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Signal Detection

« Matched filter to detect the signal from noises(well known technique)

e Difficulties for gravitational wave

« Waveform is not known perfectly
 Detector noise is not stationary Gaussian

 Extended techniques
e Quadrature sum of complex matched filter output for unknown phase
« FFT for various arrival times
« Template bank to cover parameter space
 Frequency-band limited matched filter to veto glitches(non Gaussian)
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Basic Workflow

* Calculate matched-filter output for each template waveform
« Compute chi-square discriminant to veto glitches
» Select candidate events or triggers

« Additional works
 Data selection and conditioning
« Template bank generation
* Vetoes based environmental data and coincidence
« Computation false alarm rate(FAR)



Fourier Transform

* Continuous signal

Note that
5(f) _f e 2Tift ¢
5(6) = [ e2mittaf

s Z(f) = [T 7 x(t)e 2 dt
* x(t) = f U x(fermftaf
FFT package calculate
» Discrete approximation ylk] = Xj=o x[je /N
« %[k] = At T3 x[le 2 URN | x[j] = x(jAL), f; = l
» x[j] = Af X 2o X[k]e?™ /N x[k] = X(KAf), Af = —




Dirac delta function

*6(x)=0, ifx+#0
[0 8(x — a)f (0)dx = f(a)
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Waveform

R (6) = O () () cosf2g + 20t — s M)

2 c2D/) \5GM /c3
. _ GM to—t \ /% . e
h(£) = — cost (cZD) (SG]V[/C3) sin[2¢¢ + 2¢(t —t; M, ()]
° ]V[ — H3/5M2/5 — 773/5M,M — ml _I_ mz,l,l — mimy )’] _ mimo

M’ M?2
*h(t) =F,.(a,8, Y, t)h, (t +t, —ty) + Fx(a, 5, Y, t)h (t +t,. — ty)
* t, . coalescence time at detector
* t. . coalescence time at source
* ty — t. . propagation time



Geometry
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Detector frame Radiation frame Source frame

Credit; Purrer

Detector plane
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WavefOrm PhysRevD.85.122006
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Chirp length
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Chirp length

_ 5 M 1 2 3 4 5
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Linear Optimal Filter '\U lm _,,,_1__,

h(t) d(t) = h(t) +n(t)

n(t)
h(f)

minimize £2 K(f) S e(t) = ﬂ(d(t)) h(t)

eeeeeeeeeeeee

Statistical Theory of Signal Detection
by C.W. Helstrom

|
-rd

= X

(%]

2025. 7. 31. 2025 XM E & SHO}t s, sta=dMEZA1H 38

1
AOIF)) =580 = f)S()



)é-)l c.él- 'Lél I:-'I (M atched Filte r) PhysRevD.85.122006

o §(f)R o SNIRT (O], _ .
o x(to) — 2 f_-l_oo S(];)hT(f) df — 49;{ f0+ ST(f) tp=0 eZﬂlftodf
1. Template amplitude )
2. Coalescence phase |We do not know
3. Masses ) to=10,¢9 =0
o0 (|7 :
¢ 2(t0) = Xrolty) + i (£0) = 4 [ L2 v do g2rifto

The best matched value for unknown phase is the modulus of z(t,)

2025. 7. 31. 2025 XM E 8 SHO ofE5ty, st 1A 39



}é_pl Cl)|=||- 'Lél I:-'I (M atched Filte r) PhysRevD.85.122006

« We need template banks to find matched masses

o | A :
0—%1 — f ‘ : Mpc,mg)‘ df SNR at 1 Mpc template arrived
0 Sn (f)

* If signal comes from D,(r of template waveform m, then
M
oo hapem(©) (2n(10)) = 1Mpe o7,/ Deg

[ 0.
pm(f) — IZm( )l Amplitude of SNR Deff — T MpC

o, Pm

e s(t) =n(t) +




Purpose of FINDCHIRP

The goal of the FINDCHIRP algorithm 1s largely to con-
struct the quantity p,,(¢#) and to identify the values of the
parameters f,, ¢, and m that maximize it.

It is highly unlikely to be p,, > 1, for stationary Gaussian noise.
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PyCBC Workflow

1. Get Data

2. Place template bank
3. Matched filter

4. Coincidence

5. Calculate significance
6. Evaluate efficiency

T
pi=
o
1R
_|—T'_|
=2
ol
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calculate rate limits.

Use simulated signals
1o evaluate efficiency and

Advanced LIGO pyCBC Workflow
60,000 compute tasks
rput Data: 5,000 files (10GE total)

Quipes Data: 60,000 fikes (G0CE total)
Detined and executed by Pegasus WIS
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SNR Time series

Signal-to-noise
[
o
o
1

7.5 1
5.0 -
2.5 -
0.0 A
5'8 6'0 6l2 614 6'6 6'8 7'0 7'2
Time (s) +1.1262594e9

rhu
ng
Of¥
i
_I-T-_|
2
[
ot
E
rot
Hl
rat
Mo
Qe
-1
o

2025. 7. 31. 2025 =X AHCf 45



« GstLAL: Gstreamer from LALSuite
« MBTA: Multi-Band Template Analysis
- PyCBC Broad
- PyCBC BBH
 SPIIR
-

« c(WB: Coherent Wave-Burst
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Public Alert System

GraceDB
, (events database)
Analysis
Pipelines GCN
gstlal Preliminary

Detectors

H
PyCBC Events GWCelery
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SPIIR GCN

K1 o .
Initial Notice

GCN

Low Significance Events : 1/Month < FAR < 2/Day(CBC) Initial Circular
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5= 22 (Public Alerts)

GCN: The Gamma-ray Coordinates Network (TAN: Transient Astronomy Network)

(3 https://gcn.nasa.gov A Y 09 B e I = o B @

EE An official website of the United States government Here’s how you know v

General Coordinates
Network Missions Notices Circulars Documentation Signin [ Sign up

Transient ) | ////
5 B Large * /’ ////'

~ Missions .l.

Medium

NASA's Time-Domain and :
Multimessenger Alert System . """ 46

Small Sats
Interferometers

GCN distributes alert$ between space- and ground-based \ “ Ge?‘%’ﬁ'vgﬂ?{g'c'h"')‘es

observatories, physics experiments, and thousands of i .
astronomers around the waorld.

Telescopes &

Start streaming GCN Notices ~ Post a GCN Circular S ' = R

Telescopes @ petectors
. |

The General Coordinates Network (GCN) is a public collaboration platform run by NASA for the astronomy research community to share alerts
and rapid communications about high-energy, multimessenger, and transient phenomena. For more information, see What is GCN? or check out

our slide deck .

There are three ways to stream GCN Notices in real time:
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GCN Circulars are now part of the new GCN! See news and announcements

GCN Circulars

0 B8 @ C(

Circulars

Documentation

= ®

Signin [/ Signup

GCN Circulars are rapid astronomical bulletins submitted by and distributed to community members worldwide. They are used to share

discoveries, observations, quantitative near-term predictions, requests for follow-up observations, or future observing plans related to high-

energy, multi-messenger, and variable or transient astrophysical events. See the documentation for help with subscribing to or submitting

Circulars.

Search for Circulars by submitter, subject, or body text (e.g. 'Fermi GRB').

To navigate to a specific circular, enter the associated Circular ID (e.g. 'gcn123', 'Circular 123, or '123').

34231

34230.

34229

34228.
34227.
34226.
34225.
34224,
34223.
34222.
34221.

34220

34219.
34218.
34217.
34216.

. Swift GRB230720.30: Global MASTER-Net observations report

IPN triangulation of GRB 230715D

. Swift Trigger 1180063 is not a GRB

Swift Trigger 1180060 is not a GRB

Swift Trigger 1180055 is not a GRB

GRB 230718A: Final Localization Correction

GRB 230718A: Fermi GBM Final Real-time Localization

Fermi Gamma-ray Burst Monitor trigger 711329677/230717982 is not a GRB

IPN triangulation of GRB 230712C (short),

IPN triangulation of GRB 230712A (short),

LIGO/Virgo/KAGRA S230708z: Updated Sky localization

.GRB 230717A: Fermi GBM Final Real-time Localization

LIGO/Virgo/KAGRA S230715bw: Retraction of GW compact binary merger candidate

Fermi trigger No 711088412: Global MASTER-Net observations report

GRB 230715A: Fermi GBM Final Real-time Localization

Fermi GRB 230713A: Global MASTER-Net observations report

49



LVVC Event Information

(LVC Event Information (nasa.gov), https://gcn.gsfc.nasa.gov/Ivc_events.html)

&< O () https://gen.gsfc.nasa.gov/Ive_events html

LVC Event Information

O1 and O2 era:

This page contains the Notices ONLY for the "G" and "GW" events that LVC has released to the public.

These G/GW events occurred during the O1 and O2 science operations intervals which was a private-phase mode of operation

(.e. Notices were sent to only those sites that had an MOU with the LVC).

As the LVC publishes on each GW event, the Notices for that event are moved from the private portion of the GCN to the public portion.

(Please note that for the next science operation (O3, starting in early 2019), the Notices (& Circulars) are immediately public and distributed without the need of an MOU.)

