
Kohta Murase (Penn State/YITP) 

Multimessenger Implications for 
Extragalactic Sources of Cosmic Rays



All-Sky Multimessenger Flux & Spectrum

from IceCube 24

KM3-230213A

Galactic diffuse n

Disclaimer: my talk itself is “diffuse”



Evidence Discovery for Galactic Diffuse Neutrinos

IceCube 23 Science

Now n emission from the Milky Way (~10% of total) has been observed w. >5s
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Galactic Multimessenger Connection is Now Seen

Supporting hadronic (pp) origin

Open questions 
- Truly diffuse vs unresolved sources?
- Super-PeVatron accelerators?

(Schwefer+ 23, Vecchiotti+ 23, Shao+ 23, Ambrosone+ 24, 
Yan+ 24, Kato+ 24, 25, Lipari & Vernetto 25, Kaci+ 25, 
Espinosa Castro, KM+ 26, Moghadam+ 26, Roberts+ 26 
etc.)

all-sky
averaged

super-Pevatrons w. Emax/Z=30 PeV

n fluxes converted from g-ray fluxes

Fang & KM 21 ApJ, 23 ApJL

Discovery of sub-PeV g rays in 2021
(Tibet ASg Collaboration 21 PRL
LHAASO Collaboration 23 PRL

IceCube Collaboration 23 Science)
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UHECR energy generation ~ sub-PeV n energy generation ~ sub-TeV g-ray energy generation 

∝ (Q: energy generation rate density)
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sion factor from soft to hard X-ray band. We choose a
characteristic value ωS→H → 1/1.7 and ignore the lumi-
nosity dependence for simplicity. In either case of the
adopted x-ray luminosity function, z → 1–2 and yields a
redshift evolution factor εz → 3 [10, 46].

The corona model of MKM20 depends on the Edding-
ton parameter ϑEdd or the SMBH mass M for a given
LX . Ideally we need to take into account the dispersion
of ϑEdd. However, the distribution of ϑEdd for a given LX

is uncertain (see also Ref.), it is reasonable to the fiducial
values of the possible LX ↑M relation. The SMBH mass
is related to LX by Fig. 15 of Ref. [41]. MKM20 adopted

ϑ̄Edd ↓ 0.074

(
Lbol

20 LX

)(
20LX

1044 erg s↑1

)0.254

. (25)

Note that the updated result by Mayers et al. [41] gives

ϑ̄Edd ↓ 0.089

(
Lbol

20 LX

)(
20LX

1044 erg s↑1

)0.42

, (26)

although our results are not a!ected significantly. On the
other hand, Eq. (29) of Shen et al. [43] leads to

ϑ̄Edd ↓ 0.015

(
Lbol

1044 erg s↑1

)0.469

, (27)

which gives lower values of the Eddington parameter
compared to those from x-ray observations.

Simultaneously, the model predicts a di!use MeV
gamma-ray background consistent with COMPTEL and
Fermi -LAT observations. The correlation between neu-
trino and MeV gamma-ray fluxes o!ers a powerful cross-
check for future multimessenger studies.

III. INTERPRETATION OF ALL-SKY
MULTIMESSENGER FLUXES

Our numerical results are shown in Fig. ??. The results
are essentially the same as these of MKM20 although
details of the photomeson production are considered as
in Ref. [15]. Our results show that if all jet-quiet AGNs
are neutrino active, a small energy fraction (→ 1↑ 10%)
of the coronal energy budget channeled into nonthermal
protons su”ces to account for the all-sky IceCube flux at
tens of TeV.

Note that our phenomenological framework does not
discriminate between the weak turbulence and The hard-
sphere di!usion with q = 2 has been used in various lit-
eratures. In this work, we examine a

Note that the maximum energy is used in this work is
not appropriate.

A. Origin of a spectral break

The latest IceCube shower analyses report evidence for
a spectral break (or curvature) at → 30 TeV with ↭ 3ϖ

significance, and complementary starting-event measure-
ments are consistent with a convex spectrum in the → 10–
30 TeV range. The existence of such a break is also moti-
vated by an energetics argument for the medium-energy
neutrino background, which suggests that a simple, fea-
tureless extension is disfavored.
In the magnetically powered corona model, the ob-

served turnover arises naturally because the coronal ra-
diation field and magnetic environment set characteristic
energy scales for hadronic interactions and for the cooling
of secondary particles.
Crucially, the coronal photon field provides a natu-

ral scale at which the relative importance of interaction
channels changes, and photopion production becomes ef-
ficient at proton energies that map to neutrino energies in
the tens-of-TeV band. Above the break, synchrotron and
hadronic cooling of mesons and muons in strong coronal
magnetic fields steepen the neutrino spectrum, reducing
the emergent flux at higher energies compared to an un-
broken extrapolation. [SSK: I think the pion and muon
cooling is not important at multi-TeV range in our AGN
corona model. The critical energy for pion cooling is
around 10 PeV, in my understanding, so we can ignore
meson cooling.] Below the break, dense coronal plasma
enables e”cient pp interactions, including sub-threshold
behavior in which the neutrino spectrum can be compar-
atively harder. This combination produces a convex neu-
trino spectrum without imposing an ad hoc phenomeno-
logical break, and it is consistent with the numerical all-
sky spectra shown for representative model realizations.
which is indeed consistent with the numerical results

shown in Fig. 2. Here K = 1 and K = 2 for pϱ and
pp interactions, respectively, εz → 3 due to the redshift
evolution of the AGN luminosity density [10, 46], Rp is
the conversion factor from bolometric to di!erential lumi-
nosities, and εCR is the cosmic-ray loading parameter de-
fined against the x-ray luminosity, where PCR/Pth → 0.01
corresponds to εCR → 0.1 in our model. [SSK: How gen-
eral or universal is this relation (PCR/Pth → 0.01 corre-
sponds to εCR → 0.1)? I thought PCR depends on various
parameters, and generic simple relation between PCR and
εCR is not obtained.]

E
2

ω
#ω ↓ ctH

4ς
φωQεω εz ↓ ctH

4ς
nsLωεz (28)

E
2# ↓ ctH

4ς
φQεεzg(E) ↓ ctH

4ς
nsLωεz (29)

Analytically, the medium-energy ENB flux is given by

E
2

ω
#ω → 10↑7 GeV cm↑2 s↑1 sr↑1

(
2K

1 +K

)
R↑1

p

(
εz

3

)

↔
(

15fmes

1 + fBH + fmes

)(
εCR,↑1LX↼X

2↔ 1046 erg Mpc↑3 yr↑1

)
.(30)

Given that the cosmic-ray luminosity density is larger

propagation

to be shorter than the advection and the escape times
[70,71]. Thus, whereas the above estimate, corresponding
to the upper curve in Fig. 2, may be valid in normal
galaxies, this Ωcr we obtained is taken, for sure, as an upper
limit on the current energy density of CRs with stellar
origins.
For extragalactic radiations, including UHE CRs,

neutrinos, and gamma rays, the differential global energy
density is written in terms of the observed energy density as,

E
dΩ
dE

¼ E
dU
dE

1

ϱcritc2
¼ 4πE2Φ

c
1

ϱcritc2
: ð28Þ

The UHE CR energy density on Earth is measured
accurately, but the global energy density depends on the
transition from Galactic to extragalactic CRs. In Fig. 2, the
upper curve of the UHE CR shade region is taken from
Ref. [57] which uses the mixed composition model with
the proton dominance around the ankle energy. For
E≳ 1018.5 eV this model has the spectrum that is close
to the flux given by Eq. (9). The lower curve of the (green)
shade region is based on the classical proton ankle model
with ssc ¼ 2.0 [52,72], which can be taken as a more
conservative estimate on the UHE CR energy density. Note
that both curves agree with each other above E ∼ 1019 eV,
where the extragalactic component is dominant.
High-energy neutrino observations serve as a probe for

the differential luminosity and energy density of CRs. For a
given spectral index we obtain the total luminosity density:
for s ¼ 2.5 we have Qν ≃ 1044.3$0.1 ergMpc−3 yr−1ð2=ξzÞ
and Ων ≃ 10−10.7$0.1 above 25 TeV (see Table I).

This yields Qexcr ≳ 1044.6$0.1 ergMpc−3 yr−1ð2=ξzÞ and
Ωexcr ≳ 10−10.4$0.1 above Ep ∼ 0.5 PeV, assuming inelastic
pp interactions being the dominant process.
As indicated in Fig. 3 below, the GeV–TeV CR spectrum

extrapolated to PeV energies can be compatible with the
soft CR spectrum indicated by the 10–100 TeV neutrino
data if the meson production is fully efficient for PeV CRs,
i.e., the effective optical depth fmeson ≳ 1. On the other
hand, Ωcr ≫ Ωγ means that the CR energy density in the
GeV–TeV range needed to explain GeV–TeV gamma rays
overshoots the observed CR roughly by a factor of 3–10
(see Fig. 3). This implies that the gamma-ray production
for GeV–TeV CRs should not be fully efficient (i.e.,
fmeson ≪ 1) and/or the hadronic gamma rays are attenuated
by interactions with ambient matter or radiation. A com-
parison of the IceCube and Fermi data implies that the CR
accelerators are hidden when viewed in GeV–TeV gamma
rays [62].

IV. DISCUSSION

A. Cosmic-ray reacceleration in star-forming galaxies

The CR energy generation rate density in the GeV–TeV
range, when leaked CRs are included, is not much different
from that in the UHE range, across energies 10 orders of
magnitude apart. This may point towards the idea that CRs
may be reaccelerated by the Fermi acceleration in the
vicinity of galaxies, say, in superbubbles or galactic winds
driven by the star formation, whose power-law index can be
scr ∼ 2 or smaller [73,74].
The velocity of galactic winds driven by the star

formation can be Vs ∼ 300–1000 km s−1 [75,76] (see also

-15

-14

-13

-12

-11

-10

-9

-8

8 9 10 11 12 13 14 15 16 17 18 19 20

-11

-10

-9

-8

-7

-6

-5

lo
g(

E
 d

Ω
/d

E
)

lo
g(

E
 d

U
/d

E
 [e

V
 c

m
-3

])

log(E [eV])

CR

 (EGB)

 (IGRB)

CR
(confined in normal galaxies)

UHE CR

(produced)

FIG. 2. Local (z ¼ 0) energy densities of cosmic particles (in
unit of ϱcritc2 for the left axis). We ignore possible energy losses
of CRs injected in the past. Unavoidable energy losses of UHE
CRs are taken into account, and we show both proton ankle and
mixed composition models. The energy density of CRs confined
in normal galaxies is indicated assuming tesc ¼ 15–100 Myr at
R ¼ 1 GV. The softening of the EGB and IGRB spectra is caused
by the attenuation by the extragalactic background light.
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FIG. 3. Similar to Fig. 1, but neutrino and gamma-ray lumi-
nosity densities are converted into CR energy generation rate
densities assuming that they are produced by inelastic pp
interactions. The high-energy neutrino background gives con-
straints on the CR energy generation rate density, while the IGRB
is taken as an upper limit for a given value of the effective optical
depth to meson production (fmeson): the cases for fmeson ≥ 1 and
fmeson ¼ 0.1 are displayed.

KOHTA MURASE and MASATAKA FUKUGITA PHYS. REV. D 99, 063012 (2019)

063012-8

Energy Budgets of High-Energy Cosmic Particles

WUHECR=10-11.5

Wn~10-11

KM & Fukugita 19 PRD



High-Energy Gamma-Ray Sky
~5000 sources (4FGL)
>3000 AGN

Galactic plane
Galactic sources
extragalactic sources

Fermi g-ray satellite



Ajello+ 15 ApJL

~100 % come from blazars
at sub-TeV energies?

Fermi Collaboration 16 PRL

Extragalactic g-Ray Sky: Dominated by On-Axis Jetted AGN

Ajello+ 15 ApJL

blazar!

~50% of EGB at >0.1 GeV
~70-100% of IGRB at >50 GeV
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~100 % come from blazars
at sub-TeV energies?

Fermi Collaboration 16 PRL

Extragalactic g-Ray Sky: Dominated by On-Axis Jetted AGN

Ajello+ 15 ApJL

blazar!

~50% of EGB at >0.1 GeV
~100% at ~100 GeV

10 Korsmeier et al.

Figure 3. Angular correlation of the 4FGL+CP fit. The shaded bands mark the the 1� Bayesian uncertainty.

threshold sensitivity from the reference model, is within
uncertainties compatible with the default value of 1.

