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Cosmic-ray Reservoirs as  
Multi-Messenger Sources 

Kohta Murase (Penn State)  

“reservoir” 



HE Neutrino Astrophysics Started 
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No single source detection & no significant clustering 
Easy to see: mostly isotropic → extragalactic sources 

complied from IceCube 14 PRL 

(supported by diffuse gamma-ray searches:  
KM, Ahlers & Lacki 13 PRDR, Ahlers & KM 14 PRD) 

Origins and mechanism of cosmic neutrinos? 
-pp or pγ? -connection to UHECRs? -connection to γ rays? – new physics? 



Motivation: Cosmic Rays – A Century Old Puzzle 

Open problems 
- How is the spectrum formed?  
 (ex. transition to extragalactic) 
- How are CRs accelerated?  
 (ex. Fermi mechanism: sCR~2) 
- How do CRs propagate? 
… 
 
        The key question  
        “What is the origin?” 
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Multi-Messenger Approach 



Astrophysical “Isotropic” Neutrino Background – Mean Diffuse Intensity  

z=0 (present) 

z=1 
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[1] K. Murase, Phys. Rev. Lett. 103, 081102 (2009).

Most contributions come from unresolved distant sources, difficult to see each 

F(z): redshift evolution 

z 

d~3 Gpc 

d~8 Gpc 

εν2 qν(εν): ν emissivity at z=0 
              “source physics” 
              qν=Lx(source density) 
              qν=Εx(burst rate)  
 

F(z) 

typically maximum at z~1-2 
ex. star-formation rate 
      supernova rate 
      AGN density  

diffuse ν intensity of extragalactic sources (cf. supernova ν bkg.) ← consistent w. isotropic distribution   
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IceCube 2015

Waxman-Bahcall (s=2.0)

Nucleus-Survival (s=2.3)

obs. UHECR flux: εp
2q(εp)=0.6x1044 erg Mpc-3 yr-1 & fmes→1 limit 

← “nucleus-survival” bounds 
     (KM & Beacom 10 PRD) 

fmes (<1): meson production efficiency (ex. fpγ~0.2nγσpγΔ) 
fz (~0.6-5): source redshift evolution 
εp

2 q(εp): CR energy generation rate per volume 
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Cosmic-Ray Connection: Hint or Conspiracy? 

Attempts to make a ν-CR connection  
have been made but may not be easy 
(Katz et al. 13, Kistler+ 14,  
 Yoshida & Takami 14, KM & Waxman 16) 
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 (Waxman & Bahcall 98 PRD) 



Astrophysical Extragalactic Scenarios 

Active galactic nuclei γ-ray burst
Galaxy group/clusterStarburst galaxy

Cosmic-ray Reservoirs 

- γ-ray bursts  
  ex. Waxman & Bahcall 97, KM et al. 06 
  after Neutrino 2012: 
  Cholis & Hooper 13, Liu & Wang 13 
  KM & Ioka 13, Winter 13, Senno, KM & Meszaros 16 
   
- Active galactic nuclei  
  ex. Stecker et al. 91, Mannheim 95 
  after Neutrino 2012: 
  Kalashev, Kusenko & Essey 13, Stecker 13, 
  KM, Inoue & Dermer 14, Dermer, KM & Inoue 14, 
  Tavecchio et al. 14, Kimura, KM & Toma 15,  
  Padvani et al. 15, Wang & Li 16  

- Starburst galaxies (not Milky-Way-like) 
  ex. Loeb & Waxman 06, Thompson et al. 07 
  after Neutrino 2012: 
  KM, Ahlers & Lacki 13, Katz et al. 13, 
  Liu et al. 14, Tamborra, Ando & KM 14, 
  Anchordoqui et al. 14, Senno et al. 15  
 
- Galaxy groups/clusters  
  ex. Berezinsky et al. 97, KM et al. 08, Kotera et al. 09 
  after Neutrino 2012:  
  KM, Ahlers & Lacki 13, Fang & Olinto 16 

accretion to 
massive black hole 

core-collapse of  
massive stars 

high star-formation  
→ many supernovae 

gigantic reservoirs w.  
AGN, galaxy mergers  

Cosmic-ray Accelerators 
(ex. UHECR candidate sources) 



Astrophysical Extragalactic Scenarios 

p+γ→ Nπ + X
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(ex. UHECR candidate sources) Cosmic-ray Reservoirs 

σpp~1/mπ
2~30 mb 

Δ-resonance 
(+ direct ch.) 

σpγ~ασpp~0.5 mb 

ε'pε’γ ~ (0.34 GeV)(mp/2) ~ 0.16 GeV2 

roughly energy-independent 

accretion to 
massive black hole 

core-collapse of  
massive stars 

high star-formation  
→ many supernovae 

gigantic reservoirs w.  
AGN, galaxy mergers  

σpp σpγ 



Astrophysical Extragalactic Scenarios 
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Active galactic nuclei γ-ray burst

Eν

E2 Φ  

ν  

0.1 TeV PeV 

p+ p→ Nπ + X

Galaxy group/clusterStarburst galaxy

Eν

E2 Φ  

ν  

0.1 TeV PeV 

CR 

CR 

Cosmic-ray Accelerators 
(ex. UHECR candidate sources) Cosmic-ray Reservoirs 

obs. photon spectra 
& source size 

gas density & 
source size 

 Eν ~ 0.04 Ep: PeV neutrino ⇔ 20-30 PeV CR nucleon energy   

sν~sCR sν≠sCR 

accretion to 
massive black hole 

core-collapse of  
massive stars 

high star-formation  
→ many supernovae 

gigantic reservoirs w.  
AGN, galaxy mergers  

Φ∝E-s 
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relativistic 
outflow 

Cosmic-Ray Accelerators 
γ-ray burst

CRs may or may not escape 

ν

CR? 

CR p 

target γ

νµ

νe

e-

µ+

π+

νµ

νe

e+

n p 

CR e 

γ
ex. shocks in outflows 
      → electron acceleration 
      → radiation (ex. synchrotron)  

Active galactic nuclei

accretion to 
massive black hole 

core-collapse of  
massive stars 



The Astrophysical Journal, 752:29 (10pp), 2012 June 10 He et al.
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Figure 2. Neutrino spectra numerically calculated by adopting the internal shock
radius R = 2Γ2ctob

v /(1 + z) for 215 GRBs (light red lines) observed during
the IceCube operations in the 40-string and 59-string configurations. We use the
same GRB samples, the same assumptions for the GRB parameters, and the
same effective area as a function of the zenith angle as those used by the ICC.
The thick red solid line represents the sum of the neutrino spectra of the 215
GRBs and the thick red dashed line is the corresponding 90% CL upper limit
of IceCube. The thick dark gray solid line and dashed line are the predicted
total neutrino spectrum and the corresponding 90% CL upper limit given by
the ICC for the combined data analysis of IC40 and IC59, respectively. The
blue solid and dashed lines correspond to the expected spectra and the 90%
CL upper limit obtained by using the modified method in Guetta et al. (2004).
The purple lines represent our modified analytical calculation as a comparison.
For the above calculations, we adopt benchmark parameters, such as the peak
luminosity Lγ = 1052 erg s−1, the observed variability timescale tob

v = 0.01 s
for the long GRBs, the Lorentz factor Γ = 102.5, and the baryon ratio ηp = 10
for every GRB.
(A color version of this figure is available in the online journal.)

1012–1016 cm.10 The figure shows that the neutrino flux for the
case of R = 1012 cm (the black solid line) would exceed the
corresponding IceCube upper limit (the black dashed line) as
long as the baryon-loading factor is sufficiently greater than
unity. If we fix ηp = 10, then the nondetection requires that the
dissipation radius be larger than 4×1012 cm. We note that, when
the emission radius is too small, the maximum energy of the
accelerating particles is limited due to the strong photohadronic
and/or radiation cooling, and the neutrino emission can be more
complicated due to the strong pion/muon cooling, so a more
careful study is needed to obtain quantitative constraints on ηp

in this regime. On the other hand, the larger dissipation radius
leads to a lower neutrino flux and higher cooling break energy
according to Equations (12) and (13). The shift of the first break
to higher energies for larger dissipation radii is due to those
GRBs with α > 1, whose neutrino spectral peaks located at the
cooling breaks dominantly contribute to the neutrino flux.

3.2. Uncertainty in the Bulk Lorentz Factor

In the previous subsections, we took either the variability or
the dissipation radius as a principal parameter, given a Lorentz
factor, i.e., Γ = 102.5. For those bursts without a measured

10 If the radius is smaller than the photosphere radius, then the neutrino
emission produced by the p − p interactions becomes important (Wang & Dai
2009; Murase 2008); this scenario is not considered here.
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Figure 3. Spectra of the total neutrino emission produced by 215 GRBs,
assuming the same dissipation radius for every GRB at R = 1012 cm (the
black solid line), R = 1013 cm (the blue solid line), R = 1014 cm (the green
solid line), R = 1015 cm (the yellow solid line), and R = 1016 cm (the red
solid line). The corresponding upper limits are shown by the dashed lines.
Other parameters are the same as those used in Figure 2. Note that the red,
green, and yellow dashed lines overlap with each other because the spectrum
shape of the red, green, and yellow solid lines is similar in the energy range of
105 GeV–3 × 106 GeV.
(A color version of this figure is available in the online journal.)

redshift, we took Lγ = 1052 erg s−1 for the peak luminosity, as
was done by the ICC. However, it was found recently that the
bulk Lorentz factor could significantly vary among the bursts,
and there is an inherent relation between the Lorentz factor and
the isotropic energy or the peak luminosity (Liang et al. 2010;
Ghirlanda et al. 2012). As shown by Equations (17) and (18),
the neutrino flux is very sensitive to the bulk Lorentz factor, so
we can use the inherent relation to obtain more realistic values
for the Lorentz factors and, hence, a more reliable estimate of
the neutrino flux.

By identifying the onset time of the forward shock from the
optical afterglow observations, Liang et al. (2010) and Lv et al.
(2011) obtain the bulk Lorentz factors for a sample of GRBs.
They furthermore found a correlation between the bulk Lorentz
factor and the isotropic energy of the burst, given by11

ΓL = 118E0.26
iso,52. (22)

Ghirlanda et al. (2012) revisit this problem with a large sample
and obtain a relation as

ΓG = 29.8E0.51
iso,52. (23)

Compared with the benchmark model, which assumes Γ = 102.5

for all of the bursts, the value of Γ obtained from these
relations is lower for the bursts with the isotropic energy
Eiso ! (4.4–9.4) × 1053 erg.

Ghirlanda et al. (2012) also obtained the relation between the
bulk Lorentz factor and the peak luminosity, i.e.,

ΓGL
= 72.1L0.49

γ ,52. (24)

11 We adopt only the center value for the relationships presented hereafter.

6

HE Neutrinos from Classical GRBs 

He+ KM 12 ApJ 

Standard jet models as the cosmic ν origin: excluded by multimessenger obs. 
- Classical GRBs: constrained by stacking analyses <~ 10-9 GeV cm-2 s-1 sr-1   
 ※ space- and time-coincidence (duration~30 s → background free) 

Classical GRBs (prompt) 
IceCube 2015 

IC-40/59 
(IC-79/86 stronger) 

!"
#$

!"#$

ν 

CR γ 

γ 

ν 

Bustamante, Baerwald, KM, & Winter 15 Nature Comm. 



HE Neutrinos from AGN Jets 

Blazars 
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Standard jet models as the cosmic ν origin: disfavored by multimessenger obs. 
- Blazars: 1. obs. SEDs (int. & ext.) → hard spectral shape (KM, Inoue & Dermer 14) 

                2. no clustering (KM & Waxman 16) 3. no source association (IceCube Coll. 15)  
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HZ97 (Blazar)
MPERS03 (LBL)
MPERS03 (HBL)

PPGR15 (BL Lac)
MID14 (Blazar w. ξcr=3)

MID14 (Blazar w. ξcr=50)

Standard diffuse ν predictions 

IC-79/86 
prelim. 

- Very hard spectra: a general trend of one-zone models  
- Many of them (including a leptonic-hadronic model) are excluded by IceCube 

ruled out 
by IceCube 
(6-yr EHE) 

KM, Inoue & Dermer 14 



Controversy: Blazars as the Origin of IceCube’s Neutrinos? 

FERMI blazar stacking results 

X No significant excess 
X The smallest p-value is 6% for the "All 2LAC Blazar" 

30 

IceCube Diffuse flux 

Upperlimits on diffuse flux contribution assuming parameterization in ApJ 720:435 (2010) 

NO! 
- Comparison w. FSRQs’ γ-ray bkg. (Ajello+ 13 ApJ) 

  → average ratio: Lν/Lγ~0.1 (for all-flavor Lν) 
- Blazars are rare objects in the Universe 
  Lγ/Lν~0.1 → nearby blazars should be seen 
                      but unobserved  
- Some model-dependence but quite reasonable  
  (e.g., power-law assumption,  
           γ-dim population of blazars) 
 
 

IceCube 15 
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Figure 1: a) �-ray light curve of PKS B1424�418. The Fermi/LAT data are shown as two-week binned

photon fluxes between 100 MeV and 300 GeV (black), the Bayesian blocks light curve (blue), and the IC 35

time stamp (red line). The first three years of IceCube integration (2010 May through 2013 May) and the

included outburst time range are highlighted in color. b) TANAMI VLBI images of PKS B1424�418. The

images show the core region at 8.4 GHz from 2011 Nov, 2012 Sep and 2013 Mar in uniform color scale.

1 mas corresponds to about 8.3 pc. All contours start at 3.3mJy beam�1 and increase logarithmically by

factors of 2. The images were convolved with the enclosing beam from all three observations of 2.26mas⇥

0.79mas at a position angle of 9.5�, which is shown in the bottom left. The peak flux density increases from

1.95 Jy beam�1 (2011 Apr) to 5.62 Jy beam�1 (2013 Mar).
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YES! 
- Three PeV events may be associated with  
  distant blazars 
- Low significance 
  (~2σ association of the 2 PeV event w. a FSRQ ) 
- Association w. a HESE event can be explained 
  if Lγ~Lν  

Figure 14 Event display showing Big Bird, with 378 optical modules hit. Each sphere shows
a hit optical module. The size of the spheres shows the number of photoelectrons observed by
the DOM, while the color indicates the time, with red being earliest, and blue latest. Figure
courtesy of the IceCube Collaboration.

rays, including the watershed discoveries of antimatter, the pion, the muon, the kaon, and
several other particles. In this article, we have both reviewed the nascent field of cosmic
neutrino astronomy and considered some of the potential ways CR science will once again
point the way in the quest to understand Nature at its most fundamental.
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big bird (2 PeV) 

Krauss+ 15 
Nature Phys. 

