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All-Sky Multimessenger Flux & Spectrum

IceCube Collaboration 18 PRD, 20 PRL, 21 Nature, 22 ApJ

the first Glashow resonance event:

anti-ne + atomic electron à real W at 6.3 PeV
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Extragalactic Multimessenger Connection

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

KM, Guetta & Ahlers 16 PRL
see also
KM, Ahlers & Lacki 13 PRDR
Capanema, Esmaili & KM 20 PRD 
Capanema, Esmaili & Serpico 21 JCAP
Fang, Gallagher & Halzen 22 ApJL

20 PRL

Fermi diffuse g-ray bkg. is violated (>3s) if n sources are g-ray transparent
→ Requiring hidden (i.e., g-ray opaque) cosmic-ray accelerators

(n data above 100 TeV can still be explained by g-ray transparent sources))
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Extragalactic Multimessenger Connection

Fermi diffuse g-ray bkg. is violated (>3s) if n sources are g-ray transparent
→ Requiring hidden (i.e., g-ray opaque) cosmic-ray accelerators

(n data above 100 TeV can still be explained by g-ray transparent sources))

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

g-ray limits



Opacity Argument

implying that >TeV-PeV g rays are cascaded down to GeV or lower energies

KM, Guetta & Ahlers 16 PRL

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

gg→e+e-
optical depth
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Necessity of Hidden Neutrino Sources for Medium-Energy n

supernovae/hypernovae w. hidden jets

beyond which the cylindrical, collimated flow has a con-
stant Lorentz factor (with !cj ! !"1

j ) because of the flux

conservation. The subsequent jet head position rh is

rh ! 8:0# 109 cm t3=5L1=5
j0;52ð!j=0:2Þ"4=5%"1=5

a;4 : (2)

Even if the jet achieves ! & !cj in the star, !cj !
5ð!j=0:2Þ"1 implies that the collimated jet is radiation
dominated. The jet breakout time tbo is determined by
rhðtboÞ ¼ R(, where R( is the progenitor radius.

The progenitor of long GRBs has been widely believed
to be a star without an envelope, such as Wolf-Rayet (WR)
stars with R( ) 0:6–3R* [24]. Let us approximate
the density profile to be %a ¼ ð3" "ÞM(ðr=R(Þ""=
ð4#R3

(Þ (") 1:5–3), where M( is the progenitor mass

[25]. Then, taking " ¼ 2:5, we obtain rcs ! 1:6#
109 cm t8=51 L6=5

0;52ð!j=0:2Þ8=5ðM(=20M*Þ"6=5R3=5
(;11 and rh !

5:4# 1010 cm t6=51 L2=5
0;52 ð!j=0:2Þ"4=5 ðM(=20M*Þ"2=5R1=5

(;11
[22], where L0 ¼ 4L0j=!

2
j is the isotropic total jet

luminosity. The GRB jet is successful if tbo !
17 sL"1=3

0;52 ð!j=0:2Þ2=3ðM(=20M*Þ1=3R2=3
(;11 is shorter than

the jet duration tdur. With tdur ) 30 s, we typically expect
rcs ) 1010 cm for classical GRBs [26].

The comoving proton density in the collimated
jet is ncj!L0=ð4#r2cs!cj$mpc

3Þ¼L=ð4#r2cs!cj!mpc
3Þ’

3:5#1020 cm"3L52r
"2
cs;10!

"1
2 ð5=!cjÞ. Here, L ¼ ð!=$ÞL0,

L is the isotropic kinetic luminosity, and $ is the maximum
Lorentz factor. The density in the precollimated jet
at the collimation or internal shock radius rs is nj !
L=ð4#r2s!2mpc

3Þ ’ 1:8# 1019 cm"3 L52r
"2
s;10!

"2
2 , which

is lower than ncj due to ! & !cj. This quantity is relevant
in discussions below. Note that inhomogeneities in the jet
lead to internal shocks, where the Lorentz factor can be

higher (!r) and lower (!s) than ! !
ffiffiffiffiffiffiffiffiffiffi
!r!s

p
.

