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GW from the core-collapse supernova (CCSN) 
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u CCSNeのメカニズムの理論的説明は、完全ではない
u CCSNe研究におけるGWの重要性は、数値シミュレーションの結果

によって⽰されている
⇨ different of models︓EoS，mass or rotating of star etc.

high-resolution time-frequency analysis

GWデータ解析を⽤いて、CCSNeメカニズムの理解を深める



4. 爆発

Neutron star
4

爆発までの簡単な流れ

⇢c ⇠ 4⇥ 1014 g/cm3

Tc ⇠ 10 MeV
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shock

2. コアバウンス

衝撃波
発⽣

⇢c ⇠ 3⇥ 1014 g/cm3

Tc ⇠ 5 MeV
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1. 鉄コアの重力崩壊

Standing
shockProto

neutron
star

3. 衝撃波の失速

⇢c ⇠ 1010 g/cm3

Tc ⇠ 1 MeV

<latexit sha1_base64="1SXW9R6Gjd8x6NZ3fQixN/b/iyA="></latexit>

中心部の水素が
核融合反応H

の大質量星Mstar & 10M�

<latexit sha1_base64="1dDAPG3RpF28iEbkyHZZ3qiV9kc="></latexit>

中心の温度Tc・密度ρc
が上昇し核融合反応が進む

iron core

重力波…爆発前に星内部で発生した現象のsmoking gun！

？
即時
爆発

neutrino sphere

H ! He ! C ! · · · ! Fe

<latexit sha1_base64="3XdImoxG9SggCy4jWkwoNdLZiyE="></latexit>

Rshock ⇠ 102 km

<latexit sha1_base64="Bx3zLRr7a3a5mI1dYhQ+ov35u0M="></latexit>

RPNS ⇠ 20 km
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↑3D-GR数値シミュレーションモデルSFHxのエントロピー空間分布の時間変化[T. Kuroda+, ApJ(2016)] 
衝撃波より内部を描写する為に中⼼部をくりぬいたスナップ写真。衝撃波全体が歪んでいる様⼦。

定在降着衝撃波不安定 standing accretion shock instability :	SASI

ü 状態⽅程式が軟らかい(SFHx)とSASIはより活発になる

u SASIとは
コア内に定在した衝撃波全体を⾮球対称に歪ませる流体⼒学不安定

After bounce, the non-spherical matter motion develops and
starts GW emission. In Figure 1, we plot time evolution of the
angle-dependent GW amplitude (only plus mode ( )R G�A , ,
black line) in the top panels and the characteristic wave strain
in the frequency-time domain ˜( )R Gh F, , (see Equation (44) in
Kuroda et al. 2014) in the bottom ones. Here F denotes the GW
frequency. We extract GWs along the north pole
( ) ( )R G �, 0, 0 . The postbounce hydrodynamics evolutions in
DD2 are rather similar to TM1 and we mainly focus on the
comparison between SFHx and TM1 in the following.

The GW amplitude ( �A , top panels) shows a consistent
behavior as reported in Müller et al. (2013), Ott et al. (2013),
and Yakunin et al. (2015). It shows an initial low frequency and
slightly larger amplitude until _T 60pb ms, which is followed
by a quiescent phase with a higher frequency until

_T 150pb ms. Afterward, the amplitude and frequency become
larger with time.

From the spectrograms (bottom panels), we see a narrow-
band spectrum (labeled “A” in both models) that shows an
increasing trend in its peak frequency. Müller et al. (2013) and
Murphy et al. (2009) showed that this peak shift can be
explained by properties of PNS, such as its compactness and
surface temperature. By following Equation (17) in Müller

et al. (2013), we overplot Fpeak in the bottom panels (black
line). In both models, Fpeak indeed tracks spectral peak quite
well, although there are some exceptions in the late phase of
SFHx ( 2T 200pb ms) when the other strong component
appears at 1 1F100 200 Hz (labeled “B”). The component
“A” is thus actually originated from the g-mode oscillation of
the PNS surface.
Before going into detail to explain the origin of the low-

frequency component “B,” we briefly focus on several key
differences in the hydrodynamic evolution between SHFx and
TM1. In Figure 2, SFHx experiences violent sloshing (top left)
and spiral motions of the SASI (top right) before neutrino-
driven convection dominates over the SASI (bottom left),
whereas the SASI activities are less developed in TM1. For
SFHx, the clear SASI motions are observed after the prompt
convection phase ceases at _T 50pb ms.
In Figure 3, we plot time evolutions of maximum, average,

an minimum shock radii Rshock (top, solid) and normalized
mode amplitudes ∣ ∣ ∣ ∣ ∣ ∣wA c clm lm 00 (see Burrows et al. 2012
for clm) of spherical polar expansion of the shock surface