It is also interesting to look at the setup of 4FGL-only,
and use the extrapolation of the GLF and SED model
to predict the CP. As shown in Figure 4 our prediction
agrees very well with the measurement. We note that
the CP is dominated by FSRQs at low energies, below
⇠ 2 GeV, while BLLs dominate at higher energies. The
domination of BLLs at high energies is expected since
they have a harder SED than FSRQs. The fact that
there is a transition from FSRQs to BLLs in the CP

at low energies introduces a softening in the spectral
index at low energies. This softening has previously been
interpreted as a possible hint for a new source population
(Ando et al. 2017). The new CP data (Ackermann et al.

Figure 4. The GLF is fitted to 4FGL sources and then
extrapolated to the CP. The band shows the 1� Bayesian
uncertainty.

2018) and the detailed treatment presented here, allow
us to interpret it in terms of FSRQ.

Figure 4 already hints that both BLLs and FSRQs
are required to describe the CP data. We quantify this
statement a bit better in the following. Using the re-
sults of the 4FGL-only fit, we calculate the posterior
distribution of the �

2
CP

assuming (i) the sum of FSRQs
and BLLs, labeled all, and (ii) only BLLs. An only FS-
RQs hypothesis is excluded since it cannot explain the
high-energy CP data. In order to consider the system-
atic uncertainty on the exact flux threshold, we profile
over the normalization of the Cp. The results in Fig. 5
show that the sum of FSRQ and BLL is preferred. Us-
ing the full posterior of the 4FGL-only fit and defining

Figure 5. Posterior distribution of the 4FGL-only fit for
the �2

CP
. We show the distributions for three cases: consid-

ering the sum of BLLs and FSRQs (all), only BLLs (BLL),
and only FSRQs (FSRQ).

Korsmeier + 22 ApJ
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We then correct for �-ray attenuation to find the intrinsic
�-ray spectrum at the blazar source. The EBL-corrected data
points are found by dividing by the average photon survival
probability, hP��i, in each energy bin, which is calculated as:

hP��i =

R
�E exp[�⌧��(z, E)]�obs(E)R

�E �obs(E)
, (1)

where ⌧�� ⇠
R
d✏���dn/d✏ is the optical depth, ��� is the

pair-production cross section, dn/d✏(z) is the number density
of the target background photons (EBL+CMB), and �obs(E)
is the observed flux, which we describe using either a power
law, a log parabola, or power law with a super-exponential
cutoff.

The intrinsic (de-absorbed) spectra are then re-fit to a
spectral model to extrapolate them above 100 GeV. We
note that sources with best-fit spectra with positive energy
curvature are instead fit to power laws in order to assume the
most conservative emission models above Fermi energies. We
note that the overwhelming majority of the brightest sources
(192/200) were best fit by downward-curving spectra. Of all
sources, ⇠ 27% are fit by log parabolas or power laws with a
super-exponential cutoff.

EBL Models and Cascade Development – Here, we adopt the
EBL model of Ref. [37]. We use the publicly available code,
�-cascade [38] to compute the continuous development
of the electromagnetic cascade cycle from each source in our
catalog. We also account for the effects of cosmological red-
shift on the �-ray propagation. Since we consider only IGMF
strong enough to isotropize the produced pair’s trajectory, the
cascades are essentially isotropic. Finally, in order to infer
the intrinsic spectrum of the blazars, we reverse the effect of
line-of-sight attenuation due to pair production.

Known components of the IGRB - Over the last two
decades, observations of astrophysical �-rays from the Fermi-
LAT [36], have produced precise measurements of the IGRB.
Specifically, these are photons originating from outside of the
Milky Way that are not attributed to known or resolved point
sources. The IGRB measurement is generated by first con-
structing the extragalactic �-ray background (EGRB), which
includes all extragalactic �-rays regardless of origin, and then
masking known sources.

Previous studies have concluded that the IGRB can almost
entirely be accounted for by �-rays generated by mAGN
and SF activity in unresolved galaxies [17, 18, 39]. There
is also a contribution coming the point source emission of
unresolved blazars, which produces a significant portion of
the diffuse �-ray flux below ⇠10 GeV and potentially above
100 GeV. However, it should be noted that previous studies
of unresovled blazars have not fully taken into account
the cascaded component of blazar jet emission [14, 40]
which introduces a significant uncertainty in the unresolved
blazar contribution. While Ref. [40] computes a flux from
cascaded photons, they account only for the CMB and do
not include the IR and optical components of the EBL. This
approximation systematically underpredicts the cascaded

FIG. 2. The top frame shows the all-sky flux from resolved blazars
compared to the measured IGRB [36] (black) and the model of
known contributions [18] (green). The blue (dashed) line is the sum
of the line-of-sight blazar fluxes while the blue (solid) line is the
sum of the line-of-sight blazar fluxes plus their corresponding diffuse
cascades. In (red) we show the diffuse cascades from the resolved
blazars for Ecut = 6TeV. The bottom frame shows the expected
diffuse �-rays from the known contributions —taken at the 1� lower
limit— plus the diffuse cascades from resolved blazars. We show
thin lines for Ecut values between 100GeV and 100TeV. We high-
light the estimate for the maximum Ecut in red.

component of the blazar contribution because the evolution
of electromagnetic cascades for photons with energies below
around 100 TeV is dominated by interactions with the
EBL [41]. In this study, we remain agnostic about the exact
makeup of the IGRB due to the fact that uncertainties in
the composition of the IGRB are insignificant compared to
the potential magnitude of diffuse cascades from resolved
blazars. We therefore adopt the IGRB contribution model
derived in Ref. [18], and note that due to the fact that the
blazar contribution is expected to be underestimated, our
results are conservative.

Blanco + 23
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~100 % come from blazars
at sub-TeV energies?
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blazar!

~50% of EGB at >0.1 GeV
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Cosmic 𝐿-ray background radiation from SFGs 7

Figure 1. 𝐿-ray luminosities of nearby galaxies predicted by our model and
R21 model, in comparison with the observed luminosities. Upper panel: di-
rectly observed gas masses are used for 𝑀gas. Lower panel: 𝑀gas is calculated
by the Kennicutt-Schimidt law from SFR and size. The 𝐿-ray energy range is
0.1 – 100 GeV for MW, and 0.1 – 800 GeV for all others.

section values than those derived by Kelner et al. (2006), especially
for positron. Second, the assumed models for galactic magnetic fields
di!er. In this study, we assume that the energy density of the magnetic
field is comparable to that of SN explosion injected into ISM on
the advection scale. In contrast, other works, such as Owen et al.
(2022), adopt a turbulent dynamo model driven by SN events. These
di!erences make it reasonable that our model predicts a higher CR
lepton emission compared to previous studies.

4.2 Gap between fluxes from SFGs and IGRB flux

As shown in Section 3.2, SFGs can explain a significant fraction
(→50–60%) of the unresolved EGB in the energy band of 1–10 GeV,
but are insu"cient in lower and higher energy ranges. Here we dis-
cuss some possible scenarios that account for this deficiency. In the
energy band of 𝑀𝐿 ↭ 1 GeV, the major contributors may be some
other extragalactic sources. The data of COMPTEL (Weidenspoint-
ner et al. 2000) and EGRET (Strong et al. 2004) imply some popu-
lations peaking around 10–100 MeV and extending up to 10 GeV by
a softer power-law than SFGs. Millisecond pulsars (Siegal-Gaskins
et al. 2011) and some types of AGNs may be such populations. Some
previous works investigated possible contributions from di!erent

Figure 2. The EGB spectrum from SFGs predicted by our model, in com-
parison with the unresolved EGB data. Di!erent components are shown as:
bremsstrahlung (blue dotted), IC scattering (orange dotted), total lepton emis-
sion (green dash-dotted), proton emission (i.e. 𝑁0 decay, red dash-dotted),
cascade e!ect (purple dash-dotted), and total emission (brown solid). Fermi-
LAT data (black points) are from Ackermann et al. (2015a), EGRET data
(magenta points) from Strong et al. (2004), and COMPTEL data (cyan points)
from Weidenspointner et al. (2000).

Figure 3. The EGB spectrum from SFGs predicted by our model (blue thick
curves), in comparison with our another calculation using the R21 modeling
framework (red thin curves).

populations of AGNs in detail: flat spectrum radio quasars (FSRQs)
(Ajello et al. 2012; Toda et al. 2020; Blanco & Linden 2023) and
misaligned AGNs (non-blazar AGNs) (Di Mauro et al. 2013; Inoue
et al. 2019). In the energy band of 𝑀𝐿 ↫ 10 GeV, the situation is
more puzzling. Since all 𝐿-ray photons with such high energy from
distant extragalactic sources experience severe attenuation by EBL
photons, we may need to consider relatively nearby sources in this
energy range. BL Lac objects are one of the potential candidates,
since they have a harder 𝐿-ray spectrum than other AGNs, and rela-
tively low luminosity among the blazer class (FSRQ and BL Lacs),
potentially leaving nearby sources still undetected (Inoue & Totani
2009; Di Mauro et al. 2014). It is also possible that even more exotic
populations are contributing in these energy ranges, e.g. dark matter

MNRAS 000, 1–9 (2025)

Chen & Totani 25 MNRAS

~50% of EGB at 1-10 GeV



Extragalactic n Sky: NOT Dominated by On-Axis Jetted AGN

g-ray bright blazars are largely resolved -> stacking analyses are powerful

Blazars are subdominant in all parameter space (most likely <~ 30%)
Similar conclusion from neutrino anisotropy (multiplet) limits (KM & Waxman 16 PRD)

Predicted neutrino spectra are harder than the observed one 

Yuan, KM & Meszaros 20 ApJ (see also IceCube 17 ApJ, Hooper+ 19 JCAP)



All-Sky Multimessenger Flux & Spectrum

from IceCube 24

• 10-100 TeV n flux is larger than the benchmark n flux from UHECR sources
• 10-100 TeV n flux mainly originates from sources other than jetted AGNs (blazars)

KM3-230213A

Galactic diffuse n

Waxman-Bahcall bound

Jetted AGNs 
dominating the 
GeV-TeV g-ray sky 
are NOT dominant 
IceCube n sources



Extragalactic Multimessenger Connection

see also
Murase, Ahlers & Lacki (2013)
Fang, Gallagher & Halzen (2022)

26 PRL

pp scenarios (e.g., star-forming galaxies) are excluded if g-ray transparent
tension w. g-ray data (>~3s) even for the minimal pg scenario if g-ray transparent
→ majority of ~30 TeV ns: hidden (i.e., g-ray opaque) cosmic-ray accelerators

10-100 TeV n IceCube data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1

K=p±/p0
pp: K~2
pg: K~1

At sources



Extragalactic Multimessenger Connection
10-100 TeV n IceCube data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1

IceCube 26 PRD

Capanema, Esmaili & KM (2020) 
Capanema, Esmaili & Serpico (2021)

Fermi-LAT g-ray limit 
(w. IGRB modeling)

pp scenarios (e.g., star-forming galaxies) are excluded if g-ray transparent
tension w. g-ray data (>~3s) even for the minimal pg scenario if g-ray transparent
→ majority of ~30 TeV ns: hidden (i.e., g-ray opaque) cosmic-ray accelerators



Prediction of Hidden Neutrino Sources

Hidden (i.e., g-ray opaque) n sources are actually “natural” in pg scenarios

gg→e+e-

optical depth

disk-corona
opt/UV=multi-temperature blackbody 

from disks
X-ray=Comptonization by hot electrons

in coronae (kTe ~ 10-100 keV)

Ueda+14 ApJ

The X-ray background originates 
from jet-quiet AGNs (coronae)

X-ray luminosity density
(cf. star-formation rate)



Prediction of Hidden Neutrino Sources

- Simultaneous explanation for 
the all-sky n and X-ray fluxes

- Predicting a spectral curvature 
consistent w. a ~10-30 TeV 
break in the n data

- Power-law neutrino spectrum   
caused by the superposition of   
spectra with different peaks 

KM, Kimura & Meszaros 20 PRL
Kimura, KM & Meszaros 21 Nature Comm.
(see also Padovani et al. 24 A&A)

all-sky n intensity of extragalactic n sources (cf. DSNB)

cosmology theory 
(l: model parameters)

X-ray data
(measured)

MKM20

from KM+ (2026)

n

X

(IceCube PRL 26)

26 PRL



Prediction of Hidden Neutrino Sources

KM, Kimura & Meszaros 20 PRL
Kimura, KM & Meszaros 21 Nature Comm.
(see also Padovani et al. 24 A&A)

all-sky n intensity of extragalactic n sources (cf. DSNB)

cosmology theory 
(l: model parameters)

X-ray data
(measured)

MKM20

from KM+ (2026)

n

X

26 PRL

11

FIG. 3. Cosmic-ray proton cooling time scales for coronae of jet-quiet AGNs with LX = 1044 erg s→1 for Model A (left panel),
Model B (middle panel), and Model C (right panel).

