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Cosmic Rays

High-energy particles from spac
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CtSAM S HESH AAL 1: Solar Neutrino

1967 The Solar Neutrino Discovery

The first detection of neutrinos from the Sun — a new messenger from the Universe

Neutrinos travel across space
Why neutrinos are special : and reach the Earth in ~8 minutes,
unaffected by matter.

Neutrinos are produced

in nuclear fusion e Photons (light) |  Neutrinos

reactions in the # ~ + Interact frequently : -« Interact extremely
solar core. 7 ! " ’ with matter ¢ weakly with matter

Solar Core - Take~100,000 - Escape the Sun
(~15 million K) years to escape : almost immediately
from the Sun (~8 minutes)

NN — Ve

b
Photons =
(diffuse for 100,000 yea

proton (p) TN e 3 Neutrinos : - :
neutron (n) e > S (travel directly ~8 minutes) Homestake Experiment
neutrino (V) Lead, South Dakota, USA

positron (e*) : 2 = \ Raymond Davis Jr.
- and collaborators

- . - : AREEEE sed a tank of
Impact: Birth of Neutrino Astronomy and Multi-Messenger Astronomy s i Tl o [ 5380 00?) itersict

cleaning fluid

i : ; ; ; - ' 71 ]\
N s Direct probe of | Neutrinos escape Blrt:] of Fm::datlon of | . (perchloroethylene)
) A the solar core . (§ immediately netu rino m‘: Ianesschger | v to detect neutrinos
. : \ : astronomy astronomy " via the reaction

Neutrinos revealed They carry messages The Universe can be Different messengers \ S = o - B
information fromthe i from the core in studied with particles, reveal different S e Ve ar Cl—>#"Ar +e
Sun’s interior. . real time. : not just light. i physics.

They observed a few *’Ar atoms per day -
proof that neutrinos from the Sun exist!

o —
The 1967 solar neutrino discovery opened a new window on the Universe,
leading to the modern era of multi-messenger astronomy.

A== =11
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Neutrino Oscillation Discovery

Kajita and McDonald (Neutrino Observatories)

Sudbury Neutrion Observatory (Canada)

Super-Kamiokande
(Underground detector in Japan)

Neutrinos change flavor
as they travel

Nuclear fusion

Fewer v, detected
in the Sun

than expected.

l

4p — “He + 2e* + 2V,

> They have
oscillated into
s v,and v, !
< ~150 million km
Solar Model from EM Observation Neutrino Observation
What this means

Neutrinos A major breakthrough 7 Nobel Prize in Physics 2015

0 Neutrinos have /—‘ ) oscillate: @ in particle physics '\ to Takaaki Kajita and

mass. R VeRV, 2V and astrophysics. LA, Arthur B. McDonald.
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(=MD KRS

- L L /M

Neutrino

19
>
N
ot

>.
x

« 1987 CHORRIZE

« O A K|

- S/40|Xte} &I A
2

2510l Al SN 1987A H
SHO0XH HEL oA SE0[X} Al L%
S EE X EE AIZEXO|ZEE SM0|X 20| m, < 12eV YS

40 -
Neutrino .
event | Neutrinos from
_30rF X Supernova 1987A
> 1
()] 1
= i
& 20 I ‘l
| .
S ‘ °
10 - o0 Background level
______________ - - - - - - - ' -
e § o & .0 ®
; 0 | l ] ]
: %8y RS -60 -30 0 30 60
gx_l ESQ . RO Relative time

2026-07-30



Two Nobel Prizes for
Neutrino MMA

Nobel Prize in Physics 2015

The Nobel Prize in Physics 2002

"for pioneering contributions to astrophysics,
in particular for the detection of cosmic neutrinos"

© Nobel Prize Outreach. Photo: © Nobel Prize Outreach. Photo:
A. Mahmoud A. Mahmoud
Raymond Davis Jr. Masatoshi Koshiba Takaaki Kaiﬁ-a Arthur B. McDonald
Prize share: 1/2 Prize share: 1/2
1967 Neutrino DiSCOVGFy 1987 SN 1987A The Nobel Prize in Physics 2015 was awarded jointly to

Takaaki Kajita and Arthur B. McDonald "for the discovery
of neutrino oscillations, which shows that neutrinos have

mass Neutrino Oscillation

« Related: 1967 Nobel prize for Hans Bethe
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= H I} (Gravitational Wave)

 Ripples in the fabric of space-time due to
massive accelerating objects

» Predicted at 1916 (General Relativity)

je/

Strength of gravitational wave over time

By Lucy Reading-lkkanda
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LIGO &

1967: 7|& C|AtQl & (Rainer Weiss)
1968 — 1980: ¥++1& Z-d(Kip Thorne,
Ron Driver)

1980:
1990:
1994
2002:
2015:

2026-07-30

Prototype X2 &tH| X[ & (NSF)

LIGO Z2ME 5 Q2I(NSF)
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Proposal to the Nafional Science Foundaticn

THE CONSTRUCTION, OPERATION, AND
SUPPORTING RESEARCH AND DEVELOPMENT
OF A

LASER INTERFEROMETER
GRAVITATIONAL-WAVE
OBSERVATORY

Rochue E. Vogt
Principal Investigator and Project Director
Caktornia Institute of Technology

Ronald W. P. Drever Kip 8. Thorne

Co-Investigator Co-hhvestigator

California Institute of Technology Caliornia Institte of Technology
Frederck J. Raad Rairer Weiss

Co-investigator Co-hvestigato

Caiifornia Institute of Technology Massachusetts Institute of Technology




The era of GW astronomy has

arrived at 2015!
 BH-BH merger

Inspiral Merger Ring-

1.0
9 0.5
=
— 0.0
=
©
5-0.5
0

-1.0 m— Numerical relativity 7

I Reconstructed (template)
I T | |
- | | T | o
So6 14 S
2 0.5 W — Black hole separation -3 E
g === Black hole relative velocity 42 8B
© 04 .
(] 41 8
> 03FE I | | L 1o @
40 045  ©  GW 150914

2026-07-30 o112l



'LIGO's GRAVITATIONAL-WAVE DETECTIONS |

‘GW150914.

DISCOVERED:

14.09.2015

1 BILLION

LIGHT-YEARS

|4

L AWAY
62 fuasses

366 biamerer

N

2026-07-30

N\
GW151226,
26.12.2015
1.4 Biion
D aoLAs
124 SoiEen
e LR

3

‘GW170104,

04.01.2017

BILLION

LIGHT-YEARS
AWAY

4 SOLAR
MASSES |.

289 piamerer

N\

BILLION
LIGHT YEARS

(7 SOLAR MASS
1~ — wASTRONOMY
He mass of THE SUN

EQUAL TO APPROXIMATELY

1.99 x 10°«¢

LIGHT YEARS

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu
.......................

BILLION
LIGHT YEARS



Masses in the Stellar Graveyard

EM Neutron Stars

XN K] 2F 3007H2] BHsBH merger event &

E
4

o0
'.0000’.
00

eoe,
AL TY
%
......’0000000000 ' sossssessetet®
.00..... 0a00e®

un Dates Sl Detections
(months)

Candidates




GW100914

|84 Selected for a Viewpoint in Physics
PHYSICAL REVIEW LETTERS

S

Observation of Gravitational Waves from a Binary Black Hole Merger

W E el = T e

cnding

12 FEBRUARY 2016

PRL 116, 061102 (2016)

<

@)
T =

I I Su Vire
\ul anue ]6 pu L(l 11 February 201€
On § (Il‘) SUTQ the two lrs Ofllml‘ Inter Cll)n Ravit on'L fave
Observ ull 1coyily ed a trangent groses nal—\@u . Thelsig ce ards in
freque n!'h-u peak gravitation strai 0 x 10~ It matches t \Lioml

plLdlLILd b\ gener al llell\ ity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater

than 5.16. The source lies at a luminosity distance of 410" (‘8 Mpc corresponding to a redshift z = (').(')‘)_”)’(m
J bla mH 363 .E ru@. holum E
admtu T} Way Cmmrie UnCi 0% crefible it 1
—

Strate the cxlstum of blrfary sILl ar=rrrass black | )IL systems. This is'the 111\
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Primary black hole mass 36_‘3/\4@
Secondary black hole mass 29_*jM o
Final black hole mass ()2_'4M@

rmal black hole spin
Luminosity distance

Source redshift z
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4101189 Mpe
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GW only

Mass of GW emitting object

Rough location and distance
Other physical properties (orbits, etc)

GW speed

GW + EM
Precise location*
Radial velocity of GW
Phenomena associated with GW (e.g., Kilonova)

Cosmological application (e.g., Hubble constant, etc)

Speed of GW*

2026-07-30 *Can be

detection technology become fully mature



Multi-Messenger Astronomy (MMA)
with GW and Electromagnetic Wave (EM) Signals

Binary Black Hole (BBH) Mergers : BNS (BNS) Mergers

(SXS, the Simulating eXtreme Spacetimes project) (LIGO/Sonoma SU/A. Simmonet)

\ 4

« GW observation alone is powerful

« But, with EM observation, GW observation can be even more
powerful = Multi-Messenger Astronomy (MMA)

2026 K| MTHE E2T 6 2stn(HE
2026-07-30 ST



EM sighature from
NS-NS merger

Jet—ISM Shock (Afterglow)
Optical (houn—ays) )
7 Ejecta—ISM Shock

;Sm )

. . Y —
® Off-axis radio
emission "

® On-axis short GRB

'nd.l'rnu Disk Wind

® Radioactive emission -—(>‘<) "
- kilonova

- mMmacronova

- mini SN Metzger & Berger 20I2,
- Merger-nova =Pl s 28

Taken from presentation by M. Tanaka



WHY MULTIMESSENGER ASTRONOMY MATTERS

GravitationallWavesi(GW)+iElectromagnetici(EM)=iDeeperiUnderstandingofithelUpriverse

tidal deformabilities ’ and relativistic jets

« Equation of state (EOS) of
neutron-star matter |

« Maximum neutron-star mass

« Nature of matter at nuclear
densities I

« Jet l[aunching mechanism

« Jet structure & viewing angle

| « Prompt & afterglow emission

« Connection between BNS
mergers and short GRBs

y A —

Host galaxies & KNe tell the story as natural laboratories

of stellar birth and death

¥ © + Ages & metallicities 5 ¢
» Star formation history

« Tests of General Relativity

s « Lorentz invariance tests

> + How massive stars evolve « Speed of GW vs light

> and end their lives « Exotic compact objects?

