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ABSTRACT

Context. Supernova remnants are believed to be a major source ofetitepgrticles ¢osmic-rays) at the Galactic scale. As their
progenitors, namely the most massive stars, are commouhydfolustered ifOB associations, one has to consider the possibility of
collective dfects in the acceleration process.

Aims. In this work we investigate the shape of the spectrum of leigbrgy protons produced inside thgerbubbles blown around
clusters of massive stars.

Methods. To do so we embed simple semi-analytical models of partictelaration and transport inside Monte-Carlo simulations
of OB associations timelines. We consider regular acciétergFermi 1 process) at the shock front of supernova remsnas well
as stochastic re-acceleration (Fermi 2 process) and egoapizolled by magnetic turbulence) occurring betweenstiecks. In this
first attempt we limit ourselves to linear acceleration gy shocks and neglect protons energy losses.

Results. We observe that particle spectra, although strongly intéznt, get a distinctive shape resulting from a competitietween
acceleration and escape: they are harder at the lowesien@rglexs < 4) and softer at the highest energiss-(4). The momentum
at which this spectral break occurs depends on the variobisléyparameters, but all theiffects can be summarized by a single
dimensionless parameter, which we evaluate for a selecfiorassive stars regions in the Galaxy and in the LMC.

Conclusions. The behaviour of a superbubble regarding particle aca@eraritically depends on the magnetic turbulence: if B is
low then the superbubble is simply the host of a collectioimdividual supernovae shocks, but if B is high enough (aedthbulence
index is not too high), then the superbubble acts as a glaualerator, producing distinctive spectra, potentialyywhard over a
large range of energies — which has important implicationthe high-energy emission from these objects.

Key words. acceleration of particles — shock waves — turbulence — aosays — supernova remnants

1. Introduction inside the superbubble as a whole, one has to consider also im

portant physics occurinigetween the shocks: as the bubble inte-
Superbubbles are hot and tenuous large structures forroedar rior is likely magnetized and turbulent, we need to evalgaies

OB associations by the powerful winds and by the explosid)nsi%d losses due to acceleration by waves (a 2nd-order. sticha
massive starg (Higdon & Lingenfelter 2005). They are the MB%rmi process) and escape from{he bubtfle. '

jorhosts of supernovae in the Galaxy, andihus major catehida In this study, we combine thetects of regular acceleration

for the production of energetic particles (eg Montmerle 94,97 . ay, g .

BykoJ P00 mg ang refe?ences the (occ_urrlng quite discreetly, at shock_fronts) and stoobmtcel—

inB(lJIeed beliéved to be t’he main contributors of Gala?:tic ; meranon and escape (occurring continuously, between shoick
COSM order to work out the typical spectra that we can expect @nsid

rays (along with pulsars and micro-quasars), througfdifia- o e bbles over the lifetime of an OB cluster. We choose to
sive shock acceleration process (a 1st-order, regular Fermi pro

cess) taking place at the remnant's blast wave as it goesghro treat regular acceleration as simply as we can, and coratentr

; i : on modeling the relevant scales of stochastic acceleratimh
the interstellar mediun) (Drdty 198; Malkov & Dryiry 2401). escape inside superbubbles. We present our model in s@tion
Supernovae in superbubbles are correlated in space and tclgﬁ

. . . . e our general results in sectiph 3 and present specifit-app

%% 4|1nv|2|set;)%itre] Stﬁ(;Tle(rz%l(;)g) %)é\vrgutlzltler\)/flgqg ations in_sectioﬂﬂél. Finally Weﬂdiscuss the Iimitation_s af o
" -y : ha : ; Bproach in sectiol} 5 and give our conclusions in setﬂlon 6.

semi-analytical model of test-particle acceleration byitiple
spherical shocks (either winds termination shocks, eshper-
nova shocks and winds external shocks), under the limitsig & Nodel
sumption of small shocks filling factorf. Ferrand et &I. @00~
have made direct numerical simulations of repeated aatedar Our model is based on Monte-Carlo simulations of the agtivit
by successive planar shocks in the non-linear regime @heth- of a cluster of massive stars, in which we embed simple semi-
ing into account the back-reaction of energetic particieshee analytical models of (re-)acceleration and escape (deesdri
flow). But in order to work out the particles spectrum prodiicehrough their Green functions). In order to work out the ager
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properties of a cluster i, stars, we perform random samplings 10° = T T ————
in the Initial Mass Function (SeE]Z.l). For a given cludiere i
is sampled by intervalstd= 10 000 yr, which is small enough

to make sure that at most one supernova occurs during that pe-
riod — but by chance for big clusters, and which is big enough
to consider that regular acceleration at a shock front hagesh |~
the spectrum of particles — acceleration is thought to td&eep ~am
mostly at early stages of supernova remnants evolutioniraad
superbubble the Sedov phase starts after a few thousanearsfy
(Parizot et dI[ 2004). Here we do not try to investigate thacex
extent of the spectrum of accelerated particles: we sebthest r
momentum (injection momentum) t@min = 102 mpc (which 10—t [ : : .
is the typical thermal momentum downstream of a supernova 10 20 50 100
shock) and we set the highest momentum (escape momentum) .
t0 Pmax = 10° myc =~ 10 eV (which corresponds to the "knee” m(me)

