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ABSTRACT

Recent anisotropy studies of UHECR data at energies =40 EeV have disclosed a correlation of their angular distribution with the
extragalactic local structure, specifically with either local starburst galaxies or AGN. Using Monte Carlo simulations taking into
account photodisintegration processes, we further explore a framework in which these UHECRs were accelerated by Centaurus
A in a recent powerful outburst before being scattered by magnetic fields associated with local, Council of Giant, extragalactic
structure. We find that the observed intermediate-scale anisotropies can be accounted for by the Council of Giant structure
imposing a response function on the initial outburst of UHECRs from a single source located at Centaurus A’s position. The
presence of these local structures create ‘echoes’ of UHECRs after the initial impulse and focusing effects. The strongest echo
wave has a lag of ~20 Myr, comparable to the age of synchrotron-emitting electrons in the giant Centaurus A lobes. Through
consideration of the composition of both the direct and echo wave components, we find that the distribution of the light (1 < InA
< 1.5) component across the sky offers exciting prospects for testing the echo model using future facilities such as Auger prime.
Our results demonstrate the potential that UHECR nuclei offer, as ‘composition clocks’, for probing propagation scenarios from

local sources.

Key words: acceleration of particles —magnetic fields —cosmic rays.

1 INTRODUCTION

The question as to the origin of the highest energy cosmic rays, with
energies in excess of 102’ eV, which have been detected at the Earth
over the past 60 years (Linsley 1963), continues to drive observational
and theoretical studies in high-energy astrophysics. Despite the time
passed since their first detection, the answer to this question remains
unresolved.

On theoretical grounds, the Hillas criterion (Hillas 1984) and
Hillas-Lovelace condition indicate that the most promising candi-
dates are objects possessing fast outflows with high kinetic energy
luminosities (Lovelace 1976; Norman, Melrose & Achterberg 1995;
Blandford 2000; Waxman 2004), such as active galactic nuclei
(AGN) and gamma-ray bursts (GRB). Additionally, the limited
propagation distance of ultra-high energy cosmic ray (UHECR)
nuclei through extragalactic radiation fields further constrains the
number of potential candidate objects, to only those in the relatively
local extragalactic vicinity (Taylor, Ahlers & Aharonian 2011; Lang
et al. 2020). For AGN, only a few local candidate sources exist, such
as Centaurus A (Cen A) (O’Sullivan, Reville & Taylor 2009; Rieger
& Aharonian 2009).

Recently, new insights into this UHECR origins problem have been
provided by the Pierre Auger Observatory (PAO), which has reported
a correlation of the UHECR hotspots seen in their skymaps with local
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structure in the Southern hemisphere sky, specifically with either
nearby star-forming galaxies (which they referred to as starburst
galaxies) or AGN (Aab et al. 2018b; Abreu et al. 2022). Likewise,
similar correlations of UHECR hotspots, for energies above 40 EeV,
with local structure in the Northern hemisphere sky have been
reported by the Telescope Array (TA) collaboration (Abbasi et al.
2014). With the significance of the PAO reported starburst galaxy
correlation being already larger than 4o (post-trial), the origin of
such a correlation appears worthy of deeper consideration.

The existence of this correlation, assuming that it is a real
correlation and not simply a statistical fluctuation, raises the question
as to whether such a correlation can be compatible with a scenario
in which a local AGN, namely Cen A, is the source of the UHECR
driving the anisotropy signal detected by the PAO. We here explore
the possibility that a correlation of UHECR with local structure is
brought about by the deflection of UHECR, initially released by
Cen A, on nearby galaxy systems, a question first raised by Bell &
Matthews (2022, hereafter BM22).

In Section 2, we consider the Milky Way’s local extragalactic
neighbourhood. In Section 3, we describe the set-up considered
to study the propagation of UHECR from Cen A to the Earth,
considering their scattering of the magnetic field associated with
local galaxies, and their energy- and species- dependent photodis-
integration in extragalactic radiation fields. In Section 4, the key
findings from our simulations are discussed. In Section 5, we discuss
these results, outlining the limitations of our approach and indicating
further aspects to be explored. In Section 6, we draw our conclusions.
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Figure 1. The ‘Council of Giants’ within the Local Sheet: A 2D diagram
of the source (Cen A; pink circle), observer (Milky Way; blue ‘+’) and 9
scattering galaxies (black circles) used in this work. The solid black line
marks a circle of radius 3.746 Mpc and centred on x = 0.362Mpc, y =
0.718 Mpc (see ‘x’ in diagram), as defined by McCall (2014). The object
positions in the diagram are provided in local sheet coordinates, in which the
objects are predominantly located in the x—y plane.d

2 THE LOCAL EXTRAGALACTIC
ENVIRONMENT

Following the growth of structure formation via gravitational col-
lapse over cosmological time-scales, the Universe at the present
epoch on small scales (<100 Mpc) is inhomogeneous. In the current
study, we zoom in on the inhomogeneous patch of the Universe in
which the Milky Way (MW) resides. Specifically, we focus here
on very local distances <10 Mpc around the MW, in a region with
distinct kinematics known as the Local Sheet (Tully et al. 2008).
The most massive galaxies in this region form a ring approximately
surrounding the Local Group, and are described as the ‘Council
of Giants’ (CoG) by McCall (2014); we adopt this CoG naming
convention hereafter.

The CoG or Local Sheet structure has a predominantly planar (i.e.
2D) geometry and is approximately circular in structure. We consider
here all members of the CoG listed by McCall (2014). Fig. 1 shows
a depiction of the CoG objects that we focus on here in our study,
shown in local sheet coordinates. The position of the MW is also
indicated in this figure in blue, located close to the origin of the local
sheet coordinate system. The position of the centre of the best-fit
circle describing the CoG members locations is indicated in Fig. 1
as a black cross, and is located ~0.8 Mpc from the MW.

The plane of these CoG objects, as observed by a terrestrial
observer, is shown in Fig. 2, in a Galactic coordinate representation
(Hammer-Aitoff projection). In both Figs 1 and 2, the position of
Cen A within the CoG group is indicated in pink. The Galactic
coordinates of, and distances to, the CoG members are given in
Appendix A together with stellar masses, estimated star formation
rates (SFRs) and infrared luminosities.

