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The first historical direct observation of gravitational waves (GW150914) was accomplished by
the Laser Interferometer Gravitational-wave Observatory (LIGO) on September 14, 2015. In this
paper, we overview the observation of GW150914 and its data analysis including a validation of
the detector’s status around the arrival time of the event. We introduce two independent searches
for transient gravitational waves and their results. We also present the contributions of the Korean
Gravitational Wave Group (KGWG) to various aspects of the data analysis and the detector char-
acterization within the LIGO Scientific Collaboration (LSC) and the Kamioka Gravitational-wave
Observatory (KAGRA).
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Fig. 1. (Color online) The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column
panels) and Livingston (L1, right column panels) detectors. Times are shown relative to September 14, 2015 at
09:50:45 UTC. Large fluctuations outside the detector’s most sensitive frequency band are suppressed from all time
series with a 35-350 Hz bandpass filter in order to visualize the waveform. Strong spectral lines (Fig. 3) arising from
electrical and mechanical resonances and calibration signals are also removed from the time series with band-reject
filters. Top row, left: H1 strain. Top row, right: L1 strain. Second row: Gravitational-wave strain projected onto
each detector in the 35-350 Hz band. A numerical relativity waveform is shown by solid lines. It is computed for a
system with parameters consistent with those recovered from GW150914 [9,10]. The dark gray shaded area shows the
reconstructed waveform using binary black hole template waveforms. For the light gray one, the strain is computed
as a linear combination of sine-Gaussian wavelets without an astrophysical assumption. Third row: Residuals after
subtracting the filtered numerical relativity waveform from the filtered detector time series. They are consistent with
the background noise. Bottom row: A time-frequency representation of the strain data, showing the signal frequency
increasing o)ver time. Image credit: LIGO Scientific Collaboration [12]. (Caption is quoted from the link provided as
a reference.
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Fig. 2. (Color online) Search results from the (a) generic
transient search and (b) the binary coalescence search.
The histogram shows the number of candidate events (or-
ange) and the number of background events due to noise
(black) as a function of the search detection-statistic.
The significance of GW150914 is greater than 5.1 o and
4.6 o for the binary coalescence and the generic tran-
sient searches, respectively. Image credit: LIGO Scien-
tific Collaboration [12]. (Caption is quoted from the link
provided as a reference.)

& TR FHEMY FolAE A5 A&HA 7o) Hok
AR AR B SAHFNE A 5ol &
e FEute] thEA Q] ohdof sty AT o A
uty mddof tigt 7Hd& FAskH o8 M5 AAE
2ot4] Felut oA WA= Hd Y FYoE HAT
- Qlek. o] WA o] SEut gA W2 ol o] of ek A
e mdglol: FAEZ] gk Aol A& o]4E0]
T =92 A g 22 bttt 204 HEE T
Hdup gAo] 7hEsith. A&AIZF 1078 — 10 2 9] i
o] Z2nt &S 9519 coherent Waveburst(cWB) &
12]Z7} omicron-LALInference-Burst (oLIB), 131

BayesWave Al 7}2] 9] B4 Bl o] R =gt} RE KA
HHH O glo]| 7 H| 21 Zgudtho] 250 2 ZA]SH 4



< Review Article > Observation and Data Analysis of the Gravitational Wave GW150914 - - -

o|e] B4 A EFo]ql go] 1 &ralE gto]Halg] (LIGo
Algorithm Library, LALSuite)°l Z3t&o] QItt [11].

o] HHE = cypL 221¢] B4 mfo|malele) A9
GW150914 AT 5 714 WA ZzH6to] dlojg & 5 3
Hito]l AH (alert) & WA Z T o] =Ro|AE= cwBY
S i) ALs s 2 SPACH (el A = ] B

of tigt 2t H1EY 45 HX)

cWBE F 2holal HE 7] FAlol A st oHIEE
AU 75 & (likelihood) EA4-& S8 A15.9] utg
S AE T AAE HlolHE AREFag g9
Hglsto] E2lo] HE719] A5 e e e ZotA

OoJHIE EZ|A (trigger) = t=9ttt. 2|1l Z+zko] o|HI E
Eg|A| tiste] B4 AE719] M- EH-& o]-8-5tko]
FHE7I7 350 R A5 T Ao e Ak utg 9
A5 A7t [13]. BE oHIE EYAL HE SAFH
ne = \/2E./(1+ E,/E.) & 71522 &97} AKX
AZNAM E.= F 7H94 A7 E g wAgT AAA