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

should be decelerated by photons via coupling between
thermal electrons and protons [28]. As a result (see Fig. 1),
one no longer expects a strong shock jump (although
a weak subshock may exist [29]), unlike the usual
collisionless shock, and the shock width is determined
by the deceleration scale ldec ! ðnu%Ty+Þ"1 ’
1:5# 105 cmn"1

u;19y
"1
+ when the comoving size of the

upstream flow lu is longer than ldec. Here, nu is the
upstream proton density, and y+ð, 1Þ is the possible effect
of pairs entrained or produced by the shock [30].
In the conventional shock acceleration, CRs are

injected at quasithermal energies [31]. The Larmor

radius of CRs with )!2
relmpc

2 is ruL ) !2
relmpc

2=ðeBÞ ’
3:8# 10"3 cm &"1=2

B L"1=2
0;52 rs;10!2!

2
rel, where B is the mag-

netic field, !rel is the relative Lorentz factor, and &B -
LB=L0 [32]. If the velocity jump of the flow is small over
ruL, the CR acceleration is inefficient. For ldec . lu, since
significant deceleration occurs over )ldec, including the
immediate upstream [28,29], CRs with ruL . ldec do not
feel the strong compression, and the shock acceleration
will be suppressed [27,33,34]. CRs are expected when
photons readily escape from the system and the shock
becomes radiation unmediated, which occurs when lu &
ldec [30,36]. Regarding this as a reasonably necessary
condition for the CR acceleration, we have

'uT ¼ nu%Tlu & min½1; 0:1C"1!rel0; (3)

where C ¼ 1þ 2 ln!2
rel is the possible effect by pair pro-

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

radiation constraint for the CR acceleration is

L52rcs;10!
"3
2 & 5:7# 10"4 min½1; 0:01C"1

1 !rel0; (4)

where nu ¼ nj, lu ! rcs=!, and !rel ! ð!=!cj þ !cj=!Þ=2
are used. As shown in Fig. 2, it is difficult to expect CRs
and HE neutrinos from the collimation shock for classical
GRBs. We note that the termination shock at the jet head
and internal shocks in the collimated jet are less favorable
for the CR acceleration than the collimation shock since
ncj & nj and !cj . !.
We can also apply Eq. (3) to internal shocks in the

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

sc(t ’ 3:0# 1010 cm!2
s;1:5(t"3, and the relative

Lorentz factor between the rapid and merged shells is
!rel ! ð!r=!þ !=!rÞ=2, which may lead to the upstream
density in the rapid shell )nj=!rel. Using lu ! ris=!r )
l=!rel, we get 'T ¼ nj%Tl & min½!2

rel; 0:1C
"1!3

rel0 or
L52ris;10!

"3
2 & 5:7# 10"3min½!2

rel;0:5; 0:32C
"1
1 !3

rel;0:50: (5)
As shown in Fig. 3, unless ! * 103, it seems difficult to
expect CRs and HE neutrinos for high-power jets inside
WR-like progenitors (where ris & rcs ) 1010 cm). Note
that although the constraint is relevant for shocks deep

FIG. 1 (color online). The schematic picture of a collimated
GRB jet inside a progenitor. CR acceleration and HE neutrino
production may happen at collimation and internal shocks. The
picture of the radiation-mediated shock is also shown.
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vicinity of supermassive black holes

implying that >TeV-PeV g rays are cascaded down to GeV or lower energies

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

gg→e+e-
optical depth

Not many sources can explain 10-100 TeV n data (KM, Guetta & Ahlers 16 for various possibilities)
AGN seem to have more energy budget to spare: QCR <~ QX ~ 2x1046 erg Mpc-3 yr-1

(from KM, Kimura & Meszaros 20 PRL) (from KM & Ioka 13 PRL)



Prediction of Hidden Neutrino Sources

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

gg→e+e-
optical depth

accretion disk + “corona”
opt/UV=multi-temperature blackbody
X-ray=Compton by thermal electrons

All-sky 10-100 TeV neutrino flux can be explained by AGN
But do such hidden n source (candidates) exist??

KM, Kimura & Meszaros 20 PRL
Kimura, KM & Meszaros 21 Nature Comm.





