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Abstract

Cosmological filaments, galaxy clusters, and galaxies are magnetized reservoirs of cosmic
rays (CRs). The exchange of CRs across these structures is usually modeled assuming that
they remain charged and magnetically confined. At high energies, hadronic interactions can
convert CR protons to neutrons. This physics is routinely included in air-shower and ultra-
high-energy (UHE) CR propagation Monte Carlo simulations used for composition studies
but is rarely treated explicitly in propagation models of CR transport and exchange between
magnetized reservoirs. CR neutrons are not affected by magnetic fields and can propagate
ballistically over kpc-Mpc distances before decaying back into protons, with relativistic
time dilation extending their effective decay length. We show how such charged-neutral
switching modifies CR confinement and escape in four representative environments: a
Milky Way-like galaxy, a starburst galaxy, a galaxy cluster, and a cosmological filament.
By solving the transport of a confined CR proton population in each structure using a
diffusion/streaming propagation approach with hadronic pp and py interactions, and
treating neutron production and decay as a stochastic Poisson “jump” process, we find
that neutron-mediated steps can allow additional CR escape from large-scale cosmological
structures at energies where charged-particle transport alone would predict strong CR
confinement and attenuation in ambient radiation fields. These effects imply a qualitative
shift in how ultra-high-energy CRs are transferred from embedded sources into filaments
and voids once intermediate neutron propagation is considered, with consequences for the
partitioning of CRs across the large-scale structure of the Universe.

Keywords: astroparticle physics; cosmic rays; magnetic fields; cosmological filaments;
cosmological voids; (galaxy) clusters; galaxies; hadronic interactions; radiative processes
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1. Introduction

Galaxy clusters, super-clusters, cosmic filaments and voids are the largest structures
in the Universe. They sit at the top of the cosmic hierarchy, hosting lower-order systems
such as galaxies and galaxy groups. These large structures are permeated by magnetic
fields of different scales and topologies [1-4]. Magnetism in galaxies has been observed
out to very high redshifts. Some galaxies exhibit ordered magnetic fields, with strengths
exceeding 10 uG [4-7]. The strengths of magnetic fields in clusters and super-clusters
are slightly lower, estimated to be around puG levels [8,9]. The evolutionary history of
magnetism in galaxy clusters and super-clusters is not yet settled. A common view is
that their development is associated with turbulence. This drives a small-scale dynamo to
amplify seed magnetic fields over timescales of the order of hundreds of Myr [9,10], where
the seed magnetic fields may be primordial or injected by galactic feedback (for a review,
see [11]).

The presence of cosmic rays (CRs) in galaxies has been recognized for decades (for
reviews, see [12,13]). Like galaxies, clusters and super-clusters are CR reservoirs. CR
electrons are relativistic. They emit synchrotron radiation when gyrating around a magnetic
field. The presence of energetic (CR) electrons in clusters is evident from their diffuse radio
emission [14]. It has been suggested that a large population of energetic hadronic CRs also
reside in galaxy clusters and super-clusters [15,16] (for recent reviews, see [12,17]).

Cosmological filaments contain most of the matter in the Universe [18] and are be-
lieved to have formed well above redshift z ~ 4 [19]. This implies that they have always
been the dominant mass condensates of the Universe. Our current understanding of
their dynamics and thermodynamics is still primitive, despite their importance and their
prominent position at the apex of the structural hierarchy of the Universe.

Filaments are expected to have weaker magnetic fields than clusters and super-clusters.
Observations indicate that the strengths of their magnetic fields are typically in the range
~20—60 nG (e.g., [2,8,20]) in the current epoch. So far there is no clear evidence showing
the evolution of cluster magnetic fields over cosmological timescales (e.g., [21]). The origin
of filament magnetic fields remains an open question. Possible explanations are intrinsic
cosmological processes [22,23], astrophysical feedback [24-27], shocks associated with
structure formation [9], and a combination of these.

Stacking observations have indicated that a substantial population of CR electrons
reside within filaments [2,28]. From a theoretical perspective, filaments are also expected
to contain a hidden relic population of hadronic CRs (see [29]). These hadronic CRs
are injected by shocks associated with structure formation [28,30]. They could also be
transported into the filaments from the lower-ordered structures, e.g., via scattering in
galaxy clusters, as proposed by some researchers (e.g., [31]), or by advection flows in
feedback from galaxies [32,33]. The long cooling times and the limited interaction channels
available to these hadronic CRs imply that they form a fossil record of the non-thermal
energy generation history of the Universe.

The confinement of charged CRs in filaments is determined by both the strength
and topology of the filaments” magnetic fields [29]. The magnetic fields also scatter, and
hence deflect, the CR particles that propagate through the inter-galactic medium [34]. In a
strong scattering regime, the transport of CRs in a magnetic medium is a diffusive process.
Tangled magnetic fields in filaments could have coherence on multiple length scales, so they
could act as energy-dependent sieves. In general, low-energy charged CRs are trapped, but
high-energy charged CRs could break the confinement and escape from the filaments. The
magnetic confinement of charged CRs can be weakened or even broken through various
mechanisms. One example is in situ acceleration, which can operate in filaments [28,30],
clusters/super-clusters [12,35] and galaxies/groups [13,36], through which CR particles
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can acquire sufficient energies to exceed the confinement threshold. Other processes, such
as cross-field diffusion [37], mechanical advection in bulk astrophysical flows [32,33] or
tapered or folded magnetic field topologies [29], can also facilitate CR escape.

These scenarios implicitly assume that the CR particles are all charged. However, CR
particles can also be charge neutral. In certain contexts, these neutral CRs can make up
a substantial fraction of the overall CR population, and they have significant influence
on the collective behavior of energetic CRs as a population. For instance, CR neutrons,
produced by hadronic interactions initiated by CR protons, are not affected by magnetic
fields. Relativistic time dilation can extend CR neutrons’ rest-frame decay time (of ~10 min)
by orders of magnitude. Energetic neutrons can traverse long distances before subsequently
decaying into protons, electrons and electron anti-neutrinos. A 200 PeV neutron can travel
across a large fraction of a galaxy practically undisturbed; a 200 EeV neutron can easily
cross a galaxy cluster without decaying. The temporary conversion of CR protons to
CR neutrons thus allows very energetic CR baryons as a population to break magnetic
confinement in galaxies, filaments and even clusters/super-clusters.

The role of neutron escape in cosmic-ray transport has been addressed in some source-
specific studies, and an example of such is the investigation of the effects of neutron escape
on particle spectra of microquasar jets [38]. In this study, we further extend the previous
studies, in that we assess the impacts of neutron—proton conversion on confinement and
confinement breaking of cosmic rays within and between magnetized media and reservoirs,
and demonstrate the necessity of explicit consideration of the switching between the diffu-
sion and streaming modes in the treatment of cosmic-ray transport. More specifically, we
investigate cosmic-ray transport in the presence of proton-neutron conversion and quantify
how the conversion process facilitates ultra-high-energy charged protons to break magnetic
confinement in the hierarchy of galaxies, galaxy clusters, and cosmological filaments.

Throughout this work, the treatment of particle transport and escape considers a
temporary charge-neutral phase. It is not neutron-specific physics. The results obtained
here are applicable to anti-neutrons and other neutral hadrons. The focus of neutrons in
this work is a representative example of the neutral-nucleon channel to demonstrate the
relevant effects. In Section 2, we describe the processes governing the propagation and
survival energetic hadronic particles in these structures, and the methodology that we
employ to model neutron-assisted confinement breaking. In Section 3, we demonstrate
how confinement breaking via neutron production alters the distribution of CRs in galaxies,
clusters/super-clusters and filaments. In Section 4, we discuss the implications of our
findings in terms of CR transfer in the ecosystems of galaxies, clusters/super-clusters and
filaments. Concluding remarks and a summary of this study are presented in Section 5.

2. CR Processes in Astrophysical and Cosmological Environments
2.1. Hadronic Interactions of CR Baryons

Energetic CR baryons interact with ambient matter, which is predominantly comprised
of hydrogen, via pp/np processes. In the pp process, one class of interactions for neutron
production (i.e., pp — n+{X}, where {X} represents a collection of various hadronic
and leptonic particles) is the diffractive dissociation process, where resonant particles can
be produced when energies at the center-of-momentum frame are sufficiently high (for
discussions on the role of resonances in pp interactions, see [39-41]; for discussions on
particle multiplicities and the energetics of the products of pp interactions, see [42,43]).
Energetic neutrons can be produced directly as secondary baryons or through resonance
decays. Neutrons can initiate pion production through np processes, analogous to the pp
interaction, if they do not decay into protons during their propagation via f~ decay:
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n — pe 7. (1)

Another class of interactions that produce neutrons from energetic protons is the
one-pion exchange process:
p+p—nprt. 2)

In this process, the neutron can retain most of the energy of the proton (see [44] for the
comparison of the two neutron-production processes).

CRbaryons can also interact with radiation fields via py/n<y interactions, but generally
the threshold energies are much higher, as the radiation field associated with large-scale
astrophysical structures are below keV energies. In p-y processes', the dominant channels
are resonant single-pion production, direct single-pion production, and multiple-pion
production (see [45]). Resonant single-pion production occurs through the formation of
AT particles, which decay through two major channels. Both of these channels produce
charged and neutral pions, secondary protons and neutrons:

p® — p 2y
p+Y— 4 ntt — nutv, . (©)

L, e Vel

The corresponding channel for neutrons is the n-y process:

g N
n+vy— € Telpy - (4)

0

nmt’ — n 2y

2.2. Charged Particle Propagation in Magnetized Media

Charged CR particles are deflected in the presence of a magnetic field. The extent of
these deflections for a CR particle, of charge Ze and mass m, in a magnetic field of strength
|B| is characterized by its Larmor radius

. ~1
_ 15 sin 6 m |B|
r, =312 x10 ,Y‘B(Z ) <mp> (nG cm, (5)

where my, is the proton mass, ¥ = (1 — f2)~1/2 is the Lorentz factor, B is the velocity of
the particle (normalized to the speed of light c) and 6 = cos ™' (B - B/|B) is the pitch angle
(the angle between the direction of the particle’s propagation and the local magnetic field
vector). For a system with a uniform magnetic field, the Larmor radius sets the critical
condition for the confinement of charged CRs. A CR particle is trapped if its Larmor radius
is smaller than the size of the system. In reality, magnetic fields in astrophysical systems
are not uniform. They are tangled, so charged CR particles are scattered instead of being
trapped. In the strong scattering regime, CR particles propagate across an astrophysical
system by diffusion.

