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IceCube

Digital Optical 
Module (DOM)

• Built at the South Pole
• 5160 DOMs buried within 1 km3

of underground
• Cherenkov light from charged 

particles generated by neutrino 
interaction detected by DOM

• 86 strings in operation (IC-86) 
since April 2011.



Highlights from the IceCube Neutrino Observatory

Figure 2: The measured energy spectra of diffuse astrophysical flux by the global fit analysis and the starting
track events analysis (labeled "ESTES"), along with other observed diffuse fluxes.

range is 3 TeV to 500 TeV, extending IceCube’s reach to the low energy astrophysical flux by an
order of magnitude.

At the discovery of the astrophysical diffuse flux, an all-sky single component power law needs
to be assumed in order to fit the entire range of the energy spectrum, due to the limited event statistics
available above the background events that dominate. Now with growing data sets and growing
detection channels, it is possible that we are at a point where differences in regions of the sky, energy
ranges, and possibly even neutrino flavors can be taken into account. Fig. 2 shows the comparison
between the global fit and the new starting track channel, along with other measurements. The next
few years may become the turning point in which more parameters of the diffuse flux are measured
with high statistical certainty.

Tau neutrinos, which have unique signatures of double cascades where a tau neutrino interacts
with the glacial ice’s nucleon to produce a tau lepton that then travels some distance in ice and
decays into an electron or multiple hadrons, can shed further light on the possibly different diffuse
astrophysical fluxes for different neutrino flavors. This is another example of a new channel that is
only now available with the accumulation of large data. Seven candidate events were found in 10
years of data, consistent with the 1:1:1 flavor ratio of diffuse astrophysical neutrinos [19].

Beyond the astrophysical diffuse flux, at higher energies, lies an expected flux of cosmic
neutrinos, or GZK neutrinos, produced when ultra high energy cosmic rays interact with ambient
photons of the cosmic microwave background. An expanded analysis plan aimed to observe these
extremely high energy neutrinos was presented [20].

Finally, using the astrophysical diffuse flux, a particle physics phenomenon predicted over 60
years ago has been observed for the first time. The Glashow resonance is the resonant formation of
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IceCube : astrophysical diffuse neutrino 
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FIG. 4. The two observed events from (a) August 2011 and
(b) January 2012. Each sphere represents a DOM. Colors
represent the arrival times of the photons where red indicates
early and blue late times. The size of the spheres is a measure
for the recorded number of photo-electrons.

The atmospheric muon and neutrino background
events are simulated independently. However, at higher
energies, events induced by downward-going atmospheric
neutrinos should also contain a significant amount of at-
mospheric muons produced in the same air shower as
the neutrino [17]. Since these events are reconstructed
as downward-going, they are more likely to be rejected
with the higher NPE threshold in this region. Thus, the
number of simulated atmospheric neutrino background
events is likely overestimated here.
After unblinding 615.9 days of data, we observe two

events that pass all the selection criteria. The hypothe-
sis that the two events are fully explained by atmospheric
background including the baseline prompt atmospheric
neutrino flux [14] has a p-value of 2.9×10−3 (2.8σ). This
value includes the uncertainties on the expected number
of background events by marginalizing over a flat error
distribution. While the prompt component has large the-
oretical uncertainties, obtaining two or more events with
a probability of 10% would require a prompt flux that
is about 15 times higher than the central value of our
perturbative-QCD model. This contradicts our prelimi-
nary upper limit on the prompt flux [16]. Using an ex-
treme prompt flux at the level of this upper limit which
covers a potential unknown contribution from intrinsic
charm [18] yields a significance of 2.3σ.
The two events are shown in Fig. 4. They are from the

