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Through numerical simulations, it is predicted that the gravitational waves (GWs) reflect the
characteristics of the core-collapse supernova (CCSN) explosion mechanism. There are multiple
GW excitation processes that occur inside a star before its explosion, and it is suggested that the
GWs originating from the CCSN have a mode for each excitation process in terms of time-frequency
representation. Therefore, we propose an application of the Hilbert-Huang Transform (HHT), which
is a high-resolution time-frequency analysis method, to analyze these GW modes for theoretically
probing and increasing our understanding of the explosion mechanism. The HHT defines frequency
as a function of time, and is not bound by the trade-off between time and frequency resolutions.
In this study, we analyze a gravitational waveform obtained from a three-dimensional general-
relativistic CCSN model that showed a vigorous activity of the standing-accretion-shock-instability
(SASI). We succeed in extracting the SASI induced GWs with high resolution on a time-frequency
representation using the HHT and we examine their instantaneous frequencies.

I. INTRODUCTION

Advanced LIGO [1] and Advanced Virgo [2] detected
11 gravitational wave (GW) events during the first and
the second observing run (O1 and O2) [3]. The third ob-
serving run (O3) started in April 2019 but was globally
suspended in March 2020. It has been reported that 39
candidate GW events were found in the data during the
first half of O3 [4]. GEO600 [5] and KAGRA [6, 7] con-
ducted a joint two-week observing run (O3GK) in April
2020. The next fourth observing run (O4) will be a joint
observation of LIGO, Virgo and KAGRA.

The only type of event currently detected is a compact
binary coalescence (CBC), and new sources, such as the
core-collapse supernovae (CCSNe), are expected to be de-
tected by using the third-generation GW detectors (e.g.
Einstein Telescope [8], Cosmic Explorer [9] etc.) [10].

The GWs from CBC are generally analyzed by employ-
ing a matched filter (MF) that uses model waveforms.
However, a proper model waveform can hardly be cre-
ated for the GWs from CCSNe (see [11, 12] for a review)
and therefore, it is in general difficult to apply the MF in
this case. These unmodeled GWs are usually analyzed
by some types of time-frequency representation (TFR)

techniques.

Since the GWs from CCSNe have characteristic modes
in TFR, spectrogram analysis has recently become the
mainstream method for detecting them and classifying
CCSNe models, rather than analyzing time-series wave-
forms [13–23]. In particular, the mainstream detection
method is TFR analysis of coherent multi-detector net-
works in the wavelet domain [13–15]. Principal compo-
nent analysis has also been shown to be useful for detec-
tion and classification, and software for supernova clas-
sification has been developed [16–20]. Furthermore, ma-
chine learning has been shown to be useful for detec-
tion and classification, and these methods are already
capable of properly analyzing signals embedded in the
non-Gaussian and non-stationary noise of the GW de-
tectors [21–23]. This paper proposes a new application
of TFR with the ultimate goal of analyzing the structure
of detected and classified GWs from the CCSNe in more
detail.

The importance of GWs in the CCSNe research is
demonstrated by the results of numerical simulations. It
has been hypothesized that the GWs carry information
about the star’s internal state before its explosion and
consists of the GWs from several emission mechanisms
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that occurred in the star’s core. Although there are sev-
eral multidimensional general relativistic hydrodynam-
ics simulations to obtain, at least, a theoretical expla-
nation of the mechanism of CCSNe, it is not yet fully
understood. The characteristics of the GW waveform
depends on the emission mechanism, and GWs could be
the “smoking gun” for the phenomena that take place in-
side the star. However, the theoretically predicted GW
amplitudes from CCSNe are extremely small and are usu-
ally hidden by the background noise [15]. Therefore,
together with the poorly understood CCSN explosion
mechanisms, it makes difficult to even detect the GW
signals in the expected real events, and even more to de-
cipher their physical meanings to infer the phenomena
occurring inside the stellar core.

