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Detection of Cosmic High-energy Neutrinos

• IceCube has been detecting astrophysical neutrinos 
• Arrival direction: consistent with isotropic —> cosmic HE neutrino background 
• Soft spectrum:  @ TeV >  @ PeV 

• Origin of cosmic neutrinos are a new big mystery
FEν

FEν

A combined fit of IceCube’s high energy neutrino data

Figure 3: Result of the com-
bined fit of tracks and cascades
under different assumptions
of the astrophysical neutrino
flux. Solid lines represent
the sensitive energy ranges of
the corresponding astrophys-
ical flux models. The un-
certainty band shown in blue
represents the 68% CL uncer-
tainties on the SPL fit. The
segmented flux fit uncertain-
ties are obtained by profil-
ing single-segment normaliza-
tions over all other parameters
in the fit.
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Figure 6. The all-sky distribution of the alerts in the catalog in equatorial coordinates. The blue stars denote EHE, the orange
circles GFU Bronze, the green triangles shows GFU Gold, the red diamonds show HESE Bronze, and the purple plus-signs show
HESE Gold alerts.The 90% uncertainty contours at the location of each alert are shown by the dashed ellipses.

REFERENCES

Aartsen, M., Ackermann, M., Adams, J., et al. 2018a,

Science, 361, 147–151, doi: 10.1126/science.aat2890

—. 2018b, Science, 361, eaat1378,

doi: 10.1126/science.aat1378

Aartsen, M. G., et al. 2013, Science, 342, 1242856,

doi: 10.1126/science.1242856

—. 2014, JINST, 9, P03009,

doi: 10.1088/1748-0221/9/03/P03009

—. 2015, Eur. Phys. J. C, 75, 116,

doi: 10.1140/epjc/s10052-015-3330-z

—. 2016, JINST, 11, P11009,

doi: 10.1088/1748-0221/11/11/P11009

—. 2017a, JINST, 12, P03012,

doi: 10.1088/1748-0221/12/03/P03012

—. 2017b, Astropart. Phys., 92, 30,

doi: 10.1016/j.astropartphys.2017.05.002

—. 2017c, Astrophys. J., 835, 151,

doi: 10.3847/1538-4357/835/2/151

Aartsen, M. G., et al. 2019, ApJ, 886, 12,

doi: 10.3847/1538-4357/ab4ae2

Aartsen, M. G., et al. 2020a, Phys. Rev. Lett., 125, 121104,

doi: 10.1103/PhysRevLett.125.121104

—. 2020b, Phys. Rev. Lett., 124, 051103,

doi: 10.1103/PhysRevLett.124.051103



Pre-IceCube Neutrino Models
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• Cosmic-ray accelerators

• Gamma Ray Bursts (GRBs)

Waxman & Bahcall 1997
Dermer & Atoyan 2003
Guetta et al. 2004

• Cosmic-ray reservoirs
mainly pγ channel mainly pp channel

• Active Galactic Nuclei (AGN)

Manheim & Biermann 1989
Stecker et al. 1991
Halzen & Zas 1997

Especially Blazars

Cen A

• Star Forming Galaxies 
 (SFG)

Loeb & Waxman 2006

M82

• Galaxy Groups/Clusters

Murase et al. 2008
Kotera et al. 2009

Abell 2744

•Cosmic-rays are accelerated in the sources  
& produce neutrinos inside the sources

•Cosmic-rays are accelerated at accelerators 
in the reservoir 

•Cosmic-rays are confined in the reservoir 
and produce neutrinos there
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FIG. 3: Cartoon of the di↵usive shock acceleration (left) and shock heating mechanisms [after 30, after an original sketch by M.
Scholer]. In di↵usive shock acceleration the particle is scattered around the shock being much faster than the shock. The requirement is

the presence of upstream waves and downstream turbulence or waves. In shock heating the particle is a member of the main particle
distribution, is trapped for a while at the shock and thereby thermalised and accelerated until leaving the shock.

The belief in Cosmic Ray acceleration by shocks is large fuelled by the spatial isotropy of Cosmic Rays as well from
its approximate power law shape over wide ranges of the spectrum even though the spectrum exhibits several breaks
in this shape (see the figure) and becomes quite uncertain at extremely high energies. However, Cosmic Rays require
highly relativistic or even ultrarelativistic shocks [cf, e.g, 86]. Thus the contribution of heliospheric shock acceleration
is quite naturally restricted to the range of weakly relativistic particles and to the investigation of particle acceleration
by measuring energetic particle spectra in situ the shock environment. These measurements can then be compared
with theory and in the first place numerical simulations in order to select the relevant acceleration models for medium
energy particles (< GeV ions and < MeV electrons).