IC86 sample, but would have also passed the selection
criteria of the IC79 sample. Their spherical photon dis-
tributions are consistent with the pattern of Cherenkov
photons from particle cascades induced by neutrino in-
teractions within the IceCube detector. There are no in-
dications for photons from in-coming or out-going muon
or tau tracks. Hence, these events are most likely induced
by either CC interactions of νe or NC interactions of νe,
νµ or ντ . CC interactions of ντ induce tau leptons with
mean decay lengths of about 50 m at these energies [21].
The primary neutrino interaction and the secondary tau
decay initiate separate cascades which in a fraction of
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FIG. 5. NPE distributions for 615.9 days of livetime at final
selection level. The black points are the experimental data.
The error bars on the data show the Feldman-Cousins 68%
confidence interval [19]. The solid blue line marks the sum
of the atmospheric muon (dashed blue), conventional atmo-
spheric neutrino (dotted light green) and the baseline prompt
atmospheric neutrino (dot-dashed green) background. The
error bars on the line and the shaded blue region are the
statistical and systematic uncertainties, respectively. The red
line represents the cosmogenic neutrino model [6]. The shaded
region is the allowed level of the cosmogenic ν flux by Ahlers
et al. [20]. The orange line represents an E−2 power-law flux
up to an energy of 109 GeV with an all-flavor normalization
of E2φνe+νµ+ντ = 3.6×10−8 GeV sr−1 s−1 cm−2, which is the
integral upper limit obtained in a previous search in a similar
energy range [10]. The signal fluxes are summed over all neu-
trino flavors, assuming a flavor ratio of νe : νµ : ντ = 1 : 1 : 1.

such events lead to an observable double-peak structure
in the recorded waveforms. The two events do not show a
significant indication of such a signature. Figure 5 shows
the final-selection NPE distributions for the experimen-
tal data, signal models and background simulations. The
two events are near the NPE threshold of the analysis and
are consistent with a previous upper limit by IceCube [10]
on an unbroken E−2 flux, while a flux corresponding to
this upper limit predicts about 10 events above the NPE
cut. The cosmogenic neutrino model [6] predicts an event
rate of about 2 events in the corresponding livetime but
at significantly higher energies.

Maximum-likelihood methods are used to reconstruct
the two events. The likelihood is the product of the
Poisson probabilities to observe the recorded number of
photo-electrons in a given time interval and DOM for
a cascade hypothesis which depends on the interaction
vertex, deposited energy and direction. Here, the time
of the first hit mainly determines the vertex position and
the recorded NPE plays a dominant role in estimating
the deposited energy. The hit information used in the
reconstruction is extracted from an unfolding procedure
of the waveforms. The open circles in Fig. 1 indicate
the strings closest to the reconstructed vertex positions.

1.0 PeV 1.1 PeV

IceCube 2013 PRL

First Observation of PeV-Energy 
Neutrinos with IceCube

IceCube 2023 
arXiv2310.12840

Cascade

Track

𝝂𝒆 +𝑁 → 𝑒 + 𝑋

𝝂𝝁 +𝑁 → 𝜇 + 𝑋

𝜎#~0.5∘

Diffuse astrophysical neutrinos 
(cosmic neutrino background)
• 𝐸2 𝜙𝜈 〜 10-8 @10 TeV
• Same level of cosmic ray flux near the ankle



IceCube : astrophysical diffuse neutrino 
TXS 0506+056 (IceCube 2018)
• blazar (AGN with jets ejected to point at 

Earth)
• first candidate identified by multi-messenger 

observations on 2017
• this class of AGN alone would not explain 

diffuse neutrino flux(~20%)

NGC 1068 (IceCube 2022)
• Seyfert galaxy (AGN with weak jets)
• Significance of 4.2σ by stacking analysis 

for about 10 years 
• Particle acceleration in the corona around 

SMBH is important
• Origin of diffuse neutrino? → Kimura-

san's talk
Galactic Plane (IceCube 2023)
• Progress in analyzing the cascade events 

has led to the discovery (4.5σ level)
• consistent with modeled diffuse emission, 

but could also unresolved point sources.
• Contribution to the diffuse flux is a few%.

Three objects identified as neutrino emitter



How much does the transient contribute?
GRBs were a highly expected event as a 
source of high-energy neutrinos
→ the non-detection of neutrinos in spatial 
and temporal coincidence with GRBs over 
several years 
→a strict upper bound of 1% for the 
maximum contribution (IceCube 2017)

Strange supernovae (+circumstellar 
material)? 
Nearby TDE?
Low-luminosity GRBs?

arxiv.org/abs/2008.04323



Realtime Neutrino Alerts Chun Fai Tung

neutrino alert system has shown room for improvement, which includes: (1) provide more neu-
trino candidates from a larger sample pool, (2) avoid mis-characterised events, (3) improve alert
messages’ clarity, and (4) define "signalness" for all the alerts.

To address these issues, updates have been performed on most parts of the realtime alert sys-
tem. These updates include an expanded and improved event selection, which is discussed in
Section 2.1. In addition, the alert message format and alert streams are revamped to improve clar-
ity and reduce confusion for the general astronomy community, which is discussed in Section 2.2.
These updates result in a higher rate of alerts along with a higher signal purity, which is tabulated
in Section 2.3.

