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GW from core-collapse supernova (CCSN)

& A theoretical explanation of the mechanism of CCSNe,

it is not yet fully understood.

€ The importance of GWs in the CCSNe research is

demonstrated by the results of numerical simulations

= different of models : EoS, mass or rotating of star etc.

high-resolution time-frequency analysis

We may be able to investigate above from GW data analysis.

2020/12/19 KIW7 3



A simplified picture of the flow to the explosion.
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GW from core-collapse supernova (CCSN)

standing accretion shock instability : SASI

€ The SASI is a type of fluid instability that distorts a standing
shock wave into a non-spherical wave, causing motion of the core

SFHx — SFHx

9.211.14.16. 18.

I 100km 1 100km

Post bounce time — 150ms 237ms

T The time evolution of entropy space distribution of 3D-GR numerical simulation
model SFHx [T. Kuroda+, ApJ(2016)] This is a snapshot of the interior from the shock wave.
The entire shock wave is distorted.

v When nucluear equation of state is soft (SFHx), SASI is more vigorous.
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GW from core-collapse supernova (CCSN)

standing accretion shock instability : SASI

€ Frequency of the SASI-derived GW : 0.1 -0.2 kHz

short-time Fourier transform

— GW (h,@10kpc)

[T. Kuroda+, ApJ(2016)]
> this simulation calculated up to
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0.35 s from the core bounce time
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It is said that a low frequency
component will appear
in the GW spectrum
If the SASI is occurring.
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short-time Fourier transform
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The GWs from CCSN has multiple modes, the SASI-derived GWs are low-frequency

v The HHT decomposes the signal into multiple mode functions
and does not have the time and frequency resolution trade-off.

SASI frequency fluctuations may have inside information about the star before the explosion.

v Since the HHT defines frequency as a function of time,
detailed information in the time frequency domain can be obtained.
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Hilbert-Huang Transform (HHT)

1. The first step is to decompose the signal into the intrinsic mode

functions (IMFs).

The IMF is a function of time that oscillates around zero in the whole
data set.
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In the second step, Hilbert spectral analysis (HSA) is performed on
each IMF to obtain the instantaneous amplitude and frequency.

2 (t) = IMF (1) + iH[IMF g (t)] = ag(t)e'

J Hilbert transform
1 [ z(t)

1 d¢k (t) the polar form Hlz(t)] = —P/ .

2 — OO

dt’

fi(t) = | |
2T dit <= it does not have the time and frequency
resolution trade-off 9



Hilbert-Huang Transform (HHT) 5oreoeche sona
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Calculating.
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Remaining non-vibration components
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Hilbert-Huang Transform (HHT) 5oreoeche sona
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Hilbert-Huang Transform (HHT) 5oreoeche sona
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Hilbert-Huang Transform (HHT) 5oreoeche sona
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Hilbert-Huang Transform (HHT) 5oreoeche sona
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Hilbert-Huang Transform (HHT) 5oreoeche sona
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Hilbert-Huang Transform (HHT) 5oreoeche sona
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Hilbert-Huang Transform (HHT) 5oreoeche sona
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Hilbert-Huang Transform (HHT) 5oreoeche sona
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Hilbert-Huang Transform (HHT) 5oreoeche sona
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Hilbert-Huang Transform (HHT) 5oreoeche sona
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Hilbert-Huang Transform (HHT) 5oreoeche sona

l'“h .nlh L‘“ A'“mu Mode decomposition
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the original signal h(t)

" IMF3 Calculated after IMF2 extraction

IMF4 Calculated after IMF4 extraction

residual ~ Remaining non-vibration components

Apply the sifting process on 4(7)-IMF1(t)-IM2(t) again
to obtain IMF3.
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Hilbert-Huang Transform (HHT)

Ensemble empirical mode decomposition (EEMD)

> In the EEMD,
there is a process of preparing
Neemd white Gaussian noises
and repeating the same operation for

each of them.

