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Introduction
Galaxy formation Cosmic rays and gamma rays
Magnetic fields and radio emission

Non-thermal emission processes
Probing cosmic ray physics and quantifying feedback energy

hadronic processes:
@ pion decay:
0

fion—< T T
P nt - et +3v

@ photo-meson production:

L

p+v—>{ = - et 43y

@ Bethe-Heitler pair production:

p+y—=p+e+e

=

AIP

Christoph Pfrommer Radio and gamma-ray emission in star-forming galaxies
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Non-thermal emission processes
Probing cosmic ray physics and quantifying feedback energy

hadronic processes: leptonic processes:
@ pion decay: @ inverse Compton:
0 * *
. A e (o e +v—>e+vy
@ photo-meson production: @ synchrotron radiation:
0 * *
™ =y e“+B—e+B+xy
Py = { nt - et +3v
@ Bethe-Heitler pair production: @ bremsstrahlung:
+ - * i i * A
p+y—pt+te t+e e* +ion — e +ion+~ E
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A sketch of the non-thermal emission

Example
Looking through the Galaxy

Starlight towards a supernova remnant
Dust

Bremsstrahlung
Pion-decay

—
x
=
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Synchroton Inverse
Compton

Optical X-ray

log(E) after Bechtol
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Non-thermal emission in star-forming galaxies

@ previous theoretical modeling: ey
24
@ one-zone steady-state models
(Lacki+ 2010, 2011, Yoast-Hull+ 2013) ~ 23p
o (Heesen+ 2016) § 2
. . S 221
@ static Milky Way models
(Strong & Moskalenko 1998, Evoli+ 2008, Kissmann 2014) 3 ¢ [
g ol
9r e Bell (2003)

7 8 9 10 11 12
10940 (Luir/Lo)

=

Ly 1000 [L

Ajello+ (2020) AIP

gamma-ray emission in st rming galaxies
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Magnetic fields and radio emission

Non-thermal emission in star-forming galaxies

@ previous theoretical modeling: ey
24
@ one-zone steady-state models
(Lacki+ 2010, 2011, Yoast-Hull+ 2013) ~ 23p
o (Heesen+ 2016) § 2
. . 5 [
@ static Milky Way models
(Strong & Moskalenko 1998, Evoli+ 2008, Kissmann 2014) 5 24
@ our theoretical modeling: € 5!l v
e run MHD simulations of galaxies at 1o} o Bell 2065)
different halos masses and SFRs T
° protons, 1091 (Lne/Lo)

primary and secondary electrons
@ model all radiative processes from radio
to gamma rays

=

Ly 1000 [L

Ajello+ (2020) AIP

Radio and gamma-ray emission in star-forming galaxies
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Non-thermal emission in star-forming galaxies

@ previous theoretical modeling: ey

@ our theoretical modeling:

24

one-zone steady-state models
(Lacki+ 2010, 2011, Yoast-Hull+ 2013)

(Heesen+ 2016)

static Milky Way models
(Strong & Moskalenko 1998, Evoli+ 2008, Kissmann 2014)

231

221

10G10 (L1 g/ WH2™")

run MHD simulations of galaxies at 1of L7/

. . Bell (2003)
different halos masses and SFRs S P
protons, 10910 (Le/Lo)

primary and secondary electrons

model all radiative processes from radio
to gamma rays

gamma rays: understand hadronic vs.
leptonic gamma rays = calorimetric
fraction + cosmic ray feedback

I’a.dIOZ understand magnetic dynamo, - [ pjllos (2020) AIP
primary and secondary electrons

=

Radio and gamma-ray emission in star-forming galaxies
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1. Cosmic rays and gamma rays

Werhahn, CP, Girichidis+ (2021a,b)

Cosmic rays and non-thermal emission in simulated galaxies: 1 & Il

MHD + CR advection + anisotropic diffusion: {10'°,10'",10'2} Mg,
steady-state spectra of CR protons, primary & secondary electrons ~ a1p

Christoph Pfrommer Radio and gamma-ray emission in star-forming galaxies
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Steady-state cosmic ray spectra

@ solve the steady-state equation in every cell for each CR population:

f(E) d _
g ME)B(E)] = a(E)
[+ Coulomb, hadronic and escape losses (re-normalized to e, sim)

