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큰 그림
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중력파 실험이란?
(what is gravitational wave experiment)

발생(generation) 검출(detection)
모수추정(parameter 

estimation)
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중력파가 있나? 검출이 되나? 파원은 뭐지?



2023. 2. 1. 2023 수치상대론 및 중력파 겨울학교 / 계산천체물리 경진대회 5

생성

전파

검출

모수추정



중력파 발생

• 아인스타인 방정식
• 선형근사
• 포스트뉴터니안 근사
• 수치중력
• 중성자별 상태 방정식
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우주론

• 공변거리(comoving distance)
• 고유거리(proper distance)
• 광도거리(luminosity distance)
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아인슈타인방정식과 블랙홀
(현영환)



검출기

• 양자광학(quantum optics)
• 광공진기(optical cavity)
• 스퀴즈(squeezed light)
• 고체물리학(solid state physics)
• 열역학(thermal physics)
• 역학(mechanics)
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신호처리

• 정합필터(Matched Filter)
• 전력스펙트럼밀도(Power Spectral Density)
• 검출(Search)
• 신호대잡음비(Signal to Noise Ratio)
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중력파 신호탐색
(김경민)



모수추정(Parameter Estimation)

• 중력파형(Waveforms)
• 통계처리(Statistical Analysis)
• 베이지언 추정(Bayesian Inference)
• 몬테카를로(Markov Chain Monte Carlo)
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중력파 데이터 분석
(이형원)



천체물리학(Astrophysics)

• 블랙홀 병합율(Blackhole Merger rate)
• 중성자별 상태 방정식(Equation of State of NS)
• 허블 상수(Hubble Constant)
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지금까지의
성과
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초기 검출기(Weber Bar)

• Chapel Hill Conference, 1957
• Feynmann’s Sticky bids
• Weber bar(1966)
• Braginsky, Thorne(1972)
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간섭계(Laser Interferometer)

• Gertsenshtein and Pustovoit, 1962
• Weber and Weiss, 1967
• Weiss, noise analysis, 1972
• Drever and Whitcomb, Caltech, 1980
• Drever, Weiss and Thorne, LIGO, 1984
• Barish, LIGO Director, 1997
• Virgo joined, 2007
• KAGRA joined, 2019
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LIGO 검출기
Nat. Rev. Physics, May 2021

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


LIGO 감도
• 지진잡음
• 열 잡음
• 중력경사 잡음
• 양자 잡음
• 기술 잡음
• 레이저 주파수
• 레이저 세기
• 레이저 산란
• 감지기, 작동기
• 전자기 잡음
• 입자(우주선)
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Nat. Rev. Physics, May 2021

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


공공 알림(Public Alerts)
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GCN: The Gamma-ray Coordinates Network (TAN: Transient Astronomy Network)



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


Low-latency alert
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GraceDB
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검색엔진

• 파형의존
• GstLAL: Gstreamer from LALSuite
• MBTA: Multi-Band Template Analysis
• PyCBC Broad
• PyCBC BBH 

• 파형독립
• cWB: Coherent Wave-Burst
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알려진 CBC중력파형 사용
정합필터와 파형집합 사용
검출기 사이의 동시성 확인
GstLAL은 한 검출기 검색 가능

CBC이외의 중력파 검출 가능
정합필터 사용하지 않음
검출기 사이의 동시성 확인
초과 에너지 계산



관측결과(Observations)
• O1: 2015/09/12~2016/01/19
• O2: 2016/11/30~2017/08/25
• O3a : 2019/04/01~2019/09/30
• O3b : 2019/11/01~2020/03/27
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관측결과(90)
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GWTC-3

https://arxiv.org/abs/2111.03606


질량분포
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LIGO Scientific Collaboration & Virgo Collaboration 2021, The 
population of merging compact binaries inferred using 
gravitational waves through GWTC-3. arXiv:2111.03634

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. doi:10.3847/1538-4357/ac5f03

https://arxiv.org/abs/2111.03634
https://doi.org/10.3847/1538-4357/ac5f03


IGWN Observing Plans
(IGWN | Observing Plans (ligo.org), https://observing.docs.ligo.org/plan)
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24 May 2023 for 18Months

https://observing.docs.ligo.org/plan/


여러가지 검출기

• 공명기
• 지상간섭계
• 우주간섭계
• 펄사타이밍어레이
• 우주배경복사 편광
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검출기 미래

• O3/O4/O5

• A+(Advanced LIGO)

• CE1, CE2(Cosmic Explorer)

• ET(Einstein Telescope)
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Nat. Rev. Physics, May 2021

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


3세대 검출기
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Nat. Rev. Physics, May 2021

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


중력파 천체물리학
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Nat. Rev. Physics, May 2021

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


중력파
데이터 분석
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데이터분석
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!ℎ!"

