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Why Transients?
1. Pointing & timing → reducing atmospheric backgrounds
2. Dominant sources ≠ brightest sources
3. Viable as the dominant origin & environments may be dense
4. Flares/bursts → more target gs → enhanced n production
→ Good opportunities to find rare bright transients even now

IceCube 2018 Science 
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Demonstrating the Power of Multi-Messenger Approaches

Puzzling: standard single-zone models do NOT give a concordance picture
More coincidences…?

n

Keivani, KM et al. 18 ApJ

opt: Swift-UVOT/X-Shooter 

X:Swift-XRT/NuSTAR

g:Fermi-LAT

Petropoulou, KM et al. 20 ApJ

We next discuss a few caveats that should be kept in mind
when interpreting our predictions for the long-term neutrino
emission of TXS0506+056.

1. The predictions rely on the assumption that the maximal
neutrino flux obtained for each epoch is representative of
the long-term neutrino emission of the source. Ideally,
one should find a scaling relation between the maximal
neutrino flux and the photon flux in some energy band
with continuous temporal coverage, and then use the
long-term light curve to compute the predicted number of
muon neutrinos (e.g., Petropoulou et al. 2016). Although
the 0.1–300 GeV energy band of Fermi is ideal for this
purpose, we cannot establish a robust relation between

¯
( )
n n+F max and Fγ, as shown in Figure 3 (left panel). In

contrast, we find that the X-ray flux is a better probe of
the maximal neutrino flux within our model, with

¯
( ) µn n+F FX
max (right panel of Figure 3). This is partly

because the SED has a valley in the X-ray range, which is
the most important for constraining hadronic compo-
nents. The X-ray coverage of the source before the 2017
flare is very sparse (see Figure 1), thus preventing a more
sophisticated analysis than the one presented here.

2. We cannot exclude the possibility that the physical
properties of the jet change drastically in between the four
epochs we chose for our analysis. Such changes in the jet
parameters could happen in highly variable blazars(e.g.,
Raiteri et al. 2013; Ahnen et al. 2017). This limitation
stems from the lack of quasi-simultaneous multi-wave-
length data for long-time windows and highlights the
need for X-ray monitoring of blazars.

3. The SEDs we constructed are not contemporaneous.
More specifically, the X-ray spectra are computed from
individual Swift-XRT observations of duration of a
few kiloseconds each, while the gamma-ray spectrum
is averaged over the whole epoch of interest (∼0.5 yr).
In this regard, the Swift-XRT observations are instanta-
neous compared to the selected time window. So,
when we translate the maximal neutrino flux, which is
mainly set by the X-ray flux, into an expected number of
events and use D =T 0.5 yr as the typical duration, we
may overestimate the number of neutrinos. The X-ray
flux variability within epoch 2, for example, can lead
to an overestimation of the neutrino number by a factor
of ∼2.

5.2. Implications for the 2014–2015 Neutrino Flare

Here, we focus on the implications of our model for the
2014–2015 neutrino flare. As an illustrative example, we show in
Figure 4 a case where the model-predicted neutrino flux is
compatible with the IceCube flux of epoch 4. The parameters are
the same as those listed in Table 8, except for the characteristic
external photon energy (temperature) and the proton luminosity,
which now read �¢� 5 keVext ( ¢ = ´T 2 10ext

7 K) and ¢ =Lp

´1.7 1048 erg s−1, respectively. For the adopted parameters,
the electromagnetic emission of the secondaries produced via
photohadronic interactions and photon–photon pair production
reaches a flux of ( – )~ ´ - - -3 10 10 erg cm s11 2 1, which
confirms the analytical results of Murase et al. (2018). Such high
X-ray and gamma-ray fluxes clearly overshoot the MAXI and
Swift-BAT upper limits by a factor of ∼2–3 and the Fermi-LAT

data by a factor of ∼10. In addition, this case is unlikely in
astrophysical view, for it requires a highly super-Eddington proton
power to account for the low photomeson production efficiency.
Given the unprecedented neutrino flux measured by IceCube

in 2014–2015, one could still argue that the conditions in the
blazar zone were significantly different compared to other
epochs. We therefore explored this possibility by performing a
wide scan of the parameter space for one-zone models. Our
methodology and results are presented in the Appendix. We
found no parameter set for the blazar zone that can
simultaneously explain the neutrino flare and be compatible
with the electromagnetic constraints. Moreover, all cases
require a highly super-Eddington jet power, namely
( – )L10 102 3

Edd, where ( )� :´L M M1.3 10 10Edd
47 9 erg s−1

is the Eddington luminosity of a black hole with mass M. The
necessary proton power could be reduced to Eddington levels if
the energy density of the external photon field (in the blazar
zone) was two or three orders of magnitude higher than all
other epochs(see also Reimer et al. 2019).
We therefore conclude that the high neutrino flux of epoch 4

cannot be explained concurrently with the electromagnetic data
if both emissions originate from the same region, in agreement
with previous studies (Murase et al. 2018; Reimer et al. 2019;
Rodrigues et al. 2019).

6. Discussion

6.1. Remarks on the Maximal Neutrino Flux and Proton
Luminosity

We have constrained the maximal neutrino flux ( ¯
( )
n n+F max ) and

the required proton luminosity ( ( )Lp
max ), assuming that the low-

energy hump in the SED is attributed to synchrotron emission
from primary electrons. This assumption is plausible and
widely accepted. Indeed, the optical-to-soft X-ray data can be
fitted with a single power law, especially evident in epoch 2
and in the 2017 flare(Keivani et al. 2018). It is therefore
unlikely that proton-initiated cascades (with usually broad

Figure 4. Same as in Figure 2, but for a case where the model-predicted neutrino
flux is compatible with the IceCube flux of epoch 4. Here, we assume
¢ = ´T 2 10ext

7 K (or, equivalently, �¢� 5ext keV) and ¢ = ´L 1.7 10p
48 erg s−1.

All other parameters are the same as those listed in Table 8 for epoch 4.

