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Why	supernovae	(SNe)?

Difficul8es	also	in	spectral	slope	

(see	talks	by	Murase-san)

Blazars’	contribu8on	to	the	diffuse	neutrino	flux	

(Talks	by	Ishihara-san	and	Hayashida-san)

5.4. The Maximal Contribution to the Diffuse
Astrophysical Flux

Astrophysical neutrino flux is observed between 10 TeV and
2 PeV (Aartsen et al. 2015b). Its spectrum has been found to be
compatible with a single power law and a spectral index of
−2.5 over most of this energy range. Accordingly, we use a
power law with the same spectral index and a minimum
neutrino energy of 10 TeV for the signal injected into the
simulated skymaps when calculating the upper limit for a direct
comparison. Figure 5 shows the flux upper limit for an -E 2.5

power-law spectrum starting at 10 TeV for both weighting
schemes in comparison to the most recent global fit of the
astrophysical diffuse neutrino flux, assuming an equal
composition of flavors arriving on Earth.
The equal-weighting upper limit results in a maximal 19%–

27% contribution of the total 2LAC blazar sample to the
observed best-fit value of the astrophysical neutrino flux,
including systematic uncertainties. This limit is independent of
the detailed correlation between the γ-ray and neutrino flux
from these sources. The only assumption is that the respective
neutrino and γ-ray SCDs have similar shapes (see Section 5.2
for details on the signal injection). We use the Fermi-LAT
blazar SCD published in Abdo et al. (2010c) as a template for
sampling. However, we find that even if the shape of the SCD
differs from the shape of this template, the upper limit still
holds and is robust. In Appendix A we discuss the effect of
different SCD shapes and how combination with existing point
source constraints (Aartsen et al. 2015c) leads to a nearly SCD-
independent result, since a point source analysis and a stacking
search with equal weights effectively trace opposite parts of the
available parameter space for the dN/dS distribution.
If we assume proportionality between the γ-ray and neutrino

luminosities of the sources, the γ-weighting limit constrains the
maximal flux contribution of all 2LAC blazars to 7% of the
observed neutrino flux in the full 10 TeV to 2 PeV range. Since
the blazars resolved in the 2LAC account for 70% of the total
γ-ray emission from all GeV blazars (Ajello et al. 2015), this
further implies that at most 10% of the astrophysical neutrino
flux stems from all GeV blazars extrapolated to the whole

Table 3
90% C.L. Upper Limits on the Diffuse (n n+m m) Flux from the Different Blazar

