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Abstract. The question at which energy the transition from Galactic to extragalactic cosmic rays takes place

has been a long-standing conundrum in cosmic ray physics. In the past, the transition energy has been usually
associated with one of the evident features of the cosmic ray spectrum: The second knee around E ≃ 5×1017 eV
or the ankle at E ≃ 3 × 1018 eV. I review anisotropy and composition data and show that they require that the
transition from Galactic to extragalactic CRs has to happen early, at few × 1017 eV. As a result, a successful
model for the transition should explain the ankle as a feature of the extragalactic CR spectrum. I review briefly
such models and their implications.

1 Introduction
The question at which energy the transition from Galactic
to extragalactic cosmic rays (CRs) takes place is one of
the major unresolved issues of cosmic ray physics. Its answer is fundamental to our understanding of Galactic CR
sources and the requirements on their acceleration mechanisms as well as the nuclear composition and the injection spectrum of extragalactic sources. In the past, the two
most promising choices for the transition energy were to
associate it with one of the evident features of the cosmic ray spectrum: The ankle at E ≃ 3 × 1018 eV or the
second knee around E ≃ 5 × 1017 eV. The former case offered a simple explanation for the sharpness of the ankle
as the cross-over between the end of Galactic flux and the
start of the extragalactic component. Moreover, it allowed
for an extragalactic injection spectrum Q(E) ∼ 1/E α with
α ∼ 2, i.e. close to the theoretical expectation for diﬀusive
shock acceleration. The main disadvantage of this suggestion is the enormous pressure it puts on acceleration models for Galactic CR sources. Moreover, this solution may
lead to the following “coincidence problem”: Since the
acceleration and diﬀusion of CRs depends only on rigidity R = p/Ze, one expects that the end of the Galactic
CR spectrum shows a sequence of cut-oﬀs at ZEmax , the
so-called Peters cycle. If the ankle is identified with the
transition, it is natural to assume that the second knee corresponds to the iron knee. Thus, in this interpretation, the
second knee signals the end of the Galactic iron flux from
those sources which contribute the bulk of Galactic CRs.
Therefore an additional Galactic population of CR sources
would be required to fill the gap between the second knee
and the ankle. If this population is unrelated to the standard population of Galactic CR sources, it is surprising
that the normalisation of the two fluxes is so close.
The challenge to models identifying the second knee
as the transition to extragalactic CRs is to find a physical mechanism which explains the ankle as a consequence

of either the propagation of extragalactic CRs or of interactions in their sources. The first successful model
of this kind explained the ankle by the dip in the pairproduction losses of protons on cosmic microwave background (CMB) photons, p + γCMB → p + e+ + e− [1]. Only
recently, photo-disintegration of CR nuclei on background
photons inside their sources was suggested as a viable alternative mechanism [2, 3].

How can these two options for the transition energy,
the second knee and the ankle, be experimentally distinguished? It is natural to expect that the nuclear composition of Galactic and extragalactic CRs should diﬀer,
because of propagation eﬀects and of the diﬀerent nature of their sources. In particular, the Galactic CR spectrum should become close to its end iron-dominated. A
similar behaviour is expected for the extragalactic flux,
shifted however to higher energies. Thus one expects the
extragalactic composition at the transition energy to be
lighter than the Galactic one. Therefore the signature of
the transition in the composition is the disappearance of
the (Galactic) iron, and the growth of a light extragalactic
component. An additional powerful constraint comes from
anisotropy measurements which combined with propagation studies of CRs in the Galactic magnetic field exclude a
dominant light or intermediate Galactic component at high
energies.

From a theoretical perspective, a successful model for
the transition has to address both the extragalactic and the
Galactic contributions to the measured fluxes of individual
exgal
gal
groups of elements, Fiobs (E) = Fi (E) + Fi (E), since
only the combination is observed. We will start therefore
this short review by a discussion of Galactic CRs at and
above the knee in the next section.
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2 The knee and the end of the Galactic CR
spectrum

