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Multi-Wavelength Era

GW & MM by K. loka

Kifune Plot

4
107 “ Asca
keV Gmga O
=" Fermi,
3 \ﬁf
2 10°E .~ Tenma Ge AGILE
o K ‘Hakucho . ' ~3000
a Uhuru * i
N ; .* EGRET
5 107 =2 A
o ne | , -7
2 orays, coss TeV «  >100
£ i - K .7 MAGIC
3 : HESS
< 10 '
E IVHE e raysi WEE»?I?\
-/ SAS-2 e
- . 1.
1 _;;-;rl lr: | 1 .'TWhiPpm | ] 1
1960 1980 2000 2020
year

20 century:
Multi-
wavelength

ueV radio-pwave-

Infrared-Optical-
X-GeV y-TeV y-rays

# of sources
are increasing
exponentially



2019/08/01

GW & MM by K. loka

Multi-Messenger Era
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Multi-Messee Era
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IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 str
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The Nobel Prize in
Physics 2017

Rainer Weiss Barry C. Barish Kip S. Thorne

for decisive contributions to the LIGO detector
and the observation of gravitational waves
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GW170817

I GW from NS? NS? = Short GRB?

IMuE Gravitational-wave time-frequency map

o ~40yr-old hypothesi
- - - _T41me fronf: fnerger (sO) : ! "
~100 sec Chil"P = NS-NS Pacynski 86, Goodman 86

Eichler, Livio, Piran & Schramm 89

R-process elements

o .
& Relativity,
Cosmology,
: 7| .~
° it | ‘. @ i
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Gamma-Ray Bursts
E=mc? (Einstein)

GRB
Atomic bomb  ~lkg ~10°%erg

In ~sec, GRB release energy Sun emit over lifetime

The most luminous EM object
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GW170817 & GRB 170817A

LVC-GBM-INTEGRAL 17 g
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Kl & Nakamura 17 :
weeks = X/Radio

~months afterglow

i , y _
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Merger of 1.3-1.4 M, NS:
EOS=APR4:; stiff but relatively soft
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Jet Breakout from Ejecta

m @ Ejecta is also gt 14
~ Murguia-Berthier + 14
Ns_gm 10 e ON the poc.:lems

1.25

25 -1.25 0 125 25

Similar to collapsars (long GRBs)
Weak jet ~10% erg/s cannot break out
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Offt-Axis Jet
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Superluminal Motion
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Kl & Nakamura 17 :
weeks = X/Radio

~months afterglow
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Macronova/Kilonova

. M =0.03 Msun (Ye = 0.25)

—+~ | Blue macronova

7 v~0.3c

_' M~0.02M ,

Kk~0.3 cm?/g

. . (XLan~ | 0-4)

Red macronova
v~0.1-0.2c

M~0.03M ;

0 5 10

Days after GW170817 X ~ I 0_2
J-GEM 17, Tanaka+ |7, Utsumi+ |7,Tominagat+ |7,Arcavi+ |7, Drout+ 17, ( Lan )
Cowperthwaite+ |7, Villar+ 17, Kasliwal+ 17, Kasen+ 17, Smartt+ 17, .
Kilpatrick+ 17, Pian+ 17, Chornock+ 17, Coulter+ 17, Evans+ 17, ... Polar or Radial

s K~3 cm?/g
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Cocoon Emission

R-Band
From the cocoon?

® GWI170817 [Kasliwal+17 & Drout+17]

= =« R-process Emission [Kisaka+15]

M A B (D=40Mpc)

e Prompt Phase's Cocoon [Narrow Jet]

e Prompt Phase's Cocoon [Wide Jet]
Extended Phase's Cocoon [Narrow Jet]
Extended Phase's Cocoon [Wide Jet]

= Plateau Phase's Cocoon [Narrow Jet]

emme Plateau Phase's Cocoon [Wide Jet]

0 1 2
Time since GW170817 [day]

irep.
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Viewing Angle & H,
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H, & GRB Jet

0.10
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e GW
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s GRB Jet
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New Problems

® sGRB 170817A (gamma)

— Jet, Cocoon breakout, or Scattering?
® Afterglow (X, opt, radio)
— Jet is verified, Jet structure!
® Macronova/Kilonova (UV, opt, IR)

— Radioactive energy or Central engine!

— r-process abundance & pattern?

