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1.Introduction
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1.Introduction

Analysis results in last decades

Upper limit from past analyses & spin—-down upper limit
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Pulsar information is obtained from the ATNF pulsar database.
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1.Introduction

PSR J0835-4510 (Vela)
1968F|CERBMICK URR  Nature 229 p340 (1968)

O mEERTHRNTES

O FEHA 89 msec

0 1968 H 5 16MEdMglitch

O KEWVAE S

O fthEkHSiEiERE (200~500pc)
O R 2RI

http://chandra.harvard.edu/

spin-down upper limit (B&EIc&BT2NF—ORHLTENBRBBI RN F—ICEDZEED EIRIE)
h~5x102" (M =14M__,R=10 km,r =0.29kpc &R\ %)

sun?
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CLIO observation run
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2. CLIO

CLIO Cryogenic Laser Interferometric Observatory
100mERROL—F—TFHHBE NIRRT
Motivation of CLIO : Proto-Type for LCGT

1. BEZHIRY 28T 2 EREMIC & YIER
YIPAPI5—eY T 74T 77 A N—2AVEBERE20KETHE

2. EitEIRBDOMBTRIRTORBLEANL -3y
MESEILA O E RIS EBHERL W &1/100LL E{EL

Unclerereune Fadiities in tha Ramicka Mine

CLIO site
0 FIRE  #hTF1000m RO & W 2km
{E5 3th ] i 2

(KRR FETERE
s i PEVEE. BEE(
~ 37 km to SR = fE bfcﬁﬂfﬂ“iﬁﬁ

Nippon sea
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2. CLIO

First observation
RV B ALEEL HEH 2007FE2812-18H

Duty cycle Date | 2007/Feb./12-18 Duty Cycle
12 Mon. | | | e5%
13 Tue. 55%
14 Wed, 51%
15 Thu. 20%
16 Fri. 54%
17 sat. 58%
18suinf500  "10:00 15:00 " 20:00 1:00 *°" 6:00

8:00am-10:00pm operator on site
10:00pm-8:00am no-operator
no alignment control and auto lock system

60%EI# Mduty cycle

total lock time 86 hours
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2. CLIO

First observation

RO O 8 ALER HiEEA 20074F2A12-18H

Sensitivity

Observable distance
for inspiraling compact binaries
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3 Pulsar search

Analysis flow
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3.2 Data conditioning

3.1 Matched filtering
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3.1 Matched filtering

fR#FEi%x Matched Filtering BAFORBEICHLTREBLE7 VA

(RAS/NZ10%)
[RIE
FHHDPSDES  o(t) =h() +n(r) h(¢) : gravitational wave
n(t) 1 noise
Filter output c(t) = (0o q)(t) g(t):impulse response of ideal filter
N N\ 7 (waveform)
B Loo(t Ja(t+1)dt o,q : Fourier transform
= [ a(Na (N)e"df
Noisez iV 7 2 ERRE
Signal to noise ratio (% (t)j ) 2\ = T R
(o)) [ s;1anE |
SINERKICTBICI S(f) . power spectral density
qit+t)H t=0 T h(t") EAURETHD7 1 V2 E2FEZXIELL
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3.1 Matched filtering
Matched Filtering

known pulsar search cld waveform HEE

MEICEIETBES 1 (OF0O)+h(OF(©)

Earth
h,(t) = hy(1+cos” 4)cos2¥(r) ) phase evolution
h, (t) = 2h, cos Asin 2'¥(¢) .
s
hy="—"""%— Pulsar timing
cr
F (1), F(1) BE—FRICHTRIPTFFIRE=

o FsmomEE
IE#E L= WaveformZ{ED Il T - e

Antenna pattern

Phase evolution
Pulsar information i e A
Pulsar timing HEE SLS
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- " Antenna pattern

31 MatChed f||ter|ng Phase evolution
Pulsar information

Pulsar timing

Antenna pattern NI Y—DEEZRISIBLOREBAOEBEEZRHIVE

h(0)+ () > b (OF. (1) + b (OF. (1) P RD 58063001 (1999
F_(¢) =sin &(a(f) cos 2y + b(t) sin 2y)
F () =sin &(b(¢) cos 2y — a(t) sin 2y)