(IceCube 15, Wang & Li 15, KM & Waxman 16) 

(Padovani & Resconi 14, Krauss+ 15) 



Astrophysical Extragalactic Scenarios 

p+γ→ Nπ + X

Active galactic nuclei γ-ray burst

Eν

E2 Φ  

ν  

0.1 TeV PeV 

p+ p→ Nπ + X

Galaxy group/clusterStarburst galaxy

Eν

E2 Φ  

ν  

0.1 TeV PeV 

CR 

CR 

Cosmic-ray Accelerators 
(ex. UHECR candidate sources) Cosmic-ray Reservoirs 

obs. photon spectra 
& source size 

gas density & 
source size 

 Eν ~ 0.04 Ep: PeV neutrino ⇔ 20-30 PeV CR nucleon energy   

sν~sCR sν≠sCR 

accretion to 
massive black hole 

core-collapse of  
massive stars 

high star-formation  
→ many supernovae 

gigantic reservoirs w.  
AGN, galaxy mergers  

Φ∝E-s 



Cosmic-Ray Reservoirs 
Galaxy clusters/groupsStarburst galaxies

CR confinement  

target gas

magnetized region w. CR sources 

CR p 
νµ

νe

e-

µ+

π+
νµ

νe

e+

n 
p 

supernovae 
γ-ray bursts 
active galaxies 

galaxies 
active galaxies 
galaxy mergers 
accretion shocks 

“cosmic-ray 
reservoirs” 

low-energy CRs are  
confined by magnetic fields 

        kpc 
B~0.1-1 mG 

       Mpc 
B~0.1-1 µG 

sufficiently high-energy CRs 
escape without interactions 

ν, γ

CR Loeb & Waxman 06 
KM, Inoue & Nagataki 08 



Points of CR Reservoir Models 
•  Some contributions must exist: very natural 

(galaxies contain CRs & gamma rays are detected) 

•  Predicted before IceCube’s discovery 
(a multi-PeV break/cutoff has been expected)  

•  “Unification” of multi-messengers is possible 
 

Issue: tension w. Fermi gamma-ray limits? 
           relevance of  “low-energy excess problem” 
            

(Berezinsky et al. 97, Loeb & Waxman 06, KM et al. 08 ApJ, Kotera, Allard, KM et al. 09) 

(KM, Ahlers & Lacki 13, Katz et al. 13, Dado & Dar 14, KM & Waxman 16) 

(KM, Ahlers & Lacki 13, Senno, Meszaros, KM+ 15 
 KM, Guetta & Ahlers 16, Ando, Tamborra & Zandanel 16, Bechtol+ 16) 
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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 

3

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 

IceCube 

IceCube 

galaxy group/cluster 
CR sources: AGN, galaxy mergers, virial shocks 

CR sources: hypernovae, GRBs, AGN 

starburst galaxy 

IceCube 

Kotera, Allard, KM, Aoi, Dubois, 
Pierog & Nagataki 09 
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Inelastic pp Neutrinos from CR Reservoirs 

•  Explain >0.1 PeV ν data with a few PeV break (theoretically predicted)  

KM, Ahlers & Lacki 13 PRDR 
updated @ Neutrino 2014 

diffuse ν bkg. 
diffuse γ-ray bkg, 

diffusive escape of CRs 

Unification of neutrinos and gamma rays 
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Inelastic pp Neutrinos from CR Reservoirs 

•  Explain >0.1 PeV ν data with a few PeV break (theoretically predicted) 
•  Escaping CRs may contribute to the CR flux (theoretically predicted) 

Grand-unification of neutrinos, gamma rays & UHECRs 
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KM & Waxman 16 
see also Katz et al. 13 

※cosmogenic ν flux does not violate the latest EHE limit by IceCube 
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Neutrinos from Dark Reservoirs 

•  Galactic: γ → direct (w. some attenuation), e± → sync. + inv. Compton 
•  Extragalactic → EM cascades during cosmological propagation 

Quasi-isotropic emission from the Galactic halo (e.g., DM) can be constrained 

KM, Laha, Ando & Ahlers 15 PRL 

DM → νe+νe (12%) 
DM → b+b (88%) 

ex. Feldstein et al. 13,   
      Esmaili & Serpico 13,  
      Higaki+ 14, Fong+ 15,  
      Bai+ 14, Rott+ 15 

(similar results in other  
models that are proposed)   



•  intracluster gas density 
    n~10-4 cm-3, a fewx10-2 cm-3 (center) 
•  CR accelerators 

AGN (~a few), galaxy mergers, 
normal galaxies (~100-1000) 
UHECR acceleration possible in AGN 

•  accretion shocks 

Galaxy Groups and Clusters: Basics  

cluster energetics  

pp efficiency 
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Lac ≈ (Ωb/Ωm)GMṀ/rvir ≃ 0.9× 1046 erg s−1 M5/3
15

Qcr ∼ 1.0× 1047 erg Mpc−3 yr−1 ϵcr,−1Lac,45.5ρGC,−5

εmax
p ≈ (3/20)(Vs/c)eBrsh ∼ 1.2 EeV B−6.5Vs,8.5M

1/3
15

tdiff ≈ (r2vir/6D) ≃ 1.6 Gyr ε−1/3
p,17 B1/3

−6.5(lcoh/30 kpc)−2/3M2/3
15

tdiff = tinj

εbp ≈ 51 PeV B−6.5(lcoh/30 kpc)−2M2
15(tinj/2 Gyr)−3

fpp ≈ κpσppnctint ≃ 0.76× 10−2 gn̄−4(tint/2 Gyr)

Qcr ∼ 8.5× 1045 erg Mpc−3 yr−1 ϵcr,−1ϱSFR,−2

εmax
p ≈ (3/20)(Vej/c)eBRSed ≃ 3.1 PeVB−3.5E

1/3
ej,51V

1/3
ej,9 n

−1/3

tpp = tdiff

εbp ≈ 21 PeV D−3
0,26Σ

3
g,−1(h/kpc)

3

tadv = tdiff

εbp ≈ 15 PeV D−3
0,26V

3
w,7.5(h/kpc)

3

tesc ≈ tadv ≈ h/Vw ≃ 3.1 Myr (h/kpc)V −1
w,7.5

fpp ≈ κpσppnctesc1.1 Σg,−1V
−1
w,7.5(tesc/tadv)

[1] K. Murase, Phys. Rev. Lett. 103, 081102 (2009).

Physical Review Letters

Kohta Murase1
1Yukawa Institute for Theoretical Physics,
Kyoto University, Kyoto, 606-8502, Japan

(Dated: February 15, 2014)

PACS numbers: 98.70.Rz, 11.30.Cp, 98.70.Sa

E2
νΦν ≈

ctH
4π

[

fmes

4
ε2pqp(εp)

]

fz (1)

fz =

∫

dz
1+z |

dt
dz |qp(z)

tHqp
(2)

30(r/1013 cm)
−1

! (B/G) ! 107(Γj/100) (3)

ε2νΦν =
c

4π

∫

dz

∣

∣

∣

∣

dt

dz

∣

∣

∣

∣

ε2νqν(εν)F (z) (4)

EB ≈
3

5

GM2
ns

Rns
∼ 3× 1053 erg (5)

N ∼ (ενΦε)σνN (2πNAρV )

≃ 10 yr−1

(

ε2νΦε

10−8 GeV cm−2 s−1 sr−1

)(

V

km3

)

Qcr ∼ 3.2× 1046 erg Mpc−3 yr−1 ϵcr,−1Lj,45ρGC,−5
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AGN energetics  

[39], we have "max
p ! ð3=20ÞðVs=cÞeBrsh $ 1:2 EeVB%6:5

Vs;8:5M
1=3
15 [40] that can exceed 100 PeV.

While CRs are injected by multiple AGN and/or IGSs
for tinj$ a few Gyr, the confined CRs produce neutrinos
with hard spectra (even after tdyn ! rsh=Vs for an IGS). For

100 PeV protons to be confined in GCs, the coherence
length of lcoh * 0:34 kpcB%1

%6:5"p;17 is needed. Assuming
the Kolmogorov turbulence with lcoh $ 10–100 kpc

[39], we have the CR diffusion time, tdiff ! ðr2vir=6DÞ ’
1:6 Gyr "%1=3

p;17 B1=3
%6:5ðlcoh=30 kpcÞ%2=3M2=3

15 , which gives

"bp!51 PeVB%6:5ðlcoh=30 kpcÞ%2M2
15ðtinj=2GyrÞ%3 from

tdiff ¼ tinj. The confinement of CRs with & "bp $
100 PeV can lead to hard spectra at & "b! $ 0:04"bp $
2 PeV, while CRs with * "bp escape into extracluster
space, making neutrino spectra steeper at * "b!.

Using typical intracluster densities !n$ 10%4 cm%3

[26,36], with a possible enhancement factor g$ 1% 3
[26,41], we get fpp ’ 0:76' 10%2 g !n%4ðtint=2 GyrÞ.
Then, we achieve E2

!"!i
$10%9–10%8 GeVcm%2 s%1 sr%1,

which can explain the INB flux [43]. A neutrino break
naturally arises from tdiff ¼ tinj. Or, it may come from a

broken power-law CR injection spectrum [44,45] that has
been suggested to explain CRs above 100 PeV [11,45].

B. Star-forming galaxies

SFGs contain many supernova (SN) remnants that
are promising CR accelerators. Their CR budget is
Qcr $ 8:5' 1045 ergMpc%3 yr%1 "cr;%1%SFR;%2 [46].
The star-formation rate is %SFR $ 10%2M( Mpc%3 yr%1

for main-sequence galaxies (MSGs) and %SFR $
10%3M( Mpc%3 yr%1 for SBGs [47]. At the Sedov radius

RSed, the proton maximum energy is "max
p ! ð3=20Þ'

ðVej=cÞeBRSed ’ 3:1 PeVB%3:5E
1=3
ej;51V

1=3
ej;9n

%1=3, where Eej

and Vej are the ejecta energy and velocity. SN shocks or

their aggregation can achieve the knee energy when B is
high enough (e.g., [34,48,49]). The Galactic CR spectrum
is dominated by heavy nuclei above the knee, so SFGs
cannot explain the INB at * 0:1 PeV unless CRs are
accelerated to higher energies in other galaxies. But higher
values B$ 1% 30 mG indicated in SBGs [50] potentially
give "max

p $ 100 PeV. Also, "max
p * 100 PeV is expected

for powerful supernovae (SNe) including hypernovae and
transrelativistic SNe [51]. Their fraction is typically a few
percent of all SNe, but we note that they could be more
common at higher redshifts and may contribute to the INB.

Nearby SBGs like M82 and NGC 253 have a column
density of #g $ 0:1 g cm%2 and a scale height of h$
50 pc [49], while high-redshift starbursts in submillimeter
galaxies have #g $ 1 g cm%2 and h$ 500 pc [52], imply-
ing !n ! #g=ð2hmpÞ $ 200 cm%3. High-redshift MSGs
have #g $ 0:1 g cm%2 and h$ 1 kpc [53], implying
!n$ 10 cm%3. At low energies, CRs are confined in the

starburst-driven wind (with its velocity Vw) and advection
governs escape, tesc!tadv!h=Vw’3:1Myr ðh=kpcÞV%1

w;7:5.

Comparing with the pionic loss time tpp !
2:7 Myr#%1

g;%1 ðh=kpcÞ gives fpp ! 1:1#g;%1V
%1
w;7:5ðtesc=

tadvÞ. Therefore, CRs are significantly depleted by meson
production during their advection [13,49]. At higher
energies, the diffusive escape becomes important [54].
The confinement of 100 PeV protons requires the critical
energy of "c ¼ eBlcoh > 100 PeV, leading to lcoh *
0:34 pcB%1

%3:5"p;17. The diffusion coefficient at "c is Dc ¼
ð1=3Þlcohc, below which D ¼ Dcð"p="cÞ# (for #$ 0–1).
Then, we have limits of tdiff & 7:2 MyrB%1

%3:5 ðh=kpcÞ2 at
100 PeV and D0 * 2:3' 1025 cm2 s%1 for D ¼ D0ð"p=
GeVÞ1=3 in the Kolmogorov turbulence. The diffusion time

is tdiff ! ðh2=4DÞ ’ 1:6 MyrD%1
0;26"

%1=3
p;17 ðh=kpcÞ2, giving

"bp ! 21 PeVD%3
0;26#

3
g;%1ðh=kpcÞ3 (for tpp < tadv) or "

b
p !

15 PeVD%3
0;26V

3
w;7:5ðh=kpcÞ3 (for tadv < tpp).

If proton calorimetry largely holds [55], MSGs and
SBGs may have E2

!"!i
$ 10%9–10%7 GeV cm%2 s%1 sr%1,

sufficient for the INB flux [13]. A break could come from
tdiff ¼ tpp or tdiff ¼ tadv. But we may simply expect a PeV
cutoff due to "cut! $ 0:04"max

p for "max
p $ 100 PeV (e.g., by

hypernovae), where the locally observed CRs above
$100 PeV would have different origins.

IV. SUMMARYAND DISCUSSION

A crucial step towards revealing the origin of the IceCube
signal is the discrimination between pp and p$ scenarios.
For pp scenarios, combing the new IceCube and recent
Fermi data leads to strong upper limits on $ and lower limits
on the diffuse IGB contribution. The results are largely
independent of source models, redshift evolution, and the
existence of a multi-PeV neutrino break/cutoff. They are the
first strong constraints with themeasured neutrino and $-ray
fluxes. Further multimessenger studies in the near future can
test the pp scenarios by (a) determining $ by sub-PeV
neutrino observations with IceCube, (b) improving our
knowledge of the sub-TeV diffuse IGB, and (c) observing a
number of the bright individual sources that should have hard
spectra, by TeV $-ray observations especially with CTA.
Also, IceCube may detect nearby GCs via stacking [26],
giving another test of the IGS scenario, while it seems
difficult to see individual SFGs [49].
We considered the origin of a possible break/cutoff,

which is favored by the present data since pp scenarios
require $ & 2:1–2:2. If it is real, it may provide clues to
sources of observed CRs. Neutrino sources are not neces-
sarily related to such sources due to the low maximum
energy, severe CR depletion, and intervening magnetic
fields. But, as suggested in [11,45], some models for
observed CRs can have soft spectra of escaping CRs at
*100 PeV and hard neutrino spectra below PeV.
Our results are useful for constructing specific source

models. For example, if the INB is explained by hypernovae
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8. Summary and conclusion

The two-dimensional shower size spectrum of charged particles
and muons measured with KASCADE-Grande was unfolded. Based
on this analysis, the energy spectra for five primaries representing
the chemical composition of cosmic rays have been determined, as
well as the all-particle spectrum which is the sum of the elemental
spectra. For this analysis, the response matrix of the experiment
was computed based on the hadronic interaction models QGSJET-
II-02 [12,13] and FLUKA 2002.4 [14–16].

The all-particle spectrum, which suffers in this work from
uncertainties of the contributing elemental spectra and which is
structureless within the given uncertainties, agrees with that
determined in an alternative analysis of the KASCADE-Grande data
[10], where a small break-off at about 80 PeV was found.18 Further-
more, both KASCADE-Grande all-particle spectra are compatible
with the findings of most of the other experiments.

The unfolded energy spectra of light and intermediate primaries
are rather featureless in the sensitive energy range. There are slight
indications for a possible recovery of protons at higher energies,
which is, however, statistically not significant. But, this finding
would agree with the one in [31] where a significant hardening
in the cosmic ray spectrum of light primaries was observed.

The spectrum of iron exhibits a clear knee-like structure at
about 80 PeV. The position of this structure is consistent with that
of a structure found in spectra of heavy primaries determined by
other analysis methods of the KASCADE-Grande data [3]. The en-
ergy where this knee-like structure occurs conforms to the one
where the break-off in the all-particle spectrum is observed. Hence,
the findings in this work and in [3] demonstrate the first time
experimentally that the heavy knee exists, and the kink in the
all-particle spectrum is presumably caused by this decrease in
the flux of heavy primaries. The spectral steepening occurs at an

energy where the charge dependent knee of iron is expected, if the
knee at about 3 PeV to 5 PeV is assumed to be caused by a decrease
in the flux of light primaries (protons and/or helium).