2. IceCube Realtime Alert System Update

The infrastructure of the realtime alert system remains largely the same as the previous system,
which is described in detail in [7]. As illustrated in Figure 1, when IceCube detects an event, it

Figure 1: Schematic overview of the realtime alert system. At South Pole, information of the events sat-
isfying the selection criteria is sent North instantly through the Iridium satellite system. In the North, the
signalness of each event is assessed, and is used to decide if an alert is sent out. If the signalness is above
50%, it is sent out via the Gold stream. If it is below 50% but above 30%, it is sent out via the Bronze stream.
Both streams distribute the information in GCN Notice format.

is first processed through the filtering system. For events that pass the filter, they are sent to the
IceCube data center over the Iridum satellite. After reaching the North, the remaining selection
criteria are applied on the event to determine if it is an astrophysical neutrino candidate. If it is
selected as a candidate, it is sent as an alert through either one of the two streams, namely "Gold"
or "Bronze". The choice of stream depends on the signalness of the event, which measures the
probability of the event being caused by an astrophysical neutrino. Signalness is defined as:

Signalness(E,d ) =
Nsignal(E,d )

Nsignal(E,d )+Nbackground(E,d )
, (2.1)

where Nsignal and Nbackground are the number of signal events and number of background events at
declination d above the selection-specific energy proxy E . For example, E can be the estimated
neutrino energy. Candidates with signalness above 30% but below 50% are sent out in the Bronze
stream, while candidates with signalness above 50% are sent out in the Gold stream. Alerts from
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How much does the transient contribute?

Up-going, Down-going Atmospheric neutrino spectra

arxiv.org/abs/1504.03753
down-
going

up-
going

TeV PeV

Figure 1. Simulated IceCube sensitivity as a function of source declination to a neutrino flux with dN/dE ∼
E−2 for a neutrino flare length of 10 days and for the IC-2012 data set. The sensitivity did not change
significantly for other IceCube data seasons. The sensitivity is defined as the flux required for a 3 sigma
detection with a probability of 90%.

using data from the IC-2012 season. Only the cut on the Bayesian likelihood ratio was changed.

Cut Level Selection criterion Atms. µ Data Atms. νµ Astro.
(mHz) (mHz) (mHz) ×10−3 (mHz)

0 cos θMPE ≤ 0 1010.5 1523.81 7.166 6.23
1 SLogL(3.5) ≤ 8 282.49 504.44 5.826 5.62
2 NDir ≥ 9 8.839 22.01 3.076 4.06
3 ((cos θMPE > −0.2) AND (LDir ≥ 300 m)

OR 1.124 4.30 2.313 3.69
(cos θMPE ≤ −0.2) AND (LDir ≥ 200 m))

4 ∆Split/MPE <0.5 0.100 2.15 1.899 3.26
5 ((cos θMPE ≤ −0.07)

OR 0.080 2.08 1.880 3.25
((cos θMPE > −0.07) AND (∆SPE/Bayesian ≥ 35)) )

6 ( (cos θMPE ≤ −0.04)
OR 0.075 2.06 1.875 3.24

((cos θMPE > −0.04) AND (∆SPE/Bayesian ≥ 40)))

Table 2. IceCube neutrino selection cuts and corresponding passing event rate for the IC-2012 season. At
an final selection an event has to fulfill all cut criteria to pass the selection (i.e. a logical AND condition
between the cut levels is applied). The atmospheric-neutrino flux is based on the prediction by Honda
[71], but atmospheric-muon rate is calculated from CORSIKA simulations. The event rate for IceCube
data stream corresponds to the total livetime of 332.36 days. The astrophysical neutrino flux is estimated
assuming dN/dE = 1 · 10−8 GeVcm−2s−1( E

GeV )
−2. (Atms. = atmospheric, Astro. = astrophysical)

The final set of smooth cuts resulting from the cut optimization is listed in Table 2 and the
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IceCube real-time alert flow

Example of GFU filter flow (upgoing) 

Develop new alerts for:
Long duration (~month) transients
← neutrino multiplet alert

Short duration (~103-4 sec)
← neutrino ‒ X-ray combination alertarxiv.org/abs/1908.04884



Multiplet alert 

The study is lead by Nobu Shimizu @Chiba Univ.