break in the spectrum of cosmic-rays as observed on the)Earfq 1. Distribution of massive stars masses: the Initial Mass
Note that the theoretical acceleration time frpm t0 pmax (in Function. For each clustét, = 100 stars are randomly chosen
the linear regime, without escape) is roughly 8 000 yr (a$89m i the IMF (). The dashed curve represents the experimental
Bohm difusion withB = 10xG), which is again consistent with histogram of masses aftblog = 1000 samples (with resolution
our choice of ¢ This makes 8 decades mwith a resolution of ¢ |ogm = 0.05). The dotted curves show 1-, 2-, 3-sigma standard

a few tens of bins per decade (according to 222) _deviations over the clusters set. The solid curve is therdtimal
The procedure is then as follows: for each time bin in the lifgE,

of the cluster, either a supernova occurs, and the disioitbwif
particles is modified according to thefldisive shock accelera- 10% —— . . —————————
tion process, as explained in S 2.2; either no supernova o b
curs, and the distribution is evolved in time taking into @aat
acceleration and escape through interaction with maghatic
bulence, as explained in 82.3. This process is repeated f
many random clusters of the same size, until some averaug tre
emerges regarding the shape of spectra (note that averagfessp Lsx 107 |
are not monitored for each biri Hut by larger steps of 1 Myr). b

In the following we detail our description of massive stars,
supernovae shocks, and magnetic turbulence.

2.1. OB clusters: random samplings of supernovae 106 L ) ) o

We are interested here in massive stars which die by core- 10 20 50 100
collapse, producing type Ib, Ic or Il supernovae, that is am m/me
greater thamyi, = 8 my, and up to saynmax = 120m,. These o ) o
type B (4— 20m,). Most massive stars spend all their life withirimongi & Chieffj (200§)).
the cluster in which they were born, forming OB associations
In order to describe the evolution of such a cluster, ones\e®d 2 > sypernovae shocks: regular acceleration
know the distribution of star masses and lifetimes.
The Initial Mass Function (IMF§ is defined so that the num-2.2.1. Green function

bertﬁf ts:?rs n thg mafstmter\;alto m+ d|l;n 'f’ dn = f(g‘) XdM, 14 keep things as simple as possible, we limit ourselves here
ilo nat e numder (())bs ars (3[. masshes tﬁ v'c'ﬂaﬂ;m Minax IS 410 the test-particle approach (non-linear calculatioribe pre-
* T fmm ¢ (m) dm. Observations show théican be expresse sented elsewhere). In the linear regime, we know the Graemn fu

asa power-la55): tion G; which links the distributiorfsof particles downstream
and upstream of a single shock according to

£(m) et (1) pifeam oTa sing ?

with an index of = 2.30 for massive star§ (Kroupa 2902). Thisidown (P) = j; G1.(P. Po) fup(Po) dpo; ®)

function is shown in Fig[]1. _
Stars lifetimes can be computed from stellar evolution mo#-reads
els, we use here data from Limongi & CHie(R006¢), plotted s(p\®
on Fig.[R. The more massive they are, the faster stars buim e (P, Po) = — (—) H (p - po) (4)
material. A star at the threshoid.,;, = 8 my has a lifetime of Po\ Po
tsnmax = 37 Myr, which is also the total lifetime of the cluster,whereH is the Heaviside function, and

a star ofmpax = 120m, lives onlytsymin = 3 Myr. Regarding 3r
supernovae, the active lifetime of the cluster is thus S = 1 (5)
AtSg = tsn (Miin) — tsn (Mnax) = 34 Myr. (2)  * The distribution functiorf (p) is defined so that the particles num-

ber density i1 = fp f (p) 4np? dp, wherep is the momentum.



wherer is the compression ratio of the shock.

Ferrand and Marcowith: The spectrum of cosmic-rays acatddrinside superbubbles

xdiet (f) < Xace h€NCE A typical escape timg. = x2./6 Dy, that

is using Eq. [B)
2.2.2. Adiabatic decompression p -2
L . tesc(P) = tz:(sc>< (—) (11)

Around an OB association, particles produced by a supernova myC
shock might be re-accelerated by the shocks of subsequentgin
pernova before they escape the superbubble. Tieeteof re- 2 g y1-q 2

eated acceleration is basically to harden the spdctraéfmtrh tesco 77T B™ Amax Xace- (12)
1990 [Melrose & Popp 19p3). o For standard turbulence indices, we get

When dealing with multiple shocks, it is mandatory to ac- .

count for adiabatic decompression between the shockgyetner P (L)% (/lmax )*% ( Xace )Z(L)’§ = 5/3
particles bound to the fluid will be see their momenta de@astesc(P) ~ ) 50\10uG/ {10pc 40pc/ |\ mye q (13)
by a factorR = r¥/2 when the fluid density is decreased by a fac10'3 s mrl B\ (AR e 2 0 V2 . 3/2 '
torr. In order to resolve decompression properly, the numerical 03 (m) (Wpc) (40 pC) (m_pC) q=3/

momentum resolution d loghas to be significantly smaller than

h . Interaction with waves also leads to d@fdsion in momen-
the induced momentum shift (Ferrand gtlal. 2008).

tum. Using results from quasi-linear theory we can expriess t
diffusion codicient as