Populations Tested

Spectrum: · ( )F -E GeV0
1.5

Blazar Class [ ]F - - - -GeV cm s sr0
90% 1 2 1 1

γ-weighting Equal Weighting

All 2LAC Blazars ´ -1.6 10 12 ( – ) ´ -4.6 3.8 5.3 10 12

FSRQs ´ -0.8 10 12 ( – ) ´ -2.1 1.0 3.1 10 12

LSPs ´ -1.0 10 12 ( – ) ´ -1.9 1.2 2.6 10 12

ISPs/HSPs ´ -1.8 10 12 ( – ) ´ -2.6 2.0 3.2 10 12

LSP-BL Lacs ´ -1.1 10 12 ( – ) ´ -1.4 0.5 2.3 10 12

Spectrum: · ( )F -E GeV0
2.0

Blazar Class [ ]F - - - -GeV cm s sr0
90% 1 2 1 1

γ-weighting Equal Weighting

All 2LAC Blazars ´ -1.5 10 9 ( – ) ´ -4.7 3.9 5.4 10 9

FSRQs ´ -0.9 10 9 ( – ) ´ -1.7 0.8 2.6 10 9

LSPs ´ -0.9 10 9 ( – ) ´ -2.2 1.4 3.0 10 9

ISPs/HSPs ´ -1.3 10 9 ( – ) ´ -2.5 1.9 3.1 10 9

LSP-BL Lacs ´ -1.2 10 9 ( – ) ´ -1.5 0.5 2.4 10 9

Spectrum: · ( )F -E GeV0
2.7

Blazar Class [ ]F - - - -GeV cm s sr0
90% 1 2 1 1

γ-weighting Equal Weighting

All 2LAC Blazars ´ -2.5 10 6 ( – ) ´ -8.3 7.0 9.7 10 6

FSRQs ´ -1.7 10 6 ( – ) ´ -3.3 1.6 5.1 10 6

LSPs ´ -1.6 10 6 ( – ) ´ -3.8 2.4 5.2 10 6

ISPs/HSPs ´ -1.6 10 6 ( – ) ´ -4.6 3.5 5.6 10 6

LSP-BL Lacs ´ -2.2 10 6 ( – ) ´ -2.8 1.0 4.6 10 6

Note.The table contains results for power-law spectra with spectral indices of
−1.5, −2.0, and −2.7. The equal-weighting column shows the median flux
upper limit and the 90% central interval of different sample realizations of the
Fermi-LAT source count contribution (in parentheses). All values include
systematic uncertainties.

Figure 4. Differential 90% C.L. upper limit on the (n n+m m) flux using equal
weighting for all 2LAC blazars. The s1 and s2 null expectation is shown
in green and yellow, respectively. The upper limit and expected regions
correspond to the median SCD sampling outcome.

Figure 5. 90% C.L. flux upper limits for all 2LAC blazars in comparison to the
observed astrophysical diffuse neutrino flux. The latest combined diffuse
neutrino flux results from Aartsen et al. (2015b) are plotted as the best-fit power
law with a spectral index of −2.5 and as a differential flux unfolding using 68%
central and 90% U.L. confidence intervals. The flux upper limit is shown using
both weighting schemes for a power law with a spectral index of −2.5 (blue).
Percentages denote the fraction of the upper limit compared to the astrophysical
best-fit value. The equal-weighting upper limit for a flux with a harder spectral
index of −2.2 is shown in green.
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Supernova	with	chocked	jet?	(low-luminosity	GRB?)

2

FIG. 1: The schematic picture of a collimated GRB jet inside
a progenitor. CR acceleration and HE neutrino production
may happen at collimation and internal shocks. The picture
of the radiation-mediated shock is also shown.

conservation. The subsequent jet head position rh is

rh ≈ 8.0× 109 cm t3/5L1/5
j0,52(θj/0.2)

−4/5ϱ−1/5
a,4 . (2)

Even if the jet achieves Γ ≫ Γcj in the star, Γcj ≈
5(θj/0.2)

−1 implies that the collimated jet is radiation
dominated. The jet breakout time tbo is determined by
rh(tbo) = R∗, where R∗ is the progenitor radius.
The progenitor of long GRBs has been widely believed

to be a star without an envelope, such as Wolf-Rayet
(WR) stars with R∗ ∼ 0.6–3R⊙ [24]. Let us approximate
the density profile to be ϱa = (3−α)M∗(r/R∗)

−α/(4πR3
∗)

(α ∼ 1.5–3), where M∗ is the progenitor mass [25].
Then, taking α = 2.5, we obtain rcs ≈ 1.6 ×
109 cm t8/51 L6/5

0,52(θj/0.2)
8/5(M∗/20 M⊙)

−6/5R3/5
∗,11 and

rh ≈ 5.4×1010 cm t6/51 L2/5
0,52(θj/0.2)

−4/5(M∗/20 M⊙)
−2/5

R1/5
∗,11 [22], where L0 = 4L0j/θ2j is the isotropic

total jet luminosity. The GRB jet is successful if

tbo ≈ 17 s L−1/3
0,52 (θj/0.2)

