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LHAASO PeVatrons: 100-1400 TeV sources

• Since LHAASO (2021)—but see also HAWC— PeVatrons have been discovered! 

• But the situation is still complicated: 

• Many sources are pulsars → do not (?) accelerate protons, but leptons! 

• LHAASO PSF is poor: multiple source within PSF → which (if any) is the true PeVatron? 

• One source may provide a hint: the Cygnus OB2 association/Cygnus Bubble 

• Combined effects SNe & Stellar winds? (Bykov & Toptygin ’92, Parizot+ ’04, Vieu+ ’22)
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Extended Data Fig. 4 | LHAASO sky map at energies above 100 TeV. The circles indicate the positions of known very-high-energy γ-ray sources.



LHAASO PeVatrons: 100-1400 TeV sources

• Since LHAASO (2021)—but see also HAWC— PeVatrons have been discovered! 

• But the situation is still complicated: 

• Many sources are pulsars → do not (?) accelerate protons, but leptons! 

• LHAASO PSF is poor: multiple source within PSF → which (if any) is the true PeVatron? 

• One source may provide a hint: the Cygnus OB2 association/Cygnus Bubble 

• Combined effects SNe & Stellar winds? (Bykov & Toptygin ’92, Parizot+ ’04, Vieu+ ’22)
2

LHAASO coll, Nat. ‘21

Article

Extended Data Fig. 4 | LHAASO sky map at energies above 100 TeV. The circles indicate the positions of known very-high-energy γ-ray sources.
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Extended Data Fig. 4 | LHAASO sky map at energies above 100 TeV. The circles indicate the positions of known very-high-energy γ-ray sources.

ray ‘‘sea” with the interstellar gas throughout the Galaxy, which is
proportional to the total gas column density in the given direction,
NHIþH2 ðhÞ. The measured c-ray fluxes substantially exceed, by a fac-
tor of 2–3, any realistic estimate of the GDE flux (see below). The
bubble-to-GDE ratio clearly increases towards the center of the
bubble.

In principle, the angular distribution of the bubble’s emission
could be a result of the superposition of a very large number of
unresolved discrete c-ray sources, but such a concentration of
UHE c-ray emitters in a relatively small volume hardly could be
the case. More realistically, it seems to be linked to the local cosmic
rays, i.e., relativistic protons and nuclei accelerated inside the bub-
ble and distributed with enhanced density in the inner parts of the
bubble.

If c-rays are produced by CRs interacting with the ambient gas,
the c-ray morphology should correlate with the gas distribution
to certain extent. The c-ray flux is proportional to the product
of the CR and gas densities, wCR $ NHIþH2 , where wCR is the energy
density of CRs, and thus an ideal correlation is achieved only in
the case of a homogeneous distribution of CRs. Otherwise, the
level of correlation is always less than 100%. High-quality c-ray
morphology, combined with good knowledge about the gas distri-
bution, allows direct extraction of the spatial distribution of CRs,
which in turn contains information about the location of the
accelerator and the injection regime of particles into the circum-
stellar medium. Here we use the gas distributions taken from the
HI4PI 21-cm line survey [11] and the CfA galactic CO survey [12]
archival data as discussed in the Supplementary materials. As we

Fig. 2. (Color online) The Cygnus bubble in 3 decades of photon energy. The top two rows show the two-dimensional significance maps of the Cygnus bubble in the region of
interest, which are smoothed with a Gaussian kernel of r=0:3% (upper row) and r=1% (middle row). All individual sources including the SNR c-Cygni are removed. One-
dimensional angular distributions of the 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 , 25–100, and >100 TeV, respectively. The structures of the bubble at different energies are visible in the upper panels (a–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–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 c-ray
emission in Galactic longitude with a latitude range from &2% to 2% is displayed in the lower panels (g–i). The GDE estimation 1 and 2 are derived from inner and outer galaxy
region separately.
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Starforming region Westerlund 1

• Very rich massive cluster (27 Wolf-Rayet stars!):  

• About 4 Myr old 

• Associated with TeV gamma-ray source: HESS J1646−458 

• Total CR energy:   (~20% of Ew=Lwt)

Lw ≈ 1039 erg/s

Wp ≈ 6 × 1051d2
4.9kpcnH erg

3

J. S. Clark et al.: X-ray point sources within Wd 1 149

Fig. 2. Comparative plots of the central 5′ ×5′ (7.3 pc on a side at 5 kpc) region of Wd 1 – left panel: 3 colour optical image (V band – blue, R band,
green, I band – red), right panel: smoothed X-ray image from the observations presented here (an analysis of the diffuse emission is presented in
Muno et al. 2006c). North is to the top and East to the right in both images.

absorbed by metals in the ISM), and 4−8 keV to provide sensi-
tivity to highly-absorbed sources. We searched the three images
for each energy band using sequences of wavelet scales that in-
creased by a factor of

√
2: a central, un-binned image of 8.5′

by 8.5′ searched from scales 1−4, an image binned by a factor of
two to cover 17′ by 17′ searched from scales 1−8, and an image
binned by a factor of four to cover the entire field searched from
scales 1−16. We used a sensitivity threshold that corresponded
to a 10−6 probability of detecting a spurious source per PSF el-
ement, so that we expect only one spurious source in our search
of each image (Freeman et al. 2002).