In addition, because of the availability – or at least the occasional availability – of collisionless shocks in space,
like planetary bow shocks, travelling interplanetary shocks, corotating interaction regions, coronal shocks and the
heliospheric terminal shock, one of the most interesting questions in shock acceleration theory can be treated. This
is the above mentioned complex of questions that are related to the so-called shock particle injection problem: Which
of the various mechanisms is capable of accelerating ions and electrons out of the main streaming thermal plasma
distributions to energies high enough that they can become injected into the cycle of the shock-Fermi acceleration
machine? Theory has so far been unable to ultimately answer this question. However, a number of sub-processes
acting in the shock have in the past been proposed of which it is believed that some of them are indeed capable
of contributing to answering this question. This problem does not directly stimulate astrophysical interest as it is
believed that in the huge astrophysical objects with the available high energies su�ciently many particles will always
have su�ciently high energy for initiating the Fermi process. Here another problem awakens attention even when the
shocks are non-relativistic: this is the question what happens to a shock, if it is exposed to a substantial density of
energetic particles, particles that have undergone Fermi acceleration and fill all the space upstream and downstream
of the shock. These particles are believed to modulate the shock, transforming it into a energetic particle (or Cosmic
Ray) mediated shock wave. We are not going to treat this problem here as in the heliosphere there is presumably only
one single shock that may be subject to weak modulation by the Anomalous Cosmic Ray component that is present
in the heliosphere, the Heliospheric Terminal Shock, which we will briefly treat in passing in the second part of this
volume.

II. ACCELERATING IONS WHEN THEY ARE ALREADY FAST

When dealing with the acceleration of particles by shocks, the physics of the shock stands back and is not of large
interest. The shock appears as a boundary between two independent regions of di↵erent bulk flow parameters which
are filled with scattering centres for the particles as sketched in Figure 1 (see also the cartoon in Figure 3). These

• Cosmic-ray Accelerators
• Gamma-ray Bursts

Waxman & Bahcall 1997
Dermer & Atoyan 2003
Guetta et al. 2004

• Cosmic-ray Reservoirs pγ
• Blazars

Manheim & Biermann 1989
Halzen & Zas 1997

• Starburst Galaxies

Loeb & Waxman 2006

M82

•Galaxy Clusters

Murase et al. 2008
Kotera et al. 2009

Abell 2744

pp

Treumann+ 08

The Astrophysical Journal, 736:131 (22pp), 2011 August 1 Abdo et al.
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Figure 11. SED of Mrk 421 with two one-zone SSC model fits obtained with
different minimum variability timescales: tvar = 1 day (red curve) and tvar = 1
hr (green curve). The parameter values are reported in Table 4. See the text for
further details.

Table 4
Parameter Values from the One-zone SSC Model Fits to the SED from

Mrk 421 Shown in Figure 11

Parameter Symbol Red Curve Green Curve

Variability timescale (s)a tv,min 8.64 × 104 3.6 × 103

Doppler factor δ 21 50
Magnetic field (G) B 3.8 × 10−2 8.2 × 10−2

Comoving blob radius (cm) R 5.2 × 1016 5.3 × 1015

Low-energy electron spectral index p1 2.2 2.2
Medium-energy electron spectral index p2 2.7 2.7
High-energy electron spectral index p3 4.7 4.7
Minimum electron Lorentz factor γmin 8.0 × 102 4 × 102

Break1 electron Lorentz factor γbrk1 5.0 × 104 2.2 × 104

Break2 electron Lorentz factor γbrk2 3.9 × 105 1.7 × 105

Maximum electron Lorentz factor γmax 1.0 × 108 1.0 × 108

Jet power in magnetic field (erg s−1)bx Pj,B 1.3 × 1043 3.6 × 1042

Jet power in electrons (erg s−1) Pj,e 1.3 × 1044 1.0 × 1044

Jet power in photons (erg s−1)b Pj,ph 6.3 × 1042 1.1 × 1042

Notes.
a The variability timescale was not derived from the model fit, but rather used
as an input (constrain) to the model. See the text for further details.
b The quantities Pj,B and Pj,ph are derived quantities; only Pj,e is a free
parameter in the model.

so that
R = δctv,min

1 + z
! δctv

1 + z
. (1)

During the observing campaign, Mrk 421 was in a rather
low activity state, with multifrequency flux variations occurring
on timescales larger than one day (Paneque 2009), so we used
tv,min = 1 day in our modeling. In addition, given that this
only gives an upper limit on the size scale, and the history of
fast variability detected for this object (e.g., Gaidos et al. 1996;
Giebels et al. 2007), we also performed the SED model using
tv,min = 1 hr. The resulting SED models obtained with these
two variability timescales are shown in Figure 11, with the
parameter values reported in Table 4. The blob radii are large
enough in these models that synchrotron self-absorption (SSA)
is not important; for the tv,min = 1 hr model, νSSA = 3×1010 Hz,
at which frequency a break is barely visible in Figure 11. It is
worth stressing the good agreement between the model and the