10

The Astrophysical Journal, 891:115 (16pp), 2020 March 10 Petropoulou et al.
2017 multi-messenger flare 2014-2015 neutrino flare

g:Fermi-LAT

X:MAXI

X:Swift-BAT

opt: ASAS-SN

n:IceCube n:IceCube

see also KM, Oikonomou & Petropoulou 18, Ansoldi+ 18, Cerutti+ 19, Gao+ 19, Rodriguez+ 19, Reimer+ 19

pg → n, g + e electromagnetic energy must appear at keV-MeV



Coincidences w. Optical Transients

IceCube-191001A 
& AT 2019dsg 
(Stein+ 21 Nature Astron.) IceCube-191001A

IceCube-200530A 
& AT 2019fdr

Both are rare optical transients
(>3s) with strong radio emission 

(Reusch+ KM 22 PRL) 

IceCube-200530A

z=0.0567

ZTF neutrino-followup program (24 until September 2021) 
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AT 2019fdr
EOUV=3.4x1052 erg
En < 1053 erg

Commonalities
• Brightest TDEs
• Dust echoes
• Radio 
• Soft x-rays

• Correlation w. dust echoes 
(63 samples; ~3.7s)

• One more candidate found
AT 2019aalc 
(highest IR flux) 

• Controversial interpretations

van Velzen+ 22

Reusch+ KM 22 PRL 



HE Neutrinos from TDEs
successful/hidden jets
(Wang+16, Senno, KM & Meszaros 17
KM+ 20, Lunardini & Winter 17, 21)

RIAF disk
(Hayasaki & Yamazaki 19, KM+ 20)

corona
(KM+ 20)

wind embedded in debris
(KM+ 20, Winter & Lunardini 22)

wind colliding w. clouds
(Wu+ 22)



Implications for AT2019dsg & AT2019fdr
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10 Murase et al.

Model N⌫µ(> 100TeV)

Point Source GFU

Core (Corona) 9⇥ 10
�2

1⇥ 10
�2

Core (RIAF) 3⇥ 10
�3

3⇥ 10
�4

Hidden Wind 9⇥ 10
�3

1⇥ 10
�3

Hidden Jet 1⇥ 10
�3

3⇥ 10
�4

Table 1. Maximum expected number of muon and antimuon

neutrinos with energy exceeding 100 TeV in the Point Source

and GFU channels for the models studied in Sections 2-3.

The hidden-jet model is discussed in Section 4.2.3. Note

that all the values are for the most optimistic cases, and we

expect smaller values for the modest cases.
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Figure 6. Most optimistic all-flavor neutrino fluences ex-

pected for AT2019dsg in the corona (for MBH,7 = 3), RIAF

(for MBH,7 = 3), hidden wind, and hidden jet scenarios. See

also Figure 1. The horizontal lines show the fluence level

needed to produce one neutrino in the GFU and PS chan-

nels respectively for an E�2
⌫ neutrino spectrum. Note that

the fluences are lower for the modest cases.

where E⌫,min=100 TeV and E⌫,max =2 PeV, given the
energy range where one expects 90% of neutrinos in the
GFU channel at the declination � of AT2019dsg, � is the
muon neutrino fluence, and Ae↵ is the e↵ective area. We
consider the e↵ective area of the IceCube Point Source
analysis (Aartsen et al. 2019) and the IceCube Alert
(GFU) analysis (Blaufuss et al. 2020) at the declination
of AT2019dsg. Table 1 gives the estimated number of
expected neutrinos in each of the models we studied. We
discuss the implications of these results for each model
separately below.

4.2.1. Core models: possible

We calculate the expected number of muon neutri-
nos, by optimistically assuming an integration time of
�T = 1 yr. For the conditions assumed in the corona
model we obtain N⌫µ = 0.09 (0.01) yr�1 with the Point

Source (GFU) e↵ective area3. Even the most optimistic
expected number of neutrinos is less than unity, but
there is still a

⇠
< 10% (1%) chance to detect one neutrino

taking into account model uncertainties. This expecta-
tion value leads us to conclude that the neutrino could
in principle have been produced by AT2019dsg, if the
physical conditions of the core model were in place, and
can be interpreted as an upward statistical fluctuation.
Plateaus in optical/UV light curves are often inter-

preted by the emission from accretion disks (Leloudas
et al. 2016; van Velzen et al. 2019; Wevers et al. 2019).
Intriguingly, AT2019dsg showed the plateau around the
detection time of IceCube-191001A (Stein et al. 2020).
The neutrino may be associated with the formation
of the disk-corona structure, which implies that high-
energy neutrinos can be used as a probe of the TDE
disk that is di�cult to probe by electromagnetic observa-
tions. In the corona model, the production of

⇠
> 100 TeV

neutrinos is allowed for su�ciently high-mass SMBHs
(with low Eddington ratios). TDEs with typical opti-
cal/UV luminosities or smaller SMBHs predict lower-
energy neutrinos with lower neutrino fluxes. This could
explain why the neutrino production is accompanied by
AT2019dsg-like luminous TDEs that are accompanied
by powerful radio-emitting outflows.
However, the CR pressure with 50% of the thermal

pressure is rather extreme. Although it cannot be ex-
cluded by the observations, this is a very strong en-
ergetic requirement. However, lower neutrino fluences
with more conservative CR normalization can also be
consistent with the observation of one neutrino from the
entire (known) TDE population under the assumption
that the relevant conditions exist in all ZTF observed
TDEs (see discussion on the population bias in Stein
et al. 2020; Strotjohann et al. 2019).
The accompanying gamma-rays should be signifi-

cantly attenuated in the GeV-TeV range. The cascade
gamma-rays are well below the Fermi upper limit, which
is ⇠ a few ⇥ 1043 erg s�1 in the 0.1 � 800 GeV energy
range assuming a photon index of �� = 2. The corona
model is consistent with the gamma-ray upper limits
obtained with the Fermi -LAT and HAWC.
The RIAF model is less consistent with the observa-

tion of a neutrino from AT2019dsg, as the expectation
is N⌫µ = 3⇥10�3(3⇥10�4) yr�1, with the Point source
(GFU) e↵ective area. With extremely optimistic param-
eters in Equation (6), one could increase the neutrino
luminosity by considering inner disk regions, but it is
still challenging to account for the observation of one
neutrino event. On other other hand, from the observa-

3 Henceforth, the number of neutrinos enclosed in the paren-
thesis refers to the GFU e↵ective area.

Nn ~ 0.01-0.1 events (alert)
KM+ 20 ApJ

# no evidence of jets

AT 2019dsg AT 2019fdr

Reusch+ KM 22 PRL 



Neutrinos from Black Hole “Flares”?

