
Multimessenger Aspects of Cosmic Neutrinos

Markus Ahlers

Niels Bohr International Academy

PAHEN 2017

Naples, September 25, 2017

Markus Ahlers (NBIA) Multimessenger Aspects of Cosmic Neutrinos September 25, 2017 slide 1



Cosmic TeV-PeV Neutrinos
• High-Energy Starting Events (HESE) (6.5σ in 4yrs): [Science 342 (2013)]

• bright events (Eth & 30TeV) starting inside IceCube
• efficient removal of atmospheric backgrounds by veto layer

• Up-going muon-neutrino tracks (5.6σ in 6yrs): [Astrophys.J. 833 (2016)]

• large effective volume due to ranging in tracks
• efficient removal of atmospheric muon backgrounds by Earth-absorption
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Neutrino Arrival Directions
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* event appears in both samples

• 16 “cascade events” (circles) and 3 “tracks events” (diamonds) with Edep & 100 TeV

• 28(+1) up-going muon neutrino events with Eµ & 200 TeV [IceCube’15]

8 no significant spatial or temporal correlation of events
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Revisiting Olbers’ Paradox
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Multi-messenger Paradigm

• Neutrino production is closely related
to the production of cosmic rays (CRs)
and γ-rays.

Ü pion production in CR interactions with
gas (“pp”) or radiation (“pγ”); neutrinos
with about 5% of CR nucleon energy

• 1 PeV neutrinos correspond to
20 PeV CR nucleons and
2 PeV γ-rays

Ü very interesting energy range:

• Galactic or extragalactic CRs?
• Galactic PeV γ-rays?
• isotropic or point-sources?
• probe of ν̄e via Glashow resonance?
• or exotic origin, e.g. DM decay?

CR

ν

γ
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The Cosmic “Beam”

27. Cosmic rays 15

 [eV]E
1310 1410 1510 1610 1710 1810 1910 2010

]
-1

 sr
-1  s

-2
 m

1.
6

 [G
eV

F(
E)

2.
6

E

1

10

210

310

410

Grigorov
JACEE
MGU
Tien-Shan
Tibet07
Akeno
CASA-MIA
HEGRA
Fly’s Eye
Kascade
Kascade Grande
IceTop-73
HiRes 1
HiRes 2
Telescope Array
Auger

Knee

2nd Knee

Ankle

Figure 27.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [88–99,101–104].

giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 27.8. In the energy range above 1017 eV, the
fluorescence technique [100] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the galaxy have reached their maximum
energy. Some types of expanding supernova remnants, for example, are estimated not to
be able to accelerate protons above energies in the range of 1015 eV. Effects of propagation
and confinement in the galaxy [106] also need to be considered. The Kascade-Grande
experiment [98] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy
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[Particle Data Group’13]

Markus Ahlers (NBIA) Multimessenger Aspects of Cosmic Neutrinos September 25, 2017 slide 6



Hadronic Gamma-Ray Emission

• hadronic γ-rays:
pion production in CR interactions

π0 → γ + γ

π+ → µ+ + νµ → e+ + νe + ν̄µ + νµ

Ü cross-correlation of γ-ray and
neutrino sources

8 electromagnetic cascades of
super-TeV γ-rays in CMB

4 Isotropic Diffuse Gamma-Ray
Background (IGRB) constraints the
energy density of hadronic γ-rays &
neutrinos
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Gamma-Ray Opacity

• production and decay of neutral
pions into gamma rays

8 strong pair production (PP) in CMB:
γ + γCMB → e+ + e−

Ü PeV gamma-ray only observable
locally (. 10kpc)

4 recyling of gamma-rays via inverse
Compton scattering (ICS):
e± + γCMB → e± + γ

• rapid cascade interactions produce
universal GeV-TeV emission

[Berezinsky&Smirnov’75]
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Isotropic Diffuse Gamma-Ray Background (IGRB)

• neutrino and γ-ray fluxes in pp
scenarios follow initial CR
spectrum ∝ E−Γ

Ü low energy tail of GeV-TeV
neutrino/γ-ray spectra

8 constrained by Fermi IGRB
[Murase, MA & Lacki’13; Chang & Wang’14]

• extra-galactic emission
(cascaded in EBL): Γ . 2.15− 2.2

8 combined IceCube analysis:
Γ ' 2.4− 2.6

[IceCube’15]
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Non-Blazar Limits on Gamma-Ray Background

• Photon fluctuation analyses
of Fermi data allow to
constrain the source count
distribution (dN/dS) of blazars
below the source detection
threshold.

