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Gravitational Waves

* Linearized Einstein Equation
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Gravitational Waves
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Existence of Gravitational Waves

I
on

* Indirect proof with pulsar observation
* Nobel Prize in Physics at 1993
* First direct detectlon 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

ensitive distance [Mpx

» 01:allGO 2015/09/12 - 2016/01/19 & = (o 00 @ o e
+ 02:allGO 2016/11/30 — 2017/08/25 Credit: Duncan MoLeod
* Adv. Virgo joined 2017/08/01 N R smmtnagme ©

* Coincident analysis time : 166.6 days
* O1:48.6 days
 02:118 days

e 02 data were recalibrated and cleaned

03 2019/04/01 ~ current
L1 : 140Mpc, H1 : 120Mpc, V1 : 50Mpc

v Hzl
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01/02 observation results

Evemt  m/M; my/Ms MM, Yot MM, o Ead/ Moy Gealtergs™ ) d/Mpe : Afdeg?
GWI50914 356°50 306707  286°50 <0010 631000 069708 30T 36Tgix 10 430050 009700 180
GWISION2 233°1° 136541 15230 00428 357497 067°08 1593 32 x10% 106050 021098 1855
GWISI226 1373 7.7:30 89707 0US5)Y 20548 074707 10 34Ix10% 44000 00900 1033
GWIT0104 31.0°32 2001253 21527  -004020 49.1:33 066700 22003 330sx10% 96030 0.19%% 94
GWI170608 10977 7677 79007 003305 178557 069N 0997 380ix10% 320700 00708 3%
GWI170729 506707 34.3°00, 357:%7 036203 803700 0S19F 4807 42:00x 10® 2750008 04808 1033
GWI70809 352030 23837 250070 007498 S6.4:37 070005 27908 IS4 x10% 9900% 02008 340
GWIT0814 30.7°37 2532 20l4 0072 5343 OT20% 279  ATMx10% 530N 0N @
GWIT0817 146013 12700 LIS6'O 00008 <28 <089 2004  200x10% 4000 0010 16
GWIT0818 33577 268701 2677 —00973 59875 06700 27705 34T x10% 1020008 020000 39
GWIT70823 39.6°05" 20437 20333 00837 65677 071700 3307 36tax 10 1850050 034701 165
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Released Gravitational-Wave Events

GRAVITATIONAL-WAVE TRANSIENT CATALOG-1 ®muco




First BNS observation
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DATA RELEASE POLICY

-,

» 01 data are public since end of January 2018 (24 months after end of run)
» 02 data will be public end of February 2019 (24 months after end of run)

» Future bulk releases are planned to be (no later than) 18 months after

the end of a 6-month data acquisition period
e.g., if O3 starts in April 2019, the first planned bulk data release would be April 2021

2019 - 2020 2021
1 2 3 4 5 6/ 7 2l 9101192 1/ 2 3| al s 6 7 &l elwo/1rie2 1 2 2 4 s/ 6l 2 & 910

01 Run
GW150904
GWI151226+LVT151012

02 Run

GW170104

GW170814 + GW170817
GW170608

R ) T (5 T T ) T ) i T
03 Run ( 2 chunks)

Data Acquisition
1.5 year proprietary period (as specified in the UGO Data Management Plan)
Open data
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O3a Summary

- Binary neutron star inspiral range
-

- LI

140

Angle-averaged range [Mpe]
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* https://gracedb.ligo.org/latest/

O3 Is on-going

GraceDB — Gravitational- Wave Candidate Event Database
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https://gracedb.ligo.org/latest/

Grace DB — Gravitational-Wave Candidate Uvent Database
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Gravitational Wave Open Science Center

Gravitational Wave Events and Catalogs

Event Portal
The Event Portal provides a00ess L0 Qravaationai-wave events and cotyogs

GWTC1

Gravitational-Wave Transent Catalog of Compact Binary Mergers (01 & ©2)
Documentation: " o
Strain Datar Conddert detectons | Margemal Trigoers
AU’M Data: £ Samgiem, Skymam. and more

Older event relcases
Préevious oot releases are 2lso avadable.

