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Maximum ellipticity (Owen 2005)

(1) Normal conventional neutron star.
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(2) Solid strange star
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Internal structure of compact stars (F. Weber, 1999, Fig. 2.1 page 27)
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GW Pulsars

e Persistent source

— Verifiable source
e Signal to noise ratio increases as Sqgrt(Tobs).

— We can detect it with one detector
— Longer & stable observation eventually make it

e Known to exist there !

— ATNF pulsar catalogue contains 1890 pulsars with
frequencies, frequency derivatives and distances
known.

— Among 1890, 140 are in binaries.



Reward from GW pulsars search

Crust breaking strain if distance is known.
— Quark star, hybrid star, large toroidal B-field

Possible wobbling (rotation stability)

Internal viscosity if -mode GW is detected
from a binary pulsar (LMXB)

Spin-axis precession in a binary pulsar system.



1yr obs. 95% UL and spin-downUL
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To be fair: PSR: Min of SpD-UL and € = 10~

10

_,ql ¥t obs, 95% UL ve MIN[Azpun.fo] with logiy € =-T quadrupole
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We have a hope because there may be...

1. Binaries that may emit large amplitude GWs.
2. EM quiet pulsars just nearyby
»  Blind Search
3. Hybrid stars, large internal magnetic field, Quark stars,

4, uncertainties in PSR radii and distances.



Amplitude h,
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Known accreting pulsar search:
best case scenario
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Gravitational wave frequency (Hz)

Watt et al. (2008)
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Single template search

2 years integration
quadrupole mode
long-term average flux
Perfect balance

Open: frequency not known
for sure.

No limitation on computing
power

kHz QPOs are marginally
detectable.
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Known accreting pulsar search:
better case scenario
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Watt et al. (2008)

Multi templates search only
“look-elsewhere” effect is
taken into account.

2 years integration
guadrupole mode
long-term average flux
Perfect balance

Open: frequency not known
for sure.

No limitation on computing
power :

SCO-X1 is marginally
detectable.
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Logl0 (Predicted amplitude/detectable amplitude)

Known accreting pulsar search:
realistic scenario

Single template Multiple templates e  Multi temp|ate5 search:
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Known accreting pulsar search:
Number of templates

e Detectable if long-term average
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SCO-X1

KHz QPO source: 272 +- 40.
Distance known by parallax: 2.8+-0.3 kpc

Proper motion detected.

No pulsations found (= no spin frequency
measurement).

No spin down measurement.
Orbital motion moderately well determined.



Can we infer spin frequency from kHz QPO?

Watt et al. (2008)
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Summary

e Pulsars are there.

e kHz QPOs would be marginally detectable by KLV
if we have 50 x (current LSC computing power).
Sco-X1 is most promising.

e Obstacles against possible detection are:

— Computing power

— Poor knowledge on the pulsar properties, especially
spin frequency (and binary motion information).
 Need to find a relationship between kHz QPO freg. and spin
freq.
 Need to have more precise and accurate measurements of
pulsar and binary properties.
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fi# #T F ;% (LIGO)

e Single detector

— Coherent
e Bayesian Time domain
e Freguentist Frequency domain (F-statistic)
e Bayesian Frequency domain
— Incoherent
e Stack-slide
e Powerflux
* Hough

e Sideband (?) for a pulsar in a binary: used in radio pulsar search in
radio astronomy.

e Multi-detector
— Coherent (Same as above)
— Incoherent (Same as above)
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K. Soida et. al, TAMA SN1987A, CQG2003

e LIGO-GEO S1 paper (2004) &Y BUEEER

e 52BN THaHEL TLYA & DIZ. Barycentric
resamplingZz L TULVMEULN =8, FFTIX 4 B IR
THOHIELWMERZEZH(I-SAFFTZ R4 E
BRAOVEELY),

e Complex heterodyning

o JKSISDIFREME>T/INTA—FZFHBL TV
LY,

o /A X[ Stationary Gaussian Z{XE




T. Aktsu et. al., Vera CLIO, CQG2008

Earth EphemerisI&ETEMPO&HORAIZONIZ K- T

S

Shapiro time delay (msec) Z#&fH = 22HzT0.1

radiansD AL FHS AT YF = 1% SNRIE,

Soida et al. (2003)D A% = FFTMO>FEHAH

\L\O

Complex heterodyning
JKSO8IIfE-TULVELY,
/A X% Gaussian stationary Z{X 7€ .
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Pulsar frequency in the pulsar rest frame
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Pulsar frequency in the Earth detector frame
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Demodulation:

DopperZI R CHEHMDOBEHE Y

B 7R LY —DRRFT A (LR 38)
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ENRNIVY—DIRRTT A (BZRDE(H, Jarawnoski, Krolak & Schutz 1998)
1. BHBOHA = /A X+EHRES x(1)=nl)+h(z).