an accelerator, one expects typically an exponential cutoﬀ [10]. Then a second population of Galactic CR sources
seems unavoidable, even if one associates the knee in the
total spectrum with the one of helium, Ek ≃ EkHe ≃ 4 ×
1015 eV.
In the original Hillas model [11], the flux has at R =
3 × 1015 V instead of a cut-oﬀ only a break by ∆β = 1.25.
Such a moderate steepening can be motivated e.g. by the
analysis of Ref. [12]: Including strong field amplification
as suggested by Bell and Lucek [13, 14] into a toy acceleration model, these authors found a break in the energy
spectrum of accelerated protons, coinciding for typical
values SNR parameters with the knee region. The strength
∆β of the steepening depends among others on the injection history, and in a typical test particle ansatz ∆β = 0.9
was found. For such a modest steepening, a second Galactic CR population can be avoided, as e.g. the model of
Ref. [15] shows where Vela accounts for the Galactic flux
between 200 TeV and the second knee.
Another option is the escape model [16, 17] which
connects the knee with a change in the propagation of
Galactic CRs. For a coherence length lc ≃ (2 − 5) pc of
the turbulent field and a relatively weak turbulent magnetic
field, a knee-like structure at E/Z = few × 1015 eV was
found, which is suﬃciently strong to explain the proton
knee observed by KASCADE. At higher energies, the proton flux recovers in this model as indicated by KASCADEGrande data. The resulting intensity of the four other elemental groups in this model are consistent with the energy spectra of CR nuclei determined by KASCADE and
KASCADE-Grande up to the second knee.

Knowledge about the high-energy end of the Galactic CR
spectrum and its nuclear composition is crucial in addressing the question of the transition to extragalactic CRs. A
problem of particular importance is the question, if the
second knee corresponds to the proton knee shifted by
Z = 26 in energy. Moreover, the question how strong
the Galactic fluxes are suppressed at energies above ZEk
are important to determine theoretically the extragalactic
fluxes in the transition region and below.
2.1 Position of proton knee

While there is a general agreement that the knee in the total
CR spectrum at Ek ≃ 4 PeV coincides with a suppression
of the primary proton and/or helium flux, and that the composition becomes increasingly heavier in the energy range
between the knee and 1017 eV [4–7], there exist yet substantial uncertainties concerning the partial contributions
of diﬀerent mass groups to the primary CR composition.
In particular, the question at which energy the suppression in the light components starts remains unclear. The
results from KASCADE and KASCADE-Grande who as
first experiments presented energy spectra for individual
elemental groups suggested a proton knee around 2–5 PeV.
The spectra for the heavier elements were consistent with
a rigidity-dependent knee following Ek(Z) = ZEkp [7]. Since
these results were obtained by measuring the number of
electrons and muons on the ground, a rather large dependence on the used Monte Carlo simulations of strong interactions resulted. In particular, the relative fraction of light
elements changed considerably between diﬀerent simulations. Conflicting results for the knee in the flux of light
elements were obtained by experiments using fluorescence
technique and air shower arrays at high altitudes, as e.g.
the ARGO-YBJ experiment [8]. This experiment combined results from its ground array with Cherenkov Telescope, finding a knee-like structure in the combined p+He
flux around 700 TeV.
Determining the knee energy in the flux of the light
elements is of obvious importance: Since the combined
p+He flux is dominated by the He component at these energies, the ARGO-YBJ results would imply a proton knee
at Ep ≃ 0.5 PeV and an iron knee at EFe ≃ 20 PeV, respectively. If the source spectra would have an exponential cut-oﬀ at the rigidity R ≃ 0.5 PV, then the Galactic
CR spectrum would end well below 0.1 EeV. This would
require an additional Galactic component, even if the second knee corresponds to the transition energy. The alternative, lowering the transition energy even more, is problematic, because extragalactic CRs at such low energies may
be hidden by magnetic horizons [9].

3 Anisotropy and composition
3.1 Anisotropy

The observed distribution of CR arrival directions is highly
isotropic, and thus an eﬃcient mechanism for the isotropisation of the CR momenta exists. Agent of this isotropisation are turbulent magnetic fields, since charged CRs scatter eﬃciently with field modes which wavelength matches
their Larmor radius. As a result, CRs perform on scales
larger than the correlation length of the turbulent field a
random walk, and the memory of the initial source location
is mostly erased. Since large wavelengths of the turbulent
field modes are less abundant, CRs with higher energy are
scattered less eﬃciently. Therefore, the CR anisotropy
should increase monotonically with energy. More precisely, if the turbulent field follows a Kolmogorov power
law as suggested by the observed B/C ratio, the dipole
anisotropy δ should increase with energy as δ ∝ E 1/3 . If
the Larmor radius RL of a CR exceeds the coherence length
of the magnetic field, one enters the small-angle scattering
regime with δ ∝ E 2 .
The (projected) dipole anisotropy δ measured by several experiments is shown in Fig. 1 as function of energy. Below 1017 eV, the phase of the anisotropy shown
in the left panel is approximately constant, except for
a flip at ≃ 200 TeV. Such a behaviour is expected in