Great Progress!!
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Too(?) Many O3 Events

S190425z NS-NS (>99%) @~ 156 £ 41 Mpc
S190426c NS-BH (~60%) @375 = 108Mpc

GraceDB — Gravitational Wave Candidate Event Database

AL~10° deg?

| HOME | SEARCH | LATEST | DOCUMENTATION | LOGIN
Latest — as of 27 May 2019 06:34:25 UTC
Test and MDC events and superevents are not included in the search results by default; see the query help for information on how to search for events and superevents in those categories.
Query:
Search for:  Superevent [
Search
utc ]
uiD Labels t_start t 0 t_end FAR (Hz) Created
$190524q ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242708743.678669 1242708744.678669 1242708746.133301 6.971e-09 2019-05-24 04:52:30 UTC
$190521r PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT  1242459856.453418 1242459857.460739 1242459858.642090 3.168e-10 2019-05-21 07:44:22 UTC
§190521g PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242442966.447266 1242442967.606934 1242442968.888184 3.801e-09 2019-05-21 03:02:49 UTC
S190519bj PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242315361.378873 1242315362.655762 1242315363.676270 5.702e-09 2019-05-19 15:36:04 UTC
S$190518bb ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242242376.474609 1242242377.474609 1242242380.922655 1.004e-08 2019-05-18 19:19:39 UTC
S190517h  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242107478.819517 1242107479.994141 1242107480.994141 2.373e-09 2019-05-17 05:51:23 UTC
§$190513bm ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1241816085.736106 1241816086.869141 1241816087.869141 3.734e-13 2019-05-13 20:54:48 UTC
§190512at PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1241719651.411441 1241719652.416286 1241719653.518066 1.901e-09 2019-05-12 18:07:42 UTC
S$190510g ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1241492396.291636 1241492397.291636 1241492398.293185 8.834e-09 2019-05-10 03:00:03 UTC
S190503bf ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1240944861.288574 1240944862.412598 1240944863.422852 1.636e-09 2019-05-03 18:54:26 UTC
S$190426¢ PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1240327332.331668 1240327333.348145 1240327334.353516 1.947e-08 2019-04-26 15:22:15 UTC
5190425z ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK 1240215502.011549 1240215503.011549 1240215504.018242 4.538e-13 2019-04-25 08:18:26 UTC
$190421ar PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT  1239917953.250977 1239917954.409180 1239917955.409180 1.489e-08 2019-04-21 21:39:16 UTC
$190412m PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT  1239082261.146717 1239082262.222168 1239082263.229492 1.683e-27 2019-04-12 05:31:03 UTC
$190408an PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1238782699.268296 1238782700.287958 1238782701.359863 2.811e-18 2019-04-08 18:18:27 UTC
$190405ar ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK 1238515307.863646 1238515308.863646 1238515309.863646 2.141e-04 2019-04-05 16:01:56 UTC
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App Store Preview

This app is only available on the App Store for iOS devices.

Gravitational Wave Events

LIGO/Virgo alerts from GCN 0
Peter Kramer d N
*kkk* 4.6, 7 Ratings

s ¢ Free \oo
Gravitational w‘\
Wave Events DO

iPhone Screenshots

Zarrier F 6:37 PM - Zarrier ¥ 6:42PM -
Save Changes Cancel { Back LVC Initial Skymap About/Information

Gravitational Wave Events

- . NOTICE_TYPE:  LVC Initial Skymap Version 1.3
Cravifational Receive alerts fo Kramer&Kramer Software
Wave Events TRIGGER NUM: ~ S170817a ©2018-2019 Peter B. Kramer

All rights reserved
o TRIGGER_DATE:  2017/08/17 Special thanks to Scott Barthelmy
Links Events . TRIGGER TIME:  12:41:04.4 This is an app for the LIGO/Virgo
community and the public. It provides
. SEQUENCE_NUM: 1 an alert system similar to the Public
Circulars . ) Alerts currently being deployed using
m GROUPTYPE:  1=CBC GCN/LVC Notices (see "LSC Public
, ¥ " Alerts" under "Links") along with a
Mock D @ SEARCH.TYPE: 0= undefined Message exchange bulletin board and
Events PIPELINE TYPE: 4 = GSTLAL some_imergsting Lin_ks, Please_explore
Events o 9 / 1 2 the Links if you are interested in more
Event EAR: 1/33280225 days information on Gravitational Waves and
ven . the LIGO and Virgo observatories.
Messages PROB_NS: 1.00 [range is 0.0-1.0]
Messages e5/5 To receive alerts, tap "Alerts", agree to
Other PROB_REMNANT: 1.00 [range is 0.0-1.0] allow this app to send you alerts, and
select the category of alerts you wish
Messages TRIGGER_ID: 0x8 to receive - it's that simple!
Information/About
MIsC 01100001 The app will download all 03 events
. reported through a GCN Notice and is
Alert Tone SKYMAP.URL:  https://gracedbligo.org/api/events/G... B ortiated Wil svioleh iested
Feedback . . X § - public Notices from O1and 02 events.
eedbac Breaking News . GW Chirp SKYMAP_BASIC_URL: https://gracedb.ligo.org/apibasic/ev... T sos et ot Nelons
EVENT.URL: htps//gracedb.ligo.org/events/G298... ﬁ;‘:’:;;;‘:e':::c"::'mf::“‘ ;;“’
ice.
COMMENT1 LVC Initial Skymap -- a Counterpart Notices and LVC-related
Iocation probability map. Circulars will also be included. 03 is

