 2 0.09699 0.398123 0.0203686 0.006 

New template for fixed M, Q and Δφ 

with BG estimate 1 0.5 0.0079 0.413

New template for fixed M and q a 

with BG estimate 2 0.340249 0.310848 0.0993926 0.114 

New template for fixed M with BG 

estimate 2 0.844482 0.933738 0.101843 0.188 

List of p-values

We could not find the expected improvement of the 

significance using the more physically-motivated 

reflection rate. 
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Dedicated search for signatures 

of specific modification of gravity

Kei Yamada, T. Narikawa, T. Tanaka …
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(Yunes & Pretorius (2009))

Is PPE sufficient for the test of gravity?

   fiefAfh  6/7

   fAufA GR

i

a

i
i 







 1

    ib

GR i

i

f f u    

GW waveform from a binary in a quasi-circular orbit

There are many examples of possible 

extension from GR that go beyond the 

scope of PPE formalism.
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However, the scalar field may have a small mass. 

It is natural to require that the instability of the scalar field does not 

occur for Tuniv<10MeV since the effective gravitational coupling GN

must be unchanged during BBN. 

This constraint suggests                        , which is comparable to the 

constraint from pulsar timing (PSR J0348+0432). 

Grand-based detectors are sensitive  to the mass range                                                        

(Ramazanoglu et al. 1601.07475)    

eV10 162

scalar

m

13 14

scalar10 eV 10 eVm  

Scalar-tensor theory without mass is strongly constrained by 

the pulsar timing observations.  

Extra-dipole radiation gives -1PN (             relative to GR) 

correction. 
 

2
/v c


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If the scalar field is massive, 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 for which the dipole radiation occurs 

only at around the binary coalescence.

222 mk =          xSYkrexdkrhY lm

ltti

llm
 

 *)'(31~ 

   kT trrt ~~ ,,

For the energy loss rate due to the dipole radiation (l =1), 

we will have an extra factor k3/3q ( - m) to the energy flux, 

compared with the well-known massless case.  

: energy flux
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Application of the test to GW150914 
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Even we introduce the scalar 

mass, GR is more preferred. 
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3) We are developing rather generic library for the 

test of gravity using gravitational waves.

As a first step, preliminary analysis to constrain 

massive scalar dipole radiation has been performed. 

2) Black hole echoes have been re-analyzed by 

using physically more motivated waveform. 

SNR increases but the signal becomes weaker. 

1) Mock data challenge for the ringdown signal has 

been done. Matched filtering can be biased since 

we do not know the waveform in modified gravity 

theories. Several methods can compete with the 

optimal matched filtering. 

Summary