2.3. Magnetic turbulence: stochastic acceleration and . ) p \
escape Dp (p) = Dj x (mpe)” x (m—pc) (14)
Particles accelerated by supernova shocks, although efiggrg it
might remain for a while inside the superbubble because gfma_ 4q 1q 1
netic turbulence which scatters them (they perform a randdfp o 77T B Amax ™. (15)

walk until they escape). Because of this turbulence, dagtwill  \yheren is the number density (which comes to play through the

also experience stochastic re-acceleration during tt@jris the - afyen velocity). For standard turbulence indices, we get
bubble. We present here a deliberately simple model of pi@n,s D, (p)
P

in order to get the relevant functional dependences and ofde ~
magnitudes of the dlusion codicients. The turbulent magnetic 1038 g?.cn?.s3
field 6B is represented through its power spectiifk), defined

5

7 -2 —
s0 thatoB? o« [ W(K) dk with k = 2x/4 where is the tur- | %5 (s5)" (#5%) " (1) (i) a=5/3
bulence scaléknmin (resp.kmax) corresponds to waves interacting S\ 4 3 (16)
with the particles of highest (resp. lowest) energy. Thicsum | 1% (%) (13;1) (wzncmg) (mipc) q=23/2

is usually taken to be a power-law of indgx

W(K) o< k™9, (6) 2.3.2. Green function

Becker et al. 6) have recently given the first analytal
pression of the Green functidd, for both stochastic accelera-
tion and escape, valid for any turbulence indgx]0, 2[. It is
defined so that, for impulsive injection of distributidp;;, the
distribution after time is

normalised through the turbulence level

(08?)

= Be 1 (sB2) Q)

2.3.1. Diffusion scales fena(P, 1) = f G2 (P, po, t) finit (Po) dpo - (17)
. : 0
g(;[:;b;éence follows Eq.|]6) then the spacétdsion codicient Neglecting losses it can be expressed as
. 2-9 [p V=t
2q G > 3t = _ 18
D, (9= D3 x| @ PPV V1 =
’ (z+2)(1+8)(1+9 2vZE
(we assume that the turbulence spectrum extends enougatso th O R Y ) 2-q 1-¢

this description ofDy remains correct for the lowest particle
energies). Using results from Casse gt pl. (2002) (obtdioed
isotropic turbulence), one can express

2(p) = 2979/ (2~ o) |/Dptes)

£©) = exp(2(a-2) Djt/\Djtes)

where I(o, X) is the modified Bessel function of the first kind,

and we recall thaby andt;, are defined respectively by rela-

D} o< 7! BT .

(9)

For standard turbulence indices, we get

23( B \Eamni p )} tions (1§) and[(12).
Dx(P) ) 7w (m) (15 pc) (m_pc q=>5/3 10 G, gives the distribution of particles remaining in the bubble
10%5cmP.st | o/ B \ 3/ am\3( b \2 - (10) one can also evaluate the rate of particles escaping théeoojpb
g (m) (15”?;6) (m—pc) q=3/2 dividing G, by the (momentum-dependent) escape tiing (11):

G2 (p, po,t)  p* 4Gz (p, Po. 1)

Particles difuse over a typical lengtkiir = V6 Dxt. They G, s.(p, po,t) = Ol
' tESC p

are confined in the acceleration region of sizg. as long as

(19)

*
tESC
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Fig. 3.Mean supernovae rate as a function of time. For each clusg. 4. Distribution of the interval between two successive
ter N, = 100 stars are randomly chosen in the IMF. The centrshocks (normalised to the average interval between tworsupe
curve represents the experimental mean rate of superntieae aovae). For each cluster the interval between suaressive su-
Nog = 1000 samples (with resolutiort & 10 years). The top pernovais monitored, within the numerical resolution dAbg-
curves show 1-, 2-, 3-sigma standard deviations over trséeaisl  0.05. Colour codes dierent numbers of stamd,, logarithmi-
set. The solid curve is the theoretical mean rate of sup@gowally sampled between 10 and 500 (purpl#0, blue= 27, green
over the cluster's active lifetim|(2), M,/ (tsnmax— tsnmin). = 71, orange= 189, red= 500).

3. Results the same shape independently of the number of stars (but for

3.1. Distribution of supernovae shocks very low numbers of stars).

In order to investigate the probability of acceleration by
many successive shocks, we have now to compute the maximum
time Atmax @ particle has to wainithin a sequence af succes-
sive shocks. Only particles whose escape time is more than this
value may experience acceleration toghocks. As previously
3.1.1. Rate of supernovae all distributions have the same shape once time intervalaar

_ ) ) malised byAtsy, and are very peaked, but now the most probable
As an illustration of our Monte-Carlo procedure, if we COUT®  \5ye of Atyay is a few times bigger than the average value (the
number of supernovae in each time bt [+ dt], we getan esti- more successive shocks we consider, the more chance we have
mate of the mean supernovae rate. The result is shown ofl Figodyet an unusually long time interval between any two of them
In agreement with the "instantaneous burst” model of G8ViThjs s syummarised on Fif] 5, which shows the most probable
et al. {2000), we observe that the distributions of massels apy|e ofAt,,q, as a function of the number of successive shocks.

lifetimes combine in such a way that, but for a peak at therbegiyote thatAtyay, may reach 10 timestsy, and that it is all the
ning, the rate of supernovae is fairly constant during thstel’s  ,ore an imprecise indicator & andn are low.

life, and can be expressed as a first approximation as

Before showing the spectra of particles, we discuss brigfy t
temporal distribution of shocks during the life of the chrsias
it controls the possibility of repeated acceleration.

