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ᶜ

Å  ͎ᵝ(Big Picture)

ÅCBC Search
Åַאᴏ (gravitational wave)
Åַאᴏ  ˤ (detection)
Åַאᴏ  ▫ᴮ ỸἛ ̓♬(how to get signal)
Åʕ  Pipeline(detection pipeline)

ÅCBC Parameter Estimation
Åɒ ὡ ♬(parameter estimation)
ÅLALInference
ÅBilby
ÅPESummary

Åᵹ╛ ᵦ(Closing)
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ᴏאַ  ᾒ ?ה╪
(what is gravitational wave experiment)

ḛỸ(generation) ˤ (detection)
ᶛὡ ♬(parameter 

estimation)

2026-07-28 2026 ὡ Ữҍᴝ ḓ ַאᴏ  ⁴ᵒ ̪ 4

ᴌשׂ ʷ ▐ϫ? ˡ ╧ ӄϫ? ∙╕ ᶿּק?
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Ḙỵ

♆

ˡ

ᶘὝ ♩



ᴏאַ  ḛỸ

Åῷ╬ᾅ ╬ Ḣ♬ᾏ

Åἐ ͐Ợ

Å ᾅ ќ ѱΌ ͐Ợ

Åὡ ᴏאַ

ÅַאἛ▫Ṋ Ữ  Ḣ♬ᾏ
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ᴝל↕

Å̑ ṉ˞ᵙ(comoving distance)

Å̆ ┬˞ᵙ(proper distance)

Å̛ ҵ˞ᵙ(luminosity distance)
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ῷ╬ώ ╬Ḣ♬ᾏ̓ ẇן



ˤ ͙

Å‚▫̛ (quantum optics)

Å̛ (optical cavity)͙בֿ̑

Åᾅ (squeezed light)נּ

Å̆ ᶹᵙ (solid state physics)

Å⁸⁵ (thermal physics)

Å⁵ (mechanics)
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ᾐ ᵙ

Å♬ (Matched Filter)

Å♣ᴏᾅ ᴀḌҵ(Power Spectral Density)

Åʕ (Search)

Åᾐ ҍ◌╛ẋ(Signal to Noise Ratio)
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ᴏאַ  ᾐ ự



ᶛὡ ♬(Parameter Estimation)
Åַאᴏ (Waveforms)

Å ́ ᵙ(Statistical Analysis)

Åḽ╪ּת… ♬(Bayesian Inference)

Åð ᵑᴛ(Markov Chain Monte Carlo)

ÅЛᾅ ӥ(Nested)
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ᴏאַ  ҥ╪  ṪἍ



ᶹᵙ (Astrophysics)

Åẇן Ṏ ═(Blackhole Merger rate)

ÅַאἛ▫Ṋ Ữ  Ḣ♬ᾏ(Equation of State of NS)

Å ẇ Ữὡ(Hubble Constant)

Åѻַאᾐ  ᶷ
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Gravitational Wave
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Ὤ

†
ᴆὶ

ᴆὶᴂ

Ὑ ᴆὶ ᴆὶᴂ

ὕ

ᴆὶ ᴆὶ ḙὶ, ὶḺὶᴂ

ὸ
ᴆᴆ

ḙὸ  

Ὤ ὸȟᴆὶḙ †᷿ ὸ ȟᴆὶ Ὠᴆὶᴂ 

Ὤ † , ‬† π

Ὃ Ὑ Ὣ Ὑ Ὕ  

Ὣ ḙ

ρ π π π
π ρ Ὤ Ὤ π
π Ὤ ρ Ὤ π
π π π ρ

Ὤ ḙ Ὅ ὸ  



Solution in vacuum

Å

ÅὬ ὃ ÃÏÓὯὼ ‰ ȟ– ὯὯ π

Åὼ ὧὸȟὼȟώȟᾀȟὯ ȟὯȟὯȟὯ

ÅὯὼ ‫ὸ Ὧɇᴆὼȟ‫ ς“Ὢ ὧὯ

ÅὬ ὃ ÃÏÓ‫ὸ Ὧɇᴆὼ ‰ ȟὬ Ὧ π

Å‚ ὸȟᴆὼ ὄ ÃÏÓ‫ὸ Ὧɇᴆὼ ‰

Åὼ ὼ ‚
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Ὤ π, ‬Ὤ π

This equations reduce 10 to 6



Transverse Traceless coordinate

ÅὬ Ὗ πȟ– Ὤ πȟὬ Ὧ πȟὬ Ὤ  
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TT gauge

Trace reversed and original is same in TT gauge

Global Lorentz transformation ὼ ɤὼ  preserve all these properties.