¥ Polarization angle
& Angle between the interferometer arms

S.(#),S.(t) EAVWTESICHRICEXET &
h,()F (t)+h ()F,(t) =S, cos2¥(¢)+ S, sin 2¥(¢)

S = L By sin E(L+cos® A)(a(t) cos 2y + b(¢)sin 2y )

N J—

S, = hysin & cos A(— a(f) sin 2y + b(t) cos 2y )
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3.1 Matched filtering Pasa ovaton

Pulsar timing
Antenna pattern

a(t) = %sin 2y(3—c0s21)(3—coso)cos{2(a —¢. —Qrt)}—%cos 2ysin A(3—cos29)sin{2(ax —¢. —Q 1)}
1. : 1 : : 3 . 2 2
+Zsm 2ysin24cos(a—¢. — Q. 1) —Ecos 2y cosAsin20sin(a —¢. — Q1) +Zsm 2y C0S” ACOS” O

b(t) =cos2ysin Asind cos{2(a — ¢, —Qrt)}—%sin 2y(3—cos24)sinosin{2(a —¢. —Q 1)}

+C0S 2y COSAC0S I cos(a —¢. —Q 1) +%sin 2ysin24cososin(a — ¢, —Q ¢)

Yor bisector of
interferometer arms
XDT

a  Right ascension of the source 2starm
6  Declination of the source A
A4 Latitude of the detector’s site ¥ arm
Q, Rotational angular velocity of the Earth !
¢,  Deterministic phase XcD
v Measured counterwise from the East to the bisector of the interferometer arms

March 7 2008 BEARERE 16



- " Antenna pattern

31 MatChed f||ter|ng Phase evolution
Pulsar information

Pulsar timing

Antenna pattern NI Y—DEEZRISIBLOREBAOEBEEZRHIVE

h(0)+ () > b (OF. (1) + b (OF. (1) P RD 58063001 (1999
F_(¢) =sin &(a(f) cos 2y + b(t) sin 2y)
F () =sin &(b(¢) cos 2y — a(t) sin 2y)

¥ Polarization angle
& Angle between the interferometer arms

S.(#),S.(t) EAVWTESICHRICEXET &
h,()F (t)+h ()F,(t) =S, cos2¥(¢)+ S, sin 2¥(¢)

S = L By sin E(L+cos® A)(a(t) cos 2y + b(¢)sin 2y )

N J—

S, = hysin & cos A(— a(f) sin 2y + b(t) cos 2y )
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- " Antenna pattern
31 MatChed f||ter|ng Phase evolution
Pulsar information
Phase evolution of signal Pulsar timing
1 1 T pulsar proper time
¥(T) =¥, +27z{vo(T—to)+—1)0(T—t0)2 +—1‘/‘0(T—t0)3+...} fy initial time

2 6 v, spin frequency

Pulsar timing v, first time derivative

Pulsar information v, second time derivative
¥, initial phase of signal

Pulsar timing EAiRIIELEFETICDoppler, time delay, relativistic effects&32(13

" f, arrival time at the solar system barycentric (SSB)
r-n : .
ty =t+ot=t+—+Ag +Aq ¢t observer coordinated time

, ¢ r position of the detector with respect with the SSB
Philos. Trans.R.Soc.London A341 117 A a unit vector pointing to the pulsar

Ag  Einstein relativistic delay ~1.7msec Cel Mechanics 23 p33 & p57
BAEORRER L SSBORRERARE B 7/-HICEL 2RHEE

Ag  Shapiro delay ~5usec PARL 13798
RHAEHIBEBIHITIACEICEI>TELUZEREN
Doppler shift (~100sec) DIFEELLBET L.

+ 5 hvEL &L TShapiro delay, Einstein delayDIA% #8193,
March 7 2008 BARERE 18



3.1 Matched filtering Phase evolution

Pulsar information

Phase evolution of signal Pulsar timing
Pulsar timin _ _,rn
Iming t,=t+0t=t+—+ AL +Aq
C
Detector position vector respect with the SSB Doppler IR
cos(g@, +Q,t) 1 0 0 \cosAcos(¢g. +Q 1)
r = Rg| Sin(é, +Qyt) |[+Rp| 0 COSE  sSinE | cosAsin(g, +Q 1)
0 O —-sinE CcosSE sinA
Unit vector pointing the pulsar in the SSB frame
1 0 0 COS ¢ COS O
n=0 cosE sinE |sinacosd | E angle between the ecliptic and the Earth’s equatorial plane
0 —sinE cosE)\ sind R distance from the SSB to the Earth center
Xes Rep distance form the Earth center to the detector