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

L BY 40 Livermwe

e 'QW-_".Q""C pudeiren
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2020-1-10

The Gravitational Wave Spectrum

Quantum fluctuations in early universe

A
’

Binary Supermassive Black
Holes in galactic nuclel
v —»
8 Compact Binaries in our
5 Galaxy & beyond
o) A )
v Compact objects
captured by Rotating NS,
f Ho‘es - >
., Ageo
WIVERIY  niieree years hours  sec ms

log{frequency) -16 -14 -12 -10 -8 6 -4 -2 0 +2

-~ - —- - — o -
Cosmic microwave Pulsar Timing Space Terrestrial
background interferometers  interferometers

polarization

Detectors
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Basic principle
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Properties of LIGO-Virgo data

ERM

ETMY

Sketch S. Hild :
 Sampling rate

* 16384Hz:LIGO
e 20kHz:Virgo
* 16384Hz:KAGRA

* Valid range
“ e 10Hz~5kHz : LIGO
* 10Hz~8kHz : Virgo
e 10Hz~5kHz : KAGRA(?)
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Noise budget of AdvLIGO
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Quantum Noise

wavelength
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photon radiation pressure noise photon shot noise
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Detector Noise
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Data Analysis

FFT -~ Whiten_ 3 d(f)  iFFT,

Tukey window (a = 0.5)
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* GW150914

wn] = [1 — cos(2"£
wln] =
w|N — n| = w(n,

Tukey window (a = 0.5)
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h(t) graph

KAGALI h(t) data
Window function : Tukey with 5% padding

or T 12 Ll < | T v

Strain data : L-L1_LOSC_16_V1-1126256640-4096.gwf

Channel : L1:GWOSC-16KHZ_R1_STRAIN
Trigger time : 1126259462
Segment length : 16s

2020. 1. 11.
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Spectrum

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

2020. 1. 11.
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Phase

Phase
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LALInferenceReadData.c

e LALInferenceReadData()

2020-1-10

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

V\f’hiten\ = (Z(f>

IR

4 du' = 9
) S+2(f)

NR Workshop, Jan. 10, 2020, Ewha Womens University, Seoul
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PSD Estimation

* Welch average: XLALREAL8AverageSpectrumWelch()
* Median selection: XLALREAL8AverageSpectrumMedian()
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Timeshift = timedelay

Time relations
SegmentLength — TRIG_MARGIN

e —-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)

—D

<
«

Segment start time(ifo->epoch)
t=0 point for time series data Trigger time

SegmentLength(ifo->seglen)

2020. 1. 11. KAGﬁI Final Report, Hytﬁg Wi 34



Timedelay

Timedelay

2020. 1. 11.

KAGALI Final Report,

Geocenter

Hyung Won tee
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Time-frequency analysis and stationary

1040
* Long-term i 1165067724
» Short-term: glitches Rk 1165067788
. Sa 1165067852
* AClines 1043 ="\ | 1165067916

10°% | \ 1165067980
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Stationarity test

* Continuous Wavelet transform(scalogram)
2s ¥ GPS 1165067917
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Wilson-Hilferty transfrom

* Transform Chi-square of many degree of freedom to standard one
5 (-G

b 9N\ »n

58
WO »
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W(Y) =




Wilson-Hilferty transform P ———

p-value: 0.74
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f (Hz)

Wilson-Hilferty transform

GPS 1166358283

p-value: 2.6x107°
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Generation of h(t)

1 . . e , rmmmmm—————— -
h(t) = = [C s dopr(t) + Axd t AL ' ' '
(t) L [ err (t) ctrt )] b Sensing : ] :

: : CIT | :

AL 3 e |

ree <.(PC) i ! : :

h t — 1 | | I
() I 1 Digial[ o, |1 | :

i Filter : : :

ALc ot/ ] :

: ' dogr] | :

