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Electron Density 7i,- [cm™ ]

Cosmic large-scale
structure

 Cosmic Web

* Voids

* Filaments

 Nodes / Galaxy Clusters
 Formation via gravitational collapse
* QGravitational energy transformed to

kinetic / thermal energy
(mainly via shocks/turbulence)
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Abell 3667

Cosmic rays In
galaxy clusters

* Relativistic electrons & protons
* Accelerated by shocks / AGN

* Tracers of magnetic field

e Observable as radio relics and |
radio halos %

e Additional non-thermal pressure g
component from CR protons Whité: X-ray e <
(below ~1%) Red: Radio - | 2 | Pe...

De Gasperin et al. (2022)
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A spectral cosmic ray model for
cosmological simulations
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Challenges for cosmological simulations
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Challenges for cosmological simulations

||H'| M- R 10_27g — MQasP ~ 1038g
— Factor 10°°
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Challenges for cosmological simulations

||H" M- R 10_27g — MGasP ~ 1038g
— Factor 10°°

r— ~107Ycm — r;, ~ 10%em — ra.sp ~ 10%tem
— Factor 10°°
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* We treat populations of CR _
electrons and protons (Miniati 2001) 1077 -
* Attached to each resolution element = 1077 i
~
* Discretized as piece-wise power law 10~ §
* Evolve distribution function f(p) at 10-2! i
every timestep
1023 .
_ 10—7 3 P ..1...14 L ....1.15 L 1....116
* Feedback via pressure component 10- 10 10 10
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e Observables from distr. function
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Df(p,t)
Dt

= VE@VIp.0)+ (Y ) p2et o L2 (52 [0/ (0,0) + Dop L0 |) + (. p)

Electron Energy E,. [ MeV ]
10’ 10° 10° 10°

L) ' L L L L L) L) L L l L Ll L) L) L L L lJ l L) L L L) L Ll L) L) l

T
=
|
|

[—
<
(=)}
|
/
/
/
|

[—
- —
L9
= o0
/
/

[E—
-
|
o
|
/
/
/
|

10~ F s -

Distribution Function f(p)
/]

10_16 B \\\ .

10~"% - *- -

=20 . T S S S i ' . SRR e :
1077 03 10 10 10°

. . A _ o4 THE UNIVERSITY OF
Dimensionless Momentum p [ (m.c)™'] “

«y CHICAGO 10

Ludwig M. Bdss - September 1st 2026



Df(p,t)
Dt

= VE@VIp.0)+ (Y ) p2et o L2 (52 [0/ (0,0) + Dop L0 |) + (. p)

Electron Energy E,. [ MeV ]
10’ 10° 10° 10°

L) ' L L L L \ L) L L l L Ll L L) L L L lJ l L) L L L) L Ll L) L) l

< o O o
= i & I
|
|

[E—
-
|

L

()

101

Distribution Function f(p)

1010

10—18

-20 . T S S S S | \ . N P \
10773 10° 103 106

. . A _ o4 THE UNIVERSITY OF
Dimensionless Momentum p [ (m,c) 3 |

& CHICAGO +

Ludwig M. Bdss - September 1st 2026



Df(p,t)
Dt

= VE@VIp.0)+ (Y ) p2et o L2 (52 [0/ (0,0) + Dop L0 |) + (. p)

Electron Energy E,. [ MeV ]
10’ 10° 10° 10°

L) ' L L L L \ L) L L l L Ll L L) L L L lJ l L) L L L) L Ll L) L) l

— N —
[S—
13 3 5
= & & &
| | | I
/
/
/
/
/
/
| | |

[E—
-
|
o
|

10~ -

Distribution Function f(p)

10-1oF

10~1 - : -

-20 \ T S S S S S . . \ ——— \
10773 T 103 106

. . A _ o4 THE UNIVERSITY OF
Dimensionless Momentum p [ (m,c) 3 |

& CHICAGO 12

Ludwig M. Bdss - September 1st 2026



1.0 107 5 N 10°
, _
P : — 10_7 A
2 10712 - i 0.8 2 F 10°
g :|. g 10-8 F :I.
o 0'6f3D -e / 100 g
- o = 9] /— ey
S g S f/———4 %
é 0.4 ~— -q% 10_10 ; | 10 )y
Q 19-13 - 0.2 10-1- 1072
) | | : : VL 0.0 10_12 | | 1 | — 10-3
10 10" 10° 10° ' 107 10" 103 10°
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Protons: ¢ Coulomb losses Electrons: ¢ Coulomb losses
 Hadronic losses  Bremsstrahlung losses