Post O2 Further Release to Public:
Two of the four GW events mentioned in the Dec 01, 2018 press release have been moved to this public page: G296853(=GW170809) and G298936(=GW170823).

O3 era:
During ER14 and O3, the events released to the public will be prefixed with and "S" (for "Super events").

This page changes after each Notice, so hit your <reload> button NOW.

This table contains information about LVC Triggers and the potential Counterparts found in follow-up observations.
The most recent Notice is listed first (reverse time order).
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https://emfollow.docs.ligo.org/userguide/ A Y8

w\hk IGWN | Public Alerts User Guide

Primer on public alerts for astronomers from the LIGO, Virgo, and KAGRA gravitational-wave observatories.

'GWN [Public flents UserGuide 1 |GO/Virgo/KAGRA Public Alerts User Guide /

Getting Started Checklist

Observing Capabilities

Lightcurve from Fermi/GBM (50 — 300 keV) LG0
Data Analysis 0 < Swope +10.9h
LIGO/ ~ "
Virgo
Alert Contents ‘ !
Sample Code e N
P Fermi/ 8 ‘__]
o .. _L 13
Additional Resources 160 ]l ey

IPN Fermi /
INTEGRAL

¥>Early-Warning Alerts

Change Log

Glossary

Welcome to the LIGO/Virgo/KAGRA Public Alerts User Guide! This document is intended for both
professional astronomers and science enthusiasts who are interested in receiving alerts and

Question? Issues? Feedback?

Email emfollow-
userguide@support.ligo.org real-time data products related to gravitational-wave (GW) events.

Four sites (LHO, LLO, Virgo, KAGRA) together form a global network of ground-based GW
detectors. The LIGO Scientific Collaboration, the Virgo Collaboration, and the KAGRA
Collaboration jointly analyze the data in real time to detect and localize transients from compact
2025. binary mergers and other sources. When a signal candidate is found, an alert is sent to
astronomers in order to search for counterparts (electromagnetic waves or neutrinos).
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W'Jfr GraceDB Public Alerts ¥ Latest Search Documentation Login

Please log in to view full database contents.

GraceDB Overview

The Gravitational-Wave Candidate Event Database (GraceDB) is a service operated by the LIGO Scientific Collaboration. It provides a centralized location
for aggregating and retrieving information about candidate gravitational-wave events. GraceDB provides an API for programmatic access, and a client
package is available for interacting with the API.

Useful information

¢ Information about GW alerts and real-time data products is available in the LIGO/Virgo Public Alert Guide.
e Real-time status of the LIGO Data Grid (LVK Credentials Required).
¢ Need help? Send an email to computing-help@ligo.org, or LIGO/Virgo users can report issues on the GraceDB Gitlab page.

GraceDB Notifications
GraceDB notifies registered users of Gravitational-Wave candidate detections in real-time during LIGO/Virgo/KAGRA observation periods. Current
notifications mechanisms are:

e Phone alerts (calls/SMS) are enabled

e Emoail alerts are enabled

e igwn-alert messages to katka://kafka.scimma.org/ are enabled
o Messages are sent to group: gracedb

Server code version: 2.28.6-1

2 & uco[EIB (1)) VIRED KACRA 2



GraceDB

%’\A}fr GraceDB Public Alerts ¥ Latest Search Documentation Login

Please log in to view full database contents.

Latest as of 28 July 2025 16:59:34 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: Enter query (e.g. O4 gstlal)

Search for: Superevents v

Tap on entry for detailed information

Labels Created ~

S250728dt DQOK EM_READY LOW_SIGNIF_LOCKED EMBRIGHT_READY PASTRO_READY LOW_SIGNIF_PRELIM_SENT 5.200e- 2025-07-28
SKYMAP_READY 06 14:26:20 UTC

$250728do DQOK LOW_SIGNIF_LOCKED EM_READY PASTRO_READY EMBRIGHT_READY SKYMAP_READY 1.118e- 2025-07-28
LOW_SIGNIF_PRELIM_SENT 06 18:82:241E

S250728de EM_COINC DQOK LOW_SIGNIF_LOCKED EM_READY EMBRIGHT_READY PASTRO_READY SKYMAP_READY 1.653e- 2025-07-28
LOW_SIGNIF_PRELIM_SENT 05 12:37:05 UTC
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https.//observing.docs.ligo.org/plan/
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1HObservations)

* O1: 2015/09/12~2016/01/19
» O2: 2016/11/30~2017/08/25
« O3a,b : 2019/04/01~2020/03/27

PRX13, 041039(2023) <

Cumulative #Events/Candidates
- N w H [4,] (2] ~ (o]
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* O4a,b,c : 2023/05/23~2025/11/18

Masses in the Stellar Graveyard
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LIGO-Virgo Neutron Stars e

in Solar Masses

GWTC-2 plot v1.0

LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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The grawtatlonal -wave story

1916 Einstein
predicts gravitational 03a+b

waves in general 2019 - 2020
relativity :
cwnsow. Cwslgoli cwmb G l'nU e v TOS08

1974 First indirect
evidence of
gravitational waves
from binary pulsars

2015 First
observation of

gravitational waves at
the startof O1

Observing runs
01:2015-2016
02:2016-2017
03:2019-2020
04:~2022-2023

PN T ey
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https://arxiv.org/abs/2111.03606
https://arxiv.org/abs/2111.03606
https://arxiv.org/abs/2111.03606

mp(m|A)
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10° 10? 102
Component mass, m (Mg)
Farah, A., Fishbach, M., et al. 2022, Bridging the Gap: Categorizing

Gravitational-wave Events at the Transition between Neutron Stars and
Black Holes. Astrophys. J., 931, 108. d0i:10.3847/1538-4357/ac5f03
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https://arxiv.org/abs/2111.03634
https://doi.org/10.3847/1538-4357/ac5f03
https://doi.org/10.3847/1538-4357/ac5f03
https://doi.org/10.3847/1538-4357/ac5f03

IGWN Observing Plans 24 May 2023 for 30Months.

(IGWN | Observing Plans (ligo.org), https://observing.docs.ligo.org/plan)

Updated o1 02 03 04 05
2025-07-16
80 100 100-140 150-160+ 240-325
Mpc  Mpc Mpc Mpc Mpc
LIGO T 1 11 7777722
30 40-50 50-60 70-130
] Mpc Mpc Mpc Mpc
Virgo ﬁ) = 1] T
0.7 1-3 =10 25-128
Mpc Mpc Mpc Mpc

KAGRA | . | 7777

I I I I I I I I I I I I I I I I
G2002127-v32 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031
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https://observing.docs.ligo.org/plan/

Current Observations

20250728 09:00:00 — 17:00:00 UTC
GstLAL Inspiral Detector Range History (Mpc)
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Current Observations

Gravitational Wave Detector Network

Operational Snapshot as of Jul. 28, 2025 17:10:22 UTC

Detector Status Duration [hh:mm] Latency [s]
GEO600 | Info too old | 00:05
LIGO Hanford 01:55 39
LIGO Livingston 02:08 41
Virgo 01:41 21
KAGRA 02:58 33
2025. 7. 31. 2025 TX| 2 3 SHO oS, et Ee T



GstLAL Inspiral Detector Range History (Mpc)
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a2 USGS =@ &0

Macquarie Island region _ | Petropavl

\

N A

2

P2 2025-07-30 08:56:30 (UTC+0.. 10.0 km . / Kamchat
(\
© | A o |

54 161km SSE of Vilyuchinsk, R... / @ —

’ 2025-07-30 08:48:52 (UTC+0... 10.0 km (‘ f}]

| S
\

5.6 195 km SE of Vilyuchinsk, Ru... \

’ 2025-07-30 08:48:16 (UTC+0... 10.0 km '

Khabarovsk

3.8 2025 Kamchatka Peninsula, ... Qigihar Hegang

" 2025-07-30 08:24:50 (UTC+0.. 20.7 km io0e i

Harbin
74 km WNW of Ferndale, CA Jixi
4.5
2025-07-30 08:18:18 (UTC+09... 9.2 km Mudanjiang O
Changchun
M 8.8 - 2025 Kamchatka Viadivostok S3Bhoro
PP
Peninsula, Russia
Earthquake "
an
Y
" Pyongyang

Time  2025:07-30 08:24:50 (UTC+09.00) || 55E_)7_9Q 23:24:50(UTC)

Location 52.530°N 160.165°E seoul

Depth  20.7 km
300 km
+ |200mi | \\ Tokyo ‘ 39.402°N : 145.143°F
2 Osaka >-\\\-\\\\
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< (® 2025-07-29 20:00:00 to 2025-07-29 23:59:59 utTc v > Q &
GstLAL Inspiral Detector Range History (Mpc)
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X0 -

ryan.short@LIGO.ORG - posted 16:50, Tuesday 29 July 2025 (86090)
Very Large Earthquake; H1 Down for the Time Being

Alarge M8.7 earthquake off the coast of Petropavlovsk-Kamchatsky, Russia (LUSGS link) tripped most seismic systems in the corner and many suspensions. This one is off several charts. H1 will be down for a while.

