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LIGO & GEO

LIGO

LIGO and GEO

LIGO-GMO300-00-Z

22 July 200M

Four interferometers contribute
data to LSC analyses:

4 km and 2 km interferometers
at LIGO Hanford Observatory

4 km interferometer at LIGO
Livingston Observatory

‘GEO600

N.B.: No GEO data available for
S2, but back on air for S3.




(cont.) LIGO : Sensitivity

LIGO LSC

Sensitivity

Best Strain Sensitivities for the LIGO Interferometers
Comparisons among $1. 82, §3 LIGO-G030548-02-E

TN mﬂ * __
AN _..!.!QW" it s
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LIGO-GO40300-00-Z 22 July 2004 2

-51(2002), S2(2003), S3(2003-4)
- factor for the design sensitivity



GEO : Runs & Sensitivity
LIGO '

L - I ]

Data Runs and Calibration

= GEOG00 optical configuration
= Implemented as a dual recycled

interferometer
= Coordinated Runs With LIGO
= S51run:
= 23.08.02-09.09.02
= S3run:

» 051103 -12.11.03
n 301203 -13.01.04

= GEOB00 is continuously taking data
since early 2004
= Calibration and Data Archive

= Time-domain calibration; data calibrated
every second

= Data archived on tapes and/or on
spinning media
= Total data rate of ~ 50 GB per day
= Computational Resources

= Beowulf clusters and storage at AEI,
Birmingham and Cardiff (~ 400 dual
processor nodes, ~ 100 Terabytes)

= Tape archives at Cardiff and ZIB (access
via AEI) W -

GR17 - Status of Data Analysis In
18-24 June 2004 GEOQEG00 3




(cont.) GEO : Detection Range

LIGO
A . | §
ImspiralSenseMon. Secomd part of 53.
= InspiralSenseMon 45 |
computes the distance at |
which an optimally oriented |
inspiralling binary ARt
produces a SNR of 8 given ”‘8- :
the noise PSD S
= A figure-of-merit used to w
. . G| »
monitor online the
sensitivity of the detector a5 _: _.':'t ___= t"""'"_ ﬂ_:::_ i|= -~ 'i_"":! 1
>

Time (s)

GR17 - Status of Data Analysis in
18-24 June 2004 GEOQE00 13
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(cont) VIRGO : shaking down the performance

(M2J)NVIRGD Sensitivity

Sensitivity in m / sqrt(Hz)

C1
a-:-l:ﬁ-.‘n-ﬂ o T T c2
- 1 LA C3 north arm
A0 [0 0
‘E,m A C3 recombined
E10™ Lo o
Virgo
10"
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111""'E
107 |
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107"
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41 Grwl7 - Dublin

C5 run be held in 2004 autumn.



TAMA

National Astronomical Observatory (NAOJ),
Institute for Cosmic Ray Research (ICRR), The University of Tokyo,

High Energy Accelerator Research Organization (KEK),
University of Electro-Communications, Osaka City University, Osaka University,

Yukawa Instifute for Theoretical Physics, Kyoto University,

Niigata University, Hirosaki University, Tohoku University, Hiroshima University,
Tokyo Denki University, National Instifufe of Advanced Industrial Science and
Technology, Tokai University




(cont.) TAMA: Commissioning
e

Data Taking period actual data amount take note
DT1 8/6-7/1999 ~3 + ~7 hours continuous lock first whole system test
DT2 9/17 -20/1999 31 hours first Physics run
DT3 4/20 - 23/2000 13 hours
— 8/14/2000 World best sensitivity h ~5x1072! [1/vHz]
DT4 8/21 -9/3/2000 167 hours stable long run
DT5 3/1-3/8/2001 111 hours

Longest stretch of continuous lock

Test Run 1 6/4 - 6/6/2001 ' 24-50 keep running all day
DT 8/1 - 9/20/2001 du}giﬁ/gfg’;@ full-dressed run
Recycling,
DT7 8/31 - 9/2/2002 24 hours with duty cycle 76.7% h ~ 3x1072] [1/\Hz],
Simultaneous obs with LIGO & GEO
1168 hours, coincidence obs with
bT8 2/14 = 4/14/2003 duty cycle 81.1% LIGO S2
DT? o ]Q(Qfégggy Y 5v§;eh|<oducf;'- ‘:]tIg);ﬂS ﬁj? partial coincidence run with LIGO S3