For a CR nucleon with a mass-to-charge ratio A/Z propagating through a magnetized
medium, its confinement can be assessed using a parameter (1, defined as

1

T

/2 dan ©6)

(see [29]), which is a measure of whether or not a charged nucleon would be confined in a
domain of extent D where the magnetic field has a coherent structure and a characteristic
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field strength |B|. The particle is confined when {;, < 1, and it will break the confinement
when {1, > 1. When magnetic confinement holds, the (macroscopic) propagation of the CR
is strongly coupled to the medium. The CR propagation is then well described locally as a
diffusion process, with advection operating in bulk flows of the entraining fluid.

A full description of charged CR propagation is required to properly account for both
ballistic streaming and non-ballistic transport. In the high-energy or weakly magnetized
regimes, CR particles stream ballistically at a speed |vs| ~ c. In confining structures, where
{1 < 1, particles transition to non-ballistic transport. In diffusive propagation, charged
particles are well-described by pitch-angle-averaged diffusion, characterized by a diffusion
coefficient tensor K. Within confining structures, bulk flows (of velocity #) of the medium
can advect CR particles as they diffuse. Additionally, the propagation of CRs along ordered
magnetic topologies can introduce drift motions with velocity v;. These processes can be
captured using a transport equation:

on 0
—+(u+(v) - Vn—0s-Vn -V -(K-Vn)— —(bn) = Q—An . (7)
ot ~— 1 N e Y —
advection & drift streaming diffusion ~— sources & sinks
heating &
cooling

Here, n = n(+, x,t) is the phase space density of CRs with energy v = E/mc? at a
time t and position x, where m is the rest mass of the particle. CR particles are supplied
by sources at a rate Q and are removed by interactions at a rate A. The destruction term
A accounts for processes that fully remove particles from the population. This can occur
either by a significant energy loss in a single interaction or by the complete destruction
of the particle (cf. the pion-production processes in Section 2.1). The term b is the total
rate of continuous energy changes experienced by the CRs (cooling or heating), including
adiabatic processes. This term also accounts for CR interactions that lead only to a small
change in particle energy, which are well approximated as a continuous heating or cooling
process (e.g., photo-pair Bethe-Heitler processes).

2.3. Neutral Particle Propagation

Neutral particles do not experience strong deflections in magnetic fields. They propa-
gate ballistically with a streaming velocity close to the speed of light, i.e., |vs| = c¢. They
can still engage in certain heating and cooling processes. CR neutrons, for instance, can
undergo some of the same heating and cooling processes as CR protons (e.g., in explosive
environments or during cosmological propagation). Similarly, they can be destroyed by
interactions with baryons or radiation fields (see Section 2.1), and can also be injected into
astrophysical environments.

The transport equation for CR neutrons may take the form

aa;Z—vs-Vn—;y(bn):Q—An. 8)
The life time of a neutron is insignificant compared with cosmological timescales (rele-
vant for adiabatic losses due to the expansion of the Universe) and the dynamical timescales
of their host environments (where energy transport is often governed by advection and
diffusion processes). We therefore neglect cooling effects for the transport of free neutrons
in our calculations (see also Section 4.2.4). As the prescription for the transport process we
adopt is generic to neutral hadrons and nucleons, any temporarily neutral baryon-number
carrier streams ballistically and is not magnetically confined during its neutral phase.
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2.4. CR Propagation with Charged—Neutral Switching

In astrophysical structures threaded by magnetic fields, CR protons diffuse while CR
neutrons propagate ballistically and are practically unrestrained. Hadronic interactions
that temporarily convert protons to neutrons therefore introduce changes in the mode of
CR propagation.

Due to time dilation, ultra-relativistic CR neutrons can traverse substantial distances
before they eventually decay into charged protons and leptons. Depending on their energy,
they can traverse structures the size of galaxies, clusters or even filaments. The characteristic
widths of filaments and the sizes of clusters/super-clusters are usually of order a few Mpc.
The crossing time of ultra-relativistic neutrons is therefore a few Myr. This is much shorter
than the dynamical and evolutionary timescales of these systems, which is typically of the
order of a few 100 Myr. The disparity between the propagation timescales of CR neutrons
and the evolutionary timescales of astrophysical structures allows simplifications to be
made when including neutron—-proton conversions in a CR propagation framework.

Conversions arise from discrete interaction events. They can be treated as a separate
stochastic term, and handled independently from deterministic transport processes. The
resulting ballistic transport of neutrons manifests as stochastic jumps. To first approxi-
mation, CR transport with neutron—proton conversions can be described by a stochastic
differential equation (SDE)? with Poisson jumps [49,50]. This approach allows the sub-
stantial numerical complexity of solving a two-species coupled system of equations to be
bypassed without compromising the validity of our results.

For the astrophysical situations relevant to this study, the transport SDE has two compo-
nents: one is deterministic, the other is stochastic. The two components are mutually time
exclusive in the representation that CRs are a single ensemble of charged protons (neutrons not
explicitly modeled here, apart from the propagation jumps they introduce when in temporary
ballistic motion). The deterministic component follows from Equation (7). The stochastic
production of neutrons is a Poisson jump in the SDE. The SDE may therefore be expressed as

d d d
O = |V (K- V) 4oy Vi (- (o) Vit () + Q| + Ry ) S 9)
v N——
deterministic stochastic

In this expression, the differential term dJ; takes values of 1 or 0, with a probability of
Adt thatitis 1 and (1 — Adt) that it is zero. When dJ;/dt is averaged over many jumps, it
gives A as the characteristic rate of the Poisson process. The parameter Q specifies the rate of
(deterministic) CR proton injection by astrophysical sources. It does not include secondary
protons that arise from neutron decay. The decay of neutrons is not instantaneous, and the
stochastic production of secondary protons are included in the model as part of the jumps.
The jump coefficient in the SDE is given by

h(vy,x,t) = —n(y,x,t) AN+ g(7y, x, 1) At. (10)

The parameter A specifies the rate of hadronic interactions. It accounts for CR neutron
production and their subsequent decay to secondary protons. Hadronic interactions can
also produce secondary CR protons directly, but these do not substantially contribute to the
particle ensemble or affect our results when included in our calculations®. The production
of neutrons in hadronic interactions is specified by q(, x, t), which gives the redistribution
function of the protons from the decay of secondary neutrons. We express it as

q(v, x,t) :/y d’yp/xdx S vp)An(yp, x,£)(3(x — XYCTheu)) s (11)
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where £ = x/|x| is the unit normal vector of proton propagation, and () is the deflection
angle of the secondary neutron with respect to £. The angle-averaged delta-function &
accounts for the addition of neutrons from all directions that will decay into a proton at
location x. g(y; 7p) specifies the fraction of secondary neutrons of energy v produced by a
primary CR proton of energy 7, in a hadronic interaction.

Secondary neutrons are converted back into protons via decays, and there is negligible
energy loss when the particles are in the neutron phase. We model the neutron decay
using a Monte Carlo algorithm, where the lifespan of a neutron is governed by a stationary
Poisson process, i.e., sampled from an exponential distribution in the particle co-moving
frame, with a mean lifetime of Tpey = 879.6 £ 0.8 s [51].

We model g(7;p) separately for pp and py processes. For pp processes, we use
Aafrag 2.01 [52], which provides neutron production spectra derived from the pp inter-
action event generator QGSJET-II-04m [53-55]. For p7 processes, we use interpolated
inclusive neutron production cross sections obtained with the Monte Carlo photo-hadronic
event generator, SOPHIA [56], which allowed neutron production rates to be pre-computed

up to Emax ~ 2 x 10Y

eV. At higher energies, the neutron yield function was approxi-
mated by extrapolating its overall normalization and peak position from the highest-energy
reliable SOPHIA runs.

The integration of Equation (9) gives

t t t
n(7y,x,t) =ngp(7y,x) +/ dt' V- (K-Vn) —|—/ dt vs - Vn — / dt’ (u+(vg)) - Vn
0 0 0

t ! a t !/ t !/
+/0 dt 5(bn)+/0 dt Q+/O dJy h(7,x ). (12)

Initially, no particles are present, i.e., no(y,x) = n(y,x,t = 0) = 0, and CRs are
injected solely as charged particles by sources through the source term Q.

Stochastic population equations with jumps (which include the SDE constructed
for this work) generally do not have explicit closed-form solutions [49]. Conceptually,
the integral equation (Equation (12)) can be solved numerically using a discrete implicit
Euler-type scheme to find an approximate solution:

NF1 = NF 4 [V ' (K- VNtk“) +os- VNI — (u+ (05)) - VN

+ai (be“) + Q’;} At + h(t, NF)AP, , (13)
Y

with initial value Nt0 =n(vy,x,t =0) = 0. Here, Nl‘ is the approximation to n(7, x, ty) for
tr = kAt, where At is the time increment. The term AP, = P(t;,1) — P(#;) denotes the
increments of the Poisson process. In this work, we solve the deterministic terms using the
stiff Ordinary Differential Equation (ODE) solver RADAU5 [57], with adaptive internal time
steps. We apply the jump term explicitly at the end of each global time step, where the
jump h(vy, x, t) AP, is implemented via Poisson sampling over effective sub-volumes of each
cell of the discretized computational domain. A detailed description of the computational
scheme developed to solve the stiff SDE is provided in Appendix A.

3. CR Confinement and Escape from Magnetized Structures
3.1. llustrative Applications

We illustrate the confinement and escape of CRs using three hierarchical structures:
cosmological filaments, galaxy clusters and galaxies. For galaxies, we consider the es-
cape of CRs in both normal galaxies (of the main sequence, Milky Way-like configu-
ration), and starburst galaxies. This is to highlight the impact of the variation of the
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properties of different galaxy types on CR confinement, escape and calorimetry. These
structures span from scales of several Mpc down to kpc. CRs produced in galaxies can
seep into the surrounding halos, and then into the clusters and filaments in which they
reside. Understanding these CR exchanges between structures is essential for building
complete models of these environments and for assessing the dynamical role CRs may play
within them.

Current formulations of CR transport generally put focus on the local effects in particu-
lar systems: the interstellar media of Milky Way and Milky Way-like galaxies (e.g., [58,59]),
starburst galaxies (e.g., [60,61]), the circum-galactic medium (CGM) (e.g., [62,63]), galaxy
clusters (e.g., [12,64]), in particular their feedback via active galactic nuclei (AGN) jets and
bubbles [65,66], holistic propagation through multi-component media (e.g., [67-69]) or
specific substructures within galaxies (e.g., [70,71]). One of the technical challenges in these
studies is to obtain a reliable treatment of the CR transport process when magnetic fields
have structures over a wide range of spatial scales.

Galaxies, galaxy clusters and filaments are hierarchical structures within a larger
ecosystem of the cosmic web. They have distinctive magnetic properties in field strength
and also in topology. A multi-scale treatment of CR transport across these structures with
the inclusion of exchanges across their interfaces requires a formulation appropriate for
system parameters over large dynamical scales. Taking the ecosystem of galaxies and their
CGM (e.g., [13]) as an example, CRs are produced by star formation, supernova remnants,
and AGN. They are then transported by advection in galactic outflows and by diffusion
along and across magnetic fields that thread and cocoon galaxies and interconnect neigh-
boring systems. The relevant physics must be consistently incorporated in the formulation,
in particular those that determine the CR exchange between galaxies, galactic halos, and
their environments.

