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Superbubbles as (PeV) sources of cosmic rays
• SNRs appear not to be PeVatrons 

• Observationally/theoretically  

• But: SNe/SNRs perhaps PeVatrons early on? (if dense winds) 

• Or in special environments (superbubbles?!)

Emax ≲ 1014 eV
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Superbubbles as (PeV) sources of cosmic rays
• SNRs appear not to be PeVatrons 

• Observationally/theoretically  

• But: SNe/SNRs perhaps PeVatrons early on? (if dense winds) 

• Or in special environments (superbubbles?!)

Emax ≲ 1014 eV

• Details in cosmic ray composition favor a wind-enriched environment

• SBs: Just many individual sources or collective phenomena? 

• Is the whole more than the sum of the invidual parts?

• Collective SB phenomena:  

• Multiple shocks (winds/snrs) keep interacting and accelerating particles (e.g. Bykov)  

• Long-lived and fast (2000 km/s) cluster wind termination shock 

• This talk: second order Fermi acceleration by magnetic field turbulence
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Superbubbles

•Several options for CR acceleration: 
•Cluster itself: colliding winds (A) 

•DSA 
•Termination shock cluster wind (boundary B/C) 

•DSA 
•Inside tenuous superbubble © 

•Stochastic/2nd order Fermi 
•Occasional supernova remnant in (mostly in C) 

•e.g. 30DorC (H.E.S.S. ’15, Kavanagh+ ’19) 
•All may contribute! 

•But which is responsible for PeV CRs? 
•Region D/E could be site of (hadronic) gamma-rays
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Superbubble

• Models predict 100-200 pc (Weaver+ ’77)
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Oey & Garcia-Segura ‘04

TABLE 1

LMC Superbubble Parameters

DEM

(1)

R

(pc)a

(2)

v
(km s!1)b

(3)

logQ0

(log s!1)c

(4)

120 M"
! = 3.12

(5)

85 M"
! = 3.48

(6)

60 M"
! = 4.12

(7)

40 M"
! = 5.26

(8)

25 M"
! = 7.84

(9)

20 M"
! = 9.96

(10)

Pre-SN Superbubbles

L31 ............... 50 30: 50.161 1 0 0 1 4 2

L106 ............. 30 P10 49.745 0 1 0 2 0 4

L226 ............. 28 P5 49.403 0 0 1 1 0 1

Post-SN Superbubblesd

L25 ............... 43 60: 48.459 0 0 0 (1) 0 (1) 2 2

L50 ............... 50 25 49.342 0 0 (1) 0 (1) 3 1 7

L301 ............. 53 40: 50.310 0 0 0 (1) 3 3 1

Notes.—Data compiled by O96. Cols. (5)–(10) represent numbers of stars in each mass bin; expected lifetime in Myr is shown in the
column heading.

a Uncertainty #10%–15%.
b Objects with ‘‘:’’ uncertain to 50%, but see text; others #20%. See O96 for source references for v.
c Uncertainty of order a factor of 2.
d Values in parentheses show original number of stars implied by the IMF, from O96.

Fig. 1.—Modeled density profiles for the six LMC superbubbles, assuming an ambient P=k ¼ 1 ;105 cm!3 K. The input stellar populations are given in Table 1,
along with observed parameters. The observable nebular shell is delineated by the vertical dashed and dotted lines.
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Superbubble

• Models predict 100-200 pc (Weaver+ ’77)

• But typical sizes LMC: 50 pc 

• Likely cause: ISM pressure locally high (Oey & Garcia Segura ’04)

• Superbubble itself: could be very low density! 

•  ( ) 

• expected Alfvén speed: 

ρ ≈ 10−27 − 10−26 g cm−3 nH ∼ 0.0005 − 0.005 cm−3

VA =
B
4πρ

≈ 585 ( B
10 μG ) ( nH

0.001 cm−3 )
−1/2

km/s
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• SB surrounding shell:  nH ∼ 1 − 100 cm−3
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30 Dor C 
(talk Lars Mohrman)

• Radius ~ 45-50 pc 

• Non-thermal X-ray and VHE gamma-ray  

• X-ray synchrotron: Vsh > 3000 km/s 

• Optical HII: V<100 km/s (Kavanagh+ ’19) 

• Most likely explanation X-ray synchrotron: 

