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Introduction to GW data analysis
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An Introduction to Theory, Experiment and Data Analysis

Tutorials

Each tutorial will lead you step-by-step through some common data analysis tasks.
While GWOSC data can be analyzed using libraries in many software languages (C, C++,
Matlab, etc.), most of these tutorials use Python. See also the software page for more
examples.

See the tutorial setup page for help installing software to run these tutorials.

Tutorials shown here are not used to produce published results. For gravitational-
wave software analysis packages that are used to produce LSC and Virgo
Collaboration publications, see software page.

Michele Maggiore

https:/www.gw-openscience.org/tutorials/
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Introduction to GW data analysis 1. GW Sources

EHE DR (GW sources)

http://gwcenter.icrr.u-tokyo.ac.jp
supernovae pulsars black hole binary neutron stars
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Introduction to GW data analysis 1. GW Sources

B RO ¥ (GW classification)

waveform
prediction

data analysis projects/codes

EESJK CBC
binary BHBH/ LALInference

compact binary SO SO SO SO pyCBC, gstLAL
coalescence NSNS/BHNS BayesWave
supernovae hard unknown cWB
Ent CWwW I
- SIRETE, LT easy hard Einstein@Home
continuous wave stars
727k cosmological meets hard
Stochastic dependent
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unknown unknown unknown
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Introduction to Gravitational Wave Physics 1. Gravitational Waves

What we can learn from GW? (EAREAICKL > THEIATEZ S I &)

Test of GR at strong gravity region.
— R AE XTI (S LIE U Wby ?
BWE NS CENEROKRIANTE S

Test of BH no-hair theory
729 I7R—ILEHFEDIDZTEWNE?
no hair [C7&X 5 H,
&g, BERDIYPEEDHH?)
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Sources of Gamma-ray bursts
HIWIN—A NERDERIS ?

IERA N Z X LIE?
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Introduction to Gravitational Wave Physics 1. Gravitational Waves

What we can learn from GW? (EAREAAICK > THRIATE S I &)

Mechanism of Supernovae
BHEREDODANZXLIE?
T2V IR—ILERUTFEDEEE?

Equation of State of nuclear matter
hYEFEDRKEEE ?
EEEYEDREFENIL?

Origin of heavy elements
BEILRDIER ?
r-processiIFTEMNCRET HH ?
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Introduction to Gravitational Wave Physics 1. Gravitational Waves

What we can learn from GW? (& /14
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Cosmological Parameters
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Stellar formation scenario
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Early Universe before CMB
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Introduction to Gravitational Wave Physics 1. Gravitational Waves

What we can learn from GW? (EAREAAICK > THRIATE S I &)
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0O3b (2019/11/1 - 2020/3/27) After O3b : GWTC3 (2021/11/7 released)

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars

N
-
-

-I‘ “

% P 0
! u.u I

ooo

Solar Masses
=
(-

O
‘>
./

il
1

Q

O

o)

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

aFREFHEE RAYEF1 (B¥) [HEHER] 2022/2 EEBFH (KRIEXF)



75y 9 R—ILOKRBEREE : 75 v IR—ILOEEN
CDIRIRZ ESERAT S ?
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Introduction to GW data analysis

1. GW Sources

CBC: compact binary coalescence
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Introduction to GW data analysis

1. GW Sources

CBC: compact binary coalescence
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Introduction to GW data analysis

1. GW Sources

CBC: compact binary coalescence

Normalized amplitude
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2. Basics

Sensitivity curves
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Moore, Cole, & Berry, CQG 32(2015) 015014

Sensitivity curve with characteristic strain

http://gwplotter.com
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Figure A1. A plot of characteristic strain against frequency for a variety of detectors
and sources.
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Moore, Cole, & Berry, CQG 32(2015) 015014

Sensitivity curve with Power Spectral Density

http://gwplotter.com
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Figure A2. A plot of the square root of PSD against frequency for a variety of detectors
and sources.
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Moore, Cole, & Berry, CQG 32(2015) 015014

Sensitivity curve with dimensionless energy density

http://gwplotter.com
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Figure A3. A plot of the dimensionless energy density in GWs against frequency for a
variety of detectors and sources.
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Introduction to GW data analysis 2. Basics

Ideal vs Reality (Theory vs Data Analysis)
GW150914 (siN=23.7)
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challenging for data analysis
GW data is with noise
signal quickly decays
(M=60Msun, a=0.75 —> 300Hz, tau =3 ms)
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Introduction to GW data analysis 2. Basics

Power spectrum of Noise

Parseval id.p> /OO ()] dt = /OO ()] df

— OO — OO

power spectrum density
1 [T >0 N R
(z°) :TlgnooT/_T/Q[x(t)]th :/_oodf P(f) Th_r)noo? Z(f)z"(f)]

If stationary prob. process

Wiener-Khinchin theorem > P(f) =/ _me dr

T/
Re(7) = (e(t)x(t + 7)) = lim - /_  Fele )

auto-correlation func.

