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1. Introduction

The origin of ultrahigh energy cosmic rays (UHECRs) has remained an open question ever
since their discovery by Linsley [1]. Together with Scarsi, Linsley measured the energy spectrum
above 1 EeV and even performed an analysis of arrival directions with a sample of 97 events.
Since these pioneering results, decades of experimental and theoretical work have been dedicated
to understanding the phenomenology and physics of UHECRSs (see historical reviews by Watson
[2, 3]) — the highest energy particles in nature. Despite Herculean efforts, the sources of UHECRs
are not yet known, nor is the physics of their acceleration understood.

The current state of the art UHECR observatories are the Pierre Auger Observatory (PAO), in
Malargiie, Argentina (detection area ~ 3000 km?), and the Telescope Array (TA) in Millard County,
Utah, USA (detection area ~ 700 kmz). Both observatories have been critical for measuring the
spectrum, composition and anisotropy of UHECRSs over the past decade. The CR spectrum is
characterised by a smooth power-law over 11 decades in energy, with a series of inflection points;
in the UHE regime the most relevant features are the ankle, a hardening at ~ 4 EeV, and a cutoff
or flux suppression at = 40 EeV [e.g. 4, see Fig. 1]. In terms of composition, combined fits of the
spectrum and the distribution or moments of the depths of the air shower maxima, Xp,x, suggest a
composition that gets heavier with energy above the ankle [4-6, see also section 2.2]. Finally, the
question of UHECR anisotropy has seen particularly exciting recent progress, with PAO reporting a
dipole anisotropy at 5.2¢ significance [7], together with less significant indications of anisotropies
on smaller scales from both PAO [8, 9] and TA [10, 11]. However, working backwards from arrival
directions to uncover the sources of UHECRSs remains challenging given the limited statistics at such
high energies, uncertain detailed composition and, in particular, the obfuscating effect of (poorly
constrained) intergalactic and Galactic magnetic fields.

On the theoretical and modelling side, there have also been many recent advances (see, e.g.,
chapters 5 & 6 of the EuCAPT white paper [12]). Building on the foundational theory of shock
acceleration [13-16], particle-in-cell (PIC) simulations have provided unprecedented insights into
the nonlinear plasma physics at work during shock acceleration [e.g. 17, 18] and magnetic recon-
nection [e.g. 19, 20]. Cosmic-ray propagation codes, such as CR-Propa [21], now provide flexible
frameworks for treating the propagation of UHECRs from source to detector. This mature and
well-tested suite of computational tools are essential for understanding the theoretical cosmic-ray
landscape, but one particular feature of UHECR acceleration is the vast range of scales at work;
a mildly relativistic proton with v ~ 10 must increase it’s energy (and thus Larmor radius for a
constant magnetic field strength) by a factor of 108 to reach the UHE (= 10'8 eV) regime. Such a
dynamic range is out of reach of even the most ambitious simulator.

It is not yet possible to make unambiguous inferences about UHECR sources from data or
theory alone. As a result, we must consider the whole picture, taking into account plasma physics,
astrophysics and multimessenger astronomy, when interpreting the experimental data. The need for
such a holistic view makes studying UHECRs challenging, but also particularly rich and rewarding
(in our opinion!). We will try to convey some of that excitement in this review contribution to
the proceedings of the European Cosmic Ray Symposium (ECRS) 2022. Our review is structured
as follows, mirroring the corresponding ECRS talk. We start (section 2) by going over some
UHECR fundamentals, to establish the basic assumptions we will make. We then discuss each
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of the interrogatives in our title: we explore h-ow UHECRs might be able to reach such extreme
energies (section 3), where they might be coming from (section 4), and when they might have been
accelerated, with a biased focus on a specific ‘echoes’ model for their origin (section 5). Finally,
in section 6, we conclude and comment on the future outlook. We generally adopt CGS units and
Gaussian units for electromagnetism, but we often give energies in eV or EeV and rigidities in V or
EV. We use the symbols & for electric field, E for energy, v for velocity, and define 8 = v/c.

2. UHECR Fundamentals

We define ultrahigh energy cosmic rays (UHECRs) as charged particles (protons or nuclei)
reaching an energy in excess of 10'® eV, although a successful UHECR source must be able to
accelerate particles right up to ~ 100 EeV in order to explain the full energy range of UHECR data.
The spectrum of UHECRs arriving at Earth as measured by PAO is shown in the left hand panel of
Fig. 1, with the main features labelled.

The Larmor radius (or gyroradius) of such an ultra-relativistic particle with energy E = pc
(where p is momentum) is given by r, = E/(ZeB). This is the radius of gyration when undergoing
circular rotation in a uniform magnetic field. Writing down the Larmor radius already gives us
useful insights. Given in scaling relation form for characteristic UHECR energies, the Larmor
radius is

-1

E B
=10.8k —| z 1
e = 108 kpe (IOEeV) (MG) )

This gives a (very minimal) condition for UHECR sources — a source must be able to confine a
particle before it can accelerate it. However, for acceleration to take place, it is the electric field
that really matters, and it is useful to think of the maximum rigidity, rather than maximum energy,
associated with astrophysical acceleration sites. We define rigidity, which we quote in Volts (V), as

E

The maximum rigidity, Rmax, 1S an important quantity because it relates directly to particle accel-
eration in electric or magnetic fields. The energy gained by moving a particle a distance R in an
electric field of strength & is ZeER, so the maximum rigidity should be an intrinsic quantity of the
accelerator; it depends only on the size of the region, and the electric field available.

2.1 UHECR losses, propagation and ‘horizons’

UHECRESs are attenuated or degraded from interaction with the cosmic microwave background
(CMB) and extragalactic background light (EBL). Protons can undergo resonant photopion con-
version, which in this context is known as the Greisen-Zat’sepin-Kuzmin (GZK) effect [23, 24],
while heavier nuclei undergo photodisintegration [25] and all nuclei are subject to Bethe-Heitler pair
production. The photopion, pair production and photodisintegration processes impose composition-
dependent energy loss lengths or mean free paths, making it difficult for UHECRs to reach us from
very distant sources. These length-scales are often referred to as limits or horizons, but as with any
opacity source there is a chance, however slim, that an UHECR can travel a considerable distance
beyond this length scale. The energy loss lengths for protons and a few different ion species (He,
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Figure 1: Left: The UHECR energy spectrum measured by PAO as presented at ICRC 2019 [38]. The
spectrum is shown in E* J units where J is the differential flux spectrum in units of particles per unit area
per unit energy per unit solid angle. As plotted, a dN/dE o« E~3 spectrum shows up as a horizontal line.
Right: Energy loss lengths as a function of CR energy calculated for the same four species shown in Fig. 2.
The energy loss length is defined in the text. The loss lengths are calculated by considering photopion,
photodisintegration and pair production interactions with the CMB and EBL, using the EBL model of [22].

