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strain noise amplitude (Hz“”z)
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Advanced LIGO
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Estimated | Eqw = 107°Myc? Number % BNS Localized
Run Burst Range (Mpc) | BNS Range (Mpc) of BNS within
Epoch Duration LIGO Virgo LIGO Virgo Detections | 5 t:1eg2 20 deg:2
2015 3 months | 40 — 60 — 40 — 80 — 0.0004 — 3 - —
2016—-17 6 months | 60 — 75 | 20— 40 80— 120 | 20-60 | 0.006 — 20 2 5h—-12
2017-18 9 months | 75 —-90 | 40— 50 120 - 170 | 60 -85 | 0.04-100 | 1-2 10 - 12
2019+ (per year) 105 40 — 80 200 65 — 130 | 0.2 —200 3-8 8 — 28
2022+ (India) | (per year) 105 80 200 130 0.4 — 400 17 48

le-8 ~ 1e-5 /Mpc”3/yr, 80 %
duty cycle L TEHE

Cf: Initial LIGO: ¥£15~ 15 Mpc (up to the
VIRGO cluster), Rate: ~1/50 yearsz 213
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The 2013-23 Cryst Ball

B8 2013-2015: Advanced LIGO upgrade continues. @

@ Commissioning and science runs alternate from 2015 on. ‘:L
& 2013-2016+: Advanced Virgo upgrade continues. w

@ Virgo joins LIGO science runs in 2016-17. 5
® 2013+: PTAs pool data, increase number of V\Qg 3

® 2015: iKAGRA science run. % e
® 2015-2020: Pulsar tlmlng ana irst I]HZ@Q

Pop of mergers: NS-NS, BH-BH (< 100 Mg)

® 2015:LISA Pathﬁnder Assoc. w GRBs. Poss GWPSR

Confirm inflation, restrict models

B 2016-2020: Ag IFOs getﬁ detection.
~ 2017; L ned by 8 launch.
201’& More events, identifications.
Hubble const measured to 1%

ﬁrst\L* 1t of Qgw at z ~ 1000.
® 2018: KAGR taWt Advanced-level sensitivity. Tk Sedli

8 2018: ETaroved in Europe, construction begins 2020. ﬂre T [y oo
B 2020: LIGO-India data at Advanced-level sensitivity. tests of GR: Kerr, GW propagatio
®  2020+: Advanced detectors upgrade to 2.5G sensitivity,
PTAs/SKA study individual SMBH binary systems. GWPSRs. stochastic. cosmic stnngs
wcted events all more likely.

B F Schutz
Albert Einstein Institute

GW Astronomy in the next decade




The 2013-23 Crystal Ball

B8 2013-2015: Advanced LIGO upgrade continues.
@ Commissioning and science runs alternate from 2015 on. O
& 2013-2016+: Advanced Virgo upgrade continues. / @.
@ Virgo joins LIGO science runs in 2016-17.

® 2013+: PTAs pool data, increase number of MSPs.

®  2015: iKAGRA science run.
8  2015-2020: Pulsar timing arrays ge*

®  2015: LISA Pathfinder laup~’ ~ \{’/)

& 2016-2020: Adv> \K, .<tection.

o 2017: 1156

Assoc. w GRBs. Poss GWPSR

Confirm inflation, restrict models

\ < _o launch.
B 2 \J <nt of Qgy at z ~ 1000. More events, identifications.
0,
=] 201 « at Advanced-level sensitivity. Hubble const measured to 1%

T
B 2018. . approved in Europe, construction begins 2020. ﬂre T [y oo
B 2020: LIGO-India data at Advanced-level sensitivity. tests of GR: Kerr, GW propagatio
®  2020+: Advanced detectors upgrade to 2.5G sensitivity,

PTAs/SKA study individual SMBH binary systems. GWPSRs, stochastic, cosmic strings;
wcted events all more likely.
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Rate Estimates (NI;)C Sy 1)
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Compact Binary Coalescence
S6/VSR2,3 search

BNS

NSBH BBH

Abadie et al, PRD 85, 082002 (2012)