+ Neutrino physics

I "

« Binary fraction

(i ™) ¢ =
1. DETECTION OF GW EVENT EM OBSERVATIONS 2. PRECISE LOCALIZATION 1 3. HOST GALAXY & ENVIRONMENT
Compgct object merger Wide-vfield telescopes scan GW + EM localizations = < 1 arcsecond accuracy [ Pinpointed location identifies the
(e.g., binary neutron star) rapidly across the sky e R [ host galaxy and local environment
. |
+ = g — ‘ . /@ Galaxy type & mass
/ } : 3 i =+ [k i g (#) Metallicity
| ' , xﬁ\ Star formation rate
! e s & i (R ]
\s&x) Local d t
GW Observatories - Obsgrvatc_mes ; GW Localization EM Localization Final Localization 8 koral density
: (e.g., 7DT, Rubin, Swift, Fermi, . e Reveals where GW events
(LIGO, Virgo, KAGRA) Yeray, Radio, IR telescopes) (~100-1000 deg?) (arcmin=aresec) (< 1 arcsecond) |
Yeray, Radio, P \ — 1 J accur in the universe
" i
7 F e ¥ :
p
4A. REDSHIFT & COSMOGRAPHY 4. KILONOVAE: THE FACTORY * 4C. COSMIC CHEMICAL EVOLUTION
Host galaxy or kilonova gives redshift (z) OF HEAVY ELEMENTS From KNe rate & yields = build the history
il T EM counterpart (kilonova) reveals of heavy elements in the Universe
: = | \ | physics and nucleosynthesis ol
.‘- W | a . 5 { r E . rTh ®
; J I\ Pl Y “\/ o] [EP (2r8) Ejecta mass & velocity 4— | Eu )| oo
’ p Y : e \dae )
Wavelength @) Composition (r-process) ~
S ‘ ‘ &) Opacity & temperature 3 ‘ ‘ & . £
QW gives luminosity distance (d.) | q s B & @) Energy source (radioactive decay, 3 - > /! -»> f
v [ e dynamical ejecta, disk wind) ) . 1 - >
Ho, Qpm, Wo, Wy .. ‘ W 5 " ——— ; : . "
3 % < = Heavy element production rate KNe rate Total r-process Enrichment of Plapns¥formation
Probas the expansion history . | s 2 o R
g Zo ( such as gold, platinum, uranium over cosmic time production galaxies & ISM & habitability
and nature of dark energy — i ) \_ i b \
) " % L N 1 "
\ 4 b A N o Y . h 2 5 s 4 s h 4 ”
4 W \ ¢ N D
5. PHYSICS OF COMRACT MERGERS_£-6~ SHORT GRB & JET PHYSICS | 7. STELLAR POPULATIONS 6. FONBAMEMTAL DHYSICS S=NEUTRINO EMISSION ‘ 10. TRANSIENT ASTROPHYSICS
GW provides masses, spins, Tests models of short GRBs & STELLAR EVOLUTION Extreme environments (Future) Part of the broader transient

Neutrinos carry away ~10%

| universe
‘ of the energy
\

+ Population rates

« Constrains total energy
+ Connections to other transients

« Ejecta composition
« Dense matter EOS
« Multi-messenger synergy

= &

« Unified view of explosive
phenomena

& - % -

& . ! |
\ /I\ > il Y
Find it precisely
(GW+EM localization)

Know where it
happened (host &
environment)

Find the event
(GW detection)

Measure redshift
(cosmography)

THE BIG PICTURE

s * . @-» c

Understand the
kilonova

Make heavy
elements

Enrich galaxies &
form planets

"»’ - ‘?’ —

Understand stars
& their deaths

e

Learn about the
Universe & our
[ [

~ n o
MULTIMESSENGER ASTRONOMY
CONNECTS THE VERY SMALL
TO THE COSMIC SCALE

From neutron stars to nuclei,
from galaxies to planets,
from the Big Bang to life.



Where did the GW event happen?

GW localization is uncertain, but EM observations pinpoint the source.

1. GW DETECTION 2. EM FOLLOW-UP OBSERVATIONS 3. PINPOINTED LOCATION
LIGO-Virgo-KAGRA detect Telescopes scan the GW error region EM counterpart identifies the exact position
a compact object merger in X-ray, optical, infrared, radio with < 1 arcsecond accuracy
“d P - g > 7~
@ @ A | pr| /
T [ T A gl | e = :
@ 1 <SR s ,",.' y ‘ N
GW LOCALIZATION D e fi*?:;—* = ) >
Large uncertainty area ’ iy < e b - I IR | o y
Typical 90% credible region ‘. [ NEY > : oll” S . ' -
~10 - 1000 deg? ; e =t *‘4 :
’ ! ' J 4 {

LOOKING FOR EM COUNTERPARTS =
Accurate position = Host galaxy

\
* ‘ d local i
) (<(')>> and local environment

v Galaxy type, mass, metallicity
v/ Star formation rate
v/ Local density, environment

Ma”Y galaxies'in th.e‘are~a Kilonova Short GRB Afterglow
No unique host identification (optical/IR) (gamma-ray) (radio)

« With EM observation, we get the exact location,
host galaxy, and redshift of the event




Tensions in Cosmology:
Independent method is needed

Hubble Tension Dark Energy Tension:
Two Hubble Constant - Is Dark Energy evolving?

values frot? ‘j‘ffere”t - Universe still accelerating or decelerating?
metnoas

1.00

0.50

0.25 |

t

Deceleration
0.00 |
Acceleration

v

Deceleration Parameter

Lodha+25 (DESI) |

-0.25 |

Past Future

-0.75

67.4 \\Z /L 73.0

km/s/Mpc < km/s/Mpc

Deceleration Parameter

ACopm
ACDM
, : w : :
-10 -5 0 5 10
Past «— Time from Now (Gigayear) —> Future

-1.00

ChatGPT

Age of Universe (Gyr)
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jalaxy originally emits this spectrum of light

A particule
WA AAAAAAA,
/Jw‘»\,\, ANV "Y\‘/\'/vw’ Ll v Y
\ vy

W ’\‘"““f‘,»v"»'\-\‘,\fﬁ

A [
M\N\/
;‘ Y VY

| | 1 | | | | | | | | | 1 |

380 400 420 440 460 480 500
wavelength (nm) red m—

MARAa® WSWY

5%
redshift

| 1 | |

380 400 420 440 460 480 500
wavelength (nm)

SE[SE: 28 AHEY Bt
(A — 20)
R 2
Ha|: O #S 4
4 (GM\3 (nf\3 S
hx—d_L< C2C> (T) cos ¢ sin[®(t)] =
—4}
—6l
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GW MMA can solve the tensions by providing a
robust, independent method

. GW: Distance Hubble Constant

 Optical counterpart + Host: Redshift Dark Energy
82.5 1 e
KP GW170817
80.0191 T SHoES -
775 CPH HST+ *
- SHoES [GAIA2 ~ GAIA
'g 75.0 { i } i
o
v 725
e T |
= 70.0 X
L w3
w5 15 x BNS
67.5 i s W9I I 7 7l B =
w1l P
65.0 - P13 1BAQ 18 i
62.5 1 % Dist. Ladder e ACDM X Std. Sirens
2000 2005 2010 2015 2020
year Ezquiaga & Zumalacarregui (2018)
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Where did the gold f (heavy elements more

massive than Fe) come from?
R

2026-07-30



r-Process

B decay =

Creation of stable element
3.

XS dX7t
— C} AZI%H0|3

Proton number
X

1 WE FAIKt 2

Rapid neutron capturg
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Kilonovae (KNe) as the factory of heavy elements

« Heavy element production (r-process) from neutron rich
materials in BNS

« KNe spectrum tells us how much r-process took place

 With the KNe event rate, one can understand the cosmic
heavy element production history

1. Heavy element production 2. Kilonova (KN) spectrum 3. Combined with KN event rate,
(r-process) in BNS mergers tells us how much r-process took place we build the cosmic r-process history

Kilonova Spectra at ~1 day r-process Cosmic r-process Production History
abundance 1073

Lanthanide-poor (example)
(low opacity) High Ye
\ Light r-process

/ = (Sr,Y, Zr..) |’
Lanthanide rich ow Ye

Integration of
KN yields x event rates
over cosmic time

=
>
2
o
S
=
2 )
S
s
>
=
(VI

r-process mass density

10 A
Wavelength (A)
ChatGPT Redshift (z)

(Kasen '17; Tanaka+'18; Vieira+'23, Tak+'23, '24; ..) Al-produced
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Environment of BNS merger:
Knowing their environment makes us easier to find
them and understand their evolutionary path

o b 12 f - £ ) > 5 N 4
» . -

2026-07-30




In what environment do BNS mergers occur?