Images attached to this report

I =

marc.lormand@LIGO.ORG - posted 21:13, Tuesday 29 July 2025 - last comment - 21:13, Tuesday 29 July 2025(77844)
Another very large earthquake incoming

There is another earthquake in Petropavlovsk-Kamchatsky, Russia. This one is an 8.0 magnitude so the IFO will likely be down for a while.

The SEISMON screen gives the location as JAPAN but the USGS points to Russia.

Images attached to this report
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berni - 6:54 Wednesday 30 July 2025 (67393) % &
Operator Report - Night shift

ITF found in Science mode; It unlocked at 21:13 UTC.
In the next relock it took times to relock the CITF even after a manual prealignment of the SR/PR; then I collected multiple unlocks at variuos steps. At 22:10 in CITF I performed the SR

trick (ty +2 urad) and the ITF reached LN3, back in Science mode at 22:49 UTC.

The ITF unlocked at 23:37 UTC because of M 8.8 earthquake.

The earthquake opened every loops for the suspensions and for the minitowers.

shinji.miyoki - 13:01 Wednesday 30 July 2025 (34704) % &

Seismic Noise Comparison by Huge Earthquakes

Fig1l/2 show the seismic noise in each frequency band for Noto (M7.4: ~130km) and Kamchatka (M8.7: ~ 2400km).
Kamchatka shaking in the 30mHz-100mHz range is larger than Noto shaking. The Myanmar earthquake on 28th March (M7.7) gave the same level of shaking to KAGRA.

The shaking level in the 300mHz-1Hz in Fig.2 (Kamchatka) corresponds to J-Shindo of 1 ~ 2 at the KAGRA site according to the past data? Actually, the public earthquake information
reported also J-Shindo-1 on the surface.
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Nat. Rev. Physics, May 2021

Box 1 | Fundamental questions addressed through gravitational-wave
observations

* What is the physics of stellar core collapse? How often do core-collapse supernovae
occur’?’#57?
* What is the equation of state, and what are the radii, of neutron stars'****'?

* What are the multi-messenger emission mechanisms of high-energy transients
(gamma-ray bursts and kilonovae)***?

* How do binary black holes of tens of solar masses form and evolve’*****?

* How did super-massive black holes at the cores of galactic nuclei form and evolve,
and what were their seeds and demographics’**?

* Are black hole spacetimes as predicted by general relativity *°?
* Are there any signatures of horizon structure or other manifestations of quantum
gravity accessible to gravitational-wave observations™’?

* |s dark matter composed, in part, of primordial black holes, or must it be composed
solely from exotic matter such as axions or dark fermions’®?

* What is the expansion rate of the Universe’**?
* What is the nature of dark energy”**?

* |s there a measurable gravitational-wave stochastic background due to phase
transitions in the early Universe? If so, what were its properties””**’?

* How does gravity behave in the strong/highly dynamical regime®*%*?
* Do we live in a Universe with large extra dimensions''*?

* Are black holes, neutron stars and white dwarfs the only compact objects in our
Universe, or are there even more exotic objects'”"?


https://www.nature.com/articles/s42254-021-00303-8.pdf
https://www.nature.com/articles/s42254-021-00303-8.pdf
https://www.nature.com/articles/s42254-021-00303-8.pdf
https://www.nature.com/articles/s42254-021-00303-8.pdf
https://www.nature.com/articles/s42254-021-00303-8.pdf

What is the mission of GW
Observatories



B Unlocking the Hidden Universe
The most important mission of gravitational wave observatories—like LIGO, Virgo, and KAGRA—is to reveal
cosmic phenomena that are invisible to traditional telescopes. These observatories detect ripples in
spacetime caused by cataclysmic events, offering a radically new way to observe the universe.
"z Key Scientific Missions & Impacts
‘Detecting Compact Object Mergers
« Observe collisions of black holes, neutron stars, and white dwarfs.
« Provide direct evidence of these events and measure their properties like mass, spin, and distance.
‘Probing Extreme Gravity
« Test Einstein’s General Relativity in the strongest gravitational fields.
« Search for deviations that could hint at new physics.
‘Mapping the Cosmic Timeline
« Trace the formation and evolution of black holes and galaxies across cosmic history.
« Detect signals from the early universe that electromagnetic telescopes can't reach.
‘Enabling Multi-Messenger Astronomy
« Coordinate with telescopes and neutrino detectors to study events from multiple angles.
« Example: The 2017 neutron star merger (GW170817) was observed in gravitational waves, light, and
gamma rays—revolutionizing astrophysics.
‘Exploring the Unknown
« Open a new observational window that could uncover exotic phenomena like primordial black holes,
cosmic strings, or even clues to quantum gravity.



Y& Future Missions Like LISA

Space-based observatories like LISA will expand the frequency range and detect signals from

supermassive black hole mergers and galactic binaries—offering even deeper insights into the
gravitational universe.

Gravitational wave observatories aren't just listening to the cosmos—they’re reshaping how we
understand it. Want to dive into one of these missions in more detail?

Pre-Flare

X-ray Image of Galactic Center

InfrqredViewofMilkyWéy : ey SRR 5 ; Post-Flare
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https://www.esa.int/Science_Exploration/Space_Science/LISA/Measuring_gravitational_waves
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from pycbc.waveform import td_approximants, fd_approximants
# List of td approximants that are available

I (td_approximants()
pyc b C | m p | e m e n ta t I O n S #L/:f s;izlzoij/manfs that are currently available

(fd_approximants())

TD waveforms

%Iorﬂ ‘TaylorT2', "TaylorT3' SmeagIorﬂ 'SpinTaylorT4', SI? )éorTS 'Phens EI nTa Ior PhenSmeaonrRD 'EOBNRvZ2',
NRv2HM TEOBResum BNRv1', 'SEOBNRv2', 'SEOBNRv2 opt S OBNRv3 pert' EOBNRv3_opt,,
SEOBNRV30 ot rkd’ SEOBNRV4 SEOBNRV40 'SEOBNRV4P', SEOBNRV4 ,S BNRVZT 'SEO v4
'SEOBNRv4_ROM NRTidalv2', 'SEOBNRv4 ROM NRT|daIv2 NSBH', 'HGimri', II\/IR Phen II\/IRPhenomB 'IMRPhenomC’,
'MRPhenomD’, IMRPhenomD NRTidalvZ', II\/IRPhenomNSBH 'IMRPhenomHM', 'IM RPhenomPv2 IMRPhenomPvZ NRT|daI
II\/IRPhenomPv2 NRTidalv2', "Taylorkt', "TaylorT4', 'EccentricTD’, SplnDomlnated\Nf, 'NR_hdf5' 'NRSur7dg2’ '‘NRSur7dg4’,
OBNRV4HM', "NRH bSurédq MRPhenomXAs 'ITMRPhenomXHM', 'IMRPhenom Pv 'IMRPhenomPv3HM', II\/IRPhenomXP
RPhenomXPHM EOBResum II\/IRPhenom 'IMRPhenomTHM' IMRPhenor‘? fI\/IRPhenomTPHI\/I TX/IO
SEO NRv1 ROM_EffectiveS |n 'SEOBNRv M_DoubleSpin’, 'SEOBNRvZ2 ROM EffectiveSpin’, 'SEOBNRv2 RO DoubIeS_P
'EOBNRv2 ROM', "EOBNRv2 ROM', 'SE OBNRVZ ROM_DoubleSpin_HI', 'SEOBNRv4_ROM', 'IMRPhenomD NRTidal', 'SpinTaylorF2",
TaylorF2NL', "SpinTaylorF2_ SWA PER']

FD waveforms

[EccentncFD ToylorF2 lTa%IorFZEcc ' Ta¥lorF2NLT|des TaKlorFZRed in', TaonrF2RedS |nT|daI S&nTaonrFZ 'EOBNRvZ2_ROM',
EOBNRv2 ffectiveSpin’, 'SE Rv1_RO Doub eSf BNRv2 ffectiveSpin’

;g BN KD ROM DoubleSpin', 'SEOBNRv2 ROM DoubleSpin HI' 'Lackey Tidal 2013 SEOBNRVZ‘ROM 'SEOBNRV4_ROM,

S

@)
OBNRv4HM_ROM', 'SE BNRv4 ROM NRTldaIr 'SEOBN v4 ROM_NRTidalv2" SEOBNRV4 ROM NRTidalv2 NSBH"
OBNRVAT surro ate II\/IRPhenomA IMRPhenomB II\/IRPhenomC Il\/IRPhenomD IMRPhenomD NRTidal',

RPhenomD NR |dalv2 IMRPhenomNSBH IMRPhenomHM II\/IRPhenomP IMRP’henomPvZ II\/IRPhenomPvZ NRTidal’,
EEhenomPvZ NRT|daIv2 'SpinTa IorT4Four|er 'Spi Sur4d2 'IMRPhenomXAS', 'IMRPhenomXHM'
OB
OB
@)

henomPv3" 'IMRPhenomPv3HM', 'IMRPhenom P RPhenomXPHI\/I |nT vlorF2_SWAPPER', "TaylorF2NL’ TaF}/IorFZ INTERP',
NRV ROM EffecgweSpm INTERIj 'SEOBNRv1 R o ey BNRvZ ROM Effect|veSp|n INTE