Cumulative Probability

Aasi et al, PRD 87, 022002 (2013)
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Multi-messenger Astronomy

e BNS, NS/BH, SNe, GRBTlIvyxt e RAMNHE fF=

*Léo

« %FIZ. CBC, Burst (SNe, GRB) THIZ /1% I EA

TLVD,

e Low-latency IERMNEE, 17 HEEUVEFE (1

7 LLINFE

9 %

E)[ZGW> WEIRIE T Zfa YL

e LIGO-VIRGOIEGWEHEMNDT7S5—rFHITIU R

T L0)1E

1= fE5% > TULVA, Arxiv:1109.3498
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Low latency search

Write to
Database

Identify
Triggers

Data Generation
and Transfer

Select Triggers and
Determine Pointing

Send Alerts
to Telescopes

o -
Data
L1 copied
" {._, to
computer

centers

Added latency:
<1lmin. <1min. 3-6 min.

< 1min. l 2-3 min. 10-20 mi .T?;?Jlr:;eurlg: ] :) 1§j\$51_§§ E *E
L, [ZLTLVS,

Abadie et al, A&A 539, A124 (2012)

e Multi-messenger AstronomyD7T=0IZ, wRKXFEAARLETT—FD A
YEYZEHEIHEI, FARZ TITAZE, ARIREREDM L, STEEREN
ERRH

« HBE5A . Middle latency search, off-line searcht B 755,

« Middle latency search (1 day): Detchar F— L~ MDfeedback.51HEE
IRDILEITIER,

e Off-line search (1 week — 1month): ST EE ROV ELGIER . FED
ST A—FIER . GROTRAMNRE | kRGP,



Multi-messenger Astronomy

P SR -, I LOFAé ._,-"-_.‘ I Piof the Sky |

4 ++

ROTSEDL + -
+

Liverpool

TAROTN

+
= % ROTSE ¢ +

\ -
Arxiv:1109.3498
Name Band FOV (square degrees) Aperture (m) Exposure Time (s) Limiting Magnitude
“Palomar Transient Factory Optical 7.3 1.2 60 20.5
Pi of the Sky Optical 400 0.072 10 11.5
QUEST Optical 04 1 60 20
ROTSE III Optical 34 0.45 20 17.5
SkyMapper Optical 5.7 1.35 110 21
TAROT Optical 34 0.25 180 17.5
Zadko Telescope Optical 0.15 1 180 20
Liverpool Telescope Optical 0.0058 2 3600 21
LOFAR Radio ~25 N/A 14400 N/A
Swift X-ray 0.15 N/A 200-5000 N/A

Swift UV. Optical 0.078 0.3 200-5000 24




Normalized Tile Energy
Frequency [Hz]

CBC S6/VSR2 “the big dog”

https://dcc_ligo.ora/LIGO-P1000146
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L. Cadonati’s slide @ GWPAW 2013

EM Trigger: Gamma Ray Bursts
GRB 070102 and GRB 051103

Dec (2000)

00"48" 00"44"™ 00"40™  00"38"
RA (2000)

07020 1: Consistent with M3 |
(Andromeda, 770 kpc)

Binary coalescence excluded at
>99% CL

Most likely an SGR flare
Apl 681 (2008) 1419

90% Exclusion (Mpc)

051103: Consistent with M81 (3.6 Mpc)
Binary coalescence excluded at 98% CL
for opening angles up to 30deg.

Cannot rule out SGR progenitor

51 _ 155
(<107 - 107 erg) Ap] 755 (2012) 2
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Cumulative distribution

0 ...~40 Mpc  ~400 Mpc

EM triger search

Coincidence analysis against 154 GRBs reported by
GCN, SWIFT, Fermi, MAXI, IPN, SuperAGILE, INTEGRAL.

Projecting to Advanced LIGO/Virgo sensitivity

...............
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ETH/PEL

litude spec. (Hz’“z)

Signal strengths and noise
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IaET—3EEHT 7
e X(t) = n(t) + h(t)
— h(t)[En(t)ITEERTETHIPELY,

input heterodyned FFT data

)

(=

i

2238 22385 2239 22305 224

B EL [Hz]
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BT —28EHT 2
e X(t) = n(t) + h(t)
—h(t)IEXn@t)ITEERTETE/NEIWNVEEFINS,
—SFELONIFHEBENRZA TS,

F statiztics

22.38 22385 22.39 22.395 224

B2, [Hz]
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HET—28N?
X(t) = n(t) + h(t)
—EBAT=WVE/ A XTI DS,
—EE5EELOHDIEENSS NN FEMNSLLY DIEAD?

