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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 photo-disintegration 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 UHECRSs 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.
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1 INTRODUCTION

The question as to the origin of the highest energy cosmic rays, with
energies in excess of 1020 €V, which have been detected at 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; Waxman 2004; Norman et al. 1995;
Blandford 2000) 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 et al. 2011; Lang et al. 2020). For AGN, only a few local
candidate sources exist, such as Centaurus A (Cen A) (O’Sullivan
et al. 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 structure in the southern hemisphere sky, specifically with ei-
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ther 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 re-
ported by the Telescope Array (TA) collaboration (Abbasi et al.
2014). With the significance of the PAO reported starburst galaxy
correlation being already larger than 4 o (post-trial), the origin of
such a correlation appears worthy of deeper consideration.

The existence of this correlation, assuming that it is a real cor-
relation 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 neigh-
bourhood. In section 3 we describe the setup considered to study the
propagation of UHECR from Cen A to Earth, considering their scat-
tering the magnetic field associated with local galaxies, and their
energy- and species- dependent photo-disintegration in extragalactic
radiation fields. In section 4 the key findings from our simulations are
discussed. In section 5 we discuss these results, outlining the limita-
tions of our approach and indicating further aspects to be explored.
In section 6 we draw our conclusions.
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2 THE LOCAL EXTRAGALACTIC ENVIRONMENT

Following the growth of structure formation via gravitational collapse
over cosmological timescales, the Universe at the present epoch on
small scales (5 100 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 surround-
ing 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 (ie.
2D) geometry and is approximately circular in structure. We consider
here all members from the CoG listed by McCall (2014). Fig. 1 shows
a depiction of the CoG objects which 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 center 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 ob-
server, is shown in Fig 2, in a Galactic coordinate representation
(Hammer-Aitoff projection). In both Fig.s 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 Ap-
pendix A together with stellar masses, estimated star formation rates
(SFRs) and infra-red luminosities.

Within the CoG group, only Cen A is known to demonstrate clear
recent AGN jet activity, although Circinus may also exhibit some
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 ~ 300 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
et al. 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 galac-
tic outflows can accelerate particles to high energies. The maxi-
mum characteristic particle energy can be estimated from the Hillas-
Lovelace condition, given by

1/2
) Eev. (1)

Z Z L
Emex 3 = (BLxgat)!/? ~ 10 ( BLKE

; 3 x 1043 erg g1

Here g is velocity of the outflowing magnetised jet plasma in speed
of light units, Lxg is the kinetic power, Z is the atomic number,
describes the scattering rate in units of the Bohm level scattering, o
is the electromagnetic fine structure constant, and 7i = h/2x where
h 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 10760 erg, suggesting a time-averaged
luminosity of ~ 5x10*3 erg s~! assuming a slow subsonic inflation of
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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 = 0.362 Mpc, 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.
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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.

the lobes (Wykes et al. 2013). For an inflation velocity faster than this,
the timescale 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 et al. 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 indicates that it is 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 eqn 1).



The thermal and magnetic pressures between galaxies within the
CoG, and how the pressures at the center of the galaxies reduce with
increasing distance from them, remains poorly understood. Obser-
vationally, there is a growing body of evidence that a “warm-hot
intergalactic medium” (WHIM) permeates the space between galax-
ies (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 et al.
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"(45) ecm™3), the high temperature of this gas (k7' 2 300eV)
indicates that it provides significant thermal pressure within the ex-
tended galaxy out to distances comparable to the galactic virial radius
(~300 kpc). Should the strengths of the magnetic fields, B, embed-
ded within this gas be in approximate equipartition with the thermal
energy density, B2/87 ~ 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 out at these extended
galactic distances. In reality, Sg 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
~ 0.1uG field at the virial radius is consistent with recent results
from CGM modelling (Pakmor et al. 2020; van de Voort et al. 2021;
Faerman et al. 2020; Faerman & Werk 2023), supporting the earlier
suggestion that giant magnetised 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 magneti-
sation 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 to 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 SETUP

To simulate the propagation of cosmic rays from Cen A through
the CoG structure to 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 timescale of 45 Myr, with
the first particles launched at # = 0 such that the first particles arrive at
Earth after ~ 12 Myr. The initial starting conditions of the simulation
are for 108 particles distributed uniformly within a sphere of radius
300 kpc, centered on Cen A. 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). An initial
isotropic momentum distribution of these cosmic rays is adopted.
The positions of the scattering regions within our 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.
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3.1 Injected Energy Spectrum

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

il’l]ﬂX —2
% - ' f; (EEO) e_E/(ZiRmux), 2)
i=1

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,x is the maximum rigidity that the UHECR
source accelerates particles up to. A value for Ey, 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, Rmax = 30 EeV,
which is compatible with the expectations found for scenarios in
which the UHECR originate from a local source (Taylor et al. 2015;
Aab et al. 2017a).

