
What Can We Learn from Multimessenger Information? 
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Need to identify the sources w. ν anyway (Gen2/KM3Net) 
 
Multi-messenger approach should help:  
ex. GRB search: powerful tests even w. non-detections 
 
How to establish “physical” connections among the known unknowns?   
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Cosmic-Ray Reservoirs 
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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-
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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
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Neutrino-Gamma Connection 

•  Confined CRs make both neutrinos and gamma rays 
•  Explain >0.1 PeV ν data with few PeV break (theoretically expected)  

KM, Ahlers & Lacki 13 PRDR 
updated @ Neutrino 2014 

diffuse ν bkg. 

diffusive escape of CRs 

Unification of neutrinos and gamma rays? 

diffuse γ bkg. 
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Unification of neutrinos and cosmic rays? 
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Neutrino-Gamma-UHECR Connection 

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

Grand-unification of neutrinos, gamma rays & UHECRs? 
                                “cosmic particle-GUT” 
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cosmogenic ν flux does not violate the latest EHE limit by IceCube 

PeVν – confined CR 
UHECR – escaping CR 
sub-TeVγ – “both”  
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What Have We learned from Neutrino-Gamma Connection? 

•  Generic power-law spectrum εQε  ε2-s, transparent to GeV-TeV γ

•  sν<2.1-2.2 (for extragal.) 
•  sν<2.0 (Gal. halo)  
•  contribution to diffuse sub-TeV γ: >30%(SFR evol.)-40% (no evol.) 

The decay of neutral pions π0 → 2γ leads to γ-ray
emission. On production, the neutrino and γ-ray energy
generation rates are conservatively related as [27]

εγQεγ ≈
4

3K
ðενQενÞjεν¼εγ=2; ð3Þ

where γ-ray and neutrino energies are related as εγ ≈ 2εν.
However, the generated γ rays from the sources may not be
directly observable. First, γ rays above TeVenergies initiate
electromagnetic cascades in 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 [29].
Second, intrasource cascades via two-photon annihilation,
inverse-Compton scattering, and synchrotron radiation
processes can prevent direct γ-ray escape [30]. 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 strong tensions with the IGRB, dis-
favored by the Fermi data.
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−sν ðεν ≤ εbνÞ
ε2−s

0
ν ðεbν < ενÞ

ðppÞ; ð4Þ

where εbν is the break energy and the softening of the
spectrum, δ≡ s0 − s, is expected from the energy depend-
ence of the diffusion tensor [31]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power law
ε−sγ into the sub-TeV region [see Eq. (3)], where it directly
contributes to the IGRB [32] and Ref. [12] obtained 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 [35].
Motivated by results of Ref. [5], we calculate the diffuse

neutrino spectrum using Eq. (4) with s ¼ 2 and s0 ¼ 2.5 and
the corresponding γ-ray spectrum using Eq. (3). Following
Ref. [25], we numerically solve Boltzmann equations to
calculate intergalactic cascades, including two-photon anni-
hilation, inverse-Compton scattering, and adiabatic losses.
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 back-
ground is dominated by a subclass of AGN, blazars (e.g.,
Refs. [36,37]), and their main emission is typically variable
and unlikely to be of pp origin [38,39]. Most of the high-
energy IGRB is believed to be accounted for by unresolved
blazars [40–42]. Although the IGRB should be decomposed
with caution, if this blazar interpretation is correct, there is
little room for CR reservoirs [12].
In pγ scenarios, neutrino and γ-ray spectra depend on a

target photon spectrum. The effective optical depth to
photomeson production (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than
the CR spectrum. However, it cannot be too hard since the
decay kinematics of pions gives ενQεν ∝ ε2ν as a low-energy
neutrino spectrum [43]. 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

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 s0 ¼ sob ¼ 2.5 is
used. While pp scenarios require εbν ¼ 25 TeVwith 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 neutrino fluxes of AGN core and choked jet models from Refs. [21,24]. To illustrate the strength of diffuse γ-ray
constraints, we pretend that the sources were transparent to γ rays.
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Ref. [11]. Remarkably, the IceCube best-fit spectrum matches the nucleus-survival bound for sν = 2.3 [11]. In any case,
the photomeson production efficiency cannot be too small if PeV neutrinos and UHECRs have the same origin [18].
If we consider transients, one source class could be the origin of CRs from GeV to ultrahigh energies [19, 20]. On
the other hand, it is also possible to consider scenarios where PeV neutrino sources are not tightly related to UHECRs
above 1019 eV. As indicated in Equation (1), PeV neutrinos are more closely related to CRs around the second knee,
so it is important to reveal the origin of CRs around this energy.

As we discuss below, the measured IceCube data can explained by some astrophysical scenarios, but we have
neither identified any single source nor detected a sufficient number of neutrinos allowing statistical analyses. To
reveal their sources, multimessenger approaches combing gamma-ray and CR measurements are clearly important.
Whether neutrinos are produced via pp or pγ processes, gamma rays should be produced as well as neutrinos.
Interestingly, among gamma-ray sources that are also potential neutrino emitters, gamma-ray budgets of gamma-
ray bursts (GRBs), radio-loud active galactic nuclei (AGN), and star-forming galaxies are Qγ ∼ 1044 erg Mpc−3 yr−1,

Qγ ∼ 1044−1046 erg Mpc−3 yr−1, and Qγ ∼ 1045−1046 erg Mpc−3 yr−1, respectively, so their differential gamma-ray
energy budgets are not far from the value required for the IceCube signal. Notably, the diffuse gamma-ray intensity
has been measured by the Fermi satellite, and its origin has also been under debate. Remarkably, the observed diffuse
gamma-ray flux around 100 GeV is E2

γ Φγ ∼ 10−7 GeV cm−2 s−1 [21], which is comparable to the observed neutrino
flux. This fact indicates that the origin of the IceCube neutrino excess is related to gamma-ray sources that significantly
contribute to the diffuse gamma-ray background. The mean diffuse intensity of generated gamma rays is given by

E2
γ Φγ ≈

ctH fz

4π

1

1+K
min[1, fmes](EpQEp), (3)

where model independently we have
E2

γ Φγ ≈ (4/K)(E2
νΦνi)|Eν=0.5Eγ . (4)

For gamma rays, sufficiently high-energy gamma rays cannot avoid interactions with the cosmic microwave back-
ground and extragalactic background light, and they cause subsequent electromagnetic cascades [see 10, and ref-
erences therein]. But these effects can be taken into account in the calculations. First, if the neutrino and gamma-
ray spectra are soft enough (as expected in pp scenarios), only primary gamma rays are relevant. Second, if the
neutrino and gamma-ray spectra are hard (as expected in pγ scenarios), cascades are essential but their spectrum
is known to be nearly universal. Regarding the Fermi gamma-ray flux as an upper limit E2

γ Φup
γ , we obtain sν ≤

2+ ln[E2
γ Φup

γ |100 GeV/(2E2
νΦνi |Eν )][ln(2Eν/100 GeV)]−1 for K = 2. Using ∑i(E

2
νΦνi) = 3×10−8 GeV cm−2 s−1 sr−1

at 0.3 PeV [22], the neutrino spectral index is constrained as [23]

sν ! 2.185

!

1+ 0.265log10

"

(E2
γ Φup

γ )|100 GeV

10−7 GeV cm−2 s−1 sr−1

#$

. (5)

Thus, if PeV neutrino sources are GeV-TeV gamma-ray sources, their spectra must be hard enough. Note that a pionic
component of the diffuse Galactic emission has a much steeper index sγ ∼ 2.7 [24]. We consider implications for
astrophysical scenarios below.

We note that the above multimessenger constraint is also applied to unaccounted-for Galactic sources, since the
isotropic diffuse gamma-ray flux is a residual isotropic component obtained after subtracting known components
including diffuse Galactic emission. Noting that Galactic gamma-ray attenuation is negligible in the GeV-TeV range,
the preliminary Fermi data already suggest sν ! 2.0 [23], which also gives a stringent limit on some Galactic models.
In addition, since sub-PeV gamma rays from Galactic sources can reach the Earth, constraints on the quasidiffuse
gamma-ray intensity are quite powerful [25, 26, 27]. Ground-based detectors observing extended air showers, such as
KASCADE and CASA-MIA, can detect not only hadronic showers caused by CRs but also electromagnetic showers
caused by gamma rays. The large CR background can be discriminated by simultaneous detections of muons in muon-
rich CR showers. Advantages of surface array and water Cherenkov detectors are a large field of view and high duty
cycle. Interestingly, although many existing limits come from old measurements, the 0.1-10 PeV gamma-ray limits
E2

γ Φup
γ ∼ 10−9 − 10−8 GeV cm−2 s−1 sr−1 are comparable to the diffuse neutrino flux suggested by IceCube [25].
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CASCADE GAMMA-RAY SIGNALS PRODUCED IN COSMIC VOIDS AS A CLUE OF ULTRA-HIGH-ENERGY
COSMIC RAYS FROM ACTIVE GALACTIC NUCLEI EMBEDDED IN THE STRUCTURED UNIVERSE
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2

ABSTRACT

Active galactic nuclei Cocoon shocks might work as a accelerator if the Mach number is high enough. Even
if the This model leads to the strong emission, Possibly, neutrinos might be detecable as the diffuse neutrino
background.

Subject headings: gamma rays: bursts — gamma rays: theory — plasmas

1. INTRODUCTION

The origin of ultrahigh energy cosmic rays (UHECRs) is
still one of the open problems. Active galactic nuclei (AGNs)
are one of the most widely discussed UHECR sources. There
are radio loud AGNs that are supposed to have strong jets and
radio quiet AGNs that are not supposed. The former class can
be divided into two classes: FR I galaxies and FR II galax-

ies. FR I galaxies typically have L j ! 1045 erg s−1 while FR

II galaxies have L j " 1045 erg s−1. The local source density

is ns ∼ 10−4 Mpc−3 and ns ∼ 10−7.5 Mpc−3, respectively. See
Kawakatsu et al. 2009 and Collin 2008. When these AGNs
are observed by on-axis observers, they are seen as blazars.
Especially, FR II galaxies are supposed to be observed as FS-

RQs that typically have L j " 1047 erg s−1. See Ghisellini et al.
2009.

Radio quiet AGNs include Seyfert galaxies and their source

density is higher, ns ∼ 10−3 Mpc−3. They may also have weak
jets. See e.g., Hodge et al. 2008.

There are

2. THE COCOON SHOCK SCENARIO

The Hillas condition implies the necessary condition for
UHECRs to be accelerated. The source may move towards
us with the relativistic speed of cβ. When the bulk Lorentz
factor of the source is Γ, the distance of the emission re-
gion is written as r ≈ 2Γ2cδt and l ≈ r/2Γ is the comoving
source size. When the source moves nonrelativistically, r it-
self should be interpreted as the source size. The Hillas con-
dition rL < ZeBlβ becomes

LB > 6.7× 1045 erg s−1 Z−2E2
20Γ

2β−1 (1)

The acceleration time scale tacc ≡ ηE/ZeBc should also be
smaller than the dynamical time scale tdyn ≈ l/βc or the dif-

fusion time scale tdiff ≈ l2/3κ. In the former case, tacc < tdyn

leads to

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β3 (2)

η depends on acceleration mechanisms. In the latter case, we
have

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β

!

κ
1
3
lc

"2

(3)

Therefore, it would be possible for FR I and FR II galaxies to
generate UHE protons while radio quiet galaxies only produce
UHE nuclei rather UHE protons.

1 YITP, Kyoto University, Kyoto, 606-8502, Japan
2 YITP, Kyoto University, Kyoto, 606-8502, Japan

3. METHOD

Taking into account the pair creation, inverse Compton,
synchrotron radiation and adiabatic loss, we numerically cal-
culate the cascade emission by solving the Boltzmann equa-
tions that are often referred as kinetic equations ???,

∂Nγ

∂x
= −NγRγγ +

∂NIC
γ

∂x
+
∂N

syn
γ

∂x
−

∂

∂E
[PadNγ] + Qinj

γ ,

∂Ne

∂x
=
∂Nγγ

e

∂x
− NeRIC +

∂NIC
e

∂x
−

∂

∂E
[(Psyn + Pad)Ne] + Qinj

e ,

where

Rγγ =

#

dε
dn

dε

#

dΩ

4π
c̃σγγ(ε,Ω),

RIC =

#

dε
dn

dε

#

dΩ

4π
c̃σIC(ε,Ω),

∂NIC
γ

∂x
=

#

dE ′Ne(E ′)

#

dε
dn

dε

#

dΩ

4π
c̃

dσIC

dEγ
(ε,Ω,E ′),

∂Nγγ
e

∂x
=

#

dE ′Nγ(E ′)

#

dε
dn

dε

#

dΩ

4π
c̃

dσγγ

dEe
(ε,Ω,E ′),

∂NIC
e

∂x
=

#

dE ′Ne(E ′)

#

dε
dn

dε

#

dΩ

4π
c̃

dσIC

dEe
(ε,Ω,E ′). (4)

Here c̃ = (1−µ)c, Psyn is the synchrotron energy loss rate, Pad is
the adiabatic energy loss rate, Nγ and Ne are photon and elec-

tron/positron number densities per energy decade, and Q
inj
γ

and Q
inj
e are photon and electron/positron injection rate.

4. RESULTS

We have performed numerical calculations using the same
code.

4.1. The photon flux

We have to consider the two points as for those loss pro-
cesses. First, the acceleration time should be smaller than all
the loss time scales due to synchrotron cooling and photo-
hadronic cooling and so on. In addition, accelerated particles
should escape from the source before they lose their energy
due to those loss processes.

For discussions below, we need the target photon field.
Here we assume the broken power-law spectrum which can
be expected for various nonthermal phenomena of GRBs and
AGNs. For given observed break energy of εb

ob = Γεb and lu-
minosity of Lγ , we use

dn

dε
∝

Lγ

4πr2Γ(βc)
(ε/εb)

β−1
(5)
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EBL Uncertainty? 

•  Optical/UV background is important in the Fermi range 
Now strongly constrained by opt & γ-ray observations 

from Inoue et al. 13 ApJ 
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Table S1. Joint-likelihood results for different EBL models.