COMMENT2: This event has been
vetted by a human.

COMMENT3: LIGO-Hanford Observatory
contributed to this candidate event.

COMMENT4: NOT CURRENT ALERT -
historic event Ok

expected to start in March 2019 -
there will be no 03 events before then.
(For information on the GCN Notice
euctam far I\IM trinnare coa "CONINC
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GRB from GW150914?

GBM detectors at 150914 09:50:45.797 +1.024s

5600
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Nal+BGO

SNR = 5.1

-2

0 2

relative time [s]

33

Fermi GBM >50keV

| 0.4s after GW
| T~Isec
1 False alarm~0.0022

L~1.8*!> ,e49erg/s
Short GRB!?

| INTEGRAL: no signal

Fermi+ 16
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What is the Origin?

Isorated binary? Stellar cluster?

Time (Myn a(Ry) e 1 1

Zero-age main sequence \ 3 . /
| 12 12

0.0000 | MS  96.2M,, . . MS  60.2M, | 2,463 0.15 2 3

Roche-lobe overflow ‘ | l
Pty s
// N\ 7 ’/
o . | MS  59.9M, | 2,140 0.00 23 3 L Ve
< ! /
“ / 3
N ,¢

Se—’

3.5445 | HG 92.2M

Postnov & Yungelson 14
Ius stomg | 3112 000 Belczynski+ 16
' van den Heuvel+ |7

Mandel & de Mink |6
Kinugawa+ 16

Hi
3.5448 | or

3.8354 | He star 39.0M, ®

}  Direct collapse
3.8354 | BH 35.1Mg ° .

MS 84.7M, | 3,579 0.00

MS 84.7Mg, | 3,700 0.03

b 0400089009950
Common envelope N iy Lo

5.0445 | BH 35.1Mg CHeB 82.2M, | 3,780 0.03

‘

Antonini & Rasio 16

- ®
Bartos+ 16
53483 | BH  36.5M, . Hestar 34.2M, | 453 0.00
} Direct collapse Stone+ |6

5.0445 | BH 36.5M He star 36.8M | 43.8 0.00

5.3483 | BH 36.5M, ‘ verger BH 30.8M, | 47.8 0.05 Tagawa & Umemura |8
10,294 [ J 0 000 q’D’ Sasaki+ |6
Near galactic nuclei? Birds 16 Hut & Bahcall+ 83
Rodriguez+ 16

Primordial black hole? ...  otanytis
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Very Close Binary

GW coalescence time
5 ac’a c’a c‘a (1_62)7/2 A
256 ¢ Gm, Gm, GM

4
~10"yr| —— ) o
y(3x10120m (3OM®

closer than Mercury for tew <ty

IR

tGW

.. Earth Eapiter : _Uranus

Mercury



2019/08/01 GW & MM by K. loka 36

Mass Function
p(my) « m;% a~1.6713(90%), M < 45M,

= Model A
Model B
Model C

mi [Mo)]

Pair-instability?

MBH—
SMBH?




Xeff
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Low Spin?

N
%
%
V')

> O & & O

NS O Q7 AN AN N Y LY

S SN N A I S T M RS

q & K & & & & & & O

The Sun (P~26 days) = y~0.2
Typical O star (R~10'2cm, v~100km/s) = y~30
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High Spin Events?

38

Princeton group develops a new GW analysis

Track the noise on ~10 sec (PSD drift), i\

Binary black hole events in O1 and 02 5 105}

1075k
0.75 A +

1.00

0.50 - I +
0.25 I
0.00 - q_

Xeff

BBH 0

)

—0.25 A
—0.50 A

# LVC-reported

. >

—0.75-4 ¥ This work

= Zackay et al. (2019)
_1-00 T T T T T

20 40 60 80 100

Mtsooturce (M ° )

80 100 40 60 80 10
02

0.8

0.6

Pastro

- 0.4

- 0.2

Venumadhav+ |9

- 0.0

Zackay+ 19
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Eccentricity
0.999
s Quickly
j ;':%,’)b | e_)o
0.99 \4\\ 1 Field binary
o SO° | cannot have
09| . eZ0
| 'Only cluster
109 thegelYT = and PBH
5 1 3 5,

10° 102 10" 10° 10' 1P
LIGO16 (astro) d (AU)



2019/08/01

GW & MM by K. loka

40

Event Rate

| = flat in|log

T
—_— 014+02

= power | law

10! 102
R (Gpe ™’y )

9.7-101 Gpc3 yr-!