Within the CoG group, only Cen A is known to demonstrate clear
recent AGN jet activity, although Circinus may also exhibit some
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Figure 2. A skymap showing the positions in the sky of the Council of
Giant/Local Sheet objects. Cen A is marked with a pink circle, the other
council members are marked with black circles and the supergalactic plane
is shown as a dotted line.

evidence of such activity, see Elmouttie et al. (1998). Definitive
evidence for this activity in Cen A is revealed by the radio emission
from two giant inflated lobe structures extending out to 2300 kpc,
a distance scale comparable to the virial radius of its host galaxy
(Sheridan 1958). In addition to this, it also exhibits smaller inner
lobes, indicating the onset of more recent AGN activity (Croston et al.
2009). Amongst the CoG members, no other objects display such
prominent AGN jet activity, although the galaxies NGC 253 and M
82 do reveal heightened levels of star formation around their nuclear
regions, with thermal X-ray images of these objects indicating the
presence of outflow-like structures emanating from them (Bregman,
Schulman & Tomisaka 1995; Pietsch et al. 2000). Such outflows
could potentially pollute the environment out to and beyond their
virial radius with hot gas and magnetic field, as has been suggested
to have occurred from recent analysis of a group of local galaxies
(including NGC 253, M64, M81, M83, and M94) (Bregman et al.
2022).

As well as affecting their environments powerful AGN and galactic
outflows can accelerate particles to high energies. The maximum
characteristic particle energy can be estimated from the Hillas-
Lovelace condition, given by

Z V4 L
Emax 5 — (ﬂLKE(Xﬁ)l/Z ~ 10 — ( IB KE
n

12
n \ 3 x 10% erg s") Bev. (D

Here, B is velocity of the outflowing magnetized jet plasma in speed
of light units, Lgg is the kinetic power, Z is the atomic number, n
describes the scattering rate in units of the Bohm level scattering,
« is the electromagnetic fine structure constant, and h = h/2m,
where £ is Plancks constant. This condition can be used to identify
viable sites of UHECR acceleration. Energetically, the contents of
the lobes of Cen A are estimated to be 10°°-%° erg, suggesting a time-
averaged luminosity of ~5 x 10* ergs~! assuming a slow subsonic
inflation of the lobes (Wykes et al. 2013). For an inflation velocity
faster than this, the time-scale for inflating the lobes is shorter,
requiring a significantly higher jet power, potentially approaching
the Eddington luminosity value. By comparison, an estimate of the
kinetic luminosity of the winds of local starburst galaxies is more than
an order of magnitude smaller than this (Heckman, Armus & Miley
1990). Furthermore, the velocities of these winds are themselves
orders of magnitude smaller than AGN outflow velocities. The kinetic
luminosity for Cen A, and its outflow velocity therefore indicate that
itis unique amongst the CoG group as being the only member capable
of satisfying the Hillas-Lovelace condition for particle acceleration
to multi-EV rigidities (see equation 1).
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The thermal and magnetic pressures between galaxies within
the CoG, and how the pressures at the centre of the galaxies
reduce with increasing distance from them remain poorly under-
stood. Observationally, there is a growing body of evidence that
a ‘warm-hot intergalactic medium’ (WHIM) permeates the space
between galaxies (Macquart et al. 2020). Related, and conceptually
similar, is the circumgalactic medium (CGM), usually defined as
the region beyond the galactic disc but within the galactic virial
radius (Tumlinson, Peeples & Werk 2017), though it may in fact
even extend beyond this radius (Wilde et al. 2021a). Collectively,
the WHIM and CGM appear to account for a significant fraction
of the ‘missing baryons’ (Gupta et al. 2012; Nicastro et al. 2018;
Martynenko 2022). Although low in density (n ~ 10~%> cm™3),
the high temperature of this gas (kT 2 300eV) indicates that it
provides significant thermal pressure within the extended galaxy
out to distances comparable to the galactic virial radius (~300 kpc).
Should the strengths of the magnetic fields, B, embedded within this
gas be in approximate equipartition with the thermal energy density,
B?/87 =~ nkT (i.e. the ratio of thermal to magnetic pressures, (g,
is of order unity), magnetic field strengths within the range 0.05—
0.2 uG would also be expected at these extended galactic distances.
In reality, Bp in the CGM is not well constrained and could lie in
the range 1-100 (Pakmor et al. 2020; Faucher-Giguere & Oh 2023),
likely varying within and between different objects. However, as
discussed by BM22, there is good evidence for large-scale magnetic
fields surrounding M82, and our estimate of a ~0.1 uG field at the
virial radius is consistent with recent results from CGM modelling
(Faerman, Sternberg & McKee 2020; Pakmor et al. 2020; van de
Voort et al. 2021; Faerman & Werk 2023) and observation (Heesen
et al. 2023), supporting the earlier suggestion that giant magnetized
haloes (which we hereon refer to as scattering haloes) around nearby
galaxies give rise to the anisotropy in UHECR skymaps (BM22).

As the CoG members possess a variety of SFRs (see Appendix A),
particularly in their Galactic nuclear regions, the levels of magne-
tization of their scattering haloes at the virial radius are likely to
vary considerably. However, given the current uncertainty on the
physics dictating the driving of magnetic field and gas material to
fill this region, for the sake of simplicity, we here approximate that
the scattering haloes of all CoG members have the same sizes and
magnetic field strengths; however, we discuss the possible hierarchy
of circumgalactic magnetic field strengths and coherence lengths in
CoG members (and their relative effectiveness as UHECR scatterers)
further in Section 5.1.

3 SIMULATION SET-UP

To simulate the propagation of cosmic rays from Cen A through the
CoG structure to the Earth, we adopt a Monte Carlo description.
This description traces the spatial trajectory of the cosmic ray nuclei
through the CoG system for a simulation time-scale of 45 Myr, with
the first particles launched at ¢+ = 0, such that the first particles
arrive at the Earth after ~12 Myr. Since we remain agnostic about
the actual location of the acceleration site, we adopt as generic as
possible initial starting conditions for the simulation, assuming a
uniform distribution of starting particles (1.5 x 10° in total) within
a sphere of radius 300 kpc, centred on Cen A. We adopt an isotropic
distribution of initial particle momenta, which is motivated by the
expectation that the particle Larmor radii are small compared to the
dimensions of the jet dimensions on these spatial scales. The injected
particles represent cosmic ray nuclei, with weighting factors being
adopted so as to take into account their injected energy spectrum
(see 3.1 below). The positions of the scattering regions within our
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simulations are provided in Table Al. A planar view of the CoG
system that the cosmic ray nuclei propagate through is provided in
Fig. 1.

3.1 Injected energy spectrum

We inject particles into the system at Cen A with a spectral energy
distribution of the form

dN imax E -2 -

j— - /(ZiRmax)
- = i\ = € s 2
= (£) @

where a spectral index of 2 has been adopted, as motivated by Fermi
diffusive shock acceleration theory for the case of strong shocks
(Jones 1994). In the above expression, the terms f; are the abundance
of species of i, and Ry, is the maximum rigidity that the UHECR
source accelerates particles up to. A value for Ej, the minimum
energy scales particles are injected at, of 30 EeV is adopted. This
value for E| is adopted so as to focus our simulations on the energy
scale at which small scale anisotropies are observed in the UHECR
skymap data (see Section 1). For our simulations, Rp,x = 30 EeV,
which is compatible with the expectations found for scenarios in
which the UHECR originate from a local source (Taylor, Ahlers &
Hooper 2015; Aab et al. 2017a).

