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COSMIC BACKGROUND RADIA

from p-wave to y-rays
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THE END PART OF CHIBA
BACKGROUND
RADIATION
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Cosmic Rays
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protons & nuclei with energies even
up to 1020 eV!
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COSMIC ACCELERATORS?
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UNIVERSITY
Magnetic Field Strength
<t:~D
10% B ‘ Ne:nrop Stars A e /C B 4 D
' . btz (B (2) (12) o
o Must be physically large,
LHe But very few satisfies the requirements
EgégS'?ON b
Very likely
Extra-galactic
ao‘eauaxy But no observational evidence
replanete 22 Vo™ to identify cosmic ray sources
Galactic Halo R

even after more than 100 yrs
of discovery of cosmic rays!

1pc 1kpc 1Mpc 1Gpc

1aU Size



3C279 — APOWERFUL QUASAR UNIVERSITY

It was a strong candidate to stream out ultra high energy cosmic rays

DIFMAP eht-imaging SMILI
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CHIBA

FORNAX CLUSTER — A CLUSTER OF GALAX|ES ™

another type of cosmic accelerator candidates

a still viable candidate of high energy cosmic ray hometown

but hard to prove it —why?



CHARGED PARTICLES ARE NOT GOOD MESSENGERS /' cHisa

_ UNIVERSITY
cosmic rays are unfortunately charged

\

AGNSs, SNRs, GRBs... SR ¢

Gamma rays -
They point to their sources, but they

L] [ ]
can be absorbed and are created by N t n S
multiple emission mechanisms, e u r I O S a re a V I O r

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

air shower
’

They are charged particles and
are deflected by magnetic fields.
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NEUTRINO ARE EVEN MORE POWERFUL
TO EXPLORE HIGH ENERGY UNIVERSE UNIVERSITY
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HOW COSMIC RAYS PRODUCE NEUTRINO MESSENGERS

TO TELL HOW AND WHERE THEY ARE BORN VNI BRSITY
“On-source” v TeV - PeV
'hatte pp>n >V
IO/ 3
P o TP TV
06'\0\'\ photopion production
<
“GZK” cosmogenic v EeV
100EeV p



A BIG CHALLENGE
HIGH ENERGY
NEUTRINO FLUXES ARE
SO LOW

you need a huge detector
to catch them up

=
[P
=
~
O
(B}
v
>
€
<
>
=
L

— —
(= N
—_
(- I 2]

o
[=-]
U

Solar neutrino
" " —— Supernova burst(SN1987A)

Supernova Relic neutrino

S
Geo neutrino

Atmospheric neutrino

Astro neutrino

GZK neutrino
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THAT IS WHY ICECUBE NEUTRINO
OBSERVATORY WAS BUILT UNIVERSITY
3 'ceCuBsE

50 m

Amundsen—Scott South

JILL B8 AR Pole Station, Antarctica
IceCube Laboratory & g A National Science Foundation-

set 125 meters apart
P managed research facility.

Data is collected here and
sent by satellite to the data
warehouse at UW—Madison T

1450 m

60 DOMs
! on each
i | string
i DOMs
P 11 [

{ arel7
meters

} B
Digital Optical By 2
Module (DOM) [

o

5,160 DOMs 1
deployed in the ice S/
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Cosmic Neutrino . Neutrino /]

MZ;T /‘ SCIENCE
Supernova Heavy Quark

rsrorsics IRRETIRE MISSION
(?Acs:rr]omr?os'nay Non-standard
Y Interactions

FUNDAMENTAL EARTH

Cosmic Ray SYMMETRIES SCIENCES
Physics Neutrino Decay

DARK
MATTER Glaciology
Space-time

Symmetry Earth
! 3 Tomography

Indirect Atmospheric
Searches for DM Sciences
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. .BEBUBE ‘ NEUTRINO AS COSMIC - =
I\/I ESSE N G E RS " | UNIVERSIT“Y

EVERY YEAR,
ICECUBE

DETECTS asour...

. 'l D ASTROPHYSICAL
NEUTRINOS

interact with m
poin 'b ck to thei

° 1 O Do

ATMOSPHERIC NEUTRINOS

charged
particles whose polhs are
bent by ma, agnetic fi |d
*/ Cosmic ray interaction:
C the atmo! ph pod
| utrinos a ns.