FIG. 4. Left panel: Di!erential cosmic-ray luminosities for LX = 1042, 1043, 1044, 1045, and 1046 erg s→1 (from bottom to top).
Right panel: Di!erential neutrino (thick) and gamma-ray (thin) luminosities for LX = 1042, 1043, 1044, 1045, and 1046 erg s→1

(from bottom to top).

Eq. (37) and the above requirement we have

ω
b

p
↭ 20 GeV

[(
E

2

ω
!ω |100 TeV

10→7 GeV cm→2 s→1 sr→1

)(
3

εz

)

→
(
1 +K

2K

)(
1 + fBH + fmes

fmes

)

→
(

QCR

3→ 1046 erg Mpc→3 yr→1

)]20/11

.

(39)

Thus, the fact that the all-sky medium-energy neutrino
flux is large suggests that the sources have a spectral
break in their population-averaged intrinsic cosmic-ray
spectra4.

MKM20 predicts the existence of a spectral turnover,
which is evident in all of the three models presented in

4
In general, the spectral break can be caused by the superposition

of sources with di!erent maximum energies, in which it does not

have to be inherent to the acceleration mechanism.

this work (see Figs. 1 and 2). Actually, a spectral cur-
vature is a generic consequence of viable corona mod-
els in which the Bethe-Heitler suppression is important.
Using fBH + fmes + 1 ↑ 15fmes in Eq. (39), we obtain
ω
b

p
↭ 3 TeV, leading to ω

b

ω
↭ 100 GeV. More specifi-

cally, in the MKM20 model, the convex neutrino spec-
trum can naturally arise from several physical reasons.
First, the e”ective photomeson production optical depth,
fpε ↓ tfall/tpε , increases with ωp, as seen from Fig. 3.
As a result, the spectrum of neutrinos from pϑ inter-
actions can be hard up to a certain energy at which
the system is nearly calorimetric for cosmic-ray protons,
and indeed fpε ↭ 1 is satisfied at ωp ↭ 30 ↔ 100 TeV
for LX ↑ 1044 erg s→1 (see Eq. 1 of MKM20). Sec-
ond, the Bethe-Heitler pair production due to interac-
tions with disk photons suppresses meson production at
ωp ↑ 0.1 ↔ 1 PeV, which may cause a turnover in neu-
trino spectra (cf. Ref. [109] for a similar feature in the
context of gamma-ray bursts). Third, the turbulent ac-
celeration mechanism leads to a hard spectrum with a
cuto” that is related to the maximum energy of cosmic-
ray protons. In particular, as shown in Fig. 4, lumi-

In general, for know population
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But do such hidden n source (candidates) exist??



IceCube Science 22NGC 1068 
one of the powerful AGNs in the local universe
distance: ~10 Mpc 
Ln~1042 erg/s << Lcorona ~ 8x1043 erg/s 

<< Lbol ~ LEdd  ~ 1045 erg/s

(artist’s impression)

pp (starburst)



Where Do Neutrinos Come from?

compatible w. pg calorimetry (fpg>1) condition: R < 30-100 RS
Massive black hole: sub-PeV proton accelerator & ideal beam dump

KM 22 ApJL
see also
Das, Zhang & KM 24 ApJ
Blanco, Hooper, Linden & Pinetti 25 PRD

for 0.1-300 GeV g rays

model-independent constraint
considering elemag cascade

R < (15-30) RS



Updated Fermi Analysis & Impacts of Magnetic Fields

magnetization xB = UB/Uph (cf. corona model: xB ~ 1, shock model: xB <~ 0.01)    

Das, Zhang & KM 24, Das, KM & Zhang 26 (see also Ajello, KM & McDaniel 23 ApJL for updated Fermi analysis)



What Can We Learn from NGC 1068?

for 0.1-300 GeV g rays

LCR<LX

- CR spectrum: hard
sCR <~ 2

- Emission region is likely to be
strongly magnetized

xB=UB/Uph >~ 0.01
b = Pth/PB <~10   

Das, KM & Zhang 26 ApJL
Das, Zhang & KM 24 ApJ

17

FIG. 8. Cosmic-ray proton cooling time scales for NGC 1068 (left panel) and NGC 4151 (right panel) in Model C.

and we obtain ω ↭ 1 for R → 10. The conservative lower
limit on the magnetic field strength is

B ↫
√

0.006
4Lbol

R2R
2

S
c

↑ 4.3↓ 103 G R→1

0.5
εEdd

(
Lbol

20LX

)→1/2

L
→1/2

X,43.6
.(46)

We stress that Eqs. (17) and (45) are independent, but
the latter limit on B does not rely on whether the corona
is powered by magnetic fields. This would lead to a con-
clusion that the corona is strongly magnetized if the neu-
trino emission region is associated with an x-ray-emitting
corona. Interestingly, for NGC 1068, the cascade limit is
comparable to the limit given by Eq. (17), which implies
LB ↫ LX (within an order of magnitude), being consis-
tent with the picture of a magnetically powered corona.

On the other hand, from Eq. (15), together with ϑB ↭
1, we obtain the upper limit on B as

B ↭ 4.6↓ 104 G ϑ
→1/3

rad,→1
ϖ
1/6

T,→0.4
ϱ
→1/6

e
R→5/6

1

↓ ε
5/6

Edd

(
Lbol

20LX

)→1/2

L
→1/2

X,43.6
. (47)

Thus, if the emission region of high-energy neutrinos from
NGC 1068 coincides with the x-ray emitting region, the
global magnetic field is constrained to be in the range of

4 kG ↭ B ↭ 50 kG R→5/6

1
ϱ
→1/6

e
, (48)

where εEdd → 1 and LX → 4↓ 1043 erg s→1 are used and
the nontrivial R-dependence of the limits on ςB is ig-
nored. We note that the above lower limit is conservative
in the sense that the limits on ςB become more stringent
for larger values of R [59, 60]. However, we stress that
we do not exclude the possibility that the coronal region
is extended or outflowing with weaker magnetic fields,

as indicated from some models accounting for millimeter
observations [116, 133]. More detailed multizone model-
ing is necessary to understand broadband spectra, which
is beyond the scope of this work.
For our fiducial models, the required cosmic-ray pres-

sure for NGC 1068 satisfies p̂cr ↭ 5 ↔ 10% (see Fig. 6),
leading to the conservative upper bound,

UCR

UB

= 3p̂crω ↭ 0.1↔ 0.3. (49)

Thus, the energy density of cosmic rays is always sub-
dominant, consistent with the assumption of magnetic
energization. Note that p̂cr ↗ 0.5 should be satisfied
more conservatively [102]. Recent studies [90, 91] have
shown that cosmic-ray backreaction can damp the turbu-
lent cascade once the power transferred from turbulence
to cosmic rays becomes comparable to the turbulent cas-
cade power. Since most of the cosmic-ray energy is con-
centrated around the spectral peak, where tacc → t

↑
p→loss

,
this condition corresponds to UCRtdiss/(UBt

↑
p→loss

) =
3ωp̂cr(tdiss/t↑p→loss

) ↭ 1. For our NGC 1068 models,
t
↑
p→loss

↫ tdiss suggests that strong cosmic-ray feedback
is not expected. Given that MKM20 assumes tdiss ↘
0.1 φ→1

√
ω/2tfall, we find t

↑
p→loss

↫ tdiss (see Fig. 8),
which leads to ↼cr ↭ 0.1 ↔ 1. Note that the satisfaction
of such a necessary energy budget requirement had also
been examined in the models considered in MKM20, in-
cluding the ϑtur = 70 model with p̂cr = 0.3.
On the other hand, the minimum cosmic-ray power

can be estimated from the observed neutrino luminos-
ity, which can also be confronted with the x-ray lu-
minosity and/or bolometric luminosity. As shown in
Ref. [18], in the turbulent acceleration scenario that pre-
dicts hard spectra with s ↭ 2 at energies below the max-
imum proton energy, LCR ↭ LX can be satisfied given
that the meson production is e!cient enough. How-
ever, for s ↫ 2 down to GeV energies, which is expected
in the shock acceleration scenario, we obtain LCR ↫

compatible w. pg calorimetry (fpg>1) condition: R < 30-100 RS
Massive black hole: sub-PeV proton accelerator & ideal beam dump

model-independent constraint
considering elemag cascade

R < (15-30) RS
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trino emission region is associated with an x-ray-emitting
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comparable to the limit given by Eq. (17), which implies
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global magnetic field is constrained to be in the range of
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where εEdd → 1 and LX → 4↓ 1043 erg s→1 are used and
the nontrivial R-dependence of the limits on ςB is ig-
nored. We note that the above lower limit is conservative
in the sense that the limits on ςB become more stringent
for larger values of R [59, 60]. However, we stress that
we do not exclude the possibility that the coronal region
is extended or outflowing with weaker magnetic fields,

as indicated from some models accounting for millimeter
observations [116, 133]. More detailed multizone model-
ing is necessary to understand broadband spectra, which
is beyond the scope of this work.
For our fiducial models, the required cosmic-ray pres-

sure for NGC 1068 satisfies p̂cr ↭ 5 ↔ 10% (see Fig. 6),
leading to the conservative upper bound,

UCR

UB

= 3p̂crω ↭ 0.1↔ 0.3. (49)

Thus, the energy density of cosmic rays is always sub-
dominant, consistent with the assumption of magnetic
energization. Note that p̂cr ↗ 0.5 should be satisfied
more conservatively [102]. Recent studies [90, 91] have
shown that cosmic-ray backreaction can damp the turbu-
lent cascade once the power transferred from turbulence
to cosmic rays becomes comparable to the turbulent cas-
cade power. Since most of the cosmic-ray energy is con-
centrated around the spectral peak, where tacc → t
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,
this condition corresponds to UCRtdiss/(UBt
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) =
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↫ tdiss suggests that strong cosmic-ray feedback
is not expected. Given that MKM20 assumes tdiss ↘
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which leads to ↼cr ↭ 0.1 ↔ 1. Note that the satisfaction
of such a necessary energy budget requirement had also
been examined in the models considered in MKM20, in-
cluding the ϑtur = 70 model with p̂cr = 0.3.
On the other hand, the minimum cosmic-ray power

can be estimated from the observed neutrino luminos-
ity, which can also be confronted with the x-ray lu-
minosity and/or bolometric luminosity. As shown in
Ref. [18], in the turbulent acceleration scenario that pre-
dicts hard spectra with s ↭ 2 at energies below the max-
imum proton energy, LCR ↭ LX can be satisfied given
that the meson production is e!cient enough. How-
ever, for s ↫ 2 down to GeV energies, which is expected
in the shock acceleration scenario, we obtain LCR ↫



Neutrino Production Mechanisms: pp & pg

Das, Zhang & KM 24 ApJ, Das, KM & Zhang 26 ApJL

Neutrinos
from gg→µ+µ-

(Hooper & Plant 23 PRL)

Neutrons from
photodisintegration
(Yasuda, Inoue & Kusenko 25 PRL)

- Multimessenger connection must be considered 
- Exotic models are excluded if relevant processes are consistently included
- Also unlikely by the energetics requirement: LCR < Lbol ~ LEdd ~ 1045 erg/s 



turbulence 
magnetic reconnection

Neutrino Production Models

magnetically-powered corona or jet base
(KM+ 20, Kheirandish, KM & Kimura 21)

failed-wind or accretion shock
(S. Inoue, Cerruti, KM+ 22, Y. Inoue+ 20)

shear at the base of jets 
(KM 22, Lemoine & Rieger 25)

shocks

b=Pg/PB < 0.1-10 → B >~ 102 G
LCR <~ LX <~ LB (turbulent)

submm → B~10-100 G
b=Pg/PB >~ 10-100

LB, LCR <~ LX

accretion black hole

accretion disk

termination 
shock

magnetic loop

turbulence

magnetic
reconnection

shear

jet



Magnetically Powered Turbulent Corona Model

(KM+ 20, see also Kheirandish, KM+ 21, Eichman+ 22, Fiorillo+ 24, Lemoine & Rieger 25, Wang+ 26, Yang+ 26…)

- Astrophysical data (NGC 1068): 
luminosity (LX~3x1043 erg/s), mass (MBH~6x106 Msun), optical depth (tT~0.4)

- Coronal parameters (data & magnetohydrodynamics): 
emission region size (R/RS), magnetic fields, viscosity  

- CR parameters (particle acceleration): 
Injection efficiency (PCR/Pth), acceleration efficiency (htur), spectral index (q)   

Lemoine‘s talk on Tue

from KM+ (2026)



• Theory prediction: n luminosity ~ intrinsic X-ray luminosity
brightest for IceCube: NGC 1068, NGC 4151
brightest in the southern sky: Circinus, NGC 4945 

• IceCube n evidences/hints: 
NGC 1068 (~4s), NGC 4151 (~3s), 
14 AGNs in the south incl. Circinus (~3s)
consistent w. the theoretical picture

Corona Model: Predictions and Hints

(IceCube Collaboration 22, 25a, 25b, 26a, 26b, Neronov+ 24 PRL ) 

(KM+ 20 PRL, 24 ApJL) 

stochastic acceleration fast acceleration (E-2 injection)

KM+ 26, KM, Karwin, Kimura, Ajello & Buson 24



Consistency between NGC 1068 and All-Sky Neutrino Flux?