For the simulations considered here, a two species setup is adopted
(ie. 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 1019 eV (Hooper et al. 2007; Wykes et al. 2018)
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 at these energies provides
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 , which are considerably more stable than He for the
energies considered.

We adopt abundance ratios for He and Fe injected at the sources
of fie = 0.868, and fr. = 0.132, which, due to the impact of the
cutoff 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
S0 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., Xmax distributions (REFs); 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,

I = {crsc, ifr < rvsc 3)

0, otherwise

where rg 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
to the expected virial radii for a 1012 Mo 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 g of the scattering
radius of each CoG galaxy. Our scattering description here differs
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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 75 = 0.5 Myr is
adopted (ie. rs¢ = 150 kpc). In comparison to this length scale, the
Larmor radius of a 10 EV cosmic ray in a 0.1uG magnetic field
is 100 kpc. Outside of the CoG galaxy regions, we assume that no
scattering events take place.

3.3 Photo-disintegration Rates

We consider photo-disintegration of the cosmic rays in both the cos-
mic microwave background (CMB) and extragalactic background
light (EBL) radiation fields. The photo-disintegration rates of
UHECR nucei with the background radiation fields are determined
by a convolution of the photo-disintegration cross-section with the
radiation field spectral energy distribution (Hooper et al. 2007, see
their eq. 3)). For the photo-disintegration 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 et al.
(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 = M X,

where the rotation matrix M is given by

CwSs+5wCsSa —CwCs+SwSsSa —SwCa
M=|-5uSs+CwCsSa SwCs+CwSsSa —Cwla (@]
csCa S§Ca Sa

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

3.5 Cen A Emission and Release Models

In the following we describe the results for 3 different source evolu-
tion 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 -function in time, whose resultant
transmission through the system to an observer at Earth essentially
provide a response or transfer function of the UHECR signal at 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 particles
escape immediately fron the source region. Using the timescale for
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the initial outburst as a reference time scale for our results (r = 0),
the subsequent UHECR luminosity is given by,

L= Loe /T (fort > 0) 5)

where 74, is the decay time of the UHECR source luminosity, which
we set to 3 Myr. Such a short activity timescale would be consis-
tent 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 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 sensi-
tivity of our results to the exact timestamps we present, which is an
appropriate choice given the uncertain time evolution of Cen A.

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 ¢ = 0, with a stan-
dard deviation of 1 Myr(ie. 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 approx-
imate the physics of diffusive escape out of the magnetised lobes of
Cen A by imposing an additional rigidity-dependent escape time for
each particle, given by

(6)

E/Z \7!
10EV) °

Tesc = T10 (
where E is the particle energy, Z the particle charge, and 71¢ 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 10 EV
is consistent with these particles experiencing around 1 scattering
event before being able to escape from their host environment region.
While ¢ < 7egc, a given particle can undergo photo-disintegration loss
interaction, but it does not move from it’s starting position; only after
t = Tesc does the particle start propagating. Although this description
fails to capture any change in rigidity of the particle as it undergoes
energy losses, such rigidity changes during photo-disintegration 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 to the MW location
are observed. Fig.3 shows a z = 0, Az = 0.6 Mpc slice of the
particle spatial distribution in the system for four key timescales:
0 Myr, 12 Myr, 21 Myr, 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. 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 timescales, the arrival of waves to the MW
location at 12 Myr, 21 Myr, and 33 Myr can be seen.

4.2 Direct and Echoed Waves

The four key timescales noted, relate to the intitial spatial distribution
(0 Myr), the arrival of the direct wave from Cen A (12 Myr), and the
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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 timesteps (3.9 Myr, 11.7 Myr, 20.6 Myr,
33.3 Myr), following their impulsive release from Cen A. The corresponding plot for models B and C can be found in Appendix ??, and an animated version
can be found in the supplementary material. 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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Figure 4. The CR particle density in a local box of size 300 kpc, centered 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 ¢t = 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.

arrival of two echoed waves (21 Myr 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 Myr and 33 Myr after
the outburst. The width of the peaks of the waves seen in the figure
result from the finite size of the scattering regions.

An understanding of the different timescales which these waves
arrive from, 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.

