
High energy processes in
massive star forming regions

and starburst galaxies

A.Marcowith (LPTA, Montpellier)

• Introduction:Starburst (StBs) versus AGN
• High energy phenomena in starbursts and massive star clusters.
• Connection to cosmic ray (CR) physics
• Conclusions & outlook.
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Introduction

StarburstAGN
• Powered by a massive
black hole

• Non-thermal objects
• L = 1011-1013 L

• Highly variable flux

• AGN->SB:
-Triggering star formation?

Most of the talks in this
workshop.

• Powered by massive star
winds and radiation.

• (mostly) Thermal objects.
• L = 1010-1012 L.
• Non variable flux.

• SB-> AGN:
-Feeding the central BH
-Massive star explosions->BH
merging.
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Examples of starburst galaxies
(SBG)

• M82: Irregular galaxy
D~3 Mpc

     SFR = 10 x SFRMW

Keck

•IC 10: irregular galaxy
  D~700 kpc
Very high rate of Wolf-Rayet
stars: 5 stars/kpc2 (~2x LMC)

Hubble: green
Chandra: blue
Spitzer: red
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Starburst Galaxy Spectrum

• Multiple HII region: Ionised hydrogen + excited ion lines
e- + H,  He, O, S -> Hα,β recombinaison lines
                           -> OIII, NII, SII forbidden lines
• Produce huge IR dust radiation (reprocessed UV light): 1010-12 L

• Strong radio continuum emission which correlates with LIR (de Jong et
al’85)
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“Starburst” in the milky way (and
local galaxies)

• Several young clusters close to the GC: 10% star formation activity in
the MW: central cluster, quintuplet cluster, arches cluster
(Figer’08).

• Collective winds (OB association) + SN explosion => hot & low density
plasma : super-bubbles (SBs)

OBassociation
n ~ 10-2 cm-3

T > 106 K

300 pc

GMC
Supershell

HII
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Gamma-ray radiation from
starburst galaxies

Acciari et al’09 Acero et al’09
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Fermi observations
• Detection of M82, NGC253 Abdo et al’09

Black triangles: optical positions Contours: 1, 2, 3σMap 6ox6o

6.8σ 4.8σ
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Gamma-ray spectra
Abdo et al’09

Hard spectrum Fermi-Hess:
softening.

Fermi-Veritas: Compatible with one
power-law and one emission mechanism:
Ecr~250 eV/cm3 more than 200 x EMW

No variability reported No variability reported

Index=1.95+/-0.4+/-0.05Index=2.2+/-0.2+/-0.05
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Massive star forming regions
(MSFR): diffuse X-rays 1

• Diffuse X-ray emission <=> Number of massive stars

Townsley et al ‘03
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Diffuse X-rays 2
• Non-thermal X-rays (synchrotron/Bremsstralung)

– Origin unclear: wind-wind interaction, SN remnants ?

Muno et al’06: Westerlund 1 Cooper et al’04: DEML192 (LMC)

XMM-Newton

Chandra
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Energy Crisis
• Input:

– Stellar wind: ESW

– Supernovae: ESN

• Output:
– Thermal energy of the SB interior: Eth (> ENT)
– Kinetic energy of the ionized/neutral supershell: EkinH  , EkinHI

2/3 of the injected
energy is missing

Cooper et al’04

Not the only case
-Thermal conduction ?
- Energetic particles ?
=> Cosmic rays ?
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Galactic MSFRs & gamma-rays 1

Ohm et al’09

Westerlund 1:
 NOB* ~ 450
 Core size ~ 0.5 pc
* Galactic cluster with the richest
population of WR stars = 24

Gamma-ray emission: clearly
extended.
Several counterparts (pulsar seen by
Fermi, X-ray binary, SN remnants …)

…TBC…

• Cygnus OB2 (Hegra), Cygnus region (Milagro), Westerlund
1 & 2 (HESS)
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Galactic MSFRs & gamma-rays 2

Westerlund 2 by HESS
Aharonian et al’07

Age ~2 M years
Distance ~8 kpc WR20a: largest mass WR binary

NOB*~14
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+ No variability

Summary: Non-AGN
gamma-ray galaxies

Summary: M82, NGC253

Abdo et al’09

SN rate
gamma-ray
 luminosity
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Open issues

• Lγ seems to scale with RSN (although not
linearly)

SN => particle acceleration, turbulence
injection…

1. Sources of free energy ?
2. Emission mechanisms ?
3. Contribution to cosmic ray spectrum ?
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-1- Sources (connected with SN
phenomenon)

