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Abstract: Large-scale cosmic filaments connect galaxies, clusters, and voids. They are permeated
by magnetic fields with a variety of topologies. Cosmic rays with energies up to 102’ eV can be
produced in astrophysical environments associated with star-formation and AGN activities. The fate
of these cosmic rays in filaments, which cannot be directly observed on Earth, are rarely studied. We
investigate the high-energy processes associated with energetic particles (cosmic rays) in filaments,
adopting an ecological approach that includes galaxies, clusters/superclusters, and voids as key
cosmological structures in the filament ecosystem. We derive the phenomenology for modelling
interfaces between filaments and these structures, and investigate how the transfer and fate of
energetic cosmic ray protons are affected by the magnetism of the interfaces. We consider different
magnetic field configurations in filaments and assess the implications for cosmic ray confinement
and survival against hadronic pion-producing and photo-pair interactions. Our analysis shows that
the fate of the particles depends on the location of their origin within a filament ecosystem, and
that filaments act as ‘highways’, channelling cosmic rays between galaxies, galaxy clusters, and
superclusters. Filaments can also operate as cosmic ’ﬂy paper ’, capturing cosmic ray protons with

energies up to 10'8

eV from cosmic voids. Our analysis predicts the presence of a population of
~10'2-10'°eV cosmic ray protons in filaments and voids accumulated continually over cosmic time.
These protons do not suffer significant energy losses through photo-pair or pion production, nor
can they be cooled efficiently. Instead, they form a cosmic ray fossil record of the power generation

history of the Universe.

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

1. Introduction

Filaments, walls, and voids are the largest structures in the Universe. Filaments are
diffuse media connecting lower-order hierarchical structures, such as the gravitationally
bound galaxy clusters and groups. They contain dark matter and baryons (gas), but the
baryons contribute only about 5-10% of the filament mass (see, e.g., [1,2]). The baryon
density in filaments is about 10-100-times higher than the cosmic average value at redshift
z = 0 [2-4], which is about 4 x 10_31g cm 3 [5]. This gas is considered as a candidate
for a major invisible ‘missing’ constituent of baryons in the Universe (cf. the ‘missing
baryon problem’; Ref. [6]). Baryons in filaments mostly consist of hot ionised gas and
warm partially ionised gas. This multi-phase mixture is often referred to as the warm-hot
intergalactic medium (WHIM). The current view is that the WHIM is heated by shocks
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generated by energetic events associated with structure formation, together with feedback
processes from galaxies, e.g., galaxy mergers, galactic outflows, or active galactic nucleus
(AGN) activities (see [7-9]).

The Universe is permeated by magnetic fields, and naturally, filaments are magnetised.
The strengths of their magnetic fields inferred from recent observations are ~10-60 nG [2,10,11],
but their origin is yet to be resolved. While they could be partly cosmological in nature
(see [11]), star-forming activities in galaxies may play a non-negligible role in magnetising
filaments [12-14], especially in regions where the filaments meet the circumgalactic medium
(CGM) (see [15]).

Stacking observations in X-rays and radio wavebands (see [2,16]) indicate the presence
of highly energetic particles, often referred to as cosmic rays, in filaments. (Here and
hereafter, unless otherwise stated, we adopt the terminology energetic particles and cosmic
rays interchangeably.) There is no direct observational evidence that the cosmic rays and
magnetic fields in filaments are in energy equipartition. The cosmic ray particles may
be accelerated in situ in the filaments, e.g., through accretion shocks near structures [17],
or they may be produced elsewhere, e.g., in star-forming galaxies (see, e.g., [18]), or in
AGN’s and their jets (see, e.g., [19]), then transported into the filaments. The structure and
thermodynamics of filaments evolve as a consequence of cosmological structural formation
dynamics (see [20]). Star-forming and AGN activities are also not uniform across cosmic
history. Hence, the properties and composition of energetic particles in filaments evolve
over time.

In this work, we investigate the high-energy processes associated with energetic par-
ticles (cosmic rays) in cosmological filaments, and determine their consequences. We
organise the paper as follows. In Section 2, we describe hadronic processes in astrophys-
ical environments; in Section 3, we elaborate how energetic particles are magnetically
confined in various configurations of filament magnetic fields; in Section 4, we illustrate
how particles are transferred between filaments and voids, superclusters/clusters, and
galaxies by following the cosmic journey of individual particles. In Section 5, we discuss
the implications for the presence of populations of energetic particles in cosmic filaments
resulting from the interactions and transfer processes in filament ecosystems. A short
conclusion is presented in Section 6.

2. Hadronic Interactions in Astrophysical Environments

Cosmic rays are a mix of particles of different species. At energies below 10' eV,
hadronic cosmic rays in galactic and extragalactic environments are believed to be mostly
protons (H nuclei). Heavier nuclei dominate at higher energies. This seems to be supported
by the observed composition of cosmic rays arriving on Earth (see, e.g., analysis of data
obtained by the Pierre Auger Observatory [21]). The dominance of heavy nuclei at energies
above 10" eV implies that the transport of multi-species cosmic rays and the acceleration
of heavy nuclei are more complicated than scenarios of cosmic ray attenuation based
solely on the Greisen—Zatsepin-Kuzmin (GZK) effect [22,23]. Adding to this complexity,
the composition of cosmic rays and their properties are not uniform in space or over
cosmological time. It is a challenging task to disentangle these factors and the effects they
induce, given that our understanding of structural formation at the sub-cluster and galactic
levels is still incomplete and our capability to confidently identify and model cosmic
particle accelerators beyond the framework of stochastic processes in shocks is limited.
Even on the scale of the Solar System, we cannot rely on information about the composition
of cosmic rays arriving on Earth to infer the energy distribution and composition of
cosmic rays in local interplanetary space. For example, cosmic ray baryons observed
on Earth at sea level are, in fact, mostly neutrons [24,25]. Some in situ measurements
by spacecraft have extended the domain of our direct measurements of cosmic rays [26],
extending to the edge of the Solar System [27,28] and local interstellar space beyond
the heliosphere [29]. However, beyond the Solar System and immediate local region of
interstellar space, our knowledge of cosmic rays can only be inferred from simulations (see
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[30,31]), or phenomenological modelling (e.g., [32-35]), often based on information derived
from observations in y-rays (e.g., [36-38]), radio (e.g., [39,40]), or at other wavelengths
(e.g., [41-44]). To date, volumes of manuscripts have been published in efforts devoted
towards understanding cosmic ray composition and their properties in galaxies and in
intergalactic media (IGM). Despite this, it remains a subject of ongoing discussion and
debate (for recent reviews, see [45-48]).

Cosmic rays interact with radiation and baryons in interstellar and intergalactic space;
hence, their content and composition evolve as they propagate. Without loss of generality,
we illustrate the interactions with a proton (or a neutron) interacting with a photon or
with another proton. These processes are referred to as p7y (or ny for neutron) and pp
interactions, respectively. The p<y interaction is dominated by two channels. The first is
photo-pion production. This, including the subsequent interactions and its decay branching,
proceeds as follows (resonant states not shown) (see, e.g., [49]):

pr’ — p 2y
P+7Y—§ nt" — nuty, ; )
L, ety
Pt — PH Ty
n+vy— \_, e Vel - (2)

n’ — n2y

The minimum energy for a proton, E, (= ymp|c]?), to initiate a chain of pion production in
a radiation field is given by

=y eld Km”mﬂ)il] el ©)

mp myp 25 €ph

(for mp[c]? > €ph) Where ¢ is the speed of light, 7y is the Lorentz factor of the proton, €py, is
the energy of the photon, and m,,, my,, and m .+ are the masses of the proton, neutron, and
charged pion, respectively.

The second channel of the p7y interaction is Bethe-Heitler photo-pair production [50].
This proceeds as follows:

pP+y—p+It+I, (4)

where p’ and p are the cosmic ray protons before and after the pair-production process,
respectively. [* are the produced lepton-anti-lepton pair, which are dominated by electrons
and positrons [51,52], although heavier leptons can also be formed [53].

The major channels for the pp interaction and their branching are as follows:

pp7®¢o(n0)&x ()
(pAt) — {pprta Go(n®)u(mtn)
p+p— pnrrt &o(n0) gx(rt ) : )
npt &o(n®)éx(nt )
(A7) g () ()

Unlike the p7y interaction, the dominant channels of the pp interaction tend to produce
resonance particles (e.g., [54-56]), such as AT and A™". Their subsequent decays give
rise to multiple pions. Among these, neutral pions produce y-rays, while charged pions
produce leptons and their corresponding neutrinos. In pp interactions, decays of the A
resonances restore the number of strange-zero (S = 0) baryons of the S = 1/2 ground-state
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baryon octet while producing the lowest mass strange-zero pseudo-scalar mesons of the
spin-zero nonet.

In the centre-of-momentum frame, the threshold energy of the protons, Fpmip|c]?, for
pion production in a pp interaction is the available energy of the protons in a collision,
which excites a pA™ or an nA™ " intermediate state:

2Ypmp A2 Mp + Mp+ ©)
29ptin A Mp + Mp++ ’
which gives
- 1 [mx mp
~-|l—=+—1, 7
Ty | 7)

where x € {p,n} and m, is the mass of the A resonance particle, which is about 1.232 GeV / [c]>.
The pions resulting from the decay of the A particles, therefore, cannot be at rest in the centre-
of-momentum frame, but instead have a substantial amount of kinetic energy. Moreover, there
would be a dichotomy in the energy distribution of the pions. Thus, the pions retain certain
information about the energetic protons that initiate a pp interaction.