• Single SNR, t~6000 yr 

• X-ray width & leptonic model: B~10-20 μG  

• gamma-rays: leptonic  

(Bamba+ ’04, H.E.S.S. coll+ ’15, Kavanagh+ ’19, Aharonian+ ’24) 
•Single SNR, R~50 pc, V> 3000 km/s: nH~0.0005 cm-3 

•R ≈ (Et2/ρ)1/5, Vs =
2
5

R
t

6

VHE �-ray emission from young massive star clusters in the Large Magellanic Cloud 5

5h42m 40m 38m 36m 34m

�69�000

150

300

Right Ascension (J2000)

D
ec

li
n
at

io
n

(J
20

00
)

N 157B
(HESS J0537�691)

30 Dor C
(HESS J0535�691)

R136
(HESS J0538�691)

100 pc
(a)

5h42m 40m 38m 36m 34m

Right Ascension (J2000)

N 157B
(HESS J0537�691)

30 Dor C
(HESS J0535�691)

R136
(HESS J0538�691)

100 pc
(b)

0 2 4 6 8 10 12 14 16
F [10�8 cm�2 s�1 sr�1]

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
F [10�8 cm�2 s�1 sr�1]

Figure 1. �-ray flux maps of the target region of the analysis. The maps show the �-ray flux F in units of 10�8 cm�2 s�1 sr�1,
integrated above an energy of 0.5 TeV, assuming a power-law spectrum with index �2.5. Smoothing with a top-hat kernel
of 0.07� radius has been applied. (a) Entire emission. (b) Residual emission after subtraction of the emission from N 157B
predicted by the best-fit ROI model. Dashed blue lines show flux contours at (2.5/7.5/12.5) ⇥ 10�8 cm�2 s�1 sr�1 in panel a
and (1.5/3) ⇥ 10�8 cm�2 s�1 sr�1 in panel b. Pixels with a negative excess after background subtraction are clipped at zero.
The light green contour lines denote H↵ emission as inferred by SHASSA (Gaustad et al. 2001).

nation of the method we use to derive systematic uncer-
tainties on these values. In what follows, we highlight
the most relevant results.

3.1. Description of source models

N 157B — We do not investigate N 157B in detail in
this paper, but note that our analysis yields a nonzero
extension of �N157B

Gauss = (0.82±0.20stat±0.18sys)0 for this
source. We caution, however, that the extended source
model is preferred over a pointlike model by only ⇡1.3�
– these seemingly contradictory results are due to the
presence of the other two nearby sources, whose model
components can absorb part of the emission for the case
that N 157B is less extended than suggested by our best
fit. We therefore do not claim an extension and provide
an upper limit of �N157B

Gauss < 1.140 (95% confidence level,
statistical uncertainties only). Whether extended or not,
as we demonstrate in Appendix B, the results obtained
for 30DorC and R136 do not depend strongly on the
model assumed for N 157B. The obtained spectrum for
N 157B, shown in Fig. 7(a) in Appendix B, is compatible
with our previously published result.

30DorC — For the first time, we find
HESS J0535�691, associated with 30DorC, to be an
extended �-ray source. The best-fit Gaussian width is
�30DorC
Gauss = (1.91±0.40stat±0.20sys)0, which corresponds

to (27.8±5.8stat±2.9sys) pc at the distance to the LMC.
This model is preferred over one in which 30DorC is
described as a pointlike source by 3.3�. The measured
extension is of the same order as the observed size of
the X-ray SB, as can be seen from Fig. 2. The best-fit
position deviates by 1.10 from that previously obtained
in H.E.S.S. Collaboration (2015); this is most likely
due to the di↵erent analysis method used there (a two-
dimensional, i.e. energy-integrated likelihood fit). We
note that the new position is in better agreement with
the center of the X-ray SB and the compact star clusters
located there. The energy spectrum follows a power law
with spectral index �30DorC = �2.57± 0.09stat.
R136 — Lastly, HESS J0538�691 is detected as a

new �-ray source with a significance of 6.3�. The sepa-
ration between the best-fit position and the location of
the YMC R136 is only ⇡ 2000 (see Fig. 3). Because
there is no other plausible counterpart, we associate

XMM-Newton

H.E.S.S. (E>0.5 TeV) 
Aharonian+ ‘24
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NB connection acceleration-diffusion often expressed as 

 (e.g. Thornbury & Drury)DxxDpp =
1
9

p2V2
A



Remarkable: Fermi-2 as efficient as Fermi-1?