Two steps upward in the scale hierarchy are cluster—filament systems. Recent observa-
tions have begun to reveal magnetic fields in cosmological filaments with some topological
information (in addition to field strength estimation; (e.g., [2,28,72])). New techniques
(e.g., with synchrotron intensity gradients [73]) and improved data have also revealed rich
field structures in galaxy clusters, including locally strong, ordered field layers superposed
on turbulent background components [74-76] with substantial cluster-to-cluster diversity
that likely reflects the dynamical histories of individual systems (e.g., [77]). Despite these
advances, a systematic theoretical investigation of CR transport across these environments
is still lacking.

Comparing the magnetic fields in clusters and filaments highlights several subtle
issues at cluster—filament interfaces (e.g., [29,78]). In particular, these interfaces are not
simple scaled-up analogues of galaxy-CGM or galaxy—group boundaries. CR-transport
scenarios and formulations developed for galaxies therefore cannot be directly translated
to the cluster—filament regime. Before we can model CR transport and calorimetry on
these scales [29], we must first establish how CRs are exchanged across cluster—filament
interfaces. This CR transfer sets the input to filaments and voids, which act as reservoirs of
fossil CRs that record the non-thermal power generation history of the Universe.

As a first study, we investigate the transport of the most energetic CRs on cosmological
scales. We focus on neutron-mediated escape as a mechanism to break confinement and
enable CR transfer between different partitions of the cosmological ecosystem. We consider
an energy range between 10'2 eV and 10?! eV, covering the lowest energies at which CRs
are expected to build-up in components of the large-scale structure of the Universe [29] to
energies that bracket the most energetic CRs ever detected [79,80]. Our emphasis is on CR
exchange across structural boundaries, rather than on the detailed CR microphysics within
galactic scales where galactic-scale bulk flows (winds and accretion) and their feedback
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dynamics would need to be modeled explicitly. We also ignore long-distance advective
transport, such as that by giant radio jets launched by supermassive black holes, which can
extend beyond Mpc scales and even “puncture” the cosmic web [81]. To avoid additional
complexity that would obscure the essential physics and signatures of CR transport between
galaxies, clusters, filaments and their interfaces, we also do not include the back-reaction of
CRs on the magnetic fields or on the dynamical evolution of these structures.

We adopt a generic geometrical representation, where galaxies are modeled as flattened
cylindrical disks (pancake-like), clusters are spheres, and filaments are elongated cylinders
(tube-like). Their radiation energy densities take representative values listed in Table 1.
The gas density is treated as radially uniform throughout each of the structures considered,
and is fixed to the values given in Table 1. The vertical gas distribution is uniform in the
case of filaments but decays exponentially with height in our two galaxy models, with
the galaxy height in Table 1 being used as a scale height for the exponential profile. Each
structure hosts a magnetic field with strength spatially varying with the density profile,
and set to central values listed in Table 1. Primary CR protons are injected isotropically by
sources located within the magnetized volume, defined for of each structure (galaxy, cluster,
or filament; cf. Table 2). Their spatial distribution follows the gas density profile. The
geometry, diffusion properties, and the definitions of the escape surfaces used to determine
particle escape are summarized in Table 2.

Table 1. Summary of fiducial parameters adopted for each of the astrophysical and cosmological
structures considered in our calculations, chosen to roughly characterize each environment. For CR
interactions via py processes with radiation fields, we include starlight and dust-reprocessed compo-
nents associated with the extragalactic background light or interstellar radiation fields appropriate to
each structure. In addition, we account for CR interactions with the cosmic microwave background
(CMB), using its properties at a redshift, z, specified for each of our results.

Environment Radiation Energy Density [eVcm ™3] Gas Density Magpnetic Field ¥
Starlight Dust n [em—3] (|B|) [uGI]
Normal Galaxy * 0.67 0.31 1.0 10.0
Starburst Galaxy ** 67.0 31.0 300.0 500.0
Cluster ' 1.0 05 0.003 5.0
Filament ' 0.3 0.14 0.0001 0.05

* Radiation-field energy densities are scaled from extragalactic background light (EBL) values so that the total
energy density is close to that of a Milky Way-like galaxy. The radiation fields are modeled as modified blackbodies
with characteristic temperatures of 7100K (starlight) and 62 K (dust), chosen to match the dominant components
of the EBL. For filaments, the radiation-field energy densities follow the combined stellar and dust contributions
to the EBL in Ref. [82]. ** Radiation fields and density scaled by 100 compared to the Normal Galaxy model. This
approximately captures the conditions of nearby starbursts (e.g., [83]). Magnetic field strength is an order of
magnitude larger than that of a normal galaxy, informed by approximate magnetic field strengths reported for
nearby starbursts—e.g., M82 [84]. T In clusters and filaments, photon fields of starlight and dusts are strongly
centrally peaked and become subdominant to the CMB outside the inner regions. We therefore treat our adopted
energy densities as a conservative, spatially averaged target field appropriate to clusters at intermediate radii
and filaments in their spines (see [85]). ¥ Magnetic field strengths are chosen to be representative of spiral
galaxies (e.g., [86]), intra-cluster fields (e.g., [1,87,88]), and cosmic filaments (e.g., [8,9]).

This treatment considers a simplified scenario. The magnetic field in real cosmic
filaments, clusters, and galaxies has multi-scale structures, including ordered components,
domains with spatially varying coherence lengths, and turbulence-induced incoherent
fluctuations. The relative strengths of the ordered and disordered field components (such as
those due to turbulence) affect the effective diffusion tensor (in particular, the ratio between
parallel and perpendicular diffusion relative to the large-scale field vector) and therefore
the escape probability of the charged particles. The precise onset energy and magnitude of
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the escape fractions derived here should be considered model-dependent. Our aim is not
to provide a fully turbulence-resolved transport calculation for each environment. Instead,
we aim to isolate the qualitative effect of temporary charged—neutral switching. The
exact quantitative importance of this channel will depend on the magnetic geometry and
turbulence level, and will likely vary between specific environments. This could especially
be the case in cosmological filaments where there may be large-scale field ordering [72].

Table 2. Geometrical configurations and CR diffusion parameters adopted for the three fiducial
models. Galaxy parameters are chosen to approximate a Milky Way-like system. Characteristic
filament lengths and widths are guided by typical mean values of their central spine regions from
simulations (e.g., Ref. [89]), with cluster sizes comparable to filament widths [90]. In the case of
galaxies, CRs are injected uniformly throughout the volume of the structure. In the case of clusters,
CRs are injected up to half of the cluster radius to reflect the clustering of CR sources and the
dominance of a potential strong source associated with a bright central galaxy. For filaments, our
model captures the central spine region where sources would be concentrated. Therefore we inject
the CRs uniformly out to 90% of the filament radius, and uniformly along the length of the structure.

| K|TeV )
Environment Geometry Dimensions |K /1K 1| @ 5 1

[em® s™]
Galaxy Cylindrical Rga = 15.0 kpe; Hgy) = 4.0 kpe 1 1x10%
Starburst Cylindrical Rgal = 15.0 kpc; Hgy = 2.0 kpe 1 3 x 1028
Cluster Spherical Rg =2.0Mpc 1 3 x 10%°
Filament Cylindrical Rg = 0.5 Mpc; £g = 20.0 Mpc 10 3 x 1030

Notes: @ Diffusion anisotropy. For galaxies and clusters, we invoke isotropic diffusion to clearly isolate the
neutron-mediated escape channel. However, our results in these cases are relatively insensitive to the exact
configuration of their magnetic fields for any sensible choice of diffusion anisotropy. Cosmological filaments
are extended structures, and the large observed polarization fractions from filament radio and microwave
emission [91,92] indicate they are threaded by highly ordered magnetic fields oriented roughly along their
spine [93]. This may affect CR propagation on large scales. Filaments likely host super-Alfvénic turbulence on
large scales where B ~ nG (with Alfvénic Mach number M ~ 10). In more magnetized filaments (e.g., near
cluster interfaces) where B ~ 20—60nG [72], the turbulence may be trans-Alfvénic, but the cascade should still
become sub-Alfvénic below a transition scale. We therefore consider that CR scattering on small scales (< Rg)
can be described using sub-Alfvénic MHD turbulence scalings [94]. In this regime, the perpendicular diffusion
coefficient is suppressed by a factor M4 [95] such that |[K (/1K1 | ~ 10 for modest Alfvénic Mach numbers.
We adopt this value as a representative CR diffusion anisotropy along the filament. A broader exploration of
|K)||/|K .|, coherence length, and turbulence level is deferred to future work. The filament anisotropy adopted
here should be viewed as a representative fiducial choice rather than a unique prediction * Normalization of the
diffusion coefficient (at 1 TeV). A typical value for the Milky Way is adopted for the Normal Galaxy model, while a
suppressed value more typical of star-forming regions is adopted for the Starburst Galaxy model (e.g., [96]). Faster
diffusion with higher coefficients is considered in large-scale structures such as galaxy clusters [97,98], which is
reflected by our fiducial parameter choices. In our treatment, the magnitude of the CR diffusion coefficient is
allowed to vary with CR energy, with a dependence o ri/ 2 (or « E'/2), appropriate for diffusion in Kraichnan-like
compressible turbulence (e.g., [99]).

3.2. Escape Fraction and Multiplicities

CR particles leave the system by crossing a defined “escape surface”, which is set by
the geometrical dimensions of each structure (see Table 2). To obtain a CR escape fraction
fesc(E), we tally the number of CRs that escape as a fraction of the total number injected.
Escape can occur by spatial diffusion, ballistic streaming at ultra-high energies where
scattering becomes negligible, or by conversion to neutrons that then free-stream out of the
domain. Advection is not included in our calculations. We treat these escape mechanisms
as separate channels.

At each global timestep, we compute the number of CR particles that have left the
structure across the chosen escape surface by comparing the total number of particles
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within the domain before and after the deterministic transport update. For cylindrical
structures, we additionally decompose the escape into contributions from the sides and
from the top and bottom caps. We use the discretized deterministic transport operator to
estimate the outward flux through each portion of the boundary, and obtain the relative
contributions of side and cap escape to the total deterministic losses. Streaming escape
for charged particles is treated as the ballistic limit of this transport, when the effective
propagation speed approaches the speed of light, c.

