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Outline

1. Observed	(and	unobserved)	cosmic	ray	population	

2. Phenomenological	analysis	of	cosmic	ray	propagation	in	
cosmological	ecosystem	

3. Implications	and	summary	
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the	observed	population

CRs	accelerated	in	astrophysical	environment

attenuation	(pp,	p- 	interactions)γ
-	prop

agate
	towa

rds	us

-	destructed	
-	propagate	away	from	us

Observed	and	unobserved	populations	of	cosmic	rays	(CRs)

- entrained	by		
				magnetised	structures

(Kachelrieß	&	Semikoz	2019)

the	behaviours	of	a	hidden	
population	of	cosmic	rays



A	cosmological	ecosystem	connected	by	filament
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ρfil ∼ 10 − 1000 ρcrit

Bfil ∼ 10 nG

Bcl/sucl ∼ 10 μG

≳ 10 Mpc

≲ 100 Mpc

∼ 10 kpc

∼ 1 Mpc

(Wu	et	al.	2024	Universe)

Bvoi ≪ 10−4 nG

CR	proton			E = 1012, 1016, 1020 eV
gyro-radius	R ∼ 0.1 pc, 1 kpc, 10 Mpc ⋅ (

B
10nG

)−1
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Cooling	and	destruction	of	CRs	during	propagation
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do	not	suffer	much	
attenuation

suffer	from	attenuation

CRs	with	E ∼ 1012 − 1016 eV

CRs	with	E ∼ 1016 − 1020 eV

(at	redshift	z=0)



Some	generic	scenarios	for	magnetic	field	(MF)	configuration

Type	A:	not	confined	by	MF	
Type	B:	confined	with	diffusion	(across	different	MF	components)	

Type	C:	confined	with	drifting	(along	MF)
/106

A,	B,	C	are	gyro-orbits

MF	linessegments	of	filament

• MF	are	ordered	on	
the	scale	of	the	
filament	segment	

• no	significant	small	
scale	disordered	MF

|Bs | / |Bg | ≪ 1
(Wu	et	al.	2024	Universe)
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When	there	are	small	scale	disordered	magnetic	fields	(MF)

	increases	and	the	small	scale	disordered	MF	dominates|Bs | / |Bg |

segments	of	filament

MF	lines

A,	B,	C	are	gyro-orbits

Type	A:	not	confined	
Type	B:	confined	with	(significant)	diffusion		
Type	C:	confined	(guided	by	small	scale	MF)

(Wu	et	al.	2024	Universe)



More	specific	scenarios	of	magnetic	field	(MF)	configuration
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filament-void	interface filament-galaxy	interface

energy	of	CRs					—>						gyro	orbit							—>							transport	and	fate	of	CRs

MF	configuration
open	MF	lines

closed	MF	lines

significant|B|	decrease
significant|B|	increase	
at	the	interfaces	to	
galaxies

(Wu	et	al.	2024	Universe)
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Bfil ∼ 10 nGBcl/sucl ∼ 10 μG Bvoi ≪ 10−4 nG

cooling

The	role	of	the	key	component	—	filament

filaments

destruction	
(pp,	p )γ

(diffusion	&	
scattering)

cooling

cooling

A	possible	fossil	
population	of	CRs	
hidden	in	filaments

confine



Summary	&	outlook

(1) Cosmic	filament	connect	galaxy	(groups,	clusters,	superclusters)	and	act	as	

interfaces	for	CR	transport	between	them	as	well	as	the	void.	The	magnetic	

field	configuration	of	the	filament	ecosystem	is	important	for	CR	transport.		

(2)	CRs	accelerated	in	galaxies	embedded	in	the	filament	ecosystem																	

						may	be	entrained	by	filaments	and	never	reach	us.	Their	energies	are		

						 	and	form	a	fossil	record	of	the	power	generation.	

(3)	We	plan	to	model	the	propagation	and	evolution	of	the	CR	population		

						in	filaments	over	cosmic	time,	and	investigate	whether	the	hidden	

						population	can	be	probed	indirectly.

∼ 1012 − 1016 eV

/1010



Backup	slides



Parameters	used	in	computing	the	path	lengths.	



1013 1015 1017 1019 1021

Energy [eV]

10°3

10°1

101

103

105

107

109

In
te

ra
ct

io
n

le
ng

th
[M

pc
]

z = 0

z = 2

z = 7

p∞ Interaction

Cosmological adiabatic losses

Central Filament

Filament outskirts

Average IGM

Void

The	interaction	lengths	of	protons	undergoing	pp	interaction	
processes	(left	panel)	and	pγ	processes	(right	panel)	for	photo-
pair	and	photo-pion	production	in	cosmic	filaments	and	voids,	
at	redshifts	of	z	=	0,	2,	and	7.		

1013 1015 1017 1019 1021

Energy [eV]

10°3

10°1

101

103

105

107

109

In
te

ra
ct

io
n

le
ng

th
[M

pc
]

z = 0

z = 2

z = 7

pp Interaction

Cosmological adiabatic losses

Central Filament

Filament outskirts

Average IGM

Void



the	prospects	of	particles	with	given	gyration	orbits	to	transfer	between	
filaments	and	voids,	filaments	and	clusters/superclusters,	and	filaments	and	
embedded	galaxies.	‘?’	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	pγ	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.	


