Gravitational wave and test of general relativity

Planned Contents Hisaaki Shinkai (Osaka Inst. Tech.)
* GW projects: KAGRA http://www.oit.ac.jp/is/shinkai/

¢ LIGO-Virgo: GWTC-2 release & Test of GR

. Auto-Regressive method for data analysis

"' , 4 In 1989, when Kei-ichi Maeda started a group at Waseda,

Kei-ichi suggested me to work in numerical relativity.

My thesis was on numerical analysis on the generality of
inflationary cosmology.

| mainly worked formulation problem in NR, simulations in
modified gravity theories, --- and now in GW data analysis.
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HS, Kei-ichi Maeda, Andy Birkin, Nobuyuki Sakai

December 10, 2020 @ 7th Korea-Japan Workshop on Dark Energy: Maeda's Universe
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Gravitational Wave
from binary BH-BH, NS-NS, BH-NS



Part 1: Gravitational Wave Projects
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Part 1: Gravitational Wave Projects

oA
KAGRA KACRA

+ Underground and Cryogenic interferometric 3 km gravitational-wave detector at Kamioka, Japan
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Part 1: Gravitational Wave Projects

Fourth 2nd generation detector on the Earth
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more precise GW source localization ,/’\ -

more certain GW source parameters
more chances to hunt GW events

more ideas for GW researches LIGO-Livingstor

more man power
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Part 1: Gravitational Wave Projects

Target Sensitivity & Schedule

LIGO Virgo
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LVK collaboration, Living Rev Relativ (2020) 23:3
https://link.springer.com/article/10.1007/s41114-020-00026-9
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Part 1: Gravitational Wave Projects

Joint Research MoA signed LIGO-Virgo-KAGRA

* 1 Mpc (BNS) is required to join the observation.
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main part (10 pages) Appendix A (17 pages) Letter of Intent (3 pages)
Concept, Definitions, Organizations, Procedures KAGRA's Join to O3 i ]
Purposes * Finally, over 1 Mpc in the end of March 26, 2020.
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Part 1: Gravitational Wave Projects

Target Sensitivity & Schedule

LIGO Virgo
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Part 1: Gravitational Wave Projects

Target Sensitivity & Schedule
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LVK collaboration, Living Rev Relativ (2020) 23:3 COVID-19 terminated O3b

https://link.springer.com/article/10.1007/s41114-020-00026-9

O4 will likely start no earlier than
June 2022

Hisaaki Shinkai (Osaka Institute of Technology); December 10, 2020 @ 7th Korea-Japan Workshop on Dark Energy: Maeda's Universe 9



O1 (2015/9/12 - 2016/1/19)

Masses Iin the Stellar Graveyard

In Solar Masses

EM Neutron Stars

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

GW150914: the first ever detection of gravitational waves from the merger of two black holes more than a billion light years away

https://media.ligo.northwestern.edu/gallery/mass-plot



https://www.ligo.org/detections/GW150914.php

02 (2016/11/30 - 2017/8/25) After 02 : GWTC1 (2018/12/3 released)

Masses in the Stellar Graveyard

In Solar Masses

EM Neutron Stars

10 BHBH
GWTC-2 plot v1.0 1 NSNS

LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

« GW170814: the first GW signal measured by the three-detector network, also from a binary black hole (BBH) merger;
- GW170817: the first GW signal measured from a binary neutron star (BNS) merger — and also the first event observed in light,
by dozens of telescopes across the entire electromagnetic spectrum.

https://media.ligo.northwestern.edu/gallery/mass-plot



https://www.ligo.org/detections/GW170814.php
https://www.ligo.org/detections/GW170817.php

03a (2019/4/1 - 2019/9/30) After O3a : GWTC2 (2020/10/28 released)

Masses in the Stellar Graveyard

In Solar Masses

EM Neutron Stars

46 BHBH
2 NSNS
GWTC-2 plot v1.0

LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern 2 BH+?