NRv 'EOBNRv2 YROM INTERP 'E BNRVZHI\/I TERP',

BN sz ROM DoubIeSpln HI INTERP, 'SEOBNRv4_ROM_INTERP', SEOBNRV4 IMRPhenomC INTERP', 'IMRPhenomD _INTERP",
'MRPhenomPv2 INTERP', IMRPhenomD_NRTidal INTERP', '™MRPhenomPv2_NRTidal_INTERP', 'SpinTaylorF2_INTERP,
TaylorF2NL_INTERP', 'SpinTaylorF2_SWAPPER_INTERP']
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enum Approximant { c .
TaylorT1, TaylorT2, TaylorT3, TaylorF1, LALSImlnSplraI.h

x E4 E _Ohd EccentricFD, TaylorFZ,TaylorFZNLTides,
o TaylorR2F4, TaylorF2RedSpin, TaylorF2RedSpinTidal, PadeT1,
PadeF1, EOB, BCV, BCVSpin,
SpinTaylorT1, SpinTaylorT2, SpinTaylorT3, SpinTaylorT4,
SpinTaylorT5, SpinTaylorF2, SpinTaylorFrameless, SpinTaylor,

PhenSpinTaylor, PhenSpinTaylorRD, SpinQuadTaylor, FindChirpSP,
1 07 Wavefo rm S FindChirpPTF, GeneratePPN, BCVC, FrameFile,
AmpCorPPN, NumRel, NumRelNinja2, Eccentricity,
PO St_ N eWtO n ia n EOBNR, EOBNRvZ2, EOBNRvZHM, EOBNRv2_ROM,
EOBNRvZHM_ROM, TEOBResum_ROM, SEOBNRv1, SEOBNRvZ2,
. . SEOBNRvZ2_opt, SEOBNRv3, SEOBNRv3_pert, SEOBNRv3_opt,
TI m e - d O m a I n SEOBNRv3_opt_rk4, SEOBNRv4, SEOBNRv4_opt, SEOBNRv4P,
. SEOBNRv4PHM, SEOBNRv2T, SEOBNRv4T, SEOBNRv1_ROM_EffectiveSpin,
F req u e n Cy— d O m a I n SEOBNRv1_ROM_DoubleSpin, SEOBNRv2_ROM_EffectiveSpin, SEOBNRv2_ROM_DoubleSpin, SEOBNRv2_ROM_DoubleSpin_HI,
Lackey Tidal_2013_SEOBNRv2_ROM, SEOBNRv4_ROM, SEOBNRv4HM_ROM, SEOBNRv4_ROM_NRTidal,
Ti d a | effects SEOBNRv4_ROM_NRTidalv2, SEOBNRv4_ROM_NRTidalv2_NSBH, SEOBNRv4T_surrogate, HGimri,

IMRPhenomA, IMRPhenomB, IMRPhenomFA, IMRPhenomFB,
IMRPhenomC, IMRPhenomD, IMRPhenomD_NRTidal, IMRPhenomD_NRTidalv2,

S p IN effe CtS IMRPhenomNSBH, IMRPhenomHM, IMRPhenomP, IMRPhenomPv2,

IMRPhenomPv2_NRTidal, IMRPhenomPv2_NRTidalv2, IMRPhenomFC, TaylorEt,

N R a p p rOXi m atio n TaylorT4, EccentricTD, TaylorN, SpinTaylorT4Fourier,
SpinTaylorT5Fourier, SpinDominatedWf, NR_hdf5, NRSur4d2s,

. NRSur7dq2, NRSur7dq4, SEOBNRv4HM, NRHybSur3dqgs8,

Effe Ctlve O ne BOdy IMRPhenomXAS, IMRPhenomXHM, IMRPhenomPv3, IMRPhenomPv3HM,
IMRPhenomXPJ IMRPhenomXPHM ] TEOBResumS, IMRPhenomT,
IMRPhenomTHM, IMRPhenomTP, IMRPhenomTPHM, NumApproximants

}
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https://www.gw-openscience.org/gps/
https://www.gw-openscience.org/gps/
https://www.gw-openscience.org/gps/

LIGO AI=

* Discretely sampled time-series data
« Sampling rate (fs)

* h(t) — calibrated strain
« ALSO: hundreds of “auxiliary” channels a3

» Recorded at 16384 Hz sample rate

« ~300 MB per hour

« Stored in .gwf “frame” files
e Also HDF5(Hierarchical Data Format version 5)

Strain

0 2 4 6 8 10 12 14 16
Time since GPS 815411200.0
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OILIM Rt2 & 7tM= o RUALL?

< C (% 0SC.0rg

B8 ] LSC - LIGO Scientifi.. ¥ WebHome < CB:

&

GWosC

https.//gwosc.org

Get Data Tutorials Software About

Cravitationat UJave | L om

Open Science Center

Discover Gravitational-Wave Observatory Data,
Tutorials, and Software Tools.

Explore Data Learn

. . v\ .




OiLIM Rt2 & 7tNM= 7 UL

(https.//gwosc.org/)

Gravitationat Uave . e ”
Open Science Center

Discover Gravitational-Wave Observatory Data,

Tutorials, and Software Tools.

4 )

Event Open Data Tutorials
Catalog Workshop

The Gravitational-wave Transient Participants will receive a crash- Learn with tutorials that will lead
Catalog (GWTC) is a cumulative set course in gravitational-wave data you step-by-step through some
of events detected by LIGO, Virgo, analysis that includes lectures, common data analysis tasks.

2025. 7. 31. 2025 +ASHE 8 YO S, oh=H2 AT
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Get Data Tutorials

GWOsC

< New Search @ Help

GWTC

6 The Gravitational-wave Transient Catalog (GWTC) is a cumulative set of gravitational wave transients maintained by the LIGO/Virgo/KAGRA collaboration. The
online GWTC contains confidently-detected events from multiple data releases. For further information, see documentation for individual releases: GWTC-],
GWTC-2, GWTC-2.1, and GWTC-3.

Note, this catalog is only updated periodically, and may not contain recently published events. For the most recent events, you can browse all available events.

Previous versions of this catalog are archived in zenodo.

= Toggle columns on/off with Display button at right.

= Click an event name for all versions and more information.

= Values in the table below are from the Default SEARCH and Default PE cases found in the individual event's page.
= See Event Portal Usage Notes for more details.
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List contains 93 events.

[DBp@yaH

Display "

GW200322_ 091133

GW200316_215756

GW200311_115853

GW200308_173609

GW200306_093714

GW200302_015811

GW200225 060421

GW200224 222234

GW200220_ 124850

GW200220_061928

GW151226

GW151012

GW150914

\!

\|

\|

\|

\!

\|

!

\|

!

v2

V3

V3

GWTC-3-confident

CGWTC-3-confident

GWTC-3-confident

GWTC-3-confident

GWTC-3-confident

GWTC-3-confident
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GWTC-3-confident

GWTC-3-confident
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GWTC-1-confident

GWTC-1-confident

GWTC-1-confident

1268903511.3

1268431094.1

1267963151.3

1267724187.7

12675226521
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1266238148.1

1266214786.7

1135136350.6

N28678900.4

1126259462.4

+130
38 5

+10.2
131 59

+6.4
342 2

1166
60 29

+171
283 o,

+87
378 g

+5.0
19.3 20

+6.7
400 45

+14.1
389 g¢

+40
87 3

+8.8
137 35

+149
232 g5

+4.7
356 3

+24.3
N3 g0

+20

+4]
27100

+36
24 43

+6.5
14.8 ¢4

+81
200 57

+2.8
14.0 z5

+4.8
327 75

+92
279 a0

+26
61 25

22
77 25

+4]
136 48

+3.0
306 44

4550

+0.4
103 5

+02
17.8 o2

+25
47 29

+04
78 06

+03
10.8 o4

+03
125 o4

+0.2
20.0 o5

+0.3
85 o5

+0.4
72 07

13.1

10.0

+0.1
26.0 o2

+12500
3500 200

+480
120 440

+280
M70 _400

13900
7100 _4400

+1700
2100 100

+1020
1480 -700

+510
M50 530

+500
1710 50

+2800
4000 200

+4800
6000 _z100

+180
450 490

+550
1080 490

+150
440 70

+0.54
027 oss

+0.27

+0.16
00200

+058
0.16 .g.49

+0.28
032 46

+0.25
0.01 -0.26

+017
-0.12 o8

+015
0.10 016

+0.27
-0.07 o33

+0.40
0.06 038

+0.20
018 o1z

+031
0.05.020

+012
-0.01 -013

32
50 22

+7.2
212 54

+53
619 4>

1690
920 480

+11.8
439 ¢

+96
57.8 69

+3.6
335 30

+7.2
723 5

a7
67 12

+55

148 =3



< O (3  https://www.gw-openscience.org/eventapi/html/GWTC-3-confident/GW200322_091133/v1 A g D 8 @ (¢ & = Yo

2025. 7.