« Massive and star-forming galaxies?
« Qutskirts or inner region?
« (Can simulations explain BNS merger locations?

Jeong+Im24
- log(ngys) weighted 10
3. HOST GALAXY & ENVIRONMENT
Pinpointed location identifies the A 114 8
: ©
host galaxy and local environment S .
—~ o o 10 6
(@) Galaxy type & mass Js
- : (#) Metallicit NS
= e 4 .8 9 Where are GW 4
##) Star formation rate pa BNS merger
, © 8 ? 2
’éﬁ Local density @) hosts?
Reveals where GW events ; ‘ . 1 ‘ 1,
ChatGPT occur in the universe -2 -1 -10 -9 -8
log(sSFR/yr)

Star formation Rate



Why Multi-messenger Astronomy Matters for Short GRBs

Gravitational waves reveal the true origin of short gamma-ray bursts

n What is a short GRB? Short GRB Long GRB
(<25s) (>25s)
* Brief flashes of gamma rays
lasting < 2 seconds Gamma-ray
» Occur in distant galaxies brightness

* Long-standing mystery:

- >
What produces them? Time
a Postulated progenitor o \,\ > . 2
\ /7 " P
; K‘\ % < 2
The leading model: \ Q > \QQ ) > \ <O E o ‘_.
Merger of a binary ~ = /N
neutron star (BNS) system Binary neutron stars Inspiral due to Merger Jet launched Short GRB
in orbit gravitational waves gamma-ray emission
o ’ n : N
How GW observation reveals [ Multi-messenger observation of a short GRB j /
the true ongin Gravitational waves Gamma rays X-ray/Optical/Radio Host galaxy
« Gravitational waves are emitted (Gw) (y-ray) (afterglow) identification ( 3 \\

during the inspiral and merger. \ :
* GW detectors (LIGO, Virgo, KAGRA) ( (/ Q )) + ok
can detect this signal. — GW detection + EM counterpart

* Detecting GWs from a short GRB confirms that short GRBs are

proves that the progenitor is a Detected by Detected by Detected by many Redshift, environment, produced by binary neutron
binary neutron star merger. HEO/VRoaTAGRA: 1. fomk INTEERAL ot Selatcopes PAOGEAOfFropefchee star mergers.

/

* Multi-messenger astronomy provides the definitive answer: Short GRBs come from binary neutron star mergers.

2026 =X M2 SO | ESt (B E
(]
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What is the nature of Kilonova?

Evolution of Kilonova Models
1045

Parameterized Heating:

Li & Paczynski 98 Infrared
44 °
10 Visual

Ultra-Violet

1 043

Neutron Heating
Kulkarni 2005
1 042 Metzger et al. 15

Lathanide-Free Ejecta
Metzger & Fernandez 14
Kasen et al. 15

1041

R-process Heating:
1 040 Metzger et al. 10
Roberts et. 11 Lanthanide Opacities:
Barnes & Kasen 13
1 039 Tanaka & Hotokezaka 13

0.1 1 10

Peak Timescale (day)

2026-07-30 2026 ¢X|€EH%OEE§J;4 oizstue  Metzger (2017)

T e

Peak Luminosity (erg s™')




open s shell Slide from M. Tanaka

(I 1)

open d-shell
(1=3)

____________________________________________________________________________________________________________

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
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5107 108 109 110 111 112 113 114 115 116 117 1185
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Expected Spectrum of Kilonova

Very red, due to high opacity of r-
process heavy elements

Or blue in the beginning, red later
Peak at ~1 @m (red spectrum)

~BB radiation with T~2500 K

=

g

(2]

C

o)

o

+

R

=

x

=

o)

o L

—

1 A L A PR | e A i 1 A A M
5000 10000 15000 2000C

Wavelength (A)

>026.01anaka & Hotokezaka (207737 Apl)i= ==

Luminosity (erg s~

N
o

_ -
o O o
W W w
~N O [}

w
(o]

RN -
o o
w
[(&)]

N N
o o
w w
[e)] ~

-

o
w
(&}

37

5000 10000 15000 20000
Wavelength (A)

“%  Tanaka et al. (2017)

O Lk bk
AR el
L e S T T



L
N
n
o

Kilonova: Blue or Red?

41.5

41.0

40.5

log,,[Bolometric luminosity (erg s71)]
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Bolometric light curve UV Optical Infrared
~ Xjan =107 Spectrum at
— Xan=10" 1 © 15} t=45d
_ Xlan =107
— X,y =107

lan
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Days since merger
Xlan : Lanthanide fraction
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NS-NS merger

« Factory for heavy elements (Au, etc)

« Laboratory for matter in extreme condition (Eq. of state)
 Kilonova: understanding stellar evolution

e BH creation channel?

« Cosmological application (GW distance + redshift)

2026-07-30




To do MMA, what do we need?

« Network of telescopes around the world
and space!

e Field of view?

* Size of telescope?



Kilonova at < 500 Mpc can be detected with
many existing facilities

D < 150 Mpc: 0.5 m
:) < 300 MOC 1 m 18- s «—— 620 Mpc
D <500 Mpc: 1.5m » ‘

40 Mpc

70817 (}11h)
| ]

on of

=
< 20
3
CEM| A[AF L ZA|ZE SSRGS g
O 74
_t| A|AF = A|ZE D
S0 gk
o O o KMTNet 50 depth (10miny
N i.5mag Y4
o T T e

Days after GW events



GW EM Counterpart Korean Observatory (GECKO)

Korea: SNU 1.0m,

DOAO 1.0m, CBNUO 0.6m,
KHAO 0.8m, 0.4m, MAAO 0.7m,
BOAO 1.8m

Hawaii: Gemini-N
A

Maidanak: igg MAIXI=E |

US: McDonald
1.5m Telescope

2.1-m, 0.8m,
0.25m

FW o4 -
B
=
x 7
e FN |

Chile: Gemini-S, KMTNet, KCT, XASA36 (0.4m), 7DT

KMTNet 1.6m

South Africa: KMTNet

« Wide-field telescopes + narrow-field telescopes
« Imaging telescopes + spectrophotometry telescopes

2026-07-30
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There are also many other
telescope networks

o ATLAS

« DECam

« GOTO

« GRANDMA
¢ J-GEM

« SAGUARO
« WINTER

e /TF

2026-07-30

Global Telescope Networks for GW Follow-up

Wide-field optical facilities around the world work together to rapidly
find electromagnetic counterparts of gravitational wave events.

ATLAS

a (GECK? | @ ZTF DECam y . GRANDMA | | o
-3 Korea, Chile, L - . - = " . .
A ’ 3 hile) (Chile) n (Chile) (Hawaii, S. Africa)
R y y | o (California, USA) — (@ —
=2 Afzcé; Australia) Palomar Observatory CTIO, Cerro Tololo Cerro Tololo La Serena Haleakala / Sutherland
sites AT ST e J
L

Haleakala

Hawaii, USA ) @® BorO
Palomar Observatory Korea
California, USA

@ GECKO

(4 sites)
® ZTF

(California, USA)
@ DECam

(Chile)

cto @

(Chile) Chile
@® GRANDMA CerroTolo.lo

(Chile) ke - ®
o Gl La Serena Sutherland
@ ATLAS i : Siding Sprin

(Hawaii, S. Africa) hae South Africa Augtraptia o

,‘ .’\ . These facilities operate 24/7 and share alerts and data in real time
JE to cover the whole sky and catch fast-fading transients.

2026 +X|MTHE F2T} O|Z St DML
(@)



@ Korea Microlensing Telescope
Network (KMTNet)

« Three 1.6m telescopes at southern hemisphere
FOV: 4 deg?

Limiting mag: 23 AB mag (5-0) In 6 min

24 hr/day coverage
100 deg? in a few hrs

- =

2026-07-30 o



FOV of GECKO Telescopes

O HST for comparison

MNarrow-rield

B sa0 1 m: 217 x 21
B kHAO 0.8 m: 237 x 23
B KHAO 0.4 m: 21" x 16’

B poAO 1 m: 13" x 13

B LSGT 0.4 m: 16" x 16’

- LOAO 1 m: 28’ x 28’
CBNUO 0.6 m
I KCT 0.4 m: 24" x 18 1.2d x 1.2d

2026 X[ E SO ES W™ EATR)

Widla-riald

2026-07-30



Observing strategy

« Targeted observation of nearby galaxies with ~10
narrow-field telescopes (e.g., LSGT), IMSNG

« Wide field imaging with a 0.25m telescope WIT-0
(FOV ~ 5.5 deg?)

i I

(LSGT; O] Atz A2 ) Wide-field Imaging Telescope-0 (WIT-0)

Lee Sang Gak Telescope

2026-07-30 o112l



207145 2 M 25l EGAMN B HAZ

Event Rate (2013 prediction)

Aasi, J. et al. 2013, arXiv:1304.0670v1

Estimated | Eqw = 107°Myc® Number | % BNS Localized
Run Burst Range (Mpc) | BNS Range (Mpc) of BNS within
Epoch Duration | LIGO Virgo LIGO Virgo Detections | 5deg? | 20deg?
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 5—12
2017-18 9months | 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

 Sooner or later, ther
2026-07-30

m Number of BNS Detection

2015

2016-2017
2017-2018

2019

ajn
_JOI-
I:_I
Hu

0.03

0.3
2

02: 2016.11.30-2017.8.25

03: 2018, Fall (9 months)

merger event detection
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GW170817 detect

« 2017.08.17 21:41:04(KST) 2}0|1Q} H{Z1 FEHIO} M5 2=
- XY M3|HA M =2 SHOO| XX AEE 2 100X X[
o A2k EfUYEZFO| (1.36~1.60) 2F (1.17~1.36) Hi. & E 2k ~2 74H|
« HZ|: ~40 Mpc(~143H-2E &), M7 Aol AHA: 28 deg? O LY