Neutron escape is treated stochastically (i.e., the neutral-nucleon escape channel).
Neutrons produced in hadronic interactions are sampled following a Poisson distribution
(see Appendix A.2 for details). Each interaction converts a proton into one or more neutrons,
to which we assign isotropic propagation directions in the center-of-momentum frame of
the interaction. For each neutron, we draw a decay time from the exponential decay law.
This sets the (straight-line) displacement in the neutron phase for a given neutron energy.
If a neutron crosses the escape surface before decaying, the subsequent neutron—proton
conversion occurs outside the structure and the particle is counted as escaped, contributing
to an energy-binned tally N, (E). If the neutron decays inside the structure, or if a
neutron produced outside re-enters before decaying, we treat its decay products (protons)
as secondary CRs and re-inject them into the grid rather than counting them as escaped.
As with the deterministic component, the surface of escape is recorded in the cylindrical
geometry to distinguish whether particles escape via the sides or the top/bottom caps.

We define the escape fraction as the fraction of injected particles that eventually leave
the system by any route. A given primary CR can either diffuse out, escape by ballistic
streaming as a charged particle, or undergo at least one interaction that produces an
escaping neutron which carries its baryon number outside. This gives an escape fraction:

NEH(E) + N (E) + N (E)
esc E)= 14

where E is the energy of the CR primary proton, N&iff is the number of CRs that escape

esc
by diffusion, NS is the number that escape via streaming as charged particles (without
undergoing a hadronic interaction), N, is the number that escape via interactions that
produce neutrons, and Ny is the number of CRs injected into the system, including
secondary charged CRs that are injected by the decay of neutrons. To make the neutron
escape effect explicit, we define an escape factor specifically for the neutron channel, to
quantify the number of CRs that are released from a structure by neutron-mediated jumps:
n
A(E) = NeelE)) (15)
N, inj (E )

which gives the mean number of neutron-channel escapes compared to injected primary
CRs, Nip;lrjl, at an energy E. When A(E) < 1, neutron-mediated release is inefficient and the
structure effectively confines CR baryons. When A(E) = 1, each interacting CR proton that
is lost from within the structure is replaced by baryons at the same energy escaping into
high-order structures.

To quantify the anisotropy of the escaping CR flux in cylindrical geometries, we define
geometric fractions Xgqe(E) = N:sli,side(E)/Ngé}:(E) and Xenq(E) = Ngslifend(E)/Ngéﬁ(E),
where Niy: ia.
all secondaries) through the cylindrical side and end-caps, respectively. By construction,

and N ;‘;}: eng are the total numbers of escaping CR nucleons (primaries plus
Xside (E) + Xend(E) = 1. The global primary-level escape fraction fesc(E) is then decom-

posed geometrically as fescside(E) = fesc(E)Xside(E) and fescend(E) = fesc(E)Xend (E)-
In this definition, fescgside aNd fescend give the probability that an injected primary ulti-
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Escape fraction [%]

100

mately contributes to a side- or end-escaping CR via any sequence of interactions and
secondary production.

3.3. Results

Figure 1 shows the energy-dependent escape fraction, fesc(E), for starburst and normal
galaxies, galaxy clusters and cosmological filaments, obtained from our calculations. We
compare a “standard” treatment (where hadronic interactions act only to attenuate the
confined charged CR populations) with a scenario where interactions are allowed to pro-
duce secondary CR neutrons that propagate ballistically and may leave the system before
decaying. We evaluate the escape fractions at fiducial ages tage of 10 Myr for the galactic
models, and 1 Gyr for the cluster and filament models. These time snapshots are chosen as
representative intervals over which the evolution of each system is sufficiently insignificant,
while avoiding the unrealistic requirement that the calculations be followed until even
the slowest diffusing, most strongly confined low-energy CRs have fully converged on
an escape fraction. Over these timescales, the galactic models have nearly approached
a quasi-steady escape spectrum, whereas the larger-scale structures in our calculations
do not do so at low energies. In the cases of clusters and filaments, the relevant escape
timescale can exceed a Hubble time, implying that the low-energy CR population in such
systems would not in general be expected to have relaxed to a steady state in the present
Universe [14,29,100]. However, at the high energies most relevant to the neutron-mediated
channel, the simulation time exceeds both the longest relevant transport timescale in the
confined phase (set by the slowest diffusing energies) and the characteristic crossing time
of the structure ultra-relativistic particles propagating at the speed of light, c. Thus, at
the adopted snapshot, all systems have evolved for long enough that their energy-binned
escape tallies have converged in the regime where neutron-mediated escape is important.
In this energy range, our results are therefore insensitive to the precise end-time of the
calculation because further evolution increases both Njyj(E) and the cumulative escaped
counts proportionally. This makes the resulting escape fractions useful for quantifying inter-
structure CR transfer, as they represent the long-term averaged leakage from a persistent
population of sources embedded within magnetized structures at a given epoch.
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Figure 1. Energy-dependent escape fraction, fesc(E), of injected CR protons from the four charac-
teristic environments considered here: a galaxy cluster, a cosmological filament, a “normal” (Milky
Way-like) galaxy, and a starburst galaxy. The black curves show the standard treatment in which
hadronic (pp and p) interactions act only as sinks for the charged CR proton population (“without
neutrons”). The red curves include charged-neutral switching: neutrons produced stochastically
in hadronic interactions propagate ballistically and are counted as escaped if they cross the escape
boundary before decaying (“with neutrons”). The escape fraction includes contributions from diffu-
sive and ballistic escape of charged particles and, when active, neutron-mediated escape. Neutron
production has a marked impact on high-energy CR escape in all four systems. In clusters and fila-
ments, the neutron-mediated escape channel is dominated by py interactions. In galaxies, particularly
starbursts (where magnetic fields are stronger and interstellar gas density is typically higher), pp inter-
actions drive neutron production at lower energies, but they decay before escaping. Thus the escape
channel is only marginal at intermediate energies. In clusters, neutron production causes a modest
increase in escape relative to the no-neutron case between ~10'8 eV under present (z = 0) conditions.

Across the environments considered, the main qualitative trend is that neutron produc-
tion has little effect on CR escape from galactic-scale structures but can substantially alter
confinement in larger-scale systems. The amount of escape enabled by the neutron channel,
and the energy of its onset, depends on two main factors. These are (i) the probability that
a parent CR proton interacts within the volume of the confining structure, and (ii) the prob-
ability that a neutron produced in an interaction traverses the distance to an escape surface
before undergoing f-decay. In starburst galaxies, the probability of an interaction through
the pp-channel is high, but this process becomes important at energies where the resulting
neutrons still cannot traverse an escape distance prior to decay. By contrast, in large-scale
structures, neutron-mediated escape partially decouples the fate of injected high-energy
protons from magnetic confinement and strong photo-attenuation. In energy ranges where
the standard treatment strongly suppresses CR escape due to interactions occurring faster
than charged-particle escape, the neutron channel restores part of the escaping component
by temporarily converting confined protons into free-streaming nucleons.

The results we have obtained can be more clearly understood with reference to the
relevant timescales mediating escape, shown in Figure 2, where we compare the char-
acteristic charged-particle transport timescale, the pp and py interaction timescales, the
Lorentz-dilated free-neutron decay time, and the ballistic crossing time to the relevant
escape surface, together with the snapshot age adopted in Figure 1. The behavior seen in
Figure 1 is determined by the ordering of these timescales within the shaded transport
regimes. Neutron-mediated escape is efficient only when a parent CR proton is likely to
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undergo a hadronic interaction before escaping by diffusion as a charged particle, and
when the resulting neutron can traverse the system before decaying. In the galactic models,
especially the starburst case, the onset of pp interactions arises at relatively low energies
(from ~10” eV). However, the corresponding neutrons decay too quickly to allow passage
out of the system (unless the neutron was formed in the vicinity to an escape surface).
This means that neutron-inclusive and no-neutron escape fractions remain similar over
most of the energy range. By contrast, in clusters and filaments the charged-particle escape
time remains long, while at ultra-high energies (above ~10?° eV), the neutron decay time
eventually exceeds the relevant crossing time. In this regime, temporary charged-neutral
switching re-opens an escape channel that would otherwise be strongly suppressed by mag-
netic confinement and interaction losses, producing the excess escape evident in Figure 1.
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Figure 2. Characteristic timescales governing CR confinement, hadronic interactions, and neutron-
mediated escape in the four representative environments considered: a galaxy cluster, a cosmological
filament, a normal (Milky Way-like) galaxy, and a starburst galaxy. In each panel we compare
the charged-particle transport timescale, the pp and p+y interaction timescales, the Lorentz-dilated
free-neutron B-decay time, the ballistic crossing time to the relevant escape surface(s), and the
fiducial snapshot age adopted for the escape calculations in Figure 1. For the cylindrical systems,
separate ballistic crossing times are shown for escape through the side boundary and through the
end-caps/top-bottom surfaces. The shaded vertical bands indicate the approximate transition from
magnetically confined charged-particle transport to the ballistic regime, based on the particle energy
where the gyro-radius exceeds the distance to the nearest confinement boundary. Thus, CRs in
blue-shaded regions are under magnetic confinement, with their propagation mediated by diffusive
leaking (or neutron-channel escape). CRs in the orange-shaded regions are not magnetically confined
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and can escape ballistically from the structure (over timescales indicated by the dotted gray horizontal
lines), and particles in the unshaded bands (where present) are partially confined depending on the
location of the nearest escape surface. Neutron-mediated escape becomes important only where
hadronic interactions occur before charged particles escape, and where the neutron decay time
exceeds the relevant ballistic crossing time. This accounts for the neutron channel being weak in
the galactic models over most of the plotted range, but becomes important at ultra-high energies
in the larger-scale cluster and filament environments. Timescales are all calculated for present
(z = 0) conditions.

