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2.5PN Full Wave Form formula (FWF) for plus and cross modes

2G M
e = g {HD YD 4 2 s PHYD 4 B 40t
GMO\?*/? 2T 9 _
xr = =3 1= P M =my +mo,n = myims/M?*,r = distance to source

7
HO =3 {cgg;{ ? cos(kW(t)) + s/ sin(k\lf(t))}

k=1
U(t) : Orbital phase formula (3.5PN)

L——F it h R+ BT

W) (= 58) = Pt + P = Y Eaba)

. A= F., Fy: detector’s response function
2GMnx (n/2) .n/2 by Dhurandhar, Tinto (‘88)
= T DL D FuH{MYa
a=+,X n=0
2G Mnzx ° <
n n/2 n/2) .
= R Y SN a2 [Facl cos(kU(1)) + Fusll{? sin(kv (1)) }

a=+,X n=0 k=1



FWF&ERWEF

QGMm:

h(t) 7 Y Y:c”ﬂ [F cgk{ )cos(k\I!( t)) + Fasg?k{m Sin(k\ll(t))}

a=—+,X n=0 k=1

FWEF(Full Wave Form) BE(1D 9 X THE—FZZL (n=0..5, k=1..7)

— . BEEHNSEIZRWF(Restricted Wave Form) EFE(Eh,
n=0, k=2 DE—RFDHEEH. F£f-. T—) I EBMORICELLHIRIBDOFHIEIR
*ERTD.

(DI

fisco :;Orbital frequency at ISCO
Jmax = 2fisco

fmax = 3f1sco

Jmax = 4f1sco

fmax

=bfrsco

o fHz] !
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FWFZERU=RFEE

Sintes and Vecchio ('00,’00) initial LIGO, LISA

Hellings and Moore ('02,'03) LISA
van den Broeck, Sengupta ('07,/07) FWF, aLIGO, EGO

Trias and Sintes (‘07) LISA
Arun et al. ('07,'07) LISA

#h FFiBETRVRT—D(EHE) TDINTA—FRERE

Jaranowski, Krolak et al. ('94,96) RWF, Fisher{T5l|
Pai,Dhurandhar,Bose('01) RWF, Fisher{T5(1)
Rover, Meyer, Christensen (‘07) FWF, MCMC>2alL—3>



FWF&ERWEF, Mass reach

SINDEHD Van Den Broeck and Sengupta (‘07)
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Figure 2. Plots of p[h] and p[hg] as functions of total mass for Advar e EG\/gnce ]

and EGO (right). Distance is fixed at 100 Mpc, and we assume m/my =
table 1. At low masses one has 2 fi so > fs and p[ho] dominates. Fgyr 4L
2 fuso < fs, so that the dominant harmonic no longer enters the detectg
SNR for the restricted waveform vanishes. For such masses, hiﬂgr harm
corrected waveform will continue to enter the bandwidth and cannead to
result, at the given distance the use of amplitude-corrected wavefdrmd @pp:

mass reach of Advanced LIGO and triples that of EGO. Qi
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Detectors

Detector location : current LIGO, VIRGO and planned LCGT site

Detector latitude(\) longitude(¢) x-arm(¢) y-arm
LIGO-Hanford H1,H2 46.45°N —119.41°E  36.8° 126.8°
LIGO-Livingstone L1 30.56°N  —90.77°E  108.0° 198.0°
VIRGO Vi 43.63°N 10.5°E 71.5°  341.5°
LCGT K1  137.18°N  36.25°E  295.0° 25.0°

Noise power spectrum- -+ assume all detectors have the same spectrum

Advanced LIGO

— Advanced LIGO -
---EGO ]

Strain [1/sqrt(Hz)]

Frequency [HZz]

arXiv:0906.2655



e

BEHREELBRT 5/ 3F7A—% /ﬁ@ﬁ
(]‘n(r)7 ln(Mc)7 5 or 1n(77)7 thO? ¢C7 987 ¢87 ?7D7 6\)
M. = Mn3/5, 60 = (m1 —mg)/M 7 Inclination
angle
Y And3mE

FRHERHAES AREEEL (HBkOBIEE) (Dhurandhar, Tinto (‘88),Pai,Dhurandar,Bose(‘01))
R BB TOEHFEDEZERFZIDELN
3k [ 25