In the event of a gravitational collapse, the core tem-
perature and density of the collapsed star increases
rapidly, thereby trapping the neutrinos. Following this,
when the density exceeds the nuclear saturation density,
the core rapidly regains pressure, which competes with
its self-gravity and causes core bounce. This leads to
the formation of the shock wave in the vicinity of the
inner core. At the core bounce, the unshocked core also
gives rise to the formation of a proto-neutron star (PNS),
the evolution of which depends on the explosion dynam-
ics (e.g. mass accretion rate onto it) in the postbounce
phase. The bounce shock does not immediately blow-off
the outer layer of the collapsed core, but is temporarily
stalled (e.g. [24] for a review). Before the possible onset of
the neutrino-driven explosions, the stalled shock is known
to be susceptible to multi-dimensional fluid instabilities
(see [25–27] for recent reviews) including neutrino-driven
convection and the standing accretion shock instability
(SASI [28]), the latter of which globally deforms the
shock surface. The briskness of the SASI depends on
the nuclear equation of state (EoS) and initial conditions
for the simulation, such as progenitor compactness and
rotation. One of its remarkable features related to the
GW emission mechanism is that, once it is fully grown,
it produces a time modulated mass accretion onto the
PNS core. The time modulated mass accretion pene-
trates deep into the PNS and trigger a surface distortion
and motion of the central PNS core. From there and also
from the globally deformed regions behind the shock [29],
sizeable GWs could be emitted with their time frequency
being characterized by the SASI frequency of the order
of ∼ 100 Hz [29–36] (we call them as SASI mode here
after).

In this paper, we particularly focus on the GWs emit-
ted from the SASI activities by discussing models de-
veloped by Kuroda et al. [30]. The models are based
on numerical-relativity simulations taking into account a
gray energy neutrino transport. In fact, the GW sim-
ulated by these previous studies has the SASI mode in
the time-frequency representation and its frequency band
(∼ 100 − 200 Hz) is significantly smaller than the PNS
surface g-mode oscillation (∼ 700 Hz) induced by con-
vection. The details of the behavior of the PNS in the

simulation when the SASI occurs have been investigated
by Kawahara et al. [37] using GW analysis.

We further suggest that Hilbert-Huang Transform
(HHT) [38–41] can be used to investigate whether we
can actually capture the onset of the SASI, and if so, to
what extent we can capture the nature of the SASI.

HHT was first applied to the analysis of GWs in
2007 [42]. Here, we highlight two advantages of using
the HHT for analyzing the GWs. First, the HHT does
not have the time and frequency resolution trade-off be-
cause it defines frequency as a function of time. This is
called the instantaneous frequency (IF). Moreover, the
amplitude, phase, and frequency acquired by the HHT
have the same time resolution as the original time series
signal. Second, the HHT decomposes the original time
series signal into several time series signals that oscillate
around the zero point. This process should be able to
separate and obtain those modes from the GWs in which
multiple radiation processes are mixed. Hence, it is fit for
the analysis of GWs from the CCSNe. The effectiveness
of the HHT in the GW analysis has been shown by stud-
ies assuming binary black hole (BBH), binary neutron
star (BNS), and burst [43–47]. Furthermore, the HHT
also worked well for the analysis of GW150914, which is
the first GW detection event [48].

This paper proposes a method with HHT of analyzing
gravitational waves from a core collapse supernova. This
is important to decipher what could be the driving mech-
anism of supernova explosion from observed GWs in the
future. We have reanalyzed a GW analyzed by [30, 37]
with the HHT. In particular, we focused on how clearly
and accurately the SASI mode can be extracted and
showed the HHT is a promising tool for it. Detailed
analyses of results of various simulations will be given
elsewhere.

This paper is organized as follows: In section II, we
introduce overview of the HHT. In section III, we de-
scribe the dynamics of a 3D CCSN model of our inter-
est and its GW emission mechanisms. In section IV, we
demonstrate the time-frequency representation using the
HHT. In section V, we propose our method of analyzing
the frequency and apply it to test signal and simulated
GWs. Finally, we summarize and discuss our results in
section VI.

II. HILBERT-HUANG TRANSFORM

The HHT consists of two steps. The first step is the
empirical mode decomposition (EMD) that decomposes
the original signal into intrinsic mode functions (IMFs).
The second step is the Hilbert spectral analysis (HSA) of
each IMF [39].