• All-sky n flux has been explained by the magnetically powered corona model
NGC 1068 can be consistently explained by the same model

• Differential n flux at 10 TeV: ~10-8 GeV cm-2 s-1 → ELE ~ 1041 erg/s
• NGC 1068-like AGNs are rare: n~10-5 Mpc-3 → EQE ~ 3x1043 erg Mpc-3 yr-1

• NGC 1068-like AGN contribution: E2Fn <~ 7x10-8 GeV cm-2 s-1 sr-1

• In reality, neutrino spectra depend on X-ray luminosities etc. (dispersion)

Carpio, Kheirandish & KM 26 ApJ
NGC 1068NGC 4151

Ueda+ 14 ApJ

(KM+ 20 PRL, 26 PRD) 



Black Holes

>100 TeV n sources?
(TXS 0506+056?)

Jet-quiet AGN Jet-loud AGN
hidden n sources 
(NGC 1068…)

supermassive black holes

Galaxy
subdominant n sources (Milky Way)



All-Sky Multimessenger Flux & Spectrum

from IceCube 24

KM3-230213A

Galactic diffuse n



Hunting Ultrahigh-Energy Neutrinos

- Auger data: UHECRs are largely “nuclei” 
nucleus survival (semi-transparency) → E2Fn <~ 3x10-9 GeV cm-2 s-1 sr-1

- Existing models consistent w. KM3Net+IceCube: E2Fn <~ 10-8 GeV cm-2 s-1 sr-1

UHECR w. E/Z > 1018.5 eV requires UHE n w. En >~ 100 PeV
IceCube 25, Li+ 25, Yuan & Lu 25
KM3Net 25, 26, Yuan+ 25
Mukhopadhyay & Kimura 26
KM3Net 26, Yu & Zhang 26… 

modified from Kotera+ KM 26 JCAP 



∝ (Q: energy generation rate density)

7

sion factor from soft to hard X-ray band. We choose a
characteristic value ωS→H → 1/1.7 and ignore the lumi-
nosity dependence for simplicity. In either case of the
adopted x-ray luminosity function, z → 1–2 and yields a
redshift evolution factor εz → 3 [10, 46].

The corona model of MKM20 depends on the Edding-
ton parameter ϑEdd or the SMBH mass M for a given
LX . Ideally we need to take into account the dispersion
of ϑEdd. However, the distribution of ϑEdd for a given LX

is uncertain (see also Ref.), it is reasonable to the fiducial
values of the possible LX ↑M relation. The SMBH mass
is related to LX by Fig. 15 of Ref. [41]. MKM20 adopted

ϑ̄Edd ↓ 0.074

(
Lbol

20 LX

)(
20LX

1044 erg s↑1

)0.254

. (25)

Note that the updated result by Mayers et al. [41] gives

ϑ̄Edd ↓ 0.089

(
Lbol

20 LX

)(
20LX

1044 erg s↑1

)0.42

, (26)

although our results are not a!ected significantly. On the
other hand, Eq. (29) of Shen et al. [43] leads to

ϑ̄Edd ↓ 0.015

(
Lbol

1044 erg s↑1

)0.469

, (27)

which gives lower values of the Eddington parameter
compared to those from x-ray observations.

Simultaneously, the model predicts a di!use MeV
gamma-ray background consistent with COMPTEL and
Fermi -LAT observations. The correlation between neu-
trino and MeV gamma-ray fluxes o!ers a powerful cross-
check for future multimessenger studies.

III. INTERPRETATION OF ALL-SKY
MULTIMESSENGER FLUXES

Our numerical results are shown in Fig. ??. The results
are essentially the same as these of MKM20 although
details of the photomeson production are considered as
in Ref. [15]. Our results show that if all jet-quiet AGNs
are neutrino active, a small energy fraction (→ 1↑ 10%)
of the coronal energy budget channeled into nonthermal
protons su”ces to account for the all-sky IceCube flux at
tens of TeV.

Note that our phenomenological framework does not
discriminate between the weak turbulence and The hard-
sphere di!usion with q = 2 has been used in various lit-
eratures. In this work, we examine a

Note that the maximum energy is used in this work is
not appropriate.

A. Origin of a spectral break

The latest IceCube shower analyses report evidence for
a spectral break (or curvature) at → 30 TeV with ↭ 3ϖ

significance, and complementary starting-event measure-
ments are consistent with a convex spectrum in the → 10–
30 TeV range. The existence of such a break is also moti-
vated by an energetics argument for the medium-energy
neutrino background, which suggests that a simple, fea-
tureless extension is disfavored.
In the magnetically powered corona model, the ob-

served turnover arises naturally because the coronal ra-
diation field and magnetic environment set characteristic
energy scales for hadronic interactions and for the cooling
of secondary particles.
Crucially, the coronal photon field provides a natu-

ral scale at which the relative importance of interaction
channels changes, and photopion production becomes ef-
ficient at proton energies that map to neutrino energies in
the tens-of-TeV band. Above the break, synchrotron and
hadronic cooling of mesons and muons in strong coronal
magnetic fields steepen the neutrino spectrum, reducing
the emergent flux at higher energies compared to an un-
broken extrapolation. [SSK: I think the pion and muon
cooling is not important at multi-TeV range in our AGN
corona model. The critical energy for pion cooling is
around 10 PeV, in my understanding, so we can ignore
meson cooling.] Below the break, dense coronal plasma
enables e”cient pp interactions, including sub-threshold
behavior in which the neutrino spectrum can be compar-
atively harder. This combination produces a convex neu-
trino spectrum without imposing an ad hoc phenomeno-
logical break, and it is consistent with the numerical all-
sky spectra shown for representative model realizations.
which is indeed consistent with the numerical results

shown in Fig. 2. Here K = 1 and K = 2 for pϱ and
pp interactions, respectively, εz → 3 due to the redshift
evolution of the AGN luminosity density [10, 46], Rp is
the conversion factor from bolometric to di!erential lumi-
nosities, and εCR is the cosmic-ray loading parameter de-
fined against the x-ray luminosity, where PCR/Pth → 0.01
corresponds to εCR → 0.1 in our model. [SSK: How gen-
eral or universal is this relation (PCR/Pth → 0.01 corre-
sponds to εCR → 0.1)? I thought PCR depends on various
parameters, and generic simple relation between PCR and
εCR is not obtained.]

E
2

ω
#ω ↓ ctH

4ς
φωQεω εz ↓ ctH

4ς
nsLωεz (28)

E
2# ↓ ctH

4ς
φQεεzg(E) ↓ ctH

4ς
nsLωεz (29)

Analytically, the medium-energy ENB flux is given by

E
2

ω
#ω → 10↑7 GeV cm↑2 s↑1 sr↑1

(
2K

1 +K

)
R↑1

p

(
εz

3

)

↔
(

15fmes

1 + fBH + fmes

)(
εCR,↑1LX↼X

2↔ 1046 erg Mpc↑3 yr↑1

)
.(30)

Given that the cosmic-ray luminosity density is larger

propagation
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Figure 11. Gamma-ray upper limits on the
local gamma-ray energy budget of the universe.
The upper solid curves are quasi-differential lim-
its obtained with E′QE′ = Qγ , i.e., the same en-
ergy input at any E′, for the near-mono-energetic
gamma-ray injection. The lower dot-dashed
curves are integrated limits for E′QE′ = const.,
i.e., an E−2 differential spectrum, where E′

min =
102.75 GeV and E′

max = 1011.25 GeV are assumed.
The thick curves are obtained for star formation
evolution [46], whereas the thin curves are for no
redshift evolution.
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Figure 12. The same as figure 11. The thick
solid curve represents the case where only the
DGB fit obtained by Abdo et al. [5] is used, while
the thin solid curve is for the case where the
DGB fit up to ∼ 600GeV is used. In the solid
curves, the IGMF is assumed to be negligible for
energy losses, while the opposite is assumed for
the dot-dashed curve.

the VHE range for nearby sources [10, 11], may also supply the comparable energy budget,

QSG
[100MeV,100GeV] ∼ 1046 erg Mpc⃝3 yr⃝1, (3.7)

and normal starforming galaxies may also be relevant. GRBs are the most violent explosions
in the universe, but their gamma-ray energy budget is expected to be smaller in the LAT band
than guaranteed DGB contributers [see, e.g., 32, 54, 62, 78, 85, 89], and only a fraction of
GRBs have been detected by LAT. Most of the electromagnetic energy seems to be radiated
in the MeV range, where one expects [58, 59, 91]

QGRB
[keV,10MeV] ≡ (0.3× 2)∝ 1044 erg Mpc⃝3 yr⃝1, (3.8)

and that resulting intergalactic cascade radiation is studied in detail by refs. [30, 70].
From eqs. (3.5) and (3.7), the VHE/UHE budget of BL Lac objects and star-burst

galaxies in VHE/UHE gamma rays or VHECRs/UHECRs is expected to be smaller than
∼ 5–30 % of their gamma-ray energy budget in the ∼ 100MeV range. For BL Lac objects,
since the GeV gamma-ray emission is typically attributed to leptonic processes, cascaded
gamma rays that can contribute to the VHE DGB could originally come from the same
process but a sub-class, or by different processes including CR-induced processes. For star-
burst galaxies, the GeV emission is believed to be hadronic and the spectrum is is typically
steeper than s = 2, so it is not natural to invoke excessive VHE/UHE gamma-ray emissions.
For FSRQs and GRBs, values suggested in eqs. (3.6) and (3.8) are comparable or smaller than
that from the DGB constraint. Especially for GRBs, the constraint implies that the missing
energy budget in the VHE/UHE range has to be quite large in order to make a significant
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flux if the number of detected events is enough. The cumulative neutrino background flux is
related to the neutrino energy budget as [71, 94]

E2
γffγ ∼

ctH
4α

(EγQEγ
)γz

≡ 3× 10⃝8 GeV cm⃝2 s⃝1 sr⃝1

(

EγQEγ

1.4× 1043 erg Mpc⃝3 yr⃝1

)(

γz
3

)

, (3.3)

where EγQEγ
is the local diffierential energy input of neutrinos. Although the cumulative

neutrino background has not been detected yet, the IceCube-40 integrated limit has now
reached E2

γff
lim
γ ∝ a few× 10⃝8 GeV cm⃝2 s⃝1 [3], which gives important constraints on the

high-energy budget in neutrinos.