4.3 Focusing Effects

As appreciated directly from the particle density snapshots shown
Fig. 3, the scattering of particles from the CoG objects results in the
arrival to the MW of focussed waves of particles. To understand the
origin of this focussing 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 isotempo-
ral contours for signals from Cen A which arrive to the MW at the
same time. As observed in this figure, the CoG objects are approxi-
mately 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 these definitions, the first CRs arrive at t ~ R/c = 12 Myr.
Subsequent echoes from sources lying on an ellipse with eccentricity
e arrive at t = R/(ce), with a delay with respect to the light travel
time of 7 ~ R(1 — e)/(ce). This geometrical argument assumes
ballistic trajectories in 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 r ~ 20 Myr 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 Earth, enhancing the signal
from the approximate Cen A direction slightly and smearing 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).
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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 # = 20.6 Myr and
t = 33.3 Myr (see also Fig. 4. The two focal points (fi and /) of the ellipses
are centered 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.

4.4 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 out-
burst 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 et al. 2005). The colour-scale in these skymaps en-
codes the number of particles per HEALpix pixel (ie. 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, we apply a 20°
(full-width at half-maximum [FWHM]) Gaussian smoothing to the
skymaps to approximate this process. Such a smoothing can be con-
sidered an approximation of a constant amount of IGM scattering
as a function of sky position, and is broadly appropriate given that
the source and scatterers are all located at a similar distance from
Earth; nevertheless, we discuss this limitation further in section 5.1.
The adopted 20° FWHM of the Gaussian smoothing is larger than
the ~ 5° angular radius subtended by a 300 kpc scattering halo at
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
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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 Fig.s 7 and 8 for model B and
model C outburst scenarios, respectively, focusing now only on the
¢t = 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 have small variations in
the anisotropy and are dominated by signal 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 com-
parable intensity in the skymap for both direction towards Cen A,
and towards the CoG members located furthest from Cen A. 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. 2020a). Specifically, a bright hotspot region is observed
from the direction of Cen A, with a ring of additional hotspots pro-
duced by echoes from the directions of Maffei/IC 342, M81/M82,
M94 and M64.

It is worth commenting on the conspicuous absence of NGC 253
from the late-time skymaps. As noted above in section 4.3, 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 modi-
fied 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 be-
tween 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 do be deflected around NGC 4945. Alter-
natively, an additional local source near to the Galactic south pole
could contribute, such as the Fornax A radio galaxy (Matthews et al.
2018; Eichmann et al. 2018).

Our results from both Models B and C are fairly similar to those
presented by BM22, who show 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
which included M82, NGC 253 and IC 342. Our results show that this
qualitative match to the observed skymaps does not disappear when
photo-disintegration 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 on 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
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Figure 6. Three skymaps in Galactic coordinates (Hammer-Aitoff projection)
from Model A at 11.7 Myr (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).

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 show in Fig.s 7
and 8, it is helpful to consider a breakdown of these results into the
contributions from different logarithmic nuclear species (ie. In A)
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 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 are
similar in magnitude.

In fig. 11 a decomposition of 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
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Figure 7. Skymap in Galactic coordinates (Hammer-Aitoft projection) at
33.3 Myr, for Model B, the declining source scenario, for which a decay time
of Tgec = 3 Myr has been adopted. The map is calculated in the same way as
in Fig. 7.
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s

Figure 8. As Fig. 7, but for Model C, the delayed escape scenario in which
particles have a rigidity-dependent escape time from equation 6 with 71¢ =
1.5 Myr.

UHECR Flux (Arb.)

D00

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.

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 of species
lighter 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.

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

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
etal. 2020), and that a small number of such sources are contributing
to the UHECR flux observed at Earth (Ehlert et al. 2022). 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 magnetised CGM of
galaxies within the CoG must represent an effective barrier to UHE-
CRs 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 halo size. 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 consider-
ably. Assuming that the level of this central SFR activity dictates a
galaxy’s ability to drive material out into its scattering halo region, 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, be-
cause there must be some ordering of the field on the scale of the
UHECR Larmor radius. A discussion of the ability of M82 to pro-
duce 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 magnetised CGM in spiral, MW-like, galaxies with “zoom-in”
cosmological MHD simulations. They find the CGM is magnetised
by an in situ turbulent dynamo, which can create a magnetic field of
strength ~ 0.1 4G 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 UHE-
CRs. 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 pos-
sibly even necessary for explaining why the MW is not opaque to
UHECRS (see discussion in section 5.2).