Tl A= 2ol $i= coherent signal A|H 20| 1L, E,, 2

tlolE oA A H AT E M v z]olt,

LE oHIE Eg|A &= AZL-Fabgs o Hof|A Holi= FH|
of etA C1, C2, C3Y Al TF=E FEH C12 =82
=2 %] (blip glitch)?2F1l &2 Fef o] =3 M7 7]
A FA Foll g Z8 2] 5 Lz 5ol ot ol
E EZAE0] o7]9 siggtct. C3ole Fakrt A7k
et Z7tskE oWIER AR 1 C13 C39f &514] o=

oM EL (C20] ZGHT}

Fig. 2(a) 2} Zo] GW150914= AZ 54 A E 5, = 20.0
o= AZ AT AHHE #*7} A7t wret F7tsh= C3
7| E] FollA 7P FEHA oHIE T F HE7]7}
BAlO) 7HsE A JEAITRS 1640l AT T TS o]
E|7} 7155 AIZES Q1914 8 2 o] FAAA A2 H|o]E

MEE TtE= 1HA]3-& o] 8514 1.6 x 106 71 2] L3 +4
TEAIZE] HlolE & ThEo] W4 et o|gA A A
o] 7 B A7 67,400 .0 & o] A7t st B
glolE oA GW150914= o] 3t o]HIE EB|AE Hr}
Zt A5t o] Hlolg MEo= AE 7t ¢l7] di&el
i A5l o8 GW150914 2t ZAY & AE FA I
Ao 75AS AXTE = ok, GW150914= o] RE
HlolE] MEoA 71 75t o[ HIE R L o 71 A A4S 4=
2 Bejm Ze)Ae A7ke] 42 Wk Fubs Wet glo] A7 iR
=42 .
3 o] A& A|xfo] 54 (time-shifted analysis) 2kl Sk, dojZ
glo] 8= AJ2}o]E o] E (time-shifted data) 2t F2T},
15 427) BEolH Y A Stoli WEE TE20} o] T
HAE B34 Aol € Felub) ook el A7t o 2
OlFAIZIBREMN FA FTHI} AS 7t gl dlolH MEE TE & Qlth

— Sang Hoon OH et al. 287
U= C3 HHQo A o] A5 9] @
13 Hop &}, & A FFol &
a1 ot APAFE FollFH L=
ATl QARG 22 500 13] B
B=A17F 59 GW1509149F 2 A 1

] O

H

AES2 67,400 F o
_110

| gong oA
Aol 4] o] Fex}
o ek ol e

g0l 2 x 1070 Bt o ke A
7H2 REE P B 4.6 0°f

DHRLEY T 24 S 7|6 BEEH 24
WA &4 (compact binary coalescence search)
2 ol2H0 2 Aute 013E o ote] YU FH0 =
%Hx}tﬂ A %gﬂjg /57\1-/1-1 Z/k—];q-lﬂeﬂ H2d3 /VJ—/\(—)] oﬂk] 1,]-
HHo IE}. =40 AH8-H pycBe [14)9}
GstLAL [15]2> Z+2t a4 99 (frequency domain) Tk /\]
7t 44 (time domain) oA AEZEE +Fote s +&
2 ol meielSoln F-5H HES 0y (template
waveform) [16]-& A&t
B L e E 1t p————
ratio) n = (myims)/(my + mo)? 18]1 W] A
X1.2 = ¢S1,2/Gm7 , 0l 2ERT. Aq7IA S, = BHAF Y
71—5;%6‘#0]1:]- EH\H u}a}u] E1 —1—7]—0 7} 9l xu%_q 2] E‘F_q-

1 2" o
soo mhet 47902 Holhrt. L] et S
ST HAA 434 (parameter estimation) = &l %l’:::
yobul 4 ik [3,7). 7F A Weke] AL 1 Mo 2
QAstATs A Aae] Aok Bl Aakel 100 W
ARSHATH (M = my +my < 100 Mg).