3.2 Results and implications

Gamma-ray bounds are obtained by requiring that the resulting spectrum of cascaded gamma
rays does not overshoot the total DGB spectrum fitted by eq. (2.1) without EBL attenuation.
Here, we calculate the background flux of cascaded gamma rays by using our numerical
calculations. We show the results in figure 11. In order to get conservative bounds, we show
diffierential limits assuming the near-mono-energetic injection spectrum for all sources. They
are almost energy-indepedent above ∝ 10TeV. This is because the cascade spectrum is almost
universal as expected from eq. (2.2), and the electromagnetic energy is essentially conserved
between injected gamma rays and reprocessed gamma rays. Most of astrophysical sources are
likely to have a broader spectrum, and broadening the spectrum around that point brings in
additional energy injections. Hence bounds for power-law injection spectra will be stronger
since the DGB is sensitive to the bolometric gamma-ray energy input of VHE/UHE gamma-
ray sources. To demonstrate this, we also show integrated limits assuming E−QE′ =const.,
where tighter bounds are obtained (see figure 11). Redshift evolution models moderately
affiect constraints, and limits are stronger for faster evolution models. The DGB obtained by
LAT implies that the bolometric gamma-ray energy budget should satisfy

Qβ = Lβns ! 6× 1044 erg Mpc⃝3 yr⃝1(3/γz), (3.4)

for injections in the VHE/UHE range.
Cascades gives the bound on the energy budget of VHE/UHE sources as well as a

reasonable upper limit on the VHE DGB for some kinds of injections, without specifying
sources. Which kind of astrophysical sources can potentially supply VHE/UHE gamma rays
or VHECRs/UHECRs? Although there are various possibilities, sources detected by Fermi
may be interesting candidates. Note that, though their gamma-ray budget in the MeV-GeV
range can be estimated from Fermi observations, we do not know the VHE/UHE budget of
those sources. This is one of the reasons why the VHE/UHE energy budget constraints are
indeed useful. Among gamma-ray sources seen by Fermi, FR-I galaxies and BL Lac objects
have [35]

QFR⃝I
[100MeV,100GeV] ∼ 1046 erg Mpc⃝3 yr⃝1, (3.5)

whereas FR-II galaxies and FSRQs have

QFR⃝II
[100MeV,100GeV] ∝ 1044 ≤ 1045 erg Mpc⃝3 yr⃝1. (3.6)

Note that the gamma-ray energy budget or the gamma-ray emissivity is expected to be larger
at higher redshifts especially for FSRQs. Star-burst galaxies, which have recently found in
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Energetics of the ultrahigh-energy cosmic rays (UHECRs) generated in the Universe is crucial for
pinning down their candidate sources. Using the recent Auger data on UHECR spectra, we calculate the
UHECR energy generation rate density for different species of nuclei at the injection, considering
intermediate and heavy nuclei as well as protons, through scanning over source parameters on the spectral
index, maximum energy and redshift evolution. We find the resulting UHECR energy generation rate
density to be ≈ð0.2–2Þ × 1044 ergMpc−3 yr−1 at 1019.5 eV with a nontrivial dependence on the spectral
index. Nuclei other than protons and irons favor hard spectral indices at the injection, and the required value
of energy budget is smaller for intermediate nuclei. Given significant uncertainties in hadronic interaction
models and astrophysical models for the Galactic-extragalactic transition, our results can be regarded as
conservative. The composition data on Xmax give additional constraints, but the results are consistent within
the model uncertainties.

DOI: 10.1103/PhysRevD.104.043017

I. INTRODUCTION

Cosmic rays with energies higher than 3 × 1018 eV are
called ultrahigh-energy cosmic rays (UHECRs) that are the
highest-energy particles known so far [1]. The origin of
UHECRs remains a half-century mystery despite tremen-
dous efforts [2–4]. In particular, the Pierre Auger
Observatory and Telescope Array (TA) are two largest
cosmic-ray experiments up to date that have collected data
towards investigating the nature and origin of UHECRs
[5,6]. The data of energy spectra and shower depth (Xmax)
distribution from surface detectors (SD) [7] and fluores-
cence detectors (FD) [8] have been measured with increas-
ing precision. Analyses on the depth of the shower
maximum distribution infer the nuclear mass of cosmic
rays before they penetrate the atmosphere of the Earth.
Besides, the arrival directions of the detected events are
nearly isotropic, and the latest anisotropy data support their
extragalactic origin [9–11].
The observed cosmic-ray energy spectrum changes its

qualitative behavior as a function of particle energy E. It
steepens around 3 × 1015 eV (the so-called “knee”) and
flattens around 3 × 1018 eV (the “ankle”) [12–14], and
there is a strong suppression at the energy around 5 ×
1019 eV [15,16]. The latter two features are meaningful to
explain the physical properties of UHECRs. The formation
of the ankle can be interpreted naturally by the transition
from Galactic to extragalactic sources (see reviews [2–4]),

or could be explained by the pair-production dip if the
composition is dominated by protons [17,18]. The sharp
decline of the UHECR flux beyond 5 × 1019 eV is con-
sistent with the prediction of the Greisen-Zatsepin-Kuzmin
cutoff [19,20] or the similar cutoff due to the photodisin-
tegration of heavy nuclei [21–23], where UHECRs lose
their energies by interactions with the cosmic background
radiation during their propagation in intergalactic space.
The flux suppression can also be caused by the limited
maximum acceleration energy inside the sources (e.g.,
Refs. [24,25]).
The mass composition of UHECRs is crucial for us to

test the theories concerning the origin, nature and produc-
tion site of these particles [26,27]. Before finally being
detected by the ground experiments, cosmic rays penetrate
the atmosphere of the Earth and their hadronic interactions
with the atmosphere produce extensive air showers (EAS)
of secondary particles. The EAS experiments often present
the distributions of the mean depth of shower maximum
hXmaxi and the rms σðXmaxÞ of the Xmax as a function of
energy to infer the composition of UHECRs [8,28]. The TA
Collaboration [27] also accumulated these events on the
ground, and their processed results are consistent with the
Auger results within the uncertainties [29,30], although
the interpretations of the data are still under debate.
Various efforts have been done in order to unveil the

mysteries of UHECRs [4], and an important piece of
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UHECR Challenges Are Heavy, Hard, and Survival

• Intrinsic
abundance
fH=0, fHe=0.245
fN=0.681, fSi=0.05,
fFe=0.025

Zhang, KM+17 PRD

ex. solar abundance

Auger 24 JCAP

1. Nucleus-survival dilemma
powerful sources but disintegration & n production should be inefficient

2. Heavy-rich composition
intrinsic abundance/injection vs “reacceleration”

3. Hard “escape” spectrum (≠ acceleration spectrum)

(KM & Beacom 10 PRD)



→ power-law distribution of rigidity
(in the limit of no energy losses)

- Contributions of a very few number of nearby sources?
- Saturation by energy losses?
- Rmax controlled by total energy rather than radiation luminosity? 
(Note that Rmax does not have to depend on the radiation luminosity function.)

Small dispersion in Rmax
only a factor of 2-3

UHECR Challenges Are Rigid

Ehlert, Oikonomou & Unger 23 PRD

luminosity-dependent maximum energy



Your Favorite Cosmic Monsters?

(ex. Jokipii & Morfill 85, 
Anchordoqui+ 01, Bertone+ 02)

Active galactic nuclei

Luminosity requirement

(ex. Norman+ 95, Kang+ 96,
Inoue+ 07, Murase+ 08)

Tidal disruption events
Collapsars

long GRBs/TRSNe

Newborn
pulsars/

magnetars
Binary mergers

short GRBs/NS-NS
(ex. Waxman & Bahcall 95, 01, 
Vietri 95, Murase+ 06, Wang+ 07, 
Murase+08, Chakraborty+ 09)

(ex. Blasi+ 01, Arons 03, 
Murase+ 09)

(ex. Takami+ 13, 
Murase & Fukugita 19, 
Rodrigues+ 19, Farrar 24)

Galaxy clustersStarburst galaxies

(ex. Gintzburg & Syrovatskii 64, 
Takahara 90, Rachen & Biermann 93, 
Murase+ 12)

(ex. Farrar & Gruzinov 09, 
Farrar & Piran 14, 
Zhang, Murase+ 17)

Transients (large L) or Nuclei (large Z)? 



Particle Acceleration in AGN
Inner jet (blazar zone)
r ~ 1016-1018 cm, 
B ~ 0.1-100 G, G ~ 10 

Large-scale jet, hot spot, cocoon
r ~ 1020-1021 cm,
B ~ 1µG -1 mG, G ~ 1

Hillas condition: Emax ~ZeBrG ~ 3x1019 eV Z (G/10) (B/0.1 G) (r/1017 cm)   

from Marscher

Black hole vicinity
r ~ 1-100 Rs, 
B ~ 10-104 G, G ~ 1 



Blazars as UHECR Sources?
• FSRQs: efficient n production, UHECRs largely destroyed
• BL Lac objects: less efficient n production, UHE nuclei survive

- UHECR-blazar model → predicting EeV n
- IceCube & Auger started to constrain the relevant parameter space 

Lcr/Lg=3
(UHECR norm.)

s=2.0

KM, Inoue & Dermer 14 PRD

Rodrigues+ 21 PRL



Blazars as UHECR Sources?
• FSRQs: efficient n production, UHECRs largely destroyed
• BL Lac objects: less efficient n production, UHE nuclei survive

- UHECR-blazar model → predicting EeV n
- IceCube & Auger started to constrain the relevant parameter space 

Systematic uncertainties are treated similarly to [45]:
They are varied in pseudoexperiments based on estimated
priors. The effect of incorporating systematics is modest,
with the differential limit weakened by 4% at 100 PeV,
reducing toward 1% at the highest energies. Details of the
likelihood and systematics treatment are available in
Supplemental Material [50].
Differential limit and model tests—The differential upper

limit on the neutrino flux above 5 × 106 GeV is depicted in
Fig. 1 as a red line. The sensitivity, i.e., the limit in case of a
null observation, and previous limits are also shown. The
limit is weakened with respect to the sensitivity below
100 PeV due to the observed events. At the highest
energies, the improvement to the previous limit (IceCube
9 yr [23]) is comparable to the increase in detector livetime
as expected for a largely background-free analysis. At
around 1 EeV, additionally, event selection enhancements
make a sizable contribution. Notably, by a few hundred
PeV, the previous limit deviates from the sensitivity due to
observed PeV neutrinos. In this analysis, although a similar
number of PeV neutrinos were observed, improved energy
reconstructions mean they are incompatible with a flux
centered at 100 PeV and above.
The differential limit is compared to a representative

variety of cosmogenic neutrino models as gray lines.
Qualitatively, larger normalizations, highermaximumaccel-
erating energies, and stronger source evolutions generate

larger cosmogenic neutrino fluxes [11,12,62]. In contrast,
when the injected cosmic-ray primaries are heavy nuclei,
photodisintegration becomes the dominant process over
photopion production and the neutrino flux is suppressed
[6,13,63]. Allmodel predictions shown in Fig. 1 (exceptVan
Vliet et al. 2019 [20], abbreviated “vV2019” hereafter)
assume a pure-proton composition with moderate source
redshift evolutions comparable to the SFR. The maximum
acceleration energy varies between 1011 and 1012 GeV.
For each aforementioned model, we performed a like-

lihood ratio test as described in Supplemental Material
[50]; the results are in Table I. Although three events were
observed, the best-fit normalization for a cosmogenic flux
component is zero for all tested models. This indicates the
data can be sufficiently explained by astrophysical neu-
trinos. All tested cosmogenic models assuming a pure
proton composition of UHECRs are rejected at 95% CL.
This indicates that regardless of the differences between
those models, if the SFR is driving the source evolution of
UHECRs, a proton-only composition can be excluded.
Proton fraction constraints—Given the measured

UHECR flux, the nonobservation of neutrinos imposes
constraints on the sources. This approach is complementary
to many existing models, which focus on accurately
describing the cosmic-ray energy spectrum and composi-
tion and, thus, also obtain an estimation of the accompany-
ing cosmogenic neutrino flux [15,19,65,66].
The CRPropa package [67] is used to model cosmogenic

fluxes (following vV2019 [20]). In the simulation, protons
and secondary neutrinos are propagated to Earth including
energy losses from photopion production and pair
production on the CMB and EBL [68], neutron decay,
and cosmological adiabatic losses. Identical sources are
distributed homogeneously and isotropically with a power-
law injection spectrum ΦðEÞ ∝ E−α expð−E=EmaxÞ with
spectral index α∈ ½1.0; 3.0$ and exponential cutoff
at Emax ∈ ½4 × 1010 GeV; 1014 GeV$.

FIG. 1. Differential upper limit (90% CL) on the neutrino flux.
The differential limit is compared to the IceCube 9 year result
[23], the limit by Auger [59], the flux inferred from KM3-
230213A [60], cosmogenic neutrino flux models [10,11,13,20],
and a UHE astrophysical model [61]. The model from vV2019
[20] assumes α ¼ 2.5, Emax ¼ 1020 eV, m ¼ 3.4, and a 10%
proton fraction. The Auger limit is rescaled to all-flavor, decade-
wide bins for comparison.

TABLE I. A selection of cosmogenic neutrino models, the
model rejection factor (MRF [64]) at 90% CL, and associated p
value. The analysis strongly (p < 0.05) constrains several
previously allowed models of the cosmogenic neutrino flux.
Cosmogenic models assuming a proton-only composition are
marked with a star.