Choose coordinate to be Ὗ ρȟπȟπȟπ Ὤ π

Rotate coordinate to be Ὧ ȟπȟπȟ Ὤ π Ὤ Ὤ π

Ὤ

π π π π
π Ὤ Ὤ π
π Ὤ Ὤ π
π π π π



Transverse Traceless coordinate
ÅὬ ḳὬ Ὤ ȟὬ ḳὬ Ὤ

ÅὬ ὸȟᴆὼ

π π π π
π Ὤ ὸȟᴆὼ Ὤ ὸȟᴆὼ π

π Ὤ ὸȟᴆὼ Ὤ ὸȟᴆὼ π
π π π π

π π π π

π Ὤ ὸ Ὤ ὸ π

π Ὤ ὸ Ὤ ὸ π

π π π π

ÅὬ ὸȟᴆὼ ὃ ÃÏÓ‫ ὸ ‰

ÅὬ ὸȟᴆὼ ὃ ÃÏÓ‫ ὸ ‰

ÅὬ ὸȟᴆὼ Ὤ ὸȟᴆὼὩ Ὤ ὸȟᴆὼὩ

ÅὙ Ὑ Ὑ Ὑ Ὑ Ὑ ‬Ὤ

ÅὙ Ὑ Ὑ Ὑ ‬Ὤ
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Ὡ

π π π π
π ρ π π
π π ρ π
π π π π

, Ὡ

π π π π
π π ρ π
π ρ π π
π π π π



GWs and lines of force
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GW Sources
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CBC, Supernovae, GRB, Pulsar glitch

Pulsar rotation, Binary

Early Universe, Astronomical origin



CBC Search
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Signal Detection

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

ÅDifficulties for gravitational wave
ÅWaveform is not known perfectly

ÅDetector noise is not stationary Gaussian

ÅExtended techniques
ÅQuadrature sum of complex matched filter output for unknown phase

ÅFFT for various arrival times

ÅTemplate bank to cover parameter space

ÅFrequency-band limited matched filter to veto glitches(non Gaussian)
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Question
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̕ ׳╪ ͙⁄Ἄ Ϯ₣

Ⱶ◓ Ѥ ᾎʼ̓ ᵉ╘ ‬ᵡ╬ʺ?

̕ ׳╪ ͙⁄Ἄ Ϯ₣

ᾐ ׳╪  Ό⁄

ᴏאַ ׳╪ ᾐ ʺ

Template Bank

From this kind Detector

Get this kind of Signal

Check for this kind of Template Waveform

When and How probable?



Basic Workflow

ÅCalculate matched-filter output for each template waveform

ÅCompute chi -square discriminant to veto glitches

ÅSelect candidate events or triggers

ÅAdditional works
ÅData selection and conditioning

ÅTemplate bank generation

ÅVetoes based environmental data and coincidence

ÅComputation false alarm rate(FAR)
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Fourier Transform

ÅContinuous signal

ÅὼὪ ᷿ ὼὸὩ Ὠὸ

Åὼὸ ᷿ ὼὪὩ ὨὪ

ÅDiscrete approximation

ÅὼὯ ЎὸВ ὼὮὩ Ⱦ ȟὼὮ ὼὮЎὸȟὪ
Ў

ÅὼὮ ЎὪВ ὼὯὩ Ⱦ ȟὼὯ ὼὯЎὪȟЎὪ
Ў
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Note that

Ὢ‏ ᷿ Ὡ Ὠὸ

ὸ‏ ᷿ Ὡ ὨὪ

FFT package calculate

ώὯ В ὼὮὩᶸ Ⱦ



Dirac delta function

Å‏ὼ π,  if ὼ π

Å᷿ ὼ‏ ὥὪὼὨὼ Ὢὥ

ÅÌÉÍ
ᴼ
᷿ ‏ ὼ ὥὪὥὨὼ ᷿ ὼ‏ ὥὪὼὨὼ

Å‏ ὼ ὥ Ὡ ,  ÌÉÍ
ᴼ
‏ ὼ ὥ ὼ‏ ὥ

Å᷿ Ὡ Ⱦ Ὡ Ὠὸ Ὡ

ÅÌÉÍ
ᴼ
᷿ Ὡ Ⱦ Ὡ Ὠὸ ᷿ Ὡ Ὠὸ ὼ‏ ὥ
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Dirac delta function
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‏ ὼ ὥ
ὲ

