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Gravity
Black Hole Expanding Universe
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Final fate of stellar evolution Big Bang

Astrophysics Cosmology
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Evolution to Black Holes
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Particle Acceleration

Energies and rates of the cosmic-ray particles
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Jet

Outflow (ordered/turbulent B)
c-problem, Feedback; ...
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Extreme Universe
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Science Goal
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Multi-Messenger Era

S

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

5160 optical sensors

December, 2010: Project completed, 86 strings

1450 m|
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2820 m

2ith Century: Multi-Messenger Era



2021/11/10

High Energy Astrophysics by K. loka

Multi-Messengers

Kifune Plot
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n Stars
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GW170817

It GW from NS? NS? = Short GRB?

MR Gravitational-wave time-frequency map
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GW170817 & GRB 170817A
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Lightcurve from Fermi/GBM (10 — 50 keV)
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Kl & Nakamura 18

see also
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GW170817

It GW from NS? NS2 = Short GRB?

MR Gravitational-wave time-frequency map
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Origin of Elements
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Theory
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Merger of 1.3-1.4 M_,, NS:
EOS=APR4; stiff but relatively soft
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Approach

® Observation
— Multi-wavelength: radio to PeV vy-ray
— Multi-messenger: vy, CR, v, GW

® Theory
— Analytic

— Numerical

Best example: GW170817



Numerical Development

Time: 0.01 ms
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B connected to horizon

Hayashi+ 2 (ATERUI Il is not enough)
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Moore’s Law

Moore’s Law: The number of transistors on microchips doubles every two years

Moore's law describes the empirical regularity that the number of transistors on integrated orcurts doubles approximately every two years.
This advancement is important for other aspects of technological progress in computing - such a
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Data source: Wikipedia (wikipedia.org/wiki/Transistor_count)
OurWorldinData.org - Research and data to

make progress against the ‘.‘,""!!"1': largest probiems

processing speed or the price of computers.

ler CC-BY by the authors Hannah Ritchie and Max Ros¢

26

Our World
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. 3 X107 times
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Multi-Messenger Era

Kifune Plot
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(GeV)

Constituent Center-of-Mass Energy

28

Accelerators
are saturating
probably
due to budget

~$7 billion ~1 JKA for LC

cf. ~$9.7 billion for JWST
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Budget Limit

Gross Domestic Product, 1960 to 2020

Gross domestic product adjusted for price changes over time (inflation) and expressed in US-Dollars.

United States
European Union

i China
$10 trillion
Japan is saturated
mainly because
ndia - population is
declining
$1 trillion
$100 billion
1960 1970 1980 1990 2000 2010 2020

Source: World Bank and OECD OurWorldInData.org/economic-growth » CC BY
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Age Limit

Life expectancy, 1950 to 2015
Japan
80 years United States
Europe
/ China
World
70 years India

60 years

50 years

Bigger projects last longer

but our lifetime is finite

LC since ~2004 (~17 yr old)
JWST since ~1996 (~25 yr old)

40 years

1950 1960 1970 1980 1990 2000 2015

Source: Riley (2005), Clio Infra (2015), and UN Population Division (2019) OurWorldInData.org/life-expectancy « CC BY
Note: Shown is period life expectancy at birth, the average number of years a newborn would live if the pattern of mortality in the given year
were to stay the same throughout its life.
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Saturation? keV-PeV

| [keV] | [MeV] | [GeV] ' [TeV]
10~8 | IBIS/ISGRI /! i i “
7 10-10 i ECOMPTEL i i .
N"’ i | . MAGIC!
| 1 1 1 1
: a | = i
© 1012 l : : '
2 5 ; | i ALPACA
= i ' ? LHAASO
L :
o 10—14 i HX|
Chunidra } l
el SMILE? ||

102 104 ] 106 08 X gt

Takahashi+ 12 Athena? Energy [eV]



2021/11/10 High Energy Astrophysics by K. loka 32

Saturation? GHz-keV
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Saturation? CR, v, GW

® Cosmic ray
— EeV-ZeV:Auger, TA, TALE,EUSO?  Sensitivity is
— GeV-TeV:AMS-02, CALET, DAMPE saturating
® Neutrino

— MeV: Super-Kamiokande, Hyper-Kamiokande
— PeV:lceCube, KM3NeT, Baikal, IceCube-Gen?2