data: the model describes very satisfactorily the entire measured
broadband SED. The model goes through the SMA (225 GHz)
data point, as well as through the VLBA (43 GHz) data point
for the partially resolved radio core. The size of the VLBA
core of the 2009 data from Mrk 421 at 15 GHz and 43 GHz
is #0.06–0.12 mas (as reported in Section 5.1.1) or using the
conversion scale 0.61 pc mas−1 # 1–2 ×1017 cm. The VLBA
size estimation is the FWHM of a Gaussian representing the
brightness distribution of the blob, which could be approximated
as 0.9 times the radius of a corresponding spherical blob
(Marscher 1983). That implies that the size of the VLBA core is
comparable (a factor of about two to four times larger) than that
of the model blob for tvar = 1 day (∼5 × 1016 cm). Therefore,
it is reasonable to consider that the radio flux density from the
VLBA core is indeed dominated by the radio flux density of the
blazar emission. The other radio observations are single dish
measurements and hence integrate over a region that is orders
of magnitude larger than the blazar emission. Consequently, we
treat them as upper limits for the model.

The powers of the different jet components derived from
the model fits (assuming Γ = δ) are also reported in Table 4.
Estimates for the mass of the supermassive black hole in
Mrk 421 range from 2×108 M% to 9×108 M% (Barth et al. 2003;
Wu et al. 2002), and hence the Eddington luminosity should be
between 2.6 × 1046 and 1.2 × 1047 erg s−1, that is, well above
the jet luminosity.

It is important to note that the parameters resulting from
the modeling of our broadband SED differ somewhat from
the parameters obtained for this source of previous works
(Krawczynski et al. 2001; Błażejowski et al. 2005; Revillot
et al. 2006; Albert et al. 2007b; Giebels et al. 2007; Fossati
et al. 2008; Finke et al. 2008; Horan et al. 2009; Acciari et al.
2009). One difference, as already noted, is that an extra break is
required. This could be a feature of Mrk 421 in all states, but we
only now have the simultaneous high quality spectral coverage
to identify it. For the model with tvar = 1 day (which is the
time variability observed during the multifrequency campaign),
additional differences with previous models are in R, which is an
order of magnitude larger, and B, which is an order of magnitude
smaller. This mostly results from the longer variability time in
this low state. Note that using a shorter variability (tvar = 1 hr;
green curve) gives a smaller R and bigger B than most models
of this source.

Another difference in our one-zone SSC model with respect
to previous works relates to the parameter γmin. This parameter
has typically not been well constrained because the single-dish
radio data can only be used as upper limits for the radio flux
from the blazar emission. This means that the obtained value for
γmin (for a given set of other parameters R, B, and δ) can only be
taken as a lower limit: a higher value of γmin is usually possible.
In our modeling we use simultaneous Fermi-LAT data as well as
SMA and VLBA radio data, which we assume are dominated by
the blazar emission. We note that the size of the emission from
our SED model fit (when using tvar ∼1 day) is comparable to
the partially resolved VLBA radio core and hence we think this
assumption is reasonable. The requirement that the model SED
fit goes through those radio points further constrains the model,
and in particular the parameter γmin: a decrease in the value of
γmin would overpredict the radio data, while an increase of γmin
would underpredict the SMA and VLBA core radio data, as
well as the Fermi-LAT spectrum below 1 GeV if the increase in
γmin would be large. We explored model fits with different γmin
and p1, and found that, for the SSC model fit with tvar = 1 day
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CRs are escaping from accelerators 
→ CRs are confined in reservoirs  
→ CRs are producing neutirons via pp channel

Neutrino Source Candidates in Pre-IceCube Era

Disfavored by stacking analysis
Disfavored by gamma-ray data



• Seyfert Galaxies  
(Radio-quiet AGN)

Current Source Candidates
• Tidal Disruption Events 

(TDEs)
• Peculiar Supernovae 

(hypernova; 
 super-luminous supernova)

Month - Year

Murase, SSK+ 2020
Winter+ 2020

Second - Minute

Senno+ 2016
He+ 2018
SSK+ 2018
SSK & Moriya in prep.

