
P
o
S
(
I
C
R
C
2
0
2
3
)
2
1
5

The Reverberation of UHECR from Local Structure

A. M. Taylor,𝑎,∗ J. H. Matthews𝑏,𝑐 and A. R. Bell𝑑,𝑒
𝑎Deutsches Elektronen-Synchrotron,
Platanenallee 6, 15738 Zeuthen, Germany

𝑏Department of Physics, Astrophysics, University of Oxford,
Denys Wilkinson Building, Keble Road, Oxford, OX1 3RH, UK

𝑐Institute of Astronomy, University of Cambridge,
Madingley Road, Cambridge, CB3 0HA, UK

𝑑University of Oxford, Clarendon Laboratory,
Parks Road, Oxford, OX1 3PU, UK

𝑒Central Laser Facility, STFC Rutherford Appleton Laboratory,
Harwell, Oxford, OX11 0QX, UK

E-mail: andrew.taylor@desy.de

Observations by the PAO indicate a correlation between UHECRs and either the local AGN or
starburst galaxies. We consider whether this correlation is compatible with UHECRs having a
single local extragalactic origin, and subsequently ballistically propagating in local extragalactic
space before reverberating off the local Council of Giants structure. Focusing effects within the
reverberation wave structure observed are discussed. We demonstrate that such a scenario imprints
itself on the UHECR skymap, composed of both the direct and secondary waves from both the
primary source local and the Council of Giant structure, respectively.
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1. Introduction

The origin if the highest energy cosmic rays drives observational and theoretical studies in high
energy astrophysics. Clues to this origin may finally be emerging thanks to deep observations made
by the PAO, revealing evidence for small scale anisotropy in the skymaps of these highest energy
particles. In particular, these small scale anisotropies appear to correlate with the location in the
sky of the most local extragalactic structure [1].

Theoretical motivations for candidate sources can be made through the consideration of both
the Hillas [2] and the Hillas-Lovelace criteria [3–6].

The existence of a correlation of UHECR with local extragalactic structure, motivates the
consideration of scenarios in which a local AGN, namely Cen A, is the dominant source of UHECR
driving the anisotropy signal detected by the PAO [7]. We here further explore this possibility.

The full publication, describing this research in more detail, can be found in [8].

2. The Local Extragalactic Region

The Universe of local extragalactic scales (≲ 100 Mpc), is inhomogeneous. Focusing on the
local patch of the Universe where the Milky Way resides, substructure is noticed. Specifically, on
very local distances ≲ 10 Mpc around the MW, in a region with distinct kinematics known as the
Local Sheet [9]. 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 [10]; we adopt this CoG
naming convention hereafter.

Within the CoG group member set, only Cen A is recognised to demonstrate clear recent
AGN activity required to enable particle acceleration up to the UHECR energy scale. Definitive
evidence for this activity in Cen A is revealed by the radio emission detected from its two giant lobe
structures, which each extend out to ≈ 300 kpc, a distance scale comparable to the virial radius of
its host galaxy [11]. In addition to this it also possesses smaller scale inner lobes, indicating the
onset of more recent AGN activity [12]. Amongst the CoG members, no other objects display such
prominent AGN jet activity.

The thermal and magnetic pressures within the CoG system, outside of the central galaxy
environments, remains to be strongly constrained. Recent observations, however, do suggest that a
significant amount of thermal pressure of galaxies resides out to virial radii distances (∼ 300 kpc)
[13], with hints that magnetic fields at these large radii may also be large [14].

3. Simulation

To simulate the propagation of cosmic rays from Cen A through the COG structure to Earth
a Monte Carlo description utilising 1.5 × 109 particles is adopted. The first particles launched at
𝑡 = 0 such that the first particles arrive at Earth after ≈ 12 Myr. An isotropic distribution of initial
particle momenta is adopted, motivated by the expectation that the particle Larmor radii are small
compared to the dimensions of the jet dimensions on these spatial scales.

