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Transition from Galactic to Extragalactic Cosmic Rays
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Introduction

Outline of the talk

1 Introduction

2 Observations and their interpretation:

▶ CR composition > 1017 eV

▶ Galactic CRs above the knee

▶ EGRB and cascade limit

▶ Neutrino data

3 Models:
▶ Dip model

▶ Mixed models

▶ Minimal mixed model

4 Conclusions
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Introduction

Introduction

We can model UHECRs, using photons and neutrinos merely as
constraints, e.g.

▶ thin UHECR sources, e.g. lobes of radio galaxies

▶ IceCube Neutrinos: hidden sources

▶ EGRB: starburst galaxies and blazars

Aproach: model as much as possible with single source class
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Introduction

Constraints on a minimal model:

a single source class that

fits the extragalactic UHECR flux and composition

consistent with early Galactic to extragalactic transition

⇒ ankle has to be a feature of source spectrum

fits the (extragalactic) neutrino flux

gives subdominant contribution to EGRB
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Observations and their interpretation CR composition > 1017 eV

Composition of CRs: [KASCADE-Grande ’13 ]
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Akeno (J.Phys.G18(1992)423)
AGASA (ICRC 2003)
HiResI (PRL100(2008)101101)
HiResII (PRL100(2008)101101)
AUGER (arXiv:1107:4809)
AUGER AMIGA infill (ICRC 2011)

EAS-TOP (Astrop.Phys.10(1999)1)
Tibet-III, QGSJET 01 (ApJ678(2008)1165)
GAMMA (ICRC 2011)
IceTop (arXiv:1202.3039v1)
TUNKA-133 (ICRC 2011)
Yakutsk (NewJ.Phys11(2008)065008)
KASCADE-Grande, QGSJET II (Astrop.Phys.36(2012)183)

KASCADE-Grande, all-part., QGSJET II (this work)
KASCADE-Grande, light (p), QGSJET II (this work)
KASCADE-Grande, medium (He+C+Si), QGSJET II (this work)
KASCADE-Grande, heavy (Fe), QGSJET II (this work)

KASCADE, all-part., QGSJET II (see Appendix A)
KASCADE, light (p), QGSJET II (see Appendix A)

KASCADE, medium (He+C+Si), QGSJET II (see Appendix A)
KASCADE, heavy (Fe), QGSJET II (see Appendix A)

Michael Kachelrieß (NTNU Trondheim) Transition UHECR, 9. October ’18 5 / 25



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Observations and their interpretation CR composition > 1017 eV
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Rigidity dependent knee:

▶ light knee agrees with knee in all-particle spectrum at 4× 1015 eV

▶ light component recovers
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Observations and their interpretation CR composition > 1017 eV
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Observations and their interpretation CR composition > 1017 eV

Composition of CRs: [PAO ’14 ] 10
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FIG. 5: max distribution of the fits for energy bin = 1017 17 eV. Results using Sibyll 2.1

are shown in the top row, QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row.

The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-

17

FIG. 5: max distribution of the fits for energy bin = 1017 17 eV. Results using Sibyll 2.1 are shown in the top row,

QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row. The left column displays results where protons and iron

nuclei were used, the central column also includes nitrogen nuclei, and the right column includes helium nuclei in addition.

NDM Holdings and Valle Las Leñas, in gratitude for
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de Ciência e Tecnologia (MCT), Brazil; MSMT-CR
LG13007, 7AMB14AR005, CZ.1.05/2.1.00/03.0058
and the Czech Science Foundation grant 14-17501S,
Czech Republic; Centre de Calcul IN2P3/CNRS, Centre
National de la Recherche Scientifique (CNRS), Conseil
Régional Ile-de-France, Département Physique Nucléaire
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Helmholtz-Gemeinschaft Deutscher Forschungszentren
(HGF), Ministerium für Wissenschaft und Forschung,
Nordrhein Westfalen, Ministerium für Wissenschaft,
Forschung und Kunst, Baden-Württemberg, Germany;
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Observations and their interpretation CR composition > 1017 eV

Composition of CRs: [PAO ’14 ]
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data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.
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models. EPOS-LHC in particular are satisfactory over most of the energy range. It is
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composition 6× 1017 − 5× 1018 eV consistent with

▶ 50% p, 50% He+N, < 20%Fe

▶ early transition from Galactic to extragalactic CRs
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de Ciência e Tecnologia (MCT), Brazil; MSMT-CR
LG13007, 7AMB14AR005, CZ.1.05/2.1.00/03.0058
and the Czech Science Foundation grant 14-17501S,
Czech Republic; Centre de Calcul IN2P3/CNRS, Centre
National de la Recherche Scientifique (CNRS), Conseil
Régional Ile-de-France, Département Physique Nucléaire
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Observations and their interpretation CR composition > 1017 eV