[=) 8|:| C

o AMSLOHEFZH|(SNR): 324, 7tR M &
« PRL(Q2017) Al Xf(Bt=ZHOIHA AR HEL 14HZ £3H 11000 )

GW150914
3 LVT151012

GW151226

-10 -5 0
Time (s) GW170104

AlZtof| 2 ofe Hat

GW170814 |

GW170817

] ) 10 15 20 25 30 35 40
time observable (seconds)

5 ;J
]
vV E (_T LIGO/University of Oregon/Ben Farr
15h 12h
18h sh = E. — [— . E E —_ =< A I:l:l
-30° . 30° f S ?-;_H:!J-L!- -Ll-l-ood HlJTII_' = _Il-I% VS EO-IX|-E
(=}
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Short GRB detection
(Fermi/INTEGRAL)

« Weak GRB 2 sec after GW detection, duration ~2 sec
 10000x weak

Gamma rays, 50 to 300 keV GRB 170817A

LIGO-Virgo

GW170817

INTEG RAL Gamma rays, 100 keV and higher GRB 170817A
o T 120,000

- p—
a3

2026-07-30 A2l J2IE=K: NASA



Optical counterpart discovery

« 8 telescopes in Chile spotted GW counterpart at 11 hours
after GW detection

* NGC 4993 at ~40 Mpc (RA:13h09m47s, Dec:-23d23m02s)

30°

-30°

2026-07-30

LIGO

LIGO/
Virgo 4

Fermi/
GBM

16h 1

IPN Fermi /
INTEGRAL

20

h

8h

Swope +10.9 h

30"

DLT40-20.5d

"MMA paper”

LIGO, Virgo,

Partner Astronomy Groups
2017, ApJL



Facilities for EM Follow-up

Korea:
SNUO 0.6m, SOAO 0.6m,
Maidanak: BOAO 1.8m, DOAO 1.0m
1.5m Telescope US: LOAO 1-m

....

Australia: 0.43m LSGT
+ iTeIesé&éc’aﬁl‘ll@i:“€§§l

KMTNet 1.6m
Telescopes

US: McDonald 2.1-m,

0.8m, 0.25m



Our first observation

« GW event 2hrs after SSO visibility
* No alert to KMTNet-SAAO/CTIO

« Observation started at SSO (LSGT,
ITelescope), after discoveries at Chile
telescopes
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9, First Korean Observation

« At 2017-8-18, about 21 hours after the GW detection, the GW EM
counterpart was detected by LSGT (0.43m telescope!)

2017-08-18 10:08:01(UT)

GW170817

O] &2 & E(

A K|AFCH 2=
5026-07-30 2026 TX| =



‘e*| KMTNet Follow-up Observation

N

« Korea Microlensing Telescope Network: Three 1.6m telescopes at
Southern Hemisphere (exoplanet microlensing)

« KMTNet SAO telescope started the observation at about 28 hours after
the GW detection
« Observations continued till Sept. 9 (B,V,RI)

2026 +X|MTHE F2T} O|Z St DML
2026-07-30 o1



Host galaxy subtraction
(T31, R-band, 08-19.36)

2026-07-30



GW 170817 Optical Counterpart
(B-band)

08-18.36 08-18.71

B = | e)
2026-07-30 KMTN‘u«-(:'—J, ETO)
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KMTNet image of GW170817
Evolution of optical counterpart

KMTNet-SAAO 08-18

KMTNet-SAAO 08-22

Early
Bright

Blue

Later

Faint

Red




KMTNet light curve of GW170817
(J Kim, SL Kim, CU Lee)
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Comparison with Kilonova model

! T .7 2 T o
15 0,=~28° V+6 J+2 3
I /F?+45 l;_<l+1 3-10O
——_ g * Megj ~ 0.01 Msun
S 107" .
2 20| 77 _ « Wind model
= o m ] =
2 I e 4102 £
E - \ 4 E ?
o - -3 (7))
FH10™ ¢
£ 28 ] 8 . |
: | 410+ 3 Kilonova!
Q 3 T
o- -
< | ?10—5
30 ?
3_‘]0_6
- - -7 )
35 .3 Troja et al. (2017)
50260730 2026 K| MTHE ST} {2t R(HE
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Spectral evolution

Gemini spectra at +3 days

Spectral features > very
different from SNe

Similar to kilonova
predictions

‘ Kilonova!

Troja et al. (201
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Kilonova nature + X-ray detection

X-ray counterpart = Connection with short GRB
Optical observation = Kilonova nature

Troja et al. 2017, Nature -‘-Xﬂf 349F, AFHA,
Merjstn, M2 S FUATE 9F &

LETTER 1o
doi:10.1038/nature24290 E

<100
L . -

- - =101

The X-ray counterpart to the gravitational-wave 3 110

event GW170817 £ :

: : 5 & 31072
E. Trojab?, L. Piro®, H. van Eerten*, R. T. Wollaeger®, M. Im®, O. D. Fox’, N. R. Butler®, S. B. Cenko®?, T. Sakamoto'’, C. L. Fryer®, © E
R. Riccill, A. Lien®2, R. E. Ryan 17, O. Korobkin®, S.-K. Lee®, . M. Burgess™, W. H. Lee”‘ A M \Vatqon” C. Choi®, S. Covino®, E 1

P.D’Avanzo®, C. J. Fontes®, J. Becerra Gonzélez'®!, H. G. Khandrika’, I. Kim®, S.-L. Kim!®, C.-U. Lee!®, H. M. Lee! ’. 1) =1 0‘3
A. Kutyrevh2 G. Lim®, R. Sénchez- Ramirez?, S. Vulleu\1 9 M. H. Wieringa?’ & V. Yoon® ?:_, 3
= @

o =10
A long-standing paradigm in astrophysics is that collisions— On 17 August 2017 at 12:41:04 Universal Time (UT; hereafter Tj), @ 3
or mergers—of two neutron stars form highly relativistic and  the Advanced Laser Interferometer Gravitational-Wave Observatory & 3

collimated outflows (jets) that power ~-ray bursts of short (less than  (LIGO) detected a gravitatlonal wave transient from the merger of two < =1 0-5
2 seconds) duration!~>. The observational support for this model, neutron stars at a distance' of 40 + 8 Mpc. Approximately two seconds 3
however, is only indirect*®. A hitherto outstanding prediction is that  later, a weak ~-ray burst (GRB) of short duration (<2 s) was observed -

gravitational-wave events from such mergers should be associated by the Fermi Gamma-ray Space Telescope'® and INTEGRAL!*. The -1 0—6
with ~-ray bursts, and that a majority of these bursts should be low luminosity of this ~-ray transient was unusual compared to the =
seen off-axis, that is, they should point away from Earth®’. Here population of short GRBs at cosmological distances'®, and its physical ]

we report the discovery observations of the X-ray counterpart connection with the gravitational-wave event remained unclear. =107
associated with the gravitational-wave event GW170817. Although A vigorous observing campaign targeted the localization region 35 L | 3

the electromagnetic counterpart at optical and infrared frequencies

2026-07-30

of the gravitational-wave transient, and rapidly identified a source of

10
Time since GW trigger (days)

X2 Band(h)¥ H =M

Flux density (mJY)
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X-ray detection

« Chandra X-ray observation detection 9 days after GW detection

2026 =X M2 SO | ESt (B E
(]

2026-07-30



Weak gamma-ray emission +
Delayed X-ray/radio emission

{ « Weak GRB by x10000
iy | « 9 days, 16 days delay
2 0of until X-ray/radio

" onset

L1l II 1 L Ll 111 II 1 1 L1 111l II 1
1 10 100
Time since gravitational-wave trigger (days)



Off-axis jet or Cocoon model?

Structured Off-axis Jet Cocoon

2026-07-30

oI gl)



GW170817 model 1
Off-axis short GRB

Ejecta Component

Vej = 0.2c

On-axis
Wind Compongnt observer
0, = 0°
7 '

P
‘0
o)
£
E ‘M
-]
___________________________________ 4 >
Time
~..  Intermediate-angle
observer
Edge-on
observer DN
P 0, =90° >
3 ‘ E ‘ GW170817
£ /\ c
E - —
Time Time

2026-07-30 2026 $X|g[”%§f§ff Clg=stn@E Troja et al. (2017)



GW170817 model 2
Cocoon model

C Cocoon with Choked Jet

A Afterglow
_— e é (X-ray/Radio)
NS
g o
®\§
o
L. Weak y-rays
Macronova
% UVOIR)
2026-07-30 2026 TAGHE =500 0 =2(TEKgsliwal et al. (2017)



Radioactive emission

« ~1 day rise time (thermalize + go
through expanding ejecta)

1/2 -1/2 1/2
) M V R
tise 7= 1.6 day -
e (10 2Mﬁfﬁ ) (Ol(‘) ( l Clnz g l)

Flux

~1 day
<>

A% 1T o 2t M B
0560730 2026 % Tfiﬁ;%i)ir oSSt (HE



Timescale for t .,

oo Mk M )( K )( v >—2< f )‘2
T~ pKkR = ~ —
P 47 R? 102Mg ) \1cm? ¢=! ) \0.1c 1 day

t R 3M«k 3M«k
o Y —T = — \
it C 4rcR 47t cvt

t B 3Mi \ /2 L6d M 1/2< v >—1/2 K 1/2
ek = \dnpoe) 10—2Mg 0.1c lem2g 1)