- 1/5/2004 weekend: full time SRR el



(cont.) TAMA : Sensitivity
-

h equivalent noise spectrum of TAMA300
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1GEC The International Gravitational Event Collaboration

T

I( E( Fundamentals Documents Detectors F.A.Q. People Links Internal
Characteristics Directional sensitivity

The IGEC Members
BB T+ x5 8
Z \NPny J 1 The following detectors participate into the IGEC. Click on a hame to connect to the experiment

web site.
N . In the picture below the detectors locations on earth are represented. It happens that there is a
%ﬁ)sﬁu ] -I 9 9 7_2 OOO great circle passing near each site (red line on the picture below) This allows for parallel
In orientation of the bars.

Based in Louisiana, USA.
t IZE ALLEGRO Lousiana State University

AURIGA Based in Padova, ltaly.

Legnaro National Laboratories, INFN

H -~ ZX -I 0_2] [/rHZ] EXPLORER gzsss,imgﬁneva, Switzerland.

NAUTILUS | [Based in Rome, ltaly.

Frascati National Laboratories, INFN

Based in Perth, Australia.
NIOBE University of Western Australia

EXPLORER
AURIGA
NAUTILUS

"Methods and results of the
IGEC search for burst
gravitational waves in the
years 1997-2000 ",

Phys. Rev. D 68 (2003) 022001,
(astro-ph/0302482)

NIOBE

Top of Page

Last modified 1379 days ago.
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MiniGRAIL

] é —Zt\%?_l-j]_ I-Il:l__l 7‘&—: ;\k @ 5 % Gravitational Radiation Antenna In Leiden

Kamerlingh Onnes Laboratory, Leiden University, The Netherlands

click here for an overview of the 6" eryogenic run of MiniGRAIL

'd i The MiniGRAIL detector is a
g cryogenic 68 cm diameter

spherical gravitational wave
antenna made of CuAl{6%) alloy
with 2 mass of 1400 Kg, a
resonance frequency of 3000 Hz
and a bandwidth around 230 Hz,
possibly higher. The quantum-
limited strain sensitivity dLfL
would be ~4x10"21, The antenna
will operate at a temperature of
20 mK. Two other similar
detectors will also be built, one in
Rome and one in S Paulo
(already financed), which will
strongly increase the chances of
detection by looking at
coincidences. The sources we are
aiming at are for instance, non-
axisymmetric instabilities in
rotating single and binary neutron
stars, small black-hole or neutron-
star mergers etc.

February 19th, 2003

http://www.das.inpe.br/~graviton/ http://www.minigrail.nl/
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ALLEGRO - LIGO

ALLEGRO - LIGO Livingston
during S2 run (180 hours)
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Coincidence Schematics

TAMA LIGO

(LHOT, LHO2, LLO)
filter evaluatation

SeOrCh by own d(]'l'(] |< ....... Z.e-i:fl-c.:;-e.h-c.:.g;.fal-(.e.".-u"."."..>| Search

event candidates lists rate, efc.) event candidates lists

AND
STEP | (=coincidence) M
£

STEP 2 event behavior

(waveform, amplitude, -> coherence)

20



TAMA-LISM

TAMA300 + LISM20 (20m IF, Kamoka)

X7 == N7 _4
MEFEAE <10
H.Takahashi et. al., PRD70, 042003

. aftler "time" oc;incidence |
O after "time, mass and amplitucle" coincidence
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ISA
-SA/NASA

SEDANR—RYT ST~

2012/20134 ¥

T A

(BBO, DECIGO)

5 LT FE

ISA pathfinder(Smart-ll) 20084

Schematic of LISA's Orbit

http://sci.esa.int/science-e/www/area/index.cfm?fareaid=1
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Sensitivity [/Hz

RTECIR i 2s
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(R, EfR{K3km, HT (f4H)

advLIGO

AN |Noise budget of LCGT i
Shot noise ]
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o Seismic noise : ]
7777777777777 — Total ; -

R )
\ ) .

b N\ i - ;
b10™ -
i .
I i T
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ; 7
! .