The proton threshold energy for pion production in a pp interaction is only slightly
above my, [c]?, and is insensitive to parameters other than the rest masses of the particles
involved. The situation is very different in the p<y interaction, where the threshold energy
of the protons is dependent on the photon energy in the radiation field. The wavelength of
the cosmic microwave background (CMB) radiation in the current epoch (redshift z = 0) is
about 2 mm. The CMB spectrum has a peak photon energy of ey, = 6.63 X 10~* eV. The
proton threshold energy is, therefore, E, ~ 10%eV (for 7, > 1.1 x 10'1). Starburst galaxies
tend to have a prominent infra-red (IR) emission component, peaking at wavelengths of
~50-100 pm (e.g., M82; see [57,58]). The photon energy at 75 um is €pp, =~ 1.65 X 10~2eV,
giving a proton threshold energy of E, ~ 4.3 x 10'8eV (for 7p > 4.6 x 10°). The spectrum
of a disk or elliptical galaxy generally peaks at wavelengths around 1.0 um (e.g., M101 and
NGC 5018; see [57]), and a substantial fraction of the photons in the radiation field would
have energies of e,, ~ 1.25eV, which implies a characteristic proton threshold energy of
Ep ~ 5.6 x 101%eV (for 7p > 6.0 x 107).

3. Confinement and Trapping of Energetic Particles
3.1. Filaments as Mass Condensates and Particle Interactions

Because of the lack of direct observations, our current knowledge of large-scale cosmic
filaments is primitive. Not much is known about their geometrical properties (such as their
thickness), their dark matter distribution, the thermodynamic properties of filament gas,
the configurations and origin(s) of filament magnetic fields, or their evolution over cos-
mological time. Our understanding of cosmic filaments is derived mostly from numerical
simulations (see [59-62]). Despite this, there is no doubt that filaments are very important
components in the hierarchy of cosmological structures. Indeed, most of the mass in the
Universe is confined in filaments in the current epoch, slightly exceeding the total mass
contained in galaxy clusters [59].

Clusters are young objects. While proto-clusters with redshifts as high as z ~ (6-7) are
present [63] and some clusters with a developed thermalised intra-cluster medium (ICM)
could have formed slightly above z ~ 2 (see [64]), the majority of fully-fledged clusters
are found to reside at z < 1 (see [65]). Filamentary structures, in contrast, appear well
before z ~ 4 (see [61]), implying these have always been the dominant mass condensates
of the Universe. Embedded in high-z filaments are galaxies and groups of galaxies in the
early stages of their lives. Stars are formed in these galaxies, and supermassive black holes
grow through merging and accretion. These black holes would appear as AGNs when they
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accrete gas from their surroundings. This has very significant implications from the per-
spective of multi-messenger astronomy involving highly energetic non-photonic particles.

It is generally accepted that starburst galaxies and AGNs are capable of producing
energetic particles of energies from a GeV to above a PeV [45,66-68]. Cosmic star-formation
activities peak at z ~ 2 [69] (often referred to as the ‘cosmic noon’ (see [70] for a review)).
AGN activities also peak at z ~ 2 [71]. This implies that most of the energetic particles
produced in the Universe must pass through filaments before they can escape to the cosmic
voids, or are somehow trapped in filaments after they have left their galaxy of origin.
Hadronic particles in cosmic voids, if they have sufficient energies, interact with CMB
photons to produce lower energy hadronic particles and leptons. They also lose some
fraction of their energy through an adiabatic process due to cosmological expansion.

Like clusters and galaxies, filaments evolve. Simulations show that they stretch and
thicken over time (see, e.g., [59-61]). The density and thermal conditions of the gas and
particles in filaments, therefore, do not stay constant. Filaments are, in fact, large-scale
ecosystems. They exchange energy and chemicals with the galaxies embedded within them,
and the clusters hooked onto them through processes such as accretion and outflows (see,
e.g., [72]). In addition, filaments are also irradiated by the stars in galaxies and by AGNSs,
which could be a heating source that can modify their thermal conditions.

The evolution of the thermal and mechanical properties of filaments, together with the
development of filament magnetic fields, determines whether energetic particles (including
nuclei, baryons, and leptons) produced by star-formation or AGN activities can break
the confinement of their host galaxies. Generally, energetic heavy nuclei will degrade
into lighter nuclei or single baryons through spallation collisions or hadronic interactions.
Cosmic ray baryons will interact with photons in the radiation field or with other baryons,
resulting in lepton pair and pion production (see Section 2). Charged pions then decay to
produce leptons and neutrinos, while neutral pions decay to form <y-ray photons. Heavier
leptons will decay into lighter leptons and their corresponding neutrinos, eventually to
electrons/positrons and electron neutrinos. Energetic electrons and positrons gradually
lose their energy through radiative processes.

An important factor that determines whether energetic particles in filaments undergo
pp and p7y interactions is the size of filaments. Maps of large-scale structures in the Universe
have shown that filaments have lengths of several tens of Mpc [73,74], with the longest ones
exceeding 100 Mpc [75]. The thickness of filaments is not easily determined directly from
observations; however, simulations have indicated that the thickness of filament spines
are ~2Mpc (see, e.g., [59,60,76]), and filaments in the current epoch (z = 0) could have a
thickness of ~4Mpc [61].

Figure 1 shows the interaction lengths of pp and p+ interactions in cosmological
filaments and voids at redshifts z = 0, 2, and 7 (respectively, corresponding to the current
epoch, the cosmic noon when star-formation and AGN activities peaked, and the cosmic
dawn during the process of cosmological reionisation). The parameters adopted for the
calculations are summarised in Appendix A. Given that the width of filaments would not
exceed 4 Mpc at any epoch, pp or pp-like interactions are inconsequential for unconfined
energetic baryons, which are unaffected in filaments and voids. At the current epoch
(z = 0), unconfined protons are not attenuated by py interactions in filaments; only protons
with energies above ~3 x 10% eV would be degraded by interactions with CMB photons
(cf. the GZK effect [77,78]). At cosmic noon (z = 2), unconfined protons of energies below
10" eV would not be affected when traversing a filament, but protons with energies above
10'7 eV could undergo p7y interactions when they travel along a filament or cross a void. At
cosmic dawn (z = 7), unconfined protons of energies above 107 eV would be attenuated
by p interactions in both filaments and voids.
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Figure 1. The interaction lengths of protons undergoing pp interaction processes (left panel) and
Py processes (right panel) for photo-pair and photo-pion production in cosmic filaments and voids,
at redshifts of z = 0, 2, and 7. The calculations are based on those for the hadronic pp and p7y
interactions in Ref. [79]. The parameters adopted for the calculations are shown in Appendix A.
The length scales for proton adiabatic losses at z = 0, 2, and 7 due to cosmological expansion are
also shown for comparison. These assume a ACDM cosmology with cosmological parameters of
Hy = 674 kms! Mpcfl, Om = 0.315, and 0y = 0.685 and negligible curvature and radiation
energy densities (following the 2018 Planck results; Ref. [80]). The distance to the event horizon of
the Universe at the current epoch is roughly the same as the adiabatic loss length scale of protons at
z = 0. Interaction lengths above this scale (indicated by the pink shaded regions in the panels) are
not of astrophysical consequence, but are shown for completeness.

The Universe has a finite age, and the cosmic horizon has a finite extent. Without
deflections, energetic protons could propagate over distances of a few Gpc. From this,
together with the interaction length comparisons shown in Figure 1, we come to the
following conclusions: (i) cosmic ray protons with energies below about 10'® eV will not
be attenuated in filaments or voids; (ii) energetic protons do not directly deposit energy
into filament gas; (iii) energetic protons below 10'® eV retain a substantial amount of
their energy when they are confined in filaments, until they collide with other baryons or
high-energy photons (such as the keV X-rays from AGNs).

3.2. Gyration of Charged Particles

The radius of gyration, the Larmor radius 71, of a particle with a charge Ze and a mass
m around a magnetic field B is given by

2 . —1
me 12 sinf\ [ m |B|
—— =17x1 — — — .
|ZeB| x 10 7ﬁ< V4 )(me> <nG e

Here, y(= (1 — B?)1/2) is the Lorentz factor of the particle, 8 the velocity of the particle
(normalised to the speed of light c), and 6(= cos~!(B8 - B/|B|)) is its pitch angle. We may
define a parameter:

rL = yBsiné (8)

1

¢ E27ID

/anQ ", )

where D is the characteristic size of a domain in which the threading magnetic field has a
coherent structure. For a relativistic nucleus (8 — 1, v > 1) of mass number A,

(g ~85x 1078 <;‘> (11?2;/) ( >1<

D
1Mpc

B\~
10nG) ’

(10)
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where Ep is the energy of the nucleus. The parameter {p p, is a measure of whether or not
a charged nucleon would be confined in a domain of extent D with a coherent magnetic
structure of a characteristic field strength B. This variable {1 ,, has no explicit dependence
on the mass of the charged particle, but instead depends on the ratio (A/Z). The parameter
{1nu not only determines if a nucleon of A/Z can be confined, but also sets a criterion for
the maximum energy a nucleon can acquire through stochastic acceleration in a region
involving magnetic confinement in the acceleration process (cf. the Hillas criterion [81]).
A direct scaling of the expression in Equation (10) gives a corresponding expression for a
relativistic electron/positron of energy Ee:

B 1 ( Ee D\ B\
CLe ~8.5x 10 <1GeV iMpc) \10nG) - (1)

Protons with {p (= ngnu|( A/ Z)=1) > 1 and electrons/positrons with {1, > 1 are able
to break magnetic confinement. In most astrophysical situations, the energies of elec-
trons would not greatly exceed PeV levels. Thus, {1 < 1 would be expected in fila-
ment environments.

3.3. Magnetic Field Configurations

While there is a consensus that cosmic filaments are magnetised, little is known
about the properties of their magnetic fields, including their strength, their global and
local topology, and their connectedness to the internal magnetic fields of lower hierarchical
systems linked to the filaments (e.g., groups or clusters) or embedded within them (e.g., field
galaxies). Direct measurements of magnetic fields beyond galaxy cluster scales is a great
technical challenge. Currently, only loose constraints can be derived for the strengths of the
magnetic fields in filaments or in voids, and we practically have no reliable information
about the field topology or how magnetic fields in filaments and voids interface. The
strengths of magnetic fields in voids are inferred to be below nG, based on the directional
anisotropy observed in ultra-high-energy (UHE) cosmic rays [82], the absence of a trend in
the rotation measure (RM) of distant radio sources over redshift [83], and the lack of any
clear detection of pair echoes or halos from distant y-ray point sources due to deflected
electromagnetic cascades (e.g., [84,85]). Magnetic fields in filaments are estimated to be
around 30 nG [2,11]. While we may derive such constraints on their strengths based on
arguments invoking thermodynamics (e.g., energy equipartition between particles and
the magnetic field) or radiative processes (such as synchrotron emission and/or Compton
scattering), we still do not have a reliable means to determine the configurations of magnetic
fields in filaments theoretically or observationally.