2. EHRES =xREBOF ht)=F . (t)ho(t)+F o (t)hy(1)

3. x{RIBDFDZRE: HRARANDREBZDOREZRI A F+,Fx

F_(t)=sin {[a(t)cos 2+ b(t)sin 2¢] FRHEZIZD2ERBD RS EE R DELT

Am CRIEDAR (o, 8) . ENRDIE

o _ B A (polarization angle ¥) D BE{&R (K
Fy(t)=sin {[Db(1)cos 2y—a(1)sin 2]  #=_ 4hike) Eig - DN EEI= L > TEEZEAL,

1
a(t)=1¢ st 2y(3 —cos 2\ )(3 —cos 25)cos[2(a— ¢, — 1) ]| — 7 o8 2y sm N(3—cos 20)sim[2(a—¢,—,1)]

I . . 1 . . 3 .
+ 7 Sl 27y sin 2\ sin 26 cos[a— ¢, — Q1] — 5 cos 2y cos A sin 26 sm[a— ¢, — Q1]+ 7S 2y cos’\ cos® .

] I . :
b(t)=cos 2y sin \ sin & cos[2(a—,— )]+ 7 sin 2y(3—cos 2N )sin S sin[2(a— b, —Q,1) ]

+cos 2y cos h cos & cos[a—¢p,— (), t]+ 5 sin 2y sin 2\ cos & sin| o — ¢, — €, 7].



N FRHEZRDE,
L: *ﬁt-l%ﬁ@%%l
CHRHEZZD2ERKBIDM D E

Nt Mt

(P

H%LL

=,

v: R ER D2 ARBID2FE S HED A | (R L
EEoCIE)
Detector A L Vv {
(degrees) (degrees) (degrees) (degrees)
GEOG600 52.25 —9.81 68.775 94.33
LIGO Hanford 46.45 119.41 171.8 90
LIGO Livingston 30.56 90.77  243.0 90
VIRGO 43.63 —10.5 116.5 90
TAMA300 35.68 —139.54 2250 90




n=hy(t)+hyr),  RHELUEZWERKET )L :hi(t) [Ewobble, h2(t) IS IFEh > FfE.

hi(t)=F_(t)h o (t)+F ()5 (t). SEHRNIVY—DINGA—4
() yF L, wobble & triaxial)

h’)'{fj:F_{f}hj |[f]|+ir {f}h’: (f}. =
’ > e . 0:EDwFEEEIEEEHDORED A E

| o ( E2DEEHMERBRARDAE
hio(t)=—=hysin 26 sin 2¢ cos W (7), o [l BIR BB 2 b O k- [E] B S
5 4 @t=0.
o r(t): KEEREODMISDREIZDAL

L, BRI
— 2 2 ) =X
iy, () 5 hgsin~#( 1 +cos“t)cos 2W (1), e ng o KEREOAS R L —
DARANTHIL
1

hyx(t)=—hesim 26 sin ¢ Sillqm

VU4 ‘> 1 : wobbling 78 JLH—
4/3: r-mode

Jioy (1)=h,sin’ @ cos t 51'11. 2 - IEEFR(LUABFY) /LY —

" B L og Bk J)yFHYDEE
1p{;):{|}ﬂ+2772 fo fr+l}1+ " nﬂ'l’d“}ﬂg fgg fo(k)§7‘y707_-\\_|\o




Likelihood function (7 EREE) A

Aocce” (nzﬂ L (x_hzw x[FBHIB/E A =n[ADR/M4X] +h[IEF]
NiE
=x(fOVES) . RHEBOILRIRT—RRYRILS, (f)
1.1:|J'}=:4 Re [ S 7 d
JO D h

FRHESH x(t)|ITFH LT INDGA =Rl K F T A B YL E NIRRT
TILh(tp)ZRELT. LEBEMEMNREKRIZHEDESIE/INTA—FpE
BE9 . "Maximum likelihood method”

JKS98DFE R

L B (logh) [ LA T DA D DR/ S5 A—RIT DV TIZBT MR AL TES,
h, sin® : #RME

L . BEREERRAMDLT AE

P  ENKIRA

¢ . FVEAE SR HE



F-Statistic (JKS98)

F = max LogA
h, LY, P,

2 Ty~ B|F,|? + A|F,|?2 — 2CR(F,F})
# 2 Sn(nfo) AB — (2

1=7=L (wobble n=1, r-mode 4/3, triaxial n=2 etc.) .