. 1 D D BILLION i v
{ ATMOSPHERIC MUONS | 14
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&) ICECUBE

The IceCube Detector<

324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

neutrino energy: 1TeV-100EeV

e String spacing 125 m, DOM spacing of 17 m

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

neutrino energy: 5GeV-100GeV

Eiffel Tower
' e String spacing ~70 m, DOM spacing of 7 m
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ICECUBE EVENT TOPOLOGY

IcECUBE Track Cascade (Shower) |
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BERT & ERNIE KICKS OFF \
HIGH-E NEUTRINO ASTRONOMY e

IcECUBE
the Discovery of Cosmic V flux i JUNIVERSITY
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NOW WE HAVE MEASURED COSMIC NEUTRINO
BACKGROUND RADIATION

after a decade of the big efforts with IceCube
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v e

— MOSTLY EXTRA GALACTIC CHIBA
but cannot find any remarkable counterparts
IceCube 3 years dat(210—01) | g

UNIVERSITY

Galactic

19



CHIBA

=% NEUTRINO POINT SOURCE SEARCH MAP ONIVERSITY

found no sources yet
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ONE THING WE CAN TELL BB

neutrino flux is a marker to trace history of comic ray radiation UNIVERSITY

color : emission rate of ultra-high energy particles

Intensity gets higher PETp SE Ty .
if the emission is more N e — — — — —
active in the past pE T T v v, imbalailts090 0
= (o e e e o o o o e e EE EE EE EE e e e e EE EE EE Em =

Voo s i T T T T
because v beams are i s S
penetrating over e — — — — — — |
cosmological distances frequent

Present Redshift (z) Past

Hopkins and Beacom, Astrophys. J. 651 142 (2006)
The cosmological evolution

Many indications that the past was
more active.

Star formation rate—>

The spectral emission rate
p(z) ~ (1+z)™

21
m= 0 : No evolution




T ‘ \

The Constraints on evolution (emission history) A
of ultra high cosmic ray (UHECR) sources g At

UHECR source IceCube collaboration
Any sources with evolution Phys.Rev.Lett.117 241101(2016)

IS cosmologically compatible or stronger than

star formation rate are disfavored

ICECUBE

68% CL
FRII {FSRQs)
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we want to discover
v and cosmic ray sources!

where are they?



NEUTRINO SOURCE HUNTING WITH
MULTI-MESSENGER DETECTION ~ UNIVERsity
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D Vi

MULTI-MESSENGER FRAMEWORK
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Xr) y-ray observations

—>2’Y/A

LV

e

v observations
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MULTI-MESSENGER FRAMEWORK

9

Yy

y-ray observations

_.ZV/A

s BV VY
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CHIBA
UNIVERSITY

Fermi-LAT collaboration, Science 339, 807 (2013)

---- Best-fit broken power law

*

Fermi-LAT
AGILE (79)
n’-decay
Bremsstrahlung

Bremsstrahlung with Break
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MULTI-MESSENGER FRAMEWORK

9
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y-ray observations

Fermi-LAT collaboration, Science 339, 807 (2013)

10°?

---- Best-fit broken power law

E? dN/JE (erg cm?s™)

s BV VY

Fermi-LAT
* AGILE (719
n’-decay
Bremsstrahlung
Bremsstrahlung with Break
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But eZ — eyZ (.Bremsstrahlung) could produce y-ray
ey 9 ey (inverse Compton)



MULTI-MESSENGER FRAMEWORK
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0 AR )@ y-ray observations

_.2\(/vA

Yy

Lew " QUERRN
v observations

||
The smoking gun



REALTIME MULTI-MESSENGER

South Pole

il
g
b v

IcECUBE
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F

4

< 3 minutes time lag

$322X WIPAC

[ X I WisconsIN IcECUBE
@0

PARTICLE ASTROPHYSICS CENTER

GCN-TAN
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ICECUBE REALTIME ANALYSIS CHAIN

CHIBA
. : ) UNIVERSITY
Deliver of public alerts via GCN
g3

PeV EeV

all neutrino flavor sensitive

high chance of real cosmic neutrino signals
angular resolutions so-so

PeV EeV
all neutrino flavor sensitive

high chance of real cosmic neutrino signals
good angular resolutions "
signal flux highly uncertain

The breakthrough event
detected in this channel



of an astrophysical neutrino
source pp. 115,146, & 147
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AND THE MESSENGER ARRIVED! CHIBA 1

lceCube-170922A

side view

32




Follow-up detections of IC170922 based on public telegrams

jr]
i 288 % 8

IceCube Swift Fermi, ASAS-SN
September 22 September 26 September 28

aga 00 AVEN,

MAGIC

Liverpool, AGILE

SALT, Kapteyn

October 7 @ October 4 September 29

&

85— IRPR

- —— OO >
Kanata, NuSTAR VLA Subaru N
October 12 October 17 October 25




OPTICAL FOLLOW-UP

Kanata’s follow-up UNIVERSITY
1.5 m dish at Hiroshima, Japan

September 23 September 24 Residual

Kanata optical imaging and polarimetric follow-
ups for possible IceCube counterpart TXS
0506+056