~0.1% Rsupernova

~Rsuperluminous SN

~RGRB (beaming corr.)
~0.1 Rys.Ns

~3/hr/Universe
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Gamma-Ray Bursts?

ob(d)

~ BH formation
ZAMS 70 @ @ .

TAMS/ D <
He-star 7 OO 1.5 N@ o7

R Ay

O /. R
SN/GRB 51 _a@d®— 20 ) s
] \ ~ L
<\ w/ y
BH 41 e 2.5 _ — 51
l« < N\

BH+BH 41 o =) 3.2 & 0 a1

Merger @ -0y GW rate ~ GRB rate

Marchant+ 16
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- 70000
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Many BHS 1n .ur Galaxy

oty ONZE P , S Te L TS KI Matsumoto Terakl :
VRGNS VR GRS Kashlyama & Murase I6'

-"-70 Gpc.-yr‘J . O OI gélagé.)' pc 3 >< I
~70000-M rged BHs/galaxy

-E,..~10%SUpernovde



Spin Energy
: -
E 1-\/“\’1_“* Mc?

spin 2
\ /

= 7% x Mc” ~1x1054erg( M )

10M,

E ~Ny,E ;. ~T7x10" BHsx1x10™erg
~9x10™erg Comparable to
100 yr supernovae

supernovae
100yr P ever happened!
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Blandford-Znajek Effect

’

; Hot disk
‘ ~10em
Blandford & Znajek 77 . .
Komissarov & Barkov 07 \ Bondi rddius

Tchekhovskoyft+ | | - ~10>em
Armitage & Natarajan 99 ,

Barkov, Khangulyan & Poppv 12

45



Magnetic field strength, B (G)
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Particle Acceleration

Gamma-Ray Burst

Active galactic nuclei?

® Hillas condition
E<ZgBR
® L.~47R%(B%/8m)c

2 Blandford 00
OC(BR Waxman 04

®E__>PeV
PeVatron!!!

1012 -

[ S

6 L hite || M

10 dwarfs A 1
0 LHC \

SunspotsQ

Magnetlc \
A stars \

tic Nuclei Barkov+ 12
KI+ 16

Interplanet&y X

Crab N
space \
x . ;um i

106 | Galactic diskO \Q %Ialﬁ?gf o, -
- ’ Galactic halo o
IGMD Da rl(
|
Matter?

*
[T T N R R NN A o fo L L 1 1 1 1Ny
1 1 1

1 km 106 km T s 1pc 1kpc 1Mpc
1 AU :
Size, L
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Total Power
e V] 2 BHs <

0% ey T g 1 Cosmic rays
— ....'.- E
- 38 ........CR
310 "'-'--.... beyond PeV?
GL) 37 O'V=4O km/s L ; i..,..'.
=10 (isolated binaries) - .'"n., e FE
g 5 : . CR"™—SN
10
.gq IOOyI'
- 1035 L
- ; 40 -1
: 1~3x10™ erg s
S
g 4o '
a 5 If leptonic
10% ' -

: Illluul L1l E L1ll L 111 '
+
102710281021 0%°10%™10%210%3103410%10%10%710%810%%4 0% & @~ excess!

L ‘2 -1
KI+ 16 Jet Luminosity Lj~Mc [ergs ]
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o
High Energy Sources?
H.E.S.S. (2016) preliminary
TeV-PeV y-l"a)’ ©Donath 16 , i i Y $ .
sources in

our Galaxy

Most are unidentified
Some are dark accelerators

11
Not associated

H.E.S.S. (2016) preliminary

36 \ Sources with multiple @ Accreting BHS?