dnsw ~ N: ~ N, x3108yr? (20) 3-2. Average cosmic-ray spectra
at Aty

3.2.1. General trends
where we recall thatty is the active lifetime of the cluster

given by Eq. KP)- Resulting proton spectra for clusters of twdrdient sizes inside

a typical superbubble are shown on Fﬁb 6. For a given sample,
spectra are strongly intermittent during the clusterilifiet (from
3.1.2. Typical time between shocks blue to red), especially at early times. Still, we clearlg sen-
vergence to an average spectrum as we increase the niNnber

Knowledge of the time distribution of supernovae is impotta of sam :
; L : ples (from top to bottom). Comparing results for 10 and
regarding acceleration in superbubbles, as dependingd§th 1o gtars (left and right), we see that what actually mafeers

ical mteryal bgtvyeen shocks, accelerated particles mayay the total number of supernovaex N,. The limit spectrum ex-

not remain within the_ bubble between two Supernovae explIc?lbits a distinctive two-parts shape, with a transitiomfra hard
sions, and thus experience repeated accele fhtim thus mon- regime (flat spectrum, of slope < 4) to a soft regime (steep

itor the time intervaltsy between tweelccessive supernovae, ectrum, of slops > 4). We also show the escaping spectra on
The result is shown on F'gﬂ 4. Note that (i) the most proba 0. |] We see that they have the same overall shape, but are a

time interval between two shocks is nothing but the average t bi ; : : .
= i, , it harder (as highly energetic particles escape first) dnabech
between two supernovadsy = At,/N, ; and (ii) when time lower norrgalizagtior); 9 P P )

intervals are normalised by this quantity, distributiofishave Hard spectra at low energies are due to combirféets of

2 Note that this will also strongly depend on the initial eneogthe @cceleration by supernova shocks (Fermi 1) and re-actielera
particles: the higher the energy they have gained from onekstthe DY turbulence (Fermi 2). Soft spectra at high energies arstlyno
sooner they will escape the bubble, and hence the less ctimckave shaped by escape, which removes preferentially highlygertier
to be re-accelerated by a subsequent shock. particles. The transition energy is controlled by a balabee
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Fig. 6. Sample results of average spectra of cosmic-rays insideupperbubble. The particles spectrdimand its logarithmic slope
s=dlogf/dlogp are plotted versus momentup The size of the cluster ¥, = 10 (left) andN, = 100 (right). The number of
samplings rises from top to bottof:= 10,100, 1000. Other parameters afe- 5/3, B = 10uG, nt = 1, Amax = 10pC,Xacc = 40pC,
n=102cm3.
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Fig. 7. Sample results of average spectra of cosmic-rays escapnguperbubble. The particles spectréiper unit time and its
logarithmic slopes = dlog f/d log p are plotted versus momentumThe size of the cluster ¥, = 10 (left) andN, = 100 (right).
The number of samplings I8 = 1000. Other parameters are as in figﬂrq 6:5/3,B = 10uG,nt = 1, Amax = 10 pC,Xacc = 40 pc,
n=102cm3.

1000 — —— T

ferent scenarii for the magnetic field: if a turbulent dynasat
work thenB ~ 104G andsB > B so thatyr ~ 1 (Bykoy[2001),

100 3 if not then because of the bubble expandon 1uG andsB < B
10 L (if 6B = B/2thenpr = 0.2). The external scale of the turbulence
Amax IS at least of the order of the distande between two stars
Abpax 1 in the cluster, which, for a typical OB association radiu8sfpc
& (eg[Garmar)y 1994), and assuming uniform distribution (zequi
0.1 crude approximation), reads
o1 | : d, ~ %: (1)
N*
0.001 < s s

2 ) 10 20 50 100 200 500
Nshocks

that is 26, 12, 7 pc for respectively 10, 100, 500 stars. B4k

will be higher if turbulence is driven by supernova remnattits

Fig. 5. Maximum time interval between two successive shockadius of which goes roughly as

in a sequence af successive shocks (normalised to the average

interval between two supernovae). Solid curves corresgond 215

the most frequent value dftmay (i€, maxima of the curves in FSNR = 38 pC (104 yr) (22)

Fig.H). Dotted lines give the enveloppe of the distributjtrey

correspond to a decrease from the maximum value by a faci9ithe Sedov-Taylor phase inside a superbu et a

of 10, 100, 1000). Colours code the number of stdfsin the ) Hence we varymax = 10, 20, 40, 80 pc. We take the size

same way as in Fig] 4 (note thisf coincides with the maximum of the acceleration region to be of the order of the radius of a

number of successive shoak$or which data are available).  supernova remnant after our time-step=el 10 000 yr, that is
Xace = 40 pc according to Eq.|__(jZZ). However in evolved su-
perbubbles it might be higher, up to more than 100 pc, so we

tween re-acceleration and escape timescales, and thusdiepgiso try 80 pc and 120 pc. The density inside a superbubble

on the superbubble parameters. is always low, to assess its influence we run simulations with

n=103cm?3,n=5103cm? andn = 102 cm 3. This makes

720 diferent cases to run. And for each case, we have to set

the numbeN of samplings per cluster: convergence of average

For each cluster we have to define eight parameteggectra typically requirell, x N =~ 10% but the general trend

N4, T, 0, 77, B, Amax N, Xaco Which are more or less constrainedis already clear as soon & x N ~ 10°%, so we simply take