Merger ejecta with

M: total mass, v: expansion velocity, R = v*t: radius after t
K: opacity (cross section per unit mass) 1 — 100 g cm

B: density profile factor (~3)

2026 +X|MTHE F2T} O|Z St DML
2026-07-30 o1




Shock-cooling

« Almost instantaneous

~1 hr
©

Flux

2026-07-30



Neutron star formation

 Collapse of the iron core = neutron star

* Inverse Beta decay =» neutrinos!

e, J Proton  Neutron
’ Up quark

N
(N

d 3

neutrine  Down quark

2026 K| MTHE E2T 6 2stn(HE

2026-07-30 o2l



Inside neutron star

« Neutron : Proton ratio = 54 7
« Anyway, still a lot of protons/electrons inside

Thin atmosphere:

H, He, C,... l

Outer crust: ions, electrons

Inner crust: ion lattice, soaked
in superfluid neutrons (SFn)

Outercorellqmd e, 1, Sk,
perconductlng protons
Inner core: unknown

~10%gcm

~2x nuclear density

2x10"gcem™
~nuclear density

4x10" g cm??
“neutron drip”

NE2052

AXAMCHE =S ESt AR
2026-07-30 2026 = | L 3 2J.L|- O:I =] ﬁJ-'—(l_ o



When two NSs collide

A lot of neutrino irradiation occur

« If NS is long-lived and ejecta are subject to intense
neutrino radiation, then neutrinos interact with

neutrons and convert them to protons and electrons

Neutring interacts
with neutron

N+ V-=p+e°

2026 +X|MTHE F2T} O|Z St DML
2026-07-30 o9l



When two NSs collide

« Then, the newly made neutrinos reduce the
number of neutrons necessary for r-process to
occur: this happensin the wind component

 Less production of lanthanides =» blue kilonova

Squeezed dynamical Squeezed dynamical
v = 0.2¢c-0.3c v = 0.2¢-0.3c

Tidal dynamical Tidal dynamical

Tidal dynamical

v = 0.2¢c0.3c v = 0.2c0.3c v = 0.2¢-0.3c

Disk.wind Disk wind

Disk wind
v<0.1c vS0.1c

vS0.dc

Neutron star + neutron star Neutron star + neutron star

Neutron star + black hole
Long-lived neutron-star remnant Remnant promptly collapses to black hole

Black-hole remnant

2026-07-30



Comparison with data

Time since merger (rest-frame hours) Time since merger (rest-frame hours)
10 30 80 10 30 80
. | L 1 L L M| PR | . 1 . . PR |
= Villar et al. (2017), Radioactive Decay L 22 - \Waxman et al. (2017), Radioactive Decay L. 22
Kasliwal et al. (2017), Shock Cooling = = Piro & Kollmeier (2017), Shock Cooling

& Boosted Radioactive Decay

Radioactive decay models
- Slowly rising curve
at t < 1day

()
o
=
18 = c
o
©
1S
()
=
©°
17}
20 = 2

Apparent magnitude

Shock-heated models
Steadily decaying curve
at t < 1day

04 1 3 0.4 1 3
Time since merger (rest-frame days) 'mgasi% mFrE rEStﬁ@ﬁ s) =51 I—| _l?_
2026-07-30 2028 R H“OF;LEJ)!{ olZstm(H e



BB-fitting + Bolometric luminosity

2026-07-30

17 = .
18 = L
3 .
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Constraints from bolometric luminosity curve:
Ambiguous due to lack of early UV points

-
o
IS
N
1
i/
1

Luminosity [erg/s]

Luminosity [10%? erg/s]

1040

Temperature [10° K]

0.5 0.7 0.9

30 = Time since merger (rest-frame days)
€
)
- Radioactive Decay Shock Cooling
S 10 = (Villar et al. 2017) (Piro & Kollmeier 2017)
7 Radioactive Decay Shock Cooling &
2 5 (Waxman et al. 2017) = = Boosted Radioactive Decay
o - Radioactive Decay (Kasliwal et al. 2017)
o (Metzger et al. 2010) Wind Heating &
Radioactive Decay
2 = . —————— (Metzger et al. 2018)
10° 10°
Time since merger (rest-frame days)
A =pdT =28 [
2026-07-30 2026 X SLHE SHL (FStu (W=



Implications

Time since rperger (rest-frame hours) Time since mrger (rest-frame hours)
10 30 80 10 30 80
| L 1 L n | | n 1 n n P—— |
= Villar et al. 017), Radioactive Decay L 22 = Waxman et . (2017), Radioactive Decay L 22
Kasliwal et §I. (2017), Shock Cooling = = Piro & Kolimdjer (2017), Shock Cooling

& Boosted Hladioactive Decay

e GW170817: unclear
which model Is correct

-
©
1

 Early optical signal =
Important test of the
kilonova emission
mechanism

Apparent magniuae

N
o
1

L] 1
0.4 0.4
Time since Time since nferger (rest-frame days)

2026-07-30 oL

Absolute magnitude
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GW170817 host galaxy

« KMTNet, LSGT, HST
« Distance and properties of NGC 4993 as host galaxy of a gravitational wave source,

GW 170817", 2017, ApJL, (BX A 128, A, 2&Tl, Ol d=, Oo|d =, HEZ, O|&
SEENA), dS2(HZHA), E. Troja(NASA/Goddard,U Maryland), &=, &, 1F
2 9T

. » KMINetRg « | @ @WISEW1
¢ g ')

HST F606W Pan-STARRS

Im et al. (2017)
ApJL in press
(Oct. 3, submitted
Oct. 13, accepted)

KMTNet R

10 15 20 25 30
emi Maior Axis)" larcsec’
Ly
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NS-NS Merger Host Galaxy

It should have properties similar to short GRB host galaxy
M, ~ 108'5_11'8M®

10 Myr < Age <5 Gyr
Mg

o<5FR( )<10

yr

T T T T T T T T T T T T T 1 T
40L ™= Short GRBs: SSP (10.0) _ 0.9l PKS_eaHy— 0.74 ]
== Short GRBs: late (9.7) ' P ~29%x107°
9" e Long GRBs: SSP (9.2) 0.8k KS,late
sl : PKS.Y+O =0.50
0.7+

7 L
o 0.6r
2 6r >
£ f 05
2 = 04

4k .

mmmm SSP (earl
3l 4N\ \Q\\\% 0.3+ (early)
\“\\\@{\\}1\}3{\3 N mmmm SSP (late)
2r t\:\\‘:‘\\\\\\\(\\\\\Q\\‘ 0.2r Young+Old (late)
4 %\&Q\‘xﬁ%&t\&\\:&“{\‘: 01k libert et al. 2010 (intermediate)
% N\%\\\\:\@}@:\k . = ||bert et al. 2010 (quiescent)
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Short GRB location

Berger (2013)
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NGC 4993 1s ~E (Y

KMTNet R

HST F606W
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u [mag/arcsec?]
N
o

Galfit SB fitting
Sersic index n = 3-4, B/T = 0.7-1.0
Rer = 10" — 15" (2-3 kpc)
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Disturbed morphology

HST F606W Pan-STARRS " ¢

aaaaaa

Im et al. (2017) 'A e Th

» Dust lane and tidal shell suggest NGC
4993 has undergone merger activities

2026 2K ATHE ST} 025t (HE

2026-07-30 o2l



NGC 4993 stellar population
(SK Lee)

| | [— t=6.50Gyr ' ' ‘ ]
Bl — t=a25Gyr ] . Im et al (2017)
—  t=10.0Gyr

— t=12Gyr (Piovan) 10¢ i

~ ®
< 6-® o®

0: ...

al @ e

L] ... ........’....
5 oo....o 0.
3.5 4.0 4.5 5.0 5.5 5 ;1 3 8 10 12
log (wavelength [A]) t (Gyr)

SED-fitting with SK-Lee's code (Chabrier (2003) IMF)
M* = 0.3 - 1.2 x 10" Msun

Age: > 2 Gyr

No SF

E(B-V) = 0.00 — 0.07
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FP distance to NGC 4993

2f
F 3.6um
g 1f
) i
e
g 0of
Jun et al. (2008)
_13

62 64 66 68 7.0 7.2
log 0, (kms™')+0.230<u>,

FP Distance to NGC 4993

logr, = alogo,+ blog(l), + ¢

~ (Carter et al. 1988; Beuing et al. 2002;
o ~ 180 km/sec Wegner et al. 2003; Ogandao et al. 2008)

Filter Distance Mean Distance
(Mpc) (Mpc)
B 31.7% 347", 36.4°, 41.7° 36.1 (4.2)
14 31.8 33.0%, 32.3", 41.8° 34.7 (4.7) 17 FP parameter sets
R 36.2°%, 41.34 38.8 (3.6)
I 36.9% 44.6%, 46.9¢ 42.8 (5.2)
J 38.8° 388 > D, = 37.7 + 8.7 Mpc,
H 39.6° 39.6
K 44.1%, 284" 363 (11.1) => or D; = 38.4 £ 8.9 Mpc
Average 37.7 (5.3) 38.2 (2.7)
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Relativistic Jet Detection

« VLBA =32 Sdlit = 75
day, 230 day0| Jet O| =

S,

« Apparent velocity = 4.1 ¢

« Superluminal motion can
fixed the observer’s

viewing angle

2026-07-30

(Mooley+18)
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Superluminal Motion

