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Abstract. Understanding the acceleration of Ultra High Energy Cosmic Rays is one of the great challenges
of contemporary astrophysics. In this short review, we summarize the general observational constraints on
their composition, spectrum and isotropy which indicate that nuclei heavier than single protons dominate their
spectra above ∼ 5 EeV, that they are strongly suppressed above energies ∼ 50 EeV, and that the only significant
departure from isotropy is a dipole. Constraints based upon photopion and photodisintegration losses allow
their ranges and luminosity density to be estimated. Three general classes of source model are discussed -
magnetospheric models (including neutron stars and black holes), jet models (including Gamma Ray Bursts,
Active Galactic Nuclei and Tidal Disruption Events) and Diffusive Shock Acceleration models (involving large
accretion shocks around rich clusters of galaxies). The value of constructing larger and more capable arrays to
measure individual masses at the highest energies and probably identifying their sources is emphasized.

1 Introduction

Understanding the acceleration of atomic nuclei to macro-
scopic energies ≳ 50 J is one of the great challenges of
modern astrophysics. These Ultra High Energy Cosmic
Ray (UHECR) accelerators operate undercover because
the Universe is filled with electromagnetic and hydromag-
netic waves that scatter and attenuate the cosmic radiation
making direct source identification nearly impossible. On
the other hand, these interactions lie at the heart of cosmic-
ray science because they are intimately involved in most
acceleration models. They also lead to the production of
secondary messengers – γ-rays and neutrinos – signatures
of leptonic and hadronic processes at play in cosmic accel-
erators. The modeling of these interaction processes con-
nects particle physics to multimessenger astronomy which
can reveal the UHECR sources indirectly. γ-rays and X-
rays can be produced by both hadronic and leptonic pro-
cesses, and a multimessenger effort is made to detect high
energy neutrinos as messengers of hadronic accelerators.

In this brief review, we summarize direct and gen-
eral observational constraints on UHECR sources (Sec. 2).
In Sec. 3, we discuss three general UHECR acceleration
sites: magnetospheres, jets and non-relativistic shocks.
Magnetospheres are mostly associated with compact ob-
jects – spinning neutron stars and black holes – and can
plausibly accelerate cosmic rays to the observed ener-
gies. The challenge is to explain how they can escape
without loss. Jet models for UHECR acceleration are
mostly associated with black holes jets associated with
Gamma Ray Bursts (GRB), and Active Galactic Nuclei
∗e-mail: noglobus@ucsc.edu
∗∗e-mail: rdb3@stanford.edu

(AGN). Here the challenge is to identify sources within the
UHECR horizon, as these sources are rare. Shock mod-
els are most challenged by the need to accelerate cosmic
rays to the highest energies measured. A hierarchical ap-
proach in which the entire observed spectrum originates
successively at SuperNova Remnant (SNR) shocks, Galac-
tic Wind Termination Shocks (GWTS), and at Cluster Ac-
cretion Shocks (CAS), is outlined. The opportunity for
deciding between these, other, possible acceleration sites
in the near future is discussed in Sec. 4.

2 Summary of Observational Constraints
on the origin of UHECR

Using observations made with the Telescope Array
(TA) [1], and the Pierre Auger Observatory (PAO) [2],
over the past decades, it has been established that nuclei
are dominating the spectrum already at energies ∼ 5 EeV.
Both experiments confirm the existence of an "ankle" in
the cosmic-ray spectrum at ∼ 5 EeV. Both experiments
agree that the observed spectrum starts to be strongly sup-
pressed at energy ≳ 50 EeV. This could be due to pho-
topion production and photodisintegration by microwave
background photons — the GZK effect [3, 4] — or may
represent the maximum energy that can be accelerated in
any cosmic source.

Despite many claims of association of UHECR with
specific sources or source classes, the only significant
departure from complete isotropy of UHECR is a 6.6σ
dipole reported by PAO at energies above 8 EeV[5]. It has
been shown that the evolution of the dipole amplitude with
energy is expected if the sources are extragalactic, as a re-
sult of the evolution of the GZK horizon with energy [6].
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This feature could reflect an anisotropy in the distribution
of many sources following the large scale structure [7],
local sources such as nearby radio galaxies [8] or the pres-
ence of a single dominant source, such as a Galactic tran-
sient [9] – which may require strong Galactic magnetic
turbulence to not upset the anisotropy limits but cannot be
totally ruled out. However, the source location could well
be significantly shifted across the sky due to cosmic ray
deflection by the poorly understood strong Galactic and
extragalactic magnetic fields. Given the uncertainty be-
tween the magnetic field models, one cannot reach strong
conclusions yet regarding the nature of the sources with
the dipole anisotropy [10].

It should be noted that while the dipole appears above
8 EeV, the sky in the 4-8 EeV energy range is compatible
with isotropy [5]. This is certainly due to the combined
effect of a large GZK horizon and the presence of acceler-
ators operating up to lower maximum rigidity. The “light
ankle” reported by the KASCADE Grande experiment at
∼ 0.1 EeV [11] may either be a distinct proton component
from more distant sources, or the accumulation of secon-
daries from the primary UHECR accelerators [12].

Another significant and generally accepted feature of
the observations is the change in the cosmic ray compo-
sition with energy (see Figs 2.10-2.12 in [13]). Such a
statement can only be made on statistical grounds because
we cannot determine the composition of individual pri-
mary cosmic rays. The nuclei become progressively heav-
ier above the ankle at ∼ 5 EeV. The cosmic rays are mostly
heavy nuclei (CNO or heavier) at energies ≳ 40 EeV [13].
There are too few showers with larger primary energy to
be definitive, but it is generally supposed that the compo-
sition remains heavy up to the highest energies.

This change in mindset by the UHECR community has
a simple interpretation. Most source and propagation mod-
els depend upon the particle’s rigidity, R, its momentum
per unit charge, not its total energy. If we use rigidity
instead of energy, the observed cosmic ray spectrum can
be accounted for with a maximum rigidity at the acceler-
ator Rmax ∼ 8 EV. To account for the whole extragalac-
tic spectrum with only a single extragalactic component,
one needs a very hard spectrum at the sources R−1 to re-
produce the evolution of the composition above the ankle,
and a soft proton component (∼ R−2.5 for sources avolv-
ing as the SFR [14]) to account for the light ankle seen
by KASCADE-Grande. Such a single-component model
gives a coherent picture of the Galactic-to-extragalactic
cosmic ray transition [15] (in this model the protons are
the product of photodissociation processes at the source).
Other models based on more than a single extragalactic
component remain of course possible, and the sub-ankle
protons could be the result of another type of accelera-
tor operating in this energy range. The contemporary lu-
minosity density for UHECR acceleration is LUHECR ∼

6 × 1044 erg Mpc−3 yr−1 above 5 EeV [16]. For the pur-
poses of astronomical comparison, this is very roughly
3 ∼ 10−5 times the local galaxy luminosity density. More
quantitative comparisons require specific source and prop-
agation models.