GW190412: the first BBH with definitively asymmetric component masses, which also shows evidence for higher harmonics

GW190425: the second gravitational-wave event consistent with a BNS, following GW170817

GW190426_152155: a low-mass event consistent with either an NSBH or BBH

GW190514_065416: a BBH with the smallest effective aligned spin of all O3a events

GW190517_055101: a BBH with the largest effective aligned spin of all O3a events

GW190521: a BBH with total mass over 150 times the mass of the Sun

GW190814: a highly asymmetric system of ambiguous nature, corresponding to the merger of a 23 solar mass black hole with a 2.6 solar mass
compact object, making the latter either the lightest black hole or heaviest neutron star observed in a compact binary

GW190924_021846: likely the lowest-mass BBH, with both black holes exceeding 3 solar masses



https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190425/
https://www.ligo.org/science/Publication-GW170817BNS/
https://www.ligo.org/science/Publication-GW190521/
https://www.ligo.org/science/Publication-GW190814/

Part 2: Gravitational Wave Science Now

GWTC-2

Gravitational Wave Transient Catalog 2

arXiv:2010.14527
https://dcc.ligo.org/LIGO-P2000223/public

39 events in O3a
36BHBH, 1 NSNS, 2 BH+unknown

GWyymmdd_hhmmss for new events

*  GW190412: the first BBH with definitively asymmetric component masses, which also
shows evidence for higher harmonics

GW190425: the second gravitational-wave event consistent with a BNS, following
GW170817

« (GW190426_152155: a low-mass event consistent with either an NSBH or BBH

« GW190514_065416: a BBH with the smallest effective aligned spin of all O3a events

«  GW190517_055101: a BBH with the largest effective aligned spin of all O3a events

*  GW190521: a BBH with total mass over 150 times the mass of the Sun

*  (GW190814: a highly asymmetric system of ambiguous nature, corresponding to the
merger of a 23 solar mass black hole with a 2.6 solar mass compact object, making
the latter either the lightest black hole or heaviest neutron star observed in a compact
binary

* GW190924_021846: likely the lowest-mass BBH, with both black holes exceeding 3
solar masses

arXiv:2010.14529 Test of GR

arXiv:2010.14533 Population properties

Hisaaki Shinkai (Osaka Institute of Technology);