Finally, we note the additional simplifying assumptions we have
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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 radius
of the MW (see discussion in section 5.2). Additionally the contri-
bution to the UHECR skymap from more distant sources have been
neglected, and the scattering in the scattering haloes was treated in-
dependently 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% of the UHECR detected by the PAO above
40 EeV appear anisotropic (Aab et al. 2018b), correlating with the
CoG structure (van Vliet et al. 2022), the results presented in sec-
tion 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 setup 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 the MW is a smearing out of the arriving anisotropic UHECR
signal. Provided that certain lines-of-sight probed by UHECR propa-
gation through the MW gave rise to large enough angular spreading,
an additional component of events, which might be described as
quasi-isotropic, would also be produced.

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 the discovery by the PAO of a dipole of
magnitude 7% 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% 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
timescale 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 in-
versely with the cross-sectional area of the haloes (ie. with the square
of the scattering halo radius). Increasing the scattering halo radius
to 800 kpc, one of the values considered by BM22 and motivated
by Wilde et al. (2021b); Lehner et al. (2020), would decrease this
required magnitude of UHECR variability in Cen A to ~ 100. The
larger radius, and a 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
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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 < In A < 1.5, spanning the He mass range (A = 3 —4), and the right-hand panel (orange) shows the results from In A > 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 (In A > 3.5), and the low-mass

bin is dominated by relatively He-rich CRs that were accelerated more recently by Cen A.
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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 < In A < 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.

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), is comparable
to the timescales of the echo waves considered here. Furthermore,
Cen A’s giant lobes have an estimated total energy content of ~
105960 erg s=1 (Wykes et al. 2013; Eilek 2014). If inflated over a
similar ~ 20 Myr timescale this would require a mean jet power of
~ 10%-9 erg s™!, some 1.5-15% of Cen A’s potential Eddington
luminosity, 7 X 10% erg sh assuming a black hole mass of 5.5 x
107 Mg (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 Eqn. 1).

5.4 Predictions and Outlook

The hotspot maps obtained from our simulations shown in Fig.s 10
and 11 can be compared with the full-sky joint PAO/TA hotspot
map, combining the data from PAO above 40 EeV and from TA
above 53 EeV (di Matteo et al. 2020b, 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 and model C simulation
scenarios.

The coming advent of AugerPrime (Castellina & Pierre Auger Col-

laboration 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 show-
ers 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
Fig.s 7 and 8), the composition dependent skymaps for this same
time window shown in fig.s 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, this 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 con-
tour (see fig. 5), as appreciated by fig. 7 and fig. 8. Furthermore, the
composition of the signal echoed off objects on the same isodelay
contours should also match, as appreciated from fig. 10 and fig. 11.
The approximate equal brightness of the sources seen in these results,
however, partly comes from the assumption of equal size scattering
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regions, rgc, 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 expecta-
tion 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 specific
Cen A source scenario that we consider. Provided that the primary
UHECR source resides sufficiently close, the composition of the
direct and echoed waves of UHECR, following their release from
the source, offer a key diagnostic to probing the 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
an energy of 40 EeV (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, developing further a scenario initially
considered by Bell & Matthews (2022).

Focussing 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 scat-
tering 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 direct wave from Cen A.
The second and third signals are the two echo waves at 21 Myr and
33 Myr.

Beyond these pulse results, we additionally consider the effect in-
troduced 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 cor-
responding to the CoG members in the late time (> 30 Myr) skymap
are obtained, following the initial outburst from Cen A (see fig.s 7
and 8).

Through the consideration of the propagation of He and Fe nuclear
species in the UHECR signal, and the photo-disintegration 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 model B and C can be broken using the spatial distribution of
the light component regions (see fig.s 10 and 11). Furthermore, the
echo origin of the CoG objects correlation, 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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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, infra-
red 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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Galaxy 1(°) b (°)  Distance (Mpc) M, (10" Mo)  Lizum (10°Le)  est. SFR (Mp yr™)
NGC253  97.36  —87.96 3.5 1.7 3.5 5.4
M64 315.68  84.42 5.0 115 13 23
M81 142.09  40.91 3.7 7.1 0.4 0.8
M82 141.41  40.57 3.5 13 7.8 10.7
M83 314.58  31.97 49 2.7 34 52
M94 123.36  76.01 45 3.8 0.9 1.6
NGC 4945 305.27 13.34 3.3 12 18 3.0
IC 342 138.17  10.58 34 2.7 2.1 3.5
Maffeil  135.86  —0.55 3.3 6.2 - -
Maffei2  136.50  —0.33 34 12 0.9 1.5
Circinus ~ 311.33  -3.81 43 15 6.2 8.8

Table A1. Object names, Galactic coordinates (I, b), distances, stellar masses (M), 12 um lumnosity (Li2;m), 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).
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