However, there is still uncertainty about whether the applied
interaction models, especially the high energy one QGSJET-II-02,
are valid in all the details. As demonstrated in [2], it is expected
that variations in the interaction models primarily affect the rela-
tive abundances of the primaries, and hence assign possible struc-
tures given in the data to different mass groups, while the
structures themselves are rather model independent. Although it
was shown that the interaction models used do not seem to exhibit
significant weaknesses in describing the data, more certainty can
be expected in the near future, when man-made particle accelera-
tors like the LHC reach laboratory energies up to some hundred
PeV, and hence allow to optimize the interaction models in an en-
ergy range relevant for KASCADE-Grande.
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Appendix A. KASCADE data unfolding based on QGSJET-II

In Fig. 11, the results obtained by an unfolding analysis applied
to air showers measured with the KASCADE experiment [8] in the
zenith angle range of 0! to 18! are depicted. In this appendix, we
will discuss briefly the main findings of the corresponding analysis,
while details can be found in [32]. The analysis is based on the
same method of data unfolding and the same hadronic interaction
models (QGSJET-II-02 [12,13] and FLUKA 2002.4 [14–16]) as the
work described in this paper. But, instead of the total number of
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Fig. 11. The all-particle spectrum obtained in this work based on an unfolding of KASCADE-Grande measurements, and the spectrum obtained in [32] based on an unfolding
of KASCADE measurements (see Appendix A), are compared to spectra determined by other analysis methods of our collaboration [10] or other experiments (see legend for
references). Additionally shown are some elemental spectra representing different mass groups (see legend). The error bars denote statistical uncertainties, error bands the
systematic ones (the latter ones are only shown for the results of this work, as well as for the results obtained by the alternative analysis methods of our collaboration [10]).

18 In the energy range from 1 PeV to some hundred PeV, this break-off in the all-
particle spectrum is the second one besides the one at about 3 PeV to 5 PeV reported
in [32] based on KASCADE data an using also QGSJET-II-02 as interaction model.
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Diffusion Break & Second Knee 
-  Maximum energy of CRs is expected to be high enough    

(which is not the case in normal/starburst galaxies) 
-  Big! → confining CRs is easy (E<eBR~1021 eV)  

CR diffusion time 
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Lac ≈ (Ωb/Ωm)GMṀ/rvir ≃ 0.9× 1046 erg s−1 M5/3
15

Qcr ∼ 1.0× 1047 erg Mpc−3 yr−1 ϵcr,−1Lac,45.5ρGC,−5

εmax
p ≈ (3/20)(Vs/c)eBrsh ∼ 1.2 EeV B−6.5Vs,8.5M

1/3
15

tdiff ≈ (r2vir/6D) ≃ 1.6 Gyr ε−1/3
p,17 B1/3

−6.5(lcoh/30 kpc)−2/3M2/3
15

tdiff = tinj

εbp ≈ 51 PeV B−6.5(lcoh/30 kpc)−2M2
15(tinj/2 Gyr)−3

εbν ≈ 0.04εbp ≃ 2.0 PeV B−6.5(lcoh/30 kpc)−2M2
15(tinj/2 Gyr)−3

fpp ≈ κpσppnctint ≃ 0.76× 10−2 gn̄−4(tint/2 Gyr)

Qcr ∼ 8.5× 1045 erg Mpc−3 yr−1 ϵcr,−1ϱSFR,−2

εmax
p ≈ (3/20)(Vej/c)eBRSed ≃ 3.1 PeV B−3.5E1/3

ej,51V
1/3
ej,9 n

−1/3

tpp = tdiff

εbp ≈ 21 PeV D−3
0,26Σ

3
g,−1(h/kpc)

3

tadv = tdiff

εbp ≈ 15 PeV D−3
0,26V

3
w,7.5(h/kpc)

3

tesc ≈ tadv ≈ h/Vw ≃ 3.1 Myr (h/kpc)V −1
w,7.5

fpp ≈ κpσppnctesc ≃ 1.1 Σg,−1V
−1
w,7.5(tesc/tadv)

RSed =

(

3Mej

4πn

)1/3

≃ 2.1 pc M1/3
ej,⊙n

−1/3
0

tSed ≃ 200 yr E−1/2
ej,51 M5/6

ej,⊙n
−1/3
0

Apel et al. 13 APh 

- CR break compatible w. 2nd knee 
- Escaping CRs naturally contribute to  
  the observed CR flux above 2nd knee 

ν break 



No. 2, 2008 COSMIC RAYS AND NEUTRINOS FROM CLUSTERS OF GALAXIES L107

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-

Galaxy Clusters/Groups, CRs, νs 

•  Consistent w. obs. & a multi-PeV break was predicted 
•  No firm gamma-ray detection, low-mass clusters needed  
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Figure 11. Diffuse neutrino fluxes obtained with galaxy cluster density ns =
10−5 Mpc−3 and AGN cosmic-ray luminosity Lcr = 1045 erg s−1. A mixed
composition is injected at the center of the non cool core cluster with Bc = 1 µG
(red thick solid), and in cool core clusters with Bc = 30 µG (black thick solid),
Bc = 10 µG (black thin solid), Bc = 3 µG (black dotted), and without magnetic
field (green dash dotted). We also present the cases of a pure proton injection
at the center (blue long dashed) and a mixed composition injected at 100 kpc
from the center of a cool core cluster of Bc = 10 µG (pink solid).
(A color version of this figure is available in the online journal.)

(density, infrared background, and most of all magnetic field),
which is an impossible task seen our poor knowledge on the
origin and evolution of the extragalactic magnetic field. Our
calculations enables us to capture the essential features due
to key parameters, and to notice that all our fluxes lie around
the observable threshold of current and upcoming experiments.
Indeed, the differential sensibility of IceCube for diffuse fluxes
is of order 1.5 × 10−8 GeV s−1 cm−2 sr−1 for one year, which
leaves room for a positive detection of signals coming from
clusters of galaxies around 1 PeV. In this energy range, our fluxes
are above the expected cosmogenic neutrino fluxes because of
the magnetic confinement and enhanced baryon and photon
backgrounds in the cluster environment.

On the contrary for ultrahigh energies, cosmic rays are
not significantly confined; hence, we find that the neutrinos
produced inside the galaxy cluster by interactions with CMB
photons (for which we take into account the cosmological
evolution) only represent a fraction of the total cosmogenic
neutrinos and will thus be dominated by them.

It is interesting to notice the importance of the magnetic
confinement for the production of secondary neutrinos, as well
as the differences between cool core and non cool core clusters.
As we pointed out in the previous section, one should only
compare the non cool core case presented here with the cool
core case at Bc = 30 µG. It appears that the presence of the
magnetic field enhances the neutrino production of an order of
magnitude, but there is only a slight difference between the
various magnetic intensity and configurations. We note that
a pure proton composition leads to a similar neutrino flux as
compared to a mixed Galactic composition. The flux is actually
even slightly higher, as protons produce more neutrinos than
nuclei (see above) for the choices of astrophysical parameters
we have made. In the case of a pure proton composition, steeper
source spectral indexes would be required to fit the cosmic-ray
spectrum, which means that extremely large luminosities for

single source could be allowed (even too large to be realistic if
one assumes a single power law down to 109 eV). This argument
on the luminosities is usually alleviated by invoking a change
in the injected spectrum at some energy (see Berezinsky &
Gazizov 2007 and Murase et al. 2008a in the context of galaxy
clusters). As the fluxes again scale with Lcr × ns, an increase
in one of these parameters could enhance the neutrino rate.
One should yet remember that the cosmic-ray fluxes would
then be overproduced as compared to the observed data, as we
calculated in Section 4.1. The constraints imposed by the total
cosmic-ray flux on the diffuse neutrino flux are indeed quite
stringent. However, the dilution of the flux due to the limited
AGN lifetime can be used to justify an increase of the luminosity
by a factor tAGN/tcycle, where tcycle is the periodic duration of an
AGN cycle.

Our results are consistent with the analytical treatment of
Berezinsky et al. (1997)—and with the study of Murase et al.
(2008a) though they assumed different physical parameters. A
rough order of estimate on the neutrino flux Jν around PeV
energies in the case of a pure proton composition, assuming that
the hadronic interactions are the dominant interaction process
can be written (Murase et al. 2008a):

E2Jν(E) ∼ 0.7 × 10−11 GeV s−1 cm−2

×
(

fpp

2.4 × 10−3

) (
D

100 Mpc

)−2 (
Lcr

E,16

1043 erg s−1

)
, (1)

where D is the distance to the source, Lcr
E,16 = 1043 erg s−1 the

cosmic-ray luminosity at E = 1016 eV (corresponding roughly
to a value of Lcr

E,16 = 1045 erg s−1 for a minimum injection
energy of Emin = 109 eV, with spectral index 2.3), and fpp
the effective optical depth for the proton–proton interactions at
energy E ∼ 1016 eV. This latter quantity can be written: fpp =
0.8 σppnNctesc ∼ 2.4 × 10−3(nH/10−4.5 cm−3)(tesc/1 Gyr),
assuming a constant baryonic density, nH , and escape time, tesc,
throughout the cluster.

Our fluxes are lower than those calculated by de Marco et al.
(2006) in the energy range between 1016 and 1018 eV, and show
an overall difference in the shape of the energy spectrum. This
discrepancy stems mainly, as already mentioned in Section 2.3,
from their choice of very bright infrared galaxy SED (instead
of elliptical galaxy in the present study) to calculate the cluster
photon background. Furthermore, hadronic interactions were
not taken into account by de Marco et al. (2006).

The neutrino fluxes presented in Figures 9–11 do not take
into account the limited AGN lifetime and assume a permanent
emission regime. This is justified for the highest energy cosmic
rays that produce neutrinos through interactions with the CMB
photons and that are not trapped inside the cluster: neutrino
production in this case should thus happen quickly after the
injection. We checked that it is also the case for the relatively
lower energy particles. Indeed, most of the PeV energy neutrino
flux is produced in the central region of the cluster shortly after
injection.

4.3. Secondary Gamma Rays

Secondary gamma rays can also be a signature of the
propagation of ultrahigh energy protons or nuclei in clusters
of galaxies. As for the neutrinos, the simultaneous observation
of charged particles and of gamma-ray photons from a cluster
will depend on the duration of the life cycle of the source.

Very high energy charged and neutral pions are produced
via hadronic and photo-hadronic interaction processes. Neutral

Kotera, Allard, KM+ 09 ApJ 
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the thermal energy density, Xcr ≡ Ucr/Uth. Here Ucr is the energy density of CRs above
1GeV, whereas Uth = (3/2)[1 + (1 − 0.75xHe)/(1 − 0.5xHe)]ne(r)kTe(r) is the thermal
energy density [55, 56]. In another limit, active CR transport is relevant, and we assume
that CRs are homogeneously distributed over the virial radius.2 Such a situation may be
realized at sufficiently high energies, especially in the !TeV range. For example, ref. [37]
suggested such a homogeneous distribution with s ∼ 2.2 based on the radio and X-ray
connection. In particular, in the scenario where CRs are accelerated up to VHE or UHE
by accretion shocks [29, 44, 45], a CR population with a hard spectral index is expected,
though weak shocks would dominate the gravitational energy dissipation in GCs. Note that
the isobaric model can be regarded as an optimistic case in the sense that more gamma rays
and neutrinos are produced compared to the uniform model.

CRs are injected over a finite time, and spatial diffusion in GCs may lead to a break in
the CR spectrum. When acceleration widely happens in GCs (which is especially the case
for CRs produced by structure formation shocks), the spectral softening due to the diffusion
is relevant above the critical energy where the diffusion time is comparable to the injection
time [see, e.g., 29]. Even below the critical energy, when the cluster size is much larger than
that of CR accelerators, the diffusion can make the steady-state spectrum steeper by 1/3
for the Kolmogorov turbulence, i.e., s = sinj +1/3, though the spatially-integrated spectrum
may recover sinj. In particular, if CRs diffuse without significant cooling after injections by
a central point source such as AGN in the GC core, one obtains ncr ∝ r−1 if the steady state
is achieved [27, 46]. In this case, depending on the CR energy, the upper limit of integration
in eq. (2.10) should be rmax = min[rdiff , r∆c ], where rdiff ≡ vdifftinj is the length for CRs to
diffuse in the CR injection time tinj and vdiff is the diffusion velocity. We expect that the
realistic situation would be between these two limiting cases.

One purpose of this work is to demonstrate how we can constrain this parameter,
i.e., the total CR energy, in a less model-dependent way through high-energy neutrino
observations. The total CR energy can be related to the CR injection luminosity. For
accretion/merger shocks, the accretion luminosity is Lac ∼ 1045 − 1046 erg s−1 [36, 45], so
the CR injection luminosity can be Lcr ∼ 1045 erg s−1 if ∼ 10% goes to CRs. In addition,
some AGN such as Fanaroff-Riley (FR) II galaxies, may have such high CR luminosities,
and their luminosity could have been higher in the past. Supernova remnants may have a
comparable energy budget, although CRs may suffer from adiabatic losses. In any case, the
total CR energy stored in the GC is estimated to be

Ecr ∼ Lcr ×min[tinj, tdiff ]

≃ 1061.5 erg

(

Lcr

1045 erg s−1

)(

min[tinj, tdiff ]

Gyr

)

, (2.11)

where tinj is the CR injection timescale, which is typically order of ∼ 1 − 10 Gyr, and tdiff
is the CR diffusion timescale.

As in eq. (2.3), the intensity (per unit energy, area, time and solid angle) is given by

IE(Θ) =
1

4π(1 + z)2

∫ lmax

−lmax

dl nN (r)ncr(r)

∫

dE′
p

dScr

dE′
p

dσppξ

dE′
c (2.12)

where ξ is the effective multiplicity of gamma rays or electrons/positrons or neutrinos, c is the
relative velocity between an incident proton and a target nucleon, and the CR normalization

2See Model B in ref. [29]. Ref. [29] also considered the one-zone model by estimating the ICM density at
the shock radius (Model A), but the external shock radius may be rather large, ∼ 2rvir [38, 43].
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where R ≡ R(E) = (E2 dS

dE )
−1 ∫

dE (E dS
dE ) is the ratio of the bolometric flux to the

differential flux at E (see figures 1 and 2).
For CRs, eq. (2.12) leads to (for gamma rays or neutrinos)

E2FE ≈
1

8πd2
fpp

Lcr

Rcr
≈

1

8πd2
n̄Nκπσppc

Ecr
Rcr

≃ 1.5×10−10 GeV cm−2 s−1
( n̄N

10−4 cm−3

)

(

Ecr
1061 erg

)(

20

Rcr

)(

16 Mpc

d

)2

(2.16)

where Rcr ≡ Rcr(Ep) = (E2
p
dScr

dEp
)
−1 ∫

dEp (Ep
dScr

dEp
) and we assume that the gamma ray or

neutrino roughly carries a half the energy of the mesons. Since CRs are not depleted by the
pp reaction, the pp meson production efficiency is estimated to be fpp(Ep) ≈ n̄Nκπσppctint,
where κπσpp ≈ 10−26 cm2 is the effective cross section of meson production, and tint is the
interaction time of CRs. If CRs are trapped in GCs, we expect tint ≈ tinj, and the injection
timescale may be the dynamical timescale of accretion/merger shocks, or the cluster age if
CRs are continuously supplied by AGN inside the GC. If the CR escape becomes relevant,
we expect tint ≈ max[tdiff , r200/c], taking into account that the transport velocity is limited
by min[vdiff , c]. In the latter case, when the diffusion coefficient increases with energy,
gamma-ray and neutrino spectra become steeper than injection CR spectra.