Modela Ref.b Significance of b=0 Rejectionc bd Significance of b=1 Rejectione

Stecker et al. (2006) – fast evolution (23) 4.6 0.10±0.02 17.1
Stecker et al. (2006) – baseline (23) 4.6 0.12±0.03 15.1
Kneiske et al. (2004) – high UV (22) 5.1 0.37±0.08 5.9
Kneiske et al. (2004) – best fit (22) 5.8 0.53±0.12 3.2
Gilmore et al. (2012) – fiducial (27) 5.6 0.67±0.14 1.9
Primack et al. (2005) (56) 5.5 0.77±0.15 1.2
Dominguez et al. (2011) (25) 5.9 1.02±0.23 1.1
Finke et al. (2010) – model C (24) 5.8 0.86±0.23 1.0
Franceschini et al. (2008) (7) 5.9 1.02±0.23 0.9
Gilmore et al. (2012) – fixed (27) 5.8 1.02±0.22 0.7
Kneiske & Dole (2010) (26) 5.7 0.90±0.19 0.6
Gilmore et al. (2009) – fiducial (2) 5.8 0.99±0.22 0.6

aModels tested are implemented in the Fermi Science Tools. As an example the recent model of (49) which is not defined
for E≥250/(1 + z)GeV could not be used, but its predictions are for completeness reported in Figure 1.

bReference number in the ‘References and Notes’ section of the main text.
cSignificance, in units of σ, of the attenuation in the spectra of blazars when a given EBL model is scaled by the factor b. In

this case b=0 (i.e. no EBL absorption) constitutes the null hypothesis.
dThis column lists the maximum likelihood values and 1σ confidence ranges for the opacity scaling factor.
eHere the b=1 case (i.e. EBL absorption as predicted by a given EBL model) constitutes the null hypothesis. This column

shows the compatibility (expressed in units of σ) of the predictions of EBL models with the Fermi observations. Large values
mean less likely to be compatible.
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EBL Uncertainty? (Contd.) 

•  For attenuation only, EBL cutoff is around 20-100 GeV  
•  Our limits (s<2.1-2.2) are robust against EBL uncertainties  

Results unchange even if excluded models are used 
(# very high-z EBL is not directly constrained by obs.) 

JCAP08(2012)030
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Figure 5. An example of how a cascade com-
ponent could help explain the measured VHE
DGB. A low-energy component, with EBL at-
tenuation, is shown by the dotted curve, where
a = 0.9 and α = 2.54 are assumed. A pri-
mary gamma-ray component is shown by the thin
dashed curve, where the effective photon index
is set to s = 1.5 with E′

max = 102.25 TeV and
Qγ = 2 × 1045 erg Mpc−3 yr−1, and no redshift
evolution are assumed. The resulting component
with cascades is shown by the thick dashed curve,
and the solid curve is the sum of the two com-
ponents. The low-IR model of ref. [55] is used,
but the cascaded gamma-ray spectrum for their
best-fit model (dot-dashed curve) is also shown.
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Figure 6. The same as figure 5, but
Qγ = 6 × 1044 erg Mpc−3 yr−1 with star
formation evolution [46]. For the EBL-attenuated
power-law component, a = 0.7 and α = 2.58 are
assumed.

our approach here is enough for the current purpose, which is to show the likely importance
of intergalactic cascade contributions and to demonstrate the potential impacts of measuring
the VHE DGB.

In figure 5, it is demonstrated that the contribution with cascades could indeed explain
the VHE DGB and that the component with cascades can dominate over the EBL-attenuated
power-law component. The spectrum of secondary gamma rays typically leads to a bump
feature around 100GeV, which looks consistent with an apparent tendency of the DGB.
Also, this suggests that the published data below 100GeV correspond to the most impor-
tant energies for setting general cascade bounds that are discussed in section 3. At higher
energies, the cascade spectrum for hard photon indices also gives us a conservative maxi-
mum contribution to the VHE DGB for power-law injections of primary gamma rays with
E′max

γ ! 10TeV or s > 2, although this does not generally hold for, e.g., a spiky primary
spectrum in the ∼ 0.1–10TeV range (cf. figure 4), which can be expected in the very heavy
dark matter scenario [72]. One also sees that the slope above ∼ 100GeV is steeper for faster
redshift evolution models (figure 6). Hence, if the preliminary data points are indeed correct,
the fit with cascades would be better in the no redshift evolution case. In other words, the
cascade spectrum in the no redshift evolution case gives a reasonable upper limit on the DGB
above ∼ 100GeV. The tell-tale shape of the VHE DGB is best revealed in the range of the
preliminary data above ∼ 100GeV, so precise measurements of the VHE DGB can exclude

– 8 –

from KM, Beacom & Takami 12 JCAP 
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Evolution Uncertainty? 

•  Our limits (s<2.1-2.2) are insensitive to evolution models 
Results unchange even if POP-III models are used 
(# slightly stronger limits (s<2.1) for uniform evolution) 
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Gamma-Ray Escape? 

•  Eτ=1~100 TeV for clusters, Eτ=1~10 TeV for starbursts  
(escape is possible for elliptical galaxies except for cores) 

•  GeV-TeV gamma rays should escape from the sources 

9

FIG. 1.— On the left, we show the photon densities of the radiation fields of the Galactic Center (short-dashed), NGC 253 (long-dashed), M82 (solid), and a
starburst nucleus of Arp 220 (dotted). The FIR emission from dust dominates the photon population, except in the Galactic Center where the number of CMB
photons is comparable. On the right we show the pair-production optical depths of these starbursts, along a vertical sightline out of the starburst disk. Note that
M82 and Arp 220 are opaque at tens of TeV.

protons, secondary e±, and the pair e± associated with the
γ-rays from these) are run independently of leptonic models
(with primary CR electrons and the pair e± from the γ-rays
they generate), giving us a hadronic and leptonic template for
each parameter set. The two are then added together by scal-
ing the hadronic template with η and the leptonic template
with ξ. For starbursts where there are error bars in the radio
data (Galactic Center, NGC 253, andM82), we then select the
free-free emission flux Stherm(GHz) at 1 GHz based on chi-
square fitting of the radio data, scaling ξ for each Stherm(GHz)
so that the 1.4 GHz synchrotron radio emission of the star-
bursts equals our model predictions. We use the interferomet-
ric measurements in Williams & Bower (2010) of M82 and
the starburst core of NGC 253 and the ≥ GHz radio mea-
surements in Crocker et al. (2011b) for the Galactic Center
(“HESS region”) radio flux. We use the radio data compiled
in Torres (2004) for the east and west nuclei of Arp 220; since
these data do not have error bars, we simply normalize ξ to
match the observed 5 GHz flux. Models with negative ξ (if
the secondaries alone overproduced the radio flux) were not
allowed.
We then require the predicted 0.3 - 10 GeV (Abdo et al.

2010b) and TeV (Acero et al. 2009; Acciari et al. 2009) emis-
sion of M82 and NGC 253 to match the observed values to
within a factor 2. For the Galactic Center region, we require
the predicted TeV emission to match the observed emission
(Aharonian et al. 2006) to within a factor 2, and the predicted
GeV emission to be lower than the observed emission within
|ℓ| ≤ 1◦ and |b|≤ 1◦ from EGRET (Hunter et al. 1997). For
Arp 220, we require both the predicted GeV and TeV to be
lower than the upper limits from the Fermi-LAT one year cat-
alog (Abdo et al. 2010b) and MAGIC (Albert et al. 2007), re-
spectively.
We also run a purely calorimetric hadronic model for each

p, B, and density, with no advective or diffusive losses. By
integrating up the volumetric power generated in secondary
e±, γ-rays, and neutrinos in a model, and comparing the yield
with the calorimetric model, we can quantify the efficiency of

pionic losses as the calorimetric fraction Fcal:

Fcal =
!∞
0 (E dQγ

dE +E dQe
dE +E dQν

dE )dE
!∞
0 (E dQcal

γ

dE +E dQcale
dE +E dQcal

ν

dE )dE
. (36)

We also quantify the efficiency of pionic losses for generating
VHE products by calculating Fcal(≥ 10 TeV), in which we
change the lower bound of integration to 10 TeV.
Usually, a range of η will be compatible with these con-

straints. For the sake of brevity, for a given parameter set (Σg,
B, p, tdiff(3 GeV)), we consider only those models that either
have (a) the minimum allowed η, (b) the maximum allowed η,
(c) the η which predicts the closest match to the ∼GeV γ-ray
emission (in M82 and NGC 253) or the TeV γ-ray emission
(in the Galactic Center), or (d) η fulfills (a), (b), or (c) for
some other γprimmax and the model otherwise satisfies our con-
straints. For Arp 220’s nuclear starbursts, we simply assume
that η = 0.1 since there are no γ-ray detections yet.

4. RESULTS AND COMPARISON WITH OBSERVATIONS
At GeV energies, synchrotron losses must compete with

extremely strong bremsstrahlung, ionization, and IC losses,
which cool e± before they radiate much synchrotron. In or-
der to account for the observed radio emission, there must be
more CR e± than one would naively expect for primary elec-
trons with Milky Way-like acceleration efficiencies. In gen-
eral, we find that two different kinds of models work, given
the radio constraints and the γ-ray observations:
1.) In models with high B, the GeV CR e± spectrum is

dominated by pionic secondaries, which enhance the radio
emission. In this limit, models are not affected much by vari-
ations in sufficiently small ξ, since any small ξ will result in
sub-dominant primaries. The amount of synchrotron emission
from secondaries (and tertiary pair e± from pionic γ-rays) is
set by the efficiency of CR proton acceleration (η ≈ 0.1, in
turn set by the γ-ray observations), the efficiency of pionic
losses Fcal and pair production (set by the gas density and ra-
diation fields, not B), and the power of synchrotron with re-
spect to other losses fsynch (which is highly dependent on B
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Figure 1. Interaction length (solid curves) and effective loss length (dotted-
dashed curves) of high-energy photons for the pair creation process, the energy
loss length of electron–positron pairs for the inverse Compton process (dashed
curves), and the synchrotron cooling length for BEG = 101.5 nG (dotted curve).
Thick/thin curves represent cases without/with the CRB.
(A color version of this figure is available in the online journal.)

fpγ ≃ 0.88 × 10−3(Ep/1.6 × 1018 eV)
0.5

, while fpγ ≃
0.022 for typical high-luminosity (HL) GRBs with Lb

γ =
1051.5 erg s−1, εb

ob = 500 keV, Γ = 102.5, and r = 1014.5 cm
though the multi-pion production enhances fpγ by a factor of
∼3 (Murase 2007, 2008). Hadronic γ -rays are generated via
π0 → 2γ , and their generation spectrum is roughly expressed
as E2φgen ∝ fpγ E

2−p
p ∝ E1+α−p thanks to the short lifetime

of π0 (τπ0 = 8.4 × 10−17 s). Then, cascades in the source
happen at energies where the γ γ optical depth τγ γ is large.
On the other hand, UHE photons may also escape from syn-
chrotron sources (e.g., GRBs and high-peaked BL Lac objects)
due to synchrotron self-absorption suppression below εsa

ob in the
target photon spectrum (Razzaque et al. 2004; Li & Waxman
2007; Murase 2009).1 The escape fraction fesc is estimated to
be e−τγ γ for the instantaneous emission from a thin shell or
(1 − e−τγ γ )/τγ γ in the emitting slab. The escape can be easier
when more detailed effects are included (Granot et al. 2008).

We hereafter consider such UHE photon sources. The
typical energy of γ -rays produced by the pγ reaction is
Eγ ≈ 1019 eV Ep,20, so they can provide evidence of
UHECR acceleration (Murase 2009). They are cascaded
(or attenuated) in intergalactic space due to interactions
with the cosmic infrared, microwave, and radio background
(CIB/CMB/CRB). Their interaction length for γ γ pair creation
is λγγ ∼ 2.1 Mpc Eγ ,19(10/ ln(4200 Eγ ,19)) (see Figure 1), and
UHE pairs with γe ∼ 2 × 1013 Eγ ,19 are generated.

Our universe has large-scale structure and this inhomogeneity
is crucial for propagation and resulting cascades. Sources
should be embedded in structured regions, filaments, and galaxy
clusters, whose scale is l ∼ Mpc which is comparable to
the interaction length of UHE photons. Observations suggest
EGMFs with ∼µG in cluster centers and ∼0.1 µG in cluster
outskirts (e.g., Carilli & Taylor 2002). Based on a physically

1 The emission zone of UHE photons cannot be too strongly magnetized to
avoid 1γ pair creation, i.e., (Eγ /2Γmec

2)(B ′
⊥/BQ) ! 1 (B ′ !

2000 G Γ2.5 E−1
γ ,19), implying sufficient large emission radii. For GRBs, it can

be realized in afterglow and prompt emission when the target photon field
exists above the acceleration region of UHE protons (which is plausible).

motivated, turbulent dynamo model, sophisticated simulations
suggested that filaments have BEG ∼a few × 10 nG (Ryu et al.
2008; Cho & Ryu 2009). In addition, magnetic fields with
∼101−2 nG are expected in halos of old elliptical galaxies
(l ∼ 1–3 Mpc) or magnetized galactic winds from galaxies
(l ∼ 0.5–1 Mpc; e.g., Furlanetto & Loeb 2001; Bertone
et al. 2006), and small-scale fields could be even stronger. In
such magnetized regions, the synchrotron loss length, λsyn ≃
240 pc γ −1

e,13.5B
−2
EG,−7.5, is much shorter than l and the inverse

Compton (IC) loss length, λKN
IC ∼ 6.7 Mpc γe,13.5(10/[ln(5.8 ×

104γe,13.5)−2]) (in the Klein–Nishina regime), so UHE pairs are
quickly depleted via synchrotron emission with typical energies,

Esyn ≃ 0.37 TeVγ 2
e,13.5BEG,−7.5. (2)

Here, γe = 1013.5γe,13.5 and BEG = 10−7.5 G BEG,−7.5. Noticing
that the energy fraction of UHE photons converted into UHE
pairs is ∼(1 − e−l/λγγ ), the intrinsic synchrotron fluence (or
flux for a steady source) at Esyn ≈ 0.01(h̄eBEG/m3

ec
5) E2

p is
estimated to be

E2φ ∼ 1 − e−l/λγ γ

8πd2

!
1
2
fescfpγ Ẽ iso

CR

"
, (3)

where Ẽ iso
CR ≡ E2

p(dN iso
CR/dEp) is the differential cosmic-ray

energy input and d is the distance. The synchrotron spectrum of
the structured region is roughly expressed as E2φ ∝ E(α−p)/2

(in the limit of 1 − e−l/λγγ ∼ l/λγγ ). The deflection angle,
θEG ≈

√
2λsyn/

√
3rL ≃ 3.5 × 10−4γ −2

e,13.5B
−1
EG,−7.5, is typically

smaller than θj , so high-energy emission is beamed. The time
spread is crucial for transient sources, and from Equation (2)
we get

∆tEG ≈ θ2
EG(l/2c) ≃ 0.27 yr E−2

syn,11.5lMpc (4)

for l < λγγ , which suggests !yr transients at "0.1 TeV.
UHECRs themselves may leave the source, though details

of the escape process are uncertain. They can also make
synchrotron γ -rays in the structured regions (Gabici &
Aharonian 2005; Kotera et al. 2011). As recently studied, struc-
tured EGMFs cause significant deflections and time delays (e.g.,
Takami et al. 2006; Takami & Murase 2011). The deflection an-
gle is θCR ≈

√
2lλco/3rL ≃ 0.044B̄EG,−8(λco/l)1/2lMpc E−1

p,20

for volume-averaged fields of B̄EG ∼ 10 nG in filaments (Ryu
et al. 2008; Cho & Ryu 2009), and the time spread due to the
EGMF around the source,

∆tCR ≈ θ2
CR(l/4c) ≃ 1.6 × 103 yr B̄2

EG,−8(λco/l)l3
Mpc E−2

p,20,

(5)
is much longer than ∆tEG, where λco is the coherent length
of structured EGMFs. Equation (5) also agrees with numerical
calculations (Takami & Murase 2011). Note that, though the
volume filling factor is uncertain, such EGMFs imply effective
fields of Beffλ

1/2
eff ∼ 0.3 nG Mpc1/2, consistent with upper limits

from the Faraday rotation measure (Kotera & Olinto 2011;
Takami & Murase 2011). The total time spread ∆TCR can be
longer due to the void EGMF and intervening structured EGMFs
(Takami & Murase 2011).