NGC 1068 as a Hidden Neutrino Source

IceCube Collaboration+ Science 22

IceCube (best-fit sn=3.2)

magnetic corona model

accretion shock model



NGC 1068 as a Hidden Neutrino Source

IceCube Collaboration+ Science 22

starburst model
(from Murase & Waxman 16)

IceCube (best-fit sn=3.2)

Ln~2x1042 erg/s << Lbol ~ 1045 erg/s <~ LEdd ~ 1045 erg/s: reasonable energetics

accretion shock model

magnetic corona model
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torus

jet

X-ray
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region

wind

corona

black hole

radio
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n
~104 RS
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>106 RS

~105-106 RS

Rs=2GM/c2

starburst region



turbulence 
magnetic reconnection

Neutrino Production Models

accretion 
disk

corona

Comptonized X rays 
CR-induced cascade g

optical/UVCR

n

MRI

black hole

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 < 0.1-1 → B > 103 G
LCR <~ LX <~ LB (turbulent)

submm → B~10-100 G
b=Pg/PB >~ 100
LB, LCR <~ LX

p+ p→ Nπ + X
p+γ→ Nπ + X

accretion black hole

accretion disk

termination 
shock

magnetic loop

turbulence

magnetic
reconnection

shear

jet



Facts & Questions, Implications?
n facts:
• Ln~2x1042 erg/s << LX~7x1043 erg/s, Lbol~1045 erg/s <~ LEdd

• Hidden source Ln >> Lg
• d=10 Mpc, MBH~107 Msun, Compton-thick (NH~1025 cm-2)
• NGC 1068 (~4s), NGC 4151 (~3s)
Where and how are ns are produced?
• Cosmic-ray energetics

LCR >~ 1043 erg/s (>~5x1042 erg/s for pp, >~5x1043 erg/s for pg): reasonable
But challenging for s>~2 LCR >~ 0.5x1044 erg/s (and more for pg)

• Properties of emission regions
(size, magnetization etc.)

• Production mechanisms (pp or pg)
How typical is NGC 1068 as a neutrino active galaxy?  
• Why is NGC 1068 n-brightest? How about other AGNs? 
• Is the all-sky neutrino flux explained by jet-quiet AGNs?



Where Do Neutrinos Come from?

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

KM 22 ApJL

for 0.1-300 GeV g rays

model-independent constraint
considering elemag. cascade

R < (30-100) 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 ApJ (see Ajello, KM & McDaniel 23 ApJL for updated Fermi-LAT analysis)



If n emission comes from X-ray coronae, plasma should be magnetically dominated

Das, Zhang & KM 24 ApJ

Updated Multimessenger Implications for n Production Sites and Coronae

g-ray constraint
xB>~0.1 
synchrotron cascade
→ R <~ (5-15) RS

xB<~0.1 
inverse-Compton cascade
→ R < RISCO unlikely

cf. ISCO for non-rotating BH
R=3 RS

tT~0.1-1 for X-ray corona, lEdd~0.5
xB >~ 0.1 leads to b <~ 1

pg scenario

LCR<LX
CR energetics constraint
LCR < LX
→ R <~ (1-20) RS



Multimessenger Implications for Neutrino Production Mechanisms

Das, Zhang & KM 24 ApJ

Neutrinos
from gg→µ+µ-
(Hooper & Plant 23 PRL)

Neutrons from
photodisintegration
(Yasuda, Inoue & Kusenko 24)

- Multimessenger connection is robust and 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 



Coronal Regions: Magnetized & Collisionless

Tp~Tvir~1011-1012 K @ R~10 RS

b=Pg/PB < 0.1-1 (sp >~ 0.01)
→ B > 103 G 

Te ~ 108-109 K (← tComp ~ theat)

Te < Tp (two-temperature corona)
collisionless for protons

KM, Kimura & Meszaros 20 PRL

3D RMHD simulation w. Athena++

Jiang, Blaes, Stone & Davis 19 ApJ
see also Miller & Stone 00 ApJ, Liska+ 22 ApJ

corona

Tg~105 K

Te~108-109 K

disk



Coronal Regions: Magnetized & Collisionless

Tp~Tvir~1011-1012 K @ R~10 RS

b=Pg/PB < 0.1-1 (sp >~ 0.01)
→ B > 103 G 

Te ~ 108-109 K (← tComp ~ theat)

Te < Tp (two-temperature corona)
collisionless for protons

Bambic, Quataert & Kunz 23 MNRAS

3D RMHD simulation w. Athena++

Jiang, Blaes, Stone & Davis 19 ApJ
see also Miller & Stone 00 ApJ, Liska+ 22 ApJ

corona

Tg~105 K

Te~108-109 K

disk
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Particle Acceleration: Fast or Slow?
pg→pe+e- (Bethe-Heitler process) is important for protons producing 1-10 TeV ns  