Regarding the cosmogenic gamma-ray diffuse flux (the
by-product of the GZK effect), the mixed-composition
model appear to be less constrained by the Fermi-LAT
than the electron-positron dip (pure proton) scenario [17–
19] that rules out SFR-like and stronger cosmological evo-
lutions. For a mixed composition, however, only very
strong evolutions (e.g., FR-II radio galaxies) are excluded
by the current observations [20]. The cosmogenic neutrino
flux is well below the IceCube sensitivity for a mixed com-
position [20]. The IceCube collaboration reported a corre-
lation between a PeV neutrino and a blazar [21] implying
that blazars are able to accelerate protons to ∼ 0.1 EeV.

In summary, it is reasonable to assume that any source
model needs to be able to accelerate cosmic rays up to a
minimum rigidity ∼8 EV (equivalently iron at ∼200 EeV)
to account for the observed spectrum and composition;
therefore, in order to be considered as a possible source
candidate, several conditions must be fulfilled by a cosmic
accelerator:
• Confinement: the acceleration time should be smaller
than the escape time; this is related to both the strength of
the magnetic field and the geometry, size and age of the
accelerator – this is an expression of the famous Hillas cri-
terion [22];
• Power: the central engine must be able to provide the
necessary energy (either electromagnetic or kinetic, de-
pending how the energy transfer is mediated);
• Radiation losses at the accelerator: within the accelerat-
ing field the acceleration time should be smaller than the
radiation loss time;
• Interaction losses (photopion and photodisintegration) at
the accelerator: the acceleration time should be smaller
than the interaction loss time;
• Emissivity: the density of sources must be enough to
account for the observed UHECR flux (LUHECR ∼ 6 ×
1044 erg Mpc−3 yr−1 above 5 EeV) [16];
• Secondary radiation: the accompanying photon and neu-
trino flux should not be greater than the observed fluxes.
This constraint must be satisfied by the secondary gamma-
ray and neutrino flux at the sources and also by the cosmo-
genic, diffuse flux.
• Anisotropy: the source model needs to account for the
observed anisotropies. This is the weakest constraint due
to the uncertainty regarding the magnetic fields [23, 24].

3 UHECR Source Models

3.1 Magnetospheric Models

3.1.1 General Considerations

In order to accelerate a proton to an energy ∼ 8 EeV, it
must follow a trajectory where

∫
dr · E exceeds ∼ 8 EV.

The simplest way to imagine this happening is in the con-
text of a large scale magnetic field. Faraday’s law guar-
antees that if the magnetic field varies with time, then
there will be an EMF and an opportunity for particle ac-
celeration. However, even a stationary flow can produce
large, accelerating, electric field when there are appropri-
ate boundary conditions. One such configuration is the
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unipolar inductor [25]. A spinning, conducting body is
envisaged to be endowed with an axisymmetric magnetic
field distribution. In the simplest case, the body rotates
with angular velocity Ω.

If sufficient plasma is continuously produced to sustain
an electrical current, without having dynamical relevance,
the electromagnetic field in the “magnetosphere” will be
force-free. Imposing a boundary condition at the neutron
star surface leads to an electric field E = −(Ω×r)×B which
implies that E · B = 0. The magnetic flux surfaces will be
equipotential and isorotational and the potential difference
between two adjacent flux surfaces containing magnetic
flux dΦ is dV = ΩdΦ/2π. There will also be an electri-
cal current I(Φ) flowing within a flux surface labeled by Φ
which is associated with a toroidal component of magnetic
field and an outward Poynting flow of electromagnetic en-
ergy, IdV . This Poynting flux extracts rotational energy
efficiently from the neutron star with very little dissipation
in the neutron star. It can be radiated at great distance, for
example in a Pulsar Wind Nebula such as the Crab Nebula.

The relationship between I and V depends upon the
detailed boundary conditions but, if the electromagnetic
field remains force-free, then V ∼ IZ0/2π, where Z0 ≡

377 Ohm is the impedance of free space. To order of mag-
nitude, a potential difference of, say, 10 EV is then associ-
ated with an electromagnetic power ∼ 1036 W. Whether or
not this potential difference is used for efficient UHECR
particle acceleration depends upon circumstance but, if it
is, then the associated power is inescapable.

3.1.2 Neutron Stars

Now consider the application of these general ideas to neu-
tron stars. Spinning magnetized neutron stars are, man-
ifestly, not axisymmetric but quite similar considerations
apply. If the magnetic moment is that of a regular pulsar,
then the spin period must be close to the maximal allowed
value ∼ 1.5 ms and the source lifetime is only years [26].
Magnetars, with surface magnetic field ∼ 100 GT are more
promising [27]. A spin period ∼ 30 ms suffices but the
source lifetime would be less than a day. It is hard to see
how UHECR could escape the environs of a neutron star
so soon after its birth given the high density of matter and
radiation which should cause catastrophic losses.

However, there is another possibility and this is that
the power derives from the magnetic, not the rotational
energy. This can be as much as 1041 J and it could be re-
leased intermittently, following magnetic flares, where Ω
would be replaced by the reciprocal of the time it would
take light to cross a fraction of the magnetic surface, a few
µs. Furthermore, the magnetic energy stored below the
surface might be hundreds of times larger than that within
the magnetosphere and accessible for much longer. This
is important because the magnetar birth rate should be less
than ∼ 10−6 Mpc−3 yr−1. requiring an energy per magnetar
of > 1043 J to account for the UHECR luminosity density.

Despite this energetic discouragement, it is instructive
to consider the general principles of particle acceleration
exhibited by an axisymmetric pulsar magnetosphere. In
this case, the magnetic field is stationary and the EMF

formally vanishes. The magnetic surfaces are electrostat-
ically equipotential. However, a current must flow which
may require the continuous formation of electron-positron
pairs in the magnetosphere. It has long been supposed that
this can happen at a “gap”, a possibly transient potential
drop along the magnetic field where E · B , 0 and single
charged particles can be accelerated to sufficient energy
to produce γ-rays which can form pairs and breakdown
the vacuum. There has been much modeling of gaps and
generally it has been found that the associated potential
drops across a gap are order of magnitude smaller than
what would be needed to create UHECR directly at gaps.
They could, of course be associated with the emission of
much less energetic γ-rays and cosmic rays.