3.3.1. CR Cascades and Secondaries

The neutron escape channel is not a simple transport process. As it hinges on the
operation of a hadronic interaction, multiplicities of secondary nucleons (and anti-nucleons)
can arise. This is quantified by the escape factor per injection, A(E), shown in Figure 3,
which measures the mean number of neutron-channel escapes per injected CR primary
in each structure*. This gives an intuitive quantification of the confining capability of
the host structure and the importance of the neutron-escape channel. For A <« 1, the
structure behaves as an effective CR container. Only a small fraction of injected primary
CRs contribute to neutron-mediated leakage. For A(E)~1, the structure allows substantial
escape via the neutron channel at that energy. A(E) is boosted when both the magnetic
confinement capability of a structure and the hadronic interaction efficiency are high. This
is because interactions occur before the CR particles escape, and repeatedly convert baryons
into ballistic segments.
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Escaped CRs per injection, A(FE)

H
9
L

B T Al
Energy E [eV]

Figure 3. Escape factor per injected CR proton, A(E) = NZ_.(E)/ N&?(E), showing the mean number
of CR nucleons that escape via the neutron-mediated channel per injected primary CR proton at a
given energy E for the illustrative model environments: galaxy cluster (black), cosmological filament
(red), normal Milky Way-like galaxy (green), and starburst galaxy (blue). Values of A < 1 indicate that
neutron production has little bearing on particle escape (few neutron-channel escapes per injected CR).
Values of A(E) that are closer to 1 indicate that the neutron escape channel operates more efficiently.
The onset energy and growth of A(E) differs by environment, occurring at lower energies in dense
galaxies (compact, pp-dominated systems) and only at ultra-high energies in clusters and filaments
(extended, py-dominated systems).
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3.3.2. Escape Directions

Figure 4 shows the directional decomposition of the emergent CR flux in the cylindrical
models. This is not strongly modified by the neutron-mediated escape channel. As the CR
neutrons produced in hadronic processes inherit the direction of their parent CR protons,
the inclusion of the neutron escape channel would not be expected to strongly re-route
the emergent CR flux from a structure. However, the escape in general is anisotropic
and energy-dependent, illustrating the competition between geometry, the distance to the
nearest escape surface and the efficiency of transport towards each boundary (including
any diffusion anisotropy). This indicates that magnetized structures can act as directional
sieves. They regulate the directions CRs of different energies are preferentially released,
and how these CRs are seeded into higher-order structures.
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Figure 4. Directional decomposition of CR escape from the Milky Way-like galaxy model, where
charged-neutral switching is included. The total escape fraction fesc(E) (black) is decomposed into
contributions through the cylindrical side boundary at the edge of the galaxy (“side escape”, dotted),
and through the end-caps above and below the galaxy’s plane (“end escape”, dashed). In all cases,
the effect of charged—neutral switching has no major bearing on the escape direction. This shows
how the geometry of the system imprints an anisotropy on the emergent CR flux.

In the flattened galactic geometries, escape proceeds predominantly through the end-
caps over most of the energy range we consider. This is because the vertical scale height
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is much smaller than the radial extent of the disk. The top and bottom surfaces therefore
provide the shortest path to escape for much of the confined CR population. As the CR
energy increases, the side contribution gradually increases. This is because higher-energy
particles diffuse more effectively throughout the full galaxy volume and are less strongly
biased towards the nearest escape surface.

The elongated filament geometry shows the opposite directional preference. Because
the transverse distance to the cylindrical side boundary is much smaller than the full
filament length, most escaping CR nucleons leave through the side surfaces (despite our
model invoking strongly anisotropic diffusion along the filament length). The end-cap
contribution increases modestly at the highest energies, consistent with the faster diffusive
transport of the parent CR proton population along the filament spine, but not enough to
overtake the side channel.

This directional energy-dependent sieve effect could be non-negligible, especially for CR
transfer between hierarchical structures confining CRs. Flattened galaxies preferentially vent
CRs out of their planes. In contrast, filaments tend to leak CRs laterally into their surroundings.
At high energies, this can overcome their capability to act as “highways” which channel CRs
between the clusters they connect to. This indicates that cosmological filaments may act
effectively as “pipes” of lower energy CRs, but those pipes become prone to leaking CRs of
high energies. The energy dependence of this directional partitioning implies that the angular
distribution of CR injection into adjacent structures may encode the geometry and transport
regime of the host environment, rather than simply tracing CR source locations.

3.3.3. Redshift Dependency

Figures 5 and 6 show that the role of neutron-mediated escape becomes increasingly
sensitive to redshift in the large-scale cluster and filament environments. As redshift
increases, the denser and hotter CMB provides a more effective target field for py in-
teractions, shortening the corresponding interaction timescale and shifting the onset of
strong high-energy attenuation to lower CR energies. This can be understood with the
timescale comparison shown in Figure 7, which illustrates that, at the highest energies, the
p7y interaction timescale becomes more comparable to the crossing times of the confining
structures, while the particles remain in the confined (blue-shaded) or partially confined
(white) regimes. In a purely charged-particle treatment, the proton escape fraction therefore
turns over earlier and declines more steeply at the highest energies. When charged-neutral
switching is included, part of the baryon number removed from the confined proton popu-
lation is transferred into neutrons, which can then propagate ballistically and potentially
leave the system before undergoing p-decay. This channel raises the effective escape frac-
tion above 10%° eV by ~50% in galaxy clusters at z = 0.5, and by around a factor of two at
z = 1. A similar enhancement is also found for filament environments, although for our
adopted parameter choices the relative increase is somewhat less pronounced. Thus, while
neutron production does not eliminate the redshift-induced suppression of CR escape at
the highest energies, it does partly offset it by sustaining a residual high-energy leakage
beyond the turnover.

These results suggest that CR transfer across large-scale structure may itself evolve
with cosmic time. Because filaments emerge earlier than galaxy clusters during structure
formation [19,101], neutron-mediated transport may provide an especially relevant channel
for the redistribution of UHE CR baryons through the cosmic web at earlier epochs, before
mature clusters become the dominant magnetized reservoirs. As the Universe evolves
and increasingly massive cluster environments assemble, charged-particle confinement
and interaction processing become more severe. However, the neutron channel can still
provide a partial route for the highest-energy baryons to escape. We note that, in our model,
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these changes are brought out by the redshift dependency of the CMB only. The physical
properties of clusters and filaments may also vary with redshift, and their evolution may
further modify their capability to entrap CRs. This could also affect the relative importance

of the neutron escape channel compared to our results. These detailed dependencies are
left for dedicated investigation in future work.
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Figure 5. Energy-dependent escape fraction, fesc(E), of injected CR protons from the galaxy cluster
model at higher redshift, shown for z = 0.5 and z = 1. Black curves show the standard treatment
where hadronic interactions act only as sinks for the charged CR population (“without neutrons”),
while red curves include charged-neutral switching and neutron-mediated escape (“with neutrons”).
Compared with the current epoch results (z = 0) shown in Figure 1, the high-energy turnover shifts
to lower energies at higher redshift because py absorption and cooling losses are more effective.

The neutron channel partially restores the escaping ultra-high-energy tail but does not eliminate the
overall redshift-driven suppression in CR escape.
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Figure 6. Same as Figure 5, but for the filament model. As filaments formed earlier in the Universe,

these effects could be extended to earlier epochs, where the neutron-mediated escape channel would
provide an increasingly important bypass to the p-y attenuation losses seen at ultra-high-energies.
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Figure 7. Characteristic timescales, same as Figure 2, but governing CR escape in the cluster and
filament models at z = 1.

4. Discussion

Taken together, our results in Section 3.3 imply a qualitative change in the expected
CR exchange between clusters, filaments, and voids when accounting for the production
of CR neutrons and their ballistic jumps. Without explicitly accounting for the effect of
these stochastic CR neutron jumps, the highest-energy CRs are strongly attenuated in
environments where interaction times are shorter than escape times, curtailing the supply
of ultra-high-energy CR nucleons into larger-scale reservoirs. However, with neutron-
mediated escape, the severity of this attenuation and confinement is weakened at the
highest energies, allowing more ultra-high-energy CR nucleons to contribute directly to the
CR content outside their host structure. This provides a natural mechanism for seeding
filaments and voids with high-energy CR nucleons, sourced from connected lower-order
astrophysical structures. The resulting picture is illustrated schematically in Figure 8 for
a high-redshift scenario (where the impact of the neutron escape channel would be more
pronounced than in the present epoch).

4.1. Further Remarks and Astrophysical Implications

Beyond the transfer of CR baryons across the hierarchy of cosmological and astro-
physical ecosystems, our work highlights that hadronic interactions need not act purely
as an absorbing sink for a magnetically confined CR population. When charged-neutral
switching is considered, hadronic interactions provide a “ballistic bypass” channel that
partially decouples the fate of injected ultra-high-energy CRs from magnetic confinement
and severe photo-attenuation. In environments where a standard absorption-only treat-
ment predicts strong suppression due to hadronic interaction timescales being shorter than
charged particle escape timescales, the neutron channel can restore an escaping component
by converting confined protons into free-streaming nucleons that cross escape surfaces
before decaying. This picture has several implications for (i) CR transport through cos-
mological filaments, and (ii) the viability of cluster environments as contributors to the
ultra-high-energy CR flux observed at Earth.

4.1.1. CRs in Cosmological Filaments: CR Highways or Leaky Pipes?

Cosmological filaments are large-scale magnetized structures that sit at the top of
the cosmic hierarchy. They host ordered large-scale magnetic fields oriented along their
extension which have been previously been discussed as potential “highways” that guide
CRs efficiently along the cosmic web [29,31]. This picture is aided by anisotropic diffu-
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sion operating more favorably along the direction parallel to the background large-scale
magnetic field vector, aligned with the filament axis (e.g., [28,72,76,93,102]). However,
our directional escape results suggest a more nuanced picture. For an elongated filament
geometry, CR leakage is typically dominated by losses through filament walls, with only a
portion of the CR population being channeled along the filament to its ends—and only at
energies below ~PeV energies, where propagation is diffusion dominated (see Figure 4).
This suggests that these structures may be more correctly considered as leaking CR “pipes”
rather than true CR “highways”.

Neutron escape (z~1)

Normay gatand

Figure 8. Schematic of neutron-enabled CR leakage across the cosmic web expected for a high-redshift
scenario, showing how charged-neutral switching in hadronic interactions can alter the large-scale
distribution of escaping CR nucleons across a simplified cosmic-web environment (clusters, filaments,
galaxies, and surrounding voids). Left: The “standard” propagation scenario, where hadronic inter-
actions act only as sinks for charged CR protons, leading to a more localized CR presence within the
magnetized host structures, particularly at high energies. At low and medium energies, CRs can still
generally escape from their confining structures over time, but the leakage rate is slow and excesses are
expected in the vicinity of these sources. They likely remain magnetically tied to web structures with lim-
ited penetration into deep voids. At high and ultra-high energies, CRs can be partially or fully confined
by their host structures. Right: The “neutron jump” scenario, allowing neutron production to provide
a ballistic bypass and survival channel as explored in this work. Neutrons can cross escape surfaces
before decaying, re-seeding charged CRs beyond their host structure and increasing the supply of CRs to
lower-density regions (including voids) and across structural interfaces. Colors indicate representative
CR energy bands as shown in the legend (Low, blue: 1012-101¢ eV; Medium, green: 10%0-10 eV; High,
yellow: 101°-10%° eV; Ultra-high, red: 102°-10?! eV).
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Our results imply that filaments still operate as organizing structures for CRs, even
while being efficient in venting a large fraction of their CR content into surrounding lower-
density regions (voids). In the neutron-enabled scenario at ultra-high energies, this venting
can include ultra-high-energy CR nucleons that would be considered partially attenuated
in a purely charged treatment, particularly during earlier cosmological epochs. This alters
the picture for CR penetration into the filament outskirts and adjacent void environments.