KM et al. 20 ApJ need more searches…

• AT 2019dsg, AT 2019fdr, AT 2019aalc: TDE “candidates”
• TDE and AGN n emission may share common mechanisms

(e.g., corona model for NGC 1068)
inferred CR energy
Ecr >~ EOUV
upper fluctuation 
and/or
efficient CR acceleration
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Evidence for Dense Material around Progenitors

• Known to exist for Type IIn SNe (Mcs~0.1-10 Msun)
• May be common even for Type II-P SNe

dMcs/dt~10-3-10-1 Msun yr-1 (>> 3x10-6 Msun yr-1 for RSG)

early spectroscopy
(Yaron+ 16 Nature Phys.)

SN 2013fs

light curve modeling
(Forster+ 18 Nature Astronomy
see also Morozova+ 17 ApJ)

CSM

no CSM



Interacting Supernovae

Star

wind/shell wind/shell

ejecta

kinetic energy → thermal + non-thermal via shock

SN

shocks

dense environments = efficient n emitters (calorimeters)

π ± →νµ +νµ + νe (νe ) + e
±

π 0 → γ +γ
p+ p→ Nπ + X

KM et al. 11 PRD
Katz et al. 11



Neutrino Light Curve

slowly declining light curves while pion production efficiency ~ 1
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Next Galactic Supernova?

- Type II: ~100-1000 events of TeV n from the next Galactic SN
ex. Betelgeuse: ~103-3x106 events, Eta Carinae: ~105-3x106 events

- SNe as “multi-messenger” & “multi-energy” neutrino source
- “Real-time" detection of CR acceleration, testing Pevatrons, neutrino physics
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Detectability of Minibursts

Kheirandish & KM 22

- CCSN rate enhancement 
in local galaxies (ex. Ando+ 05 PRL)

- Neutrino telescope networks are   
beneficial for nearby SNe at Mpc

- II-P: detectable up to ~3-4 Mpc
IIn: detectable up to ~10 Mpc

see also Erin’s talk 
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Luminous Supernovae as Long-Duration Transients 

• SLSN-I (hydrogen poor) – energy injection by engine?
• SLSN-II (hydrogen) – circumstellar material interaction

Luminous Supernovae
Avishay Gal-Yam

Supernovae, the luminous explosions of stars, have been observed since antiquity. However,
various examples of superluminous supernovae (SLSNe; luminosities >7 × 1043 ergs per second)
have only recently been documented. From the accumulated evidence, SLSNe can be classified
as radioactively powered (SLSN-R), hydrogen-rich (SLSN-II), and hydrogen-poor (SLSN-I, the most
luminous class). The SLSN-II and SLSN-I classes are more common, whereas the SLSN-R class is
better understood. The physical origins of the extreme luminosity emitted by SLSNe are a focus of
current research.

Supernova explosions play
important roles in many
aspects of astrophysics.

They are sources of heavy ele-
ments, ionizing radiation, and
energetic particles; they drive
gas outflows and shock waves
that shape star and galaxy for-
mation; and they leave behind
compact neutron star and black
hole remnants.Thestudyof super-
novae has thus been actively
pursued for many decades.

The past decade has seen the
discovery of numerous superlu-
minous supernovaevents (SLSNe;
Fig. 1). Their study is motivated
by their likely association with
the deaths of the most massive
stars, their potential contribu-
tion to the chemical evolution of
the universe and (at early times)
to its reionization, and the possi-
bility that they aremanifestations
of physical explosion mecha-
nisms that differ from those of
their more common and less lu-
minous cousins.

With extreme luminosities ex-
tending over tens of days (Fig. 1)
and, in some cases, copious ultraviolet (UV) flux,
SLSN events may become useful cosmic beacons
enabling studies of distant star-forming galaxies
and their gaseous environments. Unlike other
probes of the distant universe, such as short-lived
gamma-ray burst afterglows and luminous high-
redshift quasars, SLSNe display long durations
coupled with a lack of long-lasting environmental
effects; moreover, they eventually disappear and
allow their hosts to be studied without interference.

Supernovae traditionally have been classified
mainly according to their spectroscopic properties
[see (1) for a review]; their luminosity does not
play a role in the currently used scheme. In prin-

ciple, almost all SLSNe belong to one of two
spectroscopic classes: type IIn (hydrogen-rich
events with narrow emission lines, which are
usually interpreted as signs of interaction with
material lost by the star before the explosion) or
type Ic (events lacking hydrogen, helium, and
strong silicon and sulfur lines around maximum,
presumably associated with massive stellar ex-
plosions). However, the physical properties im-
plied by the huge luminosities of SLSNe suggest
that they arise, in many cases, from progenitor
stars that are very different from those of their
much more common and less luminous analogs.
In this review, I propose an extension of the clas-
sification scheme that can be applied to super-
luminous events.

I consider SNe with reported peak magnitudes
less than −21 mag in any band as being superlu-

minous (Fig. 1) (see text S1 for considerations
related to determining this threshold) (2).

Recent Surveys and the Discovery of SLSNe
Modern studies based on large SN samples and
homogeneous, charge-coupled device–based lu-
minosity measurements show that SLSNe are
very rare in nearby luminous and metal-rich host
galaxies (3, 4). Their detection therefore requires
surveys that monitor numerous galaxies of all
sizes in a large cosmic volume. The first genera-
tion of surveys covering large volumes was de-
signed to find numerous distant type Ia SNe for
cosmological use. These observed relatively small
fields of view to a great depth, placing most of the

effective survey volume at high
redshift (5).

An alternative method for sur-
veying a large volume of sky is
to use wide-field instruments to
cover a large sky area with rel-
atively shallow imaging. With
most of the survey volume at
low redshift, one can conduct an
efficient untargeted survey for
nearby SNe. Such surveys pro-
vided the first well-observed ex-
amples of SLSNe, such as SN
1999as (6), which turned out to
be the first example of the ex-
tremely 56Ni-rich SLSN-R class
(7), and SN 1999bd (8) (Fig. 2),
which is probably the first well-
documented example of the SLSN-
II class (9).