Steady Source

Murase, SSK+ 2020
Inoue Y et al. 2019
Inoue S et al. 2022

• Strong evidence of  
neutrino signals 
from NGC 1068

IceCube 2022

• 2 possible association 
reported from ZTF team 

Stein+ 2021 
Reusch+(incl. SSK) 2022 

• No observational evidence 
• Theory-motivated



How to find neutrino sources?
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• Stacking analysis （γ → ν） • Follow-up Observations（ ν → γ)
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QDQRVHFRQGV

Figure 1: Event display for neutrino event IceCube-170922A. The time at which a DOM
observed a signal is reflected in the color of the hit, with dark blues for earliest hits and yellow
for latest. Time shown are relative to the first DOM hit according to the track reconstruction,
and earlier and later times are shown with the same colors as the first and last times, respectively.
The total time the event took to cross the detector is ⇠3000 ns. The size of a colored sphere is
proportional to the logarithm of the amount of light observed at the DOM, with larger spheres
corresponding to larger signals. The total charge recorded is ⇠5800 photoelectrons. Inset is an
overhead perspective view of the event. The best-fitting track direction is shown as an arrow,
consistent with a zenith angle 5.7

+0.50

�0.30
degrees below the horizon.
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ν ?? Neutrino  
Sources

γ

γ

ν

γ

γ

IceCube 2018

• Integrated Neutrino data 
 + Catalogued sources by EM 
→ Identify neutrino sources 

• We can find steady sources 

• Only sensitive to  
the catalogued sources

• Neutrino Alerts 
 + Follow-up observations by EM 
→ Identify neutrino sources 

• Only works for transients 

• We will have better EM data
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• Neutrino Alerts 
 + Follow-up observations by EM 
→ Identify neutrino sources 

• Only works for transients 

• We will have better EM data

• Integrated Neutrino data 
 + Catalogued sources by EM 
→ Identify neutrino sources 

IceCube 2018

Neutrino SourcersNeutrino Alert ＋ Follow-up 
Observations



Challenge to identify neutrino sources 8

• Angular resolution for optical: 
 sec∼ 0.1 − 1

Optical Sky



Challenge to identify neutrino sources 8

Dedicated search strategy  
is necessary

• Angular resolution for optical: 
 sec∼ 0.1 − 1

• Angular Resolution for neutrino: 
 deg∼ 0.5 − 3

Angular Resolution of  
Neutrino detector

Optical Sky

1 - 2  deg

• Number of unrelated  
transients:  

• we cannot identify  
neutrino-emitting object… 

≳ 100



Single neutrino detection = “Singlet”

( RSN
4 Δ 105 GpcΩ3 yrΩ1 ) ( V

102 Gpc3 ) ( ∼t
30 day ) ( deg2

1 )NSN,unrelated × 100

Number of unrelated SNe is too large to discuss association

∼− × 1 deg2

Assuming high eventrate transients
e.g., Supernova (SN),

9Slide from Seiji Toshikage

Need to distinguish a neutrino-emitting TDE from 100s of transients/variables



Figure 1: Multi-wavelength lightcurve of AT2019dsg. Error bars represent 1� intervals. The
upper panel, a, shows the optical photometry from ZTF (in green and red), alongside UV obser-
vations from Swift-UVOT (in blue, purple and pink). The late-time UV observations show an
apparent plateau which is not captured by a single power-law decay. The dashed pink line illus-
trates a canonical t�5/3 power law, while the dotted pink line illustrates an exponentially-decaying
lightcurve. Neither model describes the UV data well. The lower panel, b, shows the integrated
X-ray energy flux, from observations with Swift-XRT (in black) and XMM-Newton (in blue), in the
energy range 0.3-10 keV. Arrows indicated 3� upper limits. The vertical dotted line illustrates the
arrival of IC191001A.
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Tidal Disruption Event  (TDE) 10
Stein+ 2021; Reusch+2022

©︎NASA

• Stars are torn apart by supermassive black holes 
=>  luminous ( 1043 erg/s) & long ( year) optical transients  

• Several TDEs are reported as possible associations with cosmic neutrino events  
• All the associations have a neutrino signal  100 days after the optical/X-ray peak

∼ ∼

∼
Stein+ 2021; Reusch+2022; van Velezen+2024; Jiang+2024; Yuan+2024; Li+2024



Neutrino emissions from TDEs

• Several possible sites of neutrino emissions: jets, winds, corona … 
• Our best-guess scenario: accretion disk & corona 
• Energetics: > 10% of accretion energy needs to be converted to non-thermal protons 
• Many models are proposed => We need more observations to test scenario

11

When the accretion becomes sub-Eddington, the disk state
will change to a standard geometrically thin/optically thick
disk (Shakura & Sunyaev 1973). If the viscous time at
circularization radius is longer than the circularization time, the
time evolution of the mass accretion rate in the standard disk
may be represented by h» -M L c t tEdd rad

2
vis

19 16( [ ])( )
(Cannizzo et al. 1990), which is applicable to an isolated disk
where mass losses or supplies are negligible. Note that at earlier
times the accretion rate has a shallower index, −11/14, due to
stalled accretion (Mummery & Balbus 2019a, 2019b). The
mass accretion rate is related to the bolometric luminosity as

h h= ´ - -
-L Mc m M1.3 10 erg sbol rad

2 43
rad, 1 1 BH,7

1   , where
=m Mc L2

Edd  is the normalized mass accretion rate. The
transition accretion rate from the super-Eddington to sub-
Eddington accretion is given by h= -m rad

1 , and the viscous time
is evaluated at the outer radius of the disk at the state transition.
Here, we assume that M is constant inside the disk, which
can be realized if the outflows from the standard disk are
negligible, as shown by numerical simulations (e.g., Ohsuga &
Mineshige 2011).