If there is minimal potential drop along the flux sur-
faces, then the power must associated with electrical cur-
rent crossing between the flux surfaces. There are many
different ways that this has been modeled. For exam-
ple, there could be enough plasma present that there is a
Lorentz force density, j × B, that gradually converts the
electromagnetic energy into kinetic energy flux with min-
imal dissipation. This outflow might then be an efficient
particle accelerator in a jet or wind (see below). Alterna-
tively, the current may complete dissipatively as particle
acceleration. At one extreme, all of the power may heat
the thermal plasma and cause it to radiate. An intermediate
possibility is that much of this power creates a suprather-
mal distribution of intermediate energy cosmic rays.

A third possibility is that it is the highest energy par-
ticles that carry most of the electrical current across mag-
netic surfaces. The manner in which this may happen is in-
teresting. A modest energy particle will gyrate around and
move along the magnetic field in the local frame in which
the electric field vanishes. However, for larger particle
energies the gyro radius, rL, increases and the collision-
less particle motions also include drift velocities of their
guiding centers with speeds ∼ crL/L, where L is the scale
length. It is possible that despite the rarity of the highest
energy particles, their greater mobility can allow them to
carry most of the electrical current and, consequently, be
accelerated to energies as large as those for which rL ap-
proaches L, specifically, those with energy ∼ ZecBL. This
basic mechanism has been invoked to account for interme-
diate energy particle acceleration at a pulsar wind termi-
nation shock. For this to be possible, in principle, requires
that the electrical current flows along and not across mag-
netic surfaces all the way from the pulsar magnetosphere
to the surrounding nebula.

3.1.3 Black Holes

Many of these basic physics ideas are translatable to black
hole magnetospheres with some important differences. We
suppose that magnetic flux is trapped by the inertia and
pressure of orbiting gas and some of this flux passes in and
out of the event horizon. The black hole is not a perfect
conductor. In fact, a formal surface conductivity can be
associated with the horizon associating a resistance of ∼
Z0/2π with the black hole. This has two consequences.
The magnetic field lines rotate with an angular velocity
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roughly half that of the black hole. There is as much power
dissipated behind the horizon as there is extracted outside
the black hole.

For the case of massive black holes, the power associ-
ated with UHECR acceleration is then, at least, compara-
ble with that radiated by a moderate AGN such as a FRI
radio source or a Seyfert galaxy. There is the same need to
supply electrical charge continuously and gaps have been
invoked as sources of γ-rays (e.g. [28]). As with pul-
sars, the potential differences that need to be applied to
keep the current flowing are generally tiny compared with
those needed to account for UHECR. To drive home this
point, if the current carrying pair plasma had the minimum
density and energy ∼ 1 MeV required, then its energy den-
sity would be only a fraction ∼ the ratio of this energy
to the total potential difference — ∼ 1 MeV to ∼ 10 EV
or 10−13. (This is also the ratio of the minimum to the
maximum gyro radii.) In fact gaps will not even be re-
quired if either the magnetic field lines are able to un-
dergo interchange instability to keep the magnetosphere
supplied with electron-ion plasma or externally produced
γ-rays can produce pairs directly. For all of these reasons,
gaps are not seen as UHECR sources.

As with pulsars, it also possible to imagine particle
acceleration occurring when current crosses the toroidal
magnetic field lines associated with the electromagnetic
outflow produced by a magnetized, spinning black hole.
This takes place in the “Espresso” model of UHECR ac-
celeration [29] where lower energy cosmic rays are in-
jected into the outflow and emerge with rigidity compa-
rable with the total potential difference available — an ex-
pression of the famous Hillas criterion [22] (see section
3.2.1 below). Assuming Γ ∼ 30 (as in powerful blazars),
a one-shot boost of a factor of ∼ Γ2 in energy, can trans-
form the highest-energy galactic CRs at 100 PeV in the
highest-energy UHECRs at 100 EeV. If this mechamism
can account for the whole UHECR data is still an open
question.

There is a second, quite general constraint on locat-
ing UHECR acceleration close to an AGN black hole. A
∼ 100 µ far infrared photon will be able to create pions in
the Coulomb field of a ∼ 10 EeV cosmic ray. The UHECR
acceleration site must be sufficiently far away from the
AGN that the photon density does not prevent energy loss
or photodisintegration. Similar remarks apply to the pair
production threshold which involves ∼ 30 GHz radio pho-
tons. As discussed below, even more stringent constraints
must be satisfied to avoid photodisintegration of the heav-
iest nuclei. The end result is that the only way that pro-
cesses directly connected to an AGN magnetosphere could
account for UHECR is if they involve low luminosity AGN
and operate at some remove from the actual black hole
magnetosphere.

Similar arguments can be used to rule out UHECR pro-
duction around or directly associated with the magneto-
spheres of stellar mass black holes either close to forma-
tion in GRB or later on in binary X-ray sources. We now
turn to the viability of UHECR acceleration further away
from massive or stellar black holes, within relativistic jets.

3.2 Relativistic Plasma Jet Models

Relativistic jets are ubiquitous in the universe and their ac-
celeration, collimation and deceleration processes provide
a variety of acceleration sites for UHECRs. The central
engine of relativistic jets is still under debate. Two driv-
ing mechanisms are commonly invoked, heating mediated
by accretion ("nurture"), which leads to pressure-driven
jets, and the Blandford-Znajek mechanism where the jet is
powered by a rapidly spinning black hole ("nature") which
leads to magnetically-driven jets [30]. The magnetization
factor has important implications for modeling the acceler-
ation of UHECRs and the production of secondary γ-rays
and neutrinos.

Because the jets are structured both laterally but also
temporally, the ejected plasma layers have different veloc-
ities and hence shear acceleration or diffusive shock accel-
eration can take place at internal shocks in the jets, lobes,
or at the oblique shocks in the jet’s boundary layer, or far
beyond the Bondi radius at external shocks when the jet
decelerates in the ambient medium. These mechanisms
allow the transfer of the kinetic energy of the relativistic
outflow to cosmic rays. This is mediated by magnetic tur-
bulence and the micro-physics at play in generating the
magnetohydrodynamic waves is important and yet poorly
constraint in relativistic jets.

Efficient dissipation of magnetic energy can happen
through turbulence or reconnection and leads to the emis-
sion of high energy photons that can interact with the cos-
mic rays via photointeractions (pion production for pro-
tons or Giant Dipole Resonance, GDR, for nuclei). How
this operates in relativistic outflows is still unsettled and
depends on the configuration of the magnetic fields. The
two configurations commonly invoked are: a large scale,
ordered field of a single polarity, leading to a highly mag-
netized relativistic jet; or a magnetic field of alternating
polarity leading to a "striped" jet made of regions with
toroidal field of alternating polarity. Instabilities such as
the kink can also drive magnetic dissipation. Therefore,
for relativistic jets, the following questions remain: What
is the best sites for UHECR acceleration in relativistic jets?
Are the heavy nuclei able to survive to the high energy
photon fields present around relativistic sources? Let us
review below some of the most promising jetted source
candidates for UHECR sources.