Further important detections
resulted from the Texas Super-
nova Survey (TSS) (10) (text S2).
On 3 March 2005, TSS detected
SN 2005ap, a hostless transient
at 18.13 mag. Its redshift was z =
0.2832, which indicated an ab-
solute magnitude at peak around
−22.7 mag, marking it as the most
luminous SN detected until then
(11). SN 2005ap is the first ex-

ample of the class defined below as SLSN-I. On
18 November 2006, TSS detected a bright tran-
sient located at the nuclear region of the nearby
galaxy NGC 1260 [SN 2006gy (12)]. Its mea-
sured peak magnitude was ~ −22 mag (12, 13).
Spectroscopy of SN 2006gy clearly showed hy-
drogen emission lines with both narrow and
intermediate-width components, leading to a spec-
troscopic classification of SN IIn; this is the proto-
type and best-studied example of the SLSN-II
class.

During the past few years, several untargeted
surveys have been operating in parallel (14). The
large volume probed by these surveys and their
coverage of a multitude of low-luminosity dwarf
galaxies have led, as expected (15), to the detec-
tion of numerous unusual SNe not seen before
in targeted surveys of luminous hosts; indeed,

REVIEWS

Department of Particle Physics and Astrophysics, Faculty
of Physics, Weizmann Institute of Science, Rehovot 76100,
Israel. E-mail: avishay.gal-yam@weizmann.ac.il
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Fig. 1. The luminosity evolution (light curve) of supernovae. Common SN explosions
reach peak luminosities of ~1043 ergs s−1 (absolute magnitude > −19.5). Super-
luminous SNe (SLSNe) reach luminosities that are greater by a factor of ~10. The
prototypical events of the three SLSN classes—SLSN-I [PTF09cnd (4)], SLSN-II [SN
2006gy (12, 13, 77)], and SLSN-R [SN 2007bi (7)]—are compared with a normal
type Ia SN (Nugent template), the type IIn SN 2005cl (56), the average type Ib/c
light curve from (65), the type IIb SN 2011dh (78), and the prototypical type II-P SN
1999em (79). All data are in the observed R band (80).
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Gal-Yam 12 Science

Luminous SNe
explanations w. radioactivity
for I and II often have difficulty



Fast Blue Optical TransientsThe PS1-MDS Transients 
Drout+14Pan-STARRS1 Medium Deep Survey (PS1-MDS) for Rapidly Evolving and Luminous Transients

The Astrophysical Journal, 794:23 (23pp), 2014 October 10 Drout et al.

Figure 1. PS1 absolute magnitude, rest-frame, light curves for gold sample transients. Circles represent grizP1 detections and triangles represent 3σ upper limits.
Vertical dashed lines indicate epochs when spectroscopic observations were acquired. The gray shaded region is the R-band Type Ibc template from Drout et al. (2011),
normalized to the peak magnitude of the PS1-MDS transient.
(A color version of this figure is available in the online journal.)

Figure 2. Same as Figure 1 for silver sample objects.
(A color version of this figure is available in the online journal.)

Figure 3. PS1 apparent magnitude, observer-frame, light curves for our bronze (non-spectroscopic) sample. Symbols have the same meaning as Figure 1.
(A color version of this figure is available in the online journal.)

epoch of r-band imaging for PS1-13ess with Magellan IMACS.
This additional photometry was obtained at +2, +45 and +12
rest-frame days for the three objects, respectively. The images
were processed using standard tasks in IRAF19 and calibrated
using PS1 magnitudes of field stars. We subtracted contributions
from the host galaxies using PS1 template images and the ISIS
software package as described in Chornock et al. (2013). These

19 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association for Research in Astronomy, Inc. under
cooperative agreement with the National Science Foundation.

points are also shown (squares) in Figures 1 and 2, and listed in
Table 2.

2.5. Galaxy Photometry

For our entire sample we compile griz-band photometry for
any underlying galaxy/source. When possible, we utilize the
SDSS DR9 Petrosian magnitudes, which account for galaxy
morphology. For cases where the underlying galaxy/source was
too faint for a high signal-to-noise SDSS detection, we perform
aperture photometry on the PS1 deep template images, choosing

4

ü t1/2  < 12 day --- rapidly evolving than any SN type
ü Lpeak ~ 1042-43 erg s-1 --- luminous as bright SNe
ü Tpeak ~ a few 104 K --- blue
ü No line blanketing --- not powered by the radioactive decay
ü Host Gal. = star forming Gal. --- related to massive stars 
ü Event rate ~ 4-7 % of core-collapse SN --- not rare

Drout+ 14 (see also Arcavi+ 13 etc)

Margutti+ 19 ApJ

• Rapidly evolving (<10 day)
• Luminous & bright
• T ~ a fewx104 K (blue)
• Unlikely to be Ni-powered
• Star-forming region
• ~4-7% of core-collapse 

SNe (not so rare)



Pulsar/Magnetar-Driven Supernovae

requirement: rotation energy is converted into thermal energy

Hotokezaka, Kashiyama & KM 17 ApJ

Nicholl et al. 13 Nature

“Rapidly rotating pulsars” are popularly invoked to explain some SNe Ibc

magnetar w. B~1014 G 

ultra-stripped supernova (USSN)

super-luminous supernova (SLSN)

pulsar w. B~3x1012 G 
Fang, Metzger, KM+ 19 ApJ

fast blue optical transient (FBOT)

3.2. Optical Light Curves

We calculate bolometric light curves of the supernova
thermal radiation using Equation (7). To obtain the light curve
at a given frequency, we assume the blackbody spectrum with a
temperature given by Teff= (Lrad/4π σSBr

2)1/4, where σSB is
the Stefan–Boltzmann constant (Arnett 1979). For instance, the
effective temperature at the peak time ≈tdiff with the peak
luminosity ≈Lsd/2 is
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We expect bright thermal radiation in the UV to optical bands
after the peak time. The blackbody assumption cannot be
justified once the photosphere shrinks significantly. This occurs
shortly after the peak of the bolometric light curve. Then the
emission is dominated by the nebula emission rather than the
photospheric emission. However, the calculation of the nebular
emission requires detailed treatments on the radiative transfer,
which are beyond the scope of this paper.