,,,,, ]

— Susp. thermal
rrrrrr 24 — |nternal thermal
7777777777777777777777 LU — Cluanturm noise H
: I (R NG N NS [ = Total noise "
VI SO 1 1 N SO S ) | HET WO S Y . S I | 1 ---|3 —
10° 10° 107 10° 10 10 10° - ! 10 10
Frequency [HZ] requency (Hz)

http://www.icrr.u-tokyo.ac.jp/gr/plans.ntml

http://www.ligo.caltech.edu/advLIGO/



(cont.) Detector sensitivity : LCGT VS TAMA

TAMAdt9 ___________ _______

Strain equivalent noige spectrum [1/rHz ]

10 10 10 10 10 10

frequency [Hz]
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VINT MEEHL M EREERDOXTR
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Coalescence of Compact Binaries
1. NS-NS (or NS-BH, BH-BH)

EhE
(_Z é _S_S‘ (TRNE—EFATHC) % Z %
\ s

- ——— e 4 ~
- -— —
- - ~ -

_ Merger
Inspiral QNM

2. Expected Rate (Population)

® 180 event/10°yr/galaxy | nANAAN ” "\
3. Prediction of Waveform  *.N V U | VA

* 1. Inspiral ot | ”V

* Post-Newton Approxmation

T lcksabe'}
) ) ) ) Nakamura, Ohara (1990)
 Parameters : mass of starts, arrival time, polarization

®
2 . Merger <- The analytical calculation is a hard. There are some numerical expectation

* 3. BH quasi-normal mode

e Perturbation
* Parameters : mass, Kerr parameter



BEESNDEE (FrEkEX)

L LVE

PSR JO737-3039
Burgay M. et al. 2004, Nature, 426, 531

§E/f)l/-lj_—®§7ﬁ§/u

P, |ms] PS [S / S] Poryit [hour] € Migat Mo]Tgg |MyT|Targ [MyT]
BI9I3+16 59.03 8.6xI0'® 78 061 28 65 300
BI534+12 37.90 2.4x10-'® 100 0.27 2.7 190 2700
J0737-3039 22.70 2.4x10'® 24 0.087

Tsd AEVTTVEE
Tmrg BEETORRD KE

Tlife — Tsd

Tmrg




(cont) EEZH/AEDS

SAE (FFEHESR)
Detection rate for initial LIGO (yr™')
Kalogera et.al., ApJL. 601 00001 0001 001 01 1
(2004—> I—179'|—1 82 s L B1534+12 N _
Kim et.al.,, astro-ph/ 51913+16 - R

it et R e 687 |
0405364 N : o A B
LLEID 6 -7 fZDTH8

o
| I |

EXTE LT T ILIKTE ¢

N
)
‘0
o
)
Q -
= -5 -
7?’tot :'g - “‘
MODEL? (Myr™ ') ] Q |
1 56+148 E i ‘|
............. & ob ‘ ]
6 ..o 180", 0 | :
S T 207 — |
10 .o 63167 ¥
12 ... 24+64 \
14 10+2 -15 ‘. i
15 ........... 449+1183 '
17 102+3221§ ) . e T 0 1 : Do |I |
19 32+8_582 | "0 =200 400 600 80O | | | i, _
........... 26 Lo : 1 ; P
20 195+506 _20 Ll | ST TIT] R I I N T 111 B T ....L_._
"""""" 157 0.1 1 10 100 1000 10*

Galactic merger rate (Myr'l)



Strain (Equivalent Moise) Spectrum [14H7Z]

G strain b [1/H2]
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- Binary Inspiral;1.4-1.4Msol at 200Mpc
| === BH QNM ringdown; f=100Hz, Q=20 |
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PSR1913+16

