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Cosmic-Ray Origin – A Century Old Puzzle
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acceleration mechanisms?
propagation processes?
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ultrahigh-energy cosmic rays
“UHECRs”

Large Hadron Collider
(CM energy)



High-Energy Multimessenger Astrophysics
Extremely energetic particles need “extreme accelerators”
Our Universe is dynamic and full of nonthermal phenomena 
ex.1 HE neutrinos and g rays as a probe of cosmic-ray physics
ex.2 HE neutrinos and g rays as a probe of dark matter annihilation/decay
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HIGH-ENERGY NEUTRINOS AND COSMIC RAYS FROM LOW-LUMINOSITY GAMMA-RAY BURSTS?
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ABSTRACT
The recently discovered gamma-ray burst GRB 060218/SN 2006aj is classified as an X-ray flash with very

long duration driven possibly by a neutron star. Since GRB 060218 is very near, ∼140 Mpc, and very dim, the
1 yr observation by Swift suggests that the rate of GRB 060218–like events might be very high so that such
low-luminosity (LL) GRBs might form a different population from the cosmological high-luminosity (HL) GRBs.
We found that the high-energy neutrino background from LL GRBs could be comparable with that from HL
GRBs. If each neutrino event is detected by IceCube, later optical-infrared follow-up observations such as those
by Subaru and HST can possibly identify a Type Ibc supernova associated with LL GRBs, even if gamma rays
and X-rays are not observed by Swift. This is in a sense a new window from neutrino astronomy, which might
enable us to confirm the existence of LL GRBs and to obtain information about their rate and origin. We also
suggest that LL GRBs are high-energy gamma-ray and cosmic-ray sources.
Subject headings: acceleration of particles— elementary particles— gamma rays: bursts

1. INTRODUCTION

Gamma-ray bursts (GRBs) and supernovae (SNe) are the
most powerful phenomena in the universe. Theorists predicted
that the former would result from the death of massive stars,
and the association of long-duration GRBs with core-collapse
supernovae (Type Ibc SNe [SNe Ibc], to be more specific) has
been observed over the last decade. The first hint for such a
connection came with the discovery of the nearby SN 1998bw
(SN Ic) in the error circle of GRB 980425. The first spectro-
scopic identification of a SN Ic superposed on a GRB afterglow
component was done in GRB 030329/SN 2003dh.
Recently, Swift discovered GRB 060218, which is the second

nearest GRB identified to date (e.g., Campana et al. 2006). GRB
060218 is associated with SN 2006aj and provides another ex-
ample of a low-luminosity (LL) GRB. This event is 100 times
less energetic, and the duration is very long, ∼2000 s. A thermal
component in the X-ray and UV-optical spectra was discovered,
and the size of the emitting blackbody region is estimated to be

cm. It would come from the shock breakout11 12r ∼ 5# 10 –10BB
from a stellar envelope or a dense wind (Campana et al. 2006)
or from a hot cocoon surrounding the GRB ejecta (Liang et al.
2006b; Ramirez-Ruiz et al. 2002).
These GRB 060218–like events are phenomenologically pe-

culiar events compared with the conventional bursts because
these have lower isotropic luminosity and energy, simpler prompt
light curves, and larger spectral time lags. Guetta et al. (2004)
argued that no bright burst at should be observed byz ! 0.17
HETE-like instruments within the next 20 years, assuming that
GRB 060218–like bursts follow the – relationship oflog N log P
high-luminosity (HL) GRBs. Therefore, this unexpected discov-
ery of GRB 060218 can lead to the idea that they form a different
new class of GRBs from the conventional HL GRBs, although
much uncertainty remains and we do not know what distin-
guishes such LL GRBs from the conventional HL GRBs. Under
this assumption, Soderberg et al. (2006b) estimated the rate of
LL GRBs and found that they are about 10 times more common
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than conventional HL GRBs, and Liang et al. (2006a) similarly
obtained a high LL GRB rate. However, each origin of LL GRBs
could be different. Mazzali et al. (2006) suggested that GRB
980425 and GRB 031203 could be related to black hole for-
mation, while GRB 060218 could be driven by a neutron star.
GRB 060218–like events might possibly be associated with the
birth of magnetars. The origin of such LL GRBs and whether
these bursts are typical or not are open questions.
If such LL GRBs like GRB 060218 are more common than