The confinement and transport of energetic particles in filaments is sensitively depen-
dent on the topological properties and effective strengths of the magnetic fields. Modelling
how energetic charged particles behave in cosmological filament environments is not a
trivial generalisation of modelling how energetic charged particles behave in diffuse media
on stellar and galactic scales. This is partly due to the sheer scale of cosmological filaments,
but also because the fate of energetic particles is dependent on the properties of filaments
at different stages of their cosmological evolution. It is also partly due to the connectedness
of the filament magnetic field to the magnetic fields of the embedded galaxies (where
energetic charged particles originate) and the clusters/superclusters where the filaments
terminate. Filaments can, therefore, be considered as a part of a larger ecological web, in
which particles are energised, destroyed, converted, and recycled.

We now lay out a conceptual framework, which provides a basis for meaningful
discussion of the fate of energetic particles in their complex interplay with filament envi-
ronments. Magnetic fields undoubtedly regulate the destruction, conversion, and recycling
of energetic particles in cosmological filaments. Self-gravitating astrophysical systems
generally have round shapes if they are gravitationally supported (e.g., stars, elliptical
galaxies, and galaxy clusters) or disk shapes if they are supported by angular momentum
(e.g., proto-stellar systems and disk galaxies). Filaments are the only self-gravitating sys-
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tems that can persist over long timescales (cf. Hubble time), with elongated structures. The
unique geometry of filaments allows them to harbour a coherent magnetic structure along
their symmetry axis over length scales substantially larger than their thickness.

With this in mind, we may consider a filament segment of characteristic linear size
¢ within a filament of length £, where £ > (. This segment is part of a long filament
section, which is permeated by a magnetic field. The magnetic field can be decomposed
into a relatively well-ordered large-scale component By and a disordered smaller scale
component B, i.e.,

B=Bg+Bs. (12)

The large-scale component serves as the field substratum. It can be further decomposed into
two orthogonal components: Bg = B + By, where By is the global toroidal component,
presumably supported by a large-scale current flow along the filament, and B|| is the
parallel component contributing to the global directional magnetic flux aligned with the
orientation of the filament. In the absence of a large-scale current, B; = B). Without losing
generality, we simply assume that the large-scale current is negligible, i.e., [B|| > [By|. The
smaller scale disordered field component, Bs, contributes to the rest of the total magnetic
field in the filament segment. We assume that the small-scale field component is statistically
isotropic (i.e., it has no preferential orientation), and statistically homogeneous (i.e., it is
invariant under spatial translation). As the magnetic field is divergence-free, the magnetic
fluxes of the small-scale disordered field component passing through an arbitrary surface
constructed within the filament, with an area similar to or larger than the cross-section
of a galaxy, is statistically zero. These properties of an arbitrary surface do not hold for
the large-scale field component, though its magnetic flux entering and leaving a volume
element within the filament segment is strictly zero. We shall demonstrate in later sections
that such differences between the large-scale and the small-scale field components would
have subtle effects on the properties and fate of baryonic cosmic rays in the filaments.

Figure 2 shows six examples of generic field configurations in a filament segment.
These configurations are reasonable representations in regions without sizeable substruc-
tures such as galaxies, groups, or clusters. They are constructed based on the relative
strengths of Bg and Bs, with additional considerations such as large-scale fields along the
filament linking a pair of galaxy clusters close by.

In observational and simulation studies, the properties of magnetic fields are often
quantified with a coherence length Ag (see, e.g., [86,87]). For the convention of magnetic
tield decomposition that we have adopted, Bg would have a larger value for Ag, while B
would have a smaller value. Note that By in the field configuration shown in panels 1, 2, and
3 all have Ap = D, yet the variations in their structures would lead to very different effects
on the fate of charged particles. Thus, in a more thorough formulation, a comprehensive
description beyond coherence length parameters Ag would be necessary, though our
approach is still important to provide useful insights into the properties of magnetic
fields in the interstellar medium (ISM) or the IGM. For clarity in the field topological
analysis, hereafter, we do not consider the coherence length parameter explicitly unless
otherwise stated. We instead describe the magnetic fields directly using a two-component

By — Bs decomposition.
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Figure 2. Schematic illustrations of various generic situations for the confinement and transport
of energetic charged particles in segments of cosmological filaments (denoted by the shaded light
blue region in each panel) threaded by magnetic fields (represented by curved dark blue lines).
The gyration of the charged particles in the magnetic fields may be classified into three regimes
represented by the red ellipses (gyration orbits), not to scale, marked with A, B (or Bl and B2), and C.
The regimes are defined according to the value of {1 ;,, by setting in Equation (10) (for A/Z = 1) the
domain extent D as the width of the filament and characteristic magnetic field strength 3 as that given
by Equation (13). The orbit types labelled as A correspond to cases where {1 |, > 1; the orbit types
labelled as B (and B1/B2) correspond to cases where {1 ;, < 1; the orbit types labelled as C correspond
to cases where {1, < 1. The magnetic fields in the panels have two components, a component with a
relatively well-ordered large-scale field configuration within the region (i.e., the presence of a guided
field) and a component with disordered smaller scale field configuration. Panel 1 shows a filament
segment where the magnetic field is dominated by an ordered large-scale field without orientation
reversal. Panel 2 shows a filament segment where the magnetic field is dominated by an ordered
large-scale field, but there are field reversals warping parts of the segment. Panel 3 shows a filament
segment where the dominant component of the magnetic fields have a bottle configuration. Panel 4
shows a filament segment where the disordered small-scale field components are as prominent as the
the large-scale well-ordered component, which has an orientation parallel to the filament. Panel 5
shows a filament segment where a prominent disordered small-scale field component is embedded
inside a large-scale component with a bottle configuration. Panel 6 shows a filament segment where
the well-ordered large-scale field component is absent, leaving only the presence of a disordered
small-scale field component. Note that type B orbits are split into two subgroups, B1 and B2, in panel
2, with the former in the folded field region and the latter outside the folded field region.

In the first three cases shown in Figure 2, the small-scale disordered field component is
negligible compared with the large-scale field component. When |Bg| > |Bs|, the magnetic
field is relatively ordered and aligned with the filament orientation (see panel 1). If there is a
strong flow along the filaments (e.g., in channelled accretion), Rayleigh-Taylor instabilities
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could develop, which may lead to a field folding in some regions in the filament segment
(see panel 2). A magnetic bottle field configuration could develop in the region between
two embedded galaxies in a filament (see panel 3). This requires that the flow within the
filament be dominated by bulk motion instead of turbulent motion. This can occur naturally,
and can be understood as follows. The turbulent speeds v}, in the IGM are in the range
of 10-50 km s, as inferred from observations (e.g., [88,89]). It is generally considered
that filaments contain a substantial amount of the WHIM, which has a temperature of
~10°-107 K. If we take a gas temperature T ~ 10°K, it gives a sound speed cs ~ 70km s~ !.
Thus, the IGM turbulence is generally subsonic. The flows in filaments are not pressure
supported, and it has been argued that shocks are present in filaments [17]. This implies
that the bulk flow speed v, along the filament is supersonic, i.e., Vpy > €s > Vb, (at
least in certain regions within a filament).

In the last three cases shown in Figure 2, the small-scale disordered field component
is non-negligible compared with the large-scale field component, at least in some regions,
or even dominates over the large-scale field component. When the two field components
are comparable, the magnetic field in the filament segment would share the characteristics
of the two components (see panel 4). While the field lines appear to be entangled, they
do not mask the global orientation of the directed large-scale field component. There are
also situations where disordered magnetic fields are generated inside a magnetic bottle
field configuration (see panel 5) by the turbulence motion of the ionised gas (plasma),
or energetic particles trapped inside, or by the presence of a shock caused by colliding
outflows from two galaxies. If the filament segment does not have strong bulk flow, it
is possible that the disordered field component dominates (see panel 6), reflecting the
turbulent nature of the gas in the region.

3.4. Particle Confinement

To determine (} », and (. for nucleons or electrons of given energies, we need to
assign values for D and B in Equations (10) and (11). For the value of D, the filament
thickness can be adopted as inferred from observations, such as stacking. The value for B
is currently not measurable directly from observations. Instead, it can be derived under
certain assumptions, such as the energy equipartition between the magnetic field and
non-thermal particles, if the energy content of the emitting particles can be determined
from observations. Different field configurations could give the same B. Figure 2 shows
examples of magnetic field configurations, with different combinations of Bg and Bs, in a
two-component representation. For uncorrelated By and Bs, the characteristic field strength
is then

B=\/(Bg" Bg) + (Bs" Bs) +2(B" By)

~ \/|Bg|?+ |B|?. (13)

For protons in a filament segment with {D, B}, {p (= L nul(a/z=1)) will depend only
on E,, the proton energy. If we set B ~ 30nG (a value similar to the field estimated for
large-scale filament (see [90])), protons with energies of 3.5 x 10'%eV, 1.1 x 108 eV, and
3.5 x 10! eV would have gyration radii of 1 Mpc, 40 kpc, and 1 kpc, respectively. The
protons may, therefore, be sorted into three groups, (i) {1, > 1, (ii) {Lp S 1, i-e., slightly
smaller than, but of the same order as 1, and (iii) {1 p < 1, according to their energies. The
protons in these groups have their gyration radii larger than, comparable with, but slightly
smaller, and much smaller than the thickness of the associated filament, respectively.

We now illustrate how differently the protons in the three groups would behave for
different magnetic field configurations (even though they may share the same value for ).
We ignore the drift of the protons along the filament for the time being and focus on their
motion perpendicular to the filament orientation. Schematic illustrations of the gyration
orbits, labelled as A, B (B1/B2), and C for the proton groups (i), (ii), and (iii), respectively,
are shown in Figure 2.
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As gyration orbit type A exceeds the filament thickness, the protons with this orbit
will not be confined to the filament in all cases shown in Figure 2. Gyration orbit type B
is slightly smaller than the filament thickness, and proton confinement would occur in
this case, at least in principle. However, non-uniformity in the magnetic field will cause
these protons to drift across filament. Protons of gyration orbit type B can, therefore, only
be confined and survive in the filament over a timescale that depends on the competition
between particle interactions and particle escape through cross-field particle diffusion (see,
e.g., [91]). Protons of gyration orbit type C will be trapped in the filaments.