Multiplet

Senno et al. 2016; Denton & Tamborra 2018), wind-driven
transients (Murase et al. 2009; Fang et al. 2019, 2020), and
(non-jetted) tidal disruption events (TDEs) (Hayasaki &
Yamazaki 2019; Murase et al. 2020; Winter & Lunardini 2022).
As many of these are known as optical transient events, an
optical/near-IR (NIR) follow-up observations could find the
associated neutrino transient (Murase et al. 2006; Kowalski &
Mohr 2007). However, larger populations cause significant
contamination in optical follow-ups. For example, ∼100 SNe
are found up to redshifts of z 2 within 1 deg2 for a duration of
a few days to months, which is a typical timescale for neutrino
emission from SNe, and which makes it challenging to claim
robust associations between a neutrino detection and its optical
counterpart candidate.

A possible solution to overcome this is to search for neutrino
multiplets, two (doublet) or more neutrinos originating from the
same direction within a certain time frame. Only sources in the
neighborhood of our galaxy can have an apparent neutrino
emission luminosity high enough to cause the detection of a
neutrino multiplet given the sensitivity of current and future
neutrino telescopes. This is analogous to how, in optical
astronomy, a smaller dish telescope is only sensitive to a
brighter magnitude, and thus automatically limits the distance
of the observable objects for a given luminosity. Figure 1
shows the redshift distribution of neutrino sources with a
neutrino emission energy of � qO 3 10fl 49� erg yielding
singlet and multiplet neutrino detections by a 1 km3 neutrino
telescope. The distribution of sources to produce a singlet
neutrino detection extends up to z 2, while those responsible
for the multiplet neutrinos are localized. Distant transient
sources cannot be associated with the neutrino multiplet, and
thus follow-ups observation would be less contaminated by
unrelated transients if measurement of the distance (or redshift)
to each of the transient sources is available.

As the atmospheric neutrino background dominates the
detections of high-energy cosmic neutrinos, requiring multiple
neutrino detections for follow-up observations is beneficial.
Burst-like neutrino emissions, expected to be generated by, for
example, prompt emissions from internal shocks in the jets of

GRBs (Waxman & Bahcall 1997), allows for the search of
emitters to be restricted to tens of seconds, removing any
possible contamination from background neutrinos. Aartsen
et al. (2017c) used this approach to search for neutrino
multiplets from short transients. However, many models of
high-energy neutrino emission associated with optical transi-
ents predict a longer duration. We expect neutrino flares within
timescales of days to months for CC SNe (including engine-
driven SNe) and TDEs. While increasing the observational time
windows significantly worsens the signal-to-noise ratio of the
search, requiring neutrino doublet detections improves the ratio
as, when the expected number of atmospheric neutrinos μatm is
less than one, the Poisson probability of recording a doublet
is N_ 2atm

2 .
In this study, we investigate the strategy of obtaining

multimessenger observations by searching for high-energy
multiple neutrino events, considering a 1 km3 neutrino tele-
scope like the IceCube Neutrino Observatory, and the expected
sensitivity in the parameter space to transient neutrino sources.
We conduct a case study with a search time window of Tw= 30
days, given many neutrino emission events can be character-
ized by this timescale. We construct a generic model of
emitting neutrino sources with energies of ε0; 100 TeV and
show the number of sources expected to yield the neutrino
multiplet. Further, we discuss the sensitivity to neutrino
sources given changes in the source parameters, such as
luminosity, considering the limitations imposed by the
atmospheric neutrino background. We propose an optical
follow-up observation scheme to filter out contaminating
sources and identify the object responsible for the neutrino
multiplets. Finally, we discuss the implications to the neutrino
source emission models.
A standard cosmology model with H0 = 73.5 km s−1 Mpc−1,

ΩM= 0.3, and ΩΛ= 0.7 is assumed throughout the paper.