deterministic phase for the Earth’s orbital motion

23
Q), orbital angular velocity of the Earth

¢. deterministic phase for Earth’s diurnal motion
Q

A

. rotation angular velocity of the Earth
latitude of the detector's site

Doppler shift I T drithtip://ssd.ipl.nasa.cov/kb)informationZ NS
March 7 2008 BARERE 19
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3.1 Matched filtering Phase evolution
Pulsar timing.

PSR J0835-4510 (Vela) information
young pulsar 1968ﬂ5k .ﬂ]é:l’l'(uﬂE 16IEIO)GI|tch*éﬁ.HJ ATNF

l. l | 4l

1967 1968 1969 1970 19?1 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987

| |
S
Srvagj, "
l. .|Feb.
; | | | | | | | |

1988 1989 1990 1991 1992 1993 1994 1995 1996 199? 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
year

GlitchiZ S ¥ 4 AiR¥ETE{ =) Glitch# (3 spin frequencyHZE{L
Glitch{® M spin frequencyh HhRIc ki B

March 7 2008 BEARERE 20



3.1 Matched filtering Phase evolution

Pulsar information

. . Pulsar timing
PSR J0835-4510 (Vela) information
ATNF young pulsar timing group & ¢)
observation value uncertainty
Vv, [Hz] 11.1912976292214275 (MJD54083) 0.000000015771848
V, [Hz/s] -1.56437656769e-11(MJID54109~54176)  6.594934679981e-16
1'/'0 [Hz/sz] 2.01035e-21 (MJD54109~54176) 1.2704e-22

Glitchh L& EF (SRR Y ILD
FEESEBEELRDOX v()=v, +v,(t—1,) +V,(t—1,)° 12

MDJ5413.5 (#RiMBS) v, 11.19121723555 Hz
=Rr DY HAspin frequency&LTHL

RAiRBERELCOX ALV ECEICKBuncertaintyDIEE  51¢-9
AiR¥DuncertaintyE LE B9 2 & FEE LU

March 7 2008 BEARERE 21



3.1 Matched filtering

Frequency informationtc¥3 L THOSNO O X ) EE

AVWERBHBEEEAS SVVRED?

HRK

{
-l 08 06 04 02 0 02 04 06 08 1
Av x 107

Y5 4 3 2 41 0 1 2 3 4 5
AVO X10_?

Uncertainty 1.5x10 2 &0)SNOR I3 1%k &

March 7 2008 BEARERE 22



3.1 Matched filtering

Matched Filtering
i EICRIFET BIER () =h,(6)+h(t)=S5,cos2¥ (1) +S,sin2¥ (1) %I

h=1S.2+5.% expli(¥(r) + )}

lF(Z) - lPO +27T{Vo(l_to)+;‘)o(t_[o)2 +él70(t—t0)3 +}

¢ = tan‘l(%j
h=+S.2+S87 expli(¥'(t) +¢) }xexpli2zv, (t —1,)}

N E PRY: 1 . \3
‘P(z)_\{’0+27z{2vo(z ty) +6vo(z t) +}

Matched filtering ® 3¢
()| =|(0°9)(1)|=

IOTO(t)\/WEXp{_i(W'(f)+¢)}>< eXp(—iZﬂvot)dt‘
o'(1) = o(e]S,  + 8.7 expl-i(¥ () +9)) EBL &
(1) =

T
Io o' (1) exp(— iZEVOt)dt‘

ek ) m7-)IERELD

March 7 2008 EHRERS ARREOEE 23



3.1 Matched filtering

Matched Filtering

Parameters
a :08h35m20.61149s Right ascension of the source
o :-45d10m34.8751s Declination of the source
A :36.25N Polarization angle
¢. :9h26m 40.4s(MJD:54144) Deterministic phase
Q, :27(0.9973% 24 x 3600) Rotation angular velocity of the Earth
y 135 Measured counterwise from East to the bisector of interferometer arms
& 90 Angle between interferometer arms

unknown parameters
A=10, 7] : Inclination angle
w =[-714, 4] : Polarization angle