3.2.1 Jet Power requirement for UHECR

Let us recall the jet power requirement for UHECR pro-
duction. In the following we consider a relativistic plasma
jet with half opening angle is θ, r is the jet height above the
launching region. We use masses in units of solar mass
m̄ = M/M⊙, luminosities in units of LEdd = 1.26 1038m̄
erg/s and radii in units of gravitational radius r̄ = r/rg with
rg = 3 ·105m̄ cm. Quantities in the jet comoving frame are
denoted with a prime symbol. The jet expansion time in
the comoving frame is t′exp = r/(Γβc), where Γ is the bulk
Lorentz factor of the jet Γ = (1 − β2)−1/2. The condition
for jet stability implies that the comoving signal crossing
timescale is smaller than texp, which gives the condition
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Γθ ≲ βs/β where βsc is the Alfvén velocity. In relativis-
tic magnetized jets β ≈ βs ≈ 1. The acceleration region
cannot extend further than the transverse distance rθ. The
escape time sideways is thus t′esc = (rθ)/(Γc).

The jet luminosity L j = π(θr)2βΓ2cu′j where u′j is the
comoving energy density. The magnetic field of a relativis-
tic jet with magnetic luminosity LB ≡ ξBL j, bulk Lorentz
factor Γ and half opening angle θ is

B′ =
2
(
ξBL j/c

)1/2

θΓr
≈ 4.3 · 108(ξBL̄ j/m̄)1/2r̄−1(θΓ)−1G . (1)

The magnetic field B′ is related to the total energy density
u′j by: B′ =

√
4πξBu′j.

The acceleration time t′acc = t′L/ξacc = E′/(ZeB′cξacc)
with ξacc ≲ 1 (in numerical experiences ξacc ≲ 0.1 making
the usually assumed Bohm diffusion overoptimistic). The
condition t′acc = t′esc (following [22]) gives:

E′max =
ξaccrθZeB′

Γ
≈ 300 ξaccZ[B′Grcm](Γθ)Γ−2 eV

≈ 3. · 1016ξaccZ
(
ξBL̄ jm̄

)1/2
Γ−2eV , (2)

which gives the condition on the observed jet luminosity:

L j > 8.4 · 1044ξ−1
B Γ

2ξ−2
acc

( Emax

Z 1020eV

)2

erg s−1 , (3)

where Emax/Z is the maximum rigidity reachable in the
observer’s frame.

It is important to note that here only the mean inten-
sity of the magnetic field B′ is considered. However in
the usual model of diffusive shock acceleration (DSA),
the largest turbulence scale of the magnetic field plays
an important role, as the relevant escape time is the es-
cape time upstream of the shock front. As the shocks mi-
crophysics is poorly understood (especially in the mildly-
relativistic regime), the usual prescription for the particles
confinement is that a cosmic ray remains accelerated at
the shock if the Larmor radius of the particle is smaller
than the largest turbulence scale of the magnetic field in
the shocked region, i.e. rL ≲ λmax. It is important to keep
in mind that λmax can be a small fraction of the size of the
system. Therefore, in the case of DSA, t′esc = ξesc(rθ)/(Γc)
with ξesc ≲ 1.
Also, the above estimate of the maximum rigidity reach-
able is based on a geometrical argument. However there
are several energy losses that will limit the acceleration
process. The maximum comoving energy E′max of the ac-
celerated particles is estimated by equating their accelera-
tion time t′acc with the relevant loss time t′loss, and the re-
lated "opacity" is defined as τloss ≡ t′esc/t

′
loss.

The synchrotron opacity is given by

τsyn =
(rθ)Z4σT B2E

6πm2
ec4Γ

(
me

mA

)4

. (4)

Concerning photodissociation, the lowest energy and
highest cross-section process is the giant dipole res-
onance. The energy loss rate due to GDR inter-
action with the photons of energy ϵ′ is (t′GDR)−1 ≃

σGDRn′(ϵ′)c∆ϵGDR/ϵGDR s−1 with σGDR = 1.45 10−27A
cm2, ∆ϵGDR = 8 MeV and ϵGDR ≈ 42.65A−0.21 MeV. The
photon energy ϵ′ is given by the threshold condition for
GDR interaction: E′N(A)ϵ′ ≈ 2.5 1017(A/56) eV2. The
GDR opacity is τGDR ≡ t′esc/t

′
GDR. With an opacity close to

1, we are in the optimum working condition for the energy
loss process considered. Only when the shock becomes
transparent the maximum rigidity is limited by the escape
from the magnetized region.

Particle escape acts as a high pass filter: only particles
close to the maximum rigidity ≃ E′max/Z can escape from
the magnetized region upstream of the shock wave. We
expect that the spectrum for the escaping particles is thus
very hard, almost a delta function around ≃ E′max/Z.

3.2.2 Gamma-Ray Bursts Jets

Gamma-ray bursts (GRBs) are associated with relativistic
jets from newly born stellar-mass black holes. There are
three different types of GRBs, which are associated with
different progenitors. Long GRBs (lGRBs) are associated
with the core-collapse of massive stars (more precisely, to
SN Ib/Ic). They are the most powerful type of GRBs, with
a jet luminosity able to reach ∼ 1052 erg/s. They are also
the rarest, with a rate of ∼ 1 Gpc−3yr−1 and a γ-ray lu-
minosity density ∼ 6 1042 erg Mpc−3yr−1. Short GRBs
(sGRBs) are the aftermath of binary neutron star and black
hole neutron star mergers and have jet luminosities of typ-
ically ≲ 1049 erg s−1. Finally, there is another class of
GRBs, the low luminosity GRBs (LLGRBs) which have
lower luminosities (typically Ljet ≲ 1050 erg s−1, ∼ 100
times the rate of lGRBs [31].

In the case of GRBs jets, there are two types of shocks
that have been widely considered for diffusive shock ac-
celeration: external shocks and internal shocks [32, 33].
External shocks are caused by the jet deceleration in the
ambient medium (these are responsible for the GRB af-
terglow) and are superluminal. Many authors pointed out
the inefficiency of Fermi acceleration at ultra-relativistic
shocks, unless a strong small-scale turbulence is present
in the downstream medium [34, 35]. Acceleration in ultra-
relativistic external shocks can produce cosmic rays with
energies above a few Z × 1015 eV (PeVatrons) see e.g.,
[36, 37]- but not the highest energy cosmic rays.