2. Neutrino Multiplet Detection

2.1. Generic Model of Neutrino Sources that Yield Neutrino
Multiplet Detection

The emission of neutrinos from transient sources can be
characterized by the integral luminosity Lν (defined for the sum
of all flavors), the flare duration ΔT in the source frame, and
the neutrino energy spectrum GO

fl. The total energy output by a
neutrino emission is given by � %O OL Tfl� .
The neutrino spectrum � FO O O O� �N UdN de is assumed to follow a

power-law form, with reference energy ε0, and the flux from a
single source at a redshift of z is given as
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where εν and Eν= εν(1+ z)−1 are the neutrino energies at the
time of emission and arrival at Earth’s surface, respectively. In
our model, the normalization constant κ is bolometrically

Figure 1. Number of neutrino sources per redshift bin width Δz = 0.03 in the
2π sky to produce a singlet event (green) and multiplet event (blue). The case
of a released energy of neutrino emission of � qO 3 10 ergfl 49� , a burst rate of
R0 = 3 × 10−6 Mpc−3yr−1, and a flare duration of ΔT = 30 days is presented
for illustrative purposes. The cosmic evolution tracing the SFR is assumed in
this model.
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The Astrophysical Journal, 937:108 (11pp), 2022 October 1 Yoshida et al.

Singlet

Doublet

εν = 3 x 1049 erg
rate : 3 x 10-6 /Mpc3/year
ΔT = 30 days 

Yoshida+2022
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from Nobu Shimizuʼs 
ASJ 2023 slides

• Multiplet allows selection of nearby events (z~0.1)→ advantageous for EM follow-ups
• Allows limiting the parameter in the ρν-εν plane from the upper limit of the archive analysis.

𝑵≥𝟐 coincident 𝜈-signals 
in Δ𝑇 from the same direction

SNe→

TDE →



Multiplet : method
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• Major background source à atmospheric neutrinos
• Focus only on doublets and triplets
• Set long time window 𝚫𝑻 = 30 days to access various sources
• Construct a test statistic 𝚲 from signal and background likelihoods: 𝓛𝒔𝒊𝒈, 𝓛𝒃𝒈

In the case of 
Double 
selection

Select most signal-like ν combinations 
using 𝚲

[Doublet case] Energy 
PDF

Spatial 
PDFRat

e

Atmospheric neutrino spectra
arxiv.org/abs/1504.03753

from Nobu Shimizuʼs 
ASJ 2023 slides



Multiplet archival data (~11 years) analysis results

ℰ) [erg]

Excluded

Constraint at 90% C.L.
Δ𝑇 = 30 days

from Nobu Shimizuʼs 
ASJ 2023 slides

Using the largest 𝜦, we scanned the consistent 
region of (ℰ_𝜈,𝜌_𝜈).

Global p-
value = 
0.14 
(1.1σ)



example of multiplet event

Type: Triplet, (RA, DEC)=(0.58 deg, -0.35 deg)
Energy: E=(4 TeV, 30 TeV, 20 TeV), Δ𝑇 = 16.4 days, 
local p-value=7.4×10%C, FAR= 1/13 [1/yr]

2020 June 27th (15:45)

2020 June 15th (10:58)

① ②

③

from Nobu Shimizuʼs 
ASJ 2023 slides



Multiplet alert

Ø multiplet signal gives bias on close sources (𝒛 < 𝟎. 𝟏)
close sources are easy to observe by EM(e.g, when following up with 
gamma rays, the EBL is less affected.)

Ø Higher angular resolution than the usual singlet signal (∼ 1∘) 

Δ𝜓 ~ 0.3∘ at 90% containment

𝒛 distribution of multiplet from 
𝝂-source and supernovae

𝝓 ∝ 𝑬6𝟐 

Preparing to send out a new Multiplet Alert by the end of this fiscal year



neutrino ‒ X-ray 
combination alert



IceCube and MAXI

• All sky monitor
• Overlap of more than 12 years already
• Similar angular resolution
• Real-time data processing and sending 

alerts

IceCube MAXI
Energy range TeV ‒ PeV (ν) 2 ‒ 20 keV (photon)
FOV All sky All sky (80% in 92 min 

orbit)
Start date April 2011 (IC86) Aug 2009
Angular 
resolution

~1.0 deg (90% for 
track events)

1.5 deg (FWHM)

Data 
processing 

Real-time@South
pole 

Real-time@TKSC via 
TDRSS

MAXI
(Monitor of All-
sky X-ray Image)