To /2
i ;0 o dtz(t)a(t) exp|—in®s(t)] exp|—i2mn fo{t + P, (t)}]

9 To/2

T e dtz(t)b(t) exp[—in®(t)] exp[—i27mn fo{t + D, (t)}]

To J_1,/2

CCTC.ENRDMBEZLUTDEIICTELTLS,
(k)
{I}{ 1= 2 ﬂ'fg[f+ {Ijm{ I, f?]'] + (I}S( f:‘_f[p NS fﬂ

A,B,Cl& A=(a| |a), B=(b||b), C=(a| | b) 2 o
THIEIE (x|[y) = T, _Iﬂfz.ﬂr}ﬁ (r)dr.



Detection statistic& L T F-statistic

o  FEJKRIEE Dphase parameter (£, o, 8)AGELIHIIZ) D A>TILNT, /A
AWAIRARHICLI=ASET B,

o FBHREENFELEWVEZIZIX(HSHnIZTDT, fz=& & [Ltri-axial pulsar
n=2 [Z2W\T) . 2FIXTBEE4DHfICLI=H,

(F)dF = FeF dF

o BENRESHFERITDESITIFH(BAHnIZONT) . 2FIFEBEEAS, FEFID/N

FA—BPDIEF I mIZLI=HD,
NCXH(F,d)dF = ()% e F+5) [, (voFd)dF

T=1=L a2l optimal signal to noise ratio

9 To /2 Toh2
d2 = (hlh) ~ / h, ()2dt oc =220
( ‘ ) Sh(nf()) —T0/2[ ()} o Sh



CATEFPOESTHOME
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F-statisticDETRIEE N HMH>TLNSERAIELLND A ? -
EHEANEDNENSHWE DESIXLDRDH S,

o HAEBTFR=8%5BT1-LT 5,

e BEHRIEESNFEELECTE. /M RXEITT2R8% 52 5T %H 5,
o 100E L= K5 ERZELI=5., 9BIEE R FEHE LGS TEHILL LD 2F
F1§HENDITE,

CDARUNIHEEZE >TEAHRBEREITEZ AL,

0z
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016 0O

014l - X3(2F)d(2F) = 0.09
_one| RO T LB DS
S EEiEN T 5E0.09

0o r
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0oz f
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F-statisticD#RETRIEE N H > TS EfRIAIELLYND H ?
BHRIRED LRIEZRDS,

HLERIT2r=8% 131,79 5%,
P=16.2THEFIGENFRIEBTHLEFELIZET SHE. 2F<8TH AL OILFEREIL
5% TdH Do,

B HEIRIE I T 595% L BRIEAh S5 = V16.2Sh/QERFES (QIELKBEDH A
IFRETRIBLAN D /NS A—ZIKRF T SH0(1)DED) -

100E Ll = K7 &R Z L= 55E [EX8LL T D2FE 1§45 KOG E HiKIRIEA Qh,%5,

02

SE N [T NOY3(2F,16.2)d(2F) = 0.05

D16
014} FREIEDT. EHRBEDIE
EHEfEHS9 5HE. 0.05,

012t

PDF(2F)
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F-statisticDFRETRIEE N H > TS &R AIELLND H ?

False alarm rate & False dismissal rate

ZFthredshoId

0 5I 1IO 13 QIO 2I5 a0
2F
FHMEFEL D EZDDetection statistic (§ [X2F)DHEXRZE M., FMMESTHYDE

EDHEREEDMET D,
Detection statisticDBIEZ2F,, ..., « BRI IZTESH THLE
> EEMAOMEIED False alarm rate (FAR: /A RZ{EB LEHILTLESIHER)Z S
Z%,
> EREDOEFED False dismissal rate (FDR: (E B Z B> TREBEELTLEIHER)F
5z%,



INJLY—IEZE TOE-statistic: CCFETHDFEED

Pulsar search parameters: [1 +s+2 ] + 4]
fv)\E [f:f'aj:a"'aaa(s]vo-z [(I)Oabawah()]-

F-statistic F = F(f,A)
— Partially maximized log-likelihood log A

Analytically maximize log A over o = [®y, ¢, 1, hg]

Maximize F over fand A

— Fast-Fourier-Transform for f (not in “LALDemod”)

— Template search for A.

aT iy’

\l-.

ENDHE

EHMN-oTLVA,




T —AR R DN (F-statistic coherent searchDIZ &)

HIZE R 1

1.