Event M M mi ma X eff Dy, z M X f AQ) SNR

(Mz)  (Ma)  (Mp)  (Mp) (Gpe) (Mg) (deg”)
GW190408.181802 42.9735 18.371% 245731 18.3732 —0.037015 1.5870:2 0.30709% 41.073% 0.67700% 140 15.3%02
GW190412 384735 133704 30.0737 83705 0257007 0747017 0157003 37.37539 0.67700s 21 18.9707%
GW190413.052954 56.973% 24.0753 33. 4:;2;‘ 23.4%87 0.01102% 4.10%2-2L 0.6679:3 54.3%124 0.6970-12 1400 8.9%03
GW190413.134308 76.1715% 31.977% 4547335 30.973%% —0.017022 5.157233 0.80703 7287152 0.697010 520 10.07)12
GW190421.213856 71.871%° 30.7755 40.671%* 31.4775 —0.057022 3.1571-37 0.53792% 68.671L7 0.68701Y 1000 10.7792
GW190424.180648 70.772%* 30.37537 39.572% 31.0773 0.157022 2557135 0.457022 67.172%° 0.757005 26000 10.4792
GW190425 b AR paintd TR 0N [T 9900 12.4793
GW190426.152155 7.2732 2417008 57749 15708 —0.037033 0.387912 0.0870 04 1400 8.779:2
GW190503.185404 71.379% 30.17%2 42,9792 285775 —0.027020 1.5270°7L 0.29701) 68.2757 067709 94 124707
GW190512.180714 356739 14.5712 23.0723% 125732 0.037013 1.497022 0.2870% 342739 0657007 230 12.27072
GW190513.205428 53.6755 21.573% 35.3*;3:% 18.1+72 0.12%222 2161294 0.30%0-¢ 51.3¥3% 0.691>14 490 12.91%°2
GW190514.065416 64.272%°% 27.4755 36.971%% 27.5752 —0.167025 4.93727% 0.77703% 61.6725%° 0.647011 2400 8.270%
GW190517.055101 61.972%° 26.0752 36.471%% 24.875% 0.537020 2.11717 0.38792% 57.8794 0.87700% 460 10.7702
GW190519.153544 10427135 43.570% 6457133 39.97 108 0.337055 2.857303 0.497037 98.77 135 0.8070 77 770 15.670 72
GW190521 157.9:‘";33366.9:9_2- 9147232 66.87207 0.067037 4.537230 0.7279-29 150.3135-20.737011 940 14.2793
GW190521.074359 744755 31.973) 421759 32,7723 0.097015 1287035 0.25700% 70.7753 0.727005 500 25.870)
GW190527.092055 58.5127-9 2421119 36 2119.1 99 g+12.7 (131029 3101485 531051 5591264 0 731012 3800 g.1194
GW190602.175927 114.1715°2 48.3750 67.2715¢0 47.471% ¢ 0.107538 2.997302 0.517075 10887 1120.71 7015 720 12.87)7
GW190620.030421 90.17172 37.577% 5547158 35.0771% 0.347021 3.1671%7 0.547022 8547152 0.80709% 6700 12.1702
GW190630.185205 5887311 24.872) 35.075%5 236727 0.10707%2 0.9370750 0.19700% 56.175% 0.707005 1300 156753
GW190701.203306 94.172%°% 40.27532 53.671%" 40.875%. —0.067022 2.1470°78 0.387912 90.07%% 0677097 45 11.3792
GW190706.222641 101.6715 5 42.075% 64.07122 38.57,2% 0.327020 5.077237 0.79705% 96.37157 0.8070Y05 610 12.6703
GW190707.093326 20.0°19 85706 11.5733 84714 —0.057010 0.807037 0.1672:07 19.271% 0.667003 1300 13.3702
GW190708.232457 30.873% 13.170% 17.5737% 131730 0.02700% 0.9070% 0.187005 29.477% 0.6970 04 14000 13.1703
GW190719_215514 55.8716:2 9297159 35 9+16.9 909181 (35028 4 617281 .73190-35 529+15.6 0807010 92300 8.370:3
GW190720.000836 21.373% 8970% 13.375% 7.8722 0.1875;3 0.81707% 0.167042 20.3735 0.727008 510 11.0703
GW190727.060333 65.8°.%7 28.1*73% 37.2°77% 28.8°00 0.12773° 3.607129 0.60153; 62.6°%% 0.737 010 860 11.970%
GW190728.064510 20.5*75 86705 12275 81730 0.12%5,7 0.89°03> 0.18'005 19.5°71% 0.71700; 410 13.0°03%
GW190731_140936 67.1%1,5 28.475% 39.373L° 28.07%% 0.08%02; 3.9773505 0.65°032 63.97 3% 0.717015 3000 8.6%57
GW190803.022701 62.7°%% 26.7°532 36.17.%% 26.7°7% —0.017)% 3.697285 0.617539 59.9714.2 06970 1] 1500 8.6°)%
GW190814 25.8%1-0 6.09*10-06 23 211 259+0-08 0 00+02-0¢ 0.24+9:04 00540099 256+20 0284002 19 24.9%01
GW190828.063405 57.5% 1% 24.8733 31.8"3% 25.9%1% 0.19%012 2227922 0 40"0% 545759 0767005 520 16.2702
GW190828.065509 34.1%5% 13.3%12 23.8%72 10.2°3° 0.08%018 1.6675%3 0.31791% 32,927 0657007 640 10.0%53
GW190909_114149 71.2%52% 2957 17.° 4327507 27.6° 150 —0.037 0% 4.7755 00 0.751 032 6837722 0.687 018 4200 8.1°07
GW190910.112807 78.7%55 33.9%3% 43.5105 35.1%00 0.02%018 1.57158; 0.29%017 75.0%% 1 0.701055 10000 14.1%52
GW190915.235702 59.5%75 25.17°5% 34.9%25 244720 0.03%)3] 170707, 032701 56.8°7L 0717077 380 13.6°073
GW190924_021846 13.9*31 58*%02 g8*70 50%12 0.03%9030 0.57*922 0.12+9-04 13.3*%2 0677005 380 11.5%03
GW190929.012149 90.6%212 34.3°5% 6477223 25.770%% 0.037027 3.68722% 0.61703 8757207 0.647 021 1800 9.8*0%