4.1.2. Escape of CRs from Galaxy Clusters

Galaxy clusters have long been considered CR reservoirs, up to ultra-high energies.
They host ample candidate source environments (supernovae in galaxies, accretion shocks,
AGN and associated jets or radio lobes [103-106]; see also Refs. [107,108] for recent reviews)
and their moderately strong (1G-level), turbulent magnetic fields imply long CR confine-
ment times exceeding Gyrs (e.g., [105]), even up to extremely high energies [109]. The CRs
trapped inside clusters are often regarded to have difficulty reaching us on Earth, as they can
be efficiently attenuated by hadronic p7y interactions in the intra-cluster environment, mean-
ing that clusters may be efficient ultra-high-energy CR calorimeters (e.g., [104,105,110]).
In this picture, CRs are rapidly reprocessed into secondary particles and emissions
(e.g., [103,104,106]). However, recently, some authors have claimed excesses of ultra-
high-energy CRs from the directions of nearby clusters/super-clusters [111,112], and have
found correlations with the matter distribution of the local Universe [113].

Our results indicate that it is possible for galaxy clusters to host sources whose ultra-
high-energy CRs could be observable at Earth. In the neutron-jump propagation scenario,
CR neutrons produced stochastically in hadronic interactions propagate ballistically and
can escape from galaxy clusters at the highest energies. This provides a ballistic bypass of
magnetic confinement which can sustain a substantial escaping CR nucleon flux even in
the ultra-high-energy regimes where charged CR primaries are expected to be attenuated
by p interactions in the cluster environment. Our findings relax the requirement that CRs
must avoid strong interaction environments in order to escape from sources embedded in
galaxy clusters. Such systems therefore remain a potential source class for the observed
flux of ultra-high-energy CRs.

In the context of the inter-connected cosmic-web, this escape mechanism also supports
a more efficient transfer of CR nucleons from clusters into their connecting filaments. In
particular, our results suggest that clusters can supply larger-scale reservoirs with CRs, and
that they may “light-up” cosmic-web connections as proposed by Ref. [31]. While Ref. [29]
demonstrated that this process may be hampered by the presence of magnetic barriers
operating to frustrate charged particle exchange at cluster—filament interfaces, CR neutron
production could allow such barriers to be bypassed to enable CR passage into nearby
filaments, where the filament magnetic fields could re-capture the charged particles. Our
results suggest that this bypass mechanism may be more effective in high-redshift settings
at an earlier stage of cosmological structure formation.

4.1.3. Comment on CR Confinement and Calorimetry in Our Results

We have found that CR escape from the adopted fiducial model for a “normal” galaxy
is very efficient, while strong confinement arises in our “starburst” model (see Figure 1).
CR confinement and calorimetry in galaxies are often discussed in terms of the attenuation
of the hadronic CRs and their deposition of energy and momentum (e.g., [13] for a review).
At GeV-TeV energies, the dominant process for hadronic CRs is inelastic pp collisions in
the dense ISM. Calorimetry is often framed in terms of the ability of these CRs to influence
the host galaxy ecosystem through heating, ionization, and momentum injection, with sig-
natures such as y-rays and neutrinos being diagnostics of energy deposition e.g., [114,115]).
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Strong starbursts are therefore expected to approach hadronic calorimetry, whereas Milky
Way-like galaxies are comparatively “leaky”.

In its simplest form, hadronic calorimetry can be reduced to a timescale criterion. A
system is calorimetric when the characteristic loss time of its CRs, Ty, is shorter than the
effective CR escape time, Tesc. The loss time is set by the density of the ISM, the main
target for hadronic collisions, i.e., Tpp = 1/ (n Opp c), where Opp ~ 30 mb above the pp
interaction threshold (see Section 2.1), with limited energy dependence [116]. If escape is
dominated by diffusive leaking, Tesc can be estimated as the diffusive crossing time across
the characteristic vertical scale height of the galaxy, Tesc Hgalz /2|K]|, where the diffusion
parameter K is a set by the CR energy E and effective mean magnetic field strength, (|B|).

Adopting galaxy parameter values from Tables 1 and 2 for our characteristic “star-
burst” and “normal” galaxy models, and assuming that the physical conditions within
them are spatially uniform, the loss timescale for the “normal” galaxy for 1 TeV CR protons
is Tpp &~ 30 Myr, and the escape timescale is Tesc &~ 1 Myr. For CRs of the same energy
in the characteristic “starburst” galaxy model, these timescales are instead 7, ~ 0.1Myr
and Tesc &= 10Myr. This shows that, for the specific parameter choices adopted here, TeV
hadrons are expected to escape efficiently in our normal galaxy model, while they will be
strongly attenuated in starburst galaxies (see also Figure 2). This is consistent with the
established picture that Milky-Way like (“normal”) galaxies are non-calorimetric, while
starbursts can be highly calorimetric, with a sensitive energy-dependence of CR confine-
ment developing from the competition between pp absorption and diffusive transport. The
charged—neutral switching effect considered in our work does not significantly alter this
GeV-TeV calorimetry argument. At the energies of interest (and below), neutron decay
lengths are far smaller than galactic scales. CR neutrons do not provide a direct “ballistic
bypass” of confinement comparable to the cluster/filament case.

4.1.4. CR Injection Timescales and Transient Sources

In our calculations, we considered that CRs are injected by a persistent, non-evolving
source population embedded within each structure. The escape fractions we obtain can
therefore be interpreted as long-term energy-dependent transfer efficiencies for CR baryons
at a given epoch. In reality, the CR sources in galaxies, clusters and filaments would be
time-dependent. In galaxies, the accelerators of the CR population are expected to be
associated with star-formation activity, or with processes related to AGN activity (for
reviews, see [12,13]). Galaxy-scale star-formation episodes typically persist over hundreds
of Myr [117] (i.e., longer than our simulation time), although shorter-timescale flickering
associated with individual star-forming clouds occurs on scales on the order of tens of
Myr [118]. By contrast, AGN variability can occur on much shorter timescales, on the order
of 0.1 Myr [119,120].

Similarly, the CR supply in clusters of galaxies may be dominated by repeated AGN
activity from a brightest central galaxy, with individual outbursts or recurrence cycles
arising on 5-10 Myr timescales. Moreover, the resulting CR population may be dynamically
redistributed by bubbles and weak shocks over a few tens of Myr. Subsequent cavity evolu-
tion is commonly characterized in terms of sound-crossing, buoyancy, and refill timescales,
while transport and possible re-acceleration associated with sloshing motions can persist
over ~Gyr timescales [17,121,122]. The origins of CRs in filaments are less certain but likely
include in situ acceleration at structure-formation and accretion shocks [28,123], as well
as injection from lower-order structures through AGN activity and feedback, for example
from giant radio jets [81,124], and weaker delivery channels such as lower-power AGN
outflows or stellar/galactic winds from filament galaxies (e.g., [24,125-127]). The character-

https:/ /doi.org/10.3390/universe12040094


https://doi.org/10.3390/universe12040094

Universe 2026, 12, 94

23 of 37

istic timescales of these processes may differ substantially, potentially even experiencing
variability over the Gyr timescales associated with filament evolution.

When the variability timescale of CR sources is substantially shorter than the evo-
lutionary timescale of the structure confining the CRs they produce, successive bursts
populate the reservoir faster than the stored high-energy CR population is depleted. In this
situation, the escaping component approaches the quasi-steady, time-averaged behavior
captured by our calculations (at higher energies). We consider this to be a plausible sce-
nario in large-scale reservoirs, such as galaxy clusters and filaments, where the relevant
charged-particle confinement times can be extremely long, while the neutron-mediated
channel operates through ballistic crossings over much shorter timescales. The structure
then acts as a time-integrated fossil record of multiple source episodes, and our reported
escape fractions offer a reasonable characteristic description of the cumulative leakage.

If the duty cycle of sources is low, and bursts of CR injection are separated by intervals
comparable to or longer than the depletion or evolution time of the high-energy confined
CR reservoir, then the escaping component should retain a memory of the injection history
rather than approaching a time-averaged state. In this situation, neutron-mediated escape
may be especially important because it can produce a comparatively prompt high-energy
response during active phases. In contrast, the more strongly confined charged component
can continue to leak out more gradually after the source has faded. A fully time-dependent
treatment would therefore rescale the normalization of the escaping flux from a structure,
and also introduce intermittency, spectral hysteresis and environment-dependent delays
between source activity, in situ secondary production and the escaping CR baryon flux.
Extending the framework introduced in this study to episodic injection histories is there-
fore a natural future step, and may help to identify the source classes, duty cycles and
environments where charged—neutral switching leaves the clearest observable imprints on
CR transport through galaxies, clusters and the cosmic web.

4.1.5. Direct and Indirect Observational Prospects

A direct observational test of the escaping CR neutron component considered in this
work is challenging. Even at an energy of 10> eV, free neutrons travel only a distance on the
order of a few Mpc before undergoing -decay, so the results presented here do not imply
that neutron point sources from galaxy clusters or cosmological filaments could be detected
at Earth. Instead, they imply a modification to the escape efficiency of CR baryons from
such environments and, hence, to the charged CR component that is ultimately supplied to
the wider cosmic web ecosystem after neutron decay. This interpretation is consistent with
the recent search by the Pierre Auger Observatory for ultra-high-energy neutrons from
more than 1000 galactic candidate sources, which found no significant excess and placed
upper limits on the neutron flux, even in the regime where galactic neutron astronomy
would, theoretically, be possible [128].

More promising observational consequences lie in anisotropy signatures in the UHE
CR sky. In particular, correlations between UHE CR arrival directions and nearby large-scale
structure would be sensitive to the propagation physics of CRs, including neutron-channel
jumps. In the nearby-source regime relevant above 10'° eV (i.e. within photo-attenuation
horizons), where intergalactic magnetic-field deflections are not consequential, temporary
neutral segments in UHE CR propagation can modify how efficiently CR baryons escape
magnetized clusters and filaments. Relative to a purely charged-particle treatment, this
would alter the energy dependence, characteristic angular scale, and rigidity dependence
of correlations between the highest-energy CR arrival directions and nearby large-scale
structure. In our calculations, this is particularly relevant for clusters (and for filament
regions adjacent to clusters), where neutron-mediated escape modifies the local-Universe
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escape fraction at the level of up to ~10 per cent (Figure 1). Although modest in amplitude,
such changes are still capable of producing distinctive broadening or smearing in angular-
correlation studies with nearby matter tracers.

Anisotropy correlation searches of exactly this kind are already standard in the
field, including large-scale dipole analyses, intermediate-scale excess searches, com-
parisons with nearby galaxy catalogs, and harmonic cross-correlations with galaxy
surveys (e.g., [34,129-133]). Our findings in this work therefore identifies charged-neutral
switching as a transport ingredient with an imprint that may be isolated through the
energy- and angular-scale dependence of UHE CR anisotropy. The existence of such an
imprint follows qualitatively from the transport effect identified here. However, a fully
quantitative forecast of the exact correlation amplitude, angular scale, or tracer dependence
would require end-to-end mock-sky simulations including realistic source populations,
compositions, and detector exposures. This is beyond the scope of the current study, and
left to dedicated future work.