Figure 2 shows the light curves of the thermal emission
arising from the pulsar-driven supernova with small ejecta

mass. Also shown are the observed light curves of rapidly
rising optical transients (Arcavi et al. 2016). The peak
luminosity and rise timescale are basically determined by Lsd
and κMej/vej, respectively. The slope of the tail depends on
f ,bfX UV-

and vej. The parameters used for each event are listed in
Table 1. These parameter ranges are inferred from the
formation scenario of double pulsar systems like PSRJ0737-
3039A/B, as described in the previous section. Note that we
have four independent parameters, κMej, vej, Lsd, and f ,bfX UV-

,
to generate the theoretical light curves. It is worth noting that
the observed data are reproduced with the ejecta’s kinetic
energies of (3–8)×1050 erg, which are consistent with the
results of a hydrodynamical simulation of ultra-stripped
supernovae (Suwa et al. 2015). Around 100 days, the ejecta
temperature becomes somewhat low ∼3000K, where atoms
with low-ionization energy, e.g., iron, are not fully recombined
(Kleiser & Kasen 2014). The heating efficiency of the
photoelectric absorption f ,bfX UV-

is 0.05 to 0.1, corresponding
to that roughly less than a half of the energy in X-ray and UV
photons are thermalized. Note that, however, the blackbody
assumption may not be a good approximation at late times, so
that the values of f ,bfX UV-

derived via the light curve fitting is
physically less meaningful.
In summary, an optical counterpart of the double pulsar

formation like PSRJ0737-3039A/B, i.e., an ejecta mass of
∼0.1Me and a pulsar’s initial spin-down luminosity of

Figure 2. Absolute magnitude of the optical emission from a supernova ejecta interacting with a new-born pulsar wind and the observed data of the rapidly rising
optical transients taken from Arcavi et al. (2016). The detections and the 3σ upper limits are depicted as squares and triangles, respectively. Here, we take the effect of
the cosmological redshift on the observed time and observed flux into account for the theoretical curves. The parameters of the theoretical curves used for each event
are listed in Table 1.
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HE Neutrinos from Pulsar/Magnetar-Driven SNe

- (UHE) CRs could be accelerated via magnetic dissipation in the wind zone
- Efficient n production should occur in hour-day-week time scales 
- n signals arrive earlier (n alerts): followed by supernova optical emission

Fang, Metzger, KM+ 19 ApJ

flux suppression
due to hadronic
cooling of mesons

spin-down

Carpio, KM, Reno, Sarcevic & Stasto 20 PRD
see also KM, Meszaros & Zhang 09 PRD

AT 2018cow @ 60 Mpc



HE Neutrinos from Pulsar/Magnetar-Driven SNe

- (UHE) CRs could be accelerated via magnetic dissipation in the wind zone
- Efficient n production should occur in hour-day-week time scales 
- n signals arrive earlier (n alerts): followed by supernova optical emission
flux suppression
due to hadronic
cooling of mesons

spin-down

Carpio, KM, Reno, Sarcevic & Stasto 20 PRD
see also KM, Meszaros & Zhang 09 PRD

low-mass NS-NS merger



Long-Duration TeV-EeV vs Short-Duration GeV-TeV
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Diversity of High-Energy Transients

KM & Bartos 19 ANRPS
Meszaros, Fox, Hanna & KM
Nature Rev. Phys. 19  

supermassive black holes

massive stellar deaths

compact mergers
(promising GW sources)
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HE Neutrinos from Choked Jets in Type Ibc SNe

Another possible subclass of interest are UL GRBs,
which have a much longer duration compared to classical
GRBs (but see also Ref. [32]). Their long duration may
suggest a long-lasting fall-back accretion from an extended
progenitor onto a black hole. Blue supergiants (BSGs) are
possible UL GRB progenitors and are believed to be
common at very high redshifts [33,34]. Alternatively, such
long durations may be explained by a fast-rotating pulsar,
which could account for the connection between UL GRBs,
superluminous SNe and hypernovae (e.g., Refs. [35–37]).
Although we do not consider potential sources of UL GRBs
in this work, these low-power GRBs can also contribute to
neutrino emission [19].
Predictions for high-energy neutrino emission from GRB

jets of both high and low luminosity are still uncertain
despite recent improvements in theoretical calculations (e.g.,
Refs. [38–44]) (although guaranteed emission is expected in
the GeV-TeV range for neutron-loaded outflows; e.g.,
Refs. [45–48]). Irrespective of their viability as VHE
neutrino factories, the mechanisms for producing and the
physical processes associated with low-power GRBs are still
largely unknown and remain intriguing open questions.
Nearby long GRBs have been associated with broad-line
Type Ic SNe (e.g., GRB 980425, 060218, and 100316D),
which are known to be caused by the collapse of massive
stars that eject their outer envelopes. LL GRBs have been of
special interest since they show intermediate properties
between GRBs and SNe and have been associated with
transrelativistic SNe [49]. Both types of transients may be
driven by jets [31,50], and the study of LL GRBs may offer
clues to the GRB-SN connection [51,52].
In this work, based on the above motivation we consider

the VHE neutrino emission from jets choked by dense
external material, as well as any subsequent shocks result-
ing from the jet acting as a relativistic piston. In particular,
we focus on scenarios which may produce LL GRBs.
Under the current constraints imposed by the IceCube
analyses mentioned above, such LL GRBs are attractive as
the originators of the diffuse VHE neutrino flux (i) because

of their high local rate relative to their high-luminosity
cousins and (ii) because their low gamma-ray flux makes
them difficult to detect with conventional electromagnetic
detectors (e.g., Swift). Recently, Murase and Ioka [19]
showed that choked jets may be more favorable as sites of
efficient neutrino production. Jets which successfully
penetrate both the progenitor star and, if applicable, a
circumstellar envelope (i.e., emergent jets) typically have
high luminosities such that they form radiation-mediated
shocks, which are unfavorable for CR acceleration and
neutrino production. Taking into account the luminosity
and redshift distribution of LL GRBs, we show that they
and the choked jets may contribute to the diffuse neutrino
flux while remaining absent from GRB joint electromag-
netic-neutrino searches. We also explicitly show the
conditions required to produce choked jets with radiation-
unmediated shocks.