9 B oo B oo
(@) = 2/0 PUf)df = /0 Sa(f) df if noise is Gaussian
Sz(f) = 2/ Ro(7)e 2™ 7 dr = Altim()ZUQAt
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Introduction to GW data analysis 2. Basics

Power spectrum of Noise

@) =2 P(Ddr= [ S
S

If noise is Gaussian

Ro(T)e ™7 dr = lim 20°At

:c(f) — 2/_0; At—0
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Introduction to GW data analysis 2. Basics

Power spectrum of Noise

9 B o0 B o0
(%) = 2/0 P{) df_/o Sa(f) df if noise is Gaussian
. > —2mifT IERT 2
Sz(f) —2/_00 Rax(7)e dT—AI%I_I)lO20' At
[o()] ox exp |~ 5
Pt = 5P 7o 5

pax(t)] oc e
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Introduction to GW data analysis 2. Basics

Matched Filter

IREEAGEL  Ho:  s(t) =n(t) signal = gw + noise
SRS Hi: o s(t) = n(t) + h(t) M‘S(t) = h(t) +n(?)

vvvvvvvvvvv

. _ P(Hils)
[ Likelihood ) | =R
ABlA) = DAB)
_ P(A|B),
p(s|H1)  PBIH) = pals(t) = h(B)] oc ™77/
A —
(Hils) p(s|Ho)  plsiHo) = pals(t)] e
—(s—h,s—h)/2
_ € _[ (s;h)|,—(h,h)/2
A(H1|8) o e—(S,S)/Z -
Matched Filter / < 5(f)h*(f)
_ : _ h)=4R d
(signal-noise ratio) (s, 1) “Js Sn(f) d

EFXKEFEE BEAYEZR1 (%) MExEEmE 2022/2 EBFHFH (KIRIZEKXZF) 26



Introduction to GW data analysis 2. Basics

Bayes Theorem

conditional probability
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Introduction to GW data analysis 2. Basics

Matched Filter

signal = gw + noise gw template
s(t) = h(t) + n(t) h(t)
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Introduction to GW data analysis 2. Basics

Parameter Estimation

HERADNT A =R, 81,8, nlENT MLE

ikell s|H
Likelihood A(Hi|s) = pgsl?;; Bp——— —
0
b 2 DDREKRD AL AEE & 51,89
s(t) = n(t) + ho(t)
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NTA=ZRY p(s|Ho) AR L SHBEORA  te, o
| BRI D S DR A —n
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B s D © DR r
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00" -0,
Fisher matrix 5 5 5 5 o
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['ij =viv; = (n, 20 )( 20 ,n) = ( Y TRREYT ) v =(n, BY )
uncertainty
1 | R i - .
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Introduction to GW data analysis 2. Basics BRI YA TPEYR 2016/7/2
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Introduction to GW data analysis

LIGO

LIGO Computing Latencies
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Introduction to GW data analys

is 3. waveforms

CBC: compact binary coalescence

1.0

051

0.0

-10

ENHORIE x 10722 A\
Merger

A A AL AN

w Inspiral

VTV

 EEOA Y RASILEHDSD
BRI

72y I IR—ILIEED
BRI

/\ BER [S U B DR
)
GM [ te—t \ !
Mt =="0p (SGM/C3> cos2lelt) A i i i
Horizon distance (Observational range)
where 12
_1/2 5/6 fmux 7/3
_ o (14 cos®t ’ 2 2 : :2 § ¢ GM f
D=r F+ ( 5 ) -+ FX Ccos L] Dhorlzon 5 \/;7_‘_2/3 3 /i Sn(f) df
and
_ 1 ([ Fx 2cost
28¢ = — tan (F+ 1 + cos? L)
Y,
aFXEFEE REAYEFR1 (B¥) "MBxEEiE 2022/2 EBHMH (KRIFEKXRF)

p

33



Introduction to GW data analysis

Horizon distance

LVK, 1304.0670 (2020/1 update)
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BBH system, a 1.4M.+10M; NSBH system, and for an unmodeled burst signal. The quoted ranges
AdV - 30 50 90-120 150-260 correspond to the orientation-averaged spacetime volumes surveyed per unit detector time. For the burst
KAGRA - - 8-25 25-130 130+ ranges, we assume an emitted energy in GWs at 140 Hz of Egw = 107> M..¢? and of Egw = 1077 M...c>.
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AdV - 270 500 860-1100 1300-2100 Livingston in O2. The O3 numbers for aLIGO and AdV reflect recent average performance of each of the
KAGRA _ _ 80-260 260 — 1200 1200+ three detectors. Range intervals are quoted for future observing runs due to uncertainty about the sequence
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Introduction to GW data analysis 3. waveforms

CBC: compact binary coalescence
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Introduction to GW data analysis 3. waveforms

CBC: compact binary coalescence
|

o 72y U IR—=ILER®D
(a) SNR = 10 Merger B

m _~~ Ringdown.

-
o
[$,]

-
o
=

1000

100

-
o

Detectable Distance [Mpc]

10 100 1000 10

BH mass (final BH) [Mg)]

=, () SRR =100 (2 U] VoL
g 10
g A
;f 1000 (4
b; 100 h(t) — Ae (t t())/T COS(ZT‘-fR(t o tO) T ¢0)
2 \ /
> Horizon distance (Observational range)
BH mass (final BH) [Mg)] pz B § e (a) (1 +20M
[l:)ig(:)relg.aDnzt(:cgt)atl)l(;:o(.iislanccDofthc ring-down signal at KAGRA. S/N is set 5 fR2 Sh (fR/(l —I_ Z))
2 2
(1 + Z)M) (4u)
X — .
HS+, ApJ 835 (2017)276 ( o)

aFKREFHEE BHEAYEZRZ1 (B¥) THEEHIER 2022/2 EBFHF (KIRIZEKXZF) 36



B 71 KEA D IRAR

Al X4 <2 —J)v (Observation 1/2/3a/3b)

P |

2015 2016 2017 2018 2019 2020 2021 2022

Sep12 Jan19 Nov30 Aug25 Apr1—Sep 30 Nov1— Mar27

60-80 Mpc 60-100 Mpc

A a0 T
120 - 130 Mpc 5 I F T

Aug 1-25 Apr1—Sep 30 Novl— Mar27

Virgo —7 03a 1 03b

30 Mpc 50 Mpc

2022%12R
O4F%a

KAGRA R

1 Mpc

ENROT—5Hh5OJ R
Gravitational Wave Transient Catalog
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Public Alert started from O3a

