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Gravitational Waves

• Linearized Einstein Equation
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Gravitational Waves
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Existence of Gravitational Waves

• Indirect proof with pulsar observation
• Nobel Prize in Physics at 1993
• First direct detection at 2015 Sep. 14
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Introduction

• Open a new window to observe the Universe
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Global Detector Network
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Observational runs
• Observing runs
• O1 : aLIGO 2015/09/12 – 2016/01/19

• O2 : aLIGO 2016/11/30 – 2017/08/25

• Adv. Virgo joined 2017/08/01

• Coincident analysis time : 166.6 days
• O1 : 48.6 days

• O2 : 118 days

• O2 data were recalibrated and cleaned

• O3 2019/04/01 ~ current
L1 : 140Mpc, H1 : 120Mpc, V1 : 50Mpc 
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O1/O2 observation results
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Released Gravitational-Wave Events
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First BNS observation
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O3a Summary
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O3 is on-going

• https://gracedb.ligo.org/latest/
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https://www.gw-openscience.org/catalog/



2020-1-10 NR Workshop, Jan. 10, 2020, Ewha Womens University, Seoul 18



Basic principle
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Properties of LIGO-Virgo data

• Sampling rate
• 16384Hz:LIGO
• 20kHz:Virgo
• 16384Hz:KAGRA

• Valid range
• 10Hz~5kHz : LIGO
• 10Hz~8kHz : Virgo
• 10Hz~5kHz : KAGRA(?)
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Basic properties of detector noise
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Noise budget of AdvLIGO
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Quantum Noise
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Detector Noise
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Data Analysis

2020-1-10 NR Workshop, Jan. 10, 2020, Ewha Womens University, Seoul 26



• GW150914
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Spectrum
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h(t) graph
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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



Spectrum
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LALSuite and KAGALI h(f) comparison
Window function : Tukey with 0.4 sec padding
Strain data : L-L1_LOSC_16_V1-1126256640-4096.gwf
Channel : L1:GWOSC-16KHZ_R1_STRAIN
Trigger time : 1126259462
Segment length : 16s



Phase
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LALInferenceReadData.c

• LALInferenceReadData()
• Read data file or generate fake data
• Read PSD data file or generate from strain data
• Resample as required sample rate
• Windowing the time data
• Generate frequency domain data using FFT
• Generate whiten data in frequency and time
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PSD Estimation

• Welch average: XLALREAL8AverageSpectrumWelch()

• Median selection: XLALREAL8AverageSpectrumMedian()
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Time relations

• --trigtime : This option specifies the trigger time at geocenter, this 
time is same as injection time in injection table

• ifo->epoch : this time is segment start time TRIG_MARGIN(=2)

SegmentLength(ifo->seglen)

Trigger time

Segment start time(ifo->epoch)

t=0 point for time series data

Timeshift = timedelay

SegmentLength – TRIG_MARGIN
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Timedelay

Timedelay

Geocenter
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Time-frequency analysis and stationary
• Long-term
• Short-term: glitches
• AC lines
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Stationarity test

• Continuous Wavelet transform(scalogram)
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Wilson-Hilferty transfrom

• Transform Chi-square of many degree of freedom to standard one
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Wilson-Hilferty transform
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p-value: 0.74



Wilson-Hilferty transform
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GPS 1166358283
p-value: 2.6×10'(



Generation of h(t)
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Noise model and likeihood
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Signal detection
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Bayesian Method

• What we are doing?
• Observe Gravitational Wave
• Obtain series of electronic signal
• Extract some numbers

• What we want?
• What is the model parameter for the given data?
• How probable those parameters?
• How much believe those values?
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Bayesian Method

• Question: “What is the distribution of parameters for the given 
observed data?”

2020-1-10 NR Workshop, Jan. 10, 2020, Ewha Womens University, Seoul 45



Parameter estimation

• Subtract signal model from data: ! − ℎ(&⃗) where ! = ℎ)*+, + .
• Likelihood function for stationary Gaussian noise

ℒ(!|&⃗) ∝ 23
4
5 637 8 ,637(8)

• Posterior probability of model parameters &⃗ for given data !(Bayes’ 
theorem):

: &⃗ !,; = : &⃗ ; :(!|&⃗,;)
:(!|;)

• Need models for signal/noise and specify prior knowledge
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Priors
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Prior
• All physical priors are assumed to be 1 ( a priori we do not know)
• Distance prior comes from volume integration factor 
∫"#%⃗ = ∫ %'"% sin +"+", = ∫ %' "%"-",, - = cos +
• Mass prior comes from parameter space change ∫"12 "1' = ∫3434

35
"16 "7 =

∫ 34839 9

34:39 ;<=/?
"16"@

•∫ %' "%"-", = ∫ %#" ln % "-",
∫3434

35
"16 "7 = ∫ 34839 9

34:39 ;<=/?
"16"@

distance prior mass prior for mc and q mass prior for mc and eta
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Metropolis-Hasting algorithm 

• Generate proposed parameter : "⃗∗~% "⃗& → "⃗∗
• Sample from uniform distribution : (~) 0,1

• Calculate Hasting ratio : - = / 0∗ 1 02→0∗
/ 02 1 0∗→02

• if ( < min(1, -), then "⃗&9: = "⃗∗
• else "⃗&9: = "⃗&
• For Gaussian proposal : - = / 0∗

/ 02
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Parallel Tempering

• Posterior at Temperature T

• ! #⃗ = ℒ #⃗ &/() #⃗

• Swapping ratio

• *+,-. =
ℒ /0 10
ℒ /2 12

2
123

2
10

, 5& < 57

• Swap when 8 < min(1, *+,-.)
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CBC waveform models

• BBH waveform models:
• Effective one-body models(SEOBNRv4_ROM, SEOBNRv3)
• Phenomenological models(IMRPhenomPv2)
• Tuned to NR waveform in aligned spin sector

• BNS waveform models:
• BBH models with phase correction from fit to NR(IMRPhenomPv2NRT, 

SEOBNRv4NRT)
• Effective one-body models including tidal effects(SEOBNRv4T, TEOBResumS)
• Post-Newtonian SPA waveform model (TaylorF2)
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Inspiral waveform
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Model parameters

• Intrinsic parameters
• masses, spins, tidal deformability, eccentricity

• Extrinsic parameters
• time, sky position, distance, orientation, reference phase
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Parameter estimation results
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KAGRA may join to the end of O3

https://arxiv.org/pdf/1811.08079.pdf

2020-1-10 NR Workshop, Jan. 10, 2020, Ewha Womens University, Seoul 57



International Detector Network
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Remarks

• Open gravitational wave observation era
• O1, O2 LIGO/Virgo have made 10 BBH and 1 BNS GW detections
• Approximately one GW detection per 15 days of data searched
• Merge rates determined 
• BNS: [110, 3840] Gpc$%y$'
• BBH: [9.7, 101] Gpc$%y$'
• NSBH merge rate 90% upper limit of 610(580) Gpc$%y$'

• O3 is started
• Four detectors: H1, L1, Virgo, KAGRA
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Thank you
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