I ' o_:_. Almodel) '

: : : :

! o :

e : S e |

Realtume interferometer control Calibration pipeline

2020-1-10 NR Workshop, Jan. 10, 2020, Ewha Womens University, Seoul 41



Noise model and likeihood

1 "
)(d/h) = — ;23X (doh)
pldlh) = S oz ¢

Y’(dh)=r-C™'-r=(d — 11“0)(,*(;,16)“7,1)((1 ¥
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Signal detection

p(d | Ho) =po(d) and p(d|Hi)=pi(d)

p(H1)p1(d)  pu(d) [m ) P(Ho)]l

p(Ho)po(d) + p(H)p1(d)  po(d) |po(d) * p(Ha)

@

p(H1|d) =

- p(d | Ho) - po(d) Matched filter

_ 1
log A(d]6) = (d | h(8)) — - (h(6) | h(8
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Bayesian Method ST

* What we are doing?

x10™ Exangple Stochaste Geavitational Wave

|

Geaveasonal Wave Signd

* Observe Gravitational Wave ¢ 0 o b5 oF A6 08 0F 08 08
e Obtain series of electronic signal
* Extract some numbers

e What we want?

Time (s6)

.6.00e-022

» What is the model parameter for the given data?

* How probable those parameters?
* How much believe those values?

2020-1-10

4.00e-022

2.00e-022

-2.00e-022 |-

-4.00e-022 |-

-6.00e-022

e L " A 1 A
0.00e+000 1.00e+001 2.00e+001 3.00e+001 4.00e+001 5.00e+001 6.00e+001
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Bayesian Method

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

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

* Subtract signal model from data: d — h(/T) where d = hypye + 1
* Likelihood function for stationary Gaussian noise

L(d|X) o ~214-1(2)a-nd)

* Posterior probability of model parameters A for given data d(Bayes’

theorem): . N
p(A|M)p(d|1, M)

p(d|M)
* Need models for signal/noise and specify prior knowledge

p(A]d, M) =




Priors

the component masses ey and ma:
the spin vectors Sy and Ss:
the polarisation angle «» and the angle #;,, between the total angular momentum

-

J and the propagation direction of the gravitational wave n:
the source Inminosity distance Dy :
the source right ascension a and declination o:

a reference phase 2o and a reference time, typically the gravitational-wave strain
peak time, f.
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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
[d*7 = [ r%drsin0d0d¢ = [ r* drdudep, u = cos 6

* Mass prior comes from parameter space change [ dm; dm, = [
f (my+m,)?
( e

mimq

dm.dq =

me

dm,.dn

distance prior mass prior for mc and q

mass prior for mc and eta




PARAMETER ESTIMATION
Coherent Bayesian inference: p(9—.|(i.) x p((ﬂg) : p((;)

The likelihood P(d|0) depends on

(S|h) = 4Rc£ ('Q I{f(f) df._

o <A

::' NWIIII llll | ||W||||
. unlmlm Illllllilll”

avitot ot ) win

(:'o

sy

Gravitatsonal-wane

Tiuw .\1‘
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Metropolis-Hasting algorithm

* Generate proposed parameter : é)*NCI(é)l — é)*)

e Sample from uniform distribution : u~U(0,1)

* Calculate Hasting ratio : H = n(i*)q(ii_)i*)
+(7)a(.-70)
e ifu < min(1, H), then §i+1 =0,

-

* else 6;,1 = 0;

D)

(6.)