IceCube and MAXI ‒ LLGRBs are common science case
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Fig. 3.— Jointed contours of the logarithmic GRB detection rate [log(dN/dt)] distribution in a 2-dimensional (2-d)
[logL, log(z)]-plane as compared with observational data [panel (a)], assuming that the HL- and LL- GRBs are two
distinct populations. The two firm LL-GRBs are denoted by stars, and the Swift HL-GRBs are denoted by solid dots.
The hatched region marks the limitation of the Swift/BAT detectability, where the threshold is derived by using the
Swift/BAT sensitivity in the 50-150 keV band for a standard GRB with Ep = 200 keV in the GRB local frame. The
bold-faced, solid curves in panel (a) marks the 3σ confidence level of the 2-d distributions for the HL- and LL-GRBs. The
comparisons of the observed 1-d distributions of logL and log z with the model predictions are presented in panels (b) and
(c), respectively. The dashed curve in the panel (a) and the dashed lines in the panels (b) and (c) are, respectively, the
3σ contour of the 2-d distribution and the corresponding 1-d distributions derived from a LF with αHL

1 = 1.05, αHL
2 = 3,

and !LHL
b = 6× 1052 erg s−1, which gives a 3σ contour that can enclose all the HL-GRBs observed by Swift and pre-Swift

missions (see §7 in the text).

Liang et al., 2007

Low
Luminosity
GRBs

Swift/BAT
sensitivityOrdinary 

Long 
GRBs

1.0

MAXI
sensitivity
(1 scan, 5σ)190829A

171205
A

MAXI GRB 
221006A

Confirmed GRB (72)
MAXI only (56)

updated Serino et 
al., 2014 results

VT 1210+4956 
(Dong+21,Science) 

diffuse

LLGRB

B : 100 G
Lx : 5 x 1046 erg/s
T : 3000 sec
rate : 3 x 10-7
/Mpc3/year

Courtesy by 
S.Yoshida • There are 56 soft transients (MAXI GRBs) observed 

only at MAXI over the past 13 years
• → the rate is 4 / year

• at z=0.1, a burst of 1 x 1047 erg/s is observable
• LLGRB rate ~100 /Gpc3/year 

• at z=0.1, the rate is ~10 events / year
→ consistent with the MAXI GRBs rate

IceCube and MAXI combined analysis is important



intrinsic absorption, respectively. We also included the redden
and zdust models for interstellar extinction and reddening in
the host, respectively. We considered Milky Way, LMC, and
SMC extinction laws to get the reddening in the host. All the
parameters, along with various models, have been shown in
Table 2.

We divide the XRT flux light curve into five phases
(numbered I to V) based on its evolution. The initial emission
in the X-rays shows different decay behavior in flux and flux
density (@ 10 keV). The flux decays with an index ∼3 while
the flux density (@ 10 keV) shows a sporadically changing
behavior in the beginning. This is also reflected in our joint
analysis of XRT and BAT data for phase I where we found that
the spectrum could be described by a cutoff power-law model.
The spectral index as shown in the lower panel is also varying
fast during phase I. A strong flare is also present in both X-ray,
Swift-UVOT and optical light curves beginning from ∼600 s .
We have modeled the X-rays in phase I by a power law, and III
and IV by a power law with a smooth break. The measured
spectral and temporal parameters of the XRT light-curve fitting
are shown in Tables 2 and 3.

The external shock models predict certain closure relations
between the spectral and temporal index in various regimes

(cooling, density regimes, or an injection from the central
engine). These relations present tests without delving into
details of the models (e.g., Zhang & Mészáros 2004; Gao et al.
2013). Using the conventional notation, Fν∝t−αν−β, we
obtained αX, βX for GRB190829A afterglow in the X-ray
bands. In Table 3, we present the indices of the flux and flux
density (@ 10 keV) for the segments of the light curve. We
particularly analyze segments III (flare) and IV (break) regions
in detail, starting with phase IV.
The segment in the flux light curve shows a shallow change

(0.3±0.3) in the temporal decay index. Contrary to this, in the
flux density (@10 keV), αX changes by 1.1±0.2. Naively,
one may tend to recognize the break with a jet break, however,
upon closer examination the photon index softens during
∼3×105–2×106 s (vertical dashed lines in Figure 4(b)).
This is also reflected in the softening of the hardness ration
(vertical dashed lines in Figure 4(c)). Since after this period, the
photon index settles down to its previous value before the
spectral change, it suggests a rebrightening within the
low-energy Swift-XRT band. The passage of some spectral
break frequency is also less likely due to the same reason,
because any frequency crossover will cause an irreversible
change in the spectral index. Phases IV and V (excluding the