Internal shocks are expected to form inside the jet once
the fast layers of the plasma jet catch up with the slower
parts. In that case, the shock in the comoving frame is
mildly relativistic (with Lorentz factor of ∼1.1 to ∼2) so
efficient diffusive shock acceleration can take place. It
has been shown that the spectrum of UHECR emitted
by GRB internal shocks can reach maximum rigidities
of 8 EV (iron at ∼100 EeV) for the highest luminosities
(Ljet ≳ 1052 erg/s), making diffusive shocks acceleration at
internal shocks a promising candidate for UHECR produc-
tion [38]. However, the caveat for the long GRB model is
that they fall short to account for the required UHECR lu-
minosity density (typically by a factor ∼ 100) unless they
have a poor γ-ray efficiency [38, 39]; or, it has been pro-
posed that one single Galactic event can be responsible for
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most of the UHECR flux if the local extragalactic mag-
netic field is large and can trap efficiently ≲8 EV rigidity
particles [9].

3.2.3 Active Galactic Nucleus Jets

The jets associated with massive black holes in active
galactic nuclei, where the outflow is magnetically inde-
pendent of a central black hole/accretion disk source, have
also been proposed as UHECR accelerators. (By magnet-
ically independent, we mean that the large-scale electrical
current that flows along the inner jet has mostly left the
jet, to be replaced by small scale current supporting small
scale magnetic field.) Here two main mechanisms have
been proposed, relativistic shock fonts and magnetic re-
connection in a relativistic boundary layer. As just pointed
out, relativistic shocks are qualitatively different from their
nonrelativistic counterparts and they may be much less ef-
ficient in accelerating the highest energy particles. Partly
for this reason, it has been suggested that it is the nonrel-
ativistic backflow after a relativistic jet passes through a
relativistic termination shock that is where more efficient
UHECR acceleration can occur [40]. As the number of
suitable sources within the UHECR horizon is small, there
is the future possibility of making tentative associations
with the highest energy particles may be possible [41].

There is good observational evidence that relativistic
jets decelerate, dissipate, accelerate and radiate through
their surfaces, especially close to their massive black hole
sources. Presumably gas is entrained into the electro-
magnetic jet from a much more slowly moving external
medium. These can be characterized as boundary lay-
ers from a gas dynamical perspective and as a cylindrical,
relativistic current sheet from an electromagnetic perspec-
tive. It is presumably the second description that is most
promising as an accelerator. Either way, this is a site where
magnetic reconnection will take place. Non-relativistic re-
connection is a process which has been extensively studies
and there is much space physics data to compare with sim-
ulations. Overall it is not very efficent in creating very high
energy particles. However, relativistic acceleration has re-
cently been studied quite extensively and it involves novel
features, especially the launching of high speed plasmoids
[42]. There does not seem to be any natural way to acceler-
ate particles to the very highest energy but this is certainly
worth further consideration.

3.2.4 Tidal Disruption Events Jets

There has been much recent observational attention paid
to Tidal Disruption Events (TDE), where individual stars
orbit massive (M ≲ 108 M⊙) black holes in otherwise dor-
mant galaxies passing by so close that they are they are
ripped apart by tidal forces with the debris falling back
onto the black hole on timescales of months to years and
radiating in the optical and X-ray bands especially. A mi-
nority of TDEs are found to be jetted and there is evidence
that the jets have Lorentz factors ≳ 10, like blazars [43].
They have also been proposed as sources of UHECR [44].

The estimated rate of jetted TDEs beamed towards us
is 2 × 10−11 Mpc−3 yr−1 [45]. A conventional estimate of
the total rate of jetted TDE is perhaps a hundred times
larger. On this basis, we can estimate the energy re-
quired per jetted TDE to account for LUHECR (Sec. 2) as
∼ 0.03 M⊙c2. This is not impossible but it seems implau-
sible given the very much lower radiative efficiencies typ-
ically inferred.

3.3 Hierarchical Acceleration Model

3.3.1 Diffusive Shock Acceleration

An alternative class of UHECR acceleration models in-
vokes Diffusive Shock Acceleration (DSA, see [46] for
a review) at giant intergalactic shock fronts, most no-
tably those surrounding rich clusters of galaxies but also
at shock fronts surrounding the filaments which connect
these clusters. There are many possibilities. Here, we will
strict attention to the more limited but more prescriptive
and, consequently, more refutable idea that the entire cos-
mic ray spectrum observed at Earth is the result of succes-
sive DSA from distinct source classes.

Specifically, we consider a hierarchical model in
which the observed ∼ 1 GeV− ∼ 3 PeV cosmic rays orig-
inate in nearby supernova remnants. The pressure from
these cosmic rays drives a magnetocentrifugal Galactic
wind which passes through a Galactic Wind Termination
Shock (GWTS) where re-acceleration takes place. Some
of the highest energy particles from the GWTS escape up-
stream and contributes to the shin part of the spectrum; the
remainder are transmitted into the circumgalactic and in-
tergalactic media. GWTS acceleration is even more pow-
erful around galaxies associated with AGN and starbursts.

These intermediate energy cosmic rays permeate the
intergalactic medium and are input to DSA at the large
intergalactic shocks. This “holistic” interpretation fea-
tures propagation as well as acceleration. Of course, there
are many alternative acceleration sites that could dominate
different parts of the spectrum in a hierarchical scheme, as
discussed above, or, alternatively, the intergalactic acceler-
ation might operate mainly on mildly relativistic particles
injected directly at the shock front.

DSA is a specific mechanism for converting a sig-
nificant fraction of the kinetic energy flux, measured in
the frame of the shock, of the gas upstream of a strong
shock front into high energy particles that are transmit-
ted downstream. It relies upon scattering by hydromag-
netic disturbances/waves. Individual particles of rigidity
(momentum per unit charge) R, with mean free paths ℓ(R),
will diffuse against the flow with an upstream scale height
L ∼ ℓc/u, where u is the speed of the shock relative to
the upstream gas. In the simplest, test particle version of
this mechanism at a planar shock front, relativistic par-
ticles will increase their rigidity by a fractional amount
∆R/R ∼ 4(1 − 1/r)u/3c, where r is the shock compres-
sion ratio, every time they make a double crossing of the
shock front. On kinematic grounds, the probability that
an individual cosmic ray not return upstream is 4u/rc.
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The probability that a relativistic particle incident upon
the shock front with initial rigidity R be transmitted down-
stream with rigidity greater than xR is

P(> x) = x
3

r−1 ; x >≥ 1. (5)

In this limit the shock behaves as a linear system, convolv-
ing the input upstream momentum space particle distribu-
tion function with a power law, Greens’ function to give
the transmitted downstream distribution function. The
slope of the power law does not depend upon the details
of the scattering and no particles escape upstream. The
maximum rigidity, Rmax that can be accelerated by a given
shock is usually determined by the condition that L must
be less than the size of the shock, typically its radius of
curvature. Note that this condition is, at least, c/u times
more stringent that the Hillas criterion. Alternatively, it
takes ∼ (c/u)2 scatterings, not one orbit, to double a par-
ticle’s energy. DSA is inherently slower than the more vi-
olent mechanisms discussed above. The question is “Can
it still account for the highest energy particles we actually
observe?”.