* For Gaussian proposal : H = —=
(64)




Parallel Tempering

* Posterior at Temperature T
- m(6) = £(6)" P(6)

* Swapping ratio

(5 \G)
°SwapR=< — Tz) , T; <T,
L(el)Tl

* Swap when u < min(1, SwapR)

2020-1-10 NR Workshop, Jan. 10, 2020, Ewha Womens University, Seoul
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CBC waveform models

 BBH waveform models:
 Effective one-body models(SEOBNRv4 _ROM, SEOBNRv3)
 Phenomenological models(IMRPhenomPv?2)
* Tuned to NR waveform in aligned spin sector

* BNS waveform models:

* BBH models with phase correction from fit to NR(IMRPhenomPVv2NRT,
SEOBNRV4NRT)

 Effective one-body models including tidal effects(SEOBNRv4T, TEOBResumS)
* Post-Newtonian SPA waveform model (TaylorF2)



Inspiral waveform

@ 5
n O

Strain (10~2)
o o
nw o

'
=
o

2020-1-10

Inspiral Merger Ring-
down

S ¢ sG@
L H 3
NM, :

— Numerical relativity “ z

B Reconstructed (template)
i 8 1 l j
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Model parameters

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

* Extrinsic parameters M o
* time, sky position, distance, orientation, reference phase

=
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INTRINSIC PARAMETERS

(

\

Gm

2 2 R
A= §k2 (' ) Dimensionless tidal deformability

< 16 (my + 12mg)miA; + (mg 4 12m,)m}

¥ —_— —

13 e
o

35 3/5
M = (my m) — — |—2L_ | (m, +ms) Chirp mass - leading order PN expansion
(my 4 mg)V/® (1+q)?
Mo Total mass 1PN but accessible through
q=—1<1 & 1 € M,
k m, faWmar = 6v6 (2m) GM 2.2kHz ( T ) )
(o _ <5 Lo _clsil | I
i = o3 a;, = |\i| = = 5  Dimensionless spin (spin-spin coupling 2PN)
G m; G m;
Xesf = (mi Xy + maxa) - Ly Effective aligned spin (spin-orbit coupling 1.5PN)
"y 4+ ms
|
X>= B smax (B, 5., B2S21)  Effective precession spin parameter (2PN)
| ,;: ! , arXiv:1308.3271
i | % i
u}n - 2+ 5 By P % J
\
d BNS only

Az Effective tidal deformability parameter (SPN)

A
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Parameter estimation results

Evem m /M, ma/My MM, Yet MM, oy Eoa/IMo?) et flen2s™" ) dp/Mpe 2 ALY/ deg?
GWI50914 356%50 306277 2867157 <0010 63.1°00 069708 3177 36Tix 10 430050 00908 180
GWISION2 233°04° 136581 15249 00408 357307 067080 15793 32 x 10 106050 021009 1555
GWISI1226 137233 7.7°33 8977 01832 205143 024228 1091 34 10% 440000 00990 1033
GWIT0I04 310037 20.1%5% 21,527  —0.04200 491533 06600 2203 3.3:05x10% 960:40 0.1999 94
GWI1T0608 10977 7.67%) 7973 00375 17877 069N 0997 38Mix 0% 2000 00708 39
GWIT0729 50,6705 34.3°0, 35757 036233 80371037 OSI9T 48507 42200x 10% 27500118 048758 1033
GWI170809 352430 238°37 250 00798 S6.4%37 07000, 2704 3S0Ax 10 9900 02008 340
GWI170814 307+37 25303%  242°'4  007:08 5343 07207 27004 3704 10" SSO0TM9 01209 g7
GWIT70817 14650120 127709 L1860 000°08 <28 <089 2004  200x10% 4000 0010 16
GW170818 355007 268701 267 -0097% 59875 06708 2770 3450 x 10% 1020008 020000 39
GWIT0823 396757 294%37 293737 0080  65670F 07100 3305 365 x 10 185050 0343001 1651
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KAGRA may join to the end of O3

Januacy 2019

KAGRA: 2.5 generation interferometric
gravitational wave detector
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International Detector Network

LIGO Y

"i“‘ AdVirgo, Cascina, 3km LIGO-India Hingoli, 4km
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Remarks

* Open gravitational wave observation era
e 01, 02 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 3y~ 1!

e BBH:[9.7, 101] Gpc 3y 1

» NSBH merge rate 90% upper limit of 610(580) Gpc 3y 1
* O3 is started

* Four detectors: H1, L1, Virgo, KAGRA
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