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EM counterparts of GW sources

See also Tanaka | Yy Q¢



Origins of GWs

Supernovae Pulsar Black hole Binary merger

KAGRA homepag
Binary merger Merger rate
NS-NS <12600 Gpc3 yr!
BH-NS <3600 Gpc3 yr!
BH-BH 9-240 Gpc3 yr'!

Abbott+16a,b



EM counterparts
of NSNS/NSBH mergers

Jet=ISM Shock (Afterglow) /q Shorttimescale (<week)

Optical (hours—days)

Radio (weeks—years) g X, Opt, IR
AShort GRBs

A relativistic beaming

Oobs (j/ :
S AKilonovdMacronova

Ejecta—ISM Shock

i

(t~ 1 | .
| A r-process nova/wind -
Kilonova | A neutron powered P! |
precursor uv

* Merger Ejecta
’ Tidal Tail & Disk Wind

. v~0.1-03¢
O
e

Longtimescale (~year)
AGRB afterglow radio
A‘f\ AISM interaction  radio

N

Metzger & Berger 12



'!'heoretical LCs kﬂonova
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IR excess of short GRB AG

GRB130603B Time since GRB 130603B (d)
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IR excess of short GRB AG

Kilonovae could be the EM counterpart of GW signals.
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But, see also, e.qg.,
dust formation
11072 (Takami+14)
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Followup observations of GWs



GW alerts are sent to
observers having signed MoU
via GCN Notice

LIG'() Hanford QEO 600
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[~ identify triggers, 3| Trigger
GW reconstruct position database T
data Select event
Estimate background > candidates
N——

Shawhan+123wiftimage credit: NASA E/PO, Sonoma State Univ_ersity, ABnorennej
See alsdNissankea | Yy Q



84 teams

AAO GW Candidate Obs.

AGILE

Apertif-EVN

ARAE

Astrophys Research Inst., Liverpool
AROMA
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Berger TimeDomain Research Group
BlackGEM

CALET

CaltechNRAO Radio Transient Group
Cosl
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RoboPol
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SkyMapper

SRO7

SVOM

Swift Mission
TerskolGW followup
TLC Xay Imaging
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Japanese collaboration for
Gravitational wav&lectroMagnetic
follow-up (JGEM)



J"G E M (Japanese collaboration for Gravitational-wave Electro-Magnetic follow-up)

Main features:
5 deg? opt. imaging w/ 1m
1 deg? NIR imaging w/ 1m

opt-NIR spectroscopy w/ 1-8m

opt- NIR polarlmetry

A part of the project “Multi-messenger Observations of GW sources” y
* collaborating with the KAGRA data analysis team ? 5.

."
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|| @ South Africa
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IRSF (Nagoya Univ.)

|

m

* 1m Kiso Schmidt telescope
6 deg? camera = 36 deg?

* 1.5m Kanata telescope

* 2m Nayuta telescope

* 50cm MITSuME

* 91cm OAO-WFC of NAOJ
Yamaguchi 32m radio telescope

3.8m telescope
(Kyoto Univ. 2017)

TAO 6.5m (Tokyo
Univ. 2018)

miniTAO (Tokyo Univ.)
ASTE (NAOJ) @ Chile

MOA-II, B&C (Nagoya
Univ.) @ New Zeeland

—




Telescopes/Cameras HcEM

Site (telescope)* Diam. [m]* Place (long., lat., hgt.) Instrumentt FoV Pixel scale Note
Mt. Johns (B&C 61 cm) * 0.61 170747 E, 43740 5, 1029 m Tripoles 4/2 x 62 017 (1)
Mt. Johns (MOA-II) * 1.8 170:47 E, 43:40 5, 1029 m MOA-cam3 [1] 1231 = 1964 0’58 (3)
Akeno (MITSuME) * 0.5 138748 E, 35779 N, 900 m (g, Rc, I imager) 27/8 x 27!8 1763 (1)
Kiso (Kiso Schimidt) 1.05 137:63 E, 3579 N, 1130 m KWEFC |2] 222 x 222 07946 (3)
Nishi-Harima (Nayuta) * 2.0 134234 F, 35703 N, 449 m MINT 10!9 =% 109 0732 (1)
Okayama, OAO (Kyoto 3.8m[3|]* 3.8 133960 E, 3458 N, 343 m KOOLS-IFU 14" ¢ 1714 (2)
Okayama, OAO (OAO 188 cmj* 1.88 133759 E, 3458 N, 371 m KOOLS-1FU 30" 2734 (2)
Okayama, OAO (OAO 91 cm}* 0.9 133:59E, 34:58 N, 364 m OAO-WFC 3] 284 = 284 1767 (1)
Okayama, OAO tMlTSuME]* 0.5 133759 E, 34258 N, 358 m (g, Rc, I imager) [4],[5] 26!9 x 26/9 1752 (1)
Higashi-Hiroshima {Kanata]* 1.5 132:78 E, 34:38 N, 511 m HOWPol [6] 15" ¢ 0730 (1)
Higashi-Hiroshima {Kanata'ﬁ* 1.5 132278 E, 34238 N, 511 m HONIR [7],[8] 10" = 10 0730 (1)
Yamaguchi (Yamaguchil®l) * 32x2 131756 E, 34:22 N, 166 m 6—8 GHz Receiver - 45 (1)
Tibet tHinDTGHI[“']* 0.5 80P03 E, 32231 N, 5130 m (1, Rc, I imager) 24" x 24 0’68 (1)
Sutherland, SAAO {IRSF}* 1.4 20081 E,32:385,1761 m SIRIUS [9],[10] 77 % 77 0745 (1)
Pampa la Bola EASTEM]* 10 67.70 W, 22797 5, 4862 m ASTECAM |11] 8/1¢ 20"-30" (1)
Chajnantor, TAO (miniTAQO) * 1.04 6774 W, 22099 5, 5640 m ANIR |12] 511 = 51 (7298 (1)
Mauna Kea, MKO (Subaru) * 8.2 155748 W, 19783 N, 4139 m HSC [13] 195 ¢ 07168 (3)