We are mainly interested in emissions from the structured
regions, but emission may also come from the void region
in which the EGMF is weaker and then the IC cascade will
be developed (e.g., Murase et al. 2009, Neronov & Vovk

2

KM 12 ApJL 

Lacki & Thompson 12 ApJ 

escaping γ = attenuated component + intra-source cascade component 

Arp 220 

M82/NGC253 

MW 



Testing CR Reservoir Models 
generic pp scenarios: 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 
                                  typical sources must have hard spectra: good for Gen2/CTA 
                             2. Decomposing the diffuse γ-ray bkg. 
                             3. Measurements of neutrino data below 100 TeV  

Now let us discuss more details (more complicated) 
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Extragalactic Gamma-Ray Sky Dominated by Blazars 

Ajello+ 15 

• Steady outflow

• Continuous shell ejection with a width of R0/Γ in commoving frame
• Elecrton injection from R=R0 to 2R0 with stochastic acceleration

• Turbulence Index: Kolmogorov q=5/3

• Both injection and acceleration stop at R=2R0

Model

• Electron injection

• Stochastic acceleration

• Synchrotron emission and cooling

• Inverse Compton emission and cooling

• Adiabatic cooling （V∝R2）
• Photon escape

• No electron escape!

Physical Processes
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Fig. 5.— Locations of the sources in the Clean Sample in Galactic (top) and J2000 equatorial (bot-

tom) coordinates. Red circles: FSRQs, blue circles: BL Lacs, green triangles: blazars of unknown

type, magenta stars: other AGNs.
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Figure 4: Di↵use emission arising from blazars (with or without EBL absorption), in comparison with
the intensity of the total emission from sources (both resolved and unresolved), called here “EGB” (red
data points, from Ref. [9]). Taken from Ref. [25]

.

sample. The sources were considered as either one single population, or split into HSPs
and a second sub-class including ISPs and LSPs. In their best-fit model, HSPs dominates
the dN/dS below S = 5⇥ 10�9cm�2s�1 and their SED extends to much higher energies
than in the ISP+LSP class (the best-fit cut-o↵ energy is 910 GeV for HSPs and 37 GeV
for the class of ISPs and LSPs). That is the reason why the cumulative emission from
HSPs (computed from Eq. (1) above L� � 1038erg s�1) can extend up to very high
energies and it is able to explain the whole DGRB emission reported in Ref. [112] above
few tens of GeV (see Fig. 3). Between 0.1 and 100 GeV, unresolved BL Lacs account
for ⇠ 11% of the Fermi LAT DGRB in Ref. [112], in agreement with Ref. [23].

Ref. [25] repeated the analysis of Ref. [23] on a sample of 403 blazars from 1FGL,
this time considering both FSRQs and BL Lacs as one single population by allowing
the spectral index distribution to depend on L� . A double power-law energy spectrum,
proportional to [(E0/Eb)1.7+(E0/Eb)2.6]�1, is assumed and the energy scale Eb is found
to correlate with the index � obtained when the SED is fitted by a single power law.
The same LF used in Ref. [23] and based on a luminosity-dependent density evolution
is implemented in Ref. [25], together with other evolution schemes. They all provide an
acceptable description of the blazar population, even if the luminosity-dependent density
evolution is the one corresponding to the largest log-likelihood. The predicted cumula-
tive emission of blazars (FSRQs and BL Lacs, resolved and unresolved) can be seen in
the Fig. 4 as a dotted blue band, compared to the total emission from resolved and unre-
solved sources taken from Ref. [9] (labeled “EGB” here, red data points). Blazars (both
resolved and unresolved) accounts for the 50+12

�11% of the total emission from resolved
and unresolved sources, above 100 MeV. Unresolved blazars, on the other hand, are

14

Ackermann+ 15 

Ajello+ 15 ApJL 

48 months of observations :  
3LAC: 1563 sources  
1444 AGNs in the clean sample 
most of them are blazars 

Ajello+ 14 ApJ 



Can IceCube’s Neutrinos from Blazars? 

Blazars 
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Multimessenger observations imply that blazars are sub-dominant 
- Blazars: 1. obs. SEDs (int. & ext.) → hard spectral shape (KM, Inoue & Dermer 14) 

                2. no multiplets (KM & Waxman 16) 3. no source association (IceCube Coll. 15)  
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Standard diffuse ν predictions 

IC-79/86 
prelim. 

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

ruled out 
by IceCube 
(7-yr EHE 
& stacking) 

KM, Inoue & Dermer 14 



Blazars as the Origin of IceCube’s Neutrinos? 

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  
  (e.g., power-law assumption, γ-dim population) 
- conservative for weighting  
 
 

IceCube Collaboration 16 

All 2LAC 
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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) 
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(IceCube Coll. 16, Wang & Li 15, KM & Waxman 16) 
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On Blazar Models 

fpγ Lγ, Lcr Lγ,  

→ Lν  Lγ2 

(ex. Tavecchio & Ghisellini 14) 
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Fig. 2. Left panel: Di↵erential continuum luminosity spectra of observed photons from blazars.44

The sold, dotted, and dashed curves represent the non-thermal jet component, the accretion disk
component, and the torus infrared component, respectively. The radio luminosity at 5 GHz varies
as log(L5GHz) =47, 46, 45, 44, 43, 42, and 41, in units of erg s�1 from top to bottom. Right panel:
Di↵erential luminosity spectra of photohadronic neutrinos from blazars.44 The muon neutrino
spectrum is calculated for s = 2.0 and ⇠cr = 10, with neutrino mixing. From top to bottom, the
radio luminosity varies corresponding to the left panel.

show such broad optical and UV emission lines from the BLR, and the dust torus
plays a key role in the AGN unification scheme.45

High-energy protons may be accelerated by di↵usive shock acceleration or
stochastic acceleration in a jet. They interact with synchrotron photons provided
by non-thermal electrons that are co-accelerated in jets.17,46–50 The e↵ective optical
depth to photomeson production is estimated to be

fp�(E
0
p) ⇡

2���

1 + �

�"̄�
"̄�

Ls
rad

4⇡r�2cE0
s

✓
E0

p

E0s
p

◆��1

, (2)

where �� ⇠ 5⇥ 10�28 cm2, � ⇠ 0.2, "̄� ⇠ 0.3 GeV, �"̄� ⇠ 0.2 GeV, Ls
rad is the

jet synchrotron luminosity at the synchrotron peak E0
s, r is the emission radius,

� is the bulk Lorentz factor of jets, and � is the photon index of target photons.
Note that primes refer to quantities in the black-hole rest frame. The characteristic
energy of protons that interact with target photons with E0

s is given by

E0b
p ⇡ 0.5�2mpc

2"̄�(E
0
s)

�1
. (3)

For BL Lac objects with Ls
rad ⇠ 1045 erg/s and E0

s ⇠ 10 eV, we have

fp�(E
0
p) ' 7.8⇥ 10�4Ls

rad,45�
�4
1 �t0
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5 (E0
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p 5 E0b
p)

(E0
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(E0b

p < E0
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(4)

where �t0 is the variability time in the black hole rest frame, and �l ⇠ 1.5 and �h ⇠
2.5 are the low-energy and high-energy photon indices, respectively. When cooling
of mesons and muons is negligible, the characteristic neutrino energy corresponding
to E0b

p is

E0b
⌫ ⇡ 0.05E0b

p ' 80 PeV �2
1(E

0
s/10 eV)

�1
. (5)

photon SEDs 
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The sold, dotted, and dashed curves represent the non-thermal jet component, the accretion disk
component, and the torus infrared component, respectively. The radio luminosity at 5 GHz varies
as log(L5GHz) =47, 46, 45, 44, 43, 42, and 41, in units of erg s�1 from top to bottom. Right panel:
Di↵erential luminosity spectra of photohadronic neutrinos from blazars.44 The muon neutrino
spectrum is calculated for s = 2.0 and ⇠cr = 10, with neutrino mixing. From top to bottom, the
radio luminosity varies corresponding to the left panel.

show such broad optical and UV emission lines from the BLR, and the dust torus
plays a key role in the AGN unification scheme.45

High-energy protons may be accelerated by di↵usive shock acceleration or
stochastic acceleration in a jet. They interact with synchrotron photons provided
by non-thermal electrons that are co-accelerated in jets.17,46–50 The e↵ective optical
depth to photomeson production is estimated to be
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rad is the

jet synchrotron luminosity at the synchrotron peak E0
s, r is the emission radius,

� is the bulk Lorentz factor of jets, and � is the photon index of target photons.
Note that primes refer to quantities in the black-hole rest frame. The characteristic
energy of protons that interact with target photons with E0

s is given by
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where �t0 is the variability time in the black hole rest frame, and �l ⇠ 1.5 and �h ⇠
2.5 are the low-energy and high-energy photon indices, respectively. When cooling
of mesons and muons is negligible, the characteristic neutrino energy corresponding
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We immediately see the following features. For a power-law CR spectrum such as
E�2

p , the resulting neutrino spectra should be hard since fp� increases with energy.
As an example, let us consider BL Lacs, where external radiation fields are not
relevant. As shown in the right panel of Fig. 2, neutrino spectra of BL Lacs rise
up to EeV energies, and the peak energy is much higher than ⇠ 1 PeV and the
Glashow resonance energy at 6.3 PeV. Second, fp� is quite sensitive to �. This
is one of the reasons why blazar neutrino models have large uncertainties in their
predictions for the normalization of the neutrino flux.

Next, we consider interactions with external photons provided by the BLR clouds
and the IR dust torus. The importance of BLR photons and IR photons for the
neutrino production has been studied by several authors.24,25,44,49 For the calcula-
tion, one can use empirical relations between the BLR/torus size and accretion-disk
luminosity LAD.51,52 Then, assuming an isotropic distribution in the black hole rest
frame, the photomeson production e�ciency in the BLR is estimated to be44

fp� ⇡ n̂BL�
e↵
p� rBLR ' 5.4⇥ 10�2 fcov,�1L

1/2
AD,46.5, (6)

above the pion production threshold energy, where fcov is the covering factor and
�e↵
p� is the attenuation cross section of the photomeson production. Similarly, the

photomeson production e�ciency for CR protons propagating in IR radiation fields
supplied by the dust torus is estimated to be44

fp� ' 0.89 L
1/2
AD,46.5(TIR/500 K)�1

, (7)

above the pion production threshold energy. Importantly, fp� does not depend on �
and �t0, which implies that the results on neutrino fluxes are much more insensitive
to model parameters compared to the case of internal synchrotron target photon
fields. The photomeson production with external radiation fields is important and
should not be neglected for luminous blazars such as LBLs and QHBs, leading to
spectral bumps in the PeV and EeV range (see the right panel of Fig. 2). Note that
the accretion-disk emission is also important if ⌧sc & fcov.

Final results of the di↵use neutrino intensity depend on the neutrino luminos-
ity function. It has been suggested that the spectral energy distributions of blazars
evolve with luminosity, which is the so-called blazar sequence51,53 (see the left panel
of Fig. 2). In the simple one-zone leptonic model, since fp� increases with the ob-
served photon luminosity, photohadronic interactions with broadline and IR emis-
sion in LBLs and QHBs play an important role.44 As a result, the neutrino spectrum
is roughly expressed by
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⌫
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8
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p
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(8)

As shown in the right panel of Fig. 2, the resulting neutrino spectra are quite hard
above PeV energies because of IR photons from the dust torus as well as internal
synchrotron photons. One of the advantages of this simple model is that the results
are not sensitive to details of the blazar sequence. This is because photohadronic

neutrino SEDs 

interactions w. internal radiation field (Δ-res.+direct prod.)  

interactions w. external radiation fields (Δ-res.+multi-pion) 

effective optical depth 

fpγ Lγ1/2, Lcr Lγ,  

→ Lν Lγ1.5 
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up to EeV energies, and the peak energy is much higher than ⇠ 1 PeV and the
Glashow resonance energy at 6.3 PeV. Second, fp� is quite sensitive to �. This
is one of the reasons why blazar neutrino models have large uncertainties in their
predictions for the normalization of the neutrino flux.

Next, we consider interactions with external photons provided by the BLR clouds
and the IR dust torus. The importance of BLR photons and IR photons for the
neutrino production has been studied by several authors.24,25,44,49 For the calcula-
tion, one can use empirical relations between the BLR/torus size and accretion-disk
luminosity LAD.51,52 Then, assuming an isotropic distribution in the black hole rest
frame, the photomeson production e�ciency in the BLR is estimated to be44
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photomeson production e�ciency for CR protons propagating in IR radiation fields
supplied by the dust torus is estimated to be44
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above the pion production threshold energy. Importantly, fp� does not depend on �
and �t0, which implies that the results on neutrino fluxes are much more insensitive
to model parameters compared to the case of internal synchrotron target photon
fields. The photomeson production with external radiation fields is important and
should not be neglected for luminous blazars such as LBLs and QHBs, leading to
spectral bumps in the PeV and EeV range (see the right panel of Fig. 2). Note that
the accretion-disk emission is also important if ⌧sc & fcov.

Final results of the di↵use neutrino intensity depend on the neutrino luminos-
ity function. It has been suggested that the spectral energy distributions of blazars
evolve with luminosity, which is the so-called blazar sequence51,53 (see the left panel
of Fig. 2). In the simple one-zone leptonic model, since fp� increases with the ob-
served photon luminosity, photohadronic interactions with broadline and IR emis-
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As shown in the right panel of Fig. 2, the resulting neutrino spectra are quite hard
above PeV energies because of IR photons from the dust torus as well as internal
synchrotron photons. One of the advantages of this simple model is that the results
are not sensitive to details of the blazar sequence. This is because photohadronic

independent of Γ 



Multiplet Searches are Independently Powerful 

Non-detection of multiplet sources give “upper” limits on the number density 
( or early papers, ex. Lipari 08 PRD, Silvestri & Barwick 10 PRD, KM, Beacom & Takami 12 JCAP) 
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IceCube measurements fix the normalization 
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❌ BL Lac model: weak (almost uniform) evolution, n0
eff~10-8 Mpc-3  

❌ 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  

“lower” limits 

bm~1 (background-dominated), bm~7 (background-free) 
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Figure 19. Constraints from IceCube-40 obser-
vations of the cumulative neutrino background
and point source observations. The background
limit is obtained from the quasi-differential
sensitivity at E = 1 PeV. The point source
limit is estimated from the quasi-differential
sensitivity for the declination angle of +30 deg
for the mono-energetic neutrino injection at
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i = 1 PeV.