—(EBE/ARZERERNT DA EITGENDIEAIMN?)

Strain Sensitivity for the LIGO 4km Interferometers

h(f], 1/Sqrt[Hz]

21
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Data Analysis

Force Ratio K:V:L=1:5:25

KAGRA

Tagoshi, Kanda, Oohara
ltoh, Hayama,
Takahashi

Narikawa, Yokozawa,
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Data Analysis

Data Analysis School

¥ {#: RESCEU, KAGRA [EH
FaE T AR TF— LB AT

1st KAGRA data analysis school

>
>

>

>

Sept. 3-5, 2012 at RESCEU, U. of Tokyo
Number of participants: about 70

Basics of matched filtering (Tagoshi,
Takahashi)
Overview (Kanda), Statistics (Itoh)

2nd KAGRA data analysis school

VVVYV

Y

Feb. 20-22, 2013 at NAOJ, Mitaka, Tokyo
Number of participants: about 60
Gravitational wave burst search (Hayama)
Spectral analysis (Mio), Interferometer
(Aso), SN (Kotake), Beam pattern function
(Kanda)

Special thanks to Nakamura (NAOJ)

3rd KAGRA data analysis school

» Sep. 28-29, 2013 at RESCEU, U. of Tokyo
» Number of participants:about 73

» Continuous wave search (ltoh)

» Pulsar timing (van Haasteren, JPL), Stellar
Oscillation (Kojima)

25
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Data Analysis
Data Ana |y5 | KAGRAZ 17— 5B 25— 2014
REAXEXRBFr o/ NABER

¥ {&: RESCEU, KAG 2014448188 () -198 (+)

= 2 _\\ http://www.resceu.s.u-tokyo.ac.jp/workshops/jgwdas201404/
w7 RAT

B#: BNRRXEADRLE
1SE[CRRENFT 0194 O—WIBNHIE, BROSERAENROBEEFELELL,
BEGORE. BAQENRRHBACRAE BT #FAED BN RRHBHENRERML. HL
DRXETENRRXEIEAMLEIEH A BELTHAET THTLET . 1960 RITHE T .
EEBRHAOBNAOVNCEEMESELTVET . ARI— LTI, BEAROEROER NS, B YSIS SC hool
NBIXE, SHICIEKAGRAD0ISEA I MERIBR . 7—SBH F AT TELVET, ENK

Sept_ 3_5’ 2012 at | T—SRIICRYEH . ENHEESERMICBISTEF U REFISLFARAN? RESCEU, U. of Tokyo
Number of particip [ iif TRr e, . ants:about 73

. . NF #R (RRRZEREFHEERR) - EANRIRLHSE
Basics of matched & B E Qe e R L ot earch (Itoh)

i — %57)11471‘; K_A~GF§5 7“:9%&??—&:;6%%%75% YFEd,
Takahashi) e T aasteren, JPL), Stellar
. HiA: EFEURLAS,
Overview (Kanda), et enmemps gy
SMEEH-ZRIIVSMOAICIERE DD AERETT

Super Kamiokande gf~ )

% /

;u

)s_:

Spectral analysis (
(Aso), SN (Kotake),

( Kanda ) ” \ S EfEKAGRA T SRITY T AT L

g ‘ : N A ‘ﬁs?xaatwluﬁﬁlm%)f o — RERRE
Special thanks to ; P ﬁﬁmjﬁu/fmﬁ%&
% > E'#B EYEEHE S S—
. B RYIRERRIA )~ T L

TR F—LTRBEARE KFREFHRR FHBKEZER
© RBRTMKRF KFREFHEN EPRER
FRARE KEREAMEAER JENERFER
REREMHZEASE XERIZHER BEBHRR
ILVE %k toiawase@resceu.s.u-tokyo.ac.jp HRARE XREREZRAREME EvV N\ FHEERE L 5—

Image credit: KAGRA, ICRR, Univ. of Tokyo
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e 525 days (H1, duty cycle 78%), 532 (H2, 79%), 437 (L1, 66%) worth data.

* radio/X-ray timing data (Jodrell Bank Observatory, NRAO 100m Green
Bank Telescope, Parkes radio telescope of the Australia Telescope
National Facility, and Rossi X-ray Timing Explorer.)