• inferred blazar contribution
above 50 GeV:

• Fermi Collaboration’15:

86+16
−14% of EGB

• Lisanti et al.’16:

68+9
−8(±10)sys% of EGB

• Zechlin et al.’16

81+52
−19% of EGB

[Fermi’15]
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Non-Blazar Limits on Gamma-Ray Background

• non-blazar contribution above
50 GeV: [Fermi’15]

14+14
−14% of EGB

8 strong tension with IceCube
observation (Eν . 100 TeV)

• limits apply to generic cosmic ray
calorimeters

8 even stronger tension for
individual calorimeters,
e.g. star-forming galaxies
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Updated Neutrino Fluxes
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Non-Blazar Limits on Gamma-Ray Background

• non-blazar contribution above
50 GeV: [Fermi’15]

14+14
−14% of EGB

8 strong tension with IceCube
observation (Eν . 100 TeV)

• limits apply to generic cosmic ray
calorimeters

8 even stronger tension for
individual calorimeters,
e.g. star-forming galaxies
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Non-Blazar Limits on Gamma-Ray Background

• non-blazar contribution above
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Comments & Consequences

• Strong limits apply to CR calorimeters, like starburst galaxies or galaxy clusters.

• Some direct γ-ray emission can be reduced by absorption (γγBG) in sources.
[Chang & Wang’14]

• Neutrino flux at 10 TeV at the level of 10% (100%) of atmospheric νµ (νe)
background: failure of veto mechanism? [Gaisser, Jero, Karle & van Santen’14]

• Broken power-law would be a natural consequence of a combination of multiple
diffuse neutrino source populations.

• The diffuse neutrino flux at Eν & 100 TeV saturates limits from UHE CR sources.
Is this population also responsible for UHE CRs? [Katz, Waxman, Thompson & Loeb’13]

• Is secondary γ-ray emission in the Fermi range “hidden”? [Murase, Guetta & MA’15]
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Fermi Bounds for pγ Sources

• Fermi constraints less severe
for pγ scenarios:

1 no power-law extrapolation
to Fermi energy range

2 high pion production
efficiency implies strong
γ-absorption in sources

• source candidates:

• AGN cores [Stecker’91;’13]

[Kimura, Murase & Toma’14]
• choked GRB jets

[Mészáros & Waxman’01]

[Senno, Murase & Mészáros’16]
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Corresponding Opacities

• required cosmic ray energy:

ECR ∼ 20Eν

• required target photon energy:

εt ∼ 200 keV
(

Γ

10
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)−1

• opacity relation:

τγγ(Eγ) ∼ 1000 fpγ(Ep)

Ü strong internal γ-absorption:
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FIG. 2: Neutrino and CR bounds on the optical depth to
γγ → e+e− in the sources of diffuse TeV-PeV neutrinos. We
calculate τγγ and fpγ as functions of εγ and εp, respectively,
imposing fpγ ≥ 0.01. We consider simple power laws with
α = 2.5 and α = 2/3 for εb

ν = 6–25 TeV (shaded bands), and
the gray-body case with the temperature kT/Γ2 = 112 eV.

CR flux E2
crΦcr ≈ 4×10−5 GeV cm−2 s−1 sr−1 at 10 PeV

(e.g., Ref. [49]). Since the observed CR flux in this en-
ergy range is dominated by heavy nuclei from Galactic
sources such as supernova remnants, this constraint is
conservative. The recent KASCADE-Grande data [50]
suggest that a light CR component may become promi-
nent above the second knee energy at 100 PeV, which
can be interpreted as the onset of an extragalactic com-
ponent. Using their inferred extragalactic, light CR flux
E2

pΦp ≈ 2 × 10−6 GeV cm−2 s−1 sr−1 as an upper limit,
we obtain fpγ ! 0.1 at εp ! 10 PeV [102].