-1

-0.5

 0

 0.5

 1

 1.5

 42  43  44  45  46  47  48  49

lo
g(

N
)

log(L [erg/s])

E’max=102.25 TeV
E’max=103.25 TeV

Figure 20. Estimates on the typical maximum
number of VHE gamma-ray sources that are al-
lowed by the DGB measurement and are de-
tectable by TeV surveys with future CTA-like
IACTs. The photon index is set to s = 1.5 with
E′

max = 102.25 TeV or E′
max = 103.25 TeV. The

dashed curves represent the case where the cas-
cade emission contributes to the individual source
flux, whereas the dotted curves are for the case
where only the attenuated emission is relevant.

survey by CTA. But this number can be increased to ∼ 7–8 with tsur = 1200 hr. One obtains
∼ 3–8, at Lγ ∼ 1044 − 1046 erg s−1 that is typical for high-peak BL Lac objects. Note that
the results are not sensitive to E′max

γ , once E′max
γ is high enough for the cascaded gamma-

ray spectrum to be similar. In the attenuation case, except for nearby outliers, it may be
difficult to find such very hard gamma-ray emitters with CTA-like surveys, and the results
highly depend on E′max

γ .

Next, we consider UHE gamma-ray emitters, motivated by searches for the origin of
UHECRs. For demonstration, we consider a near-mono-energetic neutrino/gamma-ray emit-
ter, where UHE photon and neutrinos are comparably produced with E′

νQE′
ν
= E′

γQE′
γ
at

10 EeV (cf. figure 17). Then, the IceCube sensitivity on the neutrino background at 10 EeV
gives an estimate on the typical maximum number of UHE gamma-ray emitters, as shown
in figure 21. Based on IceCube-40 limits on the neutrino background, one sees that ! 10
distant and bright UHE gamma-ray emitters may be detected for tsur = 1200 hr. However, by
the time when CTA starts gamma-ray observations, IceCube will have improved sensitivities
to the cumulative neutrino background. Therefore, though IceCube may eventually detect
extragalactic neutrino sources, we also use the full IceCube background limit to estimate the
typical number of detectable UHE gamma-ray emitters. In this case, one sees that ∼ 2–3
distant and luminous UHE gamma-ray emitters may be detected. Note that the IceCube
sensitivity is better at ∼ PeV than at ∼ EeV.

Just for demonstrative purposes, we also show the case for E′
νQE′

ν
= E′

γQE′
γ
=const.,

where the expected number of detectable VHE/UHE gamma-ray emitters is smaller than

– 24 –

Clustering Limits 

•  Weak limits before IceCube’s discovery 
(# bm=1 is assumed ignoring contributions of distant sources) 

KM, Beacom & Takami 12 JCAP 

3yr expected 

IC-40 



Clustering Limits 

•  Steady blazars are unlikely as the main sources of IceCube’s ν   
•  Absence of HE multiplets (false number of pairs is small) 
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KM & Waxman 16  
(see also Silvestri & Barwick 10, KM, Beacom & Takami 12) 

see Fang, KM et al. 16 
for numerical sim. 



IGRB Uncertainties? 
IGRB depends on foreground modeling 
(note: IGRB and point sources dominate above 10 GeV at high-lat) 
           IGRB shape is consistent w. EBL attenuation -> extgal. 

ex. IC component by Galactic electrons is not well-constrained 
Constraints could be stronger if foreground is better understood 

Ackermann+ 15 ApJ 

>10 GeV 



IGRB Models? 

Challenging game --- one of the reasons (within ~10 uncertainty): 
Blazar GeVγ  ~ Radio Galaxy GeVγ ~ SBG CR ~ UHECR ~ GRB MeVγ ~ TRSNe CR 

Multi-components (single PL w. m>0 cannot fit all energies) 

4 Cuoco et al.
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FIG. 1.— Average gamma-rays intensity I� as a function of photon energy (left) and auto-correlation APS C(��)
l in the (1–2) GeV energy band (right) for

the benchmark �-ray models considered in this work. The black lines denote the total contribution arising from astrophysical sources (i.e. the sum of BL-Lac,
mAGN, FSRQ and SFG emission). Fermi-LAT data are shown as black points (left, from Ackermann et al. (2015a), adding in quadrature systematic and statistical
uncertainties) and a shaded region (right, from Ackermann et al. (2012), including the measurements with and without foreground cleaning).

A technical remark to take into account when comparing
the model with the data is that the experimental CAPS de-
termined from the data are not deconvolved from the effect
of the point spread function (PSF) of the instrument and the
effect of map pixelization. To account for these effects we
thus convolve our model prediction in Eq. (1) with the PSF
and pixelization using the same procedure described in Xia
et al. (2015). Formally, this is implemented defining the new
quantity directly comparable with the data as C̃(�g)

` = W B
` C(�g)

`
where the effective beam window function W B

` parameterizes
the PSF and pixelization effects (see Xia et al. (2015) for more
details).

Finally, in the following, we perform our analyses in terms
of the cross correlation function CCF (�g)(✓) rather than the
cross-angular power spectra C�g

` . To obtain the CCF we per-
form a Legendre transformation on our CAPS as follows:

CCF (�g)(✓) =
X

`

2`+ 1
4⇡

C̃�g
` P̀ [cos(✓)] , (4)

where ✓ is the angular separation in the sky and P̀ are the
Legendre polynomials.

3. STATISTICAL ANALYSIS
In order to assess the possible presence of a DM signal in

the IGRB, and its robustness to the presence of astrophysical
emitters, we perform a statistical analysis fitting the observed
cross-correlation data of Xia et al. (2015) with a combination
of both DM and astrophysical source models. Specifically,
we define a �

2 statistic from the data D, i.e., the observed
CCF between the Fermi maps and the number of sources in
catalogues (Xia et al. 2015), and M, i.e. the model CCF cal-
culated for the different types of �-ray emitters as introduced
in the previous Section and detailed in the Appendices. The

�

2 is defined as:

�

2 =
5X

p=1

3X

n=1

X

✓i ✓ j

⇣
D(p,n)

✓i
- M(p,n)

✓i
(A)

⌘ ⇥
C(p,n)⇤-1

✓i✓ j

⇣
D(p,n)

✓ j
- M(p,n)

✓ j
(A)

⌘
,

(5)
where the index p runs over the five different catalogues of ex-
tragalactic sources (2MASS, NVSS, SDSS-DR6 QSO, SDSS-
DR8 Main Sample Galaxies and SDSS-DR8 Luminous Red
Galaxies), the index n runs over three �-rays energy ranges
(E > 0.5 GeV, E > 1 GeV and E > 10 GeV), whereas the in-
dices ✓i and ✓ j run over 10 angular bins logarithmically spaced
between ✓ = 0.1� and 100�. C(p,n) is the covariance matrix that
quantifies the errors on the CCFs in each angular bin and the
covariances among different bins, and A denotes the vector
of free parameters which the CCF model M depends upon
(specified below). Both the covariance matrix C(p,n) and the
measured CCFs D(p,n)

✓i
are taken from Xia et al. (2015). In

Eq. (5) the total �

2 is obtained by adding up the individual
�

2 computed in three overlapping energy bands. There is,
thus, in principle, a statistical dependence among the differ-
ent energy bands that should be accounted for. Nonetheless,
such dependence is expected to be small since photon counts
are heavily dominated by events near the lower end of each
energy interval because of the steep IGRB energy spectrum
/ E-2.3 (Ackermann et al. 2015a). For this reason we will
treat the CCFs estimated in the three energy intervals as sta-
tistically independent in the �

2 analysis.
For any given catalog of LSS tracers, energy band and an-

gular bin (i.e. for a given choice of p, n, and ✓i) the theoretical
CCF M(p,n)

✓i
can be expressed as a sum of different contribu-

tions:

M(p,n)
✓i

=
5X

↵=1

A↵c(p,n)
↵ (✓i) + A(p)

1h c(n)
1h (✓i) . (6)

Di Mauro + 14 pJ 
Linden 16 Cuoco+ 15 ApJS 
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Figure 7. The same as figure 5, but s = 2
is used. For the EBL-attenuated power-law
component, a = 0.8 and α = 2.56 are assumed.
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Figure 8. The same as figure 5, but the near-
mono-energetic UHE gamma-ray injection over
a half decade in logarithmic energy (with the
central value of E′

max = 10 EeV) is assumed.

standard blazar model, BL Lac objects and Fanaroff-Riley (FR) I galaxies can typically ac-
celerate protons up to ∼ 1019 eV [73]. Hypernovae are also potential VHECR accelerators,
and low-luminosity GRBs accompanying relativistic ejecta may even produce UHECRs [75].
Accretion and merger shocks in clusters of galaxies have also been suggested as the origin of
CRs below the ankle [74].

In the energy range below the ankle, the allowed CR energy budget is larger than
the UHECR energy budget [e.g., 23, 36, 74]. Also, importantly, the Bethe-Heitler process
is more relevant than photomeson production. Since this process itself does not include
neutrino production, neutrino constraints, which are discussed in the next section, can also
be avoided. We consider the following proton spectrum,

E′
pQE′

p
∝ (E′

p)
2−q (E′

p ≤ E′max
p ), (2.9)

where the proton normalization is set by Qvhecr =
! E′max

p

1018 eV
dE′QE′ , where the proton maxi-

mum energy is set to E′max
p = 1019 eV throughout this paper. Note that the total CR energy

budget Qcr is larger than the VHECR energy budget Qvhecr. We use Qvhecr that is more
directly related to CR observations. Low-energy CRs do not interact with photons either
by the photomeson production or the Bethe-Heitler process, and Qcr/Qvhecr depends on the
extrapolation to lower energies. For demonstration, we adopt q = 2.6, motivated by extra-
galactic scenarios explaining the observed VHECRs below the ankle [e.g., 23, 74]. Unless one
considers redshift evolution models faster than star formation evolution, such steep indices
are required for the VHECR-induced cascade component to contribute to the DGB [e.g.,
36, 43], where the main process should be the Bethe-Heitler process rather than the pho-
tomeson production. In other words, as seen later, the UHECR energy budget is typically
smaller than the required gamma-ray energy budget.

Our results are shown in figures 9 and 10, where it is shown that the VHECR-induced
cascade contribution could marginally explain the VHE DGB and the cascade component
can dominate over the EBL-attenuated power-law component. Because the Bethe-Heitler
process can inject pairs over λBH ≫ λγγ , the VHECR-induced cascade spectrum is slightly
harder than the gamma-ray-induced cascade spectrum at ! 30TeV energies, which is dif-
ficult to observe. On the other hand, since protons from more distant sources are more

– 10 –
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FIG. 1.— Average gamma-rays intensity I� as a function of photon energy (left) and auto-correlation APS C(��)
l in the (1–2) GeV energy band (right) for

the benchmark �-ray models considered in this work. The black lines denote the total contribution arising from astrophysical sources (i.e. the sum of BL-Lac,
mAGN, FSRQ and SFG emission). Fermi-LAT data are shown as black points (left, from Ackermann et al. (2015a), adding in quadrature systematic and statistical
uncertainties) and a shaded region (right, from Ackermann et al. (2012), including the measurements with and without foreground cleaning).

A technical remark to take into account when comparing
the model with the data is that the experimental CAPS de-
termined from the data are not deconvolved from the effect
of the point spread function (PSF) of the instrument and the
effect of map pixelization. To account for these effects we
thus convolve our model prediction in Eq. (1) with the PSF
and pixelization using the same procedure described in Xia
et al. (2015). Formally, this is implemented defining the new
quantity directly comparable with the data as C̃(�g)

` = W B
` C(�g)

`
where the effective beam window function W B

` parameterizes
the PSF and pixelization effects (see Xia et al. (2015) for more
details).

Finally, in the following, we perform our analyses in terms
of the cross correlation function CCF (�g)(✓) rather than the
cross-angular power spectra C�g

` . To obtain the CCF we per-
form a Legendre transformation on our CAPS as follows:

CCF (�g)(✓) =
X

`

2`+ 1
4⇡

C̃�g
` P̀ [cos(✓)] , (4)

where ✓ is the angular separation in the sky and P̀ are the
Legendre polynomials.

3. STATISTICAL ANALYSIS
In order to assess the possible presence of a DM signal in

the IGRB, and its robustness to the presence of astrophysical
emitters, we perform a statistical analysis fitting the observed
cross-correlation data of Xia et al. (2015) with a combination
of both DM and astrophysical source models. Specifically,
we define a �

2 statistic from the data D, i.e., the observed
CCF between the Fermi maps and the number of sources in
catalogues (Xia et al. 2015), and M, i.e. the model CCF cal-
culated for the different types of �-ray emitters as introduced
in the previous Section and detailed in the Appendices. The

�

2 is defined as:

�

2 =
5X

p=1

3X

n=1

X

✓i ✓ j

⇣
D(p,n)

✓i
- M(p,n)

✓i
(A)

⌘ ⇥
C(p,n)⇤-1

✓i✓ j

⇣
D(p,n)

✓ j
- M(p,n)

✓ j
(A)

⌘
,

(5)
where the index p runs over the five different catalogues of ex-
tragalactic sources (2MASS, NVSS, SDSS-DR6 QSO, SDSS-
DR8 Main Sample Galaxies and SDSS-DR8 Luminous Red
Galaxies), the index n runs over three �-rays energy ranges
(E > 0.5 GeV, E > 1 GeV and E > 10 GeV), whereas the in-
dices ✓i and ✓ j run over 10 angular bins logarithmically spaced
between ✓ = 0.1� and 100�. C(p,n) is the covariance matrix that
quantifies the errors on the CCFs in each angular bin and the
covariances among different bins, and A denotes the vector
of free parameters which the CCF model M depends upon
(specified below). Both the covariance matrix C(p,n) and the
measured CCFs D(p,n)

✓i
are taken from Xia et al. (2015). In

Eq. (5) the total �

2 is obtained by adding up the individual
�

2 computed in three overlapping energy bands. There is,
thus, in principle, a statistical dependence among the differ-
ent energy bands that should be accounted for. Nonetheless,
such dependence is expected to be small since photon counts
are heavily dominated by events near the lower end of each
energy interval because of the steep IGRB energy spectrum
/ E-2.3 (Ackermann et al. 2015a). For this reason we will
treat the CCFs estimated in the three energy intervals as sta-
tistically independent in the �

2 analysis.
For any given catalog of LSS tracers, energy band and an-

gular bin (i.e. for a given choice of p, n, and ✓i) the theoretical
CCF M(p,n)

✓i
can be expressed as a sum of different contribu-

tions:

M(p,n)
✓i

=
5X

↵=1

A↵c(p,n)
↵ (✓i) + A(p)

1h c(n)
1h (✓i) . (6)

Anisotropy Signals 
•  Auto-correlation → sensitive to “rare” sources 
•  Cross-correlation → tracers of large-scale structure 

•  Consistent with the mixture of blazar + other components  
•  SFGs/RGs & Galactic foreground may be relevant at <~ 1 GeV 

16 Xia et al.

FIG. 14.— CAPS (upper panels) and CCF (lower panels) estimated from the SDSS DR6 QSOs map and the Fermi-LAT IGRB maps in three energy bands. The
three panels refer to three energy cuts E > 0.5 GeV (left panels), E > 1 GeV (middle panels) and E > 10 GeV (right panels). Error bars on the data points (orange
dots) represent the diagonal elements of the PolSpice covariance matrix. Model predictions for different types of sources are represented by continuous curves:
FSRQs (red, dashed), BL Lacs (black, solid) star-forming galaxies (blue and green, dot-dashed) All the models are a priori models (i.e., not fitted) normalized
assuming that the given source class contributes 100% of the IGRB.