If the mass accretion rate decreases below a critical value
a» -m 0.03crit 1

2 (Mahadevan et al. 1997), the accretion state
changes into that of a hot accretion flow, or a RIAF.

In the following two subsections, we will explore two core
models for high-energy neutrino and gamma-ray production
that probe the different accretion regimes described above. The
neutrino and gamma-ray production sites in the core models are
indicated in Figure 1.

2.1. Corona Model

By analogy to active galactic nucleus (AGN), we postulate
the existence of a hot corona above a slim or standard accretion
disk around the central SMBH. The details of long-term disk
accretion in the TDE environment are still uncertain (e.g.,
Bonnerot et al. 2016). We estimate plasma quantities and CR
properties in coronae using the empirical relations obtained by
multiwavelength observations of AGN (Murase et al. 2020).

Either a slim or standard disk provides copious optical and UV
photons, whose spectrum is multi-temperature blackbody emission.

In the standard disk, for example, the inner disk temperature
is estimated as ps»T GM M R0.488 3 8disk BH SB ISCO

3 1 4( ) (e.g.,
Pringle 1981), which typically lies in the UV range. In the TDE
case, the early-time emission may not be directly observed because
it can be reprocessed by the surrounding optically thick material
(e.g., Loeb & Ulmer 1997; Strubbe & Quataert 2009; Dai et al.
2018). But late-time optical and UV emission is often attributed to
the disk emission (e.g., Leloudas et al. 2016; van Velzen et al.
2019; Wevers et al. 2019).
In a corona, electrons are heated presumably by magnetic

dissipation, cooled via the Comptonization of optical/UV disk
photons, and efficiently emit hard X-rays. Observationally, the
electron temperature in AGN coronae is found to be

~ -kT 10 100 keVe . When the Coulomb relaxation time is
longer than the dissipation timescale, one may expect a two-
temperature plasma, in which thermal protons have a virial
temperature of -kT R R5.2 MeV 30p S

1( ) , where R is the
coronal radius. The plasma beta, b pº n kT B8 p p

2/ , is intro-
duced to estimate the magnetic field strength B. Here, np is
the number density of thermal protons. For β∼0.01−1, we
expect B∼0.1–30 kG.
For AGNs, there is an empirical relationship between the

bolometric luminosity Lbol and X-ray luminosity LX (in the
2–10 keV energy range), which reads as ~ -L L0.03 0.1X bol( )
for ~ - -L 10 10 erg sbol

42 45 1 (Hopkins et al. 2007). The
spectral properties of the disk-corona system are often character-
ized by the Eddington ratio, l º L LEdd bol Edd (Ho 2008). The
coronal X-ray spectrum becomes softer for larger values of λEdd,
which is also consistent with the slim and standard disk models.
The Thomson optical depth can be estimated by the X-ray
spectrum. We use these spectral templates as a function of the
disk luminosity Ldisk andMBH. Note that the relationship between
the observed X-ray and optical/UV fluxes is generally nontrivial
in the TDE case (e.g., Auchettl et al. 2017). The disk state would
change as time, and early-time emission may originate from the
super-Eddington accretion. Also, the X-ray and UV emission can
be obscured and reprocessed by the TDE debris.
Protons may be accelerated to relativistic energies by plasma

turbulence (e.g., Lynn et al. 2014; Comisso & Sironi 2018;
Kimura et al. 2019b; Wong et al. 2020) and/or magnetic
reconnections (e.g., Zenitani & Hoshino 2001; Sironi et al.
2015; Rowan et al. 2017; Werner et al. 2018; Petropoulou et al.
2019). For example, the stochastic acceleration timescale is

h e» -t c V H c eBHB A p
q

acc
2 2( ) ( )( ) , where εp is the proton

energy, H is the coronal scale height, VA is the Alfvén velocity,
q∼1.5–2 is the spectral index of turbulent power spectrum,
and ηB is the inverse of the turbulence strength (e.g., Dermer
et al. 1996, 2014). The stochastic acceleration process is known
to be slower than the diffusive shock acceleration, which can
compete with various cooling and escape processes. For high
Eddington-ratio objects (e.g., smaller SMBHs for a given
Ldisk), the Bethe–Heitler pair production ( g  + -p pe e )
becomes the most important proton cooling process because
of copious disk photons, and often determines the proton
maximum energy (Murase et al. 2020). CRs that are subject to
efficient Bethe–Heitler cooling can still produce neutrinos via
photomeson production, but the neutrino flux is significantly
suppressed. For low Eddington-ratio objects (e.g., larger
SMBHs for a given Ldisk), while the maximum energy is often
limited by particle escape (either diffusion or infall), pp
inelastic collisions are more likely to be responsible for high-
energy neutrino production. However, we stress that both pγ