• Expression for maximum energy: Emax = [Eδ
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δ
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• 1st order Fermi acceleration time scale: τacc,1st ≈
8D0

δV2
s ( Emax

E0 )
δ

=
8D(Eemax)

δV2
s

• For relevant velocities 1st and 2nd order Fermi have similar timescales!

• In reality: SNRs can have V~ 5000 km/s, Alfvén speed is rarely that high!
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Remarkable: Fermi-2 as efficient as Fermi-1?

• Expression for maximum energy: Emax = [Eδ
inj +

δξ
3D0

V2
AEδ

0t]
1/δ

• 2nd order Fermi acceleration time scale: τacc,2nd ≈
3D0

δξV2
A ( Emax

E0 )
δ

=
3D(Emax)

δξV2
A

• 1st order Fermi acceleration time scale: τacc,1st ≈
8D0

δV2
s ( Emax

E0 )
δ

=
8D(Eemax)

δV2
s

• For relevant velocities 1st and 2nd order Fermi have similar timescales!

• In reality: SNRs can have V~ 5000 km/s, Alfvén speed is rarely that high!

• NB: a similar equation was derived by Thornbury&Drury (2014) 

• Their conclusion: Fermi-2 not important for ISM ( )VA ∼ 10 − 30 km/s 8
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Maximum energy taking into account escape

• High energies particles leak away due to diffusion, limits Emax:

• R = 6Dt → τesc =
R2

6D

•  , :τacc ≈ τesc D =
1
3

λmfpc =
1
3

η
cE
eB

Emax = 5.5 × 1014η−1 δξ ( B
10 μG ) ( R

50 pc ) ( VA

500 km s−1 ) eV

• or using :VA =
B
4πρ

Emax = 6.4 × 1014η−1 δξ ( B
10 μG )

2

( R
50 pc ) ( nH

0.001 cm−3 )
−1/2

eV

• For multi-PeV protons: high B and η~1 (Bohm diffusion):

• E.g. B=30 μG gives Emax ≈ 6.8 × 1015 eV
9



Conditions needed for Fermi-2 PeVatrons?

• Need fast Alfvén speeds: 

•  

• i.e. ,  

• Need very slow diffusion: 

•   

• likely Bohm diffusion 

• Mechanism can be quite fast, 20,000-100,000 yr 

• Injection: CRs pre-accelerated by wind shocks, termination shocks, SNRs

VA ≳ 500 km/s
nH ≈ 0.001 cm−3 B ≈ 10 − 50μG

D(100 TeV) ≈ 1026 cm3s−1
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Cygnus Cocoon & Westerlund 1

• >0.6 PeV photons 
• R~55 pc 

•  

• Absence of termination shock? 
(Vieu+ ’24)

D(100 TeV) ≈
R2

6t
≈ 1.4 × 1026 ( t

Myr )
−1

11
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Figure 2: The Cygnus Bubble in 3 decades of photon energy. Two-dimensional significance maps of the Cygnus Bubble in the region of interest, which are smoothed
with a Gaussian kernel of �=0.3� (upper row) and �=1� (middle row). All individual sources including the SNR �-Cygni are removed. One-dimensional angular
distributions of photons in the bubble are displayed in the lower row. From left to right, the columns of panels are for photon energies in the ranges of 2-20 TeV,
25-100 TeV and above 100 TeV, respectively. The structures of the bubble at di↵erent energies are visible in the upper panels (A, B and C). Hot spots are revealed
at energies above 25 TeV associated with the local molecular cloud distribution, which is indicated by the contours. The broad structure of the bubble in the middle
row of panels (D, E and F) has a good association with the local HI gas distribution, which is indicated by the contours. This structure covers a very wide region
i.e, 10� from the core. The distribution of � emission in Galactic longitude with a latitude range from �2�-2�. The two gray lines are the estimated di↵use emission
from two di↵erent regions.The GDE estimation 1 and 2 are derived from inner and outer galaxy region separately.
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F. Aharonian et al.: A deep spectromorphological study of the �-ray emission surrounding Westerlund 1
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Fig. 3. Flux maps of the HESS J1646�458 region. The position of Westerlund 1 is marked by the black star symbol; the grey, dashed line shows the
Galactic plane. Coloured symbols indicate objects listed in the legend in panel (a). Dark grey square markers denote positions of sources from the
4FGL-DR2 catalogue (Abdollahi et al. 2020; Ballet et al. 2020), where those sources that are still significant (