ﬁ Data~ Software~ Online Tools~ Learning Resources~

GW200322_091133

Documentation

Release: GWTC-3-confident
Event UID: GW200322_091133-v1
Names: GW200322_091133

GPS: 1268903511.3

UTC Time: 2020-03-22 09:11
GraceDB: S200322ab

GCN: Notices - Circulars

Timeline: Query for segments

DOI: https://doi.org/10.7935/b024-1886

Data sourced from frame channels.

FrameChannels: [ H:DCS-CALIB_STRAIN_CLEAN_SUB60HZ_CO], L1:DCS-
CALIB_STRAIN_CLEAN_SUB60HZ_CO1, VI:Hrec_hoft_16384Hz |

About GWOSC~

H1 strain

Frequency [Hz]

32sec - 16KHz:

32sec - 4KHz:

4096sec - 16KHz:

4096sec - 4KHz:

2 New Search @ Help

0
-3

@
Normalised energy

S

GWF
GWEF

80



Get Data Tutorials Software

< New Search @ Help

GW231123_135430

Documentation H'I Strain

Release: O4_Discovery_Papers

Event UID: GW231123_135430-Vv1
Names: GW231123_135430

GPS:1384782888.6

Frequency [Hz]
Nermalised energy

UTC Time: 2023-11-23 13:54:30

GraceDB: S231123cg

055 06 065 07 0.7% 08 085

GCN: Query for Circulars - Notices - " Time [seconds] from 2023-11-23 13:54:30 UTC (1384782688.0)

Timeline: Query for segments 4096sec - I6KHz:

DOI: https:/doi.org/10.7935/anj7-6q40 4096sec - 4KHZ:

2025. 7. 31. 2025 =X| ATy




Data sourced from frame channels: L] St ra | N
FrameChannels: [ H:GDS-CALIB_STRAIN_CLEAN_AR, L1:GDS-CALIB_STRAIN_CLEAN_AR

]

Data sourced from frame types:
FrameTypes: [HI_HOFT_COO_AR, L1_HOFT_COO_AR]

8

o
Normalised energy

3

~
<
>
2
@
3
o
[
s

To open GWEF files, use channels names as shown for CGWTC-1:
https://doi.org/10.7935/82H3-HH23

05 056 06 065 07 078 08 085 08
Time [seconds) from 2023-11-23 13:54:30 UTC (1384782888.0)

4096sec - I6KHz:
4096sec - 4KHz:

cWB-2G Search Pipeline

Date added: July 8, 2025
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D e (QJJVIRGD  KAGRA

GW231123: THE MOST MASSIVE BLACK HOLE BINARY
DETECTED THROUGH GRAVITATIONAL WAVES

On November 23, 2023, at 13:54:30 UTC, the LIGO-Virgo-KAGRA (LVK) collaboration detected GW231123, a gravitational-
wave signal likely caused by the merger of two black holes with the highest combined mass the LVK collaboration has ever
observed. These black holes would have been spinning incredibly fast, and their individual masses appear to fall into a range
that challenges existing theories about how massive stars evolve and end their lives.

DETECTING THE SIGNAL

This gravitational wave was observed by the two Advanced LIGO detectors in Hanford and Livingston during the first part of
the fourth LVK observing run (O4a). The coherence between the two observatories was essential in making a confident
detection. As shown in Figure 1, the signal lasted about a tenth of a second but stood out clearly, about 20 times louder than
the typical detector noise. To ensure this was not a random blip in the data, we performed careful statistical checks. Using
techniques that simulate thousands of years’ worth of fake data, we found that the probability of random noise mimicking
GW231123 is less than once in 10,000 years! This gives us extreme confidence in the non-terrestrial origin of the signal, and
thus in the reality of this gravitational-wave signal.

LIGO Hanford 2 LIGO Livingston

(5
N

]

relative 1o noise

140

2

y |Hz)

100

=x

Amplitude

 ~

Frequenc
2

13

-0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10
Time [s] Time [s]
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Meet GW 231123

a gravitational-wave signal from the most
massive binary black hole observed to date

GW231123
final black hole

The high masses and
spins of GW231123's

components indicate

e for a duration

of 0.1 seconds.
that they could come

0 50 100 150 yA010) 250 from previous black

hole mergers.

travelling from 2 -13 billion light years away ...
Eolt only are the:e black .
ive, t i
highly spinning. i  GW231123 was detected on
Each is rotating at ~80-90% of E November 23, 2023 at 13:54 UTC by
e o400, 000 HIERARCHICAL i
astrophysical “UPPER MASS GAP” times Earth’s rotation speed! ORIGIN STORY? ] I O
distribution of ! ‘ H1
kn?‘wln LVK black ! Lo | I'd
ole masses GW231123 i
lighter black hole 225 E and
the black holes solcSasses !
merge and '
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Dimensionless ]
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Time [seconds] from 2015-09-14 09:50:43 UTC (1126259460.0)
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Dimensionless []

S0t XF2(0.3X) GW150914

(whitening, band pass)

|||||||||||||||||||||||||||||||||||||||||||||||
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Time [seconds] from 2015-09-14 09:50:45 UTC (1126259462.0)
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Dimensionless []

= I} XtE(4.0X) GW150914
(whitening, band pass)

Time [seconds] from 2015-09-14 09:50:43 UTC (1126259460 0)

2025. 7. 31. 2025 XA 2 S ZHO g ES U, st EZATL S

88




Dimensionless []

S A= (32.0X) GW150914
(whitening, band pass)

il ] UUN R Tl e A

Time [seconds] from 2015-09-14 09:50:29 UTC (1126259446.0)
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Dimensionless []
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Dimensionless []
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Search vs PE

* SNR vs Likelihood
 Threshold vs posterior
« Template Bank vs no-template bank



SAHXE T E

____ |Frequentist __________lBayesian

Probability is: Limiting relative frequency Degree of belief
Parameter 0 is a: Fixed constant Random variable
Probability statements are about: procedures parameters
Frequency guarantees? yes no
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Calculate
Probability

2025. 7. 31.

Strain (10°%")

Freguency (Hz)

:";}wﬂ,ﬁ.’mmw\mw

Livingston, Louisiana (L1)

- Norancal rlatit 7
. Ruconsnuaed (wavelet)
= -

[— Fasauar

Normalized amplitude



|dentical Experiments Data Process Parameters

19.7 o™ (8 TeV) + 5.1 fb™' (7 TeV)

Q x1 03:
Q a5k CMS S/(S+B) weighted sum
SEH= :
£ ¢ Data
3 E ——— S+B fits (weighted sum)
25 "N
F N, R ste
of

L itz
05| fh,=124.70+0.34 GeV

S/(S+B) weighted events / GeV

200

-100 -

. | L 1 P TR ERPEET B -
110 115 120 125 130 135 140 145 150

m,, (GeV)
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Maximum Likelihood Approach

1. Formulate Likelihood function for some model, p(D|M)

2. Find the best parameter 8° maximizing p(D|M)

3. Determine confidence level of 68° using bootstrap, jackknife,
cross-validation

4. Perform hypothesis test




The Goodness of fit for a model

N

1 1
InL = constant — — 7’ = constant — — y* Zi = (xi—p)/o
2 A
Xiof = N _ & Z i ™~

=1
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Luminosity

Luminosity
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[correct errors]

r

it =9.99 X3, =0.96 (—0.20)

[overestimated errors)

.|
_|

x3,; = 0.24(—3.80)

underestimated errors]

[ it

fi = 9.99 Xop = 3.84 (14 0)

incorrect model]

X3, = 2.85(9.10)

observations
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X®)
-
Ho

Observing fixed luminosity star
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What about confidence

* How to find confidence level of MLE values.
 Bootstrapping : select n samples randomly
« Jackknife : generate n subsamples(exclude one sample)



Bootstrapping

Random selections of the same sample size

Estimate the confidence level for measures values

2025. 7. 31. 2025 XM E & SHO}t s, sta=dMEZA1H 107



Jackknife

Random elimination of one sample

Estimate the confidence level for measures values

2025. 7. 31. 2025 XM E & SHO}t s, sta=dMEZA1H 108



The probability of the data given the model

p({x}IM(©#)) = | | p(x:| M(8))

i=l1

2
G
X;t e 202
L \2TTOo

ﬁ 1 (_(xi—mZ)
i=1\/%a P 202

Likelihood is a function of x for given model

Likelihood is a function of model parameters for given data
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L & (Inner Product) A(f)

K oC
AN
0 a(f)b*(f)
- (alb) = 4 [ 2L D ay
. o a(f)b*(f) o a(f)b*(H+a*(HbF)
(alby = 2R |_,, sarn Y= Joos SAFD af

* D _x(t)] ox e~ XIX)/2

« We can consider each frequency bin distributed as

11%(N)I%Af (
* DxX(f)] = px[%(t)] o< exp -

4Af

Sx(f)

e 2Sx()/4

1

Af =1

N | b=




s = 2=(Likelihood)

+p(d|0) : 2 Of7fH= 0 7} BtE SO

* p(d — h|6) = p(n|6)