2.

kD N8R - BEREENZ DL TIEER (ephemeris file)ZH oM LHIFTHLS
(TEMPO2, LALZZE DYV T L),

Known pulsar searchI5 & [FIER TR D/NIL Y —D LB IFHRZ BHIE R X F
w%ﬁf%((ij}fﬂ RGO EIKRE - T OSBRI oM EK
Known pulsar search T DIERFM R /NIL T —HVEE RFLHEL TSGR L. &

£ E&)Dephemerisz BRI EN LT TH,

Known pulsar search T DJ Uy F NS TGS SIAAETIILIZHEA AL,

AIE(E2

b

Low pass filter (step 2 TMaliasing Z[H<)

Down sample: 16kHz = 4kHz (2kHzS WX TIERT S, T—F=EFDT1=6)
BT NDT I3RS DN=(T,/ VMEDET AVKMIH+5H, T AVRRIE,
FyTS—hBIZCKBRELRMITFMIELZTEISESITRDOTULVS, F-statistic
FEO—FDEESTRVIINRLAAY, 20 =t =309 <L LA RE,
&I AR ElZtime domain T4 JILE—Z DT T, t=0, t=tCT—2HEA(Z
155K II29 B (step STRETHE/ A REERMLEESID),

BT A EZNE NFourier Transformd & (Z A ZSFTEFEAS, )




ComputeFStatistic_v2 code (LALApps/LALSuite®F-statisticstE I1—K):

1. WNSA—RERGEZROHD, (EOXKB T, EDLILETIVIZH
DENREBRHT E5MNRDD,)

2. BRI AHNTGA—FRZRDDH, UNTA—FZERTBEERIICLHVE
(TEWND T ETZEDOLENESIZEFEIC, hDETERRAT LKL
HAHEIITERIZHRS, )

3. N{EDSFTZELY A A CF-statisticZ 5t E 9 5,

4., FHICHRELEBRELIVEREVFEFDAMRULFTREHRLTHES,
BREIXERE I AFAR, FDRIZIKTET B,

Veto:

1. EAREHARID MR EOBERERD /A X (FRHIFERD
JARIGE) TIRWEZTEND D, (Bl : TAIIDEIR:60Hz >
60HzEFDIN—TFZDAMARIMLERELTENS, )

2. MOBEHFIEDESH (BLGAHABRHIBFTHONT=/\TA—Ft VY
(X, BMIEFFEN?)

3. “BHRIESOLLVARUKNGEDOMN?

a. Chi-square 7 Ak (ltoh et al. 2004)

b. Terrestrial line7Zk 5ithEk HErEhZ 185 KM L2455 (E@H)
(IZ&EAEDopplerBLREN) b= T4 K (BEsTIE AL -

FiB, NERTIIEEDMEE) Y. TDOARDENRKIE. £&%

EDoppler BRI hEZ (TR BRER DR /A X ERX R %

DIFD50Y,)




Declination [rad]

Declination [rad]

Right ascension [rad]

(b)

From the LSC einstein@home on s5 paper (2010)

'Einstein@Home on S5,

50-1500Hz all-sky search
result. (a) including
known instrumental:
lines and hardware

‘injections. (b) without

known instrumental
lines. RN
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BEARFER:

1. EHEAREDNTARTOTANZENRLIZG, &,
2. NIA—EADERSHTZEZEZL. [(RAOT7UDEEIEO)EAFKIRBIXCINACNDE
RET_ODEHEIZAS, |
3. INTA—FDMHEERDHIIMCMCIZE TRE,
4, A A= ELTIETRIDEL , (Hardware injectionl 23 L Ttime domain Bayesian
analysisCH_Eo1=HD, LSC2010)
102107 200 15 200
z =T z —Hi
2 | —H2 150 z —Hz 150}
2 l. L1 & 10r L1
£ 5 —Joint  § 100 £ — Joint 100}
% _ ---injected 'E 5 ---injected||
8 ,-"f 50 8 50r
5 . 18 P15 55"4’[? o 0 1.55“D_1 7 D5 505
. 600
2300 300t =
T 5 400l 400t
Ezna 200} g
8 100 ' 100} 8 200 1 I 1"
a AN 3 NN s \
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Setting upper limit:
1. IREARVEDNZEH SN0 EHRIRIED LRZEZ 5,