N, Fe) are shown in Fig. 1 for the EBL model of [22]. The energy loss length here is defined as
the average distance necessary for an UHECR to propagate in order for its energy to decrease to
e~! of its original value. The separate bumps in the curves are attributed to different processes
and radiation fields, with the CMB photopion and photodisintegration processes dominating at the
highest energies. We have also marked on the figure the distance to Cygnus A of ~ 240 Mpc
[26], the typical distance to objects in the ‘Council of Giants’ (CoG) or ‘Local Sheet’ [27], and
the characteristic scale length of ~ 100 Mpc associated with the supergalactic plane [28]; these
distances are all relevant to discussions here and in section 4. Fig. 1 highlights how difficult it is
to accurately characterise the UHECR source population from the spectrum alone given that its
form depends on the source spectrum, spatial distribution or redshift evolution, and composition.
Nevertheless, broadly speaking, the various CMB and EBL interactions impose a characteristic
length scale ~ 100 Mpc within which the dominant UHECR sources are most likely to lie.

Combined knowledge of source timescales, UHECR propagation and anisotropy can impose
additional constraints on UHECR source distances. For example, Eichmann and collaborators have
explored a model where Cygnus A was the dominant source in the sky up to tens of EeV [29].
Cygnus A is compelling as an UHECR source because it is unusually powerful for a radio galaxy,
and although its distance of ~ 240 Mpc might appear restrictive, at 10'° eV energy loss lengths are
quite large, and Cygnus A’s potentially vast UHECR luminosity could still produce the magnitude
of the observed UHECR flux. However, in a follow-up paper [30], Eichmann showed that Cygnus
A cannot account for an isotropic CR component at these energies, because the CRs would not have
had time to isotropise in the extragalactic magnetic field in the time the source has been active; one
should instead see an anisotropic signal pointing towards Cygnus A. This difficulty could in principle
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Figure 2: Composition diagnostics from extensive air showers detected by the PAO, showing how the
composition gets heavier at higher energies. Data taken from the PAO contribution to ICRC 2019 [38]. Left:
The (Xmax) distribution from PAO data, defined as the mean depth of the air shower maximum, as a function
of energy. Right: o, , the standard deviation of Xp,x as a function of energy. In both cases the coloured
bands show the predictions for four pure composition scenarios, with the range shown corresponding to that
spanned by three hadronic interaction models (QGSJet I1I-04, EPOS-LHC and Sibyll 2.1), as calculated using
the parameterisation from Ref. [39], with adjusted parameters from S. Petrera (priv. comm.).

be alleviated if the Galactic halo magnetic field can isotropise the signal on shorter timescales, but
the general principle of ‘diffusive’ horizons for UHECR production is nevertheless important (see
also Refs. [31, 32]).

Following the cumulative composition and spectral measurements made by the PAO over the
last 15 years, a growing body of evidence has amounted suggesting that UHECR at the highest
energies must have a rather local origin [33, 34]. This finding is particularly interesting along with
other suggestions that not many sources should be contributing to the UHECR spectrum in this
high energy range [35]. Collectively this suggests that a local UHECR source may dominate the
contribution to the UHECR spectrum at the highest energies. This finding may also be consistent
with the UHECR dipole strength recently detected by the PAO [36], with the main contribution to
the dipole being driven by the presence of this local source [37].

2.2 Composition and Maximum Rigidity

Since the maximum rigidity, rather than maximum energy, is an intrinsic property of a cosmic
acceleration site, it follows that the charge on the nuclei (or the atomic composition of UHECRS) is
important for establishing possible UHECR sources. At CR energies below the knee, experiments
such as the Alpha Magnetic Spectrometer [AMS; 40] and Cosmic Ray Energetics and Mass exper-
iment [CREAM; 41] can provide direct measurements of CR charge and therefore decompose the
CR spectrum into different species. However, at ultrahigh energies, the CRs are detected through
extensive air showers, and the main diagnostic of composition is a more indirect measure: the
distribution of the depths of air shower maxima, Xpax. We show the first two moments of the Xpax
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distribution in Fig. 2 from the data released as part of the PAO contribution to ICRC 2019. The data
are compared to theoretical distributions for Xp,.x for three different hadronic interaction models.
The general trend is a gradual change from nearly pure protons around ~ 3 EeV to a heavier com-
position at higher energies. Such a trend might suggest maximum rigidities of Rpax ~ 3 — 10 EV,
which is broadly consistent with other studies: the combined fit of the spectrum and composition
PAO data finds a cutoff rigidity of Rpnax = 4.79 EV [4], and Ref. [42] find maximum energies for
Fe nuclei at source of ~ 300 EeV suggesting Rimax = 11 EV. There is some wiggle room in this
quantity but it cannot be too much lower than 10 EV in order to explain the observed > 100 EeV
UHECRSs, so we will adopt 10 EV(10' V) as our ‘target’ rigidity when discussing UHECR sources.

3. Acceleration of UHECRSs (How?)

3.1 The Hillas energy and power requirement

The maximum characteristic energy associated with a particle acceleration process is the Hillas
energy [43], given by

B R
Ey =9.25 EeV (m) (k—pc) Zp, 3)

where Z is the dimensionless charge on the particle, 8 = v/c is the velocity of the accelerator in
units of ¢, B is the magnetic field and R is the characteristic size. The above equation can also be
equivalently written as a Hillas rigidity in the form Ry = SBR, which is the basic figure of merit for
an UHECR accelerator. The Hillas condition is not the same as having a Larmor radius equal to the
size of the acceleration region; there is an additional factor such that the acceleration region must be
larger than the Larmor radius of the highest energy particles by a factor of 1/8. The Hillas energy
can be arrived at in various ways, but is perhaps best understood in terms of a particle travelling a
distance R in an optimally arranged —(v/c) X B electric field. It is is only a characteristic maximum
energy, and as we shall see in the next section is a necessary, but not sufficient criterion that is
only reached under certain conditions. One can construct scenarios in which the Hillas energy is
exceeded; for example, if a CR can be confined to a perpendicular shock for a very long time then
in principle the CR can cross the shock on many occasions without escaping. However, in practice
this is likely to require specialised shock or magnetic field geometries to avoid drifts, diffusion or
advection removing the particle from the acceleration site. We will therefore proceed under the
expectation that the Hillas energy really is a maximum or cutoff energy.

The Hillas energy can be used to derive a minimum magnetic or kinetic power that a source
must possess. A similar requirement was, to our knowledge, first discussed by Lovelace [44], but
also forms the basis for Hillas’ figure 6 in the 1984 paper [43]. The power requirement is therefore
sometimes referred to as a ‘Hillas-Lovelace limit’ (although see also Refs. [45—-49]). The basic idea
is that a source must be able to supply enough magnetic energy per unit time that a given product
BBR can be maintained in the acceleration site. In the non-relativistic case, a limit on the kinetic
power Qy can be derived,

2
E/Z ) 2
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where €, is the ratio of magnetic to kinetic power (which, in shocks, can be thought of as an
efficiency of magnetic field amplification), and 7 is an efficiency factor defined in section 3.2.1
which describes how close the diffusion is to the Bohm regime (equation 7).