For the simulations considered here, a two species set-up is adopted
(i.e. imax = 2), consisting of He and Fe nuclei. Our choice of only a two
component, light and heavy, mixed nuclear composition is simplistic
but deliberate. The fragility of the light He species above an energy of
10'%3 eV (Hooper, Sarkar & Taylor 2007; Wykes et al. 2018), with a
loss length of just below 10 Mpc, motivates it as a natural diagnostic
of the propagation time of the UHECR in the extragalactic radiation
field environment. Likewise, the relative stability of the heavy Fe
species, with a loss length of almost 3 Gpc at these energies, provides
a contrasting reference population of particles with which to compare
the light species abundance. In this description, the heavy species
injected at the source can be considered as a crude proxy for species
heavier than He, and are considerably more stable than He for the
energies considered.

We adopt abundance ratios for He and Fe injected at the sources of
Jfue = 0.868 and fr. = 0.132, which, due to the impact of the cut-off
already being felt at our adopted minimum energy, result in a He: Fe
ratio of 80: 20 at energy Ey. We adopt this He: Fe ratio so as to give
a comparable level of signal (within a factor of 3) in the Model C
skymaps from both the direct and echoed waves. Our composition
diagnostics are designed to be illustrative rather than providing a
realistic match to UHECR composition as inferred from, e.g. Xpux
distributions (Aab et al. 2014a, b); we reserve this exercise for future
work.

3.2 Scattering rates

Our description adopts isotropic scattering rates for the interaction
of the cosmic rays with the magnetic fields local to the CoG objects.
Due to a current poor knowledge of the magnetic fields on scales
of the virial radius surrounding galactic structures, for simplicity we
adopt an energy independent isotropic scattering rate for all cosmic
ray nuclei in the system, with a scattering length,

CTsc,
lsc = 00,

where ry. is the galactic scattering radius for the CoG members,
which we fix to have a size of 300 kpc for all objects, a value close

ifr <rg
otherwise ’

3
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to the expected virial radii for a 10'> Mg mass galaxy, and r is the
cosmic ray’s distance from the CoG object. For our description of
the scattering events, we allow for large angle isotropic scatterings
to occur once the particles are within a distance r. of the scattering
radius of each CoG galaxy. Our scattering description here differs
in several ways from that adopted in BM22. We assume large angle
scattering from all CoG members. In contrast, BM22 adopted a small
angle scattering description from only local objects with the largest
SFRs. For our results here, a scattering time of 7o, = 0.5Myr is
adopted (i.e. o = 150kpc). In comparison to this length scale, the
Larmor radius of a 10EV cosmic ray in a 0.1 pG magnetic field
is 100 kpc. Outside of the CoG galaxy regions, we assume that no
scattering events take place.

3.3 Photodisintegration rates

We consider photodisintegration of the cosmic rays in both the
cosmic microwave background (CMB) and extragalactic background
light (EBL) radiation fields. The photodisintegration rates of UHECR
nucei with the background radiation fields are determined by a convo-
lution of the photodisintegration cross section with the radiation field
spectral energy distribution (Hooper et al. 2007, see their eq. 3)). For
the photodisintegration cross section, we use the family of Lorentzian
models proposed by Khan et al. (2005). For the EBL radiation field,
we adopt the model from Franceschini, Rodighiero & Vaccari (2008).

3.4 Coordinate system

A coordinate system which aligns to that of the local sheet is adopted
for the Monte Carlo simulations. The coordinate system can be
related to Galactic coordinate system via the the rotation matrix,

Xgal = Mxys,
where the rotation matrix M is given by

CwSs + SCsSq —CuwCs + SwSsSa —SwCa
M = | =545 + CwCsSa SwCs + CoSsSa —CoCa 4
C5Cqy SsCa Sa

The angles for this rotation are ¢ = 172°, § = 225°, and w =
47.7°. Note the expression given in equation (4), utilize a shorthand
notation in which s, is used as an abbreviation for sin (@) and ¢, as
an abbreviation for cos ().

3.5 Cen A emission and release models

In the following, we describe the results for three different source
evolution models. These models vary both the UHECR source
luminosity evolution with time and escape time of particles from
the source region. We label these models A, B, and C. The basic
premise here is that model A allows us to explore the impact of the
CoG structure on the UHECR signals, whereas models B and C can
be considered representations of plausible physical scenarios.

In Model A, we consider the case in which the UHECR source
(Cen A) releases a single pulse of particles at # = 0, with the particles
subsequently escaping immediately from the source region. This
model has a source term, which is a é-function in time, whose
resultant transmission through the system to an observer at the Earth
essentially provides a response or transfer function of the UHECR
signal at the Earth to the CoG structure.

In Model B, we consider the case in which Cen A’s UHECR
source luminosity decreases exponentially over time after an initial
outburst episode. For this model, once produced by the source, the

MNRAS 524, 631-642 (2023)

particles escape immediately fron the source region. Using the time-
scale for the initial outburst as a reference time-scale for our results
(t = 0), the subsequent UHECR luminosity is given by,

L = Loe™ /™ (forz > 0) 3)

where T4 is the decay time of the UHECR source luminosity,
which we set to 3 Myr. Such a short activity time-scale would
be consistent with AGN flickering model proposed to describe the
activity evolution of other local AGN (Saikia & Jamrozy 2009).
However, such a description is a crude approximation to the true
variability in the UHECR luminosity of Cen A. We apply an
additional Gaussian smoothing with a standard deviation of 1 Myr to
the launch times of the CR particles. The purpose of this smoothing
— which is applied to both Models B and C but not Model A - is to
limit the sensitivity of our results to the exact timestamps we present,
which is an appropriate choice given the uncertain time evolution of
Cen A. By incorporating this smoothing, we ensure that the results
presented will be insensitive to any details of initial conditions on
smaller spatial scales than the injection radius.