𝜏#$
𝑟

𝑟′

𝑅 = 𝑟 − 𝑟′

𝑂

• 고유특성
• 𝑚,, 𝑚-, 𝑆,, 𝑆-, Λ,, Λ-, 𝑒.

• 외부특성
• 𝑡/, 𝜑/, 𝛼, 𝛿, 𝐷, 𝜃01, 𝜓

얼마나 비슷한가?
Likelihood

베이지언 추론
Posterior

샘플생성
MCMC, Nested, RIFT

적분
매개변수 분포



Linear Optimal Filter
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ℎ 𝑡

𝑛 𝑡

𝑑 𝑡 = ℎ 𝑡 + 𝑛 𝑡

𝜀 𝑡 = ℋ 𝑑 𝑡 − ℎ 𝑡

minimize 𝜀! 𝐾(𝑓) ∝
ℎ 𝑓
𝑆! 𝑓



정합필터(Matched Filter)
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중력파형

• 107 Waveforms
• Post-Newtonian
• Time-domain
• Frequency-domain
• Tidal effects
• Spin effects
• NR approximation
• Effective One Body
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LALSimInspiral.h



pycbc Implementations
• TD waveforms

• ['TaylorT1', 'TaylorT2', 'TaylorT3', 'SpinTaylorT1', 'SpinTaylorT4', 'SpinTaylorT5', 'PhenSpinTaylor', 'PhenSpinTaylorRD', 'EOBNRv2', 
'EOBNRv2HM', 'TEOBResum_ROM', 'SEOBNRv1', 'SEOBNRv2', 'SEOBNRv2_opt', 'SEOBNRv3', 'SEOBNRv3_pert', 'SEOBNRv3_opt', 
'SEOBNRv3_opt_rk4', 'SEOBNRv4', 'SEOBNRv4_opt', 'SEOBNRv4P', 'SEOBNRv4PHM', 'SEOBNRv2T', 'SEOBNRv4T', 
'SEOBNRv4_ROM_NRTidalv2', 'SEOBNRv4_ROM_NRTidalv2_NSBH', 'HGimri', 'IMRPhenomA', 'IMRPhenomB', 'IMRPhenomC', 
'IMRPhenomD', 'IMRPhenomD_NRTidalv2', 'IMRPhenomNSBH', 'IMRPhenomHM', 'IMRPhenomPv2', 'IMRPhenomPv2_NRTidal', 
'IMRPhenomPv2_NRTidalv2', 'TaylorEt', 'TaylorT4', 'EccentricTD', 'SpinDominatedWf', 'NR_hdf5', 'NRSur7dq2', 'NRSur7dq4', 
'SEOBNRv4HM', 'NRHybSur3dq8', 'IMRPhenomXAS', 'IMRPhenomXHM', 'IMRPhenomPv3', 'IMRPhenomPv3HM', 'IMRPhenomXP', 
'IMRPhenomXPHM', 'TEOBResumS', 'IMRPhenomT', 'IMRPhenomTHM', 'IMRPhenomTP', 'IMRPhenomTPHM', 'TaylorF2', 
'SEOBNRv1_ROM_EffectiveSpin', 'SEOBNRv1_ROM_DoubleSpin', 'SEOBNRv2_ROM_EffectiveSpin', 'SEOBNRv2_ROM_DoubleSpin', 
'EOBNRv2_ROM', 'EOBNRv2HM_ROM', 'SEOBNRv2_ROM_DoubleSpin_HI', 'SEOBNRv4_ROM', 'IMRPhenomD_NRTidal', 'SpinTaylorF2', 
'TaylorF2NL', 'SpinTaylorF2_SWAPPER']