2/3(M∗/20 M⊙)
1/3R2/3

∗,11 is
shorter than the jet duration tdur. With tdur ∼ 30 s, we
typically expect rcs ∼ 1010 cm for classical GRBs [26].
The comoving proton density in the collimated jet

is ncj ≈ L0/(4πr2csΓcjηmpc3) = L/(4πr2csΓcjΓmpc3) ≃
3.5×1020 cm−3 L52r

−2
cs,10Γ

−1
2 (5/Γcj). Here, L = (Γ/η)L0,

L is the isotropic kinetic luminosity, and η is the maxi-
mum Lorentz factor. The density in the precollimated
jet at the collimation or internal shock radius rs is
nj ≈ L/(4πr2sΓ

2mpc3) ≃ 1.8 × 1019 cm−3 L52r
−2
s,10Γ

−2
2 ,

which is lower than ncj due to Γ ≫ Γcj. This quantity is
relevant in discussions below. Note that inhomogeneities
in the jet lead to internal shocks, where the Lorentz fac-
tor can be higher (Γr) and lower (Γs) than Γ ≈

√
ΓrΓs.

Radiation constraints.— Efficient CR acceleration at
internal shocks and the jet head has been suggested,
since plasma time scales are typically shorter than any
elastic or inelastic collision time scale [12–14]. How-
ever, in the context of HE neutrinos from GRBs, it has
often been overlooked that shocks deep inside a star
may be radiation mediated [27]. At such shocks, pho-
tons produced in the downstream diffuse into the up-
stream and interact with electrons (plus pairs). Then
the upstream proton flow should be decelerated by pho-
tons via coupling between thermal electrons and pro-

tons [28]. As a result (see Fig. 1), one no longer ex-
pects a strong shock jump (although a weak subshock
may exist [29]), unlike the usual collisionless shock, and
the shock width is determined by the deceleration scale
ldec ≈ (nuσT y±)

−1 ≃ 1.5 × 105 cm n−1
u,19y

−1
± when the

comoving size of the upstream flow lu is longer than ldec.
Here nu is the upstream proton density, and y±(≥ 1) is
the possible effect of pairs entrained or produced by the
shock [30].
In the conventional shock acceleration, CRs are in-

jected at quasithermal energies [31]. The Larmor ra-
dius of CRs with ∼ Γ2

relmpc2 is ruL ∼ Γ2
relmpc2/(eB) ≃

3.8 × 10−3 cm ϵ−1/2
B L−1/2

0,52 rs,10Γ2Γ2
rel, where B is the

magnetic field, Γrel is the relative Lorentz factor and
ϵB ≡ LB/L0 [32]. If the velocity jump of the flow is small
over ruL, the CR acceleration is inefficient. For ldec ≪ lu,
since significant deceleration occurs over ∼ ldec, includ-
ing the immediate upstream [28, 29], CRs with ruL ≪ ldec
do not feel the strong compression and the shock accel-
eration will be suppressed [27, 33, 34]. CRs are expected
when photons readily escape from the system and the
shock becomes radiation unmediated, which occurs when
lu ! ldec [30, 36]. Regarding this as a reasonably neces-
sary condition for the CR acceleration, we have

τuT = nuσT lu ! min[1, 0.1C−1Γrel], (3)

where C = 1 + 2 lnΓ2
rel is the possible effect by pair pro-

duction [29], although it may be small when photons start
to escape. Since the detailed pair-production effect is un-
certain, τuT ! 1 gives us a conservative bound.
Applying Eq. (3) to the collimation shock [37], the ra-

diation constraint for the CR acceleration is

L52rcs,10Γ
−3
2 ! 5.7× 10−4 min[1, 0.01C−1

1 Γrel], (4)

where nu = nj , lu ≈ rcs/Γ, and Γrel ≈ (Γ/Γcj + Γcj/Γ)/2
are used. As shown in Fig. 2, it is difficult to expect CRs
and HE neutrinos from the collimation shock for classical
GRBs. We note that the termination shock at the jet
head and internal shocks in the collimated jet are less
favorable for the CR acceleration than the collimation
shock since ncj ≫ nj and Γcj ≪ Γ.
We can also apply Eq. (3) to internal shocks in the

