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Towards testing gravity theories = Ringdown-part extraction is a key
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For 60M BH of a=0.75,
frequency = 300 Hz
~ U damping time scale = 3.7 ms
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LIGO/Virgo, GW150914
LIGO/Virgo, PRL 116 (2016) 221101; PRL 121 (2018) 129902E [1602.03841]

3
= z
~ .
S g can say only
O :
= : (11 - bk
E consistency
5 :
e ’z
E :
= £
00 l | | | | | |
0 2015 _0'.10 20.05 0.60 40 50 60 70 80 90 100 110 120
Time (seconds) Final mass M f (M)
12} ' '
- = — IMR(=2,m=2,n=0)
inspiral post
10} PN
I M R :éi ":' - S ‘\
o 8 ':l" ’ ‘\ ‘\
g‘ S l\ “\“\
> 2 (" 1 LYY
6 . NS I ey
g R A ,’ ' \‘ ‘.
% l‘ - "i() ms— @d) ---------- ," ........
2 N 50 TUDS i i o o o e o
0 I I I L
200 220 240 260 280 300
QNM frequency (Hz)

Hisa-aki Shinkai (Osaka Inst. Tech.) @ 2018/11/26-28 Second Annual Area Symposium@YITP in KyotoUniv 3


https://gw-genesis.scphys.kyoto-u.ac.jp/ilias/goto.php?target=fold_1251

Report AO1: Comparison of various methods to extract ringdown frequency

Mockdata preparation
SXS data + shifted ringdown injection + aLIGO noise

modified after t_ merger (set A)
modified before/after t_merger (set B)

100 T T T

T
"mockNOicp.dat” ——

S0

SNR=60 (total) .
SNRrd = 13.81

S0

100

100 T T
"mockT 15¢cp.dat” —

50

SNR=20 (total)
SNRrd = 5.85

S0

-100

data SNR injected
Pall Prd f 1({““ I(inj)
A-01 60.0 13.81 260.68 44.58
A-02  60.0 12.73 345.16 50.49
A-03 60.0 13.79 382.53 32.58
A-04 60.0 11.84 284.18 44.73
A-05 60.0 16.78 346.20 23.07
A-06  30.0 5.57 272.85 33.40
A-07  30.0 6.56 272.85 44.54
A-08 30.0 7.27 301.89 42.24
A-09 30.0 6.93 324.60 27.25
A-10  30.0 7.88 282.55 37.45
A-11  20.0 6.36 314.24 30.58
A-12  20.0 3.45 382.10 48.60
A-13  20.0 4.68 249.36 47.97
A-14  20.0 4.13 299.32 41.88
A-15  20.0 4.54 319.42 31.55
B-01 60.0 17.58 352.56 36.20
B-02 60.0 14.27 210.78 42.77
B-03 60.0 13.67 258.83 48.42
B-04 60.0 20.09 271.13 25.40
B-05 60.0 17.07 291.99 34.20
B-06 30.0 9.53 411.57 29.48
B-07 30.0 6.29 295.78 59.38
B-08 30.0 6.03 312.39 59.24
B-09 30.0 6.01 198.34 57.91
B-10 30.0 8.31 323.32 37.86
B-11  20.0 5.20 208.80 39.75
B-12  20.0 6.60 246.66 27.85
B-13  20.0 4.46 323.71 62.51
B-14  20.0 6.20 215.15 33.15
B-15 20.0 5.85 335.20 25.11
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Mockdata preparation

SXS data + shifted ringdown injection + aLIGO noise
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method 1 :: Matched Filtering

Matched Filtering (ringdown only) B VASI i GIERLES

0 (t<to)
e~wi(t=%0)/Q coslwg (t — to) — ¢o
(t > to)

h(t) = =

Matched Filtering (merger + ringdown) sVYAElElRs=Ls

smoothly connected templates

Introducing two more parameters:
relative amplitude of ringdown vs inspiral/merger
transition rapidity of ringdown from merger

should have best performance for set B
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method 2 :: Hilbert-Huang transformation (HHT)
by Oohara-Takahashi-Sakai XJE - 51& - HH

Empirical Mode decomposition Hilbert-Spectral Analysis

Z:V/\n S(Q\ /\/\Vﬂ /\/\V/\V/\V/\N\A/\V/\/\VN v(t) = %P / h tS(—Tz- dr
B \/WW W\/ d | >0

a()e?® = s(5) + v(r)
'y

I(t):lower envelope |

We extract £, (from 6 (1))
and £, (from a(?)).