UnknownZe /s X—2(C K EBDRBRZETNTLUES T REEHLH D

March 7 2008 BEARERE
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3.1 Matched filtering

Matched Filtering
S/NOR EROMUHOTIICLZSNOREERD
h=+8,"+5,sin(¥ (1) +¢) S, = %ho sin £(L+ cos? A)(a(t) cos 2y +b(t)sin 2y )

¢(A,) =tan 1[ ? j S, = hysin £cos A(—a(z)sin 2y + b(t) cos 2y )

X

A=31/64r a)/ad-Jlaa)é:écDSNHi $
w=mxl8

Ll

2
n

()

[a—
N

Inclination angle A (rad)

o
n

o

-0.6 -0.4 -0.2 0 0.2 0.4 0.6
Polarization angle y (rad)

March 7 2008 EHRRHRS
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3.1 Matched filtering
Matched Filtering

A lcounwTosNnaR

0.98F

HEEWVIC A &y HER.
¥F9 y=0&LT 4 IO1VTH _
template & ;RE

1 -SN Rlu

0.94

0.92+

31/64n 33/64n

0.9

2%LIRNOORTINVI A—%templatez&d

/7 31 33 9
T,—T,—T,—TT,
16 64 64 16

3 5
R , J— 72'
8 8

W 'Z Z’é—:..é:h.ﬁ}*ﬂbf..l?parameters £+102{Edparameter templates
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3 Pulsar search

Analysis flow

March 7 2008

g Data Compression
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3.2 Data conditioning

3.1 Matched filtering
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3.2 Data conditioning

Real datalcU2M&E R
TF—2E(CEATIRER (RISMESORMESR)

WMLV —HDSNEANRERLTIICRRIEFAS P LE

FEHHTF—2DY7)9 ~810kHz WALT—28
HERRZA:<957=(c Data compressionH L E

T—2NAICETIMER
RERDOF BT —2 2RV RORER

Non Gaussian noise 2%
Noise level DZEAL SNOZEAL

SNOE(LZPA< 7= Data conditioning HHE
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3.2 Data conditioning

. Data compression
Data compression

Heterodyne
Heterodyne method%Z M\ Tdown samplingZ1T> ] |
Low pass filtering
Heterodyne Data with signal frequency band DC i |
Resampling

Complex heterodyne PRDA4T 8

COS(C()Sf + ¢sig) X eXp{— l(a)mt)} B %(exp{_ i(a)mt o a)st + ¢sig )}+ exp{_ i(a)mt + a)st o ¢sig)})

Signal heterodyne signal -
ﬂw W, ~ o, D, hgterodyne frequency
@ signal frequency
DC ] og e ]
¢y, initial phase of signal
Low pass filter ﬂ

\V4
Resampling | | vanish

Compressed data

«

4
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3.2 Data conditioning
Power spectrum density of data

Data compression
‘ _; Complex heterodyne
-1 i |
Complex heterodyne e e m
S 0 0 A R
. |
§ 1073
Boxcar low pass filter 10 |
10-3
IO-;UU{} -2(;{)0 -1600{0) 6 IOJO(} 2060 3060 4000
Frequency [Hz]

Resampling  1/256

lIR low pass filter
(4-th pole butterworth)

Signal frequency fo@calibration factorzh\\+%

Calibration
Resampling 1/256
Sampling frequency 65536Hz 1Hz
ij]l&&dlbﬁ 30
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3.2 Data conditioning

Real datalcU2M&E R
D F—2EICHAYRER (REMEIORMES)

WMLV —HDSNEANRERLTIICRRIEFAS P LE

FEHHTF—2DY7)9 ~810kHz WALT—28
HERRZA:<957=(c Data compressionH L E

@ F—-420AICEATIMER
KEROTFHE T2 2RV ROMER

Non Gaussian noise 2%
Noise level DZEAL SNOZEAL

SNOE(LZPA< 7= Data conditioning HHE
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3.2 Data conditioning

window function
F—2NHEETEE3RE

Short splkes FBHEHIATEHEHIESESNBZIL

Short spikes

Normalized Power

W, lc & Btransient L/ 1 X
Out of lock FHEHEATE 2IARE (lock) T L LD
W, HS5SHNTULBIKEE
Over range  Analog-to-digital converter®
W, Lo OEBAT-IRRE