FIG. 15.— Analogous to Fig. 14 using 2MASS galaxies
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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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fluxes, the expected number of detected sources becomes
quickly incompatible with the values measured in the
2FHL, even when compensating by making α2 steeper
(e.g., for Sb ¼ 5 × 10−12 ph cm−2 s−1 and α2 ¼ 1.10, we
predict 318" 20 sources).
Alternatively, it is possible to probe directly flux values

below the 2FHL detection threshold by applying a source
TS cut lower than the nominal value of 25 used for the
construction of the catalog. As long as the source detection
efficiency is self-consistently derived, the intrinsic source
count distribution is independent of the TS cut and lower
cut values translate into lower detection thresholds. By
repeating the analysis with TS > 10 we were able to add a
new point at about 6 × 10−12 ph cm−2 s−1 that, albeit with a
relatively large error, corroborates the presence of a break at
1 × 10−11 ph cm−2 s−1 (see bottom panel of Fig. 3).
Finally, we have checked that the shape of the derived

dN=dS distribution is not significantly affected by a change
of α1 within its error.
The lowest flux that the photon fluctuation analysis is

sensitive to can be estimated by adding to the source count
distribution one more break flux below that of the bench-
mark model. We fixed the slope below this second break to
α3 ¼ 1.80, which is at the edge of the derived range for α2,
while the break flux is varied in the range Slim ∈ ½5 ×
10−13; 5 × 10−12$ ph cm−2 s−1 to register when a worsening
of the χ2 (with respect to the best-fit one) is observed. The
result of this analysis is that the fit worsened by more than
3σ for Slim ≳ 1.3 × 10−12 ph cm−2 s−1. The results of the
photon fluctuation analysis are reported in Figs. 3 and 4,
which show that this technique allows us to measure the
source count distribution over almost three decades in flux.

In the bottom panel of Fig. 3, we show the fluxes at which a
source count distribution with any given slope α2 below
Sb ¼ 1 × 10−11 ph cm−2 s−1 would produce 100% (or
85%) of the EGB.
We have tested also the possibility that a new s

ource population could emerge in the flux distribution
with a Euclidean distribution, as might be expected, for
example, from star-forming galaxies [22]. In this test we
set α3 ¼ 2.50 and follow the method described above to
derive the maximum flux at which a possible resteepening
of the source counts might occur. This is found to be
Slim ≈ 7 × 10−13 ph cm−2 s−1 and the integrated emission
of such a population would exceed at fluxes of
∼7 × 10−14 ph cm−2 s−1, the totality of the EGB intensity.
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 ∈ ½0.8; 1.5$ × 10−11, slopes
above and below the break of α1 ¼ 2.49" 0.12 and
α2 ∈ ½1.60; 1.75$, respectively, and a normalization
K ¼ ð4.60" 0.35Þ × 10−19 deg−2 ph−1 cm2 s. We believe
this describes the source counts of a single population
(blazars), because no resteepening of the source count
distribution is observed and because the large majority
(97%) of the detected sources are likely blazars.
Figure 4 reports the theoretical expectations for the

source count distribution given by blazars [4,14] and BL
Lacs [13]. These models are consistent with the observa-
tions at bright fluxes, but are above the experimental
Nð> SÞ by about a factor of 2 at S ¼ 10−12 ph cm−2 s−1.
We include in the same figure also the predicted 5 mCrab
sensitivity reachable by CTA in 240 h in the most sensitive
pointing strategy [16]. At these fluxes the source density is
0.0194" 0.0044 deg−2, which translates to the serendipi-
tous 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 ¼
Z

Smax

0
S0
dN
dS0

dS0 ½ph cm−2 s−1 sr−1$: ð3Þ

Choosing Smax ¼ 10−8 ph cm−2 s−1 we find that the total
integrated flux from point sources is 2.07þ0.40

−0.34×
10−9 ph cm−2 s−1 sr−1, which constitutes 86þ16

−14% (The
quoted range takes into account only the uncertainty on
the photon fluctuation analysis and can extend above
100%. Indeed, it does not consider possible systematic
correlations between the cumulative intensity of sources
and the intensity of the EGB, which were measured in two
separate analyses.) of the EGB above 50 GeV estimated in
Ref. [2]. This validates the predictions of models [4,5,13].

FIG. 5. Comparison between the pixel count distribution from
the average of 20 simulations (blue points), and the distribution
from the real sky (red points). The green points show the
difference between the two distributions. In each number of
photon bin Nphotons ranging between ½Nphoton;1; Nphoton;2$, we
display Npixel with Nphotons ∈ ½Nphoton;1; Nphoton;2Þ.
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The first compares the input source fluxes Strue with the
fluxes Smeas measured with the Fermi Science Tools in the
simulations. The result displayed in the top panel of Fig. 2
shows that for bright sources this ratio converges to 1 as
expected in the absence of biases or errors. On the other
hand, Smeas=Strue for faint sources deviates systematically
from 1. This effect is readily understood as caused by the
Eddington bias, which is the statistical fluctuations of
sources with a simulated flux below the threshold to a
flux above the detection threshold [12]. Our second check
compares the average photon index distribution (dN=dΓ),
as derived from the simulations, with the same distribution
as derived from the 2FHL catalog. This is reported in the
bottom panel of Fig. 2 and it shows that our description of
the γ-ray sky and of the blazar population is faithful to the
real one.

The results from analyzing the sources in the simulated
data can be used to measure the detection efficiency ωðSÞ,
which is a weighting factor that takes into account the
probability to detect a source as a function of flux. The
detection efficiency 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 reported in Fig. 3 shows that the
LAT detects any source in the jbj > 10° sky for fluxes

FIG. 2. Top panel: Ratio of the measured-to-simulated source
flux (as derived from the analysis of the simulations described in
the text) as a function of simulated source flux. Bottom panel:
Comparison between the photon index distributions of sources
detected in 2FHL (blue points) and the average of the simulations
(red points).

FIG. 3. Top panel: Detection efficiency ωðSÞ (blue points) as a
function of source flux and normalized distribution of source
fluxes detected in 2FHL (gray shaded histogram). Bottom panel:
Intrinsic S2dN=dS distribution measured with two different cuts
on the source TS: 25 (black points) and 10 (red points, for the
lowest four flux bins only). The black solid line shows our best-fit
model, while the gray and cyan bands show the 1σ and 3σ
uncertainty bands from the photon fluctuation analysis. The
vertical brown dotted line represents the sensitivity of the photon
fluctuation analysis. The orange and red curves indicate where
85% and 100% of the EGB intensity above 50 GeV [2]. Taking
the 100% curve as an example, any point on that curve that is
joined with a power law to the measured source count distribution
at S ≈ 10−11 ph cm−2 s−1, will give a source count distribution
that produces 100% of the EGB.
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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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fluxes, the expected number of detected sources becomes
quickly incompatible with the values measured in the
2FHL, even when compensating by making α2 steeper
(e.g., for Sb ¼ 5 × 10−12 ph cm−2 s−1 and α2 ¼ 1.10, we
predict 318" 20 sources).
Alternatively, it is possible to probe directly flux values

below the 2FHL detection threshold by applying a source
TS cut lower than the nominal value of 25 used for the
construction of the catalog. As long as the source detection
efficiency is self-consistently derived, the intrinsic source
count distribution is independent of the TS cut and lower
cut values translate into lower detection thresholds. By
repeating the analysis with TS > 10 we were able to add a
new point at about 6 × 10−12 ph cm−2 s−1 that, albeit with a
relatively large error, corroborates the presence of a break at
1 × 10−11 ph cm−2 s−1 (see bottom panel of Fig. 3).
Finally, we have checked that the shape of the derived

dN=dS distribution is not significantly affected by a change
of α1 within its error.
The lowest flux that the photon fluctuation analysis is

sensitive to can be estimated by adding to the source count
distribution one more break flux below that of the bench-
mark model. We fixed the slope below this second break to
α3 ¼ 1.80, which is at the edge of the derived range for α2,
while the break flux is varied in the range Slim ∈ ½5 ×
10−13; 5 × 10−12$ ph cm−2 s−1 to register when a worsening
of the χ2 (with respect to the best-fit one) is observed. The
result of this analysis is that the fit worsened by more than
3σ for Slim ≳ 1.3 × 10−12 ph cm−2 s−1. The results of the
photon fluctuation analysis are reported in Figs. 3 and 4,
which show that this technique allows us to measure the
source count distribution over almost three decades in flux.

In the bottom panel of Fig. 3, we show the fluxes at which a
source count distribution with any given slope α2 below
Sb ¼ 1 × 10−11 ph cm−2 s−1 would produce 100% (or
85%) of the EGB.
We have tested also the possibility that a new s

ource population could emerge in the flux distribution
with a Euclidean distribution, as might be expected, for
example, from star-forming galaxies [22]. In this test we
set α3 ¼ 2.50 and follow the method described above to
derive the maximum flux at which a possible resteepening
of the source counts might occur. This is found to be
Slim ≈ 7 × 10−13 ph cm−2 s−1 and the integrated emission
of such a population would exceed at fluxes of
∼7 × 10−14 ph cm−2 s−1, the totality of the EGB intensity.
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 ∈ ½0.8; 1.5$ × 10−11, slopes
above and below the break of α1 ¼ 2.49" 0.12 and
α2 ∈ ½1.60; 1.75$, respectively, and a normalization
K ¼ ð4.60" 0.35Þ × 10−19 deg−2 ph−1 cm2 s. We believe
this describes the source counts of a single population
(blazars), because no resteepening of the source count
distribution is observed and because the large majority
(97%) of the detected sources are likely blazars.
Figure 4 reports the theoretical expectations for the

source count distribution given by blazars [4,14] and BL
Lacs [13]. These models are consistent with the observa-
tions at bright fluxes, but are above the experimental
Nð> SÞ by about a factor of 2 at S ¼ 10−12 ph cm−2 s−1.
We include in the same figure also the predicted 5 mCrab
sensitivity reachable by CTA in 240 h in the most sensitive
pointing strategy [16]. At these fluxes the source density is
0.0194" 0.0044 deg−2, which translates to the serendipi-
tous 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 ¼
Z

Smax

0
S0
dN
dS0

dS0 ½ph cm−2 s−1 sr−1$: ð3Þ

Choosing Smax ¼ 10−8 ph cm−2 s−1 we find that the total
integrated flux from point sources is 2.07þ0.40

−0.34×
10−9 ph cm−2 s−1 sr−1, which constitutes 86þ16

−14% (The
quoted range takes into account only the uncertainty on
the photon fluctuation analysis and can extend above
100%. Indeed, it does not consider possible systematic
correlations between the cumulative intensity of sources
and the intensity of the EGB, which were measured in two
separate analyses.) of the EGB above 50 GeV estimated in
Ref. [2]. This validates the predictions of models [4,5,13].

FIG. 5. Comparison between the pixel count distribution from
the average of 20 simulations (blue points), and the distribution
from the real sky (red points). The green points show the
difference between the two distributions. In each number of
photon bin Nphotons ranging between ½Nphoton;1; Nphoton;2$, we
display Npixel with Nphotons ∈ ½Nphoton;1; Nphoton;2Þ.
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Implications for IceCube’s Neutrinos 

cross corr. limits 

Ando+ 15 PRL 

•  All indicate lesser room for pp scenarios → s<2.0-2.1 
•  But the results start to depend on evolution models   

strong constraints for weakly evolving models    

•  Improved constraints on UHECR-induced cosmogenic γs  
strong (ex. FSRQ) evolution is prohibited  

•  We should be cautious about foregrounds and backgrounds  
but this may be an interesting subject before we have next γ-ray satellites 
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Lowering the Threshold: Steep Spectra & Large Flux 

•  MESE 
Edep>~1 TeV (2010-2012) 

 
   

 
 

 
   

 
 

 
   

 
 

best-fit simple PL: s=2.46±0.12 
IceCube 15 PRD 

•  Shower analyses 
Edep: 10 TeV-1 PeV (2010-2012) 
 

172 events (~4.7 σ) 
s=2.67+0.12-0.13 
atm. prompt (90%CL)  
< 3.8x10-9 cm-2 s-1 sr-1 
No evidence for north-south asymmetry  

IceCube 15 ICRC 



Spectral Hardening at 100 TeV? 

 
   

 
 

 
   

 
 

 
   

 
 

IceCube 16 ApJ 

- 6-yr Upgoing muon ν (29 events at >200 TeV):  
  only bkg. rejected at 5.9σ  
- Best-fit index: s=2.13±0.13  
- Muon ν flux above 100 TeV:      
  Eν

2Φν=(0.82+0.3-0.26) 
              x10-8 GeV cm-2 s-1 sr-1   
- Consistent w. low-energy analyses  
   but there is a 3.3σ tension 

- Best fit (no cutoff): sν=2.58+-0.25 

•  4-yr HESE data: 54 events (6.5 σ) 
Edep: 20 TeV-2 PeV 



Beyond Waxman-Bahcall?: MESE “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 . 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 point-source 
       & cross-corr. studies    



•  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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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

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

•  Neutrino production efficiency fpγ cannot be too small  
2

fpγ ≈ n̂BLσ
eff
pγ rBLR ≃ 5.4× 10−2 L1/2

AD,46.5

fpγ ≈ nγσ
eff
pγ∆

σeff
pγ = κpγσpγ ∼ 10−28 cm2

fAγ ≈ nγσ
eff
Aγ∆

σeff
Aγ = κAγσAγ ∼ 10−27 cm2

τγγ ≈ nγ(0.1σT )∆

τγγ ≈
0.1σγγ

σeff
pγ

fpγ ∼ 1000fpγ

fpγ ! 0.01

fpγ ≈ (σeff
pγ /σ

eff
Aγ)fAγ " 0.1

τγγ ! 10 (7)
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!
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d

E
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(d/10 Mpc)

(E/GeV)
(9)
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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 

KM, Guetta & Ahlers 16 PRL 
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10 Kimura, Murase, & Toma

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,

GRBs and AGN as Hidden Neutrino Factories? 

cf. KM+ 06 ApJL 
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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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Galactic Scenarios for MESE? 
~200 TeV is coincident w. neutrino ankle” 
not ruled out but fine tuning seems needed 
 
1.  Why the Gal and extragalactic have the similar flux at this energy? 

If the same source population is responsible 
 
 
2.  Muon neutrino constraints  

Galactic diffuse emission: <50% 
Unresolved sources in the Galactic plane: <65% 
Fermi bubbles, un-ID TeV sources: <25% 
DM decay: unconstrained 

 
3.  Diffuse gamma-ray constraints 

Galactic diffuse emission: <3(ΔΩ/1 sr)%  
Galactic center: <40-50(ΔΩ/1 sr)% 
- HAWC will improve the limits soon  

 

(Ahlers, Bai+ 15 PRD)  

(Ahlers & KM 14 PRD, KM+ 16 PRL, Kistler 16)  

Recycling Galactic Cosmic-Ray Nuclei by Shear Acceleration:

A Radio Galaxy Model for Ultrahigh-Energy Cosmic Rays
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We perform Monte Carlo simulations of mildly relativistic shear acceleration dedicated to the

jet-cocoon system of radio galaxies with ⇠ 10 � 100 kpc jets. A certain fraction of galactic cosmic

rays in a halo is naturally entrained and su�ciently high-energy particles are injected to the reac-

celeration process. We show that heavy nuclei can achieve ⇠ 10

20
eV for reasonable jet parameters.