L
L]
https://gracedb.ligo.org
- - -
s Thu Aug 15 GraceDB — Gravitational-Wave Candidate Event Database
Kagra
il NOHOFT 2019 | HoME | PUBLICALERTS | SEARCH | LATEST | DOCUMENTATION | [ Loen |
NOHOFT Duration: 1d 18:34:59 17:11:59
Duration: 0d 02:43:00 (prev: unknown) U — . .
s — 1249891937 Latest — as of 19 August 2019 22:13:41 UTC
Test and MDC events and superevents are not included in the search results by default; see the query help for information on how to search for events and superevents in those
LIGO Data categorles.
Replicator Query:
““ Search for: Superevent [
e SRR
uTC 2
uiD Labels t_start t 0 t_end FAR (Hz) Created
_ PE_READY ADVNO SKYMAP_READY EMBRIGHT_READY g 2019-08-16 13:05:12
S1908161  pacrRo READY DQOK GCN. PRELIM. SENT 1249995888.757789 1249995889.757789 1249995890.757789 1.436e-08 (-
= PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY 4, 2019-08-14 21:11:18
5 S190814bv pecroo’ READY DQOK GCN. PRELIM. SENT 1249852255.996787 1249852257.012957 1249852258.021731 2.033e-33 (1
gstLAL Inspiral $190808ae ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK 1549338098 496141 1249338099.496141 1249338100.496141 3.366e-08 2019-08-08 22:21:45
GCN_PRELIM_SENT uTC
O PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY 2019-07-28 06:45:27
51907280  pASTRO, READY DQOK GCN, PRELIM. SENT 1248331527.497344 1248331528.546797 1248331529.706055 2.527e-23 1.
ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK 10 2019-07-27 06:03:51
S190727h  cey prEI M SENT 1248242630.976288 1248242631.985887 1248242633.180176 1.378e-10 - I
. . 51907208 PRy O et eatiint sepey T -READY 1247616533.703127 1247616534.704102 1247616535.860840 3.801e-09 2019-07-2000:08:53
https://monitor.ligo.org/gwstatus R RS
p = ' g - g g S190718Y  pon paiim st DY EMBRIGHT_READY PASTRO_READY DQOK  1247495729.067865 1247495730.067865 1247495731.067865 3.648e-08 S0 o/ 1o 143534

Chirp - gravitational wave app
signal alerts and updates

Laser Labs
Des

Gravitational Wave Events (i~
LIGO/Virgo alerts from GCN
Peter Kramer

yned for iPad

4.7,10 Re
3.8 » 10 Ratings

Free

Gravitational
Wave Events

Free

View in Mac App Store 2

EHNRENERE 77U TRIER

ul
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arXiv:1304.0670 (2020/1 version)

Public Alerts

Time since gravitational-wave signal

Set Preferred Event I
Automated Vetting I
Classification I

Rapid Sky Localization .

Preliminary
Alert Sent

Parameter Estimation

Initial Alert or
Retraction Sent

Human Vetting

Classification |

Parameter Estimation _ Update

Classificationl Alert Sent

10 second 1 minute 1 hour 1 day 1 week

Fig. 8 Alert timeline. The Preliminary GCN Notice is sent autonomously within 1-10 minutes after the GW
candidate trigger time. Some preliminary alerts may be retracted after human inspection for data quality,
instrumental conditions, and pipeline behavior. The human vetted Initial GCN Notice or Retraction GCN
Notice and associated GCN Circular are distributed within a few hours for BNS or NSBH sources and
within one day for BBH. Update notices and circulars are sent whenever the estimate of the parameters
of the signal significantly improves. Figure adapted from the LIGO/Virgo Public Alerts User Guide (see

footnote|17)

https://emfollow.docs.ligo.org/userguide/
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Public Alerts

GraceDB — Gravitational-Wave Candidate Event Database

HOME PUBLIC ALERTS SEARCH LATEST DOCUMENTATION LOGIN

Latest — as of 15 February 2020 13:15:11 UTC

Test and MDC events and superevents are not included in the search results by default; see the query help for information on how to search for events and

superevents in those categories.

Query:
Search for: Superevent E
Search
UID Labels
EM_READY ADVOK EM_Selected SKYMAP_READY
S200213t EMBRIGHT_READY PASTRO_READY DQOK
GCN_PRELIM_SENT
EM_READY PE_READY ADVOK EM_Selected
S200208g SKYMAP_READY EMBRIGHT_READY PASTRO_READY
DQOK GCN_PRELIM_SENT
EM_READY PE_READY ADVOK EM_Selected
S200129m SKYMAP_READY EMBRIGHT_READY PASTRO_READY
DQOK GCN_PRELIM_SENT
EM_READY PE_READY ADVOK EM_Selected
S200128d SKYMAP_READY EMBRIGHT_READY PASTRO_READY
DQOK GCN_PRELIM_SENT
EM_READY PE_READY ADVNO EM_Selected
S200116ah SKYMAP_READY EMBRIGHT_READY PASTRO_READY
DQOK GCN_PRELIM_SENT
EM_READY PE_READY ADVOK EM_Selected
S200115j SKYMAP_READY EMBRIGHT_READY PASTRO_READY
DQOK GCN_PRELIM_SENT
$200114f EM_READY ADVOK EM_Selected SKYMAP_READY DQOK
= GCN_PRELIM_SENT
EM_READY PE_READY ADVOK EM_Selected
S200112r SKYMAP_READY EMBRIGHT_READY PASTRO_READY