20.3+9¢ g5+05 123+1256 78+1T 0.141031 0.7829:37 0.16+9:97 19.3+9-2 0.7210-97 1800 9.519:3

December 10 20 GW190930.133541
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https://arxiv.org/abs/2010.14527
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190425/
https://www.ligo.org/science/Publication-GW170817BNS/
https://www.ligo.org/science/Publication-GW190521/
https://www.ligo.org/science/Publication-GW190814/
https://arxiv.org/abs/2010.14529
https://arxiv.org/abs/2010.14533

Part 2: Gravitational Wave Science Now arXiv:2010.14529

GWTC-2: Test of General Relativity by LIGO-Virgo

_ 512 , ! TABLE III. Results of the residuals analysis (Sec. IV A). For each

1. Residuals test RENEONL) Sia | | event, we present the SNR of the subtracted GR waveform (SNRgg),
248 | | | the 90%-credible upper limit on the residual network SNR (SNRy,), a

T 10 | ‘ corresponding lower limit on the fitting factor (FFg), and the p-value.

0 | | 1 Events SNRGr Residual SNRy, FFy

o4 \ ‘ | GWI190408-181802 16.06 8.48 (.88

- | GW190412 18.23 6.67 0.94
GW190421.213856 10.47 7.52 0.8

°12 | | | GW190503_185404 13.21 5.78 0.92

vie BATET TR | GW190512.180714 1281 592 0.9

. GW190513.205428 12.85 6.44 0.86

;r':u‘ 18 ' l GWI190517_055101 11.52 6.40 0.8

- ] ' | | GWI190519.153544 15.34 6.38 0.92

64 | GW190521 14.23 6.34 0.9

\ ‘ GW190521.074359 25.71 6.15 0.9

30 | GW190602_175927 13.22 5.46 0.92

15 1 05 0 0.5 , 15 GW190630.185205 16.13 5.13 0.95

L(s) GW190706.222641 13.39 7.80 0.86

GWI190707_093326 13.55 5.89 0.92

Subtract the best fit template for the event from the strain data and GW190708.232457 13.97 6.00 0.92
compute the 90% upper limit on residual SNR. ga:gg;gg:gggg;g 1?222 Z::g 8:3
GW190728 064510 13.47 5.98 0.9

GW190814 25.06 6.43 0.9

Check whether the residual SNR is consistent with SNR from noise: GW190828.063405 16.13 8.47 0.89
: : : GW190828_065509 9.67 6.30 .84

measure SNR from noise-only times around the event times, GW190910 112807 14.32 5.60 0.9
yielding a p-value GW190915.235702 13.82 8.30 0.86

GW190924 021846 12.21 5.91 0.9(

p = P(SNR?°% > SNR?7% | noise)

noise residual All p-values consistent with residual SNR produced by noise

No statistically significant deviations from GR

Hisaaki Shinkai (Osaka Institute of Technology); December 10, 2020 @ 7th Korea-Japan Workshop on Dark Energy: Maeda's Universe 14


https://arxiv.org/abs/2010.14529

Part 2: Gravitational Wave Science Now

GWTC-2: Test of General Relativity by LIGO-Virgo

2. Inspiral-merger-ringdown consistency test

:j 1 4 (1+2)M/M.
~ ; 25 70.0 115
N = E =
0.5

= ’

-

<

<] l/
—051.d ) GW170823 [

GW190814 i GW190408 181802 | ™

~1.0 =’

—0.5 0.0

0.5 1.0
AM;/ M;