Taylor J.H., et. al., Astrophys. J. 345, 434-450




Matched Filter

—

. Known wave form

coalescence of compact binaries ;
NS-NS, NS-BH, BH-BH, PBMACHQO

2. Known noise spectrum in Fourier domain

3. Linear system
signal: s(t) = n(t) + a h(t)
noise component :n(t), GW signal: a h(t)
average noise power spectrum: S,(f)

template waveform: h(t)
signal-to-noise ratio:  SNR = p/+/2

e (f) - 5(1)
Su(f)

p(T; parameters) = 2/ e ATIT Jf

chiN2 test !



(cont.) 1 > XA Z )L

—

Caltech 4o0m

Upper Limit: <o.5 event/h C.L.90%, Deff ~ 25 kpc
B.Allen et. al., Phys. Rev. Lett. 83 (1999) 1498-1501
TAMA

DT2
0.59 event/h C.L.90%, Range ~ 3.4 kpc
H.Tagoshi et. al., Phys. Rev. D63 (2000) 062001
—
DT8 (2003%&)

29 event/yr C.L.90o%, Range ~42.2 kpc

DT9 (2003Fk)

Range ~72.5 kpc

LIGO
51(20028)

170 event/yr for MWEG(ERAIR + KINYE T V)
Deff ~ 176kp (L1), 46kpc (H1)

Phys.Rev.D69 (2004) 122001

——
52(2003%F )
PRELIMINARY < 5o event/yr for MWEG, Range ~ 6.8Mpc

$3(2003F0)

ol
I_H

RRHTTREREBE D EEDY, TIL—TTHULIDES..



(cont.) LIGO: $1 result

-1 B
1DE 1{315 \
\
Y
=17 =17 "
10 Hanford 4km (H1) 10 \
: v\ U |Hanford 2km (H2)
" A\ .
P el ]|
10 _Exum@mukpc ] 10 _ 2x14 /

-
o

Pl LTt 1 ivingston dkm (L1)
2X111MDD1MF}|: h ;

ST

Characteristic Strain, h_,
' =)

—
DI

N 2x 1.4 M@ 45 Mpc

e \/ s S L ‘H""‘—"f N

22 22
10 10 .
10 100 1000 10000 10 100 1000 10000

Frequency [Hz] Frequency [Hz]

LIGO S1 typical spectrum and GW
(PRD69,122001)

170 event/yr (C.L.90%), for MWEG



(cont.) TAMA : Search History
e

—

o

o
|

=0= Detection Range
=@= Upper Limit for Galactic Event (C.L.90%)
Upper Limit (C.L.90%)

(o]
o
|

— 1000
72.5 [kpcl o F

DT2
Range (SNR=10): 3.4 kpc
Mass region: 0.3-10 M

D
o
|

10 for optimal direction [kpd]

solar e 100

Upper limit: 0.59 event/hour (C.L.90%)
DT4

Range (SNR=10): 17.9 kpc

Mass region: 1-2 M

40 -

29 event/yr (C.L.90%) |
— 10
20 2

Obeervational Upper Limit (20% C.L) [gventiyi

solar
Upper limit: 0.027 event/hour (C.L.o0% ¥ °- »

I I I I I I
1999 2000 2001 2002 2003 2004
DT6

\Setection Range with SMNR

Range (SNR=10): 33.1 kpc

Mass region: -2 M. ,Upper limit: 0.0095 event/hour (C.L.90%)

=83 event/yr
DT8
Range (SNR=10): 42.2 kpc,
Detection Efficiency ~60% for Galactic event
Mass region: 1-2 M Upper limit: 0.0056 event/hour (C.L.90%)