We sample the size of the cluster roughly logarithmically béN = 10°/N,.

tween 10 stars and 500 stars Ng =10, 30, 70, 200, 500. We  We thus had to run a lot of simulations to explore the parame-

consider only strong supernova shocks of 4. We compare ters space. But interestingly enough, it turned out thaéfieets

classical turbulence indices= 5/3 (Kolmogorov cascade, K41) of the 6 parameters relevant to stochastic acceleratioreand

andqg = 3/2 (Kraichnan cascade, IK65). We consider two difeape:q, 77, B, Amax N, Xacc C&N be summarized through a single

3.2.2. Parametric study



Ferrand and Marcowith: The spectrum of cosmic-rays acatddrinside superbubbles 7

parameter, the adimensional numisérintroduced by Becker our main selection criteria. The parameters useful for tuoys

etal. (200B): are: the cluster composition (number of massive stars),dige
1 tance, size, and the superbubble size and density. Notevthat
0" = T (23) are biased towards young objects, as older ones are more dif-
p “esc ficult to isolate because of large extensions and sequdatial
which, according to Eq[(15) anfi {12) goes as mations. Information on density is sometimes lacking. Tée-d
N 2 p20-6 120-2 -2 sity can span several orders of magnitude, usually betw@en 1
07 o 17" BT Amax Xace- (24)  and 10 cm® in the central clustef (Torres et 4. 2004) and be-
For standard turbulence indices, we have tween 10° and 10% cm in the superbubble[ (Parizot et]al.
s . » p003). If X-ray observations are available, it can be inise
N U% (ﬁ) : (fg?;cf (4Xg°5c) (mz—"mg}) q=5/3 estimated from the thermal X-ray spectrum, given the plasma
11020 B V3 dom) %o \2{ - (25)  temperature and the column density along the line of siglihe
B (m) (Wpc) (40 pc) (W) q=3/2 case of complete lack of data, we accept a mean density betwee

3 —3 2 —3 R
With all the possible superbubble parameters considenmeqdte 510 cm® and 510 “ cm °. Unfortunately, the magnetic field

ranaes from 10 to 10 As we consider onlv strond su ernoV%arameters are not directly measured, so that we consider-di
9 : y gsup SI‘nt limiting scenariosB = 1 uG andnt = 0.2 if the turbulence

shocks of = 4, the single remaining parameter is the num.ber(P low, B = 104G andnr = 1 if the turbulence is high. In each
starsN,. (represented through dots ofidirent colours and sizes ase \’Ne compare turbulence indices 5/3 andq = 3/'2 The

on the subsequgnt plots), which has a weaker |mpapt ONS$ESU 5ximal scale of the turbulendg,ax may be taken to be as small
To characterize the spectra of accelerated particles, we lé%

o ; the size of the stellar cluster (especially in the caseevieas
two indicators, plotted on Fig§] 8 afHl 9. We have checked t , :
the results are independent of the resolution providedtheae emovae have already occurred), or as big as the size of th

is at least a few bins per decompression shift. The resicaral v superbubble itself.
ability seen mostly derives from the simulation procedtself, These quantities are used to estimate the key parafheiter

Y S . ach of the selected objects using Hq] (25). All the paramete
which is based on random samplings. On fflg. 8 we show tﬁﬁd results are summarised in table 1. Before discussinigthe
momentum of transition from hard to soft regimes, defined

the maximum momentum ub to which the slope mav be smal ﬁcations of these values, we give more details on the smlec
P P y gions in the following two sections, regarding clustersrid

than a given value (3 or 4 here). Above this momentum, thesslop, o ively in our Galaxy and in the Large Magellanic Cloud
always remains greater than this value. Below this momentumMC)

the slope can be as low as 0, meaning that particles pileenp fr
injection — but note that it can also happen toxhd at a par-
ticular time in a particular cluster sample, as distribng@re 4.1.1. Galaxy
intermittent. Asg* increases the transition momentum falls ex-
ponentially from almost the maximum momentum considered
(a fraction of PeV) down to the injection momentum (10 MeV).
For rule-of-thumb calculations one can say that the slopgyea
<3uptop = 1/6* GeV. On Fig.[P we show the lowest slope
(corresponding to the hardest spectrum) obtained at a fixaed m
mentum (1 GeV and 1 TeV here). A% increases the lowest
slope rises from O (which is possible in the case of stochaesti
acceleration) to 4 (the canonical value for single regutae&
eration in the test particle case). As expected the crititdde-

Cygnus region: in this region we distinguish two distinct
objects, the clusters Cygnus OB1 and OB3, which have
blown a common superbubble, and the cluster Cygnus OB2.
Note that the latter has been detected at TeV energies by
Hegra (Aharonian et a[. 2005), which reported on an ex-
tended source (TeV J2032130), and by Milagro (Abdo

et al. [200]/), which reported on extendedfuse emission

and at least one TeV source (MGRO J2039). A super-
shell has also been detected around the Cygnus X-ray super-

tween hard and soft regimes decreases as we increase the refe PUPPle, it may have been blown by a sequence of starbursts,

ence momentum: the break occurs aro@het 10 forp = 1GeV Cygnus OB2 being the very last.
and aroun@* = 0.01 forp = 1 TeV. — Orion OB1.: this association is composed of several sub-