DQOK GCN_PRELIM_SENT

t_start

1265602257.327981

1265202094.944824

1264316115.411621

1264213228.897043

1263211019.170712

1263097406.735840

1263002916.225766

1262879935.091777

t 0

1265602258.327981

1265202095.991118

1264316116.435104

1264213229.903320

1263211020.170712

1263097407.752869

1263002916.239300

1262879936.093931

https://gracedb.ligo.org/latest/

t_end

1265602259.327981

1265202096.991118

1264316117.460904

1264213230.953959

1263211021.170712

1263097408.769043

1263002916.252885

1262879937.093931

uTC
Created

FAR )

(Hz)

1.767e- 2020-02-13
08 04:11:05 UTC

2.518e-
09

2020-02-08
13:01:39 UTC

6.697e-
32

2020-01-29
06:55:42 UTC

1.647e-
08

2020-01-28
02:20:36 UTC

2.029e-
12

2020-01-16
11:57:11 UTC

2.094e-
11

2020-01-15
04:23:40 UTC

1.226e-
09

2020-01-14
02:11:12 UTC

1.283e-
11

2020-01-12
15:59:06 UTC
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GWTC-1 (gravitational-wave transient catalogue): O1+02 PRX9 (2019) 031040 [arXiv:1811.12907]

GWTC-1

PHYSICAL REVIEW X 9, 031040 (2019)

GWTC-1: A Gravitational-Wave Transient Catalog of Compact Binary Mergers Observed
by LIGO and Virgo during the First and Second Observing Runs

B.P. Abbott ef al.”
(LIGO Scientific Collaboration and Virgo Collaboration)

® (Received 14 December 2018; revised manuscript received 27 March 2019; published 4 September 2019)

O1: September 12, 2015 -- January 19, 2016

» GW150914 BHBH

0O2: November 30, 2016 -- August 25, 2017

» GW170817 NSNS

» GWTC-1 catalogue paper [arXiv:1811.12907]
» data released to public Feb, 2019

O3a: April 1, 2019 -- September 30, 2019
P data released to public April, 2021

O3b: November 1, 2019 -- May 1, 2020

» data released to public November, 2021
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arXiv:1304.0670 (2020/1 version)

Sky Localization
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arXiv:1304.0670 (2020/1 version)

LV event categories

m-, 4 my = m, by definition 6\
,i
/7
/7
/
/7
/7
/7
/7
/
/7
/7
/7
/7
/7
/7
/7
/7
/
//
e BBH
/7
/7
/7
/7
/7
5 M@ 7 /,
/7
,/
L, MassGap
/l,
3 MO 7 ,/
,/
+.BNS NSBH
,/
/
'K T T »
1Mo 3 Mg 5Mg my

Fig. 9 The four astrophysical categories in terms (BNS, NSBH, BBH, and MassGap) of component masses
ml and m2, which are used to define the source classification. By convention, the component masses are
defined such that m1 > m2 , so that the primary compact object in the binary (i.e., component 1), is always
more massive than the secondary compact object (i.e., component 2). Figure adapted from the LIGO/Virgo
Public Alerts User Guide (see footnote E)

https://emfollow.docs.ligo.org/userguide/
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2.LV & LVK Observational Results

GWTC-2
Gravitational Wave Transient Catalog 2

PHYSICAL REVIEW X 11, 021053 (2021)

arXiv:2010.14527

GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo
during the First Half of the Third Observing Run

R. Abbott ez al.”
(LIGO Scientific Collaboration and Virgo Collaboration)

®  (Received 30 October 2020; revised 23 February 2021; accepted 20 April 2021; published 9 June 2021)

*39 events in O3a
50 events in total

* False-Alarm Rate <2 / 1 yr
* 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