precollimated jet, which have been considered in the
literature [12, 13]. Internal shocks may occur above
ris ≈ 2Γ2

scδt ≃ 3.0× 1010 cm Γ2
s,1.5δt−3, and the relative

Lorentz factor between the rapid and merged shells is
Γrel ≈ (Γr/Γ+Γ/Γr)/2, which may lead to the upstream
density in the rapid shell ∼ nj/Γrel. Using lu ≈ ris/Γr ∼
l/Γrel, we get τT = njσT l ! min[Γ2

rel, 0.1C
−1Γ3

rel] or

L52ris,10Γ
−3
2 ! 5.7× 10−3 min[Γ2

rel,0.5, 0.32C
−1
1 Γ3

rel,0.5].
(5)

As shown in Fig. 3, unless Γ " 103, it seems difficult to
expect CRs and HE neutrinos for high-power jets inside
WR-like progenitors (where ris ! rcs ∼ 1010 cm). Note
that although the constraint is relevant for shocks deep

Murase	&	Ioka	2013

Observed	as	“broad-line”	SNe  
			(~1	%	of	core-collapse	SNe)	

		c.f.	Long	GRBs	(~0.1	%	of	core-collapse	SNe)
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Challenges	in	iden8fying	SNe	as	neutrino	sources

Accepted by Astronomy & Astrophysics

(a) Limits on short transients. (b) Limits on longer lasting transients.

Fig. 7: Flux upper limits from the multiwavelength observations. The confidence level varies between the di↵erent observations
as indicated in the legend and some limits depend on the assumed source spectrum (Swift XRT and BAT � = �2 and Fermi LAT
� = �2.1; see Sect. 4). For the optical telescopes, the limit corresponding to the deepest observation is shown, while for the other
instruments, all analyzed data were combined. The limit for the Swift BAT is purely based on the observation taken 100 s after the
detection of the first neutrino (compare Sect. 4.2.1) and hence applies to prompt gamma-ray emission. Follow-up observations were
triggered 22 h after the detection of the neutrino triplet.

shape as well as the measured normalization and consider sim-
ulated neutrino events which passed the event selection of the
follow-up program. We expect the detection of 600 astrophysical
muon neutrinos per year from the Northern sky. For this calcu-
lation, we extrapolated the measured neutrino spectrum down to
10 GeV, below the IceCube sensitivity threshold. If we were only
to consider events above 10TeV where the astrophysical flux has
been measured (Aartsen et al. 2015a), we would expect the de-
tection of 200 events per year. The large number of expected
astrophysical neutrino events results from the broad, inclusive
event selection of the follow-up program which aims to include
all well-reconstructed track events.

We simulate a population of transient neutrino sources that
accounts for the complete astrophysical neutrino flux. The cos-
mic star-formation rate approximately describes the redshift
distributions of several potential neutrino sources, like CC-
SNe (Cappellaro et al. 2015) and GRBs (Wanderman & Piran
2010; Salvaterra et al. 2012; Krühler et al. 2015) which how-
ever tend to be located at slightly larger redshifts. We simulated
a source population using the star-formation rate of Madau &
Dickinson (2014) and calculated for each source the probability
of detecting it with a certain number of neutrinos after apply-
ing the event selection of the follow-up program. We find that
a source detected with a single neutrino is located at a median
redshift of z = 1.1, as shown in Fig. 8.