This overall behaviour can be explained, noting thatis groups [Brown et 3[. 19p9), the age selected here of 12 Myrs

roughly the ratio of the re-acceleration time and of the psca ~ Orrésponds to the oldest one (OB1a). .
time. Low ¢* are obtained when re-acceleration is faster thaim g?ﬂ]?r?gr;ggﬂﬁ:stiwso l:?%(;?a;(syol?ioﬂt;?rfs rt?/\?()stnrggsssgestseﬁar
escape, allowing Fermi processes to build hard spectra up to ' : : )
high energies, as particles get re-accelerated by shoakeran 1&r clusters: Trumpler 14 and Trumpler 16 (Smith e} al.
turbulence; highg* are obtained when escape is faster than p00), of cumulative size of approximately 10 pc.
re-acceleration, resulting in always quite soft in-sitecpa, — Westerlund 1: this cluster is very compact although it har-
as particles escape immediately after being accelerated by bours hun_dreds of massive stars. The size of the superbubble
supernova shock?* = 1 corresponds to a balance between S .uncertain, we accept here the value of 40 pc reported by
gains and losses, in that particular case the spectral bezaks Kothes & Dougher{y[(2047) for the HI shell surrounding the
around 10 GeV fos > 4 and 1 GeV fors > 3. cluster. Note that Westerlund 1 has been detected recently b
HESS [Ohm et a[ 20po).
— Westerlund 2: the distance to this cluster is still a matter

- of debate (see the discussion|in Aharonian gt al. [2007), we
4. Application adopt here the estimate pf Rauw € al. (4007), and use it to
reevaluate the size obtained py Conti & Crowthier (2004).
We accept the giant HIl region RCW49 of size 100 pc as
In this section we have gathered the physical parametemsd s the structure blown by Westerlund[2. Tsujimoto dt[al. (2007)
well observed massive star clusters and their associafgel-su  have provided spectral fit of theftlise X-ray emission from
bubbles. The reliability and the completeness of the datawe RCW49, from which we deduce a densityl, 5.1073 cm3,

4.1. A selection of massive star regions
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Note that Westerlund 2 has been detected recently by HESSomplicated by the diculty to estimate the supershell asso-
(Aharonian et gl 2007). ciated with a given cluster, all the more so since multiplestsu
episodes have occurred (as is likely the case in 30 Doradus).
0, is also directly proportional to the density, which is not al
ways measured with good accuracy, but which can usually be

All density estimates here have been derived from obsemati rather well constrained within one order of magnitude. The u
of diffuse X-ray emission (at the distance to the LMC these oper and lower values @f. given in table 1 reflect the uncertain-
servations usually cover the entire structure, so that émsity ties of these three key parameters. In the end, we beliete tha

deduced is an average over the OB association and the ioni&iresults presented in table 1 provide a good hint of whethe
region around it). collective dfects will dominate inside the superbubble or not. In

the range of physical parameters allowed for sizes and tikessi

— DEML 192: this region harbours two massive star clusterf)e main uncertainty on the critical parameigis clearly due to
LH 51 and 54 [(Lucke & Hodde¢ 1970). The spatial extersur poor knowledge of the magnetic field (how high is the field,
sion of both clusters has been deduced ffom Oey & Smedlegw turbulent it is). It can be seen from table 1 that for a give
(998) but is likely an over-estimate as the frontier of thprescription of the magnetic turbulence, the values obthfor
clusters are not well defined. both Galactic and LMC clusters are not verytdient from one

— 30 Doradus: this region is quite complex as can be seen fr@mother.
recent Chandra observations (Townsley ¢} al. P006). In par-
ticular the superbubble extension igtaiult to estimate pre-
cisely. We decided to keep the value given for the 30 Doradus

nebula by|Walboin{(1991). Also the extension of the star

cluster may be Jarger than the core which harbours several-imitations and possible extensions

is < 10 pc (Massey & Huntef 19P8), even estimated to be _ _ S _
~ 2 pc by[Walbor] 1). The number of massive stars ithe potentially biggest limitation in our model is the use of

R136 depends on the cluster total mass, estimated betw@elinear model for regular acceleration: we have not consid-
5.10* M, and 25.10° M,,. Using a Salpeter IMF, one findsered the back-reaction of accelerated particles on theelac
N, (M > 8M,) =~ 400- 2700. Notice that the stellar forma-€rator, whereas cosmic-rays may easily modify the suparnov
tion in 30 Doradus is sequential and has started more th@mnnant shock and therefore the way they are themselves ac-
10 Myrs ago[(Massey & Hunigr 1998). celerated [(Malkov & Drufy 2001). As non-linear acceleratio