In Model C, we consider the case in which Cen A injects a pulse of
particles, with the particles subsequently residing longer within the
source region. As was done for Model B, particles are injected with
a Gaussian distribution of times centred on r = 0, with a standard
deviation of 1 Myr (i.e. Gaussian smoothing in the time domain
was carried out). Contrary to the rigidity independent description
we adopt for particle propagation through the CoG structure, we
approximate the physics of diffusive escape out of the magnetized
lobes of Cen A by imposing an additional rigidity-dependent escape
time for each particle, given by

E/Z \'
Tesc = T10 (ﬁ) s (6)

where E is the particle energy, Z the particle charge, and 7 is the
escape time for a 10 EV rigidity particle, for which, we choose 719
= 1.5 Myr. Such an escape time for particles with rigidity 10EV is
consistent with these particles experiencing around 1 scattering event
before being able to escape from their host environment region.
While ¢ < 7, a given particle can undergo photodisintegration
loss interaction, but it does not move from it’s starting position;
only after t = 7 does the particle start propagating. Although
this description fails to capture any change in the rigidity of the
particle as it undergoes energy losses, such rigidity changes during
photodisintegration are minor.

4 RESULTS

4.1 Particle spatial distribution

Following the propagation of cosmic ray nuclei through the CoG
system, the arrival of multiple waves of particles at the MW location
is observed. Fig. 3 shows a z =0, Az = 0.6 Mpc slice of the particle
spatial distribution in the system for four key time-scales: 0, 12, 21,
and 33 Myr, in the x—y (local sheet) plane. Fig. 3 shows a snapshot of
the logarithm (base 10) of the binned density in the simulation (bin
size 0.03 Mpc) at four different times during the simulation foe Model
A. Also shown in this figure are the positions of the CoG objects
(empty circles), Cen A (pink filled circle), and the MW location
(black vertical cross). From the snapshots of the particle density at
the four time-scales, the arrival of waves at the MW location at 12,
21, and 33 Myr can be seen.
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Figure 3. Particle position maps from a slice of thickness Az = 0.6 Mpc in the z = 0 plane from Model A at four time-steps (3.9, 11.7, 20.6, 33.3 Myr),
following their impulsive release from Cen A. The corresponding plot for models B and C can be found in Appendix B, and an animated version can be found

in the online repository (see Data Availability). The position maps are presented as binned particle densities with bin sizes of 0.03 Mpc and a density floor of

1079 bin~! in these arbitrary units.
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Figure 4. The CR particle density in a local box of size 300 kpc, centred on
the Milky Way location, following the injection of particles from Cen A. The
three colours show results from the three models considered: the single pulse
(blue), declining source (orange) and ridigity-dependent escape (green). The
red dotted line shows an exponential with a decay time of 3 Myr, and the
dashed vertical lines mark = 11.7, 20.6, 33.3 Myr, the times at which x—y
positions in Figs 3 and skymaps in Figs 6,7, 8 are shown.

4.2 Direct and echoed waves

The four key time-scales noted, relate to the intitial spatial distribu-
tion (0 Myr), the arrival of the direct wave from Cen A (12 Myr),
and the arrival of two echoed waves (21 and 33 Myr). The arrival
of the direct and echoed waves can be easily appreciated from
the blue line in Fig. 4, which shows the arriving UHECR density
as a function of time after the initial outburst from Cen A. Three
major peaks are observed in this figure, namely the direct wave at
12 Myr after the initial outburst, and the echoed waves at 21 and
33 Myr after the outburst. The width of the peaks of the waves
seen in the figure results from the finite size of the scattering
regions.

An understanding of the different time-scales which these waves
arrive, and the specific sources responsible for contributing to the
echo signal can be understood from Fig. 5. This figure provides
a dissection of the echoed waves, connecting their contribution to
sources located on a common concentric ellipse, whose two focii are
located at Cen A and the MW. The colour scale in the figure indicates
the incurred delay time for each concentric ellipse.

[\e] [O%] w oS P wn
[ (=) W [« W o
Ballistic Arrival Time (Myr)

[\S]
(=]

—_
W

X (h(/)[pc)

Figure 5. A family of ‘isodelay contours’, which form concentric ellipses
with a variety of eccentricity values, colour-coded by the ballistic time of
arrival. The ellipses are plotted as dashed lines from 11.7 to 52.8 Myr at
2.94 Myr intervals, with additional thick solid lines overlaid for t = 20.6 and
33.3 Myr (see also Fig. 4. The two focal points (fj and f2) of the ellipses
are centred on Cen A and the Milky Way, respectively, and the positions of
the council of giants are marked with open circles. The relationship between
the ballistic arrival time and eccentricity is given in the text, with larger
eccentricities e corresponding to earlier arrivals.

4.3 Focusing effects

As appreciated directly from the particle density snapshots shown in
Fig. 3, the scattering of particles from the CoG objects results in the
arrival to the MW of focused waves of particles. To understand the
origin of this focusing effect, Fig. 5 shows a family of concentric
ellipses (of varying eccentricity), with each ellipse having Cen
A and the MW at the two focal points. These curves represent
isotemporal contours for signals from Cen A that arrive at the
MW at the same time. As observed in this figure, the CoG objects
are approximately located on specific concentric ellipses (blue and
yellow thick solid lines in Fig. 5), where the colour of the ellipse
indicates the corresponding delay time incurred.

The eccentricity, e, of an ellipse with the source and observer at the
two focii can be related to the (straight-line, ballistic) time of arrival
as e = R/(ct). Here R is the distance to the CR source, and ¢ is the
time of arrival of scattered CRs with respect to the initial burst. With
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these definitions, the first CRs arrive at # ~ R/c & 12 Myr. Subsequent
echoes from sources lying on an ellipse with eccentricity e arrive at ¢
~ R/(ce), with a delay with respect to the light travel time of t &~ R(1
— e)/(ce). This geometrical argument assumes ballistic trajectories
between scatterers. Any additional small angle scattering introduced
during particle propagation in the IGM would also introduce delays,
though such delays would be expected to be safely negligible if the
IGM scattering angle is itself small.

Fig. 5 shows that the two echo waves after the initial outburst
are caused by the collective influence of CoG members that are
located approximately on the 7 & 20 and 33 Myr isodelay contours.
Specifically, the first echo wave is caused by scattering by M 83
and Circinus, and the second wave is caused by six sources located
approximately on the same isodelay contour. One particular source,
NGC 4945, is also responsible for a number of interesting effects in
our simulations, due in part to its close proximity to Cen A. NGC
4945 intercepts rather a large fraction of the CRs coming from the
source, some of which are scattered towards the Earth, enhancing the
signal from the approximate Cen A direction slightly and spreading
out the arrival times. There is also a shielding effect from NGC 4945,
which happens to lie on an approximately straight line path between
Cen A and NGC 253. CRs are attenuated, and fewer CRs reach NGC
253, which acts to weaken the NGC 253 echo signal in the resulting
skymaps (see Section 4.4).