PyCBCS} GstLAL T mho]zhel H oA GW150914
L2015 9¢¥ 14 09:50:45 (FAAAA) ol 71 F=
2 o ER ety gholil e WH40 Aot
ZH A= 20, 2old A" 540
Fol= 1301, 29 AgE Y dodiarl= :
= o] matel my = 47.9 My, ms = 36.6 Mg 9l 5
T HEsoR GWI150914 5 FAsH . shA|T |E3]
23 9] 0|4 (discrete nature) O 2 {15l 2|4 9] n}a}n]
He 379 Ba34e 5o 82 4 e 1 42
my = 3675 Mg, ma = 2977 Mg oIt} [3,7]. PyCBCOA]
vl 37 (background estimation)= 93l A|z}e]E E4
(time-shifted analysis) 2 5~85to] B2 @ HEHE (false
alarm probability) = F < 2 x 1077 0| 7}--A]¢F iz
et GW150914 9] fro)/d2 5.1 o Bt 2 gh2 7Hint
(Fig. 2(b)). GstLALOIA = @ FH &S A4toh= B2
ch2 A9 GW150914 2] o)L 2 JJre =t 18
B2 GWI150914+= 5 ut Aozt A& W & o
(whozatelof tht FA1 A Q1 A2 & —L‘jc?i [5] &%)

X o Iy




288

New Physics: Sae Mulli, Vol. 66, No. 3, March 2016

—_
[aw]
|
—_
©

—

S
Do
f=]

—_
|

]

=

,_.

S
I3
V)

,_.

=
[\
w

h(f) amplitude spectral density [strain/+/Hz]

100

—
o

Frequency [Hz

Fig. 3. (Color online) he average measured sensitivity of the Advanced LIGO detectors during the time analyzed to
determine the significance of GW150914 (Sept 12-Oct 20, 2015). LIGO-Hanford is shown in red, LIGO-Livingston in
blue. The solid traces represent the median sensitivity and the shaded regions indicate the 5th and 95th percentile
over the analysis period. Image credit: LIGO Scientific Collaboration [12].(Caption is quoted from the link provided

as a reference.)
Iv. 227] S4 47 22U 24

e A8 (GW150914) 7F HEH Aol o] =R~
T Zo]1! (Advanced LIGO) 271=1 2
=26t 1 9Tt Fig. 39 A 1 A TAA Hol
ZAAE ek 50 Hz ol A 300 Hz AFo] ] T oA T o <]
AE7) BE 7P 2 Bl ~ 1072 Hy /2o =2s)
At

e 540 0252 Ao o 7141291 34 (mechanical
resonance) ¥t 23] 48 31210} (mains power harmon-
ics) 2133l B (calibration) & ol U A1 S (injected
signal) 9141 7] Q1ge. B4k, AE7]oE Aol ntet vt
g8l 917 wlEo] 2w 241 oA Al7ke] nret mefo]
274 Gkt GW150914 A8 F9 8i74 3o 54
= A5rotal Sut tlo| et A R] /e AL o] AT AIE
wAste] HE7] e 2 AEE Eol7] At a7 A

GW150914 T1F9] dlo]el= uhS ek ol 9lo
o A2l dlolE £4 (data quality) HAIA Z oFF&
A7} chetbA) etk shAe HA B8 8 (noise
souree) & 441317] slol $7149 7} g
Feee AE7] Yol 913_ 2% 93 7 A& 7|7} 9 A%t

Al 89 el 45 25 98 v
2 910] 5 S5 A, $4, B llﬂ o g

slolstr] Qs A 714 g g=Le al
el A5t 8.2 A9 Ao]o] AR Shelstsict. A

7]-2] g Folet TAA 717k (hierarchical veto), AH&

& 717} (used percentage veto), 7| Algt5H-& o83t
71743 et [18-21]. 2ol HHAE #5409 ¢
GW150914 A 2HE 180% o[, 2ol AXE FZ4
Ol AL 11x olyall Z&Ha} At AT A 7 Q= HE
e Fgo] gtk A2S At GW150914 AT A7
TAHANA FAALCR o] e FEPAE Holg Ex

Ad-2 glolS B ofyat FAIZI o] Hx Afde] et 2
7he] <= A1 G (transients) FA| FHIt A= Fo]
Aol Q= A o= ure At