A similar conclusion is drawn by examining nonther-
mal luminosity densities of known objects. The CR lu-
minosity density of galaxies including starbursts is re-
stricted as εpQεp " 1045–1046 erg Mpc−3 yr−1 [51,
52]. The luminosity density of x rays (QX ≈ 2 ×
1046 erg Mpc−3 yr−1 [53]), which are thought to orig-
inate from thermal electrons in hot coronae, can be re-
garded as an upper limit of nonthermal outputs from
AGN. Adopting εpQεp " 2 × 1046 erg Mpc−3 yr−1 as a
reasonable assumption for CRs from galaxies or AGN, we
have fpγ ! 0.01, independently of the above argument.

Figure 2 shows comparisons of the effective pγ optical
depth required from the IceCube observation to the cor-
responding optical depth to γγ interactions in the Fermi
range, related by Eq. (8). Strictly speaking, Eqs. (8) and
(9) are valid for soft target spectra. To see the robustness
of our results, following Ref. [39], we perform numerical
calculations using the detailed cross sections of the two-
photon annihilation and photomeson production (includ-
ing nonresonant processes). We consider target photon
spectra leading to εb

ν = 6–25 TeV (indicated as bands in
Fig. 2), which can reproduce minimal pγ scenarios. Note
that adopting lower values of εb

ν or assuming γ-ray trans-

parency for models like those shown in the right panel of
Fig. 1 leads to inconsistency with the Fermi IGRB data.
The conclusion from Eq. (8) holds even for realistic tar-
get radiation fields, including synchrotron and gray-body
spectra.

The high pγ efficiency suggested by the IceCube data
and upper limits on CR luminosity densities suggest that
the direct 1–100 GeV γ-ray emission from the sources–
either leptonic or hadronic–is suppressed. Thus, tensions
with the IGRB, which are unavoidable for γ-ray transpar-
ent sources, are largely alleviated or even absent. How-
ever, TeV γ-ray counterparts could be seen by Cherenkov
telescopes and the High-Altitude Water Cherenkov Ob-
servatory. For power-law target photon spectra, which
extend to low energies, τγγ is larger than unity beyond
the Fermi band and as a result the TeV emission from
the sources should also be suppressed (see Fig. 2). For
gray-body-like spectra, one could expect point-source γ-
ray emission above TeV. The escaping hadronic γ rays
are cascaded in the CMB and EBL and could be visi-
ble as extended pair-halo emission in the sub-TeV range
(e.g., Refs. [25, 26]). In this special case, although direct
point-source emission at 1–100 GeV is still suppressed
and the tension with the IGRB remains, TeV counter-
part searches can be used as an additional test.

Summary and implications.— We considered im-
plications of the latest IceCube results in light of the
multimessenger data. Based on the diffuse ν-γ flux con-
nection and CR-γ optical depth connection, we showed
that the two-photon annihilation optical depth should be
large as a direct consequence of astrophysical scenarios
that explain the large flux observed in IceCube.

There are various implications. Cross correlation of
neutrinos with Fermi-LAT sources is predicted to be
weak. Rather, in pγ scenarios, since target photons are
expected in the x-ray or MeV γ-ray range, searches for
such counterparts are encouraged. Candidate sources of
hidden CR accelerators include choked GRB jets [21] and
supermassive black hole cores [23, 24, 54] (see also the
Supplementary Material [103], which includes Refs. [55–
89]), so correlations with energetic supernovae including
low-power GRBs, flares from supermassive black holes,
radio-quiet or low-luminosity AGN, and a subclass of
flat spectrum radio quasars can be used to test the mod-
els. For broadband nonthermal target photon spectra, γ
rays are suppressed at TeV-PeV as well as 1–100 GeV
energies. However, if the target photons follow a nar-
row thermal spectrum or are monochromatic in x rays,
hadronic γ rays might be seen in the TeV range for nearby
neutrino sources. Although the obvious multimessenger
relation between neutrinos and γ rays no longer exists,
our findings suggest that cosmic neutrinos play a special
role in the study of dense source environments that are
not probed by γ rays. Larger detectors such as IceCube-
Gen2 [90] sensitive to 10–100 TeV neutrinos would be
important for the identification of the sources via auto-
correlation of neutrino events [91, 92].

