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1. Constraints on the sources

How ultra-high energy cosmic rays (UHECR) can be accelerated to energies > 10%°eV and
in what astrophysical source, remains a long-standing enigma of high-energy astroparticle physics.
The development of gigantic experiments in recent decades has permitted key advances, in partic-
ular the detection of the high-energy cut-off of the Greisen-Zatsepin-Kuzmin (GZK) effect, at an
energy Egzk ~ 5 x 10" eV, where the Universe becomes opaque to ultra-high energy protons or
nuclei due to photohadronic interactions off diffuse radiative backgrounds'.

1.1 Particle acceleration

To appreciate the challenge of accelerating particles up to GZK energies, consider the follow-
ing relativistic generalization of the Hillas bound [1], e.g. [2] and references therein. Writing the
timescale of particle acceleration in the source comoving frame as f,.c = /4, and bounding it by
above with the dynamical timescale?, tqy, = R/(I'Bc), one derives a lower bound on the magnetic
luminosity of the source to produce particles of charge Z and energy E»y 10 eV:

L > 10¥ @7 (Ey/Z)* erg/s . (1.1)

As discussed in the above reference, this bound is robust and only a few types of rare sources
exhibit luminosities in excess of 10 erg/s: high luminosity explosive sources such as gamma-ray
bursts, highly powerful radio-galaxies and possibly pulsars or magnetars born with a msec rotation
period. Of course, if Z > 1, the lower bound on the luminosity is significantly reduced, because
what truly matters is the rigidity E/(eZ).

The theory of particle acceleration shows that </ > 1 and actually &/ > 1 is typical. For
instance, the generic Fermi-type scenarios predict & ~ g(E)/[BZ, where B represents the typical
velocity (in units of ¢) of moving scattering centers (or a shock velocity for Fermi-I), and g(E) =
fscatt/ t, > 1 denotes the ratio of the scattering timescale in the turbulence to the gyro-time. The
so-called Bohm regime, g(E) ~ 1, which is often used, represents an idealized situation in which
particles scatter by an angle of the order of unity at each gyro-period, see [3].

Note that radio-galaxies with luminosity above 10* erg/s come with a density n-45 ~ 1077 /Mpc?,
while n1~47 ~ 107" /Mpc? for luminosities in excess of 10*7erg/s. Such objects are simply too rare
to exist in the GZK-sphere and thus to produce particles at GZK energies. Hence, if radio-galaxies
are to accelerate ultra-high energy cosmic rays, these cosmic rays must be intermediate or heavy
mass nuclei, i.e. Z > 1, in order to reduce the energy requirements. A potential exception is the
scenario of accelerating particles in the central black hole magnetosphere, which escapes the above
bound, see [4].

1.2 Source characteristics

Another constraint that can be derived on the source of UHECR is a lower bound on their
apparent density: ng > 1076~107% Mpc—3. This density is termed apparent because of the possible

~

IStrictly speaking, one cannot exclude that this cut-off rather attests of an intrinsic limitation of sources in acceler-
ating particles to higher energies.
2tg: gyrotime; R: distance to center of expansion at bulk velocity Sc¢ with bulk Lorentz factor I'.
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effect of intervening magnetic fields on the trajectories of UHECR, e.g. [5]. This bound on the den-
sity derives from the near isotropic and non-repeating pattern of arrival directions, more specifically
from the lack of multiplets of events which would be expected for lower source densities [6].
Another constraint bounds by below the energy output per source in UHECR. The compar-
atively short lifetime of GZK particles implies that their reservoir in the intergalactic space must
be replenished at a high rate, of the order of &€ ~ 10* erg/Mpc?/yr [7]. In the case of gamma-ray
bursts, with 725 ~ 107 /Mpc3/yr, this necessitates 10> erg in UHECR [8]. For radio-galaxies of
density ny = 107"n_4 Mpc*S, this requires Lygecr ~ 3 X 104 n:% erg/s, i.e. a conversion effi-
ciency of already 3%! Considering the whole population of radio-galaxies, as e.g. in [9] and
assuming that ultra-high energy cosmic rays are heavy nuclei so as to weaken the luminosity con-
straint, one also derives a conversion factor of a few percent, when accounting for the concomittant
injection of protons at energies > 10'®eV... The source must therefore channel a sizable fraction

of its energy output into the non-thermal population at the highest energies.

1.3 Chemical composition

The chemical composition remains poorly known at the highest energies, but recent results by
the Pierre Auger Observatory indicate a shift from a light, proton-like composition at 10! eV ener-
gies to an intermediate composition at sub-GZK energies. This uncertainty is rather embarrassing,
because the chemical composition controls most of the phenomenology of this field of research:

e at a given energy E, say GZK, the rigidity of a heavy nucleus of charge Z is Z times smaller
than that of a proton; it is thus deflected by angle Z times larger, hence the prospects for detecting
anisotropies appear dire.

e as discussed above, acceleration scales with rigidity, hence it is somewhat less of a challenge
to find a source of 10?°eV heavy nuclei than to find a source of 10?°eV protons, meaning that the
pool of candidates for ultra-high energy nuclei is quite substantially larger than that for protons.

e multi-messenger astronomy is also more pessimistic for heavy nuclei, which produce sig-
nificantly less secondary messengers (e.g. neutrinos, photons) than light nuclei of a same energy,
e.g. [10].

1.4 Anisotropies

Interestingly, recent experimental results reveal the existence of anisotropies on various scales,
even at GZK energies, e.g. the Telescope Array hotspot [11] or the recent Pierre Auger correlation
with high-energy source catalogs [12]. As discussed in [2], such anisotropies offer a robust on-
the-sky test of the chemical composition of UHECR, as follows.

If the anisotropies at Egzk energies are produced by nuclei of charge Z > 1, one should observe
a stronger anisotropy signal at energies Egzk /Z, which is associated with the protons of a same
rigidity (but smaller energy) emitted by the source [2]. More specifically, defining the signal-
to-noise ratio Xz(E) of the anisotropy, one can show that the signal-to-noise ratio for protons at
Eczx/Zis: X,(E/Z) 2, 27085 1]\\% Y7(E). Since N,/ Nz, the ratio of the number of protons to nuclei
emitted by the source, is expected to be > 1, X,(E/Z) > Ez(E). Hence the above anisotropy
searches should be complemented by searches at lower energies, in the same direction.

The Pierre Auger collaboration has performed this test and found a null result at lower ener-
gies [13]. According to [14], this result indicates that: either the anisotropy pattern at GZK is not
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produced by heavy nuclei, but by light nuclei. It could mean that at these energies, the composition
becomes dominated by light nuclei, or that it remains dominated by intermediate or heavy mass
nuclei, and a subset of protons produce these anisotropy patterns. Or, if the anisotropy pattern is
associated to heavy nuclei, the number of injected protons must be small, meaning that the metal-
licity of the source must be 2> 100 times the solar metallicity for CNO type nuclei, and 2> 1000
solar for heavier nuclei.
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