(1) Optical (2) Optical widdield(>1ded), (3) NIRand(4) Radio

Morokuma+ 16



Immediate & automated followp obs.
w/ small telescopes after GCN Notic

TITLE: GCN CIRCULAR TITLE: GCN CIRCULAR

NUMBER: 20039 NUMBER: 20036

SUBJECT: GRB 1610XKb&kiataoptical SUBJECT: GRB 1610 MA:SUMEAkeno
observation optical observation

DATE: 16/10/14 16:56:59 GMT DATE: 16/10/14 13:14:41 GMT
FROMMichitoshiYoshidaat HASC,Hiroshima FROM: Yoichfatsuat Tokyo Tech.

U <yoshidam@hiroshima.ac.jp> <yatsu@hp.phys.titech.ac.jp>
(abbreviated) (abbreviated)

#TO+ MIDUT TEXP R mag. R err R limit TO+[sec] MIBJT TEXP[sec] Rc Rc_err




3 widefield cameras

AKiso/KWFQONorth)
A1.05m/4.3ded

AMOAII/MOA-Cam Gouth
A1.8m/2.2degd

ASubaru/HSQO\orth)
A8.2m/1.77ded
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Subaru/HypeBuprimeCam

AHyperSuprimeCam (HSC)
ADiameter: 8.2mFoV 1.77ded, ~900M pixels
Am,._ (5s) w/ 1min:24.5(), 23.92)

(DECamimin: 23.3(), 22.5(z))
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HSC blog{Eeb 2013)



Detection of GWs



First detection: GW150914

|Bd Selected for a Viewpoint in Physics ek endine
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

>

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al.’

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)
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36 ,Mg and 294,Mg BHs merged at 410°° . Mpc



Unscheduled discovery of
GW150914

ASignal detection Skymapof GW150914
ASep 14, 2015, 09:50:45 (UT) :

Adurmg:a:gmeecm:g:u:un:@&%

AAlert announced
ASep 16, 2015+2day3
A2days before scheduled O1 r

AFalse alarm rate (FAR)
A<~ 1/month (alert)
A<1/100yrs (Jan 2016)
A<1/203,000yrs (Feb 2016)

LVC + 16

See alsdNissankea | Yy Q



LVEM followups of GW150914

Initia lG“ Initial Updated GCN Circular
Burst Rec GCN Circular (identificd as BBH candidate) k}n}
- ' '
Fermi GBM, LAT, MAXI, Swift  Swift Fermi LAT,
IPN, INTEGRAL (archival) XRT  XRT "MAXI
I ]
Swift UVOT, SkyMapper, MASTER, TOROS, TAROT, VST, iPTE, Keck, Pan-STARRSI o
BOOTES-3 MASTER b n STARRS1, KWFC, QUEST, DECam, LT, P200, Pi of the Sky, PESSTO, UH VST TCROS
T ' ST n
VISTA
ASKAP,  ASKAP, VLA, VLA,
MWA LOFAR  MWA LOFAR LOFAR VLA
_ | s I_ |ll : : . _ |l |. I 1
100 10! 10%

8h

T Gw

20h y-ray (all-sky)

I — Imer EET [da}"g]

A25 of 63 observing team3$GEM

ABroad band tiled observation
observaion of neary gl
A Spectroscopic followap
observations

AOptical: ~900dety(50% of LIB)

ANIR: ~70dety 8% of final map)
See alsdNissankea | Yy Q



Initial responses ofGEM

ASat, 12Sep 2015
ALIGQO1started

AMon, 14 Sep 2015 18:59:45
ADetection of GW150914 but no GCN Notice was sent.