(KM, Kimura & Meszaros 20 PRL)

ep
max ~ 100 TeV → enmax ~ 20 TeV (consistent w. IceCube)



Simulating Particle Acceleration in Turbulence

stochastic acc. in 3D PIC simulations stochastic acc. in 3D global MHD simulations 
test particle sim. w. Athena++ - acceleration by electric fields at X point

- subsequent acceleration in turbulence
- Electron acceleration is more difficult

see also Hoshino 15 PRL, Zhdankin+ 17 PRL
Comisso & Sironi 22

Kimura, Tomida & KM 19 MNRAS
Sun & Bai 21 MNRAS
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Erratum: Acceleration and escape processes of high-energy particles
in turbulence inside hot accretion flows

by Shigeo S. Kimura ,1,2,3,4,5‹ Kengo Tomida 6,7 and Kohta Murase 1,2,3,8
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Key words: errata, addenda – acceleration of particles – accretion, accretion discs – MHD – plasmas – turbulence – cosmic rays.

This is an erratum to the paper ‘Acceleration and escape processes
of high-energy particles in turbulence inside hot accretion flows’
(DOI: https://doi.org/10.1093/mnras/stz329), which was published
in MNRAS, 485, 163–178 (2019). In Fig. 4, we mistakenly
plotted the quantities using the wrong axes, causing the spiral
shape inconsistent with that in fig. 6. The correct plots are shown
here. The other results are unaffected, and the conclusions remain
unchanged.
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We thank Takeru K. Suzuki for pointing out the mistake.
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Figure 4. Colormaps in the equatorial plane for run A. The upper and lower
panels show the density and the magnetic energy density, respectively.
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Figure 6. Orbits of test particles projected to the R − θ plane (upper panel)
and the R − φ plane (lower panel) for λini = 4. The initial and final positions
of the particles are shown by the stars and circles, respectively. In the bottom
panel, the cyan circle and black arrows indicate the initial ring R = Rini and
the rotation direction, respectively.

where eφ is the unit vector of the φ direction and Vbul, φ is inde-
pendent of θ . The bottom panel shows the momentum distribution
in the fluid frame, where we can see no bulk rotational motion. In
the following sections, we use the energy distribution in the fluid
frame. Note that the particle distribution is slightly anisotropic: the
particles tend to have positive pR and negative pφ . This is because
the particles tend to move radially outward along the spiral magnetic
field, as discussed above. This anisotropy becomes stronger in later
time and for higher energy particles (see Section 3.2.3). Since this
anisotropy appears in the particle simulations with all the MHD
data sets, the grid spacing and resolutions are not the cause of the
anisotropy.

3.2.2 Diffusion in energy space

We examine evolution of the energy distribution function in the fluid
frame. The time evolution of the energy distribution for λini = 4 is
shown in Fig. 8. We can see that the width of the energy distribution
increases with time. This motivates us to consider the diffusion
equation in the energy space.

In general, the transport equation, including the diffusion and
advection terms in both configuration and momentum spaces,

Figure 7. Momentum distributions at t = 10tL in the lab frame (upper)
and the fluid flame (lower) for λini = 4. We can see a bulk motion in the
lab-frame, while the bulk motion is not seen in the fluid frame.

Figure 8. Energy distribution function at t = 4tL, 10tL, and 25tL in fluid
flame for λini = 4. The distribution function diffuses in the energy space.

describes the evolution of the distribution function for the particles
with isotropic distribution in the fluid rest frame (e.g. Skilling
1975; Strong, Moskalenko & Ptuskin 2007). When the terms for
configuration space and the advection term in momentum space are
negligible, the transport equation may be simplified to the diffusion
equation only in momentum space (e.g. Stawarz & Petrosian 2008):

∂f

∂t
= 1

p2

∂

∂p

(
p2Dp

∂f

∂p

)
. (23)

Since the anisotropy in our system is not very strong, we apply this
equation to our system. We focus on the ultrarelativistic regime,
so the particle energy is approximated to be ε ≈ pc. Using the
differential number density, Nε = Np/c = 4πp2f/c, we can write

MNRAS 485, 163–178 (2019)
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NGC 1068: Corona Model with Stochastic Acceleration