The HSA is a type of TFRs using the Hilbert transform
(HT),

H[u(t)] =
1

π
PV

∫ +∞

−∞

u(τ)

t− τ
dτ = u(t) ∗

(
1

πt

)
, (II.1)
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where u(t) is a real function of time, PV and ∗ denote
the Cauchy principal value of the singular integral and
convolution, respectively. Using the HT, the complex
signal F (t) can be defined from a real signal u(t) [49] as

F (t) = u(t) + iH[u(t)] = a(t) exp
[
iφ(t)

]
, (II.2)

in which

a(t) =
√
u(t)2 +H[u(t)]2, (II.3)

φ(t) = arctan

(
H[u(t)]

u(t)

)
. (II.4)

Note that if u(t) is the real part on the real axis of a com-
plex function F (z) that is analytic in the upper half com-
plex plane and goes to zero rapidly enough for |z| → ∞,
the imaginary part of F (z) on the real axis is uniquely
given by the HT of u(t), provided the HT in Eq.(II.1)
exists. Here, a(t) and φ(t) can be considered as the in-
stantaneous amplitude (IA) and the instantaneous phase
of the signal, respectively, if the characteristic time scale
of variation of a(t) is longer than that of φ(t). The in-
stantaneous frequency (IF) is simply given by

f(t) =
1

2π

dφ(t)

dt
. (II.5)

The HSA gives IA and IF which have a clear physical
picture with a signal of a single oscillation mode. How-
ever, it is not the case with a signal including multiple
oscillation modes. Huang et al. [39] proposed that this
fault can be overcome if an actual observed signal s(t)
is decomposed into a finite number of IMFs cj(t) along
with a residual r(t) as

s(t) =

N∑
j=1

cj(t) + r(t), (II.6)

by using the EMD. Here each IMF cj(t) oscillates around
zero and r(t) is a non-oscillation mode. The EMD is
a series of adaptive sifting processes that reveal high-
frequency impacts without leaving the time domain. The
first IMF (IMF1), c1(t), has the shortest characteristic
time scale, that is, it represents the highest frequency
mode of the original signal.

The HHT is very useful to analyze non-stationary
and nonlinear signals, but the simple EMD encounters
weighty problems in some cases. Wu and Huang [50] in-
troduced the ensemble EMD (EEMD) to solve the mode-
mixing problem.

The EEMD consists of the following steps:

1. Add a Gaussian white noise series to the original
signal.

2. Apply the EMD to the data with added white noise
to obtain IMFs.

3. Make ensembles of IMFs by repeating step 1 and
step 2 many times with different white noise series
added each time.

4. Take the ensemble mean of each ensemble to obtain
the final result of each IMF.

In these steps, the mode mixing is effectively eliminated,
while the added noise is averaged out through ensemble
average. There are two significant parameters that need
to be predetermined in these steps. The one is the ampli-
tude of added noise. It depends on the characteristics of
the original signal but it is usually suggested that the ra-
tio of the standard deviation of the Gaussian white noise
to that of the original signal, σeemd, is less than unity.
However, Hiranuma et al. [51] found that the larger value
is appropriate to effectively eliminate the mode mixing
with the signal that will be analyzed in this paper. The
other parameter is the number of ensemble trials Neemd,
which mainly depends on the value of σeemd. Although
the value of Neemd is infinity to cancel out the effect of
the added withe noise completely, too large value would
increase computational cost. After some trials of these
parameters with our signal, we found that the most ap-
propriate value of σeemd is 10. For this amplitude, a very
large value of Neemd is required. It was found that the
final results does not change with the number of trial
larger than 106 at most. Hence we set σeemd and Neemd

on 10 and 106, respectively, in this paper unless other-
wise indicated. We used KAGRA Algorithmic Library
(KAGALI) [52] for HHT calculation.

III. 3D CCSN MODEL

In this section, we describe the dynamics of a 3D CCSN
model of our interest and its GW emission mechanisms
before going to explaining the applicability of HHT anal-
ysis for simulated gravitational waveform. The initial
conditions are [30]: the progenitor mass is 15M�, no
rotation, and the EoS is “SFHx”. This simulation was
calculated up to 0.35 s from the core bounce time, and its
GW was derived using the standard quadrupole formula,
assuming a distance of 10 kpc.

Shortly after core bounce, the initial post bounce con-
vection develops due to the negative entropy gradient. It
emits GWs at a relatively low frequency range of ∼ 100
Hz and lasts till ∼ 100 ms after bounce. Afterward the
dominant hydrodynamic activity can be taken over by a
non-linear SASI motion, while the PNS convection still
coexists. Once the SASI phase initiates, the standing
shock surface globally deforms its morphology depend-
ing on the dominant SASI mode, which varies from mo-
ment to moment. For instance in the current 3D CCSN
model, the dominant mode is initially a sloshing mode,
which gradually shifts to a rotating spiral mode around
200 ms after bounce. In either mode, a typical frequency
of SASI appears at ∼ 100 Hz, which can be derived from
shock radii ∼ 100 km divided by the advection speed of
fluid in the shocked region ∼ 108 cm s−1. At ∼ 300 ms
after bounce, the hydrodynamic activity is again domi-
nated by the convective motion.
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Based on the 3D CCSN model, [30] discussed a new
gravitational wave emission mechanism in association
with the vigorous SASI activities. They demonstrated
that the low-frequency GW emissions can be triggered
by a strong mass accretion having the same temporal de-
pendence with the SASI frequency [see also 31, 32, 35].
In the next section, we will discuss how such a charac-
teristic frequency, which usually varies with time, can be
extracted from the waveform using the HHT.