In relativistic particle accelerators, the above expressions can be modified slightly to account
for special relativistic effects. Ref. [50] gives the Hillas energy in the form Ey = I'’Ze BSR, where
I' is the bulk Lorentz factor of the shock, and R and B are given in the co-moving frame. Whether
the particle really gains this Lorentz boost likely depends on the nature of the turbulence generated
at the shock, and the details of the particle transport in the source region [51]. However, such a
boost may potentially be important particularly if GRB internal shock or afterglow models are to
reach rigidities of 10 EV (see section 4.2.3). The power requirement can also include an additional
I'? factor [49, 52], although this cancels with the outflow opening angle, ®, if ® o« I'"!. In any case,
it is hard for a relativistic accelerator to reach optimal conditions with 7 ~ 1 (see section 3.2.1), and
so we take equations 3 and 4 as our basic energetic requirements.

3.2 Particle acceleration mechanisms

Astrophysical fluids are often hot and ionized plasmas in which electrons and ions are unbound
and free to move. The motion of these free charges tends to rapidly damp or screen any local
electrostatic field present in the plasma. However, bulk, differential motions of the plasma, with a
velocity v, lead to a —(v/c) X B electric field which can accelerate particles, where the velocity can
be thought of as the characteristic velocity of ‘scattering centres’, in Hillas’ language [43]. Indeed,
this electric field is the origin of the B term in the Hillas energy above. Rather than acceleration
in some spark gap or monolithic electrostatic field, particles are thought to acquire nonthermal
energies through interactions with magnetised plasma that lead to a so-called ‘Fermi’ process: a
gradual, stochastic acceleration in a —(v/c) X B electric field.

Fermi originally proposed that CRs gain energy from interactions with magnetised clouds [53],
which, together with its derivatives, is now referred to as second-order Fermi acceleration because
the fractional energy gain per scatter is proportional to 2. In the late 1970s, a series of authors
proposed first-order Fermi acceleration at shocks [13-16], and since then Fermi processes have
been extensively studied from various perspectives and are the subject of a number of review papers
[e.g. 48, 54, 55]. We refer the reader to these reviews for a detailed discussion. Here, we discuss
some of the basic reasoning behind first-order Fermi processes and the physical mechanisms at
work, as well as the astrophysical sites in which they can operate.

3.2.1 Shock Acceleration

The most famous example of first-order Fermi acceleration is shock acceleration. A shock
is a converging flow, with V - v < 0, and particles that cross the shock front gain a momentum
boost proportional to the shock velocity 8. The theory was laid out in the aforementioned series of
papers, with Bell [13] providing a ‘microscopic’, test-particle description, and Blandford & Ostriker
[14] a ‘macroscopic’ description using the Fokker-Planck equation. The basic result is that CRs
crossing the shock front get an energy boost each time they do so, with a mean fractional energy
gain (AE/E) = 8. At the same time, CRs are being swept away from the front at a rate which is
also proportional to 8. It is straightforward to show [e.g. 13, 48] that the competition between these
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two effects — energy gain, and escape — leads to a power-law CR distribution of the form

AN
Y g4
dE " 3)

with g = 2 for the idealised example considered here. There are various effects that lead to a
steepening of this spectral index, such as energy exchange with turbulent magnetic fields [56, 57],
and in ultra-relativistic shocks an index of g = 2.2 — 2.3 is expected [50, 58].

By treating the crossing of the shock and the scattering by magnetic irregularities as a diffusive
process with coefficient D = Ac, where A is the mean free path, it is possible to derive an acceleration
time. In detail, this acceleration time should allow for different upstream and downstream diffusion
coeflicients [59], but the basic form is

A
B

The CR energy is maximised when the acceleration time is shortest, requiring small diffusion

~
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coefficients and large shock velocities (in the non-relativistic regime). The diffusion coefficient is
often written in the form
D ~nrec @)

where 7 is the so-called gyrofactor; = 1 is the optimal Bohm regime where A ~ rg, and n > 1
otherwise leading to slower acceleration. It is easy to show that the Hillas energy is necessary but
not sufficient by combining equations 1, 6 and 7, and equating T, with R/v,, giving the equation

Emax ~ 1" ZefBR. ®)

Thus, the Hillas energy is only reached when n = 1 and Bohm diffusion applies, that is when
A ~ rg. For this to happen, there must be strong turbulence with 6B/B ~ 1 and structure in this
turbulence on scales of the Larmor radius. These considerations show why the plasma physics of
CR instabilites and the nonlinear, coupled acceleration process are important for understanding the
maximum energy/rigidity attainable in a given accelerator.

It was realised early on that CR-excited waves or MHD turbulence of some kind were needed
to confine the CRs at the shock, allowing the CRs to cross many times and facilitate acceleration to
high energies. Originally, Alfvén waves driven by the resonant CR instability [60] were invoked,
but a new non-resonant or Bell instability was discovered [61, 62]. The non-resonant instability has
a number of advantages; it grows faster than the resonant instability and creates turbulence on the
scale of the Larmor radius of the particles driving the instability, providing a self-regulated process
that allows acceleration to proceed close to the Bohm regime. The instability is thought to operate
in supernova remnant (SNR) shocks where it is critical for providing the necessary magnetic field
amplification, and growing the turbulent magnetic field to the Larmor radius of the highest energy
particles. There is observational evidence that the Bohm regime is realised in SNR shocks [63, 64],
suggesting they can get close to the special conditions needed for the Hillas energy to apply.

In some sense it is natural to appeal to relativistic shocks as UHECR accelerators, given
that some of the most powerful phenomena in the Universe involve ultrarelativistic outflows and
invariably produce radiation from nonthermal electrons. The ultrarelativistic version of shock ac-
celeration or first-order Fermi acceleration differs somewhat from its nonrelativistic counterpart.
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The expected spectral index is slightly steeper than the canonical shock acceleration value, with
q = 2.2 — 2.3, the compression ratio is higher, the shock is quasi-perpendicular and significant
anisotropies develop in the particle distribution function [50, 58]. One might think the ultrarel-
ativistic shocks are the most obvious sites for UHECR acceleration, since § — 1 maximises the
Hillas energy, but a number of authors have shown that relativistic shocks have difficulties reaching
ultrahigh energies [51, 65-67]. In particular, Ref. [67] shows that the maximum energy is likely
to be many orders of magnitude below EeV energies. This happens because the CR spectrum is
steeper, so there is less energy to drive turbulence on UHECR Larmor radius scales, and the CRs
also do not have time to drive large-scale turbulence, because they penetrate less far upstream and
are quickly advected away downstream. There may be ways around these issues — for example, if
there is pre-existing turbulence in the upstream medium (see also Refs. [68, 69] for relevant recent
studies) — but we will refer to these collective difficulties as the ‘relativistic shock problem’ for
UHECRs.