[COXRBTIFXEDRRMBERICIE. CNCNDMEZFEODES

RIE, HEBKIZEHZEL TLOV=EL TEN—E U FDERTINUT

DIRIELNEFT-E0, (ChINDIRIEZHF>TL\SEBE M EIEZEL

TUWW=ELTWV =S, BRI S—E FOBERTRELTLV=(E

BT

2. ERZEEZ 5=, F-statistic(HY. {F L T=detection statistic) D ETHY
8 (=/A XDMETHHE) ZHMINENH D,
3. EVTHILALIAL—L3 0 T/ARDMREHIMEERDH D,

o IRIED LREEZH/N\NTA—FFEFNSDLT NI/ N\TA—2FEEHIZ. H
BEHRIRBERELTYINIZTAO I3 EXEIHE L,
2|:simulationgé-l-ﬁmdm%)° X1@®2Fsimulation§?ﬁa‘:é°

o XED2F, i PIB . xx{BHERD2F% T[] 5L S%optimal signal to
noise ratiox 5 2 HIRMEZETH T 5. cNHxx/X/\—EU M ER{EZ S5 Z
Do

4. BIEHAIZknown pulsar searchT/A XMHA IR /A XDIFE . 1% FAR, 10%FDR
ZRET DL IRBUNDINGA—FFFHLI-EEZDIRIBED LREIZLLT
DXTHEZLND,

(ho)=11.4S,(f.)/T.

fs (X E KB R, TR ER . SnlZRHEB/ /A X /INT—ARGRN)L . #K
E11.41F{%E LT=FARFDRIZIKTE T 5,




FE%EI : FE?E@?%?%O)FE%E

e Known puslar searchldcoherent search (F-
statisticXPtime-domain COIER TR E
LY )

. RS, AXBFERTITHEENS
g =HELVOEEMNECD,




ENSOVHIADKKREBZR TLVKBERHLDN=REH B DHEERFE

e 1DDRKRHBEVIZETHDINT—FEHT-L,

o FIRBME X1/ FEH M) THAES,

« MHEGH N EEMIZ7 -V 22T 5L, ZOnARIZHLE RSN KIRIE
FFfEll 21Kk 779 D Doppler K TRT

Ht

f=fo<1+ v(tZ-n)
@%iﬁfﬁ_v%’éiﬂi?éo
e NG = |An| EITEEMNSITNI=-ARZEIERT DL,
[Av(0)] - A
Af"’ fo

C
T2 B R BSEE CIEN ST EEE 1B 5, [Av() | X ERIEER R D Bk D 2
ir- HEREE LT LD RES,
o fo(Av/c)(A0) < 1/TORETREBZHRET IVLEDHD,
o HAHWNE, AMREREEIX.

Sal 1 - (106S>2 <1OOHZ>
o arcsec
fO (v(gb) VVorbT2 T fO
X :EIIRER ~ 28 A @100H:

e HAHWIEFRT RE (= de-modulationd NE)ZED A M [F4An/A0~T2 TEZ TG




TR = DMEEE

Template search:

— spin down parameters & source sky position.
A= {95, 0,4,

— Number of templates (T: integration time):

N o [aavg~ oy [T 9+
k=1
LIGO S2 wide-band all-sky coherent search:

— Less than 800CPUs (2GHz), less than 1month analysis time,

all-sky, 160-730Hz = 10 hours LIGO data.

TR LA AT T A S 7L I X LZEHFALT-. 1
EI T DT R TADITIEA NS —FEFESEL 1R

DDT—REEETHDIZHhHh BERE304= 2000£

EC LY,




ATEEZELI IXE
ETERRNZERIAIX
¢ Hbd LK

— Sphere covering problem

— Random template bank (Messenger, Prix & Papa
2008)

— Incoherent search
. BETHIX

— Einstein@Home (http://einstein.phys.uwm.edu/)




- Sphere covering problem.

N, = fﬂn:;gf\/ﬁ/l; d" A,

-

i T T T T T T 1 T T T ! i
2" lattice ] 5
6 L A lattice © | S
best lattice covering A "
_ best covering known A Pom
2 Il Coxeter-Few-Rogers bound ——— [77777 T
|
A A SO ST S e i
CE |
B Tl B A e Q
> . Ty © 1
B e b s T
. : a . _—
1 ---------- .- --------- l-:."\. -@ - = ; ----- T
I
= (=
] -~ B _u i
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i

dimension n
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Prix 2007.



H O Ugh Tra n SfO rm (used in GW community as well)

Assume a master equation y = f(x; p;) with M
parameters p;.

Given N>M pair of “data” (xy, y;), we obtain N
curves in the M-dim param. space.

If there is no noise, and if the master equation is
correct, we get a solution as an intersection of
the curves in the parameter space.

When there is noise, there may be no solution.
Yet, there may be a region where many
intersections between two curves cluster.