2.2 Exponential cut-off, break or recovery?

Most models for the knee assume ad-hoc how strong the
flux is suppressed above the rigidity-dependent knee. If
the suppression is associated with the maximal energy of
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Figure 1. The dipole component of the CR anisotropy as function of energy: the phase (left panel) and the amplitude (right panel);
adopted from Ref. [18].

the case of anisotropic CR diﬀusion: Then the projection eﬀect on the local magnetic field line leads to flip
of the phase, if below and above 200 TeV two sources
which are located in the opposite (relative to the local
magnetic field line) hemisphere dominate the CR dipole
anisotropy [19–21]. This interpretation is supported by
the two plateaus in the dipole amplitude shown in the right
panel, which are visible in the range 2–20 TeV and (less
clear) 500–10.000 TeV: These are the consequence of the
energy-independent contribution of two single sources to
the dipole anisotropy.
Finally, at energies above 1017 eV, the phase changes
smoothly towards 100 degrees in R.A., i.e. it points
roughly towards the Galactic anticentre. In Ref. [22], the
two-dimensional direction of the dipole was reconstructed
also: The estimated direction may be connected to an overdensity in the local galaxy distribution, seen e.g. in the
2MRS catalogue [23]. Thus the behaviour of the dipole
anisotropy suggests that the transition from Galactic to extragalactic CRs starts at 1017 eV.

Galactic contribution to the observed CR spectrum has to
die out before 7 × 1017 eV. The confidence in this conclusion is strengthened considerably, if one combines the
composition and anisotropy measurements: In Ref. [25]
it was shown that a light (intermediate) Galactic CR flux
leads to a dipole of order 20% (10%), overshooting clearly
the limits which are on the percent level [22]. Thus the
dominant light-intermediate contribution to the CR flux
measured by the PAO above 3 × 1017 eV has to be extragalactic.

4 Constraints from neutrino and photon
secondaries
High-energy cosmic rays can interact with gas or photons
in their sources, and with photons from the extragalactic
background light (EBL) during propagation. Any process
involving hadronization leads mainly to the production of
pions, and isospin symmetry fixes then the ratio of charged
to neutral pions produced. The production of neutrinos is
thus intimately tied to the one of photons, and both depend
in turn on the flux of primary CRs. Thus the observation of
these CR secondaries can provide important information
on extragalactic CRs.
Let us recall first a few basic properties of the secondary photon and neutrino fluxes in hadronic interactions on nuclei and photons, respectively. Photons are
mainly produced by π0 → 2γ, with an energy spectrum
dn/dEγ = const. The maximal and minimal energy of
√
max
these photons is Emin
= m2π 1±β
1∓β . The energy spectrum
of the decay photons from pions with fixed energy plotted
as function of ln(Eγ ) corresponds therefore to a symmetric
box around mπ , cf. Fig. 2. A signature of photons from
hadronic interactions is thus the symmetry of the photon
spectra with respect to the pion mass. The low threshold
and the approximate Feynman scaling in hadronic interactions implies then dNγ /dE ∼ dNCR /dE. By contrast, in
> mπ m p /εγ with εγ as the
pγ interactions the threshold Eth ∼