3.2.2 Magnetic Reconnection

Magnetic reconnection — the resistive dissipation of magnetic fields — is another mechanism
that can accelerate particles. In this case the transfer of energy is from magnetic energy to thermal
and kinetic, a fraction of which can be passed on to nonthermal particles. Reconnection has
received a lot of attention as a particle acceleration mechanism recently, for various reasons. The
last decade has seen dramatic progress in using PIC (as well as test particle and hybrid MHD-
PIC) simulations to study first 2D, and subsequently 3D, reconnection sites. A variety of particle
acceleration mechanisms can operate in these reconnection sites; unlike shock acceleration there is
a current sheet involved, and the electric field close to the reconnection X-point can inject particles
or accelerate them to modest energies. After injection, Fermi mechanisms can take over. Various
Fermi mechanisms and models have been proposed, with acceleration taking place by traversing
the converging flows either side of the X-point [70-72] or within contracting plasmoids [19].

It is not yet clear how relevant magnetic reconnection is to the UHE, multi-EeV regime, though
a number of authors have proposed it as a possible UHECR acceleration mechanism [71, 73, 74].
One potential difficulty is arranging for structure (and energy density) in the magnetic field to be
present on a wide range of scales from the resistive scale up to the Larmor radii of UHECRs.
In shock acceleration, the magnetic field is amplified and stretched via, e.g., the CR-driven non-
resonant instability, but we (the authors) do not know of a convincing mechanism to arrange for
such a magnetic field structure in reconnection sites at this stage. However, that does not mean one
does not exist or will not be forthcoming in the future.

3.2.3 Other Mechanisms and General Comments

As well as from shocks and reconnection, there are various other ways in which particles can
gain large amounts of energy. Shear acceleration involves scattering across a shear layer [75],
in a similar manner to shock acceleration, and has been proposed as a possible mechanism for
UHECR acceleration at the edge of a relativistic jet. A detailed discussion of shear acceleration
pertaining to UHECR acceleration in AGN jets is given by Rieger in a recent review [49], who
highlights some recent studies proposing one-shot or ‘espresso’ acceleration in relativistic AGN
jets [76-78]. Alternatively, shear acceleration can be rather gradual, and the details of the process
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depend on the thickness of the shear layer and the Kelvin-Helmholtz instabilities operating in the
region [49, 79, 80]. Various authors have also discussed second-order Fermi acceleration (Fermi
II) by MHD turbulence in, for example, giant radio lobes [81-83, see also section 4.2.2]. Finally,
there is the possibility of acceleration by ‘unipolar induction’, whereby a rapidly rotating magnetic
field in, e.g., a pulsar magnetosphere generates a large potential difference [45, 84-86]. We do
not provide a detailed account of these three processes (shear, Fermi II, unipolar induction), and
neither is this an exhaustive list, but we we do touch on some of them in more detail, with the
relevant astrophysical context, in section 4. In our discussions hereafter, we will try to keep the
arguments general, based on the basic energetics and physical conditions of the system, but a bias
in emphasis towards shock acceleration is probably inevitable given the background of the authors,
and the relative maturity of each mechanism at the time of writing.

3.3 UHECR Losses and Escape

The Hillas energy and power requirements above and the maximum energy derived from shock
acceleration apply when the CR maximum energy is limited by either the escape time or dynamical
time. In sources with strong magnetic fields or intense radiation fields, losses can instead limit
the maximum energy. Synchrotron losses for CR nuclei with relative atomic mass A occur on a
timescale Tgyne = 142 yr (A/ VAN Eg elvB‘z, where Egey is the energy in EeV. By equating this with
the acceleration time (equation 6), we can write the maximum energy in a magnetic field of strength
B as

12 p\-1/2 )

Emax,sync = 200 EeV (ﬁ) (a) BA~, ©)
which can be restrictive even for optimum acceleration conditions in strong magnetic field sources.
Equivalently, we can invert this equation to write a maximum magnetic field strength for acceleration
to a given energy,

=400 G ! E_\* 2A% 10
Bmax— ﬁ 1OECV ﬁ ) ( )

which illustrates the challenge of accelerating UHECRSs in highly magnetised environments as
discussed by various authors [87-92, see section 4 for source implications]. Interactions with
ambient radiation fields during both the acceleration and escape of CRs can also limit the maximum
energy through the same processes described in section 2.1, although the details depend on the
radiation field shape and intensity considered. Considering photopion losses from protons, Ref.
[87] derives an approximate limit on the source radiative luminosity at a distance R from the source
given by L, < 5X 10" ergs™! € (R/10'7cm) where € is the energy of the maximum of the
integral photon spectrum in eV. Such an upper limit might seem counter-intuitive given that we also
found a lower limit on power from equation 4, but the latter is a magnetic power limit as opposed
to a radiative one. The acceleration of UHECRs therefore favours sources which are neither too
radiatively efficient nor too compact — ideally we need large amounts of energy to be dissipated so
that a large product SBR can be maintained, but without the energy densities in magnetic fields or
radiation fields becoming too large.

We close this section by noting that the losses within, and escape from, the acceleration
site and immediate environment can have interesting implications for the emergent spectrum and

10
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composition of the UHECRs. For example, in the Unger-Farrar-Anchordoqui model [93], photo-
disintegration in the source environment can naturally reproduce the location of the UHECR ankle,
shape of the UHECR spectrum and composition trends (see also Ref. [94]). Similarly, diffusive
escape modifies the spectral shape below a critical energy at which the escape time, 7, is equal to
the source age [e.g. 95, 96]. Above this energy, the at-source spectrum is gradually recovered. Fur-
thermore, high rigidity CRs escape more quickly than low rigidity CRs, so the escaping UHECRs
can be lighter than the internal CRs, although the details depend on a complex interplay between
the source activity, and the cooling/escape timescales [96].

3.4 UHECR Source Checklist

With the above arguments in mind, and referring the reader to the references given for greater
detail, we propose that the following criteria form a basic ‘checklist’ that a source or source
population must satisfy to be a realistic UHECR candidate:

* The source must have a large product S8BR to satisfy the Hillas condition (equation 3)

* The source must dissipate a large amount of power in (for example) a shock or a site of
magnetic reconnection (equation 4)

* If the acceleration is diffusive, the diffusion coefficient must approach the Bohm regime or
near-optimal conditions (e.g. equation 8) across a range of energies

* If the acceleration is at a shock, the shock probably cannot be highly relativistic

e The CRs must not undergo restrictive losses due to, e.g. curvature radiation, synchrotron
radiation, adiabatic expansion, or interactions with photons

* The source must be within a composition- and energy-dependent horizon from the Earth, or
produce UHECRSs with such efficacy that a substantial UHECR luminosity still reaches us.

* The source must be common and powerful enough to produce the observed UHECR flux.

Meeting all of these criteria turns out to be a challenge for any astrophysical source. However, it
is also difficult to assess the relative merit of the sources given that (i) the underlying physics is
complex and far from settled, and (ii) many of the estimates of velocities, magnetic field strengths,
and jet/outflow powers are subject to large astrophysical uncertainties. Nevertheless, we will soldier
on and discuss possible UHECR sources with this list of requirements as our guide.