NS 42 4S8
&=o/f

pald(F) R = = spe T

Sn(f;)
~ ~ 2
e )Ry
- p(d|6) = [TV4 I o2 Sa(fp/a
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ayes' rule(theore

p(M, 0|I)

_ p(DID) p(M)
p(D)

p(M,D) =p(M|D)p(D) = p(D|M)p(M)

5| Dl2o| HEL J|ZE WSO HEQL BHO

M.,0, 1) p(M, 0|

p(DII)
= p(@|M, I) p(M|I)



. DH7HH==0ff CHH AP EHE BH p(d|M) 2

—

8_ f@p(@ B' M)d@ marginalization
p(6|D,M) = [p(6|D,M)d6’ , CtE Oh7HH=~0f TS M=
St



A= AHA{ HFEH
O= O O o -

 Markov Chain Monte Carlo(MCMCQ)
* Nested Sampling

Sample Combine
directly samples
= - -
MCMC . / = p(@‘D)dQ
— | :’.%‘ p >
Unknown . p - -
Posterior
p(é)‘D) _ p(D ‘3)17(0)
Break into Sample from Combine p (D )
nested slices each slice weighted
samples
I —_— —_— MNRAS 493, 3132(2020)
Nested @ &
Sampling
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https://doi.org/10.1093/mnras/staa278

MCMC €1 2|&

« Metropolis algorithm

» Metropolis-Hasting algorithm
 Gibbs sampling algorithm

« Hamiltonian Monte Carlo

« Z27|=&(Burn In)
- =& (Convergence)
« 232HMixing)
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2 HE A L (parallel tempering)
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AlLHO| &= E| RULL?

Gelman-Rubin R = 1.00022 Autocorrelation Function
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AlLHO| &= E| RULL?

Gelman-Rubin: 1.02746

S
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Probability Density
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ACL Definition

 Smallest s such that 1 + 25 R(k) < s

 LALInferenceMCMCSampler.c computeMaxAutoCorrLen()

/*

4
4
4
4
K
K
4
*
4
4
4
* /

Define ACL as the smallest s such that
1 + 2xACF(1) + 2*ACF(2) + ... + 2+#ACF(M*s) < s,

the short length so that the sum of the ACF function
1s smaller than that length over a window of M times
that length.

The maximum window length is restricted to be N/K as
a safety precaution against relying on data near the
extreme of the lags in the ACF, where there 1s a lot
of noise.
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Integrated ACT

* C(1) = (X — WX yr — 1))

* 0% =C(0) = ((X; — ) (Xe — )
. _ €D _ K= ) Kpgr—p)
R(z) = c) o2

1
‘U= NZ{“V:l Xt

* 02 (1) = (e — W) (g — W) = %2 (independent samples)



Integrated ACT

¢ 02 (W) = ((ux — G — ) = & [1 4238 (1= D) R@)| = Tty

* Tine = 1+ 23058 (1 - T) R(7)
* Ting = 1 + 2 Y721 R(7) (Integrated Autocorrelation Time)
c14+2XMTR(E) <T



Gelman-Rubin diagnostic

- M independent chains of size N

. 2
* W——Z 10 ) UJZ _N_Z (9]'1_#j)
Average of the variances of each chain, underestimate true variance

since not reached to stationary distribution.

N
*B=-— o (uj — M) M—l Toauy

Variance of the chain means multlplled by N.



Gelman-Rubin diagnostic

« Estimated Variance
e Var(8) = (1 —%) W + %B
overestimate true variance for overdispersed starting values.
« Potential scale reduction factor




Nested Algorithm

« B S (evidence) Al At

Feroz et al. (2013)

7= 5p(D\§, M)p(6|M)dé = [ p(D,M,X)dX

e X(1) = fgﬁ:p(D B M)le(D‘H,M)p(H‘M)dH,

X(1=0)=1,X(1=o00) =0
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Algorithm 1: Static Nested Sampling

// Initialize live points.

Draw K “live” points{@®, ..., Ok} from the prior 7(®).

// Main sampling loop.

while stopping criterion not met do '

Compute the minimum likelihood £™" among thecurrent set of live points.
Add the kth live point ©; associated with £L™"to a list of “dead” points.
Sample a new point @' from the prior subject to the constraintL(®') > L™,
Replace ©; with ©'.

// Check whether to stop.

Evaluate stopping criterion.

end
// Add final live points.

while K > 0 do _
Compute the minimum likelihood £™" among thecurrent set of live points.

Add the kth live point ©; associated with £L™"to a list of “dead” points.
Remove @, from the set of live points.

Set K = K — 1.
sit4d8 HE end
0.8- Increasing likelihood ;
0.4- threshold
g I T T W B o A I I W I W A WY MNRAS 493, 3132(2020)
0 3 6 9 12 15 18
—InX
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Algorithm 2: Dynamic Nested Sampling

// Initialize first set of live points.
Draw K “live” points{@®y, ..., Ok} from the prior 7(O).
// Main sampling loop.
Set L™" = 0 and Ko = K.
while stopping criterion not met do
// Get current number of live points.
Compute the previous number of live points K and thecurrent number of live points K.
if K’ > K then
// Add in new live points.
while K’ > K do
Sample a new point @' from the prior subject to the constraint£(@®’) > L™,
Add @’ to the set of live points.
Set K =K + 1.
end
// Replace worst live point.
Compute the minimum likelihood £™" among thecurrent set of K live points.
Add the kth live point ®;associated with £L™"to a list of “dead” points.
Replace ©; with @',

i else
0da Increasing likelihood // Iteratively remove live points.
0.4- threshold while K’ < K do |

. Compute the minimum likelihood £™" among thecurrent set of K = K’ live points.

0.0 - ,! - 4 o peedep e Ly 1 Add the kth live point @ associated with £™"to a list of “dead” points.

0 6 9 12 15 18 Remove Oy from the set of live points.

—InX Set K =K — 1.
end
end

// Check whether to stop.
Evaluate stopping criterion.

end

// Add final live points. MNRAS 493’ 3132(2020)

while there are live points remaining do
Compute the minimum likelihood £™" among thecurrent set of live points.

Add the kth live point ® associated with £™"to a list of “dead” points.
2025. 7. 31. 2025 $=X|Al Remove ©; from the set of live points.
end
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Nested Sampling
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https://arxiv.org/pdf/2101.09675.pdf
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I_A I_S U ite(LALSuite: Main Page (ligo.orq))

 C based LSC Algorithm Library Suite
 LALInferenceMCMC.c : MCMC Sampler
 LALInferenceNest.c : Nested Sampler

« RIFT(Rapid lterative Fitting)
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https://lscsoft.docs.ligo.org/lalsuite/
https://github.com/oshaughn/RIFT_tutorials
https://github.com/oshaughn/RIFT_tutorials

BU|Id|ng LALSuite from source

Build tools

The following build tools will be needed to build LALSuite components from source

a C compiler with support for the C99 standard
« autoconf (building from git only)

« automake (building from git only)

« make

« pkg-config

Library dependencies

For LAL the library dependencies are:

« GSL - The GNU Scientific Library.

« FFTW - The Fastest Fourier Transform in the West.

« HDF5 - The HDFS5 library

« zLib - A Massively Spiffy Yet Delicately Unobtrusive Compression Library

Other subpackages need at least (but not limited to):

« IFramel- LIGO/Virgo Frame library (needed for LALFrame)

o CFITSIO - AFITS File Subroutine Library (needed for LALPulsar)
All Dependencies can be installed using an appropriate Package manager, you should not need to compile any of these yourself.

The Python layers for each subpackage will have extra requirements that are not specified here.
2025. 7. 31. 2025 A SHE X SHO EStY, otxdZHAH 134



LALSuite from source

Building from the git repository

The repository is hosted on the LIGO GitLab instance, please see the following computing guide page for details on accessing repositories hosted here. The LALSuite repository also utilizes
git-1£= for the management of large file so please ensure that you have configured git-1£= On your system.

You can then clone the repository using:
git clone git@git.ligo.org:lscsoft/lalsuite.git

You can also clone using the https interface but the above SSH URL is recommended as this is more rebust:
git clone https://git.ligo.org/lscsoft/lalsuite.git

If you are cloning anonymously then you must use the https URL.

You can then install LAL as follows:

LAL INSTALL PREFIX="${HOME}/opt/lalsuite" # change as appropriate
pushd lal

. /00boot

./configure --prefix=${LAL INSTALL PREFIX}

make

make install

135
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LALSuite install
In conda

2025. 7. 31.

Cloning the Repository

We now utilize Git LFS for the managament of large files and as such git-1fs needs to be installed and configured to correctly clone this
repository. After installing git-1fs it can be configured using:

$ git 1fs install

This only needs to be done once for each machine you access the repository. It can then be cloned using:

$ git clone git@git.ligo.org:lscsoft/lalsuite.git

Building from Source

The recommended way to build LALSuite from source is in @8 conda environment. A recipe file is available with all main dependencies. This can
serve as the base for custom recipes, or be used directly via:

$ conda env create -f conda/environment.yml

Pulling in dependencies may take a while depending on your internet connection. After the environment setup succeeded, you can activate it
with:

% conda activate lalsuite-dev

You can then build the suite by executing, in order:

1. ./@@boot (once at first time)
2. ./configure with appropriate options (see ./configure --help)

3. make

After pulling updates or making your own changes, you will usually only need to call make again, as reconfiguration and re-running @eboot
should be handled automatically if needed.