BE/\TA—%

(1.4, 1.4)Msolar, (10,1.4)Msolar, (10,10)Msolar (aLIGO, ET)

(100,10)Msolar — (800,10)Msolar (ETD#)



Parameter estimation errors (1)

Advanced LIGO noise spectrum (1.4,1.4)M

solar

Signal to noise ratio at each detector

LIGO-L1 LIGO-H1 | VIRGO-V1 |LCGT-K1 _z (ps__ EVRLAP.L

(m,, mz) 1414Mm
FWE 6.4 8.0 6.2 7.9 r =200 Mpc

solar

Parameter estimation errors

Omega Major
[sr] axis [min]

LHVK 3.7x10> 0.34 0. 4.9x104

LVK 0.50 4.4x10° 0.41 0.20 36 100 6.4x10* 24 200
Omega Major
[sr] axis [min]

LHVK 9.0x10> 8.9x103 0.35 4.3x10*

LVK 0.48 1.1x10* 1.1x102% 0.42 33 94 5.6x10% 22 188



Parameter estimation errors (3)

Signal to noise ratio at each detector ET-C noise spectrum
N N R i e e
(1.4,12.4) 100 (1.4,1.4)
(10,1.4) 208 260 199 256 (10,1.4) 215 270 206 264
(10,10) 497 622 478 611 (10,20) 522 652 502 641

Parameter estimation errors (4 detectors)

Omega Major
[sr] axis
[min]
16

(1.4,1.4) 0.022 8.1x10®  0.036 0.011 4.3x10°®

(10,1.4) 0.011 2.6x107  1.6x10°  (0.015 2.3 5.6 2.3x10® 1.5 11
(10,10) (0.0053 4.2x107  0.0041 0.0054 14 8.4x107 (.96

(1.4,1.4) 0.021 12x107 1.0x10* (014 7.1 3.5x10° 1.9

(10,1.4) 0.012 2.8x107  5.3x10°  (0.012 1.9 4.7 1.7x10¢ 1.3 95

(10,10)  0.0049 9.0x107  6.5x10° (0.0082 1.1 2.6 5.3x107 Q.76 5.2



Parameter estimation error (5)

(100Mg x j,10Mg) ET-C noise spectrum
mxl,.()—?) In(r) (D38 x 1075 FADRE T[]
o ‘ ‘ | | | —Rwr | | [—FwF
— RWF
il 1.5}
: fg 1
3r 0.57 /—

o
o
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Mass of m1
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FWFD IR [L10Msolar LA F D E £ TIE, allGO, ETHE A T/hELY.

ETDIGE, 100Msolarl ETIL, FEEEEARMDIREIL, FWFEEDSCZ
&'C/J\é(?&é B (CIREEDEEITE S LTIZEHS.

ETDISZE, IEEEMEIRE(L10MsolarLL T TIXE%FEE, 100Msoalr L
J:’C('JIO 2%*51,-;

HRIDIRZEIF10MsolarLL T T1-243 x 5-1077 .

—7, alIGOTIE, ARNDIEZE(L10* steradian FBE T, ThlL1°F8
E. £f-, IREEDIRE(LE10%.
UEDHERIIARGEIZE>TEZALEDLS. SEKYZLDARIN
SA—ADIEFARTULDERZTHERT 5.
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Summary

*The effect of the FWF is small in the case of mass less than 10Msolar
both in Advanced LIGO and Einstein Telescope.

*In the case of ET, at higher mass (more than 100Msolar, 10Msoar),
the parameter estimation error of distance and direction are improved
by using FWF.

The error of distance becomes 1/2 compared to the RWF case.

In the case of ET, distance is determined with a few % accuracy
for mass less than 10Msolar, and around 0.2 % for mass larger
than 100-800Msolar+10Msolar.

*On the other hand, in the case of Advanced LIGO, the error of direction
is determined only 104 steradian which is around 1°.

Distance is determined with error of several 10 %.

(But the these value of errors depend on (6, ¢, 1, €) )

eLarger parameter space of(g7 O, 1, e) should be investigated in order
to confirm these results.