The filament segment shown in panel 1 is the generic situation. The lack of Bs in
this case implies weaker diffusion for protons with gyration orbit type B, compared to
the other field configurations in Figure 2. The well-ordered B aligned along the filament
segment also implies that protons with gyration orbit type C could be channelled out from
the segment through drift along the field direction.

The filament segment in panel 2 has a field folding region. The magnetic field rever-
sal alters the confinement ability of the region and, hence, that of the filament segment.
Protons that should otherwise have been retained according to their energies E, and the
characteristic field strength B in the filament segment (such as those with gyration orbit
type B2), can now break free of confinement. Field folding, therefore, opens up a back-door
for protons (those with gyration orbit type B1) to leave a filament through direct escape or
by fast tracking cross-field diffusion.

Magnetic mirroring in panel 3 will restrict the drift of the protons with gyration orbits
smaller than the thickness of the filament segment and will retain them in the region. The
effect is stronger for protons with gyration orbit type C than those with gyration orbit
type B. Protons of gyration orbit type B could drift out of the filament through cross-field
diffusion, similar to the situation shown in panel 1. Protons leaving the segment in the
direction along the filament would be suppressed by magnetic mirroring, unlike those in
panel 1.

The field configurations in panels 4 and 6 can be considered as continuations of that
shown in panel 1, as the strength of Bs relative to that of Bg increases. This increase will
enhance the diffusion of protons with gyration orbit type B out of the filament segment.
This in turn reduces the confinement time of these protons. Protons with gyration orbit
type C are not affected greatly, unless the corresponding ¢, the radius of gyration orbit
type C, strongly violates the condition:

27T/ 10 3 N 5 ~00 3 B 5
/ &k B * > &k Bk, (14)
27/l J2m/rc
where B(k) is given by the Fourier transform:
B 1 1 /2 ’ Lk
B(k) = 3 du drre B(r) e "M (15)
-1 0

for isotropic Bs.

The magnetic field configuration in panel 5 has the same large-scale field as that in
panel 3. The presence of the small-scale disordered field component B in the magnetic
bottle set by the large-scale field component Bg will not affect the global confinement
of protons with gyration orbit type C. These protons will be reflected back by magnetic
mirroring, once they diffuse out from the region with Bs. The presence of the small-scale
disordered field component B facilitates the diffusion of protons with gyration orbit type
B across the filament, where confinement is regulated only by B.

4. Filament Ecology
4.1. Filament Interfaces

Filaments are not isolated structures. They are an integral part of an ecological system
for the production, transportation, conversion, and destruction of energetic particles. The
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interaction between the filaments and other components in this ecosystem determines the
composition, spectrum, and fate of energetic particles. The interfaces of these components
are gateways for energetic particles. We may broadly divide these interfaces into three basic
classes: filament—void interfaces, filament—cluster/supercluster interfaces, and filament-
galaxy interfaces. This classification is not an artificial construct, and we will illustrate that
these interfaces act as a sieve for energetic particles entering and exiting filaments.

From a geometrical perspective, interfaces broadly correspond to two magnetic field
topologies between three classes of objects of different sizes relative to the size of the
filament segments involved: (i) the linear sizes of voids {yo; > £g, (ii) the linear sizes of
clusters and superclusters’ £ /sy ~ 1 g1 (Where 7 ~ [O(1)]), and (iii) the linear sizes
of galaxies g5 < {1 Up to this point, we have been using the linear size of a filament
segment, ¢, and the thickness of the filament, /g, interchangeably (see Section 3.3) in the
context that £ «— /g < Clg), where C > 11is the aspect ratio scaling variable of the filament.
These three interface classes are defined by the topological nature of how filaments are
associated with the other components in the ecosystem. The properties of interfaces do not
follow simple scaling relations according to the sequence of galaxies, cluster/superclusters,
and voids. Moreover, we cannot simply scale their physical properties, such as the magnetic
field strength and the thermal content of gas according to the characteristic sizes of the
component structures. As illustrated in Figure 3, galaxies are enclosed by filaments, and
filaments and clusters/superclusters are enclosed by voids; however, clusters/superclusters
are linked by filaments.

cluster/ cluster/
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1
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@ galaxies {
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Cé’ﬁl Egal Ecl/sucl

Figure 3. A schematic illustration to show the interfaces of a filament with a void, two clus-
ters/superclusters, and several galaxies embedded in it. The size bars indicating the length scales ¢,
(x € {fil, voi, cl/sucl, gal }) are not exactly to scale. The filament has an elongated shape, hence the
filament aspect ratio scaling variable C > 1.

This classification is based on geometrical and topological considerations. The mag-
netic fields in filaments introduce an additional layer of complexity. If we ignore the
magnetic field configurations associated with the interfaces for the time being and adopt
the gyration orbits of particles (as described in Section 3.4) as a reference, it can immediately
be seen how energetic particles are sieved differently by the three interfaces (which is sum-
marised in Table 1). It is clear that voids can accommodate the most energetic particles (with
gyration orbit type A) without difficulty. It is also apparent that filament-void interfaces
are a one-way opening for low-energy particles (with gyration orbit type C). These particles
can freely enter a filament from a void, but they are unable to break the confinement from a
filament to escape to a void. Generally, filaments can accept the particles of gyration orbit
type B from galaxies, clusters/superclusters, or voids. Whether these structures can retain
particles depends on how far the particles are able to diffuse across the filament before
undergoing a hadronic interaction (see Section 2).
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Table 1. Passages of cosmic rays through interfaces between filament eco-components.

Interface Type A B C
Void to filament X v v
Filament to void v ? X
Cluster /supercluster to filament X ?

Filament to cluster/supercluster X v

Galaxy to filament X v ?
Filament to galaxy X ?? ?

Notes: A table to summarise the prospects of particles with given gyration orbits to transfer between filaments
and voids, filaments and clusters/superclusters, and filaments and embedded galaxies. A, B, and C correspond
to the gyration orbit types A, B, and C in Figure 2. ‘v” and ‘X" denote which cases could and could not transfer
particles via the described pathway, respectively. ‘?” denotes that transfer through the described pathway is
subject to the efficiency of diffusion across the magnetic field, in competition with other relevant processes, e.g.,
the survival of particles in the presence of pp or py interactions. ‘??” denotes that there could be complications in
the transfer of particles through the described pathway caused by other factors, such as the presence of a magnetic
barrier in the filament—cluster /-supercluster interface, and/or the diffusion of particles through the magnetic

field internal to the systems.

Magnetic fields are divergence free, so the open field lines of a filament magnetic field
must thread through the interfaces with other eco-components. Figure 4 schematically
illustrates examples of the topologies of global, relatively ordered magnetic fields Bg
associated with the interfaces between a filament segment and a void (panel 1), two
clusters/superclusters (panel 2), and several embedded galaxies (panel 3).

void

N

x cluster/
‘. supercluster

cluster/
supercluster

Figure 4. Schematic illustrations of three specific situations for the confinement and propagation
of energetic particles in filament environments. Panel 1 shows the closed and open magnetic field
lines in the interfacing regions of a filament and a void. Panel 2 shows the filament connecting two
clusters/superclusters, where the filament magnetic field lines have a concave configuration (note
that we distinguish the filament here from the inter-cluster bridges between two merging galaxy
clusters). Panel 3 shows the interweaving structure of magnetic field lines connected between a group
of galaxies embedded in a filament. The ellipses B and C are defined as those in Figure 2 (with respect
to a characteristic magnetic field and the size of the filament segment considered).

The two kinds of magnetic field topologies associated with filament—void interfaces
are open and closed field lines. This is analogous to the magnetic field configuration of
stars (see, e.g., [94,95]). In stellar magneto-spheres, closed field lines bound dead zones
where charged particles become trapped, while open field lines thread the wind zones
where charged particles are allowed to escape. In the filament—void interface (panel 1,
Figure 4), particles of gyration orbit types B and C leak out from the filament and will be
deflected by the closed magnetic field lines back to the filament (cf. the dead zone in a
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stellar magneto-sphere). If the particles leak out from regions threaded by open magnetic
field lines, they will continue to drift outwards without confinement (cf. the wind zone
in a stellar magneto-sphere). Particles in voids with gyration orbit types B and C can be
channelled into filaments when they are magnetically captured, regardless of whether the
field line is open or closed.

At the interfaces between a filament and its linked clusters/superclusters, the By
component should be non-negligible as the open field lines in the filament will terminate
there (see illustration in panel 2, Figure 4). Energetic particles could, therefore, drift across
the interface along the B, component from a filament into a cluster/supercluster (or vice
versa). The magnetic fields in filaments are of ~10 nG [11,96]. The magnetic fields in the
core of clusters have strengths of up to ~10 uG [10,97], but are weaker at their outskirts.
The gyration orbit of a particle will, therefore, shrink by almost three orders of magnitude
when it enters a cluster from a filament. Particles with gyration orbit type B in a filament
can easily be captured by a cluster/supercluster at the interface. By contrast, particles that
diffuse from a cluster/supercluster into a filament to end up as particles with a gyration
orbit type B would have had much smaller gyration orbits when they were inside the
cluster /supercluster.

The magnetic fields at a filament—cluster /—supercluster interface may have some
interesting properties based on their topological analysis. The magnetic field at the inter-
face must have a strong toroidal field component perpendicular to Bg| and/or a strong
smaller scale disordered field component, even if the filament segment linking to the clus-
ter/supercluster lacks a small-scale disordered field component. This can be understood as
follows. The linear extent of the interface would be £ /5,1, which is of the same order as /.
Over this length scale, the strength of the magnetic field would need to increase from 10 nG
levels to ~10 pG. The magnetic field energy cannot increase substantially by squeezing
or bending B | in the filament as {1 ~ £ suc- Thus, the options to accommodate this
disparity between the field strengths in the filament and the linked cluster/supercluster
(if adopting the observed values of filaments and clusters available at the moment) are
(i) the presence of a strong toroidal field component (not resulting from deformation of
the By component), (ii) a strong localised small-scale disordered field component, or
(iii) both of these. Whether or not particles would need to overcome this magnetic barrier
when entering or exiting the cluster/supercluster would depend on their diffusion and
scattering when crossing this barrier. This is not considered in our qualitative analysis
using gyration orbits and needs additional consideration in future, more comprehensive
modelling studies.

