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Neutrinos as messenger 2
J. Phys. G 48, 6, 060501 (2021).



Neutrinos from burst object 3
𝑝 + 𝛾 → 𝑛 + 𝜋+
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Neutrinos

𝛾

radiations

Neutrinos accompanies with 
various partners

Multi-messenger astronomy to 
understand the mechanism of 
astrophysical objects



IceCube experiment
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Neutrino telescope operated in Antarctica 

・5160 optical modules are deployed in ice 1 ㎦
・Cherenkov light from charged particles produced by

neutrino interaction is detected by DOM

PMT

Digital Optical 
Module (DOM)



Neutrino detection in IceCube 5

𝜎 increases as the energy of 𝜈
increases (very roughly) 𝜎 ∝ ~𝐸0.5

Astrophysical neutrino flux ∝ 𝐸−2.3

→ This cancellation provides wide
range of physics programs

For 1 km3 of ice

3 m2

3000 m2

10 TeV 10 PeV

𝑊

𝑝 hadrons

ℓ = 𝑒, 𝜇, 𝜏

𝜈ℓ

10−39- 10−38

1 GeV

𝜇
Cherenkov photons from 
charged particles are detected 
by sensitive photo detectors.

Ice



Event topologies and resolution 6

Track

𝜈𝜏

“Double-bang”Cascade 

𝜈𝜇𝜈𝑒

𝜎𝑑𝑖𝑟~10
∘

𝜎𝐸/𝐸 ∼ 10%

JINST 16 P07041 (2021)

𝜎𝑑𝑖𝑟~1
∘

Not observed yet

𝑑~50 m/PeV

𝑑

𝜎𝐸/𝐸→ factor of 2

ApJ, 835, no 2, 151 (2017).



Neutrino alert 7

𝜈

IceCube

University of Madison

Neutrino event, detected by IceCube, is 
processed on site, and sent the 
information of direction, time, 
significance etc
to other telescopes.

The latency is within a few minutes 

LIGO KAGRA CTA かなた

Online 
event filter

Alert filters

South pole 

Additional 
filters at 
north

University of Madison

“Gold” alert

“Bronze” alert
trigger

distributes
to world



EHE-170922A
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Science 361, eaat1378 (2018)

“EHE” alert 
An alert issued when an “extremely high energy” event is observed.
Chiba University lead this development.

Event observed at 23nd Sept 2017 5:54:30 JST
→ Issued an alert 43 seconds later

Kanata Telescope followed up it and found a “blazer” TXS 0506+056 showed an increase of 
luminosity. Fermi/MAGIC confirmed an increase of γ ray activity as well.



Parameter space of 
the neutrino source objects
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𝒏𝒐𝒃𝒔 ∝ 𝒏𝟎𝑳𝝂
𝑛0: density
𝐿𝜈: luminosity 

Transient source Steady source 

neutrino luminosity 
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blazer

Energetic but minority Less energetic but majority
= nearby objects 



Optical alert using “multiplet” signal 10

𝜈
Prob. detected as Singlet ∝ 𝑑−2

Prob. detected as Multiplet ∝ 𝑑−2𝑁

Multiplet signal

Issue a public alert to optical telescopes when IceCube observes 𝑵 ≥ 𝟐 coincident signals 
(multiplet) in the limited timing window Δ𝑇, and opening angle Δ𝜓.

Detection efficiency ∝
𝐴

4𝜋𝑑2

Effective area 𝐴

Distance 𝑑

Why multiplet?

→Multiplet signal picks up 
neutrinos from nearby objects

＝ Useful for optical follow up



Why multiplet? 11

Red: transient objects 
(mostly SNe)

Wide field of view & large depth mean large BGs
With magnitude brighter than 26 (𝑧~1, d=7 Gpc), 

rate/density of SNe = 
𝒪 10 𝑆𝑁𝑒

deg2⋅ 20 days

Field of view by 
Subaru (1.8 deg2)

Even if we observe a true astrophysical neutrino signal and found a transient source, 
chance coincidence of SNe degrades the significance.

N. Yasuda, et al. ApJS, 71, 74 (2019). From M. Tanaka (Tohoku)

→ Too many optical counterparts    
in the distant universe!

To claim a significance large enough, we focus only on close objects 𝑧 ≪ 1. 



Strategy to identify 𝜈 source
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𝑀𝜌𝑆𝑁 𝑧 1 − න
0

𝑧

𝜌𝑆𝑁 𝑧′ 𝑑𝑧′

𝑀−1

𝑀 = number
of observation

Field of view (FoV) 

choose 
the smallest 𝑧

p.d.f of 𝑧 for a neutrino source:  𝑆 𝑧 =
1

𝑁2

𝑑𝑁2

𝑑𝑧

p.d.f of 𝑧 for a chance coincidence: 𝐵 𝑧 =

𝑧 density of supernovae 

P
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FoV=1 𝐝𝐞𝐠𝟐

𝜈 source chance coincidence

Difference in 𝑧 distribution

→ The tendency of z distribution may 
reveal new type of neutrino sources.