=49 event/yr
Upper limit: 0.0033_event/hour (C.L.90%)

solar

1-3.M

solar—
=29 event/yr
DTo
Range (SNR=10): 72.5 kpc



(cont.) TAMA: Detection Range

1 1
1 c ou 1\ ? M \3 -1
- 75 A=T, - 1-°
75| ©d <%M@) (W%) °
SNR =+v2A |4 S(f)df .
i " _ To = (C—3> Me
Distance of detecting inspirals with SNR=10
3-
—_ , — 2003/11/04 (DT9)
2, | 2003/02/20 (DT8)
A 2.7Msolar-96.3kpc 2002/08/31 (DT7)
~ 100 2001/06 (DT6)
% 6: 1.4Msolar-72.5kpc
/X 5:
% 410.5Msolar-32.6kpc
o 34 10Msolar-21.9kpc
hr 2-
=
0
S 10-
o ]
R
a) 4-
Q 34
—
2 e
P>
0
()] 1—_
Q .
(@) .
6-
5-

0.1 1 _ 10 100
mass of accompanying star [Msolar]
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(cont)  |caT DEESHK (1Y RI1T))) BRE

] 4I\/Isolar

240 M pC ........................... ................ ........... . .......... . ................. o . .......... . .......................... ........ ........... ..........

0
o
S
<
S
'

O OO OO OO O 0 O OO SO A — LCGT blnary 1nsp1ral i}
____ .......... .. ...... w— TAMA-dt9 blnary lnsplral

:%: s=|Note: The range is defined
S SRS T NS ST OO SO S SO ST S S | for SNR=10, sources

o o e L v i+ at optimal direction. j%

Detection Range with SNR=1

ressnsannnnnnnansnnnnnannnaianannnnannnnnndiannnnnnannfuannnnnshonnnnn aenanalennnnnnanannunnnnnnnnnnnnafuannnnnnnnnnnnafonnunnnannfunnnnnnnfonnnnafunn aafannnnnnnnnnnnnnnnnanns Qo nnnannnnnnnannsiansannnnasinnnnnan aenandd

2 34éé% '

2 3453('3%"' 3 4
0.1 1 10 100

mass of accompany star [Msolar]



(cont.) LCGTOIRFTRL I EA R NHAFHE

RETYA >
@ 1.4-1.4 Msolar BE&1E
@ TYANAZIENK
@ =BAMAL, SNR>10 TL > ¥(£240 Mpc
EIRIC IS ?
@ RERMEE 106 MpcDIRICHHY
@ T\ MHATRHE : 12.6 ev/yr (2.2-52.6 event/yr C.L.95%)

R 3 5 vpiE TR AR A L b ORI Ny 1
1. SifuH - o&SEEE R
2. GETOEEE  poeg

by D.Tatsumi

3. WHWRRINE | A TEETELAR] V= '13“ e

o THERIN, T FhoEEIRLIICALAENTES,

— >
2. 3 T&N101 N
% 1 BIIE 1B P TR AR A <Y b ORI N FEE TR0
v hESNNIEE.

B O&EEE R Myr! 180 {77 {FHEIE 95% "

. 55 3
S o HoE Pgalaxy Mpe™? (14=0.2) x 102 FIESRE DRTE
SRR 72 ARl Vs  Mped 5% 106 (reg = 106 Mpc) | ° FRIEFEDYIE (akv
4w MR Nys  events [/ year 12.6 %S? UV OV EFEReEPE

<)

s, Bl shEFHEESE S < i T R4EED 12.6 events/year, b{ﬂﬁg & fd: Do
{EFEEE 95 % TiE 2.2 — 52.6 events/year | EHEING,



BHERBBIREN) > 7T D>

BHZE[E]F #RE) (Quasi-Normal Mode) TRegge and Jwheeler (1957)
F Zerilli (1970)

75w R—)UEZE D IE & A S. Teukolsky(1972,1973)
T A S.Detweiler (1980)  etc.
> VENRK
T fct . D) e e
h(t) Ae Q SIH(QW f ct) AT A |V
EEARORICBHMTRS . L O |
—%EET}E@b\Ebﬁ_én%fg5jc =20 Vo
91 o . A
1.I62 | 1.I64 | 1.I66
time [sec]
3.2 x 104