II. DYNAMICS OF RELATIVISTIC JETS

A. Model setup for emergent jet, shock breakout,
and choked jet scenarios

GRBs are thought to result from the intense emission
from relativistic jets that successfully penetrate a progenitor
star, and an understanding of jet propagation is
undoubtedly relevant (e.g., Refs. [26,53,54]). It would be
natural to expect that the radiation mechanism of LL GRB
gamma-ray emission is similar to that of classical GRBs
[50,55,56]. The simplest such model is a scaled-down
version of the classical GRB, where dissipation occurs in a
mildly relativistic jet which has emerged outside of the
progenitor star and any circumstellar material. We call this
scenario the emerging jet (EJ) model (see Fig. 1, right
panel). For EJs, prompt neutrino emission is produced
together with prompt gamma-ray emission outside the star,
identical to the scenario expected from classical GRBs
[29,30,57].
Another interpretation of LL GRBs which has received

attention is the shock breakout emission model, where the

Choked Jet

Extended 
Material 

CE
Progenitor
Core

Stall Radius

Orphan Neutrinos 

Choked Jet

Shock Breakout

CE
Progenitor
Core

Stall Radius

Precursor Neutrinos

Extended 
Material 

CE
Progenitor
Core

Emerging Jet

Prompt Neutrinos

Extended 
Material 

FIG. 1. Left panel: The choked jet model for jet-driven SNe. Orphan neutrinos are expected since electromagnetic emission from the
jet is hidden, and such objects may be observed as hypernovae. Middle panel: The shock breakout model for LL GRBs, where
transrelativistic shocks are driven by choked jets. A precursor neutrino signal is expected since the gamma-ray emission from the shock
breakout occurs significantly after the jet stalls (e.g., Ref. [26]). Right panel: The emerging jet model for GRBs and LL GRBs. Both
neutrinos and gamma rays are produced by the successful jet, and both messengers can be observed as prompt emission.

SENNO, MURASE, and MÉSZÁROS PHYSICAL REVIEW D 93, 083003 (2016)

083003-2

low-power

- Marginally choked jets: 
trans-relativistic SNe & 
low-luminosity (LL) GRBs 
(Toma+07, Nakar 15, Irwin & Chevalier 16)

from Senno, KM & Meszaros 16 PRD

high-power

- Low-power choked jets may
contribute to the IceCube flux
with GRB stacking limits evaded 
(KM+ 06 ApJL, Gupta & Zhang 07 APh,  
KM & Ioka 13 PRL, Denton & Tamborra 18 ApJ
Carpio & KM 20 PRD)from Cano+ 17 Adv. Ast.



Powerful Stacking Searches
Stacking analyses on 386 SNe Ibc w. 10 yr IceCube data

• Present constraints: Ecr<1051-1052 erg (if all SNe emit ns)
• Future: readily improved w. more SNe (especially w. Rubin)
• Be careful about the completeness of representative population

Chang, Zhou, Km & Kamionkowski 22
see also Senno, KM & Meszaros 18 JCAP

Esmaili & KM 18 JCAP
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“Radiation Constraints” on Non-thermal Neutrino Production

• Lower-power is better
• Extended material is better

KM & Ioka 13 PRL

allowed region
(tT<1 at unshocked flow)

← compact star (Wolf-Rayet)
← big star (blue-super giant)

suppressed in typical GRB  
jets and powerful slow jets

suppression region
(tT>1 at unshocked flow)

Thomson optical depth
tT=nesTD ∝ LG-2

L: kinetic luminosity
G: Jet Lorentz factor

e.g., KM & Ioka 13, Gottlieb & Globus 21
Bhattacharya, Carpio, KM+ 22 



Collision w. neutrons (ex. Meszaros & Rees 00 ApJ, KM+ 13 PRL, Bartos+ 13 PRL)

neutron/nucleon
flow

proton/nucleon
flow

Dissipation
ǁ

Inelastic collision
N+n→p→g,n,e

Neutron decoupling (ex. Bahcall & Meszaros 00 PRL)

nucleons
(protons+
neutrons)

Dissipation
ǁ

Inelastic collision
N+n→p→g,n,e

Relativistic Neutrons Dissipate via Inelastic np Collisions



Subphotospheric GeV-TeV n
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- Collision model predicts a few signal events
- Detectability is comparable w. ~10 year stacking searches
- Not “yet” constrained by IceCube limits
- Probes of jet composition and dissipation mechanism

KM+ 22 ApJLGRB 221009A 



What Do We Need?

Targets: long-duration HE n/short-duration GeV-TeV n transients
• Multimessenger coincident searches (e.g., AMON events) 

would be powerful for subthreshold events
• Neutrino multiplet followups would also be useful

• Optical: spectroscopic information is relevant
(SN brokers would be useful)

• Better hard X/g-ray sky monitors needed
(ex. >~10 times better than Swift for LL GRBs)

• Coincidences w. UV transients also help
(ex. ULTRASAT)

• Radio facilities also help
(ex. DSA-2000, ngVLA)



Ongoing “Multi-Messenger” Attempts
IceCube

I 5160 PMTs

I 1 km3 volume

I 86 strings

I 17 m PMT-PMT
spacing per string

I 120 m string
spacing

I Angular resolution
⇠ 1o

I Completed 2010

50 m

1450 m

2450 m

2820 m

Eiffel Tower

324 m

IceCube Lab

Deep Core

N. Whitehorn, UW Madison IPA 2013 - 4

Light 
(electromagnetic)

Gravitational wave
(gravity)

Cosmic-ray
(strong force)

Neutrino (weak force)• AMON
• SciMMA
• Astro-Colibri

Swift

HAWC

VERITAS

Auger

Advanced-LIGO

IceCube

Don’t miss interesting n & GW events
- Realtime coincident searches
- Prompt data-sharing for follow-ups

ANTARES



Multiplets

- Need for long-duration multiplet alerts
lower FAR (< 1/yr)
likely to be low redshifts if SN-like

- Discriminating optical transients is a key

- Sensitivity: ~(30-3000) Gpc-3 yr-1
more improved w. KM3Net/IceCube-Gen2

et al. 2020), this still captures the majority of the SN
population.