• FD waveforms

• ['EccentricFD', 'TaylorF2', 'TaylorF2Ecc', 'TaylorF2NLTides', 'TaylorF2RedSpin', 'TaylorF2RedSpinTidal', 'SpinTaylorF2', 'EOBNRv2_ROM', 
'EOBNRv2HM_ROM', 'SEOBNRv1_ROM_EffectiveSpin', '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', 'SEOBNRv4_ROM_NRTidalv2', 'SEOBNRv4_ROM_NRTidalv2_NSBH', 
'SEOBNRv4T_surrogate', 'IMRPhenomA', 'IMRPhenomB', 'IMRPhenomC', 'IMRPhenomD', 'IMRPhenomD_NRTidal', 
'IMRPhenomD_NRTidalv2', 'IMRPhenomNSBH', 'IMRPhenomHM', 'IMRPhenomP', 'IMRPhenomPv2', 'IMRPhenomPv2_NRTidal', 
'IMRPhenomPv2_NRTidalv2', 'SpinTaylorT4Fourier', 'SpinTaylorT5Fourier', 'NRSur4d2s', 'IMRPhenomXAS', 'IMRPhenomXHM', 
'IMRPhenomPv3', 'IMRPhenomPv3HM', 'IMRPhenomXP', 'IMRPhenomXPHM', 'SpinTaylorF2_SWAPPER', 'TaylorF2NL', 'TaylorF2_INTERP', 
'SEOBNRv1_ROM_EffectiveSpin_INTERP', 'SEOBNRv1_ROM_DoubleSpin_INTERP', 'SEOBNRv2_ROM_EffectiveSpin_INTERP', 
'SEOBNRv2_ROM_DoubleSpin_INTERP', 'EOBNRv2_ROM_INTERP', 'EOBNRv2HM_ROM_INTERP', 
'SEOBNRv2_ROM_DoubleSpin_HI_INTERP', 'SEOBNRv4_ROM_INTERP', 'SEOBNRv4', 'IMRPhenomC_INTERP', 'IMRPhenomD_INTERP', 
'IMRPhenomPv2_INTERP', 'IMRPhenomD_NRTidal_INTERP', 'IMRPhenomPv2_NRTidal_INTERP', 'SpinTaylorF2_INTERP', 
'TaylorF2NL_INTERP', 'SpinTaylorF2_SWAPPER_INTERP']
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from pycbc.waveform import td_approximants, fd_approximants
# List of td approximants that are available
(td_approximants()) 
# List of fd approximants that are currently available
(fd_approximants())



파형 예
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IMRPhenomD(30,30) IMRPhenomPv2(30,30)



파형 예
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TaylorF2(30,30)SEOBNRv4(30,30)



GW150914
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Credit: Carl  Rodriguez

Orbital motion does not change space-time

Binary orbit in Newtonian Theory
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Credit: Carl  Rodriguez

General Relativity
Mass, Energy ~ curved space-time
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아인슈타인의상대성이론과쌍성의궤도운동
Change in space-time caused by binary motion propagate in speed of light(GW
)

Credit: Carl  Rodriguez
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중력파 자료 예
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KAGALI h(t) data
Window function : Tukey with 5% padding
Strain data : L-L1_LOSC_16_V1-1126256640-4096.gwf
Channel : L1:GWOSC-16KHZ_R1_STRAIN
Trigger time : 1126259462
Segment length : 16s



스펙트럼
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LIGO 자료 예
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Odw4, GW190412 GWOSC (gw-openscience.org)
t0 = 1239082262.2

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


LIGO 자료
• Discretely sampled time-series data
• Sampling rate (fs)
• h(t) – calibrated strain 
• ALSO: hundreds of “auxiliary” channels

• Recorded at 16384 Hz sample rate
• ~300 MB per hour
• Stored in .gwf “frame” files
• Also HDF5(Hierarchical Data Format version 5)
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어디서 자료를 가져올 수 있나?
(https://www.gw-openscience.org/)



어디서 자료를 가져올 수 있나?
(https://www.gw-openscience.org/)
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중력파 자료(32.0초) GW150914
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중력파 자료(4.0초) GW150914
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중력파 자료(0.3초) GW150914
(whitening, band pass)
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중력파 자료(4.0초) GW150914
(whitening, band pass)