AB = vt

AC = vétcosb

BC = vdtsin@ |
vét sin 0

ty —t; = Ot

0 D; C  vétcosO \

Dy + vdtcos@

th =t +
C
DL v ot cos 6 v ot cos 6
b=to+— 6t =th —t) =ty —t; - ——— =0t — ——— = §t(1 — Bcosb)
C c c
,where 8 =v/c
ot’
ot = 1— Bcosb
- . . 5t o —
BC = Dysing ~ ¢Dy, = voleing = $Dj, :"’Smel_ﬁcose Apparent transverse velocity along CB, vy = ¢(5t’L =7 Us;n 7
— Bcos
By — vy PBsinb
' c 1—Ppcos’
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Implication for cosmological
application

« GW distance relation with GW strain amplitude (h)

h o L % f(b)’ e Dy = luminosity distance

Dr

e ( = binary inclination angle

 Superluminal motion of relativistic jet ~ observer
viewing angle of 4, ~ 20°

=» Vast improvement in distance measurement!
(Hotokezaka+19)

.« S§Hy ~ 15% > 7%



Other implication

y
# o
« Existence of X

A On-axis Jet dichio B. Off-axis Jet
SGRB al d after glow SGRB and afterglow

relatiViStiC jet 9 EaOu (RULED OUT)
no failed jet in
cocoon model &

C. Choked Jet
Cocoon gamma-rays

and afterglow

(Most likely)

aaaaa

e Structured jet
model is favored

D. Choked Jet

ful hidden Jet

E. Success

Fast ejecta afterglow Cocoon gamma-rays
(Less likely) and afterglow
(Less likely)
Mooley+17
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+9s Worldwide effort
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Multi-Messenger Astronomy
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9, Multi-Messenger Astronomy Paper
(MMA paper, ApJL)
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A Partial Summary of Photometric Observations up to 2017 September 5 UTC with at Most Three Observations per Filter per Telescope /Group, i.e., the Earliest,

lable 1

the Peak, and the Latest in Each Case

Telescope /Instrument UT Date Band References
DFN/- 2017 Aug 17 12:41:04 visible Hancock et al. (2017),
MASTER /- 2017 Aug 17 17:06:47  Clear Lipunov et al. (2017a, 2017b)
PioftheSky /PioftheSkyNorth 2017 Aug 17 21:46:28  visible wide band ~ Cwiek et al. (2017); Batsch et al. (2017); Zadrozny et al. (2017)
MASTER /- 2017 Aug 17 22:54:18  Visible Lipunov et al. (2017b, 2017a)
Swope /DirectCCD 2017 Aug 17 23:33:17 i Coulter et al. (2017a, 2017b, 2017)
PROMPTS5(DLT40) /- 2017 Aug 17 23:49:00 r Yang et al. (2017a), Valenti et al. (submitted)
VISTA/VIRCAM 2017 Aug 17 23:55:00 K Tanvir & Levan (2017)
LasCumbres [-m/Sinistro 2017 Aug 18 09:43:11 r Arcavi et al. (2017¢)
T17/- 2017 Aug 18 09:47:13 ¢ Im et al. (2017a, 2017b), Im et al. (2017, in preparation)
SkyMapper /- 2017 Aug 18 09:50:00 v
T17/- 2017 Aug 18 09:56:46 r Im et al. (2017a, 2017b), Im et al. (2017, in preparation)
SkyMapper/— 2017 Aug 18 10:01:00 1 Wolf et al. (2017),
SkyMapper /- 2017 Aug 18 10:03:00 r Wolf et al. (2017),
SkyMapper/— 2017 Aug 18 10:05:00 ¢ Wolf et al. (2017),
T17/- 2017 Aug 18 10:06:18 i Im et al. (2017a. 2017b). Im et al. (2017. in preparation)
SkyMapper/— 2017 Aug 18 10:07:00 v Wolf et al. (2017),
LSGT/SNUCAM-II 2017 Aug 18 10:08:01 m425 Im et al. (2017a. 2017b). Im et al. (2017. in preparation)
SkvManper /- 2017 Aug 18 10:09:00 u Wolf et al. (2017).
LSGT/SNUCAM-II 2017 Aug 18 10:12:48  md475 Im et al. (2017a, 2017b), Im et al. (2017, in preparation)
LSGT/SNUCAM-II 2017 Aug 18 10:15:16  m525 Im et al. (2017a, 2017b), Im et al. (2017, in preparation)
T17/- 2017 Aug 18 10:15:49 z Im et al. (2017a, 2017b), Im et al. (2017, in preparation)
LSGT/SNUCAM-II 2017 Aug 18 10:21:14  m575 Im et al. (2017a, 2017b), Im et al. (2017, in preparation)
LSGT/SNUCAM-II 2017 Aug 18 10:22:33  m625 Im et al. (2017a, 2017b), Im et al. (2017, in preparation)
AST3-2/wide-fieldcamera 2017 Aug 18 13:11:49 ¢ Hu et al. (2017),
Swift/UVOT 2017 Aug 18 13:30:00  uvm2 Cenko et al. (2017); Evans et al. (2017b)
Swift /JUVOT 2017 Aug 18 13:37:00  uvwl Cenko et al. (2017); Evans et al. (2017b)
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Papers from Korean group
T T T

The X-ray counterpart to the gravitational wave E. Troja, L. Piro, H. van Eerten, R. T. Nature(Z=2 X XH
event GW 170817 Wollaeger, M. Im, et al. (XAt 34, =L{
OlLZl 9m OIMAl XS o|cgg, Ziag|
0|5=, -*—ljé*-f-, 0|’“"51l OI:rL =&

2  Distance and properties of NGC 4993 as the M. Im, Y. Yoon, S.-K. Lee, et al. *HX} 129, The

host galaxy of the gravitational wave source, S AT 113, A &0 ofd=, of Astrophysical

GW170817 g5, 0|52, dsa, HEs, .7:!-’-._:-2, 25, Journal

=2k MBiTl Letters(A| 12 2)

3 Multi-Messenger Observations of A Binary SX A 3500 0|4, =LA El 38 The

Neutron Star Merger Astrophysical

Journal Letters

4 The Environment of The Binary Neutron Star Levan, A. et al. (5 XX} 38%, I LHH Tl 1 The

Merger GW 170817 ) Astrophysical

Journal Letters

5  GW170817: Observation of Gravitational Waves ~&SX At 110001 &, LS E 14+ The Physical

from a Binary Neutron Star Inspiral Review Letters
6 A gravitational-wave standard siren SXAF 130001, = AL 14> Nature

measurement of the Hubble constant
7  Gravitational Waves and Gamma-Rays from a SXAF 115001, F AL 14> The

Binary Neutron Star Merger: GW170817 and Astrophysical

GRB170817A Journal Letters
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Important Results

* NS-NS merger proof
- mass from GW (1.5 Mg, + 1.25 M, = 2.75 M,,)
- (off-axis?) short GRB signal as predicted

- First convincing detection of kilonova (Korean team + world
astronomers)

- host % laxy consistent with NS-NS merger (Korean team +
several other groups)

« Cosmological application

- First application of HO measurement with GW + optical signal
(Korean GWG + LIGO/Virgo)

« Search strategy

- host galaxy property as a guide (Korean team + several other
groups)

=X| AL Z=HO 2SSt (HE
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Implication: First secure identification of
the factory of gold, platinum, uranium etc

74 81
w TI

72
Hf

HEHEEEEEEBREREER
HEE

Merging Neutron Stars | Viassive Star:

Dying Low Mass Stars  Exploding White Dwarfs Cosmic Ray Fission

 Efficient neutron capture (r-process) leads to creation of these elements
« 200 earth mass gold, 500 earth mass platinum



Result of NS-NS merger?

Masses in the Stellar Graveyard




EM Follow-up procedure

Frequency (Hz)
- .‘. w s P
Normalized energy

=HIO AZE > 3709| detector A S 2 EH
MLHE““*RBJEMMm

Localization map= Hi &
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GCN Circular 0| A]

LHEEITEEETE LI i r e r i i i r i i el iirllielly

TITLE:  GCN CIRCULAR

NUMBER: 21505

SUBJECT: LIGO/Virgo G298048: Fermi GBM trigger 524666471/170817529: LI1GO/Virgo ldentification of a possible gravitational-wave counterpart
DATE: 17/08/17 13:21:42 GMT

FROM: Reed Clasey Essick at MIT <ressick@mit.edu>

The LIGO Scientific Collaboration and the Virgo Collaboration report:

The online CBC pipeline (gstlal) has made a preliminary
identification of a GN candidate associated with the time
of Fermi GBM trigger 524666471/170817529 at gps time 1187008884.47
(Thu Aug 17 12:41:06 GMT 2017) with RA=186.62deg Dec=-48.84deg and an error radius of 17.45deg.

The candidate is consistent with a neutron star binary coalescence with
False Alarm Rate of ~1/10,000 years.

An offline analysis is ongoing. Any significant updates will be provided
by a new Circular.

2KIAHCHE =820 2SN E
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Alert system

« GW alert (e-mail: GCN circular) = observation

« Human alert to observatory
« Automatic follow-up observation

« How can we improve this system?
« Automatic initiation of the observation?