Not firmly identified .
associations

Kl, Matsumoto, Teraki, Kashiyama & Murase 16
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IceCube Array - -
86 strings including 8 DeepCore strings' = "~

60 optical sensors on each string & — B

.- >
5160 optical sensors .- - -= * T =
December, 2010: Project completed, 86 str S \*‘

epCore
Etrings-spacing optimized for lower energies
20 optical sensors

Eiffel Tower

324 m
2450 m
2820 m

2 1th Century/Multi-Messenger Era
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CR origin \
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Cosmic V

y  Strong penetration
Not delayed

v interaction@>TeV
T appearance
Limiting v speed
Equivalence principle
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First 2 PeV vs ._ sy

*8Aug 2011 3Jan 2012 "Ernie"

®
®
o.- y
‘®e @
[ \!
i. ‘ "’ :
. "i £% &
® o o £
= bl - =& -
L w I
® = -
. ’;=‘ ' .
+® - '
® i | y ¢
e 4 " 1
® L /] s i
® ® . ‘!'
@® ® ) 8
@ e o e =
® ® S ©
e ;

/'

° v

1.04=+0.16 PeV 1.14=+0.17 PeV

Reported in Kyoto v 2012 | Aartsen+(lceCube), arXiv:1304.5356

Dawn of High-Energy v Astronomy!!!
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More Events

More than >100 events by IceCube
Orrigin still unknown

P(astro)>50% HESE+HEMU ‘ .

IceCube combined analysis (2015)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ‘Tg 107
: >
eI l T
0 S 6-year through-going tracks (2016)
e s Equatorial I7OI'O373I . |
. g s 10* 10° 10° 10’

lceCube Preliminary lceCube, ICRC2017 B, [GeV]

No significant clustering = Extragalactic
Spectral break @~100TeV or Inconsistency?



E° @ [GeV cm? s’ sr'1]
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Tension with CyB?

) e 70— yy
g ................ ! PeV N Tev
)

.. PP
minimal py
minimal py (y

| Cosmic y-ray
Background
(from blazars,
not v-source)

Hidden
yv=sources?

Murase+ |3
Murase+ |16
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IceCube-170922A

oR 9% 90

N

co00000000

loooooooooo
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5.0

= |ceCube (50%)
— = IceCube (90%)
! MAGIC (95%)
Fermi (95%)

| B TXs0506+056

78.0 775

Right Ascension [°]

78.5

71.0

000000

Multimessenger source
~ Blazar TXS 0506+056
~30 coincidence
But the others

are v-dim
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—logyo P

log o Event Weight
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9.5 yr data of blazar TXS 0506-056

GW & MM by K. loka

Before IceCube-17 O922A

13%+5 v, during 158 days (BG: 5.8 v,)

lceCube+ |8
IC40 IC59 IC79 IC86a IC86b IC86¢c
5 | ] || -~
=1 |ceCube-170922A A +F 40
4 Gaussian Analysis \
3 4 = Box-shaped Analysis o I
2 - =
= 20
1= L
m k‘ ___H_'. 10
0 ¥ T Y T — — e ——— T T -
2009 2010 2011 2012 2013 2014 2015 2016 2017
2012.5 2013.0 2013.5 2014.0 2014.5 2015.0
llllllllllllllllllllllllllllllllllll 20 />_\
4 o = Best F!t: Box . l_l,\ 10 La_;/
= = Best Fit: Gaussian ;N 5 S
\ x =
y R : 3.50
o
\ 1 >
2= 1 0.5 g ° ° d
’
5 coincidence
1 i I Il | | T | |I Il | |Ill |1 I | T 1 \ : 0 1 8
56200 56400 56600 56800 57000 §

MJD



Outlook on Results

IcECUBE ‘
90% Sensit. E~*
. —— 50 Disc. Pot. E™
- 10 | N ——  00% Sensit. This Work E-2 ¢ NGC 1068 alone ShOWS d 290
So —— 50 Disc. Pot. This Work E—2
oW A R deviation from background.
: 1 NGE 10%8 GB6 J1542+6129
O TXS 0506 + . .
£ AL — all-sky hotspot ~ 19 diameter : its
»:\ 0 \x&(xxxxxp‘:xx -8 .
SR \ center is offset 0.35° from coords of
L’f - . ) -
e Preliminary <, *; RS A+ S T NGC 1068
\04’&:’;:"—»1#‘#
~1. —0.5 0.0 0.5 L0 . . .
’ sin(5) — this offset and size of hotspot is
====IceCube v, + 7, Best Fit . . .
gi0] 7 Lamastra et al 2016, G consistent with simulated tests for a
— e Lamastra et al. 2016:, \\
- -+ - H.E.S.S. upper limit (4hr) \ Preliminary !
¥ o S e b soft flux at a point source.
S 10—t ‘\\
£ * Best fit normalisation is greater than
Mot ! B N .
=, +_’_ . \ current Gamma-ray observations.
;F“: . O 'l_\""'_' on.
LL] ) .__,_.._.._.._,__.._'_‘_‘:A::‘._‘:,_Tz._._.:..,;..-,,Aw.-w-.f.--:;':.".f.".T;:,'_"-.rr --..wi_-::. . )
T R — T w..| * Best fit spectrum o E=>1°
P | | \l" |
101 102 10" 102

E ““-'\.]Multi—wavelength Observations around NGC 1068

%, UNIVERSITE

g Vgt S Neutrino Telescopes - March 22 2019
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Failed Gamma-Ray Burst?