4.4 Local skymaps

The angular distribution of particles arriving to an observer located in
the MW (i.e. the arriving particle skymap), after scattering from the
CoG objects, is shown in Galactic coordinates in Fig. 6 for the model
A scenario. The different panels in this figure show arriving cosmic
ray skymaps at 11.7, 20.6, and 33.3 Myr after a Cen A outburst of
UHECR. To produce these skymaps, we binned the arrival directions
into solid angle bins in Galactic coordinates using the Healpy python
implementation (Zonca et al. 2019) of the HEALpix scheme (Gorski
etal. 2005). The colour-scale in these skymaps encodes the number of
particles per HEALpix pixel (i.e. solid angle bin), initially calculated
with 64 x 64 pixels covering the sky.

In contrast to BM22, we do not include small-angle scattering
in the regions between galactic scattering haloes. Instead, to ap-
proximate this process, we apply a Gaussian angular dispersion to
the particles contributing to the skymaps. The value for the angular
dispersion level adopted is motivated by considering the angular
deflection of particles with a Larmor radius, 71 ,., propagating a path
of length d through an ensemble of coherent magnetic field patches,
each of size [ .o,. In such a case, the root mean square deflection angle
is

I d \ 2
o=t ()
I'Lar lcoh

Iy 1/2 1/2 B EeV
207 h d 30Ee o
1 Mpc 4 Mpc 0.5nG E

where r . = E/ZeB is the Larmor radius. We therefore apply a
rigidity-dependent Gaussian dispersion of (E/30 EeV)™'Z x 2° on
a particle by particle basis. Such an approach is, of course, only
an approximation of the amount of IGM scattering as a function
of sky position, but is broadly appropriate given that the source
and scatterers are all located at a similar distance from the Earth;
nevertheless, we discuss this limitation further in Section 5.1.
Additionally, all our skymaps are smoothed with a 20° Gaussian
smoothing so that they can be directly compared with the most
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Figure 6. Three skymaps in Galactic coordinates (Hammer-Aitoff projec-
tion) from Model A at 11.7Myr (top), 20.6 Myr (middle), and 33.3 Myr
(bottom) after the impulsive cosmic ray release from Cen A. The colour-
scale encodes the number of particles per HEALpix pixel, initially calculated
with 32 x 32 pixels covering the sky, which has then been smoothed
with a Gaussian symmetric beam with full width at half-maximum of 20°.
Animations of all skymaps are available in an online repository (see Data
Availability).

recent PAO results (Abreu et al. 2022), for which a comparable
level of smoothing is adopted. We note that the angular size of this
Gaussian smoothing is larger than the ~5° angular radius subtended
by a 300 kpc scattering haloat 3.7 Mpc.

As expected from the spatial distribution results discussed above,
the early time direct wave (12 Myr) originates from Cen A. The
arrival of the first echo wave to the MW at 21 Myr, originates from
the CoG objects close to Cen A (NGC 4945, M83 and Circinus), as
expected from the delay time ellipses shown in Fig. 5. In contrast
to these two earlier skymaps, the arrival of the second echo wave to
the MW at 33 Myr originates from CoG objects located further from
Cen A, on the side opposite to the location where Cen A resides. The
results in Fig. 6 show how the CoG structure reverberates to a pulse
of CRs and can thus be thought of as a sparse representation of a
spatially-resolved response function, analogously to the transfer and
response functions used in spectroscopic reverberation mapping of
AGN (e.g. Blandford & McKee 1982; Peterson 1993). The observed
signal is then a convolution of the results from Model A with the
underlying activity evolution of the source.

Similar plots are shown in Figs 7 and 8 for model B and model
C outburst scenarios, respectively, focusing now only on the ¢ =
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Figure 7. Skymap in Galactic coordinates (Hammer-Aitoff projection) at
33.3 Myr, for Model B, the declining source scenario, for which a decay time
of T4ec = 3 Myr has been adopted. The map is calculated in the same way as
in Fig. 7.
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Figure 8. As Fig. 7, but for Model C, the delayed escape scenario in which
particles have a rigidity-dependent escape time described by equation (6)
with 719 = 1.5 Myr.

33.3 Myr snapshot. In our framework, and as also suggested by
BM22, we consider this time period to be a reasonable approximation
to the present day in the sense that it represents a characteristic time
elapsed since Cen A was at its peak of UHECR activity. At earlier
times in these simulations, the snapshots only had small variations
in the anisotropy and were dominated by signals from the Cen A
direction (as can be seen from the online animations). However, the
arriving UHECR flux at late times (33 Myr) allows for bright spots
of comparable intensity in the skymap for both directions towards
Cen A, and towards the CoG members located furthest from Cen
A. We note that the hotspot observed from the direction of Cen A
in the model C skymap is, however, significantly more extended
and diffuse than the hotspot observed from Cen A in the model B
skymap. This increase in the hotspot extension for model C is due
to the dominance of heavy species in the Cen A signal for this case
(see Section 4.5). These skymaps, for both model B and model C,
show striking similarities with the observational results from both
the PAO and TA (Abbasi et al. 2014; Aab et al. 2018b; Abreu et al.
2022), in particular when compared to the all-sky anisotropy patterns
(Biteau et al. 2019; di Matteo et al. 2020). Specifically, a signal is
observed from the direction of Cen A, with a ring of additional
hotspots produced by echoes from the directions of Maffei/IC 342,
M81/M82, M94, and M64. The relative brightness of the Cen A
signal and the echo signals depends on the model parameters — in
particular, the adopted composition, the parameters controlling the
source activity (T4) and subsequent CR escape (7T.), the angular
dispersion 66, and the halo sizes r,.. Different relative intensities and
extensions can be achieved by tuning these parameters accordingly.

It is worth commenting on the conspicuous absence of NGC
253 from the late-time skymaps. As noted above in Section 4.3,

UHECR echoes from the Council of Giants — 637

t =33.3 Myr

Model B (no NGC 4945)

UHECR Flux (Arb.) 3

0.00

Figure 9. As Fig. 7, but for Model B with NGC 4945 removed from the
simulation. Removing the shielding impact of NGC 4945 results in a stronger
excess in the direction of NGC 253 at Southern Galactic latitudes, as discussed
further in the text.

NGC 4945 creates a shielding effect that significantly decreases the
UHECR flux impinging on the NGC 253 scattering halo; this effect
is responsible for the negligible signal at late times from the direction
of NGC 253. To demonstrate this, in Fig. 9, we present results from
a simulation identical to Model B, but with NGC 4945 removed.
In this modified simulation, a hotspot is indeed produced from the
direction of NGC 253 at southern Galactic latitudes. There is a fairly
prominent excess in this region of the sky in the PAO maps, so for the
echo model to explain this, we would either require some variation
between the scattering haloes’ ability to scatter UHECRs (as might
be expected anyway; see Section 5.1), or for additional scattering
in the IGM to allow UHECRs to be deflected around NGC 4945.
Alternatively, an additional local source near the Galactic south pole
could contribute, such as the Fornax A radio galaxy (Eichmann et al.
2018; Matthews et al. 2018).