Different from filament—cluster/—supercluster interfaces, the linear extent of the
filament-galaxy interfaces is determined by the sizes of the galaxies. It is independent of
the thickness of the filament segment containing the galaxies (see panel 3, Figure 4). As
the sizes of galaxies are significantly smaller than the thickness of their host filament, i.e.,
lga1 < {g), and galactic magnetic fields (several tens of pG; see [98]) are at least three orders
of magnitude stronger than the magnetic fields of filaments (tens of nG [11]), particles
with gyration orbit type B in a filament would be captured by galaxies through a ballistic
collision instead of a diffusion or a diffusive drift process in the filament magnetic field
(regardless of the galactic field configuration). The capture probability of these particle
may be estimated as Peapture ~ (Y/C)({ga1/ lq1)?, where the structural factor Y (~O(1))
depends on the aspect ratio of the galaxy, and the relative orientation and location of the
galaxy in its host filament. For {y;; < 30 kpc and /g ~ 2 Mpc, as C > 1, the capture
probability of these filament particles by a galaxy would be well below 1%. Particles with
gyration orbit type C in a filament would enter a galaxy through diffusive drift. Their orbit
would shrink very significantly after entering the galaxy. Particles with gyration orbit type
C originating from an embedded galaxy should have much smaller gyration orbits.

The question now to be asked is whether filament-galaxy interfaces would have
similar magnetic barriers to those expected for filament—cluster /—supercluster interfaces,
when the filament magnetic fields have a significant non-toroidal large-scale component.
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The non-toroidal filament magnetic field, if not bypassing the galaxy, would terminate at
the filament-galaxy interface. At the interface, the field lines of these components could
connect with local poloidal open field lines or toroidal open field lines from within the
galaxy. As an illustration, we may consider a disk galaxy of radius 15 kpc embedded within
a filament of thickness 2 Mpc. Suppose there is a magnetic field line bundle with a radius
of 0.5 Mpc threaded into an embedded galaxy. The magnetic field strength in the arms of
nearby spiral galaxies is ~10 uG (see, e.g., [98]). It follows that

2
Cbﬁl -~ (1OHG> (O5MpC> ~1, (16)
Dgal 10 uG 15 kpc

where ®g; is the magnetic flux of the filament magnetic field bundle that threads onto the
disk galaxy and ®g,) is the magnetic flux of the open-line magnetic field from the galaxy.
This implies that, unlike the filament—cluster /-supercluster interfaces, filament-galaxy
interfaces can easily accommodate filament magnetic fields, even if Bg\l dominates. If a
galaxy has a strong central starburst, the magnetic field in the starburst nucleus could
exceed ~100 puG (see, e.g., [98,99]). Then, the large-scale ordered field of the host filament
cannot connect smoothly to the galactic magnetic field. This implies the presence of a
toroidal field component and/or a small-scale disordered field component. In this case, a
magnetic barrier for the charged particles would be formed, similar to the situation at the
filament—cluster /—supercluster interface. We note that this filament interface would also be
where the boundary of the CGM is located. If the CGM gas is formed by ejecta from the
starburst core of the galaxy, the magnetic fields threaded through it could have a substantial
small-scale disordered field component, or perhaps even a toroidal field component.

4.2. Journey, Life Cycle, and Fate of Energetic Particles

The question behind most current studies of the transport of cosmic rays and their
interactions is how the medium would affect their transport processes and properties. An
ecosystem, however, consists of complex webs of multiply connected components. The
question posed above is, therefore, not particularly meaningful, given the multiplicities
of energetic particle interactions and the interconnection between the components of the
ecosystem that energetic particles would encounter. Posing a grander question of how
the web of components associated with cosmic filaments would affect the global transport
processes of cosmic rays and the final and intermediate properties of the particles within
the components of the system will, however, make the problem impossible to tackle. An
alternative approach is to put focus on the individual particles and investigate how they
react to the individual components in the system they would encounter. We, therefore,
apply the information obtained by studying the journey of individual particles to deduce
the life cycle and fate of energetic cosmic rays in filaments and to derive useful insights
that can then be applied to the broader astrophysical context.

We start with this question: What will happen to a particle, say a proton, of energy E,
starting its journey from a location within a galaxy, a cluster, a supercluster, or a filament
at a particular cosmological epoch? Without losing generality, we consider three protons
at energies of 10'2eV, 10'%eV, and 10?°eV. The threshold energy for pion production py
processes in astrophysical environments is above 10'%eV (see Section 2). It is considered
possible to accelerate particles to energies as high as 10% eV in astrophysical systems,
without violating the Hillas criterion [81]. The three energies we have chosen bracket the
energy ranges for two regimes: the first is the transport of cosmic rays that do not undergo
significant hadronic p7y processes (10'2-10' eV), while the second is the transport of cosmic
rays that have a possibility to undergo a hadronic p7 process (10'°~10°eV). We consider
four initial locations for the protons: the filament itself, a very large supercluster, a cluster,
and a disk galaxy (which may or may not have starbursts). The assigned characteristic
magnetic field strengths are 10 nG for the filament, 1 pG for superclusters and clusters,
and 10 uG and 100 pG, respectively, for the disk galaxies with and without starbursts. For
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completeness, we also assign a value of 10~1°G (=10~°nG) [100,101] for the magnetic fields
in voids.

4.2.1. Particles Starting from a Filament

Consider first that the three protons are produced in a filament at the present epoch
(z = 0). With the assigned filament magnetic field of 10 nG, their Larmor radii ry
are 3.33 x 107 cm (~0.1 pc) (for 102 eV), 3.33 x 10*! ecm (~1 kpc) (for 10'° eV), and
3.33 x 10%® cm (~10 Mpc) (for 10%0 eV). The thickness of a filament at the present epoch
would be in the range (1-4) Mpc, which is less than 3 x 10% cm. Thus, only the proton
of 10%%eV would be able to escape from the filament to the void. The other two would be
confined within the filament.

If the 10% eV proton manages to leave the filament and escape into the void, its Larmor
radius would be > 1032 cm (~10* Gpc), if we take the magnetic field in the void to be
107G (=107° nG). It practically free-streams away and would not return to the filament
it originated from. At the current epoch, it could travel over a distance of a few tens Mpc as
collisions with CMB photons degrade its energy through photo-pair and pion production
(see Section 2). If its energy drops to around 10'°eV, it would still undergo free-streaming
propagation as its Larmor radius would be ~10%8cm (~3.2 Gpc) > Clg > (. It cannot
be captured magnetically by a filament unless it hits it directly, or unless it collides with a
gravitational substructure associated with an embedded component of the filament. At the
energies ~101¢ eV, the proton cannot undergo p7y processes to produce pions, nor can it
lose energy efficiently through any other process. The proton is practically frozen at this
energy, wandering in the void. If its energy drops to about 10'2eV during a p interaction
(though this is unlikely, as almost all its energy will be passed to pions in a single collision
with a CMB photon), it could then be magnetically captured by a filament, as it would then
have a Larmor radius of about 3 x 10**cm (1 Mpc), i.e., is comparable to .

A filament-like structure might have begun to appear at redshifts as high as z ~ 4,
and filaments continue to evolve to become the current form. Energetic protons would
respond differently when encountering a filament at z = 2 and a modern-day filament,
because of filament evolution and the cosmological conditions. A 10%’ eV proton would
have an interaction length of about 10 Mpc at z = 2 and a fit more at z = 0 (Figure 1) to
p7y interactions, and would again lose energy through this process when colliding with a
CMB photon. If the proton’s energy drops by a factor of 10 through photo-pair and pion
production, it can be confined even by a thin filament of a thickness of 1 Mpc. When the
proton is deflected back to a filament, it will collide with a photon in the CMB or a local
radiation field again until its energy drops below the p-y interaction energy threshold.

Lower energy protons confined in filaments would scatter or diffuse within them,
depending on the coherence length scale of the ordered magnetic field. For the case of
a cosmic ray proton captured by a cluster, if there is a magnetic barrier as described in
Section 4.1 at the filament—cluster interface, it will take additional time to diffuse into the
cluster. When protons enter a cluster/supercluster or an embedded galaxy, their Larmor
radii will expand roughly according to the scaling r.x = rai[({|B|*)x)'/?/B]. Here,
x € {gal, cl/sucl} and B = ({|B|?)g1)'/?. As the energies of these protons are below the
photo-pair and pion production energy thresholds, they will not participate in p-y processes.
However, they may lose a small fraction of their energy through the direct production
of electron/positron pairs when colliding with CMB photons in the filament. If they are
captured by a galaxy (see Figure 5), they may also participate in pp interactions.
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Figure 5. Interaction lengths of protons undergoing pp and py interactions in cosmic voids (shown
by purple lines), filaments (black lines), and their internal structures: galaxy clusters (shown in red),
groups of galaxies (green), the CGM of a galaxy (blue), and a starburst galaxy (orange). All path
lengths are calculated at the current epoch (z = 0). The length scale for proton adiabatic losses due
to cosmological expansion is shown for comparison. Interaction lengths above this scale (indicated
by the pink shaded region) are not of astrophysical consequence, but are shown for completeness.
The parameters adopted for these calculations are shown in Appendix A, where filament conditions
are taken as their central values, while the characteristic size is taken as the filament outskirts, i.e.,
~2 Mpc. Vertical lines mark the three proton energies discussed in the main text.

4.2.2. Particles Starting from a Cluster or a Supercluster

For a magnetic field of 1 uG, the Larmor radii of protons with energies of 10'% eV,
10'%eV, and 102 eV are 3.3 x 10 cm, 3.3 x 10!’ cm (~10 pc), and 3.3 x 10?3 cm (~0.1 Mpc),
respectively. The size of a cluster is a few Mpc, and the linear extent of a supercluster can
exceed 100 Mpc.”

