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From CRs to observables
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From CRs to observables

Indirect observational constraints
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Non-thermal emission from isolated galaxies

FIR-Radio relation
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Non-thermal emission from isolated galaxies
with CRAYON+

FIR-Radio relation FIR-gamma-ray relation
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Live modelling of CR electrons (CREST)

tracer particles
in AREPO simulation CREST (Cosmic Ray Electron Spectra

evolved in Time)
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Live modelling of CR electrons (CREST)
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Live modelling of CR electrons (CREST)
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radio (1.4 GHz)
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X-ray (0.8 —2.0keV)

150 MHz

al:

Live modelling of CR electrons (CREST)

~v-ray (E > 500 GeV)

tracer particles
in AREPO simulation
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Fokker-Planck equation

v Supernova remnants (SN 1000) l

(Winner, CP+ 2020)
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Emission spectra j (v, X, 1)
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CREST in galaxies

Simulation setup (Werhahn+ 2026a)

Isolated galaxy simulation with AREPO

(Springel 2010; Pakmor et al. 2016; Weinberger et al. 2020)

* 10" Mg, halo, collapsing gas cloud, star-formation, MHD + CR ) W00 SES ) M) I
protons with anisotropic diffusion (pakmor et al. 2016; CP et al. 2017) . 10[;/[ kpc_l;f 10_2710_2610[_2510__32]410_23 107 [10_11 _130]_1010_2 1O_Bl[uci]00 10107 10_; /1500 1ot 107
gas ®© Pgas [g CIN ECR, p [€Tg CmM */ECMB

* Lagrangian tracer particles, for ~500 Myrs
—> recovers full history (Werhahn et al. 2026a)

y [kpc]

* 3 approaches for CR electron spectra:

z [kpc]

y [kpc]

z [kpc]

10 20-20 -10 0 10 20

x [kpc]

Christoph Pfrommer



CREST in galaxies

Simulation setup (Werhahn+ 2026a)

Isolated galaxy simulation with AREPO

(Springel 2010; Pakmor et al. 2016; Weinberger et al. 2020)

* 10" Mg, halo, collapsing gas cloud, star-formation, MHD + CR ) W00 SES ) M) I
protons with anisotropic diffusion (pakmor et al. 2016; CP et al. 2017) . 10[;/[ kpc_l;f 10_2710_2610[_2510__32]410_23 107 [10_11 _130]_1010_2 1O_Bl[uci]00 10107 10_; /1500 1ot 107
gas ®© Pgas [g CIN ECR, p [€Tg CmM */ECMB

* Lagrangian tracer particles, for ~500 Myrs
—> recovers full history (Werhahn et al. 2026a)

y [kpc]

* 3 approaches for CR electron spectra:

z [kpc]

CREST
f(p,x,1)

y [kpc]

z [kpc]

CRAYON+
radio emission

10 20-20 -10 0 10 20

x [kpc]
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CREST in galaxies

Simulation setup (Werhahn+ 2026a)

Isolated galaxy simulation with AREPO

(Springel 2010; Pakmor et al. 2016; Weinberger et al. 2020)

* 10'“ M, halo, collapsing gas cloud, star-formation, MHD + CR  pumme

R TR B WER e T
. . . . . 101 102 107271072610 2510241023 10—12 q10-11 10-1910=2 10! 100 1040=2 10! 109 10! 107
protons with anisotropic diffusion pakmor et al. 2016; CP et al. 2017) o Mo e S eme on - forgom B e

* Lagrangian tracer particles, for ~500 Myrs
—> recovers full history (Werhahn et al. 2026a)

y [kpc]

* 3 approaches for CR electron spectra:

\4

z [kpc]

CREST CRAYON+
i ) cell-based steady-state
9x9
P J(p, x) )
CRAYON+ CRAYON+ z
radio emission radio emission |

z [kpc]
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CREST in galaxies

Simulation setup (Werhahn+ 2026a)

Isolated galaxy simulation with AREPO

(Springel 2010; Pakmor et al. 2016; Weinberger et al. 2020)

* 10'“ M, halo, collapsing gas cloud, star-formation, MHD + CR  pumme

protons with anisotropic diffusion (pakmor et al. 2016; CP et al. 2017 107 0P OTEROTEROTIOT TR 10T 107 10TH0TE 10m T 10T 10k0TE 0T 10T 10T 0
Ygas M@ kpc™~] Pgas [g cm ™3] ECR, p leTg cm ™3] B [uG] €x/€CMB

* Lagrangian tracer particles, for ~500 Myrs
—> recovers full history (Werhahn et al. 2026a)

y [kpc]

* 3 approaches for CR electron spectra:

\4

z [kpc]

one-zone
CREST CRAYON+ steady-state with
A , cell-based steady-state averaged quantities
pa xa
1, %) (f(p)) ;
CRAYON-+ CRAYON-+ CRAYON-+ <
radio emission radio emission radio emission 10 20-20 10 0 10 20

z [kpc]
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CREST in galaxies

Are galaxies in a steady-state?

