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SED starburst  
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Fermi 30 Dor spectra model 



    The spiral galaxy NGC 253 is the closest  starburst 
galaxies at 2.6–3.9 Mpc  

     
     The starburst nucleus region is a cylinder of  R ≈150 pc 

with the height H ≈60 pc perpendicular to the disk of 
NGC 253 and symmetric to its mid-plane 

    
    The estimated SN rate is about 0.08  yr(-1) in NGC 253,  

with 0.03  yr(−1) in the starburst region.  
           
   The SFR is about 5  M☉  /yr in the starburst nucleus, which  

is 0.7 of the whole SFR of NGC 253.  

e.g. Abramowski Acero Aharonian  + 12 



What kind of sources one could 
expect in starburst?  

 
“Dim” young and “bright” old 

SNRs? 
 

Hadronic gamma-ray emission from 
individual young “molecular” SNRs   



Thompson Baldini Uchiyama 2012 

 
W51C (filled circles) W44 (open circles);  
IC 443 (filled rectangles); W28 (open rectangles)  
Cassiopeia A (filled diamonds). 

Fermi  images of young SNRs  

L! ~10
34 !1036erg / s



What else one could expect in 
starburst?  

 
Hadronic gamma-ray emission from 

superbubbles?   



The Carina Nebula (2.3 x 2.3 deg) by 
ESA’s Herschel space observatory 

ESA/PACS/SPIRE/T. Preibisch 



SB around NGC 1929 in LMC  VLT 
image 

ESA/VLT Mejias  



Cygnus-X region  

Ackermann + Science 2011 



Fermi image of Cygnus superbubble 

Ackermann + 2011 



Fermi image of Cygnus superbubble 

Ackermann + Science 2011 



         

     The Fermi source is extended of   
    about 50 pc scale size and  
    anti-correlate with MSX   
 
      Cygnus X is about 1.5 kpc away. Contain a 

number of young star clusters and several 
OB associations.  Cygnus OB2 association 
contains 65 O stars and more than 500 B 
stars.  There is a young supernova remnant  
Gamma-Cygni and a few gamma-pulsars. 

    



Fermi spectrum of Cygnus superbubble 

Ackermann + 2011 



         

     Simulations with our non-linear kinetic 
model of relativistic particle 
acceleration accounting for particle 
acceleration by multiple shocks and 
long-wavelength strong turbulence 
predicted temporal evolution of 
spectrum   

 
      
    



MHD Shock-Turbulence Power 
Conversion to CRs 
 



      

AB Space Sci. Rev.  v.99, 317 see also Ferrand & Marcowith  



LECR  Spectra in  a SB 

Space Sci. Rev.  v.99, 317  



Fermi spectrum of Cygnus superbubble 
can be explained as hadronic emission  

Ackermann + 2011 



What else one could expect in 
starburst?  
 
Hadronic gamma-ray emission from  
SNR-wind collisions in massive star 
clusters…   
 



The Progenitor to the Pulsar had 
an Initial Mass of >40 Msun 

•  Westerlund 1 contains 
O6V and O7V stars with 
initial masses of  35-37 
Msun (Clark et al., 2010). 

•  Its age is <5 Myr. 
•  At this age, only stars 

more massive than 40 
Msun would have under-
gone supernovae. 

•  (from M.Muno) 



Westerlund 1 

Clark+ 11 
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Fig. 4. Typical pre-SN aspect of the CSM around a 15 M⊙ star (left panel) ending its stellar life as an RSG (and exploding as a type IIP SN), and
around a 60 M⊙ star (right panel), ending as a WR star (exploding as a type Ibc SN). In each panel, we also show the mean density and temperature
in the small window as a function of the radius.

Fig. 5. Radius of the bubble (left panel) and position of the wind termination shock (right panel) for our models.

Particularly, there is no ejection of a dense and slow wind before
the onset of the WR wind. The evolution after the MS is thus
in the continuity of the first time evolution, except that the bub-
ble growth velocity increases slightly, because the WR wind de-
posits more momentum. The typical aspect of the bubble at the
end of the star’s life is shown in Fig. 4 (right panel).