4. Astrophysical Sources of UHECRs (Where?)

The detections of anisotropies in UHECR data from the Pierre Auger Observatory (PAO) and
Telescope Array mean that we are entering an exciting era for UHECR astrophysics. In this section,
we will first look at anisotropy data to see what the data alone tell us, before discussing the overall
prospects of a host of astrophysical candidates.
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Figure 3: UHECR flux map, in Galactic coordinates, from PAO above 41 EeV comprising 1274 events,
produced from the data made publicly available by PAO [9]. A top-hat smoothing of radius 25° has been
applied. The supergalactic plane and PAO exclusion are marked in green and grey, respectively.

4.1 UHECR anisotropies

Detecting statistically significant anisotropies in the arrival directions of UHECRs is a key
goal of TA and PAO, and is an essential step for uncovering the origin of UHECRs. In 2017,
PAO reported a large-scale anisotropy in the arrival directions of 30,000 CRs above 8 EeV at 5.20
significance. The anisotropy is well-described by a dipole with 6.5% anisotropy. TA has also
undertaken large-scale anisotropy searches [97], with results that are consistent with both isotropy
and the PAO dipole. The detection of a significant UHECR dipole is a spectacular and important
result. It more-or-less confirms some aspects of UHECR origins which had long been suspected:
that UHECRs are extragalactic in origin, and are not isotropic. However, it is extremely difficult to
pinpoint UHECR sources from a large-scale dipole on the sky. Moving to higher energies results
in a trade-off. On the one hand, higher energy typically means higher rigidity, resulting in smaller
magnetic deflections and anisotropies that emerge on smaller angular scales. These anisotropies
can feasibly be correlated with astrophysical source catalogues. On the other, the statistics drop off
markedly and so the number of events one is able to analyse can become prohibitively small.

Both TA and PAO have reported indications of anisotropy on intermediate angular scales
(=~ 5° — 25° search radii) at > 40 EeV energies. PAO found (model-dependent) correlations with
catalogues of star-forming galaxies (40-) and AGN (3.207) [98], with anisotropic fraction of around
5 —10%. Here a ‘UHECR luminosity proxy’ must be adopted and PAO used gamma-ray and radio
fluxes as weights for the relative luminosity of each source in UHECRs. In a more recent study [9],
PAO presented a detailed investigation of 2635 events with reconstructed energy > 32 EeV. The
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arrival directions from this study are shown in Fig. 3. An excess in flux can be seen just above the
Galactic plane, approximately in the direction of Centaurus, with a hint of additional excesses at
southern Galactic latitudes and just below the PAO exclusion area. Using updated catalogues for
gamma-ray luminosities as well as considering other catalogues with different luminosity proxies,
Ref. [9] found post-trial p-values of < 1073 for catalogues comprising jetted AGN, galaxies traced
by near-infrared emission, X-ray AGN and star-forming galaxies. Each of these searches resulted
in top-hat search radii in the range 22° — 25° and threshold energies of 38 — 40 EeV, and the most
significant correlation was with the star-forming galaxies traced by their radio emission, giving
p =3.2x 107 corresponding to > 4o significance. The same study also conducted a series of less
model-dependent searches for correlations with structures such as the supergalactic and Galactic
plane; although none of these were statistically significant, they did find a > 40 correlation with
the Centaurus region on the sky, which is responsible for driving much of the correlation seen in
the catalogue searches (since Cen A, NGC 4945 and M83 all lie in this area). More details on this
study can be found in the contribution of C. Galleli, on behalf of PAO, to these proceedings.

TA have also reported anisotropies on intermediate angular scales, with a particular excess
that is often referred to as the “TA hotspot” [10]. TA reported an excess of events above 57 EeV
fairly close to the supergalactic plane, at RA = 146.7°, Dec. = 43°, which is roughly the direction
of M82. Originally, the post-trial (local Li-Ma) significances was 3.40" (5.10°), while more recent
updates put the post-trial significance at 2.9 —3.20" [99, 100]. TA have also reported another excess
at slightly lower energies, in the approximate direction of the Perseus-Pisces supercluster [11].

Finally, in addition to the TA and PAO searches, joint PAO and TA efforts have been undertaken
to build full-sky maps of UHECR arrival directions by correcting for the different exposures and
systematics between the two experiments [101, 102]. The results emerging from this show excesses
roughly correlated with the supergalactic plane (or local sheet/CoG, which follows a similar path
on the sky), with particular hotspots in the direction of NGC 253/Fornax, Cen A/NGC2945, and
MS2. Although the statistical significance of any correlations with these local planar structures
is still fairly marginal (~ 307) [102], the full-sky UHECR arrival directions seem to highlight the
importance of nearby sources and/or structures, especially when considered in tandem with the
arguments for local sources discussed in section 2.1.

4.2 Possible Source Classes

At this stage, unambiguous source identifications from anisotropy data alone are not possible.
We must therefore consider carefully the underlying astrophysics when considering the best can-
didate UHECR sources. Here, we will make a whistle-stop tour of possible sources based on the
physics underpinning particle acceleration to ultrahigh energies discussed in the previous section.

4.2.1 Star-forming Galaxies

Particle acceleration in star-forming galaxies has been extensively studied, but the indication of
anisotropy reported by PAO [98], with a 40~ correlation with a ‘starburst’ catalogue, ignited interest
in this class of objects as UHECR sources. We prefer to use the term ‘star-forming’ rather than
‘starburst’ for this catalogue, as many of the galaxies have fairly typical star formation rates rather
than the extreme values normally associated with starbursts. A number of local star-forming galaxies
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are known to be gamma-ray emitters and include bona fide starbursts such as M82 [103, 104]. Itis
therefore clear that high-energy particle acceleration does take place in these sources.

A number of authors have either discussed the physics of particle acceleration in these starburst
‘superwinds’ or proposed them as UHECR sources [105-108]. The superwinds are thought to be
caused by dramatic bursts of star formation, with the combined effect of supernovae and stellar
winds (and possibly also CR pressure from low energy CRs) driving a powerful kpc-scale outflow
[109, 110]. The kinetic powers are estimated at ~ 10%? erg s~! for sources like NGC 253 and M82,
with shock velocities of ~ 1000 km s~! [105, 110, 111]. Taking these numbers as characteristic we
find a maximum rigidity estimate of

1/2
() Ox i ] 7! (1
0.1/\3x 102 ergs~! ) \ 1000 km s !

for particles accelerated by starburst superwinds, once again emphasizing the importance of the
electric field and associated velocity term. This estimate is on the optimistic end of the more
detailed calculations presented by Ref. [105], and would require quite efficient magnetic field

Rmax ~ 0.15 EV

amplification. UHECRs at our target maximum rigidity of 10 EV would therefore appear to be
beyond the capabilities of starburst superwinds. Star-forming galaxies may still be the sources
of UHECRs on the sky through their accumulated populations or historical record of magnetised
neutron stars (magnetars and/or pulsars), gamma-ray bursts or tidal disruption events. We discuss
these source classes in sections 4.2.4,4.2.3 and 4.2.5, respectively. In addition, star-forming galaxies
are polluters of the circumgalactic medium [CGM; e.g. 112, 113], a process which could produce
magnetic fields on large scales and act as barrier to, or reflector of, UHECRs (see section 5).