Total, averaged CR electron spectrum

one-zone steady-state solution

108

109

p? X (f)v [em™7]

10—10

10—11

10—12

109 10' 102 103 10* 10° 10° 107 10°
D Werhahn+ 2026a
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CREST in galaxies

Are galaxies in a steady-state?

108

109

p? X (f)v [em™7]

10—10

10—11

10—12

Christoph Pfrommer

Total, averaged CR electron spectrum

one-zone steady-state solution
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—
-
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CREST in galaxies

Are galaxies in a steady-state?

Total, averaged CR electron spectrum

one-zone steady-state solution

10—5 fCREST

—
-
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T
=
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CREST in galaxies

Are galaxies in a steady-state?

10727 10—26 10725 10—2*% 1023
p[gcm™3] averaged CREST spectrum
20 ns P GRS PR I 4 1072 Total, averaged CR electron spectrum
15 L > 106 solar radius
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CREST in galaxies

Are galaxies in a steady-state?

. .
10727 10720 1072° 1072% 10725
p[gcm™3] averaged CREST spectrum
B R PR e g 10> T Total, averaged CR electron spectrum
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CREST in galaxies

Are galaxies in a steady-state?

averaged CREST spectrum
T |||mI| T |||mI| T |||mI| TTIT
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very close to 10—5
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Total, averaged CR electron spectrum
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CREST in galaxies

Are galaxies in a steady-state?

averaged CREST spectrum
T |||mI| T |||mI| T |||mI| TTIT

solar radius

very close to
steady-state!

Thunl

||||u1|| ||||u1|| ||||u1|| 1111 ?
109101 10210310%4105106107 108

p

T TTTIT ||||m|| ||||m|| ||||m|| ||||mI| ||||mI| ||||mI| TTIT
2.0 < z < 3.0kpc

TN

strongly cooled spectra
(short cooling times)
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Total, averaged CR electron spectrum
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CREST in galaxies

Are galaxies in a steady-state?
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CREST in galaxies

Are galaxies in a steady-state?

averaged CREST spectrum
T |||mI| T |||mI| T |||mI| TTIT

solar radius

very close to
steady-state!
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109101 10210310%4105106107 108
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" strongly cooled spectra
(short cooling times)
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Revisiting radio diagnostics with CREST

3 Questions

1. Does the radio spectrum trace the underlying, galaxy-wide CR electron spectrum?
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Revisiting radio diagnostics with CREST

3 Questions

1. Does the radio spectrum trace the underlying, galaxy-wide CR electron spectrum?

2. Can the vertical radio profiles from star-forming galaxies be explained by purely advective CRs?

3. Are bremsstrahlung and Coulomb losses negligible for radio-emitting electrons?

Christoph Pfrommer



Revisiting radio diagnostics with CREST

Global properties compared to NGC 891

Global luminosities
Radio-SFR-relation

Lg—1000 um [Lo]

108 10° 1019 1011 1012
1031 L 1.4 GHz observations (Bell4+2003) _
= —— fit to data (Bell4+2003)
~_ fit to data vs. M*
1030 L (Kornecki+2022) - CREST
¢ NGC 891 ' . : . . s
= predicts lower luminosities
= | ) (~factor of 2) than steady-
. state model
a0
3
L 1028 L —
T
O
=
~ 1027 B _
steady-state, face-on -
#  steady-state, edge-on -
1026 = %  CREST, face-on E
: CREST, edge-on
Ll | | | |

101 102

M, Mo yr=']  Werhahn+ 2026b
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Revisiting radio diagnostics with CREST

Global luminosities
Radio-SFR-relation

Lg—1000 um [Lo]
108 109 1019 1011

1.4 GHz observations (Bell4+2003)

1031 |
= —— fit to data (Bell4+2003)
~_ fit to data vs. M*
1030 (Kornecki+2022)
¢ NGC 891
i
N
T 1029 L
IU)
a0
3
L 1028 L
T
@)
=
= 1027 L
steady-state, face-on
#  steady-state, edge-on -
1026 = %  CREST, face-on
: CREST, edge-on
_II/IIIIII IIIII IIIII IIIII IIIII
102 10~1 10° 101 102
Mi[Mo yr=!]  Werhahn+ 2026b