Here we should comment on the neutrino treatment
used in the current 3D CCSN model. It was calculated
by a gray energy neutrino transport that is no longer
state-of-the-art simulation compared to the recent spec-
tral neutrino transport simulations. We, however, antici-
pate that the main focus of this study, i.e., extracting the
characteristic GW frequencies associated with the SASI,
would not be affected even if we use another model with
more sophisticated neutrino transport. This is because
that the development of SASI and its GW emission do
not sensitively depend on the neutrino transport method.
It can be justified from recent full-fledged 3D spectral
neutrino transport simulations such as [18, 31, 35], in
which they reported the SASI developments.

IV. APPLICATION OF HHT FOR A
SIMULATED GW

We show the applicability of TFR using the HHT for
a GW signal from the aforementioned three-dimensional
general-relativistic (GR) core-collapsed supernova simu-
lation [30]. Both upper panels in Fig. 1 show the same
GW signal (h×) [30] and the lower panels show the time-
frequency map calculated using short time Fourier trans-
form (STFT) (Fig. 1(a)) and the HHT (Fig. 1(b)). There
are two strong signals in both the time-frequency do-
mains: one is the PNS surface g-mode (gravity-mode),
whose frequency increases rapidly with time at about
0.05−0.35 s; the other has a lower frequency than the g-
mode and is suggested to be induced by the SASI mode.
Using the STFT calculations, we can estimate that the
SASI mode has a low frequency band and is approxi-
mately constant. We confirmed that there is no signif-
icant difference between results with h× and h+, and
therefore we show only the results with h× here and here-
inafter.

Hence, we compare our results with the previously re-
ported outcomes [30, 37]. Apart from the two strong
modes (g-mode, SASI mode), there are several other
modes in TFR, also appear in the HHT. However, the
IAs, which denote the weight of the wave with the fre-
quency exist, are small. Thus, we do not focus on these
modes and analyze only the SASI mode.

We decomposed the GW signal into the IMFs and
showed the IMF1-6 in Fig. 2(a). The g-mode and SASI
mode components were extracted as the IMF3 and IMF5,
respectively. Fig. 2(b) illustrates the IMF5, its IA and
IF, and indicates that the SASI mode did not appear

up to about ∼ 0.1 s from the core bounce time and it
perhaps oscillates with about ∼ 150 Hz after that.

Since the HHT has a higher time and frequency resolu-
tion than that of the STFT, the HHT is suitable for iden-
tifying the SASI dominant phase and investigating the
time-dependency of its GW frequency. Extracting the in-
stantaneous characteristic GW frequency from detected
GWs particularly exerts its ability in multi-messenger as-
tronomy. This is because the SASI activity may imprint
its time modulated signal in both the gravitational wave-
form [30, 31, 35] and also in the neutrino signal [53, 54].
We, therefore, need to determine more precisely the char-
acteristic GW frequency to link the GW and neutrino
signal and to identify that they are emitted from the
same origin. For that purpose, we propose a method to
investigate the characteristics of a GW frequency from
the SASI based on the HHT.

In section V, we discuss how to analyze the SASI mode
properly and show our results.

V. ANALYSIS OF THE INSTANTANEOUS
FREQUENCY

We show the method to analyze the IF of the IMF5,
which includes the SASI mode. The activity of the GWs
derived from SASI changes depending on the selection
of the mass of progenitors and EoS, and the theory that
describes their properties has not been confirmed [30, 54].
We propose a method for investigating the characteristics
of the GWs derived from SASI using the HHT. Here, we
analyze the IF to estimate the time when the SASI mode
occurred, and investigate the average and trend of the IF.
Furthermore, the systematic error discovered by applying
the same method to the test waveform imitating the GW
is described.