Figure 1. Schematic picture of neutrino and gamma-ray production models
considered in this work (not to scale). In the core models, the emission region is
the corona and disk regions. In the hidden wind model, the emission regions
are sub-relativistic outflows that may be driven by an accretion disk or induced
by collisions among tidal streams. In the jet model, CR acceleration and
neutrino production occur inside relativistic jets. Note that the above scenarios
are not mutually exclusive.
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We modeled this light curve as a composite of two
unmodified blackbodies (a “blue” and a “red” blackbody).
We interpret the time-delayed infrared emission as a dust
echo: The blue blackbody heats surrounding dust, which
then starts to glow. The light curve of this dust echo was
inferred using the method described in Ref. [193] and the
corresponding fit is shown in Fig. 1. An optical or UV
bolometric luminosity of L ¼ 1.4þ0.1

−0.1 × 1045 erg s−1 at peak
was derived. By integrating this component over time, we
derived a total bolometric energy of Ebol ¼ 3.4 × 1052 erg
(the red blackbody was not added, as dust absorption is
already accounted for through the extinction correction).
This is almost twice the inferred bolometric energy of
ASASSN-15lh, which was one of the brightest transients
ever reported [194] and was suggested to be a TDE [195].
Furthermore, the energy budget, bolometric evolution,
and luminous dust echo suggest that AT2019fdr belongs
to a class of TDE candidates observed in AGN (similar
to PS1-10adi [196], AT2017gbl [197] or Arp 299-B
AT1 [198]). For details on the modeling methods, see
Supplemental Material [57].
Following the neutrino detection, we performed radio

observations of AT2019fdr with a dedicated Very Large
Array (VLA) [199] director’s discretionary time (DDT)
program three times over a period of four months, and
obtained multifrequency detections. AT2019fdr shows a
featureless power law spectrum consistent with optically
thin synchrotron emission above∼1 GHzwith no significant
intrinsic evolution between the epochs (see Supplemental
Material [57]). The peak flux density was 0.39# 0.03 mJy
in the 1–2 GHz band. The lack of apparent evolution
suggests that the radio emission is not related to the transient,
but rather originated from the AGN host. An additional
subdominant transient component could be present.
No γ rays were detected by the Fermi large area telescope

(Fermi-LAT) [200] between the first detection of AT2019fdr
and one year after neutrino detection, yielding an upper limit
of 1.3 × 10−12 erg s−1 cm−2 (see Ref. [201]).
AT2019fdr is the second probable neutrino-TDE asso-

ciation found by ZTF. To calculate the probability of
finding two such coincident events by chance, while
accounting for the fact that some TDEs will not be
spectroscopically classified, we developed a broader
sample of photometrically selected “candidate TDEs.”
We selected “nuclear” transients that are at least as bright
as AT2019fdr from the sample of ZTF transients, and
applied cuts to identify TDE-like rise times and decay times
(see Supplemental Material [57] and Ref. [201] for details).
Our sample begins in 2018 (the ZTF survey start), and we
further required a flare peak date before July 2020. We
excluded only transients for which a TDE origin was ruled
out through spectroscopic classification (i.e., our sample
contains all unclassified candidates and all classified
TDEs). To compute the sky source density at any given
time, we conservatively estimated their average lifetime at

1 yr after discovery, yielding an effective source density of
1.7 × 10−4 per deg2 of sky in the ZTF footprint (most
TDEs evolve on shorter timescales, which—if accounted
for—would reduce the effective source density). When
including all 24 neutrinos followed up by our program by
September 2021 (covering a combined area of 154.33
deg2, see Supplemental Material [57]), the probability of
finding any photometrically selected TDE candidate by
chance is 2.6 × 10−2, while the probability of finding two
by chance is 3.4 × 10−4 (3.4σ). We emphasize that these
estimates rely solely on the optical flux and a nuclear
location in the host galaxy, and thus do not account for the
additional luminous dust echoes or postflare x-ray detec-
tions observed for AT2019dsg and AT2019fdr.
Neutrino emission from AT2019fdr.—With a single

neutrino observed in association with AT2019fdr, the
inference of the neutrino flux will be subject to a large
Eddington bias [202] and hence very uncertain. However,
we can make a more robust statement on the neutrino flux
by considering the underlying population (see, e.g.,
Ref. [10]). The detection of two high-energy neutrinos
implies a mean expectation for the full TDE catalog in the
range 0.36 < Nν;tot < 6.30 at 90% confidence, where Nν;tot
is the cumulative neutrino expectation for the nuclear
transients that ZTF has observed. AT2019fdr emits ∼2%
of the g-band peak energy flux for the population of nuclear
transients, consisting of the 17 published ZTF TDEs (see
Ref. [203]) and all TDE candidates as bright as AT2019fdr
(see Supplemental Material [57] for the latter). If we take
this as a proxy for the contribution of AT2019fdr to the
neutrino emission, we would expect a total number of
neutrinos 0.007≲ Nν ≲ 0.13 for this source.
This estimate can be compared to model expectations.