@ electrons: Coulomb, bremsstr., IC, synchrotron and escape losses
@ primaries (re-normalized using Kep = 0.02)
@ secondaries

=

AIP

Christoph Pfrommer Radio and gamma-ray emission in star-forming galaxies
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Steady-state cosmic ray spectra

@ solve the steady-state equation in every cell for each CR population:

f(e) d _
g ME)B(E)] = a(E)
[+ Coulomb, hadronic and escape losses (re-normalized to e, sim)

@ electrons: Coulomb, bremsstr., IC, synchrotron and escape losses
@ primaries (re-normalized using Kep = 0.02)
@ secondaries
@ steady state assumption is fulfilled in disk and in regions dominating the
non-thermal emission but not at low densities, at SNRs and in outflows

1.0 7 T T
B weighted with e

08|

10— 1O
weighted with weighted with
By, emission By emission

06|

=

AIP

-3 -2 -1 0 1 2 3 3 2 1 0 1 2 3 -3 -2 -1 0 1 2 3
Tog(rer /7un) log(rcr /) togrer/ray Werhahn+ (202ta)

Radio and gamma-ray emission in star-forming galaxies
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From a starburst galaxy to a Milky Way analogy

(Np(10 GeV)) [em™ GeV~!] (Ne(10 GeV)) [em™ GeV~!]
___m
10712 107! 10714 10713
t = 0.7 Gyr, Mago = 102 Mg

0 0 20 0 0 40 -40 -20 0
x [kpe] x [kpe] x [kpe]

Werhahn, CP+ (2021a,b)

Christoph Pfrommer Radio and gamma-ray emission in star-forming galaxies
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From a starburst galaxy to a Milky Way analogy

(Np(10 GeV)) [em™ GeV~!] (Ne(10 GeV)) [em™ GeV~']

10712 107! 10714 1013
t =23 Gyr, Mo = 102 Mo,

0 20 0 0
x [kpe] x [kpe]

Werhahn, CP+ (2021a,b)

Christoph Pfrommer Radio and gamma-ray emission in star-forming galaxies



Introduction
Galaxy formation Cosmic rays and gamma rays
Magnetic fields and radio emission

Comparing CR spectra to Voyager and AMS-02 data

= h = 0.5 kpc
103 — h = 1.0 kpc
—— h=2.0 kpc

—— h=3.5kpc

10!

10-1

p
= total ¢~ +c¥

1073

prim. ¢
== sec.e” +e't
0 Vogager 1 (Cummings + 2016)
O AMS — 02 (Aguilar + 2014, 2015)

10-5 L s L L L
104 10-3 102 10-1 100 10! 102 10%

Eyin [GeV]

=

AIP
Werhahn, CP+ (2021a)

rming galaxies



Introduction
Galaxy formation Cosmic rays and gamma rays
Magnetic fields and radio emission

Comparing the positron fraction to AMS-02 data

100
o AMS—02 — = 0.5 kpc
=—— h=1.0 kpc
—— h=2.0kpc
—— h=3.5kpc

10—t

Positron fraction

L L
100 10 102
Eiin [GeV]

Werhahn, CP+ (2021a)

=

AIP

Radio and gamma-ray emission in star-forming galaxies
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Comparing the positron fraction to AMS-02 data

100

e AMS-02 — = 0.5 kpe
— h = 1.0 kpc
—— h=2.0 kpc
—— h =35 kpc

et+ e source: pulsars or dark matter?

1071

Positron fraction

L 1 L
100 10! 10%

Werhahn, CP+ (2021a)

=

AIP

Radio and gamma-ray emission in star-forming galaxies
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Simulation of a starburst galaxy

[erg cm™3]
T
10713 10712 107! 1071 107!
t =23 Gyr, Mo = 102 Mo,

0 0
x [kpe] x [kpe]

Werhahn, CP+ (2021b,c)

Christoph Pfrommer Radio and gamma-ray emission in star-forming galaxies
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Simulation of a starburst galaxy

cm?) S1.4 GHz[mJy Hz™!' arcmin2]

),[erg 5™
10 107 -2 1070 100 100 102
200 = 1012 Mg

0 0
x [kpe] x [kpe]

Werhahn, CP+ (2021b,c)

Christoph Pfrommer Radio and gamma-ray emission in star-forming galaxies



Introduction
Galaxy formation Cosmic rays and gamma rays
Magnetic fields and radio emission