To register the astrometric frame of each observation, the lo-
cations of the point-like X-ray sources were compared to the cat-
alogue from the Two Micron All-Sky Survey (2MASS). Based
on this comparison, we were able to register the frames with an
accuracy of 0.15′′. In order to derive a complete list of X-ray
sources, we combined the images from the two observations us-
ing the corrected astrometry, re-applied the above search algo-
rithm, and combined the resulting source list with those derived
by searching the individual observations. The complete list of
candidate sources contained 241 objects. Of these there were
70 sources in the May 22 observation, 119 in the June 18 obser-
vation, and 25 in the union of the two samples. The remaining
77 faint sources were only found using the combined images.

In order to refine our estimates of the positions of each
X-ray source we used the acis_extract routine from the Tools
for X-ray Analysis (TARA)1 to compute the mean position of
the counts from each source, and to cross-correlate the image of
each source with that of a model PSF for that location (based
on the method adopted by Getman et al. 2005). For sources
within 5′ of the aim point, we used the centroid of the counts
received as the final position. For sources beyond 5′, we used
the position derived by cross-correlating the PSF with the source
photons.

We checked the positional accuracy by cross-correlating the
X-ray sources with the catalogs in Sect. 3. Initially, we used

1 www.astro.psu.edu/xray/docs/TARA/

a search radius given by Eq. (5) in Hong et al. (2005), which
we added in quadrature to the 0.15′′ systematic uncertainty. We
found that for offsets <5′ from the ACIS aim point the X-ray po-
sition of counterparts to optical/IR sources agreed to within 0.5′′
in 90% of cases. We take this as our positional uncertainty for
offsets <5′. It is generally an improvement over the uncertain-
ties in theWAVDETECT positions reported by Hong et al. (2005).
For larger offsets from the aim point, we found positional uncer-
tainties consistent with Hong et al. (2005).

2.1. Spatial distribution

The X-ray sources in Figs. 1 and 2 appear to be highly-
concentrated toward the core of Wd 1. We can estimate the
number that are likely to be associated with the star cluster
by comparing the number of X-ray sources in these images to
the number in Chandra observations obtained by Ebisawa et al.
(2001) of a region of the Galactic Plane at l = 28◦ and b = 0.2◦
that was selected to avoid known concentrations of X-ray emit-
ting objects. Based on Monte Carlo simulations described in
Muno et al. (2006a), we estimate that we can detect 90% of
sources with X-ray fluxes of 6 × 10−7 ph cm−2 s−1 within 5′
of the aim point in our observations of Wd 1. In the longer
Galactic Plane observations of Ebisawa et al. (2001), there are
0.17 sources arcmin−2 at this flux level. Therefore, we expect
only 12 sources brighter than this completeness limit within 5′
of the aim point of our observations to be un-associated with
Wd 1. Instead, we find 66 sources in the region, for an average
density of 1.7 sources arcmin−2.

Under the assumption that the excess X-ray sources are
members of Wd1, we can estimate its size and centre from
their distribution2. We assumed that the cluster profile had a
Lorentzian shape (see, e.g., Nilakshi et al. 2002), and modeled
the distribution by maximising the likelihood that the data would

2 Note that the density of X-ray sources is low enough such that in-
completeness effects caused by crowding do not influence the result,
in contrast to studies of the spatial density of optical and/or near-IR
sources.

7.4 pc
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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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Starforming region Westerlund 1

4

IR map (8micron) with H.E.S.S. contours

• The H.E.S.S. is located inside a low luminosity IR part 

• No associated molecular clouds 

• The H.E.S.S. source has shell-type shape:  

• R~ 50 pc (c.f. cluster: 7.5 pc) 

• Several possible CR acceleration sites 

• stellar cluster itself 

• supernova(e) remnants 

• cluster wind termination shock 

• second-order shock acceleration inside superbubble

WD1



Superbubbles

A. Cluster itself: colliding stellar winds 
• Gives rise to X-ray emission 
• Possible CR acceleration site (1st order Fermi) 

B. Hot gas expands: collective cluster wind 
• Ends in termination shock of ~1000-3000 km/s 
• Possible CR acceleration site (1st order Fermi) 