The sizes of clusters and superclusters are significantly larger than the Larmor radius
of the 102 eV proton in pG-level magnetic field strengths. As magnetic field components
in clusters or superclusters are expected to have coherence lengths that are smaller than the
sizes of clusters/superclusters, the proton with an energy of 102’ eV may diffuse out from
its host cluster /supercluster into a filament or a void and avoid being captured by a galaxy.
This could occur in the current epoch (z = 0), as the p7y interaction length for a 102 eV
proton is a few tens of Mpc (see Figure 5). The interaction length, however, drops with an
increase in redshift, and at z = 2, the corresponding p-y interaction length becomes smaller
than 1 Mpc, implying that photo-pair and pion production arising in collisions with CMB
photons can substantially degrade the energy of the proton. The proton may still leak out
from a cluster with a size of a few Mpc, but it is unlikely to be able to escape intact from a
supercluster with a size of 100 Mpc.

The two protons with lower energies of 102 and 10! eV would be trapped within their
cluster /supercluster of origin. Their energies are below the p<y interaction energy threshold
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(see Figure 5), so they practically become fossilised at this energy with pair-production being
unable to cool them rapidly. However, the Larmor radii of these protons is sufficiently small
that they could become entangled and advected by cluster-scale flows (e.g., in mergers), or
in strong AGN outflows, or AGN-induced large-scale bubbles. Otherwise, they will diffuse
around until being captured by a galaxy within the cluster/supercluster.

4.2.3. Particles Starting from a Disk Galaxy

Observations have shown that the magnetic fields of disk galaxies often have a rel-
atively well-ordered pattern (e.g., [87,98,103]). In a magnetic field of 10 uG, protons with
energies of 102eV, 10 eV, and 102 eV have Larmor radii of 3.3 x 10 cm, 3.3 x 108 cm
(~1pc),and 3.3 x 10?2 cm (~10 kpc), respectively. The diameter of a Milky Way-like galaxy
is about 30 kpc, and the scale-height of the galactic disk would be about (1 — 2) kpc (see,
e.g., [104,105]).

A 10%eV proton, if they are produced in violent environments, such as from a gamma-
ray burst (see, e.g., [106]), an AGN (see, e.g., [107]), or even a weakly accreting black hole,
could easily stream out of the galactic disk, unless it first collides with an ISM baryon or a
photon from the radiation field of some bright stellar objects. The p+y interaction length
of 10%° eV protons is significantly larger than the diameter of the galaxy; hence, there is
little chance it can collide with a CMB photon before leaving its galaxy of origin. The
final destination of this fugitive proton, which retains its energy, may be in a cluster, a
supercluster, or a filament, and its fate will be similar to the respective 1020V protons as
described in Sections 4.2.1 and 4.2.3. The lower energy protons will be confined by the disk
magnetic field and end up undergoing a pp interaction when colliding with a baryon, or a
p7y interaction when colliding with a photon from the stellar radiation field.

The situation would be different if the disk galaxy has a strong outflow driven by the
starburst (see, e.g., [108]) from within. First, these galaxies may have a stronger magnetic
field (see [98]). Second, disk galaxies with strong outflows would have a different topology
from disk galaxies without an outflow, especially in the presence of large-scale open
field lines, which extend into the galactic halo (see, e.g., NGC 4631, NGC 891, and M
82 [109-111]). For a magnetic field of 100 uG, the Larmor radii of protons with energies of
102V, 10 eV, and 10 eV are 3.3 x 10" cm, 3.3 x 10Y cm (~0.1 pc), and 3.3 x 10*! cm
(~1kpc), respectively. A proton with an energy of 102’ eV would be scattered by the galactic
magnetic field and leave the galaxy, provided it survives pion-producing hadronic collisions
with ambient baryons or photons. The fate of this proton is similar to its corresponding
fugitive proton from the disk galaxy without an outflow. The proton with an energy of
of 10! eV and of 10'2 eV could be advected out of the galaxy, practically intact, if it is
entangled in the magnetic field carried by the outflow. Otherwise, the proton of such a
low energy will reside within its galaxy of origin until it collides with a baryon and lose its
energy in the particle production cascades (see Figure 5).

5. Astrophysical Implications
5.1. Filaments as Cosmic Ray Highways and Fly Papers

The ability of filaments to retain energetic particles gives them a very special role in the
transfer of cosmic rays on a cosmological scale. In most current studies of cosmological-scale
cosmic ray transport, all material outside galaxies is broadly referred to as the “IGM”. This
is treated as a single static agent, with which cosmic rays interact as they propagate through
the Universe. This “IGM” is generally described in terms of certain variables in a statistical
manner, which are either inferred from observations or extrapolated from simulations.

In the previous section, we demonstrated that energetic protons starting from galaxies,
clusters, superclusters, and filaments each have a different life journeys, marked by their
identity. Their fate depends on where they come from, where they were born, and how
much energy they initially acquired. With a qualitative, heuristic analysis of the journey
and fate of energetic protons originating from a filament, a cluster and a supercluster linked
to a filament, and a galaxy embedded inside a filament, we have been able to derive insights
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into various aspects of cosmic ray ecology within filament environments. Filaments are
special large-scale structures that have direct contact with all key eco-components-voids,
cluster/superclusters, and galaxies. This connectedness implies that filaments play an
important role in mediating and regulating cosmological cosmic ray transfer in a manner
that has much more physical complexity than a simple diffusion/scattering scenario can
easily accommodate.

Our analysis has shown that filaments are cosmological-scale highways that confine
cosmic rays and channel them between clusters, superclusters, and galaxies. An energetic
particle escaping from a cluster is not expected to have a good chance to ballistically hit
a neighbouring cluster when it is free-streaming in vast inter-cluster space where the
magnetic fields are weak (below ~1071% G in cosmic voids). However, if the energetic
particle enters a filament, it will be magnetically channelled towards another cluster at the
other end of the linking filament. The situation is the same for cosmic ray particles leaving
a galaxy or a galaxy group embedded within a filament. These are channelled towards
nodes as their destinations®.

Voids enclose filaments, and filaments cannot serve as highways to channel cosmic
rays across void-filament interfaces. Cosmic rays breaking filament confinement would
have a Larmor radius larger than the thickness of a filament. As such, they would be
scattered when they encounter another filament along their path (e.g., [113,114]). These
cosmic rays need to undergo a ‘transformation’ before they can be captured and retained
by a filament. Cosmic ray protons with energies above the py interaction threshold can
degrade to become lower energy protons through their collisions with CMB photons. When
their energies drop to ~10'8 eV, their Larmor radii r will be ~3 x 102cm (2100 kpc)
for a magnetic field of |B| ~ 10nG. A 10'8 eV proton can then be magnetically captured
when intercepted by a filament. This means that filaments can act as cosmic ray ‘fly paper’,
targeting lower energy particles. Given that the volume filling factor of filaments in the
Universe is estimated to be about 10% (see, e.g., [115]), the chance of a streaming cosmic
ray to collide with a filament is not negligible. Once a cosmic ray has been captured by a
filament, it can then undergo p+y interactions inside, degrading its energy to a few 10'%eV.
These captured cosmic rays will eventually become frozen at some energy < 10'°eV over
the timescale it takes them to traverse the filament.

5.2. Cumulative Calorimetry

The fact that protons with energies of 10'® eV can be magnetically confined in fila-
ments and that protons of energy below 10'® eV do not lose energy rapidly through p7y
processes produces some interesting consequences in filament environments. We illustrate
schematically the transfer of cosmic rays in filament environments in Figure 6. From this
illustration, we can construct a mathematical model to determine the populations of cosmic
ray protons in the energy range 10'>~10'° eV within filaments and voids.

Without loss of generality, we consider an idealistic model as an illustration. It is
expressed mathematically in terms of two coupled first-order differential equations:

dng . .

d:ﬂ = —®aNg + Aphyei + Jinj + Jeon,a ; (17)
d 1y .

d‘i/’m = —&p Nyoi T Jeovb + (18)

where ng and ny,; are the number densities of cosmic ray protons in filaments and voids,
respectively. The coefficients a, and &y, represent the rate cosmic ray protons are channelled
out of filaments and the rate cosmic ray protons from voids are captured by filaments. For
filaments, the rate of injection of cosmic ray protons into the 10!2-10'® eV energy range
is specified by jinj + jeon,a- Here, jinj accounts for contributions from direct injection by
galaxies (and galaxy groups), clusters, superclusters, and filament shocks (if present). jcon,a
is the contribution from protons at higher energies that are converted into the 10'2-10'°eV
energy range by p-y processes in filaments. In voids, this conversion process is specified as
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Jeonp- Therefore, this conversion process tends to dominate cosmic ray injection into the
102-10% eV energy range.

filaments voids
capture
—_ 102 — 1016eV [« 102 — 10'6eV
superclusters injection
clusters/groups | «—
alaxies
& capture capture
106 — 101%eV |« 106 — 1019V
¢~ injection
( /] escape
S~ > 1096V o > 100V
filament shocks

Figure 6. A schematic illustration of the transfer of cosmic ray protons in filament and void envi-
ronments. The protons are sorted into three broad groups of energy >10' eV, 10'¢ — 10" eV, and
10'2-10'® V. The horizontal arrows denote the transfer of the particles in the context of relocation
from one astrophysical system to another. The vertical red arrows denote the conversion of cosmic
ray protons from a higher energy group to a lower energy group through p-y processes.