Christoph Pfrommer

CREST

* predicts lower luminosities
(~factor of 2) than steady-
state model

* low frequencies:
radio spectra flatter

* high frequencies:
show temporal variability

L, [ergs—1 Hz—1]

Global properties compared to NGC 891

Global radio spectra
(re-normalised by factors <1.5)

1032
IIII I I lllllll I I lllllll I I lllllll I I lllll-
— =— steady — state — t=1.0Gyr 3
1031 CREST — t=2.0Gyr 7

1030 ;
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: Schmidt4 (2019)
1027 L Heesen+ (2022)
:llll 1 1 lllllll 1 1 lllllll
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—1.2
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Revisiting radio diagnostics with CREST

Global properties compared to NGC 891

Global radio spectra
(re-normalised by factors <1.5)

Global luminosities
Radio-SFR-relation

1032 | LI 1 1 1
La m 1, I LR L L ' """_
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Revisiting radio diagnostics with CREST

Global properties compared to NGC 891

Global luminosities I Global radio spectra
Radio-SFR-relation S TR o (re-normalised by factors < 1.5)
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Revisiting radio diagnostics with CREST

1. Does the radio spectrum trace the CR electron spectrum?

CR Electron Spectrum Synchrotron Spectrum

! ! AL 10%2 AL I B il BRRRARY
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o = I
| N 1030
- 3
g n :
one-zone steady-state: = 1 & o]
using galaxy-averaged = 1 3 :
properties + Steady—state i one-zone steady-state model 1028 E
—— CREST
10_9 — -
CRAYON-+ - CRAYONX 1.2 . I
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Revisiting radio diagnostics with CREST

1. Does the radio spectrum trace the CR electron spectrum?

CR Electron Spectrum Synchrotron Spectrum
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radio spectrum (CREST)
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Revisiting radio diagnostics with CREST

1. Does the radio spectrum trace the CR electron spectrum?
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radio spectrum (CREST)
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* radio emission can be biased
toward ,young" electrons in
nigh-B regions

* leads to systematic differences
between radio and electron
spectra

* much broader distribution of
radio slopes a,,

1. Does the radio spectrum trace the CR electron spectrum?
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Revisiting radio diagnostics with CREST
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radio spectrum (CREST)
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* radio emission can be biased
toward ,young" electrons in
nigh-B regions

* leads to systematic differences
between radio and electron
spectra

* much broader distribution of
radio slopes a,,

1. Does the radio spectrum trace the CR electron spectrum?
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Revisiting radio diagnostics with CREST
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* radio emission can be biased
toward ,young" electrons in
nigh-B regions

* leads to systematic differences
between radio and electron
spectra

* much broader distribution of
radio slopes a,,

—s radio spectra are not a direct
probe of the full CR electron
population
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1. Does the radio spectrum trace the CR electron spectrum?

—0.8
—0a, (0.5 — 1.4 GHz)

—1.2 —1.1 —1.0

steady-state

a, of individual particles

0.20 | | | |

0.15 |- JILL _
0.10 |- I —
0.05 |- - 1. [ _
0.00 ] -'--:I:I:I': :ﬁ-'-ﬂ“

Revisiting radio diagnostics with CREST

—0.9

0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

—0.7 —0.6

a, of projected map

-[steady—state -

-14 -12 -10 -08 -06 -04 —-14 —-12 —-1.0 —-0.8 —0.6

(_Oéu)syn

(_ny)proj



Revisiting radio diagnostics with CREST

2. Can radio halos be explained by purely advective CRs?

Observations + 1D model (SPINNAKER)

(Heesen et al. 2016; Schmidt+2019)

1D Model with advection only (Schmidt+2019):
v fits both intensity & spectral index profile

X many assumptions on gas properties
and wind velocity profile

x neglects Bremsstrahlung & Coulomb losses
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1D Model with advection only (Schmidt+2019):
v fits both intensity & spectral index profile

X many assumptions on gas properties
and wind velocity profile

x neglects Bremsstrahlung & Coulomb losses
Simulation with CRAYON-+:
v somewhat extended intensity profiles

x spectral index profiles too flat
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1D Model with advection only (Schmidt+2019):
v fits both intensity & spectral index profile

X many assumptions on gas properties
and wind velocity profile

x neglects Bremsstrahlung & Coulomb losses
Simulation with CRAYON-+:
v somewhat extended intensity profiles

x spectral index profiles too flat
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1D Model with advection only (Schmidt+2019):
v fits both intensity & spectral index profile