[]_ — 063(1 — CL)OS] [HZ] F.Echeverria (1989)

fc ™ M
Q ~ 2.0(1—a) 4



(cont.) BHYU VIO H oY

HmIC IR TFEInTWL
LD, WEFEFTHFEDER
=L TLVE LY

A0mMTDOT A NRIFRE &

\ N ER—- ; - In spil ral f nal (6)
;LE-_O) B E— QNM (Kerr param a= 0 9)

il

L]

TAMA< 5L ______________ -
fEi : 10 e N e N My

EI: X rIIEEI D %/p\ (= }7_517 I:KttE'. D j( % . _________ |
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o — < "BH mass spectroscopy
N Ry

R >822 AM/M ~ afew-10 %

S —=— 04 £ VT FHLE= o — _
QURE=ERE) > AEgIE (Kerr /NS X5 —)
M
ill {‘ﬂl‘-&f ({E;Té%'ﬂﬂ {&ngzﬁggﬂ (AM/M)pys (Ae/a)pys u%g N Fisher Info. Matrix Prediction
. : : : Mesh si
2.55| 8.1(2.58) 22 (15.8) 22 64 £ 02 Simulation fesut @ -
441/ 4.0 (1.63) 24 (16.1) 13 41 = 0157 . '
7.70|| 1.6 (0.99) 21 (16.4) 6.8 39 R T 1o
13.6 0.77 {[]58:] 19 (lﬁ_a} 21 40 ' I — e e s e S
24.0/| 0.39 (0.33) 19 (16.7) 1.9 41 10 20 30 40 50 60 70 8O 90 100
SNR
14 . - - ! L
TABLE I: RMS errors in estimations of ringdown - black hole 12 | Fisher info. Matrix ﬁgﬁﬂcﬁtgg _________ :
parameters (in %) by using the template bank of MM = 3 13 : Simulation result @ |
0.98. The quantities are defined as AX/X = (XY - S &l
X%V /X%, (X = f.,Q,M,a). For comparison, analytic esti- g 4 L
mations from the template distances, which should be ob- 2 —"— _______ "'"1
tained in the absence of noise fluctuations, are also shown ﬂm 50 30 40 50 60 70 80 90 100
(parenthesized). The parameter conversions (f-, @) < (M, a) SNA

are based on the Echeverria’s expressions in equations (2) and

(3). by Y.Tsunesada (preparing for publication)
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Fig.17. Prospects of detection of the
. gravitational wave signal from axisym-
metric rotational supernova core col-
lapse in relativistic (black filled cir-
cles) and Newtonian (red unfilled cir-
cles) gravity. The figure gives the (di-
mensionless) gravitational wave ampli-
tude h'T and the frequency range for
all 26 models. For a source at a dis-
tance of 10 kpc the signals of all models
are above the burst sensitivity of the
LIGO T detector (except for some low
amplitude, high frequency models), and
well above that of the LIGO II interfer-
ometer. The burst sensitivity gives the
r.m.s. noise amplitude hrms ~ /S (V)
over a bandwith of width v at a fre-
quency v for the instrument noise power
spectral density S(v). The error bars
mark the frequency range inside which

the spectral energy density is within
[Hz] 50% of its peak value.
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cf: GW burst from string cusp

215F LIGO

- LIGO I

-12 -10 -8 -6 4

FIG. 1. Gravitational wave amplitude of bursts emitted by cos-
mic string cusps (upper curves) and kinks (lower curve) in the
LIGO-VIRGO frequency band, as a function of the parameter «
=50Gu (in a base-10 log-log plot). The upper curve assumes that
the average number of cusps per loop oscillation is ¢=1. The
middle curve assumes ¢ =0.1. The lower curve gives the kink signal
(assuming only one kink per loop). The horizontal dashed lines
indicate the one sigma noise levels (after optimal filtering) of LIGO
1 (initial detector) and LIGO 2 (advanced configuration). The short-
dashed line indicates the ‘“‘confusion” amplitude noise of the sto-
chastic GW background.