TeV-PeV v from Low-power GRB Jets inside Stars
Not y-ray sources Murase & KI 13

Kimura+ 18
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IceCube-Gen2

~10 km3

125m—250m spacing

79-String
nt
2004~2010
siillle
400, R it = HQE DOMs.
2 2 Normal DOMs
PINGU DOMs

: e
O i °
° ° ° ° ° -
e o e e % tl&:ﬁc PINGU
of o o= = s=cess st \
. B i:’} HER R \_, J
e SraE: daratris e S st il
00 [IN: IRV AECis e LB
N H i H 86-String
Deployment
201072011

o
z i
cd )
28 g-w
Cg
€3 Saeso
19
§E {mm }10 DOM's
20} 10 i
24 j Rt
634 :
{‘-usn [
= - : dust layer
b < DeepCore PINGU
L., 4 50 DOM's 60 DOM'’s
7 m spacing 5 m spacing

2107-2450 m

clearest ice
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=

B

Aulti-Messenger Era

ray

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

1450m |

epCore
trings-spacing optimized for lower energies
optical sensors

Eiffel Tower

324 m
2450 m
2820 m

2I1th Century: Multi-Messenger Era



Flux Density (Jy)
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0.5
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Thornton+ |3 FRB 110220

FRB 110627

FRB 110703

FRB 120127
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Time (ms)
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Fast Radio Bursts

~

64m Parkes radio telescope (New South Wé?!’;j\
High Time Resolution Universe (HTRU) Surveys
High latitude survey (-70-deg € b < -30 deg) ¥~

v=1.382"GHz, Av=400 MHz/10245A6~I4-arcmin

F=0.6-8.0 Jy ms 11!
Most luminous
radio transients
if cosmological
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Dispersion Measure
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Possible Origins

PerYtonS Burke-Spolaor+ | I; Kulkarni+ 14

Galactic

— Nearby flaring star Loeb, Shvartzvald & Maoz 13
— RRAT (Rotating Radio Transient; intermittent pulsar)

Extragalactic

— Magnetar giant flare Popov & Postnov 07;Thornton+ |3; Lyubarsky |14; Penn
& Conner |5

— NS-NS merger Hansen & Lyutikov 01;Totani 13

— WD-WD merger Kashiyama,Ki+ 13

— Collapse of hypermassive NS Faicke & Rezzolla 13; Zhang 13

— Supernova into a nearby star Colgate+ 71,75; Egorov & Postnov 09
— Supergiant pulse Cordes & Wasserman |5

— Pulsar-orbiting bodies Mottez & Zarka 14



Possible Exotics

Evaporation Of BH Rees 77; Blandford 77; Kavic+ 08; Keane+ 12
PBH to Whlte h0|e Barrau+ 14
Superconducting cosmic Strings cai+ 12;vu+ 14

AXiOn Stars Iwazaki+ 14;Tkachev+ 14
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No Counterpart Transients

Follow-up within hours

14| FRB 140514 SN 1998bw (optical)
Parkes

Q NN II T ‘
© 16}
=
c A SkyMapper A '
o) SN 1998bw (radio)
< 18} RB140512A
- ‘%
5 ®iPTF O .
s 20 . " eeu.. SN 2003ma
g ® Effelsberg “." "~.,...
© 22| ° °
= < Swift XRT ® Magellan S <
S <

24 ------------------------ 0.. llllllll ,SN Ia

¥ GMRT \ v .
e g \ A\ 4 , e,
26—~ 5 - .
10 10 10 10

Time after event (d)

Rule out supernovae and long GRBs
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Petroff+ 14



Declination offset (arcmin) &

Declination offset (arcsec) &
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A FRB is Cosmologicall!