To calculate the distance to a source detected with multi-
ple neutrinos, we have to simulate how bright the individual
sources are. We assume a population with a local source rate of
10�6 Mpc�3 yr�1, which corresponds to ⇠1% of the CCSN rate
(see e.g., Strolger et al. 2015). If this population accounts for the
astrophysical neutrino flux, we expect the detection of one neu-
trino triplet (or higher multiplet) per year. The rate of multiplet
alerts, however, strongly depends on the spectral shape and con-
sidered energy range of the neutrino flux. We further assumed
that the luminosity fluctuations between the neutrino sources fol-
low a log-normal distribution with a width of one astronomical

Fig. 8: Probability of detecting a neutrino source within a certain red-
shift. The figure was generated by simulating a population of transient
neutrino sources with a density of 10�6 Mpc�3 yr�1 distributed in red-
shift according to the star-formation rate and normalized to produce
the detected astrophysical neutrino flux. Sources detected with only one
single neutrino are on average far away (median redshift of 1.1), while
sources detected with three or more neutrinos must be located nearby.

magnitude, which is comparable to the luminosity spread of CC-
SNe in optical light at optical wavelengths.

Figure 8 shows that the source of a neutrino doublet has a
median redshift of z = 0.06 and the median redshift of a triplet
source is z= 0.023. We note that these results strongly depend on
the spectral shape of the astrophysical neutrino flux. Considering
only neutrino events with an energy above 10 TeV, the source
rate that yields one triplet per year is 3⇥ 10�8 Mpc�3 yr�1 and

Article number, page 12 of 23

Aartsen+17,	A&A

z	=	1z	=	0.06z	=	0.02

RedshiD Distance SN	brightness

Singlet z	~	1 7	Gpc 26	mag

Doublet z	~	0.06 280	Mpc 19	mag

Triplet z	~	0.02 90	Mpc 17	mag
1m	telescope

8m	telescope!!

Event	rate	~	Star	formaUon	rate
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Strategy	for	mul8plet	event	is	straighdorward

IceCube et al.: Follow-up of a neutrino multiplet

Fig. 9: Optical 5� limiting magnitudes from Table B.1 and described in
Sect. 4.1. LCO epochs (from Table B.2) are shown as vertical lines. At
these times, observations in the UBVgri bands were obtained, however
no image subtraction was done. We overplot, as an example, the V-band
light curve of SN 1998bw, which was associated with GRB 980425.
The synthetic light curves of SN 1998bw have been created using the
method presented in Cano (2014).

the median redshift of a triplet source increases to z = 0.07. If we
would adopt the spectral index of E�2.13 (Aartsen et al. 2016a),
the source rate would be 2⇥10�9 Mpc�3 yr�1 which would result
into a median distance of z = 0.17 for a triplet source.

Similar calculations apply to a population of GRBs, AGN,
or blazars, which, however, have di↵erent source densities, red-
shift distributions, and luminosity functions. We also note that
the duration of 100 s to which our search is sensitive, does not
enter these estimates and the distance calculation applies equally
to steady sources.

In summary, we estimate that a CCSN detected with three
neutrinos has a median redshift of z= 0.023 or less assuming that
CCSNe account for the complete astrophysical neutrino flux.
Typical CCSNe below this redshift are easily detected with opti-
cal telescopes if they are not unusually faint or strongly a↵ected
by absorption. Even without extrapolating the astrophysical neu-
trino spectrum to lower energies or when adopting the hard spec-
tral shape measured at high energies the SN would likely still be
detectable (compare Sect. 5.2).

5.2. Supernovae

Figure 9 shows the constraints derived from the optical observa-
tions before and after the alert. As a comparison we plot the light
curve of the bright Type Ic broadlined supernova SN 1998bw
which accompanied GRB 980425 (Galama et al. 1998). A sim-
ilar supernova would be detectable out to a redshift of ⇠ 0.15
which is much further than the expected redshift of a triplet
source (compare Fig. 8).

In follow-up observations of the most significant neutrino
doublet detected so far, a fading Type IIn supernova was found
(Aartsen et al. 2015b). A comparable event can be ruled out with
the optical observations shown in Fig. 9. We hence can exclude
a nearby supernova unless it was unusually dim or heavily ob-
scured.