2026-07-30



Target generator

Input: GW localization map + galaxy catalog

Output: List of galaxy targets or tiling pattern of the
observation

Currently, human-initiated search of galaxy database

Automation of the procedure
Improvement in the host galaxy candidate catalog
New distance (e.g., FP-based distance)

Arcavi et al. (2017)
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Korea:
SNUO 0.6m, SOAO 0.6m,
Maidanak: BOAO 1.8m, DOAO 1.0m
1.5m Telescope US: LOAO 1-m

ou ey

KMTNet 1.6m Australia: 0.43m LSGT US: McDonald 2.1-m,
Telescopes + iTeIesé@fpéN%i:H%é§TJ KeEE Ik 0.8m, 0.25m



SNU Astronomical Observatory (SAO)
Tm Telescope

Tm f/6 telescope
Two Nasmyth ports
Installation: 2018-03-27

4k x 4k imager (21.2" x 21.2")

Long-slit spectrograph
(R ~ 1000)

Seeing: 1.0" - 2.5"

2026-07-30 o112l



INE=PS IS
Image reduction

Bias/dark subtraction
Flat-fielding
Astrometry — N[ ZtH &




Transient identification

« Image subtraction
e Careful subtraction is often difficult
« Automatic classification

2014.01.07 2014.02.11
(Gaussian convolution)

difference

SN 2014L
In M99
LOAO data

difference
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Photometry/spectral analysis

 Derivation of photomeric zero-points
* Photometry
« Reduction of the spectra

» Classifiction of spectra = Kilonova?

| =H RO BV E
HIEto 2
Transient2]

57| AN
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Scientific output

«  GW170817: 7 papers from our EM follow-up observations (other groups ~10+ papers)

* EM counterpart discovery

« Early emission characteristics (optical/NIR, imaging/spectroscopy — Constraints on
models)

» Host galaxy

» Late-time emission study
« Cosmological application
*  GW detection strategy

*  We need to be better prepared

SICAL JOURNAL LETTERS, 849:L16 (7pp). 2017 November 1 hitps:/ /doi.org/10.3847 /2041-82

Jety. All rights

THE ASTROPHYSICAL JOURNAL LETTERS, 848:L12 (59pp). 2017 October 20 https://doi.org/10.3847/2041-8213 /aa91c9
4

@ 027
o5 [OPEN ACCESS |

omical Society. Al rights

Distance and Properties of NGC 4993 as the Host Galaxy of the A £ i sy g Crosshark
L ropert D S 2 ? Multi-messenger Observations of a Binary Neutron Star Merger

Gravitational-wave Source GW170817 J
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The X-ray counterpart to the gravitational-wave The Environment of the Binary Neutron Star Merger GW170817
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Masses in the Stellar Graveyard

EM Neutron Stars
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R

LOAO R
LSGT R
SQUEAN |

: UKIRT J.K
60° 3 - -60° KMTNet R

Follow-up from 90 min to 6 days after trigger

Covered 610/5419(~10%) kinds of host galaxy candidate
Covered ~29% score

Find no EM counterpart to $190425z

Trigger time 2019-04-25 09:40:17 UTC
Detectors LIGO Livingston & Virgo (2 of 3)
FAR ~1/70,000 year
GW luminosity distance 156 + 41 Mpc
90% confidence localization area 7461 deg?




GW190425 - S/3AHE & A
= LMK (transient)

GECKO 190427a

GCK190427a
r-process heating
SN2011fe

Type II SN
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O3 (19 - '20) + O4('23 - 25)

« +1 BNS, ~6-7 NSBH, but no optical counterparts

105 5
I GW230529ay
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% 104 o GW190425 I h—_‘g‘_
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© 107 1
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=z | -+ BBH: O1 (@), 02 (V), 03 (%)
S I oo = 4 NSBH: 02 (V), 03 (%)
2 102—E e l BNS: 02 (¥), 03 (%
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° ] g & BBH alerts O4a
) e ki BBH alerts 04b
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—— —arl & NSBH alerts O4a/b
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9 years since the first detection of optical
counterpart of GW event, GW170817

2017-08-17 GW event marked the start of MMA using GW and EM signals

Many promises of MMA: kilonova, cosmology, heavy element production, compact
merger environment, etc

o Tar

HZo Y INTEGRAL m P A=

F11A +2 21N 2 Z
A o 2P0 L ARZ §$ ol&ztey Jé =
7} b &} EXMIEA|Z O|S QF 4ZF7F =X T=
(KMTNet, BOOTES- SQ‘LJO o)

JZEX: LIGO, NASA, TM2H/UC Santa Cruz and Carnegie Observatories/Ryan Foley,
MEC/sH2 M2 /A Al NSF/Sonoma FECH/A. Simonnet, NRAO



Non-detectione &0
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Host galaxy studies

« Massive, star-forming galaxies?
« Qutskirts or inner region?
« (Can simulations explain BNS merger locations?
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Slide from 2014 spring KAS meeting

Summary

« GW detection in 2015-20197 Yes, in 2015!

« Positional accuracy, ~1000 deg? (2015, <50 Mpc), 20 -
200 deg? (2016-2018, <100 Mpc), 20 deg? (2019+,

< 200 Mpc) Yes, in 2017!

 Expected brightness z ~ 20.5 AB mag at D=100 Mpc | Yes, in 2017!

» Korea-Uzbek Consoritium joined LIGO/VIRGO EM
follow-up activity

Yes, but we can be more active
|

* The era of multi-messenger astronomy has
arrived!

ULV ‘/IE o =
2026-07-30 of




Challenges to Overcome for MMA

« Search aera is too wide (~100 deg? or more)

« Kilonovae (Kne): Faint, fast-decaying transient (> 20 mag)
: A KN needs to be found fast (first 1-2 days)

- Too many other tranients (10-100/deg?)

Dim & fast decaying KN Poorly constrained GW localization area
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1. Locallzation area
10's to 1000's deg?

GW localization area: too
wide to cover ., owoos 7000 deg?

JWST FoV: 10 arcmin?

~1/4 million JWST fields

to cover 700 deg? o 5

(GW200115) e
GW170817 70 deg?

2026 +X|MTHE F2T} O|Z St DML

o2l 2026-07-30



2. Kilonovae are faint and
become fainter fast

. . ‘::“ 40 Mpc
« Peak luminosity R ~ -16 z 170 Mpc
9 500 Mpc
mag 18- g
 Peak apparent mag: 17 — 5 3,
22.5 mag E & | Imielsodpm(smm N\
71
$ § ) P e e e ek
e Becomes a feW mag g KMTNet 50 depth (10min)
fainter in several days S i
o 241
=» Rapid identification is
essential e 0.1day 1day 10day
102 10! 100 10!
Days after GW events
Paels =lm7.2024 Time (days)



3. Many transients/fake signals in
wide FOV

« Transients e e :
100/10 deg? R, aN

(Kim+21) g 3 e {1 SN2019aqe

» Variable sources k . # | " '_'_.: g
700/10 deg? B M
(Sesar+07)

Vi SN 2018t

* 100,000s artifacts

<1 AT 2018jcu

Need spectrum to select a kilonova

2026 TA[ U2 SHI ES T Z

2026-07-30 o2l



Spectrum: key to distinguish KNe from other

transients
Broadband widths
| \ Kilonova
<
LARAI ‘IIUT Trry A
P 9 &
c + 4 C
5 Shappeg+ ( is
v 4 0
. . = 1 &
Kilonovae have distinct S 1 8
spectral shape - N 17a 0.49d3 +
Wy 1 «
Spectra can tell the ~ sthort 3103843
. > a4 X
difference! 3 13
"; Broad band data
o cannot distinguish
'g the two cases
= 1 E
S la 11847 S
M- =i
rnov ‘
supernova 4000 6000 8000 10000 12000 14000
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Spectrum can tell which
transient Is kilonova

Comparison of KN and SN spectra |

10'15
a er\ I'ype la SN 2011 fe
T Smartt+17 g
A SV I'ype II SN 1999em
F:N:\\\ lr‘ e
el SR SLE y
- "\ AT2017gfo+2.4d
h:’ M .
%0 AT2017gfo +4.4d Kilonova
= 107}
10"%
5000 7500 10000 12500 15000 17500 20000 22500 25000
10" 10
b ¢
SN 2012hn -3d SN 2012hn +32d , A\
MAA mANAAA A -15 /\ [\
]0-]5 e ~ WA/ Y | ‘.f\‘u 10 3 Al A /'\w.' Wal! ‘.‘l
= )f‘. V ! : F "JT '}' \ TN
- ) AT2017gfo+1.4d { 10716 | all / i
2 101 « AT2017gfo +4.4d .
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1078 -19 SN 2005E +89d

10006000 8000 10000 4000 6000 8000 10000
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Search for KN

Update (At=7.1 days)
GW Alert | reeteridws
= s +* EE
30/ vaf ﬂ'&‘h
f i +
! L;‘ 13

Imaging Observations
(~a few 100,000 sources per field)

2026-07-30 2026 =X MO E

£
]

0.53d

Apparent AB magnitude

Transient search

Spectroscopy and
KN identification

[T T g7 T2 Jiot
15 0,~28° —V+6 J+2 E
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Lo e H10-
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Update (At=7.1 days)

GW Alert

?
=
& = w
g e B
&a
R
@

Imaging Observations
(~a few 100,000 sources per field

2026-07-30 2026 T=X| AL

Slmul’caneously|

Let's do Imaging + Spectroscopy

Transient search

Spectroscopy and

Flux density (mJy)

106

(
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entification

Time series
follow-up



opes in Chile (El Sauce Observatory

\ﬂux (1) + wavelength (1) + radial velocity
e W W V2 .