p
TS > 3) above 30 GeV are shown

with a diamond marker (^). Grey circles labelled ‘A’ and ‘B’ mark regions defined in Abramowski et al. (2012); region ‘C’ (at R.A. 16h49m4.8s,
Dec. �46�0600000) is newly defined here. The white circle marker indicates the coordinate with respect to which the radial profiles in Fig. 4 and
9a have been computed. The scale bar denotes a projected distance of 40 pc, for the nominal distance to Westerlund 1 of 3.9 kpc. The maps are
for di↵erent energy thresholds (indicated at the bottom of each panel) and were computed using di↵erent smoothing kernels (stated below each
figure). Colour scales are saturated at the maximum observed flux value associated with the HESS J1646�458 region. Contour lines shown in
blue are at flux levels of F = (12.5/20/27.5) ⇥ 10�9cm�2 s�1 sr�1 for panels (a) and (b), at F = (3/5.5/8) ⇥ 10�9cm�2 s�1 sr�1 for panel (c), and at
F = (1/1.5) ⇥ 10�9cm�2 s�1 sr�1 for panel (d).

freely within the Galactic disc, and can be due to bremsstrahlung
or IC emission of CR electrons, or interactions of hadronic CRs
with gas. Due to its di↵use nature, the di↵use �-ray emission
from the Galaxy is challenging to measure directly, and while
it has been detected over large scales in the TeV energy range
(e.g., Abramowski et al. 2014a; Amenomori et al. 2021), these
measurements do not provide a good constraint for the level of
di↵use emission in the region of HESS J1646�458. Therefore, in
order to assess the possible contamination with di↵use emission
of the �-ray signal of HESS J1646�458, we have used a predic-
tion of the di↵use �-ray flux based on the Picard CR propagation
code (Kissmann 2014; Kissmann et al. 2015, 2017). This anal-
ysis is described in more detail in Appendix A, where we show
in Fig. A.2 the same flux maps as in Fig. 3, but with the pre-

dicted flux due to di↵use emission subtracted. We conclude that,
while the Galactic di↵use emission likely contributes at a consid-
erable level – ⇠24% (⇠17%/⇠8%) above a threshold energy of
0.37 TeV (1 TeV/4.9 TeV), according to the Picard template –, it
cannot explain the bulk of the �-ray emission, and does not alter
the source morphology in a significant way. For these reasons,
and because of the rather large uncertainties associated with any
estimate of the Galactic di↵use emission in a particular region of
the sky, we have performed the subsequent analysis without ex-
plicitly taking it into account, noting that none of the conclusions
drawn in this paper are a↵ected by this.

In order to further characterise the morphology of the emis-
sion – and its apparent invariance with respect to energy –
we derived radial profiles of the observed excess. Noting that
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H.E.S.S. collab. 2022

• proton break > 200 TeV 
• R~50 pc 

•  

• H.E.S.S. coll. ’24:  
(Bohm diffusion, 200 TeV particles and t=1 Myr)

D(100 TeV) ≈
R2

6t
≈ 1.2 × 1026 ( t

Myr )
−1

B ≳ 50 μG

LHAASO coll. 2024



Westerlund 1 multiwavelength picture: an ISM hole
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Energetic constraints Westerlund 1
• Very rich massive cluster: Lw ≈ 1039 erg/s
• Age: 5~Myr (but active for ~Myr?)

• Total energy: Ew = Lwt ≈ 3 × 1052Lw,39tMyr erg
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Energetic constraints Westerlund 1
• Very rich massive cluster: Lw ≈ 1039 erg/s
• Age: 5~Myr (but active for ~Myr?)

• Total energy: Ew = Lwt ≈ 3 × 1052Lw,39tMyr erg

• H.E.S.S.:    (~20% Ew)Wp ≈ 6 × 1051d2
4.9kpcnH erg

• Magnetic field:  (0.2% Ew)EB ≈
B2

8π
V ≈

1
6

B2R3 ≈ 6 × 1049(B/10 μG)2 erg

• For Fermi-2: turbulent field needs to be continuously replenished

• What about CR energy in bubble vs shell?

• < n > =
Vshellnshell + Vbubblenbubble

Vtot
• : ΔR/R ≈ 10 % < n > ≈ 30 % nshell ≈ 0.3 − 3 cm−3

• So Wp estimate H.E.S.S. approximately valid, but may be off by factor ~3
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Pros and Cons Fermi-2 in superbubbles
• DSA/Fermi-1:
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Pros and Cons Fermi-2 in superbubbles
• DSA/Fermi-1:

• Pros: DSA proven to be important in many environments to work

• spectral slope more or less right (~E-2.3)

• Cons:

• Invidual stellar winds not powerful enough, but maybe CR encounter multiple shocks 

• Cluster termination shock: is it always there? and is it fast enough?