A. Method and demonstration

We use a sine-Gaussian waveform with constant fre-
quency as the test signal,

htest,l(t) =A exp

[
−
(

2π(t− tshift)

twidth

)2
]

sin(2πfconstt)

+ gl, (V.1)

where gl is the white Gaussian noise, l is (l =
1, · · · , Ntest), Ntest is number of the white Gaussian noise
signals generated from different seeds. In Eq. (V.1),
the former simulates the SASI mode, and latter sim-
ulates the numerical error. We used the parameters
tshift = 0.22, twidth = 0.4, fconst = 130 Hz and the cor-
responding signal is shown in Fig. 3(a). The reason for
using a sine-Gaussian wave is that, as shown in Fig. 1,
the SASI has a waveform in which the amplitude becomes
stronger from a certain time, the frequency is almost con-
stant, and then disappears after vibration. The SASI is
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(a) STFT (b) HHT

FIG. 1. Time-Frequency representation by STFT spectrograms and HHT map. The right and left top panels show the same
GW signal wave (h×) “SFHx” [30] and sampling frequency of the signal is 16 kHz. In bottom panels of (a) and (b), the
x-axis and y-axis represent the post core bounce time and frequency in logarithmic scale, respectively. STFT’s color bar denote
amplitude spectrum and HHT’s color bar denote instantaneous amplitude. In the STFT calculation, we used the Hanning
window function and adopted ∼ 0.048 s window width and ∼ 0.042 s overlap.

a phenomenon whose generation conditions and behav-
ior are still under study, and there is no universal model
with a theoretical support to investigate SASI. However,
it is reasonable to assume that the frequency of SASI
is almost constant in SFHx, as reported by Kuroda et
al [30].

Figure 3 shows the results of HHT of the test signal. In
this analysis, a low trial number, namely, Neemd = 103 is
applied since the results do not change even with higher
values of Neemd for a simple signal like Eq.(V.1). Fig-
ure 3(b) shows that sine-Gaussian wave was compared to
the IMF5, and the fact that the amplitude of the IMF5 is
smaller than the sine-Gaussian wave in Fig. 3(c) indicates
that mode splitting has occurred. Probably the IMF1-3,
6 are mostly noise components. The components of the
sine-Gaussian wave split in the IMF4. From Fig. 3(c),
the IF does not have a physical meaning owing to the
influence of noise and calculation error where the ampli-
tude is small, and the frequency vibrates around 130 Hz
owing to the influence of the white Gaussian noise, even
where the amplitude is large. It is assumed that there
are many cases where the mode splitting cannot be com-
pletely avoided in the actual analysis. In such cases, the
analysis is advanced using these results.

(A) Estimating the starting point of the target mode

We estimated the appearance time tstart and disap-
pearance time tend of the signal on the IMF. For this, we
referred to [48], which used the root mean squared error
(RMSE) and assumed a constant IF.

The appearance and disappearance times were defined
using discrete time series signals as:

tstart(n0) = n0∆t, (V.2)

tend(n0, NT ) = tstart + T

= (n0 +NT )∆t, (V.3)

where, n0 is a segment of tstart, ∆t is the sampling
time interval, that is, inverse of the sampling frequency
(∆t = 1/fsampling), T is time of appearance of the signal,
and NT is the number of segments of T . The segment
[n0, n0 +NT ] is estimated using n0 and NT as variables.

The first step is to estimate the optimal tstart for each
NT . We calculate the IF variances σ̂(n0, NT ) of the seg-
ment [n0, n0 +NT ] in all possible n0 for a fixed NT .

〈f〉(n0, NT ) =

n0+NT−1∑
i=n0

fiwi, (V.4)
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FIG. 2. IMF1-6 by EEMD and the IA and IF of the IMF5 by HSA. The HHT map shown in Fig.1(b) was created by HSA all
of the IMFs in (a).

RMSE : σ̂(n0, NT )

=

√√√√ 1

NT

n0+NT−1∑
i=n0

[
fi − 〈f〉(n0, NT )

]2
, (V.5)

where fi is IF, ai is IA, and wi is the weight function
defined by

wi =
a2
i

n0+NT−1∑
i=n0

a2
i

. (V.6)

The optimal n0 is represent by nbest
0 , with the smallest σ̂

in the NT .

nbest
0 (NT ) = argmin

n0

σ̂(n0, NT ), (V.7)

σ(NT ) = σ̂(nbest
0 (NT ), NT ). (V.8)

The lower part of Fig. 4 shows the NT − σ map, which
is obtained by performing the above calculations for all
NT .