Gamma-ray spectra of starburst galaxies

NGC 253 Messier 82

v [Hz] v [Hz]
10% 1024 1022 1026 1027 1023 1024 1022 1020 10%7
< HESS. (’2018) ’ — otal « VERITAS (2009) I — ol
e LAT (2020) — 7 decay e LAT (2020) — 70 decay
distance uncertainty -=- I distance uncertainty -=-IC
S0 Brems. TR Brems.
I \Z
A‘IE A‘IE
: 1076 i 10-6
B o
& =
T & 07
10-8 L 1l o Tl 'l 10-8 L Vi S L A}
10! 100 10! 10% 10° 104 10! 10° 10! 102 10° 104
Energy [GeV] Energy [GeV]
Werhahn, CP+ (2021b)
. . . \
@ gamma-ray spectra in starbursts dominated by pion decay E
@ CR protons propagate in Kolmogorov turbulence: x oc E%3 AIP

gamma-ray emission in star-forming galaxies
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Lg—1000 um [Lo)]

107 108 10° 1010 10t 1012
T T T T T T
1043 £ @ LAT dete:
LAT upper li
combined best fit arp 220]
.
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SFR Mo yr—1] Ajello+ (2020)

emission in st; rming galaxies
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Lg—1000 um [Lo)]

107 108 10° 1010 10t 1012
T T T T T T
1043 ¢ LAT detected
LAT upper limits
combined best fit g ‘J’i
®  CRdiff,D =1 x 10® cm?s~! X 1
102 ®  CRdiff, D = 3 x 10%® cm?s~!
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20 Nac wu%.d
5 s
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10'° Mg
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3% 10" My, =N
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1 2 1 3
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Lo.1—100Gev [erg s71)

107 108 10° 1010 10t 1012
T T T T T T
1043 ¢ LAT detected
LAT upper limits
combined best fit anp 220]
.
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Werhahn, CP+ (2021b)
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Ls—1000 um [Lo)]
107 108 10° 1010 10t 1012
T T T T T T
1043 ¢ LAT detected
LAT upper limits
combined best fit arp 220] Y,
.
B CRdiff,D=1x 10*® cm?s™? 1,4
102 = CRdiff, D = 3 x 10%® cm?s~!
B CRadv ¢ g’
= = calorimetric relation
; i 7/ Arp 299
— 104k /4%
o 4
@ NGC 1068
=3 oo 1] 4
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z 1010k "
3
<}
8 7
9‘ ‘/ . W
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2
{W.‘!
1038 | /" m 1
// ] L = 10"°Mg
|} v e 11
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SFR My y1-1] Werhahn, CP+ (2021b) ~ AIP

gamma-ray emission in star-forming galaxies
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Far infra-red — gamma-ray correlation

Hadronic vs. leptonic emission and calorimetric fraction across galaxy scales

Lg—1000 um [Lo]
107 10% 109 1010 101t 1012
1.0 pr T T T T T H H
e Tl Co = 0.05 @ pion decay dominates
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Werhahn, CP+ (2021b) ALP

gamma-ray emission in star-forming galaxies
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Far infra-red — gamma-ray correlation

Hadronic vs. leptonic emission and calorimetric fraction across galaxy scales

Lg-1000 um [Lo)]
107 10% 109 1010 101t 1012

B 7 R @ pion decay dominates
Lic/L~y . . .
08t & Lol gamma-ray emission in
<°f LTI starbursts
S oab .
o A8 eog p °
0.2 o
e BOS o at low SFRs
10° i i . i
" ea e o ,,"..‘ S @ calorimetric energy fraction in
LEd
" starbursts 7ca p ~ 0.5: half of
Foop e " CR energy available for
, wl 2 feedback = galactic winds
®  CRdiff, D =1 x 10*® cm®s.
®  CRdiff, D =3 x 10*® cm?®s~ ! ) )
1o-2 Dod 2 S @ faster CR diffusion decreases
103 1072 107! 10° 10! 102 103

M. Mo yr] calorimetric fraction at low
SFRs = more CR feedback

=

Werhahn, CP+ (2021b) ALP

Christoph Pfrommer Radio and gamma-ray emission in star-forming galaxies
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2. Magnetic fields and radio emission