We present three different models invoking pγ and/or pp
interactions, where protons are efficiently accelerated in a
disk corona, a subrelativistic wind or a relativistic jet (see
Supplemental Material [57]). The resulting spectra are
shown in Fig. 2. All models can explain the observed

FIG. 2. Neutrino fluence for the three models described here.
The reported energy of the neutrino event [49], represented by the
dotted vertical line, should be viewed as a lower limit to the
neutrino energy.
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• Using the updated IceCube data, 
TDEs are not within the error regions of IC events 

• Needs to examine whether TDEs are emitting  
neutrinos or not with a dedicated search strategy

IceCat-2: Updated IceCube Event Catalog of Alert Tracks

(a) AT2019fdr (b) AT2019dsg

(c) AT2019aalc

Figure 6: Sky maps showing spatial coincidences between IceCat track alerts and several TDEs (yellow
stars). Each panel highlights improvements in event localization from IceCat-1 (red) to IceCat-2 (blue), with
solid and dashed lines showing the 50% and 90% containment regions, respectively.

after the peak of the optical–ultraviolet luminosity. In some of these associations, the TDE positions
were located near the edge of the neutrino localization contours, leaving room for uncertainty.
Thanks to the improved reconstructions provided by IceCat-2, these associations can now be
revisited with greater accuracy. We find that the TDE positions are, in all cases, well outside the
updated containment regions, e!ectively ruling out an association with the corresponding IceCube
alerts (see Fig. 6).

4. Search for correlation with potential source candidates for association

Following the approach previously adopted for IceCat-1, we also re-evaluated the directional
correlation of the updated alert tracks with several gamma-ray catalogs (3FHL, 4FGL-DR4, 3HWC,
TeVCat) as well as the Swift-BAT X-ray catalog. For each of the 365 alerts in the preliminary IceCat-
2 sample, we searched the aforementioned catalogs for sources located within the 90% uncertainty
contour of the alert’s updated reconstructed direction. In addition, to estimate the number of
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Neutrino Follow-up with Subaru/HSC 13

• Angular error of neutrino: 1 deg2 ==> Wide-field survey (1 deg2) 
• Expected distance: z = 0.5 - 1 ==> Deep survey (24 - 25 mag) 
• Only Subaru/ HSC can achieve both criteria  

=> Look for blue & slowly evolving transients using Subaru/HSC 
• ToO proposals have been accepted for S23A, S23B, S24A, S25A

and i-band observations could enable us to determine the
temperature more precisely.

We perform follow-up spectroscopic observations by
Gemini/GMOS. Spectroscopy enables us to confirm
whether the target is a true d�stant TDE or not, ow-
ing to its broad emission lines (mainly Balmer series) of
> 104 km s�1 and/or highly ionized Fe lines emerging
around the H� line [16]. The neutrino-detected TDEs in-
dicate the broad-line feature even after the neutrino detec-
tion, i.e., more than several months after the peak of op-
tical lightcurves [17]. Besides, spectroscopic observations
will provide information of the host galaxy. Even if the
candidate TDE became fainter than 24 mag at the time
of spectroscopic observation, its host galaxy at z ⇠ 0.5
would be as bright as 23� 24 mag. Host galaxies of ZTF-
detected TDEs are mostly green valley galaxies emitting
emission lines [16]. Several-hour spectroscopic observa-
tions by Gemini/GMOS will detect H� and [OIII] emission
lines with S/N ⇠ 5, with which we can determine its red-
shift. If both the candidate TDE and its host galaxy are
fainter than 25 mag, we will make photometric follow-up
observations by Gemin/GMOS to obtain the lightcurve
and color evolution for a longer time period. This may
enable us to distinguish a TDE from other type of tran-
sients.

The local volumetric TDE rate is ⇠ 103 Gpc�3 yr�1

[16], and the TDE rate has a weaker cosmological evolu-
tion than the star formation rate. Then, the mean dis-
tance to a neutrino-emitting TDE should be z ⇠ 0.5 (cf.
[4]). Our HSC follow-up program will be able to find
a TDE for z < 1, and spectroscopic characterization is
possible for TDEs for z . 0.5. The probability of acci-
dentally finding an unrelated TDE of z < 0.5 within the
error region (⇠ 0.7 deg) during the follow-up time period
(2 months) is ⇠ 0.15. If we find a TDE multiple times
by our program, we can identify TDEs as the dominant
source of cosmic neutrinos.