* Coherent integration, time-domain Bayesian analysis.

e S5 2years data, Powerflux search (Incohrent search), 50-800 Hz band.
Setting upper limits on every 0.25 Hz band.

e Early S5 data, 30 hours Fstatistic (Coherent) search + 840 hours
incoherent post-processing, 50-1500 Hz band, BOINC-Einstein@Home

computing facility. 35
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Matched filtering:

Prepare template family that depends on parameters A (mass,
spin, polarization, inclination ...)

For detector output x(f), find a waveform template h(f, 1)
that maximizes the SNR p. The parameters that maximize p,
Admax , 1S the “measured” parameters of the system.
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Sp(f)
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,02 = 4Re/df
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(Jaranowski, Krolak & Schutz 1998)
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2 To /2
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Detection statisticE L T F-statistic

« EHIKIES DPhase parameter (f0, f1, ..., a. 8§)A GAELIEIIZ) 3 M>TLNT, /
A XD DR FIZLE=N5ET 5,

o BAREBILFELGNEEICIE, (HBHnIZDUNT, f=&Z [Ltri-axial pulsar
n=2[ZDWLT) . 2FIZEHEAD X2 7 IZHES,

2(F)dF = FeFdF

BAREBSHNFERETHEZICZIE. (HSHnTDOT), 2FIEEHE4S. FEH I/
A=A d2 DIEFD x2 2 WIZHES,

NCX2(F,d?)dF = (2£)"? = F+5) [ (v2Fd)dF

f=f=Ld?[Z&. optimal signal to noise ratio

2 To/2 Toh2
& = (hlh) ~ / h,, ())2dt L
(hlh) S (nfo) _TO/Z[ (1)) S,



XRmEFERLTMDMEE

. BHENDRSFT: Ty  <2F>=n HEh< (2F- <2F >)? >=n
« HHEn, QFEF'IL,\/ \SA—=F2D IEF Iy 25 T :
¥ < 2F>=n+d® . 98 < (2F- <2F >)? >=2n + 4d?

02
P BHEE4D
016+ Na) _
014+ / BHE4, Eh
012} IDINTAR16.20 |
§ o1l FEF LD
()
“ oot /
0086
004 T
002} .
O 1 1 1 1
0 5 10 15 20 25 30

45



F-statisticDFRETHITEE NH > TS EMMIELLND M ? -
EEFANIDENRCOEWNWEDESIXLIVNRD B,

o HAHEBTr=8%BT-LT 5,

s BEAREENEFEELLGLTE, /AR EITT2R82 5 2 2R (Z9%H B,
o 100 F=KSHERREFLI=5., oBIXE RN FEELLECTELL LD 2FE
BHENSTE,

o« ZDARNUNIEEEZH > TEARRAFKETEZLELY,

02

018}

016

f8°° x3(2F)d(2F) = 0.09
HEHEBEOTELBDE

014+t

012}
| BT 5T 540,09
()
“ oot
0.06
004 e
002} <
0 : SN ' :
0 5 10 15 20 05 30



F-statisicD#FETRIE-E DNH M > TLNAEAMIELLND H ?
B HRIRIED LRIEZRDH S,

o PHAERT2r=8%BT-¢9 5,
© 2=162THAFILBENRIEENFELI-ET DL, 2F<8THAHFOLTHEEIL

5% TdHdo

- BEARKIRBICHT 595% LRIEAN®= v16.25% /QEKRES (QILFRD A A

RETRIBLUND/ASA—RIIRTFT H0(1) D) ,
¢ 100EMU =& SR ERBZE L= 55E (I8 LA T D2FE 1G4 K573 E K IRIEAQh >,

¥ NCY3(2F,16.2)d(2F) = 0.05°

FHERDOT., EXRBEDTE
EEEN I SHE. 0.05,

0 ] 10 159 20 25 30
2F



F-statisticDFRETHITEE NH > TS EMMIELLND M ? -

False alarm rate & False dismissal rate
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T —A R D T (F-statistic coherent search®DIFH)
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ComputeFStatistic_v2 code (LALApps/LALSuiteDF-statisticEt&Ea—F):
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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.
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Setting upper limit:
1. RBEARVIDNZEH SN0 EARIRIED LEZEZ 5,
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