2



P
o
S
(
I
C
R
C
2
0
2
3
)
2
1
5

UHECR Reverberation A. M. Taylor

Particles are injected into the system at Cen A with a spectral energy distribution of the form

𝑑𝑁

𝑑𝐸
=

𝑖max∑︁
𝑖=1

𝑓𝑖

(
𝐸

𝐸0

)−2
𝑒−𝐸/(𝑍𝑖𝑅max ) , (1)

where a spectral index of 2 has been adopted, as motivated by Fermi diffusive shock acceleration
theory for the case of strong shocks [15]. The terms 𝑓𝑖 in the expression above describes the
abundance of species of 𝑖, and 𝑅max is the maximum rigidity that Cen A is assumed to accelerate
particles up to. A value for 𝐸0, the minimum energy scales particles are injected at, of 30 EeV is
adopted. This value for 𝐸0 is adopted so as to focus our simulations on the energy scale at which
small scale anisotropies are observed in the UHECR skymap data. A two species setup is adopted
(ie. 𝑖max = 2), consisting of He and Fe nuclei. Abundance ratios for He and Fe injected at the
sources of 𝑓He = 0.868, and 𝑓Fe = 0.132 are adopted. Our motivation for adopting this He : Fe ratio
is to ensure that a comparable level of signal (within a factor of 3) in the Model C skymaps from
both the direct and reverberated waves.

For particle propagation within the CoG region, we assume isotropic scattering lengths for
cosmic rays in close proximity to the CoG objects. For simplicity we adopt energy independent
isotropic scattering lengths for all cosmic ray nuclei in the system, with a scattering length,

𝑙sc =

{
𝑐𝜏sc, if 𝑟 ≤ 𝑟sc

∞, otherwise
(2)

where 𝑟 is the distance of the cosmic ray from the CoG object, and 𝑟sc is the galactic scattering
radius for the CoG members (fixed to a size of 300 kpc for all objects). This scattering radius value
is close to the expected virial radii for a 1012 𝑀⊙ mass galaxy. For our description of the scattering
events, we adopt a large angle isotropic scattering description.

We consider 3 different possible source evolution models. These models differ in how both
the UHECR source luminosity evolution varies with time, and in the UHECR escape time from
the source region. We label these models A, B and C. The underlying idea here is that model A
provides insight into the response fucntion that the CoG structure imposes on an UHECR pulse
from the source. In contrast, models B and C, considred as more plausible scenarios, explore the
effect of the source luminosity and escape rate evolution, respectively. Further details of the two
scenarios are given below.

For Model B we consider a scenario in which the UHECR source luminosity decreases
exponentially over time, after the initial injection pulse. For this model, once injected by the
source, the particles escape immediately fron the source region. Using the timescale from the initial
injection, the subsequent UHECR luminosity is given by,

𝐿 = 𝐿0𝑒
−𝑡/𝜏dec , (for 𝑡 > 0) (3)

where 𝜏dec describes the decay time of the UHECR source luminosity (set to 3 Myr). This short
activity timescale is noted to be consistent with the activity evolution of other local AGN [16].

For Model C we consider a scenario in which the source injects a pulse of particles, with these
particles subsequently residing for longer within the source region before escaping. We approximate
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Figure 1: Particle position maps from a slice of thickness Δ𝑧 = 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 physics of diffusive escape out of the magnetised lobes by assuming rigidity-dependent particle
escape times, given by

𝜏esc = 𝜏10

(
𝐸/𝑍

10 EV

)−1
, (4)

where 𝐸 is the particle energy, 𝑍 the particle charge, and 𝜏10 is the escape time for a 10 EV rigidity
particle, for which we choose 𝜏10 = 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 source region into the CoG environment.

4. Results

After their propagation through the CoG system, UHECR nuclei arrive to the MW in multiple
waves. Fig.1 shows a 𝑧 = 0, Δ𝑧 = 0.6 Mpc slice of the arriving particle spatial distribution in the
system for Model A at four key timescales: 0 Myr, 12 Myr, 21 Myr, and 33 Myr, in the 𝑥 − 𝑦 (local
sheet) plane. 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). The arrival of waves of particles to
the MW location are observed in these particle density plots at 12 Myr, 21 Myr, and 33 Myr.

