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1. Introduction



Origin of Galactic cosmic rays
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Star clusters as CR accelerators
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a) Total wind power ~1038 — 103° erg s™1 (Vieu+2022);

b) y-ray emission, e.g., Westerlund 1 (Aharonian+2022),
Cygnus OB2 (LHAASO+2024), etc.; leptonic or hadronic?

c) Anomalous ??>Ne/2°Ne ratio in CRs (Gupta+2020).

Aharonian+2022 LHAASO+2024
N e —
. [—
30
25 _: O
wh § s Superbubble structure
£ o ;
15 2 E [ . . . -
LEE O « Possible acceleration mechanisms in SCs:
v o ' ) . .
: s & a) Acceleration by multiple stellar wind TSs (Klepach+2000);
d B, Y o b) Shock acceleration at the cluster wind TS (Morlino+2021);
16hsom  4gm a4m 40 ] Tev - 600 Te Ry
Right Ascension @ e ggg ~Trez—(]?oPoe\W/.v For Rs < Rb, 2t =1 = Emax
Westerlund 1 . - e Da(E)
90 8 80 75 70 c) Stochastic acceleration by scattering with the turbulence

Galactic Longitude (deg) .
in the Superbubble (Bykov+2020).
Cygnus OB2 P (Bykov+ )

5/16



2. Modeling the gamma-ray emission from the Cygnus Bubble



PeV y-ray photons from the Cygnus bubble

« Cygnus OB2

10° LHAASO+2024
a) A massive OB association in the Cygnus-X region; Cygnus OB2
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Image credit: NASA
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Implication of the y-ray morphologies

« LHAASO observations: emission extending to at least 6,
corresponding to ~150 pc at a distance of 1.4 kpc;

« Dynamical evolution of bubble: R,~96 pc.

The Cygnus bubble is surrounded by a molecular cloud
with R.~150 pc, in which Cygnus OB2 was born.
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Particle transport equation

16 [, f of 1d ,_ pdf 18

_ D , — | —7 — 4 — —

2or | (rp) 6}‘] u(r) ar r2dr [r u(r)] 30p p?ap
D,..(r,p): diffusion coefficient, D,, ~ %WL#&) f_%: npou’

Diffusion coefficient downstream the TS:
D>(r,E) = Dy(r,E), Rs<r<Ry,  p,(rE): Bohm diffusion coefficient
D.(E), Ry <17 <R
« 1ii(r): effective advection velocity

6(p — pin) 6(r — Ry)
Anp? Amr?

« Q(r,p): injection term, O(r, p) = 4n R ninin1u1

« Two CR components:
1. CRs that are injected and accelerated at the TS;

2. Penetrated GCRs that are reaccelerated at the TS.

[p?pf]+Q(@r,p) =0

~ — —

bubble-cloud structure



Contribution of GCRs to the y-ray emission

Excess GeV emission
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» GCRs contribute a significant fraction of y-ray flux above ~300 TeV;
However, predicted flux overshoots the data below ~10 GeV.

» The predicted morphologies are too steep, indicating that y-ray photons
should spread in a larger region.
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Effect of slow diffusion in the cloud

A slow diffusion in the cloud can:
a) Suppress the penetration of low-energy GCRs into the cloud,;

b) Inhibit the escape of shock-accelerated particles from the cloud.
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3. Stochastic reacceleration of particles in the Superbubble



Stochastic acceleration

« Particle transport equation

1 d of| of 1d pof 1.8 5 i1 3 of |
S5 [P G [ [Pa) B S S [P Dy [0 = 0
r2 dr or| Or r2dr 3dp p?ap p-op| T dp|
D,y (1, p): diffusion coefficient in momentum space, D,, D, %vﬁ‘p DWE%WLk Wl(k )

* Wave evolution (for Kolmogorov cascading)
3e2v2
2. Damping term, I'(k) = —— ﬂB dp’p’ f(p")
ow +§(9 a k5/2W3/2]- F(k)W+S5(k ko)

Nonlinear equations
1. Cascading term
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The case of 1D planar shock
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« Stochastic acceleration has little effect on p,.«, but it affects the spectrum of low-energy
particles at large distances from the shock.
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Summary & future work

We studied particle acceleration at the WTS of Cygnus OB2 and their propagation in the
Cygnus bubble by numerically solving the transport equations, and found that:
a) Nonuniform Bohm diffusion in the bubble and slow diffusion in the cloud are both
necessary to explain the observed gamma-ray spectrum and spatial morphologies;
b) GCRs play a significant role in producing gamma-ray emission above ~300 TeV.

We also studied stochastic reacceleration of particles in the downstream of the WTS. For the
simplified case of 1D planar shock, we found that stochastic acceleration has huge influence
on the spectrum of low-energy particles at large distance from the shock.

IC emission from the electrons accelerated at the shock;

Numerical simulations of the plasma and the turbulence in the environment of star cluster can
help us have a better understanding of the microphysics in particle acceleration and transport.



Research activities

* Publications
[1] B. Li, P. Blasi, E. Amato, “On the Role of Slow Diffusion in Modeling Gamma-Ray Emission from the Cygnus bubble,’
Proceedings of the 39th International Cosmic Ray Conference — PoS(ICRC2025), vol. 501, p. 067, 2025.
doi:10.22323/1.501.0067

« Conferences & Workshops
1. 39th International Cosmic Ray Conference (ICRC 2025), Geneva, July 2025 — talk.
2. Particle Acceleration and Transport: from the Sun to Extragalactic Sources, Rende, February 2025 — attendance.

3. TAL Retreat, Florence, October 2025 — talk.

« Schools

1. School on Computational Fluid Dynamics & Super Computing, Gran Sasso Science Institute, L’Aquila, July 2024.
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Maximum particle energy (uniform diffusion)

E2dN/dE (normalized value)
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Effect of nonuniform diffusion

E2dN/dE (normalized value)
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Penetration and re-acceleration of GCRs
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« GCRs that have penetrated the bubble may contribute to the measured y-ray flux.

« Reacceleration is only important at the TS.

« Effect of reacceleration on the volume integrated spectrum is negligible.



Point source with

Flux (TeVcm~2s71)
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For a central continuous injection source, it provides good

fits to both the SED and morphologies, with reasonable

model parameters.
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