To achieve large significance, we choose the closest object in 
field of view. 

𝜌𝑆𝑁 𝑧

Mpc−3yr−1
= ቊ

1.3 × 10−4 𝑑 > 100 Mpc
from Catalog 𝑑 < 100 Mpc



Current scheme and target sensitivity  13

PRD 102, 083023 (2020)

Current program New scheme 

Timing 
window Δ𝑇 100 s 30 days

Alert type Private Public

For Δ𝑇 = 30 days, and the opening angle of 𝜓 = 1 deg, 
how many events 𝜇𝑠𝑖𝑔 can be followed up by optical telescopes?

1 year → 𝒪(1) event 
30 days → 12 trials 
1 × 1 deg2→ 6500 patches in the half sky 

𝜇𝑠𝑖𝑔 ∼
1

12 × 6500
= 1 × 10−5 Target sensitivity is 

𝝁𝒔𝒊𝒈~𝟏 × 𝟏𝟎−𝟓 in each observation.



Backgrounds at IceCube (track type) 14
𝝁

𝝂𝒂𝒔𝒕𝒓𝒐.

𝝂𝒂𝒕𝒎𝒐𝒔.

𝝂𝒂𝒕𝒎𝒐𝒔.

𝝂𝒂𝒔𝒕𝒓𝒐.

Muon

𝝂𝒂𝒕𝒎𝒐𝒔.

𝝂𝒂𝒕𝒎𝒐𝒔.

𝝂𝐚𝐬𝐭𝐫𝐨.

Down-going events are suffered from large 
contamination from muon

Up-going type is relatively pure but still 
muon contribution is huge  

Dedicated cuts on the track removes muon
but atmospheric 𝝂 still remains.

Energy difference finally discriminates 
atmospheric 𝝂 and astrophysical 𝝂

Energy distributions for up-going events

cuts on track



Consideration of backgrounds 15

1 deg2→ 6500 patches in the half sky 
ΔT=30 days → 12 trials/year

How many BG events 𝝁 are practically allowed in 𝟏 𝐝𝐞𝐠𝟐 for ΔT=30 days ?

Poisson(n=2|𝜇)× 6500 × 12 = 1 event 𝜇~ 𝒪 5 × 10−3

Energy distribution
Cumulative 
distribution function

By applying higher energy cut, we can accommodate the background level.



Consideration of Diffuse 𝜈𝜇 flux 16

Astrophys.J. 833 (2016) no.1, 3

“Diffuse 𝜈𝜇“ → not specified their source 
PoS-ICRC2019-1017

10−9 <
𝐸2𝜙𝜈+ഥ𝜈

GeV−1s−1cm−2
< 10−7

→ Indirect limit of the parameter
space in (𝑳𝝂, 𝒏𝟎) plane



Calculation of the # of multiplet signal 17

𝝁 = Δ𝑇න𝑑𝐸 𝐴eff 𝐸 𝜙 𝑟, 𝑳𝝂

Neutrino flux from a 
fixed point source ∝ 𝑳𝝂𝑟

−2

Expected # of detection per single source 

Effective area of IceCube

𝑨𝐞𝐟𝐟 𝑬

SNe
HyperNovae

Low-lumi. GRB

High-lumi. GRB

𝒏
𝟎

𝜇𝑠𝑖𝑔~1 × 10−5 1 event/year

𝜇𝑠𝑖𝑔~1 × 10−6 0.1 event/year

𝑳𝝂

𝜇𝑠𝑖𝑔 = ΔΩන𝑑𝑟 𝒏𝟎4𝜋 𝑟
2Poisson(𝑛 = 2|𝝁)

density of burst

O(1) event can be expected for a few years!

Indirect limit of
“Diffuse 𝜈𝜇“ 



18IceCube-Gen2

◆ Volume of Gen2 → x 8

◆ Sparse layout:  125 m → 240 m
◆ Install O(10,000) optical modules

Gen1 DOM
LOMD-Egg

The sensitivity of Gen2 opens a new area of 
multi-messenger astronomy!

𝑨𝐞𝐟𝐟 𝑬 → x 5

𝝈𝒅𝒊𝒓→ x 1/3



Summary and plan

 High energy neutrinos are one of the unique
messengers of the deep universe

 To search for the origin of neutrino source, 
IceCube issues an alert to the world when 
it detects neutrino signal.