CP, Werhahn, Pakmor+ (2022), Werhahn, CP, Girichidis+ (2021c¢)
Simulating radio synchrotron emission in star-forming galaxies

i
MHD + CR advection + anisotropic diffusion: {10'°,10'",10'2} Mg, E

steady-state spectra of CR protons, primary & secondary electrons AIP

Christoph Pfrommer Radio and gamma-ray emission in star-forming galaxies
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Time evolution of SFR and energy densities

T T T T
102 j <=+ CRadv — Mz =10"M,
— CRdiff — My =10"M,

— My =10""M,
-:
% S 10 4
2 o B
= S 10710 4
x = N
= S0k 1
1078 "
i, = — (&) — Mo =10"M; 7§
1077 - (e Moo = 10" Mo,
1070k - s (E8B) — Mago = 10""M,
1 1 1 1 1 1072 £ 1 1 1 1 1
0.0 0.5 1.0 15 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
time [Gyr] time [Gyr]

CP+ (2022)
@ CR pressure feedback suppresses SFR more in smaller galaxies
°

SN
@ magnetic dynamo faster in Milky Way galaxies than in dwarfs E
AIP

Radio and gamma-ray emission in star-forming galaxies



Introduction
Galaxy formation Cosmic rays and gamma rays
Magnetic fields and radio emission

Time evolution of CR and magnetic energy densities

(Eery [erg em™]

lofl!\
lofl\
107|2
107"
10*l4
10*I5
1046 N
107I7
07 CRadv, By=1010G —  Muo = 1012M, 7
107" CRiff, By = 100G Mo = 10" M, 4
1020 f: - . CRdiff, By=1072G — Mg = 10'°M, 4

1072 . 1 1 L
0.0 0.5 1.0 15 2.0 25 3.0 1.0 15 20 25 3.0

time [Gyr] time [Gyr]

b
!

e P ke e I R

(&) [erg em™]

— My =10”M, 7
i Mag = 10" Mg, 7
— Moy = 10" Mo

CP+ (2022)
@ CRs diffuse out of galaxies = lowers e in disk
° = lowers ¢
@ both effects decrease synchrotron emissivity E

@ magnetic field reaches saturation after initial growth phase:

small-scale dynamo? AIP

Radio and gamma-ray emission in star-forming galaxies
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Kinetic and magnetic power spectra

Turbulent small-scale dynamo in different analysis regions

rlkpe] r[kpe] rlkpe]
10! 10° 10°! 102 10 10° 107! 102 10! 100 107! 102
10%%] 0<r/kpe<1 — Kinetic 0<r/kpe <5 0.1 Gyr 1<r/kpe<s
-~ magnetic R 0.2 Gyr
==+ Lorentz + Kolmogorov — 0.3 Gyr
56 — 04 Gyr
10 — 0.5Gyr
— 1.0Gyr
= 10% '
_% 102
<
K, o
1050
o
ok
104 Lorentz Lorentz
1077 100 107 10 1077 100 107 107 107 107 107 10
k [kpe™'] k [kpe™'] K [kpe™']
CP+ (2022)
@ Eg(k) superposition of form factor and turbulent spectrum E
@ pure turbulent spectrum outside steep central B profile AIP

Radio and gamma-ray emission in star-forming galaxies
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Kinetic and magnetic power spectra: different halos

Saturation mechanisms of turbulent small-scale dynamo

Galaxy formation

@ inverse cascade saturates close to equipartition in Milky Way

@ inverse cascade stalls in dwarf galaxies: equipartition not with
total kinetic energy but with turbulent energy

rlkpe] r[kpe] rlkpe]
10' 10° 10! 102 10' 10° 10! 102 10' 10° 10! 102
1056 Moo = 10°M, —  Kinetic 1057] Moo = 10" Mg, 0.1 Gyr | 105} Maoo = 10" Mo
-~ magnetic 0.2 Gyr
— 03 Gyr
105 WA . 105 — 04Gyr | g
— 0.6 Gyr
— 1.0Gyr
10 109 kB 105
2
£
)
2 0% 109 - 10%
)
a
10 109 wpn 10%
v ’
10% 1097 10%
10% _ 104 - 10% ]
107 107 107 107 107 10° 107 107 107 107 107 107
K [kpe™'] k [kpe™'] K [kpe™']
CP+ (2022)

