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Outlook

● Why non-thermal side of gal’s (CR, mag fields) important?
 acceleration mechanism(s) 
 Emax of CR
 CR, scattering off magnetized plasma, affect gas dynamics
 affect  (mean mol mass), T in fragmentation mass, Mfragm  -2 T1/4

● Most desirable: solving individual cases

● Relevant NT emission processes

● Relevant radiation & matter fields

● SED-modeling procedure

● Source sample: 
 - Magellanic Clouds (A&A 2022), M31 & M33 (A&A 2024)

 - M82 (to be submitted), NGC 253 (planned), NGC 2146 (planned)

● SED-modeling results 
 - lepto-hadronic
 - NT energy budget: particles-field equipartition?



Electrons: radiative yields  ❶

CRe:

Synchrotron

Blumenthal & Gould 1970

modif Bessel 
funct 2 kind

simplest EED: truncated single PL
BUT more structured EED also OK

Synchrotron emissivity



Compton

Thermal: 
diluted BB

vvv

vvv

①  CMB - Cosmic Microwave Background

Radiation fields

T = 2.73 K

Fixsen+ 2009

②

… or NT: synchrotron



•• EBL -  Extragalactic Background Light

Franceschini &
Rodighiero 2017

Cooray 2016

②

T = 2900 K T = 29 K

CMB

❸

Numerical fit to EBL: sum of diluted planckians
z=0



③GFL - Galaxy Foreground Light

IR
T=900 K

opt
T=2900 K

❹

Wien’s law



CRp:

Protons: pion-decay yields

ambient

Kelner+ 2006

Stecker 1971

o production rate

0 → 2  ± → e±  

0.17 -approx

① Production of 0-decay -rays

f(mp, m0) ~ Ep(max)

●

●



0.25

② Production of ±-decay secondary e±

Ramaty & Lingenfelter 1966; see next slide for details

CS

bremsstr

coulomb

e.g.: ¾ in Fornax A

●

●

●

●

diffusion-loss eqn.

ionized gas



General properties:

• high density ISM → high SFR → high SNr → high CR density → high 
pp interaction rate → high  production

• B field (~ 10-100 G)

• CRe → synchrotron (radio), Compton (X, ), bremsstrahlung (radio, )

• CRp → 0-decay ()

P & Rephaeli 2014, 
A&A, 567, A101 Starburst galaxies

equipartition

Star-forming galaxies



P & Rephaeli 2022, A&A, 666, A167

pionic

NT 
bremss

IC/
starlight

IC/CMB

synchrotron

free-free

Up = 0.5 eV cm-3

Emax = 30 GeV

①
②

B = 3.5 G  
from Faraday 
meas’t

Small Magellanic Cloud



Up = 1 eV cm-3

Emax = 80 GeV

②

①

P & Rephaeli 2022, A&A, 666, A167

B = 4.3 G 
from Faraday 
meas’t

Large 
Magellanic 
Cloud

Up = 1 eV cm-3



M31

P & Rephaeli 2024
A&A, 685, A47

500 PSR

1000 PSR

Central region, < 5.5 kpc

Up ~ 5 eV cm-3

Emax = 30 GeV



M33

P & Rephaeli 2024
A&A, 685, A47

Up = 0.5 eV cm-3

Emax = 100 GeV



Physics Today (2010) 63, 13M82



Pionic
Fermi-LAT 16yr
VERITAS 137hr

Compton/starlight
(total: 
M82 + EBL + CMB,

primary + secondary)

Breakthrough:
non-thermal 
X-ray emission 
(Iwasawa+ 2023; 
Chandra 520ks)
→ Compton/FIR 
    jIC()   ne 

→ normalize 
      electron spectrum!

PRELIMINARY
P., Rando (UniPD), 
Rephaeli 2024 in prep

Emax = 7 TeV



Calibration  of
assumed 
primary electron
spectrum : 
X-ray flux is 
Comptonized 
starlight, EBL, CMB 
emission off radio 
electrons – 
separate primary 
& secondary 
components.

1

PRELIMINARY



Calibration of the electron spectrum:
total (primary + secondary) Compton components.

PRELIMINARY



Calibration of electron 
spectrum: combined 
Compton components 

PRELIMINARY



Primary electrons
Secondary electrons

PRELIMINARY



Radio model:
primary & secondary synchrotron
thermal free-free emission
total radio

→ magnetic field

PRELIMINARY



PRELIMINARY



B = 360 G 

Up = 777 eV cm-3 
Ue = 3 eV cm-3 

Primary electon spectral index: qe = 2.25
Proton spectral index                  qp = 2.25

Electron timescales:
primary : tinj << tenergy loss → injection (PL) spectrum
secondary:   tinj >> tenergy loss →  steady-state (=curved) PL

Proton timescale: tinj << tenergy loss → injection (PL) spectrum

Low fraction of proton energy into 0±-decay products ( rays, secondaries)

→    qp ~ qe ~ injection index

UCR = 780 eV cm-3       →       Beq = 177 G   ~   ½ B

M82: summary



Conclusions

● homogeneous SED modeling of SFG sample. 
                - no minimum− fit, physically motivated model matching data.

● theoretically motivated (primary) electron spectrum.

● exact calculations of electron radiative yields, pion-decay yields.

● EBL model (Franceschini & Rodighiero 2017). 

● source-specific FGL.

● NT X-rays: Compton/(starlight+CMB)  →  Ne0, min.

● radio  →  qe , max.

● Electron Compton scattering of CMB/EBL/FGL photons →  rays.

●  rays: hadronic in SFG (up ~ O(1) eV cm-3), SBG (up ~ O(102) eV cm-3)

● X-ray data crucial (to calibrate NT electron spectrum): 
Current: Chandra, XMM: 1999; INTEGRAL: 2002; Swift: 2004; NuSTAR: 2012; 
[eRosita: 2019, but stopped since Feb 2022]; XRISM: 2023; Athena: 2035?

● GeV data crucial (to probe CRp):  what after Fermi (2008)?

→   B

The End 
Thank you!
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