The number of Type Ia and II/Ibc SNe generated in the
survey simulations is calculated according to the event rates
from Graur et al. (2011) for Type Ia SNe, and from Madau &
Dickinson (2014), proportional to the cosmic SFR, for CC
SNe. Among the CC SNe, 70% and 30% of the total rates are
assigned to Type II and Ibc SNe, respectively (see e.g., Graur
et al. 2017). If the simulated flux exceeds the observational
sensitivity with>5σ significance at least once, we consider the
object as detected.

The simulation identified ≈4 unrelated SNe in the localiza-
tion area. Figure 9 shows the distribution of detected
contaminants as a function of redshift. Because the detection
sensitivity limit of 23 mag prevents distant transient sources
from being detected (see Figure 8), the number of contaminants
is substantially reduced compared to the unbiased observation
case. Most of the detected contaminants are located beyond
z = 0.15, as expected. This is consistent with the analytic
estimate calculated in Section 3.1. Note that the difference
between Figures 5 and 9 arises from the different assumptions.
The former selects the closest object found in the unbiased SNe
sample, which is more appropriate for testing the chance
coincidence background hypothesis, while the later case
considers a realistic magnitude-limited survey made with a
medium-sized telescope.

3.2.2. Discrimination of Sources with Small Redshifts

It is ideal to perform real-time spectroscopy of all observed
transients as it enables not only redshift measurements but also
classification of the types of transients. For transients with23
mag, a typical exposure time of 1–2 hr is needed to obtain its
redshift and transient type with 8–10 m class telescopes.
Therefore, it would take 1–2 nights for all the discovered
transients. A wide-field spectrograph with high multiplicity,
such as the prime focus spectrograph on Subaru (Tamura et al.
2016) or MOONS on VLT (Cirasuolo et al. 2020), allows for
results to be obtained within a few hours.

However, these telescopes may not be available for
observations at the given time. In this case, it is more practical
to assign priorities to the follow-up observations based on the
photometric redshifts of the host galaxies. Since the typical
redshift range of the transient is z< 0.6, the photometric
redshift given by the Pan-STARRS1 survey, covering the
northern 3π sky, is sufficiently accurate (∼3%) (Beck et al.
2021). Photometric redshifts for the southern sky will also be
available from the Vera C. Rubin Observatory/LSST (Ivezić
et al. 2019). If the photometric redshift is z< 0.15, the transient
is a strong candidate for the neutrino multiplet source, while if
the host galaxy of a transient is z> 0.15, it can be regarded as a
candidate for contamination. For the further identification of
nearby neutrino source candidates and to study their nature,
real-time spectroscopy as well as multicolor photometric
observations are important, which will be discussed in the
next sections.

3.2.3. Strategy to Identify Neutrino Sources

The most likely redshift for the candidate of a neutrino
multiplet source is z∼ 0.03, as indicated by the blue line in
Figure 5. Figure 8shows that objects with such a redshift are
expected to be brighter than 20–21 mag, and, hence, spectro-
scopic observations are feasible with 2–4 m class telescopes.
Once a low redshift is confirmed, one can evaluate the p-value
to test the statistical significance of the association, as discussed
in Section 3.1.
To further study the physics of the source, e.g., neutrino

production mechanism and its timescale, it is also important to
estimate the explosion time of the transient. Here, we
demonstrate how accurately we can estimate the explosion
time of the transients from the follow-up imaging observations
discussed in Section 3.2.1. We generate light curves of Type
Ibc SNe and Type II SNe at z= 0.0–0.15, assuming they are
the neutrino multiplet sources. As a conservative case, the
neutrino multiplet detection is assumed to happen 30 days after
the explosion. This timescale of the SN evolution corresponds
to the time duration of the interaction process between the SN
ejecta and circumstellar material. We perform mock observa-
tions of sources for 10 epochs with a 5 day cadence, which
assume continuous monitoring starting from the first search
observations described in Section 3.2.1. The first observation is
assumed to start 1 day after the second neutrino detection, i.e.,
31 days after the explosion.
Figure 10 shows the accuracy in the explosion date estimate

by fitting the observed light curve with the template light
curves. The flat dashed lines indicate that the explosion time of
the transient cannot be well determined. This is because the
observational data missed the rising and the peak of the light
curves. The accuracy for Type II SNe tends to be lower as their
light curves are flat and featureless. If multiplet neutrino
detection happens within 10 days for Type Ibc SNe, the
estimate of the explosion time is accurate to within about 5
days as the observations can capture the rising phase, as
demonstrated by, e.g., Cowen et al. (2010).
All-sky time-domain data can improve these results. The

solid lines in Figure 10 show the same estimate but with all-sky
data with a three day cadence and 20 mag depth in the r band
from e.g., the Zwicky Transient Facility (Bellm et al. 2019).
The accuracy is improved to∼5–10 days. As the multiplet
candidates are located within the nearby universe, even

Figure 9. Redshift distribution of SNe detected by follow-up observations for a
sky patch of ΔΩ = 1 deg2 with a 23 mag sensitivity limit. The total number of
detected SNe is 1.5 (SNe Ia), 1.3 (SNe II), and 1.1 (SNe Ibc).
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The Astrophysical Journal, 937:108(11pp), 2022 October 1 Yoshida et al.

Yoshida, KM+ 22 ApJ
Multiplet signal (0.03 Rsn)

coincident
closest SNe

~4 coincident
SNe w. a 23 mag
sensitivity limit



What Do We Need?

Targets: long-duration HE n/short-duration GeV-TeV n transients
• Multimessenger coincident searches (e.g., AMON events) 

would be powerful for subthreshold events
• Neutrino multiplet followups would also be useful

• Optical: spectroscopic information is relevant
(SN brokers would be useful)

• Better hard X/g-ray sky monitors needed
(ex. >~10 times better than Swift for LL GRBs)

• Coincidences w. UV transients also help
(ex. ULTRASAT)

• Radio facilities also help
(ex. DSA-2000, ngVLA)



Summary
Transients
some hints, the power of multimessenger approaches 

TDEs
Intriguing coincidences 
Common mechanisms between AGN and TDEs?
Supernovae
Galactic SN: multi-energy n source (>10-100 HE ns in IceCube)
Nearby SNe within a few Mpc: neutrino telescope networks
Jet-driven SNe
Stacking searches w. more samples and future neutrino detectors
GeV-TeV ns from neutron-loaded outflows
Compact binary mergers
n-GW coincidence would need Gen2-like detectors

Strategic multi-messenger searches
Better X-ray/g-ray monitors, optical/infrared surveys (w. spectroscopy) 



- Source identification may not be easy
(ex. starbursts: horizon of an average source ~ 1 Mpc)

- promising cases: “bright transients (GRBs, AGN flares)”, 
“rare bright sources (powerful AGN)”, “Galactic sources”

- Not guaranteed but remember the success of g-ray astrophysics 

Diffuse or Associated

n

from Murase’s talk
@ Neutrino 2014

TXS, TDEs

NGC 1068
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Diversity of High-Energy Transients

KM & Bartos 19 ANRPS
Meszaros, Fox, Hanna & KM
Nature Rev. Phys. 19  

supermassive black holes

massive stellar deaths

compact mergers
(promising GW sources)



Discovery of Binary Neutron Star Merger (2017)

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).