L}

Radio and gamma-ray emission in star-forming galaxies
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Cosmic rays and gamma rays

Magnetic fields and radio emission

MHD galaxy simulation with cosmic rays

£ Mo pe?] £or lerg em™) Xor = Per/Puy
EET | ] . .
1074 1073 1072 107! 10712 107! 107! 10° 10!
t = 1.0 Gyr, My = 102 Mo, anisotropic CR diffusion

 [kpe]

z [kpe]

0

x [kpe] x [kpe]
CP+ (2017)

x [kpe]

AIP

rming galaxies
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Simulated radio emission: 10> M., halo

Ne(10 GeV) [cm" Ge\r”'l VB2 (1G] It 4 G | mJy nrcmin’zl

10714 10713 10712 1072 107! 10° 10! 107 1 107" 10° 10!
t = 1.0 Gy Moo = 1012 M, anisotropic CR diffusion

20 -20 -10 0
x [kpe] x [kpe]

CP+ (2022)

Christoph Pfrommer Radio and gamma-ray emission in star-forming galaxies
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Simulated radio emission: 10" M., halo

Ne(10 GeV) [ n~3 Ge \/}F [1G] I 4 gH |mJy arcmin

10714 10713 10712 1072 107! 10° 10! 107 107" 100 100 1
t=1.5Gy 200 = 10! Mg, ani otropic CR diffusion

0
x [kpe] x [kpe]

CP+ (2022)

Christoph Pfrommer Radio and gamma-ray emission in star-forming galaxies
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Far infra-red — radio correlation

Universal conversion: star formation — cosmic rays — radio

Ls—-1000 um [Lo)

107 108 10 1010 10!t 102
O 1.4 (;H/lﬂ\) servations T T T
@ CRdiff, 101 Mg, face
1031 | # CRaifr s x 1011 Mg, face i
@ CR diff, 1012 Mg, face
@ CRdiff, 10M M, edge
* CR diff, 3 x 1011 Mg, edge
@ CR diff, 1012 Mg, edge
10%0 | g CR adv, 1010 Mg, face
— @ CRadv, 101 Mg, face
n * CR adv, 3 x 1011 M, face
@ CRadv, 102 Mg, face

CR adv, 1010 M, edge -

CR adv, 1011 M, edge

CR adv, 3 x 1011 Mg, edge

CR adv, 1012 Mg, edge
— By =10"12,G
F— By =10710c

1027 |

106 | / . i
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Radio-ray spectra of starburst galaxies

NGC 253 M82
100 106
— total synchr.
— 100k — 10k
z 10t Z 10t
g 2
% 10° % 10°
z [
®  Adebahr+13, total
10°F o Kapitiska+17, total 10°F e Klein+ 07, total
10° 10°
=== central ~

N 1) 10° DA
= ~~. = $ ~9
E . T~ S~ *
£ . SS- 2 S e
2 10°F ) > 10° F ~~o
2 ~~e .o
Z 107k ROy < 102 s
- ¢ Adebahr+13, central

10'E o Kapifiska+17, central 10" Adebahr+13, halo

L L L L L
107! 100 10! 10? 107! 10" 10' 10?
VIGHz] vIGHz]

Werhahn, CP+ (2021c)

@ synchrotron spectra too steep (cooling + diffusion losses)

AIP

hristoph Pfromm Radio and gamma-ray emission in star-forming galaxies
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Radio-ray spectra of starburst galaxies

NGC 253 M82
100 100
— total synchr.

105k synchr., absorbed
=z thermal ff-em.
Z 10t
% 10°
= *  Adebahr+13, total

10°E o Kapitiska+17, total 10°F e Klein+ 07, total

10° 10°

----- central S
T e
= ~~a s ~99
E B R INCY - R
Z 10 % ~~
Z ~ z -
S S 3 I
Z 10F S Z 107 F ~
z ~~ o
+  Adebahr+13, central
10'E #5  Kapifiska+17, central 10" Adebahr+13, halo
L L n L L
107! 100 10! 10? 107! 10° 10' 10%
VIGHz] vIGHz)

Werhahn, CP+ (2021c)
@ synchrotron spectra too steep (cooling + diffusion losses)

SN
@ synchrotron absorption (low-v) and thermal free-free emission E
(high-v) AIP

Radio and gamma-ray emission in star-forming galaxies
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Radio-ray spectra of starburst galaxies

NGC 253 M82

— total

synchr.
s synchr., absorbed

thermal ff-em.