•See Morlino+ ’22, Vieu+ ’22,’23 
C. Low density shocked wind bubble (~50—200 pc) 

• Second order Fermi acceleration? 
• Occasional SNR (Fermi 1) 

D. and E. Dense slowly expanding shell (20-50 km/s) 
• Could be location of gamma ray production

5

shocked ambient medium (E)

cooled shocked cluster wind (D)

Fig. 3.—H! images of the LMC superbubbles, from Oey (1996b). Each image is 16A67 square.A

B

C

Oey & Garcia-Segura 2004

A



Superbubble

• Sizes controversial: models predict 100-200 pc (Weaver+ ’77) 

• But typical sizes LMC: 50 pc 

• Cause: interstellar pressure locally high (Oey & Garcia Segura ’04) 

• Superbubble itself: could be very low density! 

•  (~0.001—0.01 cm-3)ρ ≈ 10−27 − 10−26 g cm−3

6

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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Second-order shock acceleration inside SB
• Fermi’s (1948) original idea

• Particles scatter off moving magnetic irregularities (Alfvén waves)→ gain or lose energy
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Remarkable: Fermi-2 as efficient as Fermi-1?

• 1st order Fermi acceleration time scale:  

• 2nd order Fermi acceleration time scale:  

• So for relevant velocity both are similar! 

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

τacc,1st ≈
8D0

δV2
s ( Emax

E0 )
δ

=
8D(Eemax)

δV2
s

τacc,2nd ≈
3D0

δξV2
A ( Emax

E0 )
δ

=
3D(Emax)

δξV2
A
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Maximum energy taking into account escape
• Emax given is only valid if the particles stay in the accelerator region 

• In reality at large energies particles leak away due to diffusion: 

•  

• Equation with  and  gives 

 

• or using : 

 

• Needed for multi-PeV protons:  and η~1 (Bohm diffusion)

R = 6Dt → τesc =
R2

2D
τacc 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

VA =
B
4πρ

Emax = 7.5 × 1014η−1 δξ ( B
10 μG )

2

( R
50 pc ) ( nH

0.001 cm−3 )
−1/2

eV

B ≳ 30 μG
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What are the conditions in Westerlund 1
• Total energy in CRs: Wp~6x1051 erg 

• Total energy from winds:  

• So high efficiency! 

• Requires low/no escape of CRs!

Lwt ≈ 3 × 1052t6 erg
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F. Aharonian et al.: A deep spectromorphological study of the �-ray emission surrounding Westerlund 1
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Fig. 7. Combined energy spectrum. The black data points correspond
to the entire emission of HESS J1646�458; the solid orange, dashed
green, and dashed-dotted red lines show the result of fitting a power law
with exponential cut-o↵ (ECPL), a hadronic (pp) model, and a leptonic
(IC) model, respectively, to these points. Fitted power-law models for
each region a–p are displayed by solid blue lines (with darker shades
indicating closer proximity to Westerlund 1), while the dashed blue line
denotes their sum. All power-law spectra are plotted up to 100 TeV for
better visibility, however, the observed �-ray excess is not significant up
to this energy in any of the sub-regions. Bottom panel: ratio to the ECPL
model; note that the last flux point (with a ratio to the ECPL model of
⇠3.7± 1.5) is beyond the vertical axis scale.

(Braiding et al. 2018) to investigate the amount of hydrogen gas
in the vicinity of Westerlund 1. The analysis was repeated using
the CO data from the (lower-resolution) survey by Dame et al.
(2001) instead of the Mopra CO data, leading to consistent
results.

The radio data analysis is hampered by the uncertainty
on the distance to Westerlund 1. We show in Fig. 8 the H I
and CO maps for an interval in velocity with respect to the
local standard of rest of v = [�60,�50] km s�1, which cor-
responds to the distance of 3.9 kpc that we adopted for this
paper (Kothes & Dougherty 2007). As some measurements indi-
cate smaller distances, maps for two correspondingly chosen
alternative velocity intervals, v = [�48.5,�38.5] km s�1 (d ⇡
3.3 kpc) and v = [�37,�27] km s�1 (d ⇡ 2.7 kpc), are shown
in Appendix B.