X many assumptions on gas properties
and wind velocity profile

x neglects Bremsstrahlung & Coulomb losses
Simulation with CRAYON-+:

v somewhat extended intensity profiles

x spectral index profiles too flat
Simulation with CREST:

v steepening of radio spectra with height

X intensity profile too compact ...
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2. Can radio halos be explained by purely advective CRs?
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1D Model with advection only (Schmidt+2019):
v fits both intensity & spectral index profile

X many assumptions on gas properties
and wind velocity profile

x neglects Bremsstrahlung & Coulomb losses
Simulation with CRAYON-+:

v somewhat extended intensity profiles

x spectral index profiles too flat
Simulation with CREST:

v steepening of radio spectra with height

X intensity profile too compact ...
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2. Can radio halos be explained by purely advective CRs?

Vertical velocity profile

— = linear velocity profile from 1D models

simulation profile
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1D Model with advection only (Schmidt+2019):
v fits both intensity & spectral index profile

X many assumptions on gas properties
and wind velocity profile

x neglects Bremsstrahlung & Coulomb losses
Simulation with CRAYON-+:

v somewhat extended intensity profiles

x spectral index profiles too flat
Simulation with CREST:

v steepening of radio spectra with height

X intensity profile too compact ...
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2. Can radio halos be explained by purely advective CRs?
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1D Model with advection only (Schmidt+2019):
v fits both intensity & spectral index profile

X many assumptions on gas properties
and wind velocity profile

x neglects Bremsstrahlung & Coulomb losses
Simulation with CRAYON-+:

v somewhat extended intensity profiles

x spectral index profiles too flat
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2. Can radio halos be explained by purely advective CRs?

Vertical velocity profile

— = linear velocity profile from 1D models
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2. Can radio halos be explained by purely advective CRs?
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2. Can radio halos be explained by purely advective CRs?

Vertical velocity profile
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Revisiting radio diagnostics with CREST

2. Can radio halos be explained by purely advective CRs?

Vertical velocity profile
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Revisiting radio diagnostics with CREST

3. Are bremsstrahlung and Coulomb losses negligible for radio-emitting electrons?

dominating timescale
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Revisiting radio diagnostics with CREST

3. Are bremsstrahlung and Coulomb losses negligible for radio-emitting electrons?

frequency
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Revisiting radio diagnostics with CREST

3. Are bremsstrahlung and Coulomb losses negligible for radio-emitting electrons?

frequency

dominating timescale slope of timescale
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Revisiting radio diagnostics with CREST

3. Are bremsstrahlung and Coulomb losses negligible for radio-emitting electrons?
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Revisiting radio diagnostics with CREST

3. Are bremsstrahlung and Coulomb losses negligible for radio-emitting electrons?
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Revisiting radio diagnostics with CREST

3. Are bremsstrahlung and Coulomb losses negligible for radio-emitting electrons?
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Revisiting radio diagnostics with CREST

3. Are bremsstrahlung and Coulomb losses negligible for radio-emitting electrons?

frequency
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Non-thermal emission from isolated galaxies

problem with isolated dwarfs?
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Cosmological zoom simulations

* Auriga zoom simulations with CRs (Bieri+ 2026)
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* Auriga zoom simulations with CRs (Bieri+ 2026)

Cosmological zoom simulations
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Cosmological zoom simulations

* Auriga zoom simulations with CRs (Bieri+ 2026)

* stronger B-fields in satellites, particularly after
close encounter with host (Werhahn+ 2025)
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* Auriga zoom simulations with CRs (Bieri+ 2026)

* stronger B-fields in satellites, particularly after
close encounter with host (Werhahn+ 2025)

Cosmological zoom simulations

* increased radio emission in satellites

* large scatter in FIR-gamma-ray relation
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Cosmological zoom simulations
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FIR-gamma-ray relation

without Alfvén cooling
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Summary & Outlook

* CRs can regulate galaxy evolution through their pressure, transport, and interaction with
the ISM and CGM

* Non-thermal emission links simulations and observations, providing constraints on CR
physics & can probe additional galaxy physics (e.g. environmental magnetic field
amplification)

* Detailed CR electron modelling enables interpretation of radio signatures in star-forming
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10—14
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p
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2. Advection-only does not work with self-consistently driven, slowly accelerating winds!

galaxies
1. Radio emission can be biased!
3. Brems. & Coulomb-losses and free-free absorption are important!
Outlook

* Combine cosmological simulations with detailed CR modelling to predict
multi-wavelength non-thermal emission across cosmic time