Event M M mi ma Xeff Dy, z M; Xt AQ SNR
(Mg) (M)  (Ms)  (Mo) (Gpe) (Mg) (deg®)
GW190408.181802 42.9743 18.371% 24.5731 18.3732 —0.037313 1.587949 0.3079%% 41.073% 0677095 140 15.3%%2
GW190412 384735 133704 30.0727 83715 0.25709% 0.74791 0157003 37.3739 0677002 21 189797
GW190413.052954 56.971%1 24.0734 33.471%4 234757 0.017025 4.10%24L 0.6679:3 5437124 0.697012 1400 8.97%4
GW190413.134308 76.1715% 31.977% 4547335 30.970%% —0.017028 5157233 0.8070:39 72,8152 0.697012 520 10.07)%
GW190421.213856 71.871%5 30.7%35 40.671%* 31.477-5 —0.05702% 3.1571-37 0.5379-18 68.67157 0.68701% 1000 10.7792
GW190424.180648 70.778%* 30.3%57 39.571%° 31.0773 0157022 2557138 0.457022 67.170%° 0757005 26000 10.4792
GW190425 S IASE L A0, A T ()i S WA s> S () 106 07 Sl ON G Q103000 9900 12.4793
GW190426.152155 7.27%2 2417008 57739  1.570% —0.03703% 0.3879:12 0.08790% 1400 8.779%
GW190503.185404 71.3733 30.1752 42.9722 285775 —0.027020 1.5270 7% 0.29701) 68.2757 0.67709% 94 1247072
GW190512.180714 35.673% 14.5713 23.073% 125732 0.037013 1.49703% 0.2870 0% 34.2739 0657007 230 1227073
GW190513.205428 53.6755 21.573% 353798 181773 0.1270%2 2.1679% 0.397014 51.37%L 0697012 490 12.9793
GW190514.065416 64.273%° 27.475% 36.971%% 275752 —0.167025 4.93727% 0.777°03% 61.672%" 0.64701% 2400 82702
GW190517.055101 61.973%° 26.073% 36.473':% 24875 0.537030 2.11717% 0.38707% 57.8751 0.877007 460 10.770¢4
GW190519.153544 104.27395 43.5758 64.57133 39.97100 0.337015 2.857202 0.497027 98.7713- 0.8070% 770 15.6707
GW190521 157.9137-466.9+155 01.4129-3 66.8720.7 0.061031 4.532:30 0.72+9-29 150.3135-80.731011 940 14.2%93
GW190521.074359 74.475% 31973, 421759 327753 0.09701% 1.2870:2% 0.25700% 70.7753 0.727007 500 25.8703
GW190527.092055 58.5727% 2427110 36.271%" 22.871%7 0.137022 3.1071% 0.53705% 55.97254 0.737012 3800 8.1%%3
GW190602.175927 114.17152 48.3750 6727150 47.47 158 0107020 2.997%92 0.5170 7, 108.871720.71701% 720 12.87073
GW190620.030421 90.1717% 37.577% 5547155 35.0713% 0.34702) 3.167157 0.547022 8547139 0.80709% 6700 12.1793
GW190630.185205 5887317 24.8721 35.075% 23.6727 0.10701% 0.9370750 0.1970:07 56.175% 0.707005 1300 15.67072
GW190701.203306 94.171L6 40.2752 53.671L7 40.875:3. —0.0670:22 2.14F97 0.3870:12 90.071%% 0.677099 45 11.3%92
GW190706.222641 101.6737-2 42,0751 64.0713-2 38.57125F 0.32702% 5077237 0.7970:3L 96.37157 0.80709% 610 12.67072
GW190707.093326 20.0719 8570% 11.57%3 g4F11 _0.057010 0.807937 0.1670:97 19.2%15 0.66705% 1300 13.3792
GW190708.232457 30.8775 13.170% 175757 131720 0.027008 0.90703 0.18700% 29.47%5 0.697001 14000 13.17072
GW190719.215514 55.87183 22,7459 3591169 90 9+8.1 (354028 4 611281 (731035 59 9+15.6 0.8010:10 2300 8.3+9:3
GW190720.000836 21.3733 89705 13.3755 7.8722 0.18701% 0.817%71 0.1670:22 20.3755 0.727005 510 11.0792
GW190727.060333 65.871%° 28.1%39 37.2°2% 28.8%55% 0.12702° 3.60712%8 0.60*02 62.6%1%2 0.7310150 860 11.97%3
GW190728 064510 20.5%15 86705 122775 81717 0.127057 0.89702% 0.18700% 19.5715 0.717007 410 13.0°0%
GW190731.140936 67.1715% 28.4%5% 39.3%1L% 28.0%5% 0.08702% 3.977%0¢ 0.657932 63.972%* 0.717019 3000 8.6%072
GW190803.022701 62.771L% 26.7752 36.171%2 26.777-1 —0.01702% 3.6972-23 0.6179:2% 59.971:2 0.697019 1500 8.67932
GW190814 25.8%2:0" 6.0910.00 930471 0i5910.05 010010:028 0:24F 0% 0105+0: 000 05 60" 028 0028 1ol 194.94 02
GW190828.063405 57.5%75 24.8*3% 31.8*5% 259%1% 0197015 2.22%0-82 0.40*9% 54.57%0 0.76*0055 520 16.2702
GW190828 065509 34.1*5% 13.3*12 23.8*72 10.2*3-° 0.08%01% 1.6610:63 0.311919 32.9*37 0.651052 640 10.0%93
GW190909.114149 71.27523 29.5+17.5 432+50-7 9767130 —0.037042 4777370 0.7570-2° 68.37%22 0.687015 4200 8.1701
GW190910.112807 787155 33.9%33 435775 35.1*53 0.02701% 1.577L5097 0.297%17 75.0*57 0.701005 10000 14.175%2
GW190915.235702 59.5775 2517531 34.9725 244720 0.03701% 1.707%7% 0.32701% 56.8°7L 0.717099 380 13.6702
GW190924 021846 13952 5802 88*70 5013 0.03%030 0571922 0.1270:0% 13.3*52 0.67700 380 11.579%
GW190929.012149 90.67212 34.375¢ 64.7722:3 257724 0.037027 3.6872 2% 0.61702% 8757207 0.647017 1800 9.8°0%
GW190930.133541 20.3*9% 85*05 12.3%125 78+17 0147031 0.78%037 0.16*9.07 19.3*93 0.721007 1800 9.51%3




2. LV & LVK Observational Results

GWTC-2
Gravitational Wave Transient Catalog 2

PHYSICAL REVIEW X 11, 021053 (2021)

arXiv:2010.14527

GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo
during the First Half of the Third Observing Run

R. Abbott ez al.”
(LIGO Scientific Collaboration and Virgo Collaboration)

®  (Received 30 October 2020; revised 23 February 2021; accepted 20 April 2021; published 9 June 2021)

*39 events in O3a
50 events in total

* False-Alarm Rate <2 / 1 yr
* GWyymmdd_hhmmss for new events

Normalized energy
0.0 2.5 5.0 7.5 10.0 12,5  15.0

one source of
“glitch” is the scatter
of the laser

Frequency [Hz]

GWTC-2.1
Gravitational Wave Transient Catalog 2.1

arXiv:2108.01045

* re-calibrated data in O3a
*includes 1201 events of FAR < 2 / 1 day
* 44 events Pastro > 0.5 (8 new in 0O3a)

* 3 events retracted since Pastro < 0.5
Pastro+Pterre=1

GW190917 _114630 (P...= 0.77) potentially NSBH

GW190426 190642 (P.«.= 0.75) total mass 185 M -> 175M final (maximum ever)
GW190403 _051519 (P.«.=0.61) & GW190805 _211137(P.«.= 0.95) have x > 0.8 BH