— N11: this giant HIl region harbours several star cluster§] His a dificult problem, only a few models are available, like the
LH10, LH13 and LH14, probably produced as a sequenceifie-asymptotic semi-analytical models|of Berezhko & il
starbursts[(Walborn et HI. 1999). Here we mostly consid@999) or|Blasi & Vietii {200p), and the time-dependent nu-
the star cluster LH9 at the center of N11 and the shell efaerical simulations of Kang & Jorjep (2007) or Ferrand ¢t al.
compassing it (shell 1 if Mac Low et]dl. 1998). LH10 is 42008). We will include one of these non-linear approaches i
younger star cluster with an estimated age of 1 Myr (Walbo@tr Monte-Carlo framework to extend our current work. We

et al.[199P), in which no supernova has yet occurred. Th&n already note that non-linedfezts tend to produce concave
other clusters are less powerful. spectra, softer at low energies and harder at high enelges t

the canonical power-law spectrum, and thus may compete with
) ) re-acceleration and escap®eets, which we have shown to have
4.2. Discussion opposite ects. Moreover non-linearity is also at play regard-
In table 1 we see that in all cases exceptder 3/2, B = 104G N9 the turbult_ant magnetic field (mandatory for Fermi predes
the critical momentum- 1/6, GeV is in the non-relativistic Scatter & particles), which remarkably can be produced by ener-
regime. Then even if at lower energies the particle distidtou getic par'uclgas th_emselves through various instabilifidss dif-
is hard, as pressure is always dominated by relativistitqbes, ficult and still quite poorly understood process has regdatd

one should not expect strong back-reaction of acceleratai p {0 @ great deal offéorts, through the use of MHD simulations
cles over the fluid inside the superbubble, compared to the c&9oN€s & Ka 4 2006), semi-analytical moddls (Amato & Blasi

where collective acceleratiorifects are not taken into account2099) or Monte-Carlo simulationg (Vladimirov efjal. 2D06).
However if the magnetic field pressure is close to eél]u_i%mtit Another limitation is that only strong primary supernova
t al4f

with the thermal pressure as suggestel by Parizol 20§hocks have been considered here (of compressionrratiq),
and provided that the turbulence indgis low enough, then the but as superbubbles are very clumpy and turbulent media many

impact of particles on their environnementhas to be ingagtid. Weak secondary shocks are also expected (of4). The com-
More generally, i is low enough anbr Bis high enough, then Pression ratio depends on the Mach numbid as
the superbubble can no longer be regarded as a sum of isolated 4 M2

S

4.1.2. Large Magellanic Cloud

supernovae, but acts a global accelerator, producing pacrs 1 = (26)
over a wide range of momenta. M2 +3
One can wonder how solid these results are, given all the
uncertainties in the data. In particular, the parametds very with
sensitive to the accelerator sixgayx. Howeverxmayx can not be Vs Vs T V2
much lower than a few tens of parsecs (the typical size of e Ms = . (5000 km/s) ( 106 K) (27)

association) and can not be much larger than 100 pc (theatypic

size of the superbubble). The maximal scale of the turbalenevhereus is the shock velocity (of many thousands of/&rin the

Amax 1S €ven more diicult to estimate, but it also ranges beearly stages of a remnant evolution) ards the speed of sound
tween those extrema. Determining precisely these spatgés in the unperturbed upstream medium (as high as a few hundreds
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Cluster Superbubble 0,

Name N, Age  Distance  Size Size Density B=1xG B=1uG B=1uG B=1QuG

(Myr)  (kpc) (pc) (po) (cm™) q=5/3 g=3/2 q=5/3 q=3/2
Cygnus OB13 | 3819 261 1.8 24 80-106'Y 0012 3118; gjigi ﬂg ﬂgi
Cygnus OB2 | 750 3-412 141719 60 450 0.029 3:18; 3:1821 ﬂg ;‘;1&3
Orion OB1 30-106® 12@  0.45? 109 140x306®  0.02-0.0%Y g;}g ‘7":1831 2:182_1 ;;1&?
Carina nebula | ? 33 239 20 110%) 0.01? 318; %1832 11@ gigi
Westerlund 1 | 450 3.3 391 1M 40%13) 0.01? :2318; 52)18: 2182-1 éigi
Westerlund 2 | 1420 2@b  g@D 19 |100%9 00018 | 151G a1 rage
DEM L192 135 320 50 6020 | 120x13%)  0.03" :ﬁg ﬁg; 321811 gjigi
Dodus | >400% 20 so a0 |200W  oogn | 2100 1O 2I0 G107
N11 130 58 50 15x30®)| 100x15¢°  0.08% fﬁg; g:ig Zjig gjigi

Table 1. Relevant physical parameters for well observed massivefataing regions in the Galaxy and in the LMC, and the
corresponding estimates @f from Eq. ), as explained in secti4.1 (the range of \&bf®, given for each object for each
magnetic configuration reflects uncertainties in the actakies of bubble density, accelerator size and turbulecede)sN, is the
number of massive stars with masse8M,, (a Salpeter IMF has been assumed expected for N11 where exah@.4 has been
used). Sizes are either the diameter if the region is spddariche big and small semi-axis if the region is ellipsoiddie density

&0 [(T0

6) Conti & CrowtHerd2y (7)[Coo (20p4), (4 )
(9) [Dunne et 4. $ 2D03), (IL1) Knodld€pe00), (12) Knodlseder et jal. (2002), (13) Kothes & Doerd
(00T), (14] Lozinskaya etlal. (1998), (15) Maddox etlal 0®0 (16)[Massey et all (19095), (17) Massey & Hunter (19988) Nazé
et al. {2004), (19) Nichols-Bohlin & Fedeh (1993), (20) Oepé&edlel [(1998), (21) Rauw etldl. (2007), (R2) Selman|et 8091,

(23) [Smith et g.[(2000), (24) Tsujimoto et|dl. (2p07), (RXldorn (199]1), (26) Walborn & Parkdr (1992), (27) Wang & el
{@a9)).