( o

15 2 4 6
P(Axi/xi)

arXiv:2010.14529

Parameter Estimation with f < f., with f > f,
ins ins postinsp _ postinsp
M™P ) x P M ) X

Waveform models
IMRPhenom - phenomenological PN-based models, calibrated to NR

SEOB - aligned-spin effective-one-body models, calibrated to NR
(note: only includes quadrupole)

4 IMRPhenom waveform test
mostly consistent, but -

GW170823 4 39.5M+29.5M, SNR@ inspiral < 8
GW190408 181802 <« 24.5M+18.3M, with multimodal posterior
GW190814 4 23M+2.6M, large mass ratio ever

No statistically significant deviations from GR

Hisaaki Shinkai (Osaka Institute of Technology); December 10, 2020 @ 7th Korea-Japan Workshop on Dark Energy: Maeda's Universe 15


https://arxiv.org/abs/2010.14529

Part 2: Gravitational Wave Science Now arXiv:2010.14529

GWTC-2: Test of General Relativity by LIGO-Virgo

(aoinspiral(f) = Pref T 27Fftref -1+ SONewton(Mf)_5/3 + V05PN (Mf)—4/3
p1en (M f) ™t + prspn(Mf) /3

{5(P_2, 59007 5(pla T ,5@7} X f(i_5)/3

1. Residuals test R(f) = A(f) ei#)

2. IMR consistency test

3. Hierarchical analysis

1 B3 ,_3
Wintermediate(f ) = 7 (,80 + B1f + B2log f — ? )
4. Parametrized test 4 f—asf
T | —1 3/4 ~1 @5JRD
eMrR(f) = n  Jaot+arf —oof  + ca3f" + astan
3 fdamp
— 2
n = mimy/M
~1 PN 0 PN 0.5 PN 1 PN 1.5 PN 2 PN 2.5 PN 3 PN 3 PNV 3.5 PN
10 1 1 - 1 ] ] ] ] ] ] L L 45
5 102 - l
. e 1 — :
10 2_5 10 i : ° 0 1‘ - 35 B
| = : - ° — 10%3 e <
4 e i// ° : ; ~
1084 7 10°4 — — — - == e ¥ ] = = — 25
< d ; % —— o 10V == — — @ — T
o . ] emm Y —_— N
° vV » v 4 - +
’ ksl v A . @
i 1 e v > A4 GWTC-2 (Phenom) ] & L v 1 )
1043 10777 e % v -- V. GWTC-2 (SEOB) 1014 ° v 15
: : \4 Y ¢ GWTC-1 (Phenom) ;
- i . e GWI170817 (Phenom)
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No statistically significant deviations from GR
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https://arxiv.org/abs/2010.14529

Part 2: Gravitational Wave Science Now

GWTC-2: Test of General Relativity by LIGO-Virgo

O o0 N O o1 B W NN =

. Residuals test

. IMR consistency test

. Hierarchical analysis

. Parametrized test

. Spin-induced quadrupol
. Ringdown

. Echoes

. Dispersion

. Polarizations
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(=2 m=—t n=0 | L+ 2)Temn T2
Event Redshifted final mass Final spin Overtones
(1 +2)M; [Mg] Xt