® Gravitational wave
— LIGO,Virgo, KAGRA, Einstein telescope?, Cosmic

explorer!? 2 GW still h
— LISA, Taiji + TianQin, DECIGO? Y stifl have
space to grow
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Time-Domain

t Sensitivity
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Wavelength

Variability timescale
Time resolution
Cadence
Survey speed
Transient
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Y-Ray Transients
2704 BATSE Gamma-Ray Bursts
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http://cossc.gsfc.nasa.gov/images/batse/BATSE_2704.jpg

Flux Density (Jy)
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Fast Radlo Bursts (FRB)
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FRB Events are Growing
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- Galactic FRB from
Magnetar Bursts

A smoking gun! Magnetar: One of the origins
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FRB Science will Grow

CHORD (CHIME upgrade) DSA-2000
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Radio Transients (> days)
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Tip of Radio Transients

Dawn of radio transient science

T VLA Sky Survey
VT J121001+495647

J  Apr 1997 - 30 upper limit
. Nov 20,2017

¢ May 30,2018

+ Apr30-May8, 2019

1 2 3 4 56 8 1012 1518
Frequency (GHz)

E..qio~7e49 erg,
v~6e-3 c (¢,=gz=0.1)

Ly~4e46 erg/s,~20 s

~10-80 Gpc? yr'
~ 10 RSupemova

High Energy Astrophysics by K. loka

41

Merger-triggered
CC supernoval
B ( CSM/1 00 km s )( pre- explos:on/years)
108 10' 10° 7
SN 201Qj!
|- sN19seE 2 Dong+ 21
107 . e : VT 1210+4956
o SN ]QSQK., SN 1979C SN 1988Z w
s e .
‘ SE, SN19gs)” ¢
—~ = . SN2014C ¢ ““{7p:
M.E 105 . Al 2018cow  *-. ST ON 2007 etk /14
£ . SN 19937 . °
e SN 1978K
105 .y ¢ 7 o
% "SN 19941 PTF 1 1qq 0‘4 SN 1987A &<
e et o709 g
A 102] inner " {06/14 PTFqu
) 1 s = wo.{l’r 2nd peak )
10 SN 2009bb SIN,20063;
Eruptive mass loss
101 Supergiant winds SN 1998bw
Wolf-Rayet winds 4
1011015 ‘|d16 10'17 1018

CSM Radius (cm)



2021/11/10 High Energy Astrophysics by K. loka 42

IR-Optical Transients
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Deep-Wide-Fast Survey
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GW Loc@zatlon is Bad
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Multi-messenger + Time-Domain
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Multi-messenger source
Blazar TXS 0506+056
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UV Transients
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X-ray Transients
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The Other Domains

Spectral resolution t Sensitivity
Angular resolution Short At
Polarization / |

Coron Wavelength

Radio:VERA, LST Astro2020
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MS87 Black Hole
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Future: Satellite?
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High-Energy Astrophysics

® Gravity: Stars to black holes

— particle acceleration, jet, unknown?, ...

® Multi-Wavelength & Multi-Messenger

NAO]J / JAXA / ICRR
vertically segmented!?
® Numerical simulations & Theory

— EM sensitivity is saturating

— Upgrade super-computers & human resource
® Time-domain (radio, IR-opt, UV?, X?, CMB?)

— Gravitational wave, Fast radio burst, v, ...

Concentration & Diversity
Maniac & General
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Table 1| UHE y-ray sources

High Energy Astrophysics by K. loka

Source name RA(°) dec.(°) Significance above 100 TeV (x0) E ..x (PeV) Fluxat100 TeV (CU)
LHAASO J0534+2202 83.55 22.05 17.8 0.88+0.1 1.00(0.14)
LHAASO J1825-1326 276.45 -13.45 16.4 0.42+0.16 3.57(0.52)
LHAASO J1839-0545 279.95 -575 77 0.21+0.05 0.70(0.18)
LHAASO J1843-0338 280.75 -3.65 85 0.26 -0.10"%16 0.73(0.17)
LHAASO J1849-0003 282.35 -0.05 10.4 0.35+0.07 0.74(0.15)
LHAASO J1908+0621 287.05 6.35 172 0.44+0.05 1.36(0.18)
LHAASO J1929+1745 292.25 1775 74 0.71-0.07+016 0.38(0.09)
LHAASO J1956+2845 299.05 2875 74 0.42+0.03 0.41(0.09)
LHAASO J2018+3651 30475 36.85 104 0.27+0.02 0.50(0.10)
LHAASO J2032+4102 308.05 1.05 10.5 1.42+013 0.54(0.10)
LHAASO J2108+5157 31715 51.95 8.3 0.43+0.05 0.38(0.09)
LHAASO J2226+6057 336.75 60.95 136 0.57+0.19 1.05(0.16)