( )R GR ,shock . For Alm, we plot models SFHx (middle) and TM1
(bottom) with focusing a period of - -T120 300pb ms that
corresponds to the appearance of component “B.” We also plot

Figure 2. Snapshots of the entropy distribution (kB baryon−1) for models SFHx and TM1 (top left, �T 150pb ms of SFHx; top right, �T 237pb ms of SFHx; bottom
left, �T 358pb ms of SFHx; bottom right, �T 358pb ms of TM1). The contours on the cross sections in the x=0 (back right), y=0 (back left), and z=0 (bottom)
planes are, respectively, projected on the sidewalls of the graphs. The 90° wedge on the near side is excised to see the internal structure. Note that to see the entropy
structure clearly in each dynamical phase, we change the maximum entropy in the color bar as �s 16max , 20, and 22 kB baryon−1 for �T 150pb , 237, and 358 ms,
respectively.
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After bounce, the non-spherical matter motion develops and
starts GW emission. In Figure 1, we plot time evolution of the
angle-dependent GW amplitude (only plus mode ( )R G�A , ,
black line) in the top panels and the characteristic wave strain
in the frequency-time domain ˜( )R Gh F, , (see Equation (44) in
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and Yakunin et al. (2015). It shows an initial low frequency and
slightly larger amplitude until _T 60pb ms, which is followed
by a quiescent phase with a higher frequency until

_T 150pb ms. Afterward, the amplitude and frequency become
larger with time.

From the spectrograms (bottom panels), we see a narrow-
band spectrum (labeled “A” in both models) that shows an
increasing trend in its peak frequency. Müller et al. (2013) and
Murphy et al. (2009) showed that this peak shift can be
explained by properties of PNS, such as its compactness and
surface temperature. By following Equation (17) in Müller

et al. (2013), we overplot Fpeak in the bottom panels (black
line). In both models, Fpeak indeed tracks spectral peak quite
well, although there are some exceptions in the late phase of
SFHx ( 2T 200pb ms) when the other strong component
appears at 1 1F100 200 Hz (labeled “B”). The component
“A” is thus actually originated from the g-mode oscillation of
the PNS surface.
Before going into detail to explain the origin of the low-

frequency component “B,” we briefly focus on several key
differences in the hydrodynamic evolution between SHFx and
TM1. In Figure 2, SFHx experiences violent sloshing (top left)
and spiral motions of the SASI (top right) before neutrino-
driven convection dominates over the SASI (bottom left),
whereas the SASI activities are less developed in TM1. For
SFHx, the clear SASI motions are observed after the prompt
convection phase ceases at _T 50pb ms.
In Figure 3, we plot time evolutions of maximum, average,

an minimum shock radii Rshock (top, solid) and normalized
mode amplitudes ∣ ∣ ∣ ∣ ∣ ∣wA c clm lm 00 (see Burrows et al. 2012
for clm) of spherical polar expansion of the shock surface
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Figure 2. Snapshots of the entropy distribution (kB baryon−1) for models SFHx and TM1 (top left, �T 150pb ms of SFHx; top right, �T 237pb ms of SFHx; bottom
left, �T 358pb ms of SFHx; bottom right, �T 358pb ms of TM1). The contours on the cross sections in the x=0 (back right), y=0 (back left), and z=0 (bottom)
planes are, respectively, projected on the sidewalls of the graphs. The 90° wedge on the near side is excised to see the internal structure. Note that to see the entropy
structure clearly in each dynamical phase, we change the maximum entropy in the color bar as �s 16max , 20, and 22 kB baryon−1 for �T 150pb , 237, and 358 ms,
respectively.
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After bounce, the non-spherical matter motion develops and
starts GW emission. In Figure 1, we plot time evolution of the
angle-dependent GW amplitude (only plus mode ( )R G�A , ,
black line) in the top panels and the characteristic wave strain
in the frequency-time domain ˜( )R Gh F, , (see Equation (44) in
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comparison between SFHx and TM1 in the following.
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behavior as reported in Müller et al. (2013), Ott et al. (2013),
and Yakunin et al. (2015). It shows an initial low frequency and
slightly larger amplitude until _T 60pb ms, which is followed
by a quiescent phase with a higher frequency until

_T 150pb ms. Afterward, the amplitude and frequency become
larger with time.