* Synchrotron/IC losses

Karner, LMB, Dolag, Khabibullin (arXiv:2607.14363)
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https://arxiv.org/abs/2607.14363

Self-consistent synchrotron emission
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z=0.282 t=10.721 Gyrs

Merger shocks

* Simulations allow insights
Into:

 Complex geometries

* Overlapping shocks

* |Intricate surface structures
* [iIme evolution

e Mach number variations .
across the shock surface e
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Bridging scales:
DSA with magnetic micro mirrors
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Magnetic micromirrors:
Magnetic field structures in the ICM that efficiently confine CRs

Reichherzer et al. (2025)
Ay g @ R SR = | « 41 Micromirror

| 1 (s - o
_ l‘ J ~ . §Ag.." A

What happens if a shock runs through such a medium?

Diesing, LMB, Caprioli (2026, ApdJ, arXiv:2510.23700)
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Magnetic micromirrors

 Compute the time CRs can be
confined within macromirrors

Tacc = 19 yr X R/(R - 1) 1034_

) I,
X 2 T5evB3,6080m 15EGevVsng = 10+
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E 1030 -
. Qe sim. results
» Solve for the maximum energy of o | 7] & turh: k=573 (Subedi 4 al, 2017)
the partlcles 101 ’/°/ A turb.: k~53/3 (Kuhlen et al., 2022)
R qp turb. from MHD sim.
_1p 1026 - V mm(fiam = 1) & turb.: k2
Eox mm = 73 GeV X (R/(R - 1)) O mm (fmm = 1) &t k~2/%
1024 i o mm (fram = 0.1) & turb.: k /
1/2 1/4 1/2 1/2 O mm (fmm — 1) & turb.: k—3/2
X Z TSh,6 TSkeV B3IMG 5Bmm,1/3 vsh’S mm,_l . - w mm (frum = 1) field f;om PIC sim.
10 1 1 | 1 1 1 1
_ , 10° 101 1013 1019 10%7 1019 10%1
* This provides the upper end of the E [V
mJeCted SpeCtrum Reichherzer et al. (2026)

iod THE UNIVERSITY OF

& CHICAGO 19

Ludwig M. Bdss - September 1st 2026



Magnetic micromirrors:
Sub-grid model implemented in cosmological zoom-in simulation

Density p [g cm™?] Xcr = LR Xcr(Pcr,p>0) y-ray luminosity L, [erg s~']
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Diesing, LMB, Caprioli (2026)
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Max. proton energy Enmax [GeV]
10° 10" 107 10

Magnetic micromirrors —

e

 Maximum energy for protons
accelerated in shocks with
micromirror confinement

 Computed on-the-fly
 Emax in shocks ~1 eV

* Volume-filling ~100 GeV

« Consistent with y-ray limits
because of CR proton
distribution dominating in low-
density gas

Diesing, LMB, Caprioli (2026)
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This work !}  Ackermann+14

Magnetic micromirrors S
 Maximum energy for protons 0L i
accelerated in shocks with [
micromirror confinement A T 77
'§ = 109 TT 3 It 1 TTTT E
e Computed on-the-fly 2 3 T‘D,' I8
G +
e Emax in shocks ~1 TeV = o 104 v TT E
e Volume-filling ~100 GeV
1043_ -
« Consistent with y-ray limits
because of CR proton S T
distribution dominating in low- a Mass Moo (o]

density gas Diesing, LMB, Caprioli (2026)
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Impact of cooling and re-acceleration

Ep,max [GGV]
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Preliminary
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Conclusion

e Self-consistent simulation of shocks and
CR spectra on cosmological scales

* Allows to bridge the scale between mlcro—
and macro physics N a"# e

e Volume-filling protons with ~100 GeV,
peaking ~1 TeV

Outlook

* |n-house construction of sub-grid
models for DSA

* |nclusion of more feedback physic
(AGN jets, SNe [Karner,LMB+26])
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