• Generalized Fermi process

• CR feedback on turbulence

• Model-independent prediction: 
CR-induced cascade g rays should 
appear at MeV

• PIC/MHD simulations suggest
nonresonant nature: Dee ∝ e2

• CR pressure ~ 0.1 virial pressure

KM, Kimura & Bhattacharya 25
see also KM, Kimura & Meszaros 20, Fiorillo, Comisso+ 24 

(Lemoine 21 PRD, 22 PRL)

Lemoine & Rieger 25

(Lemoine, KM & Riger 24 PRD)



Why NGC 1068? How about Others? 
• Prediction of the coronal model: X-ray bright AGN ~ n bright AGN

brightest AGN in north: NGC 1068, NGC 4151
brightest AGN in south: NGC 4945, Circinus

• 2.7s excess of ns from NGC 4151 and CGCG 420-015
2.9s excess of ns from NGC 4151

• Unobscured AGNs like NGC 4151 are relevant for model discrimination

(KM+ 20 PRL, KM+ 24 ApJL) 

(IceCube Collaboration 24a, 24b, Neronov+ 24) 

KM, Karwin, Kimura, Ajello & Buson 24 ApJL

Model A: same as NGC 1068 
Model B: PCR/Pvir=8%

magnetically-powered corona model accretion shock model



KM, Karwin, Kimura, Ajello & Buson 24 ApJL

Model A: same as NGC 1068 
Model B: PCR/Pvir=8%

• Prediction of the coronal model: X-ray bright AGN ~ n bright AGN
brightest AGN in north: NGC 1068, NGC 4151
brightest AGN in south: NGC 4945, Circinus

• 3.0s excess of ns from Seyferts in south
• Promising targets for neutrino detectors in the northern hemisphere 

(KM3Net, Baikal-GVD, P-ONE, Trident), as well as IceCube-Gen2

Why NGC 1068? How about Others? 

(KM+ 20 PRL, KM+ 24 ApJL) 

(IceCube Collaboration 24c) 



Jet-Quiet AGN Can Successfully Explain the All-Sky n Flux

• The all-sky n flux has been explained by the AGN corona model (KM+20 PRL)
(ex. X-ray luminosity function is used in the MKM20 corona model)

• Differential n flux at 10 TeV: ~10-8 GeV cm-2 s-1 → ELE ~ 2x1041 erg/s
• NGC 1068-like AGNs are rare: n~10-5 Mpc-3 → EQE ~ 6x1043 erg Mpc-3 yr-1

• Comparable to the required energy budget: EQE ~ 5x1043 erg Mpc-3 yr-1

• Possible to “simultaneously” to explain the all-sky n flux within uncertainty
• Higher-energy neutrinos originate from lower-luminosity AGN

KM, Kimura & Bhattacharya 25

NGC 1068NGC 4151

Ueda+ 14 ApJ

KM, Kimura & Meszaros 20 PRL
Kimura, KM & Meszaros 21 Nature Comm.



IceCube-Gen2

Neutrinos: More Hints & More Tests
• 2.6s with 8 yr upgoing nµ events and IR-selected AGN (IceCube 22 PRD)
• Good news for KM3Net/Baikal-GVD/P-ONE: many bright AGN in south

predictions for stacking search 

testable w. near-future data or by next-generation neutrino detectors 
Kheirandish, KM & Kimura 21 ApJBaikal-GVD

KM3Net



black hole

RIAF (or MAD)
Comptonized X/g rays 
CR-induced cascade g

submm/IRCR

n

MRI

spark gap

Radiative Inefficient Accretion Flows
Kimura, KM & Toma 15 ApJ
Kimura, KM & Meszaros 21 Nature Comm.

• RIAF for mdot<0.03
• Hot plasma
• Electrons are mostly thermal

(collisional for electrons 
collisionless for protons)

Ponti+ 17 MNRAS

Sgr A*



Detectability of Nearby Low-Luminosity AGN

• Detection of MeV g due to thermal electrons is promising
(CR-induced cascade g rays are difficult to observe)

• Nearby LL AGN can be seen by IceCube-Gen2/KM3Net

Kimura, KM & Meszaros 21 Nature Comm.

Predictions for stacking search 



Coincidences w. Optical Transients

IceCube-191001A & AT 2019dsg 

Stein+ 21 Nature Astron. 