From the spectrograms (bottom panels), we see a narrow-
band spectrum (labeled “A” in both models) that shows an
increasing trend in its peak frequency. Müller et al. (2013) and
Murphy et al. (2009) showed that this peak shift can be
explained by properties of PNS, such as its compactness and
surface temperature. By following Equation (17) in Müller

et al. (2013), we overplot Fpeak in the bottom panels (black
line). In both models, Fpeak indeed tracks spectral peak quite
well, although there are some exceptions in the late phase of
SFHx ( 2T 200pb ms) when the other strong component
appears at 1 1F100 200 Hz (labeled “B”). The component
“A” is thus actually originated from the g-mode oscillation of
the PNS surface.
Before going into detail to explain the origin of the low-
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TM1. In Figure 2, SFHx experiences violent sloshing (top left)
and spiral motions of the SASI (top right) before neutrino-
driven convection dominates over the SASI (bottom left),
whereas the SASI activities are less developed in TM1. For
SFHx, the clear SASI motions are observed after the prompt
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Figure 2. Snapshots of the entropy distribution (kB baryon−1) for models SFHx and TM1 (top left, �T 150pb ms of SFHx; top right, �T 237pb ms of SFHx; bottom
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structure clearly in each dynamical phase, we change the maximum entropy in the color bar as �s 16max , 20, and 22 kB baryon−1 for �T 150pb , 237, and 358 ms,
respectively.
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Post bounce time →

爆発過程の中で、着⽬する現象
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← GW（h+@10kpc）
[T. Kuroda+, ApJ(2016)]
※this simulation calculated up to

0.35 s from the core bounce time 

standing accretion shock instability :	SASI

u SASI起源の重⼒波の周波数 :  0.1 - 0.2 kHz
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SASIが発⽣している場合、
GWスペクトルに

低周波成分が現れる

※重⼒波は、電磁波では困難な、
爆発前の星の内部情報を保持する

GW from the core-collapse supernova
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短時間フーリエ変換(STFT)

time [s]

Fr
eq

ue
nc

y 
[H

z]

R
elative A

m
plitude

HHT R
elative A

m
plitude

Fr
eq

ue
nc

y 
[H

z]

time [s]

ü HHTは周波数を時間の関数として定義するため、
時間周波数領域の詳細な情報を得られる

short-time Fourier transform

CCSNのGWには複数のモードがあり、SASIから派⽣したGWは低周波数

ü HHTは信号を複数のモード関数に分解する。
時間と周波数の分解能のトレードオフはない。

SASIの周波数変動には、爆発前の星に関する内部情報が含まれている可能性がある

7



Hilbert-Huang Transform (HHT)
Step1  信号を、固有モード関数（intrinsic mode function : IMF）へ分解

IMF…データセット全体でゼロ点周りで振動する時間の関数

8

IMF1

IMF2

IMF3

IMF4

residual
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極形式

Step 2  Hilbert spectral analysis (HSA) を、各IMFに適⽤し
瞬時振幅と瞬時周波数を導く

⇦時間分解能と周波数分解能を同時に小さくできない
トレードオフの関係を持たない

IMF1

IMF2

IMF3

IMF4

↓Hilbert transform
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zk(t) = IMFk(t) + iH[IMFk(t)] = ak(t)e
i�k(t)

<latexit sha1_base64="E0okqyRVhzcP+gVOk/8IQNs1eVQ="></latexit>
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1
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d�k(t)

dt

<latexit sha1_base64="Vza7j9DzywyvHPk+mQHf0X6J/z8="></latexit>

H[x(t)] =
1

⇡
P

Z 1

�1

x(t0)

t0 � t
dt0

<latexit sha1_base64="xy+9lEC/5pGBKeSCk4R/XkLo2e8="></latexit>

instantaneous amplitude : IAinstantaneous frequency : IF

※ IMFに分解しないと、瞬時周波数の物理的解釈が困難



Mode decomposition

EMD : Empirical mode decomposition

IMF1

IMF2

IMF3

IMF4

residual

Calculating...