Hough Transform (example)
Straight line master eq.

b Given 3 “data”.

035
03 F
025 Q
02r
015
01 r

006 -

0

1 | 1 | | | | | |
] 0.1 02 0.3 04 0.5 06 nr 0.8 na 1

X



Hough Transform (cont’d)
Straight line master egq.

04— This “data” is
oas - ' actually on

03 =7 y=0.2x+0.1
€7 ‘ line.

0.15 b -

0.1

006 -




04

nsb

03F

025 -

016 -

01E

nos -

1]

Hough Transform (cont’d)
Straight line master egq.

| | | | 1 | | | |
1] 0.1 nz2 0.3 04 0. 0.6 0.7 0.4 049 1
X

For the rightmost
data, plot a master
equation (straight
line in this
example) that pass
through the data.



Hough Transform (cont’d)
Straight line master egq.

7 Do the same for
035 ) the second data.

0.1k

0ns

0

| | | | | 1 | | |
] 0.1 02 na 04 05 0.6 1 na 04 1

X



Hough Transform (cont’d)
Straight line master egq.

Without noise

Move on to the
parameter space.

0.25

Master eq.y=a*x+b

If there is no noise, we
have “the” solution.

NOTE:
T & _ Correct equation is
4 y=0.2x+0.1




n4

036

n3r

025

~ 02}

016

006 -

]

Hough Transform (cont’d)
Straight line master egq.

1]

|
01

1 | | |
04 0 0.6 0.7

X

1 |
0.2 0.3

| |
n.g 04

1

In reality, there
IS noise.



Hough Transform (cont’d)
Straight line master egq.

With noise

0.5

02

015 -

01r

nos -

There is no “solution”.
Yet the intersections
cluster (hopefully)
around the true value.
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0.25

0.2
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Do it many times....

-0.0% 0 0.0% 0.1 0.1% 0.2 0.25 0.a 0.5

0.4



Even when b is random variable

0.3

025

04

0.35

0.3

0.25

0.2

0.15

0.1

0.2

b

0.1

1

0.

0.05

-0.0%

N AT
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=01



Example: Semi-parametric HT
on NFW profile.

Should give
log p = -log r + const.

Should give
log p = -3log r + const.

density

1 | 1 1 1 1 1 T
0 10

1
log(radial distance)
The parameter b

Master equation:  log,, p(r) = alog,, r + b <«— differs from cluster to
cluster.




hjglﬂf}s

Re-examining Toy model using Hough

Transform
Fit 1000 log,,p(r) toy-data using a master equation logio p(r) = aloggr+ b
=23 T ' . . ' . . 4000
-235| s The parameter b
y Inner cusp differs from cluster to
-2 Out skirt
gy Ut SKITLS i cluster.
-Mht
2500
-2b | :
; % 42000
-2hh |
1500
- 26
=26k 1000
-

500






RA R

ETEEDDIGWERFE
— ZE L template placement? (Lattice or stochastic?)
— BLv7 LT X L (FFT?)
BHTEROERL (RILF Ayt Sr—)
n-l_ﬁ jjd)éx‘[ﬁ:
— Einstein@Home ?
— GPGPU ({FEEHIHh &)
sTEEDD7ELwWeto FiE
- FEOAETFEENZITETUERRAANINZULNEE
FARITHELY,
SAREEDVEWEROMETHIEBROFE

— T—AMGaussianf=21=51EH,

InI




Computation of Computational Cost &

best observation configuration.

e Wish list
— 1 year integration, 1 year analysis.
— 2~3 spin down parameters (2"4~3r time derivative of f).

— Given threshold and given false dismissal rate (10% for the 15t stage,
1% for the later stage.)

e Assumed obs. configration.
— 3 incoherent stack-slide search
— 1 coherent follow-up
e Optimize the obs. config. parameters

— Parameter optimization (9 params: Time-duration for each step, # of
stacks in each step, allowed loss in SNR in each step).

— Nelder-Mead downhill simplex with simulated annealing

(This is the method by Culter, Gholami & Krishnan (2005) for LIGO)



= = =
o o o

Computational Cost (FLOPS)

=
o

Cost & Amplitude(KAGRA)

| —>— Tmin = 40 years
16 O~ Tmin = 107 years
0
)
&
12| N
N
\.
\,
\
Sn detector noise powerspectral density.
hth: thgeshold GW amplitude for detection.
; \.S'\m | i
0.003 0.005 0.007 0.01
hth/\/ Sn

1-year integration, 1-year analy . All-Sky, up to 1kHz, 10-15% FA

10T

10G



Summary 1 (KAGRA)

e 100Tflops, All-sky, fmax=1kHz, spin down age
1Myr,1-year integration, 1-year analysis, 10-15%

False Alarm, /Sn(LCGT)~1.5e-23@1kHz.