IceCube-191001A

IceCube-200530A & AT 2019fdr

- 5 TDE coincidences have been reported
- All are rare optical transients w. strong infrared echoes
- Possible neutrino time delays w. ~150-300 day

Reusch+ KM 21 PRL 

IceCube-200530A
z=0.0567

Tidal disruption events (TDEs) – supermassive black hole flares

(van Velzen+ 23, Jiang+ 23)



Neutrinos from Tidal Disruption Events?
TDE and AGN ns could come from 
“common” mechanisms
(disk-corona, hidden wind, hidden jet)

KM, Kimura, Zhang et al. 20 ApJ

Vera C. Rubin Observatory

NH=1021-1023 cm-2



Summary
- Multimessenger analyses on 10 TeV n data require hidden CR accelerators
- Jet-quiet AGNs: the most promising origin (whether ~3-4s is real or not)

- NGC 1068 & NGC 4151: indications of hidden n sources
Implications:
- n emission regions should be compact: R < 10-30 RS
- Low-energy cosmic-ray spectrum should be hard (s<~2) to satisfy LCR <~ LX
- Strongly magnetized: xB>~0.1 (supporting low-b coronae) 
- NGC 4151 may be a key for discriminating models (corona vs shock)
- Relevance of AGNs in the southern sky (NGC 4945, Circinus)
- Consistent with the measured all-sky n flux in the 10-100 TeV range
- Physical connections to LL AGNs and TDEs

Future:
- More statistics, next-generation n detectors (KM3Net, Baikal, P-ONE, Gen2)
- Synergy w. hard X-ray and MeV g-ray observations
- Understanding coronal plasma & CR acceleration in the vicinity of black holes



Multi-Messenger Astro-Particle “Backgrounds”

Energy generation rate densities of 3 messengers are all comparable
(KM & Fukugita 19, Yu, Zhang & KM 20)
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High-Energy Astro-Particle Grand-Unification?

Fang & KM 18 Nature Phys.
(see also KM & Waxman 16)

UHECR

First concrete example of the “grand-unification” scenario with detailed simulations

- Jetted AGN as “UHECR” accelerators
- Neutrinos from confined CRs & UHECRs from escaping CRs
- Smooth transition from PeV (source n) to EeV (cosmogenic n)

pp

pg



reservoir
(ex. galaxy cluster)

accelerator
(ex. AGN)

cosmic-ray reservoir scenario

CR

p

pp/pg reactions

n

g

UHECR
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Fig. 1.—Expected event rates for muon neutrinos ( ) in IceCube-like¯n ! nm m

detectors from five nearby CGs: Virgo, Centaurus, Perseus, Coma, and Oph-
iuchus. Broken power-law CR spectra with , , andp p 2.0 p p 2.4 ! p1 2 b

eV is assumed, and the isobaric model with is used. Note17.510 X p 0.029CR

that IceCube and KM3NeT mainly cover the northern and southern celestial
hemispheres, respectively. Neutrino oscillation is taken into account. [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 2.—Cumulative neutrino ( ) background from¯ ¯ ¯n ! n ! n ! n ! n ! ne e m m t t

CGs for broken power-law CR spectra with and . The breakp p 2.0 p p 2.41 2

energies are eV (thick lines) and eV (thin lines), re-17.5 16.5! p 10 ! p 10b b

spectively. The CR power is normalized to 2 45 "3˙! (dn/d!) p 2 # 10 erg Mpc
at eV, as required to account for CRs above the second knee."1 18yr ! p 10

For the isobaric model, the corresponding is 0.029 and 0.067. For theXCR

central-AGN model, Kolmogorov-like turbulence is assumed with k pCG

. We take Gyr and . WB represents the30 2 "110 cm s t p Dt p 1 z p 2dyn max

Waxman-Bahcall bounds (Waxman & Bahcall 1998).culations of the neutrino spectra using formulae based on the
SIBYLL code at high energies (Kelner et al. 2006).

The neutrino and gamma-ray fluxes can be estimated via the
effective optical depth for the pp reaction as f ≈pp

, where is the target nucleon density in the ICM,0.8j n ct npp N int N

is the pp cross section, and tint ∼ tdyn or max( , tdiff) is thej r/cpp

pp interaction time. Because at Mpc"4.5 "3n ∼ 10 cm r ∼ 1.5N

(Colafrancesco & Blasi 1998; Pfrommer & Enßlin 2004),
, and in the 100 PeV range (Kelner"25 2k ∼ 0.6 j ∼ 10 cmpp pp

et al. 2006), we obtain

"3f ∼ 2.4 # 10 n (t /1 Gyr). (1)pp N,"4.5 int

Roughly speaking, high-energy neutrinos from charged-pion
decay have typical energy (true only in the average! ∼ 0.03!n

sense, because charged particles have wide energy distributions
and high multiplicities as expected from the KNO scaling law)
(Kelner et al. 2006). Hence, neutrinos "PeV are directly related
to CRs above the second knee.