Figure 4. Multiwavelength light curves.(a) BAT and XRT observation of all the episodes in log-linear scale. (b) Upper panel: flux (erg cm−2 s−1) for GBM
(10–1000 keV) and XRT (0.3–10 keV) labeled on the right axis (purple axis), whereas the left axis shows the flux density (Jy) in different wavelength regimes. The
down-pointing triangles denote the corresponding upper limits. For XRT, black data points are flux density @ 1 keV and blue data points are flux density @ 10 keV.
The shaded regions show the different episodes selected, and data between the vertical black dashed lines is ignored for modeling and is a possible rebrightening
region. Lower panel:photon index. (c) XRT light curves. Upper panel:XRT count rate in the hard (5–10 keV) and soft (0.3–3 keV) bands. The figure in the inset
shows the background-subtracted flaring episode fitted well by the Norris model. Lower panel:the ratio of the count rate in hard and soft bands (HR). The vertical
black dashed lines are the same as in (b). All XRT data are taken and reduced from the Swift online repository (Evans et al. 2009).
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Example of MAXI transient event at the edge of detection limits

GRB 190829A
(LLGRB)
afterglow

z = 0.0785
358.4 Mpc

Assuming photn index of 2.0, 
Lx = 1.2 ± 0.3 x 1046 erg/s 
(68%)@358 Mpc
in the 2 - 10 keV band 

Such treasure transients may lie in MAXI's 
subthreshold events.
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Figure 1. Simulated IceCube sensitivity as a function of source declination to a neutrino flux with dN/dE ∼
E−2 for a neutrino flare length of 10 days and for the IC-2012 data set. The sensitivity did not change
significantly for other IceCube data seasons. The sensitivity is defined as the flux required for a 3 sigma
detection with a probability of 90%.

using data from the IC-2012 season. Only the cut on the Bayesian likelihood ratio was changed.

Cut Level Selection criterion Atms. µ Data Atms. νµ Astro.
(mHz) (mHz) (mHz) ×10−3 (mHz)

0 cos θMPE ≤ 0 1010.5 1523.81 7.166 6.23
1 SLogL(3.5) ≤ 8 282.49 504.44 5.826 5.62
2 NDir ≥ 9 8.839 22.01 3.076 4.06
3 ((cos θMPE > −0.2) AND (LDir ≥ 300 m)

OR 1.124 4.30 2.313 3.69
(cos θMPE ≤ −0.2) AND (LDir ≥ 200 m))

4 ∆Split/MPE <0.5 0.100 2.15 1.899 3.26
5 ((cos θMPE ≤ −0.07)

OR 0.080 2.08 1.880 3.25
((cos θMPE > −0.07) AND (∆SPE/Bayesian ≥ 35)) )

6 ( (cos θMPE ≤ −0.04)
OR 0.075 2.06 1.875 3.24

((cos θMPE > −0.04) AND (∆SPE/Bayesian ≥ 40)))

Table 2. IceCube neutrino selection cuts and corresponding passing event rate for the IC-2012 season. At
an final selection an event has to fulfill all cut criteria to pass the selection (i.e. a logical AND condition
between the cut levels is applied). The atmospheric-neutrino flux is based on the prediction by Honda
[71], but atmospheric-muon rate is calculated from CORSIKA simulations. The event rate for IceCube
data stream corresponds to the total livetime of 332.36 days. The astrophysical neutrino flux is estimated
assuming dN/dE = 1 · 10−8 GeVcm−2s−1( E

GeV )
−2. (Atms. = atmospheric, Astro. = astrophysical)

The final set of smooth cuts resulting from the cut optimization is listed in Table 2 and the
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Example of GFU filter flow (upgoing) 

IceCube's GFU (Gamma-ray Follow Up) filter :
• event rate is about 6 mHz
• drops most of the muon events
• ~1/500 events is of astrophysical origin
→ MAXI enables us to estimate the significance of the 
X-rays for all GFU events

Both IceCube and MAXI process data in real time

https://arxiv.org/abs/1610.01814



Background estimation on IceCube and MAXI's combined analysis
MAXI data

src
1.6 deg

bgd
3.0 deg

2-10 keV 
image

after the 
area 
correction

The counts in the region are 
about 10.
→ We have to test for 
asymmetry in the Poisson 
distribution.