In general, jconv,a and jeonyp are time-dependent. Their evolution is determined by
the cosmic ray energy spectrum, the cosmic ray population, and local radiation fields. By
contrast, jiyj is determined by the star-formation and active galactic nucleus activities at a
given cosmological epoch. This implies that ay, ng is also time-dependent, even without
consideration of the structural evolution of filaments and the cosmological expansion of
voids. Nonetheless, as the capture of cosmic ray protons in filaments by lower ordered
structures would not be high, and as cosmic ray protons are not expected to show an upturn
in their spectra for energies above 10 eV, it is reasonable to expect that jinj > jeona >
|ptyoi — a gy |, and jeonp > ApMyei, at least during the epochs when star-formation and
AGN activity peaked (roughly at z = 2). If we keep only the dominant terms, the cosmic
ray transfer equations are decoupled, giving a solution:

0 dz -1 .
ng ~ dz (dt> @(z) jint(z) 0(z — zg10)
ZAGN,0
0 dz -1 ‘
* / dz | 57 ) [1—@(2)]jime(z) 0(z = zgino) ; (19)
Zgal,O
0 dz -1 ’
Myoi < dz (dt) #(2) jint(2) , 20)
Zmax

where 0(- - -) is a Heaviside step function. The redshifts zagn o, Zgal,0, and zg o denote
the epoch of emergence of the first AGN, the first star-forming galaxies, and the first
cosmological filaments, respectively, and zmax = Max(zgal,o, zAGN,)- The ratio of relative
contributions of cosmic ray injection by star formation to that by AGN activities at redshift
z is specified by by [1 — @(z)]/@(z). The scaling for protons with energies above the py
interaction threshold at redshift z leaking into the cosmic void is specified by »(z).

While this set of solutions does not capture all of the fine details of the evolution
of a population of cosmic ray protons in the energy range 10'2-10'° eV, it still gives us
some useful insights into the history of the cosmic ray content of filaments and voids. As
(dz/dt) is negative while all the other terms in the integrand are positive, ng and ny,;



Universe 2024, 10, 287

21 of 31

would increase over time until reaching a saturation level, where the injection and leaking
of cosmic ray protons in filaments and voids fall into a steady balance. Filaments and voids
would, therefore, continue to accumulate cosmic ray protons in this energy range, provided
that their injection rate is higher than their loss rate through leaking into lower ordered
cosmological structures, or through subatomic processes such as pair production. This
implies that, compared to galaxies (and groups), clusters, and superclusters, cosmic rays
in filaments and voids would have a stronger component of protons at energies around
10'¢ eV, which are unable to cool efficiently and do not undergo p<y processes. Filaments
cannot be populated by cosmic ray protons with energies greatly exceeding 10'7 eV, because
they will be depleted by interactions with photons in the local and cosmological radiation
fields. They also cannot be greatly populated by cosmic ray protons at energies far below
10'2eV, as these would be magnetically confined by the galaxies, clusters, or superclusters
from where they originate and cannot migrate out into filaments and voids.

5.3. Some Remarks
5.3.1. Cosmic Ray Energy Density and Energy Partition with Magnetic Fields

The large population of cosmic rays with energies 10'2-10'®eV in filaments and voids
result from previous star-forming and AGN activities in the Universe. Their presence has
some consequences for how we interpret observations of the micro-physics in filaments
and voids. Firstly, the spectrum of cosmic rays observed on Earth and the spectrum of
galactic cosmic rays are not representative of the spectrum in filaments and voids. Secondly,
without reliable information about the cosmic ray spectrum in intergalactic space, caution
is needed when deriving certain properties of filaments and voids based on the assumed
number density and energy spectra of cosmic rays, for example when estimating filament
and void magnetism.

In the two-component deposition of the filament magnetic field, the two orthogonal
sub-components of the large-scale ordered field component are B; = B + By, where
B is aligned with filament and By is the toroidal field component perpendicular to By.
Including also the small-scale disordered field component, the magnetic energy density in
the IGM within a filament would be

(e5) = g (BI2) + (By?) + (B2)) @)

(assuming that the large-scale and the disordered components are linearly independent).
Unless there is strong co-evolution of (ep) and ng, it is not obvious how a relation can
be established between (ep) and ng (£p), where (&) is the energy content per cosmic
ray particle in the energy range 10!>-10'eV. Also, whether or not energy equipartition
(eB) = ng (Ep) can be attained uniformly over a length scale comparable to the linear sizes
of filaments or voids is beyond our current knowledge.

5.3.2. Cosmic Ray Transfer on Cosmological Scales

Treating the magnetised IGM as a uniform static medium gives tremendous simplifi-
cation when mathematically formulating cosmic ray transfer. One advantage is that we
may classify different transport regimes based on the statistical properties of the IGM, and
this makes solving the transfer equations tractable. However, the disadvantage with this
approach is that it fails to account for the complexities in the cosmic ray transfer process,
such as expanding-volume, multi-scale (but non-turbulent) structures. As shown in the
case studies of the journey and fate of individual cosmic ray protons at different energies,
the regime-based solution schemes using the average statistical properties of the of IGM do
not immediately give a reliable description of the cosmic ray properties in filaments and
voids. It is also not easy to incorporate the conversion of particles and the sudden jump in
the characteristic scales involved when cosmic rays are transferred from one cosmological
component to another, in the coexistence of deterministic and stochastic chance encounters.
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The heterogeneity of the medium over which cosmic rays propagate and the capture of
cosmic rays by strongly magnetised substructures are subjects of concern on galactic scales.
Studies have been conducted on quantifying how cosmic rays are transferred in media
with intermittent patchy structures (see, e.g., [116,117]) and in the presence of random
magnetic traps [118]. The challenges of cosmic ray transport on cosmological scales share
some similarity with those within the ISM of galaxies, but there are also additional layers
of complexity inherent from the different natures between cosmological environments and
sub-galactic environments. The first is how the presence of interfaces between systems (see
Section 4.1) can play a role*. The second is the operation of the sieve mechanism in filament
environments, in particular how the conversion of particles will alter the transmission of
cosmic rays across the interfaces.

The traditional mathematical formulations for diffusion and scattering are insufficient
to describe cosmic ray transfer in filament environments. Mathematical formulations of this
kind generally give solutions in terms of a Brownian random walk, or a modified version of
it (see, e.g., [119]). The presence of a long tail in the free-path distribution when cosmic rays
propagate through the vast intergalactic space cast by an interweaving web of filaments
(see, e.g., [120]) implies that the underlying process is Levy flight (see, e.g., [121,122]), rather
than Brownian motion. With appropriate modifications, the Levy flight formulation would
be able to handle complexities arising from interface-induced barrier crossing (cf. [123])
and chance conversion/elimination of particles [124]. Constructing and solving cosmic ray
transfer equations with a Levy flight formulation is beyond the scope of this study (see
also [125]), and we shall present our work on this in a series of future papers.

5.3.3. The Cosmic Rays That Will Never Reach Us

Our analysis has demonstrated the presence of a large population of cosmic ray protons
in filaments in the energy range of 10'2-10'¢eV. In a filament with a characteristic magnetic
field B ~ 10 nG, the synchrotron cooling timescales are about 2.2 Gyr and 220 Gyr for
protons with energies 10'2eV and 10'®eV, respectively, adopting the expression for proton
synchrotron cooling time in [126]. Thus, there would be a pile-up of energetic protons above
10'2 eV over time. In a void with a magnetic field of 10~® nG, the synchrotron cooling time
of these protons is many orders greater than the Hubble time. These wandering protons in
comic voids with energies below the p<y threshold, therefore, become fossilised after their
last hadronic interaction.

Given the large combined volume occupied by voids and filaments (excluding galaxies,
clusters and superclusters), the total number of cosmic ray protons and the amount of
energy they store would be substantial. As these hidden particles have derived their
energies from star-formation and AGN activities, they are fossil records of the power
generation history of the Universe (after the emergence of the first stars, first galaxies, and
first quasars).

The cosmic ray spectrum observed on Earth is characterised by features such as the
ankle and knees (see, e.g., [127]). A simple interpretation (as illustrated schematically
by [128]) is that the cosmic rays are dominated by three components. The knees at energies
below a few 10!7 eV are signatures of the two lower energy components, which are
of galactic origin, contributed mainly by supernova remnants. The ankle is caused by
the transition from the two lower energy components to a high-energy component. It
is commonly attributed to cosmic rays originating from outside the Milky Way (for a
review, see [129]). The extragalactic component has a low-energy drop-off, as cosmic rays
with energies below ~10'® eV from outside the Milky Way are expected to be strongly
deflected by galactic magnetic fields. The observed cosmic ray spectrum on Earth implies
that galaxies like the Milky Way will censor the direct detection of of the fossil cosmic ray
proton populations, even if these protons manage to leave the filaments and voids they had
previously resided in. In other words, these cosmic rays will never reach us.

The cosmic ray spectrum observed on Earth is a consequence of a dynamical equilib-
rium of cosmic ray transfer from galactic and extragalactic origins. The spectral properties
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reflect the ‘now’, situation of the cosmic ray properties around the Earth, and the synchro-
nisation of the evolution of the cosmic ray spectrum with cosmic ray production, transport,
conversion and destruction in the nearby Universe. The spectral properties of the cosmic
ray population of energies 10'2-10'®eV in filaments and voids are, by contrast, the result
of a dynamical equilibrium. This cosmic ray population is evolving with the Universe.
Their cumulative nature implies that they retain memory of past events (see Equations (19)
and (20)), such as the epochs when star-forming and AGN activities in the Universe peaked,
and the continual reconfiguration of the cosmic web woven by large-scale filaments.

6. Conclusions

In this work, we have demonstrated the importance of cosmological filaments in
the transport and entrapment of energetic hadronic cosmic rays. We have found that
the interplay of energy-dependent particle transport and hadronic interaction processes
produces a range of evolutionary paths for the cosmic rays depending on their energy
and location of origin. In particular, two regimes emerge in which cosmic rays engage
differently with filament ecosystems. At low energies, they undergo transport, but are
below the threshold energy for pion production processes. Without any other efficient
cooling process available for them, the evolution of these cosmic rays is regulated by the
magnetic configuration of filament ecosystems, with their energy becoming ‘frozen’.

At higher energies, above the pion production threshold, cosmic rays degrade in
energy via interactions with cosmological and local radiation fields as they propagate.
These interacting cosmic rays can generally escape from magnetised structures embedded
within filaments, but only some may be able to diffuse out of the large filaments and into
cosmic voids. They lose energy quickly through pion production, and soon fall below the
interaction threshold energy. They then join the fossil population of non-interacting cosmic
rays in voids and filaments.