_ The choice of initial filtering
PSS 0 EONE band [ ;. /,/] is a little ad hoc.
—8(8) = s(t) —m(t) —

dddodadedededalalals
BUL Ll

We drop high and low frequency
modes by filtering the data [ 1,, 4]
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method 3 :: Auto-Regressive method (AR) by Shinkai-S.Yamamoto E8 - ||

rFitting data with linear func. A

Tp = @1Tp—1+0a2Tp—2+ "+ AMTn—M T €
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can be applied also to noisy data by adjusting M
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method 3 :: Auto-Regressive method (AR)

rFitting data with linear func. A
Tpn = QA1Tp—11T0a2Tp—2+ "+ aAMTpn—M +E
M
= Z AjTn—j + €
_ = )
e find a; (Burg method) 0000000000
e find M (FPE final prediction error method) oo
e re-construct wave signal from fitted function o—o—e
e apply FFT with arbitrary precision.
oe—0—0—0
/ power spectrum ) e
02 o—o—0—o
p(f) = 2
M
1 — z aje—IZ’ﬂ'ijt
j=1

\— _J
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method 3 :: Auto-Regressive method (AR)

_

rFitting data with linear func. A
Tpn = QA1Tp—11T0a2Tp—2+ "+ aAMTpn—M +E
M
= Z AjTn—j + €
J=1 )

e find a; (Burg method)

e find M (FPE final prediction error method)
e re-construct wave signal from fitted function

e apply FFT with arbitrary precision.

fpower spectrum
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rcharacteristic eq.

M
f(z) =1-— Zajzj =0
j=1
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2% | says amplitude,
arg(z) says frequency.
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method 4 :: Neural Network method (NN) by T.S.Yamamoto L7
layer |dimension
Convolutional layer Input | (256, 2)
Conv | (256, 64) Choose the coefficients
sy = ZZ Zigp iy + b Pooling| (128, 64) 7, wand b
=t =l ReLU | (128, 64) to minimize Ioss function
Pooling layer Conv |(128, 128)
;,:_j: — kfilﬂx ) 2 itk Pf({)Oling (64, 128) J(y.t) =7 Zl Ym — tm)
eLU | (64, 128)
Rectified linear unit (ReLU) Conv | (64, 256)
N % N Pooling| (32, 256)
" = h(z) = max(z,0) ReLU | (32. 256)
Dense Iayer Conv | (32, 512)
ReLU | (32, 512)
B Z wiizi 4 b, Flatten| 32x512
173 Dense 256
ReLU 256
Dense 2
Output 2

size X channels
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Comparison
(a) real part
ol ‘ e dlog fr(%) o(fr)(%) dlog f1(%)  o(f1)(%%)
_ ) . . EET | MF-R A -5.96 13.27 -49.02 78.67
S ol . B| -14.27 18.79 -26.63 42.05
2 ¢l S S | MF-MR A|  2.99 12.57 0.55 17.49
o BN b.A ¢ ¢ Tt
£ o ik i TN S t +10% B 2.97 5.62 5.57 (15.35 )
: b g B T D HHT A| -12.73 18.58 -49.95 63.58
5 20 - I ] B| 974 . . 16.07 -38.58 44.57
S M R AR A 4.93 ﬁ‘f“e"e“‘?‘ 10.66 ) 12.85 (27.44 )
-40
130% ; | . | B 6.64 13.58 17.55 38.07
o s 10 5 0 25 NN A -4.50 12.08 -13.48 29.34
(b) imaginary part St B 0.69 ﬁ(ce"en 3.36 16.67
100 1 . I T W
) ) © MFMR|
_ "£60%.. . LA .
£ s CI— . - - For matched filtering (MF-MR), Set-B template was used.
§ 25 | .:' R R ’ i - Neural network (NN) was trained using set-B template.
g Somms St Sy : ,, - NN slightly exceeds the performance of MF-MR.
£ o * * a & , v
£ { : .‘é . TR - For set A real part, AR showed the best performance.
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Application to the LIGO/Virgo data

List of Detected GW events

GW150914

LVT151012

GW151226

GW170104

GW170608

GW170814

GW170817

M1+M2=Mf,

Mdiff /Mtotal

PRL116,061102|  36.2+29.1=62.3+3.0
(2016/2/11) 4.59% 0.09
(2016/2/11) 23+ ]23; ;’;” & 0.66 ] Og%pc 9.7
PR(I;O 112,/2;1 51)03 14.2+74..51=52(ycc)).8+o.9 04 44OC.)(|\)/19pC e
PRI(_210118%/262/1] ; Ol 31 .2+12:§;;8.7+1 9 064 880(?l]\/l8pc 13 1300
o | s | | S ||
PR;IZ_; : 3,/114(; 1/ ; ;)1 30.5+22:?é=6;3.2+2.6 075 540(?11\/I]pc g 0
PF(%ZI_(; ]1 ;9/,1106/ 1] 16 ())1 ] .36~1=.620.7+4 1;1?7~1 36 , woMoe | 324 e
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Application to the LIGO/Virgo data : improved MF method

The analysis of real data using the
iImproved matched filtering

%?R GW150914 % GW170104 % GW170814
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i Vi Ve
The estimate of the ringdown frequency is slightly inconsistent with the
GR prediction obtained from the inspiral signal for GW150914.
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Application to the LIGO/Virgo data : Auto-Regressive model

GW150914 (S/N = 23.7) GW170814 (S/N = 18)
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What’s going now

Ringdown extraction methods are ready

If SNR>10, we can estimate f real within 10% at our current methods.
But still hard for estimating f_imag.

Mockdata challenge shows several future improvements of each methods

AR: try with EMD, try with another approaches
HHT: improve mode-splitting problem in EMD
NN: estimate the errors

Application to the LIGO/Virgo data

IS In progress

Preparation for O3 data (2019 Feb~) analysis

IS In progress
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