• Scenario A/B: Isolated/binary stars Völk & Forman’82, Usov &
Eichler’93

• Scenario C/D: Collective winds with internal/external accelerator
Klepach et al’00, Parizot, A.M. et al’04, Domingo-Santamaria &
Torres’06

• Scenario E: SNr/Molecular cloud interaction Bykov et al’00
• Scenario F: EP interaction with shells/Clouds Bykov & Fleishmann‘92

A/B
F

E

C/D

Cluster

F
Winds (Stellar
blown, CR
driven)

HII



Meudon Workshop 25-26th
January 2010

17

-2- Emission mechanisms:
The GeV-TeV connection

• Different possibilities: Inverse Compton,
Bremsstrahlung, neutral pion.

• One way to disentangle upon the different scenarii
in the Fermi / HESS and then HESSII/CTA era.

• one example …
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Starburst emission
• Phenomenological approach:

Lradio, sradio, LX  <=> Synchrotron
LCO, LIR <=> density, SN rate: RSN=2.3x10-12 LIR/L yr-1 (Chevalier’82)

LIR, Lgamma <=>  Inverse Compton, Kep,ξCR

Transport: leaky-box model

Rephaeli et al’10
Consistent with Fermi & Veritas data on
M82: [F(>100 MeV) = 2x10-8 ph/cm2s,
S=2.3]

- Dominated by neutral pion decay
- Requires B~190 µG in the central region.
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-3- Link to cosmic rays
• Starbursts/MSFRs are relevant for many aspects: Galactic and

extragalactic CRs.
– Enhanced SF rates; hence SN explosion rate (up to RMWx10).
– High energy emitters; hence (possibly) CR accelerators.
– Local strong sources of CRs; hence drive strong galactic shocks

(Zirakashvili et al ‘96)

– Enhanced SN explosion rate; hence GRB rate (Becker et al’09)

• Galactic MSFRs/Superbubbles are relevant as well: Galactic CRs.
– Collective effects of massive star winds, maximum energy of the

galactic component ?  (Parizot et al’04)
– Wolf-Rayet ejecta enrichment, CR composition anomalies (Higdon et

al’05)

• CR spectrum : beyond phenomenology.
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SNOB/SB model
MSFR & SB regions:
• Sure: Multiple SN explosions + Stellar winds (Montmerle’79)
• Depending on the degree of inhomogeneity: Weak secondary (low

Mach number) reflected shocks (Parizot et al’04)

• Random SNR explosions + weak shock sample
 Non-equilibrium highly intermittent particle distribution.
• Semi-analytical calculations:

– Particle distribution evolves under several effects: FI, FII,
spatial escape, large scale turbulence ….

1-10 pc
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Multiple shock acceleration

Acceleration
+ Decompression

Melrose &
Pope’93

N=30N=10
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Test particle solutions 1
• Particle evolution: GFI⊗GFII (Achterberg’90, Ferrand &

A.M.’09)

• SN explosion sampled over Salpeter IMF: tFI < ΔtSN=105-6yr
• Turbulence model; e.g. isotropic Kolmogorov => FII and spatial escape

during ΔtSN

1000 stars in:

MFI+FII FI

p*
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N*=10, 20, 30, 70, 200, 500: coded by size and color

m c/p* ~
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Ferrand & A.M.’09

• Parameter θ* (~mc/p*) is usually >> 1: transition to s=3  deep in the non-relativistic regime
except (B=10,q=3/2, 5/3) high B= turbulent dynamo; e.g. Bykov & Toptyghin’s regime.
⇒Strong non-linear back reaction not as usual as expected (conversly to isolated SNRs).

Sample of galactic and LMC SBs
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Non-linear strong shock
acceleration

• Non-linear sequence of strong shock
waves (Ferrand et al’08)

• Final spectrum depends on the
balance between “external” and
“internal” injection rates.
– Internal: thermal pool
– External: pre-existing CRs

(Blasi’04)
⇒ Specificity of SB modeling.
Ms=50 internal injection
Ms=5 external injection; weak shock

reaccelerate

• More realistic simulations include
the effect of θ* (Ferrand & A.M
in prep)

Index of the source
spectrum Ms=50
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Test particle solutions 2

Bykov & Toptyghin: turbulent dynamo case [Bykov & Toptyghin ’93]

• Ensemble average over large scale MHD turbulent motions + shocks
(akind of Fermi 1.5 process) + stochastic acceleration on small scale
(M)HD turbulence: shock turbulence

• Depends on the ratio ζ = (V L)/κ:
  κ = v l/3 ; l = particle mean free path due to interaction with small scale

MHD waves.
  V = < u2 >1/2 : mean fluid velocity.
  L = mean distance between two shocks; main turbulence scale.