100 \/Sn G, ( € ) Izz 10kpC fGW :
Ehaailf2= S Nl g8 Al ) gemie r 1kHz

— Reach: 100 pc@1kHz




Summary 2(KAGRA)

e # of pulsars:
- Birth rate = 1/(100-1kyr)? Life time = 100Myr?
- 0.1Mlillion pulsars/MWG? = a few within 100pc?
Cf) 10 radio pulsars within 300 pc (ATNF catalogue)
e All-sky, r=100kpc, f=200Hz, spin down age
100Myr, 1 year integration, 1 year analysis
time
- Comp. cost = 1e28flops?



fEfT A
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Barycentering

GPS time accurate through nanoseconds (recorded in
Frame data)

WGS84 earth model (rotational ellipsoid) + geoid
height + orthometric height (given by Saito san for
KAGRA. NOT YET OFFICIAL?)

DE405 or DE425 JPL ephemeris
Leap seconds taken into account.

LSC (C. Cutler) developed a barycentering routine
validated against TEMPO through 4 microsecons level
(0.01 radians phase offset, or 1e-4 fractional loss in
SNR). Roemer + Shapiro + Einstein, but not including
tropospheric effect and solar plasma delay.

KAGRA [Z[Z3H B Dtiming routinelXEELVSLLY,




Short Fourier Transform

. QFE%"TSE\ 7_'\\—90)%‘(")77:*?“753'67':&')
2. T—3%1800/ C&ICT7—) T EHLI=%
MDH1EY) . Short Fourier Transform2Z 7 )L &
I:I?/Sio

o F-statiticZi E [XFEENDSFTI 74 )L ZCoherent
IZDEEEHLETKD S,




Data Conditioning (Stationarity)

e 1800FDC&124 [+ TShZE LM,

— 1800 TRWELVD U R TYTa4 Y4 EEfIF R
=2 &7y,

—ETENELISFTORSIIRWANRL(SFTI7
A1ILEETMET HE. GTEE=M log M) [ T=7T=L.
Doppler ZEIZ K5 EREZE LA 1B REE > LL
FIZAES7EWNVFREICLT=0Y,

— Incoherent search MSNRIEStack#iZxMET B¢,
1/M~(1/4),
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Data Conditioning (line noise)

KiRMEDIine noisel I RERR & | E M EN > TERYFR
SIHWEDHSH,

Pulsar JIL—T B U EDT—3%EN T 5, OF
Y. KIEEDIZE. MRIEDIine noiseZFH R T 5D

oulsar 7 )IL—F T A DFDHEEEENOND, EE
AP veto TEE N,

EHIZ D> TLVBline noiseDTFHET D/ \R £, i
MRS =&z 1. Do opp pler demodulation )£
&t T HI=0IC, EER B OShEZE LSS "75(
AREBEHZ S,

,7%. SintesDBREFEZELHALLULD ., FHoTLVEA -

||In




Data Conditioning (line noise)

e LSCIZIZVIRMULIILLY, fEE
— F-scan by R. Dupius and others.

Gaby DR ?
Running median based line tracker.
3D2NDa—kHMHY. Python, Matlab, C++ TEHMNTLVS,

li1§L\H§_E o

Multichannel fllDcoherence ZETE I 53—FKHY,

GU| £

Lo

T—AR—REEE, 7)) —R—-UFY,
Ov9ILTEIDNEWLDFED T line hunting T55LLY,
EERREDEENERE,

e KAGRA detcharTF-scanMD#EELLIL. line

noise trac

cerDBRAFEHI:

Ay A

_975\-;—0

7H . {FH

E YN o Nl fu



Data Conditioning (Noise estimate)

e Running median [ZT&5 /A4 X7

7 DFH

1800 FSFTENZENIZDWNTEZHS,
e Medianl&/\NT—AXRIKILDINAT AEINT=
WESHDT, FIET S, (Gaussian/ 1 X|Z

DWTIE, SRHTRIICHIE S AR

HEL, )

&

=4, Cramer
d)”Mathematical Methods of Statistics”Z



Interpret results (veto)

e Global correlationZ{#5,

— ith FERIEDSA U IE R EEZEDIBRETRIEEZED
Wé‘%‘-“,s\jt O EIZZEY X539 LV (Prix & Itoh 2005)
JERE/NERIZ K HDoppler IR MNwZ/NMNMITEHH B,

o |toh et al. (2004) D EFTAREFED,
— T ERRMNKEZEICTHI D,




declination [radians]

Global correlation

right ascension - declination color scatter plot

declination [radians]

1 2 3 -+ 5 6
right ascension [radians]

Taken from Einstein@Home web page.

declination — Frequency color scatter plot




LSC

LIGO
New in S2: Frequency domain cluster identification

At afixed RA.and Dec.