• density is low -> no direct source of hadronic emission

• Fermi-2:

• Requires extreme circumstances: D(100 TeV)~1026 cm2/s, VA>500 km/s

• But evidence for low D, and high B and low n!

• Works even if termination shock is weak/absent, provided enough turbulence

• Cons: Fermi-2 spectrum intrinsically hard (no built-in escape mechanism)

• Need additional, transport effects to explain spectrum

• Feeds off turbulent field: needs continuous generation of Alfvén waves
14



2nd order Fermi acceleration in other environments

• Fermi-2 often invoked to explain cluster of galaxies’ radio “haloes” (Brunnetti & Lazarian ’07) 

• haloes require a leptonic origin (instead of secondary leptons from hadronic CRs) 

• prevelant in interacting clusters: source of turbulence 

• haloes are very smooth: not associated with shocks 

• It may also explain the (leptonic?) emission from the Fermi bubbles: 

• One needs continuous acceleration 

• Surface brightness flat: filled center rather than shell/shock 

• See Mertsch & Petrosian 2019  

• Could it operate efficiently in ISM of starburst galaxies? 

• CR could encounter multiple SBs before escaping galaxy 

• NB UHE CRs seem to require a very hard injection spectrum

15



Summary

• Despite textbook case: Fermi-2 can be very efficient provided VA is high and D is small 

• Physics: 2nd order in (V/c), but boost per scattering 

• DSA: multiple scatterings needed before boost 

• In superbubbles environment for Fermi-2 potentially ideal:  

• If n~0.001 cm-3: VA>500 km/s 

• Observational evidence for D(100 TeV)~ 1026 cm-3s 

• PeV energies cn be reached in those circumstances! 

• What needs to be done: 

• realistic calculations of spectrum 

• does Fermi2 predict too hard spectra or will it be softened by transport? 

• does it drain the magnetic-field turbulence too quickly? 

• and if so: what will happen? quenching acceleration? are we sometimes lucky?
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Figure 7. Density maps at 2 Myr (400 kyr after the onset of WR stars) in two different slices at y = 0 (top) and z = 0 (bottom). Left-hand panels: full view of 
the superbubble. Right-hand panels: zoomed-in views. The red outlines show the Mach = 1 contours. 
particle acceleration requires a super-Alfv ́enic shock, which limits 
the upstream magnetic field as BR wts < √ 

! ∞ Ṁ . Besides, the Hillas 
criterion (Hillas 1984 ) sets an upper bound on the maximum energy 
as E max < q B R wts ! ∞ /c, which is actually the limit imposed by adi- 
abatic losses in the radial wind and therefore cannot be o v ercome by 
enhanced magnetic field amplification downstream of the shock e.g. 
due to the Cranfill effect or non-trivial interactions with the nearby 
O star winds. We eventually get E max < 1 . 5 Z PeV for the wind pa- 
rameters of WR144 ( Ṁ = 2 . 4 × 10 −5 M ⊙ yr −1 , ! ∞ = 3500 km s −1 ). 
This should be taken as a strict upper bound and not an estimate, 
for we know that the limiting factors on the maximum achie v able 

non-thermal energy around a spherical shock are more stringent than 
the Hillas limit (Morlino et al. 2021 ), and the efficiency of particle 
acceleration at quasi-perpendicular shocks is debated (Caprioli & 
Spitko vsk y 2014 ; Xu, Spitko vsk y & Caprioli 2020 ; Kumar & Reville 
2021 ). On the other hand, a regime of perpendicular diffusion around 
the WTS might enhance the maximum achie v able energy (Jokipii & 
Morfill 1987 ), although this requires a detailed treatment of the 
transport along the shock surface in a Parker-spiral magnetic field 
(Kamijima & Ohira 2022 ). In the end, even if the WR stars in Cygnus 
OB2 are unlikely to account alone for the ultra-high-energy gamma- 
rays detected from the Cygnus re gion, the y might provide a non- 
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TABLE 1

LMC Superbubble Parameters

DEM

(1)

R

(pc)a

(2)

v
(km s!1)b

(3)

logQ0

(log s!1)c

(4)