3.2 Composition

Additionally to the all-particle CR spectrum above the
knee, data on the primary composition have become available in the last decade: The KASCADE-Grande experiment measured the composition up to 2×1017 eV [7], while
the Auger collaboration derived the fraction of four diﬀerent elemental groups above 2 × 1017 eV [24]. These measurements can be summarized as follows: First, the proton fraction amounts to ∼ 30–100% in the energy range
between 7 × 1017 eV and 3 × 1018 eV and decreases afterwards, while the fraction of intermediate nuclei increases.
Second, the iron fraction in the energy range between
7 × 1017 eV and 2 × 1019 eV is consistent with zero and
< 15–20%. Going to lower energies, a nonlimited by ∼
zero iron fraction ∼ 20% appears in the lowest energy bin.
Despite both theoretical and experimental uncertainties, the following conclusions can be drawn: Using only
the composition data, the iron fraction implies that the
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Figure 2. The photon spectrum nγ = dN/dEγ produced in π0 decays as function of ln(Eγ ) for pp (left panel) and for pγ (right panel)
interactions.

typical energy of the background photons leads to



for E < Eth ,
E −1
dNγ /dE ∼ 

dNCR /dE for E > Eth .

The majority of neutrino sources is however rather
weak, so that an identification of neutrino sources via
neutrinos multipletts has failed so far1 . Instead a diﬀuse
flux of surprisingly large magnitude was discovered [29]:
While its high-energy part is consistent with α ∼ 2.1 and
a normalisation close to the cascade bound, at lower energies a softer component appears. The sources of this soft
component has to be either extragalactic and hidden, or
Galactic but close to isotropic.

Similar arguments hold for neutrino production. Cosmogenic neutrinos are mostly produced in interactions on
< 10 eV. Taking into account
EBL photons with energy εγ ∼
that ⟨Eν ⟩ = E p /20, this implies that the flux of cosmogenic
neutrinos is suppressed below E ∼ 2×1017 eV. If neutrinos
are produced by pγ interactions in the source, e.g. on ra< 1 eV, one expects
diation from an accretion disk with εγ ∼
18
as threshold Eth ∼ 2 × 10 eV. In contrast, pp interactions
lead to a neutrino flux without threshold.

5 Models for extragalactic CRs
The first model able to explain the ankle as a feature of
the extragalactic CR spectrum was the dip model [1]. The
main assumption of this model is that the extragalactic
CR flux consists of protons, with a maximal admixture
< 10% of helium. Then the ankle can be explained
of ∼
as a feature in the extragalactic CR spectrum imprinted by
pair-production losses of protons on CMB photons. This
elegant possibility has been however excluded by composition measurements, in particular of the PAO. It is interesting to note that meanwhile even the non-observation of
cosmogenic neutrinos challenges this model [30].
Since composition measurements, in particular of the
fluctuations of the shower maximum RMS(Xmax ), pointed
to an increase of mean mass number of CRs with increasing energy, models including nuclei were proposed. For
instance, the models of [31–33] used a mixed composition together with a power-law in rigidity and an exponential cut-oﬀ, Q(R) = Qi R−α exp(−R/Rmax ), for the injection spectrum. These models could reproduce Xmax and
RMS(Xmax ) data, but lead to the ankle as transition energy.
Thus such models require an additional light extragalactic component below the ankle. The spectral index of the
injection spectrum of this additional population should be
steeper (Q(R) ∝ R−2.7 ) than the one of population responsible for the spectrum above the ankle [34]. Again, it is
surprising that the normalisation of these two contributions
is so close, if these two populations are unrelated.

Diﬀuse extragalactic gamma-ray background and diﬀuse
neutrino flux
The Universe is opaque to the propagation of gamma-rays
with energies in the TeV region and above. Such photons are absorbed by pair production on the EBL. As a
> 1 TeV
result, the extragalactic photon flux at energies E ∼
is strongly attenuated. High-energy photons are however
not really absorbed but initiate electromagnetic cascades,
via the processes γ+γb → e+ +e− and e± +γb → e+− γ. The
cascade develops very fast until it reaches the pair creation
threshold. Thus the Universe acts as a calorimeter for electromagnetic radiation, accumulating it in the MeV-TeV
range as an extragalactic gamma-ray background (EGRB).
The observed EGRB limits therefore all processes that inject electromagnetic energy. In Ref. [26], a measurement
of the EGRB by Fermi-LAT was used to constrain strongly
evolving UHECR models. In the meanwhile, the measurement of the EGRB was extended to higher energies [27]
and, as a result, the limits on the allowed cascade radiation
and the limit on the cosmogenic neutrino flux drop by a
factor 3 to ωcasc ≤ 2 × 107 eV/cm3 . Moreover, the contribution from unresolved sources is now estimated to be as
large as 50-80% [28]. Taking these results at face value,
the room for any additional injection of photons is very
limited. It is therefore desirable that the same source class
explains both the UHECRs and the observed neutrino flux
by IceCube.