From eqs. (2.15) and (2.16), dark matter and CRs may thus lead to comparable
energy fluxes, even though both cases are affected by astrophysical uncertainties. Both
predictions are not far from ranges of current and future experiments such as Fermi, CTA,
and IceCube/KM3Net.

Neutrinos reach Earth without attenuation. On the other hand, the fate of gamma rays
is significantly affected by electromagnetic processes inside and outside the GCs. GCs typi-
cally have magnetic fields ∼ 1− 10 µG around the cluster center, while ∼ 0.1− 1 µG in the
cluster outskirts [see, e.g., 80, 81, and references therein]. Since the Larmor radius of elec-
trons/positrons is typically small enough, pairs produced in the GCs are trapped in the GCs,
and lose their energies via the inverse Compton (IC) and synchrotron emissions.3 Sufficiently
high-energy gamma rays may also generate pairs via pair creation with low-energy photons,
since the mean free path of gamma rays for the cosmic microwave background (CMB) is less
than ∼ Mpc at energies from ∼ 100TeV to ∼ 3 EeV. As a result, IC emission is typically
expected at Ebr

γ ≈ (4/3)γ2eεCMB ≃ 3.4 GeV (γe/106)
2
, where εCMB is the typical CMB energy

and γe is the electron/positron Lorentz factor. Then, attenuated and cascaded gamma rays
leave the GCs. They may be further affected in intergalactic space. What happens highly
depends on uncertain intergalactic magnetic fields for whether the intergalactic cascade com-
ponent contributes to the observed emission. To be conservative, we only take into account
attenuation by the extragalactic background light (EBL) [see 83, and references therein].

In this work, the spectrum of cascaded gamma rays inside the GC is numerically ob-
tained by solving the following Boltzmann equations,

∂Nγ

∂t
= −NγRγγ −

Nγ

tesc
+

∂N IC
γ

∂t
+

∂N syn
γ

∂t
+Qinj

γ , (2.17)

∂Ne

∂t
=

∂Nγγ
e

∂t
−NeRIC +

∂N IC
e

∂t
−

∂

∂E
[PsynNe] +Qinj

e , (2.18)

3At UHE, the Larmor radius of pairs is rather large, and the synchrotron cooling length becomes much
shorter. Then, the “synchrotron pair halo/echo” emission can be expected [82].
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Figure 15. Forecasted neutrino constraints on the total CR energy, Ecr, for five nearby GCs. The
uniform CR distribution is assumed. The Virgo cluster gives the most stringent constraint. The
shaded region indicates the typical total CR energy required in the scenario where GCs contribute to
the observed CR flux.
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Figure 16. Forecasted neutrino constraints on the CR energy fraction in the isobaric model, Xcr, for
five nearby GCs. The CR distribution is assumed to trace the thermal energy distribution. One sees
that the Perseus cluster gives the most stringent constraint.

energy in the PeV range is so small that the neutrino constraints should be weak. One sees
that the Virgo cluster gives the most stringent neutrino constraint, Ecr ! 1062 erg for s = 2.

Neutrinos with ∼ PeV energies are produced by protons with ∼ 30 PeV [29]. Although
it might be difficult to trap such high-energy CRs in GCs, it is useful to consider the isobaric
model as an optimistic case. In this case, CRs are more clustered around the GC center, so
the neutrino flux is enhanced for the same total CR energy. In figure 16, we show forecasted
neutrino constraints on the CR energy fraction in the isobaric model, Xcr. More massive
GCs are expected to be larger energy reservoirs and the neutrino flux is proportional to n2

N
rather than nN , so the order among the five clusters changes from that in figure 15. One sees
that the Perseus cluster gives the most stringent neutrino constraint, Xcr ! 0.03 for s = 2.
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IceCube 5yr IceCube started to constrain  
the relevant parameter space! 
(seen in the IceCube point source paper 2014) 
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Figure 18. The same as figure 17, but for the Virgo cluster. For comparison, we overlay future
gamma-ray constraints that can be placed by CTA (thin dotted curve).

density of GCs with masses above 1015M⊙ is ngc ≈ 3×10−6 Mpc−3 [e.g., 108], but it becomes
ngc ≈ a few ×10−5 Mpc−3 for masses above 5 × 1014M⊙.5 For GCs hosting AGN, only a
fraction of GCs (and galaxy groups) would have powerful AGN, and ngc ∼ 10−5 Mpc−3 is
used in ref. [46]. Then, taking into account the luminosity of CRs above 1017 eV is smaller
than that above GeV by ∼ 5− 1000 (for s ∼ 2− 2.4), the energy budget of VHECRs may be

Lvhecrngc ≈ 3.2× 1045 erg Mpc−3 yr−1

(

Lvhecr

1043 erg s−1

)(

ns

10−5 Mpc−3

)

, (3.2)

which can be comparable to the energy budget of observed CRs above ∼ 1017 eV,
Qvhecr ≈ 3× 1045 erg Mpc−3 yr−1. Then, the diffuse neutrino background flux can be order
of E2

νΦν ∼ 10−9 − 10−8 GeV cm−2 s−1 sr−1, which could be seen by IceCube/KM3Net [29].
Next we briefly consider implications of future neutrino constraints on individual

clusters. For example, for s = 2.25, the luminosity of injected CRs above above 1017 eV,
Lvhecr = 1043 erg s−1, corresponds to Lcr ≈ 1045 erg s−1. For s = 2 below 1017 eV and
s = 2.5 above 1017 eV [29], the corresponding luminosity becomes Lcr ≈ 1044 erg s−1. Then,
through eq. (2.11), the total CR energy amount may be Ecr ≈ 1060.5 − 1062.5 erg (see shaded
areas in figure 15, 17–19). Although details depend on the history of CR acceleration and
escape properties, this implies that neutrino observations could test scenarios such that GCs
contribute to the observed CR flux below the ankle. Note that only optimistic cases would
be probed by IceCube/KM3Net via the search for individual steady sources, but stacking
analyses can improve the situation. In addition, the diffuse background flux limit would
give powerful and useful constraints [29].

In figure 19, we show the case of lower and higher values of the proton maximum
energy. For lower maximum energies, the constraint becomes weaker, since the atmospheric
neutrino background gets more important. For higher maximum energies, the constraint
does not change in the interesting range of the spectral index, s ! 2, since the neutrino flux
at sufficiently high energies is almost the same. Note that, when the maximum energy is
high enough, the constraint for s " 2 is optimistic due to severe attenuation in Earth.

5Hence the prediction for individual GCs given by ref. [29] is affected by the minimum mass of GCs that
contribute to the observed CR flux, while the diffuse neutrino background prediction does not change much.
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models have to be consistent 
with non-detection by Fermi 
(but connection to the diffuse    
 flux is actually not trivial)  

KM & Beacom 13 JCAP 

KM, Asano & Inoue 08 IJMPD 

IceCube 5yr 

Fermi 

Virgo 
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Application to Dark Matter 
•  Clusters are also storage rooms of dark matter (DM) 

galaxies M31 [75], Large Magellanic Cloud (LMC) [76],
and Small Magellanic Cloud [77] are considered. The
signal is stronger for objects with larger Mdm=d2, where
Mdm is the dark matter halo mass and d is the distance.
Virgo, Fornax, M31, and LMC are of particular interest,
and they have Mdm=d2 ∼ a few × 1013M⊙ Mpc−2. The
IceCube observatory has its highest sensitivity for point
source emission in the Northern Hemisphere utilizing up-
going muon neutrino events. For this reason we focus our
following discussion on Virgo and M31. Note, however,
that a proposed km3 scale neutrino telescope like KM3Net
[78] in the Mediterranean Sea should be helpful for
neutrino observations from Fornax and LMC in the
Southern Hemisphere. Although we numerically evaluate
signal fluxes, for example, the muon neutrino flux is
estimated to be

E2
νϕνμ ≈

1

12πd2
Mdmc2

τdmRν

≃ 1.3 × 10−10 GeV cm−2 s−1 τ−1dm;27.5ðRν=15Þ−1

×
!

Mdm

5 × 1014M⊙

"!
d

16 Mpc

"−2
; ð2Þ

for the Virgo cluster. Then, following Refs. [55,79],
we calculate detection rates of through-going muon tracks
within a maximal angular range Δθmax ≃max½Δθres;
0.5°ðEν=TeVÞ−1=2$, where the angular resolution is set to
Δθres ¼ 0.5° for IceCube [73] and the second term is due to
the intrinsic uncertainty from the kinematics of the inter-
action. Although the astrophysical background [70] is
accounted for, the atmospheric backgrounds (that are taken
from Refs. [80–82]) are more relevant in our case. If a
source is extended, ϕνμ can be regarded as the flux
integrated over the source extension. But the backgrounds
also increase, so optimization maximizing the signal-to-
background ratio is possible [56,83]. Since dark matter
substructures do not play a relevant role for the decay
scenario, the simple point source search is reasonable. Our
results are conservative since the limits can be improved by
analyzing starting muon tracks and/or neutrino-induced
showers for extended sources.
In Fig. 4, we show forecasted limits that can be placed by

searches for muon neutrinos from Virgo and M31. For
simplicity, we assume that a next-generation IceCube-Gen2
detector has an effective point-source sensitivity that is
about 5 times better than IceCube, due to the combination
effect of enhanced effective area and event reconstruction
[84]. We assume that this detector would be fully opera-
tional after the deployment season of 2019 or 2020, i.e., ten
years after IceCube has reached its full fiducial volume,
although quantitative results might be affected by details of
the detector configuration. The 90% C.L. limits are
obtained based on Ref. [85]. Note that, although stacking
analyses for nearby sources could improve limits in

principle, we find that including objects with Mdm=d2 ≪
1013M⊙ Mpc−2 does not help in our case. Their individual
neutrino fluxes are too low, making the overall signal-to-
background ratio worse. One sees the present IceCube is
not large enough to test the VHDM scenario requiring
τdm ∼ ð3–6Þ × 1027 s, even with twenty years of opera-
tions. We need a better angular resolution, with which we
can put crucial constraints in several years. This conclusion
will hold for cored profiles even if the J factor is reduced
by a factor of 2. Nondetections will rule out the VHDM
scenario independently of the other limits, while positive
detections may be supportive or suggest other astrophysical
scenarios [9].
Summary and discussion.—The discovery of cosmic

neutrinos opens up a new window to probe new physics
beyond the Standard Model, such as neutrino self-
interactions [79,86–90] and Lorentz-invariance violation
[91–93]. The VHDM scenario has been considered as an
explanation for the cosmic neutrinos. We considered two
critical tests that are feasible with current and near-future
γ-ray detectors and next-generation neutrino telescopes.
(1) The proposed VHDM models predict the diffuse γ-ray
background that is compatible with the Fermi data. The
marginal consistency implies that they can be ruled out or
supported by improving the data, decomposing the sub-
TeV background, and finding anisotropy increasing as
energy. Note that the latest results of the IceCube
Collaboration indicate a softer neutrino spectrum with
the higher intensity in the ∼30 TeV energy range
[70,71], which would increase the tension with γ-ray

FIG. 4 (color online). Muon neutrino limits on the VHDM
scenario, expected for the Virgo cluster and M31. We consider the
ES13 model (solid line), RKP14 model (dotted line), and HKS14
model (dot-dashed line), and VHDM lifetimes explaining the
cumulative neutrino background are indicated by the shaded
region. We assume through-going muon tracks seen in IceCube
(thick line) and a next-generation detector like IceCube-Gen2
(thin line) with a relative improvement of the sensitivity by a
factor of 5. The VHDM scenario can be ruled out or supported in
three to five years after IceCube-Gen2.
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τdm ~ a fewx1027 s  
needed in the DM decay scenario 
 
nearby DM halos (galaxies, clusters) 
enable us to test DM models 

KM, Laha, Ando & Ahlers 15 PRL 

Warren, Abazajian, Holz & 
Teodoro 06 ApJ 

flux ∝ Mdm/D2   
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Figure 15. Forecasted neutrino constraints on the total CR energy, Ecr, for five nearby GCs. The
uniform CR distribution is assumed. The Virgo cluster gives the most stringent constraint. The
shaded region indicates the typical total CR energy required in the scenario where GCs contribute to
the observed CR flux.
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Figure 16. Forecasted neutrino constraints on the CR energy fraction in the isobaric model, Xcr, for
five nearby GCs. The CR distribution is assumed to trace the thermal energy distribution. One sees
that the Perseus cluster gives the most stringent constraint.

energy in the PeV range is so small that the neutrino constraints should be weak. One sees
that the Virgo cluster gives the most stringent neutrino constraint, Ecr ! 1062 erg for s = 2.

Neutrinos with ∼ PeV energies are produced by protons with ∼ 30 PeV [29]. Although
it might be difficult to trap such high-energy CRs in GCs, it is useful to consider the isobaric
model as an optimistic case. In this case, CRs are more clustered around the GC center, so
the neutrino flux is enhanced for the same total CR energy. In figure 16, we show forecasted
neutrino constraints on the CR energy fraction in the isobaric model, Xcr. More massive
GCs are expected to be larger energy reservoirs and the neutrino flux is proportional to n2

N
rather than nN , so the order among the five clusters changes from that in figure 15. One sees
that the Perseus cluster gives the most stringent neutrino constraint, Xcr ! 0.03 for s = 2.
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What’s Next?: Need to Identify the Sources 
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Summary

> Neutrinos and gamma rays are indeed complementary messengers. They probe
▪ different high-energy interactions.
▪ different energy regimes.
▪ different distance regimes.

> The correlations between the two messengers can be used to understand the high-
energy emission of various source populations better.
▪ Galactic high-energy ! sources compatible with "-ray data, but no identification yet.
▪ LAT Blazars contribute less than 20% to the diffuse !-flux.
▪ Extragalactic p-p scenarios (like star-forming galaxies) problematic.
▪ No coincidence with GRBs detected yet.

> New instruments proposed  
promise a bright future.

31

ASTROGAM

CTA

IceCube-Gen2

Heavy DM scenario 
(nearby DM halos) 

KM & Beacom 13 JCAP 

ruled out 
by diffuse γ bkg. 

IceCube-Gen2  
can exclude models!  

IceCube-Gen2 

IceCube-Gen2  
can exclude models!  