The second step is to determine the optical NT . We
assume the following,

• IF of the SASI is almost constant with time.

• The SASI mode appear in parts of the IMF.

On the NT−σ map, σ gradually increases NT in the time
segment where SASI dominates, but it increases rapidly

otherwise. Based on the above assumptions, we divide
the NT − σ domain into two regions: above and below
N. Each region is then calculated by linear regression to
determine the optimal Nbest

T where the sum of both error
terms is minimum.

Nbest
T = argmin

NT

[
Er(NT,min, NT )

+ Er(NT + 1, NT,max)
]
, (V.9)

Er(NT,1, NT,2)

= min
a,b

√√√√√√√
NT,2∑

NT =NT,1

[
σ(NT )− (aNT + b)

]2
NT,2 −NT,1

, (V.10)

where NT,1, NT,2 (NT,1 < NT,2) denote any NT on the
NT − σ map and a, b denote the fitting coefficients, and
NT,min and NT,max denote the minimum and maximum
of x-axis on the NT − σ map, respectively. The black
dashed line on the lower panel of Fig. 4 shows Nbest

T and
the black dashed line on the top panel shows the time
segment where SASI dominates. We succeeded in es-
timating the time segment where the amplitude is not
zero, and this method is expected to function properly
in the time segment where the SASI mode dominates as
shown in Fig. 4.
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FIG. 3. Results of analysis of the test signal shown in Eq. (V.1) using HHT

(B) Analysis of the frequency trend

As we mentioned in Sec. 3, there is something unclear
about the SASI. Therefore, it is necessary to obtain evi-
dence from the observed data. Prior to that, we propose
a method for analyzing the IF characteristics. Here, the

IF within the time segment, obtained by method (A), is
analyzed. We calculated the mean value of the IF in the
trend using Eq. (V.4), and used weighted least squares re-
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FIG. 5. Fitting lines for the IF of the test signal

gression analysis for IF of the IMF to estimate the trend,

ffit
lin(t) = a0 + a1τ + ffit

lin,err, (V.11)

ffit
quad(t) = b0 + b1τ + b2τ

2 + ffit
quad,err, (V.12)

ffit
cubic(t) = c0 + c1τ + c2τ

2 + c3τ
3 + ffit

cubic,err, (V.13)

where ffit
d , d = {lin, quad, cubic}, are dependent variables

of the frequency trend, τ = (t− tc)/(tend − tstart), tc =
(tstart+tend)/2, ffit

d,err, d = {lin, quad, cubic}, are the error

terms, and ffit
d,err =

∑
wi(fi− ffit

d )2. For regression anal-

TABLE I. Fitting coefficients and errors of the IF of the test
signal. The value in row of τ I(I = 0, 1, 2, 3) are coefficients
of τ I and ffit

err is the error term of regression function. The
numbers after ± in the table are the standard deviation of
the coefficients, and χ2 is defined (V.14).

Linear Quadratic Cubic
τ0 130.0 ± 1.0 130.0 ± 1.2 130.0 ± 1.3
τ1 -0.3 ± 3.3 -0.6 ± 3.5 -0.4 ± 5.5
τ2 0.6 ± 8.0 0.7 ± 8.3
τ3 0.8 ± 16.8
ffit

err 4.9 4.9 6.5
χ2 1.6 × 10−4 4.4 × 10−4 6.4 × 10−4

ysis, we use the GNU Scientific Library [55] to calculate
the best-fit coefficients and statistical errors.

In addition, the following values are introduced to in-
vestigate the accuracy of the analysis results,

χ2
d =

1

NT

∑
i

(
ffit

d,i − ftrue,i

)2
ftrue,i

, (V.14)

d = {lin, quad, cubic},

where, ftrue is the IF obtained by the HSA of the signal
on which a white Gaussian noise is not superimposed and
ftrue = 130 Hz.

The fitting result is shown in Fig. 5 and the coeffi-
cients are listed in Table I. These results indicate that
the test signal with a constant frequency at 130 Hz can
be analyzed properly. Additionally, when the weighting
function is not used (wi = 1), the average IF deviates
from its original value; therefore, the weighting function
is necessary to obtain an appropriate result.

(C) Error estimation

To estimate the error caused by the above method,
we prepared Ntest = 1000 test signals and generated a
histogram of the estimated values.