7+ HE7] F9H Y] 9IS FRlst] floto E22H
ZHA] (physical environmental monitor) ZF] ZFZ] (sensor)
£ 53 GW150914 FH 129 s Fub g A5 S
stolst AT} gho|a A WE 4o AxH 274
(magnetometer) 5 7RO A QA B A5 2 whAGH oL
GW150914 A13& THE7]o= Aok 40 v o okt A2
2 WY E Ak B3 GW1509149F 2 A|7Hjof gto] 1
gl AE T=4of A oF 9,200 km BojH R 27| ubobA
(Burkina Faso) 9|4 2|t 277} 2F 500 kA of] @5h= df
7Rt M7 WS E Loy 22 7] A A A (fluxgate
magnetometer) 5 SIS HY GW150914 F o] M=
A 7171 SaiA s Aol oF A uff o & W7 2 Qs
Aoz ek 11 Qof A = Abgo] WAAI7| =
A7) As e sk ot 1 9 GW150914 A5
tiH] oF 19 Fo] 1 F== mjn|stict.

o g2 E40] AT AU XAHE Sy A3t
GW150914 A1 S5 YA Z 4= QL= -2l thet oj gt

L



< Review Article > Observation and Data Analysis of the Gravitational Wave GW150914 - - -

KISTI-LDG T3:
Gesult Analysis

Dlscusslon

ag\-ﬁ’-\

' ildu ligo.kist.re.kr

uio4.sdfarm.kr (Condoy
IgMsdtarm.kr (Intek-Compilerq. icense)

@,’S p /ce04.sdfarm.kr (Condor)

User Authentication|
based on GSI

Storage

LGO— fim —
Idr.sdfarm kr

. [GridFTP server)
Tier1/2/3 &

155 TBs 840 cores
Wn3076~3110.sdfarm.kr (Condpr)

LIGO / VIRGO Data

Fig. 4. (Color online) KISTI-GSDC LDG for gravita-
tional wave data analyses. Image credit: KISTI-GSDC.

SAE Zg 7 floks 2Eel =gkt (5 FAIA
A R Ahe AR (17 " E).

V. 332 180| 230} olo|g B4 47

oA At v} ol Fetn Aol 4% 717120
ohye} TheFet @45 Tele AZHolE o] 40| ujg-
$a7 90 e geeln qlch, FUATA ofejg ol
24 A7 99 AR AU AL AT AN
A7) g2 @ E|o] B 5| LATE (KISTEGSDC) ol A

AlEstal qAek 20109 78 HolH 24 HRE e8s
Z517] A2FelA 201610 @A 840 Fof o] A& ALFAFA T}
155 TB 9] 4§ A% A2 & Z2k= LDG (LIGO Data Grid)
Tier 35 = otal Ut HlolH 40 Bt AL E o]
Az|ro] ofy gt 71X A% 97 o] oAl Stk AR
#7Fstal Q= 2ho]atet =41 9] glojH+= 123 TB o] ©]
St =l dF+71E o] 31 T AFE = E8ot] F=
T34 A Y A&7 B4 A, S oy AT

5] 43Ystal ;J«‘jr. = A+ 3FATE
sfje]o] gfol i vt A2 0| 7hat HHE o
3 Qltt. Fig. 4= KISTI-GSDC LDG 9] #+4-&
At

— Sang Hoon OH et al. 289

(@) ||— AN — swm ‘ ,
— RF OVL ‘ !

R S &1

'l

1

5 0.6/ : =

2 —

5] !
k> ,
E 1
= ,

10-3 10— 10 102 107 10°
False Alarm Probability

(b) : 1 before vetoing

104 : : [ ANN

[ RF

o 3 svM
Q
6 0 _OvVL
Yy
=]
o)
oL
g
Z, 107

10!

10? 103 10* 10°
Significance

Fig. 5. (Color online) The performance of various
machine learning algorithms in identification of non-
Gaussian noise transients (glitches) from initial LIGO
data. Receiver Operating Characteristic (ROC) curves
(a) and the cumulative number of remaining glitches (b)
after removal by each algorithm are shown, i.e., Arti-
ficial Neural Network (ANN) in blue, Random Forest
(RF) in green, Support Vector Machine (SVM) in red
and Ordered Veto List (OVL) in light blue. Image credit:
Biswas et al. [21].