Estimate of ToO Rate

IceCube is issuing two types of alerts, and we focus
on their GOLD alerts, which have a higher probability of
astrophysical origin.To reduce the contamination of unre-
lated transients, we will trigger ToO only when the an-
gular error of the neutrino event is < 0.7 deg. Then,
the neutrino alert rate with such a small angular error
is ⇠ 0.23 Month�1. Taking into account only a half of
neutrino events occur in the observable sky, the expected
number of ToO during the S23B period is ⇠ 0.68.

Implications

Our proposed observations will be able to identify TDEs
as the cosmic high-energy neutrino source, which will shed
light on the origin of cosmic rays, a decades-long problem
in astrophysics. Also, we can test astrophysical models
of TDE emission and particle acceleration theory, as the
neutrino emission demands the existence of cosmic rays
in a relatively dense environment. Thus, neutrino sig-
nals together with multi-wavelength data from TDEs will
provide unique information of the emission regions. For
example, we can discuss properties of outflows and sur-

Figure 2: Comparison of lightcurves (r-band; top) and
color evolution (bottom) of TDEs [16] and supernovae
[18]. The peak of lightcurves are T = �45 day for TDEs
and T = 0 for SNe. The thick-red curves are the most
luminous (hottest) and faintest (coolest) TDEs with data
for more than 200 days, scaled to z = 0.5. Other TDE
curves lie between the two red curve (pink region). The
vertical lines show the timing of the proposed HSC obser-
vations.

rounding medium using the optical, radio, and neutrino
signals. In addition, neutrino energy and timing of the
neutrino detection will unravel the cosmic-ray acceleration
region, which may lead to the understanding of mysteri-
ous extreme phenomena around black holes, such as the
production mechanism of relativistic jets and cosmic-ray
acceleration at the vicinity of black holes.
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Subaru Follow-up to IC 230724A
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• Subaru follow-up on good IceCube Alert  
on 2023/07/24 (Angular Error ~ 0.6 deg )

• ToO observations on 2023/08/10 & 2023/08/23

• Blind analysis:  
Actual data in the error region will be analyzed  
after we have completed estimation of  
the background number & True positive rate 

Preliminary 

Source region

Background region



Transient Classification Simulations 

200

• TDE lightcurve templates 

• Optical sky includes 200-300 variable objects (supernovae, active galaxies, TDEs)  
=> We need to pick up TDE-like optical transient from limited amount of data  
=> Optimize the criteria to pick up TDEs using simulations 

• We use  SNCosmo Package (built-in SNe template) and add TDE & AGN templates
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Transient Classification Simulations 
• Optical sky includes 200-300 variable objects (supernovae, active galaxies, TDEs) 

=> We need to pick up TDE-like optical transient from limited amount of data  
=> Optimize the criteria to pick up TDEs using simulations  

• We use  SNCosmo Package (built-in SNe template) and add TDE & AGN templates

SSK et al. in prep.
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Transient Classification Simulations 
• Optical sky includes 200-300 variable objects (supernovae, active galaxies, TDEs) 

=> We need to pick up TDE-like optical transient from limited amount of data  
=> Optimize the criteria to pick up TDEs using simulations  

• We use  SNCosmo Package (built-in SNe template) and add TDE & AGN templates

SSK et al. in prep.

TDE SNe AGN
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Transient Classification Simulations 
• Optical sky includes 200-300 variable objects (supernovae, active galaxies, TDEs) 

=> We need to pick up TDE-like optical transient from limited amount of data  
=> Optimize the criteria to pick up TDEs using simulations  

• We use  SNCosmo Package (built-in SNe template) and add TDE & AGN templates

SSK et al. in prep.

TDE SNe AGN

Preliminary 
Transient type TDE (signal) SN (noise) AGN (noise) TDE (noise)

Number of transients 1 270 130 0.2

After classifications 0.2 0 0 0



Prospects with Rubin/LSST
• Rubin/LSST will provide  

excellent photometric data sets
• Simulations with Rubin/LSST-like  

photometric data set
• We can achieve  

TPR  0.3,   

• 1 follow-up cannot say anything
• We can constrain or support  

TDE scenario with 

∼ Nbkg ∼ 0.01

Ntrial ∼ 7 − 9

17

Bkg hypothesis  
disfavored 

Signal hypothesis disfavored 

N=0

N=1

Preliminary 



• Cosmic neutrinos are the smoking gun signature to identify cosmic-ray sources
• Pre-IceCube models are strongly disfavored by current IceCube data
• Follow-up observations to neutrino alerts will be able to identify neutrino sources
• Current our strategy: Search for TDEs using wide & deep survey  

=> We have developed a simulation tool which enables us to distinguish TDEs from 
SNe/AGN

• Single follow-up observations cannot put a meaningful constraint,  
multiple trials with Rubin will enable us to find/rule out TDEs as neutrino sources

Summary

Thank you for your attention