2023. 2. 1. 2023 수치상대론 및 중력파 겨울학교 / 계산천체물리 경진대회 52



중력파 자료(32.0초) GW150914
(whitening, band pass)
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중력파 자료(32.0초) Glitch
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중력파 자료(4.0초) Glitch
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중력파 자료(0.3초) Glitch
(whitening, band pass)
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중력파 자료(4.0초) Glitch
(whitening, band pass)
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중력파 자료(32.0초) Glitch
(whitening, band pass)
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베이지언 추론
• 질문: “관측된 자료를 가장 잘 설명하는 중력파원의 물리적 매
개변수의 분포는 어떻게 되는가?”

2023 수치상대론 및 중력파 겨울학교 / 계산천체물리 경진대회 632023. 2. 1.



실험실 자료 처리
• 질문 : “동일한 조건의 많은 실험을 통하여 획득한 물리적인 매
개변수의 분포는 어떻게 되는가?”
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Identical Experiments Data Process Parameters



베이지언 추론 기본

• Bayes’ rule(theorem)

• 모델에 대한 개선된 믿음의 정도는 기존 믿음의 정도와 모델이
관측된 자료를 생성할 확률의 곱이다.
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𝑝 𝑀,𝐷 = 𝑝 𝑀 𝐷 𝑝 𝐷 = 𝑝 𝐷 𝑀 𝑝(𝑀)

사전확률가능도 함수

사후확률

결합확률



가능도 함수(Likelihood Function)
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Understand 

Device

Calculate 

Probability

• 관측된 자료에 대한 가능도 함수는 실험장치에 대한 정량적 지
표이다.



가능도 함수

2023. 2. 1. 2023 수치상대론 및 중력파 겨울학교 / 계산천체물리 경진대회 67

ℵ 𝜇, 𝜎

Observe
𝑥!:

"
#$%

𝑒&
!"#$

%

%&%

The probability of the data given the model

Likelihood is a function of x for given model

Likelihood is a function of model parameters for given data

'
!"#

$
1
2𝜋𝜎

exp −
𝑥! − 𝜇 %

2𝜎%



내적(Inner Product)

• 𝑎 𝑏 ≡ 4ℜ∫2
3 45 6 78∗ 6

9(6)
𝑑𝑓

• 𝑎 𝑏 = 2ℜ∫&3
3 45 6 78∗ 6

9( 6 )
𝑑𝑓= ∫&3

3 45 6 78∗ 6 < 45∗ 6 78 6
9( 6 )

𝑑𝑓

• 𝑝= 𝑥(𝑡) ∝ 𝑒& 𝑥 𝑥 /#

• We can consider each frequency bin distributed as

• 𝑝= ?𝑥(𝑓) = "
#$

?∆6
9!(6)

𝑒&
(
%
)!(+) %∆+
.!(+)/0
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∆𝑓 =
1
𝑇

𝐾(𝑓) ∝
ℎ 𝑓
𝑆A 𝑓



가능도 함수(Likelihood)

• 𝑝 𝑑 𝜃 : 모델 매개변수 𝜃가 만든 중력파가 신호 𝑑를 생성할 확률
• 신호 𝑑가 파형 ℎ 𝜃 를 포함할 확률

• 만약 𝒅가 파형 𝒉 𝜽 를 포함한다면, 𝒅 − 𝒉는 순 잡음이다.

• 𝑝 𝑑 − ℎ 𝜃 = 𝑝 𝑛 𝜃

• 𝑝! )𝑑 𝑓" − +ℎ 𝑓" = #
$%

&∆(
)!((")

𝑒
,#$

%& '" (%) '"
$
∆'

+!('")//

• 𝑝 𝑑 𝜃 = ∏"-.
/,# #

$%
&∆(
)!((")

𝑒
,#$

%& '" (%) '"
$
∆'

+!('")// ∝ 𝑒, 𝑑 − ℎ 𝑑 − ℎ /$
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베이지언 추론 과정
1. 가능도 함수 𝑝(𝐷|𝜃⃗,𝑀) 결정
2. 매개변수에 대한 사전확률 함수 𝑝(𝜃⃗|𝑀) 결정
3. 사후 확률함수밀도 𝑝(𝜃⃗|𝐷,𝑀) 계산
4. 최대 사후확률 값(MAP)