Figure 6 shows the histograms of the fitting coeffi-
cients, the average frequency, and the time interval. The
top two histograms in the rightmost column are the re-
sults for the time interval. The top histogram in the the
second column from the right is the result of the average
frequency. The rest are histograms of the fitting coeffi-
cients. The widths of the histograms reflect variations in
the results for Ntest = 1000 test signals. These are due
to the fact that mode decomposition in EEMD could not
be performed perfectly, and the noise behavior in which
only the seed of Eq. (V.1) in the second term appears
different. When applying this method to the GWs, the
above should be considered a systematic error.
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B. Analysis of the simulated GW from CCSNe

We apply the above method to a simulated GW from
a CCSN model of [30] in Fig. 2(b). First, we estimated
the time segment at which the SASI would appear. Next,
we searched for the optimal segment [0.0 s, 0.35 s] to get
Nbest

T . Using this, we further searched for [0.0 s, Nbest
T ]

and [Nbest
T , 0.35 s] to obtain the second and third Nbest

T ,
respectively. We selected an Nbest

T based on the small-
est IF fitting error. The results are shown in Fig. 7.
We estimated that the SASI mode was dominant at

TABLE II. Same table to I excluding χ2 for the simulated
GW from the CCSN [30].

Linear Quadratic Cubic
τ0 127.0 ± 1.1 127.6 ± 1.4 127.6 ± 1.4
τ1 -0.4 ± 2.0 0.3 ± 2.2 0.3 ± 4.8
τ2 -1.9 ± 3.9 -2.3 ± 4.3
τ3 -0.1 ± 8.4
ffit

err 12.2 11.9 11.9

0.116 s . t . 0.347 s (t = time) and the internal en-
vironment that was needed to trigger SASI in the core
was ready ∼ 0.1 s after the core bounce (t = 0 s). The
end time (∼ 0.35 s) is close to the time when the sim-
ulation ceased calculating, and it is speculated that the
SASI may have temporarily weakened. The fitting re-
sult is shown in Fig. 8 and the coefficients are listed in
Table II. Fig. 9 shows the results of the GW analysis to-
gether with Fig. 6, where the fitting coefficients are the
red dashed lines and the error of the coefficients is the
white range. The average frequency of the GW is shown
in the error range around the 0 axis and is not shown a
red dashed line. The time interval of the GW is shown
as a red dashed line and is not shown in the error range.
The values of b2 and c2 suggest that the frequency of
SASI may fluctuate. However, considering the error gen-
erated in the test signal, this analysis method uses the
GW obtained from the SASI mode in the segment. No
time change was obtained from the IF.
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VI. SUMMARY AND DISCUSSION

We analyzed a simulated GW signal from a core-
collapse supernova (CCSN), which contained the strong
SASI mode, using the HHT technique. The frequency of
the SASI has information on the internal dynamics of the
star before the explosion; therefore, we examined the be-
havior of the SASI frequency of the simulated signal. The
HHT method could isolate the IF of each physical mode
that was generated in the signal source. Consequently, we
endeavored to evaluate the feasibility of employing HHT
to analyze GWs generated by the SASI mode. Thus, we
performed a statistical analysis because the IF was de-
fined as a function of time, and found that the IF of the
SASI mode extracted in the IMF5 was constant, namely
〈f〉 = 127.0 ± 3.7 Hz, with time within 1σ in the time
segment 0.116 s . t . 0.347 s.

Our results were consistent with the previously re-
ported research outcomes [30, 37] and established the ef-
fectiveness of the HHT technique. Hence, we can expect
the HHT to work well for analyzing the SASI mode from
the observation signals, and it will be important to search
for the signal that is superimposed on the simulated GW
signals and GW detector noises.

Kuroda et al. [30] pointed out that the SASI mode can
be captured by existing detectors (Advanced LIGO, Ad-

vanced Virgo, and KAGRA) if the event is in the Galaxy.
Therefore, there is a high possibility that SASI mode
can be detected with Einstein Telescope [8], Cosmic Ex-
plorer [9], and thus, we plan to study the practical appli-
cations of HHT in the near future.