I_A I_ | n fe re n C e(LALInference: Main Page (ligo.orQ))

Documentation

Here is a list of all modules:

v General Packages

Header LALInference.h Main header file for LALInference common routines and structures
Header LALInferencelikelihood.h Header file for likelihood functions used by LALInference codes
Header LALInferenceNestedSamplerh Nested sampler written for LALInference
Header LALInferencePriorh Collection of commonly used Prior functions and utilities
Header LALInferenceProposal.h Jump proposals for exploring the GW signal parameter space
Header LALInferenceReadData.h Utility functions for handling IFO data
Header LALInferenceRemovelines.h  Utility functions for identifying lines in IFO data to be removed in LALInference
Header LALInferenceTemplate.h Main header file for LALInference signal template generating functions
Header LALInferenceVCSInfo.h VCS and build information for LALInference
v SWIG Interfaces This package provides Octave and Python wrappings of LALInference functions and data structures generated using SWIG

Interface SWIGLALInferenceAlpha.i SWIG code which must appear before the LALInference headers
Interface SWIGLALInferenceOmega.i  SWIG code which must appear after the LALInference headers
Python Packages

2025. 7. 31. 2025 XM E S ZHO oS, st EA7 R 137


https://lscsoft.docs.ligo.org/lalsuite/lalinference/index.html

SWIG(Simplified Wrapper and Interface Generator)

« SWIG is a software development tool that connects programs
written in C and C++ with a variety of high-level programming
languages. SWIG is used with different types of target languages
including common scripting languages such as Javascript, Perl,
PHP, Python, Tcl and Ruby. The list of supported languages also
includes non-scripting languages such as C#, D, Go language,
Java including Android, Lua, OCaml, Octave, Scilab and R. Also
several interpreted and compiled Scheme implementations
(Guile, MzScheme/Racket) are supported. SWIG is most
commonly used to create high-level interpreted or compiled software freedom
programming environments, user interfaces, and as a tool for
testing and prototyping C/C++ software. SWIG is typically used Conservancy
to parse C/C++ interfaces and generate the 'glue code' required
for the above target languages to call into the C/C++ code.
SWIG can also export its parse tree in the form of XML. SWIG is
free software and the code that SWIG generates is compatible
with both commercial and non-commercial projects.

2025. 7. 31. 2025 =X MHE 8 FHO oSy, st 28T E 138


http://www.swig.org/
http://www.swig.org/compat.html
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[ o [screen 0: bash] hwlee@ldg-ui01:/data/ligo/scratch/hwlee/eccwork/gw151226/ecc-ecc-0.04
#!1/bin/sh

module load openmpi-x86_ 64

#source /opt/intel/parallel studio_xe 2018.1.038/bin/psxevars.sh
#export masterdir=/data/ligo/scratch/pe/LAL/lalinference o2 eccTides/
export masterdir=/data/ligo/scratch/pe/LAL/eccentricity 160810

source Smasterdir/etc/lscsoftrc

export PYTHON=/usr/libé4/python2.7/site—-packages

1
o2

date

cd /data/ligo/scratch/hwlee/eccwork/gwl51226/ecc—ecc—-0.04
condor_submit OnoiseeccO.sub
condor_ submit OnoiseeccO.sub
condor_ submit OnoiseeccO.sub
condor_ submit OnoiseeccO.sub
condor_ submit OnoiseeccO.sub

exit
i [screen 0: bash] hwlee@ldg-ui01:/data/ligo/scratch/hwlee/eccwork/gw151226/ecc-ecc-0.04 — O X
universe = vanilla
getenv = true
executable = /usr/libé4/openmpi/bin/mpirun
arguments = -np 11 /data/ligo/scratch/pe/LAL/eccentricity 160810/bin/lalinference _mcmc —--outfile PTMCMC.output.$ (Cluster)-$(Process)
.hS ——-ifo H1 --Hl-cache LALSIimAdLIGO —--Hl-flow 25 —--trigtime 894383679.0 —--psdstart 894383379.0 --psdlength 1024.0 --seglen 16 --sra
te 2048 --inj ./taylorF2EccHlonlyBBHGW151226.xml --event 4 --inj-fref 100 --inj-spinOrder 0 —--inj-tidalOrder -1 —--approx TaylorF2Ec
cthreePointFivePN -—--fref 100 --nsteps 20000000 --skip 100 —--neff 10000 ——amporder Newtonian —--spinOrder 0 —--tidalOrder -1 —--radi
ation—-frame --margtime --tempLadderBottomUp --differential-buffer-limit 100000 --dataseed 12345 --0Onoise —--noSpin —--tidalT --gquadpar
am
output = S (Cluster) -5 (Process) .f2ecc-ecc.gwl51226.0noise.out
error = S (Cluster) -5 (Process) .f2ecc-ecc.gwl51226.0noise.err
log = S (Cluster) -5 (Process) .f2ecc-ecc.gwl51226.0noise.log

request_cpus = 11
request memory = 11*6*1024

queue 1

2025. 7. 31. 2025 =X AHCf
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é_LYJ B I | by(WeIcome to bilby's documentation! — bilby 1.1 documentation (ligo.org))

bilby

| |

.core .gw [ .hyper ]
g N\ 'd ™\ 4
. . . > .prior > .model o .Model ()
L .prior ] [.llkellhood] [ .result J [ .sampler ]
\ V, \ y, A v
( ( g ) ( .Gravitational ) 4 M) ( P———
.Prior () » . Likelihood () .Result (dict) ‘r'im—() ».likelihood—— Wave ».likelihood— "\ Tihood ()
) ) L ) sampler L ) . Transient () J L J L )
5 | .Gaussian .Py - ~ p
» .Normal () > Likelihood () | multinest () S .waveform | i
~ .plot v, generator Generator ()
1 ) ( corner () - ~ — / \ y
.Poisson = /
» .Unif > .D +
niform() Likelihood () | -Dynesty() ( ) e e mil
’ g - ’ > .SOource > wave source
( ) \ ) \ functions |
: : > .Nestle() '
6 % v s N s ™
.detector .Interferometer ()
— .Emcee () L ) L )
v
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https://lscsoft.docs.ligo.org/bilby/
https://lscsoft.docs.ligo.org/bilby/
https://lscsoft.docs.ligo.org/bilby/

Installation

Conda Pip

$ conda install -c conda-forge bilby

Supported python versions: 3.6+.

This will install all requirements for running bilby for general inference problems, including our

default sampler dynesty. Other samplers will need to be installed via pip or the appropriate
means.

2025. 7. 31. 2025 =X AHCf
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Dynesty Guide

The Dynesty sampler is just one of the samplers available in bilby, but it is well-used and found to
be fast and accurate. Here, we provide a short guide to its implementation. This will not be a
complete guide, additional help can be found in the Dynesty documentation.

All of the options discussed herein can be set in the bilby.run_sampier() call. For example, to set

the number of live points to 1000

>>> bilby.run_sampler(likelihood, priors, sampler="dynesty", nlive=1000)
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Bilby MCMC Guide

Bilby MCMC is a native sampler built directly in biiby and described in Ashton & Talbot (2021).

Here, we describe how to use it.

Quickstart and output

To use the bilby meme sampler, we call

>>> bilby.run_sampler(likelihood, priors, sampler="bilby mcmc", nsamples=1000)

This will run the MCMC sampler until 1000 independent samples are drawn from the posterior.
As the sampler is running, it will print output like this

L=
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bilby pipe

Iscsoft / bilby pipe - GitLab (ligo.org)

conda activate igwn


https://git.ligo.org/lscsoft/bilby_pipe
https://git.ligo.org/lscsoft/bilby_pipe
https://git.ligo.org/lscsoft/bilby_pipe
https://git.ligo.org/lscsoft/bilby_pipe

bilby-pipe - PyP]

Search projects Help Sponsors Login Register

2025. 7. 31.

bilby-pipe 1.4.0 o | s

pip install bilby-pipe M@ Released: Jun 29, 2024

Automating the running of bilby for gravitational wave signals

Navigation Project description

= Project description o :
pypi package 1.4.0 | conda-forge v1.4.0 | python 3.9 | 3.10

D Release history
bilby_pipe

& Download files
A package for automating transient gravitational wave parameter estimation

¢ |nstallation instructions

Verified details

These details have been verified by PyPI

e Documentation
e |ssue tracker

Maintainers » See the bilby page for help channels.

E bilbydev


https://pypi.org/project/bilby-pipe/
https://pypi.org/project/bilby-pipe/
https://pypi.org/project/bilby-pipe/
https://pypi.org/project/bilby-pipe/

How bilby_pipe works?