Transition to extragalactic CRs – anisotropy limits
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Transition to extragalactic CRs – anisotropy limits
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Observations and their interpretation CR composition > 1017 eV

Transition to extragalactic CRs – observed dipole [PAO ’17, ’18 ]

E > 8EeV: dipole observed with A ≃ 6.5% and R.A. ≃ 120◦
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Transition to extragalactic CRs – observed dipole [PAO ’17, ’18 ]

E > 8EeV: dipole observed with A ≃ 6.5% and R.A. ≃ 120◦
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Observations and their interpretation Galactic CRs above the knee

Galactic CRs above the knee

to test quantitatively extragalactic models, we need to model also
Galactic fluxes

IA(E) = IGal
A (E) + IexA (E)
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how certain are observations/models for Galactic fluxes?

e.g. position of light knee?
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Observations and their interpretation Galactic CRs above the knee

Galactic CRs above the knee

to test quantitatively extragalactic models, we need to model also
Galactic fluxes

IA(E) = IGal
A (E) + IexA (E)

how certain are observations/models for Galactic fluxes?

e.g. position of light knee?
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Observations and their interpretation Galactic CRs above the knee

Uncertainties: CR composition

Kascade-Grande: dependence on interaction model
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Observations and their interpretation Galactic CRs above the knee

Uncertainties: CR composition

Kascade-Grande: dependence on interaction model
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Observations and their interpretation Galactic CRs above the knee

Uncertainties: CR composition
ARGO-YBJ: position of “p+He knee” ≃ 700TeV

the other measurements was found to be less than 9%,
which makes us confident on the hybrid observation and
the new analysis techniques developed for the measurement
of both the absolute flux and the primary energy.
In the current analysis we adopt the same technique

described in [18] but with looser cuts, in order to have a
larger statistics and reach higher energies. As a conse-
quence, the selected event sample purity is reduced to 93%
below 700 TeV assuming the same composition model.
Since the contamination of heavy nuclei increases with
energy (see Fig. 8), the heavy contaminant not only
increases the observed H&He spectrum flux, but also
changes the spectrum index. To estimate how much the
heavy contaminants introduced by the looser selection cuts
affect the spectrum shape and index, we tried to subtract
them from the spectrum by using the composition model
given in Ref. [34]. We simulated the number of heavy
nuclei that passed the selection cuts for each energy bin.
The result is reported in the last row of Table I. Fitting
the spectrum after the subtraction of these events, we

obtain Ek ¼ 770" 200 TeV, JðEkÞ ¼ ð3.25" 0.22Þ×
10−12 GeV−1m−2 s−1 sr−1, β1 ¼ −2.62" 0.05, and
β2 ¼ −3.58" 0.50. This value of β1 is in excellent agree-
ment with the spectral index −2.63" 0.06 in our previous
report, and correspondingly consistent with the spectral
indexes reported by CREAM [7] and ARGO-YBJ [15,16].
The statistical significance of the observed knee feature

reported in Fig. 10 was estimated by comparing the number
of events observed above the knee with the number of
events expected by extending at PeVenergies the spectrum
measured below the knee. The number of expected events
in the three energy bins above the knee is 82, 39 and 20,
respectively. The difference between the observed number
of events (see Table I) and the expectation from a single
power-law spectrum corresponds to a deficit with a
statistical significance of 4.2 standard deviations. To see
if any artificial feature could have been produced in our

TABLE I. Relevant data related to the H&He spectrum evaluation. For each energy bin of the spectrum, the table reports (1) the
logarithm of the energy, (2) the number of H&He-like events, (3) the measured flux, (4) the aperture, (5) the energy resolution, (6) the
energy offset in the energy reconstruction, (7) the number of contaminating heavy nuclei evaluated under the assumptions given in
the text.

log10ðEmin=1 TeVÞ-log10ðEmax=1 TeVÞ 2.1–2.3 2.3–2.5 2.5–2.7 2.7–2.9 2.9–3.1 3.1–3.3 3.3–3.5
log10ðEcenter=1 TeVÞ 2.2 2.4 2.6 2.8 3.0 3.2 3.4

Number of events 1030 640 339 156 64 21 9
1012 × FluxðGeV−1 m−2 s−1 sr−1Þ 212.1" 6.6 63.1" 2.5 20.9" 1.1 6.01" 0.48 1.51" 0.19 0.315" 0.069 0.083" 0.028
Aperture (m2 sr) 90.6 119.4 120.3 121.7 125.7 124.5 128.5
Energy resolution 26.2% 25.7% 24.9% 25.1% 24.6% 24.2% 23.8%
Energy offset −0.04% −0.6% −0.3% 1.9% 2.2% 1.0% 0.1%
Contaminating heavy nuclei 20.1þ6.0