Realistically, the test particle approximation fails in
many ways. The acceleration is influenced by the cosmic-
ray pressure gradient decelerating the gas ahead of the
shock and changing the kinematics. In addition the cosmic
rays can account for a significant fraction of the total en-
ergy of the flow and, on account of their different effective
specific heat ratio, change the determination of r through
the conservation laws. The accelerated cosmic rays also
create and sustain the wave turbulence that scatters them
[47]. The most direct, and, arguably, the most important,
form of scattering involves waves with wavelengths res-
onant with the particle gyro radii rL(R). If the rms mag-
netic field amplitude of these waves is δB(rL) = δB(R),
then ℓ ∼ (B/δB)2rL, assuming random phases and Gaus-
sian statistics (both questionable). If we assume that the
waves are nonlinear over some range of R, then ℓ ∼ rL
and we call this Bohm diffusion. The efficiency of cosmic
ray acceleration, ϵCR, which can be measured by the ra-
tio of the downstream cosmic ray pressure to the upstream
momentum flux, is then determined by the processes that
determine the rms magnetic field strength.

There are several possible sources of this wave turbu-
lence. If cosmic rays stream with mean speed in excess
of the Alfvén speed in a uniform magnetic field, then they
will excite the growth of resonant Alfvén waves propa-
gating along the direction of their mean velocity. These
waves will then scatter the cosmic rays in pitch angle and
reduce their mean motion so that it is not much more
than the Alfvén speed. The linear growth rate is roughly
(nCR/ni)c/rL, where nCR measures the number of resonant
particles and ni is the background ion density. An alter-
native possibility is that waves are created hydromagneti-
cally with wavelength much larger than rL which initiates
a turbulence spectrum where the waves with shorter wave-
lengths will have linear amplitudes. A third possibility is
that the waves are generated with wavelengths shorter than
rL by the motion of electrons carrying the return current
that must balance the current associated with the acceler-
ated cosmic rays. Extensive “PIC” and related simulations

have vindicated the generation of wave turbulence and elu-
cidated how these and other processes interplay in DSA.

3.3.2 Supernova Remnants

Although we are mostly concerned with questions of
UHECR acceleration, it is instructive to contrast inter-
galactic shocks with precursor acceleration of lower en-
ergy particles at smaller shock fronts. It is a reasonable
conjecture that analogous physical processes operate at all
high Mach number shocks, scaled by L and the momen-
tum flux. While there has long been strong evidence asso-
ciating supernova remnants with the majority of Galactic
cosmic rays up to PeV energy, the argument for the re-
minder of the spectrum being due to DSA, is no better
than circumstantial. What is clear is that if DSA accounts
for most of the total spectrum, the acceleration must occur
with near maximal efficiency with respect to Rmax and ϵCR
in all three sites. For this reason, it is interesting to look at
this problem inductively — to ask what would be required
from the complex nonlinear plasma processes in the vicin-
ity of the shock to account for the observations— rather
than deductively, to attempt to calculate these processes
from first principles.

Despite this commonality, there are important distinc-
tions to be made. The first involves the kinematics. Most
supernova remnants exhibit a quasi-spherical shock, con-
vex on the upstream side, expanding into a near uniform
interstellar medium, though stellar winds and molecular
clouds can certainly introduce observable differences in
many examples. This geometry facilitates the escape of
the highest energy particle upstream as opposed to their
transmission downstream, as assumed under the test par-
ticle approximation. Over half of the very highest energy
particles can leave the remnant in this fashion. The origi-
nal model of DSA essentially ignored these particles, sup-
posing, instead, that the cosmic rays that we observed were
transmitted downstream and were then released, following
adiabatic decompression at the end of the remnant’s life-
time. By contrast, it could be that most of the observed
cosmic rays escape upstream with R ∼ Rmax which de-
creases as the remnant ages.

To be quantitative, the cosmic ray luminosity, per
unit area, of the Galactic disk is generally estimated
to be at least ten percent of the local supernova rem-
nant luminosity per unit disk area. (ESNR ∼ 1051 erg
released every ∼ 30 yr throughout the Galaxy.) Now,
in order to accelerate protons to ∼ 3 PeV energy at
a SNR expanding with speed uSNR and radius RSNR,
requires that the gyro radius be ≲ uSNRRSNR/c or
B ≳ 100(uSNR/10, 000 km s−1)−1(RSNR/1 pc)−1 µG, per-
haps two orders of magnitude large than the rms Galactic
field. Furthermore, the magnetic field strength is strongly
bounded above by requiring that its contribution to the mo-
mentum flux, B2/4π be less than that of the gas, which
is ∼ 0.3ESNRR−3

SNR, adopting the Sedov solution, or B ≲
10(RSNR/1pc)−3/2 mG. This interval allows efficient cos-
mic ray acceleration by young SNR up to the knee in the
spectrum.

EPJ Web of Conferences , 04001 (2023) https://doi.org/10.1051/epjconf/202328304001283
UHECR 2022

7



3.3.3 Galactic Wind Termination Shocks

The next level in this proposed hierarchy involves galac-
tic winds. A large motivation for proposing a wind in our
Galaxy comes from cosmic-ray observations. The mea-
sured ratio of light to medium nuclides at ∼ GeV energy
allows us to infer that these cosmic rays escape the disk
after traversing a grammage ∼ 6 g cm−2. This implies a
residence time ∼ 30 − 100 Myr, much shorter than a disk
rotation period. Cosmic rays leave the disk continuously
and it is reasonable to suppose that they carry gas with
them. The wind provides a chimney or exhaust for the
cosmic rays (as well as the hot gas which is unable to cool
radiatively) created by the SNR. The existence of an out-
flowing wind, occupying most of the volume of the Galac-
tic halo, is not inconsistent with the presence of denser gas
clouds falling inward, as observed.

Various models of this outflow have been entertained.
One recent model posits the presence of a vertical mag-
netic field at the disk and that ∼ GeV cosmic rays stream
along it just faster than the Alfvén speed so that Alfvén
waves are excited and couple the cosmic rays to the gas,
allowing it to achieve the escape speed from the solar ra-
dius. The cosmic rays alone drive the wind [48].

A more powerful wind is possible if the vertical mag-
netic field corotates with the disk. In this case the cosmic
rays just elevate the gas to modest altitude ∼ a few kpc,
at which point the field develops a large radial compo-
nent and the gas is flung out magnetocentrifugally and it is
the orbiting interstellar medium that provides most of the
power for the wind. Under this scenario, the interstellar
medium should be seen as an open system losing a signif-
icant fraction of its mass, and angular momentum as well
as energy over a Galactic lifetime. This possibility is not
generally entertained in models of the interstellar medium.