Celestial coordinates (RA, dec.); statistical significance of detection above 100 TeV (calculated using a point-like template for the Crab Nebula and LHAASO J2108+5157 and 0.3° extension
templates for the other sources); the corresponding differential photon fluxes at 100 TeV; and detected highest photon energies. Errors are estimated as the boundary values of the area that
contains +34.14% of events with respect to the most probable value of the event distribution. In most cases, the distribution is a Gaussian and the erroris 1o.

Extended Data Table 2| List of energetic astrophysical objects possibly associated with each LHAASO source

LHAASO Source Possible Origin Type Distance (kpc) Age (kyr)® Ly (erg/s)” Potential TeV Counterpart®
LHAASO J0534+2202 PSR J0534+2200 PSR 2.0 1.26 4.5 x 10 Crab, Crab Nebula
LHAASO J1825-1326 PSR J1826-1334 PSR 3.14+0.27 21.4 2.8 x 10%  HESS J1825-137, HESS J1826-130,
PSR J1826-1256 PSR 1.6 14.4 3.6 x 10%  2HWC J1825-134
LHAASO J1839-0545 PSR J1837-0604 PSR 4.8 33.8 2.0 x 103 2HWC J1837-065, HESS 11837-069,
PSR J1838-0537 PSR 138 49 6.0 x 1036 HESS J1841-055
LHAASO J1843-0338  SNR G28.6-0.1 SNR 9.6 +0.37 <2f — HESS J1843-033, HESS J1844-030,
2HWC J1844-032
LHAASO J1849-0003 PSR J1849-0001 PSR 79 43.1 9.8 x 10°%  HESS J1849-000, 2HWC J1849+001
W43 YMC 5:50 — —
LHAASO J1908+0621  SNR G40.5-0.5 SNR 3.4 ~10 - 20¢ — MGRO J1908+06, HESS J1908+063,
PSR 190740602 PSR 2.4 19.5 2.8 x 10%  ARGO J1907+0627, VER J1907+062,
PSR 190740631 PSR 3.4 11.3 5.3 x 10%  2HWC 1908+063
LHAASO J1929+1745 PSR J1928+1746 PSR 4.6 82.6 1.6 x 10%  2HWC J1928+177, 2HWC J1930+188,
PSR J1930+1852 PSR 6.2 29 1.2 x 10%7  HESS J1930+188, VER J1930+188
SNR G54.140.3 SNR 6:31084d 1.8 - 3.3% —
LHAASO J1956+2845 PSR J1958+2846 PSR 2.0 21.7 3.4 x 10  2HWC J1955+285
SNR G66.0-0.0 SNR 2.3 +0.2¢ — —
LHAASO J201843651 PSR J2021+3651 PSR I.Sﬂjj i 17.2 3.4 x 10°°  MGRO J2019+37, VER J2019+368,
Sh 2-104 HII/'YMC 3.3+ 0.3™/4.0 £0.5" — — VER J2016+371
LHAASO J2032+4102 Cygnus OB2 YMC 1.40 £ 0.08° — — TeV J2032+4130, ARGO J2031+4157,
PSR 2032+4127 PSR 1.40 £ 0.08° 201 1.5 x 10%  MGRO J2031+41, 2HWC J2031+415,
SNR G79.841.2  SNR candidate — — — VER J2032+414
LHAASO J2108+5157 — — — — — —
LHAASO J2226+6057 SNR G106.3+2.7 SNR 0.87 ~ 107 — VER 122274608, Boomerang Nebula
PSR 12229+61 14 PSR 0.8 ~ 107 2.2 x 1037

The properties of pulsars are retrieved from the ATNF pulsar catalogue® or as specified.

*Characteristic age of pulsars.

bPresent spindown luminosity of pulsars.
°Nearby teraelectronvolt sources within 1° of the centre of the LHAASO source, according to http://tevcat.uchicago.edu/ (ref. *).
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Population

Population, 1944 to 2021
World
5 billion
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Source: Gapminder (v6), HYDE (v3.2), UN (2019) OurWorldInData.org/world-population-growth « CC BY
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Multi-Messenger
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