First we obtain numerically the neutrino spectra and expected
event rates from five nearby CGs, utilizing the b model or
double-b model description in Tables 1 and 2 in Pfrommer &
Enßlin (2004) for the thermal gas profile of each CG (Fig. 1).
Our gamma-ray fluxes for single power-law spectra agree with
the results of Pfrommer & Enßlin (2004). As is apparent in
Figure 1, the detection of neutrino signals from individual CGs
could be challenging even for nearby objects. It may be achiev-
able, however, through a detailed stacking analysis.

More promising would be the cumulative background signal.
A rough estimate of the neutrino background is (e.g., Murase
2007; Waxman & Bahcall 1998)

c 1 dN2 2! F ∼ min (1, f )! n (0)fn n pp CG z4pH 3 d! dt0

"9 "2 "1 "1∼ 1.5 # 10 GeV cm s sr fz

18 "p!2.1f (! p 10 eV) !pp n# , (2)[ ] ( )"32.4 # 10 10 PeV

where CGs are assumed to be the main sources of CRs from
the second knee to the ankle. Here, is the local densityn (0)CG

of massive CGs and is a correction factor for the sourcefz

evolution (Murase 2007; Waxman & Bahcall 1998). For de-
tailed numerical calculations of the background, we treat more
distant CGs following Colafrancesco & Blasi (1998) adopting
the mass function of Jenkins et al. (2001). The results for the
broken power-law case are shown in Figure 2. With ! pb

eV, the expected event rates above 0.1 PeV in IceCube17.510
(Ahrens et al. 2004) are ∼2 yr"1 for model A, ∼1 yr"1 for model
B, ∼5 yr"1 for the isobaric model, and ∼3 yr"1 for the central
AGN model.

Hence, upcoming telescopes may be able to find multi-PeV
neutrino signals from CGs, providing a crucial test of our sce-
nario. From equation (2), we can also estimate the correspond-
ing gamma-ray background from decay, which is0 2p ! F ∼g g

for the broken power-law"9 "8 "2 "1 "1(10 to 10 ) GeV cm s sr
case. This is only (0.1–1)% of the EGRET limit, consistent
with the nondetection so far for individual CGs. Note that the
expected gamma-ray background flux would increase if can!b

be decreased, requiring larger CR power from CGs.

4. IMPLICATIONS AND DISCUSSION

To test the CG origin of second knee CRs, high-energy neu-
trinos should offer one of the most crucial multimessenger
signals. Unlike at the highest energies, CRs themselves in the

eV range offer no chance of source identification as they1810
should be severely deflected by Galactic and extragalactic mag-
netic fields. Moreover, due to magnetic horizon effects, extra-
galactic CRs #1017 eV may not reach us at all (Lemoine 2005;
Kotera & Lemoine 2007) so even the broken power-law spectral
form will not be directly observable. Gamma-rays are unaf-
fected by intervening magnetic fields, but those at "PeV en-
ergies relevant for the second knee are significantly attenuated
by pair-creation processes with the CMB and cosmic IR back-
grounds (e.g., Kachelrieß 2008). In contrast, neutrinos in the
PeV–EeV energy range should be unscathed during propaga-
tion (Bhattacharjee & Sigl 2000 and references there in). Con-

KM, Inoue & Nagataki 08 ApJ
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olate the local 1.4 GHz energy production rate per unit
volume (of which a dominant fraction is produced in qui-
escent spiral galaxies) to the redshifts where most of the
stars had formed through the starburst mode, based on
the observed redshift evolution of the cosmic star forma-
tion rate [24], and calculate the resulting neutrino back-
ground. The cumulative GeV neutrino background from
starburst galaxies is then

E2
νΦν(Eν = 1GeV) ≈

c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

Here, tH is the age of the Universe, and the factor
ζ = 100.5ζ0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of ζ0.5 ∼ 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, νe : νµ : ντ = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
Φνe