Our results from both Models B and C are fairly similar to those
presented by BM22, which shows skymaps in equatorial coordinates,
with a few differences. BM22 focused mainly on the TA hotspot and
the influence of the M82 galaxy, before presenting a simulation that
included M82, NGC 253, and IC 342. Our results show that this
qualitative match to the observed skymaps does not disappear when
photodisintegration losses are included, as would be expected for the
relatively short propagation times. Furthermore, we have included
additional sources and so observe additional hotspots in the direction
of M94 and M64, while Maffei 1&2 act to smear out and enhance
the feature near IC 342. Finally, we note the influence of NGC 4945,
Circinus, and M83. These sources are close to Cen A in the sky
and, depending on the model and timestamp, can act to produce
a smeared out or elongated pattern in the direction of Cen A. In
particular, in some cases, the ‘Cen A’ feature resembles a lop-sided
dumb-bell shape, better correlated with M83. This is an interesting
general point given that the hotspot observed from PAO is somewhat
diffuse (a top-hat search radius of ~25° is found by Abreu et al.
2022) and not perfectly aligned with Cen A (Aab et al. 2018a); we
therefore suggest that scatterers local to the source may be important
in determining the morphology of any observed excesses.

4.5 Composition-dependent skymaps

In order to obtain further insights into the results shown in Figs 7
and 8, it is helpful to consider a breakdown of these results into the
contributions from different logarithmic nuclear species (i.e. InA)
groups.

In Fig. 10, such a decomposition of the model B skymaps in
Fig. 7 into composition groups is shown for the mass ranges 1 <
InA < 1.5 and InA > 3.5. As is seen from this figure, for model
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t=333Myr,I<lnA< 1.5

Model B 607

8.706

0°

UHECR Flux

0.000

UHECR Flux

0.000

Figure 10. Composition-dependent skymap in Galactic coordinates (Hammer-Aitoff projection) for Model B, the declining source scenario. The left-hand
panel (purple) shows the results from 1 < InA < 1.5, spanning the He mass range (A = 3—4), and the right-hand panel (orange) shows the results from InA >
3.5, spanning the Fe mass range (A = 34-56). As in Fig. 6, the plots are constructed using the HEALpix scheme and a Gaussian smoothing function of 20°.
In this model, ‘echo’ features from the CoG members at large angular distances from Cen A are only significant in the higher mass bin (InA > 3.5), and the
low-mass bin is dominated by relatively He-rich CRs that were accelerated more recently by Cen A.

B, the He component (1 < InA < 1.5) of the arriving flux from
CoG group members furthest from Cen A is considerably depleted
relative to the He component from Cen A. Contrary to this, the Fe
signal contribution (InA > 3.5) from these two regions in the sky is
similar in magnitude.

In Fig. 11, a decomposition of the model C skymaps in Fig. 8
into composition groups is shown for the mass ranges 1 < InA
< 1.5 and InA > 3.5. This figure shows that for the model C
case, the signal from Cen A at late times is almost purely Fe
dominated. As noted earlier in Section 3.1, it should be borne in
mind here that the Fe species in these results should be considered
as a proxy for species heavier than He. In contrast, the signal at
late times from the CoG objects furthest from Cen A is almost
purely He dominated in our simulations. From Figs 10 and 11, it is
also generally apparent that, as expected from the imposed ridigity-
dependent dispersion, the hotspot regions associated with the heavy
species skymaps are considerably more extended than the hotspot
regions observed in the light species skymaps. We have not explored
this effect in detail in this paper, but the angular dispersion of different
composition signals represents another diagnostic that merits future
study.

We note that we have repeated these simulations for both models
B and C, with the Fe nuclei injected at the source instead replaced
by O nuclei, which have a lower Z and a shorter energy loss length
(although both are still considerably larger than for He). For model
B, this test reveals that apart from the reduced level of angular
dispersion of the particles in the skymaps (see Section 4.4) and
some small changes in the relative intensity of the direct and echoed
signals, the results are largely unchanged. For model C, similar results
can also be achieved, although the degree of similarity depends on
whether 79 is kept fixed or is scaled accordingly. This sensitivity
on 7y comes about because its value was chosen to give roughly
comparable intensity from Cen A and the echo signal at ~33 Myr.
Thus, while the results inevitably change at a quantitative level when
different compositions are adopted, our tests act as a verification
that the Fe nuclei in our simulations can indeed be considered
as an illustration of the general behaviour of a species heavier
than He.

These composition-dependent skymap results for both models
B and C demonstrate the insight, in addition to the usual angular
information, that can be provided by the composition information.
UHECR nuclei, operating as ‘composition clocks’, can provide the
additional third dimension to skymaps, giving rise to a clear skymap
signature for a particular propagation scenario from a local source.
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5 DISCUSSION

This work builds further on the possibility that UHECR at the highest
energy may have a local extragalactic origin (Wykes et al. 2018,
BM22). Such a possibility appears compatible with the evidence both
that a local UHECR source must exist (Taylor et al. 2011; Lang et al.
2020), and that a small number of such sources are contributing to
the UHECR flux observed at the Earth (Ehlert, Oikonomou & Unger
2023). We now discuss our results within the wider astrophysical
context, focusing on the key uncertainties in our model, before
exploring the prospects for testing the echoes model in the future.

5.1 Scattering in local extragalactic magnetic fields

One of the key aspects of our work is that the magnetized CGM
of galaxies within the CoG must represent an effective barrier to
UHECRs if they are to produce UHECR echoes. As discussed in
Section 1 and by BM22, while the magnetic fields in the CGM
are uncertain, the field strengths required to deflect UHECRs are
plausible. In our work, we made the simplifying assumption that
each CoG member has the same optical depth and scattering halosize.
Provided that the optical depth is larger than 1 the results presented
here are not found to be qualitatively sensitive to the specific value
adopted. However, in detail, neither of these assumptions is likely to
hold, even if the pressures and densities in the respective CGMs are
comparable. In particular, there is likely to be variation in the plasma
beta value, B, since magnetic fields can be amplified and stretched
by dynamos and dynamical interactions, or transported from the
galaxy to the CGM through outflows. It is important to note that the
SFR within the Galactic nuclear regions of the COG members varies
considerably. Assuming that the level of this central SFR activity
dictates a galaxy’s ability to drive material out into its scattering
haloregion, a large variety of scattering halomagnetic field strengths
would also be expected. Subsequently, CoG members possessing the
largest nuclear SFR would be expected to possess the largest optical
depths.