Calculated after IMF1 extraction

Calculated after IMF2 extraction

Calculated after IMF4 extraction

Remaining non-vibration components

Decompose the signal 
into the IMFs
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Mark the maxima.

Hilbert-Huang Transform (HHT)
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EMD : Empirical mode decomposition
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Hilbert-Huang Transform (HHT)

Interpolate the maxima by cubic splines
to obtain the upper envelope

Repeat the procedure
to obtain the lower envelope



Mode decomposition

EMD : Empirical mode decomposition
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Hilbert-Huang Transform (HHT)

Calculate the local mean curve
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EMD : Empirical mode decomposition
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Hilbert-Huang Transform (HHT)

Subtract the mean from the original signal



Mode decomposition

EMD : Empirical mode decomposition
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Hilbert-Huang Transform (HHT)

Repeat the procedure
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EMD : Empirical mode decomposition
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Hilbert-Huang Transform (HHT)

Repeat the procedure



Mode decomposition

EMD : Empirical mode decomposition
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Hilbert-Huang Transform (HHT)

Continue until the signal becomes IMF, 
and the first one is IMF1.



Mode decomposition

EMD : Empirical mode decomposition
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Hilbert-Huang Transform (HHT)

Subtract IMF1 from the original signal h(t) 

Calculating...



Mode decomposition

EMD : Empirical mode decomposition
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Hilbert-Huang Transform (HHT)

to obtain the residual

Calculating...
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Hilbert-Huang Transform (HHT)

Apply the sifting process again to obtain IMF2

Calculating...
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Hilbert-Huang Transform (HHT)

Repeat the procedure

Calculating...



Mode decomposition

EMD : Empirical mode decomposition
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Hilbert-Huang Transform (HHT)

IMF2 is obtained

Apply the sifting process on h(t)-IMF1(t)-IM2(t) again 
to obtain IMF3.



Ensemble empirical mode decomposition (EEMD)
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EMD EMD EMD

s(t) + w1(t) s(t) + w2(t) s(t) + wNeemd(t)‥‥

‥‥

IMF i w1

i = 1, …, NIMF

IMF i w2

i = 1, …, NIMF

IMF i wNeemd

i = 1, …, NIMF
‥‥

original signal : s(t)

IMFi =
1

Neemd

NeemdX

l=1

IMFiwl

<latexit sha1_base64="xS8G0KU03OsuhbWwY1lOqcPy/Ck="></latexit>

Ø EEMDは、
Neemd個のwhite Gaussian noisesを準備し、
それぞれのEMDから得られた
IMFsの平均を、EEMDのIMFとする
(HHTのStep1は、Step2のHSAを適⽤するために、
信号をIMFに分解する⼯程)

Ø ノイズを加えて
すべての周波数帯で発振させることで、
構成波の周波数ギャップや
突然の発振波などによる
誤った信号の発⽣を防ぐ効果がある

Hilbert-Huang Transform (HHT)
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grey	line.	：GW	
black lines：IMFs

results

The GW from the CCSN simulation

EEMD



results
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grey	lines：GW,	black lines：IMFs

HSA
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HSA

HSA

HSA

HSA

IA a1(t)
IF f1(t)

Time – Frequency 
diagram

H(t, f)

H(t, f) =
X

k:fk(t)=f

ak(t)
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IF f3(t)

IA a4(t)
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IF f6(t)

Hilbert spectrum
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results
grey	lines：GW,	black lines：IMFs

25

1.0

0.1

1e-22                                      1e-23 0 0.1 0.2 0.3
Post bounce time (s)

HHT

0.2

0.5

Fr
eq

ue
nc

y 
(k

H
z)



2021/01/07  第７回超新星ニュートリノ研究会 26

results
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さらなる解析

(1) SASI が活発になる開始時刻は何時か。
à ?