We find that the gas indicated by the radio observations at
a distance of ⇠3.9 kpc shows no spatial correlation with the
�-ray emission that we observe with H.E.S.S. In fact, both the
H I and CO maps indicate a particularly low atomic and molec-
ular gas density in the circular regions B and C, which are
bright in � rays. Using an H I intensity-mass conversion fac-
tor of XH I = 1.823 ⇥ 1018 cm�2/(K km s�1; Rohlfs & Wilson
2004), we obtain for a circular region with radius 1.1�, centred
on Westerlund 1, a total enclosed mass as indicated from H I of
MH I,Wd1 = 1.3 ⇥ 105 M�. This translates into an average den-

Fig. 8. Maps showing H I emission (McClure-Gri�ths et al. 2005)
(top panel) and 12CO emission (Braiding et al. 2018) (bottom panel)
in the Westerlund 1 region. Both maps display the emission for an
interval in velocity with respect to the local standard of rest of v =
[�60,�50] km s�1, which approximately corresponds to a distance of
3.9 kpc. The position of Westerlund 1 is marked by the white star sym-
bol and the grey, dashed line shows the Galactic plane. The transparent,
white circle marker denotes the centre point with respect to which the
radial CR density profiles in Fig. 9a have been computed; the dashed
white line displays a circle with radius 1� – up to which the profiles
have been computed – around this point. The red lines are contour lines
of the flux map shown in Fig. 3a. Regions A, B, and C are the same as
in Fig. 3.

sity of nH I,Wd1 = 3.2 cm�3 4. Similarly, from the CO data we
get5 MCO,Wd1 = 4.3 ⇥ 105 M� and nCO,Wd1 = 10.5 cm�3, where
nCO is the equivalent density for atomic hydrogen and can thus
be directly compared to nH I. We stress, however, that in partic-

4 Abramowski et al. (2012) derived, for a similar region, a much
smaller value of nH I = 0.24 cm�3. We attribute this to the usage of an
erroneous formula in that paper.
5 Due to the more indirect nature of the estimate, the CO-to-H2 con-
version factor, XCO, is less well constrained than XH I. Here we used
XCO = 1.5⇥1020 cm�2/(K km s�1), which Ackermann et al. (2012) indi-
cate as an appropriate value for the galactocentric radius of Wester-
lund 1, R ⇡ 4.7 kpc for a distance of 3.9 kpc (see their Fig. 25). This
value is also within the range of (1.4�2.6) ⇥ 1020 cm�2/(K km s�1) rec-
ommended by Bolatto et al. (2013). We have neglected the possible
contribution of 4He, which could increase the mass estimate by ⇠25%.

A124, page 9 of 18

F. Aharonian et al.: A deep spectromorphological study of the �-ray emission surrounding Westerlund 1

(a) Smoothing kernel: 0.22� top hat (b) Smoothing kernel: 0.07� Gaussian

16h52m 48m 44m 40m

�44�300

�45�000

300

�46�000

300

�47�000

Right Ascension

D
ec

lin
at

io
n

40 pc

E > 1 TeV

A

B

C

0

2

4

6

8

10

F
[1

0�
9

cm
�2

s�
1

sr
�1

]

(c) Smoothing kernel: 0.22� top hat (d) Smoothing kernel: 0.22� top hat

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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• Implications for diffusion coefficient? 

• Particles producing gamma rays up to 200 TeV 

• No escape: D(200 TeV) ! 

• Requires B~30 μG and η~1 

• If VA~500 km/s Westerlund 1 could be a PeVatron powered by 2nd order Fermi acceleration! 

D(200 TeV) ≲
R
6t

≈ 1026t−1
6 (R/50 pc)



Conclusions

• The source of Galactic >PeV cosmic rays is still a puzzle 

• LHAASO provides a few hints, but no clear smoking guns! 

• Promising sources: Galactic superubbles (Bykov & Toptygin 90,…) 

• Combine the power of winds and supernovae 

• Many potential acceleration sites (cluster, cluster shock, superbubble itself) 

• This talk: potential of second order shock acceleration in low density bubble: 

• Second order acceleration as efficient as first order! 

• Requires small diffusion coefficient (Westerlund 1/HESS provides observational evidence) 

• Alfvén speed needs to be high: for n~0.001 cm-3, B~30 μG → VA~ 600 km/s 

• Emax > 1015 eV possible!
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Superbubble

• Driven by strong stellar winds and SNe:  

• Self-similar wind models (Weaver+ ’77, Koo&McKee ’92): Rsb~150 pc 

• Taking into account high pressure ambient medium (Oey & Garcia-Segura ’04): Rsb~50 pc 

• Densities  (~0.001—0.01 cm-3)

Lw ≳
1
2

·Mv2
w ≈ 1037 − 1039 erg/s

ρ ≈ 10−27 − 10−26 g cm−3
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Oey & Garcia-Segura 2004

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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Hydrodynamic simulation of Cygnus OB2 7

Figure 5. Two different 2D slices at G = 0 (left) and H = 0 (right) showing the density map at 3 different times. The purple outlines highlight the Mach=1
contours.
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Hydrodynamic simulation of Cygnus OB2 7

Figure 5. Two different 2D slices at G = 0 (left) and H = 0 (right) showing the density map at 3 different times. The purple outlines highlight the Mach=1
contours.
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