* Forward modelling will be essential to interpret upcoming observations,
e.g. from SKA & CTA
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Revisiting radio diagnostics with CREST

3. Are bremsstrahlung and Coulomb losses negligible for radio-emitting electrons?
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Revisiting radio diagnostics with CREST

3. Are bremsstrahlung and Coulomb losses negligible for radio-emitting electrons?

Bonus: What about free-free absorption?
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Revisiting radio diagnostics with CREST

3. Are bremsstrahlung and Coulomb losses negligible for radio-emitting electrons?

frequency

Bonus: What about free-free absorption?
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Revisiting radio diagnostics with CREST
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CREST - CR electron spectra evolved in time

Are galaxies in a steady-state?
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CREST - CR electron spectra evolved in time

Are galaxies in a steady-state?
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Live modelling of CR electrons (CREST)

Cooling timescales
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Revisiting radio diagnostics with CREST

Vertical profiles
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Revisiting radio diagnostics with CREST

normalized intensity
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What determines the extent of radio halos?
* Transport tracer particles through:

* Simulation gas properties

* 1D model gas properties (Schmidt+2019)
* Adopt either:

* Self-consistent simulation velocity profile v (z)

* linear velocity profile v,(z)

* evolve CRe with CREST and calculate resulting vertical
radio emission

* slowly accelerating winds keep CRe close to the disk
where they cool efficiently — radio halos too compact

Christoph Pfrommer
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What determines the extent of radio halos?
* Transport tracer particles through:

* Simulation gas properties

* 1D model gas properties (Schmidt+2019)
* Adopt either:

* Self-consistent simulation velocity profile v (z)

* linear velocity profile v,(z)

* evolve CRe with CREST and calculate resulting vertical
radio emission

* slowly accelerating winds keep CRe close to the disk
where they cool efficiently — radio halos too compact

* linear velocity profile rapidly transports them into the
halo — extended radio emission

Christoph Pfrommer
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Revisiting radio diagnostics with CREST
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Live modelling of CR electrons (CREST)
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CREST - CR electron spectra evolved in time

dominating timescale slope of timescale
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CREST - CR electron spectra evolved in time

What's the memory of CR electrons?
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CREST - CR electron spectra evolved in time

What's the memory of CR electrons?
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CREST - Live electrons in galaxies

Are galaxies in a steady-state?
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Lessons learned fromisolated galaxies

Polarised radio emission
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Lessons learned from isolated setups

Gamma-ray emission
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Spectrally resolved CR protons
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Spectrally resolved CRs in galaxies

gamma-ray spectra
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Auriga zoom simulations: M,,, = 10'% — 10" M,

Cosmological zoom simulations

B-field amplification

* dwarfs: high resolution needed to get converged B-fields

* satellites: B-hields converged

after infall
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with & without CRs

—— before infall (tj50x = 6.8 Gyr)
= during infall (tjo0x = 4.8 Gyr)

109 101

[ [kpc]

Werhahn et al. 2024 (arXiv:2409.17229)



Cosmological zoom simulations

B-field amplification

satellite during infall

satellite at apocenter

isolated dwarf

-10 0 10 —40 =20 O 20 40 —40 —-20 O 20 40 -40 -20 0 20 40-150-100-50 O 50 100 150
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with & without CRs

Name M>o0 number of satellites = mass range of satellites
[MO] Mtot [M@]

le13-h7 1013-11 33 10939 to 1011-77
le13-h8  10'%% 18 10949 to 1011-58
le13-h3  10'%! 9 10%1 t0 1010-53
le12-h5  10!%08 1 1010-30
le12-h12 10294 4 10”93 to 10101
lel1-h4 101144 2 103-9 to 10°-8°
lel1-h5 101146 _ _
lel1-h11  10!9-%8 1 1010-30
lel1-h10 101091 - _
le10-h9 101054 ; _
le10-h11  1010-34 ; _
le10-h8  1010-08 ; _
le1l0-h12  10°-%4 ; _

Werhahn et al. 2024 (arXiv:2409.17229)



Cosmological zoom simulations

B-field amplification

Auriga zoom simulations: M,,, = 10'Y — 10" M,

* dwarfs: high resolution needed to get converged B-fields

* satellites: B-fields converged after infall

* higher B-fields in satellites, particularly after close encounter with host
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Cosmological zoom simulations  with & without CRs

B-field amplification

Auriga zoom simulations: M,,, = 10'% — 10" M,
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Cosmological zoom simulations  with Crs

B-field amplification
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Cosmological zoom simulations  with & without CRs

B-field amplification
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with Alfvén cooling
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