−4.5 39.2þ5.5
−10.0 28.2þ2.5

−7.4 13.7þ1.0
−3.5 9.4þ1.4

−2.4 5.3þ1.4
−1.3 3.4þ1.2

−0.8

Energy (GeV)
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Tibet-Phase II QGSJET
Tibet-Phase II SIBYLL

FIG. 10 (color online). H&He spectrum obtained by the hybrid
experiment with ARGO-YBJ and the imaging Cherenkov tele-
scope. A clear knee structure is observed around 700 TeV. The
H&He spectra by CREAM [7], ARGO-YBJ [16] and the hybrid
experiment [18] below the knee, the spectra by Tibet ASγ [9] and
KASCADE [10] above the knee are shown for comparison. In our
result, the error bar is the statistical error, and the shaded area
represents the systematic uncertainty.

TABLE II. Summary of systematic uncertainties.

1. Systematic uncertainties in the absolute energy measurement:

Weather/atmosphere conditions "7.6%
Photometric calibration "5.6%
Interaction models "2.1%
Composition models "1%

2. Systematic uncertainties on the H&He flux:

The contamination
of heavy nucleia

−ð1.5 ∼ 2.5Þ%@158 TeV

−ð29 ∼ 51Þ%@2.5 PeV
ARGO-YBJ RPC calibration "7%
Interaction models "4.2%
Boundary selection "3%
H&He selection efficiencies "3%
Saturation of RPCs "0.03%

aContamination of heavy nuclei is not constant with energy
and is dependent on composition models. The composition
models of Ref. [34], Ref. [36] and Ref. [38] are assumed to
estimated the uncertainties.

B. BARTOLI et al. PHYSICAL REVIEW D 92, 092005 (2015)

092005-8

iron knee at ≃ 20PeV?
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Observations and their interpretation Galactic CRs above the knee

Uncertainties: CR composition

ARGO-YBJ: position of “p+He knee” ≃ 700TeV

the other measurements was found to be less than 9%,
which makes us confident on the hybrid observation and
the new analysis techniques developed for the measurement
of both the absolute flux and the primary energy.
In the current analysis we adopt the same technique

described in [18] but with looser cuts, in order to have a
larger statistics and reach higher energies. As a conse-
quence, the selected event sample purity is reduced to 93%
below 700 TeV assuming the same composition model.
Since the contamination of heavy nuclei increases with
energy (see Fig. 8), the heavy contaminant not only
increases the observed H&He spectrum flux, but also
changes the spectrum index. To estimate how much the
heavy contaminants introduced by the looser selection cuts
affect the spectrum shape and index, we tried to subtract
them from the spectrum by using the composition model
given in Ref. [34]. We simulated the number of heavy
nuclei that passed the selection cuts for each energy bin.
The result is reported in the last row of Table I. Fitting
the spectrum after the subtraction of these events, we

obtain Ek ¼ 770" 200 TeV, JðEkÞ ¼ ð3.25" 0.22Þ×
10−12 GeV−1m−2 s−1 sr−1, β1 ¼ −2.62" 0.05, and
β2 ¼ −3.58" 0.50. This value of β1 is in excellent agree-
ment with the spectral index −2.63" 0.06 in our previous
report, and correspondingly consistent with the spectral
indexes reported by CREAM [7] and ARGO-YBJ [15,16].
The statistical significance of the observed knee feature

reported in Fig. 10 was estimated by comparing the number
of events observed above the knee with the number of
events expected by extending at PeVenergies the spectrum
measured below the knee. The number of expected events
in the three energy bins above the knee is 82, 39 and 20,
respectively. The difference between the observed number
of events (see Table I) and the expectation from a single
power-law spectrum corresponds to a deficit with a
statistical significance of 4.2 standard deviations. To see
if any artificial feature could have been produced in our

TABLE I. Relevant data related to the H&He spectrum evaluation. For each energy bin of the spectrum, the table reports (1) the
logarithm of the energy, (2) the number of H&He-like events, (3) the measured flux, (4) the aperture, (5) the energy resolution, (6) the
energy offset in the energy reconstruction, (7) the number of contaminating heavy nuclei evaluated under the assumptions given in
the text.

log10ðEmin=1 TeVÞ-log10ðEmax=1 TeVÞ 2.1–2.3 2.3–2.5 2.5–2.7 2.7–2.9 2.9–3.1 3.1–3.3 3.3–3.5
log10ðEcenter=1 TeVÞ 2.2 2.4 2.6 2.8 3.0 3.2 3.4