Parameter estimation error

(1OOM@ X j, 1OM@) ET-C noise spectrum

Signal-to—Noise ratio at LIGO-H1

2000
—FWF

—RWF

1800

m2=1 OMsolar

1600

1400

1200

Signal-to—Noise ratio

1000

800

| | | |
100 200 300 600 700 800

400 500
Mass of m ] [Msolar]
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Inspiral phase TOEHNKER, RRAF=Z2—F=T72(PN)IELUER)

BHRK

BEEHFERX: 3.5PN

. __ dE
IRILF—REE — ---3.5PN

ﬂ? dt

BEFEE{EZR--3.5PN

! 'l

BEEFDHED - --3.5PN

RS- =2 5PN (EARDHEEDI)
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OAVININEZE SR

PEFEEE XL

PSR name P, (ms) P, (hr) e Tiite (Gyr)
B1913416% 59.03 7.75  0.617 0.37
B1534412¢ 37.90 10.10  0.274 2.93
JO737-3039A  22.70 2.45  0.088 0.23
J1756-2251¢ 28.46 7.67  0.181 2.03
J1906+0746°  144.14 3.98  0.085 0.082
J2127411Cb¢  32.76 8.047  0.681 0.32

# 1.2: 1010 FLNICEET 2R PR, Poor VAR, Py, e B0, Tie:idFMW, Tife = Tsd + Tmrg, Tsd: SPin
down age, Tmrg: T & 2 A1 F TORE. J1906+0746 (IFEREDI WD TH 2 WD H 5. J2127+11C IFERIRER M15
Ch bbb, ZNLAHIETHENICS 2 b 0. FIHISCHR, 2O’Shaughnessy et al.(2008)[3], °Kim et al.(2006)[4], “The ATNF
Pulsar Catalogue[5]. YPhinney(1991).[6]
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JAXDH IR/ A XD

0 ={ n(r)

n(t)+ s(t;u) ;5 s(t;w):signal, w:parameter

Likelihood ratio

A = PxIs) P(xIS(W) shEad pes, AT SRS
el P(x10) hEELENEE, ERAT HHE

n(t) =x(t)-s(t;u) &Y P(xls)=P(x-s10) £ETS
£oT, P(x|0) ERHNIELL

AR n(t) : FHE=0DHDRBFELET D



T — 3R D EHE(5)

Z2EEHIVADTLY
eXPl—l(x,x)} (ghy=2 [ dp L)
P 2 RN (W)
(x10) = -
[(27r)" det C”J'J' ] C (t): correlation function

WE-T C,,=C,l(i- )]

A Plrls@w) _ P(x-s(u)10)

P(x10) P(x10)

eXP[‘%(?C — s(u),x — s(w)) |

_ ] } _ expl<x,s(u)>—E<S(M),S(M)>

exp[—%<x,x>



T—RFEHT DELE(7)

Maximum likelihood estimation

A(x,u) PEXEESZZU= % U OHEBETS.
A DIEHERS RISOL L)

1
L =InA(x,u) = (x,s(u)) - E(S(M),S(M))

oL(u
au'

0=

= (2,5,() = (s({0),5,({)) = (x = s(0),,5,(W))

_ Is(w)
(si(u)— 0 )

x(t) =n(t) + s()Ed%. uIxENE
[E8siH<, LT U IcmNE— %S RTET 3.

i oAi -~

Sul = i — i EBE, S’ O1RETHHE.
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RIR—IUDN o DFRE
Ow'Ty() =(n.s,(W)  Ty(@ = (s5,(@),s,(@) FisherfTsl

ou' = (n,s (@)T)" = (n.s'@)

(n,si(ﬁ)) (A I REH

5 (ns'() =0
sl (ns () (ns () = (1.5 (@) = ()

ij

T 6M’%IEJD<$1’>JO,§¥§J\§&(F‘1)U DFHRIRIHES



Strain noise [ 1/Hz*(1/2)]

10—20

10—21

10—22

10—23

1072
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—

100
Frequency [Hz]

1000
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Parameter estimation errors (2)