55 events in total

GWTC-2.1
BHBH add 36 (total 46) +8 -3 (51)
NSNS +1 (2) +0 (2)
NSBH
BH+unknown +2(2) +0 (2)
Total + 39 (50) +5 (55)

19



2. LV & LVK Observational Results LIGO/Virgo

GW190521 Discovery of IMBH (1) PRL 125 (2020) 101102

PHYSICAL REVIEW LETTERS 125, 101102 (2020)
Featured in Physics Mass 85 2114 Msun + 66 *17.18 Msun -> 142 +28.16 Msun

Distance 5.3 +24.55 Gpc, z= 0.82 102834

GW190521: A Binary Black Hole Merger with a Total Mass of 150 M

R. Abbott ef al.’
(LIGO Scientific Collaboration and Virgo Collaboration)

® (Received 30 May 2020; revised 19 June 2020; accepted 9 July 2020; published 2 September 2020; corrected 23 October 2020)

On May 21, 2019 at 03:02:29 UTC Advanced LIGO and Advanced Virgo observed a short duration 1 OO 1 05 I\/l
gravitational-wave signal, GW190521, with a three-detector network signal-to-noise ratio of 14.7, and an sun
estimated false-alarm rate of 1 in 4900 yr using a search sensitive to generic transients. If GW190521 is >
from a quasicircular binary inspiral, then the detected signal is consistent with the merger of two black . .
holes with masses of 85'21 M, and 66" M, (90% credible intervals). We infer that the primary black Stellar-mass BH Intermediate-massBH Su per-massive BH

hole mass lies within the gap produced by (pulsational) pair-instability supernova processes, with only a
0.32% probability of being below 65 M ;. We calculate the mass of the remnant to be 142775 M, which
can be considered an intermediate mass black hole (IMBH). The luminosity distance of the source is
5.3!2% Gp, corresponding to a redshift of 0.827 (2. The inferred rate of mergers similar to GW190521 is
0.137930 Gpe=3 yr-! -
L5071 Gpe T yr .
T —

Hanford Livingston Virgo EXiStence Of BH Over ]OO Msun !

|
3 1| ™ BayesWave r
2
1

LALInference
B cWE max-L

g i | 3 No formation scenario for BH over
] ‘ [ ] | : 65 Msun in the standard model. M87 by EHT
" - ' - | _ - mass 6.5 10°Msun
distance
55 Mly
16.9 Mpc

200

100

Frequency [Hz|

20
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.30 0.35 0.40 0.45 0.50 0.55 0.60

Time [s] Time [¢] Time [s]
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2. LV & LVK Observational Results

GW190521

120
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60

40
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my[Mo]

300

GW events
200

100
80

wh
=

W
=
(=

mco (Mg)

LIGO/Virgo
Discovery of IMBH (2) PRL 125 (2020) 101102

Mass 85 2114 Msun + 66 *t17.18 Msun -> 142 +28_16 Msun
Distance 5.3 +24.,6 Gpc, z= 0.82 028 g 34

100 10° Msun
>

Stellar-mass BH Intermediate-massBH Super-massive BH

Existence of BH over 100 Msun !

l No formation scenario for BH over

65 Msun in the standard model. M87 by EHT

mass 6.5 10°Msun
* Second generation of mergers distance
| | 55 Mly

\

FEs 16.9 Mpc

o
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LVK papers

Only for selected ones before O3a, and all for after O3b.

http://www.oit.ac.jp/is/shinkai/linkGW.html

abbrev
LVK O3bAstroDist
LVK O3bGRB
LVK O3bCatalog
LVK O3Cosmology
LVK O3Radiometer

LV 03aSSM

LV GWTC2.1

LVK O3LongBurst
LVK O3ShortBurst
LVK O3ShortBurst
LVK NSBH

LVK O3IMBH

LVK O3DarkPhoton
LVK O3DirectedSNR
LV O3aLensing
LVK O3aRmode

LV O2HO

LVK O3Stochlso
LVK O3CosmicString

LVK PSR J0537-6910

LVK O3LMXBsAMXPs

LVK O3StochDirectional

title arXiv, publ

The population of merging compact binaries inferred using gravitational waves
through GWTC-3

Search for Gravitational Waves Associated with Gamma-Ray Bursts Detected by
Fermi and Swift During the LIGO-Virgo Run O3b

GWTC-3: Compact Binary Coalescences Observed by LIGO and Virgo During the
Second Part of the Third Observing Run

arXiv:2111.03634
arXiv:2111.03608
arXiv:2111.03606

Constraints on the cosmic expansion history from GWTC-3 arXiv:2111.03604

All-sky, all-frequency directional search for persistent gravitational-waves from
Advanced LIGO's and Advanced Virgo's first three observing runs

Search for subsolar-mass binaries in the first half of Advanced LIGO and Virgo's
third observing run

Search for continuous gravitational waves from 20 accreting millisecond X-ray
pulsars in O3 LIGO data

GWTC-2.1: Deep Extended Catalog of Compact Binary Coalescences Observed by
LIGO and Virgo During the First Half of the Third Observing Run

All-sky search for long-duration gravitational-wave bursts in the third Advanced
LIGO and Advanced Virgo run

All-sky search for short gravitational-wave bursts in the third Advanced LIGO and

arXiv:2110.09834
arXiv:2109.12197
arXiv:2109.09255
arXiv:2108.01045
arXiv: 2107.13796

arXiv: 2107.03701

Advanced Virgo run

All-sky Search for Continuous Gravitational Waves from Isolated Neutron Stars in .

the Early O3 LIGO Data arXiv: 2107.00600
8(1:;;3;’::;&2 ;)f Gravitational Waves from Two Neutron Star-Black Hole ApIL 915: LS (2021)