Multiplet Searches are Independently Powerful 

Non-detection of point sources give “upper” limits on the number density 
For early (quasi-ignored) papers, Lipari 08, Silvestri & Barwick 10, KM, Beacom & Takami 12 
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IceCube measurements fix the normalization 
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“lower” limits 
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cluster accretion shock model: weak (even negative) evolution, n0
eff~10-6 Mpc-3  

cluster/group internal accelerator model: positive evolution, n0
eff~10-5 Mpc-3  



Starburst/Star-Forming Galaxies 
•  High-surface density  
    M82, NGC253: Σg~0.1 gcm-3 → n~200 cm-3 

    high-z MSG: Σg~0.1 g cm-3 → n~10 cm-3 

    submm gal. Σg~1 gcm-3 → n~200 cm-3 

•  Supernovae, hypernovae, GRBs, AGN etc. 
SNR shock 

 

SFG CR energy budget ~ Milky Way CR budget  

Physical Review Letters

Kohta Murase1
1Yukawa Institute for Theoretical Physics,
Kyoto University, Kyoto, 606-8502, Japan

(Dated: February 15, 2014)

PACS numbers: 98.70.Rz, 11.30.Cp, 98.70.Sa

E2
νΦν ≈

ctH
4π

[

fmes

4
ε2pqp(εp)

]

fz (1)

fz =

∫

dz
1+z |

dt
dz |qp(z)

tHqp
(2)

30(r/1013 cm)
−1

! (B/G) ! 107(Γj/100) (3)

ε2νΦν =
c

4π

∫

dz

∣

∣

∣

∣

dt

dz

∣

∣

∣

∣

ε2νqν(εν)F (z) (4)

EB ≈
3

5

GM2
ns

Rns
∼ 3× 1053 erg (5)

N ∼ (ενΦε)σνN (2πNAρV )

≃ 10 yr−1

(

ε2νΦε

10−8 GeV cm−2 s−1 sr−1

)(

V

km3

)

Qcr ∼ 3.2× 1046 erg Mpc−3 yr−1 ϵcr,−1Lj,45ρGC,−5
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Fig. 1.— Constraints on the energy production rate density of
cosmic-rays (CRs) in the local universe (per logarithmic unit of
particle energy). The production of CRs with ε ∼ 1010−11eV
(shaded area) is estimated in Eqs. (5) and (7) based on the pro-
duction in our galaxy and in starbursts galaxies, assuming it fol-
lows the star formation rate (SFR). The lower bound on CRs with
ε ∼ 1015−17eV is obtained using Eq. (3) from the neutrino flux
detected by Icecube which is assumed to be extra galactic. The pro-
duction of Ultra-high-energy CRs (UHECRs) with ε ∼ 1019−20eV
(solid line) is based on the observed flux of these CRs, assuming
they are mainly protons and taking into account the interactions
with the Cosmic-Microwave-Background (CMB) and is given in
Eq. (1).

(Lemoine & Waxman 2009; Liu et al. 2013). However,
the anisotropy signal is so far identified with only a ∼ 2σ
confidence level (see e.g. Waxman 2011; Lemoine 2013,
for recent discussions). Below we assume that protons
have a significant contribution to the flux and provide
a quantitative estimate for their production under this
assumption.
The energy production rate of UHECRs in the

range 1019.2eV < εp < 1020eV is (Waxman 1995;
Bahcall & Waxman 2003; Katz et al. 2009)

ε2pQ(30EeV) ∼ ε2p
dn

dεp
/teff ∼ 0.5× 1044 erg Mpc−3 yr−1

(1)
where ε2pdn/dεp is the energy density of observed CRs
per logarithmic particle energy and teff is the effective
time that the UHECRs propagate before losing energy.
In the range 1019.2eV < εp < 1019.6eV, the effective time
is approximately constant and is well approximated by
(Katz et al. 2009)

teff ≈ (α− 1)(τ−1
0,ep + 2H0)

−1 ≈ 2.5× 109 yr, (2)

where H0 ≈ (14 × 109 yr)−1 is the Hubble constant,
τ−1
0,ep = ε̇p/εp ≈ (4 × 109 yr)−1 is the energy loss rate
of CRs due to pair production interactions with the
Cosmic Microwave Background (CMB) and α ≈ 2 is
the CR generation spectral index Q ∝ ε−α

p . The ob-
served flux at εp = 1019.5eV is roughly ε2pdn/dεp ≈
10−20.3 erg cm−3 (e.g. Katz et al. 2009, and references
therein), leading to Eq. (1). Beyond 1019.6eV, the

effective time drops quickly with energy due to pion
production (Greisen 1966; Zatsepin & Kuz’min 1966).
This predicted Greisen-Zatsepin-Kuzmin (GZK) cutoff
is clearly observed in the flux (e.g. Bahcall & Waxman
2003; Abbasi et al. 2008; Abraham et al. 2008) and the
inferred generation rate is roughly constant to at least
1020eV(e.g. Bahcall & Waxman 2003; Katz et al. 2009),
beyond which the flux is poorly measured.
The rate estimate, Eq. (1), is based on the direct mea-

surement of UHECRs and the well understood physics
of proton-CMB interaction and is accurate (to ∼ 30%)
as long as the composition is dominated by protons. If
the composition is dominated by heavier nuclei (up to
iron), the energy generation rate at εp ∼ 1019.5eV may
change by a factor of ∼ few (given the similarity of the
attenuation lengths of nuclei and protons, see e.g. figure
2 in Allard 2012).

2.2. Intermediate energies, 1015eV ! εp ! 1018eV

The recent detection of high energy neutrinos by the
IceCube collaboration (Kopper et al. 2013; Laha et al.
2013), implies a lower limit on the energy production of
the CRs which produce these neutrinos. We next briefly
describe this constraint. For a more detailed discussion,
see (Spector et al. 2013).
The IceCube collaboration has recently reported the

detection of 26 neutrinos in the energy range of 50 TeV
to 2 PeV, which constitutes a 4σ excess above the
expected atmospheric neutrino and muon backgrounds
(Kopper et al. 2013). The excess neutrino spectrum is
consistent with dn/dεν ∝ ε−2

ν , its angular distribution
is consistent with isotropy, and its flavor ratio is con-
sistent with νe : νµ : ντ = 1 : 1 : 1. We stress that
the spectral shape, angular distribution and composi-
tion are currently poorly constrained due to the low
statistics. The best fit normalization of the intensity
is ε2νΦν = 3.6 ± 1.2 × 10−8GeV/cm2s sr, coinciding (in
normalization and spectrum) with the Waxman-Bahcall
(WB) bound on the neutrino intensity that may be
produced by extra-Galactic sources (Waxman & Bahcall
1999),

ε2νΦWB, all flavor = 3.4× 10−8 GeV

cm2s sr

×
ξz
3

(ε2pQ)z=0

0.5× 1044 erg Mpc−3 yr−1
(3)

where ε2pQ is the UHECR proton production rate, and
ξz is (a dimensionless parameter) of order unity, which
depends on the redshift evolution of ε2pQ. The value ξz =
3 is obtained for redshift evolution following that of the
star-formation rate or AGN luminosity density, Φ(z) =
(1 + z)3 up to z = 2 and constant at higher z (ξz = 0.6
for no evolution).
The neutrino excess cannot originate from interac-

tion of cosmic-ray protons with interstellar gas in the
Galaxy, which produces an average (over angles) inten-
sity of ≈ 10−9(ε/100TeV)−0.7GeV/cm2s sr (based on the
Fermi determination of the π0 decay intensity at 100 GeV
(Ackermann et al. 2012) and the Galactic CR spectrum
ε2dn/dε ∝ ε−0.7). It is also unlikely to be due to
(unknown) Galactic sources, which are expected to be
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Lac ≈ (Ωb/Ωm)GMṀ/rvir ≃ 0.9× 1046 erg s−1 M5/3
15

Qcr ∼ 1.0× 1047 erg Mpc−3 yr−1 ϵcr,−1Lac,45.5ρGC,−5

εmax
p ≈ (3/20)(Vs/c)eBrsh ∼ 1.2 EeV B−6.5Vs,8.5M

1/3
15

tdiff ≈ (r2vir/6D) ≃ 1.6 Gyr ε−1/3
p,17 B1/3

−6.5(lcoh/30 kpc)−2/3M2/3
15

tdiff = tinj

εbp ≈ 51 PeV B−6.5(lcoh/30 kpc)−2M2
15(tinj/2 Gyr)−3

fpp ≈ κpσppnctint ≃ 0.76× 10−2 gn̄−4(tint/2 Gyr)

Qcr ∼ 8.5× 1045 erg Mpc−3 yr−1 ϵcr,−1ϱSFR,−2

εmax
p ≈ (3/20)(Vej/c)eBRSed ≃ 3.1 PeVB−3.5E

1/3
ej,51V

1/3
ej,9 n

−1/3

tpp = tdiff

εbp ≈ 21 PeV D−3
0,26Σ

3
g,−1(h/kpc)

3

tadv = tdiff

εbp ≈ 15 PeV D−3
0,26V

3
w,7.5(h/kpc)

3

tesc ≈ tadv ≈ h/Vw ≃ 3.1 Myr (h/kpc)V −1
w,7.5

fpp ≈ κpσppnctesc ≃ 1.1 Σg,−1V
−1
w,7.5(tesc/tadv)

[1] K. Murase, Phys. Rev. Lett. 103, 081102 (2009).

-  Low-energy CRs are advected by starburst-driven winds 

fpp>~1 ↔︎ “calorimetric”: almost all CR energy is used for ν & γ

-  Diffusive escape is more important for high-energy CRs 
(a) fpp>1 → a break is determined by tdiff=tpp 
(b) fpp<1 → a break is determined by tdiff=tadv  

(KM, Ahlers & Lacki 13 PRDR) 
In case (a) 

(Loeb & Waxman 06 JCAP) 

[39], we have "max
p ! ð3=20ÞðVs=cÞeBrsh $ 1:2 EeVB%6:5

Vs;8:5M
1=3
15 [40] that can exceed 100 PeV.

While CRs are injected by multiple AGN and/or IGSs
for tinj$ a few Gyr, the confined CRs produce neutrinos
with hard spectra (even after tdyn ! rsh=Vs for an IGS). For

100 PeV protons to be confined in GCs, the coherence
length of lcoh * 0:34 kpcB%1

%6:5"p;17 is needed. Assuming
the Kolmogorov turbulence with lcoh $ 10–100 kpc

[39], we have the CR diffusion time, tdiff ! ðr2vir=6DÞ ’
1:6 Gyr "%1=3

p;17 B1=3
%6:5ðlcoh=30 kpcÞ%2=3M2=3

15 , which gives

"bp!51 PeVB%6:5ðlcoh=30 kpcÞ%2M2
15ðtinj=2GyrÞ%3 from

tdiff ¼ tinj. The confinement of CRs with & "bp $
100 PeV can lead to hard spectra at & "b! $ 0:04"bp $
2 PeV, while CRs with * "bp escape into extracluster
space, making neutrino spectra steeper at * "b!.

Using typical intracluster densities !n$ 10%4 cm%3

[26,36], with a possible enhancement factor g$ 1% 3
[26,41], we get fpp ’ 0:76' 10%2 g !n%4ðtint=2 GyrÞ.
Then, we achieve E2

!"!i
$10%9–10%8 GeVcm%2 s%1 sr%1,

which can explain the INB flux [43]. A neutrino break
naturally arises from tdiff ¼ tinj. Or, it may come from a

broken power-law CR injection spectrum [44,45] that has
been suggested to explain CRs above 100 PeV [11,45].

B. Star-forming galaxies

SFGs contain many supernova (SN) remnants that
are promising CR accelerators. Their CR budget is
Qcr $ 8:5' 1045 ergMpc%3 yr%1 "cr;%1%SFR;%2 [46].
The star-formation rate is %SFR $ 10%2M( Mpc%3 yr%1

for main-sequence galaxies (MSGs) and %SFR $
10%3M( Mpc%3 yr%1 for SBGs [47]. At the Sedov radius

RSed, the proton maximum energy is "max
p ! ð3=20Þ'

ðVej=cÞeBRSed ’ 3:1 PeVB%3:5E
1=3
ej;51V

1=3
ej;9n

%1=3, where Eej

and Vej are the ejecta energy and velocity. SN shocks or

their aggregation can achieve the knee energy when B is
high enough (e.g., [34,48,49]). The Galactic CR spectrum
is dominated by heavy nuclei above the knee, so SFGs
cannot explain the INB at * 0:1 PeV unless CRs are
accelerated to higher energies in other galaxies. But higher
values B$ 1% 30 mG indicated in SBGs [50] potentially
give "max

p $ 100 PeV. Also, "max
p * 100 PeV is expected

for powerful supernovae (SNe) including hypernovae and
transrelativistic SNe [51]. Their fraction is typically a few
percent of all SNe, but we note that they could be more
common at higher redshifts and may contribute to the INB.

Nearby SBGs like M82 and NGC 253 have a column
density of #g $ 0:1 g cm%2 and a scale height of h$
50 pc [49], while high-redshift starbursts in submillimeter
galaxies have #g $ 1 g cm%2 and h$ 500 pc [52], imply-
ing !n ! #g=ð2hmpÞ $ 200 cm%3. High-redshift MSGs
have #g $ 0:1 g cm%2 and h$ 1 kpc [53], implying
!n$ 10 cm%3. At low energies, CRs are confined in the

starburst-driven wind (with its velocity Vw) and advection
governs escape, tesc!tadv!h=Vw’3:1Myr ðh=kpcÞV%1

w;7:5.

Comparing with the pionic loss time tpp !
2:7 Myr#%1

g;%1 ðh=kpcÞ gives fpp ! 1:1#g;%1V
%1
w;7:5ðtesc=

tadvÞ. Therefore, CRs are significantly depleted by meson
production during their advection [13,49]. At higher
energies, the diffusive escape becomes important [54].
The confinement of 100 PeV protons requires the critical
energy of "c ¼ eBlcoh > 100 PeV, leading to lcoh *
0:34 pcB%1

%3:5"p;17. The diffusion coefficient at "c is Dc ¼
ð1=3Þlcohc, below which D ¼ Dcð"p="cÞ# (for #$ 0–1).
Then, we have limits of tdiff & 7:2 MyrB%1

%3:5 ðh=kpcÞ2 at
100 PeV and D0 * 2:3' 1025 cm2 s%1 for D ¼ D0ð"p=
GeVÞ1=3 in the Kolmogorov turbulence. The diffusion time

is tdiff ! ðh2=4DÞ ’ 1:6 MyrD%1
0;26"

%1=3
p;17 ðh=kpcÞ2, giving

"bp ! 21 PeVD%3
0;26#

3
g;%1ðh=kpcÞ3 (for tpp < tadv) or "

b
p !

15 PeVD%3
0;26V

3
w;7:5ðh=kpcÞ3 (for tadv < tpp).

If proton calorimetry largely holds [55], MSGs and
SBGs may have E2

!"!i
$ 10%9–10%7 GeV cm%2 s%1 sr%1,

sufficient for the INB flux [13]. A break could come from
tdiff ¼ tpp or tdiff ¼ tadv. But we may simply expect a PeV
cutoff due to "cut! $ 0:04"max

p for "max
p $ 100 PeV (e.g., by

hypernovae), where the locally observed CRs above
$100 PeV would have different origins.

IV. SUMMARYAND DISCUSSION

A crucial step towards revealing the origin of the IceCube
signal is the discrimination between pp and p$ scenarios.
For pp scenarios, combing the new IceCube and recent
Fermi data leads to strong upper limits on $ and lower limits
on the diffuse IGB contribution. The results are largely
independent of source models, redshift evolution, and the
existence of a multi-PeV neutrino break/cutoff. They are the
first strong constraints with themeasured neutrino and $-ray
fluxes. Further multimessenger studies in the near future can
test the pp scenarios by (a) determining $ by sub-PeV
neutrino observations with IceCube, (b) improving our
knowledge of the sub-TeV diffuse IGB, and (c) observing a
number of the bright individual sources that should have hard
spectra, by TeV $-ray observations especially with CTA.
Also, IceCube may detect nearby GCs via stacking [26],
giving another test of the IGS scenario, while it seems
difficult to see individual SFGs [49].
We considered the origin of a possible break/cutoff,

which is favored by the present data since pp scenarios
require $ & 2:1–2:2. If it is real, it may provide clues to
sources of observed CRs. Neutrino sources are not neces-
sarily related to such sources due to the low maximum
energy, severe CR depletion, and intervening magnetic
fields. But, as suggested in [11,45], some models for
observed CRs can have soft spectra of escaping CRs at
*100 PeV and hard neutrino spectra below PeV.
Our results are useful for constructing specific source

models. For example, if the INB is explained by hypernovae
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※ diffusion coefficient D0 must be smaller than the Galactic one (D0~1028 cm2 s-1) 



Luminosity Function & Calorimetry 

SFR ∝ LIR (Kennicutt law)   
Lγ ∝LIR

1.17 

(basic agreement w. calorimetry) 
→ “typical” muon neutrino luminosity: 
     ELE ~ 2x1040 erg s-1 
     “effective” density: n0~10-5 Mpc-3 

        can be reached by Gen2 (KM & Waxman 16)  

Redshift evolution: m~3-4 up to z~1 for (1+z)m 

(Fermi collaboration 12 ApJ) 

Grupionni+ 13 MNRAS 
LF is described by the Schechter function   

α~1, L*~1011 Lsun: typical infrared luminosity 



Star-Forming/Starburst Galaxies, νs, γs 

•  Consistent w. obs. & a multi-PeV break is possible 
•  How can CRs get accelerated above 100 PeV?  