Intriguingly, our shear reacceleration model predicts a hard spectrum with dN/dE ⇠ E�0.5�E0
and

the enhanced abundance of nuclei due to injections at TeV-PeV energies and higher metallicities

in elliptical galaxies. As a result, the energy spectrum and mass composition can be reasonably

explained without contradiction with the existing anisotropy data.

PACS numbers: 95.85.Ry, 98.70.Sa, 98.70.Vc
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We perform Monte Carlo simulations of mildly relativistic shear acceleration dedicated to the

jet-cocoon system of radio galaxies with ⇠ 10 � 100 kpc jets. A certain fraction of galactic cosmic

rays in a halo is naturally entrained and su�ciently high-energy particles are injected to the reac-

celeration process. We show that heavy nuclei can achieve ⇠ 10

20
eV for reasonable jet parameters.

Intriguingly, our shear reacceleration model predicts a hard spectrum with dN/dE ⇠ E�0.5�E0
and

the enhanced abundance of nuclei due to injections at TeV-PeV energies and higher metallicities

in elliptical galaxies. As a result, the energy spectrum and mass composition can be reasonably

explained without contradiction with the existing anisotropy data.
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Discussion Topic 
If true, this is an unexpected new component (interesting!) 
- Probably not prompt ν 
- Results of starting muons are important  
But how confident are we for the subtraction of the 
atmospheric backgrounds?  
 

Bhattacharya et al. 16 JHEP 
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Summary 
Implications for the sources? 
mostly isotropic & diffuse TeV-PeV γ-ray limits → extragalactic component  
generic pp scenarios: CR reservoir models (well-motivated; CP-GUT)  
                      s<2.1-2.2 & >30% to the diffuse sub-TeV γ-ray bkg.  
                    recent studies may suggest tighter constraints (s<2.0-2.1)   
pγ scenarios: classical GRBs & blazars (most powerful jets) are subdominant 
                      (although they can still be the sources of UHECRs) 
                      dim CR accelerators (ex. low-power GRBs/AGN cores) allowed 
 

MESE excess? – atm. background? Galactic models? or new physics?  
pp scenarios: models suffer from strong tensions w. the diffuse γ-ray bkg.  
pγ scenarios: natural in hidden CR accelerators (ex. low-power GRBs/AGN) 
Are there two components? How about cosmic-ray connections?     

Is identifying individual sources possible? – yes  
-  IceCube-Gen2: almost all (reasonable) models can be critically examined 
-  M3Net critical for Galactic sources even if they are subdominant  

 



A Variant of CP-GUT Models 
AGN embedded in groups/clusters Fang & KM 17  



Subdominant Sources in the Galactic Plane? 

constraints on proposed models 
- diffuse Galactic emission 
  (Anchordoqui+ 14, Neronov+ 14, Joshi+14) 
  too steep spectra 
- supernova/hypernova remnants 
   (Fox+ 13) 
  gamma limits look violated 
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FIG. 3: Di↵use measurements of the �-ray flux in the GP
in comparison to the expected di↵use flux from the propa-
gation of Galactic CRs (green lines) and Galactic SNRs and
HNRs (black/gray lines) with power index � = 2.2. The
solid lines indicate the estimate in Eqs. (5), (7) and (8) using
relation (2) without attenuation and the dashed lines indi-
cate the contribution from a source at the GC. We adopt the
calculation of Ref. [29] for the interstellar radiation field on
top of the CMB. We also show estimates of the sensitivity of
CTA (green dotted), HAWC (blue dotted) and LHAASO (red
dotted) w.r.t. the di↵use TeV-PeV �-ray emission in the GP
(|b| < 2�).

with exponential cuto↵ at E
⌫,max ' 2 PeV.

In Figure 3 we show the associated flux of di↵use
Galactic CRs and from SNRs/PWNe and HNRs from
Eqs. (5), (8) and (7) using relation (2) in comparison
to experimental observations of TeV-PeV �-rays. The
absorption via interstellar radiation fields in the plane
depend on the Galactic longitude; the dashed lines in-
dicate observations for a source at the GC where the
absorption e↵ect is strongest [29]. Note that the indi-
vidual di↵use TeV-PeV �-ray limits of the GP are for
di↵erent longitudinal emission regions along the GP as
indicated in the legend of the plot. The Milagro exper-
iment identified a di↵use �-ray emission in the GP at
3.5 TeV within 40� < ` < 100� and at 15 TeV within
40� < ` < 85� [39, 40]. The flux of SNRs or PWNe may
make a significant contribution to the Milagro flux. This
is roughly consistent with estimates based on analyses
on nearby SNRs and PWNe that have been observed by
Cherenkov telescopes like HESS [68].

The di↵use flux from the propagation of CRs is

marginally consistent with the estimate of Eqs. (2) and
(5). On the other hand, the neutrino flux from SNRs
suggested by Eqs. (2) and (7) is already ruled out by
di↵use GP �-ray measurements. PeV �-ray observations
constraint the flux to E2

�

J
�

. 10�8 GeV cm�2 s�1 sr�1

at E
�

⇠ 0.1 � 0.2 PeV, implying E2
⌫

J
⌫↵ . 0.4 ⇥

10�8 GeV cm�2 s�1 sr�1 at E
⌫

⇠ 0.1 � 0.2 PeV. This
may imply that not all young SNRs in the Sedov phase
do accelerate CRs up to the CR knee as suggested from
TeV �-ray observations of nearby SNRs [e.g., 69]. This
is also consistent with the theoretical expectation that
E

p,max ⇠ Ekn is achieved only around tSed.

More generally, we can see from Fig. 3 that > 100 TeV
�-ray limits in the GP are at a comparable level as (or
at a slightly lower level than) the di↵use isotropic limits
shown in Fig. 2. Note that the limits and measurements
of the di↵use GP flux are obtained after substracting
the isotropic component. However, an extragalactic dif-
fuse �-ray emission in this energy range will be strongly
suppressed due to photon absorption in the extragalac-
tic background light. If all events of the IceCube excess
would be associated with the GP at |b| < 2� the di↵use
GP flux would be about 4⇡/�⌦GP ' 29 times larger
than the prediction in Eqs. (1) and (2). This is clearly
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Deeper PeV �-ray observations covering the GP can
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show the sensitivity of the air shower arrays HAWC [50]
and LHAASO [49] after three and one year of observa-
tion, respectively, and for the proposed Cherenkov Tele-
scope Array (CTA) after 100 hours of observation [48].
For CTA we assume a FoV with diameter of 10� and
✓PSF ' 0.05�. To account for the limited FoV of
these experiments we estimate the upper di↵use limits
from the point source (PS) sensitivities �PS (in units of
GeV�1cm�2 s�1) via �di↵ ⇠ �PS/

p
⌦GP\FoV⌦PSF (in

units of GeV�1cm�2 s�1 sr�1) where ⌦GP\FoV is the
size of the GP (|b| < 2�) in the FoV and ⌦PSF ' ⇡✓2PSF is
the size of the point-spread function (PSF). For HAWC
and LHAASO we have ⌦GP\FoV ' 0.3 sr and assume
✓PSF ' 0.2� which gives a correction �PS/�di↵ ' 3.4 ⇥
10�3 sr in both cases. For CTA we assume �PS/�di↵ '
1.7⇥ 10�4 sr. These observatories should be able to pro-
vide further constraints on the hadronic emission scenario
of SNR/HNR after a few years of observation.

Association of many events  
w. the Galactic plane is unlikely Ahlers & KM 14 PRD  

CASA-MIA limit 

CASA-MIA limit at the Galactic center 
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Vicinity of supermassive black holes.– AGN show
broadband nonthermal emission with major contribu-
tions to the x-ray and �-ray backgrounds. About
10% of AGN is thought to have powerful relativis-
tic jets and these radio-load galaxies have a typical
density of ⇠ 10�4 Mpc�3 and jet luminosity of ⇠
1044 erg s�1. Their energy budget is estimated to be
⇠ 3 ⇥ 1046 erg Mpc�3 yr�1 [29], implying "pQ"p .
3 ⇥ 1045 erg Mpc�3 yr�1 R�1

p,1. This is comparable to
the �-ray luminosity density of BL Lac objects, Q� ⇠
2 ⇥ 1045 erg Mpc�3 yr�1 [30]. Note that the total CR
luminosity density is larger by Rp, and large CR load-
ing factors of ⇠ 10–100 are indeed required to explain
the observed neutrino and/or UHE CR fluxes [31, 32].
The popular jet model explains various multiwavelength
data of AGN [33], and associated CR acceleration at in-
ner jets, knots, hot spots, and radio bubbles or lobes has
been discussed for decades (see Ref. [22] as a recent re-
view). In particular, CR acceleration and neutrino emis-
sions from the inner jets, including e↵ects of both internal
and external radiation fields, have been studied in detail
in light of the IceCube data [31, 32, 34, 35]. However, the
blazar origin of di↵use neutrinos has already been con-
strained by point-source searches [20, 36–38]. In addi-
tion, one-zone leptonic and leptohadronic models predict
very hard spectra and do not explain the 10–100 TeV
neutrino data [22, 31, 34, 35].

The situation may be di↵erent at deeper regions in
the vicinity of supermassive black holes. Obviously, the
photomeson production e�ciency is higher at inner radii,
fp� & 0.1 [21, 39, 40], and x rays can be supplied by the
black hole accretion disk. The x-ray background orig-
inates from the accretion power of supermassive black
holes, in particular radio-quiet AGN, and is much higher
than the �-ray background. The 2-10 keV x-ray luminos-
ity density of AGN is QX ⇡ 2⇥1046 erg Mpc�3 yr�1 [41].
The x rays are thought to originate mostly from thermal
electrons in the hot coronae. Although there is no com-
pelling evidence for CR acceleration in such dense envi-
ronments, a fraction of the accretion energy could be used
for CRs, and radio-quiet AGN and low-luminosity AGN
can give E2

⌫�⌫ ⇠ 10�7 GeV cm�2 s�1 sr�1 [21, 42, 43]
given that "pQ"p . Qp . QX (see Fig. 1). Source
models and CR acceleration mechanisms in the vicin-
ity of black holes are uncertain. First, relativistic jets
may be common in galaxies hosting supermassive black
holes, even if they are weaker in radio-quiet and low-
luminosity AGN (that may include normal galaxies), and
e�cient CR acceleration in compact regions in the jet
may occur [44, 45]. Second, as considered in Ref. [21],
stochastic and/or shear acceleration as well as magnetic
reconnections may occur in radiatively ine�cient accre-
tion flows of low-luminosity AGN disks and radio-quiet
AGN coronae. Third, in su�ciently low-luminosity ob-
jects starved for plasma, electrostatic acceleration in a
potential gap formed in the black hole magnetosphere
may also work [46]. Regarding the luminosity density of
x rays as an upper limit of nonthermal photon outputs

from AGN, "pQ"p . 2 ⇥ 1046 erg Mpc�3 yr�1 would be
considered to be a reasonable assumption.

Multimessenger Limits on Galactic Contributions

Multimessenger data indicate that the di↵use neutrino
flux measured in IceCube largely comes from extragalac-
tic sources. Galactic neutrino emission is excepted to
be strongly anisotropic except for exotic scenarios like
emission from the Galactic halo. As shown in Ref. [1],
even these scenarios are constrained by the IGRB: the
spectral index is required to be s . 2.0 if the Galac-
tic emission is quasiisotropic. In addition, there are up-
per limits placed by CR air-shower arrays such as KAS-
CADE [47] and CASA-MIA [48] in the TeV-PeV range.
The isotropic di↵use �-ray intensity at E� ⇠ 300 TeV
is limited as E2

��� . 10�8 GeV cm�2 s�1 sr�1. With
K = 2, an upper limit on the isotropic Galactic halo
all-flavor neutrino intensity at E⌫ ⇠ 150 TeV is esti-
mated to be E2

⌫�⌫ . 1.5 ⇥ 10�8 GeV cm�2 s�1 sr�1,
which is . 30% of the all-flavor neutrino intensity at
E⌫ = 100 TeV for a spectral index of s = s

ob

= 2.5.
A significant contribution may also come from the

Galactic plane, e.g., by di↵use CRs or unresolved su-
pernova remnants. CASA-MIA [49] gives E2

��� . 2 ⇥
10�8 GeV cm�2 s�1 sr�1 at E� ⇠ 200 TeV for the re-
gion |b| < 5� and 50� < l < 200�. Assuming the uni-
form neutrino intensity over the entire Galactic plane
�⌦, the Galactic plane neutrino intensity is constrained
as E2

⌫�⌫ . 2 ⇥ 10�9 (�⌦/1 sr) GeV cm�2 s�1 sr�1 at
E⌫ ⇠ 100 TeV, which is only ⇠ 3% of the all-flavor neu-
trino intensity although some special neutrino sources
could exist outside the array’s field of view.

If we consider a neutrino emission region around the
Galactic center or ridge (e.g., Fermi bubbles), the ob-
servational CASA-MIA limit is weakened to E2

��� .
2 ⇥ 10�7 GeV cm�2 s�1 sr�1 at E� ⇠ 300 TeV, leading
to E2

⌫�⌫ . 3 ⇥ 10�8 (�⌦/1 sr) GeV cm�2 s�1 sr�1 at
E⌫ ⇠ 100 TeV. Thus, the Galactic center contribution is
expected to be . 40–50%. In this case, a stronger upper
limit (. 25%), which is mostly independent of spectral
assumptions [50], is derived from the distribution of the
high-energy starting events [51].

A separate fit of the IceCube data in the Northern
and Southern Hemispheres resulted in di↵erent best-fit
power-law indices with s

ob

⇠ 2.0 and s
ob

⇠ 2.56, re-
spectively [19]. This could indicate anisotropic emission
originating from the Milky Way, in particular the Galac-
tic center or ridge. However, this asymmetry is not sig-
nificant at present. Also, muon neutrino limits [50] and
di↵use �-ray limits already indicate that Galactic contri-
butions should be less than ⇠ 25–50%.