4.2.2 Radio Galaxies and AGN

Radio galaxies (using our adopted definition) are active galaxies which produce giant, kpc-
scale jets that emit synchrotron radiation in the radio band [114]. They have been commonly
suggested as UHECR sources [29, 43, 83, 115-120], and the local radio galaxy Centaurus A (Cen
A) is a particularly compelling candidate [81, 121, 122]. Radio galaxies are known to accelerate
non-thermal particles as revealed by their radio, X-ray and gamma-ray emission, but the particle
acceleration mechanism and sites of energy dissipation vary from source-to-source. Their radio
morphology gives important clues as to their particle acceleration physics, and is broadly split
into two Fanaroff-Riley (FR) classes [123]: FR-I sources are brighter in the centre and resemble
a disrupted plume of jet material, whereas FR-II sources are brightest far from the nucleus and
remain well-collimated until they reach the termination shock, producing a radio hotspot. The FR
dichotomy is thought to be caused by a combination of jet power and environment [114], with
FR-II sources generally being associated with powerful sources and/or poorer group or cluster
environments (although Ref. [124] has shown FR-II morphologies can be produced down to rather
low radio luminosities). From a particle acceleration perspective, it is generally thought that FR-
II sources primarily accelerate the synchrotron-emitting electrons in the hotspot associated with
the jet termination shock [e.g. 125-127] with additional particle acceleration along the jet itself
[128-130] and in the lobes or backflows [83, 131, 132]. By contrast, many FR-I sources appear
to continuously accelerate nonthermal electrons along their length in a distributed, in-situ process
[133, 134], although they can also have features such as knots [135, 136] or bow shocks [137, 138].
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Given their higher average jet powers and strong termination shocks, FR-II radio galaxies
are the natural class of UHECR accelerators from an energetic perspective [43, 115, 116]. The
maximum energy in radio hotspots may be severely limited due to their relativistic nature [139],
which motivated Matthews et al. to propose a model in which UHECRSs are accelerated in multiple
shocks of S ~ 2 in supersonic backflows. The maximum rigidity in these backflows is estimated,
using hydrodynamic simulations, at 50 EV. However, powerful radio galaxies are also relatively
rare, with only a handful of FR-II sources within a few hundred Mpc [140, 141]. This has lead
various authors to consider local FR-I radio galaxies such as Cen A and Fornax A, which also have
compelling associations with UHECR anisotropies [141]; however, in Cen A the current jet power
is thought to be ~ 10*3 erg s~! [83] and the bow-shock associated with the current activity is not fast
or powerful to accelerate UHECRs [137]. Thus, although particle acceleration in mildly or non-
relativistic shocks associated with radio galaxies seems quite attractive as an UHECR origins story,
this requires flickering-type variability or jet powers which were significantly higher in the past
[96, 141, 142]. A further challenge is to make sure that, if the jet is initially leptonic, then it entrains
a significant hadronic component [83, 119]. Alternatively, Hardcastle, Wykes and collaborators
[81, 83, 119] have suggested Fermi II acceleration in Cen A’s turbulent lobes, which could produce
UHECRESs for very fast Alfvén speeds. Furthermore, Eichmann and collaborators have shown that
the UHECR spectrum can be reproduced from a population of radio galaxies including local sources
like Cen and Fornax A, even when taking into account the detailed source physics and propagation
[29, 120, 143].

Finally, AGN winds, which are responsible for X-ray ‘ultra-fast outflow’ features [144] and
for quasar blue-shifted broad absorption lines [145, 146], can drive shocks into their surroundings.
These shocks may accelerate particles and produce synchrotron and inverse Compton emission
[147]. Although there is no definitive detection, there are observational hints of quasar wind
contributions to radio and gamma-ray emission [148—151]. Quasar winds might reach Q; ~
5 x 10* erg s™! [147], if the outflow is 5% efficient compared to the bolometric power. The
maximum shock velocity at the reverse shock is < 0.1c, suggesting a maximum rigidity of a few
EeV from equation 4. For estimates based on Ref. [147] of B ~ 1 mG and R ~ 0.1 kpc, we
obtain Ry ~ 10 EV. AGN winds were investigated as UHECR sources by Ref. [152], who found
maximum proton energies of ~ 100 EeV for optimistic parameters. Thus, AGN winds merit further
investigation, but it is hard to draw any firm conclusions here, and the current lack of evidence for
nonthermal particles makes them less compelling as UHECR accelerators.

4.2.3 Gamma-ray bursts

Gamma-ray bursts (GRBs) are violent, catastrophic explosions that release flashes of gamma-
rays and prodigious amounts of energy. The general paradigm [e.g. 153] is that short GRBs are
associated with merging neutron stars, and long GRBs with ‘collapsars’, in which a massive stellar
core collapses to form a black hole; the latter are more common and so probably more interesting
as UHECR sources. GRBs are known to accelerate particles, most likely in shocks, with the
prompt emission thought to be produced by highly relativistic colliding internal shocks, giving
way to a longer-lived afterglow phase powered by a forward shock. Additionally, emission from
the reverse shock can be detected at early times [154]. MAGIC has detected early time afterglow
emission at hundreds of GeV coincident with GRB 190114C [155], and HESS detected late time
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afterglow emission up to 3 TeV from GRB 190829A [156]. Furthermore, during the writing of
these proceedings, LHAASO has reported an exciting detection of early time emission up to 18 TeV
associated with the brightest (but not most intrinsically luminous) GRB to-date, GRB 221009A
[157]. GRBs are clearly excellent particle accelerators up to at least the TeV regime — but can they
reach ultrahigh energies?

GRBs have been regularly discussed as UHECR sources, since a few years after workable
theoretical models for the GRB engine and resulting fireball emerged [47, 158, 159]. They are
attractive on account of their energetics; a GRB releases a total isotropic energy of up to Ejs, ~
103 erg [e.g. 160] in a relatively short amount of time, and a large fraction of this power is dissipated
through a strong shock. Waxman [158] and Vietri [159] argued that protons could reach energies in
excess of 10?0 eV and that the observed UHECR flux above 10%° eV could be explained as long as

GRBs release similar amounts of energy in > 102

eV CRs to the amount released in gamma-rays.
More recent studies have confirmed the need for rather efficient UHECR production, as well as high
baryon loading, to produce the UHECR flux at Earth [47, 91, 161]. However, if these efliciencies
can be accommodated, then GRB models can in principle reproduce the observed UHECR spectrum
rather well [91].