Tamborra, KM & Ando 
14 JCAP 
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Figure 5. Di↵use gamma-ray (in magenta) and neutrino intensity (in dashed black) E2I(E) as a
function of the energy for our canonical model, assuming �

SB

= 2.05, 2.15 and 2.3 (from top to
bottom). The Fermi data [5] are marked in red, while the IceCube region is plotted in light blue [35].
The EBL attenuation is taken into account for gamma rays (magenta continue lines), the di↵use
gamma-ray intensity without EBL attenuation is plotted with magenta dashed lines for comparison.
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Figure 4. Di↵use neutrino intensity E2

⌫I⌫(E⌫) as a function of the energy. The magenta line is the
flux obtained adopting the luminosity function approach, the pink band defines the uncertainty band
coming from Eq. (2.4). The IceCube estimated flux as from [35] is marked by the light blue band. Our
computed flux falls within the astrophysical uncertainties on the IceCube region at ⇠ 0.5 PeV energies.
For comparison the di↵use neutrino intensity including an exponential cuto↵, exp(�E⌫/80 TeV), is
plotted in violet.

intensity is always slightly lower than the Fermi data, �
SB

= 2.05 is currently excluded by
the IceCube data (top panel). In order to allow such hard spectra, lower ratios of L� to
L
IR

are needed. On the other hand, interestingly, an injection spectral index �
SB

= 2.15
can almost explain the Fermi and IceCube data at the same time (middle panel), although
some contributions from other gamma-ray source populations are needed to fit the di↵use
EGRB spectrum. The panel on the bottom shows the di↵use intensities of gamma rays and
neutrinos for �

SB

= 2.3: The resultant gamma-ray intensity is lower than the one measured
by Fermi and the corresponding neutrino flux falls below the IceCube band. In order to
give an idea of the role of the EBL attenuation for various spectral indices, in Fig. 5 we plot
the di↵use gamma-ray intensity without EBL attenuation (dashed magenta line). Note as it
closely follows the di↵use neutrino intensity and the EBL attenuation is stronger for harder
spectral indices.

In our canonical model we have assumed the spectrum with �
SF�AGN(non�SB)

= �
NG

and �
SF�AGN(SB)

= �
SB

, as described in Sec. 2.2. However, besides �
SB

, also �
SF�AGN

is
pretty uncertain and might not follow the distribution adopted in out canonical model. For
example, Seyfert systems (belonging to the SF-AGN class) are classified as SF-AGN (non-
SB) according to Herschel [27], while Fermi classifies the observed Seyferts systems NGC

– 12 –

Necessity of Super-Pevatrons 

Possible solutions 
1. Hypernovae (HNe) 
2. Gamma-ray bursts 
3. Low-luminosity gamma-ray bursts/ 
    Trans-relativistic supernovae 
4. Type IIn supernovae 
5. AGN jets/disk outflows 
6. B fields amplified to ~mG  
 

Tamborra, Ando & KM 14 JCAP Our Galaxy’s CR spectrum 
Knee at 3 PeV  
→ neutrino knee at ~ 100 TeV 
 
So ordinary supernovae (SNe) are not 
sufficient to explain >0.1 PeV data 

Senno, Meszaros, KM, Baerwald 
& Rees 15 ApJ 

SNe 

HNe 

KM+ 13, Liu+ 14, Senno+ 15 

Dado & Dar 14, Wang+ 15 

Zirakashvilli & Ptuskin 16 
KM+ 14, Tamborra+ 14 

KM+ 13 



How about Radio Galaxies? 
Detected by Fermi & possible origin of the diffuse γ-ray bkg. 
Q. Can they explain the IceCube flux like starbursts? 

fpp in elliptical galaxies: 

Many of radio galaxies show time variablity → more compact  
Efficient pp inside jets leads to the energetics crisis 
But AGN core emission is possible 

(Atoyan & Dermer 01) 

(Kimura, KM & Toma 15, Tjus et al. 14) 

Hooper, Linden & Lopez 16 
3
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non-calorimetric! 
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muon neutrinos from nearby Fermi-detected SBGs (for Gen-2)

What’s Next?: Need to Identify the Sources 

KM & Waxman 16 

Starbursts and radio galaxies are already detected by Fermi 
For pp scenarios, we have strong predictions for IceCube-Gen2   
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nearby radio galaxies 
in the northern hemisphere 

nearby starburst galaxies 
in the northern hemisphere 

V=10 km3 & best ang. res.=0.1 deg & 5 yr obs. assumed 
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Wrap up: Predictions of CR Reservoir Models 

•  Explain >0.1 PeV ν data with a few PeV break (theoretically predicted)  
•  Must largely contribute to diffuse γ-ray bkg. (perhaps “common” origins?) 

- Strong predictions: spectral index s<2.1-2.2, >30-40% to diffuse γ-ray bkg. 
  Proposed tests: 1. (Stacking) searches for neutrinos & γ rays from nearby reservoirs 
                            2. Decomposing the diffuse γ-ray bkg. 
                            3. Measurements of neutrino data below 100 TeV   

KM, Ahlers & Lacki 13 PRDR 
updated by KM 1410.3680  

diffuse ν bkg. 
diffuse γ-ray bkg, 

diffusive escape of CRs 



Beyond Waxman-Bahcall?: Low-Energy “Excess” Problem 

-  If γ-ray transparent → strong tensions w. diffuse γ-ray bkg. for both pp & pγ
    pp → ~100% of diffuse γ-ray bkg. even w. s~2.0 
    minimal pγ → >50% diffuse γ-ray bkg. (via EM cascades) 

•  Best-fit spectral indices tend to be as soft as s~2.5 
•  10-100 TeV data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1 
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the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives nεν ∝ const as a low-
energy neutrino spectrum [39]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-
trino and γ-ray spectra with the diffuse neutrino flux
and the IGRB [40] for a neutrino break εbν in the range
6–25 TeV. Since the sub-TeV emission is dominated by
γ rays from cascades in the CMB and EBL, the tension
with the IGRB can be weaker than in pp scenarios. How-
ever, the IGRB contribution is still at the level of ∼ 50%
for εbν = 25 TeV and reaches ∼ 100% for εbν = 6 TeV.
The spectrum (5) can be realized when the target pho-

ton spectrum is a power law with a high-energy cutoff or
a gray body (see below). We note that specific models
have larger contributions to the IGRB, by accounting for
the detailed energy dependence of fpp/pγ , the contribu-
tion from low-energy CRs, and cooling of charged mesons
and muons. As examples, we consider hadronic γ rays in
the low-luminosity AGN model of Ref. [24] (Model A),
which can explain ! 100 TeV neutrino data, and the
choked GRB jet model of Ref. [21] (Model B), although
these sources are predicted to be opaque to very-high-
energy γ rays. The right panel of Fig. 1 shows the corre-
sponding all-flavor neutrino and generated γ-ray spectra
as thick blue and thin red lines. Pretending γ-ray trans-
parency leads to violation of the high-energy IGRB data.
The limits of the IGRB contribution of pγ scenarios are

expected to become even stronger by identifying addi-
tional point sources or by decomposing the emission into
contributions from individual source populations. This
will further constrain the γ-ray transparent sources for
εbν = 6–25 TeV, which are still allowed by the Fermi data
(cf. left panel of Fig. 1). On the other hand, since the
sub-TeV emission is dominated by γ rays from cascades
in the CMB and EBL, the tension with the IGRB can
easily be relaxed compared to pp scenarios if the sources
are hidden, i.e. if high-energy γ rays generated in the
sources of diffuse neutrinos undergo efficient interactions
with intrasource radiation. In fact, this is generally the
case for pγ scenarios as we will show in the following.

CONNECTING pγ AND γγ OPTICAL DEPTHS

Let us consider a generic source with target photons
of energy εt and spectrum nεt . For soft target spectra
nεt ∝ ε−α

t with α > 1, which is valid in most nonther-
mal objects, meson production is dominated by the ∆-
resonance and direct pion production. Its efficiency fpγ
is given by

fpγ(εp) ≈ (εtnεt)σ̂pγ(r/Γ) , (6)

where σ̂pγ ∼ 0.7 × 10−28 cm2 is the attenuation cross
section (the product of the inelasticity and cross sec-
tion [41, 42]), r is the emission radius, and Γ is the bulk
Lorentz factor of the source. The energy of protons that
typically interact with photons with energy εt is

εp ≈ 20εν ≈ 0.5Γ2mpc
2ε̄∆εt

−1 , (7)

where ε̄∆ ∼ 0.3 GeV, and ∼ 30 TeV neutrinos require x-
ray or MeV γ-ray target photons. We here consider tran-
srelativistic or relativistic sources, like GRBs, pulsars,
and AGN including blazars, where target radiation is pre-
sumably generated by synchrotron or inverse-Compton
emission from thermal or nonthermal electrons. The low-
energy photon spectrum can be expressed by power-law
segments, nεt ∝ ε−α

t , where α ≥ 2/3 [43]. For nεp ∝
ε−scr
p and α " 1, the efficiency scales as fpγ ∝ εα−1

p , and
the neutrino spectral index is s = scr+1−α. For α ! 1 we
have s ∼ scr above the pion production threshold due to
higher resonances and multipion production [41, 42]. A
similar scaling is obtained for gray-body and monochro-
matic target photon spectra [34, 42].
Now, in pγ scenarios, the same target photon field can

prevent γ rays from escaping the sources. The optical
depth to γγ → e+e− is given by

τγγ(εγ) ≈ (εtnεt)η(α)σT (r/Γ) , (8)

where σT ≃ 6.65 × 10−25 cm2 and η(α) ≃ 7(α −
1)/[6α5/3(1 + α)] for 1 < α < 7 [44], which is the or-
der of 0.1. The typical γ-ray energy is given by

εγ ≈ Γ2m2
ec

4εt
−1 . (9)

Eqs. (6) and (8) lead to the following relation [41, 45],

τγγ(ε
c
γ) ≈

σγγ

σ̂pγ
fpγ(εp) ≃ 10

(

fpγ(εp)

0.01

)

, (10)

where εcγ is the γ-ray energy corresponding to the reso-
nance proton energy satisfying Eq. (7),

εcγ ≈
2m2

ec
2

mpε̄∆
εp ∼ GeV

( εν
25 TeV

)

. (11)

Thus, the neutrino data from 25 TeV to 2.8 PeV [5], cor-
responding to the proton energy range from ∼ 0.5 PeV
to ∼ 60 PeV, can directly constrain the two-photon an-
nihilation optical depth at εγ ∼ 1–100 GeV.
In general, the effective pγ optical depth fpγ de-

pends on source models. But too small values of fpγ
seem unnatural since the observed neutrino flux is not
far from the Waxman-Bahcall [46, 47] and nucleus-
survival bounds [48], corresponding to maximally effi-
cient neutrino production in the sources of ultrahigh-
energy (UHE) CRs. More quantitatively, it is possible
to obtain general constraints on fpγ by comparing the
observed CR and neutrino fluxes. Recently, Ref. [49]
obtained fpγ " 0.01 by requiring that the extragalactic

minimum pγ:  
~30 TeV is just around energy due 
to the pion production threshold 
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FIG. 1. Left Panel: All-flavor neutrino (thick blue lines) and isotropic diffuse γ-ray (thin red lines) fluxes for pp and minimal
pγ scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ∼ 10 TeV to ∼ 2 PeV energies [5], where
s
′ = sob = 2.5 is used. While pp scenarios require εbν = 25 TeV with a strong tension with the Fermi IGRB [13], minimal pγ
scenarios allow the range εbν of 6–25 TeV (shaded regions) as long as the sources are transparent to γ rays (see the main text for
details). Right Panel: Same as the left panel, but now showing diffuse neutrino fluxes of specific models from Refs. [21, 24].
To illustrate the strength of diffuse γ-ray constraints, we pretend that the sources were transparent to γ rays.

generation rates are conservatively related as [27]

εγQεγ ≈
4

3K
(ενQεν )

∣

∣

εν=εγ/2
, (3)

where γ-ray and neutrino energies are related as εγ ≈
2εν . However, the generated γ rays from the sources may
not be directly observable. Firstly, γ rays above TeV en-
ergies initiate electromagnetic cascades in cosmic radia-
tion backgrounds including the extragalactic background
light (EBL) and cosmic microwave background (CMB) as
they propagate over cosmic distances. As a result, high-
energy γ rays are regenerated at sub-TeV energies. Sec-
ondly, intrasource cascades via two-photon annihilation,
inverse-Compton scattering, and synchrotron radiation
processes, can prevent direct γ-ray escape. To see their
importance, we temporarily assume that the sources are
γ-ray transparent. We will see in the following that this
hypothesis leads to significant tensions with the IGRB.
In pp scenarios, neutrino and generated γ-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

ενQεν ∝

{

ε2−s
ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(pp) , (4)

where εbν is the break energy and the softening of the
spectrum, δ ≡ s′− s, is expected from the the energy de-
pendence of the diffusion tensor [28]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power
law ε−s

γ into the sub-TeV region (see Eq. (3)), where it
directly contributes to the IGRB [29] and Ref. [12] ob-
tained a limit s ! 2.1–2.2 for generic pp scenarios that

explain the " 100 TeV neutrino data. The limit is tighter
(s ∼ 2.0) if one relaxes this condition by shifting εbν to
! 30 TeV to account for the lower-energy data [30].

Motivated by results of Ref. [5], we calculate the dif-
fuse neutrino spectrum using Eq. (4) with s = 2 and
s′ = 2.5 and the corresponding γ-ray spectrum using
Eq. (3). Following Ref. [25], we numerically solve Boltz-
mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. As indicated in Eq. (3),
the results are not much sensitive to redshift evolution
models. In the left panel of Fig. 1 we show the resulting
all-flavor neutrino and γ-ray fluxes as thick blue and thin
red lines, respectively, in comparison to the Fermi IGRB
and IceCube neutrino data [5]. To explain the ! 100 TeV
neutrino data, the contribution to the IGRB should be
at the level of 100% in the 3 GeV to 1 TeV range and
softer fluxes with s " 2.0 clearly overshoot the data. As
pointed out by Ref. [12], this argument is conservative:
the total extragalactic γ-ray background is dominated by
radio-loud AGN whose jets point at us, i.e., blazars (e.g.,
Refs. [31, 32]), and their main emission is typically vari-
able and unlikely to be of pp origin [33, 34]. Most of
the high-energy IGRB could even be accounted for by
unresolved blazars [35–37]. Although the IGRB should
be decomposed with caution, if this blazar interpretation
is correct, there will be little room for CR reservoirs. A
recent study on the cross correlation between γ rays and
galaxies also supports our argument [38].