= Φνµ
= Φντ

= Φν/2.
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FIG. 1: The shaded region brackets the range of plausible
choices for the spectrum of the neutrino background. Its up-
per boundary is obtained for a power-law index p = 2 of
the injected cosmic-rays, and its lower boundary corresponds
to p = 2.25 for Eν < 1014.5 eV. The solid green line corre-
sponds to the likely value p = 2.15 (see text). Other lines: the
WB upper bound on the high energy muon neutrino intensity
from optically-thin sources; the neutrino intensity expected
from interaction with CMB photons (GZK); the atmospheric
neutrino background; experimental upper bounds of optical
Cerenkov experiments (BAIKAL [29] and AMANDA [30]);
and the expected sensitivity of 0.1 km2 and 1 km2 optical
Cerenkov detectors [1].

Equation (2) provides an estimate of the GeV neu-
trino background. The extrapolation of this background
to higher neutrino energies depends on the energy spec-
trum of the high energy protons. If the proton energy dis-
tribution follows a power-law, dN/dE ∝ E−p, then the

neutrino spectrum would be, E2
νΦνµ

∝ E2−p
ν . The energy

distribution of cosmic-ray protons measured on Earth fol-
lows a power-law dN/dE ∝ E−2.75 up to the ”knee” in
the cosmic-ray spectrum at a few times 1015 eV [23, 25].
(The proton spectrum becomes steeper, i.e. softer, at
higher energies [2].) Given the energy dependence of the
confinement time, ∝ E−s [22], this implies a produc-
tion spectrum dN/dE ∝ E−p with p = 2.75 − s ≈ 2.15.
This power-law index is close to, but somewhat higher
than, the theoretical value p = 2, which implies equal
energy per logarithmic particle energy bin, obtained for
Fermi acceleration in strong shocks under the test par-
ticle approximation [26]. We note that the cosmic-ray
spectrum observed on Earth may not be representative
of the cosmic-ray distribution in the Galaxy in general.
The inferred excess relative to model predictions of the
> 1 GeV photon flux from the inner Galaxy, implies that
the cosmic-rays are generated with a spectral index p
smaller than the value p = 2.15 inferred from the local
cosmic-ray distribution, and possibly that the spectral
index of cosmic-rays in the inner Galaxy is smaller than
the local one [27]. The spectrum of electrons accelerated
in SNe is inferred to be a power law with spectral index
p = 2.1 ± 0.1 over a wide range energies, ∼ 1 GeV to
∼ 10 TeV, based on radio, X-ray and TeV observations
(e.g. [28]).

For a steeply falling proton spectrum such as dN/dE ∼
E−2, the production of neutrinos of energy Eν is domi-
nated by protons of energy E ≈ 20Eν [18], so that the
cosmic-ray ”knee” corresponds to Eν ∼ 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
νΦSB

ν ≈ 10−7(Eν/1GeV)−0.15±0.1GeV cm−2 s−1 sr−1(3)

up to ∼ 0.1 PeV. In fact, the ”knee” in the proton spec-
trum for starburst galaxies may occur at an energy higher
than in the Galaxy. The steepening (softening) of the
proton spectrum at the knee may be either due to a
steeper proton production spectrum at higher energies, or
a faster decline with energy for the proton confinement
time. Since both the acceleration of protons and their
confinement depend on the magnetic field, we expect the
”knee” to shift to a higher energy in starbursts, where the
magnetic field is much stronger than the Galactic value.
The predicted neutrino intensity is shown as a solid line
in Fig. 1. The shaded region illustrating the range of
uncertainty in the predicted neutrino background. This
range is bounded from above by the intensity obtained
for p = 2, corresponding to equal proton energy per log-
arithmic bin, and from below by the intensity obtained
for p = 2.25, corresponding to the lower value of the
confinement time spectral index, s = 0.5.

The extension of the neutrino spectrum to energies
Eν > 1 PeV is highly uncertain. If the steepening of the
proton spectrum at the knee is due to a rapid decrease
in the proton confinement time within the Galaxy rather

Loeb & Waxman 06 JCAP

IceCube
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galaxy group/cluster

starburst galaxy

IceCube

Kotera, Allard, KM, Aoi, Dubois,
Pierog & Nagataki 09 ApJ

>0.1 PeV IceCube data:
consistent w. earlier
theoretical predictions