2 ERI% O &9 Bwindow functionZ &ERE, W' =W, xW, xW,

JLZLRIVDEAL
FHHORTIEEICE B /L XLANOEL

RIEBASICBEVT/IALRNIDFNETSDH
S/NOIETICREETS

S/NHABNEEADMKESIC L EE /L X2 EHF T
March 7 2008 BARRRES
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3.2 Data conditioning

window function
window function®#IE window functionlck>7T. $ENF—2DIRIEEIZRLEHOTLED

&5 Dexp(iot) &window functionDIED
AN Y b Ividwindow function®heterodyneiZfEE R L.

RAiR#¥E 270 7 kL. #KiE DIELESHD
ESOIRIEANY bV DT, OFINVEZEMELY

i IEEF S, (0) - S, (f) window function®@ANZkIV
C= N Ty F—2EH

W()H7-)IEik

- ~ M-1 A ~
W(T(')bs k):lZW LT(')bs exp _ZZEﬁ (k:—%’_ﬁ-l—l, ...... %)
M M M M 2 2 2

k=0

wEZRY broEREY o (70)
" T,

obs C = [SW (O) Jl — i
_ V—I;(O) _ Tb W \ T;Jbs w
T ons o
obs window function®F¥J 1% #
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3.2 Data conditioning

window function
Weighted windov!jfunctiona)ﬁll

2._

tn

window function

=1
Ln

0 ‘ ﬂ]

18 19

time (hour)
Window function Ic&k3EE
Date short spikes over rage
Feb. 12 101 % 3.6 %
Feb. 13 99 % 48 %
Feb. 14 12.8 % 3.6 %
Feb. 15 155 % 554 %
Feb. 16 58 % 511 %
Feb. 17 12.2 % 81%
Feb. 18 10.3 % 10.3 %

March 7 2008 BEARERE
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4 Results

Analysis flow

March 7 2008

g Data Compression
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4 Results

Spectrum of all data

10-32

1 0-34

[m?/Hz]

1 0-36

1038 102 parameter templates

-05 -04 -03 -0.2 -0.1 O 0.1 02 03 04 05
Frequency [Hz]

analysis frequency range -0.003 ~0.003 h:

14 7 1- 14 . 14
A=—r - 33 5 7
12 16 ! V/ 8 12 A:—ﬂ:’ l//:—— 12 A:_ﬂ', l//:__ﬂ-
§10 - g 10 64 32 ‘g 10 16
=3 =3
gﬁ r _;-J- 8| _E‘ 8|
w6 % 6 % 6 |
E E E
24t Saf 24t
2 2 2 ‘
o oI o TR A o PR I VU € VR I L]
% d -3 -2 -1 0 1 2

3
Frequency [Hz] x 1072
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4 Results

mApower Z&Espectrum

31 1
A:— , - d)&
6s " V" PEE

14 — : ; : :
2| /13.18P |

mean

—_
O
T
1

o

()

P

Normalized power

2 |
| |
o M. mllu.l,..u.iul,i.h. ollim Al bl e bt wsl bods (Lot sl d o doi ol i
-3 -2 -1 0 1 2 3
Frequency [Hz] x 102

-0.0016069 Hz
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4 Results

Analysis flow
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4 Results

Statistic analysis

histogram - ?-\%
hi
\\
1022_ A‘B.Q |
N \
101}
100k . . s B e P -
0 2 4 8 10 12 14

Normalized power
histogram of power spectrum follows _
P..., :mean power
Nxw, P  hin wi :
f(P) — bin exp(— J @y, - bin width of histgoram