In pγ scenarios, neutrino and γ-ray spectra depend on
a target photon spectrum. The effective optical depth
to photomeson prodution (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than

KM, Guetta & Ahlers 16 PRL 

contrary to standard 
AGN interpretation! 
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Fig. 3.— Top Panel: Integrated emission of blazars (with and without EBL absorption),
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2012) and radio galaxies (black striped band, Inoue 2011) as well as the sum of all non-

exotic components (yellow band). An example of DM-induced γ-ray signal ruled out by
our analysis is shown by the solid pink line, and summed with the non-exotic components
(long-dashed pink line). The inset shows the residual emission, computed as the ratio of the

summed contribution to the EGB spectrum, as a function of energy as well as the uncertainty
due to the foreground emission models (see AC14).

Implications of Detailed Gamma-Ray Studies 

Photon fluctuation analyses (Poisson term of angular power spectra) 

Ajello+ 15 ApJL  

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

FIG. 1: In the left (right) panel the adaptively smoothed count map of one simulation (real sky) in the energy range 50 GeV-2
TeV is represented in Galactic coordinates and Hammer-Aito↵ projection. The two maps contain about 60000 �-ray events.

The results from analyzing the sources in the simu-
lated data can be used to measure the detection e�-
ciency !(S), which is a weighting factor that takes into
account the probability to detect a source as a function
of flux. The detection e�ciency is simply derived from
the simulations measuring the ratio between the number
of detected sources and the number of simulated ones
as a function of measured source flux. The result re-
ported in Fig. 3 shows that the LAT detects any source
in the |b| > 10� sky for fluxes larger than ⇡ 2⇥ 10�11 ph
cm�2 s�1, but misses 80–90% of the sources with fluxes
of ⇡ 1 ⇥ 10�11 ph cm�2 s�1 and many more below this
flux. The peak (!(S) >1) clearly visible at a flux of
⇡ 2⇥ 10�11 ph cm�2 s�1 is due to the Eddington bias.

A reliable estimate of the detection e�ciency is funda-
mental in order to correct the observed flux distribution
of the 2FHL catalog and in turn to derive the intrinsic
source count distribution, which is obtained as:

dN

dS
(Si) =

1

⌦�Si

Ni

!(Si)
[cm2 s deg�2], (1)

where ⌦ is the solid angle of the |b| > 10� sky, �Si is
the width of the flux bin, Ni is the number of sources in
each flux bin and Si is the flux at the center of a given
bin i. We verified through simulations that this method
allows us to retrieve the correct source count distribution
as long as the distribution used in the simulations is a
faithful representation of the real one.

This is found to be consistent, down to the sensitivity
of the 2FHL catalog (⇡ 8⇥ 10�12 ph cm�2 s�1), with a
power-law function with slope ↵

1

= 2.49±0.12 (see right
panel of Fig. 3). This best-fit value is consistent with
the Euclidean expectation and motivated us to choose
↵
1

= 2.5 in the simulations.
Fig. 4 shows the cumulative source count distribution

that is defined as:

N(> S) =

Z S
max

S

dN

dS0 dS
0 [deg�2], (2)

where S
max

is fixed to be 10�8 ph cm�2 s�1.

In order to infer the shape of the dN/dS below the flux
threshold for detecting point sources we have performed
a photon fluctuation analysis. This helps us to probe the
source count distribution to the level where sources con-
tribute on average 0.5 photons each. The analysis is per-
formed by comparing the histogram of the pixel counts
of the real sky with the ones obtained via Monte Carlo
simulations and allows us to constrain the slope of the
di↵erential flux distribution below the threshold of the
survey [15, 16]. We consider a di↵erential flux distribu-
tion described as a broken power law where the slope
above the break is ↵

1

= 2.5 as determined in this work
while below the break the slope varies in di↵erent sim-
ulations between ↵

2

2 [1.3, 2.7]. For each value of the
slope we derive the model pixel count distribution av-
eraging over the pixel count distributions obtained from
20 simulations. The simulated and real maps have been
pixelized using the HEALPix tool 2 [17]. We have used a
resolution of order 9, which translates into 3145728 pixels
and an pixel size of about 0.11�. Consistent results are
obtained when using a resolution of order 8. We consider
a single energy bin from 50 GeV to 2 TeV.

The model (averaged) pixel count distributions are
compared to the real data using a �2 analysis to deter-
mine the most likely scenario. As expected, there is a
degeneracy between the best-fit value of the slope ↵

2

and
the choice of the break flux, Sb. The result of the analy-
sis is that the break flux is limited to the range between
Sb 2 [8⇥10�12, 1.5⇥10�11] ph cm�2 s�1 while the index
below the break is in the range ↵

2

2 [1.60, 1.75]. The
best configuration, which we refer to as our benchmark
model, has a break flux at 1 ⇥ 10�11 ph cm�2 s�1 and
a slope ↵

2

= 1.65 with a �2 = 12.4 (for 12 degrees of
freedom). This implies that the source count distribu-
tion must display a hard break |↵

1

� ↵
2

| ⇡ 0.9 from the
Euclidean behavior measured at bright fluxes. We show
in Fig. 5, for the best-fit configuration, the comparison

2

See http://healpix.sourceforge.net
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FIG. 4: Cumulative source count distribution N(> S) with
the uncertainty bands as in Fig. 3 together with the theo-
retical predictions from Ref. [12] (blue dashed line), [4] (red
dashed line) and [13] (green band). The vertical dotted brown
line shows the 5mCrab flux reachable by CTA in 240 hrs of
exposure [14].

Our best-fit model for the flux distribution dN/dS is
therefore, for S & 10�12 ph cm�2 s�1, a broken power-
law with break flux in the range Sb 2 [0.8, 1.5] ⇥ 10�11,
slopes above and below the break of ↵

1

= 2.49 ± 0.12
and ↵

2

2 [1.60, 1.75], respectively and a normalization
K = (4.60±0.35)⇥10�19 deg�2 ph�1 cm2 s. We believe
this describes the source counts of a single population
(blazars), because no re-steepening of the source count
distribution is observed and because the large majority
(97%) of the detected sources are likely blazars.

Fig. 4 reports the theoretical expectations for the
source count distribution given by blazars [4, 13] and BL
Lacs [12]. These models are consistent with the obser-
vations at bright fluxes, but are above the experimental
N(> S) by about a factor of 2 at S = 10�12 ph cm�2

s�1. We include in the same figure also the predicted
5mCrab sensitivity reachable by CTA in 240 hours in
the most sensitive pointing strategy [14]. At these fluxes
the source density is 0.0194± 0.0044 deg�2, which trans-
lates to the serendipitous detection of 200±45 blazars in
one quarter of the full sky. It is also interesting to note
that our analysis constrains the source count distribution
to fluxes that are much fainter than those reachable by
CTA in short exposures.

Once known, the source count distribution can be used
to estimate the contribution of point sources to the EGB.
This is performed by integrating the flux distribution
dN/dS as follows:

I =

Z S
max

0

S0 dN

dS0 dS
0 [ph cm�2 s�1 sr�1]. (3)

Choosing S
max

= 10�8 ph cm�2 s�1 we find that the

FIG. 5: Comparison between the pixel count distribu-
tion from the average of 20 simulations (blue points), and
the distribution from the real sky (red points). The
green points show the di↵erence between the two distribu-
tions. In each number of photon bin N

photons

ranging be-
tween [N

photon,1, Nphoton,2] we display N
pixel

with N
photons

2
[N

photon,1, Nphoton,2).

total integrated flux from point sources is 2.07+0.40
�0.34 ⇥

10�9 ph cm�2 s�1 sr�1 which constitutes 86+16

�14

% of the
EGB above 50GeV estimated in [2]. This validates the
predictions of models [3, 4, 12]. Point sources with fluxes
S > 1.3⇥10�12 ph cm�2 s�1 produce 1.47+0.20

�0.24⇥10�9 ph

cm�2 s�1 sr�1, while 6.0+2.0
�1.0 ⇥ 10�10 ph cm�2 s�1 sr�1

is produced by sources below that flux.
The Fermi-LAT has measured the angular power spec-

trum of the di↵use �-ray background at |b| > 30� and in
four energy bins spanning the 1-50GeV energy range [19].
For multipoles l � 155 the angular power CP is found to
be almost constant, suggesting that the anisotropy is pro-
duced by an unclustered population of unresolved point
sources. Indeed, Refs. [20, 21, 22] argue that most of
the angular power measured by the Fermi-LAT is due to
unresolved emission of radio-loud active galactic nuclei.
The angular power due to unresolved sources at

>50GeV can be readily predicted from the source count
distribution as:

CP =

Z S
max

0

(1� !(S0))S02 dN

dS0 dS
0[(ph cm�2 s�1)

2

sr�1],

(4)
The angular power evaluates to CP (E > 50GeV) =
9.4+1.0

�1.6 ⇥ 10�22 (ph/cm2/s)2 sr�1. This is the first
observationally-based prediction of the angular power at
>50GeV. Our estimation for CP (E > 50GeV ) is in good
agreement with the extrapolation of the Fermi-LAT an-
gular power measurements [19] above 50GeV and is con-
sistent with the calculated anisotropy due to radio loud

Non-blazar contribution < 14±14% 



Implications of Detailed Gamma-Ray Studies 

Bechtol+ 16 ApJ 

cross corr. between galaxy catalogues shot-noise in diffuse γ-ray bkg.  

Ando+ 15 PRL 

Our conclusion has been confirmed by subsequent papers 

Given that IceCube’s data above 100 TeV are explained… 
Decomposition of extragalactic γ-ray bkg. gives tighter limits: s<2.0-2.1   
Insufficient room for pp scenarios to explain the 10-100 TeV neutrino data 
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Implications of Detailed Gamma-Ray Studies 

KM & Waxman 16 

Our conclusion has been confirmed by subsequent papers 

- This conclusion is driven by the interpretation of 10-100 TeV data 
  could be alleviated by possible high-z only contributions 
- The model (s=2.0) in MAL2013 does not contradict the Fermi data 
  (non-blazar EGB is well-explained by combination w. cosmogenic γ!) 
- But galactic CR production should be dominated by super-Pevatrons 

Xiao, Meszaros, KM & Dai 16 ApJ 
           (see also Wang & Loeb 16) 



•  γγ → e+e-: unavoidable in pγ sources (ex. GRBs, AGN) 

•  Same target photons prevent γ-ray escape 

pγ/γγ Optical Depth Correspondence 

1. fpγ << 1 unnatural (requiring fine tuning),  
    Do not overshoot the observed CR flux 
    (Yoshida & Takami 14 PRD) 

2. Comparison w. non-thermal energy  
    budgets of known objects 
    (galaxies, AGN, cluster shocks etc.) 
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30 TeV-3 PeV ν constrains 1-100 GeV γ  

3

the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives nεν ∝ const as a low-
energy neutrino spectrum [39]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-
trino and γ-ray spectra with the diffuse neutrino flux
and the IGRB [40] for a neutrino break εbν in the range
6–25 TeV. Since the sub-TeV emission is dominated by
γ rays from cascades in the CMB and EBL, the tension
with the IGRB can be weaker than in pp scenarios. How-
ever, the IGRB contribution is still at the level of ∼ 50%
for εbν = 25 TeV and reaches ∼ 100% for εbν = 6 TeV.
The spectrum (5) can be realized when the target pho-

ton spectrum is a power law with a high-energy cutoff or
a gray body (see below). We note that specific models
have larger contributions to the IGRB, by accounting for
the detailed energy dependence of fpp/pγ , the contribu-
tion from low-energy CRs, and cooling of charged mesons
and muons. As examples, we consider hadronic γ rays in
the low-luminosity AGN model of Ref. [24] (Model A),
which can explain ! 100 TeV neutrino data, and the
choked GRB jet model of Ref. [21] (Model B), although
these sources are predicted to be opaque to very-high-
energy γ rays. The right panel of Fig. 1 shows the corre-
sponding all-flavor neutrino and generated γ-ray spectra
as thick blue and thin red lines. Pretending γ-ray trans-
parency leads to violation of the high-energy IGRB data.
The limits of the IGRB contribution of pγ scenarios are

expected to become even stronger by identifying addi-
tional point sources or by decomposing the emission into
contributions from individual source populations. This
will further constrain the γ-ray transparent sources for
εbν = 6–25 TeV, which are still allowed by the Fermi data
(cf. left panel of Fig. 1). On the other hand, since the
sub-TeV emission is dominated by γ rays from cascades
in the CMB and EBL, the tension with the IGRB can
easily be relaxed compared to pp scenarios if the sources
are hidden, i.e. if high-energy γ rays generated in the
sources of diffuse neutrinos undergo efficient interactions
with intrasource radiation. In fact, this is generally the
case for pγ scenarios as we will show in the following.

CONNECTING pγ AND γγ OPTICAL DEPTHS

Let us consider a generic source with target photons
of energy εt and spectrum nεt . For soft target spectra
nεt ∝ ε−α

t with α > 1, which is valid in most nonther-
mal objects, meson production is dominated by the ∆-
resonance and direct pion production. Its efficiency fpγ
is given by

fpγ(εp) ≈ (εtnεt)σ̂pγ(r/Γ) , (6)

where σ̂pγ ∼ 0.7 × 10−28 cm2 is the attenuation cross
section (the product of the inelasticity and cross sec-
tion [41, 42]), r is the emission radius, and Γ is the bulk
Lorentz factor of the source. The energy of protons that
typically interact with photons with energy εt is

εp ≈ 20εν ≈ 0.5Γ2mpc
2ε̄∆εt

−1 , (7)

where ε̄∆ ∼ 0.3 GeV, and ∼ 30 TeV neutrinos require x-
ray or MeV γ-ray target photons. We here consider tran-
srelativistic or relativistic sources, like GRBs, pulsars,
and AGN including blazars, where target radiation is pre-
sumably generated by synchrotron or inverse-Compton
emission from thermal or nonthermal electrons. The low-
energy photon spectrum can be expressed by power-law
segments, nεt ∝ ε−α

t , where α ≥ 2/3 [43]. For nεp ∝
ε−scr
p and α " 1, the efficiency scales as fpγ ∝ εα−1

p , and
the neutrino spectral index is s = scr+1−α. For α ! 1 we
have s ∼ scr above the pion production threshold due to
higher resonances and multipion production [41, 42]. A
similar scaling is obtained for gray-body and monochro-
matic target photon spectra [34, 42].
Now, in pγ scenarios, the same target photon field can

prevent γ rays from escaping the sources. The optical
depth to γγ → e+e− is given by

τγγ(εγ) ≈ (εtnεt)η(α)σT (r/Γ) , (8)

where σT ≃ 6.65 × 10−25 cm2 and η(α) ≃ 7(α −
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ec

4εt
−1 . (9)

Eqs. (6) and (8) lead to the following relation [41, 45],

τγγ(ε
c
γ) ≈

σγγ

σ̂pγ
fpγ(εp) ≃ 10

(

fpγ(εp)

0.01

)

, (10)

where εcγ is the γ-ray energy corresponding to the reso-
nance proton energy satisfying Eq. (7),
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2
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( εν
25 TeV

)

. (11)