IR I R U T I I AU U T T = S S -
A Signal only |1

25

20

2F 15

10§

FAERTIITT NT ATATRIEA WRA®? « L WA i
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Frequencv
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oIf the freo: \(\ 9\3 eaks are Single candidate event
>

less thay X @(\ .1ey are
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LSC

LIGO New in S2: F statistic shape veto

Injected damped sinusoid ____ . Simulated pulsar signal
. 355 Haa u::z

50

. sighal

2F

30

20

10

1303 '.,,Ial, '| , .I ‘
100.0064 100.0066 100.0 100.007 100.0077

Frequency ir (ﬂ\
Procedure ’\(O .

\
o Ge'«,b\(s e(\\(b ynal from MLE parameters of the candidate
(ou. ‘86

. Come, the profiles of the outlier and the veto signal.

Reference: GwbDAWS Class. Quant. Grav. 21 S1667, 2004

GWDAW-9 8



Interpret results (Statistical assessment,
non-Gaussianity and Monte-Carlo)

e If the data is Gaussian, we use analytic
probability distribution to have a statistical
interpretation of the result.

e K-S test says it is Gaussian almost always. But
we conducted MC anyway.



s o Gaussian e
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Heterodyne, Band-limit, Downsample

e LALDemod routinel&N”2-routine,
— Known pulsarif R CIXFFTZE>EZENEL Y,
— EREERE T HMMD/INTA—FEDFTFRELY,
o [HHIEIRE CILFFTZEL =LY,
— Einstein@HomeZZ E T, T—2=ZF RS L0
) C. Complex heterodyne + band-limit +
downsampling (1/60Hz).

— ZEM XA MIZDLVNT, Barycentric resamplingh®
WEITIES,




Template placement

e Lattice template placement
e Random template placement
e Stochastic template placement






Software engineering

e RESCEU Project Management Server
— https://vt001.resceu.s.u-tokyo.ac.jp/

e Start developing KAGRA Algorithmic Library

— “KAGALI” (FENX)
— C-coding style guide with hopefully useful tools
e Available from the RESCEU PMS.

— Introduced in the “Boot-camp” 6/28-29 @
Oosaka-City U.




“Boot Camp” June 28, 29 @ Oosaka City U.

https://yukimura.hep.osaka-cu.ac.jp/wiki/pages/h197q9t/Boot_Camp_2013.html

Z2E: T &
MEEE ABrK
: = B5EF KB R
Aim of “Boot Cam e B KIRTTA
’ BE AR KIRHA
e face to face meeting (PDs, R it KR A
fHE T NP
Students, Proposed-research (LK 3 KR A
Hf—% PNTIPN
researchers) BAEA KIRA
i LA K PNTITPN
*ﬁlJ.IJILEQ— B KRESCEU
e Discussion on how to proceed the 5% e
A04 research i A
* Find possibilities of collaboration T o
1 R ZE 1N
among project and proposed s A
resea rch es. =48 Bh R = AR TR R
: = £ EE$H EiXX&
* Introduction of “KAGALI RIRE— i
FRIEX DTN
I A ESRTPN

HIRRIE] RPN



Project management server@RESECU
https://vt001.resceu.s.u-tokyo.ac.jp

e Joint Development of data analysis softwares
needs

— version control: git
— Proect management: redmine
— Continuous integration: jenkins

 Alminium: a package includes all.

— Established a project management server (PMS) at
RESCEU.



[RESCEU-PMS]

e Current
— Nightly update by cron
— KAGRA DAS white paper
— KAGALI coding standards

e Plan

— Nightly back-up (amanda/bacula/rsync ...)
— KAGALI/LAL/GSL/FFTW3

e Joint development
* Nightly build by Jekins
e Control by alminium
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KAGRA Data Analysis School
@ RESCEU 2013

September 27 (Fri.) 10:00 and 28 (Sat.) ~ 17:00
RESCEU, University of Tokyo
Continuous Gravitational-Wave search

Lecture on GW from neutron stars by Kojima san,

and pulsar timing by Dr. Rutger van Haasteren (AE
Hannover)