]1:]- GW1509149} 71—0] Wﬂaﬂ o]—x-l H]—/Kﬂ 0.]01] tq-E
Sut AEE SRS HE éOM cg7 AZHY 4%
P S EE B AE AT o)A GH AFT FSL
AZeets S 4D El‘%Ei oo W= kol wat
S FE0 AD ] AEAFEE =Y & A Hoh

24 O] AL TerSH Ul Felnt 457

OErﬂrzL‘_o{Nm{n

1o
%
fuj
o
o
i
)
ol
_0|L
rr
HT

N
:>|4:(‘;
i

JRE o] gstA Hrt
29 JEE o]EiAE E}Oli 715 205H7) o] /el
sk, o] F 1,000 7 A& AA F4S 26l
Skl Qi E}EU EZXHH HEE A AJof] A8t
F71E82 ALetr] f1t i
lﬁlﬂ%‘ﬂ M}Q— 7}—o}tﬂ olu] ofof gt A7}
o] Aol Fofgl t=F Y ntATH T



290

O

Efficieney

0.4}

== DetStat
= ANN w/ likelihood ratio

0. x i
104 1079 1072 107! 10°
False Positive Rate

= DetStat
H any

10 5 20 25
Distance [Mpe]

an

Fig. 6. The outperformance of ANN in discriminating
gravitation-wave signal triggers from noise triggers. Pan-
nel (a) shows ROC curves of ANN and a conventional
detection statistic based on SNR. Panel (b) shows the
efficiency of detecting the signals as a function of the
distance of the short Gamma Ray Burst’s progenitor.
Image credit: Kim et al. [22].

o}
=

= 71AStEH F dF 21 2]& (artificial neural
network, ANN) = AR&-5to] A5 2353l Fig. 5+
%7] o]l (inital LIGO) ¢ 6 51A] 15715 (Science run
6, S6) 71Xt T LF Hloly (15<Y) ol AT Lz
T2 485t A5 €7 A€ dokd 2 Zoltt. 27
HEE 0.1~1% WA tief 50% 9] deges Holv,
ol= tE 71AIst5H ¢l Random Forest (RF), Support
Vector Machine (SVM) 12|11 gfo]11 o] -3 B4 ¢
2] & 9] st OVL (Ordered Veto List) o] HE8&

Hl@ 7V it

A AT}

"0

o

oltt, FAAPE Aot FAAE- BAE o] BB
Feutol] el Al obslsrerelo] A4 ol Eo] TANA
e 0ge 05 4 Ao o2 WEoA S} v}
42 AP JMor Fen A oleo] 4gste]

New Physics: Sae Mulli, Vol. 66, No. 3, March 2016

St FE55 oHEE Foll= AA S
A2t FAS Hol= f2ke EASHA Hoh
oA A 1457 HE (Science run 5, S5) Hlo]E of]
TollA & 71 A F (Gamma-ray burst)
A7re 71202 7V S8 A2 5 AE6 Ul
L5 ot 7] Sl SAEE o 1-85h=
+Y5HATt [22]. Fig. 6= ¥
of A& 7MY SEnt A2
A& 7t AYE AT A
o|-§5F fAmtA FHrA| o] A2 F4to]
Sh= SAI%E (Fig. 62] DetStat)
AR T A% FFEUSS Hol

o
2

R
N

no, Mo
R
M o
N
O

el
L ol %
oY of

x

oL
=
ol [

rx,
ol g\

lo, ol i
d
=)

>,\l
)
ko)

()
i
N
rE
lo
ro,

ic)

fijo
B ojo o> of oy
fol

7

2 do e O 2 rlr O
do 41 = Rl 2% oo {4

ox Mt

o o

N g

M |o

-I)UH-U

4
N
N
o
o
2
>
oo
ri
ro, 4
of
]
o,
o
_?J
H
ich
N
lo
N

3. 7172t f|oje] 24 2to|E2{2] JHE

RS uALE H IS 20119 HE 7118 (KAGRA,
Kamioka Gravitational wave Observatory 2] 2F#}, € &
%] . LCGT, Large Cryogenic Gravitational wave Tele-
scope) AT d¥o = 7|77 [23] &£ ofY =t
dole] 24 soluaie] ALelE FEH o oy
itk 7h1ehe sl nef M2 nsh ned Aes e
Fehe Aol ohe Fem 27|k o2 Ho| 1 etA
AEE= A5e) B4R hol 1 9l M2 ok ohe 548
VA 7bs ol siek. Fhaeke] ke Aol RE stol e
2|2 2to] 19| LALSuited F L& 5o] A|AEst= o]
o, gREnaTgEte 1Ere] sol nasgen
o] AL wpe o2 shet gold B4 tolueelel
7tZ2| (KAGALI, KAGRA Algorithmic Library o] €Fz})
FollA R4S ol B eE ddsto] st Sl
A4 gojH el /i Ao = 7 A el B
95 <l TaylorF2 REle] tfste] nfZ B ¢l ZE|Z=
(Markov-Chain Monte Cralo, MCMC) B o2 =9
SEEL FE ALtctE 22 IR st ol