As mentioned in section 3.2.1, an additional difficulty with UHECR acceleration in GRB blast
waves arises from the ultra-relativistic nature of the shock. Even GRB afterglows have initial shock
Lorentz factors of ~ 100, approximately evolving with observer time, zops as I'sp o« to_ss/ 8

of a uniform density medium [162, 163]. This evolution leads to a relativistic-Newtonian transition

in the case

around a year after the initial burst [163], and this non-relativistic phase dissipates significantly
less power through the shock. For GRB afterglow shocks to accelerate UHECRSs, one therefore
either needs to circumvent the relativistic shock problem, or find another way to reach the UHE
regime (e.g. by reconnection or shear acceleration). While in some sense this is the same problem
discussed above for radio galaxies, in radio galaxies the jet bulk Lorentz factors are thought to be
much lower and the presence of mildly or non-relativistic shocks in backflows and, perhaps in some
cases, jets themselves, makes them more conducive to UHECR acceleration than GRBs. Further
work is clearly needed to better understand the particle acceleration and shock physics in GRBs,
but in principle the high energy leptonic emission is able to provide a useful probe of the turbulent
plasma conditions. This was demonstrated recently by Ref. [68], with the recent TeV gamma-ray
emission detected perhaps already challenging our understanding of the nature of turbulence in
relativistic shocks.

4.2.4 Magnetised Neutron Stars

A highly magnetised, rapidly rotating neutron star can accelerate particles with a voltage drop
of ¢ = Q*p1/c?, where Qis the angular velocity and y = R3¢ B is the magnetic moment. This voltage
is time-dependent since the NS can spin down (or up) and thus € can change. For sufficiently small
periods and large magnetic dipole moments, the maximum energy is Emax ~ 10*' €V Z w33 P2
[e.g. 92], where u33 is the magnetic dipole moment in units of 10°3 G cm?, typical for newly born
magnetars with B ~ 10> G [164], and Py is the orbital period in milliseconds. For young pulsars
with B ~ 10'? G the maximum energy is a factor of 1000 lower. For magnetars, this characteristic
energy is easily within the UHECR regime for reasonable parameters; however, the problem with
this mechanism is that particles accelerated in the NS magnetosphere (inside the light cylinder)
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undergo debilitating curvature losses, while CRs also undergo rapid synchrotron losses in such
strong magnetic fields. Furthermore, the strong magnetic fields can be screened by prolific pair
production [45, 84]. These limitations have instead led various authors to consider acceleration in
the pulsar wind termination shock or nebula associated with a very young, rapidly spinning pulsar
[85, 86, 165] or magnetar [92, 166], or from VB drifts in the wind nebula [167]. The termination
shocks are likely to be highly relativistic and so the same issues discussed above for radio galaxies
and GRBs apply. However, the Crab nebula does seem to be able to accelerate particles in close to
optimal conditions; LHAASO have detected PeV emission from the Crab nebula [168] that requires
n~' = 0.15 in our notation. It seems fairly likely that Crab-like PWNe are perhaps PeVatrons,
but probably not UHECR sources, with a maximum proton energy of ~ 30 PeV [45]. The higher
spin-down luminosities of rapidly spinning magnetars make them more attractive, and the winds
they power are feasible sites of particle acceleration to rigidities of ~ 10 EV [92].

4.2.5 Other Objects

A veritable menagerie of other astrophysical objects have been proposed as UHECR sources;
we only briefly discuss tidal disruption events (TDEs) and clusters of galaxies. TDEs are transient
events that occur when a star passes close to a supermassive black hole and is ripped apart and
accreted [169]. Radio emission from jets in TDEs has been detected in a handful of sources
[170, 171], and these jets could be interesting as sites of UHECR acceleration providing the CRs
can survive in the intense radiation field and the relativistic shock problem can be overcome.
Ref. [172] finds the former should be possible in the reverse shock and estimates a maximum energy
of 64 EeV for protons (see also Ref. [173]). Cluster shocks — associated with gas accretion or
galaxy mergers — are potential sites of UHECR acceleration, because they are extremely large (virial
radii ~ 1 Mpc). The intracluster medium (ICM) magnetic field is ~ 1 uG and the shock velocity is
~ 1000 km s~!, leading to a Hillas rigidity of Ry ~ 3 EV. This estimate is roughly in line with the
maximum proton energy suggested by Kang for acceleration by multiple weak shocks in the ICM
[174], and the calculation by Ref. [175], who find cluster accretion shocks can produce UHECRs
from ~ 2 — 10 EeV but struggle to produce the very highest energies. However, Ref. [176] show
that UHECRs with energies up to ~ 60 EeV could be accelerated in larger (R ~ 5 Mpc) accretion
shocks associated with ‘caustics’ if Bohm diffusion applies, finding that the Virgo cluster could
make a substantial contribution to the observed UHECR flux at ~ 30 EeV.

4.3 A Modified Hillas Diagram

In Hillas’ 1984 work, a number of useful diagnostic plots for identifiying UHECR sources
were provided. Figure 1 of the same paper is often referred to as a ‘Hillas diagram’, in which
characteristic size is plotted along the x-axis, and magnetic field along the y-axis. One can then
obtain a rough estimate of the feasibility of UHECR sources by drawing diagonal lines of constant
rigidity, an exercise that has been regularly used to inform discussions of UHECR origins [e.g.
43, 177, 178]. However, technically the diagram only conveys the ability of a source to confine
UHECRs of a given rigidity — it does not include the characteristic velocity of the accelerator and
thus does not capture the impact of the electric field, & « 8B. The velocity of the scatterers is
plotted in Hillas’ figure 6, which is perhaps more informative in terms of which sources can actually
accelerate to the UHE regime. Here we instead show a ‘modified Hillas diagram’ in Fig. 4, in which
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Figure 4: Modified Hillas plot showing the maximum electric field available, 5B, plotted against charac-
teristic size. The three diagonal lines show parameters needed to achieve the labelled maximum rigidity.
The coloured points show the values from table 1, the circles give a feel for the uncertainties, and points
connected by lines have multiple estimates. The symbols (f, , #) represent caveats; the meanings of 1 and
« are defined in the text, while # means the source does not dissipate sufficient kinetic or magnetic power
(equation 4). The lines with hashed regions mark the maximum magnetic field for acceleration of 10 EeV
protons and 100 EeV Fe nuclei (equation 10). Broadly speaking, a vaiable UHECR source must sit in the
region that is shaded in translucent green.

the electric field available, 5B, is made explicit and plotted directly on the y-axis. The overall result
is rather similar to the usual diagram, except that some sources move downwards in the parameter
space (if they have § < 1). The main source classes discussed in the text have been given extra
prominence in their labelling and the values used in our estimates are given in table 1. The plot
does not capture the detailed physics of UHECR acceleration, or the relativistic shock problem,
and nor does it contain information about the number density or luminosity density of sources;
nevertheless, this modified Hillas diagram acts as a useful summary of the maximum rigidities
attainable in UHECR candidate sources, while emphasizing the need for more accurate estimates
of § and B in cosmic accelerators.