of km/s in a superbubble because of the high temperdtwka in the exact lifetime of massive stars would bring only higbe

few millions of Kelvin). In the linear regime the slope of &c der corrections to the general picture we have obtained.l¥de a
erated particles is determined solely bgccording to Eq.|]5). note that we have implicitly considered that stars are bbthea

In superbubbles primary supernova shocks he¢e~ 50 and same time, and then evolve independently, while in reatdy s
alreadyr ~ 4, leading tos ~ 4; but a secondary shock of sayformation may occur through successive bursts within a same
Ms =~ 5 has only ~ 3, leading tos ~ 4.5. We note that although molecular cloud, which could be sequentially triggered g t
weaker shocks produce softer individual spectra, beinggmor first explosions of supernovae. Another possible amendetmen
merous they may help producing hard spectra through regheadeir model is the fact that stars of mass greater than 40 solar
acceleration, so that their neffect is not obvious. To begin their masses may end their life without collapsing, and thus witho
investigation we have added a weak shock in each time-step launching a shock. We have run our 720 simulations at lowreso
mediately following a supernova (but if another supernowa olution again, considering the occurrence of supernovag fonl

curs at that moment), of compression ratio randomly chosen< 40 m,, and have checked that our two indicators remain
between 1.5 and 3.5. Regarding regular acceleration allmne, gobally unchanged. This seems consistent with the shapeof t
portant diferences are seen between simulations including onMF (there are very few stars of very high mass) and the shape
strong shocks, or only weak shocks, or both. But once combinef star lifetimes (stars of very high mass have roughly theesa
with stochastic acceleration and escape, theerdnces seem lifetime).

to be smoothed out. We have run our 720 simulations at medium

resolution again, and we have observed that our two indisat
(momentum of transition and minimal slope) remain globall

unchanged. The shape of cosmic-ray spectra thus seems tg@eyse an approximate model for stochastic acceleration, be
mostly determined by the interplay between re-acceleratial cayse of the use of relativistic formulae and the neglecief e
escape, acceleration at shock fronts acting mostly as aot@1j ergy losses, in order to fit with Becker ef dl. (2006) anahjtic
of energetic particles. Note that, before supernova eigiss results. But note that regarding stochastic acceleratierrél-

the winds of massive stars, not explicitly considered ia #hudy, atjvistic regime actually requires,v > myva wherev is the
may also act as injectors in the same way, as they have roughéticle velocity and/a the Alfvén velocity

the same mechanical power integrated over the star lifetime

Finally we may put into question our particular choice o\f/ _ B 2107 ems-t B n -3 28
stellar evolution models, but we believe that possibleatams A ~ VEp ) 10.G (102 crrr3) ’ (28)

.2. Regarding inter-shocks physics




10 Ferrand and Marcowith: The spectrum of cosmic-rays acatdd inside superbubbles
which holds as soon ap > 1 MeV in a superbubble aset al. jzoop), attributed to a high density of low-energymizs
va/Cc = 1073, Although we could of course implement morgays, but EGRET has not detectet-decay radiation, which
involved models of transport, we would like to stress that oputs strong limits on the density of high-energy cosmicsray
main objective was to find the key dependences of the problehiis is consistent with the shape of the spectra obtainelisn t
and we have shown that it is mainly controlled by the paramerork. We are thus looking forward to see how new instruments
ter *. Regarding losses, the formalism[of Becker étfal. (POO8S)ch as AGILE and Fermi, and in mid-term perspective the
allows for systematic losses, but for mathematical coreseceé Cerenkov Telescope Array (C.T.A.), will perform on such ex-
these are supposed to occur at a ratg*, which can describe tended sources as massive star forming regions, which leave r
Coulomb losses only in the very special case 2. But pro- cently emerged as very high-energy sources. With that otspe
ton losses above 1 GeV are dominated by nuclear interactiams make a final comment that the high intermittency of predict
(Aharonian & Atoyalf 1996), with a typical lifetime of B0’yr/n  spectra might explain the puzzling fact that some objectslar
wheren is the density in cm?, which is far longer than the su-tected while others remain unseen.
perbubble lifetime given the low density< 1072 cm™2 (how-
ever this might be a concern when cosmic-rays reach the fparstnowledgements. The authors would like to thank Isabelle Grenier and
molecular clouds where > 107 Cm—3)_ At the very low end of Thierry Montmerle for sharing their thoughts on the issuwestigated here.
CR spectra (around the MeV), ionization losses might alsneco
to play and compete with stochastic re-acceleration.

Finally we note that most parameters are actually tim&eferences
dependent, and might in fact become consideralfiigidint in  apdo, A. A., Allen, B., Berley, D., et al. 2007, ApJ, 658, L33
late stages (for completeness we have run our simulatiotils uAchterberg, A. 1990, A&A, 231, 251
the explosion of the longest lived stars, but over tens dignig  Aharonian, F., Akhperjanian, A., Beilicke, M., et al. 200&A, 431, 197

of years the overall morphology and properties of the suger
ble might change substantially as it interacts with its Bnwi
ment). As long as the typical evolution timescale of releyz
rameters is bigger than our time-stp= 10 000 yr, their varia-
tion can be taken into account simply by varying the valué*of
accordingly. Otherwise, direct time-dependent numesagal-

lations of the kind of Ferrand et]a[. (2408) will be necessary

b Aharonian, F., Akhperjanian, A. G., Bazer-Bachi, A. R.,le807, A&A, 467,
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