Composition-dependent anisotropy studies provide an additional diagnostic of
neutron-mediated CR transport. Magnetic smearing of anisotropy signatures depends on
CR rigidity. Therefore, any transport effect that modifies the escaping nucleon compo-
nent should be most cleanly reflected in light or proton-rich subsets of the highest-energy
events, while heavier nuclei would be expected to retain weaker directional correlations
at fixed energy. Such composition-informed anisotropy analyses are now also beginning
to be explored explicitly (e.g., [134-137]) and these would have the capability to isolate a
neutron-mediated effect when sufficient data has accumulated.

Complementary tests and constraints can be obtained by multi-messenger studies of
individual sources. For example, in galaxy clusters, the same hadronic interactions that
drive neutron production will also generate y-rays and neutrinos. Neutron production
and decay effectively redistributes the baryon energy budget. It shifts part of the CR
power away from local reprocessing into -rays and neutrinos, and instead channels it
into escaping nucleons. Existing observational limits already provide useful constraints.
For example, a stacking analysis of 1094 Planck clusters with IceCube found no significant
neutrino emission [138]. Detailed multi-messenger predictions for individual clusters,
including CR re-acceleration models for radio halos, as well as for cosmological cluster
populations, likewise show that the total combined -ray and neutrino output of clusters
is already constrained by radio, neutrino and y-ray data (e.g., [139-142]). Given these
constraints, the neutron-mediated escape channel considered in this work would most
naturally be inferred by joint modeling rather than through a single direct detection.
Relative to a purely calorimetric galactic cluster, enhanced CR escape through temporary
neutron jumps would reduce the fraction of CR power reprocessed locally into y-rays and
neutrinos, while increasing the baryonic CR flux transferred to higher-order environments
(e.g., connected filaments).

4.2. Approximations and Limitations

Several assumptions and simplifications have been invoked in our calculations. We
summarize the key ones in this section and discuss the probable impacts on the findings
derived from our calculations.

4.2.1. CR Composition

In our calculations, CR protons can be converted to neutrons in hadronic interactions.
The actual composition of CRs, particularly at ultra-high energies, is not well constrained.
Some studies indicate that the contribution of heavy nuclei increases with energy, with
proton dominance broadly ruled out (e.g., [107,143-145]). Interactions of heavy nuclei with
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radiation fields lead to photodisintegration, with the production of secondary nucleons
together with free baryons (protons and neutrons) along their paths. Photodisintegration
increases the neutron yield for a given CR energy flux. It thus boosts the efficiency of
neutron-driven escape compared to the results presented in this study. A full, composition-
dependent treatment of these effects is left to future work, but we note that our main
qualitative findings are robust. CR composition variation would mainly rescale the effective
propagation lengths and escape efficiencies by a factor of a few, rather than substantially
adjusting the overall behavior of CR escape.

4.2.2. Neutron Jump and Timescales

For the confined charged CR particles, we model their transport and population evo-
lution self-consistently. To model the neutral particles, we use a “jump” approximation.
After their production, we consider that neutrons propagate ballistically over a charac-
teristic length-scale and then either decay or leave the system in a single step. This is an
appropriate approximation for a CR ensemble evolving on timescales much longer than
the time required for a neutron to cross the confining structure, Teross ~ Cstr /¢, Where Cgr
is the structure’s characteristic size. For Mpc-scale filaments or clusters, this corresponds
to Teross ~ 3 Myr, and for kpc-scale galaxies, Teross ~ kyr. Over shorter timescales, a full
dynamical treatment of the coupled proton—neutron system is required to properly track
the time evolution of the system. Our approach is therefore robust over timescales greater
than Teross, Or in the quasi-steady limit (see also our discussion in Section 4.1.4).

4.2.3. Magnetic-Field Topology and CR Transport

The formulation we construct for CR transport adopts simplified geometries and
fiducial characteristic diffusion properties to isolate the effect of temporary charged—neutral
switching. In reality, the magnetic fields of galaxies, clusters and filaments are multi-scale
and are composed of both ordered and turbulent components with spatially varying coher-
ence lengths and topologies [28,75,86,87,93]. The relative importance of these components
can have a strong bearing on the effective propagation of CRs, including the ratio of
parallel to perpendicular diffusion. This can affect the characteristic displacement and
escape time of charged CRs (e.g., [37,94,95]). As a result, the precise onset energy, nor-
malization and directional decomposition of the escape fractions we derive in this work
should not be regarded as unique predictions suitable for application to all systems of each
representative type.

The explicit consideration of these effects would be necessary to construct robust
descriptions of anisotropic CR transport in specific applications, and would be required
to obtain exact values for spectral features and escape fractions. A broader exploration
of the effects of specific magnetic field configurations, coherence scales, and diffusion
anisotropies is left to future work. However, despite our simplified approach, we consider
that the main qualitative conclusions of this work are robust—i.e., that any field-dependent
propagation can be bypassed if hadronic interactions temporarily convert magnetically
continued CRs into neutral particles to allow a ballistic transport phase that is not subject
to the same confinement.

4.2.4. Hadronic Interactions in the Neutron Phase

A more consequential limitation of our neutron-jump framework is that it does not
include interactions experienced by neutrons during the ballistic “jump” phase. Cooling
processes such as adiabatic losses due to Hubble expansion are not expected to be important
over the scales and energies considered in our calculations, but hadronic interactions of
CR neutrons with radiation and matter fields can be non-negligible (np and n<y processes;
see Equation (4)). The total ny and np cross sections are of similar magnitude and energy
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dependence to p7y and pp cross-sections up to order-unity iso-spin factors at the energies of
interest in this work (i.e., in the A-resonance regime and above; see [51,146,147]). Therefore,
the interaction rate experienced by CR neutrons in the radiation fields of our structures is
similar to that of CR protons.

In our calculations, the neutron channel has the greatest effect at ultra-high energies,
where (i) the proton interaction length is short and interaction rates are high, and (ii) the
proton gyro-radius is large enough that the charged particles are only weakly confined
and propagate in a quasi-ballistic regime. In this regime, it is not strictly correct to treat
the neutron propagation as a single, non-interacting jump. Neutrons would undergo ny
interactions during their flight, similar to their parent protons in the confined phase. These
interactions both destroy neutrons (producing showers of secondary CRs) and regenerate
new neutrons. This extends the effective distance over which a neutral nucleon component
is maintained in the CR beam.

The net effect of this neutron cycling can be considered with a simple probabilistic
estimation. Suppose, after a hadronic interaction, we approximate that the leading nucleon
is again a neutron with probability f,, and a proton with probability (1 — f,,). If a proton is
produced, the neutron channel is terminated because the proton is confined or treated in
the main calculation. The number of successive neutron-producing interactions, k, before
the first conversion to a proton then follows a distribution with weights

Wie(fa) = (1= fu) fu! (16)

which are normalized such that ) j_; Wi(f,) = 1. The mean number of neutrons produced
in this chain per initial neutron is

Nu = ) kWi(fn)

k=1
= (1 —fn) Z kfnk_l
k=1
g —mfﬁ At 17)

-1 g (7
— g

This means that ny cycling only changes the number of neutrons by a factor of
Ny, = (1 — f,)~!, which is of order unity for reasonable values of f,. If we also consider
that the final proton terminates the chain, the mean number of total nucleon segments in a
chain is Niot = N, + 1. The corresponding neutron fraction of the beam path is then

F R
=t
= —(1 —fn)_l 1 (18)
= (z_fn)il-

For 0 < f, <1, this gives 1/2 < f, < 1. Therefore, neglecting explicit n’y interactions
introduces at most a factor of 2 correction to the neutron component in our model. This
cycling allows the neutral nucleon fraction to be sustained over distances larger than a
single neutron decay length. This is because neutrons are repeatedly regenerated along
the CR beam. Our approach is therefore conservative. It captures the existence of a
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neutral channel that breaks magnetic confinement, but underestimates the extent that
neutron-proton cycling can prolong this channel and reprocess the escaping spectrum in
detail. A full treatment of this process, including the resulting spectral reshaping of the
escaping CRs, is left to future work.

5. Summary and Conclusions

In this study, we have presented a first explicit determination of how neutron-mediated
escape can regulate the exchange of CR baryons across the hierarchy of magnetized struc-
tures in the Universe, ranging from galaxies and clusters to cosmological filaments and
their surrounding voids. We put focus on addressing the long-range transfer effects of
CRs across structural boundaries brought about by neutron jumps, and how this modifies
CR exchange at energies ranging from 10'2 eV (the energy at which CRs are expected to
begin to build up in large-scale environments (see [29])) to 10>! eV (comparable to the most
energetic CR particles ever detected; see [79,80]). Our findings are summarized as follows.

1. Ballistic jumps in CR propagation caused by the production of CR neutrons in hadronic
interactions qualitatively changes the fate of injected high-energy CR particles in the
large-scale structure of the Universe. In regimes where an absorption-only treatment
predicts strong CR suppression, neutron production partially restores an escaping
component by providing a ballistic bypass across escape surfaces. This implies that
the highest-energy CRs can contribute directly to the CR population beyond their
host structure, even when the charged CR primaries would otherwise be lost to py
processes. This neutron bypass channel is relatively more pronounced in higher-
redshift environments.

2. In clusters and filaments, neutron-mediated escape is primarily driven by p+y interac-
tions. In starburst galaxies, pp interactions can be dominant, but this does not operate
at sufficiently low energies to allow for the substantial escape of CRs from galaxies
which would otherwise confine them.

3.  For elongated filaments, the geometry generally favors CR escape through the filament
walls rather than along the spine, resembling a “leaky pipe” scenario rather than
an ideal CR “highway”. This supports a picture where cosmological filaments can
organize CR transport at the highest energies, but can also vent a considerable fraction
of their higher-energy CR content into surrounding low-density regions, including
adjacent voids.

4. In galaxy clusters, the production of CR neutrons by p7 interactions can sustain a
partial ultra-high-energy escaping nucleon flux via a ballistic bypass of magnetic
confinement (and cycling of ny and p<y interactions). This relaxes any requirement
that CRs must avoid strong interaction environments to escape, meaning that can-
didate sources of CRs embedded within galaxy clusters remain viable as a source
class of the ultra-high-energy CR flux detected at Earth. In the context of the cos-
mic web, the same mechanism supports the efficient transfer of CR nucleons from
galaxy clusters into connecting filaments, potentially bypassing magnetic barriers at
cluster—filament interfaces.

Despite the limitations of the simple approach adopted in this study, we have obtained
useful insights into how ballistic jumps can alter CR propagation at ultra-high energies
when neutrons are produced. In particular, our results indicate a qualitative shift in
the expected CR exchange between galaxy clusters, filaments, and voids once neutron
production and their ballistic escape are included.