(2) 周波数の時間変動の有無、またはその兆候は？
à ?

results
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l まず、SASIが活発になる開始時刻を⾒つけるために、
各時間間隔の⻑さ N の
最適な開始時間と終了時間を調査

N0
Nmax

l 周波数を⼀定と仮定し、
次の⼆乗平均平⽅根誤差が最⼩な区間を最適とする

RMSE(n0, N0) =

vuut 1

N0

n0+N0�1X

n=n0

(f [n]� < f >)2

<latexit sha1_base64="k6h/jiqGvxhap0Capsvx8cGh3uw="></latexit>

n̄0(N0) = argminn0
RMSE(n0, N0)

<latexit sha1_base64="vEFlQypAWBQvhWOuE6PGgOiz9cM="></latexit>

Nmax
N

N0 N1
…R

M
S
E
(n̄

0
(N

),
N
)

<latexit sha1_base64="9c452wthpS2TOGb2Ib0vlL1uSaA="></latexit>

results
Estimating the starting point of the target mode 
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<latexit sha1_base64="dg+UCmPUwqWd/j4avWIRWGGSTMM="></latexit>

交点：NSASI

n 右下図の傾きの変化は、
⽀配的な成分の変化の現れである
と仮定する

n すなわち、
ノイズが⽀配的な区間と
SASIが⽀配的な区間の境い⽬

results
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さらなる解析

(1) SASI が活発になる開始時刻は何時か。
à

(2) 周波数の時間変動の有無、またはその兆候は？
à ?

results

0.11s . t . 0.35s

<latexit sha1_base64="3Lnq0lKu7ttbDEoULEdMYmVaXUs="></latexit>

< f >= 127.0± 3.7 Hz
<latexit sha1_base64="dHydtTZQ4z5tWtJx9s81cOGRchM="></latexit>
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uSASI の周波数の時間変化は、
爆発の兆候の可能性がある

u瞬時周波数に対して
重み付き最⼩⼆乗法を実⾏し、
フィッティング係数の値を使⽤して、
⼀定かどうかの判断

results Analysis of the frequency trend 
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Analysis of the frequency trend 
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flin(t) = a0 + a1⌧ + flin,err
<latexit sha1_base64="CewuIP3b5klWF9sXBt6veqxIMuk="></latexit>

fquad(t) = b0 + b1⌧ + b2⌧
2 + fquad,err

<latexit sha1_base64="XgkqO02ZGcIfb0takE0xYCOtHEA="></latexit>

fcubic(t) = c0 + c1⌧ + c2⌧
2 + c3⌧

3 + fcubic,err
<latexit sha1_base64="UUgQtEcGUK6VyAlYQTHI0Iv+ko0="></latexit>

⌧ =
t� tc

tend � tstart
,

tc =
tstart + tend

2
<latexit sha1_base64="ETuJ4v0UokwR7VfzDE1utVy7mao="></latexit>

• The red lines 
fitting 係数の値

• The orange squares
係数の 1 sigma error

• The histogram
1000個の周波数⼀定の試験波形に
同⼿法を適⽤した解析結果

ü ヒストグラムの幅は、⼿法の誤差の範囲

⇨ SASI起因の重⼒波の周波数は、
1 sigma の範囲で⼀定

results
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さらなる解析

(1) SASI が活発になる開始時刻は何時か。
à

(2) 周波数の時間変動の有無、またはその兆候は？
à 1σ で⼀定

results

0.11s . t . 0.35s

<latexit sha1_base64="3Lnq0lKu7ttbDEoULEdMYmVaXUs="></latexit>

< f >= 127.0± 3.7 Hz
<latexit sha1_base64="dHydtTZQ4z5tWtJx9s81cOGRchM="></latexit>
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• HHT が CCSN 数値シミュレーションから得られた重⼒波から、
SASI 起因の重⼒波を抽出できることを⽰した。

• SASI 起因の重⼒波が活発になる時刻と、その周波数が⼀定であるかどうかを
確認する⽅法を提案した。

• 結果によると、Kuroda et al. のSHFxで発⽣した、SASI起因の重⼒波周波数は
1シグマの範囲で⼀定

ü Future work
p HHTを使⽤した重⼒波の他のモードの分析
p 検出器のノイズとシミュレーション波形を重ねた信号を解析

Summary