1 An exception may be the coincidence between the IceCube170922A event and the blazar TXS 0506+056.
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Figure 3. The energy spectrum, Xmax and RMS(Xmax ) as functions of energy for an injection composition following a Galactic mixture;
from Ref. [3].

The end of the proton component measured by
KASCADE-Grande can be extended smoothly to the one
observed by the PAO by a power law with slope α ∼ 2.2.
Any model aiming to extend the extragalactic flux below the ankle has to explain this proton component. In
Ref. [35], it was assumed that this flux reflects the original
injection spectrum of protons, since the slope is consistent with the one expected from diﬀusive shock acceleration. It was shown that star-forming galaxies cannot explain this proton component, while BL Lacs/FR I galaxies
could both provide the proton component and a dominant
contribution to the observed neutrino flux and the EGRB.
However, this work did not address the question of heavier
nuclei required by the composition measurements.
In an alternative scenario, the extragalactic proton
component originates from the photo-disintegration of
heavier nuclei in photon fields present in the source [2, 3].
This mechanism has been employed in the specific model
of UHECR acceleration by gamma-ray bursts in Refs. [2,
36]. In this model, the photo-disintegration of low-energy
nuclei leads to a steeping of their spectra from α ≃ 2.1−2.2
to α ≃ 1. Only the proton spectrum follows the original
acceleration spectrum because of a decaying neutron component which escapes from the source. While the original
model resulted in a transition at the ankle [2], choosing a
stronger redshift evolution (Q(z) ∝ (1 + z)3.5 ) of GRBs increases the extragalactic contribution below the ankle [36].
Nevertheless, the required Galactic iron fraction is with,
e.g., 20% at 1018 eV relatively high compared to the determination from Ref. [24].
In Ref. [3], the same mechanism was employed in a
toy-model which parameters were inspired by those of a
core of an active galactic nuclei (AGN). In the fiducial
model of [3], a hard injection spectrum, α = 1, with a
p
moderate maximal energy Emax
= 3 × 1018 eV was used
together with a photon background with typical energy
εγ = 0.1 eV. A good fit to both the energy spectrum and
the composition data was obtained injecting a single nuclear species with intermediate mass number like e.g. Si,
cf. with Fig. 3. For a more natural mixed composition of

the injected CRs, the agreement with the data deteriorated
somewhat, cf. with Fig. 3. In particular, the transition energy moves somewhat to lower energies.
Both the GRB and AGN models of Refs. [3, 36] relied
on interactions of nuclei with a photon background. As a
result of the threshold eﬀect described above, the resulting neutrino fluxes are therefore suppressed in the interesting TeV–PeV range and cannot explain the observations
of IceCube. In contrast, models leading to large neutrino
fluxes in the 0.1–1 PeV energy range use typically pp interactions and primaries with 10–100 PeV energies. Thus
such models have no direct connection to the sources of
UHECRs.
A possible way how a single source class can explain
both the extragalactic CR flux, its nuclear composition and
the observed neutrino flux in IceCube was suggested in
Ref. [37]. The model presented there assumes that UHECRs are accelerated in the core of (a subclass of) AGNs.
Subsequently, the CR nuclei diﬀuse first through a zone
dominated by photo-hadronic interactions, before they escape into a second zone dominated by hadronic interactions with gas. In the first zone, the energy-dependence of
the photo-disintegration rates and the escape times leads
together with rigidity-dependent cut-oﬀ to a rather small
energy window in which a single nuclear species is unsuppressed. The flat proton component is generated again
by escaping neutrons. In the second zone, on larger scales,
the escaping nuclei interaction on gas and produce thereby
a neutrino flux which can give a substantial contribution to
the flux observed by IceCube. In an alternative scenario,
the photon background was neglected and only Ap were
included.
The diﬀuse fluxes of five elemental groups computed
in this model are shown on the left for only Ap interactions
and on the right for Aγ and Ap interactions. In the case of
p
only hadronic interactions, α = 1.8, Emax
= 3 × 1018 eV
p
and BL Lac evolution is used, otherwise α = 1.5, Emax
=
18
pγ
19
6×10 eV, τ = 0.29 at 10 eV and AGN evolution. The
hadronic interaction depth is normalised as τ0pp = 0.035
at 1019 eV. The diﬀuse fluxes are compared to experimen-
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Figure 4. Diﬀuse flux (top) of five elemental groups and the resulting RMS(Xmax ) (bottom) values; left for only hadronic, right with
additional Aγ interactions [37].