» Adding noise and making it oscillate
in all frequency bands has the effect
of preventing the generation of false
signals,
which can be caused by
frequency gaps in the constituent
waves or sudden oscillating waves.
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results

imulation

the GW from the CCSN s

§ 24
o
e
~ 0 -
-
N
-:X -2
|

L T l T F'

EEMD

2020/12/19 KIW7

N o N N o N N o N N o N N O N N o N

IMF6/1022 IMF5/1022 IMF4/1022 IMF3/1022 IMF2/1022 IMF1/10722

grey line. : GW
black lines : IMFs

: |

0.35




results

grey lines : GW, black 1lines : IMFs

Hilbert spectrum
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results

: GW, black lines :

IMFs
HSA

HSA

HSA

HSA

HSA

HSA

JAN a1(t)
IF f,(t) l HHT. .
1.0 -
IA a,(t) | N
Ffft) WL “1 AL Al L
2051 ' ‘ ek
A as(t) 2 L |
IF f3(t) ; | P
Aadt) 5 0,2 y
Fflt) & ‘%},
1A as(t) e n/\'ﬂ’
IF f5(t) 0.1 -
Aol 0 0.1 0.2 03
t
’ Post bounce time ()
2020/12/19 KIwW7 25

rdréal |

€(91



~
E
=5
N’
)
o
=
S5
=)
=2
)
et
e

results

short-time Fourier transform

SASI mode
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results

we 1nvestigated

(1) the time 1nterval during which SASI was active
-2 ?

(2) the time variability of SASI frequency during that interval.
-2 ?
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results
Estimating the starting point of the target mode

® First, to find the time interval where SASI is active,
we looked for the best start and end time for each
time interval length N.

® Specifically, we assumed the frequency to be

constant and looked for the one that minimized the il
following root mean squared error

RMSE(RQ, No) =

T_L()(NQ) — argminnORMSE(no, N())
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results
Estimating the starting point of the target mode

we assumed that the change in
the slope of this figure is a sign
of the change in the dominant
component.

0.15 0.2
time[sec]

In other words, the borderline
between the noise-dominated
iInterval and the SASI-dominated
Interval.

be:stN: -

1000 1500 2000 2500 3000 3500
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results

we 1nvestigated
(1) the time 1nterval during which SASI was active

S0 11s <t < 0.355}M= 7 >= 127.0 + 3.7 Hz

(2) the time variability of SASI frequency during that interval.
-2 ?
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results Analysis of the frequency trend

€ The time variation of )
the SASI frequency can be considered §
as a sign of an explosion.

& \We propose to perform
a weighted least squares method
on the instantaneous frequency
and use the value of the fitting

0.15 0.2 0.25 0.3

coefficient ' ' time[sec]

linear err cubic

to determine if it is constant or not. quad cubic err

linear

IA%(t;)

Weight function w(t;) =

m 2020/12/19 KIW7 .



results Analysis of the frequency trend

are the values of the fitting : 1 3 PR

a0 —
SFHx h, a0-<f>

coefficients

« The orange squares are the 1 sigma error
of the coefficients.

« The histogram is the result of the same
analysis for 1000 test waveforms of
constant frequency.

b0 C—

v" The width of the histogram can be
regarded as the error range of the method,

= the SASI-derived GW signal has a
constant frequency in the range of 1 sigma.

flin (t) = ap + a17T + flin,err
fquad (t) = bo +b17 + [727-2 =+ fquad,err
fcubic (t) =Cyot+C1T + 027_2 + 037_3 + fcubic,er
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results

we 1nvestigated
(1) the time 1nterval during which SASI was active

S0 11s <t < 0.355}M= 7 >= 127.0 + 3.7 Hz

(2) the time variability of SASI frequency during that interval.
-> constant
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Summary

« We have shown that the HHT can extract SASI modes from gravitational
waves obtained from a CCSN numerical simulations.

« We also proposed a method to check whether the frequency of SASI-
derived gravitational waves is constant or not.

« According to the results, the waveforms we analyzed were constant in the
range of 1 sigma.

v Future work
O Analyzing other modes of the gravitational waves with the HHT

O Analyzing the signal by adding the detector noise and the simulated
waveform.
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