ACKNOWLEDGMENTS

We thank K. Hayama and T. Takiwaki for their con-
tribution in early phase of this work and for enlighten-
ing discussions. We are also grateful to N. Uchikata,
R. Nishi and K. Watanabe for enlightening discus-
sions. This work was supported in part by Japan So-
ciety for the Promotion of Science (JSPS) Grants-in-Aid
for Scientific Research on Innovative Areas Grant nos.
24103005, JP17H01130, JP17H06364, JP17H06358, and
JP17H06361, by JSPS Core-to-Core Program A, Ad-
vanced Research Networks, and by the joint research
program of the Institute for Cosmic Ray Research,
University of Tokyo. This work was also supported
in part by a Grant-in-Aid for JSPS Research Fellows
(No. 20J00978 S. Tsuchida), and by JSPS KAKENHI
(Grant Nos. 17H06133; N. Kanda, 19K14717, 21K13926;
K. Sakai, 19H0190; H. Takahashi). K. Kotake was sup-
ported by Research Institute of Stellar Explosive Phe-
nomena at Fukuoka University and the associated project
(No.207002).

[1] J. Aasi, B. Abbott, R. Abbott, T. Abbott, M. Abernathy,
K. Ackley, C. Adams, T. Adams, P. Addesso, R. Ad-
hikari, et al., Class. Quant. Grav. 32, 074001 (2015).

[2] F. Acernese, M. Agathos, K. Agatsuma, D. Aisa, N. Alle-
mandou, A. Allocca, J. Amarni, P. Astone, G. Balestri,
G. Ballardin, et al., Class. Quant. Grav. 32, 024001
(2014).

[3] B. P. Abbott et al. (LIGO Scientific and Virgo Collabo-
ration), Phys. Rev. X 9, 031040 (2019).

[4] R. Abbott et al. (LIGO Scientific and Virgo Collabora-
tion), GWTC-2: Compact Binary Coalescences Observed
by LIGO and Virgo During the First Half of the Third
Observing Run (2020), arXiv:2010.14527 [gr-qc].

[5] H. Grote, A. Freise, M. Malec, G. Heinzel, B. Willke,
H. Lück, K. A. Strain, J. Hough, and K. Danzmann,
Classical and Quantum Gravity 21, S473 (2004).

[6] T. Akutsu et al. (KAGRA collaboration), Nature Astron-
omy 3, 35 (2018).

[7] T. Akutsu et al. (KAGRA collaboration), arXiv preprint
arXiv:2008.02921 (2020).

[8] M. Punturo, M. Abernathy, F. Acernese, B. Allen, N. An-
dersson, K. Arun, F. Barone, B. Barr, M. Barsuglia,
M. Beker, et al., Class. Quant. Grav. 27, 194002 (2010).

[9] B. P. Abbott, R. Abbott, T. Abbott, M. Abernathy,
K. Ackley, C. Adams, P. Addesso, R. Adhikari, V. Adya,
C. Affeldt, et al., Class. Quant. Grav. 34, 044001 (2017).

[10] V. Kalogera, M.-A. Bizouard, A. Burrows, T. Janka,
K. Kotake, B. Messer, T. Mezzacappa, B. Mueller,
E. Mueller, M. A. Papa, et al., arXiv preprint

arXiv:1903.09224 (2019).
[11] E. Abdikamalov, G. Pagliaroli, and D. Radice, arXiv

e-prints , arXiv:2010.04356 (2020), arXiv:2010.04356
[astro-ph.SR].

[12] K. Kotake, Comptes Rendus Physique 14, 318 (2013),
arXiv:1110.5107 [astro-ph.HE].

[13] S. Klimenko, I. Yakushin, A. Mercer, and G. Mitsel-
makher, Classical and Quantum Gravity 25, 114029
(2008).

[14] S. Klimenko, G. Vedovato, M. Drago, F. Salemi, V. Ti-
wari, G. Prodi, C. Lazzaro, K. Ackley, S. Tiwari,
C. Da Silva, et al., Physical Review D 93, 042004 (2016).

[15] S. Gossan, P. Sutton, A. Stuver, M. Zanolin, K. Gill, and
C. D. Ott, Physical Review D 93, 042002 (2016).

[16] J. Logue, C. Ott, I. Heng, P. Kalmus, and J. Scargill,
Physical Review D 86, 044023 (2012).

[17] J. Powell, S. E. Gossan, J. Logue, and I. S. Heng, Physical
Review D 94, 123012 (2016).

[18] J. Powell, M. Szczepanczyk, and I. S. Heng, Physical Re-
view D 96, 123013 (2017).

[19] V. Roma, J. Powell, I. S. Heng, and R. Frey, Phys. Rev.
D 99, 063018 (2019).

[20] S. Suvorova, J. Powell, and A. Melatos, Physical Review
D 99, 123012 (2019).
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