“
Ὡ



GW150914
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ᴏאַ



Waveform

ÅὬ ὸ
יִ

Ⱦיִ

Ⱦ

ÃÏÓς‰ ς‰ὸ ὸȠὓȟ‘

ÅὬ ὸ ÃÏÓ―
יִ

Ⱦיִ

Ⱦ

ÓÉÎς‰ ς‰ὸ ὸȠὓȟ‘

Åִי ‘Ⱦὓ Ⱦ –Ⱦὓȟὓ ά ά ȟ‘ ȟ–

ÅὬὸ Ὂ ‌ȟ‏ȟ‪ȟὸὬ ὸ ὸ ὸ Ὂ ‌ȟ‏ȟ‪ȟὸὬ ὸ ὸ ὸ
Åὸ : coalescence time at detector

Åὸ : coalescence time at source

Åὸ ὸ : propagation time
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Geometry
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Credit: Schutz

Credit: Purrer



Waveform

ÅὬὸ
יִ

Ⱦיִ

Ⱦ

ÃÏÓς‰ ς‰ὸ ὸȠὓȟ‘

ÅὈ ὈὊ ὊÓÉÎ―

Ⱦ

Åς‰ ς‰ 4ÁÎ

ÅὬὪ
יִ יִ יִ

“Ὢ Ὡ Ƞȟ

ρ-ÐÃ

Ὀ
ὃ ὓȟ‘Ὢ ȾὩ Ƞȟ
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PhysRevD.85.122006



 ₉
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IMRPhenomD(30,30) IMRPhenomPv2(30,30)



 ₉
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TaylorF2(30,30)SEOBNRv4(30,30)



SEOBNRv4_opt
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Chirp length

ÅὝ ρ ὥὺ ὥὺ ὥὺ

Åὥ –

Åὥ

Åὥ – –

Åὺ “Ὢ
Ⱦ
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2PN

Ὢ
ὧ

φφ“Ὃὓ



Chirp length

ÅὝ ρ ὥὺ ὥὺ ὥὺ ὥὺ ὥὺ

ὥὺ

Åὥ –

Åὥ – –

– ÌÎτὺ

Åὥ – – “

Å‎ πȢυχχςρυφφτωπρυσςψφπφπφυρςπωππψςτπςȣ
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3.5PN
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Lx=4 km

L y
=

4
 k

m

Hz

st
ra

in
 n

o
is

e

~ 10-21 x 4000 m 

~ 10-15 m 

ᴏאַ  ˤ



Generation of h(t)
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Ὤὸ
Ўὒ

ὒ

Keep interferometer at ŗoperationŘ point
No difference appear dark point

Ὠ ꜟЎὒ ὼ ꜝὨ

Ўὒ ꜟ Ὠ ꜝὨ ὼ  



LIGO ▫ᴮ ₉
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Odw4, GW190412 GWOSC (gw-openscience.org)
t0 = 1239082262.2

https://www.gw-openscience.org/gps/
https://www.gw-openscience.org/gps/
https://www.gw-openscience.org/gps/
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Linear Optimal Filter
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Ὤὸ

ὲὸ

Ὠὸ Ὤὸ ὲὸ

‐ὸ ꞊ Ὠὸ ὬὸÍÉÎÉÍÉÚÅ‐ ὑὪᶿ
ὬὪ

Ὓ Ὢ

ὲὪ ὲᶻὪ
ρ

ς
Ὢ‏ Ὢ Ὓ Ὢ

Statistical Theory of Signal Detection
by C.W. Helstrom



♬ (Matched Filter)

Åὼὸ ς᷿
ǿ ᶻ

ὨὪ τᴘ᷿
ǿ ᶻ

Ὡ ὨὪ

1. Template amplitude

2. Coalescence phase

3. Masses

ÅÚὸ ὼ ὸ Ὥὼ ὸ τ᷿
ǿ ᶻ

Ὡ ὨὪ
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PhysRevD.85.122006

We do not know

The best matched value for unknown phase is the modulus of ᾀὸ

ὸ πȟ‰ π



♬ (Matched Filter)

ÅWe need template banks to find matched masses

ÅIf signal comes from Ὀ of template waveform ά, then

Åίὸ ὲὸ Ὤ ȟ ὸ
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PhysRevD.85.122006

SNR at 1 Mpc template arrived

Amplitude of SNR Ὀ
„

”
-ÐÃ



Purpose of FINDCHIRP
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It is highly unlikely to be ” ḻρ, for stationary Gaussian noise.



PyCBCWorkflow

1. Get Data

2. Place template bank

3. Matched filter

4. Coincidence

5. Calculate significance

6. Evaluate efficiency
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O2 Template Bank
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O4 Template Bank
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https://dcc.ligo.org/LIGO -G2300231, Shio Sakon