Model MRF (90% CL) p value

Ahlers 2010* [10] (1 EeV) 0.28 0.003
Ahlers 2012* [13] 0.65 0.043
Kotera SFR& [11] 0.49 0.027
Van Vliet [20]
(fp ¼ 0.1, m ¼ 3.4, α ¼ 2.5)

2.72 0.268

Murase AGN [61]
(γ ¼ 2.0, ξCR ¼ 3)

0.47 0.057

Murase AGN [61]
(γ ¼ 2.3, ξCR ¼ 100)

0.62 0.019

PHYSICAL REVIEW LETTERS 135, 031001 (2025)

031001-5

Lcr/Lg=3
(UHECR norm.)

s=2.0

KM, Inoue & Dermer 14 PRD IceCube Collaboration 25 PRL

joint



Particle Acceleration in AGN
Inner jet (blazar zone)
r ~ 1016-1018 cm, 
B ~ 0.1-100 G, G ~ 10 

Large-scale jet, hot spot, cocoon
r ~ 1020-1021 cm,
B ~ 1µG -1 mG, G ~ 1

Hillas condition: Emax ~ZeBrG ~ 3x1019 eV Z (G/10) (B/0.1 G) (r/1017 cm)   

from Marscher

Black hole vicinity
r ~ 1-100 Rs, 
B ~ 10-104 G, G ~ 1 



(Matthews+ 18, 19)

(Caprioli 15, Kimura, KM & Zhang 18)

(Discrete) one-shot/shear 
acceleration at the jet-
cocoon boundary 

DSA acceleration in 
backflows in cocoons

Reacceleration by Large-Scale Jets

Super-solar abundance of nuclei in AGN?
→ “Reacceleration” of galactic CRs by AGN jets (not free!)

Nuclei can survive photodisintegration

Turbulent shear 
acceleration in backflows

from Kimura, KM & Zhang 18

from Rieger 21

from Matthews+ 19

(Hardcastle 10, Ohira 13)

turbulence



Test Particle Simulations of Particle Acceleration

(Seo, Ryu & Kang 24 ApJ) MHD simulations
(Mbarek & Caprioli 21 ApJ)

encountering multiple shocks and gradual velocity shear in the
jet-spine flow (see Figure 4), and the spectrum extends to
higher energies over time as the maximum energy of the CRs
increases with the jet’s age. In the late stage, particles are
confined in the jet system and continuously energized until they

escape. The shape of the time-integrated, cumulative energy
spectrum of all particles escaping from the jet converges to its
time-asymptotic form.
Figures 1 and 2 show that the jet spine typically disperses

over a width of order several rj, and the corrugated interface
between the upward-moving jet flow and the downward-
moving backflow spreads over ∼rj. Only UHECRs energized
to E 1 EeV have large enough MFPs to cross the shear layer
between the jet spine and the backflow, as mentioned above.
Hence, as CRs are initially energized mainly via DSA, GSA
first becomes important, and then UHECRs with E 1 EeV
cross and recross the shear interface and are energized via
nGSA; each cycle of cross–recross increases the energy by a
factor of ( )G -D 12 (e.g., Caprioli 2015; Mbarek &
Caprioli 2019; Rieger 2019). Here, ΓΔ is the Lorentz factor
of the velocity jump across the shear layer.
In Paper I, we categorized UHECRs produced at RGs into

three types, depending on whether they experience an
additional boost via nGSA before escape and how they escape
from the jet structure (see Figure 9 in Paper I). In CASE 1,
particles are energized mainly via DSA and RSA, and then
escape from the cocoon without undergoing an additional boost
via nGSA. In CASE 2, after gaining energies via DSA and
RSA, particles undergo an additional boost and then escape
from the cocoon. CASE 3 is the same as CASE 2, except that
UHECRs escape directly from the jet spine into the background
medium. In Figure 6(b), the time-asymptotic, cumulative
energy spectra, ( )E , of the particles categorized into the
different cases are separately plotted for the Q44-r32 model at
tend. Most particles belong to the CASE 1 category, while only
a small fraction becomes CASE 2 and 3 by undergoing an
additional boost to higher energies via nGSA before escape.
Figure 7 shows the ( )E of all escaping particles for

different FR-I jet models at tend with color-coded solid lines.
The spectra shift to higher energies for models with higher Qj,
while the models with the same Qj but larger Γj have spectra
that extend to higher energies. In contrast to the double power
law in Equation (1) for FR-II jets, the fitting of the CR energy

Figure 5. (a) Timescales of the APs that energize CRs in jet-induced flows as a function of the energy of particles for the parameters relevant to the Q44-r100 model.
nGSA is operative only when λf is large enough to cross the jet–backflow interface, and hence tnGSA (blue dashed line) is drawn for E > 0.1 EeV. The diffusion
timescale, tD, (black dotted line) is also shown for comparison. (b)–(c) Fractions of the cumulative energy gains due to different APs as a function of the energy of
particles escaping from the jet system for two models, (b) Q44-r32 and (c) Q44-r100. See the text for details.

Figure 6. (a) Time-integrated energy spectrum,  [ ]E d dE tot , of all
particles escaping from the system up to a given time, t, in the Q44-r32 model.
Here,  ( )ò= d dE dEtot . The lines are color coded from blue to brown,
based on the time, t/tcross. (b) Time-asymptotic, cumulative energy spectra,
drawn separately for particles classified as CASE 1, CASE 2, and CASE 3, in
Q44-r32. See the main text for the description of cases. The back solid line
shows the total spectrum, and the black dotted line is the fitting to it.
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quasirectilinear propagation regime, while the third term ∝E1/3

corresponds to resonant scattering at low energies in the
diffusive scattering regime. The middle term ∝E is introduced
to describe a smooth transition from low to high energies. This
MFP model is similar to our model with δ= 2 for >E EH L, 0,
except for the smooth transition around EH L, 0.

After scattering, “restricted” random walks are applied; high-
energy particles with λf(E) L0 move in mostly forward
directions, while particles with λf(E) L0 scatter almost
isotropically (see Paper I for details). We also consider fully
isotropic scattering as a comparison case. See Section 4.5 for
the differences due to different particle scattering models.

3.3. Injection of Galactic CRs

Seed CRs are injected into the jet inflow with an initial
spectrum of  µ -d dE Einj inj inj

2.7 for Einj= 1013–1015 eV. They
represent a population of galactic CRs accelerated within the
host galaxy. While this injection model including the slope and
range is somewhat arbitrary, we found that the spectrum of
escaping UHECRs does not depend on it at all. This is because,
in our MC simulations, the particle energy increases by a factor
of ∼105; once we inject a sufficient number of galactic CRs, we
obtain a smooth spectrum of escaping UHECRs up to ∼1021

eV. Hence, in effect, the injected spectrum behaves almost like
a delta function in energy. Since CRs are treated as test
particles, the amplitude of the resulting energy spectrum scales
linearly with the number of injected CRs.

The trajectories of CRs are followed according to the
prescribed models for scattering MFP and random walks.
Figure 4 illustrates the trajectory and energization history of a
sample particle. Upon each scattering, a net energy change,
ΔE, arises as a result of the Lorentz transformation between the
moving fluid frame and the simulation (laboratory) frame. In
this example, the particle gains energy mainly through multiple
episodes of DSA and GSA up to ∼1 EeV, advecting along the
jet-spine flow. Then, it undergoes diffusive scatterings in the
cocoon (between the triangle and star symbols in panel (a)) and
eventually escapes from the turbulent head region. As shown in
the shaded box in panel (b), the acceleration is rather inefficient
for 0.01 t− tinj 0.06, during which the particle experiences
diffusive scatterings within the upper cocoon (z 3 kpc).

4. Results

4.1. Relative Importance of Acceleration Processes

Similar to FR-II jets, various CR APs, including DSA, TSA,
GSA, and nGSA, are at play within FR-I jets. We first utilize
the acceleration timescales, tDSA, tTSA, tGSA, and tnGSA (see
Equations (11), (14), (15), and (16), respectively, in Paper I) to
compare the relative efficiencies of these APs. For illustrative
purposes, these timescales are displayed in Figure 5(a) for the
Q44-r100 model with the following representative parameters:
the shock compression ratio, χ∼ 4, us/c∼ 0.1, B∼ 30 μG, the
turbulence speed, |uturb|/c∼ 0.1, L0∼ 0.1 kpc, the velocity
shear, Ωshear= ∂uz/∂r∼ 0.05 c/rj with the z-velocity along the
jet direction, uz, G = - ~u c1 1 1z z

2 2 , and δ= 1 for MFP.
The figure indicates that seed CRs would gain energies at first
via DSA, and then RSA (GSA and nGSA) becomes
increasingly significant above E∼ 1 EeV. Particles with
λf(E) rj that stay within the shear layer spread over the jet
spine and the backflow, and gain energy mainly via GSA. In

contrast, those with λf rj can be scattered across the jet–
backflow interface and boosted to higher energies via nGSA.
The relative contributions of the APs in our jet models are

estimated as follows. For each scattering event, a fraction of
ΔE is distributed among the different APs with weights
x = å- -t tAP AP

1
AP AP

1, where the summation includes DSA
(shock), TSA (turbulence), and GSA (shear); nGSA is not
considered separately since only a small fraction of high-
energy particles undergo it. For all particles escaping from the
system up to tend, whose final energies lie in the logarithmic bin
of [ ]+E E d Elog , log log , ξAPΔE is summed to make
the cumulative energy gain, E ( )EAP , and E E= +tot shock
E E+turb shear. Figures 5(b)–(c) show E E( )EAP tot for the two
Q44 models presented in Figure 1. The figures confirm that
whereas DSA is dominant for E 1 EeV, shear acceleration
becomes important beyond E 1 EeV. TSA plays a second-
ary role.

4.2. Energy Spectrum of CRs from FR-I Jets

The energy spectrum of the CRs that are accelerated and
escape from the jet system is typically time dependent,
transitioning from an “age-limited” regime (bluish lines) to a
“size-limited” regime (reddish lines), as shown in Figure 6(a).
During the early stage, all particles are accelerated mainly by

Figure 4. (a) Trajectory of a sample particle since its injection into the jet flow,
superimposed on the distribution of rlog in the Q44-r100 model. The
trajectory is color coded by the energy of the particle. (b) Energization history
of the same particle along the trajectory. The shaded region indicates the period
during which the particle scatters within the diffusive head region. The starting
and ending locations of that period are marked by the white triangle and black
star symbols, respectively, in panel (a).
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Simulations: Confronted with Cosmic-Ray Data

Kimura, KM & Zhang 18 PRD - Simulated (Monte Carlo) spectra 
- UHECR data may be explained by 
injection to reacceleration at the same rigidity

- Unified mechanism for the knee & UHECRs? 
(required by nucleus-survival) 

6

FIG. 4. An overall picture of the CR spectrum from Galactic to extragalactic components. Gal pop1: CRs from supernova
remnants (SNR) [19, 20] (dotted curve); Gal pop2: CRs from microquasars (MQ) (dashed curve); ExGal pop1: CRs from
extragalactic sources, e.g., cluster of galaxies [98] (dotted-dashed curve); ExGal pop2: UHECRs from radio galaxies (RG) [40]
(long dashed curve). The data points are the same as those in Fig. 3, with the AMS data are taken from Refs. [91–95], and
the mean mass distribution measured by Auger is taken from Ref. [99].

that are uniformly distributed with the characteristic dis-
tance between sources ds = 32.5 Mpc. The number den-
sity of galaxy clusters is around 10→6 Mpc→3, which leads
to ds → 100 Mpc. The observed flux is obtained with
Eq. 6 in Ref. [109]. We assume a uniform extragalac-
tic magnetic field Brms = 1 nG and coherence length
Lcoh = 1 Mpc.

UHECRs above EeV energies are produced from ra-
dio galaxies via the shear-espresso acceleration mecha-
nism [40–44, 77, 79]. Here, we adopt the predicted spec-
trum and composition model of UHECRs in KMZ18,
where CRs with rigidity → 1 TV in radio galaxies are re-
accelerated by shear in kpc-scale jets. Since radio galax-
ies are more evolved than our Galaxy, KMZ18 considers

that the metal composition is enhanced by a ratio of 3,
compared to our Galaxy. Here, we further enhance the
iron composition ratio by a factor of 3 to improve the fit
to the latest UHECR data. The further enhancement of
iron composition ratio in radio galaxies is reasonable be-
cause elliptical galaxies have lower star-formation rates
than our Galaxy. In radio galaxies, core-collapse super-
novae do not frequently occur because of their low star-
formation rates, while type Ia supernovae occur because
explosions of white dwarfs require significant time lag af-
ter star-formation activities. Then, type Ia supernovae
inject iron into the ISM, enhancing the iron composition
ratio. In addition, we consider a larger value of magnetic
field strength in the cocoon with Bcoc = 4.5 µG, where

Zhang, Kimura & KM 25 PRD

AGN

microquasar



Simulations: Predictions for All-Sky Neutrino Flux

- Simulated (Monte Carlo) spectra
- UHECR data may be explained
(for injection at the same rigidity)

- En
2Fn ~ 10-10 GeV cm-2 s-1 sr-1

(required by nucleus-survival) 

Mbarek, Caprioli & KM 23 ApJ

Fe complete survival

He complete survival

Kimura, KM & Zhang 18 PRD



Centaurus A: The Most Promising Target?