So far, (a) extragalactic CR accelerators such as super-
novae, GRBs, and AGN, (b) extragalactic CR reservoirs
such as starbursts and galaxy cluster or groups, and (c)
Galactic sources, have been considered as possible origins
of the IceCube neutrinos. This work showed that a �-ray
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flux measured in IceCube largely comes from extragalac-
tic sources. Galactic neutrino emission is excepted to
be strongly anisotropic except for exotic scenarios like
emission from the Galactic halo. As shown in Ref. [1],
even these scenarios are constrained by the IGRB: the
spectral index is required to be s . 2.0 if the Galac-
tic emission is quasiisotropic. In addition, there are up-
per limits placed by CR air-shower arrays such as KAS-
CADE [47] and CASA-MIA [48] in the TeV-PeV range.
The isotropic di↵use �-ray intensity at E� ⇠ 300 TeV
is limited as E2

��� . 10�8 GeV cm�2 s�1 sr�1. With
K = 2, an upper limit on the isotropic Galactic halo
all-flavor neutrino intensity at E⌫ ⇠ 150 TeV is esti-
mated to be E2

⌫�⌫ . 1.5 ⇥ 10�8 GeV cm�2 s�1 sr�1,
which is . 30% of the all-flavor neutrino intensity at
E⌫ = 100 TeV for a spectral index of s = s

ob

= 2.5.
A significant contribution may also come from the

Galactic plane, e.g., by di↵use CRs or unresolved su-
pernova remnants. CASA-MIA [49] gives E2

��� . 2 ⇥
10�8 GeV cm�2 s�1 sr�1 at E� ⇠ 200 TeV for the re-
gion |b| < 5� and 50� < l < 200�. Assuming the uni-
form neutrino intensity over the entire Galactic plane
�⌦, the Galactic plane neutrino intensity is constrained
as E2

⌫�⌫ . 2 ⇥ 10�9 (�⌦/1 sr) GeV cm�2 s�1 sr�1 at
E⌫ ⇠ 100 TeV, which is only ⇠ 3% of the all-flavor neu-
trino intensity although some special neutrino sources
could exist outside the array’s field of view.

If we consider a neutrino emission region around the
Galactic center or ridge (e.g., Fermi bubbles), the ob-
servational CASA-MIA limit is weakened to E2

��� .
2 ⇥ 10�7 GeV cm�2 s�1 sr�1 at E� ⇠ 300 TeV, leading
to E2

⌫�⌫ . 3 ⇥ 10�8 (�⌦/1 sr) GeV cm�2 s�1 sr�1 at
E⌫ ⇠ 100 TeV. Thus, the Galactic center contribution is
expected to be . 40–50%. In this case, a stronger upper
limit (. 25%), which is mostly independent of spectral
assumptions [50], is derived from the distribution of the
high-energy starting events [51].

A separate fit of the IceCube data in the Northern
and Southern Hemispheres resulted in di↵erent best-fit
power-law indices with s

ob

⇠ 2.0 and s
ob

⇠ 2.56, re-
spectively [19]. This could indicate anisotropic emission
originating from the Milky Way, in particular the Galac-
tic center or ridge. However, this asymmetry is not sig-
nificant at present. Also, muon neutrino limits [50] and
di↵use �-ray limits already indicate that Galactic contri-
butions should be less than ⇠ 25–50%.

So far, (a) extragalactic CR accelerators such as super-
novae, GRBs, and AGN, (b) extragalactic CR reservoirs
such as starbursts and galaxy cluster or groups, and (c)
Galactic sources, have been considered as possible origins
of the IceCube neutrinos. This work showed that a �-ray



A. Quasiisotropic Galactic emission

The IceCube excess is consistent with an isotropic
distribution of arrival directions. If it is truly isotropic, it
is natural to assume that the neutrinos come from extra-
galactic sources. In principle, however, one could consider
possibilities of Galactic sources such as Galactic halos
including termination shocks of galactic winds, high-
latitude old pulsars, local molecular clouds around the
solar system and hot circumgalactic gas. But, among them,
no plausible scenario has been proposed. PeV γ-ray con-
straints can strongly support this directly.
As an astrophysical scenario we briefly discuss the

expected neutrino and γ-ray emission from the Galactic
halo following Ref. [52]. We assume that the ejecta of
Galactic supernovae (SN) accelerate CRs to an energy
above the CR knee sufficient for the production of PeV
neutrinos. (We will provide a more detailed discussion of
the maximum CR energy in supernova remnant (SNR)
shocks in the following section.) The total CR energy
per SN is assumed to be a significant energy fraction ϵp
of the initial SN ejecta energy of Eej ¼ 1051ergEej;51.
In the following we approximate the source CR spec-
trum as a power-law normalized as E2

pNpðEpÞ≃
ϵpEejðEp=Ep;minÞ2−Γ=R0, where we assume that Ep;min ∼
mp and introduce a bolometric correction factor R0¼
ð1−ðEp;max=Ep;minÞ2−ΓÞ=ðΓ−2Þ (orR0¼ lnðEp;max=Ep;minÞ
for Γ ¼ 2).

We now assume that CRs injected over a time scale of
tinj ∼ 10 Gyr can be trapped in the Galactic halo [53] with a
gasdensitynhalo≃10−4.2 cm−3ðr=RvirÞ−0.8 [54]up to thevirial
radius Rvir≃260kpc [55]. Assuming the present supernova
rate ofRSN ∼ 0.03 yr−1 and itspast enhancementfpast ∼ 3 the
total number of SNRs contributing to the halo emission is
NSNR≃fpastRSNtinj. The present energy density of CRs in
the halo is thus approximately NSNRϵpEej=Vhalo with halo
volume Vhalo ≃ ð4π=3ÞR3

vir. The per flavor and per SNR
neutrino spectral emissivity is then (c.f. [23]) E2

νQνα≃
ð1=6ÞκpcσppnhaloE2

pNpðEpÞ, where Eν ≃ 0.05Ep and for
pp interactions we used the pion ratio K ≃ 2, mean inelas-
ticity κp ≃ 0.5 and cross section σpp≃3×10−26 cm2 around
1GeV, increasing toσpp≃6×10−26 cm2 aroundEkn [56].The
diffuse neutrino spectrum can then be approximated as

E2
νJhaloνα ≃ NSNR

4πVhalo

Z
Rvir

0
drE2

νQνα

≃ 2.4 × 10−9 GeVcm−2s−1sr−1ϵp;−1Eej;51

×
!

Rvir

260 kpc

"−2!fpast
3

"!
RSN

0.03 yr−1

"!
tinj

10 Gyr

"
;

ð3Þ

for Γ ¼ 2, Ep;min ∼mp and Ep;max ∼ 12 PeV.
Note that the previous estimate is consistent with results

obtained by Ref. [52] if we adopt Γ ¼ 2.4, but the
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FIG. 2 (color online). Measurements of the isotropic diffuse γ-ray flux in the TeV-PeV range by various experiments (see Table I). Left
panel: The black lines shows the γ-ray flux corresponding to IceCube’s best fit assuming pp-interactions (K ¼ 2) and an exponential
cutoff at 6 PeV (i.e., 3 PeV for neutrinos). We show the unattenuated flux and the flux from 8.5 kpc, 20 kpc, and 30 kpc, respectively,
taking into account pair production via scattering off CMB photons. For the conversion of photon fractions into photon flux we use the
CR flux of Ref. [8]. For comparison we also show the total neutrino flux as a thin gray line. Right panel: Comparison to the Galactic
γ-ray emission of a generic DM decay scenario assuming a scalar X with mass mX ¼ 5 PeV and lifetime τX ¼ 7 × 1027 s. The solid,
dashed, and dotted black lines show the diffuse emission from the three sky regions divided by the red dashed circles in Fig. 3. The solid
gray line shows the total average neutrino flux, which also accounts for the extragalactic contribution shown separately as a dashed
gray line.
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THE COS-HALOS SURVEY: PHYSICAL CONDITIONS AND BARYONIC MASS IN THE LOW-REDSHIFT
CIRCUMGALACTIC MEDIUM
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ABSTRACT

We analyze the physical conditions of the cool, photoionized (T ∼ 104K) circumgalactic medium
(CGM) using the COS-Halos suite of gas column density measurements for 44 gaseous halos within
160kpc of L ∼ L∗ galaxies at z ∼ 0.2. These data are well described by simple photoionization
models, with the gas highly ionized (nHII/nH ! 99%) by the extragalactic ultraviolet background
(EUVB). Scaling by estimates for the virial radius, Rvir, we show that the ionization state (tracked
by the dimensionless ionization parameter, U) increases with distance from the host galaxy. The
ionization parameters imply a decreasing volume density profile nH = (10−4.2±0.25)(R/Rvir)−0.8±0.3.
Our derived gas volume densities are several orders of magnitude lower than predictions from standard
two-phase models with a cool medium in pressure equilibrium with a hot, coronal medium expected
in virialized halos at this mass scale. Applying the ionization corrections to the H I column densities,
we estimate a lower limit to the cool gas mass Mcool

CGM > 6.5 × 1010 M⊙ for the volume within R <
Rvir. Allowing for an additional warm-hot, OVI-traced phase, the CGM accounts for at least half of
the baryons purported to be missing from dark matter halos at the 1012 M⊙ scale.
Subject headings: galaxies: halos – galaxies:formation – intergalactic medium — quasars:absorption

lines

1. INTRODUCTION

Baryons account for 17% of the gravitating mass in
the universe (Ωb = 0.17 Ωm; Blumenthal et al. 1984;
Dunkley et al. 2009). Yet, observational inventories
reveal a shortage of baryons on both universal and
galaxy-halo scales. The first ‘missing baryon prob-
lem’ is illustrated by counting up all the baryons re-
vealed by observations of stars, dust, and gas in galax-
ies and clusters (Ωg). The total is significantly less
than the value expected from the widely-accepted Big
Bang Nucleosynthesis model, weighing in at only 0.03
- 0.07Ωb (Persic & Salucci 1992; Fukugita et al. 1998;
Bell et al. 2003). Second, baryons are apparently miss-
ing from galaxies themselves in what is known as the
galaxy halo missing baryon problem (McGaugh 2008;
Bregman & Lloyd-Davies 2007; McGaugh et al. 2010).
To explain these baryon shortages one must invoke un-
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seen or poorly-defined components: highly photoionized
intergalactic hydrogen, known as the Lyα forest (Lynds
1971; Sargent et al. 1980; Cen et al. 1994), the warm-
hot intergalactic medium, or WHIM, (Cen & Ostriker
1999; Davé et al. 1999) and the circumgalactic medium,
or CGM (e.g. Bergeron 1986; Lanzetta et al. 1995). In
cosmological hydrodynamical simulations, for instance,
baryons are apportioned comparably between the Lyα
forest (40%), the CGM (25%) and the WHIM (25%, ex-
cluding the gas that is also CGM; Davé et al. 2010).
The present work concerns the halo missing baryon

problem, which we briefly summarize here. Gener-
ally speaking, the condensed baryonic component of
galaxies, which dominates the energy output of the
system, is predicted to dynamically trace the under-
lying dark matter halo. Traditionally, baryon count-
ing in this regime has focused on a galaxy’s stars,
cold ISM, and its hot X-ray halo gas (Bell et al.
2003; Klypin et al. 2011; Baldry et al. 2008; Yang et al.
2009; McGaugh et al. 2010; Anderson & Bregman 2010;
Papastergis et al. 2012; Gupta et al. 2012). Compared
to the cosmological Ωb/Ωm ratio, galaxies and their halos
come up significantly short on baryons. For a Milky-Way
luminosity galaxy, the various estimates of the ratio in
stellar mass to the dark matter mass within the virial ra-
dius range from M∗/MDM ≈ 0.02− 0.05 (Behroozi et al.
2010); when we add the cold, neutral component from
HI surveys (Martin et al. 2010), this fraction increases
to only 0.07. Finally, when we add in the detected X-ray
halo gas, the fraction is at most 0.08 (but see Gupta et al.
2012; Fang et al. 2013). Such a deficiency is often ex-
pressed in terms of (Mstars,gas/MDM)/(Ωb/Ωm). In this
representation, galaxy halos appear to be missing ap-
proximately 60% of their baryons, suggesting that they
are structures nearly devoid of baryons both in mass and



multiplets and Nb ≲ 1 (that is satisfied for the assumed
threshold and exposure), we obtain bm;L ≃ 6.6qL. Note that
Eq. (1) gives a stronger limit than from Eq. (2), as seen from
bm > 1. This is because there is a non-negligible contri-
bution of distant neutrino sources (from z > zlim) to doublet
sources, due to Pm≥2ðλÞ. On the other hand, as naturally
expected, higher-multiplet sources are more largely con-
tributed by nearby neutrino sources. Indeed, for triplets or
higher multiplets, we obtain bm ≃ 1.6.
Using Eqs. (3) and (4), the condition Nm≥2 < 1 gives

neff0

! EνLeff
Eνμ

1042 ergs−1

"3=2

F−3=2
lim;−9≲1.9×10−7Mpc−3q−1L

!
2π
ΔΩ

"
:

ð5Þ

Note that this gives an upper limit on neff0 , which depends
on the luminosity (consistent with the results of
Refs. [56,57,71], in contrast with the result of
Ref. [59]). The upper limit is insensitive to the redshift
evolution at sufficiently low luminosities and is valid
regardless of whether or not the sources dominate
IceCube’s neutrino flux.
The diffuse neutrino intensity observed by IceCube

determines the neutrino luminosity density of the
Universe, neff0 ðEνLeff

Eνμ
Þ. The coincidence of the observed

intensity with the WB flux enables one to determine the
neutrino luminosity density by using Eqs. (1), (2), and (5)
of Ref. [7], from which we find

neff0

! EνLeff
Eνμ

1042 erg s−1

"
≃ 1.6 × 10−7 Mpc−3ð3=ξzÞ

×
! E2

νΦνμ

10−8 GeVcm−2 s−1 sr−1

"
; ð6Þ

where ξz is a dimensionless parameter that depends on the
redshift evolution of the sources: ξz ≈ 3 for m ¼ 3 and ξz ≈
0.6 form ¼ 0 [7] (ξz ≈ 2.8 for SFR evolution [72], ξz ≈ 8.4
for FSRQ evolution, and ξz ≈ 0.68 for BL Lac evolution
[73]). Combining Eqs. (5) and (6), we find

! EνLeff
Eνμ

1042 erg s−1

"
≲ 1.4q−2L

!
ξz
3

"
2

F3
lim;−9

!
ΔΩ
2π

"−2
ð7Þ

and

neff0 ≳ 1.1 × 10−7 Mpc−3q2L

!
ξz
3

"−3
F−3
lim;−9

!
ΔΩ
2π

"
2

: ð8Þ

Note that Eq. (8) gives a lower limit, which can be placed
because we require that the considered standard candle
sources produce the neutrino flux detected by IceCube.
Remarkably, the constraints are quite sensitive to the
redshift evolution and are more stringent for weaker

evolution. This is simply because ξz in Eq. (6) comes
via the cubic term in Eq. (3). The background becomes
more important at lower energies, longer exposure time, or
poorer angular resolution. If the false number of multiplet
sources isNb ∼ 2–3, the lower limit is relaxed by a factor of
4–9. Instead, if Eq. (2) is used or m ≥ 3 multiplets are
considered more conservatively, the lower limit changes by
a factor of ∼10. Also, its precise value might be affected by
details of the muon neutrino data because of its dependence
on Flim (that slightly varies with the zenith angle).
However, in either case, our discussion on implications
and prospects is unaltered.
In Fig. 3, we show the limits obtained using numerical

calculations. In order to estimate the sensitivity, we evaluate
the number of through-going muons for both the signal and
the background, taking into account the zenith and energy
dependence of the effective area of IceCube and the
absorption of neutrinos within Earth (see the Appendix
for details). Then, we calculate the probability to find at
least one medium- or high-energy multiplet and place upper
limits on neff0 for different redshift evolution models. The
limits obtained numerically are consistent with those
obtained analytically above. For SFR evolution, we find
neff0 ≳ 10−7 Mpc−3 and EνLeff