5. Source Variability and UHECR Echoes (When?)

‘When’ is perhaps an unusual interrogative to apply to the origin of UHECRs. Our motive for
using it is to briefly describe our ‘echoes’ model for UHECR production in dormant or declining
sources, but time-dependence is an intrinsic part of any UHECR study, for a number of reasons.
UHECR deflections in magnetic fields inevitably lead to a time delay with respect to any associated
electromagnetic or neutrino signal [96, 181]. Variability on a wide range of timescales is ubiquitous
in accreting systems such as AGN [182, 183] and the fuelling of the AGN might be expected to
cause flickering or stochastic activity [184, 185]. Star formation also varies over time due to various
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Source Class B R (cm) B (G) Ref. Section
Magnetars * 1 10° 101 [92] 4.2.4
Magnetar Winds"* 1 104,10 104,10 [92] 424
GRB Prompt/Internal-* 1 10'3,10'®  10°,100 [91,179] 4223
GRB Afterglows’ 1 106 1 [179] 423
RG Hotspots’ 1 102! 3x 107 [139] 422
RG Backflows 0.2 10%! 1074 [131] 422
RG Lobes 0.01 10% 1073 [180] 422
Starburst Winds 0.004 10%! 107 [105,110] 4.2.1
TDE Jets' 1 10 100 [172] 425
Cluster Shocks 0.004 10% 10 [175,176] 4.2.5
AGN Winds 0.1 10%0 1073 [147] 422

Table 1: Table of characteristic values of parameters adopted for the modified Hillas diagram (Fig. 4). In
some cases multiple values are quoted designed to crudely represent the range spanned by evolving sources
or literature values. Sources marked with a dagger (1) have relativistic characteristic speeds and so may have
to contend with the relativistic shock problem discussed in section 3.2.1. Sources marked with an asterisk
(*) have strong magnetic fields and are subject to significant curvature or synchrotron losses which limit the
maximum energy, so the Hillas energy is often a significant overestimate. A reference is given for each set of
estimates, and the sub-section in which the source class is discussed is also labelled. The estimates presented
here are inhomogenous and subject to large uncertainties and biases, and should not be taken as authoritative.

triggers and/or regulators [186, 187], and some of the sources mentioned in the previous section
are catastrophic events. With this in mind it seems reasonable to consider the time variability as an
important factor for UHECR sources, as discussed before for transients like GRBs [158, 188, 189].

Recently, Ref. [190] showed that a feasible model for intermediate UHECR anisotropies could
be constructed, in which UHECRs are accelerated in a powerful outburst in a nearby source (Cen
A), and the UHECRs then ‘echo’ or scatter off nearby magnetic structures, in this case associated
with the circumgalactic medium of star-forming galaxies that lie within a few Mpc in the CoG/Local
Sheet. A schematic depicting this scenario is shown in Fig. 5. The motivation here is that Cen A
is unique in the CoG structure in having powerful AGN jet activity, and the model provides a way
for arrival directions to be correlated with star-forming galaxies without requiring acceleration in
the star-forming galaxies themselves. A workable model requires Cen A to have had a UHECR
Iuminosity 20 Myr ago that is ~ 200 times that currently reaching Earth from the source, and also
necessitates magnetic field strengths of ~ 10 — 20 nG out to a distance of 400 — 800 kpc in the
CGM. M82 could well be able to maintain a large magnetic field on this scale through advection or
amplification of magnetic fields [113, 190, 191], in which case the UHECR echo could explain the
TA hotspot. When star-forming galaxies such as NGC 253 and IC 342 are included, an anisotropy
pattern can be produced that is similar to the all-sky anisotropy reported by PAO and TA [101, 102].

The echoes model should be testable through the use of UHECR ‘composition clocks’. Rigidity-
dependent propagation and species-dependent loss lengths (Fig. 1) mean that, in principle, we should
expect different compositions from the echo waves compared to the direct wave due to the different
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Figure 5: Schematic depicting the basic principle of the echoes model proposed by Ref. [190] to explain
intermediate scale anisotropies in PAO and TA data without requiring acceleration in starburst galaxies
directly.

path lengths travelled (see Fig. 5). In particular, species with short photodistintegration loss lengths
could be under-represented in the echo wave, while high rigidity particles might be able to escape
the source more quickly and be over-represented in the echo wave. We will present quantitative
investigations of both of these effects in a future study (Taylor et al., in prep), which are exciting
given the improved composition diagnostics of AugerPrime [192].

We note that many authors have discussed the impact of extragalactic magnetic field structures
on the arrival directions of UHECRs. For example, Kotera & Lemoine [193] suggest “the possibility
that the last scattering center encountered by a CR be mistaken with the source of this CR”, while
Kim et al. [194] explore a similar effect encountered if UHECRs travel along magnetic filaments
before scattering towards Earth. The deflection of UHECRs by magnetic fields is a generic
difficulty associated with UHECR searches, which is exacerbated by how difficult it is to glean
accurate knowledge of astrophysical magnetic field strengths and structures.

6. Conclusions and Future Outlook

The origins of UHECRs remain elusive, despite extensive efforts, and the study of their
acceleration and propagation is a rich topic that has synergies with a whole host of subfields
of astrophysics and particle physics. In this review, we have described how particles might be
accelerated to super-EeV energies and discussed the basic energetic requirements for this to happen,
informed in a large part by Hillas’ 1984 work [43]. We have touched on more detailed aspects of the
plasma physics of particle acceleration, particularly relating to shock acceleration, that are critical to
the particle acceleration process. We used these physical arguments to write a ‘checklist’ for UHECR
sources, which we applied to a range of astrophysical candidates such as AGN, GRBs, magnetised
neutron stars and star-forming galaxies. Even in sources that dissipate energy at an astonishing rate,
accelerating UHECRS still often requires particle acceleration physics to be stretched to its limits.
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As we have alluded to on multiple occasions in this review, we are presently in an excit-
ing era for UHECR experiment and theory, as well as particle acceleration more generally. The
UHECR spectrum is well-characterised, Xpn,x distributions at ultrahigh energies are constraining
the UHECR composition, and UHECR anisotropies are finally beginning to emerge above the noise
at statistically significant levels. Nearly simultaneously, we have entered a ‘four-messenger’ era of
high-energy astrophysics through the observation, sometimes with electromagnetic counterparts,
of >TeV neutrinos by IceCube [195] and gravitational waves by LIGO and VIRGO [196]. In
the future, the observational capabilities of the TAx4 [197] and AugerPrime [192] upgrades will
dramatically improve our view of the UHECR sky, and the Cherenkov Telescope Array will shortly
offer unprecendented sensitivity to TeV gamma-rays [198]. In combination with a rapidly ma-
turing theoretical landscape [12], these transformative instruments offer great prospects for fully
understanding the ‘origin story’ of UHECRs.
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