In addition, the structure of the magnetic field is important because
there must be some ordering of the field on the scale of the UHECR
Larmor radius. A discussion of the ability of M82 to produce
large-scale, ordered magnetic fields is given by BM22, but we also
draw attention to the results of Pakmor et al. (2020), who examine
the magnetized CGM in spiral, MW-like, galaxies with ‘zoom-in’
cosmological MHD simulations. They find the CGM is magnetized
by an in situ turbulent dynamo, which can create a magnetic field of
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Figure 11. As Fig. 10, but for Model C, the delayed escape scenario. In this model, ‘echo’ features from the CoG members at large angular distances from Cen
A are only significant in the lighter mass bin (1 < InA < 1.5), and the high mass bin is dominated by Fe-rich CRs that have escaped Cen A more recently and

scattered off NGC 4945, M83, and Circinus.

strength ~0.1 uG by z = 0. However, they also show that large-scale
ordered fields are only produced in the presence of strong galactic
outflows.

Taking all the above evidence together, the likely variation of
the strength and structure of the circumgalactic magnetic field
between galaxies would be expected to naturally create a hierarchy:
some galaxies, perhaps those undergoing interactions or that have
recently undergone a burst of star formation, would be effective
UHECRS scatterers, while others could be more or less transparent to
UHECRSs. Such a hierarchy is likely to be important for explaining the
apparent correlation of UHECR arrival directions with star-forming
or starburst galaxies (Aab et al. 2018b; Abreu et al. 2022), and
possibly even necessary for explaining why the MW is not opaque
to UHECRSs (see discussion in Section 5.2).

Finally, we note the additional simplifying assumptions we have
made. We neglected particle scattering in extragalactic space beyond
the virial radius of the CoG objects (although we did approximate
this effect by smoothing the skymaps), and within the virial ra-
dius of the MW (see discussion in Section 5.2). Additionally, the
contribution to the UHECR skymap from more distant sources
has been neglected, and the scattering in the scattering haloes
was treated independently of rigidity. Each of these assumptions
is warranted of further interrogation, which we leave to future
work.

5.2 Propagation within the Milky Way’s magnetic field

Given that only ~10 per cent of the UHECR detected by the PAO
above 40 EeV appears anisotropic (Aab et al. 2018b), correlating
with the CoG structure (van Vliet et al. 2022), the results presented
in Section 4 are specifically focused on accounting for the origin
of this anisotropic component. The origin of the remaining quasi-
isotropic signal has been intentionally neglected.

One possible way in which a level of quasi-isotropic signal
could also be accounted for, expanding on the set-up adopted in
this study, would be the inclusion of particle scattering within the
MW’s own virial radius. The main effect expected from UHECR
propagation within an extended, turbulent MW halo is an additional
dispersion of the arriving anisotropic UHECR signal (Shaw, van
Vliet & Taylor 2022). With the size of this dispersion being rigidity
dependent, the spreading of the heavier species for particles in a
given energy band could give rise to a quasi-isotropic component in
the skymap. In contrast, lighter species, whose angular dispersion
would be smaller, would produce more anisotropic components in
the skymap. A similar effect could also be induced by sufficiently
strong (ZnG) intergalactic magnetic fields, as hinted at by the greater

angular spread in the high-mass skymap in the right-hand panel of
Fig. 11.

Additionally, at sufficiently low energies, UHECR diffusion within
the MW from an external source would be expected to give rise to a
skymap with a largely dipolar anisotropy component (Giacinti et al.
2011). Whether local propagation at these lower energies (>8 EeV)
could account for the recent discovery by the PAO of a dipole of
magnitude 7 per cent in the UHECR skymap (Aab et al. 2017b),
consistent with the weaker evidence for a dipole also seen by TA
(Abbasi et al. 2020), remains an open question. With the magnitude of
this dipole increasing with energy, potentially reaching a magnitude
of more than 10 per cent above an energy of 40 EeV (Aab et al. 2020),
a possible connection to the scattering scenario we put forward here
seems warranted for future investigation.

5.3 Cen A’s activity evolution

A key astrophysical aspect of the echoes scenario is that the original
UHECR source must be variable, which is necessary for any of the
echo waves or hotspots to be of comparable significance to the direct
flux. More specifically, the source — in our case, Cen A — needs to
have declined significantly in UHECR luminosity over a ~20 Myr
time-scale if the hotspots from the echoes are to be approximately
the same intensity as the hotspot from the region of Cen A. This
decline can be achieved by a direct corresponding change in source
power or a combination of a change in power and the CR spectral
index. In our modelling, the ratio of UHECR luminosity 20 Myr
ago to the present-day luminosity is &700. This factor, however,
scales inversely with the cross-sectional area of the haloes (i.e. with
the square of the scattering haloradius). Increasing the scattering
halo radius to 800 kpc, one of the values considered by BM22 and
motivated by Lehner et al. (2020); Wilde et al. (2021b), would
decrease this required magnitude of UHECR variability in Cen A
to 2100. The larger radius and consequently stronger echo might
be appropriate for galaxies such as M82, which are more strongly
star-forming.

As discussed previously in other papers (Matthews et al. 2018,
2019, BM22), evidence exists supporting the possibility that Cen A
possessed enhanced activity in its ‘recent’ history. Specifically, the
inferred age of the synchrotron-emitting electrons in the giant radio
lobes is ~20-30 Myr (Hardcastle et al. 2009), which is comparable
to the time-scales of the echo waves considered here. Furthermore,
Cen A’s giant lobes have an estimated total energy content of
~10Cerg s~! (Wykes et al. 2013; Eilek 2014). If inflated over
a similar ~20 Myr time-scale, this would require a mean jet power
of ~10%* erg s71, some 1.5-15 per cent of Cen A’s potential
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Eddington luminosity, 7 x 10* ergs~!, assuming a black hole mass

of 5.5 x 107 M, (Cappellari et al. 2009). These luminosity estimates
for Cen A are consistent with the required kinetic energy luminosity
necessary for the source to be considered capable of accelerating
UHECRs, as discussed in Section 2 (see equation 1).

5.4 Predictions and outlook

The hotspot maps obtained from our simulations shown in Figs 10
and 11 can be compared with the ull-sky joint PAO/TA hotspot map,
combining the data from PAO above 40EeV and from TA above
53 EeV (di Matteo et al., see their Fig. 4, which also highlights the
alignment of both the local sheet and supergalactic planes to these
hotspots). As apparent from a comparison of these simulation maps
with the observational map, consistency between them can be found
for either the model B or model C simulation scenarios.

The coming advent of AugerPrime (Castellina & Pierre Auger
Collaboration 2019) provides an exciting test bed for looking for
further insights in the anisotropy signature reported by the PAO
(Aab et al. 2018b; Abreu et al. 2022) and TA (Abbasi et al. 2014).
Observations by AugerPrime are anticipated to allow the composition
of air showers to be probed on a shower-by-shower basis. We consider
here how composition dependent skymaps will allow the model
explored here to be tested.