HL GRBs, they would provide enough energy for high-energy
cosmic rays, neutrinos, and gamma rays. In this Letter, we study
the possibility of the high-energy cosmic-ray production and
the successive neutrino production in LL GRBs under the usual
internal shock model.4 Such neutrino bursts from HL GRBs
were predicted in the context of the standard scenario of GRBs
assuming that ultra–high-energy cosmic rays (UHECRs) come
from GRBs (Waxman & Bahcall 1997, 1999). Murase & Na-
gataki (2006a, 2006b) also investigated such emission from HL
GRBs and from flares, using the Monte Carlo simulation kit
GEANT4 (Agostinelli et al. 2003) with experimental data.With
the same method, we study the high-energy neutrino emission
from LL GRBs. We also discuss various implications for such
LL GRBs. Large neutrino detectors such as IceCube (Ahrens
et al. 2004), ANTARES (Aslanides et al. 1999), and NESTOR
(Grieder et al. 2001) are being constructed. In the near future,
these detectors may detect high-energy neutrino signals and
give us more clues to understanding LL GRBs and testing our
model.

2. THE MODEL

We assume LL GRBs to be GRB 060218–like events in this
Letter. GRB 060218 has low luminosity, ∼1046–1047 ergs s!1,
which is much smaller than that of usual HL GRBs, typically

ergs s!1. Hereafter, we take51 52 47L ∼ 10 –10 L p 10max max
ergs s!1 as a peak luminosity of LL GRBs and fix E pg, iso

ergs as the released radiation energy. Here49 50L dtN ∼ 10 –10max
is the variability time and N is the number of collisions. Todt

explain the prompt emission, we assume the usual internal shock
model in which the gamma rays arise from the internal dissipa-

4 When we were completing the draft, we knew that a similar study was
independently carried out by Gupta & Zhang (2006).
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ABSTRACT

The host galaxies of the five local, z ≤ 0.25 , long-duration gamma-ray bursts (GRBs 980425,
020903, 030329, 031203 and 060218), each of which had a well-documented associated supernova,
are all faint and metal-poor compared to the population of local star-forming galaxies. We quantify
this statement by using a previous analysis of star-forming galaxies (0.005< z< 0.2) from the Sloan
Digital Sky Survey to estimate the fraction of local star formation as a function of host galaxy oxygen
abundance. We find that only a small fraction (< 25%) of current star formation occurs in galaxies
with oxygen abundance 12+ log(O/H) < 8.6 , i.e., about half that of the Milky Way. However, all
five low-z GRB hosts have oxygen abundance below this limit, in three cases very significantly so.
If GRBs traced local star formation independent of metallicity, the probability of obtaining such low
abundances for all five hosts would be p≈ 0.1%. We conclude that GRBs trace only low-metallicity
star formation, and that the Milky Way has been too metal rich to host long GRBs for at least the last
several billion years. This result has implications for the potential role of GRBs in mass extinctions,
for searches for recent burst remnants in the Milky Way and other large galaxies, for non-detections
of late radio emission from local core-collapse supernovae, and for the production of cosmic rays
in the local Universe. Our results agree with theoretical models that tie GRBs to rapidly spinning
progenitors, which require minimal angular momentum loss in stellar winds. We also find that the
isotropic energy release of these five GRBs, Eiso , steeply decreases with increasing host oxygen
abundance. This might further indicate that (low) metallicity plays a fundamental physical role in the
GRB phenomenon, and suggesting an upper metallicity limit for “cosmological” GRBs at ≈ 0.15 Z# .

Key words: Gamma rays: bursts



Coming to CCAPP

Outstanding colleagues, strong support from CCAPP 

Exchange rate around that time 1 USD ~ 80 JPY (cf. 1 USD ~ 160 JPY now)  

My life and career in the US began at CCAPP in Spring 2010. 