The outflow will pass through three magnetohydro-
dynamic (Alfvénic and magnetosonic) critical points be-
fore crossing a termination shock, typically at a radius
RGWTS ∼ 200 kpc, with speed uGWTS ∼ 1000 km s−1, be-
fore joining the circumgalactic medium. The flow ex-
pands with density ρ decreasing by roughly three orders
of magnitude. The cosmic ray rigidities decrease ∝ ρ1/3,
roughly one order of magnitude. The poloidal component
of the magnetic field decreases from ∼ 2 µG at the disk to
Bp ∼ 3 nG at the shock, while the toroidal field is roughly
ten times larger, Bϕ ∼ 30 nG.

The termination shock can reaccelerate ∼ GeV − PeV
cosmic rays to fill out the ∼ PeV − EeV shin in the spec-
trum. The shock surface is likely stationary and concave
on the upstream side with radius. This changes DSA in
significant and observable ways. For modest cosmic-ray
rigidity, say below the reduced peak of the cosmic-ray
spectrum R ≲ 3 PV, the shock will be effectively planar
and a reaccelerated spectrum will be transmitted down-
stream. However, when ℓ ≳ uGWTSRGWTS/c, the high en-
ergy cosmic rays are able to cross the Galactic halo and
continue their acceleration at a quite different part of the
shock. This acceleration can continue up to a rigidity
where ℓ ∼ RGWTS, perhaps ∼ 100 PV. When, as is usually
the case, cosmic ray energy rather than rigidity spectra are

displayed, the composition of the shin particles becomes
progressively heavier, as is observed.

Again, to be quantitative, the wind may account for
as much as ∼ 1 M⊙yr−1mass loss from the galaxy and a
corresponding power ∼ 5 × 1041 erg s−1, more than the
cosmic ray power. A turbulent magnetic field strength
BRMS(100 PV) ∼ 0.3Bϕ(RGWTS) suffices to sustain accel-
eration within a closed shock surface throughout the shin
observed at Earth.

3.3.4 Intergalactic Shock Fronts

We now turn to the final and most relevant level in this
simple hierarchy when the ∼ PeV − EeV cosmic rays ac-
celerated by galaxies, especially those that are more ac-
tive than our Galaxy, are incident upon intergalactic shock
fronts (e.g. [49, 50], Simeon et al. in preparation) . The
most powerful shocks, prominent in cosmological simula-
tions, surround rich clusters of galaxies which show Mach
numbers that can exceed ∼ 100. The assembly of clus-
ters, over cosmological time, is complex but we will ideal-
ize the shock as a stationary spherical surface surrounding
most of the cluster. These shocks have not been observed
directly as yet. Deep searches at low radio frequencies
seems well-motivated and would be very prescriptive, if
successful. Simulations also show quasi-cylindrical fila-
ments that may connect clusters and which may be sur-
rounded by quasi-cylindrical infall shocks. The Milky
Way may lie within such a filament.

The kinematics of a stationary cluster accretion shock,
CAS, is different from that at SNR and GWTS. The con-
vergence of gas ahead of the shock results in adiabatic
heating of lower energy particles. This acceleration, which
supplements DSA, will be less efficient for higher energy
particles, which diffuse outward, relative to the gas flow.
We continue to view the problem inductively and ask what
scattering would have to be present in order for nearby
cluster shocks to account for the observed UHECR spec-
trum. If we take an accretion shock surrounding the Virgo
cluster then we observation combined with cosmological
simulations suggest a shock radius RCAS ∼ 2 Mpc an infall
speed and density ahead of the shock u− ∼ 1000 km s−1

and ρ− ∼ 10−29 g cm−3. The shock is strong and the rate at
which gas kinetic energy crosses it is ∼ 1045 erg s−1. If we
adopt a rich cluster density of ∼ 10−5 Mpc−3, then the clus-
ter gas kinetic energy luminosity density is ∼ 30LUHECR.
There seems to be sufficient power to account for the ob-
served UHECR flux. The larger challenge is to accelerate
heavy nuclei, optimally, to Rmax ∼ 10 EV.

In this model, we detect the UHECR that escape up-
stream with a spectrum peaking at a rigidity ∼ 1 − 8 EV
which will vary from cluster to cluster. The cosmic rays
which are transmitted downstream will never be directly
observable, though they might be seen at much lower en-
ergy through their γ-ray emission. In order to accelerate
cosmic rays to Rmax ∼ 10 EV, we require that RCAS >
(c/3u−)ℓ(Rmax. If we adopt Bohm diffusion, then the rms,
resonant field ahead of the shock on these scales is Brms ∼

1 µG. This contrasts with a general field in the IGM that is
generally expected to be ≲ 1 nG. The isotropic magnetic
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pressure associated with this field is roughly an order of
magnitude smaller than the nominal momentum flux car-
ried by the background gas ∼ 10−13 dyne cm−2. Provided
that the turbulence does not dissipate and pre-heat the gas,
thereby reducing the shock Mach number and the efficacy
of DSA, a maximum rigidity Rmax ∼ 10 EV seems attain-
able. However, if, for example, protons with significantly
larger rigidity than this are identified, it seems hard to see
how accretion shocks around relatively well-observed and
simulated, local clusters of galaxies could account for their
acceleration.

Now turn to the input. Of course, we do not know
what is the intergalactic spectrum produced by all the var-
ied types of galaxy that surround the clusters. There are
many possible contributors that we we may not be observ-
ing at Earth, for example starbursts and the winds they
drive, pulsar wind nebulae, jets associated with spinning
black holes and a network of weaker intergalactic shock
fronts. (It is possible to associate the observed light ankle
with filament shock acceleration in which case this com-
prises the spectrum transmitted downstream.) If we just
confine our attention to the SNR spectrum produced by
our local Galactic disk, then we expect a source spectrum
S (R) ∝ R−2.2, as produced by all interstellar shocks over
their lifetimes. This should extend up to a rigidity of or-
der a few PV. At this point the rigidity spectrum should
steepen as these additional sources fill out the shin part
of the spectrum. (An energy spectrum will exhibit pro-
gressively heavier nuclei as observed.) Incident cosmic
rays with rigidity well below the UHECR range will be
convected adiabatically into the shock and see it as an es-
sentially planar shock accelerator. Provided that the com-
pression ratio of the subshock is neither too large, specif-
ically 2.5 ≲ r ≲ 3.5, then it will be the cosmic rays near
the knee in the spectrum at few PV that will dominate the
UHECR spectrum that is reflected upstream back into the
IGM. This will be reflected in the UHECR composition.
In this model, the GeV particles that dominate the GCR
spectrum and freshly injected particles are minor contrib-
utors to the output UHECR spectrum.