5.3. Gamma-ray bursts

For CCSNe, we assumed that the source of a triplet must
be close-by, following calculations in Sect. 5.1. GRBs are much
less frequent than CCSNe which means that they are on average
located at larger distances. Another di↵erence is that the lumi-
nosity di↵erences between individual GRBs can be extreme in
gamma-rays (see e.g., Wanderman & Piran 2010) which makes
it likely that the neutrino luminosities also di↵er widely. Both
e↵ects boost the probability of finding a burst that is brighter
(in neutrinos) than any burst that happened since the start of the
follow-up program. We therefore do not restrict our search to
very close-by GRBs.

To estimate whether or not a GRB would be detectable in
the follow-up observations, we compare the upper limits to Swift
gamma-ray light curves and the X-ray afterglows in Fig. 10a.
The light curves in the 15–50 keV energy band were obtained
from the UK Swift Science Data Centre13 (Evans et al. 2010).
The median fluence deposited in this band is 41% of the total flu-
ence for GRBs in the Swift GRB catalog14. We use this average
factor to scale the fluxes to the full energy range of 15–150 keV
for which the BAT limit was calculated in Sect. 4.2.1. The cen-
tral line corresponds to the median flux and the band contains
80% of all GRB. The light curves are not corrected for the red-
shift and non-detections have been removed. The distribution is
hence heavily biased and provides only a rough estimate for typ-
ical GRB light curves.

The limits from the Swift BAT and XRT observations (see
Sect. 4.2) are comparable to the fluxes of bright GRBs. A
brighter-than-average GRB would have been detected, but most
GRBs are fainter than the limits. Neutrino multiplet alerts are
usually sent to the XRT without delay and the XRT observations
typically start within half an hour of the neutrino signal being
detected (Evans et al. 2015) when GRBs are on average more
than two orders of magnitude brighter.

We checked the archival data of the InterPlanetary Network
(IPN; Hurley et al. 2010) for a burst in temporal coincidence with
the triplet. No confirmed15 or unconfirmed16 GRB was detected
on the day of the triplet alert (Hurley 2016).

GRB afterglows are also detectable in optical observations.
In Fig. 10b we compare our observations to a large sample of op-
tical GRB afterglows (Kann et al. 2010, 2011, 2016). As before,
the shaded band includes 80% of all GRBs in the sample. Only
the brightest afterglows are detectable in the earliest optical ob-
servations. Nearby GRBs have been found to be accompanied by
a Type Ic broadlined SN (Cano et al. 2017) and as shown in Sect.
5.2 a nearby SN is disfavored. GRBs with a slightly misaligned
jet might in addition produce orphan afterglows which could be
detectable in optical (see e.g., Zou et al. 2007; Ghirlanda et al.
2015; Kathirgamaraju et al. 2016) or in X-ray observations (see
e.g., Evans et al. 2016; Sun et al. 2017).

Correlation analyses of detected GRBs with IceCube neu-
trino events show that gamma-ray bright GRBs are not the main
sources of the astrophysical neutrino flux (Abbasi et al. 2012a;
Aartsen et al. 2015c, 2016c). These limits however only ap-
ply to gamma-ray bright sources which are routinely detected

13
http://www.swift.ac.uk/burst_analyser/

14
http://heasarc.gsfc.nasa.gov/W3Browse/swift/

swiftgrb.html

15
http://heasarc.gsfc.nasa.gov/w3browse/all/ipngrb.

html

16
http://www.ssl.berkeley.edu/ipn3/cosmic1.txt
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IceCube-160217	(triplet,	z	~<	0.05	)	
*32%	probability	of	a	chance	

alignment	of	background
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z	=	0.15

 5



 0.001

 0.01

 0.1

 1

 10

 100

 18  19  20  21  22  23  24  25  26  27

Fi
el

d 
of

 v
ie

w
 (d

eg
2 )

Limiting magnitude

~	8-10m

~	4m

~	1-2m

KISS

HST

La	Silla
CRTS

ZTF

CFHT

PTF
PS DECam

SDSS

Subaru	
HSC

LSST	

(2023-)

Tomo-e

typical	

8-10m

typical	

4m

Strategy	for	singlet	event

DeeperShallower

 6



Subaru	HSC	transient	surveys	(~26	mag	sensi8vity)

~1800	SNe	in	0.5	yr	(~6	deg2)

Fig. 1. Pointing layout on the sky (Ultra-Deep : blue (solid), Deep : blue (dashed), Original COSMOS (Scoville et al. 2007) coverage : green (dash dot))

overlaid on SFD (Schlegel et al. 1998) reddening map. Positions of detected SN candidates are indicated by red points. Since we are dithering around fiducial

pointings, actual coverage is a bit wider than dashed blue line and some SN candidates are detected in those area.