Science 361, eaat1378 (2018) |==

ICECUBE-170922A EVENT

« 2017/9/22 20:54:30.43 UTC
 * 5th and the most cosmic neutrino signal like EHE alert
« automated alert was distributed to observers just 43 seconds later

Fermi Telescope e

| . gamma-rays

neutrinos | gamm

S— n.eutrlno obsery Optical telescopes

T RGN
IS 4

o

B Kanata telescope

HEgan,
& '77a~,ay ...and many more telescope
0b
3 S Follow-up Observations of IceCube Alert IC170922

Blazar TXS0506+056

i3]



ASSOCIATION WITH G-RAY FLARE FROM TXS0506+0560Niversity

~ 4o significance of association
(~ 30 post-trial)
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Fermi-LAT Counts/Pixel

~ |ceCube (50%)

— — lceCube (90%) |
MAGIC (95%) | - - "t PKS.0502+049
Fermi (95%) ~ ‘
TXS 0506+056

N WA OO N O ©

PKS 05 O2+04§

78.5 78.0 77.5 77.0 76.5 © 40 780> Tre> T2 768 764"
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CHIBA
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log(Frequency [Hz])

_— MEASURED BY
MULTI-WAVE
MESSENGERS
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A mystery

Archival SARA/UA —— INTEGRAL (UL) —— VERITAS (UL) A8 3
= VLA s Swift UVOT 4 Fermi-LAT —— HAWC (UL) Th|s IS a typ|ca| SED Of ’Y—ray blaza rS
e OVRO ASAS-SN ¢ AGILE —— Neutrino - 0.5yr
e  Kanata/HONIR Swift XRT 4+ MAGIC —-=='Neutrino - 7.5yr

v Kiso/KWFC ¢ NuSTAR H.ES.S. (UL) X'ray band |S dlm
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Relative Declination (mas)

THE SOURCE IMAGES IN MULTI-WAVELENGTH BANDS / ciga

-5

-10

radio

Peak: 454.0, Contours: 0.30 x ¥2, RMS: 0.09 mJy/beam
Beqm 1. 18 X 050 mqs qt 75 ] deg Not Wgt (no tcper)

0506+056 2017 06-17, \/LBA 15.4 GHz

| MOJAVE Program

Relative R.A. (mas)

optical

UNIVERSITY

X-ray v-ray

TXS 03064056
Swift—XRT Exposure: 60608 s

s5M1gmgo® 5"0am40® s"ogmen® 5"09™o0® 5MogM400

I [ [ \ [ I I I \ I
Largest background region
—+5°50 00"
o
—+5°45'00"
/”—- \\\\
-~ N
7 \
\ |
\\ 7
Sl ’
= — +5°40'00" e o
= —+5°35'00"
= ‘ H 45%30'00"
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ICECUBE REALTIME ANALYSIS CHAIN

version 2 now online!

CHIBA
UNIVERSITY

IcCECUBE

. : . purity of cosmic neutrinos
inheritance from the version 1

new addition!
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FUTURE MOVE ON THE ICECUBE SIDE

So many counterparts as neutrinos are penetrating
messengers even from evenz~ 1

We need to limit number of counterpart candidate!

40




IcCECUBE

FUTURE MOVE: INTRODUC

singlet : A high energy v Ya

CHIBA
UNIVERSITY

NG MULTIPLETS

tiplet: multi high-E v’s
within O(days)

41



9 MULTIPLET WOULD CERTAINLY LIMIT REDSHIFT

iceCuBE examples — still toy calculations

(yet-unknown) ultrahigh energy CR source-like

SNe like : well populated, so-so luminous \
rare, but super luminous

. Singlet 73 sources/10day -
107"/

Singlet 3.7 sources/10day -
1072k

10°E

44
L, 1x10 erg/s

4 46
3 107"F L, 8x10 erg/s
= -8 =
-\ P 1x10 /Mpc®
| | | | | | | | | | |

- -10
P 3x10 /Mpc®
| | | | | | | | |

| | |
1 2 0 1 2

redshift redshift
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Source Detection Rate per bin [/10days]
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NEUTRINO ASTRONOMY IS BLOOMING

Multi-messenger observations will answer key questions
of high energy universe

* neutrino sources
e cosmic accelerators
* physics beyond SM

43