To quantify these effects more precisely, future work will require (i) a composition-
dependent (nuclear) injection and propagation framework; (ii) realistic CR source rates
in each environment, evolved over cosmological timescales to capture the relevant non-
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thermal power generation history that is supplied to large-scale structures; and (iii) a more
realistic treatment of magnetic fields and interface regions, guided by future observations
that can trace magnetized pathways. Together, these steps will allow the model predictions
to be mapped more confidently onto cluster-filament—void interfaces and filament “high-
way” scenarios. They will also clarify which observational tests can directly probe CRs in
different components of the cosmic web and allow CR transfer models to be firmly tested.
With that foundation, more fundamental questions can be addressed in a meaningful
way—for example, whether energetic CRs can have a measurable impact the formation
and evolution of large-scale structure of the Universe.
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Appendix A. Computational Methodology and Numerical Approach

The stochastic integral-differential transport equations used in this work involve
widely differing physical scales. They are inherently ‘stiff’, and the stochastic component
makes them particularly prone to numerical instability. As such, standard numerical
schemes are not reliable to obtain robust solutions. To solve Equation (13), we therefore
developed a hybrid scheme on a numerical grid with multi-level timestepping. This
evolves the deterministic and stochastic components of the system separately. In each
global timestep At, this: (i) evolves the CR distribution using an operator-split determin-
istic update, with implicit diffusion steps in space and an implicit stiff solver for energy
losses and streaming in each spatial cell; (ii) computes the expected hadronic (pp and
p7) interaction rate in every cell and energy bin and applies a Poisson-sampled sink; and
(iii) for each realized hadronic interaction, Monte Carlo-samples the energy, decay time
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and trajectory of the resulting secondary neutrons and, depending on whether they decay
inside or outside the confining structure, either re-injects the corresponding secondary CR
protons or removes them from the domain. The methodology is described in detail below.

Appendix A.1. Deterministic Component

To solve the deterministic part of Equation (13) within a timestep from f to t 1 = t; + At,
the spatial and energy coordinates are discretized on a fixed numerical grid, with energies
logarithmically spaced with 50 intervals over the energy range of interest in this work,
between 10!2 eV and 102! eV.”

The spatial grid is configured according to the geometry of the solver. In the spherical
case (used for galaxy clusters), a three-dimensional grid over (r;, 6;, ¢) is adopted. For each
angular cell (6;, ¢;) we evolve N(r;, Em, t,) using an operator-split deterministic update.
Radial diffusion is treated implicitly via a conservative finite-difference discretization
of (1/r%)d,[r*K(r, E)9,N] on the radial grid. After this spatial update, we solve the stiff
energy-loss and streaming terms independently in each radial cell using the implicit
solver, RADAUS [57]. Internally, RADAUS takes adaptive sub-steps with a relative tolerance
RTOL = 1073 and absolute tolerance ATOL = 10~#, which gives a good balance between
numerical accuracy and computational time.

We impose a reflective boundary condition at the origin and an outflow condition
at the outer boundary of the computational domain. Numerically, this is enforced by
imposing a vanishing radial gradient at r = 0 corresponding to reflective symmetry, and an
absorbing boundary at the outer edge of the grid. Continuous (Bethe-Heitler) energy losses
are discretized on the logarithmic energy grid across three adjacent points, with modified
one-sided forms adopted at the edges of the grid to avoid introducing instability. CR
streaming is included as an additional deterministic loss term in the energy—space solver.
For each spatial cell, we compute an effective streaming velocity, include the associated
sink term in the RADAUS update and add corresponding escape events from the structure to
a global escape tally. Advection is not explicitly included in this work.

Primary CRs are continuously injected within a designated source region inside the
cluster, filament or galaxy radius, with a radial weighting that follows the gas density
profile. In our calculations, the hadronic (pp and py) interaction losses are handled entirely
by the stochastic solver component (Appendix A.2), so the corresponding sink term is
omitted from the deterministic step to avoid double-counting particle losses.

In the cylindrical case (used for the cosmological filament and galaxy applications),
the numerical set-up is analogous to the spherical case, but with diffusion operating in-
dependently in the two spatial dimensions, (R, z). Radial diffusion is implemented in a
conservative form, as (1/R)dr[R K(R, z, E) dr N|, discretized using second-order finite dif-
ferences and evaluated at cell interfaces. Diffusion along the filament axis (the z-direction)
is treated implicitly in a separate step after the radial diffusion update and before the
energy/streaming update. We apply a finite-difference step for the anisotropic diffusion
term 0, [KH (R,z, E) 9;N], with K| taken to be a fixed multiple of the perpendicular diffu-
sion coefficient K| (R, z, E). Absorbing end-caps are implemented by imposing Dirichlet
boundary conditions N = 0 at either end of the structure in the implicit z-diffusion solver
step. This represents the free escape of CRs through the ends of the structure. As with the
spherical calculation, the streaming escaped flux is also tallied. However, in the cylindrical
set-up, this escape tally is further decomposed into side versus end escape according to the
local distance to the radial and vertical boundaries. This allows us to quantify the relative
importance of radial versus vertical escape.
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Appendix A.2. Stochastic Component, Sinks and Sources

In our calculations, the terms for hadronic (pp and p7y) interactions and their associated
neutron jump in Equation (13) are treated stochastically to suppress numerical stiffness
and to avoid large discontinuous changes in the particle density within individual grid
cells. Explicitly including these terms in the deterministic solver will introduce interaction
timescales that are much shorter than the scales of diffusion and continuous losses. This
makes the Jacobian ill-conditioned and forces excessively small timesteps. We therefore
split each global timestep At into a deterministic update (see Appendix A.1) followed by a
stochastic update that accounts for hadronic sinks and secondary CR injection.

For each spatial cell and energy bin, we first compute the expected number of hadronic
interactions over the global timestep Appys(7, ) At from the local CR density and the sum
of the rates of pp and p+y interactions. To maintain numerical stability when the interaction
rate is large, we introduce a weighting factor Viy, which is essentially a “fake” volume, such

that the weighted mean number of interaction events, A, = A Vi, is kept close to a

hys
target value of the order unity. In each cell and energy bin, we si}r)nfﬂate Nyc independent
Monte Carlo realizations of the hadronic interaction process. For each realization, we draw
an integer number of interaction events, Nf;t, from a Poisson distribution with a mean A,
which is the expected number of interaction events represented by that realization over one
global timestep. The corresponding sink contribution per unit volume is Afi nk = —N! / Vi,
and the net sink density applied to the post-deterministic solution is obtained by averaging
over events, Agnx = Nl\7[1C Yy AZink' By construction, (Agink) = —Aphys, S0 that the expecta-
tion value matches the physical hadronic interaction rate, while the individual realizations
remain numerically manageable, even when a large fraction of the particles in a grid cell
are removed in a single timestep.

Secondary neutron production and their energy distribution is determined using
precomputed production kernels. For each combination of primary CR proton energy and
secondary CR neutron energy, we tabulate the energy-dependent multiplicity and event
rates for pp interactions in ambient gas, and py interactions in the CMB, dust-reprocessed
radiation and stellar radiation fields (using SOPHIA and AAfrag). In the stochastic update,
each Monte Carlo interaction realization is interpreted as producing a bundle of secondary
neutrons. For each bundle, we sample a neutron Lorentz factor v, from the tabulated
neutron energy distribution at the parent proton energy, and then draw a decay time from
the exponential distribution tgec = —¥n T Inu for a uniform random variate u € [0, 1]. The
propagation direction of the neutrons is expected to almost exactly follow the direction of
their parent protons. Although our calculation approach does not track individual particles,
we emulate this directional inheritance by assigning a neutron propagation direction that is
collinear with the local primary proton flux gradient. The neutron is then propagated in a
straight line at speed c to its decay point.

We next determine whether the decay occurs within or outside the confining structure.
If the decay lies outside the surface of the structure, the corresponding converted CR bundle
is counted as having escaped. In the cylindrical configuration, when a neutron leaves the
confining magnetized structure, we also record whether it exited through the cylindrical
side or through one of the end-caps, based on the first intersection of its trajectory with
the escape surface. If the neutron decays inside the magnetized domain, we map the
decay location back to the nearest grid cell and treat the decay products as freshly injected
secondary CR protons. The secondary source term in that cell is then computed by rescaling
to the realized number of interactions in that cell and timestep. This yields a stochastic
secondary injection rate gsec(Es), which is added to the CR distribution in the decay cell.
This ensures that fluctuations in the secondary population remain self-consistent with the
Poisson-sampled number of primary interactions in the originating cell.
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This scheme is designed to obtain quasi-steady solutions over many global timesteps.
It is appropriate for the applications considered here since the evolutionary timescales
of galaxy clusters, cosmological filaments and galaxies are many orders of magnitude
longer than the CR interaction and transport timescales at the energies of interest. For very
short-duration or strongly time-dependent scenarios, a much smaller global timestep or a
fully coupled time-dependent treatment of transport and hadronic interactions would be
required to obtain accurate solutions.

Notes

1

In addition to pion production, the p7y process would lead to Bethe-Heitler leptonic pair-production:
pP+y—p+Ilt 417,

which practically operates as a continuous cooling process for the CR proton.

SDEs are widely used to model fluctuating systems, e.g., in renewable-power variability (e.g., [46]), financial markets (e.g., [47]),
and biological systems (e.g., [48]).

The secondary protons have energies lower than the parent protons. High p-y interaction rates are only possible at the highest of
energies we consider. For primary CRs with a broken power-law or a power-law energy spectrum, secondary protons are always
sub-dominant to the primary CR protons. Secondary CR protons may, however, be non-negligible if the system is ‘optically
thick” to ultra-high-energy CR interactions and the CRs have an unusually flat spectrum, such that there are substantial amount
of extremely high-energy CR particles. In such a situation, consideration of the contribution by directly formed secondary CR
protons would be required, especially if modeling the high-energy CR spectral component.

Note that the energy range displayed is restricted, such that all systems have reached a quasi-steady state at the simulation ages
(cf. diffusion timescales compared to snapshot times shown in Figure 2).

http:/ /www.astropy.org, accessed on 10 January 2026.

https:/ /matplotlib.org, accessed on 10 January 2026.

Above proton energies of 2 x 1019

eV, neutron yields from SOPHIA are not available. For neutron production above this interaction
energy, we anchor the spectral shape to the highest-energy results available and extrapolate only its overall normalization and
the position of the spectral peak, with both trends measured from the highest-energy reliable SOPHIA runs. A more thorough
determination of the neutron spectrum at these ultra-high energies is needed in future studies. However, we have found that the
exact shape of the neutron production spectrum in this energy regime does not have a noticeable impact on the results presented

in this work (for reasonable variations).
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