Search for intermediate mass black hole binaries in the third observing run of arXiv:2105.15120

Advanced LIGO and Advanced Virgo submitted to
Constraints on dark photon dark matter using data from LIGO's and Virgo's third arXiv:2105.13085
observing run submitted to

Searches for continuous gravitational waves from young supernova remnants in the |arXiv:2105.11641

early third observing run of Advanced LIGO and Virgo submitted to
Search for lensing signatures in the gravitational-wave observations from the first arXiv:2105.06384
half of LIGO-Virgo's third observing run submitted to

Constraints from LIGO O3 data on gravitational-wave emission due to r-modes in thejarXiv:2104.14417
glitching pulsar PSR J0537-6910 submitted to

A Gravitational-wave Measurement of the Hubble Constant Following the Second  [arXiv:

Observing Run of Advanced LIGO and Virgo ApJ 909:218 (2021)
Search for anisotropic gravitational-wave backgrounds using data from Advanced  [arXiv:2103.08520
LIGO's and Advanced Virgo's first three observing runs submitted to

Upper Limits on the Isotropic Gravitational-Wave Background from Advanced arXiv:2101.12130
LIGO's and Advanced Virgo's Third Observing Run submitted to PRD
Constraints on cosmic strings using data from the third Advanced LIGO-Virgo arXiv:2101.12248
observing run PRL126, 241102 (2021)
Diving below the spin-down limit: Constraints on gravitational waves from the arXiv:2012.12926
energetic young pulsar PSR J0537-6910 ApJL 913 L27 (2021)

Science
Summary
Eng , Jap
INov 5, 2021
Eng , Jap
INov 5, 2021
Eng , Jap
Nov 5, 2021
Eng , Jap
Nov 5, 2021
Eng , Jap
Oct 27,2021
Eng , Jap
Sep 28, 2021
Eng , Jap
Sep 20, 2021
Eng , Jap
Aug 2,2021
Eng , Jap
July 30, 2021
Eng , Jap
July 9, 2021
Eng , Jap
July 1,2021
Eng , Jap
June 30, 2021

Eng , Jap

ay 31,2021
Eng , Jap

ay 27,2021
Eng , Jap
May 26, 2021
Eng , Jap
May 13,2021
Eng , Jap
Apr 30,2021
Eng , Jap
Mar 19, 2021
Eng , Jap
Mar 16, 2021
Eng, Jap
Feb 01, 2021
Eng, Jap
Feb 01, 2021
Eng, Jap

Dec 25,2020

LVK-EPO (Education & Public Outreach)
provides Science Summaries

LIGO
Scientific
Collaboration

LSC

News Detections REeIETELLERSGIEILEL M Multimedia Educational resources For researche

Intro to LIGO & Gravitational Waves Science Summaries Popular Articles Frequently Asked '

SUMMARIES OF LSC/LVK SCIENTIFIC PUBLICATIONS

For each of our new research articles, we feature a summary of the paper's key points written for the general
public. Simply click on any of the titles for an online version, or on the '[flyer]' links for a downloadable file in
PDF format. Translations into several languages are also available for some of these summaries. Where not
noted separately, translations can be accessed through their language acronyms (e.g. 'es' for Spanish, also
see details in the sidebar) or from the top of the English online versions. Most recent papers, and their
summaries, are written together by the LIGO Scientific Collaboration (LSC), the Virgo Collaboration and the
KAGRA Collaboration, forming the LVK collaboration.

LATEST DETECTIONS

GWTC-3

(Nov 07, 2021)
Also in: Chinese (simplified) [zh-Hans] | Chinese (traditional) [zh-Hant] | French [fr] | German
[de] | Japanese [ja] | Polish [pl] | Spanish [es]

Companion papers: (also available in some other languages):

e Uncovering the population properties of black holes and neutron stars following LIGO

[fr] | {zh-Hant]

https://www.ligo.org/science/outreach.php
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ACEREFILERVCENRT — @I LV 02X TOH Y OV F — 5 #if
1. Auto-Regressive model (Method, general) |

rFitting data with linear func. A
Tp = @1Tp—1+0A2Tp—2+ "+ AMTn—M TE€
M
= Z AjTn—j + €
_ = )

e.g. Tn= Ae " cos(wnAt)

_ —(r—jw)At A n n
Ty = 6—(r—|—jw)At

[ ]
[ ]
/\
10

=

can be applied also to noisy data by adjusting U

BEH FBH (KIRIK) 2019/09/20 ¥EZE @ |LIFEKE 63



ACEREFILERVCENRT — @I LV 02X TOH Y OV F — 5 #if
1. Auto-Regressive model (Method, general) Il

rFitting data with linear func. A
Tpn = QA1Tp—11T0a2Tp—2+ "+ aAMTpn—M +E
M
= Z AjTn—j + €
—1
_ ’ _J
- find a; (Burg method) ©00 00000000
- find M (FPE final prediction error method) o—o—e
* re-construct wave signal from fitted function o—o—e
- apply FFT with arbitrary precision. o—o—e
o—0—10—™0
o—0—10—°0
(power spectrum N T
02 o—o—0—o
p(f) = 2
M
1 — z aje—IQ'n‘ijt
J=1
\_ _J

BEH FBH (KIRIK) 2019/09/20 ¥EZE @ |LIFEKE



HCEBRETINZAWCEDKRT —F#T : LVO2EX TOAY AT T — 5 @i
Auto-Regressive model vs Short FFT

sampling rate=4096 . segment = 1/64 sec = 64 points

1 1 1 1 1 1 1 I 1 1 I

shift = 1/512 sec = 8 points

pr— The order M can be fixed at 2~8.