4.2. Size and chemical composition of the bubble

The left-hand panel of Fig. 5 shows the size of the bubble, de-
fined as the region where the medium consists of at least 90%
stellar material and the position of the wind termination shock
(right panel). Thanks to the increasing mass-loss rate and wind

velocity with increasing stellar mass, the size of the bubble is
larger for higher initial mass. The final size of the bubble spans
from ∼10 pc for the bubble around the 15 M⊙ model to more
than 100 pc around the 120 M⊙ model. Near the end of the tracks
of the 15−25 M⊙ models, a decrease in the size of the bubble is
apparent, which occurs during the RSG phase. During this phase,
the pressure in the bubble decreases, causing it to shrink. For the
models ending as a WR star, the growth of the bubble increases
at the onset of the fast and dense WR wind.

The position of the wind termination shock follows the
same trend. Because it depends strongly on the wind parame-
ters (mass-loss rates and velocity), which can change slightly
during the stellar evolution, it is not perfectly smooth during the
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Fig. 14. Axisymmetric simulation of a mini-star cluster of 5 stars shown
in density (blue: 0.01/cm3, green 1/cm3, red 10/cm3, white 1000/cm3).
Thin shell instabilities develop in regions of interactions of different
winds and of wind-interstellar medium.

conditions for high-energy astrophysics. Future studies in this
direction are envisaged, profiting from our enlarged toolbox,
especially the elaborate implementation of stellar systems as
described in Sect. 2. Powerful stellar winds of young massive
stars and core-collapse SN explosions with strong shock waves
can convert a sizeable part of the kinetic energy release into
fluctuating magnetic fields and relativistic particles. The star-
forming regions and compact young star cluster are considered
as favourable sites for energetic particle acceleration and could
be seen as bright sources of non-thermal emission with the up-
coming high-energy instruments, either at hard X-rays or at TeV
gamma-rays by the Cerenkov Telescope Array (CTA).

Rich associations of OB-stars, particularly Cygnus OB, have
recently been detected at gamma-rays. The Fermi Large Area
Telescope has detected 1−100 GeV photon emission from a
50-parsec-wide cocoon-like structure in the active Cygnus X
star-forming region (Ackermann et al. 2011). The authors pro-
posed that the cocoon is filled with freshly accelerated cosmic
rays that flood the cavities carved by the stellar winds from
young stellar clusters. The gamma-ray luminosity estimated is
about 1035 erg/s, which is a small fraction of the kinetic power
of the stellar winds. However, to produce the observed gamma-
ray luminosity, one should maintain much greater power in cos-
mic rays, and this requires an efficient conversion of the ki-
netic power of the stellar winds and SNe. An extended source
of very high energy emission was also detected with the High
Energy Stereoscopic System (H.E.S.S.) from Cyg OB2 region
(Aharonian et al. 2002) and a very massive young compact clus-
ter, Westerlund I (Abramowski et al. 2012). Starburst galaxies
NGC 253, M82, and some others (see for a recent review Ohm
2012) have demonstrated the high-energy emission spectra that
are harder than that of the Milky Way or M31, where the global
diffuse TeV regime emission has not been reported so far.

Complex supersonic flows carrying magnetic fluctuations of
a broad dynamical range of scales can efficiently interact with
relativistic particles. The interaction results in particle acceler-
ation, which in turn modifies the plasma flows and affects spe-
cific mechanisms of magnetic field amplification in the vicin-
ity of collisionless shocks (van Marle et al. 2012). Relativistic
particles are subject to Fermi acceleration at strong astrophys-
ical collisionless shocks (see for a review Blandford & Eichler
1987). Ensembles of multiple shocks accompanied with large-
scale MHD motions are very efficient particle accelerators (e.g.
Bykov 2001; Bykov et al. 2013; Parizot et al. 2004; Ferrand &
Marcowith 2010), and they can be the sources of the galactic
cosmic rays accelerated beyond the spectral knee (e.g. Bykov &
Toptygin 2001).