How reasonable is it for a CAS to behave in this ex-
treme fashion? And, by extension, how reasonable is it
for SNR and GWTS to accelerate cosmic rays to energies
∼ 3 and ∼ 300 PeV respectively? Here, a rather differ-
ent approach from that followed in most of the impressive
simulations that have been completed may be helpful. In-
stead of starting from a quiescent initial state and monitor-
ing the progressive acceleration of cosmic rays, and their
associated local turbulence, to ever greater rigidity, lim-
ited by dynamic range and runtime, it might be interesting
to start with the near-maximally turbulent state described
and see if it can be self-sustaining. The dynamics is dom-
inated by the highest energy particles and the background
gas. PeV cosmic rays can be injected at the shock front.
A key feature of this approach is that, as the rigidity in-
creases, the particles diffuse further ahead of the shock
front until they either escape upstream or are transmitted
downstream with probabilities ∼ a half, ending their accel-
eration. It will also be necessary to include the curvature
of the shock which facilitates this escape. These particles,

with R ∼ Rmax, will provide the first encounter that the
inflowing intergalactic gas has with the shock. The gas it-
self is, presumably, still quite weakly magnetised with a
pressure much smaller than the (anisotropic) pressure of
the UHECR. Indeed, the pressure of the cosmic rays is
likely to dominate the thermal pressure of the IGM. There
is the possibility of hydromagnetic instability, similar to
the firehose and mirror instabilities but also including the
mean velocity of the UHECR fluid through the gas. This
turbulence should grow as the gas falls further into the
cluster with wavelengths longer than the local UHECR
gyro radius (∼ 1 − 10B−1

µG kpc), but shorter than the dis-
tance from the shock. The turbulence, which should be
quasi-stationary in space, will have decreasing outer scale
as the shock is approached, and should evolve to shorter
wavelengths, progressively scattering lower rigidity parti-
cles through strongly nonlinear, resonant interaction as the
shock is approached.

This “bootstrap” mechanism (adopting the physics as
opposed to the statistics usage [51]) provides a different
approach to exploring the complex physics of DSA. In the
context of cluster shocks, it needs to be augmented by the
inclusion of photopion and photodisintegration loss which
are important because, unlike with the SNS, GWTS cases,
the acceleration timescale is not short compared with the
propagation timescale. Indeed, intergalactic and Galactic
diffusion needs to be included in the problem alongside the
background velocity field which transitions from inflow to
cosmological outflow about 7 Mpc away from the cluster
for Virgo [52]. The complex thermal and multiphase na-
ture of the IGM, which is likely to be influenced by the hy-
pothesized magnetic turbulence, is also a large part of the
problem. Finally, the downstream boundary condition on
particle acceleration, which is normally idealized as strong
scattering in a uniform flow could turn out to be important.

4 Discussion and Future Goals

Cosmic-rays have been known for almost one century and
gave birth to particle physics, but we still don’t know
where they come from. The question of what else in the
Galaxy besides supernovae makes cosmic rays remains an
open question and the origin of UHECR (cosmic rays with
energy above 0.1 EeV) is still unknown, with both extra-
galactic and Galactic origin scenarios constrained but not
ruled out.

So far, only electromagnetic, gravitational, neutrino
signals trace high energy sources. The possible candidate
sources of UHECRs – relativistic jets associated with bi-
nary neutron star mergers, core-collapse supernovae or ac-
tive galactic nuclei; magnetars; accretion shocks around
clusters of galaxies and filaments; wind bubbles associ-
ated with ultra fast outflows; tidal disruption events – still
remain candidates and no direct evidence implicating them
has been found so far. The question of which of these
sources can be the accelerators of the ultra-high energy
cosmic rays we detect up to ∼ 200 EeV still remains unan-
swered. Although much debated, the common picture is
that a transition from a Galactic to an extragalactic ori-
gin for cosmic radiation occurs somewhere between the
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knee and the ankle, and that the cosmic-ray composition
becomes heavier as the energy increases. The interpreta-
tion of the anisotropies that emerge at the highest energies
needs a better understanding of the UHECR composition.

The status is that the lack of observational understand-
ing of the UHECR composition leaves freedom for specu-
lation about their origin. This is also an interesting prob-
lem in the understanding of the physics of the extensive air
shower development; the observed muon number, which
is is a key observable to infer the mass composition of
UHECR, shows an excess compared to air shower simu-
lations with state-of-the-art QCD models. This is known
as the "Muon Puzzle" ([53] for a recent account). Future
data from the LHC, in particular oxygen beam collision
would be needed to better address this issue. There is
currently an effort from the UHECR community to better
probe the cosmic ray composition at the highest energies.
AugerPrime, the ongoing upgrade of the PAO has been de-
signed to enhance the sensitivity of composition analyses
by adding scintillator surface detectors and radio antennae
to the existing Cherenkov detectors [54]. TA×4, the ongo-
ing upgrade of TA (an additional 500 scintillator surface
detectors designed to provide a fourfold increase in effec-
tive area) is being deployed and is partly in operation [55].

A few energy events have already been detected by
Auger and TA above 150 EeV. With better statistics at the
highest energies, it may be possible to unveil the sources
[56]. The basic reason is that the background of distant
sources, which dominates at lower energies, is less impor-
tant at high energies as a consequence of the GZK cut-
off.For example, at 300 EeV, only protons have a horizon
≳ 30 Mpc, including the Virgo cluster and M87 at ∼ 16
Mpc. Any detection of intermediate or heavy mass nuclei
at these energies would have to originate from sources at
≲ 3 Mpc, again severely limiting the options for sources,
probably pointing to transients in the local group.

The detection of doublets or multiplets of "extreme en-
ergy" cosmic ray events (i.e. UHECR with energy above
150 EeV) with a composition-sensitive detector could rule
out many currently viable source models [56]. Using re-
cent Galactic magnetic field models [57, 58], we calcu-
lated “treasure” sky maps to identify the most promising
directions for detecting extreme energy cosmic-ray dou-
blets, events that are close in arrival time and direction and
predicted the incidence of doublets as a function of the na-
ture of the source host galaxy. Based on the asymmetry
in the distribution of time delays, we showed that observa-
tion of doublets might distinguish source models. This is
again why larger exposures and a better approach to mass
composition is needed.

Identifying the sources of UHECR, ushering in the
dawn of cosmic ray astronomy and exploring the other-
wise inaccessible fundamental physics involved constitute
three strong reasons for taking cosmic-ray studies to the
next level so as to measure individual cosmic-ray masses
at the highest energy. Larger and more capable cosmic-ray
detector arrays, such as the Global Cosmic Ray Observa-
tory [59] will be needed to accomplish this.
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