P N :the number of power spectrum bin

mean mean

P =9.58x10" [m?/Hz]
w,;, =4.8x107%

N =3245
March 7 2008 BEARERE 40



4 Results

Statistic analysis

mAINT—1NMDsignal frequencyld-0.0016069 Hz &b,
CN1NMEbackground noise THadEEASND

CHDEED LIRELF
P [m*/HZ]xAv ) Av :RiR# 5 R EE
h“'L':J : L ] =4.8x10™" L FHHOBRORS

Y1 ity 9 Bfalse alarm rate
P EBA3T—2 2B ORFE He = N x exp(—ﬁ] =0.006

mean

Poissons} h &R TE P EBALVEE  exp(—u,)=0.9939
) 0.6%

systematic error
calibration error210%&{RE 4, =5.3x107

March 7 2008 BEARERE 41



4 Results

Moment of inertia — ellipticity plane

v :11.19Hz

h,, r 1Hz?10¥kgm? r :290pc
BBE%E 20287 2L =29 e
pC V zz 122110 kgm

Neutron star® /_& ¢ IZEXHDIETIE LU

4GQY?
h= & &l .. &bneutron starddmoment of Inertia &ellipticitylcHIBRA IS5
- _c “rh
O a O 0005099003005 00 0093 e 3s 2004, T 4AGQ%e
< [|-Mass/Radiuslimit = =
= 00702 e e
= NGW emicsion/= Mass/Radius limit
2 it g EOS elasticity limit
= 5 EOSHSE5NS
2 o EM emission limit
Radio, X-ray measurementicd 2R
EM emission limit

 J

e Ellipticity
C.Q.G. 22 $1277 (2005)
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4 Results

Moment of inertia — ellipticity plane

B5h7=upper limithSmoment of inertia-ellipticity planeZ&t&

T S e eI
Experimental limit Experimental limit
1046 |- | —— Spin-down limit
— . g n c*rh
(] 1D | 2z =
fﬁ 4G’
Lbi 1042 |
N . o e
N qg40 g ; Spin—down limit
: C i ' 2 d
— — , o5 O
1036 P \ ” 32G Q°¢?
108 10°7 106 10° 104 1073 102

e ellipticity

Moment of inertiah+a2 &L \&eZ AT A IR

observed breaking index (Vela) =& ellipticity LPR{E 3.3x107*
A&A 354 p163 (2000)
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5 Summary

PSR J0835-4150A5NERE J1RIRE

SETspin frequency25Hz (GW frequency 50Hz) LI Fdpulsarzxig el 7=
BAREERTDOATOEWLD, KFFFE TlEspin frequency~11Hz (GW
frequency 22Hz ) WPSR J0835-4150%2REL TIREZ1TO7=.

AW =F—%
BERERBTRENLIV2007FE2A12H~18HICIRBEN/=CLIOF—4
Fa0FR 57 R

AW 75 iE
Matched Filtering
SNRAAR2 % LIAICT: D& Slcparameter templateZ U =,

IxiE EPRIET 5.3x10720 2@ 7.
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Appendix |

Analysis results in last decades

Upper limits from major sources

Source GW frequency U.L. Data U.L.spin down

J0534+2200 (Crab) 59.6 [Hz] 2x10722 bar detector (1995)  1.4x10724
4.1x19°24 LIGO (2005)
3x10724 LIGO (2007)

J1939+2134 1284 [Hz] 1x10720  par detector (1983)  1.8x10-27
1.5x10-17 Caltech 40-m (1983)
1.4x10722 LIGO-GEO (2004)
1.3x1072% LIGO (2005)
1.7x10724 LIGO (2007)

1987A SNR 9x10-21 Glasgow (1991)
5%x10°23 TAMA (2003)

Crab Z2fR< EBEICBRBRAKRENIS BTSN TIVS
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Appendix |

Theoretical upper limit for the Vela

Energy radiation L.y= 32G
Rotation energy E tzll Q°
ro 2 zz

AEIZXNF-—ODORAHDNETEARIRANF—ICEDIERELT.
L., <-1_0QQO

rad —

E K21 T 5¢2 O
<l |-
32G Q°I
spin—down upper limit
h=+h’+h}

_4GQ°

cr

&l _+J(cos? A+1)? [ 4+cos? A { Iy — %MsunRz

<3.476x10%/(cos? A+1)% [ 4+cos® A M =1.4M,,R =10km, r=0.29kpc
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Appendix Il

SR TR & o i £l LU A 0D 3t B IR B D L
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Appendix Il

CLIOLfkDiR il DLLE (HAES)