Advanced LIGO noise spectrum (10,1.4)M
Signal to noise ratio at each detector

solar

LIGO-L1 LIGO-H1 | VIRGO-V1 |LCGT-K1 _z (ps__ EVRLAP.L

13.9 17.4 13.4 17.1 (m,, m2> (10.1 4)M
FWE 13.0 16.3 12.6 16.0 r =200 Mpc

solar

Parameter estimation errors

Omega Major
[sr] axis
[min]
79

LHVK 0.23 2.2x10* 4.7x10° (.32 1.2x10*
LVK 0.24 2.6x10*  5.6x10° (.39 18 50 1.6x10% 12 99

Omega Major
[sr] axis
[min]
83

LHVK 0.18 2.0x10* 1.4x10° (.37 1.3x10*
LVK 0.21 2.4x10*  1.7x10° .44 17 52 1.6x10* 12 104



Parameter estimation error (4)

(1OOM@ X j, 1OM@) ET-C noise spectrum

%107 Error of direction [steradian]

2
—FWF
— RWF
1.5f
B,
o 1
o}
05 [ /
/
o I I |
0 200 M 400f 600 800
Error of direction (minor axis) [arcmin] ass ot m, Error of direction (major axis) [arcmin]
6 T T T 30 T T T
— FWF — FWF
—RWF —RWF

ol
N
a1

N
N
o

[arcmin]

w
[arcmin]

-y
[¢)]

—_
o

2 | / I
0 200 400 600 800 0 200 400 600 800
Mass of m, Mass of m,




World wide network for GW astronomy

Il

LIGO(I) Hanford

(7 » s (under construction since
: LCGT, Budget request for 2008, Operation starts in
/ S 2014)
Adv Virgo (de5|gn)
- q‘v” = At ~

position the source and to obtain large sky

coverage
S nESyveC
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TABLE 1

ESTIMATES FOR GALACTIC IN-SPIRAL RATES AND PREDICTED LIGO DETECTION RATES (AT 95%
CONFIDENCE) FOR DIFFERENT POPULATION MODELS

R,.. of LIGO®

Kalogera et al. ('04)

Ry Initial Advanced
MoDEL? Myr™) IRF (kyr ™) (yr™)
I sssomseamansssse 2322735 6.4 9735 52225%
| —— 83.0758%" 6.3 348373 186.8*7%87 |
s y o o 6.6 . 3 i I i
11— 233754 5.8 9.8%%° 52450%
1|, E— 90235 6.0 38135 2021333
| E— 3823 5.8 1.62;3 8.52¢5
1| S 223.7550% 71 93.7135%&° 503 22385
7 A 5162305 6.9 21.67333 116.175%¢
19 . 14.6:3%7 70 7 g 8 e
20 i 89.0750% 6.2 37.3%%0% 200.373503
* Model numbers correspand to KKI.. Model 1 was used as a reference model in KKI.. Model 6 1s our
reference model in this study. NS-NS BH-NS BH-BH
* Increase rate factor compared t%wa@ﬁa@s_g@%@d in %ﬁﬁfgf?iﬂ%em@v@/(@b%%) 10—7 — 10—4 107 — 10-5
LCGT(BRSE) T A BT aE i 231Mpc(z=0.0522) 475Mpc(z=0.103) | 1.10Gpc(z=0.222)
LCGT TDOA ¥ hL—F [1/yr] 3.979-9% 0.036 — 36 0.32 — 32
LCGT(DRSE) T A BLHI AT He i pH 312Mpc(z=0.0697) 662Mpc(z=0.141) | 1.50Gpc(z=0.292)
LCGT TOA ¥ b L—b [1/yr] 9.2723:2 0.087 — 87 0.70 — 70

# 1.1: 2y 37 NEERZROFMRTOEERLE LCGT CHMTRELHHNTDOA X FL—F, NS-NSIZ2OWTiE, E—AffE
ERF OV =05 OFLEDOMIEZ D A7z b D, J19064+0746 DZF G 1E A>Tz, HBKBUIITTREHIPH X, s gm - M
DEFEIT S/N=8 L2 BlMEE L7c, F72, Bo#/7IA - MED S 00U & 2 BIITREAER O E%E (0.44)3 = 0.0852 £ L T,
LCGT TDOA Xy L — MFEME L 7. JGEEREE L RV 2 OBIRIZ WMAP 5Syear DGR TH %, Qp = 0.274, Qp = 0.726,

LCGT design document ver.3 (‘09) .

Ho = 70.5kms ™ 'Mpc~! % fHw7-,