The exact fate of cosmic rays depends on their location of birth. If originating from a
cluster or galaxy, only the most energetic cosmic rays have a chance to diffuse out. Lower
energy cosmic rays are trapped in their cluster or galaxy of origin. If originating from a
filament, only the highest energy cosmic rays can escape. Those below 108 eV are confined
by the filament to scatter and diffuse inside it. The filament then operates as a cosmic ray
highway, channelling the entrapped particles along it. Those cosmic rays that do escape
lose energy in the void by pion production until they fall below the interaction threshold.
Unless these fugitive cosmic rays are captured by a filament while they shed their energy,
they are left to wander in the void. Unable to cool efficiently, they form a relic ocean of
void-filling cosmic rays. They can only leave the void by colliding directly with a filament
or one of its gravitationally bound substructures where the stronger magnetic fields can
capture them.

Overall, our findings point towards a build-up of a cosmic ray ocean in the 1012-101¢ eV
energy range within voids and filaments. At higher energies, cosmic ray populations are
depleted by interactions with photons in local and cosmological radiation fields. At lower
energies, cosmic rays can be magnetically confined by the galaxies, clusters, or superclusters
from where they originate, and cannot migrate out into filaments and voids. This ocean of
relic cosmic rays in filaments and voids develops to harbour a substantial energy component
in the Universe. Their exact spectral properties and cumulative evolution become a long-
lived ‘fossil” population that records the power generation history of the Universe and the
evolution of the cosmic web. Yet, as they would be strongly deflected by the magnetic
fields of galaxies like the Milky Way, this vast population of relic cosmic rays will never
reach us, even if they are able to escape from their structure of origin.
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Abbreviations

The following abbreviations are used in this manuscript:

AGN active galactic nuclei/nucleus
CGM circumgalactic medium

CMB cosmic microwave background
GZK Greisen—Zatsepin—-Kuzmin

ICM intra-cluster medium

IGM intergalactic medium

IR infra-red

ISM interstellar medium

ACDM Lambda Cold Dark Matter

RM rotation measure

UHE ultra-high energy

WHIM warm-hot intergalactic media/medium
EBL extragalactic background light
FUV far-ultraviolet

HCG Hickson Compact Group
HyLIRG hyper-luminous infra-red galaxy
ISRF interstellar radiation field

IGrM intra-group medium
Appendix A

Table Al. Summary of the parameters adopted in our calculations for the hadronic pp and p7y path
lengths shown in Figure 1, for filament and void conditions. In all cases, py interactions with the

CMB at the specified redshift are included in our calculations.

. . Radiation Energy Density [eV cm 3] Gas Density Size
Environment Redshift Starlight Dust g cm—2] [Mpcl
0 3.7 52 40 x 107% 0.30
Central filament (*) 2 28 42 3.6 x 1072 0.20
7 34 47 2.0 x 10726 <0.050
0 0.10 0.14 1.4 x 107 2.0
Filament outskirts () 2 0.076 1.1 1.3 x 1072 25
7 0.091 0.13 7.0 x 10728 >2.8
0 0.022 0.032 8.0 x 1072 7.9
Void () 2 0.17 0.25 14 x10°% 6.7
7 0.021 0.028 7.6 x 1072 6.0
0 0.024 0.035 4.0 x 1073 -
Average IGM () 2 0.19 0.29 3.6 x 10~ -
7 0.023 0.031 2.0 x 10728 -
Starburst galaxy () 0 670 310 1.7 x 10720 0.0010
CGM © 0 0.24 0.34 1.0 x 10728 0.10
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Table Al. Cont.

. . Radiation Energy Density [eVcm 3] Gas Density Size (M
Environment Redshift Starlight Dust Ig em-3] (Mpc]
Intra-group medium () 0 0.22 0.31 44 %1028 0.12
Intra-cluster medium (8) 0 0.21 0.28 1.1 x 1077 1.9

Notes: () Filament gas density estimates are based on the structural classification proposed by Ref. [130], where central filaments
have an overdensity of 100, and filament outskirts have an overdensity of 3.5 compared to the average background IGM. Central
densities are typically 5-15-times the critical density of the Universe at all redshifts. The energy densities of filament radiation
fields follow the total stellar and dust contributions to the extragalactic background light (EBL) at z = 0 in Ref. [49]. These
are modelled as modified black bodies, with characteristic temperatures of 7100 K (starlight) and 62 K (dust), following the
dominant components of the EBL. Radiation energy densities in filaments at higher redshifts are obtained by scaling the z = 0
EBL values with the cosmic star-formation rate density [131], as obtained from FUV and IR data for the stellar and dust EBL
components, respectively. Within filaments, radiation fields are scaled by the excess stellar density for long filaments in Ref. [132],
corresponding to an increase by a factor of 150 in central filaments, and by 4 in filament outskirts. () Void densities Pvoi are
estimated from typical density contrasts of pyoi/pp ~ 0.20 at z = 0 and 0.38 at z = 2 compared to the background average IGM
density pp [133]. An estimate for the void density contrast is unavailable at z = 7. Given that void density contrasts are weaker
at higher redshifts, we applied the z = 2 contrast to ensure our path length calculations are conservative. Our estimated void
densities are a factor of ~10-100 lower than the critical density at all redshifts. The reduction of the EBL due to the presence of a
void is not substantial. Following Ref. [134], we assume a 10 percent reduction compared to the average EBL energy density. This
is conservative and corresponds to voids of sizes 100 Bt Mpc, which have the lowest EBL levels. The ACDM model of Ref. [135]
is adopted for the redshift evolution of cosmic void sizes. () The comoving cosmic mean baryon density reported by Ref. [5] is
adopted as the average IGM density at z = 0. Values at higher redshifts are scaled from the z = 0 density by cosmological volume.
(@) Parameters are informed by conditions in the nearby hyper-luminous IR starburst galaxy (HyLIRG) IRAS F14537+1950, where
the interstellar radiation field (ISRF) intensity is scaled by bolometric luminosity compared to the galaxy, from [136]. F14537+1950
has a redshift of z = 0.64 with no indication of AGN activity [136]. This is chosen as an extreme example of a low-redshift
starburst galaxy. To allow for direct comparison with the other structures, our path length calculations assume z = 0, rather
than the measured redshift of this galaxy. The external EBL contribution is negligible. () Gas density estimated from the mean
CAMELS-lustrisTNG profiles in Ref. [137] at a radius of 0.1 Mpc for galaxies of halo mass between 10> M, and 10'%° M. At this
radius, feedback effects do not have a large impact on the density profile. Radiation field energy densities are estimated by scaling
the dust emission from the ISM of the starburst galaxy IRAS F14537+1950 by the square of the relative sizes of the systems. This
assumes that most stellar radiation in a starburst galaxy is re-radiated in the IR band by dust. The starlight is then scaled from this
by the relative energy density ratio of the EBL. An additional contribution from the average external IGM EBL is included in
the CGM radiation field. (/) Properties of groups of galaxies show broad variation. We adopted the average properties of the
sample of galaxy groups from Ref. [138] (see the 509 values in their Table 1a) as a representative example of the density of the
intra-group medium (IGrM) (for a review of properties of the IGrM, see Ref. [139]; characteristic physical/observable properties
of galaxy compact groups; see Ref. [140]). For the intra-group light (IGrL), we estimated the dust contribution using the total IR
luminosity of the Hickson Compact Group (HCG) 40 group members in [140] (see their Table 4) and separations (their Table 6),
adopting a five-member configuration. The stellar contribution is then scaled from the dust contribution according to the ratio of
starlight to dust luminosities reported for the EBL at z = 0. An additional contribution from the average IGM EBL is included
in the IGrL radiation field, which permeates the system. (&) The density of the intra-cluster medium is based on the average of
the sample of clusters presented in Ref. [138] (see the 509 values in their Table 1b). This value corresponds to ~130-times the
critical density of the Universe at z = 0. When accounting for the uncertainties in the sample, this overdensity is comparable to
that typically adopted for galaxy clusters, where a value of ~200 has been shown by N-body simulations to correspond to the
virialised region of a cluster’s dark matter halo (see [141]). Radiation energy densities are considered to be double those of the
filament outskirts, roughly following the increase in radiation fields shown in Ref. [142], if estimating characteristic values from
the Virgo cluster. This is conservative to ensure that cosmic ray interaction rates are not overstated in our calculations. Note that
the adopted values are lower than in central filaments, as they are an average value over the cluster. In central cluster regions,
radiation fields may be comparable to or could even exceed those of the central regions of filaments. The contribution from the
external EBL is intrinsically included by our approach. () Characteristic proper widths of filaments are obtained from Ref. [20],
which provides density profiles up to z = 4 showing the collapse and contraction of the filament profile. Atz = 7, the result at
z = 4 is taken as a limit. The central filament is considered to be the region where gas densities in Ref. [20] are 100-times the
background IGM average density, while the outskirts are considered to be 3.5-times higher than the background IGM. Void sizes
are estimated by invoking spherical morphologies to convert characteristic proper volumes reported for the ACDM model of

Ref. [135] to proper void diameters, assuming a Hubble parameter of 1 = 0.7.
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Notes

1

Galaxy clusters are not all virialised objects (see, e.g., [92]), and superclusters are not virialised. Superclusters cannot be described
by simple geometrical shapes, such as spheres or ellipses. For example, the Laniakea Supercluster [93] does not have a well-
defined shape. It is elongated, and presumably threaded by many filaments at different locations. The term ‘linear size’ of the
cluster and supercluster here is, therefore, used in a loose context.

2 The Laniakea supercluster and the Saraswati supercluster are among the biggest known superclusters to date. They are estimated
to have a (maximum) linear extent of ~160Mpc [93] and > 200 Mpc [102], respectively.

3 Apart from clusters and superclusters, galaxy groups can also serve as nodes of large-scale filaments. In a recent observation, the
M 101 galaxy group was identified as a node in a nearby cosmic filament [112].

4 This is analogous to determining the electric and magnetic fields in propagating electromagnetic waves across two dielectric
media with different refractive indices. The matching of the field components at the boundary is essential to obtain a correct
description of the transmission and reflection of electromagnetic waves when crossing the interface between the two media.
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