Data Generation - Data Analysis -

« Reading * Nested « PESummary
strain Data Sampling « PDF plots
« PSD « Merge Results . Webpages
NS / N / N J

2025. 7. 31. 2025 =X| ATy
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How to Run

$ bilby pipe my-run.ini

my-run.ini

outdir/
-> data/
-> log data_analysis/
-> log_data_generation/
-> log _results_page/

-> result/
-> results_page/
-> submit/
2025. 7. 31. 2025 XM E S ZHO oS, st EA7 R 148



./TaylorF2/ :
| GW151226_1injection.inti Directory Structure
— GW151226 1njection test TF2 dlogzOpl asdDic new
—— data

— final result

GW151226 1injection_test config complete. int
— log data analystis

— log data generation

— log _results page

— result

—— GW151226 1njection_test data® 894383679-0 analysis H1L1 dynesty.pickle

- GW151226_injection_test data® 894383679-0 analysis H1L1 result.hdf5

— GW151226_1injection_test data® 894383679-0 analysis H1L1 resume.pickle
results page

L— overview.html

— submit

— bash _GW151226 1injection_test.sh

—— dag_GW151226 1injection_test.submit

—— GW151226 1njection test data® 894383679-0 analysis H1L1 final result.submit
- GW151226 1injection_test data® 894383679-0 analysis H1L1.submit

— GW151226_1injection test data® 894383679-0 generation.submit

— GW151226 1injection_test pesummary.submit

— GW151226.prior

—— LIGO-PSD.txt

— LIGO-T1800044-v5-aLIGO DESIGN. txt

tree ./TaylorF2




ounting = ligo.dev.od4.cbc.pe.bilby

i“‘"':hwwmmlﬁ GW151226_injection.ini

L = GW151226_1injection_test
= GW151226_ 1i1njection_test TF2 dlogzOpl asdDic_new

()]

detectors = [H1, L1]

sampler dynesty
far:l%f—xmu_t = {'nlive': 1000, 'dlogz': 0.1}
rm-approximant = 'TaylorFZ'

“lor-file = GW151226.prior

Ject ton-waverorn-spproxinant = ‘TaylorF2;
tnjection-d {mass 1:14. 933, mass_2:8.393, a_1:0.9, a 2:0.9, tilt_1:0.0, tilt_2:0.0, ph1_12:0.0, ph1_jl1:0.0, dec:
0.5747465, ra: 0. 648522, psi:2.605872, phase:3.309695, geocent tlme 894383679 luminosity distance:440, theta_ jn=0.785

| |
[N

samp Ling fr equency = 2048 .0
1lmum-frequency=25

osd-dict = {'H1': 'LIGO-PSD.txt', 'L1': 'LIGO-PSD.txt'}

= True
Sa\ ysd-plalwn = True
trigger-time = 894383679



JOB GW151226_ 1njection_test data®_894383679-0 generation_arg 0 GW151226 1injection_test TF2 dlogzOpl asdDic_new/submit
/GW151226 injection_test_data® 894383679-0 _generation.submit

VARS GW151226_1njectilon_test data® 8943836/9-0_generation_arg 0 ARGS="GW1 :
/GW151226_injection_test config _complete.ini --save-psd-plain=True --labe JBCLCRCISUEICIIIN A
generation --1dx 0 --trigger-time 894383679.0"

Retrv GW151226 1iniection test data@® 894383679-0 aeneration ara 0 3

JOB GW151226_ 1njection_test data® _894383679-0 analysis H1L1 arg 0 GW151226 injection_test TF2 dlogzOpl asdDic_new/sub
mit/GW151226_ 1i1njection_test dataO®_894383679-0_analysis H1L1.submit i /

VARS GW151226 1n]ect10n test dataO 8943836/9-0_analysis_HIL1l arg_0 ARGS=" IFZ2_dlogzUpl_asdDic_
new/GW151226 1i1njection_test conflg complete.1n1 --save-psd-plain=True --o Data Analy5|s ~-action _test TF2 _dlogzOpl_a
sdDi1c_new --detectors H1 --detectors L1 --label GW151226_ 1injection_test_data®_ 894 '51s_H1L1 --data-dump-f
ile GW151226 _1njection_test TF2 dlogzOpl asdDic new/data/GW151226 ln]ectlon test dataO 8943836, -0_generation_data du
mp.pickle --sampler dynesty"

Retrv GW151226 1iniection_test data® 894383679-0 analvsis H1lL1 ara 0 3
JOB GW151226 anectlon test data@ 894383679-0 ana1y515 H1L1 final result _arg_0 GW151226 injectigh test TF2 dlogzOpl_a
sdD1c new/subm1t/GW151226 ln]ectlon test data0 894383679-0 ana1y515 H1L1 final result. submgt
VARS GW151226_1njection_test _dataO_ 894383679-0 _analysis_HIL1 fuwnal_ result 2c GW151226_1njection_tes
t_TF2_dlogzOpl_asdDic_new/result/GW151226_ injection_test_data® 894383679- hﬂergEEFReSL”tS ssult.hdf5 --outdir GW15122
6 injection test TF2 dloazOpl asdDic new/final result --extension hdf5 --max-samples 2000v y1aghtwelght --save"

JOB GW151226_ 1njection_test pesummary _arg 0 GW151226 injection_test TF2 dlogzOpl asdDic_new/s¥nit/GW151226 injection
_test_pesummary.submit
VARS GW151226_1njection_test_pesummary_arg_0 ARGS="--webdilr GW151226_1nje dl.ogzUgl asdbD1c_new/results_p
age --config GW151226 _1njection_test TF2 dlogzOpl asdDic new/GW151226 ln]plete inl --samples GW
151226 _1injection_test TF2 dlogzOpl_ asdDic new/result/GW151226 _1njection_test _datal 89438%679-0 analysis_H1L1 result.h
df5 -a TaylorF2 --gwdata GW151226 _1njection_test TF2 dlogzOpl asdDic new/data/GW151226 _1njection_test _data0 894383679

iO _generation_data dump.pickle --psd LIGO-PSD.txt LIGO-PSD.txt"

#Inter-job dependencies

Parent GW151226 injection_test data® 894383679-0 _generation_arg 0 Child GW151226_ 1injection_test_data®_894383679-0_ana
lysis H1L1 arg ©

Parent GW151226 injection_test data® 894383679-0 analysis H1L1l arg 0 Child GW151226 injection_test data® 894383679-0

analysis_H1L1 final _result_arg O
Parent GW151226 injection_test data® 894383679-0 analysis H1L1l arg 0 Child GW151226 injection_test pesummary arg 0

-2 dlogzOpl asdDlc_new
+ data® 894383679-0_
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Summary for G407786

The figures below show the summary plots for the run

G407786 Online Ecc

The figures below show the plots for G407786_Online_Ecc
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The figures below show the plots for G40778!

G407786_Online Ecc
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chirp_mass

The figures below show the summary plots for the run

34.63 147

0.125
2 0.100 -
W
=
L
A 0.075 -
2
= 0.050 -
<
s
£ 0.025-
0.000

25

30 35 40

MM

45

ACF

0 1000 2000 3000 4000 5000
samples

1.04

0.8 1







' CBCBayesPostProc

skyMap PSDs
Histogrammed skymap Waveforms
1,11 R[h(AH] - . |h(A]
IMN e — e
—J Ecliptic l m > 1
0 0.0114293 : -------
067 934763 ey ) S R — w0 W
0.9 196.342
0.95 274344
099 666714 " krequency [Hz] "
Gelman-Rubin R = 1.00001 Autocorrelation Function
1.01 -
0.20 1
- 0.8
Z 0.151
a 0.61 -
2 ¢
= 0.10
z 0.41
& 0.051 i
0.21:
0.00 -
36 40 44 48 52 a5 | S OO-M——
my (M (0] ) T T T T T T T
0 50000 100000 0 20000 40000 60000

2025. 7. 31. 2025 XM 2 8 SO o Fstd, et EE T 156




Install PESummary

pesummary IS developed and tested for python 3.5+. We recommend that this code is installed inside
a virtual environment using virtualenv . This environment can be installed with python 3.5+ using

P E S U m m a ry(PESummarv (ligo.orq)) pvenv.

For detailed instructions on how to set up your virtual environment, please refer to setting up a

virtual environment.

Installing PESummary using pip

If you choose to install pesummary using pip , then simply run:

e GraceDB ol
I |
: 1 : $ source ~/virtualenvs/pesummary_py3.6/bin/activate
E LALInference, i $ pip install pesummary
. Bilby, RIFT, ... :
i i - -
; , : Installing PESummary using conda
! Analysis !
VK | : | LVK . . :
| | If you choose to install pesummary using conda , then simply run:
I |
E PESummary i
: ! $ source ~/virtualenvs/pesummary_pyenv3.6/bin/activate
i : $ conda install -c conda-forge pesummary
E 1 l i
! | 1ligo.skymap R i Source -
S Met ot . .
i e Pulling the PESummary docker image
Distribute If you would like, you are able to pull the pesummary docker image. To do this, simply run:
2025. 7. 31. 2025 =X SOfE A 2

$ docker pull @8hoyc/pesummary


https://docs.ligo.org/lscsoft/pesummary/
https://docs.ligo.org/lscsoft/pesummary/

PESummar
=

» Bootstrap css
* Interactive

2025. 7. 31.
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