최대 가능도 함수 값(ML)
사후확률평균 𝜃̅ = ∫ 𝜃𝑝 𝜃 𝐷,𝑀 𝑑𝜃
𝑝 𝜃 𝐷,𝑀 = ∫𝑝 𝜃⃗ 𝐷,𝑀 𝑑𝜃′ , 다른 매개변수에 대한 적분

5. 매개변수에 대한 분산
6. 모델과 매개변수에 대한 가설검증
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marginalization



샘플 생성 방법
• Markov Chain Monte Carlo(MCMC)
• Nested Sampling

2023 수치상대론 및 중력파 겨울학교 / 계산천체물리 경진대회 712023. 2. 1.

MNRAS 493, 3132(2020)

𝑍 = +𝑝 𝑀 𝐷 𝑑𝑀

https://doi.org/10.1093/mnras/staa278


MCMC 알고리즘
• Metropolis algorithm
• Metropolis-Hasting algorithm
• Gibbs sampling algorithm
• Hamiltonian Monte Carlo
• …

•초기수렴(Burn In)
• 수렴(Convergence)
•혼합(Mixing)
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•몇 개의 다른 가상의 온도를 사용한다

• 가능도 함수를 온도로 조정한다 𝑝 𝑑 𝜃
(
1, 𝑇 > 1

• 𝑇B5= =
CDEFGHI 9CJ %

A234

• 수렴과 혼합을 개선한다

온도 병렬계산(parallel tempering)
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𝑇 > 1

2023. 2. 1.
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MCMC Sampling



Nested Algorithm

• 믿음(evidence) 계산

• 𝑍 = ∫K5
𝑝 𝐷 𝜃⃗,𝑀 𝑝 𝜃⃗ 𝑀 𝑑𝜃⃗ = ∫2

" 𝑝 𝐷,𝑀, 𝑋 𝑑𝑋

• 𝑋 𝜆 = ∫
K5:M 𝐷 𝜃⃗,𝑀 NO

𝑝 𝐷 𝜃⃗,𝑀 𝑝 𝜃⃗ 𝑀 𝑑𝜃⃗ ,

𝑋 𝜆 = 0 = 1, 𝑋 𝜆 = ∞ = 0
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높은 차원의 적분을 효과적으로 1차원 적분으로 계산
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MNRAS 493, 3132(2020)

등간격 적분

https://doi.org/10.1093/mnras/staa278
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MNRAS 493, 3132(2020)

반응형 간격 적분

https://doi.org/10.1093/mnras/staa278
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Nested Sampling

Arxiv:2101.09675

https://arxiv.org/pdf/2101.09675.pdf


분석도구
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LALSuite(LALSuite: Main Page (ligo.org))

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

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


LALSuite from source
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LALSuite from source
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LALSuite install 
in conda



LALInference(LALInference: Main Page (ligo.org))
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lalinference_mcmc
lalinference_nest

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 
programming environments, user interfaces, and as a tool for 
testing and prototyping C/C++ software. SWIG is typically used 
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.
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http://www.swig.org/
http://www.swig.org/compat.html


키스티 작업
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Internet
NAS Storage

HCondor
batch manager

Login Node

996 Cores
6 GPU

550 TB

User

CVMFS Cache

Grid 
Storage



작업 수행
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Bilby(Welcome to bilby’s documentation! — bilby 1.1 documentation (ligo.org))
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Conda 환경 : igwn-py39

https://lscsoft.docs.ligo.org/bilby/
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후처리 도구
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CBCBayesPostProc



PESummary(PESummary (ligo.org))

• 모수추정 후처리 결과 생성
라이브러리

2023. 2. 1. 2023 수치상대론 및 중력파 겨울학교 / 계산천체물리 경진대회 94

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


PESummary
출력
• Bootstrap css
• Interactive
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맺음 말
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결론
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중력파 관측은

매우 어려운

일이다

중력파 관측을

통하여 다양한

물리를 할 수 있다

중력파 관측을

위해서는

종합적인 물리, 

공학 기술이

필요하다

중력파 물리학의

미래를 위해서

여러분이

필요하다



질문
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감사합니다
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