In this paper, we present hydrodynamical simulations of the
time evolution of the CSM around massive stars (15 to 120 M⊙),
based on the recent grid at solar metallicity provided by Ekström
et al. (2012). We show the differences between various evolu-
tionary scenarios, by extracting from our data various averaged
quantities as a function of (stellar evolution-) time and/or the dis-
tance to the central star: radius of the bubble, position of the wind
termination shock, density, temperature, and chemical composi-
tion of the gas. The differences found, which cannot be over-
come by simple scaling laws, demonstrate the need for grids of
models as a complement to very detailed (and computationally
expensive) studies of one particular evolutionary track.

For the range of models considered, we find bubble radii
right before the SN explosion between roughly 10 and 100 pc.
Much smaller bubbles are obtained for higher ISM densities
(factor 3 for ten times higher density) and/or lower metallici-
ties of the massive star. Average densities within the bubble are
generally (much) lower than ISM densities, except very close to
the star. The chemical composition in the bubble can be very
inhomogeneous and very different from the ISM composition,
owing to the progressive modification of the chemical composi-
tion of the star. This finding is in line with observations of the
WR nebula NGC 6888.

Concerning, more generally, the (non-) existence of ob-
servable nebulae around massive stars, our models allow for
WR ejection nebulae (WR wind against RSG wind) around
young WN type WR stars, in line with observations. On the scale
of the entire bubble, our models suggest that the wind blown
bubble is confined by an (observable) outer shock wave only for
the most massive stars and then only during their WR phase.
During MS, a shock at the outer rim of the bubble forms only at
the very early phases or for the most massive models. Later on,
no such shock is present, because the bubble expands subsoni-
cally. A shock front may, however, still develop from the action
of the photoionisation front (Toalá & Arthur 2011) or if hydro-
gen can recombine and the gas can cool to very low tempera-
tures (Dwarkadas & Rosenberg 2013). A complete view of the
formation of nebulosity around MS massive stars thus requires
taking physical effects into account that are not yet included in
our simulations.

Leaving the concept of single stars in favour of stellar clus-
ters, wind collision zones very likely alter the above results: mix-
ing of chemical species is likely more efficient, and observable
signatures more pronounced.

At the end of their lives, the models presented in this work
explode as a SN. The question of how these explosions disperse
the chemical species expanding through the previously formed
bubble is important in the matter of the chemical evolution of
the galaxies. This point will be studied in a forthcoming paper.
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MASSIVE STAR BINARY SYSTEMS 



SELF-REGULATED SHOCKS IN 
MASSIVE STAR BINARY SYSTEMS 

 Parkin & Sim 2013 ApJ 767 114 



  
SNR-stellar wind accelerator 

AB+ MNRAS  V. 429, 2755, 2013 



  
SNR-stellar wind accelerator 

Non-linear kinetic model 
 
 Transport equation for CR distribution function 

MNRAS  V. 429, 2755, 2013 



  
SNR-stellar wind accelerator 

cf  Malkov’ 97; Amato & Blasi 05; Caprioli + 11 

MNRAS  V. 429, 2755, 2013 



SNR-stellar wind 
 accelerator II 

MNRAS  V. 429, 2755, 2013 



Energy Flux conservation  
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Particle acceleration between 
approaching shocks is one of the most 
efficient versions of Fermi I acceleration  



Time dependent model 
 
The telegraph equation to derive spectrum at Pmax 
 
 



  
SNR-stellar wind accelerator 

MNRAS  V. 429, 2755, 2013 



f(x, p) p3

x

/

dNp/dp dNe/dp
dN/dp ∝ 1/p

SNR-stellar wind 
 accelerator  

AB+ MNRAS  V. 429, 2755, 2013 



Temporal evolution of maximal energy of the 
accelerated CRs  

Modest case of 3000 km/s SNR shock 
Pevatron:  shock is somewhat faster  
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Supernova - wind “collision” system can 
provide Pevatron source in compact 
clusters   



            SNR-stellar wind  
non-thermal emission spectra I  

MNRAS  V. 429, 2755, 2013 



Fermi 30 Dor spectra model 



 Blümer + 2010 