Although models B and C lead to apparently similar skymaps at
a time period of around 20 Myr after the Cen A outburst event (see
Figs 7 and 8), the composition-dependent skymaps for this same time
window shown in Figs 10 and 11 are noticeably different.

One general feature found is that the He-like flux for the Cen A
region and the CoG region away from Cen A are strongly different.
In model B, the He flux for the echo signal from the region away
from Cen A is small compared to the He flux for the Cen A region.
In contrast to this, for model C, the He signal from the region away
from Cen A is large compared to the He signal from the Cen A
region.

The geometrical nature of the delayed signal from Cen A, produced
by UHECR echoes off the CoG structure, predicts a similar level of
brightness of UHECR signal from sources on the same isodelay
contour (see Fig. 5), as appreciated by Figs 7 and 8. Furthermore, the
composition of the signal echoed off objects on the same isodelay
contours should also match, as appreciated from Figs 10 and 11. The
approximate equal brightness of the sources seen in these results,
however, partly comes from the assumption of equal-sized scattering
regions, 7y, for all CoG members. This assumption was made on
the basis of simplicity rather than from observational motivations.
In contrast to this dependence on underlying assumptions, the
expectation of equal composition from objects on the same isodelay
contour is a more robust prediction, being insensitive to the scattering
region size.

Aspects of our findings here are more general than the spe-
cific Cen A source scenario that we consider. Provided that the
primary UHECR source resides sufficiently close, the compo-
sition of the direct and echoed waves of UHECR, following
their release from the source, offer a key diagnostic to probing
both the location of the UHECR source and the local magnetic
environment.

6 CONCLUSIONS

We here explore a potential origin of the observed correlation of
UHECR with nearby extragalactic structures reported by PAO above
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an energy of 40EeV (Aab et al. 2018b; Abreu et al. 2022) and
TA above an energy of 50 EeV (Abbasi et al. 2014). Specifically,
we investigate whether such a correlation can result from the echo
signal of UHECR, originally accelerated and released by Cen A,
off the local extragalactic structure, further developing a scenario
initially considered by Bell & Matthews (2022).

Focusing our attention on the CoG structure, the dominant extra-
galactic structure at distances <10 Mpc from the MW, we consider
ballistic propagation of UHECR beyond 300 kpc from members
of the CoG structure, with the UHECR undergoing large angle
scattering on approaching distances smaller than this from any of the
member objects. We find that the propagation of a pulse of UHECR
from Cen A through this structure gives rise to three distinct signals.
The first signal at 12 Myr is produced by a direct wave from Cen
A. The second and third signals are the two echo waves at 21 and
33 Myr.

Beyond these pulse results, we additionally consider the effect
introduced by both Cen A’s activity evolution over the last 30 Myr
(model B) and the rigidity dependence of the UHECR escape from
Cen A (model C). In both model B and C cases, it is shown that
under reasonable assumptions for these two processes, hotspots
corresponding to the CoG members in the late-time (>30Myr)
skymap are obtained following the initial outburst from Cen A (see
Figs 7 and 8).

Through the consideration of the propagation of He and Fe
nuclear species in the UHECR signal and the photodisintegration of
these species en-route, we obtain composition-dependent skymaps.
These skymaps are produced by a mixture of direct and echoed
signals. It is demonstrated that the apparent degeneracy in the
late-time skymaps for models B and C can be broken using the
spatial distribution of the light component regions (see Figs 10
and 11). Furthermore, the echo origin of the CoG object cor-
relation, quite generally, predicts a common signal composition
from all CoG members located on a common isodelay contour
(see Fig. 5).

Our results suggest that the use of ‘composition clocks’ — that is,
UHECR composition as a measure of the travel time for the UHECRs
as a function of arrival direction and/or energy — has more general
and exciting prospects as a probe of the UHECR time domain, with
the potential for testing the UHECR echo model as well as other
UHECR source scenarios.
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DATA AVAILABILITY

Data and accompanying scripts to reproduce Figs 1 to 5 in this paper,
together with animations of all skymaps and Fig. 3, are available in
a github repository (https://github.com/jhmatthews/uhecr-echo-vis)
with an associated Zenodo DOI: 10.5281/zenodo.7634624. The
additional raw data to reproduce the skymaps are available from
the authors upon request.
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APPENDIX A: TABLE OF GALAXY
PROPERTIES

In Table A1, we show the complete list of the CoG objects included in
our calculations, together with their positions, stellar masses, infrared
luminosities, radio fluxes, and estimated SFRs. References for the
sources of these estimates and measurements are given in the table
caption, as are the symbol definitions.
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Table Al. Object names, Galactic coordinates (/, b), distances, stellar masses (M), 12 um lumnosity (L2 um)s
estimated SFRs of the CoG members included as UHECR scatterers in our simulations. Distances are taken from
(McCall 2014, table 1) (Table 1). Mass in stars, infrared luminosities, and estimated SFRs of objects are taken from
the WISE catalogue for extended sources (Jarrett et al. 2019).

L1z m

Galaxy 1°) b(°)  Distance (Mpc) M, (10'°Mg) (10929) est. SFR (Mg yr™ 1)
NGC 253 9736  —87.96 3.5 1.7 3.5 5.4
M64 315.68  84.42 5.0 115 1.3 2.3
M81 142.09 4091 3.7 7.1 0.4 0.8
M82 141.41  40.57 3.5 1.3 7.8 10.7
M83 31458 3197 49 2.7 34 52
M94 12336 76.01 45 3.8 0.9 1.6
NGC 4945 30527  13.34 3.3 12 1.8 3.0
IC 342 138.17  10.58 3.4 2.7 2.1 3.5
Maffei 1 13586  —0.55 3.3 6.2 - -
Maffei 2 136.50  —0.33 34 1.2 0.9 1.5
Circinus 31133 —3.81 43 1.5 6.2 8.8

0.03 Mpc), for four different times: 4, 12, 21, and 33 Myr. Also shown
in this figure are the positions of the CoG objects (empty circles),

Cen A (pink filled circle), and the MW location (black vertical
In Fig. B1, snapshots of the logarithm (base 10) of the binned density cross).

are shown for the Model B and Model C simulations (bin size

APPENDIX B: PARTICLE POSITION MAPS FOR
MODEL B AND MODEL C CASES
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Figure B1. Particle position maps from a slice of thickness Az = 0.6 Mpc in the z = 0 plane from Model B and Model C at four time-steps (3.9, 11.7, 20.6,
33.3 Myr), following their impulsive release from Cen A. The position maps are presented as binned particle densities with bin sizes of 0.03 Mpc and a density
floor of 10719 bin~! in these arbitrary units.
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