Bgd counts (Nb)

Sr
c

co
un

ts
 (N

s) method 1 (data driven) : Estimate the PDF from real MAXI data 
and calculate probability of Ns from observed Nb.

method 2 (analytical) : E-test, for comparing two Poisson means 
(Krishnamoorthy and Thomson 2004, Journal of Statistical 
Planning and Inference) 
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Background estimation on IceCube and MAXI's combined analysis

data based
Poisson diff (E-test)
Solid line : Uniform

total
1.38 x 106 events

Background probability distribution is 
approximately as expected
← Differences between the two methods 
will be discussed

Future works:
• how to multiply the significance of MAXI and IceCube

events
• Results of archival data analysis constrain how much 

LLGRBs contribute to the neutrino diffuse emission

e.g, GRB 190829A (1 x 1046 erg/s @ 358 Mpc )

Background of significance over past GRB 190829A is 19 
events in 1 year ← bit high, will consider ways to reduce.



IceCube Upgrade & 
Gen2



IceCube-Gen2
IceCube
Upgrade IceCube (2005-)

Optimized for 
• Diffuse high energy cosmic neutrinos

Optimized for 
• Cosmic neutrino point sources

Optimized for 
• GeV neutrinos
• Calibration

IceCube’s
instrumentation 
volume 1 Giga-ton

IceCube-Gen2’s instrumentation volume 
8 Giga-ton!

inner fiducial volume 
2.2Mega-ton

IceCube Upgrade & Gen2



Upgrade : StatusOptical Sensors

clear ice

dusty  ice

3m vertical 
separation

special calibration region

physics region 

275m

mDOM:402+22
(5.5% spares)

D-Egg: 277 + 15
(5.5% spares)

7

Chiba

two 8-inch PMTs
camera module
LED flusher

D-Egg

11

• Final Acceptance Testing –about 3 weeks for each 
batch of 24 D-Eggs to thoroughly test before in-ice 
deployment

• ~92% of the D-Eggs have gone through FAT (including 
practice FAT)

• FAT of all 309 D-Eggs projected to finish February 2024
(Need a total of 277 + 15 spares = 292)

Time ( total of 21 days) Te
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0  C
 ->
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00  C

 )

See talk by Aya Ishihara
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• Final Acceptance Testing –about 3 weeks for each batch 
of 15 D-Eggs to thoroughly test before in-ice deployment 

• FAT of all 309 D-Eggs projected to finish February 2024



Gen2 : Status�*HQ���'20�FDQGLGDWHV
Ɣ 7ZR�GHVLJQ�FDQGLGDWHV��ZLWK����DQG����

307V���:LOO�EH�GHSOR\LQJ���HDFK�IRU�
WHVWLQJ�ZLWK�8SJUDGH

Ɣ 'HYHORSHG�IURP�8SJUDGH�WHFKQRORJLHV�
�0LQL�0DLQ%RDUG��2SWLFDO�*HO�HWF��

Ɣ 8VH�RI��´�307V�WR�PD[LPLVH�SKRWRQ�
FDSWXUH�DUHD�IRU�JLYHQ�PRGXOH�VL]H

Ɣ 6LOLFRQH�JHO�SDGV�XVHG�IRU�RSWLFDO�
FRXSOLQJ��PLQLPL]HV�JHO�XVDJH�DQG�
DYRLGV�H[SHQVLYH�KROGLQJ�VWUXFWXUHV��
PHWDO�UHIOHFWRUV�QHDU�+9�SKRWRFDWKRGHV

Ɣ &XVWRP�HOHFWURQLFV�GHVLJQHG�IRU�ORZ�
SRZHU�DQG�VHQVLWLYLW\�WR�EULJKW�HYHQWV�

�

�

Chiba Gen2 DOM candidates
• Two design candidates, with 16 and 18 

PMTs.
• Developed from Upgrade technologies (Mini 

MainBoard, Optical Gel etc.)
• Use of 4-inch PMTs to maximise photon 

capture area for given module size

• Testing the Readout Board
• Gel pad production
• Pressure resistance test

Status:



Summary

• Three objects have been identified so far as neutrino emitter (TXS 
0506+056, NGC 1068, Galactic Plane). 

• The origin of neutrino diffuse emission is still unknown.
• Two new alerts are being developed to identify the origin through 

multi-messenger observations.
• Multiplet alert is sensitive to nearby transients with a duration of 

about 30 days.
• Combined X-ray and neutrino alert is sensitive to LLGRB-like 

transients
• The D-egg, which is being fabricated at Chiba University, is currently 

undergoing FAT. It is scheduled to be transported to Antarctica in 
FY2024.

• Development of a new DOM for Gen2 is underway.