Discovery of High-Energy Cosmic Neutrinos
2012-2013: evidence of 
high-energy cosmic n
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Pre-Discovery of HE Cosmic Neutrinos
KM, Beacom & Takami 2012 JCAP
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Pre-Discovery of HE Cosmic Neutrinos
KM, Beacom & Takami 2012 JCAP
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Constraining g-ray and n energy 
generation densities in the Universe  
using the isotropic g-ray background 
and the upper limit on the n background 

How rare are the brightest n sources? 
→ (weak) constraints on the population of 
n sources in the density-luminosity plane



Post-Discovery of HE Cosmic Neutrinos
Power of Multimessenger Analyses
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How rare are the brightest n sources? 
→ meaningful constraints from anisotropy
rare sources (ex. blazars): “subdominant”

K=1 (pg), K=2 (pp)

s<2.1-2.2： stringent constraints on
cosmic-ray reservoirs (ex. starbursts)
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Where Do HE Cosmic Neutrinos Come from? 
Multimessenger Clues 
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Where Do HE Cosmic Neutrinos Come from? 
Multimessenger Clues 

Vicinity of massive black holes
(AGN coronae)Murase et al. 2020 PRL
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Where Do HE Cosmic Neutrinos Come from? 
Multimessenger Clues 

Vicinity of massive black holes
(AGN coronae)

IceCube Collaboration 2022 Science

NGC 1068



Multimessenger Probes of Heavy Dark Matter

KM & Beacom 2012 JCAP
n and cascade g-ray constraints on  
heavy dark matter for masses above TeV
(initiated at the 2008 CCAPP workshop)

The dark matter origin of IceCube ns
disfavored by cascade g-ray constraints 

KM, Laha, Ando & Ahlers 2015 PRL



Ultrahigh-Energy Cosmic-Ray Accelerators? Not Yet…

Auger data indicate that UHECRs are dominated by “nuclei”
→ associated UHE n background: < a fewx10-9 GeV cm-2 s-1 sr-1

Useful benchmark flux for next-generation UHE n detectors 

Murase & Beacom 2010 PRD

Kotera+ KM (2026) 



Transients? High-Energy Supernova Neutrinos

CCAPP mini-workshop in 2012: “Revealing Deaths of Massive Stars with 
GeV-TeV Neutrinos” → helped young researchers develop the network 

MeV n

GeV-PeV n

~0.1-1 day~10 sec

Ln

En

Supernova: “multimessenger” & “multienergy” n source
Progenitors commonly have “confined” circumstellar material 

GeV-TeV n

“Interaction Supernovae”
(KM, Thompson, Lacki & Beacom 2011 PRD
KM, Thompson & Ofek 2014 MNRAS
KM 2018 PRDL)

“Nascent Pulsar Wind Nebula” 
(KM, Dasgupta & Thompson 2014 PRD)



New Era of HE Multimessenger Transient Search

- Next Galactic SN: ~1000 events of TeV ns in IceCube
- More chances to detect “mini-bursts” in the Rubin era  
especially with the global n detector network

Kheirandish & KM 2023 ApJL (see also KM 2024 PRD)

KM3NetIceCube-Gen2



Right Time: IceCube completion & the discovery of HE cosmic neutrinos
Right Place: CCAPP where particle physics, astrophysics, and cosmology meet
Right People: John, Todd, Carsten, Shun, Basu, Ranjan, Kenny, Brian, and 

all the outstanding faculty, postdocs, students, and administrative staff

CCAPP helped me shape my academic career in the US.
Many ideas planted here became useful in the current multimessenger era.
.
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Many Seeds, Many Discoveries – One Multimessenger Path

Happy 20th 
Anniversary, 
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GeV-TeV Neutrino Astrophysics
- n-loaded relativistic outflows  
lead to “quasithermal” ns 
in the GeV-TeV range
(KM, Kashiyama & Meszaros 13 PRL)

- Probes of jet composition 
and dissipation mechanism

- Meaningful constraints from 
the brightest GRB 221009A 

KM & Bartos (2019)
Meszaros, Fox, Hanna & KM (2019)

IceCube Collaboration 2024 ApJ