tal results for the proton (orange error-bars) and the total flux from KASCADE, KASCADE-Grande (light-blue
error-bars) [7] and Auger (dark-blue error-bars) [38, 39],
the EGRB from Fermi-LAT (light-blue error-bars) [27],
and the high-energy neutrino flux from IceCube (lightblue shaded area) [29] In both cases, the total CR flux including the ankle feature is well-fitted. Adding the Galactic CR flux determined in the escape model [16, 17] leads
to a good description of the total flux in the transition region and below. Both cases lead to large neutrino fluxes,
respecting at the same time however the EGRB limit. For
illustration, the contribution of neutrinos and photons from
Aγ and Ap interaction is shown on the right separately by
crosses and dotted lines, respectively.

reduce the neutrino flux and the model will fall short of
explaining the IceCube data. In contrast, the scenario including photo-disintegration reproduces the composition
data well, taking into account the systematic uncertainties.
Finally, let us comment briefly on some other recent
extragalactic CR models which attempt to explain the diffuse neutrino flux observed by IceCube. The authors of
Ref. [43] explain the IceCube neutrinos by CR interactions
in the galaxy clusters surrounding UHECR sources. This
scheme may be considered as a concrete physical model of
the “only hadronic” scenario in Ref. [37]. The presented
CR flux has however no ankle feature and requires therefore a second extragalactic component. The same limitation applies to the model of Ref. [44] which suggests lowluminosity GRB ankle as common source of UHECRs and
neutrinos. The authors of Ref. [45] studied the central
regions of active galaxies as sources of UHECRs. They
followed the approach of Ref. [3] and concluded that low
luminosity AGNs with no source evolution are favoured
compared to models with strong source evolution or large
photon backgrounds in the source.

The lower panels compare the predictions of these two
scenario for RMS(Xmax ) using the EPOS-LHC [40] and
QGSJET-II-04 [41] models to data from Auger [42]. In the
“hadronic only” scenario, insisting to reproduce the ankle
requires a relatively low cut-oﬀ energy, and a small contribution of intermediate nuclei. This drives the composition towards a two-component model, consisting mainly of
protons and iron. As a result, the composition data above
5 × 1018 eV are not well described. Since the spectra of intermediate CNO nuclei are cut oﬀ around the ankle, their
contribution could be only increased if the proton flux is
reduced. But a reduction of the proton flux would in turn

6 Conclusions
Three pieces of evidence allow us to determine the energy
at which the transition from Galactic to extragalactic CRs
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takes place. First, the behaviour of the dipole anisotropy
suggests that the transition starts at 1017 eV. Second, the
disappearance of the iron component at 5 × 1017 eV in
the PAO composition data signals the end of the Galactic CR spectrum. Finally, combining the composition and
anisotropy measurements, one can conclude that the dominant light-intermediate contribution to the CR flux measured above 7 × 1017 eV has to be extragalactic. Combining these diﬀerent pieces of evidence, there is little room
for doubt that the transition from Galactic to extragalactic
CRs happens at the second knee, i.e. around 5 × 1017 eV.
Using Occam’s razor, one may exclude the possibility that the ankle is the cross-over of the fluxes of two independent extragalactic populations of UHECR sources.
Then the ankle has to be explained as a consequence of
either the propagation of extragalactic CRs or of interactions in their sources. The dip model which relied on the
first possibility is excluded by composition measurements.
A viable alternative uses photo-disintegration of CR nuclei on background photons inside their sources, which
might be either AGN cores or GRBs. Successful models tend to favour unusual features as steep injection spectra or large fraction of injected intermediate nuclei which
wait for a physical motivation. Requiring additionally that
these UHECR sources explain the neutrino flux measured
by IceCube poses another challenge. Developing concrete
models which reproduce all the experimental data which
have become available will be an important step towards
understanding the sources of UHECRs.
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