The difference imaging has been done for each warped images and warped difference images are

coadded to make deep difference images for each filter and epoch. With this method we can avoid bad

subtraction caused by discrete PSF change at CCD gaps in coadded images. Once difference coadded

images are created, we have detected and measured sources on difference coadded images. Based on

these sources, transient sources are identified (see section 2.4 for details) and forced photometry have

been done at the location of transients for images of all filters and epochs. The location of transients

has been defined as a direct mean position of detected images.

2.3 Limiting magnitude/Detection efficiency

To estimate the limiting magnitude of each epoch images, we have injected artificial stars with mag-

nitudes between 24 and 28 mag in processed CCD images (CORR file in the HSC pipeline world). The

5

Yasuda,	MT,	Tominaga+18,	submiWed

1	deg

HSC	FOV

~50	SNe	/	deg2	/	1	visit	
(c.f.	~500,000	objects	/	deg2)
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How	many	supernovae	in	1	visit	(26	mag)?

Type
Mabs	

(mag)
zmax

Δt	

(days)

Local	rate	

(Gpc-3		yr-1)

N		

(deg-2)

Ia -19 1.3 20 0.3	x	105 10	-	30

II	

(H-rich)
-17 0.7 50 0.7	x	105 10	-	30

IIn	

(CSM)
-18 1.0 50 0.1	x	105 4	-	12

Ibc	

(H-free)
-17 0.7 20 0.2	x	105 1	-	3

Broad	line	

(hypernova)
-18 1.0 20 0.01	x	105 0.2	-	0.6

N ⇠ RV�tf⌦ ⇠ 10

✓
R

105 Gpc�3 yr�1

◆✓
V

100 Gpc3

◆✓
�t

20 days

◆✓
⌦

1 deg2

◆

Local	rate x	3

For	IceCube-170922A	

0.15	deg2	(50	%)	and	0.97	deg2	(90%)

N		

(deg-2)

z<	0.1

0.01

0.05

0.007

0.006

0.0003
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How	to	iden8fy	broad-line	SNe	at	z	~	1	?	

(among	>10	of	Type	Ia/II	SNe)

(1)	Photometric	classifica8on  
-	Need	good	8me	sampling 
		cadence	of	2-3	days  
		con8nuous	monitoring	for	~50	days	

-	Need	color	informa8on 
	>=	3	filters	

		(no	redshiq	informa8on	in	advance)

Fig. 11. Light curves of 3 “SNe Ia” at redshifts of 0.340 (spec-z), 0.690 (spec-z), and 1.253 (COSMOS photo-z). Ordinates is PSF fitted pixel counts on the

coadded difference images.

16

50	days	

(20	days		

in	rest	frame)

Yasuda,	MT,	Tominaga+18

SN	Ia	at	z=1.25

(2)	Spectroscopic	confirma8on	

-	Need	real8me	spectroscopy	

		Mul8-object	spectroscopy?	(Subaru/PFS)	

		30m-class	telescope	(late	2020?)
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Observa8ons	are	sensi8ve	

to	SNe	around	the	peak	

=>	measure	maximum	date		

=>	assume	“rise	8me”  
					(13	+-	2	days	for	GRB-SN,	Cano+16)
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Figure 7. Absolute V-band light curves for our Gold SNe Ibc and literature
sample, before correcting for host galaxy extinction. The light curves for engine-
driven SNe 1998bw, 2006aj, and 2009bb are indicated by gray star symbols and
the peak magnitudes are labeled by gray bars.
(A color version of this figure is available in the online journal.)