"tispectrum.
“arspectrum.dat” using 1:($2)/20000 —

| | Even for short segment,

P(f) ,"\/ I AR model shows precise power-
|"| ’ l‘l". ]
| / \ }:\ FT\/ spectrum.
e

freq. [mock data, SNR=40, inspiral part]
BEH FH (KBRIX) 2019/09/20 YEF< @ [UFEKRZE
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BCORETINERWENDRT — Y8 LVO2EXTOALYOT T — 5 B

1. Auto-Regressive model (Method, general) lil

rFitting data with linear func. A
Tp = 0Q1Tp—-1TA2Tpn—2+ "+ aAMTpn—M +E
M
- Z AjTn—j 1+ €
—
— ’ J
- find g (Burg method)
- find M (FPE final prediction error method)
- re-construct wave signal from fitted function
- apply FFT with arbitrary precision.
fpower spectrum ) rc:harac:teristic eq. A
o2 M
= — 1 — o —
p(f) iy > f(z) =1 Zajz 0
| Z a;e T2mif A L J=1 y
S J=1 p |2;,| says amplitude,
arg(z) says frequency.
EH & (KIRIK) 2019/09/20 MEF< @ ILFEKF
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Ringdown Search by Auto-Regressive Approach (O1/02 public data, GWTC1 catalogue)

GW150914

LIGO paper
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ACEBETILERAVCENRT — BT | LV 02X TON Y 09T — 5 #if
Summary & Outlook

B2lBlFETIL x(t)

A1Tp—1 +0A2Lp—2 + -+ AMTp—M + €
M
= E AjTp—j T E
_ =1 »

FWT— (~60pts) ICHUTHERELFREY - BRRZHETE .
O FIWERDITBDICTY L —MNEIRE,

LIGO/Virgo @D 01/024 XY M F—#ICER, YV J9 o vEa ot zsie .
SNEEDEIFNIE, WIZICY VIO VERAHDID HEZSE.

Ln,

* /A XBREDAEY, MOFTEEHEAGDLE, KDBEERBERESEEZRF.
% higher modesD1& A, BHORFREDFIEN, HEXIFHIRIEN.
*T VT —hZFELRBRWAERE, S8 KIOENDRY T FILOEMIRLIC

A AVASY\E5Y
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Introduction to Gravitational Wave Physics

Characteristic Strain

GW observatory plans in space

Gravitational Wave Detectors and Sources

http://gwplotter.com

10 -12

EPTA
Stochastic
background
10"
10 ° eLISA
) Massive binaries
Supermassive
binaries TAMA
. Resolvable galactic
107 binaries LiGo
3LIE8 Rl
Extreme mass ,
102 ratio inspirals supernojae KAGRA
Unresolvable
galactic binaries

10%
Compact binary
inspirals
Core collapse

24 supernovae
10 Pulsars
10%
107° 10°® 10°° 10 107 10° 102 10° 10°
Frequency /Hz
aFAEFEE RAYERT (B "HExMEER 2022/2 EBFH (KRIFEXZF) 77



Introduction to Gravitational Wave Physics

GW observatory plans in space

10“4

Characterlstlc Straln frequency

108M+108M

Cassini

105M+10°M

bKAGRA
aLIGO

10—20 .
10—22 |
B-DECIGO
10 1074 0.1 100
f [Hz]
EFXKEFEE BEAYEZRT (%) MExEEmE 2022/2 EBFHF (KIRIZEKXZF)
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ENEFETSHLSA (UY) ESAFEER 2o
Laser Interferometer Space Antenna

2034F (T LIFFE

250 FkmDBiDR &

HOER DN ERENE D4
EREEE (mHzh SHZE)




EHRFETHEIDECIGO (7 Y1)

Deci-hertz Interferometer Gravitational wave Observatory
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FEHZEREBFIEFSTRY b 7—7 INO
Interplanetary Network of Optical Lattice Clocks

"HEERIZE ) 2018-12
'Fl%, 2017-12

Int. J. Mod. Phys.

D 28 (2019) 1940002
arXiv:1809.10317

FHEFRAT—ILT
EXTZvIR-ILEEGHED
ENRMRETE S

,f Nl mm =
HE /&

TR, BAHT
BEAIEE L TR % (ER
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https://arxiv.org/abs/1809.10317

BHEESH#FDL SIRAFIDSMBHDERK S FUAZTRDS

*BHEESGHEN EDRENT, SMBHMNERM NS EEZS

* O@fx‘EJ ICWS DBHEEGHENH 2 A 5

* FHICWDIEAIND D2 ZHZ S

*LIGO?KAGRA@@H%&EFQT‘, IFEICWSDERHITCEBSDONFET S

10"2A1,,
105 =
’m\ 10.000
ﬁ
= 101 M.
:5‘ 0.001 | o
- 10° M
1077 |
] ] ! ~ 4\"\% <5
" 10 100 1000 10t log,0(Mpu/Mg) 50
Mgu/Mcg . . e .
‘ Figure 6. Cumulative distribution function of the number of BH mergers
Figure 5. Number density of BHs per galaxy as a function of BH mass for Nnerger (Msy) as a function of the redshift z. Nperger is €xpressed with binned
diffcrent total mass of galaxics Mgy = 10°M,, ---,1012M,,,. one, of which we binned 20 for one order in Mgy.
doi: 10,3847 /1538-4357 /835/2/276

Tue ASTROPHYSICAL JOURNAL, 835:276 (8pp), 2017 February |

0 2017. The Amenican Astronomical Society, All rights reserved
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Gravitational Waves from Merging Intermediate-mass Black Holes.
II. Event Rates at Ground-based Detectors

Hisa-aki Shinkai', Nobuyuki Kanda®, and Toshikazu Ebisuzaki’
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Event Rates at bKAGRA/aLIGO
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