 To search for the real neutrino source 
while keeping the significance of observation,
the signature of multiplet signal is very useful 

 A program of a new multiplet is now being developed and
(hopefully) expected to observe 1 events in a few years.

19



Types of neutrino alerts 

 Extremely high energy (EHE) alert

 Optical Follow-up (OFU)

20



New era of multi-messenger astronomy 
opened by IceCube-Gen2 

21

M. Meier

Increase 
effective area x 5

aaa

Angular resolution 
improves by x 3



New optical module for Gen2 22

LOM

D-Egg

Figure of merit of optical modules → sensitivity/cost of deployment
Use a low noise elongated glass vessel.

⚫ Already satisfies the 
requirement of Gen2!

⚫ Sensitivity improves by x 2.8

⚫ 300 DEggs will be installed as 
a phase1 of Gen2 (2027)

Now being produced 
270 DEggs now Sep. 10th

⚫ To improve sensitivity further,
houses 18 four inch PMTs

⚫ Adopt “gel pads” to 
efficiently lead photons to 
PMTs

⚫ The development of the 
assembly of difficult structure 
is ongoing 

internal 
reflection 



Multi-messenger astronomy 23
Astrophysical events produce 
various types of “messengers”

Cosmic rays Neutrinos

Gravitational 
waves Photons

Follow-up observation

When a telescope observes a notable 
event, issue an alert to other telescopes 
and see what happens in that direction.

Neutrinos are believed to be one of 
the earliest “messenger”.

Neutrinos less interacts with particles 
when they move through the space. 



Calculation of redshift distribution 24

Once we detect 𝜈 multiplet signal and 
issue an alert, we choose the smallest 𝑧
object as a astrophysical neutrino sources.

Field of view 

How to find a neutrino source close to the earth?

Formalism (simplified)

Flux of neutrinos: 𝜙 𝑧 =
𝑑𝑁

𝑑𝐴𝑑𝑡𝑑𝐸
∝

1

4𝜋𝑑2
𝐿

𝐸𝜈
−𝛼 (𝐿 = luminosity)

Averaged number of hit in Δ𝑇 from a single source: 𝜇 = Δ𝑇 𝑑𝐸׬ 𝑨eff 𝑬 𝜙 𝑧

𝑑𝑁 𝑛 = 2

𝑑𝑧
= න𝑑𝑧 density(𝑧) × Poisson 𝑛 = 2|𝜇

Effective area of 
IceCube telescope

p.d.f of 𝑧 parameter for multiplet candidate



Backup 25
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Comparison between the current scheme27

Current program New scheme 

Timing 
window

100 s Up to O(week)

Philosophy of the 
optimization of 
sensitivity

Source-oriented and 
consider a scheme to 
select an object in FoV

Interaction 
type

Track + Track
Track + cascade
Track + Track

Direction Northern
Northern + expand to 
southern

PRD 102, 083023 (2020)
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Wide view optical telescopes 29

Tomo-e Gozen
camera

Kiso Schmidt 
Telescope

Kiso/Tomo-e Gozen

M. Tanaka (Tohoku Univ.)M

Uncertainty of 
IceCube (50%)

Subaru

These days, many and 
many wide-field optical 
telescopes are available.

Started design operation April 2019.
Cover 20 deg2 at once.
Sub-second /frame

Tomo-e Gozen project



Optimization of sensitivity 30

PRD 102, 083023 (2020)

𝜇𝑃𝑆 = 𝑇ΔΩ𝐴 𝜙

For a given flux of transit source of 𝜈, 𝜙(𝐿𝜈), the averaged number of events from the 
point source is 

𝑇: length of timing window, 
ΔΩ: acceptable solid angle,
𝐴: Effective area 

Then, the total number of sources, which can be observed as multiplet is

𝑁𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑒𝑡(𝐿𝜈, 𝑛0, 𝑇) = ΔΩන𝑑𝑉 𝑛0 1 + 𝑧 3 𝑃(𝑛 = 2|𝜇 = 𝜇𝑃𝑆)

where 𝑛0 is a density of the transit sources. 

BGs due to diffuse singlet sources and atmospheric muon, can be evaluated as 

𝑁𝐵𝐺(𝐿𝜈, 𝑛0, 𝑇). For a given 𝐿𝜈, 𝑛0, we maximize 𝑁𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑒𝑡/ 𝑁𝐵𝐺.



Field of view of various optical telescopes 31
Field of view 
(𝐝𝐞𝐠𝟐) T. Morokuma

https://www.nao.ac.jp/study/oao//pdf/reference/um/um16/O22_Morokuma.pdf

Various optical telescopes ΔΩ > 1deg2 are now available and even might be able to cover 
angular resolution of cascade.

Moreover, not necessary to have large aperture in this proposal.
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N. Yasuda, et al, ApJS 71, Issue 4, 74 (2019).
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