Repeating FRB I2I I02 = Radio mterferometry

g 400F
2 De-dlspersed time series y A 0 |92
@ 300 1
2 200
; d,=972Mpc
+—
= 100} :
c [ ]
5 o Star-forming
(D 1 1 L I 1 1
T T T T T I
3,400
4 3 2 1 0 -1 -2-3-4
Right ascension offset (arcmin) ¥ 3,200
=
)
€ 3,000 &
o 7]
o ®
: ¢
L
. 2,800 8
c
3
2,600 |
-0.05 0.00 0.05 0.10 0.15 0.20 -5 0 5 10 15 20 25 30 35
10 5 o 5 -0 Time offset (s) Signal-to-noise ratio

Right ascension offset (arcsec) - Chatterjee+ |17;Tendulkar+ |7; Marcote+ 17
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FRB 180924
z=0.3214
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More Host Galaxies

1.00 1 Seyfert

0.75 1
0.50 1
0.25 A

0.00 1 Star-forming

log ([Olll1/Hg)

—0.25 1

—0.50 1

—0.75 1
—@- FRB 180924 Host

—— FRB 121102 Host

LINER

_1.00 T T T T T
-1.50 -125 -1.00 -0.75 =050 -0.25

log ([NI1]/Hg)

FRB 190523
z=0.66, old galaxy

B - h- .
10-'# D g s
| - int e
9 7 T
0. 3
_5 F Ty
—~101
10
RA offset (arcsec)
Host galaxy redshift 0.660(2)
Host galaxy luminosity distance (Gpc) 4.08(1)
Burst energy (erg Hz-!) 5.6x 103
Host galaxy stellar mass (Mo) 1011.07¢6)
Host galaxy star-formation rate (Mo yr-!) <13
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FRB Cosmology

KI 03, Inoue 04
2x104 | T
° : 0 5XDM§°ﬂt(z)
® Reionization :
. . 1.5x10* — —
® Missing baryon _
[E - DMg 7 “ ;e‘—"—:_ 7
® Dark energy, o[ o
of -
cosmological para. - : £ reionizations
= Swapland? 5000 :— _________  Z=6 _
3cH Q2 z 1+Z dZ E 0 1x]5ﬁ§)ﬂt(z) ............ .
DMIGP = ° ? fO ( ) 1/2 O | ] | | | | | | | | | | | |
83erp [Q (1 + Z)3 + QA] 0 10 20 30
o C(“Z)fz i Fast radn’: borsil:s ’
L 72 m i
H, O[Qm(1+2)3+QA] as cosmoiogical tools

New frontier?
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‘ cherenkov telescope array /l
i

s0m e e = =

IceCube Array

86 strings including 8 DeepCore strings - . ‘.. P — -
60 optical sensors on each string T L = — S ™ -
5160 optical sensors . s ~,'\--

-’ . 5 -
December, 2010: Project completed, 86 strings ~e < - n ¥y |

- e -

s
-
-

nal

J’A

e
1450 m a

2450 m
2820 m

2I1th Century: Multi-Messenger Era



Energies and rates of the cosmig

Cosmic Ray
E<10'>-'%eV (Knee)

FocE-27
Supernova remnant(?)
Ler~10%'erg/s

~0. 1 Eqn/tsn

|O|5-|6<E

<|0'8eV (Ankle)
FocE-3-3.2

> Galactic origin?
<|0'*15eV by SNR

| 10'8eV<E

FocE-27

2019/08/01 loka
I
10° protons only
—~ 102 =
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7 gy
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) 4
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©) . - 3
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“ Extra-Gal. AGN? GRB?
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Where is PeVatron?
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LST (Large Size Telescope)

-
<

e
f[.mu
| Jl!ll

-
Q
@

E x F(>E) (TeV cm? s

1o|2
Energy (eV)




2019/08/01 GW & MM by K. loka 73

HAWC

Extended

2.HWC J0700+143 ‘k Hard -2.2
Monogem —

. ‘ >\
6 N3 O .
-2 M -0 2 } | 'ch1063l5+1so 2 2HWC 1053£80 \ ‘
HAWC & Mllagro deteCt4 ' ‘ .ZHYV‘CJO.?-’EM o | ‘ 2HWCJ0631+‘k9\
TeV y-ray from Geminga g Babeco 8 ¥ oo
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Dlpole Anisotropy >8EeV

1 8=6.5"13 % (>5.20) using 3e4 CRs
*hN_ ¥ ] = Extragalactic origin
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002 L { data E>8 EeV —+—1 |
. flrst harmonlc .