An understanding of the timescales for which the waves arrive to the MW, and the specific
sources responsible at each of these times for contributing to the reverberation signal, can be
understood from Fig. 2. This figure gives a breakdown of the reverberated waves, connecting
each arrival time to sources located on a specific concentric ellipse, whose two focii are occupied
by Cen A and the MW. The colour scale in the figure indicates the delay time for trajectories
reverberating off each concentric ellipse.

Plots showing the angular distribution of particles arriving to a MW based observer (i.e. the
arriving particle skymap), after scattering off the CoG objects, is shown in Galactic coordinates in
Fig. 3 for the model A scenario. This figure shows the arriving cosmic ray skymaps at 33.3 Myr after
a Cen A outburst of UHECR. To produce this skymap, we binned the arrival directions into solid
angle bins, in Galactic coordinates, using the Healpy python implementation [17] of the HEALpix
scheme [18]. The colour-scale in these skymaps encodes the number of particles per pixel (ie. solid
angle bin).

Corresponding plots are shown in Fig.s 4 and 5 for model B and C scenarios, respectively. In
our framework, and as also suggested by [7], we consider the 33 Myr time period to approximate
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Figure 2: A family of concentric ellipses with a variety of eccentricity values, colour-coded by the corre-
sponding ballistic arrival time to the MW from Cen A. The ellipses are plotted as dashed lines from 11.7 to
52.8 Myr at 2.94 Myr intervals. Additional thick solid lines are overlaid for key timescales of 𝑡 = 20.6 Myr
and 𝑡 = 33.3 Myr (see also Fig. ??).

Figure 3: Skymap 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 × 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).

to the present day, representing a reasonable characteristic elapsed time since Cen A’s UHECR
activity was at its peak. The arriving UHECR flux at these 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. Both the model B and model C skymaps are noted
to show striking similarities with the observational results from both the PAO and TA [19–21], in
particular when compared to the all-sky anisotropy patterns [22, 23]. Specifically, a hotspot from
the direction of Cen A is observed, with additional hotspots being produced by the reverberated
signal from the directions of Maffei/IC 342, M81/M82, M94 and M64. It should be highlighted
that the relative brightness of the Cen A signal and the reverberation signals depends on the model
parameters – specifically the adopted composition, the source activity (𝜏dec), the CR escape time
(𝜏esc), and the halo size 𝑟sc. Different relative intensities and extensions can therefore be achieved
by tuning these parameters accordingly.

5



P
o
S
(
I
C
R
C
2
0
2
3
)
2
1
5

UHECR Reverberation A. M. Taylor

Figure 4: Skymap in Galactic coordinates (Hammer-Aitoff projection) at 33.3 Myr, for Model B, the
declining source scenario, for which a decay time of 𝜏dec = 3 Myr has been adopted. The map is calculated
in the same way as in Fig. 4.

Figure 5: As Fig. 4, but for Model C, the delayed escape scenario in which particles have a rigidity-dependent
escape time described by equation 4 with 𝜏10 = 1.5 Myr.

5. Conclusions

We consider a local origin for the observed correlation of UHECR with nearby extragalactic
structures reported by PAO above an energy of 40 EeV [20, 21] and TA above an energy of 50 EeV
[19]. Whether such a UHECR correlation can result from the reverberation signal of UHECR,
originally accelerated and released by Cen A, off the local extragalactic structure, developing
further a scenario initially considered by [7], is investigated.

Focussing on the effects that the presence of the local CoG (< 10 Mpc) structure might have,
we simulate the ballistic propagation of UHECR originating from Cen A, incorporating large angle
scattering of the UHECR in close proximity (<300 kpc) to any of the member objects. Our primary
finding is that a pulse of UHECR from Cen A, subsequently propagated through the CoG structure,
gives rise to three distinct signals. The first wave at 12 Myr, is produced by direct (unhindered)
particle propagation from Cen A. The second and third signals, at 21 Myr and 33 Myr, are produced
by the reverberation waves from the presence of the local structure.

Additionally we consider the effect introduced on top of these results by both Cen A’s source
activity evolution over the last 30 Myr (model B), as well as the rigidity dependent escape of
UHECR from Cen A (model C). For both of these cases, we show that hotspots are produced in the
skymap by the presence of the CoG members (see Fig.s 4 and 5).
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