ZE] MEaL= T4t RESCEU A4 A

Pt



< Review Article > Observation and Data Analysis of the Gravitational Wave GW150914 - - -

Hof| 24 =] o] glom AnmE o] M ] AJAFR] git
2 AH&oto] QA Al thel (Osaka City University) 2]
Attt A sto] Zidstar gl

7t2t2| o] e LALSuited 15t H 71 E A
StHA Zidstar Qlok, & &9, offiet &2 ¥z 4
&5to] ZEE st gl

o FI4E| = LALSuite?= tHE2 A C999] 7| E A n
& AHgsHE 21e 9F o st gnh

. B 5E B4 Yol O AL 45
5ok ol A4 e oS B,

2] 9431 7}7He) 2 ThA] sk
=

LALSuiteS 102 A5}
A =T} glolg A gt &

2= A 2o

EJ?—J_% ]OH—— o]—/\O]O ]%%—5}- Taﬂ%—’lgﬂ
FaT 22129 ojshe} dlolel 24 /1] thg 97 7]
22 SRS} 2 97| wjRo|t}. ‘ﬁ%veﬂf}oq¥’6‘ﬂ€ﬂu‘r94
_z'_ Zﬂll_ ]'ZEE]7HHT'2_E3].0:1 ;‘(]_Aﬂl:ﬂ 5t zaql]_} 7_12
710l D g5t glojg BA gfo]H g gl o_];q 7S 51 3
5 e Aoz H

a0 e 7405—&7@ act. ol g pel
A o e @l o e 877 @ aslel S
Fste] Qloj2| i Slejg Mol (Big Data) &
{02 Aelstol ATl 9E A2 g $a0h 7147)
& Q2 el

o

Sl
i
i)
Hl
=
re
—U
ﬁ
O
A
L

ofl H1 S pgh nf fol i

T N
i
R

SEER S 40?;714544
o B A e 4ol At 4, 3
] 420 Tk ARG o] s obiet 2]
- Eer 957 2 olafeta Rt 9

27} FPsehd Aol (3],

J
1% 52 2 rlo nd |o o i to

;u{m
1
. o ofy
Eﬂ - j{m

o:-{x_&4>ém{>oxl_i£rshﬁ£:£11w

el Jo ox

)
rek
rR

— Sang Hoon OH et al. 291

aAe =

2 A3 It gt 4, ofHolEE

KISTI GSDC2] Ao & 3= gHUrh o3¢, A

Bxo Ae AFAGY AT PO R o]RolHG

Yt} (No. NRF-2013R1A1A2060677). AR 9] A=

AFAGo] A1 A Pge g o] R HFYTh (No. NRF-
2015R1A2A2A01004238).

REFERENCES

[1] A. Einstein, Sitzungsber. Preuss. Akad. Wiss. Berlin
(Math. Phys.) 1916, 688 (1916).

[2] B. Abbott, R. Abbott, T. D. Abbott, M. R. Aber-
nathy and F. Acernese et al., Phys. Rev. Lett. 116,
061102 (2016).

[3] C. Kim, H. S. Cho, H. W. Lee, C. H. Lee and
H. K. Lee et al., New Phys.: Sae Mulli 66, 293
(2016).

[4] B. Abbott, R. Abbott, T. D. Abbott, M. R. Aber-
nathy and F. Acernese et al. [LIGO Scientific and
Virgo Collaborations], arXiv:1602.03843 [gr-qc].

[5] B. Abbott, R. Abbott, T. D. Abbott, M. R. Aber-
nathy and F. Acernese et al. [LIGO Scientific and
Virgo Collaborations|, arXiv:1602.03839 [gr-qc].

[6] B. Abbott, R. Abbott, T. D. Abbott, M. R. Aber-
nathy and F. Acernese et al., arXiv:1602.08492

[astro-ph.HE].

[7] B. Abbott, R. Abbott, T. D. Abbott, M. R. Aber-
nathy and F. Acernese et al. [LIGO Scientific and
Virgo Collaborations|, arXiv:1602.03840 [gr-qc].

[8] P. C. Peters, Phys. Rev. 136, B1224 (1964).