Figure 8. Absolute R-band light curves for our Gold and Silver SNe Ibc and
literature sample, before correcting for host galaxy extinction. The light curves
for engine-driven SNe 1998bw, 2006aj, and 2009bb are indicated by gray star
symbols and the peak magnitudes are labeled by gray bars.
(A color version of this figure is available in the online journal.)

(V − R)R10 ≈ 0.20 to 0.44 mag. We conclude that the (V − R)
color evolution observed for SNe Ibc can be exploited as a useful
diagnostic for estimating their host galaxy extinction.

We adopted these extinction-corrected mean colors and their
associated dispersions at ∆t ≈ 10 days as template values and

Figure 9. We extracted the ∆m15 values for our Gold SNe in the V and R bands
and in the R band for the Silver SNe. In each band, we compare the ∆m15
estimates for SNe Ib (thin blue lines), Ic (thin red lines), and Ic-BL (red/black
dashed lines) assuming Gaussian errors. We normalize the summed differential
distributions to unity (thick lines). For comparison, we overplot the summed
differential distributions from the literature sample (Figure 6; dotted lines). The
∆m15 distributions are similar for the literature and P60 samples, across the
sub-classes.
(A color version of this figure is available in the online journal.)

used them to infer the total host galaxy extinction for our P60
sample. To this end, we first constructed (V −R) color curves for
the P60 sample and corrected each for Galactic extinction (see
Table 1). We interpolated over the P60 color curves to estimate
the respective values of (V − R)V 10 and (V − R)R10 for all
Gold SNe and (V −R)R10 for all Silver SNe. By attributing any
residual color excess over the template values to host galaxy
extinction, we derived E(B − V )host estimates for each SN.

As shown in Figures 13–15, the extinction-corrected color
curves for our P60 sample are generally consistent with the
template curves constructed from the literature sample. The
host galaxy extinction values are listed in Table 5, where
the associated uncertainties are dominated by the standard
deviation of the template values at 10 days after V- and
R-band maxima. To ensure consistency with the literature
sample extinction estimates, we similarly adopted a Milky Way
extinction law for the host galaxies.

We combine the E(B − V )host values for the literature and
P60 samples and report a mean extinction of E(B − V )host =
0.36 ± 0.24 mag. Dividing the sample into spectroscopic sub-
classes, we find no evidence for a statistically significant
difference in their host galaxy extinction values. A K-S test
reveals that the probability that SNe Ib, Ic, and Ic-BL are
drawn from the same population of events is !17%. Therefore,
based on our compilation of V- and R-band light curves from
the literature and our P60 study, we conclude that most SNe

11

How	to	es8mate	the	explosion	date?

Drout	et	al.	2011

Type	Ib/Ic	SNe

20	days		

in	rest	frame

~5	days	uncertainty	should	

remain	for	objects	at	z	~	1

Number	of	unrelated	broad-line	

SNe	in	a	window	of	Δt	~	5	day	

~	0.05-0.15	/	deg2
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• Mul8plet	events	(z	<	0.1)	

• Follow-up	with	1-2m	telescopes	=>	spectroscopy	

• Low	contaminaUon	

• Singlet	events	(z	~	1)	

• Follow-up	with	Subaru/HSC	and	LSST		

• High	contaminaUon	

• Dense,	mulU-color	imaging 
=>	photometric	classificaUon	and	esUmate	of	explosion	date 
=>	Spectroscopy		

• ~	0.2	broad-line	SNe	/	deg2	for	a	Ume	window	of	Δt	~	5	days	

• IceCube-Gen2	

• BeWer	sensiUvity	=>	more	mulUplet	

• BeWer	localizaUon	=>	lower	contaminaUon

Summary:	how	to	iden8fy	SNe	as	neutrino	sources
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