Thus, the neutrino data from 25 TeV to 2.8 PeV [5], cor-
responding to the proton energy range from ∼ 0.5 PeV
to ∼ 60 PeV, can directly constrain the two-photon an-
nihilation optical depth at εγ ∼ 1–100 GeV.
In general, the effective pγ optical depth fpγ de-

pends on source models. But too small values of fpγ
seem unnatural since the observed neutrino flux is not
far from the Waxman-Bahcall [46, 47] and nucleus-
survival bounds [48], corresponding to maximally effi-
cient neutrino production in the sources of ultrahigh-
energy (UHE) CRs. More quantitatively, it is possible
to obtain general constraints on fpγ by comparing the
observed CR and neutrino fluxes. Recently, Ref. [49]
obtained fpγ " 0.01 by requiring that the extragalactic
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the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives nεν ∝ const as a low-
energy neutrino spectrum [39]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by
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γ rays from cascades in the CMB and EBL, the tension
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for εbν = 25 TeV and reaches ∼ 100% for εbν = 6 TeV.
The spectrum (5) can be realized when the target pho-

ton spectrum is a power law with a high-energy cutoff or
a gray body (see below). We note that specific models
have larger contributions to the IGRB, by accounting for
the detailed energy dependence of fpp/pγ , the contribu-
tion from low-energy CRs, and cooling of charged mesons
and muons. As examples, we consider hadronic γ rays in
the low-luminosity AGN model of Ref. [24] (Model A),
which can explain ! 100 TeV neutrino data, and the
choked GRB jet model of Ref. [21] (Model B), although
these sources are predicted to be opaque to very-high-
energy γ rays. The right panel of Fig. 1 shows the corre-
sponding all-flavor neutrino and generated γ-ray spectra
as thick blue and thin red lines. Pretending γ-ray trans-
parency leads to violation of the high-energy IGRB data.
The limits of the IGRB contribution of pγ scenarios are

expected to become even stronger by identifying addi-
tional point sources or by decomposing the emission into
contributions from individual source populations. This
will further constrain the γ-ray transparent sources for
εbν = 6–25 TeV, which are still allowed by the Fermi data
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CONNECTING pγ AND γγ OPTICAL DEPTHS

Let us consider a generic source with target photons
of energy εt and spectrum nεt . For soft target spectra
nεt ∝ ε−α

t with α > 1, which is valid in most nonther-
mal objects, meson production is dominated by the ∆-
resonance and direct pion production. Its efficiency fpγ
is given by

fpγ(εp) ≈ (εtnεt)σ̂pγ(r/Γ) , (6)

where σ̂pγ ∼ 0.7 × 10−28 cm2 is the attenuation cross
section (the product of the inelasticity and cross sec-
tion [41, 42]), r is the emission radius, and Γ is the bulk
Lorentz factor of the source. The energy of protons that
typically interact with photons with energy εt is

εp ≈ 20εν ≈ 0.5Γ2mpc
2ε̄∆εt

−1 , (7)

where ε̄∆ ∼ 0.3 GeV, and ∼ 30 TeV neutrinos require x-
ray or MeV γ-ray target photons. We here consider tran-
srelativistic or relativistic sources, like GRBs, pulsars,
and AGN including blazars, where target radiation is pre-
sumably generated by synchrotron or inverse-Compton
emission from thermal or nonthermal electrons. The low-
energy photon spectrum can be expressed by power-law
segments, nεt ∝ ε−α

t , where α ≥ 2/3 [43]. For nεp ∝
ε−scr
p and α " 1, the efficiency scales as fpγ ∝ εα−1

p , and
the neutrino spectral index is s = scr+1−α. For α ! 1 we
have s ∼ scr above the pion production threshold due to
higher resonances and multipion production [41, 42]. A
similar scaling is obtained for gray-body and monochro-
matic target photon spectra [34, 42].
Now, in pγ scenarios, the same target photon field can

prevent γ rays from escaping the sources. The optical
depth to γγ → e+e− is given by

τγγ(εγ) ≈ (εtnεt)η(α)σT (r/Γ) , (8)

where σT ≃ 6.65 × 10−25 cm2 and η(α) ≃ 7(α −
1)/[6α5/3(1 + α)] for 1 < α < 7 [44], which is the or-
der of 0.1. The typical γ-ray energy is given by

εγ ≈ Γ2m2
ec

4εt
−1 . (9)

Eqs. (6) and (8) lead to the following relation [41, 45],

τγγ(ε
c
γ) ≈

σγγ

σ̂pγ
fpγ(εp) ≃ 10

(

fpγ(εp)

0.01

)

, (10)

where εcγ is the γ-ray energy corresponding to the reso-
nance proton energy satisfying Eq. (7),

εcγ ≈
2m2

ec
2

mpε̄∆
εp ∼ GeV

( εν
25 TeV

)

. (11)

Thus, the neutrino data from 25 TeV to 2.8 PeV [5], cor-
responding to the proton energy range from ∼ 0.5 PeV
to ∼ 60 PeV, can directly constrain the two-photon an-
nihilation optical depth at εγ ∼ 1–100 GeV.
In general, the effective pγ optical depth fpγ de-

pends on source models. But too small values of fpγ
seem unnatural since the observed neutrino flux is not
far from the Waxman-Bahcall [46, 47] and nucleus-
survival bounds [48], corresponding to maximally effi-
cient neutrino production in the sources of ultrahigh-
energy (UHE) CRs. More quantitatively, it is possible
to obtain general constraints on fpγ by comparing the
observed CR and neutrino fluxes. Recently, Ref. [49]
obtained fpγ " 0.01 by requiring that the extragalactic

3

the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives nεν ∝ const as a low-
energy neutrino spectrum [39]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-
trino and γ-ray spectra with the diffuse neutrino flux
and the IGRB [40] for a neutrino break εbν in the range
6–25 TeV. Since the sub-TeV emission is dominated by
γ rays from cascades in the CMB and EBL, the tension
with the IGRB can be weaker than in pp scenarios. How-
ever, the IGRB contribution is still at the level of ∼ 50%
for εbν = 25 TeV and reaches ∼ 100% for εbν = 6 TeV.
The spectrum (5) can be realized when the target pho-

ton spectrum is a power law with a high-energy cutoff or
a gray body (see below). We note that specific models
have larger contributions to the IGRB, by accounting for
the detailed energy dependence of fpp/pγ , the contribu-
tion from low-energy CRs, and cooling of charged mesons
and muons. As examples, we consider hadronic γ rays in
the low-luminosity AGN model of Ref. [24] (Model A),
which can explain ! 100 TeV neutrino data, and the
choked GRB jet model of Ref. [21] (Model B), although
these sources are predicted to be opaque to very-high-
energy γ rays. The right panel of Fig. 1 shows the corre-
sponding all-flavor neutrino and generated γ-ray spectra
as thick blue and thin red lines. Pretending γ-ray trans-
parency leads to violation of the high-energy IGRB data.
The limits of the IGRB contribution of pγ scenarios are

expected to become even stronger by identifying addi-
tional point sources or by decomposing the emission into
contributions from individual source populations. This
will further constrain the γ-ray transparent sources for
εbν = 6–25 TeV, which are still allowed by the Fermi data
(cf. left panel of Fig. 1). On the other hand, since the
sub-TeV emission is dominated by γ rays from cascades
in the CMB and EBL, the tension with the IGRB can
easily be relaxed compared to pp scenarios if the sources
are hidden, i.e. if high-energy γ rays generated in the
sources of diffuse neutrinos undergo efficient interactions
with intrasource radiation. In fact, this is generally the
case for pγ scenarios as we will show in the following.

CONNECTING pγ AND γγ OPTICAL DEPTHS

Let us consider a generic source with target photons
of energy εt and spectrum nεt . For soft target spectra
nεt ∝ ε−α

t with α > 1, which is valid in most nonther-
mal objects, meson production is dominated by the ∆-
resonance and direct pion production. Its efficiency fpγ
is given by

fpγ(εp) ≈ (εtnεt)σ̂pγ(r/Γ) , (6)

where σ̂pγ ∼ 0.7 × 10−28 cm2 is the attenuation cross
section (the product of the inelasticity and cross sec-
tion [41, 42]), r is the emission radius, and Γ is the bulk
Lorentz factor of the source. The energy of protons that
typically interact with photons with energy εt is

εp ≈ 20εν ≈ 0.5Γ2mpc
2ε̄∆εt

−1 , (7)

where ε̄∆ ∼ 0.3 GeV, and ∼ 30 TeV neutrinos require x-
ray or MeV γ-ray target photons. We here consider tran-
srelativistic or relativistic sources, like GRBs, pulsars,
and AGN including blazars, where target radiation is pre-
sumably generated by synchrotron or inverse-Compton
emission from thermal or nonthermal electrons. The low-
energy photon spectrum can be expressed by power-law
segments, nεt ∝ ε−α

t , where α ≥ 2/3 [43]. For nεp ∝
ε−scr
p and α " 1, the efficiency scales as fpγ ∝ εα−1

p , and
the neutrino spectral index is s = scr+1−α. For α ! 1 we
have s ∼ scr above the pion production threshold due to
higher resonances and multipion production [41, 42]. A
similar scaling is obtained for gray-body and monochro-
matic target photon spectra [34, 42].
Now, in pγ scenarios, the same target photon field can

prevent γ rays from escaping the sources. The optical
depth to γγ → e+e− is given by

τγγ(εγ) ≈ (εtnεt)η(α)σT (r/Γ) , (8)

where σT ≃ 6.65 × 10−25 cm2 and η(α) ≃ 7(α −
1)/[6α5/3(1 + α)] for 1 < α < 7 [44], which is the or-
der of 0.1. The typical γ-ray energy is given by

εγ ≈ Γ2m2
ec

4εt
−1 . (9)

Eqs. (6) and (8) lead to the following relation [41, 45],

τγγ(ε
c
γ) ≈

σγγ

σ̂pγ
fpγ(εp) ≃ 10

(

fpγ(εp)

0.01

)

, (10)

where εcγ is the γ-ray energy corresponding to the reso-
nance proton energy satisfying Eq. (7),

εcγ ≈
2m2

ec
2

mpε̄∆
εp ∼ GeV

( εν
25 TeV

)

. (11)
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responding to the proton energy range from ∼ 0.5 PeV
to ∼ 60 PeV, can directly constrain the two-photon an-
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pends on source models. But too small values of fpγ
seem unnatural since the observed neutrino flux is not
far from the Waxman-Bahcall [46, 47] and nucleus-
survival bounds [48], corresponding to maximally effi-
cient neutrino production in the sources of ultrahigh-
energy (UHE) CRs. More quantitatively, it is possible
to obtain general constraints on fpγ by comparing the
observed CR and neutrino fluxes. Recently, Ref. [49]
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•  Neutrino production efficiency fpγ cannot be too small  
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fpγ ≈ n̂BLσ
eff
pγ rBLR ≃ 5.4× 10−2 L1/2
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eff
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pγ = κpγσpγ ∼ 10−28 cm2
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eff
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σeff
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τγγ ! 10 (7)
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)(
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)−1

τ/m "
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Indication of Gamma-Ray Dark Cosmic-Ray Accelerators 

•  Βounds on τγγ hold for both thermal and nonthermal photon targets  
•  pγ mechanism: ν sources should naturally be obscured in GeV-TeV γ rays 
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Fig. 6.— The diffuse neutrino intensity (per flavor) from RIAFs
in the LLAGN model. The top panel shows the diffuse neutrino
intensity for each model tabulated in Table 2. The dashed line
(B2) almost overlaps the dot-dashed line (B4). The bottom panel
shows the diffuse intensity from two-component model (see text for
detail). The red-solid, green-dashed, and blue-dotted lines show
the total intensity, intensity from low-energy part, and intensity
from high-energy part, respectively. The green triangles represent
the atmospheric muon neutrino background produced by CRs. The
black squares show the observed data of neutrino signals.

trino flux due to the low pion production efficiency.

4.2. Diffuse intensity of cosmic-ray protons

In our model, most of the injected protons escape from
the accretion flow without depletion due to the low effi-
ciency of pion production fπ ! 0.2. Here, we discuss the
effects of escaping protons.
Assuming that the Universe is filled with CR protons,

we can estimate the CR flux as in the neutrino flux.
Figure 8 shows the estimated flux of CR protons for
models B1, B2, B3, and B4. This flux of the escap-
ing protons is much lower than observed CR flux for
1015.5eV < Ep < 1018 eV for all the models. Although
the escaping proton luminosity has weaker dependence
on ṁ than that of neutrino luminosity, the bright part is
dominant for the CR proton flux.
We note that it is unclear whether CRs of Ep ∼ 1016

eV are able to arrive at the Earth from LLAGN. In
fact, the magnetic fields in the intergalactic medium
(IGM) prevent the protons from traveling straightly, so
that the distant sources cannot contribute to the CR

Fig. 7.— The contribution to the total intensity (red-thick lines)
from different luminosity bins (thin lines). The blue-dashed, green-
dotted, and magenta-dot-dashed lines show the fluxes from bright,
middle, and faint parts, respectively. See text for definition of the
each part. The black squares show the observed data of neutrino
signals. The top and bottom panels show the intensity for B2 and
B3, respectively.

flux. The diffusion length of CR protons during the cos-

mic time is estimated to be ∼ 6B−1/6
−8 E1/6

p,16l
1/3
coh,2 Mpc

(Ep ! 1018 eV), where we use B−8 = B/(10−8 Gauss),
Ep,16 = Ep/(10 PeV), and the coherence length lcoh,2 =
lcoh/(100 kpc) (e.g., Ryu et al. 2008). We consider that
the CRs are in cosmic filaments and/or the galaxy groups
with Kolmogorov turbulence, and ignore the cosmic ex-
pansion. In addition, our Galaxy is located in the local
group, where the magnetic fields are probably stronger
than the usual IGM. These magnetic fields can poten-
tially reduce the UHECR flux of Ep ∼ 1019 eV arriving
at the Earth (Takami et al. 2014). We should take the
effects of these magnetic fields into account to discuss the
arrival CR flux in detail.
The escaping protons would diffuse in host galaxies

of LLAGN, and interact with gas in the interstellar
medium (ISM) inside the galaxies. The pion produc-
tion efficiency of pp inelastic collisions in the ISM is esti-
mated to be fπ,gal ≃ Kppnp,galσppcttrap ∼ 8×10−4E−0.3

p,16 ,
where np,gal ∼ 1 cm−3 is the mean nucleon density
in the host galaxy, ttrap = h2/4κ is the trapping time
in the galaxy. We use the scale height h ∼ 1 kpc
and the diffusion coefficient estimated in our Galaxy,
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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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see also: 
Stecker 13 
Kalashev+ 15 

see also: 
Bhattacharya+ 15 
Nakar 15 



Summary 
CR reservoirs are promising multi-messenger sources 
Nice features: theoretical predictions including a multi-PeV break  
                      UHECRs may be explained simultaneously 
                      Even the diffuse γ-ray bkg. can be explained (grand-unification) 
Strong predictions that can be tested (KM, Ahlers & Lacki 13)  
                             1. s<2.1-2.2  
                             2. >30% to the diffuse sub-TeV γ-ray bkg.  

     3. IACTs should observe them as hard γ-ray sources 
Source identification is possible w. IceCube-Gen2 (stacking, event clustering)        
 
 

Understanding the 10-100 TeV data is important  
LE excess: fluctuation? magical combination w. Gal. comp.? or new physics?  
pp scenarios: most models suffer from tensions w. the diffuse γ-ray bkg.  
pγ scenarios: hidden CR accelerators needed & tensions are naturally avoided 
                      X-ray/MeV γ-ray counterparts (ex. low-power GRBs/AGN)  
                      Are cosmic-ray connections just coincident?     



Thank You! 