4

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

concordance picture
- gravitational wave
- gamma-ray burst
- kilonova/macronova
- X-ray/radio afterglow

Abbott et al. 2017 ApJL



Coincident Detection w. Gravitational Waves?

Kimura, KM, Meszaros & Kiuchi 17 ApJL

on-axis
extended emission: 
# < 2-5 events in 10 years w. Gen2 

on-axis: 300 Mpc

Kimura, KM, Bartos, Ioka+ 18 PRDNeutrino emissions  
from BNS mergers

• Successful jets with late time activity
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Current Limits on HE Neutrinos from NS Mergers

(see Figure 1). We used this non-detection to constrain the
neutrino fluence (see Figure 2) that was computed as in Adrián-
Martínez et al. (2016a).

The search over 14 days is restricted to up-going events, but
includes all neutrino flavors (tracks and showers). We applied
quality cuts optimized for point-source searches that give a
median pointing accuracy of 0°.4 and 3°, respectively, for track
and shower events(Albert et al. 2017b). No events spatially
coincident with GRB 170817A were found.

Compared to the upper limits obtained for the short time
window of ±500 s, those limits are significantly less stringent
above 1 PeV, where the absorption of neutrinos by the Earth
becomes important for up-going events. Below 10TeV, the
constraints computed for the 14 day time window are stricter due
to the better acceptance in this energy range for up-going neutrino
candidates compared to down-going events (see Figure 2).

2.2. IceCube

IceCube is a cubic-kilometer-size neutrino detector(Aartsen
et al. 2017) installed in the ice at the geographic South Pole in
Antarctica between depths of 1450 m and 2450 m. Detector
construction was completed in 2010, and the detector has
operated with a ∼99% duty cycle since. IceCube searched for
neutrino signals from GW170817 using two different event
selection techniques.

The first search used an online selection of through-going
muons, which is used in IceCube’s online analyses (Aartsen
et al. 2016; Kintscher & The IceCube Collaboration 2016) and
follows an event selection similar to that of point source
searches (Aartsen et al. 2014a). This event selection picks out
primarily cosmic-ray-induced background events, with an
expectation of 4.0 events in the northern sky (predominantly
generated by atmospheric neutrinos) and 2.7 events in the
southern sky (predominantly muons generated by high-energy
cosmic rays interactions in the atmosphere above the detector)
per 1000 s. For source locations in the southern sky, the
sensitivity of the down-going event selection for neutrinos
below 1 PeV weakens rapidly with energy due to the rapidly

increasing atmospheric muon background at lower energies.
Events found by this track selection in the ±500 s time window
are shown in Figure 1. No events were found to be spatially and
temporally correlated with GW170817.
A second event selection, described in Wandkowski et al.

(2017), was employed offline. This uses the outermost optical
sensors of the instrumented volume to veto incoming muon
tracks from atmospheric background events. Above 60 TeV, this
event selection has the same performance as the high-energy
starting-event selection(Aartsen et al. 2014b). Below this
energy, additional veto cuts similar to those described in Aartsen
et al. (2015) are applied, in order to maintain a low background
level at energies down to a few TeV. Both track- and cascade-
like events are retained. The event rate for this selection varies
over the sky, but is overall much lower than for the online track
selection described above. Between declinations −13° and
−33°, the mean number of events in a two-week period is 0.4 for
tracks and 2.5 for cascades. During the ±500 s time window, no
events passed this event selection from anywhere in the sky.
A combined analysis of the IceCube through-going track

selection and the starting-event selection allows upper limits to be
placed on the neutrino fluence from GW170817 between the
energies of 1 TeV and 1 EeV, as shown in Figure 2. In the central
range from 10 TeV to 100 PeV, the upper limit for an E 2- power-
law spectral fluence is F E E0.19 GeV GeV cm2 1 2= - - -( ) ( ) .
Both the through-going track selection and the starting-event

selection were applied to data collected in the 14 day period
following the time of GW170817. Because of IceCube’s
location at the South Pole and 99.88% on-time during the 14
day period, the exposure to the source location is continuous
and unvaried. No spatially and temporally coincident events
were seen in either selection during this follow-up period. The
resulting upper limits are presented in Figure 2. At most
energies these are unchanged from the short time window. At
the lowest energies, where most background events occur, the
analysis effectively requires stricter criteria for a coincident
event than were required in the short time window; the limits
are correspondingly higher. In the central range from 10 TeV to

Figure 1. Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization (red contour; Abbott et al. 2017b),
direction of NGC 4993 (black plus symbol; Coulter et al. 2017b), directions of IceCube’s and ANTARESʼs neutrino candidates within 500 s of the merger (green crosses and
blue diamonds, respectively), ANTARESʼs horizon separating down-going (north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and
Auger’s fields of view for Earth-skimming (darker blue) and down-going (lighter blue) directions. IceCube’s up-going and down-going directions are on the northern and
southern hemispheres, respectively. The zenith angle of the source at the detection time of the merger was 73°. 8 for ANTARES, 66°.6 for IceCube, and 91°.9 for Auger.
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theoretical models
short GRB jets 
(Kimura, KM, Meszaros & Kiuchi 17 ApJL)
(see also Biehl et al. 18 MNRAS

Ahlers & Halser 19 MNRAS)
long-lived magnetar in the ejecta
(not supported for GW170817) 
(Fang & Metzger 17 ApJ)
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