CLIODA R b B TOLIGO, VIRGO, GEO & D LEER
TAMAQ=I&

ZE{3 Displacement g;# sens|t|v|ty

ik R A 10 1_; T T T T T T
10713 i [——cL10 2006/12/13 (m/rHz] il 1072 —*-1 TAMA E‘i‘;r T34 :555 Ti
——LIGO S5 2006/6 [m/rHz] i Ny £ b L)
N PW iy i | ——oE0s00 2006/7 t/rHz) i 1077 e I
= 107 =1 41 e —VIRGO 07 [/t i & o N "LL.H,P _ Il
= 15 : P : ﬁ sl NG | —— July 12, 2003
o 10 it = 107 Wb Y Phasez2 limit ] | Tl
'E :‘2—-\ 10'15 b . ™ I\': ‘..'--..l' i _|,~N-‘n-'.-r.-p\"fJf\,LAL
2 s TN e\
= 10—]5 s ‘-"'l: L -\,;\ | “at m -
- | 2 10" - i W
g : : % L] 5" |I.l\. d v
g 1077 bt c 107 | 4
= ' g
L . ; k i » 1071
SN [/ ) S il =
w i | 7 H v i =20 |
e w L s . °
10710 e cberendenciebed oo R T j 107" -
: e 10‘421_
1072 d Sl B A I L e R -
10" 10 10° 10* Frequency [Hz]
Frequency [Hz] —
MHEBI—H B 7-DIEFKRFDREIS
http:/ /www.ligo.caltech.edu/"Il_news/07101_news/07101.htmd ¥ HENEEL (before SAS installation)
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Appendix Il

Pulsar timing
A Einstein relativistic delay
FAEDOREERESSBOREEREARL B 7=DHICEL 2 RKE=E
WMRBEE % = (1-20(r)%dt* — (L+ 20U (N)(dx* + dy* + dz?)
U(r) : gravitational potential at the atomic clock

#lil#E & SSBTHEIRRREOMEMR
c?dr? = (1-2U(r))c2de? — (1+ 2)U (r)) = di?
C

e j[ +——Jd

ik DpotentialdAZ2FEA/=EE ¢t ~7+(1.658ms)sin E,
Ey~ (1—%e@2)sin M, +%e@ sin2M +§€@2 Sin3M +....

Eg Eccentric anomaly (BilvEmf)
e; Eccentricity (SLE D)
M, Mean anomaly of the Earth orbit (326 )
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Appendix Il

Pulsar timing
A Shapiro delay

G : gravity constant

:—22 " log(n-r+|r, ) m, :mass of body j
2G r; 1 vector from body ; to the detector
m.
:—Z Zlog| r;|(L—cosy ) y , -a pulsar - detector - object angle for j - th object

KB Dpotential DA EEX =L & GM, Ic’:~5us

)‘)}
£if
Hb

e
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Appendix Il

Frequency informationtc¥3 L THOSNO O X ) EE
First derivative frequency lc&dSNAA

e Uncertainty 6.594934679981e-16L0T
Lose PELL),
2 0.04
0.92
0%, 45 4 05 0 05 1 15 2
Avo x 10-12

Second derivative frequency Ick2aSNAR

T T . : :
Uncertainty 1.2704e-22%0T
il RN

0.98|

0.96|

1-SNRIoss

0.94|

0.92

09!
-0.8 -06 -04 -02 0 0.2 04 06 0,8)(10_1?

Ai;li
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Appendix Il

Antenna pattern
NV —DEERD St EORBBADEEEROEHOmatrix M =M MM,

1. transformation from wave to celestial sphere frame coordinate

sin @ coSy —Ccosa Sin o siny —COSa COSy —SinasSind  cososiny
M, =|-sinasiny —cosasindcosy cosaSiny —sinaSind coSy  COSO COSy
—COS & C0S O —Sina C0so —sino
Zcs=7/ Y’

Yow

a right ascension of the source
o declination of the source

. w polarization angle
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Appendix Il

Antenna pattern

2. Transformation from celestial coordinates to cardinal coordinates

sin A COS(¢,, + Qrt) sin isin(¢r + Qrt) —COS A A latitude of the detector's site

M,=| -—sin(g +Q 1) cos(¢p, +Q 1) 0 Q, rotational angular velocity
2 r r r r o )
cosAcos(p, +Q,1) cosAsin(g +Q 1) sind ¢, deterministic phase
Zcs
ZCS
A
Xcp
B Zco R
equatorial plain N ) YLS Yes
Xecs
equatorial plain Yes CD