Zhang & KM 23 MNRAS Mbarek, Caprioli & KM 25 PRD

Prediction of espresso-shear acc. 
But nucleus-survival limits the n flux

Photodisintegration-deexcitation,  
Bethe-Heitler-induced pairs 
→ SWGO & CTA south

Intermediate anisotropy: ~4s excess toward the Cen A region (Auger 22 ApJ)
→ What should we do next (toward >5s and after) in the GCOS era?
→ n and g signals would be important for gathering more clues. 



reservoir
(ex. galaxy cluster)

accelerator
(ex. AGN)

cosmic-ray reservoir scenario

CR

p

pp/pg reactions

n

g

UHECR



Ex. AGN Embedded in Galaxy Clusters/Groups

• Jetted AGN as “UHECR” accelerators
• confinement in cocoons & clusters
• escaping CR nuclei: harder than CR protons 
• smooth transition from source n to cosmogenic n

Fang & KM 18 Nature Physics
(ex. KM, Inoue & Nagataki 08 ApJL

Kotera, Allard, KM+ 09 ApJ ) 

explaining >0.1 PeV neutrinos, sub-TeV gamma rays, and 
UHECRs (including proton ankle at 100 PeV & composition)

promising!



Transient UHECR Sources? 

Burst rate is limited to avoid MW’s overshining & too large anisotropy
Transients: source density can be high & energy dependent

no constraint
(source confusion)

small-scale anisotropy
Takami & Sato 09 Aph
Auger 13 JCAP, 23 ICRC
Takami, KM & Dermer 16 ApJns > 10-5-10-4 Mpc-3 

Takami & KM 12 ApJ

KM & Takami 09 ApJL

intermediate anisotropy toward the Cen A region Auger 22 ApJ

(KM & Takami 09)

B l1/2 < 1 nG Mpc1/2

n(E) ~ r0 x td ∝ E-2 for burst sources



Transient UHECR Sources? 
n(E) ~ r0 x td ∝ E-2 for burst sources

Burst rate is limited to avoid MW’s overshining & too large anisotropy
Transients: source density can be high & energy dependent

no constraint
(source confusion)

small-scale anisotropy
Takami & Sato 09 Aph
Auger 13 JCAP, 23 ICRC
Takami, KM & Dermer 16 ApJns > 10-5-10-4 Mpc-3 

Takami & KM 12 ApJ

Marafico+ 24 ApJ
(similar limits by KM & Takami 09 ApJL)

intermediate anisotropy toward the Cen A region Auger 22 ApJ

(KM & Takami 09)



Collapsars (Low-Luminosity GRBs/Engine-Driven SNe)

1. “Intermediate” and (ultra)heavy mass nuclei: 
"prediction” of progenitor models (not free!)

2. Transrelativistic ejecta (shocks/turbulence)
3. Instantaneous escaping spectrum: can be hard
3. Nuclei can survive
4. Correlation w. starburst galaxies Zhang, KM+ 18 PRD, Zhang & KM 19 PRD

KM+06, Wang+07, KM+ 08
Charkraborty+ 09



Newborn Pulsars/Magnetars from Collapsars/Mergers

Blasi, Epstein & Olinto 00 ApJ
Arons 03 ApJ
KM, Meszaros & Zhang 09 PRD
Fang, Kotera & Olinto 12 ApJ
Fang, Kotera, KM & Olinto 14 PRD

• Nuclei can be supplied from
the neutron star surface

• Ion acceleration mechanism
is uncertain

H 50%, CNO 30%, Fe 20% (assumption)



Tidal Disruption Events
Farrar & Gruzinov 09
Farrar & Piran 14
Zhang, KM, Oikonomou & Li 17 
Alves Batista & Silk 17
Biehl, Boncioli, Lunardini & Winter 18
Guepin, Kotera, Barausse, Fang & KM 18 

• Nuclei can be supplied for the
disruption of white dwarfs

• CO-Si & O-Ne-Mg white 
dwarfs are rarer

Zhang & KM in prep.

(CO 70%, Si 30% ) CO-Si white dwarf



Takami+ 13, Kimura+ 18, Rodrigues+ 19,
KM & Fukugita 19, Farrar 24, Zhang, KM+ 24

Compact Binary Mergers (NS-NS Mergers and Short GRBs)
Kilonovae Page 5 of 89 1

Fig. 1 Summary of the electromagnetic counterparts of NS–NS and BH–NS mergers and their dependence
on the viewing angle with respect to the axis of the GRB jet. The kilonova, in contrast to the GRB and
its afterglow, is relatively isotropic and thus represents the most promising counterpart for the majority of
GW-detected mergers. Image reproduced with permission from Metzger and Berger (2012), copyright by
AAS

compact BH or NS remnant following the merger (e.g., Narayan et al. 1992). This
is expected to occur within seconds of the merger, making their temporal association
with the termination of the GW chirp unambiguous (the gamma-ray sky is otherwise
quiet). Once a GRB is detected, its associated afterglow can in many cases be iden-
tified by promptly slewing a sensitive X-ray telescope to the location of the burst.
This exercise is now routine with Swift, but may become less so in the future without
a suitable replacement mission. Although gamma-ray detectors themselves typically
provide poor sky localization, the higher angular resolution of the X-ray telescope
allows for the discovery of the optical or radio afterglow; this in turn provides an even
more precise position, which can help to identify the host galaxy.

A prompt burst of gamma-ray emissionwas detected fromGW170817 by the Fermi
and Integral satellites with a delay of≈ 1.7s from the end of the inspiral (Abbott et al.
2017d; Goldstein et al. 2017; Savchenko et al. 2017). However, rapid localization of
the eventwas not possible, for two reasons: (1) themergerwas outside the field-of-view
of the Swift BAT gamma-ray detector and therefore a relatively precise sky position
was not immediately available; (2) even if rapidly slewing of the X-ray telescope had
been made, the X-ray afterglow may not have been detectable at such early times.
Deep upper limits on the X-ray luminosity of GW170817 at t = 2.3 days (Margutti
et al. 2017) reveal a much dimmer event than expected for a cosmological GRB placed
at the same distance at a similar epoch. As we discuss below, the delayed rise and low
luminosity of the synchrotron afterglow were the result of our viewing angle being far

123

1. “(Ultra)heavy” mass nuclei (r-process)
2. Transrelativistic ejecta (shocks/turbulence)
3. Instantaneous escaping spectrum: can be hard
4. Nuclei can survive Zhang, KM+ 26 PRL

Metzger 20
ultraheavy nuclei

Amaterasu



Ultraheavy UHECRs 
- UH-UHECRs may come from collapsars
as well as binary neutron mergers

- Energy loss lengths of UH-UHECRs are   
longer than p & Fe at ~0.1-1 ZeV

Zhang, KM+ 26 PRL

black: Z=1
red: Z=26
green: Z=40
blue: Z=78

current constraints on energy budget

Amaterasu



Time-Domain Frontier: Multimessenger/Multienergy n Transients? 

pointing & timing → good chance to discover n sources 

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



GRB Neutrino Searches

• Classical GRB: <~1% of the diffuse IceCube flux
• DO NOT overinterpret results:

- Constraints are much weaker at EeV (ex. n afterglow models)
- Constraints are much weaker at GeV-TeV (ex. sub-photospheric models)
- Constraints are weaker for longer-lasting emission (ex. flares/afterglows)
- Not applied to other transients (ex. low-luminosity GRBs, choked jets)

1172 GRB samples KM, Mukhopadhyay, 
Kheirandish & Fang 23 ApJL



Optical, Infrared and X Rays: New n Transient Searches

• Supernovae, tidal disruption events, low-
luminosity gamma-ray bursts…
(e.g., Stein+ 21 Nature Astronomy, Reusch+ KM 21 PRL)

• Testability of models have been limited by 
the number of detected transients   

• Stacking searches
• Neutrino multiplet followups
• Multimessenger alert followups

# Neutrino singlet followups would need 
spectroscopic information

Einstein Probe Vera Rubin Telescope

Nancy Grace Roman Telescope 



Neutrinos from Engine-Driven Supernovae

• EeV: cosmogenic neutrinos overwhelm source neutrinos
• TeV-PeV ns may also be produced (KM+ 06, Senno, KM & Meszaros 16) 

Zhang & KM 19 PRD



Stacking Searches w. Optical Supernovae

low-power

from Senno, KM & Meszaros 16 PRD

high-power

Levan+14 ApJ

UL GRB

shock breakout

 

Chang, Zhou, KM & Kamionkowski 24 PRD

is the total number of spectra/models we test. The results
show that for all the models we consider, the data are
consistent with the background-only hypothesis.

B. Stacking constraints on cjSN model parameters

Figure 6 shows our upper limits on ECR and fjet at a
90% confidence level for different cjSN models. The
parameter space above the curves is excluded. Among all
the scenarios we consider, the power-law model with γ ¼
2.0 has the strongest constraints, because it produces the
most signal events in the energy range to which IceCube
detectors aremost sensitive. For the same reason, power-law
models with softer spectra are less constrained, and the limit
on the ULGRB-CS model is relatively weak, as it produces
the smallest amount of neutrinos in that energy range.
Our limit on ECR for the power-law model with γ ¼ 2.0

is stronger than the existing one-year limit in Ref. [49] by
more than an order of magnitude at fjet ¼ 1. The improve-
ment is expected, because our supernovae sample covered
by the ten-year IceCube dataset is more than ten times
larger than that used in Ref. [49].
Theoretically, ECR and fjet are completely degenerate. In

that case, the contours should all follow ∼1=ECR. However,
there is a small deviation at small fjet values. This is due to
the limited number of supernovae in our sample, and for
small fjet, the uncertainty of our limits on ECR is larger.
Also, it should be noted that our limits are mainly driven by
nearby supernovae. Thus, the degeneracy holds when

P
k fjetðNk

SN · fnbÞ > 1, where fnb is the fraction of nearby
sources in our samples. During our signal-inject procedure,
we find that more than 50% of the signal events are
contributed by the supernovae with luminosity distance
dj ≲ 16 Mpc, which account for≲2% of all the supernovae
in our sample, so we set fnb ¼ 0.02. With

P
k N

k
SN ¼ 386,

we expect that the limits are obtained for fjet ≳ 0.1. This
implies that with the present supernova sample, the limits
on cjSNe models are rather meaningful only if the jets have
relatively wide opening angles, θj ≳ 0.3 rad. To test cjSN
models with smaller opening angles—e.g., θj ∼ 0.1 rad—
better samples with more nearby supernovae are required.

C. Upper limits on diffuse neutrino flux

Now, we convert our limits on ECR and fjet to upper limits
on the contribution to diffuse neutrino flux from all the cjSN
models. The diffuse flux can be calculated by (e.g., [27])

ΦνðEνÞ ¼
c

4πH0

Z
zmax

0
dz

Z
Lmax

Lmin

dLγ

×
dρðzÞ=dLγffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ΩΛ þ Ωmð1þ zÞ3
p dNνðεν; ECRÞ

dεν

""""
εν¼0.05εp

;

ð18Þ

where εν ≡ ð1þ zÞEν, dρðzÞ=dLγ is the luminosity function
that takes into account the distribution of on-axis choked-jet
supernova rate density ρðzÞ ¼ fjetRðzÞ with respect to the
observed GRB luminosity, H0 is the Hubble constant, and
fΩΛ;Ωmg are the cosmological energy density parameters.
Combining the above equation with Eq. (1) gives the all-
flavor diffuse neutrino flux by [27,99]

E2
νΦνðEνÞ ∼ 7.6 × 10−8 GeV cm−2 s−1 sr−1

× fsupðεpÞ min½1; fpγ&
ξz
3

#
RpðεpÞ

10

$−1""""
εp∼20εν

×
%

fjetECR · RL

1051 erg × 103 Gpc−3 yr−1

&
; ð19Þ

where ξz and RL ≡ Rð0Þ are the redshift evolution factor
[70,99] and the true local rate density (i.e., volumetric rate)
of the supernovae that harbor choked jets (including off-axis
ones), respectively. Equation (19) shows that an upper limit
on fjetECR directly constrains the maximal neutrino flux we
can detect.
Figure 7 shows the upper limits (at a 90% confidence

level) on the all-flavor diffuse neutrino flux from SNe Ib=c
for different cjSN models. The bounds are set via the ECR
limits for fjet ¼ 1 from Fig. 6. (Note that our limits are
sensible for fjet ≳ 0.1, as discussed below.) To be
conservative and consistent with our supernova sample,
we take RL ¼ RIb=c ∼ 2 × 104 Gpc−3 yr−1, the local rate
density of SNe Ib=c [100,101]. We find that the power-
law models with γ ¼ 2.0 and γ ¼ 2.5—ULGRB-CS,

FIG. 6. Upper limits on ECR and fjet for each cjSN model. Also
shown in the upper-right corner is the existing 90% confidence-
level limit of γ ¼ 2.0 obtained by previous work [49] using one
year of track events. Realistic models are generally allowed to
have larger total energy in cosmic rays, as they are less efficient in
producing detectable neutrinos.