FIG. 2. Gravitational wave amplitude of bursts emitted by cos-
mic string cusps (upper curves) and kinks (lower curve) in the LISA
frequency band, as a function of the parameter «=50Gu (in a base-
10 log-log plot). The meaning of the three solid curves is as in Fig.
1. The short-dashed slanted curve indicates the confusion noise. The
lower long-dashed line indicates the one sigma noise level (after
optimal filtering) of LISA.
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(cont.) EHDK : BEXR
CRAB IV (I1977)
MITI LT — | 30Hz
h< 2x10722 Suzuki et. al., 1993

TAMA
SNT1987A remnant = Search range: 934.908 =0.05 Hz

Upper limit: h ~ 5 x 10 >3 (C.L> 99%) with 1200 hours TAMA
data (dt4,dt6)

Soida et al. Class. Quant. Grav.Vol.20. No. 17(2003)5645
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(cont.) LIGO + GEO $1
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GEO (401 h)

—H2 (214 h)
._'|" E . .
10-18 =\ — H1 (209 h) FIG. 1. (Color) Upper curves: characteristic
F — L1 (137 h) amplitude (k) of a known monochromatic signal

detectable with a 1% false alarm rate and a 10%
false dismissal rate by the GEO and LIGO detec-
tors at S1 sensitivity and with an observation time
equal to the up-time of the detectors during S1
(GEO: 401 h, L1:137 h, H1: 209 h, H2: 214 h).
Lower curves: (hg) for the design sensitivities
of the detectors for an assumed 1-yr observation
time. Solid circles: upper limit on (4) from the
measured spin-down rate of known radio pulsars
assuming a moment of inertia of 10%* gcm?
These upper limits were derived under the as-
sumption that all the measured loss of angular
momentum of the star is due to the emission of
gravitational waves, neglecting the spin-down
contribution from electromagnetic and particle
emission. The arrow points to the solid circle rep-
resenting pulsar J1939+2134.
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TABLE IV. Summary of the 95% upper limit values of &, for
PSR J1939+2134. The frequency domain search (FDS) quotes a
conservative frequentist upper limit and the time domain search
(TDS) a Bayesian upper limit after marginalizing over the unknown
t, ¥, and ¢, parameters.

U.L. h ~ factor x 10'22

IFO Frequentist FDS Bayesian TDS

GEO (1.9+0.1)x 10~ (2.2+0.1)x 107 %

L1 (2.7+0.3)X 10~ % (14+0.1)X 10" %

H1 (5.4+0.6)X 10~ 2 (3.3+0.3)X 10~ 2 Phys.Rev.D69, 082004
H2 (4.0+0.5)x10"% (24+0.2)x 10" %
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Stochastic

Cosmological Origin
inflation
string cosmology
cosmic string
1st order phase transition at EW scale
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Pgw : energy density of stochastic GW



(cont.) Stochastic : cosmlogical
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Stochastic: LIGO $1

50 + 100 hour data

A aonus Hz  20Pig0 < 23 £4.6

hl()() — HlOO = 100 ~ 3.24 x 10 —
Hio0 sec - Mpc sec
Observational Observed Frequency Comments
technique limit domain
. 10”1 Hz)? 1 ~16
Cosmic microwave background Qg (f) h%oog 10~ 13 T 3X107°<f<10” '° Hz [24]
Radio pulsar timing Qoo (HhTpp<9.3x10"" 4x107°<f<4X10" 8 Hz 95% C.L. bound, [25]
Big-bang nucleosynthesis J =10~ 1 d In f Qg (HTpp<10"7 f>10"% Hz 95% C.L. bound, [26]
Interferometers Qo (HMT9p=3X%10 100=f=1000 Hz Garching-Glasgow [28]
Room temperature
Resonant bar (correlation) Qg ( Fo)hio=3000 f0o=985*=80 Hz Glasgow [27]
Cryogenic resonant bar (single) Qg ( Fo)hipn=300 fo=907 Hz Explorer [29]
Q 4 (fo) 20 =5000 f,=1875 Hz ALTAIR [30]
Cryogenic resonant bar (correlation) Q4 ( Fo)hipn=60 fo=907 Hz Explorer+Nautilus [31,32]

Phys.Rev.D69, 122004
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