Number of events 1030 640 339 156 64 21 9
1012 × FluxðGeV−1 m−2 s−1 sr−1Þ 212.1" 6.6 63.1" 2.5 20.9" 1.1 6.01" 0.48 1.51" 0.19 0.315" 0.069 0.083" 0.028
Aperture (m2 sr) 90.6 119.4 120.3 121.7 125.7 124.5 128.5
Energy resolution 26.2% 25.7% 24.9% 25.1% 24.6% 24.2% 23.8%
Energy offset −0.04% −0.6% −0.3% 1.9% 2.2% 1.0% 0.1%
Contaminating heavy nuclei 20.1þ6.0

−4.5 39.2þ5.5
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FIG. 10 (color online). H&He spectrum obtained by the hybrid
experiment with ARGO-YBJ and the imaging Cherenkov tele-
scope. A clear knee structure is observed around 700 TeV. The
H&He spectra by CREAM [7], ARGO-YBJ [16] and the hybrid
experiment [18] below the knee, the spectra by Tibet ASγ [9] and
KASCADE [10] above the knee are shown for comparison. In our
result, the error bar is the statistical error, and the shaded area
represents the systematic uncertainty.

TABLE II. Summary of systematic uncertainties.

1. Systematic uncertainties in the absolute energy measurement:

Weather/atmosphere conditions "7.6%
Photometric calibration "5.6%
Interaction models "2.1%
Composition models "1%

2. Systematic uncertainties on the H&He flux:

The contamination
of heavy nucleia

−ð1.5 ∼ 2.5Þ%@158 TeV

−ð29 ∼ 51Þ%@2.5 PeV
ARGO-YBJ RPC calibration "7%
Interaction models "4.2%
Boundary selection "3%
H&He selection efficiencies "3%
Saturation of RPCs "0.03%

aContamination of heavy nuclei is not constant with energy
and is dependent on composition models. The composition
models of Ref. [34], Ref. [36] and Ref. [38] are assumed to
estimated the uncertainties.
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Observations and their interpretation Neutrino data

IceCube events: Large soft component?
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Observations and their interpretation Neutrino data

IceCube events: power-law fit of energy spectrum
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Observations and their interpretation EGRB and the cascade limit
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Observations and their interpretation EGRB and the cascade limit

Development of the elmag. cascade:

⇒ photons shifted below m2
e/εbb ≃ 250GeV
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Observations and their interpretation EGRB and the cascade limit

Development of the elmag. cascade:

⇒ photons shifted below m2
e/εbb ≃ 250GeV
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Observations and their interpretation EGRB and the cascade limit

Cascade limit: α = 2.1
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Cascade limit: α = 2.3
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Observations and their interpretation EGRB and the cascade limit

Cascade limit: α = 2.5
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Observations and their interpretation EGRB and the cascade limit
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Observations and their interpretation EGRB and the cascade limit

Multi-messenger picture
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Models Mixed model

Mixed models

Peter’s cycle: Emax,A = ZEmax,p

pγ interactions filter nuclei A close to threshold

secondary neutrons lead to soft proton flux

ankle:
= transition: requires Ep

max ≃ 60PeV
= feature of extragalactic spectrum

neutrino flux from pγ suppressed, at too high E
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Models Mixed model

GRB inspired ankle model [Globus et al. ’15, ’17 ]

spectrum:
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Models Mixed model

GRB inspired ankle model [Globus et al. ’15, ’17 ]
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GRB inspired ankle model [Globus et al. ’15, ’17 ]
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GRB inspired ankle model [Globus et al. ’15, ’17 ]
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Phenomenological AGN model [Unger, Farrar, Anchordoqui ’15 ]
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Minimal model

Minimal model: add neutrinos [MK, Kalashev, Ostapchenko, Semikoz ’17 ]

3 zones

▶ core: rigidity dependent acceleration dN/dR ∝ R−α exp(−R/Rmax)

▶ inner zone: Aγ interactions

▶ outer zone: Ap interactions

diffusion: increase of effective τint

source evolution

▶ BL Lac ≃ peaked at late times

▶ AGN ≃ peaked at early times
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Minimal model

Late evol., only interactions on gas: α = 1.8, τ
pp
0 = 0.035 at E0 = 1019 eV
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AGN evol., gas and photons: α = 1.5, τ
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0 = 0.035 and τ

pγ
0 = 0.29
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Minimal model

Summary

1 common source class for UHECRs and neutrinos?

▶ several candidates as GRBs are already disfavoured

▶ (subclasses of) AGNs remain attractive option

▶ large neutrino flux at “low” energies requires Ap interactions

▶ UHECR composition requiress nuclei with Aγ

▶ sources with both Ap and Aγ interactions favoured

2 EGRB constrains stronly neutrino sources:

▶ slope of extragal. neutrino α <∼ 2.3

▶ neutrino sources are not main source class of EGRB

3 neutrino signal in IceCube:

▶ additional Galactic contribution dominating at low energies (?)
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