Flux density [mJy]

* Adebahr+13, total
10°E o Kapifiska+17, total 10°F & Kilein+ 07, total

== === central =

Flu density [mJy]

& Adebahr+13, central
10'E #5  Kapifiska+17, central 10" Adebahr+13, halo

L L L L

107! 100 10! 10? 107! 10° 10' 10%
VIGHz] vIGHz)

Werhahn, CP+ (2021c)

@ synchrotron spectra too steep (cooling + diffusion losses)

=

@ synchrotron absorption (low-v) and thermal free-free emission
(high-v) required to match (total and central) spectra AIP

Christoph Pfrommer Radio and gamma-ray emission in star-forming galaxies
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Steady-state vs. evolved CR electron spectra

200 &
£

teady—state ) — JGREST 587 Myr

75 3
5.0 u%L
25 4
n , . s [ , Al . 5
10! 10! 10° 0% 107 107! 10t 107 10° 107 g
normalized momentum p = P/(mec) normalized momentum p = P/(mec)
Werhahn+ (in prep.): PRELIMINARY E

AIP

Radio and gamma-ray emission in star-forming galaxies
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Steady-state vs. evolved CR electron spect

—— fOREST, 587 Myr

n , . s /. , | .
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Werhahn+ (in prep.): PRELIMINARY
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Magnetic fields and radio emission

Steady-state vs. evolved CR electrons: emission ma
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Conclusions on non-thermal emission in galaxies

@ energy budget in large galaxies is dominated by CR pressure
= star formation suppressed

Y in isolated
galaxies similar to cosmological settings

@ magnetic energy saturate close to equipartition with the
turbulent energy

=

AIP

Christoph Pfrommer Radio and gamma-ray emission in star-forming galaxies



Introduction
Galaxy formation Cosmic rays and gamma rays
Magnetic fields and radio emission

Conclusions on non-thermal emission in galaxies

@ energy budget in large galaxies is dominated by CR pressure
= star formation suppressed

Y in isolated
galaxies similar to cosmological settings

@ magnetic energy saturate close to equipartition with the
turbulent energy

@ global Lrr — L, correlation enables us to test the calorimetric
assumption: half of CR energy available for feedback in
starbursts and more at low SFRs

@ global Lrg — Lragio reproduced for galaxies with saturated
magnetic fields, scatter due to viewing angle and CR transport

@ synchrotron absorption (low-v) and thermal free-free emission
(high-v) required to flatten cooled radio synchrotron spectra AIP

=
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Literature for the talk

Cosmic rays and non-thermal emission in galaxies:

@ Werhahn, Pfrommer, Girichidis, Puchwein, Pakmor, Cosmic rays and
non-thermal emission in simulated galaxies. I. Electron and proton spectra
explain Voyager-1 data, 2021a, MNRAS 505, 3273.

@ Werhahn, Pfrommer, Girichidis, Winner, Cosmic rays and non-thermal emission
in simulated galaxies. Il. v-ray maps, spectra and the far infrared-y-ray relation,
2021b, MNRAS, 505, 3295.

@ Werhahn, Pfrommer, Girichidis, Cosmic rays and non-thermal emission in
simulated galaxies. Ill. probing cosmic ray calorimetry with radio spectra and the
FIR-radio correlation, 2021c, MNRAS, 508, 4072.

@ Pfrommer, Werhahn, Pakmor, Girichidis, Simpson, Simulating radio synchrotron
emission in star-forming galaxies: small-scale magnetic dynamo and the origin
of the far infrared-radio correlation, 2022, submitted.

@ Pfrommer, Pakmor, Simpson, Springel, Simulating gamma-ray emission in
star-forming galaxies, 2017, ApJL, 847, L13. F
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Additional slides
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gamma-ray emission in star-forming galaxies
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Time evolution of kinetic and magnetic and energy
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@ magnetic and turbulent energy densities saturate in equipartition
@ kinetic energy is dominated by rotational energy

SN
@ turbulent energy is approximately 1% of rotational energy E
AIP

Radio and gamma-ray emission in star-forming galaxies
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