1.1
1.08 |-
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Normalized rates
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Multi-Messenger Era
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SOM—agy,. e ==~

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 string




KAGRA is joining

we O1 mm O2 = O3 mm O4 =m O5
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log p (g/cm3)
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Kyutoku+ 13, I5

Numerical relativity

Low Y, ejecta
M~0.01-0.IM,
v~0.1-0.3c
E~10%°-10°' erg

BH-NS: Anisotropic
NS-NS: Spherical
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Near Future

31 Generation Space

~10 times sensitivity ——
>1000 events/yr Massive black hole

Inflation
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10- 18

characteristic amplitude

1072 & Advanced LIGO \\
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§ o i N1Al ——
Guaranteed sources : °f vo—
[ ) [ ) 1 :_
Good localization -
Kyutoku & Seto 16 ;- T . e

Space GW Observatorles
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10—20

1 Low frequency band
LISA ~0.01 Hz
— DECIGO ~0.1Hz

- WW& — Ground ~100Hz

DECIGO |

Seto I 6 frequency at the start of observation (Hz)
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YITP Long-term
Workshop

Search by “multi-messenger Kyoto”

YITP long-term workshop _
Multi-Messenger Astrophysics in the Gravitational Wave Era
September 24 - October 25 2019, .

Yukawa Institute for Theoretical Physics, Kyoto University -

YKIS 2019

7-11 Oct.
5 days
Ssymposium
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Typical Cocoon Velocity

Kk=1cm?g!

tdiff Kk=03-3cm?g!

GW170817's
Cocoon

0 1 2 3 4 5
Time since GW170817 [day]  Hamidani+ in prep.

Kasliwal+ |7
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Typical Cocoon Velocity

k=1cm?g!

tdiff Kk=03-3cm?g!

GW170817's

0.3 / From the cocoon?
¥ 4

0 1 2 3 4 5
Time since GW170817 [day]  Hamidani+ in prep.

Kasliwal+ |7
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Low Metallicity

PA R{S‘E C + dellayed supelrnova mo]del

————"— Heavy elements

Metallicity
120 S e o= e - like C should be
---------- 6.0E-3 --=---1.0E-2 —— 2.0E-2

little in the star

Otherwise

stellar wind
= mass loss

= too small M

L] Ll L Ll ] Ll ' Ll l
20 40 60 80 100 120 140

LIGO(astro) 16 ) Origin: Old stars



2019/08/01 GW & MM by K. loka 85

Cocoon Emission

40Mpc)

® GWI170817 [Kasliwal+17 & Drout+17]
= =« R-process Emission [Kisaka+15]

Mg ®

= Prompt Phase's Cocoon [Narrow Jet]

e Prompt Phase's Cocoon [Wide Jet]

Extended Phase's Cocoon [Narrow Jet]
Extended Phase's Cocoon [Wide Jet]

e Plateau Phase's Cocoon [Narrow Jet]

emms Plateau Phase's Cocoon [Wide Jet]

Time since GW 170817 [day]

Hamidani+ in prep.
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Cocoon Emission

J-Band
From the cocoon?

® GWI170817 [Kasliwal+17 & Drout+17]
= =« R-process Emission [Kisaka+15]

m AB (D=40Mpc)

== Prompt Phase's Cocoon [Narrow Jet]

emms Prompt Phase's Cocoon [Wide Jet]
Extended Phase's Cocoon [Narrow Jet]
Extended Phase's Cocoon [Wide Jet]

= Plateau Phase's Cocoon [Narrow Jet]

emme Plateau Phase's Cocoon [Wide Jet]

0 1 2
Time since GW170817 [day]

Hamidani+ in prep.
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Breakout & Cocoon

Lazzati,
Hamidani+ in prep. B = |B7 + 55 log10(p) Gottlieb,
Nagal<u=*a++09 3 Geng,
Murguia'-cﬁerthie Gill’s
Bromberg+ - talk
Mizutat . g )
Morsony+
Gottlieb+ 1
6.0e+08
0
40e+08
-1
20e+08 .
0.0e+00 3

Velocity att=0.00s Density att= 0.00s



2019/08/01 GW & MM by K. loka 88

White Dwarf Mergers?

Kashiyama, K| & Meszaros |3

Curvature=-radiation

2 —»
7T/’7 XZ/GHZ emitting shell
QxNpr @ Energetics

oherent patch ¢~ x N..p, ~ 40
Coherent patch \ ﬁfy % EB | O erg
\ / ® Timescale
A
A N> Ieap/ €~MS

Temi

"ap @ Event rate
~SN la

Tcap _ \ Magnetic energy dissipation
@=/"""" in the polar cap . SN Ia as a

Newly born

""" white dwarf pulsar CO u nte rpa rt?
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Significance Map 6 years

Oversampling with 20° -radius circle

E > 57 EeV

-

......

R,

Max significance 5.556 (No, = 23, Np,=5.49) ~ Side KKawala @ ICRR seminar
Centered at R.A=148.4° , Dec.=44.5° (shifted from SGP by 17° )
Chance probability of appearing in isotropic sky = 4.0c
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New H.E.S.S. cosmic-ray electron spectrum
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