 ζ <1: Weak turbulence; perturbative theory
 ζ >1: Strong turbulence; renormalised field theory.
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 L and P describe the effect of shock acceleration and adiabatic 
expansion of large scale (M)HD flows over the particle momentum
[Bykov & Toptyghin ’93]
A, B, G, c, D  kinetics coefficients all functions of the turbulence 
spectrum (S,T). In case of homogeneous & isotropic turbulence:
〈δuαδuβ〉 = T(k,ω) (δαβ- kαkβ/k2) + S(k,ω) kαkβ/k2

In this model: p*(t) increases with time so NL calculations are always 
mandatory

Spatial diffusion Momentum transport (incl. snd order) Injection

Non-linear solutions: highly
turbulent case
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Source spectrum

Bykov ‘01

Highly intermittent spectrum.

~ 30% of the energy imparted in
the turbulence converted into NT
particles within τ < 3 Myr => young
clusters & energy crisis issue

Top-Heavy IMF Salpeter IMF
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Maximum Galactic CR energy
• Galactic sources: Emax =1017 eV for protons => 2.6 1018 eV for Iron.

• One caveat of the standard SNR model: Emax including MF amplification ~ 1015

eV (Parizot, A.M. et al’06, A.M. et al’06)

• Possible remedies:
– Acceleration above the CR knee at very early stages of SNR evolution (Bell‘04,

Ptuskin & Zirakashvili’05, Zirakashvili & Ptuskin’08)

– Reacceleration in the galactic wind (termination shock, spiral shocks) (Ptuskin
et al’97, Völk & Zirakashvili’04)

– SN evolve differently in a SB:
• no radiative phase.
• Adibatic phases lasts longer.

– Hillas criterium applied to SNRs in SBs with an amplification factor of the MF of A
Emax= Z x (1.7 x 1017eV) (A/20) (BSB/10µG) (Parizot et al’04, Ferrand & A.M.

in prep)
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Starburst and UHECRs
• Two steps scenario:

– Step 1: Acceleration by SNR (see previous slide)
– Step 2: Transport in the superwind and re-

accelerated at a galactic shock.
• Estimation (Torres & Anchordoqui’04) Emax > 3 x 1020 eV

(NGC 253).
 Most optimistic case <=> perpendicular diffusion.
  No hint for correlation of Auger events with StBs

galaxies catalogue (Abraham et al’08)
 In StBs VT-sh > 1000 km/s, and Ma> 1 (fit in the Hillas

plot)
=> SN MF amplification of non-resonant and resonant

streaming modes could work there as well (Pelletier et
al’06)
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Conclusions
• Clusters of massive stars are gamma-ray emitters: NGC 253, M82

=> TeV-PeV particles.
• Also in our Galaxy & LMC: Westerlund 1/2…probably more with

CTA.
• But not all MSFRs (e.g. Carina nebula)
⇒ What are the sources of free energy ?
⇒ What are the emission mechanisms

• GeV-TeV observations can bring some insights.
⇒ What are the conditions for high energy particle production ?

• High turbulence level is required to confine particles.
• But in that case non-linear back-reaction effects + intermittent

spectrum.
• May explain larger maximum CR energies … TB still investigated.
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• Supplementary material.
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Collective massive star winds

• Lower energy (100 GeV/1 TeV) particles are excluded by the wind modulation
effect.

• 10-100 GeV radiation may be absorbed by pair production close to the stars.
• To be scaled with the cluster distance, power and age.
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IC443 SNR (example of
SNR/Molecular cloud interaction)

Hα Troja et al’06

Age ~30 000 years
Distance ~1.5 kpc
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IC 443 in gamma-rays

MAGIC: Albert et al’07
VERITAS: Acciari et al’09

White cross: Magic
Black cross: Veritas + PSF in white
Open blue circle: 95% confidence contour Fermi (Abdo et al’09)
Triangles OH masers
Black contours CO data
Red: optical
Black star: PWN

Veritas excess map
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SNR/Molecular cloud
interaction

* Injection from thermal pool at the
shock front (Bykov et al’00)

* Min energy electron reacceleration
(stochastic)
1/ E=120 keV 2/ E=2 GeV

• No strong TeV radiation expected
- Low velocity (~100 km/s) shocks
- Wave absorption by ion-neutral
damping.

* TeV radiation from illumated clouds ?
(Gabici et al’07 )

IC 443
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“Passive” cloud radiation

Gabici et al’09 => Cosmic Rays
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