IMR Kerryy Kerryy;  Kerrpy IMR  Kerry, Kerry, Kerrygy log,, B35, log,, Oz
GW150914 68.836  62.7°190 71.7+132 §03:201 (69005 (52+033 (69018  g3+0.13 0.63 ~0.34
GW170104 58.5746  56.2+191 613%167 104372077 (6609 026042 0.51+03¢ 0.59+0 ~0.20 ~0.23
GW170814 59739 4617130 566209 1712287 (72007 (0 52+042 ( 474040  54+041 ~0.19 ~0.11
GW170823 88.81112 7384268 79213 103,0*131 (0 72:099 (46040 0 36+038 (74102 ~0.98 ~0.07
GW190408_181802 53.1132 2242530 46,6+188 127.4+3217 () 67006 ( 45+045 (0361046 (46047 ~1.02 ~0.02
GW190512.180714 43441  37.6*89 367+193 9942476 (65:007 (41+047 (.45+040 ( 77+020 ~0.42 0.03
GW190513.205428 70.8*122 555315 6g.5+282 gg7+2500 () g+014 ) 3g+048 (5314053 () 59+0.34 ~0.54 ~0.05
GW190519_153544 148.2+1435 120.7:397 125.9*243 155.4*844  (.807097 0.42+04! 0,52:025 (.70+02! ~0.00 ~0.11
GW190521 259.2+366 982 2+500 284 (+404 299 34517 (973:011 (76+0.14 (. 78+010 () gO.12 ~0.86 ~0.50
GW190521.074359 88.1*%3  83.0°240 86.4+141 1059208  (.72:005 0.57+03! 0,67+017 0.87+0% 1.29 ~0.27
GW190602.175927 165.6*2%3 156.4°714 160.0:374 2617844 0.717010 0.34+041 0.4603! (.79+0.4 ~1.56 0.32
GW190706.222641 173.6*13% 136.0°329 152.5+378 1840192  0.80*0% 0.41+042 0,55+031 (,68+026 ~0.64 ~0.45
GW190708_232457 34.4*27  28.9+2854 32 3+150 7] 9+3076 () 69+004 () 47+045 () 34+044 ( 43+031 ~0.17 ~0.02
GW190727_060333 100.0+105 78.7+457 88.8+2357 107.4*1121  (073+010 ( 534042 ( 454039 () 71+024 ~1.65 —~0.40
GW190828.063405 75.9*60 712358 69.6*220 990+160 (76006 0724025 (,65+027 (.92+06 ~0.72 ~0.05
GW190910_112807 97.3*%4 11227320 107.7+286 137.1*%5  0.70°0% 0.76+*018 0.75+017 0.91+007 ~0.64 ~0.40
GW190915.235702 75.0*77  383+351 §30+1%1 137.343241  (71:009 (52+043 0 27+040 0 55+039 ~0.37 ~0.04

No significant evidence for higher-mode in ringdown part
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Part 3: New Approach to GW data analysis
Ringdown GW search using Auto-Regressive model
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can be applied also to noisy data by adjusting M
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Part 3: New Approach to GW data analysis

Ringdown GW search using Auto-Regressive model

AR model | %Zn =
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sampling rate=4096 _segment = 1/64 sec = 64 points
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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.

rpower spectrum \
o2
p(f) = Iy 2
1 _ Z aje"T2mif At
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flz) =1- Z Aj=" = P(f) - :'«.‘/
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2% | says amplitude, ARV L N
arg(z) says frequency. R o

8 points

The order M can be fixed at 2~8.

Even for short segment,
AR model shows precise
power-spectrum.

freq. [mock data, SNR=40, inspiral part]
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Part 3: New Approach to GW data analysis
Ringdown GW search using Auto-Regressive model

LIGO paper
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‘gw1_iH04_SpecrogramAR.dat’ ;

fo20 = 249.4 Hz, foo1 = 244.0 Hz, fo90 = 233.7 Hz

f21() = 349.3 HZ, f211 = 207.1 HZ, f20() — 9231.9 Hz
f330 = 395.3 Hz, f331 = 392.1 Hz, f332 = 386.3 Hz
f320 = 355.9 Hz, f310 = 322.1 Hz, f300 = 293.9 Hz

1 segment = 1/64 sec= 64 points
1 shift = 1/512 sec = 8 points
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AR-method enables us to extract waves

without preparing any wave templates.
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Congratulations Maeda-san, for your 70th birthday

You left various footprints in GR, but also you made continuous
= contributions for growing GR community in Japan, in the Asia, and
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As Roger Penrose received Nobel Prize at his age 89, the theorists
have to live long. The next task for you is to develop a light-speed
rocket or a way to escape from the strong gravity region.

YOU MUST BUY THEM (not from me)

Hisaaki Shinkai (Osaka Inst. Tech.)

December 10, 2020 @ 7th Korea-Japan Workshop on Dark Energy: Maeda's Universe