Xcs

3. Transformation from cardinal coordinates to detector proper reference

—sin(y+£12) —cos(y+£/2) 0 W e s
M,=|—-cos(y+&12) —sin(y+&/2) 0
0 0 1 XbT
2%tarm
7 measured counterwise from East to the bisector of the interferometer arms _ = Yo
& angle between the interferometer arms e
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Appendix Il
Antenna pattern
M:MleMsT 4 |AY-Yd

F () =sin&(a(¢)cos2y + b(t)sin 2y)
F (t)=sin&(b(r)cos2y —a(t)sin2y)  HESNhD

a(t) = %sin 2y(3—c0s21)(3—coso)cos{2(a—¢. —Q2.1)}
—%cos 2ysin A(3—c0s29)sin{2(a — ¢. —Qrt)}+%sin 2ysin2Acos(a —¢. — Q. t)
—%cos 2y cos Asin 28 sin(a— @, — Q. 1) +%sin 2y C0S* 1C0S* &

b(¢) =cos2ysin Asin o cos{2(a — ¢, — Qrt)}—%sin 2y(3—cos2A)sinosin{2(a —¢. —Q2.1)}
+C0S 2y C0SACOS O cos(ax — ¢, — 2 1) +%sin 2ysin2Acososin(a —¢. —Q. 1)

S.(),5.(t) EAVWTEZET L
h(t)=h, +h =h (t)F (t)+h (t)F.(t) =S, cos2'¥(¢) + S, sin2'¥(z)
S, = %ho sin £(1+ cos® A)(a() cos 2y + b() sin 2y )

S, = hysin & cos A(— a(z) sin 2y + b(t) cos 2y
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Appendix Il

Antenna pattern

March 7 2008
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Appendix Il

Digital filter

Boxcar filter (Fi§710%)

EEBB  HO= [ h exp(-iza)d

o Lo, M
—M;ﬂfsm Zﬂzfoj

oc;z‘lfo—Msin Vs J stinc( A j
f fo IM fol M

IR (Infinite Impulse Response) filter

f, :sampling frequency

EABER v =3 bxtn-i)+ Sayn—i)  “U)ANES
i—0 i1 y(n) . HAEES
LER Yo)=—2—X()
1+Zalzﬂ'
(=R =0 .
npole butterworth filter H*(f)= — J.:.cut-off freugnecy
P | (f) (1)
March 7 2008
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Appendix Il

window function
Window function®fci# o(t) FJ0MGaussian noiseE{RET D&

J1Zdcorrelation function  (0O(1)) =W?(1)5,, W () :window function

O)D7—YIIE®R  Ow)=— TWZ/:ZO(t)e ior T, : 20

w t=—Ty /2

ik ¥ A Thcorrelation functionzER 3L,
<5(a))5* (a)')> = iz z Z <O(t)0(t')>e—iwteiw’t'

Ao

W t

<5(a))5* (a)')> - Tivﬁz (0— ')

w

w=0 Orx <‘0(w)\ >:—W RS L

W W

W2(0)=W(r)

W () HRBHLERTEARY MVICEEL L, RIEOEOZE
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Appendix

Change of noise level
Optimal weighting F—%% N {EdDsegmentic T

Fsegment®deviation o’(i=12,...,N)

weighting noise power y=>kict (O k=N)

LagrangeDREREE D k=N ORET T, HEEENS

Y =) klo} —K‘[Zki —Nj
o _ 2k’ —Kk=0

oY
a—K—Zki—N—O

1
2
Gi

k=2

2

JALARIN) =DM TEAFITITNIEL
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Appendix IV

Bayesian upper limit

posterior probability

{B.} binned data
a set of parameters of signal

given model

@l )p(B}a i)
p{B:}1)

a

p@{B}1)="~
1

(RiktE®R)
PUB}ado, )« exp( 518 -nt J a=[4, . ¥,]
unknown parameters A=[0,r]
=[0,27]
w=[-nl4,rl4]

5% 1019

plhy {BY) o« [[[ pAB}| @) p(a)d A dys a¥,

1.6

sity

1.2

0.8]

prob. den

confidence level = _[hh_; p(hy{B, })dh,

1 15 2 2.5
x 10719

0 05

B, =z, —zh, 2y FHHT—4 i
zh, {ESR&H o
1.35x10 "~ @99%confidence level
BARERE
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