AWed, 16 Sep 2015 14:39:44 (L. Singer)
A GCNcircularwas sent via enalil.

AWed, 16 Sep 2015 15:QM. Yoshida)
AList of nearby galaxies prepared.
AObservations are asked to IRSF (South Africa) and MOA (I

AThu, 17 Sep 2015 28:07:34Norokuma, M. Tanaka)
A Observation witiKWFQwide-field) started

ASun 20 Sep 2016Y.Asakura)
AObservation witlB&C61cn(nearby galaxies) started



JGEMIiollow-ups of GW150914

AKiso/KWFC (North)  AB&C/Tripole5 (South)
0 t,~4.4 days t,,—6.312 days

R Wide-field observation ..
» s\ (24ded, i~19)  oftargeted # .
survey nearby 18 gals. g%\~
: RA 120 ; o ‘é@ ! : <

KA= 150 RA=130

(1) l.

! Hos ‘I) —S;OS
Morokumax XZ b¢ b wmMcC




Subaru/HSC was not available

Schedule for September 2015

Schedule for October 2015
Sun Mon Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri Sat
Sep 01 Sep 02 Sep 03 Sep 04 Sep 05 v Oct 01 Oct 02 Oct 03
Obs Obs Service Ig}ﬂ;ffj
SCExAO+AQ188 FOCAS FOCAS - “mc T
Sep 06 Sep 07 Sep 08 Sep 09 Sep 10 Sep 11 Sepl12 @
& & 4 4 & 4 I Oct 040 Oct 10
UH-18B1 . $15B-055 $15B-017 Gemini $15B-050
Stockton FE}%K; Maeda Uchiyama Dawson Utsumi ‘ S15B-0611 S15B-0611
FOCAS FOCAS S-Cam $-Cam S-Cam Chiba Chiba
HSC HSC
Sep 16 Sep 17 Sep 18 Sep 19
S15A-002 | S$15A-105 Octl2®
Imamsht Helmimak [ [
. - L BDl el bd S15B-0611 | UH-14B1 . S15B-0611
- SR —. ae | me | HSC 0ObSErving run e
; HSC HSC HSC
RCs+A0188|[ R CSTAOISE
Obs Eng
. S15B-154 | S15B-154
IRCS+AO188 5153_139 Service SljB_O45. Obs Arai Arai
S15B-128
ng Obs Kyoto3DII+AO188 HDS HDS Takagi
IRCS+AOI188 KyotoIDIIHAO188 S15B-078 $15B-078 I‘[DSgL
Sep 270 Sep 28 Sep 29 Sep 30 Tswimoto | Tsujimoto

HDS HDS

; Oct 25 Oct 26 Oct270 | Oct 28 QOct 29 Oct 30 Oct 31
Kyoto3DII+AO188( COMICS |[RCS+AO188| IRCS+AO1 S15B-154 : S15B-111
g . Obs
Arai S Currie
;53;];0 HDS HDS Eng SCEXAO+A0188 }I[JaH_llJA
wahara gelberg
SCExXAQ+AOI188 3
HDS Service Service SISB-160  |gcExa0+AO188
HDS HDS Kofam
SCExAO+AQO188

HSC iIs only available at-21daysafter GW150914.
Thevisibility of GW150914 from Mauna Kea was poor.



Second(2.8) detection: GW15122

week ending

PRL 116, 241103 (2016) PHYSICAL REVIEW LETTERS 17 JUNE 2016
GW151226: Observation of Gravitational Waves from a 22-Solar-Mass Binary
Black Hole Coalescence

B. P. Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 31 May 2016; published 15 June 2016)

Hanford Livingston
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201512-27 16:28:13 (UT)}(.6day}
GCN/LVC INITIAL SKYMAP

TITLE GCN/LVC NOTICE
NOTICE_DATE: Sun 27 Dec 15 16:28:13 UT
NOTICE_TYPE: LVC IGkgamnap

TRIGGER_NUM:  G211117

TRIGGER_DATE: 17382 TJD; 360 DOY; 2015//ai2& dd)
TRIGGER_TIME: 13133.647758 SOD {03:38:53.647758} UT
GROUP TYPE: QB€C (zompact binary coalescente
SEARCH TYPE: HghMasgincluding BH)
PIPELINE_TYPE: 4 =GSTLAL

error region: ~1300deg90%)

FAR: 6.3408 [Hz] (one per 1825.5 dgys

CHIRP_MASS: -1.0000 M_solai

ETA: -1.000 VSN A, T O
MAX_DIST:  -1.00 Mpd] of AN B S B e A
TRIGGER ID:  Ox0 E T L T TRt H S S A I
MISC: 0x2100003



Optical WF followaps of GW15122

ADECan28.8ded (Cowperthwaite 46 ApJ)
A3 AGNs and SNIIPi£21.7 and z~21.5)