Eνμ
≲ 1042 erg s−1, consistent

with the analytical estimates given by Eqs. (8) and (7).
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FIG. 3. IceCube’s detection determines the local (z ¼ 0)
neutrino emissivity of the Universe, neff0 EνLeff

Eνμ
, up to uncertainty

related to the unknown redshift evolution of the sources [see
Eq. (6)]. The solid “IceCube lines” show the value of neff0 EνLeff

Eνμ

implied by observations for no evolution [ns ∝ ð1þ zÞ0, top
thin], SFR evolution [72] [similar to ns ∝ ð1þ zÞ3 and AGN
evolution [74], middle thick], and rapid FSRQ evolution (bottom
thin). Nondetection of point sources excludes the shaded regions
lying to the right of the dashed and dash-dotted lines [see Eq. (5)],
corresponding to the sensitivity obtained for a six-year observa-
tion period with IceCube (dashed lines) and a ten-year observa-
tion period with IceCube-Gen2 (dot-dashed lines). Thick dashed
and dash-dotted lines are for SFR evolution, whereas thin dashed
and dash-dotted lines are for no evolution (upper curves) and
FSRQ evolution (lower curves). The flat spectrum template
shown in Fig. 1 is used. Colored stars represent the density
and luminosity of various classes of candidate sources.
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Pair-Counting Method 

•  Number of pairs integrated over the line of sight 
•  Higher energies are better to place limits and find “hints”   
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UHECR number density was shown to be consistent with ncr
s � (0.06 � 5) ⇥ 10�4Mpc�3.

The corresponding average UHECR luminosity is ELCR
E . 1040 � 1041.5 erg s�1. Thus, if

UHECRs are steady and isotropically emitted from their sources, the number density and
luminosity of the associated UHE neutrinos should follow the same constraints.

However, the above scenario is not necessarily true. In general, a population that
dominates the observed UHE neutrino sky need not also dominate the observed UHECR sky.
This is because neutrinos mainly come from distant sources whereas UHECRs mainly come
from local sources. As a specific example, for beamed sources such as blazars, the apparent
number density of UHECR accelerators (measured by neutrinos), ns, can naturally be much
smaller than the apparent number density of UHECR sources (measured by UHECRs), ncr

s

(see discussion in ref. [61]). If acceleration regions (e.g., inner jets) are relativistically boosted,
relativistic beaming causes particles to be emitted within a narrow cone. However, charged
particles should be significantly isotropised by intervening magnetic fields, except for rare
sources residing in cosmic voids with weak magnetic fields [61]. As a result, the apparent
source number density of UHECR sources can be significantly larger than ns, and may even
be comparable to the “true” source density ntrue

s . For beaming sources, we must consider
lower source number densities for UHE neutrinos compared to ones for UHECR sources if
the parent UHECRs are significantly isotropised. To represent this situation we therefore
consider ns = 10�7Mpc�3 in the Case II and Case III in section 2.2. This number density
is comparable to the total number density of Fermi blazars, which have typical jet opening
angles of a few degrees [62, 63]. Note that our choice is quite conservative in the context
of the number of available sources in the sky. In realistic models, the e↵ective source
number density, which is calculated based on the luminosity function, is significantly lower
than the total number density [17]. For example, the e↵ective source number density of BL
Lac objects is ns ⇠ 10�9 � 10�8 Mpc�3. Also, QHBs are rarer but more powerful, so that
they are more e�cient and powerful neutrino sources [48, 64]. The total number density of
QHBs is ns ⇠ 10�9 Mpc�3 at z = 0 but the e↵ective source number density is as small as
ns ⇠ 10�12�10�11 Mpc�3 (with a redshift evolution stronger than the SFR) although QHBs
show a strong redshift evolution and high-redshift contributions are more important than
usual. Remarkably, ref. [48] predicted that cross-correlation signals with Fermi blazars can
be detected because most of the di↵use neutrino flux is dominated by luminous blazars.

2.2 The calculation method and results

To assess the capability of detectors to find point sources against a di↵use background, we
use the statistical tool described in ref. [65]. A data set of N detected neutrinos contains
N(N � 1)/2 unique pairs. Using the angular separation ↵ij between each pair of events i
and j, we construct an unbinned likelihood

lnL(f) =
X

i<j

ln [f Apoint(↵ij) + (1� f)Adi↵(↵ij)] . (2.4)

Here Apoint and Adi↵ correspond to the probabilities of having an angular separation ↵ij
3

for, respectively, an individual point source and for isotropic di↵use sources. We maximize
the likelihood over f , which is the fraction of the pairs that share the same direction (same-
source pairs). To evaluate the significance of the signal, we introduce a test statistic (TS)

3Because we consider a uniform angular resolution in this work, ↵ij is equivalent to the ↵̄ij in ref. [65].

– 4 –
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defined as

TS = 2 ln

"
L(f̂)

L(f = 0)

#
(2.5)

where f̂ is f that maximizes the likelihood function.
For a given dataset of size N ev

tot and detector angular resolution 4✓, we generate a
large number of synthetic reference datasets from an isotropic background. The percentile
of the TS of the data out of the TS of the references determines the confidence level at
which we reject the null hypothesis of no individual point sources (that is, the p-value). We
can, equivalently, quote the corresponding number of standard deviations (±N�) for this
confidence level for a Gaussian distribution.

For simplicity, we assume that the detector in consideration has a uniform sensitivity and
a uniform angular resolution over the entire sky (fcov = 1). This setup can be easily adapted
to more realistic sensitivity and angular resolution maps. We consider 8 di↵erent values of
4✓ ranging from 0.05� to 3�, and 10 di↵erent values of N ev

tot with ranges depending on the
source number density (from 50 to 3000 Mpc for ns = 10�5Mpc�3 (uniform) and 10�7Mpc�3

(SFR), and from 10 to 500 Mpc for ns = 10�7Mpc�3 (uniform) and 10�9Mpc�3 (SFR)).
For each set of (�✓, N ev

tot), we generate 105 synthetic reference datasets from an isotropic
background. We also perform 103 tests using data generated with point sources. Finally, we
use the average p-value of all 103 tests to determine the expected significance of detection.
Note that real data has statistical fluctuations and thus does not necessarily result in the
mean value predicted here.

We generate the mock data by drawing events randomly from the background or the
sources, and then smoothing by the point-spread function (PSF) at the injection direction.
We draw the total number of sources from a Poisson distribution with a mean determined
by the source distribution and the source volume. We assume that all the point sources have
the same luminosity, and consider four scenarios of source distributions:

1. I) a uniform number density ns = 10�5Mpc�3 up to a sharp edge at 2 Gpc;

2. II) a uniform number density ns = 10�7Mpc�3 up to a sharp edge at 2 Gpc;

3. III) a number density that is ns = 10�7Mpc�3 locally but that is proportional to the
SFR up to redshift zmax = 6;

4. IV) a number density that is ns = 10�9Mpc�3 locally but that is proportional to the
SFR up to redshift zmax = 6.

Our pick of a uniform distribution with a cuto↵ at 2 Gpc approximates source distribu-
tions in the relatively nearby universe, and is computationally e�cient for the large number
of realizations required in this work. It is significantly more favorable to source detection
than is the scenario in which sources follow the SFR, as is seen by a comparison of the cases
II and III in figure 2.

Figures 1 and 2 show the significance of point-source detection by a detector in our
parameter space of event numbers and angular resolution. For sources with ns = 10�5Mpc�3

(case I), a 3� detection requires at least 500 events with �✓ ⇠ 0.1�, roughly 1000 events with
�✓ ⇠ 0.5�, and a greater number of events with detectors that have an angular resolution
poorer than a degree. A 5� detection generally requires a few thousand events and an angular
resolution better than 0.5�. At a fixed significance level, the required number of events is

– 5 –
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Figure 4. The chance, or the fraction of same-source pairs and multiplets with an order greater
than 2, 3, and 4 being produced by sources located within distance D. The source number density is
fixed as ns = 10�5 Mpc�3. The minimal source distance is assumed to be D

min

= 5 Mpc (dashed red
line) and 30 Mpc (all the rest). The results were computed by numerical simulation, in which ⇠ 104

iterations (with N ev

tot

= 1000) were performed and the locations of all occurrences of multiplets were
recorded. The chance is determined by the fraction of the number of multiplets from sources within
D out of the total number of multiplets. The fractions can also be calculated using equation. (3.12)
and (3.9).

4 Summary and discussion

We have investigated the requirements for a future EeV neutrino detector to identify a
neutrino point source. We find that for non-evolving sources with ns ⇠ 10�7 � 10�5 Mpc�3,
& 100 � 1000 events and sub-degree angular resolution are needed for a & 5� detection
of UHE neutrino sources. This detection would also give relevant clues to the origins of
UHECRs. The results are sensitive to the redshift evolution model, and the similar numbers
are obtained for the SFR evolution with ns ⇠ 10�9� 10�7 Mpc�3. By examining the typical
distance to sources that can be identified by a UHE neutrino detector, we show that for
source population with a number density above ⇠ 10�6Mpc�3, a significant fraction of the
brightest sources may be in the nearby Universe. Therefore if the sources are neither beamed
nor transient, it would be possible to associate the detected sources with nearby objects
observed using other messengers, including messengers with limited horizons. On the other
hand, if sources are rare and powerful as predicted in blazar scenarios, they can be first found
at distant locations. Note that UHECRs above the GZK energy should be suppressed for
distant sources, but ⇠ 1019 eV cosmic rays may reach the Earth and their powerful sources
may be relevant for anisotropy searches in the UHE range.
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Simulation Results 

•  N~100-1000 events are needed for 5σ discovery 
•  Angular resolution is important (self-background effect) 
•  Agree well w. analytical estimates by KM & Waxman 16 

ns~10-5 Mpc-3 90% CL limits for N~100 (in half sky)  

JCAP12(2016)017

Figure 1. Significance of detection of point sources of UHE neutrinos by experiments with various
angular resolutions and numbers of detected events. The color coding corresponds to the confidence
level to reject an isotropic background using the statistical method from ref. [65]. We assume that
all of the sources have the same luminosity, and that the sources follow a uniform distribution with
a number density 10�5 Mpc�3 up to 2 Gpc (case I). With this source number density, ⇠ 1000 events
and ⇠ 0.1� angular resolution are needed to reach a 5� detection of point sources. In the above
calculation, f

cov

= 1 is used; fewer events are required in the field of view if f
cov

is smaller.

roughly independent of angular resolution for �✓ . 0.1� at 5�, but increases notably for
angular resolutions worse than a few tenths of a degree. This change happens when the
chance of getting background events from adjacent sources due to the poor PSF becomes
considerable, that is, the number of false point sources in the background is not negligible
(see section IV of ref. [17] and considerations in ref. [66, 67] for constraints on UHECR
sources). We confirmed that our results agree well with calculations based on multiplet
analyses performed by refs. [16, 17]. A 1.6� limit corresponds to N ev

tot ⇠ 200, which is
consistent with the six-year lower limit on the number density ns & 10�5 Mpc�3 for no
redshift evolution and fcov = 0.5 [17]. Note that alternate point-source detection methods,
such as standard autocorrelation methods or the method of ref. [68], would require more
events and/or better angular resolution (see the discussion in ref. [65]).

The significance of point source detection depends on the source number density as well
as the source evolution model. In general, to reach a given confidence level, more events will
be needed if the total number of sources is larger or if the sources lie at greater distances.
For example, if sources follow a uniform distribution with ns = 10�4Mpc�3 up to a sharp
edge at 2 Gpc, a 3� detection would require about 1700 events even with 0.1� angular
resolution. In contrast, the top panel of figure 2 shows that with ns = 10�7Mpc�3 and a

– 6 –
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Figure 3. Significance of detection of point sources as a function of numbers of detected events, for
the ns and redshift evolution models considered in figures 1 and 2, taking a uniform angular resolution
�✓ = 0.1� and assuming a uniform sensitivity over the entire sky. This figure illustrates how N ev

tot

varies as a function of the Gaussian significance �, and that & 100 � 1000 events are needed for a
significant detection in these cases.

uniform distribution, the same level of detection can already be reached by 100 events with
1� angular resolution.

To understand the impact from source evolution models, in the middle and bottom
panels of figure 2 we show the significance of point-source detection assuming that sources
follow the SFR (case III and IV). To model the star formation rate, we assume that the source
number density scales with redshift z as (1 + z)3.4 for z < 1, (1 + z)�0.3 for 1 < z < 4, and
(1+ z)�3.5 for z > 4 [69]. With a significant source population distributed at large distances,
an 5� identification of sources with a local density ns = 10�9Mpc�3 requires ⇠ 100 events,
and that with ns = 10�7Mpc�3 requires ⇠ 1000.

Finally, we summarize the above four cases in figure 3, by showing the significance of
detection of point sources as a function of the total number of detected events at an angular
resolution �✓ = 0.1�. Note that we have assumed fcov = 1 in the above calculation. The
required total number of events (in the field of view) would be less with a smaller value
of fcov. Also, even if 5� detections require su�cient statistics, it is easier to find hints of
UHE neutrino sources if the sources are rare. For example, for sources following a uniform
distribution with ns = 10�7Mpc�3 and the SFR distribution with ns = 10�9Mpc�3, one can
place 2� limits only with dozens of neutrino events.

– 8 –
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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 
AGN core emission (but γ attenuation) 

(Atoyan & Dermer 01) 

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

Hooper, Linden & Lopez 16 
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KM & Waxman 16 PRD 

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

CR reservoir scenario 
(nearby starburst galaxies) 

KM & Waxman 16 
Heavy DM scenario 
(nearby DM halos) 

Markus Ackermann  |  09/13/2013  |  Page  

Future neutrino telescopes.

> A gigaton detector is the scale needed to observe astrophysical neutrinos
> Need to go beyond the gigaton scale for “precision neutrino astronomy”.

> KM3NeT is the most advanced project to build a multi-gigaton neutrino telescope 
array.

31

KM3NeT  
• Distributed infrastructure for 

underwater neutrino telescopes.
• Detector sites off the coast of 

France, Italy, and Greece.
• Instrumented volume:

1-2 km³ (~5 km³ total)
• 1 TeV energy threshold.
• 40 M€ funding for phase-I 

available
IceCube-Gen2 KM3Net 