120 M"
! = 3.12

(5)

85 M"
! = 3.48

(6)

60 M"
! = 4.12

(7)

40 M"
! = 5.26

(8)

25 M"
! = 7.84

(9)

20 M"
! = 9.96

(10)

Pre-SN Superbubbles

L31 ............... 50 30: 50.161 1 0 0 1 4 2

L106 ............. 30 P10 49.745 0 1 0 2 0 4

L226 ............. 28 P5 49.403 0 0 1 1 0 1

Post-SN Superbubblesd

L25 ............... 43 60: 48.459 0 0 0 (1) 0 (1) 2 2

L50 ............... 50 25 49.342 0 0 (1) 0 (1) 3 1 7

L301 ............. 53 40: 50.310 0 0 0 (1) 3 3 1

Notes.—Data compiled by O96. Cols. (5)–(10) represent numbers of stars in each mass bin; expected lifetime in Myr is shown in the
column heading.

a Uncertainty #10%–15%.
b Objects with ‘‘:’’ uncertain to 50%, but see text; others #20%. See O96 for source references for v.
c Uncertainty of order a factor of 2.
d Values in parentheses show original number of stars implied by the IMF, from O96.

Fig. 1.—Modeled density profiles for the six LMC superbubbles, assuming an ambient P=k ¼ 1 ;105 cm!3 K. The input stellar populations are given in Table 1,
along with observed parameters. The observable nebular shell is delineated by the vertical dashed and dotted lines.

Oey & Garcia-Segura ‘04

M. Krause et al.: Emergence of superbubbles – energy efficiency and Vishniac instabilities

Fig. 3. Column density integrated over Z-direction and Y-direction (left and middle col., respectively) and midplane density (right column) for
three different snapshot times from top to bottom for run 3S1-hr. The projections of the three massive stars into the X–Y plane is indicated as
small red stars in the density plots on the right. The 60 M⊙ star blows the biggest bubble from the origin. The 32 M⊙ bubble towards its lower left
(XY-plots) is only slightly bigger than the one of the 25 M⊙ star above. The shell forms spikes and dense clumps due to the combined action of
Vishniac and thermal instability. A movie is provided with the online version.

3. Results

The time evolution of our high resolution run 3S1-hr with three
stars at different locations is shown in Figs. 3 and 4. At a given
time, the bubble size increases monotonically with the mass of
the parent star, with the central 60 M⊙ bubble dominating the
gas dynamics. As expected, the shocked ambient medium cools
very quickly and consequently gets compressed into a thin shell
for each bubble. The shell is subject to a combination of thermal
and Vishniac (1983) instabilities1. The bubbles start to merge

1 Although we have carefully chosen the flux limiter, the shell insta-
bility evolves still somewhat anisotropically. This is similar to the 2D
results of Ntormousi et al. (2011) with the RAMSES code, where even
a five times higher spatial resolution could not get the shell instabilities
completely isotropic.

at around 2 Myr. At the first snapshot in Fig. 3 (1.95 Myr), the
shell interface between the 60 M⊙ bubble and the 32 M⊙ bubble
has just burst. Up to this point, each bubble has had its individ-
ual bubble pressure, which is highest for the 60 M⊙ bubble. Its
hot gas can be seen to stream through the hole in the shell. The
shell interface then behaves much like a cloud, being ablated
by a wind (Pittard et al. 2005): Kelvin-Helmholtz instabilities at
the contact surface lead to mixing of the cloud gas into the hot
phase. The shell interface has completely dispersed until the next
snapshot at 4.05 Myr. We checked the effect of different flux lim-
iters in this phase: Less diffusive ones allow smaller holes, which
delays the erosion process compared to the more diffusive case.
The final results are however very similar.

The density slice at 4.05 Myr shows the weaker winds of the
smaller stars to be pushed aside by the one of the most massive
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How to explain the origin of Galactic CRs

                        Requirements

❖ Luminosity:               

❖ Spectrum:                   

❖ Maximum energy:     

∼ 1040 erg/s
Qinj,Gal ∝ E−2.3

Emax ,p ≳ 1015 eV

Ankle
p+He

intermediate
Fe

Extra-gal.
?

Additional extra-galactic 

component?

2nd knee ~ 26 Ekneeknee

τesc ≈ 1.5 × 107yr

At PeV energies the “CR sea” is likely not uniform 
Don’t try to explain all the details with one type of population

τesc ≈ 104 − 105yr