[Murase, Guetta & MA’15]
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UHE CR association?

• UHE CR proton emission rate density: [e.g. MA & Halzen’12]

[E2
pQp(Ep)]1019.5eV ' 8× 1043 erg Mpc−3 yr−1

• UHE nucleon emission rate density (local minimum at Γ ' 2.04) [Auger’16]

[E2
NQN(EN)]1019.5eV ' 2.2× 1043 erg Mpc−3 yr−1

• corresponding per flavor neutrino flux (ξz ' 0.5− 2.4 and Kπ ' 1− 2):

E2
νφν(Eν) ' fπ

ξzKπ

1 + Kπ
1.5× 10−8 GeV cm−2 s−1 sr

• Waxman-Bahcall bound: fπ ≤ 1 [Waxman & Bahcall’98]

8 how to reach Emax ' 1020 eV in environments of high energy loss ( fπ ' 1)?

Ü two-zone models: acceleration + CR “calorimeter”?

• starburst galaxies [Loeb & Waxman’06]
• galaxy clusters [Berezinsky, Blasi & Ptuskin’96; Beacom & Murase’13]
• “unified” sources [Kachelriess, Kalashev, Ostapchenko & Semikoz’17; Fang & Murase’17]
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Updated Multi-Messenger Panorama

10 100 103 104 105 106 107 108 109 1010 1011

energy E [GeV]

10−9

10−8

10−7

10−6

E
2 φ

[G
eV

cm
−

2
s−

1
sr
−

1 ]

MESE (7yr)
(prelim.)

IGRB

UHE CRs

νµ + ν̄µ (8yr)
(prelim.) cosmogenic

ν + ν̄

proton (E−2)

γ-rays from
π0 decay

calorimetric
limit

π± / π0

production
GZK

mechanism

atmo. νe + ν̄e
(before veto)

atmo. νµ + ν̄µ
(before veto)

MESE (7yr) Γ = 2.69± 0.08 [E2
φ]100TeV = (2.1+0.3

−0.3)× 10−8GeV/cm2
/s/sr

νµ + ν̄µ (8yr) Γ = 2.19± 0.1 [E2
φ]100TeV = (1.01+0.26

−0.23)× 10−8GeV/cm2
/s/sr

Markus Ahlers (NBIA) Multimessenger Aspects of Cosmic Neutrinos September 25, 2017 slide 22



Correlation with UHE CRs?
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• “hot spots” (dashed), but no significant auto-correlation in Auger and Telescope Array data
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Correlation with UHE CRs?
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Identification of Extragalactic Point-Sources?

GZK volume

Hubble horizon

• Do astrophysical neutrinos correlate
with sources of UHE CRs?

• UHE CRs trace sources within

λGZK ' 200 Mpc

• neutrinos visible up to Hubble horizon

λHubble ' 4.4 Gpc

Ü maximal overlap:

λGZK/λHubble ∼ 5%

• HESE 4yr : ca. 30 signal events

Ü 1− 2 neutrinos expected to correlate

8 magnetic deflections, angular
resolution, incompleteness,. . .
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Summary

• IceCube has identified a diffuse flux of astrophysical neutrinos in the TeV-PeV
energy range of unknown origin.

• High intensity of the emission is comparable to that of ultrahigh-energy cosmic
rays and γ-ray backgrounds.

• Large neutrino flux in the 1− 10 TeV range is challenged by constraints set by
the extra-galactic γ-ray background observed by Fermi.

• This motivates a class of neutrino sources “hidden” in γ-rays.

Ü Natural implication for pγ sources with target photons in the
hard x-ray to soft γ-ray range.

Ü New avenues for neutrino cross-correlation studies.

• Saturation of calorimetric bounds of UHE CR sources might indicate common
origin.
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Neutrino Point-Source Limits

• Diffuse neutrino flux normalizes the
contribution of individual sources

• dependence on local source density H
(rate Ḣ) and redshift evolution ξz

Ü PS observation requires rare sources

• non-observation of individual neutrino
sources exclude source classes, e.g.

8 flat-spectrum radio quasars
(H ' 10−9Mpc−3)

8 “normal” GRBs
(Ḣ ' 10−9Mpc−3yr−1)

Ü stronger limits via source “stacking”
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