[9] SXS Gravitational Waveform Database SXS:BBH:
0305, http://www.black-holes.org/waveforms (ac-
cessed Feb., 11, 2016).

[10] A. H. Mroue, M. A. Scheel, B. Szilagyi, H. P. Pfeiffer
and M. Boyle et al., Phys. Rev. Lett. 111, 241104
(2013).

[11] LIGO Algorithm Library, LALSuite, https://
github.com /lscsoft /lalsuite (accessed Feb. 11, 2016).

[12] LIGO Scientific Collaboration, LIGO Open
Science Center release of GW150914, 2016.
https://losc.ligo.org/events/GW150914/ (accessed
Feb., 11, 2016)


http://dx.doi.org/10.1103/PhysRevLett.116.061102
http://dx.doi.org/10.1103/PhysRevLett.116.061102
http://dx.doi.org/10.3938/NPSM.66.293
http://dx.doi.org/10.3938/NPSM.66.293
http://dx.doi.org/10.1103/PhysRev.136.B1224
http://dx.doi.org/10.1103/PhysRevLett.111.241104
http://dx.doi.org/10.1103/PhysRevLett.111.241104
http://dx.doi.org/10.7935/K5MW2F23
http://dx.doi.org/10.7935/K5MW2F23

292

[13] S. Klimenko, S. Mohanty, M. Rakhmanov and
G. Mitselmakher, Phys. Rev. D 72, 122002 (2005).

[14] T. D. Canton, A. H. Nitz, A. P. Lundgren,
A. B. Nielsen and D. A. Brown et al., Phys. Rev.
D 90, 082004 (2014).

[15] K. Cannon, R. Cariou, A. Chapman, M. Crispin-
Ortuzar and N. Fotopoulos et al., Astrophys. J.
748, 136 (2012).

[16] A. Taracchini, A. Buonanno, Y. Pan, T. Hinderer
and M. Boyle et al., Phys. Rev. D 89, 061502
(2014).

[17] B. Abbott, R. Abbott, T. D. Abbott, M. R. Aber-
nathy and F. Acernese et al. [LIGO Scientific and
Virgo Collaborations], arXiv:1602.03844 [gr-qc.

New Physics: Sae Mulli, Vol. 66, No. 3, March 2016

[18] J. R. Smith, T. Abbott, E. Hirose, N. Leroy and
D. Macleod et al., Classical Quantum Gravity 28,
235005 (2011).

[19] T. Isogai [LIGO and VIRGO Scientific Collabora-
tions|, J. Phys. Conf. Ser. 243, 012005 (2010).

[20] R. Essick, L. Blackburn and E. Katsavounidis, Clas-
sical Quantum Gravity 30, 155010 (2013).

[21] R. Biswas, L. Blackburn, J. Cao, R. Essick and
K. A. Hodge et al., Phys. Rev. D 88, 062003 (2013).

[22] K. Kim, I. W. Harry, K. A. Hodge, Y.-M. Kim and
C.-H. Lee et al.,, Classical Quantum Gravity 32,
245002 (2015).

[23] H. J. Paik, H. M. Lee, K. Cho and J. Kim, New
Phys.: Sae Mulli 66, 272 (2016).


http://dx.doi.org/10.1103/PhysRevD.72.122002
http://dx.doi.org/10.1103/PhysRevD.90.082004
http://dx.doi.org/10.1103/PhysRevD.90.082004
http://dx.doi.org/10.1088/0004-637X/748/2/136
http://dx.doi.org/10.1088/0004-637X/748/2/136
http://dx.doi.org/10.1103/PhysRevD.89.061502
http://dx.doi.org/10.1103/PhysRevD.89.061502
http://dx.doi.org/10.1088/0264-9381/28/23/235005
http://dx.doi.org/10.1088/0264-9381/28/23/235005
http://dx.doi.org/10.1088/1742-6596/243/1/012005
http://dx.doi.org/10.1088/0264-9381/30/15/155010
http://dx.doi.org/10.1088/0264-9381/30/15/155010
http://dx.doi.org/10.1103/PhysRevD.88.062003
http://dx.doi.org/10.1088/0264-9381/32/24/245002
http://dx.doi.org/10.1088/0264-9381/32/24/245002
http://dx.doi.org/10.3938/NPSM.66.272
http://dx.doi.org/10.3938/NPSM.66.272