HIGH-ENERGY NEUTRINOS FROM CHOKED-JET SUPERNOVAE: … PHYS. REV. D 109, 103041 (2024)

103041-9

LLGRB-PE, and LLGRB-ν-Attn—can still explain all the
diffuse astrophysical neutrino fluxes observed by IceCube,
while the soft power-law model with γ ¼ 3.0 cannot
contribute more than 59% of the observed diffuse neutrino
flux. Although we focus on cjSN models, SNe Ib=c may be
aided by newborn pulsar winds, which could be emitters of
neutrinos in the PeV–EeV range [102–104]. Our analysis
results can be applied to such models, but the limits are still
above the model predictions.
It is worth noting that, although we constrain physical

cjSNmodels motivated by various rarer types of supernovae
or GRBs, one should not simply downscale our diffuse flux
limits by applying the local rate density of rarer source
classes to Eq. (19). This is because our SN Ib=c sample does
not necessarily include any GRBs or hypernovae. If hyper-
novae or GRBs (including LL GRBs) only compose a small
fraction of the entire supernova sample (i.e., RL < RIb=c),
our approach described in Sec. V B may not give a sensible
limit. This is the case even if all SNe Ib=c harbor jets (i.e.,
RL ¼ RIb=c), because only a fraction of them have jets
pointing to us. In the current analysiswith∼400 supernovae,
we can apply the limits down to fjet ∼ 0.1, and more
supernova samples are necessary to probe cjSN models
with smaller jet opening angles. This point is important in
order not to misinterpret the results of the stacking analyses.
The choice of the source rate density in the stacking analysis

presented here must always be consistent with the sample of
sources one takes into account.

D. Comparison with prior work

Reference [51] performed a similar stacking analysis with
cjSNe and sevenyears of track events. The result shows that a
power-law neutrino spectrum with γ ¼ 2.5 and a similar
width of timewindow contributes nomore than 16.4% of the
diffuse astrophysical neutrino flux. The constraint is about 10
times stronger than our ten-year limit for γ ¼ 2.5 in Fig. 7,
as Ref. [51] constrained the isotropic equivalent energy
to be ECR<8×ðlimitontotalmuonneutrinoenergyÞ∼4×
1049 erg, which is also ∼10 times smaller than our result
in Sec. V B (γ ¼ 2.5, fjet ¼ 1: ECR < 4.0 × 1050 erg).
A few reasons may cause such discrepancy. First,

Ref. [51] analyzed a subsample of 19 nearby supernovae
that accounts for 70% the total neutrino flux. We find that,
for all models, our limits on ECR in Fig. 6 (with fjet ¼ 1)
and the diffuse neutrino flux in Fig. 7 could be stronger by a
factor of 3–4 if we analyze the subsample that dominates
the total neutrino flux, because the total background would
be reduced. We emphasize that, for our main results, we do
not select any subsamples in the analyses, so our limits are
regarded as robust and “conservative” constraints on cjSN
models. Importantly, even if all supernovae harbor jets,

FIG. 7. Upper limits on the all-flavor diffuse neutrino flux contributed from each of our cjSN models. The red band corresponds to the
IceCube measurement of the all-sky astrophysical neutrino flux and its uncertainties, assuming an unbroken single power law:
E2
νΦν ¼ Φ0ðEν=100 TeVÞ2−γ , with Φ0 ¼ ð4.98þ0.75

−0.81 Þ × 10−8 GeV cm−2 s−1 sr−1 and γ ¼ 2.53% 0.07 [76,77]. The data points with
error bars and the red band represent the best-fit results from the 2010–2015 shower data of IceCube [77]. Note that the diffuse neutrino
flux measurement obtained from the 9.5-year muon track data of IceCube [105] leads to the same conclusion. Because of the high local
rate density of supernovae, most cjSN models we consider remain viable to explain the diffuse flux of astrophysical neutrinos measured
by IceCube.

CHANG, ZHOU, MURASE, and KAMIONKOWSKI PHYS. REV. D 109, 103041 (2024)

103041-10



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

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

coincident
closest SNe

~4 coincident
SNe w. a 23 mag
sensitivity limit



The UHE Cosmic Background Radiations

Shigeru Yoshida - Yukawa International Seminar 2026a

LX (2-10 keV) 5x1046 erg/s  (low luminosity GRB-like )
The expected cosmic neutrino background flux predicted by a generic model 

 = 2

 = 3
 = 10

𝜉𝐶𝑅=10

Yoshida & Murase PRD (2024) 32

Testing UHECR-PeV n Unification Scenarios

UL GRB

 

Yoshida & KM 24 PRD

ξB ≡U0
B

!

Lγ

4πΓ2R2c

"

−1

: ð2Þ

The coefficient CðαγÞ in Eq. (1) is determined by the

photomeson production cross section and the target photon

spectral shape, and given by

CðαγÞ ∼ 2.4 × 10−24 erg−1 cm3=2 s1=2
!

2

1þ αγ

"

: ð3Þ

The necessity conditions to be qualified for UHECR

emitters can also be formulated using the optical depth,

which we describe later.

For a given τpγ0, the analytical formulation to calculate

the neutrino flux has been derived in YM20. Using the

analytical representation of the UHECR flux taking into

account the energy loss effect during the propagation in the

cosmic microwave background (CMB) field filling the

intergalactic space, the model has constrained the param-

eter space of τpγ0 and the integrated luminosity density of

UHECRs in the local universe QUHECR by comparisons to

the measured UHECR and neutrino fluxes. Figure 2 dis-

plays the resultant constraints obtained by YM20, for the

two cases when the extragalactic UHECRs are dominated

by protons, and dominated by nuclei, considering silicon as

a benchmark, respectively.

Our goal here is to interpret these constraints by a set of

simple approximated formulas to quickly investigate a given

astronomical object for qualifications as the UHECR-neu-

trino common source. We start with the UHECR energetics

argument. The UHECR differential luminosity density is

estimated as (e.g., Ref. [11] and references therein)

ECR

dQUHECR

dECR

≈ 6.3 × 1043 ergMpc−3 yr−1

×

!

ECR

1019.5 eV

"

2−αCR

ð4Þ

where αCR is the power-law index of UHECR spectrum.

The integrated luminosity density of UHECRs above the

energy of εp ≥ εFIDUHECRð¼ 10 PeVÞ is obtained by the trans-
formation from the differential luminosity density above and

given by

QUHECR ≈ 2.3 × 1045 ergMpc−3 yr−1

≈ neff0 ξUHECRLγ ð5Þ

when we use αCR ¼ 2.3 as a benchmark. Here, the UHECR

loading factor, ξUHECR, is the ratio of theUHECRbolometric

luminosityLUHECR and the target photon luminosityLγ, and

neff0 is the effective local source number density at redshift

z ¼ 0. Note that this effective number density can be

different from the number density measured by UHECR

observations. This is because cosmic rays are intervened by

magnetic fields and the number density in the cosmic-ray

sector should be affected by time delays [16,17].One can see

that this is consistent with the range of y axis in the allowed

region shown in Fig. 2. This energetics condition above

effectively sets the requirement of the UHECR loading

factor for a given Lγ and neff0 , such as

ξUHECR ∼ 0.7

!

Lγ

1046 erg=s

"

−1
!

neff0

10−8 Mpc−3

"

−1

: ð6Þ

FIG. 2. The allowed region in the parameter space of luminosity density, QUHECR, and damping factor 1 − e−τpγ0 [15]. The region

enclosed by the solid lines displays the allowed space by the UHECR and the neutrino flux requirements. The shaded region represents

the parameter space allowed also by considering the UHECR proton escape condition or the nuclear survival condition. The left panel

shows the proton model, while the right panel shows the case of primary silicon nuclei.

TESTING UNIFIED MODELS FOR THE ORIGIN OF … PHYS. REV. D 110, 043045 (2024)

043045-3

- Common origin of PeV ns and UHECRs 
requires narrow parameter space for sources 

- Viable models include LLGRBs and TDEs
→ optical & X-ray transient searches



n-Triggered Follow-Up Searches w. Einstein Probe

Levan+14 ApJ

UL GRB

 

slides from 
Nobu Shimizu
@ TeVPA 2026

Follow-up analysis of IceCube neutrino alerts by the WXT

⚫ X-ray is a natural target of cosmic rays to 

produce O(100) TeV 𝜈 via p+γ interaction 

⚫ Theoretical prediction: 𝜙𝜈 ∝ 𝐿𝑋
3/2𝜌 𝜉𝐶𝑅

(𝜉𝐶𝑅 is a scaling factor connecting 𝐿𝐶𝑅 = 𝜉𝐶𝑅𝐿𝑋) 
Only long time window match (±𝟏𝟎𝟒.𝟓 s)

Long + short time window match (±𝟏𝟎𝟑 s)

Experimentally
Excluded

preliminary

Short time scale 
transients (±𝟏𝟎𝟑 s) ⚫ Performed follow-up analyses on ~2 years of IceCube alerts 

with EP/WXT to search for X-ray transient counterparts: 
14 alerts : long time window ±104.5 s
5 alerts : short time window  ±103

⚫ No X-ray counterpart was observed.

⚫ Assuming IceCube 𝜈 are from X-ray transients, we could provide a very strong 
limit on the X-ray sources: X-ray luminosity, 𝐿𝑋, and rate density 𝜌.
=> LLGRBs and TDEs as origins of high energy neutrinos are very much

disfavored by this analysis

PRD 110, 043045 (2024)

Slide credit: Nobu Shimizu
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- Performed follow-up analyses on ~2 
years of IceCube alerts w. EP/WXT to 
search for X-ray transient counterparts:
14 alerts : long time window ±104.5 s
5 alerts : short time window ±103 s

- No X-ray counterpart was observed 
- Meaningful constraints on LLGRBs and 
TDEs as origins of high-energy neutrinos



High-Energy Neutrino – Gravitational Wave Transients? 

short GRB jet                          

long-lived 
magnetar 

- No statistically significant coincident 
n emission from significant GW sources 
(164 BH-BH + 10 NS-BH + 2 NS-NS)
during O1-O4a run

- Consistent w. theoretical expectations  

GW170817 (ANTARES-IceCube-Auger-LIGO-VIRGO 17)

IceCube 26



High-Energy Neutrino – Gravitational Wave Transients? 

short GRB jet                          

long-lived 
magnetar 

- No statistically significant coincident 
n emission from significant GW sources 
(164 BH-BH + 10 NS-BH + 2 NS-NS)
during O1-O4a run

- Consistent w. theoretical expectations

- Could be detected w. next-generation 
neutrino and GW detectors

GW170817 (ANTARES-IceCube-Auger-LIGO-VIRGO 17)

Mukhopadhyay+ KM 24



Summary
Extragalactic: multimessenger connection → hidden n sources
- AGN (jet-quiet): promising as dominant sources of the all-sky neutrino flux

predicted spectral curvature is consistent w. recent data
- Associated AGNs: hidden n sources   
NGC 1068 → ns from pp or pg produced within 10-20 Schwarzschild radii
Unique probe of high-energy phenomena powered by black holes

UHECR theory challenges: heavy, hard, rigid, & survival 
Supermassive black holes (AGNs)
• UHECR acceleration in sub-pc jets (blazars) 

→ EeV neutrinos provide a powerful test (given that nuclei are loaded)
• Reacceleration in kpc jets (shear/turbulent/shock acceleration)

→ Naturally heavy-rich abundance with hard escape spectra
Bursts from black holes/neutron stars (transients)

• Natural loading of intermediate/heavy/ultraheavy nuclei 
- Collapsars: transrelativistic ejecta/jets – intermediate/ultraheavy nuclei
- Fast-rotating pulsars/magnetars: winds/jets - heavy nuclei
- Tidal disruption events – intermediate nuclei for WD disruption  
- Compact binary mergers: transrelativistic ejecta/jets - ultraheavy nuclei 