APS1290ded (Smartt+16 MNRAS)
A20 SNefrom 49 OTgi~20.5)

AIPTF952ded (Cenko+16 GCN) 0 tizla?l Eloauunstie?rlearts
A2 SNefrom 20 OT¢R~20) P P

AMASTER9% of NorthLipunov+16 GCN)
Al PSN from 7 OTs

AVST72ded (Grado+16 GCN)

ASkymapped10ded (Yuan+16 GCN)
Al OT¥18.9

AJGEM collaboratiofyoshidaUtsumi NT+ PASJ submitted)




Initial responses ofGEM

A Sat, 26 Dec 20182:38:53.648.0S)
A Detection of GW151226 but no GCN Notice was sent.

A Mon, 28Dec 20192:28:13(L.Singer)
A GCN circulawas sent vi&Email.

A Mon, 28 Dec 20183:14:22(Y.Utsum)
A List of nearby galaxy prepared

A Mon, 28 Dec 20186:45:18(R.Itoh+)
A 18 galaxies are observed KgnataHOWPO!

A Mon, 28 Dec 2015 13:30:23 (M. Yoshida)
A Nearby galaxies to be followagp are assigned to telescopes.

A From28 Dec 2015
A Observationstarted withNayutadMINT, Kanata/HONIR
OAO91cm/OAWFCTITOAOS50cMITSUMEKIso/KWFC
A From 29 Dec 2015

A Observationstarted withMOAII/MOA-Red IRSF/SIRIUS
OA0188cm/KOOHSBU (sper



How about Subaru/HSC?

Dec 20 Dec 21 Dec 22 Dec 23 Dec 24 Dec 25 ! Dec 26
[Gemini(S16A)
~aian
UH-10A S15B-03§
Hasinger Minowa GW151226 ’“&
FMOS IRCS+AQ 2 : e
MU.RCS
Dec 27 Dec 28 Dec 29 Dec 30 Dec 31 B
Gemini(S16A)| S14B-097 S15B-119
Rajan Kuzuhara Kudo
HiCIAO+AQ188| S15B-022
S15A-133 S15B-085
MO Lt Lo Ll
I .
We have no access to HSE
Jan 01 O Jan 02
|| || || Obs Obs
.. HiCIAO+AO188||HICIAO+AQ 188
Original schedule of Subaru - -
Shinnaka Shinnaka
HDS HDS
Jan 03 Jan 04 Jan 07 Jan 08 @ Jan 09
Obs el W StrObs GTO
= ittman
U AU IT00 HSC HSC HSC HSG
Jan 10 Jan 11 Jan 12 Jan 13 Jan 14 Jan 15 Jan 16 ©
StrObs StrObs
S15B-056 S15B-056 HSC HSC HSC FMOS
Okabe Okabe
HSC HSC




How about Subaru/HSC?

Dec 20 Dec 21 Dec 22 Dec 23 Dec 24 Dec 25 0l Dec 26
[Gemini(S16A)
~aian
UH-10A S15B-02°
Hasinger Minowa GW151226 ’“&
FMOS IRCS+AQ*Z. : =
MUIRCS
Dec 27 Dec 28 Dec 29 Dec 30 Dec 31 B
Gemini(S16A)| S14B-097 S15B-119
Rajan Kuzuhara Kudo
IRCS+AO0188[|HICIAO+AO 188 S‘5R%L022 HiCIAO+AO188| ST 2‘3;;19
Eng S15A-133  |Hicla0o+A0188| S19B-085 |Hicia0+AO188
MOIRCS . Kuzuhara _ Hirano
HIiCIAO+AO188 HiCIAO+AO188
Jan 01 (» Jan 02
Obs Obs
HiCIAO+AO188[|HiCIAO+AO 188
Updated schedule of Subarb—s=s <500
Shinnaka Shinnaka
HDS HDS
Jan 03 Jan 04 Jan 05 Jan 08 & Jan 09
UH-31A1 | UH-31A2 S\‘(g‘?};;? agg
. Lenfidie || dsehelie ise Wittman StrObs
HiCIAO+AO188 HSC HSC S15B-009 HSC HSC S15B-009
Totani Totani
HSC HSC
Jan 10 Jan 11 Jan 12 Jan 13 Jan 14 Jan 15 Jan 16 ©
StrObs StrObs S:,gg;;f
HSC HSC HSC S15B-073 | &4 ope S15A-134
Okamot Sil
S15B-056 || S15B-056 | S156B-009 || psa || HSC EMOS
Okabe Okabe Totani
HSC HSC HSC




How can we discover transients
-Image subtraction

; e et 8,

5 el ’h;; { Py : :




How can we discover transients
subtraction




How can we discover transients'
-Image subtraction