/DT Components

« 20, 0.5-m wide-field telescopes
« High precision telescope mount

« 60M pixel Bl CMOS camera (3.76
micron)

40 medium-band + (3 — 5) broad
band

AKIAMCHE =81 2snHE
2026-07-30 2026 TASHE 2T} O 52t



Telescope

PlaneWave Delta-Rho
500 (DR500)

Corrected Dall-Kirkham Telescope

Optical performance

+ On-axis : 0.54" -
- Off-axis 30mm : 0.86" - )

. F|eId dlameter ~ 3 deq

2026 =AML 2 SO EStI(HE

2026-07-30 o112l

20.00

IMA: -0.000, 0.000 mm

0BJ: -1.1200, 0.0000 (deg) 0BJ: -1.3100, 0.0000 (deg)

IMA: -21.523, -0.000 mm

Position (um)
IMA: -30.219, -0.000 mm MA: -35.423, -0.000 mm




Camera

« Moravian C3-61000Pro

- Sony IMX455 CMOS
sensor (pix size: 3.76 um)

- 10k x 6k pixels = 60M
pixels

- 36mm x 24mm

- 1.4 deg x 0.9 deg on
DR500

=X| AL Z=HO 2SSt (HE
2026-07-30 2026 =X Y2 SEO ES LU (HE



Telescope site

Chile, El Sauce Observatory (near CTIO/Cerro
Pachon)

Altitude: 1700 m

320 clear nights

« Median seeing ~ 1.5"

Operated by ObsTech
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Dome Construction Status

a7 e

o .{;“A( (f{

2023-02-24

Dome completed in June, 2023
Telescope installation in mid July, 2023

2026 =X MII2 SO | ESI(HE
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40 Medium-band Filters

o Width: 25nm (vs broad-band 150nm) at 400 — 900 nm
e Interval: 12.5nm

R ~ 40 low resolution spectra = Good S/N with small
telescopes

« Spectra for every pixel in the field of view (1.3 deg?)

Medium-band vs Broad-band filters

100
o 801 ) I | T |
2 et i i Y
— j P B AT R N~ g 4 al
O 601 hEQEE EEE%sﬁﬁgm CMOS QE
2] : G 0k | - B § g B 3 v Sky transmission
g § 3 F 7 E g é 3 % p=3 2 === Oplics system
o, 40 - E E B o = E —— Total response
; o
L 20 2w
&8
. g
E . T L r 1 A A : . Ny \ /] \ .
3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000
Wavelength [A]
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2025: Current Status

16 telescopes are in place
/-Dimensional Sky Survey (7DS) is ongoing

2026-07-30 2026 =X ¢THE ST HESA(HEATR)



/DT First light image (2023-10-10)




Kilonova vs Type la SN (G. Paek)

« With broad-band only (orange points). impossible
to distinguish KNe from Type la SNe

« With 7DT (blue points): KN is easly to distinguish
from SNe

le—16

7] : KN (0.5 days)
Typlcal —— Type Ia SN (35.2 days)
T 6— - B
< "1Broad band data *  Med-band
O 5 . G v o L adaile v Broad-band
& |(Orange points) 0 T,
T 4 LA B ,
£ u “ab._ 7DT (blue points)
¥ 31 SN iy ;@:""'“4‘-5;.
9 ¥ \ iy
2 21 spectr i
< .%1
=1
0
3000 4000 5000 6000 7000 8000 9000

2026 +X|MTHE F2T} O|Z St DML
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/DT, Three Observing Modes

2. Wide-field Mode
Single filter, different positions = 25deg?

1. Deep Observing Mode
Single filter + the same position
= 2.3m wide-field tel. GW150914 can
be covered with
several

observations

3. Spectroscopic Mode
Wide-field IFU-type observations

Single Ft

/DT SDSS

Every pixel contains

spectral + time
information

2026 =X| ALY




5230518h

* NS-BH merger event (2023-05-18 22:59:08 KST)
* No remnants expected = No EM Counterpart: Is this true?
« 90% Credible Region + Distance: 666 deg? 278 +- 68 Mpc (z ~ 0.065)

S230518h_UPDATE




GECKO Observation

Observation started at about 3+ hours after the alert
Most of the observable regions covered by GECKO facilities

50% of the 90% credible area was covered 2 deg

S230518h UPDATE

KMTNet image

bap 7



Transient Search

Image subtraction + detecton: 5.3 x 1076
Initial flagging: 3.7 x 1074

Al real/bogus filtering: 2,690

Filtering known stars (Gaia + VSX): 1,400
Matching with GLADE+ galaxies: 153
Total number: ?

AR
o

0 S 2wtr P8 . i
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

KMTNet

Subtrated image
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GW follow-up observation by 7DT

2025-03-05

e 6 GW events have been observed

Gravitational Wave Localization and Pointings: S250206dm [GraceDB]

Event name |Observation coverage |Obsmode |Filter [Exptime

S$240422ed |207 deg Search r 360s Fgfﬁmt
S240422ed |7 deg Spec 7200s
$240910ci |40 deg Spec 600s o
$240915b |35 deg Spec 1800s e
$240925n |25 deg Spec 300s gia::‘;“"““
$250206dm |590 deg Search a.r 600s

$250206dm |90 deg Search g 6000s -

Example. 7DT observation on S250206dm (~59Odeg2 covered)



52409150

» Very well localized events BBHF
and a possible NSBH (14%) TNS;BH. 11

e FAR = 1/100 vrs BNS | 0%

event ID: S240915b
50% area: 2 deg®

90% area: 18 deg”
60° 60°
30° 30°
event ID: S240915b
” distance: 872+149 Mpc
0° 1 1] 1] ' L ' 1
on 21" 18" 15" 12" o" 6" 3" o
30° ~ 30°
&9
60; _600
I
0 1268
Mpc
2026-07-30 2026 =X MO E SO S (A



2026-07-30

/DT image of GECKO24
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Near Future Prospects

Updated O1 02 03 04 IR1
2026-02-10

80 100 100-140 150-170 160-180

LlGO Mpc  Mpc Mpc Mpc Mpc
30 40-60 50-60 50-60

J Mpc Mpc Mpc Mpc
Virgo 7,
0.7 13 5-7 7-15

Mpc Mpc Mpc Mpc

v/

KAGRA |

| | | |
2022 2023 2024 2025

G2002127-v34 2016 2017 2018 2019 2020 2021

2026-07-30

2026

2027 2028 2029 2030 2031




Forecast for O5

Andreoni+22, 24

05

Total 20 < Qoge < 100 Qope, < 20
NS-NS 190719 22+ 13759
NS-BH 360738 4578 2373
BH-BH 4801780 10478) 70738

QO5 Distance Distributions
(90% C.I. Localization Area <10 sq. deg.)

* 10 - 100 NS- N
involved events in I
O5

* Many at 300-400

1 1 1 1

1 [ 1 1
1 1 1 1
[ 1 I
1 1 1 1

T 1 1 T 1 T \I T T T
M ( 0 200 400 600 800 1000 1200
Luminosity Distance (Mpc)

Normalized Density




KNe in O5 & A+ will be distant (~ 300 Mpc)
but catchable with existing facilities

30Mpc 100Mpc 200Mpc 300Mpc
16'l“'l"‘lI L L B I"'I"'l': LI 1 I"

18 E 3% E : * 7DT can catch close
20 1 E oA 3 1 KNe in spec-mode,
S RS RS : oEe I distant ones in deep

LS L OREE PRGN y mode

 Large facilities
(DECam, Rubin) will

1t play important role
T é | —o— mg = 0.005M. i ZTF
3 Mg =0.01M,  ---em- DECam
3 —o— Mg =0.05M. —— Rubin (30s)
. q ve = 0.15¢ — Rubin (180s)
| I TR O O e 11 1 22 8 12 | | |

oY et e
time (days) time (days) time (days) time (days) Andreoni+22

AKIAMCHE =81 =X miesEs
2026-07-30 2026 TASHE 2T} O 52t



GW detections

Distant Future Prediction

Chen+24
Al
OB O4 05 A XG 100k
(g6l — BBH '
—-—- BNS /?—’;: -
104 : Z 0y
100} (- S
/ | o 1}
1 :
2020 2025 2030 2035 500 T 10 100 1000
Year Moy / M,

« Currently, BNS merger rate of 1/yr at D < 200 Mpc
 In future, 104 to 10° such events out to 10,000 Mpc



Kilonovae at z=0.5 (3 Gpc) are very faint:
about r= 25 — 26 mag at peak

GW170817 best fit at 3Gpc, 6=26 deg ——= [SSTu

-== |SSTg
=== |SSTTr
=== |SSTi
—-—= LSSTz
LSST y
Roman F062
Roman F087
Roman F106
Roman F129
Roman F158
—-— Roman F184
—— Roman F213
—— Roman F146
=== ZTF r limit 300s
m= = | SST rlimit 30s
F129 limit 55s
> 4 6 3 10 12— F129 limit 1hr
Time from merger (days)

22

N
w
1

N
N

N
U

Rubin
(30s to 1hr)

AB Magnitude
N
(@)

N
~l

N
00]

N
(o

« At z=0.8, 1 mag fainter = Rubin might be able to identify KN
(but only Chilean sky)

2KIAHCHE =820 2SN E



Chen+24
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Precision measurement is possible for Dark Energy (dwg
< ~%, dw, < 10%) with tens of thousands of MMA

1.00
0.75 |
0.50 |
0.25 |
Deceleration
0.00 }
Acceleration

-0.25 |

Deceleration Parameter

-0.50 }

-0.75 } Z:1

Z:O.S Now
4

-10 -5 0 5 10
Past €— Time from Now (Gigayear) —> Future

-1.00*

2026 K| MTHE E2T 6 2stn(HE
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In 3G GW detection era, the horizon distance will
be limited by EM observations

« Discovery: Wide-field,
grounad-based large
telescopes

« Characterization: Space
telescopes

« Too many events for
existing optical facilities
(1000s per year)

« Need more like Rubin,

Red points: Events detectable with Roman, in future
current largest telescopes

ET Blue Book




What optical telescopes will be
available in future?

Discovery - Cararization Future facilities?

JWST, Roman,
CSST...

Gemini,
Subaruy,
VLT, ...

Rubin, DECam, VST, ...

Korean Space Telescope
(1.4m, planning)
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